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In this course I hope to cover four (types of) theorems which involve microlocal
analysis and in particular the theory of pseudodifferential operators. Namely

(1) Hormander’s theorem on the propagation of singularities
(2) Weyl’s law for the distribution of eigenvalues

(3) The Atiyah-Singer index theorem and K-theory

(4) Hodge theory and boundaries

As a first step I will proceed to discuss the algebras of pseudodifferential op-
erators on Euclidean space and on a compact manifold and then similar algebras
(and related modules) on manifolds with boundary and for fibrations and more

(0.1) U*(R™), ¥*(M), Ui (M)

*

where the upper star is an order and the lower star is some sort of structural
information.

To me the four results listed above are fundamental, and I like them! The
first two are relatively closely related and both give realization of the ‘semiclassical
limit’, the interplay between the non-commutative theory of (pseudo-)differential
operators and the more familiar behaviour of analysis of functions. The latter two
are more global but both involve the essential invertibility of (pseudo-)differential
operators.

Let me briefly indicate what these theorems are about.

Hormander’s theorem on the propagation of singularities is a precise version,
and massive generalization, of ‘Huyghen’s Principle’. The latter describes the
spreading of the singular edge of solutions of the wave equation. The precise version
is one of the consequences of ‘microlocalization’, transferring analysis from ‘space’
to ‘phase space’ interpreted concretely as a manifold and its cotangent bundle re-
spectively.

Weyl’s asymptotic formula describes, at ‘high energy’, the number of eigen-
values of a self-adjoint elliptic operator, on a compact manifold, in terms of the
volume inside the energy surface in the cotangent bundle. The original theorem
was actually about the eigenvalues of the Dirichlet problem on a domain in R2.

Elliptic (pseudo-)differential operators on a compact manifold are Fredholm —
they are invertible modulo finite dimensional null space and complement of the
range. The index, the difference of these two dimensions, is a very stable number
in the sense that it only depends on the ‘topology’ defined by the leading part of
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the operator and the theorem gives a formula for it. One classical version of this
is the Riemann-Roch theorem for the d operator on (line bundles over) a compact
Riemann surface. This already requires some effort to understand! There is a
one-dimensional real version of the theorem, due to Toeplitz, which states that the
index of an elliptic Toeplitz operator on the circle (the projection onto the Hardy
space, consisting of the functions smooth on and holomorphic on the interior of the
disk, of multiplication by a non-vanishing smooth function) is equal to (minus) the
winding number of the function.

You probably do know the Hodge theorem for a compact manifold without
boundary as the identification of the deRham cohomology with the space of har-
monic forms. For non-compact manifolds there is no simple generalization, rather
there are many corresponding to structures ‘at infinity’ (meaning near the bound-
ary).

Clearly, each of these theorems could easily expand to take the whole semes-
ter. Still T hope to show how they can be approached using pseudodifferential
operators and ‘quantization’. In fact an alternative title for this course might be
‘Smooth quantization’. So most of the time will be devoted to preparing the back-
ground material, specifically pseudodifferential operators on R™, pseudodifferential
operators on a manifold, families of pseudodifferential operators and then rings of
pseudodifferential operators quantizing a Lie algebroid.

I plan to give 26 one-hour lectures in the 9:30-10:30 slot on Tuesdays and Thurs-
days and leave 20 minutes for questions and discussions (even short presentations
by students); if there is sufficient interest I will organize another ‘discussion’ time,
perhaps on Wednesdays in the afternoon. There will be notes for each topic (the
precise correspondence to the individual lectures will depend on various things),
which will include topics I will not have time to cover and will certainly include
further references — to books, lecture notes and papers. With any luck at least some
of the lectures should appear on my webpage before the beginning of the semester.

Problem sets: There will be approximately 5, every two weeks. Grading may
be by discussion with me.

Grades: Graduate students are expected to participate actively. That is what
‘A’ means to me. By this I mean that I expect people to attend lectures and to ask
questions. For undergraduates this course might be heavy lifting, it is for me, so
please talk to me by early in the semester at the latest. We can discuss what you
should expect. There are no exams.

Prerequisites: I will assume familiarity with manifolds and distributions, essen-
tially as in 18.155 but plan to review pretty much everything.

Why don’t I just follow a book or my earlier lecture notes? This probably
reflects some personal failing and general dissatisfaction with how things are done!
I find it difficult to think through things without seeing some other way of ap-
proaching them. If it is not to your taste, I am sorry but that is the way it is. I
may not get to all the results listed above, but I expect to at least get to the point
where they are all within reach and that is really what I want to do — try to put
these results in a general context that maybe encourages them to be exploited (i.e.
applied) and extended.

In the interim, feel free to contact me with questions or comments.

Richard Melrose, 17 November, 2021.



CHAPTER 1

Pseudodifferential operators, manifolds and
compactification

L1
The main aim of this course is to describe various algebras of pseudodiffer-

ential operators. Let me start with a traditional ‘crypto-historical’ description of
the ‘standard’ algebra of pseudodifferential operators on R"™. I recall notation for
functions below. Let’s assume you know about the spaces of smooth functions
on Euclidean space and the successively larger subspaces of compactly supported
functions, Schwartz functions and of functions with all derivatives bounded

(1.1) CE(R™) C S(R™) C cE(R™) € c™(R™)

maybe including their topologies and duals.
For any multiindex o € N, Ng = {0,1,2, ...} being the non-negative integers,
the corresponding iterated partial derivative acts on each of these spaces
o o
(1.2) w— D%, D%u(z) =i~ 1ol Z— . .
0x1 oz,
where the normalizing power of i is inserted to help with notation for the Fourier
transform.
These generate the commutative ring of differential operators with constant
coefficients with general element

(1.3) p(D)= > caD® cq €C.

lal<m

cu(x), lal=a1+ ... ay,

This is a filtered ring which is isomo Hsl:l,i_c1 to the ring of polynomials in n variables.

Similarly, each of the spaces in MIS a ring, so multiplication of functions is
defined. Combining these we consider linear partial differential operators which are
given by sums

(1.4) P(z,Dyu= Y pa(x)D%.
lee|<m
. . 157.1
In each case, when the coefficients are in one of the spaces (I[.I), we get an operator

— a continuous linear map — on the corresponding space.

Whilst this is probably very familiar, and the operator product is given explicitly
by Leinbiz’ formula, it is very significant that these form a ring (and algebra) with
product
(1.5)

P(z,D)Q(z,D) = Y pa(x)(Dlgs(x))D**7, Q(x,D) = > gs(z)D’.

v<a,8 |B]|<m’

157.3
It is worth thinking a Ig]’e jgore about what is going on here. First note that (I.4)
is not as ‘natural’ as (I[.3) in so far as we have chosen to write the ‘coefficients’,

9



10 1. PSEUDODIFFERENTIAL OPERATORS, MANIFOLDS AND COMPACTIFICATION

157.42
the function p,(x), on the left. This is true in (ms well but there the constants
commute with the gj{.ffgentiation operators. Of course this is reflected in the fact
that the product (m not commutative.
Now, let’s concentrate Schwartz space. For this we have the Fourier transform

(1.6) 7 S(R™) —s S(RY), Ful€) = (€)= / ().

It is a linear isomorphism. We know that
(1.7) u e S(R") = F(Du)(§) = ™ a(g).

The Fourier transform conjugates differentiation to multiplication. Whilst a mono-
mial such as £% is not in the Schartz space, but it does define an operator on it by
multiplication.

So the inverse Fourier transform, u(z) = (27)~" [ e'®%a(¢), allows us to write

(1.8) D%u(x) = (27)™" / e Eeaq(€)de.

Rn

combine with ( and write

157.3 . | .
A hni péartlal gentlal operator, (I[.4); is given by a finite sum so we can

(19)  Pu)= @0 [ peuOd pe6) = 3 pale)ede

: lal<m
Since @ € S(R™), the integral converges absolutely. If we just assume that the
coefficients are in €°°(R™) then the integral converges uniformly on compact subsets
in x € R™, with all its formal derivatives in x because of the obvious estimates

(1.10) [DIp(z,§)| < Cr (1 + €)™, z€ K €R", € R™.

We can actually define the ‘standard’ space of pseudodifferential operators of
order m € R by considering those functions a € C*°(R} x Rf) which satisfy the
symbol estimates

(1.11) 1D} Dla(x,€)] < Cp (1 + )™ 1, ¥y, 8 € Np.

. . P77 . . . . .
Notice that p in (I[.9) satisfies these estimates for an integer m if the coefficients
are in the space

(1.12) CZ(R™) ={f € c*R");sup|D) f(z)] < ooV 7},

consisting of the smooth functions with all deriv%;j,\./ s bounded.

The space of functions satifying estimates (ﬁ% is often written ST as part
of a more general class of spaces Sm where the exponent m — || is replaced by
m — p|B| + d|a|. Since we will not need the genera%cphanggﬂ e lEa]ﬂ: fact there are
many variants of such estimates (see for instance [5]) — and We will already have
enough things to think about I will u57 El}e shorter notation, for the moment just

Sm =81 for the functions g ing (
. i follows directly from (I.IT) that if a € S " then the direct generalization of
(E55;

(1.13)
Az, Dy)u = Au(z) = (27)~" / ol () = a: S(R") — CE(RY).

In fact much more is true:
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THEOREM* 1.1 1517 he space of operators, U™(R™) = U™ (R"™) defined by sym-

bols, a, satisfying (T.IT) act on S(R™) and form a filtered x-closed (x for adjoint
here) ring
(1.14) I™(R™) 0 U™ (R™) C U™ (R™), Y m,m’ € R.

o . e 269107
This is the main content of the first chapter of %E?}l’, see aIS@O%%g;Sggggggnd g .

Probably the first place this result appeared in this form is [4].

It is not that it is so hard to prove such a result, it is rather that I prefer to
approach it from a position of strength, so somewhat indirectly, in the sense that I
want to give a good deal of background before proving it.

Still? it is important to see what is straightforward to prove and
what ma L Ieqyire some more thought. First let’s make sure we
do have ()FI—F%

157.11
PROOF OF (M If u € S(R™) then the product
alz. ©)i(§) € 5% = () M (1.15)
MeR

. . . 157, .
meaning that the estimates in (IT.T1 ; hold for all m. Indeed this
is just the product rule for differentiation. Written out fully in
terms of Leibniz’ formula

N B\ fe oy
D)D{ (a(w,&)a()) =Y (7 DgDYa(x,§) - D! "a[dp7.45] (1.16)
y<B
Then one can apply the more obvious fact the product is rapidly
decaying in € :

S™-S(RE) C SRV keR. 157.46| (1.17)
157.11
The integral (I.T3) is therefore convergent. Again, if you
like to be precise, you can see that

5™ c cL (R LYNRE)), m < —n (1.18)
since (1 + [¢])7"~¢ € LY(R") if € > 0. Now we can use standard
properties of Lebesgue (or improper Riemann) integrals to see
that Au € C2,(R") is a bounded coptinyqus function and the
same holds for all derivatives giving (IT. 3* O

f-s.?h&uld check a couple of other statements, towards The-
orem [[.I. First the stronger mapping property that

A:S(R") — S(R™). (1.19)

This is a matter of getting ‘decay’. Namely we need to show
that for any monomial and any derivative

2" Dy Au € €5, (R™). (1.20)

We can approach this one step at a time, asking just about z; Au.
Note that we can certainly multiply by x; but the operator z;A
is not in general in ™ (R™) (for any m) since z;a(x,&) is not

IThe * in the header of the theorem is to indicate that I will not prove it immediately but a
full proof, and more, will follow later.
2Narrowed parts of a lecture are things I don’t expect to have time to cover.
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qunded as || — oo even for fixed §. However the integral in
(IT- still converges rapidly in £ for x in a compact set if we
replace a by z;a so

zjA: S(R™Y) — c*°(R™) (1.21)
for instance.
LEMMA 1.1. In the sense of operators (%T%
[2j, A] = ;A — Ax; € U™ HR™). (1.22)

PROOF. We use ‘integration by parts’. Consider the opera-
tor Ax;. The Fourier transform of zju, u € S(R") is i0¢, @ so

Azju= (2m)™" /a(x,g)e”fiagjﬂ(g)dﬁ = xz;A(z, D)u+b;(z, D)u,

bj(z,&) = —ie,a(z, &) € S™
The rapid decay of a(z,£)4(£) in € means that

/agj (a(z, €)e™Cau(€)) dé = 0. (1.23)

Proceeding by induction we conclude that
2YA(z,D) =Y Bs(x,D)a’, Bs(x,D) € ¥~ MHI?(Rigr.56] (1.24)
o<y
O

We will be most interested in a smaller space, which I will denote UT(R™) often
called the ring (with the composition property (II. of ‘classical’ pseudodifferen-
tial operators where the symbols a have the additional property:

157.
DEFINITION 1.1. A symbol in the sense of (II'1 ; is classical (also ‘polyhomo-
geneous’) if there exists a sequence a; € C*(Ry x (Rf \ {0})) of homogeneous
functions of degree m — i (in the £ variables)

[ure
al
~
>
a1
w

157.14 (125) ai(l',tf) — tm_ia(x,§)7 t> O7 (x’é-) e R" x (Rn \ {0})
such that for (any) cutoff x € ¢5°(Rf) with x = 1 near 0
N
157.15| (1.26) a(x, &) — Z(l —x(&)ai(z,€) € SmN-1,
i=0

These, iclassical’ symbols form a filtered subring S} C S™ = S™. The relation-
ship (1.26% (see Problem set 1) is often written
)

azg a;
7

and a is then said to have a complete asymptotic expansion. Such ‘asymptotic
summation’ (the existence of a given the a;) is discussed below, it is closely related
to E. Borﬁls’g _‘;Eemma’ on Taylor series. There is no statement of convergence of the
series in (I although there is one lurking in the background) but you sho ]§7b%
able to see that the a;, assuming they exist are %%tﬁrqlined by the relations EPF%'%

When we insert such classical symbols in (IT. (or if you prefer, restrict to

classical symbols) the resulting space of constitutes a filtered subring ¥} (R") C

157.33| (1.27
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P™(R™) which for positive integral m includes the differential operators of order m
discussed above.

These two rings have many importa f pr g)erties but one of the most important
is that one can recover the terms a; in 1(FEZHQTfrom the operator A and the leading
term defines the principal symbol, o, as a map
(1.28)

Tm

mR™) —={ap € c>*(R™ x (R™\ {0}) homogeneous of degree m in £}.
and this map is surjective, multiplicative and defines a short exact sequence
Omim (Ao B) = 01 (A)om (B), A€ UHR"), Be U% (R
(1.29) TH~HR") ST R") —
{ag € c®(R" x (R™\ {0})) homogeneous of degree m in £}

Here I have stuck with a cumbersome notation for the homogeneous space which
will be refined below. There are similar exact sequences for the larger algebra
P*(R™) but the principal symbol lies in a quotient space.

So, we want to prove all these things and a lot more! However, I do not want to
go there directly but rather map out the territory a bit first, in particular discussing
the ‘symbol spaces’ concretely.

1. Manifolds with corners

This might appear to be a serious non-sequitor but I hope you will get used
to the idea of these sections on background material and see a bit later why I am
proceeding this way.

Both for ‘local’ analysis and the formulation of global results it is very conve-
nient to focus on manifolds with corners as our basic ‘category of spaces’ (which it
is as will be made precise later). There are several reasons to introduce these. An
immediate one is to understand the symbol spaces and their generalizations. This
I will get to next time. This allows me to introduce the spaces of conormal distri-
butions which arise as the Schwartz kernels of the pseudodifferential operators we
are interested in. Thinking about the kernels abstractly will allow us to generalize
readily later. This involves manifolds with boundary, but then products will get
you to manifolds with corners.

So, this is one of the basic settings for the course — analysis on manifolds with
corners — but only taken as far as we need for the moment. Let me start with an
explicit definition and then explain all the terms used in it. I'm assuming familiarity
with the standard definition of a manifold without boundary.

DEFINITION 1.2. A manifold, M, is a metrizable, separable (so second count-
able) topological space with an open covering giving a (maximal) atlas of ¢*°-related
coordinate patches modeled on [0, 00)™ and with embedded boundary hypersurfaces.

I will not assume connectedness without explicitly saying so, but the definition
then requires all the components to have the same dimension.

So we are given a separable metric space, M, but the ‘metrizable’ means we
do not take the actual metric seriously, just the open sets it defines as the unions
of open balls. A coordinate patch in such a topological space is a triple (F, U, V)
consisting of a homeomorphism F' : U — V of an open subset U C M onto a
(relatively) open subset V' C [0,00)™. So this means there exists an open subset

L1l-end



14 1. PSEUDODIFFERENTIAL OPERATORS, MANIFOLDS AND COMPACTIFICATION

V' C R™ such that the range V' = V' N[0, 00)™. The coordinates on the coordinate
patch are the pull-backs of the coordinate functions z; on R".

To make clear what ‘C*°-related’ for two such coordinate patches means, we
need to define ¢>°(V') (I will not bother with lower regularity than ¢°°):

(1.30) ¢c*(V)={u:V — R(orC);
JV' CR"open V=V"N1[0,00)", v €c>®(V') and u = u”v}.

So I am assuming you know about ¢*°(V"’) for open subsets of R™.
Now the C*°-compatibility of two coordinate patches (F;,U;,V;), i = 1,2, as
introduced above, means that either U; N Uy = () or else the transition maps

Fio = Fy 01'712_1 : FQ(Ul N UQ) — Fl(Ul n U2) and
Fgl = F2 OFl_l : Fl(Ul n UQ) — Fg(Ul N UQ)

are C* in the sense that F} : ¢ (F1 (U NUsz)) — € (F2(Uy NUy)) and Fy; :
C®(Fa(UrNUsy)) — ¢ (F1 (U1 NU2)); this is equivalent to saying either pull-back
map is an isomorphism. This is also equivalent to saying that the pull-backs of the
coordinate functions, under either of the maps Fj;, restrict to Uy N Us to be ¢
functions of the other coordinates.

So now an atlas is a covering by such (pairwise) C°°-compatible coordinate
patches. If some coordinate patches are compatible with all the elements of an
atlas then the combined collection is still an atlas — they are necessarily compatible
amongst themselves as well. Hence any atlas is contained in a unique maximal atlas
— all this is as in the boundaryless case.

If we just stop at this point then M is what I call a tied manifold although
there is no general agreement on this. The missing point is the additional condition
that ‘boundary hypersurfaces are embedded’. A point in a coordinate patch is a
boundary point of codimension k if exactly &k of the coordinate functions vanish on
it (note that coordinate patches map into [0, 00)™ so by fiat all coordinates are non-
negative — I will actually drop this requirement later but it makes things easier to
state initially). By considering the differential of the transition map it follows that
the codimension is well-defined at each point, it is independent of the coordinate
patch used. This means that M has a stratification, a decomposition into disjoint
pieces, based on the codimension

(1.32) M=MyUM U---UDM,

(1.31)

where the M; can be empty (from some k > 0 onward). The points of boundary
codimension zero are the interior points of the manifold (there is a slight incon-
sistency between openness of subsets of [0,00)™ and this, so the interior there is
(0,00)™, of course otherwise there would be no point in talking about the interior
of a relatively open subset).

Each Mj itself is a manifold without boundary and the closures of the compo-
nents of the M, are called the boundary faces of codimension j; the set of these
boundary faces I will write as #;(M). In particular the boundary faces of codimen-
sion one, the H; € M1(M) are called the boundary hypersurfaces. The ‘boundary
hypersurfaces are embedded’ part of the definition is just the statement that the re-
strictions of the coordinate patches to each H; given them C°°-compatible atlases.
One consequence of this is functorial, that the boundary hypersurfaces (and in
consequence all boundary faces) are themselves manifolds with corners. There are
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several useful ways to restate this condition but note how it fails for a ‘tear-shaped
region’ in the plane.
The ¢*° functions on M are those that are ¢ in each coordinate patch, mean-
ing
(1.33) fec* M) = (Fﬁl)*(f|U) € ¢ (V) for each coordinate patch.

This is equivalent to the same condition for any one compatible atlas.
The direct consequence of the ‘embedded’ requirement is that the boundary
hypersurfaces have defining functions:

(1.34) H; € M(M) = 3 p; €C™(M), p; >0, H; = {p; =0},
d(F~Y*p;)(F(p)) # 0 Y p € H; for all coordinate patches containing p.

This last condition means that for each p € H; there is a coordinate patch containing
p in which p; is a coordinate function.

If M is a manifold without boundary, i.e. My = 0, then M C M is a(n embed-
ded) submanifold if M has a covering by coordinate patches of M which restrict to
give it the structure of a manifold with corners.

THEOREM 1.2. For any manifold with corners there exists a manifold without
boundary M of the same dimension in which M is embedded as a submanifold; if
M is compact then M can be taken to be compact.

Although there is no quite canonical way of constructing such an extension, M,
all the standard constructions of the tangent, cotangent, form bundles and other
bundles associated to the frame bundle, pass over to the case of a manifold with
corners in such a way that the restrictions for an extension of this type are canonical

(1.35) TM =TM|,,, T*M =T*M|,, etc.

However, there are important additional structures which arise from the boundary
faces as I will discuss later.

Why work in this degree of generality? Manifolds with corners are the smooth
(i.e. €*) analogue of smooth algebraic varieties with divisors and they occur for
similar reasons. One place manifolds with corners arise is through ‘compactifica-
tion’.

REMARK 1. From now on the default meaning for ‘manifold’ is a manifold with
corners.

As you are no doubt aware, it is bad form to specify a class of objects, in this
case manifolds without specifying the ‘morphisms’ between them. For manifolds
without boundary the morphisms, forming a category, are just the smooth maps.
This also works when there are corners but it is not a good idea. The problem is
that a smooth map F': M — N in general does not ‘respect’ the boundary. For
instance a smooth curve, so M = (0,1) might have a single point of tangency to a
boundary hypersurface.

What we want are b-maps, where as always the b- just stands boundary. Each
boundary hypersurface is specified by the ideal of functions which vanish on it;
this is a principal ideal because we are assuming boundary hypersurfaces to be
embedded. So if py is a defining function for H € M1 (M) then

(1.36) I(H) = puC™(M).
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We do want our maps to be smooth of course, and then
(1.37) F*I(H) C cC*(M).

DEFINITION 1.3. A smooth map F' : M — N between manifolds (with cor-
ners) is a b-map if for each H € M1(N) one of the following is true
(1)
(1.38 F*1(H) = {0}

)
(2) There is a map Fyu(H) : M1 (N) — Ny, not identically zero, such that
)

(1.39 FrrH)y= [ 1(&)5 Fyu(H K) = Fyu(H)(K).
Keat (M)
(3)
(1.40) F*1(H) contains a non-vanishing element.

The third case corresponds to Fiu(H) as in the second, with all entries 0. This is
more evident if one chooses a defining functiona p’y for H and px for the boundary
hypersufaces of M and then the three cases correspond to F*p/y =0,

" Fy(H,K
(1.41) Foy=a [[ e,
KeM, (M)
and F*py > 0.

PROPOSITION 1.1. Manifolds with corners are the objects of a category with
b-maps as morphisms.

Just as for manifolds without boundary, the tangent bundle is a manifold well-
defined manifold with a smooth bundle projection

(1.42) m:TM — M.
EXERCISE 1. Check that 7 is a b-map!

Smooth vector fields, sections of T'M, are important for several reasons, for one
they are natural operators

(1.43) V:c*®(M)— c*(M), V(w) =uVv+vVu.

Perhaps the most fundamental is that real vector fields can be integrated. The usual
local existence theorem fails on manifolds with corners as soon as the boundary is
non-trival — since the integral curves will often tend to ‘leave the manifold’. This
is one reason to consider the space

(1.44) V(M) ={V e c*(M;TM);V is tangent to the boundary}.

. . . 157.977
Tangency to the boundary can be interpreted in terms of the action (| .43; and the
ideals 1(H) for H € M1(M), as the statement

(1.45) Vo I(H) — 1(H) Y H € My (M).

Tangency to the corners is then automatic.
We will consider 74,(M) more closely below but for 44, (M) the standard local
existence theorem holds.
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LEMMA 1.2. For a real-valued element V € V(M) and each p € M there exists
a maximal integral curve

(1.46) xp:Ip, — M, 0 € I, C R open and connected, x,(0) = p,

OA(XP)*(d/)dt =V (x(t)) with I, mazimal.

As usual, if M is compact then I = R always. In any case these integral curves
always define a smooth map on the open set

(1.47) F:0=|J @ x{p}) > (t,p) — xp(t) € M.
peEM

If M is compact this is a 1-parameter family of diffeomorphisms of M.
With a little work you can see that

PRrROPOSITION 1.2. On a compact manifold the Lie algebra of the groupd of
diffeomorphisms is Vy(M).

Note that this infinite-dimensional group is missing some properties of a Lie group,
for one the diffeomorphism obtained by integrating the Lie algebra do not contain
a neighbourhood of the identity. This can be obviated by considering parameter-
dependent vector fields.

If W is a t-depedent smooth vector field on M, so a vegtor field in %4,(U) for an
open subset U C Ry x M such that Vt = 0 then Lemma }.2 yields a 1-parameter
family of diffeomorphisms, G defined on an appropriate open subset, and satisfying

df

(1.48) LG =@yrwi+ D), fecemxm.

This invariant formulation of the chain rule, and its generalizations, are used below
in various constructions.

2. Compactification

Although we will deal with non-compact manifolds, the ones that arise below
have some ‘structure at infinity’. One way to describe what this means is through
the notion of compactification.

_ DEeFmiTION 1.4. A compactification of a manifold M is a compact manifold
M and a smooth injection ¢ : M — M which is a diffeomorphism to a (relatively
of course) open dense submanifold.

Here, both M and M may have corners. As always when introducing a new
notion, we should specifiy when two compactifications are to be regarded as ‘the
same’.
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DEFINITION 1.5. Two compactifications ¢; : M — M, are equivalent if there
exists a diffeomorphism e : My — M4 giving a commutative diagramme

(1.49) M,

Notice that the eq igf_,@l Jice map e is unique if it exists since it is fixed on an
open dense subset by (IF}TQST We also say that one compactification is finer than
another if there is a smooth map e giving a commutative digaramme; again it if it
exists it is determined. This defines a partial order on compactifications — as we
shall see below there can be non-comparable compactifications.

If M is compact it is a compactification of itself and it is unique in this sense
of equivalence.

We might well want more structure for the compactification — for instance if
M is a complex manifold then we might want M to be complex and all maps
to be holomorphic. There are important examples from algebraic geometry here.
Most relevant at the moment is the projective compactification of a complex vector
space W — PW which I mention below but there are much more sophisticated
examples to check out. There is the Deligne-Mumford compactification of the
Riemann moduli spaces M, (okay I hear a complaint from someone that the
Mg, are not quite manifolds, they are orbifolds in general, but take the number

of punctures n large compared to the genus g > 0). Also there is t%llgc%ﬁ;gz%ll%mi'

rocesi

Procesi ‘wonderful’ compactification 5 %nplex adjoint Lie groups [2] (There is a
real version of this compactification in [TI]].” Also, compactificaiton of ‘Gravitational
Instantons’ (aren’t the Physicists good at inventing names!)

The examples I will consider immediately are more prosaic, namely of a real
finite-dimensional vector space V. This is both to illustrate the notion and for later
reference. I will discuss

(1) The one-point compactification(s) given by a sphere V.
(2) The parabolic compactification gives a closed ball V*.
(3) The radial compactification also given by a closed ball V = VR.
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From the notation you can see that I have a preference for the radial compacti-
fication — I hope the discussion below shows why. Only the radial compactification
is really used subsequently.

These can all be constructed using variants of stereographic projection. So, let’s
start with V' = R", i.e. choose a basis. We embed R™ into R™*! as the hyperplane

(1.50) R" > z+— (z,1) € P C R"™

In the first, case consider the the sphere S, of radius % centred at (0, %) and in the
second and third cases take the sphere S of radius 1 centred at the origin. In both
these latter cases a point of R determines a unique line L,(x) or Lg(x) through
the image of = in P and the centre of the corresponding sphere then
(1.51)

I, :R" — S,, I,z is the other point in S, N L,(x)

Ip :R" —SF,
Igx is the other point in Sg N Ly (x) C SE =SrN{zp41 >0}
I, :R" —B, C R",
I,z is the projection of Lpx onto the closed unit ball in R™ x {0}.
In all three cases the full orthogonal group O(n), acting on the first factor of R™ x R™

satisfies ToAx = ALgx for all A € O(n), effectifely reducing the discussion to the
case n = 1. Explicit formulee for the maps are easily derived:

x 1
I — S RH—Q—l
or <1+|sc|2’1+|ac2)E @ O
x 1
1.52 Igr = , €S} c R
e N (<1+|x|2>% <1+|x|2>%> S
Lp=—" _ eR"

(1 +Jaf?)2
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Thus, for the radial compactification (1 + |z|>)~2 is a boundary defining function

and hence |z|~!, which is a smooth function of it away from z = 0, is a defining
function near the boundary. It follows that

1
(1.53) {lz] >e>0} 32 +— (|17|’ |§|> €[0,1) xs*!

- —R
extends to a smooth product decomposition of R® " near the boundary. For the
parabolic compactification it follows similarly that

1
x ) € [0,1) x S*

(1.54) {Jz] >e>0} >z +— (,
|2 ||

is a product decomposition near the boundary.
It can be seen directly that

(1.55) I, (|§2> = SI, where S : S, \ {(0,1),(0,0)} — S, \ {(0,1), (0,0)},

with S(y,yn) = (¥, —yn + 1)

is equatorial reflection on S,. 157 23

In all cases it is clear either geometrically, or from the forumlae (M that the
action of O(n) extends smoothly from R™ to the compactification. Similarly the
scaling action by R*, with generator on R"

0
157.24

extends smoothly. For the one-point compactification this follows from (IT. and
in the other two cases

b =" _and lim - =0.

(1.57) lim . . .
lel=eo (14 t|z[?)z  (|z[?)2 lzl=o0 (14 t[x]?)2

Thus in all cases the action of the conformal group O(n) x R* extends smoothly
to the compactification.

PrOPOSITION 1.3. The action of the general linear group extends smoothly
from R™ to the radial and parabolic compactifications, but not to the one-point
compactification; the translation action of R™ extends smoothly to the radial and
the one-point compactifications, but not to the parabolic compactification and there
are smooth surjective maps, which are not diffeomorphisms, giving a commutative
diagramme
(1.58)

GL(n, R) x R"

n—+
SR

O(n) x (Rt x R") Sn © __R" B GL(n, R).
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OUTLINE OF PROOF. That the group actions extend as indicated follows by
noting that the Lie algebra of GL(n,R) consists of vector fields homogeneous of
degree 0 and similarly the translations are homogeneous of degree —1. Similar
arguments show that the groups shown are the maximal subgroups of GL(n, R) x R™
which extend to act smoothly on the one-point and parabolic compactifications. [J

COROLLARY 1. The one-point compactification is defined for a wvector space
with conformal-EBuclidean structure, the radial comactification is well-defined for
an affine space and the parabolic compactification is well-defined for a vector space.

Both the radial and the parabolic compactifications have boundaryless vari-
ants, in which the bounding sphere is replaced by an embedded projective space
S"~!/4 by doubling across the boundary. The apparent advantage of this smaller
compactification does not seem to be realized in practice.

CONJECTURE 1. The five compactifications are minimal in their respective cat-
egories (i.e. as manifolds %i;h sz'thout boundary) among compactifications with the
invariance properties in (L.

Although, as noted above, it is the radial compactification which mostly appears
below, other variants are relevant. In particular none of these compactifications are
natural for products — the radial compactification of V; x V5 is not ‘comparable’
to the products of the radial compactifications. Still, the relationship between the
radial compactification of the product of vector spaces and the product of the radial
compactifications is significant and will be examined later.

3. Collar neighbourhood
REMARK. Edited by Paige Dote

This theorem provides a rather precise description of a neighbourhood of a
closed embedded submanifold, Y C M where M is an n-dimensional manifold.
The usual proof exploits the geodesic flow for a metric on M, but here we give a
related approach using the notation of a radial vectgr field for Y. This is very closely
related to the linearization theorem of Sternberg (%?]g)._Weﬂalso carry it out in the
context of manifolds with corners.

A closed p-submanifold (p- if for ‘product’ it really is the natural notion of a
submanifold in the case of a manifold with corners) is a closed subset Y C M such
that for each point ¥ € Y, there exists adapted coordinates based at g in M in
terms of which Y is linear. Precisely, in a neighbourhood Uy C M of ¥, there exists
coordinate functions z; > 0, y; € C®(Uy) fori=1,...,kand j =1,...,n—k with
independent differentials and

(1.59) YNU={1=-=2¢ =0, y1 = =Yp—a ==}

It follows that Y is itself a submanifold, with these as adapted coordinates for Y.
Note that if d’ > 0 here then Y is actually contained in a boundary face (assum-
ing it is connected, in any case one component is). Boundary faces themselves are
clearly p-submanifolds but quite a few natural submanifolds are not. For instance
the diagonal in M2, where OM # (), is not a p-submanifold. This turns out to be
rather significant.
We note the following
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DEFINITION 1.6. A smooth vector field, V € #4,(M) is tangent to Y if V f|,, = 0
for any f € C°°(M) with f|Y = 0. A smooth vector field vanishes on Y if Vf‘y =0
for all f € C(M).

In adapted coordinates for Y, V is tangent to Y if it takes the form

V= Z 7ia; 0z, + Z bi Oy,

i,j=1

where a; ;, by, are smooth coefficients.
Similarly, V' vanishes on Y if

d n—d
(1.60) V= Zxa”&cngZZka@ 72%
i,j=1 i=1 k=1

Where the W; are smooth as are the a; ;, b; .

DEFINITION 1.7. The differentials of functions which vanish on Y define the
conormal bundle N*Y C Ty M.

Hence, in adapted coordinates N*Y has the basis
dzy,...,dzg.

For each y € Y, NJY is the annihilator, in Ty M, of T,,Y C T),M. By duality,
the normal bundle NY = Ty M/TY is spanned by

Do Dy

THEOREM 1.3 (Collar, or normal, neighbourhood). For a closed embedded sub-
manifold Y C M there is a neighbourhood, T, of the zero section Oy C NY,
a neighbourhood Q0 C M of Y, and a diffeomorphism F : T — Q satisfying the
additional conditions

(1) F(On) =Y is the natural identification and
(2) F.: N(Oy) — NY is the identity.

Here, the bundle projectip from NY to Y restricts to a diffeomorphism 7 :
On — Y giving meaning to (II). Then, the tangent space to Oy is mapped to TY
as the identity. It follows that the normal bundle to On in NY is mapped to the
normal bundle NY by F. Additionally, for any vector bundle, the normal bundle to
the zero section is naturally identified with the bundle itself, $ F., lifts to a bundle
map for NY to NY which is required to be the identity in (b%?

Adapted coordinates give such a collar neighbourhood locally, so the challenge
is to make this global.

A vector field on M which vanishes on Y induces a linear map at each point of
Y:

L(V,y): NJY — NJY
through
N(Viy)e = d(V 1) ()
157.449
where, for £ € NY, f € C°°(M) has f|Y =0 and df (y) = £. In terms of (h_GUﬁ

N(V,y)dz; = Zaw )d;.
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DEFINITION 1.8. A smooth (real) vector field, R, on M is radial on Y if it
vanishes at Y and

L(V.y) =1d
forally € Y.

LEMMA 1.3. There is a radial vector field for any closed embedded submanifold,
and the difference between two such radial vector fields is locally a sum > x;W;
where the W; are tangent to Y .

The existence of a radial vector field follows from a ‘patching’ argument. Lo-
cally, in adapted coordinates, we have an obvious radial vector field in the Euler
field

d
Ry=>_ 2:0s,.
1=1

which is the generator of the scaling action
(1.61) (x,y) — (tz,y), t > 0.

There is no constraint on a radial vector field away from Y at all. So one can
take functions p, € c°(M) with locally finite supports such that each supp @, is
contained in an adapted coordinate patch for Y and 3 ¢, = 1 in a neighbourhood
of Y. Then,

R = Z (paRO,a

is radial with the Ry, being the coordinate Euler vector fields.

As a smooth real vector field, there is a unique integral curve of R through
each point of M. For Ry these are curves with x; = e'Z; and 7; = ¥; so that z; | 0
as t — —oo. For a general radial vector field the same is true near Y in the sense
that

LEMMA 1.4. If R is a radial vector field for Y then'Y has an open neighbourhood
such that the integral curves of R, as t — —oo, approach R smoothly in et with a
non-vanishing limiting tangent vector at'Y.

As remarked at the beginning, this is a linearization theorem in the spirit of Stern-
berg.

PROPOSITION 1.4. Near any point of Y there are adapted coordinates in terms
of which in which a given radial vector is the Euler vector field.

PROOF. This can be seen using the homotopy method of Méser. In any adapted
coordinates, the radial vector field has the form

R=Ry+ Z $ixjai’j7paxp + Z $ibi7kayk
4,7,P i,k
for smooth coefficients Wisip Q{i bi ;. Pushing R formward under the inverse of the
scaling diffeomorphism (I.61), we obtain the one parameter family of vector fields

(162) Rt = RO + Z txixjaiﬁjyp(tx)axp + Z txibi’k(t% y)ayk .

i,5,p .7
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This family is smooth down to ¢t = 0, and R; = Rp. Since this is ’exponential

li=o

scaling’ in terms of Ry, we see that
d
1.63 t—R; = |Ro, R
( ) dt t [ 0, t]7

which can easily be checked directly. The t-dependent vector field
1
(1.64) Wi = ;(Rt — Ro)

is smooth and vanishes at Y. It follows that integration of W; defines a 1-parameter
family of local diffeomorphisms, G;, defined in a neighbourhood U of the point in
Y for all ¢ € [0,1] fixing each point of Y. Thus Gy = Id and

d * *
ath = G{(W:f),
for all f € C>°(U).
The standard variation formula (really the chain rule) shows that

d dR;

%(Gt)*(Rt) = (Gt)« (dt + [WmRt]) .

157.451 157,452
From (T.64), 1t follows that [W;, R;] = —1[Ro, R¢]. So by (I.63),

% + Wi, Ry] = 0.
Thus, (Gt).R; is constant in ¢ as a vector field near Y, but by assumption (Gg). Ry =
Ry so
(Gl)*R = RO-
This gives a diffeomorphism locally fixing Y which reduces R to the Euler vector
field. O

The preceding lemma is an immediate consequence since the inegral curves of
Ry are of the form z +— tz and y = y.

This shows the existence of a diffeomorphism as required for the Collar Neigh-
bourhood theorem, with the inverse mapping p € U to the tangent vector at the
end point.



CHAPTER 2

Symbols and conormal distributions at a point

1. Schwartz kernels

Before tackling the properties of the ring ¥*(R"™) of pseudodifferential operators
on R™, I want to look into the properties of the Schwartz kernels of these operators,
so we can get a picture of them. We can ‘guess’ (it is easy to justify) that the

chwartz kernel of an operator A € ¥™(R"), defined by a symbol a satisfying

(T.1T), is

(2.1) Az, y) = (2m)™" / a(z, )et®vEqe.
Here I use the same letter for the operator and its Schwartz kernel — since the
Schwartz kernel theorem (which I will talk a little about later) shows that they
determine each. other. 57 ' . .

We can think of (b.li in a couple of different ways — in general it is not a
convergent integral. We can make a (formal at this stage) linear change of variables
on R?" from (z,y) to (x,2), z = x — y and then

(2.2) A(z,y) = a(z,x — y) where a(z,z) = (277)_”/ axz, €)e* S de.

Now the integral is a partial inverse Fourier t{gy_sggrrn. In fact, since a is smooth
in x we can interpret the definition of « in (bms the inverse Fourier tranform
from & to z for each fixed x. This in fact is what I will do today. Alternatively one
can just check that the partial Fourier transform with respect to a decomposition
of Euclidean space into a product behaves ‘correctly’.

So, for the moment, we have dispensed with the ‘coefficients’ and just look
at the (commutative) algebra of constant-coefficient pseudodifferential operators
where the composition operation is convolution.

Recall the convolution of distributions on R™. On cannot define the convolution
of arbitrary distributions, even arbitrary tempered distributions — this however is
an issue of ‘growth’ rather than singularities. In particular the convolution

(2.3) u * v is defined if either u or v has compact support

but can be defined in other cases too. I will denote the space of distributions of
compact support as

(2.4) Co @ (R") = (c™=(R™)".

So the space of distributions of compact support is actua }¥735_;ommutative
ring, since u * v = v * u and the support of a convolution as in (2.3) satisfies

(2.5) supp(u * v) C supp(u) + supp(v).

25

L2
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It is also the case that S(R™) is closed under convolution and we know that the
Fourier transform satisfies

(2.6) Fluxv)=F(w)F(v), u, veSR).
The ring we are interested in is contained in

(2.7) C.(R™) + S(R™)

for which the identity (2565 Still holds. Note that

(2.8) F(Ce P (R™) +5([R")) C c*R™)NS"(R™).

So, we are looking for are some interesting spaces of smooth functions on the
dual R™ which are closed under multiplication. You might ask, in view of the
identification of the convolution kernels here with the inverse Fourier transforms of
symbols, why is &e,r.%&my problem at all? There isn’t a problem for convolution as
such because of (2.6) but recall that the Fourier transform does not ‘behave well” on
say the space L>°(R™). Of course the Fourier tranform maps this to a well-defined
linear subspace of the tempered distributions — which includes for instance the delta
functions at any point — but it is quite hard, in a certain sense I think impossible,
to give a ‘direct’ characterization of the Fourier image of L*> and the same is true
for our symbols which are modeled on L* in the sense that they are defined by
bounds. We will in fact ‘sandwich’ the image between spaces characterized directly
(meaning without the Fourier tranform), but this still loses information which is
rather vital to us!

In the notes related to the first lecture, I discussed the radial compactification
of a real, finite-dimensional, vector space V, to a ball V. Ignoring all the niceties,
for Euclidean space, R™ with the standard Euclidean norm, we can identify the
complement of the origin with the product

(2.9) R"\ {0} 52+ (J:|7 |z|) = (r,w) € (0,00) x S" 7%,

The inversion map » — 1/r is a diffeomorphism of (0, 00) to itself ‘switching the
ends’. This allows us to add the sphere at infinity of R" setting

(2.10) R™ = (R"U[0,00) x "7 1) /I
where
(2.11) I:R"\{0}>2+— <|m1|’|i|> € (0,00) x S"!

identifies the complement of the origin with the interior of the second part.

Thus R” is a compact manifold with boundary ‘obtained by introducing in-
verted polar coordinates near infinity’. The interior is R™ and the boundary is ‘the
sphere at infinity’.

This immediately gives us a ring of functions on R"™, namely

(2.12) C®(R™) — C=(R™).

I can write inclusion here for what is really the restriction from R™ to its interior
since this map is injective.
This is the space of ‘classical symbols on R™ of order zero’ which I will write as

(2.13) SY(R™) = c™(R").

I will approach the issue of characterizing this space precisely on R™ below.
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. . . . . . [T1.Compactification
As a consequence of the discussion of radial compactification in § 2, or directly,
we can see that the coordinate vector fields on R™ extend to be smooth on R™. In
fact

PROPOSITION 2.1. The coordinate vector fields on R™ extend to smooth vector
files on R™ and span, over C*°(R™), all the smooth vector fields which are of the
form

(2.14) pW, W smooth and tangent to the boundary of R™.
Here p € ¢*°(R™) vanishes at the boundary.

P-C
See Project I o

COROLLARY 2. The space SSI(R”) consists of smooth functions which satisfy
the estimates

(2.15) sup |(1+ \§|)|a‘6?a(£)\ < ooV oa.
¢eRn

Note that I do not say that this characterizes S (R") = ¢>°(R"), because it
does not.

DEFINITION 2.1, We denote the subspace of C*°(R") of functions satisfying all
the estimates (2.15) by

(2.16) SO(R™) D SY(R™).

These are the ‘symbols with bounds’ containing the classical symbols.
More generally, consider the function

(2.17) (1+ |z]?)?/? on R", z € C.

This is certainly smooth on R™. It is rather clear that

(2.18) (1+ [z*)*/% € c>(R") iff z € —No.

Indeed, in x # 0 it can be written

(2.19) AL+ 22 t=1/|z).

This is smooth down to ¢ = 0, the boundary of R”, if and only if —2z is a non-negative
integer.
We define the space of classical symbols of (complex) order z to be the products

(2:20) 4(R) = (1+ o) /20 (@) = (1 + [af2) /250 (R").
The space of symbols (with bounds) or real order m is similarly defined to be
(2.21) S™(R™) = (1 + |z>)™/28°(R™).

Why no complex order in the second case?

. .. |157.83

EXERCISE 2. Show that in terms of Definition 2.
(2.22) (14 |z[?)/? € S)R™) V s € R.
This in turn implies that

(2.23) 2(R™) c SRFR") V 2 € C.
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DEFINITION 2.2. The space of (Schwartz-) conormal distributions on R”, with
respect to the origin is
(2:24) IR = 57 (S (R™).

The corresponding spaces of classical (Schwartz-) conormal distributions at the
origin where now z is allowed to be complex, are

(2.25) IR = 771 (SAR™M) .
So
(2.26) 2 5(R™) C IRe*(R™).

Why the weird normalization of the order with the n/4? This is part of a bigger
scheme that I hope will be explained later. It is the standard notion with the n
interpreted as the codimension of the submanifold, here the origin, with respect to
which we are defining conormality.

So, apart from the issue with the order these are just the inverse Fourier tran-
forms of our ‘classical symbols’.

THEOREM 2.1. Ifu € IT*(R™) C S'(R™) then

singsupp(u) C {0}
(1= ¢)ucsR") if ¢ € CZ(R™), 0¢supp(l - o).
157.77
The conditions in (b.Z?) do not characterize the conormal distributions.

(2.27)

PROOF. By definition, a smooth f nepign on R™ is a ‘symbol with bounds’ of
order m if it satisfies all the estimates (2.I5%. We can reéxpress these in the form

(2.28) €P0ga = (1+¢))™b, be L®(R™) ¥ B with || < |a].
It follows that if |a] > m +n+ N + 1 then
(2.29) O¢a=(1+1¢))7" N by, by € Loo(R™).

Since then # ! ((1+ [¢[)™" N ~'by) is bounded with its first N derivatives it fol-
lows that the same is true for

(2.30) 2%, 2k >m +n+ N+ 1.
157.77
From this (b.??; follows. O

I have made a rather mixed definition of classical and non-classical symbols
here. The classical ones defined in terms of the radial compactification and the
non-classical ones in terms of estimates on R™ more directly, let me try to unravel
this.

LEMMA 2.1. The ‘residual symbol spaces’ are
(2.31) STOR™) = [ S™(R") = S(R") =C>(R”) C S5(R") V z € C.
meR
Here I am using the notation for any manifold with corners

(2.32) C®(M) = {u € c*°(M);u vanishes to infinite order at OM}.

So these are the ‘trivial’ symbols in the case of R™.
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Last time I talked about the symbol spaces S™(R™) and the space of distribu-

tions conormal at 0 defined as
(2.33) IR {0}) = 1S (R™).

Since we know that the symbol spaces form a filtered ring under multiplication we

deduce a corresponding result for convolution of the conormal spaces
n ! n M+M'—% n
(2.34) LR {0}) + I (R™5{0}) = I (R {0}).
2. Homogeneous distributions

The quesiton naturally arises as to precisely what classical
conormal distributions ‘look like’. The answer is given, almost,
in terms of homogoneous distributions. Then the first question
is, What is a homogeneous distribution?

We know what a homogeneous function on R™ \ {0} is — it
is a function satisfying

u(te) = t*u(z) Vit >0, x € R"\ {0}.

We do not want to include the origin here since the degree z
could be negative, so the function need not be defined at 0. In
fact we are interested in smooth functions away from 0 which
are homogeneous. So this is straihgtforward

LEMMA 2.2. The smooth functions on R™ \ {0} which are
homogeneous of degree z € C and smooth outside the origin may
be identified with C°°(S"™1) wvia

x

u(@) = v(=)al", ve (s,

]

When Rez > —n it follows that such a function is locally
integrable across the origin, and so defines a tempered distri-
bution. In this case we can express the condition ‘weakly’ by
noting

/u(tm)gb(x)dx = t*”/u(m)gb(x/t)dm =

(2.35)

(2.36)

(u, p(z/t)) =t""*(u, ¢), V t >0, ¢[as3(BIG] (2.37)

DEFINITION 2.3. A (tempered) distribution v € §'(R2)
homogeneous of degree z if it satisfies the second part of (2:37).

157.986
The argument leading to (bS/; can be reversed, at least in
part.

LEMMA 2.3. A distribution which is homogeneous of degree
z with Re 57 ggd? and which is smooth outside the origin is of
the form (g.36'

. . 157.986 . . .
PROOF. The identity (b.B?; can be differentiated with re-
spect to t and at t = 1 this shows that Euler’s identity holds for
homogeneous distributions

(- 0y —2)u=0. (2.38)
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Since it is assumed that u is smogth away from the origin it fol-
lows that u must be of the form (2.36) in R™\ {0}. The difference
of u and the locally integrable function so defined is therefore a
distribution supported at the origin, and hence a sum of deriva-
tives of the delta function. These all have homogeneity —n — k
for some k£ € Ny so cannot be homogeneous of degree z with
Rez > —n. |

To pass to the case of general z we may use the Fourier
transform.

LEMMA 2.4. The Fourier transform of a distribution which
is homogeneous of degree z € C is homogeneous of degree —n — z.

PROOF. For ¢ € S(R™) change of variable shows that

— ~

S(IDE) = 1"d(1€)

so the identity for u € §'(R™) and ¢ € §(R™)

(6, ) = (u, )

implies the result. O

It follows that for Rez < 0 a distribution, v, homogeneous
of degree z is the inverse Fourier transform of one homogeneous
of degree —z —n. If v is assumed to be smooth outside the origin
then it is the sum of a symbol of degree z and a distibution of
compact support. Thus its Fourier transform is singular only at
the origin and in this case we conclude that

o) =7 (1) ) we e,
157.985
Conversely the functions in (bﬁb’?ﬁre the sums 0§5s,}{$lzols and

compactly supported distribution so v defined by ( is indeed
smooth outside the origin.

Thus the space of distribution homogeneous of any given
degree z € C is always isomorphic to ¢>°(S"~!). However for
z = —n —k, k € Ny this isomorphism takes a different form.

PROPOSITION 2.2. For any degree z ¢ C\ (—n — Ny) the
space of distributions homogeneous of degree z and smooth out-
side the orjgingis identified with C(S™1) by restriction to R™\
{0} and (2.36). For z = —n — k, k € Ny the space of distri-
butions homogeneous of degree z and smooth outside the origin
maps surjectively, by restriction to R™ \ {0} to

{u e COO(S"_l);/ ww)wdw =0V |a| =k
S§n—1

with null space

sp{D23(z)sla] = k.

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
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In fact the proof above can be modified to identify all ho-
mogenous distributions with ¢ 7>°(S"™!) in essentially the same
way.

However, this is not quite what we really want. The aim is
to understand the structure of classical conormal distributions at
the origin. These are readily described, as we do below, in terms
of homogeneous distributions and the inverse Fourier transforms
of functions of the form

a(€) = (—x(©)le]*u (él) ,
wecx(EY), x e (R, v(€) = 1 sl eed]

Excep 1£9y9g]ge case z € —n — Ny such a function is, using Propo-

sition 2.2, the sum of a homogeneous distribution and a distri-
bution of compact support. Conversely this is 8ot 5@6 case for
z=-n—k, k € Ny, unless u is in the space (2.42). The extra

distributions we need are quasi-homogeneous in the sense that

they satisfy
(x -0, — 2)u € S(R™)

The new case that arises is for z € Ny

LEMMA 2.5. The inverse Fourier transform of

ba(z) = x(x))2* log|z|, o € N7, x € CF(R™), x(§) =1 in |z
is quasi-homogeneous of degree —n — |a| and of the form
(03

cn’am"Tlal +el, e, € S(R™) in [¢] > 1.

with ¢p,q # 0.

ProOF. Consider the case o = 0. Then bg is a function of
|z| and by the O(n)-invariance of the Fourier transform the same
is true of by. Since

- 9,bo = X(z) + (x- D)) log |z] € C°(R™)

it follows that .
(€0 +n)by = e € S(R™).

Using polar coordinates we can integrate the Schwartz term ‘in-
wards from infinity’ and conclude that

bo = ca(1 = x(©))IE[ " + ¢, ¢ € S(R")
where ¢, # 0 involves the measure of the sphere. It cannot
vanish, since otherwise by would be smooth.

Since b, = z“by has compact support its igfgrse Fourier
transform, b, (—¢) € S'(R™) is smooth and from (2.50)
A 'S
ba:D?bOzcn,aW +€;, 6:1 ES(Rn)
where again ¢, o # 0 since b, is not smooth. These constants
are readily computed. O

31

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)
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Finally then we see the structure of classical conormal dis-
tributions.

PRrRoOPOSITION 2.3. A classical conormal distribution at the
origin in R™ of order z + 7,

u=F""(a), a€léFc>R") (2.52)

has an expansion near the origin, modulo smooth terms,
u(z) ~ Zuk(x) (2.53)
k

where all terms are smooth outside the origin and

{ is homogeneous of degree —z = —n+k if —z—n+k¢Ny
ug,

is quasi-homogeneous of degree —z=-n+k if —z—n+k € Ny.
(251)

From (%}giiggﬁe K become increasingly smooth as kK — oo and
the meaning of (2:53) is that, for given N the difference of u and
the sum for k£ < K for K sufficiently large is in 1%?’ ]gono) The ap-
pearance of the quasi-homogoneous terms in (2.54) corresponds
to the fact that the polynomials of degree k& do not contribute
to the singularity at the origin (nor of course to the asymptotic
expansion of the symbol).

There are other ways to construct the homogeneous, and
quasi-homogeneous distributions, for instance by analytic con-
tinuation in z.

3. Topology and asymptotic summation

The topology on the symbols space S™(R™) is the Fréchet topology given by
the norms defining the space
(2.55) lallny = sup (14 16)"P15¢a(¢), N € No.
R™,|B|<N
Certainly, a € S™(R"™) if and only if a € *°(R™) and all these norms are finite.
Recall that a metric on a countably normed space, such as this, is defined by

2.56 d(u,v) = S o~ Mt =lmy
( ) ( ) ; 1+ ||U — 'U”m,N

. . . 157.100
So the topology is metric, generated by the open balls with respect to (b.56 % [ say

‘a metric’ because replacing the sequence 2~V by an positive, summable, sequence
gives the same topology.

PROPOSITION 2.4. The spaces S™(R™) e 6’g'chet spaces, so complete with
respect to the translation-invariant distance ( .

If it matters to you, they are Montel spaces. They are not projective limits of
Hilbert spaces.

ProoF. Convergence with respect to this distance is the same as convergence
with respect to each of the norms | - [|m,n (Withopf any uniformity in N). Thus a
Cauchy sequence with respect to the metric (E. is Cauchy with respect to each
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of these norms and conversely. So all the derivatives converge locally uniformly and
with respect to the distance with the limit in the space. ([

There is a topology on S (R"™) = J,, S™(R™) but I will leave you to figure it
out:

EXERCISE 3. Try to sort out (or look up) the inductive limit topology on
S (R™) defined by taking a set to be open if its intersection with each of the
S™(R™) is open and show that the inclusions S™(R"™) — S°°(R™) are then con-
tinuous.

So the Fréchet topology on the symbol spaces induces a Fréchet topology
on IM(R",{0}), since the Fourier transform identifies this with S =% (R"). This
means we know what a continuous map into the conormal space (and also what a
smooth map into it) means.

Now to density. The intersection of the symbol spaces is the space of Schwartz
functions

(2.57) S(R™) = S°(R") =[] S™(R") = 5(R").

PROPOSITION 2.5. The ‘residual space’ S(R™) is dense in S™(R™) in the topol-
ogy of S™FE(R™) for any e > 0. More precisely, there exist a sequence of ‘reqularizing
operators’ which are linear maps

(2.58) Dy 1 SO(R™) — S(R™)
such that
(2.59) a € S"(R") = Dya is bounded in S™(R™)
and ®a — a in the topology of S™(R™) V € > 0.

PRrROOF. The @, can be defined by cut-off. Take ¢ € ¢Z°(R™) with ¢(£) =1 in
{€] < 1} and set

(2.60) Pra(§) = d(&/k)a(§) € S(R™).
The difference
(2.61) (1d—p)a = (1 - 6(E/k))al6)T € S™(R™)

since 1 — ¢(¢/k) € SO(R™).
Certainly 1 — ¢(£/k) is uniformly bounded and the derivatives are
(2.62) 9 (L= @(&/k)) = —k~1P1(0°9)(¢/k), 18] > 0.

Since this function is supported in |£| < Ck, for some constant C, the product
satisfies

(2.63) sup |97 (1 — ¢(¢/k))| < Cp(1+ Ch)PIE™1P < o0
£
This shows that 1 — ¢(£/k) is bounded with respect to all the seminorms for
SO9(R™). Tt follows that ®ra is bounded in S™(R™).

The seminorms on S¢(R™) on the difference 1—®y,, which has support in |£| > k,
have an extra factor of (1 + [£)~¢

(264) (14 [¢))~ P07 (1 = p(&/k)) = k=211 + 1¢)) =217 (1 — ) (¢/k)
- ||]. - (I)k”e,N < Cyk™¢
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where Cy depends on ¢ and N. Thus 1—¢(£/k) — 0 with respect to each seminorm
on S¢(R™) for € > 0. It follows that
167.137 | (2.65) ®ra — ain SC(R™) Ve > 0.
157.104
This in turn implies (b.SQ%. O

157.137
We record the norm estimate which underlies (b.GS% for use below

157.138 LEMMA 2.6. For a € S™(R") and any m’ > m

157.139| (2.66) 1(Id —®4)allmr & < N |||, n K™

where the constant is independent of a and k.

4. Integration

157.109 LEMMA 2.7. Integration in one of the variables, say the last, gives a continuous
linear map

157.110| (2.67) /Rdxn (IM(R") — 1;”*(}1%”*1), F (/R u(:z:)d:cn> = F(u)

&n=0"

Of course we can iterate this, integrating over k variables to get a conormal distri-
bution with order decreased by k/4.

PrOOF. The integral is defined since integration of both Schwartz functions
and distributions of compact support is well-defined. Using density we can suppose
that a € S(R™) and then

157.111| (2.68) /dxn(ﬂ-’_la)(x',xn)dxn: (27r)_"/dxn/ e € (€)de
R R n

= (2m) ! /R T 0)dE x = (o), €= (€,6n).

by the Fourier inversion formula in one dimension. Thus

(2.69) [ w5 @) = 77l ). a e SR,
Clearly, with ®;, as defined above
(2.70) ialg, o) = (Bra)]¢,
so the general case follows. (|

5. Wavefrontset

The support of a function or distribution on R™ is defined by

supp(u) = <U{U C R™; U is open and u =0 on U}>[J . (2.71)

This is really a notion defined for sheaves (the theory of which I will outline
below in case you have not seen it). We define a related notion for symbols
which is to do with the directions of growth at infinity.

If V.C S~ 1 is open then the set

RTV = {¢ € R™\ {0}; % eV} (2.72)
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is what we mean by an open cone — an open subset of R™ \ {0} which is
invariant under the radial Rt action. If v € ¢°(V) and ¢ € c°(R) is
identically equal to 1 near 0 then

£
x(€) = (01— ¢)(|EW}(E) € S°(R™) C c*(R™) 167.117] (2.73)
where we define it to be identically zero in |£| < e where ¢(|¢]) = 1 on
[€] < €. Thus, ¢ is only there to cut out the singularity the homogeneous
function (%) is almost certain to have at the origin.

Tel
157.118 LEMMA 2.8. An element of C°°(R"™) which is homogeneous of complex de-
gree z vanishes identically unless z € Ng, in which case it is necessarily a
polynomial.

PrOOF. The homogeneity statement is that

u(t§) = tu(§) ¥ £ > 0, £ €R™ (2.74)

157.455
Consider the derivatives of u at the origin. From (2. it follows that
8¢ u(0) = t1*19gu(0) = t*agu(0). 157.456 | (2.75)
Thus either z = |a| or 9gu(0) = 0. So, if z is not a non-negative integer

then v must vanish to infinite order at 0. But then

t *u(tu) = 0ast | 0= u=0. 157.457| (2.76)

If z = k then wu is the sum of a polynomial and a function which vanishes to
infinite order at 0 and the same argument shows that such a homogeneous
function vaniahes identically. O

157.117
The product of a € S™(R™) and a function x as in (b.?Bi is always in
S™(R™). However, it might be much smaller.

157.119 DEFINITION 2.4. The cone-support of a symbol a € S™(R™) is the (rela-

tively) closed subset of R™

conesupp(a) = (U{R""V; xa € SR Ve Cé’o(V)})E . (2.77)

In fact the union of all sets V' for which 1a € $(S*~1) when 9 € c°(V)
is still a V' for which this holds — i.e. there is a maximal such V. Clearly
the cone-support is a cone, so the information it contains is the same as the
corresponding closed subset of the sphere. It is traditional to think of it
as a cone, partly because of the definition, but also because it has a little
content as we will see later.

157.121 EXERCISE 4. Show that conesupp(a) = 0 iff @ € S(R™) = ST>°(R").

157.122 DEFINITION 2.5. For u € IM(R™; {0}) = # ~1(SM~ % (R")) we set
WF(u) = conesupp(a), u=F " 1(a) C T¢R™ \ {0} = R\ {O157.123 | (2.78)

It matters here that this is the inverse Fourier transform not the Fourier
transform, otherwise there is a reflection. The identification of R™ \ {0}
as the cotangent fibre at 0 on R™ might appear somewhat arbitrary but is
justified by results below on coordinate-invariance. In any case, by definition
the wavefront set (that is what WF stands for) of a conormal distribution
at the origin in R™ is a closed cone in TfR™ \ {0}.

6. Restriction

What is this notion of wavefrontset good for? Notice in (El%'f)l_%!gat inte-
gration and restriction are dual under Fourier transform, at least in this
special case. In general we cannot expect to restrict a conormal distribution
to z,, = 0 — for instance this is not reasonable for the delta function at the
origin. Dually, we cannot expect to integrate a symbol, it may just be too
large at infinity.
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LEMMA 2.9. Ifa € S™(R"™) then

+en ¢ conesupp(a) = / déna(€, &n) € SMHY R, (2.79)
R

Here e, = (0,...,0,1) is the unit vector and this is not in conesupp(a)
%f and only if the .h'alf-l'ine 1@:‘{'.6mgoes. not meet conesupp(a). So you can
interpret the condition in (2 as saying

R - e, N conesupp(a) = 0. 157.126 | (2.80)

PROOF. The condition on conesupp(a) means that we can find a cut-off
function 1 € ¢*°(S®~1) on the sphere which is non-vanishing at 4e, and

such that
(1 - glehy (é—') a € S(R™). (2.81)
So this means that in a conic region
FPe={(€F[¢'| < elnl}, €>0 (2.82)

the symbol a is rapidly decreasing with all its derivatives. In fact we can
can assume that ¢ = 1 near e, and then write

_a/ _ i m mn
a=d +o(e) + (1 ¢(|s\>)w(|€‘) € S™(R™), o)

a=0inT¢, a—a’ € SR™).

Since integration certainly maps S(R™) into S(R™~1) it suffices to consider
a’ in place of a and look at

b(&):/Rdsna(ﬁ’,sn). 157.132| (2.84)

This integral certainly exists since for each £’ the integrand is supported in
|én] < €1|€’]. Thus from the leading symbol estimate for a we see that in

€' >1
bEH <C P l(\f’\ + [&n )™ dén. 157.133| (2.85)
Enl<e~llg’
Now, changing the variable of integration to 7 = &, /|¢’| it follows that
lbEeH < C €| T+ |r))™dr < )¢/ |™ T | 157,134 (2.86)
|7|<e—?

The same argument applies to all the £’ derivatives, so

be STTHRML). 157.135| (2.87)

COROLLARY 3. Restriction to the coordinate hyperplane is well-defined as
a linear map

Au € IMR™; {0});{dzn, —dzn} N WF(u) = 0}

!zn:O

s 157.128| (2.88)
— IMTI@®ML{0}).

7. Multiplicativity

One of the applications of the notion of wavefront — for general distributions
not just in the conormal case — is to provide conditions under which operations
extend to distributions.

EXERCISE 5. Show that if I'; € R™\ {0}, ¢ = 1,2, are (relatively of course)
closed cones with the property

(2.89) &Gely, 1,2= & +86&#0



8. ASYMPTOTIC COMPLETENESS 37

then the product of functions can be extended to
(2.90)
{ug € I (R™;{0}); WF (u1) UT1 } x {ug € I{"*(R™;{0}); WF (ug) UT2} — §'(R™).

Hint: One way to define the product is to use the fact that these conormal
spaces are modules over S(R™). So it is enough to define the pairing of the prod-
uct with 1 provided there is some continuity. If us € S(R™) with the integrals
interpreted as pairings

(291) | m@ = i i@

Now you can see where the condition (BT%%) comes from. Using a partition of unity
to divide R™ into two conic regions (and a compact part) the ‘integral’ on the right
can be divided into parts in each of which one of the terms is Schwartz. To really
justify (E%?) ne needs to do something about continuity — find a topology on the
spaces in (2:90) with S(R™) dense and such that convergence is consistent with the
decomposition.

You might also ask whether the product so defined is conormal. In general it
is not.

8. Asymptotic completeness

The main interest in symbols on R™ is their behaviour ‘at infinity’ (which is the
boundary of the radial compactification). This allows for a notion of ‘convergence’
which corresponds to the ‘asymptotic completeness’ in the following sense.

THEOREM 2.2. If a; € S™i(R") is a sequence (we think of it as a series)
of symbols with m; — —oo as j — oo then there exists a symbol a € SM(R™),
M = supm; such that for every k

(2.92) a— Zaj e SM®) M (k) = supm,
= j>k

and a is determined up to an error in ST (R™) by these conditions.

i . J157.141 L
The relationship (b.92% between a and the a; is interpreted as ‘a complete asymp-
totic expansion’ and written

(2.93) a~> aj

Note that we are certainly not saying that the series on the right converges in
any sense (well people say it converges asymptotically, just meaning the order
mj — —00).

I have been a little vague here about the range of j, usually one takes j € Ny,
so starting off at 0, but this is just a convention.

157.141
PROOF. The ‘uniqueness’ (modulo S~°°(R"™)) is immediate from (2.92) — given

two such ‘asymptotic sums’ a and @’ the difference satisfies

(294) @ —a=(d — Zaj) —(a— Zaj) e SME(R™) Y |k —
i<k J<k
a —ae S ®(R") = s5R").
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For existence, I will assume, as discussed below, without loss of generality that
the m; are strictly decreasing, just to simplify notation.

I will use the ‘approximation’ operators (Id —®;) discussed above, where ®; is
multiplication by ¢(£/1) for ¢ € c°(R™) equal to 1 near 0. So these are cutoffs near
infinity. Here [ will vary with j so we are looking for a sequence of integers

(2.95) 1(j) = oo in N.

What we want these integers to satisfy — they depend of course on the given sequence
a; — is

(2.96) > 1(Ad =@y5))allmy. v < 00 ¥k, N.
>k
So this is a countable set of conditions we ne g§7t 4%atisfy.

Let’s just examine one of the conditions (%Qg—lt makes sense, since the terms
are in S C S™* and my —m; > 0 for j > k by assumption. This is often called
‘absolute summability’ of the sequence with respect to the norm. It implies that
the series is Cauchy with respect to this norm, and that is what we are after. That
is we will ensure that the series

(2.97) Z(Idffl)l(j))aj is Cauchy with respect to || - ||m, .~
>k
For the moment of course j st _f? gone N and k. 157 145
We have, from Lemma 2.6, an estimate on each of these norms in (b.%%
(2.98) [(Id =@1(5))ajllm@ey, v < Cnp(1(5)™ ™™ Nlajlme, v

(ultimately because the m; < my). Here the constant does not depend on I(j) —
the dependence is the power. To make the series converge absolutely it suffices to
arrange that

(2.99) 13 =Py )ty v < 572
for instance. In fact convergence is a property of the ‘tail’ of the sequence — the

chayjgur of any finite number of fgrmg is irrelevant — so it is enough to arrange
('2 99’§f mfﬁ '

. rom some j onwards. From ( we see that we can ensure this by choosing
() so that

(2.100) 1(j) > L(N, k. j)

where for this N and k, L(N, k, j) is some explicit sequence which depends on the
norms of the a;.

Now, this shows we can choose the [(j) so that any one of the series (labelled
by k) converges absolutely with respect to any one of the norms || - ||, ~. In fact
by a ‘diagonalization’ procedure we can ensure that all the series are Cauchy with
respect to all the norms (and hence converge in the corresponding symbol space).
To do this, j st aryange all the (IV,k) as a sequence, parameterized by p, and
demand that l(‘b.TUU'thold for j > p.

So we can choose the integers [(j) such that each of the series

(2.101) Z(Id —®;(;))a; converges in S"* (R™)
>k
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in the strong sense that it converse absolutely with respect to each of the seminorms.
Now set

(2.102) a=ao+ Y (Id—&;)a; € 5™ (R").
j=1

This is our asymptotic sum. To check this observe that the difference with a finite
sum can be written

(2.103) a— Z a; = — Z @l(j)aj+ Z (Id*@l(j))aj.

j<k+1 j<k+1 i>k+1

The last sum here is in S™*+1 and the finite sum is actually of compact SuppOE‘rms% a1

in S7°°(R™). The last term on the left is in the same space, S™+1(R") so (£
follows.

If we do not have a strictly decreasing sequence of orders, we can rearrange the
sequence so that the order is weakly decreasing and then sum up an finite sequences
of fixed order. This reduces the problem to the strijgxg)ggreasing case and, since
we have arranged absolute convergence, we recover (2. n general. ([l

Except that the topology is a little dubious, we have shown that a series with
elements in S (R™)/S™°°(R") ‘always converges’ if the m; — —oo. What this
really means is that there exist representatives of the elements in S™J (R™) such that
the series does converge and gives a well-defined limit in S"P ™3 (R™)/S~>°(R™).

9. I7*(R";{0}) as a module
First let’s fix some notation.

DEFINITION 2.6. The full symbol map for conormal distributions at the origin
is
(2.104) o IMR™{0}) 3 u — [F(u)] € ™% (R")/ST°(R™).
So the full symbol in this sense is the Fourier transfrom — which would be called

the amplitude —  (u) € S™~ % (R") modulo the Schwartz space.
This means there is a short exact sequence for each m

(2.105) S(RM)—s (R {0}) —Z= S~ % (R") /S~ (R").

The smooth functions of ‘slow growth’ form a (not very pleasant) linear space
which I will denote by O(R™) which is a space of multipliers on $(R™). A smooth
function is an element ¢ € O(R™) if for each multiindex o € N} there exists m,,
such that

(2.106) sup(1-+[€)) " IDEU(E)| < o

Thus multiplication gives a bilinear map
(2.107) O(R™) x §'(R™) — §'(R™) which restricts to O(R™) x S(R") — S(R").
PROPOSITION 2.6. For any m, multiplication defines a map
(2.108)
O(R") x I3 (R 0)) — I (R {0}) with o(gu) ~ >~ 0%0(0) Do)

aeNy

L3-end
L4
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n

The sum of the right does determine a unique element of S™ 1 /S™>*°(R") =
Sm=1(R™)/S~>°(R") as we showed last time using asymptotic summation. If we
take a representative a € S™~ 1 (R") — such as the actual Fourier transform of u —
then the terms in the infinite sum are of orders m — % — |a| so the sum ‘converges
asymptotically’.

PROOF. Since we know that v € IT*(R™; {0}) can be written as the sum of a
compactly supported term and one in S(R™) on which ¢ € O(R™) acts it suffices to
suppose that both u and ¥ are compactly supported. The Taylor series expansion

1
(2.109) b= — 07 (0) + > 2%a(x), pa € CF(RY)
la|<nN la|=N-+1

can then be multiplied by a cut-off of compact support equal to 1 on supp(u) U
supp(¢) showing that

(2110) Yu= ) $0$¢(0)IQU($)+ Y Ha(@) (@ ) (@), py € C(R)

la|<N la|=N+1

The terms in the first sum are are in I;nila\ (R™; {0}) as the inverse Fourier trans-
forms of the

(2.111) %ag (0)aFae).

Similarly the terms in the second sum consists of products in
C(R™) - [N 7H(R™; {03).

157460
Let v € I{*(R"; {0}) be an asymptotic syp,of this series (bl IT) which can be
(L% . %

taken to have compact support. Then from (2

(2112)  Yu—v=un+ 3. (@)@ u (@), on € VTR {0).
|a]=N+1

For for N >m+k+n

(2.113) 1P NTHR™{0}) € CFR™) = yu —v € [|CHR") = c®(R™).

So in fact Yu —v € S(R™). . o
The asymptotic formula (h‘l@éﬁ‘%ﬁ restatement of the conclusion that iu is

an asymptotic sum of the terms O

10. Action of ¥* on [*

PROPOSITION 2.7. Pseudodifferential operators act on conormal distributions
giving a bilinear map

TT(R™) x 17" (R™;{0}) — I (R™;{0}) with

O (Au) ~ 37 = D20E (a0 (w), A= Qu(a)

[0}

(2.114)

To take care of the ‘error terms’ below we need first consider a coarser mapping
property; here there is no need for precision as regards orders and regularity.
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LEMMA 2.10. If k € Ny and

(2.115) m+m' < -n—k
then

R.20| (2.116) P e U™(R"), ue I (R"{0}) = Pu e ck(R"),
meaning the derivatives up to order k are bounded.

PROOF. We can uge density of S(R") in symbol spaces, with a little loss of
order. The inequality (2.115) implies that the products

R.21] (2.117) |Dla(e, ©)a(e)] < Ca(1 +1¢) ™"
So, in particular are actually L' functions of & and so the integral
R.22] (2118) Puw) = (20)" [ ateere S

converges uniformly in x. Differentiation by z t ]ily orde w1th |8] < E still leads
to absolutely convergent integrals because of g 7 % [16) follows. O

157,464 . 157.465
PROOF OF PROPOSITION (b 7). We already know a special case of (bl [1) be-

cause we have an inclusion map
R.23| (2.119) 1P (R™{0)) — ™R, u(z) — A(z,y) = u(z — y)

in which conormal distributions act as convolution operators — this after all is one
reason I are talking about conormal distributions (although not the only one). We

will exploit this ruthlessly! O
L4-end

11. Radial compactification and symbols

Project 1

V2: Two corrections from Benjy.
I detected some resistance to the idea of radial compactification of R™ in class
so the main part of the first problem set is to work out some of the details. Quite
a bit of this is already in the notes.
0 First recall, for background if nothing else, the basis of projective geom-
etry (which seems to have disappeared as a subject taught to undergrad-
uates not long before I started studying Mathematics). Define complex
projective space as a quotient
(2.120)
P = (C"1\{0})/C* = ST, C* = C\{0}, S+ = (RZ™2\{0})/R* = (C™+'\{0})/C*.

Check that this is a complex manifold and that C" is identified with an
open dense subset by the inclusion

(2.121) C" 32+ (2,1) € C"\ {0} — P

and that the complement of the image may be identified with P?~1.
(1) Now sort out the real (or more correctly a) real analogue of this. Take
the embedding

P1.3] (2.122) R" 3 2+ (z,1) € R™ x [0,00) C R™™!
and consider the quotient map
P1.4| (2.123) t:R" — (R x [0,00) \ {0}) /RT =S} =R"

o
-
-

o
=
N
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P1.8

P1.9
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(2.124)

(2.125)

(2.126)

(2.127)

(2.128)

(4)

()
(2.129)
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mapping into the upper half-sphere (see picture below); the last equation
defines R™. I take this as the definition of the radial compactification;
show that the embedding is given explicitly by

T 1
)= (w TR Vit |x|2>

and deduce that ¢t = (14|z[2)"z € C>(S%) is a boundary defining function
(vanishes only on the boundary and has differential non-zero there).
Derive the Taylor series of a € SY(R™) = ¢°°(S") (this is the definition
of the space of classical symbols of order 0 from lectures) in the form

o0

—k T
X apl—
> fol Fan(

‘), ar € C®(S"7Y), |z| > 2=t < V2).
k=0

Deduce that Taylor series with remainder gives

N
ja =3 lala(p)] < Cwlal N
k=0
[We want similar estimates for derivatives too].
Introduce projective coordinates on R™ given by 2n+ 1 coordinate patches
on S%. The first one is + € R™ defining the compactification. Then for
each k=1,...,n set

Dy ={x €R™+x) >0}, Cy ={p=(p1,....Pns1) € ST;£py > 0}

(note that this includes part of the boundary of S’ ) and show that the
diffeomorphisms

i

1
CEsar— (—,+-2) € (0,00) x R*?

:|:{ZZk’ Tl
extend to diffeomorphism D,:f —[0,00) x R*71L.
Show that these projective coordinate systems give a coordinate cover of
R,
Write out formulae for the images of the vector fields

aa:ja :I:laZJ

in these projective coordinate systems (note these span the Lie algebras
of the translation group and GL(n,R) respectively).

Show that the z;0,; extend to be smooth on R" (meaning smooth up to
the boundary) and that they are elements of the Lie algebra

%, (R™) = {V a c*™ vector field tangent to the boundary}.

Note that tangency to the boundary means Vt =0 at ¢t = 0.

Show that the images of the 2;0,, span %,(R") over ¢*°(R™).

Show that the 0., are also smooth up to the boundary of R and span,
over C*°(R") the space

t‘Vb(W) = {W = tV, Ve ‘Vb(@)}
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(9) Show that the space S°(R™) of ‘symbols with bounds’ is identified with
the space

(2.132) {ue L®R"); Vi ... Vyu € L®(R") ¥V V; € %,(R") V N}.
[Don’t get hung up on worrying about distributions on a manifold with

boundary, we will come back to this later.]
(10) Putting some of these things together show that

(2.133) SY(R™) C SO(R™).

(11) Deduce that an element a € S°(R™) is in S4(R") if and only if

(2.134) @~ 31 - DOl o)
k

where ¢ € ¢°(R™) is equal to one near 0 (to make everything smooth)
and the aj € ¢ (S"1).






CHAPTER 3
The ring V*(R")

I will start today with the coordinate-invariance of conormal distributions at a
point and proceed to discuss the fact that the formal adjoint of a pseudodifferen-
tial operator is also a pseudodifferential operator. These might seem to be rather
unrelated results, but as we shall see the proofs are closely related.

1. Coordinate invariance of I7*(R";{0})

Since we do not want to worry about the global behaviour of diffeomorphisms
we will work locally near 0 € R™. If 2 C R”™ is an open neighbourhood of 0 set

(3.1) 1(2:{0}) = {u € Ig"(R™; {0}); supp(u) € 2}

Here of course we are thinking of {2 as an open subset of R™ but we can also think
of it as a manifold. For the conormal functions to make sense on a manifold we
need:

PROPOSITION 3.1. If F : Q — Q' is a diffeomorphism of open neighbourhoods
of 0 € R™ with F(0) =0 then

(3.2) F* 15 {0}) — I™(Q; {0}).

You should recall that the pull-back of distributions is well-defined under a dif-
feomorphism (not under a general smooth map). I will remind you of the ‘issues’
arising in the proof of this by duality — namely the need to think about densities
— below. Using the density of 5°(2) in ¢ 7 (£2)for any open set  and the fact
that F™* extends by continuity I claim that (meady has meaning.

PRrooOF. F{gi} I (éall that the ‘full symbol map’ is still surjective if we restrict
supports as in Jiﬂmce any u' € I"™(R™;{0}) differs from an element of I'"(2; {0})
by an element of $(R™). We will use this in the proof.

First we start with a simple case, when F € GL(n,R) is actually an invertible
linear map. Then there is no problem with supports.

LEMMA 3.1. Under pull-back by L € GL(n,R)
(3.3) L IR {0}) — I (R {0)).

PROOF. This corresponds to the fact the Fourier transform behaves ‘well’ under
linear change of coordinates. For u € S(R™) it follows directly that

(3.4) ,‘F(L*u)(ﬁ):/ €7ix'5u(Lx)dx=/ eii(Lily)'gu(yﬂdetL|71dy

n n

= [ e ) det Lty = det LI (L)
Rn,

45
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So the only issue is the constant factor, but this does not affect the fact that
F(L*u) € S (R") if 4 € S™~ 1 (R"). O

157.160
Now, this allows us to simplify the general case in Proposition Mmely we
can write F' = LG where L is the Jacobian matrix of F' at 0 and G : Q — L~
still has G(0) = 0 and now has Jacobian equal to the identity at 0. Replacing G by
I again we can therefore assume that

(3.5) F(z)=z+ Zwiijij(x) in |z| <€, Gij€C™.
j

There is no problem in shrinking supports to a smaller neighbourhood of 0 since
the conormal distributions are all smooth away from 0.
We can exploit the triviality of the Jacobian at 0 by observing that

(3.6) Fyi(x)=x+tY  zx;Gij(x), t €[0,1]
ij

is a smooth family of diffeomorphisms of a fixed neighbourhood of 0 with image
containing some fixed neighbourhood of 0 and with

157.167 | (3.7) Fy(z) =z, Fi(z) = F(x).

This allows us to replace the problem by a deformation problem, meaning we can
get from beginning to end along a path (you might think this is actually harder).
However we can now use the variation formula (really just the chain rule) that

d
157.168| (3.8) - (Ffu) = F/ (Viu), V; = > wiwjaij ity v)0n, .

kg,
Here V; is the t-dependent vector field which defines F; by integratio o7 g 18
the unique 1-parameter family of local diffeomorphisms which satisfies (ETS)_(%nd
Fy = 1d). It is important here that V; vanishes to second order at 0 (meaning its
coefficients vanish quadratically at 0 of course).

So how does this help us? We need another idea, which I learnt from Jiirgen
Moser in a rather different context. Namely we can suppose that u = u; actually
depends smoothly on ¢ as a parameter (with values in the conormal distributions).
Then the variation formula ETSbeecomes

d d
(3.9) o (B ue) = By (Veug + ).

Now, the idea is that we try to choose u; with u; = u so that Viu; + %ut =0. We
cannot manage this directly but what we can do is to choose u; € ¢ ([0, 1]; I7*(2"))
so that

d
157.170] (3.10) Viug + —up € ([0, 1];¢7(27));

here Q" is some suitably small open neighbourhood of 0.
The idea is to solve (3. v successive steps and the crucial point here is that

157.171] (3.11) Vi I™(Q7;{0}) — I™HQ";{0}) Vm € R.
157.156
This follows from Proposition 2.6 and the fact that

157.172| (3.12)
i I(Q"5{0}) — I THQ"5{0}), On, 2 1(Q75{0}) — ITHQ5{0}).
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So, we look for u; as a formal, for the moment, sum

(3.13) up ~ Y vy, v € C((0,1; 1™ (97, {0})).
J
Take RBM:Clarify
1
(3.14) Vo = U, vy Z/ ‘/75’1}]‘_1, j > 1.
t

Then, slightly generalizing the asymptotic summation res }E7( o Problems 1%)7 to,
include the ‘parameter’ t € [0, 1], we can find u, satisfying (E} 3) and hence (&3 IU%.
However, we do know that C° is coordinate-invariant so we have proved the Propo-
sition. 0

The question arises as to what the full symbol of F*u might be. The answer is
that it is not so simple to write out because of the iteration. We will deduce a few
things about this complicated formula below, but for the moment notice that the

‘prinicpal symbol’ is given by a relatively simple formula in terms of the Jacobian.
(3.15)
O (F*u)(€) = | det L| Lo, (u) ((L1)E) € S™~% /™~ 1=%(R"), L = DyF.

157.175
LEMMA 3.2. The transformation (&3 5% 15 that of a density on TFR™.
2. Left/right invariance

For differential operators it is conventional to write the coefficients ‘on the left’
(3.16) P=>" pa(@)DY, pr(z.£) = > palz)E™.
loe|<m lor|<m

However one can just as well write them on the right

(3.17) P= Y D9qu(x), pr(=.§) = Y qalz)E".

la|<m |a]<m
LEMMA 3.3.
1
pr(@,&) = ) ﬁang’BpR(xaf),
(.19) b >
’ —1)8l
PR(M):[;: ( ﬁ? 08 D;pr(x,€).
eNg

Here of course only a finite number of terms are non-zero. The formal power series
here are those of an exponential so we can write

(319) pL = eXp(Dx : &c)PR, PR = exp(_D:c : ax)pL

to see that one is the inverse of the other.
PROOF. Leibniz’ formula. O

For pseudodifferential operators we can do ‘the same thing’ but it is then not
so clear that we get the same space of operators. For a differential operator with
coeflicients written on the right we see, again using the Fourier inversion formula
on S that the operator is given by the formula

(3.20) F(Pu)(€) = / e Epn(y, E)uly)dy, u € S(R).

n



RBM:Check Qr is earlier

L5-end
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157.183
PROPOSITION 3.2. If pr € C5(RY; S™(RY)) the operator defined by (&3.219% 8
an element of W™ (R™) with left-reduced symbol, pr, given asymptotically by (3.8

PrOOF. We proceed very as in the proof above. Namely, the Schwartz
kernel of the operator P in (3.20) 18

(3.21) P(z,y) = B(y,z — ), B(y,z):(2ﬁ)fn/ prly, )TV Eqe

n

where we may assume that pg is of very low order to ensure absolute convergence
of the integral (and sort the general case out by continuity). Thus the kernel is
given by introducing the coordinates y and z = x —y in R?™ and taking the partial
inverse Fourier transform in z.

So this is very similar to the original ‘left-reduced’ formula except we have
switched x and y as the variable independent of z = x — y on R?". Using the same
idea as above we can consider a 1-parameter family of ‘quantization maps’ including
left and right as extreme cases

(3.22) Qi(ay) = (2m)™" / ar(tx + (1 —t)y, &)@ Ede, t e [0,1]

n

and again allow a to vary smoothly with ¢. The full estimates we are considering
on a are therefore

(3.23) sup(1 + [¢]) "™+ ak 0% Deal(t, z, €)| < oo on [0,1]; x R x RE.

So %g;p 8tehe claim is that the space of kernels, distributions that is, on R?" defined
by ?1?22%;15 actually independent of ¢.

To see this we compute, as before, the derivative in ¢ and note that it can be
written

d . d

(3.24) @Qt(at) = Qt(lzaﬁjawj at + aat)
J

where the first term comes from the chain rule and integration by parts since

d(tr+(1—t)y) =2 —yand z —y = —id¢i(z — y) - £ So, now we want to choose

a; so that

. d .
(3.25) i Z O, Oy, a1 + pr is of order — oco.

157.189
In this case we can solve (&3.25% explicitly by taking

k
(3.26) a(z,6) ~ Y %(DI - 9)*a(z,€) = exp(tDy - D)a

J

in the sense of formal power series at ¢t = 0.
1s71fgye choose a; to be an asymptotic sum (uniform in the other variables) as in
( en the ‘error term’ is

d _
(3.27) ﬁQt(at) = Qi(e(x,8)), sup(1 + [¢]) N|3f8§‘8?et| <ooVkap.
So we can unload the last step in the proof on the following lemma. O

REMARK. Undelivered Lecture 6

I did not finish the proof of left/right equivalence last time. Let me not start
at precisely the place I left off, but instead consider the ‘residual’ operators.
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157.186
LEMMA 3.4. For each t € [0,1] the quantization Qy, in (3. applied to the
residual symbols, which satisfy
157.195| (3.28) sup(1 + [€))V]020F a(x,§)| < 00 V N, a, B

gives the space of kernel of elements of ¥—°°(R™) are precisely those smooth func-
tions which satisfy

157.196| (3.29) sup(1 + |z — y)V|0200 A(z,y)| < 00 V N, o, 5.

157.195
PROOF. The functions satisfying (ETZB%TLre exactly the elements of the space
C(R;S(RY)). Consider the case t = 1, which is the ‘left quantization’ we started
with. Since the Fourier transform is an isomorphism of $(R™), the space of kernels
of elements of ¥~°°(R™) consists of the functions

157.198| (3.30) A(z,y) = B(z,z — y),

where B(z, z) is the (partial) inverse Fourier transform { — z
57.199] (3.31)  B(a,2) = (27)" / ¢i*a(z, £)dE — B € C2(R™; 5(R™)).

Thus, after this change of variable, the space of B’s satisfy the same estimates as
the symbols they are defined by

157.201] (3.32) sup(1 + |2)N]029° B| < oc.
T,z

The general quantization for ¢ € [0, 1] replaces these kernels by the
157.200 | (3.33) Ay(z,y) = Btz + (1 —t)y, 2)

for the same space of B’s. In terms of the B’s themselves this corresponds to the
change of coordinates (z,z) — (X = z — (1 — t)z,2). This is invertible and the
coordinate vector fields tranform to

157.202 | (3.34) 0, =0, — (1 =)0y, 0, = 0x

C . 157.201 )
from which it is clear that the estimates (&3.32% are invariant under such transfor-
mations. Thus

157.203 | (3.35) Qi (CZ(R™; 5(R™))) =T~ >(R™) V ¢t € [0,1].

O

This t?,kes care of the residual terms.  s7.184 .
So, going back to the proof of Proposition &3.2 we are proceeding to construct
a family a; € ([0, 1] x R™; S™(R™)) so that

(3.36) % +i0g - Opar € CT([0, 1] x R™; S7®(RY)), ay € ¢ (R™; S™(R™)) given.
To do this we choose successive families v; € c0([0,1] x R"; S™7(R™)) by
(3.37) vy =a, v; = g ;'t)j (i0¢ - 9 ) a.
Here I have done the integrals explicitly, so these satisfy
(3.38) % =0, % +i0 - Ovj—1 =04 >1, vo=a, v],_, =0, j > 1.



50 3. THE RING ¥*(R")

Now we choose a; as an asymptotic sum of the v;’s. This goes beyond the earlier
summation because of the presence of the parmeters ¢ € [0,1] and = € R™. What
we want to do is to ensure that the cutoff series

(3.39) > @,
j>k

should converge absolutely with respect to the seminorms of 2 ([0, 1] xR™; S™3 (R™)).
All the terms have lower order than this. The point is that there are still only a
countable number of norms, even though they now involve the suprem m gyer
[0,1] x R™ as well. So absolute convergence can be ensured for each series (%39) by
choosing the ny, large enough. Again this only involves a finite number of conditions
on each ny. . 157 193

Once we choose a; to be such an asymptotic sum then we get (&3.27% and.
following th sc}@%gssion of the residual terms above, the complete the proof of
Proposition E.Z.

2.1. Composition. So, finally we are in a position to pr ) tilie multiplica-
tivity of (standard) pseudodifferential operators as in Theorem [I.T:

A e U™(R"), Be U™ (R") = Ao B e U™ (R") and
1
(3.40) o(AB) ~ Y —0fo(A)DIo(B)
aeNy )
where o is the left-reduced full symbol.

. . |167.197 .
REMARK 2. The asymptotic formula in (b.zﬂﬁ is one version of ‘Moyal’s for-
mula’.

PROOF. First I suggest the standard proof, which I will not quite follow through.
The idea is to write A in left-reduced form and B is right-reduced form — now that
we know they are equivalent. Thus

(341)  Au(z) = (2m)~" / ap (2, )e™Ca(€)de,

F(Bu)(€) = / by, €~V Eu(y)dy, u, v e S(R™).

We can assume that the symbols themselves are of order —oo and use density. The
composite is then

(342 (AB)ule) = @) " [ ¢ o o, Obaly. oly)dude

This is almost what we want, except the ‘amplitude’ in the integral depends ex-
plicitly on both x and y, as well as £. So we need to show that the kernel of the
composite

(3.43) K(z,y) = (2m)™" / ey (2,€)br(y, £)dE € T T(R™).

This can be proved by an argument very similar to the left /right reduction. I leave
the details to you!
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Let’s return for a moment to the spaces of conormal distributions at the origin,
IT(R™; {0}). We can easily define conormal distributions at another point simply
by translation. Thus, if p € R,

(3.44) ITR™A{p}) = {u e S'(R");u(z +p) =T* ju e I'(R™)}.
This is made more convincing by the proof of coordinate invariance. Here T} is

translation by ¢ € R", Ty = x + q.

EXERCISE 6. Define, and the formulate (and prove) the coordinate-invariance
of, the spaces I (), {p}) for p € Q& C R™ open.

LEMMA 3.5. The Schwartz kernels of elements of W™ (R™) may be identified
with the space

m

(3.45) CRE I (R {0)) by Alz,y) — Al —,y).

PRrROOF. O

Using earlier results we have another method. What we have shown above, in
left /right reduction is that the kernel of an element of ¥ (R™) O

If there is a little time left today I want to introduce another algebra of pseu-
dodifferential operators. This is a sign of things to come. I have been rather hard
on the ‘coefficient ring’ ¢ (R™) which is involved in the ring ¥ (R™). What is a
‘nicer’ possibility? The one I have in mind is the symbol space itself. We can easily
introduce the space of ‘symbol-valued symbols’ (in either direction)

(3.46) S™FR™R")
— {a € C®(®RZ%);sup(1 + [a)) 1ol (1 + ¢)) 7190208 a(a, €)] < oo, ¥ a, ).

What I mean by symbol-valued symbols is that as a smooth map from the first set
of variables,

a:RZ — S™(R"™).
157.215
Moreover, if || - ||, n are the seminorms on S™(RY) then the estimates (E}.lG; are
equivalent to

(3.47) sup(1 + |z|) ™| 0%a(z, ) ||py < 00 ¥ a.

These defining conditions give seminorms. Here there are two orders and differ-
entiation with respect to x lowers the second (but not the first) and differentiation
with r.espect to & 1 yEer 1tgle first but not the second.

Directly from (3.46) we see that

(3.48) kE<0= S™FR"R") C cZ(R"; S™(R")).

It is also the case that

(3.49) (1+ |a:|2,)kl/2 e SOUF(R™; R™) imd ,
S™FRYR™) - S™OF (R RY) = SRR (R R,

Combining these two observations we see that

(3.50) (14 |z[2)~F/28™FR™; R™) € ¢(R™; S™(R™).
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So, we can quantize these double symbols using left quantization and define
(3.51) WME(R") = {A: S(R") — S(R");
A= 1+ [2)*2Qr((1+[x*)7*?a), a € ™ (R™R™)}.

R0273463
This algebra was introduced by Shubin, ﬁ%]o,_lﬁt_l call it the scattering algebra,
which is the subscript sc, because it has a direct extension to compact manifolds
with boundary (as I hope we will see).
So, I am getting ahead of myself here:

ProOPOSITION* 3.3. The scattering psedudofferential operators from a double-
filtered algebra

(3.52) Ymk(R™) o UK (R ¢ wmm kR (R
with residual space

(3.53) W0 RY) = (] Tk (R™)
m.,k

equal to the space of operators with kernels A € §(R?").

Maybe you would like to try your hand at proving this! You can easily see
why it should be true because Moyal’s formula for the composite of two
such operators gives

1
orL(AB) ~ Y JagaL(A) - Dzor(B) 157.223| (3.54)

and the individual terms here are in
Sm—\al,k(Rn; Rn) . Sm’,k'—\a\ (Rn; Rn) C Sm+m’_|a\,k+k’_|a\ (1%”)224 (3‘55)

which is decreasing in both orders. It takes a little thought to prove that
everything ‘works’ correctly; here is an outline of one approach — where I
will use Kumano-go’s double symbols.
First go through the left/right reduction argument in this case. For con-
venience I take k£ < 0 because we can always recover the general case by
multiplying by (14 |m|2)k/2. So, we want to choose a 1-parameter family of
double symbols,

(88 €L ([0, 1) S (BT E)) 1o, 157-225]  (3.56)
so that the identity (E?ng%lds in the new sense. Looking at ( 5 ” e can
see that if vg = a is chosen in S™*(R"™; R™) then the v; € ([0, 1]; S™ 7k~ (R™; R™)
have both orders decreasing. Going back to the asymptotic summation
lemma we now need to do a little more with our cutoffs. So in this case we
would consider all the series

S = da/ng)d(E/ni)vs(t,z,€) (3.57)
>l

where we cut out the region where both |z| and |{| are less than n;. So

on the support of (1 — ¢(z/n;)p(§/nj)) either |x| > nj; or [] > n; but

the symbol lies in the space S™~7*~7(R™;R™) with j > [. So this is small

in the symbol space S™~LR=1(R™: R™) if we choose nj large enough. This

means we can make all the series converge by an appropriate choice of the

integers n; and then the error term and then the error term

d
- Qu(ar) € S(R*) (3.58)

is a residual operator in the new sense. So we win and we see that Q;(S™* (R™; R"™) =
TIF(R™) for all ¢ € [0, 1].
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Now to Kumano-go’s result. Suppose we ‘overspecify’ the amplitude of the
pseudodifferential operator by taking a ‘triple symbol’

b(z,y,€) € S™FFR™R™;RY) = S*(R}); S*(Ry); S™(RE).157.228 |  (3.59)

This means we consider smooth functions on R3" which satisfy
sup(1+ [2]) FF (1 4 [y) FF 1+ gl TR0 0) 0 b, y, €| 15B0229 | (3.60)

This defines a countably normed space. Notice that these are symbols ‘sep-
arately’ in all the variables, there is no joint decay.

PROPOSITION 3.4. [Kumano-go] The ‘overspecified’ quantization map

Q:b— | =Ygy £)de € WTHF(R™). 1567.231| (3.61)

Rn

PrOOF. We can think of the double symbols a($,§1§.§_%(icial cases
of the triple symbols which are indpendent of y. Then (3. is standard
quantization, so the range certainly contains \I!;rcb’k(R")‘ To see that it con-
tains nothing more, we can use the same deformation argument as above
and try to construct a family of triple symbols b; so that the intermediate
quantization maps

Qi by — | TV (x tr 4 (1 — t)y, £)de 157.232| (3.62)
R’n,

have derivative a smoothing, here meaning Schwartz, kernel. O

3. Isotropic algebra
650633
There is a text on this by Parmeggiani ; .

REMARK. Edited by Paige Dote.

The calculus ¥%*(R™), due to Shubin, is described above. Let me introduce
yet another algebra of pseudodifferential operators on R™. This one, as we will see
later, has direct topological applications, whereas the scattering algebra is more of

geometric significance. The symbols considered are the ‘pure symbols’ on R?” =
R7 x Rg,

§™(R2) = {a € C=(R2™);¥a, B € Ny, sup(1 + o] + €)= 1+191|a20%a] < oc}.

So there is no difference in behavior between the x and £ variables. That is what
‘isotropic’ is supposed to indicate here, meaning ‘the same in all directions’.

Rather than repeat the basic constructions again we can use the properties of
PE*(R™) in view of the following Lemma:

LEMMA 3.6. The pure symbols and symbol-valued symbols are related by the
following:

(3.63) S™(R2™) ¢ S™/2(R™; S™/2(R™)), m<0.
S_OO(R2") — S_OO(RH;S_OO(Rn))

Sm(R2) € S™(R; SM(RE)),  m >0

PROOF. These results follow from

max{l + [z], 1+ [§]} < (1 + |2[ +[]) < (1 + |2z[)(1 + [£]).
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. . . . . . 157'470.
This gives the leading estimates in the first two statements in (b.63) since a €

S™(R?") satisfies

la(z, &) < (1 +[z[)™ (1 + €)™, m >0

Ja(z, )] < (1+ [2])™ /(1 +[¢)™/2, m > 0.
In S™(R?") an z-derivative corresponds to an extra decay factor of (1+|z|+|¢]) 7! <
(1+|z|)~! and a ¢-derivative does as well but (1+ |z|+ |€])7! < (1+]¢])7L, giving

all of the ‘double’ symbol estimates. The last statement follows from the second
last. a

Thus, using left quantization we can define
(3.64) VL (R™) = Q(S™ (R ¢)))
and it follows that

3.65 .
(3:65) o™ (RY) € O0/2M2(RY), m <0

180

{\I/{;‘O(R”) C Imm(RR), m >0

THEOREM 3.1. The isotropic operators form an *-closed filtered algebra of op-
erators with a well-defined principal symbol map giving a short exact sequence

(3.66) PN RY) o (R T g/ gmeL(R2),

(3.67) Omtm (AB) = 0 (A)op (B)
for A e 0 (R™), B € U7 (R™).

180 180

PrOOF. We know that the W2 *(R") is a (bi-)filtered algebra with products
asymptotic to Moyal’s formula. Hence, in this sense,

Ae U (R"), Be U (R") = AB = Q(c)

180 180

for some ¢ € S¥(R"; S*(R™)) and some k where
1
c~ Y —(Dga)(Dy).
(03

The the series here has terms in in S*~9*~7. Now since a € S™(R?"), b € 5™ (R*")
the terms in the Moyal series are

1 /
—j08a-Dibe gmtm’=2lal(g2n),

Thus, this series is asymptotic in the isotropic sense. It follows that we can choose
an asymptotic sum

/ 1
m-+m 2n e a9 «
S (R*™) 3¢ Za!aga Dob.
o
157.471
Hence, it follows from Lemma &3.6, despite the %s in the orders, that
~ 1 (6% o
Cr~ Z aag a-Dgb
(0%

in the sense of symbol-valued symbols. Fr %tg_(;luniqueness of the asymptotic sum
in this sense, and the last part of Lemma E3.6, it follows that

U (RY) - U (R™) € W (R™)

180 150 1S0
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P2.

1

4. L? BOUNDEDNESS 55

as claimed. T us ti],% Moyal prod ¢Lgives an asymptotic formula for the symbol of
%.66 )1 (b.G? ]

a product so (| ollows, with essentially being the definition of o,,.
The closure under passage to adjoints is similar. O

Since these are lectures, one can ask rather impertinent questions such as: Why
would one be interested in this? One practical answer is that the algebra is closely
related to the harmonic oscillator on R™.

DEFINITION 3.1 (Harmonic Oscillator). The harmonic oscillator, H, on R is
defined as

H = A +|z]?, where A = ZD; = —Z@i.

Indeed, H € U2 (R™) is elliptic. I hope that somewhere below I will show how
one can use the isotropic algebra to prove Thom isomorphism in K-theory. This
is a very special case of the familiar Atiyah-Singer Index Theorem that I want to
describe below. The isotropic algebra is also an integral part of the proof, at least
for the proof I have in mind.

Now, for elliptic operators, such as H, in the isotropic calculus we can deduce
the existence of a parameterix just as is done microlocally in the standard case in
the next chapter and globally for manifolds later. It is significant that the error
here is compact.

PROPOSITION 3.5. If A € U (R™) is elliptic then it has a two-sided parame-

180

teriz modulo the ideal ¥y > (R™).
PROOF. By definition, A = Qr(a) where a € S™(R?") is globally elliptic. Thus
for some § > 0

a1 2 8(1e] + €)™ in o] +1¢] > 3,

then b(z,§) = 1ZEEE € §7™(R?) if ¢ € C2(R?") is equal to 1 on the ball

||+ [¢] < % 0

4. L? boundedness

Project 2/ P-Bounded

In this project I would like you to go through some ‘symbolic arguments’, giving
L? boundedness of pseudodifferential operators.

4.1. Schur’s criterion. This is the same Schur as the lemma about irre-
ducibility, hence I just say ‘criterion’. This is quite a handy sufficient condition for
L? boundedness in terms of the Schwartz kernel. It can be generalized to measure
spaces (and so manifolds), but for the moment let’s think about R™. Then

ProrosiTION 3.6. If A : R — C is a Lebesque measurable function which
satisfies

(3.68) sup [ 1A4Ge.)ldy, sup [ 14(p)lds < oo
x y
then the integral operator (say defined initially on C.(R™)

(3.69) Au(z) = A(z,y)u(y)dy is a bounded operator on L*(R™).
Rn
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PROOF. You might like to look it up, it is basically just a clever use of Schwarz
inequality. ([

Problem 2.1
Show that if A € ¥ (R™) with m < —n then the Schwartz kernel is continuous
and satisfies

P2.3| (3.70) sup(1 + |z — y))V|A(z,y)| < 0o V¥ N.
T,y

Deduce that Schur’s criterion applies and hence conclude L? boundedness.
In fact you can push this argument so that it applies for m < 0 but not up to
m = 0 (think of the identity).

Problem 2.2
For A € UO(R") construct Q € U(R"™) such that
P2.4| (3.71) Q=Q% Q*=CId—A*A+E, C >0 constant, E € ¥~ (R")

‘Hint’: It is enough to choose C' > sup|a|? where A = Qp(a). Then show that
¢=(C—laP)? € cZ(R™; S°(R™)) and the set Q = 3(Qr(a)) + Qr(a)".
Problem 2.
Now we want to improve the ‘error’ in (h) Show that if £ € U~F(R"),
k> 1, and E* = E where E = Qr(e) then the choice
P2.5| (3.72)
B =Qr(e/q)+Qr(e/q)* satisfies (Q—B)> = CId—A*A-F', E' ¢ U"""}(R"), (E)* = E'.
Problem 2.4
Usgj g this show that we may ‘correct’ @ (by adding a lower order term) so
that (E%T) holds with £ € W~V (R") for any preassigned N. (Using asymptotic
summation this works for N = —oo.
Problem 2.5
Finally deduce L? boundedness in the sense that A € W(R") extends by con-
tinuity from A : $(R") — S(R") to a bounded operator on L?(R". -
‘Hint’. This whole argument is due to Hérmander. It follows from (%71) that,
for ¢ € S(R™), in terms of the L? inner product

P2.6| (3.73) 0 < (Q¢,Q0) = (@%b, ¢) = Cllolz> — 49I7> + (Ed, ).
So, if we know that boundedness of E (which we do) then
P2.7| (3.74) |Ad||L> < (C+C") ||u| L.

where C’ comes from E.
Problem 2.6: Sobolev boundedness
The Sobolev space H*(R™) is defined as consisting of those elements of 5'(R™)
(becauese we are allowing s < 0 such that

P2.8| (3.75) (1+ 62?0 e L2(R™).

Deduce that the operator (1 + |D|?)* = Qr((1 + |£]2)Y?) = Qr((1 + |€]?)!/?) €
Wi(R™), for any ¢ € R, is an isomorphism

P2.9| (3.76) (14 |D*? . H*(R") — H*Y(R").
From this, L? boundedness and the properties of the calculus deduce that

(3.77) A€ U™R") = A: H*(R") — H*"™(R").
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‘Hint’: Consider for instance (1 + |D|?)~"*+$/2A(1 4 |D|?)~*/2.
Problem 2.7
For anyone who has read the section on the scattering (Shubin) calculus define
the weighted Sobolev spaces

(3.78) H*Y(R™) = {u € S'(R"); (1 + |=|*)"/%u € H*(R").
(1) Show that for any real orders

) A VHRY) = A: HY'(R") — H*™""/(R").
(2) Show that
)
(

P2.12| (3.79

P2.13| (3.80 F : H¥'(R") — H"$(R™), V s,t.

3) Show that, in contrast to the usual Sobolev spaces, the inclusion H st/ (R™) —
HSH(R™) for s’ > s, t’ >t is compact.
Problem 2.7
For anyone who has followed the discussion above of the isotropic calculus.
(1) Define the isotropic Sobolev spaces in terms of the operators

(3.81) Gy = Qr((1+ |2 + |€[2)*/? € U5, (R™)
by
(3.82) HE (R™) = {u € 5'(R"); Aqu € L*(R™).

(2) Show that for any






CHAPTER 4

Ellipticity and wavefront set

In the actual Lecture 6 I got a little carried away but let me record here what
I tried to cover. So, I am reviewing what we have done, or in some cases partly
done, and then expanding on it a little.

(@)

(45)

(46)

w7)

e Symbols:- The spaces S ( ”5)7 £ (R™) are Fréchet spaces defined by the
(?E 552?

finiteness of the norms in They form a filtere é_{aq Elan ring with
identity 1 € S°(R™) an Jayg, density (Proposition 2.5) and asymptotic

completeness (Theorem 2.2) properties.
When is an element invertible? For a € S™(R"™) to have an inverse
in S~™(R™) a necessary and sufficient condition is

|a(€)l = 6(1 + [E)™ = a™" € ST(R™).

157.233
The necessity of (h follows from the bound |a~1(¢)] < C(1 + |¢))~™
Conversely this certainly implies that

1
b(§) = a© € > (R™) 157.234| (4.2)
a
and the derivatives are then of the form

Ca
0%b = W 157.235 (4.3)

where en is a symbol or order (m — 1)|a|. This is clear for |a] = 0 and
follows by induction since taking one more derivative shows that

al¢.eq — (|a] +1)0¢. a
De, % = —1 " alg\+|2 )%, 157.346| (4.4)

giving the ind#ctive step. The symbol estimates on b follow.

We defined I;nJrz(R”) = #71(S™(R")) and derived various properties of
these conormal distributions at 0.

For such a Fréchet space we can define ¢ (R™; S™(R™)) as the subspace
of C*°(R™ x R™) with all derivatives with respect to the first variables
bounded in terms of the seminorms on S™(R™). Then our definiition of
U™ (R™) is in terms of their Schwartz kernels (which we identify with the
operators)

Ae \Pm(Rn) — A(:L',I _ Z) (Rn Im+4 (Rn))

This corresponds to the ‘quantization map’ in terms of the partial Fourier
tranform

SR™S™RY) 3 ale, &) — Qula) = F Ma)(@,x — y) € UH(R").

We showed (most of the fact that) that for each ¢ € [0, 1] the ‘intermediate
quantizations’

Qi(a) = 7 (a)(tr + (1 - )y, z — y) € T"(R")

59

L6
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4. ELLIPTICITY AND WAVEFRONT SET

give the same space of operators. For ¢t = 1 this is ‘left’ quantization and
for t = 0 it is ‘right’ quantization where the kernel is written as
Alwy) = Bly,w —y), B TRy I (RY).

Note that the case t = % is also of importance. It is called ‘Weyl quanti-

zation’” and means writing the kernel as

+y
2
It has some useful properties.

The inverses of these quantization maps are the ‘total symbols’

oL, or, ow : VT (R") — T (Ry; S™(R™)).
The right and left symbols are related asymptotically by
1 [eaTe?
or(A) ~ —D20gor(A) = exp(Dy - 9e)or(4)

[e3%

x m4+%
Ala,y) = B(=2, 2 —y), Be cZRY I (RY).

where the exponential is to be formally expanded in Taylor series at 0.

EXERCISE 7. Derive a similar asymptotic relationships between oy
and or,.

(Not discussed in lecture) The ‘formal’ (just meaning non-Hilbert space)
adjoint is defined for any continuous linear operator A : §(R") — §'(R"™)
by duality

A : S(R™) — 5'(R"), / (Au)vde — / Trode

n n

(where the distribution pairing is written as an integral). Then
LUT(RY) — (R, or(AY) =0 (A4)).
The composition theorem with

or(AoB) ~ > (9¢oL(A))(DoL(B)).

As suggested in Lecture, check this for differential operators. In fact it is
ew%&to take A = DY and B = b(x) and apply Leibniz’ formula to get

(Also not discussed at all). The elements of U™ (R"™) define by bounded
linear maps for any M on the standard Sobolev spaces

A: HMR") — HM=™(R").
Proof later. Here HM (R™) = # ~1((1 +[£]) =™ L?(R")) is defined as usual
as the inverse Fourier transform of the weighted L? spaces on the dual.

1. Ellipticity of symbols

In the notes above the notion of ellipticity for elements of S™(R™) is discussed
(although I did not cover this in lectures). We want an extension of this idea
to c°(RY; S™(R™)) (I have dropped both the boundedness assumptions on the
coefficents and the assumption that N = n since they are both irrelevant here).

Most importantly a symbol is said to be elliptic at (z,&) € RN x (R™\ {0}) if
‘it is as big as it can be’ in a cone around this point.
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DEFINITION 4.1. The elliptic set
Ell(a) = Ell,,(a) € RY x (R™\ {0}) of a € c>=(RY; S™(R™))
consists of those points Z, £ corresponding to which there exists 6 > 0 such that

£ _ £
&l el

I have engaged in constant-saving here! Clearly the result remains true if ¢
is decreased but remains positive. The basic region we are looking at here is a
‘conic neighbourhood’ of (¢, &) which is then truncated by demanding [£]| is large
as well. So the appearances of § can be decreased individually and the estimate
remains true. Ellipticity is a ‘local invertibility’ condition on a in the filtered symbol

algebra, as shown below. It is a conic set from the definition which only depends
on &/|€| not £ itself. Thus

157.251| (4.17) (z,€) € Ell(a) = (,t£) € Ell(a), t > 0.

It is also clear that Ell(a) is open for any a € ¢*°(RY;S™(R")) as a subset of
RN x (R™\ {0}), which is itself open in R¥+". Of course it could be empty, and it
certainly is if a € c°°(RN; 8™ (R™)), m’ < m. So one should really write

157.253| (4.18) Ell,,(a) € RN x (R™\ {0}) defined for a € c*>°(R™; S™(R™))

157.250] (4.16) la(z, €)| > 61¢™ in |z| < 5, | | <5, 1¢| > 1/6.

but we treat the ‘m’ as understood from context.
We also give a name to the complement of the elliptic set, it is called the
characteristic set of the symbol

157.252| (4.19) Char(a) = (RY x (R™\ {0}) \ Eli(a).

It is then a (relatively) closed subset.
We define a third conic set corresponding to the region where the symbol is not
locally rapidly decaying with all derivatives as follows

157.254 | (4.20)
conesupp(a) = {(z,£) € RY x (RV\ {0});3 6 > 0 and ¢ € c>(RY;5(R™))
. , } 1 & ¢ c
witha=¢in |z -7 <4, [£]|> <, | —=| <
<O =5 T g <)
It follows that conesupp(a) is relatively closed and that

157.255| (4.21) Ell(a) C conesupp(a)

where this relation is like that between the sets {u # 0} and supp(u) for a smooth
function.
In terms of mutliplication of symbols it is easy to see that

Ell(ad) = Ell(a) N El(D),
157.256 | (4.22) Char(ab) = Char(a) U Char(b),
conesupp(ab) C conesupp(a) N conesupp(b)

Note that we can construct symbols which are elliptic at a point (Z;£) but have
cone support in any conic neighbourhood

&€
1€l 1€

157.259| (4.23)  Cs5 = {(x,€) € RY x (R™\ {0}); ]z — z| < 6, | | <o}, 6 >0.
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Indeed to arrange this we just need to choose a smooth function on the sphere, 1
which is equal to one in |é—‘ —w| < /2, where w = %, is positive on ||§—| —w| < /2
and has support in ||§—| —w| <9 in terms of the distance on the sphere. Similarly
choose 1 € ¢$°(RY) positive on |z| < 1, equal to 1 in |z| < 3 and supported in
|z] <1 and a similar cutoff © € ¢*°(R™) and consider

Tr—T
@24)  arlo€) = (1= )T s() € € RNSURY).
157,259 157.260
LEMMA 4.1. In terms of (h.23§ the ‘symbolic cutoff’ xs in (&IQZ[) has
(4.25) Ell(cs) D Cy, V&' <6
(4.26) conesupp(cs) C Cs C Csn ¥ 6" > §
(4.27) conesupp(l — ¢s) N Cyr o =0 ¥ &' <.
PRrOOF. Inspection. O
LEMMA 4.2. If a € C®(RY; S™(R")) and (7,€) € Ell(a) then there exists b €
C=®(RN; S~™(R"™)) such that
(4.28) (z,€) ¢ conesupp(ab — 1).
157.260
ProoF. Take a symbolic cut-off as in (&I.Zzlf and consider
(4.29) Lt
a

F%é o3 0 small enough this is well-defined since by the definition of ellipticity in
(km%a # 0 on the support £x gg, £); as usual fhe giotient is extended as zero
outside this support. Then (%TZB%_FOHOWS from (kﬁﬁ%since ba = xs(x,€). So it
only remains to check that b € ¢2°(RY; S~™(R")). Proceeding inductively

157.264] (4.30) 950b = %, Ja,p € CZ(RY; §(m—Dlal+misl(gny),

This is certainly true for @« = 8 = 0 and the inductive step follows by differentiating
again with respect to either variable. O

It is important to note that
157.266| (4.31) Ell,(a +¢) = Ell,, (a) if a € = (RY; S™(R™))
and e € C®(RY; S ¢(R™)), € > 0.

The same is true for Char(a) whereas

157.267 | (4.32) conesupp(a + €) = conesupp(a) if e € ¢ (RY; S™®(R")).

2. Ellipticity of pseudodifferential operators
We now transfer the these notions from symbols to pseudodifferential operators.
157.268 DEFINITION 4.2. If A = Qr(a) € Y(R"), a € CL(R™; S™(R™)) we set
157.269 | (4.33) Ell(A) = Ell,,,(A) = Ell,,(a),
157.270 | (4.34) Char(A) = Char,,(A) = Char(a),
157.271| (4.35) WF'(A) = conesupp(a).
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Here WF'(A) is called the ‘operator wavefront set’ of A for reasons that should
become clearer below — it is just a name.

Recall that we defined the principal sybmol of A to be 0,,(A) = [a] to be the
equivalence class in ¢ (R™; S™(R™))/c(R™; S™~1(R™)) and then it is also equal
to the equivalence class of the right-reduced symbol.

LEMMA 4.3. The elliptic set only depends on o,(A) and WF'(A) depends on
a modulo symbols of order —oo and is also equal to the cone-support of the right
reduced symbol; for the product of operators

(4.36)  Elljp (AB) = ElL, (A) NElL, (B), WF'(AB) C WF'(A) N WF'(B).

157.266
ProOF. The first part follows directly from (hﬁﬁnd the fact that left- and
right-reduced symbols differ by a term of order m — 1. The last part is a little
more subtle, and depends on the formula for the asymptotic expansion of the right-
reduced sybmol in terms of the left-reduced symbol a.

1
(4.37) > —Dioza.

If a is rapidly decreasing in a truncated cone, as (%gﬁﬁééhen all the terms in (%37‘7%&
are rapidly decaying in the same cone, because of the locality of differential oper-
ators. 1})‘(7 ]sows that any asymptotic sum is rapidly decreasing as well. The final
part (hBE:; follows similarly. a

Perhaps the most important construction associated to these definitions is ‘mi-
crolocal invertibility’ at elliptic points.

ProOPOSITION 4.1. If (Z,€) € Ell(A), A € ¥ (R™), there exists B € U~™(R™)
such that

(4.38) (z,€) ¢ WF'(Id —AB) N WF'(Id —BA).
PROOF. As the notation suggests, we start with
157.257
(4.39) By = Qr(b), b as in Lemmall.Z.
The properties of b mean that
(440)  WE'(By) © Cs = {(2.6) € RPER\ {0})sla —51 <&, | i = & <5}
where we are free to choose > 0. Then, from the product formula for symbols,
(4.41) BoA = Qr(cs)) — E, E€ v~ YR™), WF/(E) C Cs.

Now, we can almost invert Id —F using the Neumann series. That is we can
choose

(442) FeV'R"), F~> E'=
k>1
(Id+F)(Id—E) = ld+E7, (Id—E)(Id+F) =1d+Ey, Ep, Ep € U~ >(R").
Define
(4.43) B = (Id+F)By =
BA = (Id+F)(QL(cs) — E) = 1d+E}, — (Id+F)(Id —(QL(cs)) = Id+E",
(,€) ¢ WE'(E").
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Similarly we can proceed on the right,

(4.44) ABy =Qp(cs) — Eg, Fr~ Y Ef
k>1

and see again that Br = By(Id +FR) satisfies
(4.45) ABg =1d+EY%, (z,€) ¢ WF'(EY).

Now, it is a form of the argument which gives the ‘uniqueness of the inverse in
a group’ to see that

(4.46) B = BABRr+ 51 = Br+ 51— 5o,
S) = B(Id—ABg), Sy = (Id—BA) so (z,£) ¢ WF'(S;), i =1,2.
It follows that (7, &) ¢ WF'(Br — Bgr) so B also satisfies (&[1?475. ;82 d (&5378' %.78 O

EXERCISE 8. [Microlocal partition of unity] Suppose that K € R"™ x S"~1
and U, C R® x S"1, @ € A, is an open cover of K then there exist operators
A; € UWO(R™), i =1,..., N such that, in terms of the cones in R" x (R" \ {0}),

(447)  WF'(Id=)_ 4) NRTK =0, WF'(4;) C RTU,, for some a; € A.

3. Wavefront set of a distribution

Now we are in a position to define the wavefront set (or wavefrontset) of a
distribution on R". First let’s work with compactly supported distributions and
then pass to the general case.

DEFINITION 4.3. If uw € ¢;*°(R") then
(448) WF(u) = {(z.) € B x (R"\ {0});
3 A€ Um(RY), Aue S(R™), (z,€) € Ell,,(4)}°.
We can characterize the wavefront set of a distribution in a more elemenatary

way.

PROPOSITION 4.2. For u € C;°(R"™) and (z,£) € R™ x (R™\ {0})

(4.49) (,€) ¢ WF(u) <

[

3¢ ecE(R"), ¢(z) #0, Y €S, ¥
§ _
Iw(m)f(qﬁU)l <O+ VN

PRrROOF. One way is straightforward, the other way depends on the construction
of microlocal invserses as above. 7 988

First, assume the right side of (h.Z[Q' ; holds — for some ¢ and 1 as indicated.
Then we can choose another cut-off x € c2°(R™) around zero in R™ and conclude
that

(4.50) (1= x(§)(

) #0 s.t.

Iy

§
E)T(QSU)
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is also rapidly decreasing. Now

(451) @ = (1= X(OW()0le) € (RSB
and if A = Qg(a) then

(452) ¥ Au = (1= X)) (o)
by definition of right quantization. If follows that

(4.53) Au € S(R") = (z,€) ¢ WF(u)

since A is elliptic at (z, £).
REMARK. Edited by Paige Dote.

For the opposite implication, we suppose that u € C_>°(R") and A € ¥~ (R")

with (7, €) ESJ;?]%%(A)iare such that Au € S(R™). Choose B € \Il’”(R”)(ziLE_ll 73
SO &136;

Proposition 4.1, @{f K WF'(Id —BA). Tt follows from the second part of
that, with ¢; as in (#.24) (so ¢ is supported near Z and 1 near £) and Cs = Qr(cs))
for § > 0 sufficiently small,

WEF'(C5) "WF'(Id —BA) = 0.
Then,
(CsBA)Yu = Csu  mod S(R"™),
157.274
and hence, Csu € S(R™) which implies the condition on the right in (&I.B? :

We can also see that ‘pseudodifferential operators are microlocal’ and combine
it with ‘microlocal elliptic regularity’ which is a partial inverse

PROPOSITION 4.3. For any u € C; °(R"™) and A € ¥ (R")

(4.54) WF(u) C Char(A) UWF(Au), WF(Au) € WF'(A) N WF(u) =
WF(u) NEl(A) = WF(Au) N Ell(A)
We have used the fact that A € ¥(R") and WF'(4) = ) = Au € S(R")

if u € C7>°(R™). Note that it is not true that WF'(u) = @ and u € §'(R?) =
AU € 5(R™). This is one of the ‘defects’ of the algebra ¥*(R™).

PRrROOF. The first statement is equivalent to saying that
(7,€) € Ell, (4), (7,€) ¢ WF(Au) = (7,§) ¢ WF(u).
Again, we use the construction in Proposition ?? to find B € ¥~™(R") with

(7,€) ¢ WF'(Id —BA). We can choose the cone-support of the symbol of B such
that B(Au) € S(R™)m abd then it follows that (Z,£) ¢ WF(u). O

So far I have limited the definition of WF(u) to elements of ¢;°°(R™). This
is only because ¥™(R"™) does not act on general distributions in ¢~*°(R"). To
overcome this, we consider a smaller algebra consisting of the properly-supported
pseudodifferential operators.

A closed set S C R?™ can be considered as a relation between subsets of R™

SoU=mr(SNnz"(U))
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where 7p;mg : R?® — R™ are the two projections
mr(x,y) =y and 7r(x,y) = x.
I am thinking here of the support of the kernel of an operator. Thus,
x € SoU <= I(zx,y) € S such that y € U.
The relation defined by S is said to be proper if
SoK eR"VK e R"”
i.e. it takes compact sets to compact sets.

DEFINITION 4.4 (Properly Supported). A pseudodifferential operator (or in-
deed any operator) is said to be properly supported if the support of its kernel and
the kernel of its adjoint define proper relations.

LEMMA 4.4. The properly supported pseudodifferential operators, denoted ¥'% (R™)
form a x-closed filtered ring defining linear maps on C2°(R™), C*°(R™), CmIc(R"),
and C~°°(R™). We further have

(4.55) WT(R™) = UTH(R™) + U (R™).
PROOF. Let ¢ € C(R™) be a cutoff near 0, say ¢(z) = 1 in |z| < 1. Then,
(1 =z —y)K(z,y)

is the kernel of an element of U~>°(R") as follows from (??). This proves the
equation (1). The relationship of operators and kernels show that

Au(z) = / Az, y)uly)dy, ue C2(R"
vanishes if A(z,y)u(y) vanishes (??). If A has proper support S = supp(A), then
P € ¢ (R™) with supp(¢p) N (S - supp(u)) = 0 satisfies
Y(2)A(z,y)u(y) =0 = supp(¥) Nsupp(Au) = 0.
Thus, supp(Au) is compact if
A:C(R™) — ¢ (R™).
We have assumed the same for the adjoint (and hence the transpose) from which
the remaining properties follow by duality. Then,
WF(u) # (7,€) if 3 A € UJ'(R"), (,€) € Ell,(4), Au € c™(R").

It follows that this is consistent with the properties ** defined when u €

C™°(R"™). O

One of the important properties if the wavefront set is that it is a refinement
of the singular support.

LEMMA 4.5. Ifu € C~°(R™) then
7 ¢ singsupp(u) <= (7,&) ¢ WF(u)vY € € R™\ {0}.

PRrROOF. In the foward direction, this is immediate, since T ¢ singsupp v implies
Jp € c2°(R™) such that pu € ¢ (R™). As an element of W% (R™), this is elliptic at
all points (7, £) for any £ € R™ \ {0}.

For the opposite implication, we need a covering argument. Certainly, for each
& # 0, by **, there exists g € C° (R™) such that @eu is rapidly decreasing in a
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cone around & with ¢z(x) # 0. In fact, we know from Proposition that this remains

true if we replace ¢z by ¢pg for a fixed ¢ € C°(R") around & with ¢(Z) # 0. The
cone of rapid decay does not decrease.
Now S™~! is compact and the cones of rapid decay of the @ correspond to an

open cone of S?»~1. This has a finite subcover and it follows that we may choose
v € c(R™) with ¢(T) # 0 and supp(y) C {apg = 1} for this finite cover. Then
P = ¢ and u is rapidly decreasing in all directions of R™, so pu € ¢°(R™) and
hence T ¢ singsupp u. O

REMARK 3. The scatting an g);‘oﬂgpic algebras do have properly supported
subalgebras, but the analogue of (#.55) is not valid in these cases. We will see why

later.

Recall that we have insisted that WF(u) is a closed cone in R™ x (R™ \ {0}).
The results above show that this condition in in R?" is

WF(u) = (singsupp(u) x {0}) UWF(u),

which gives a nice picture!

L6-end
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CHAPTER 5

Propagation of singularities

Microlocal ellipticity, as discussed above, shows us that if v € §'(R™) and
A € U™ (R™) then
(5.1) WF(u) C WF(Au) U Char(A).
In particular if Au € ¢*°(R™) then WF(u) C Char(A).

To see what else we might be able to say, consider a simple case, where A = D1

is differention with respect to the first variable. Letting p = & be the principal
symbol we see that

(5.2) Char(Dy) = {(z,§) € R" x (R"\ {0}); &1 = 0}

is a smooth hypersurface. Any solution

(5.3) Diu=0= u(x,2") = v(z')

is independent of x;, meaning that

(5.4) u(6) = v(w), V(') = [ dar,a)den.

We already know that WF(u) C {1 = 0} but more is true. Namely
(5.5) WEF(u) = {(21,2",0,¢'); (2",¢') € WF(v)}.

So the wavefront set of u is a union of lines where x1 alone varies. These are of
course the integral curves of 9, but as a vector field on R™ x (R™ \ {0}) and only
those inside {&; = 0}.

1. Hamiltonian mechanics

. . 157.301
As we shall see, something like (mn be proved much more generally. To
do so we use commutator methods. The idea here is that we try to get information
about solutions of Pu = 0 where P € U™ (R") by taking a commutator with a
‘test operator’ B € W*(R™). I will explain this a bit more fully below, but for the
moment just recall that

(5.6) P, ¥™(R"), B € U*¥(R") = [P, B] € ¥"""*~1(R") and

O /Op b dp b
Omik—1([P,B]) = =i y (85 oz, 0Oz, 85-)

i=1

Here p and b are really representatives of the principal symbols of P and B and then
we are looking at a representative of the symbol of the commutator, all modulo a
term of one order lower. In fact we will assume that

(5.7) P e V}(R"Y), B VSR, om(P)=p, ox(B)=b

69

L7
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where these are now homogeneous functions of orders m and k and we jugf, ignore
the singularities at £ = 0, meaing we work on R™ x (R™\ {0}. Then (Wes the
homogeneous principal symbol of [P, B].

Thw important point is that we can ‘recognize’ the formula, it is the Poisson
bracket of the symbols (ignoring the 7). As you will know this comes from the
symplectic form on R™ x R® = T*R"

157.304| (5.8) w= Z d&i A du;

which is actually completely independent of coordinates (which we will return to
later). Then the Hamilton vector field of p is by definition the unique vector field
H, on R" x (R™\ {0}) (because p might be singular at £ = 0) satifying

157.305] (5.9) w(-, Hy) = dp <= H, = zz: (gg aii - gri ;&)
and the Poisson bracket of two functions is

157.306 | (5.10) {p, b} = Hy,b = —H,p.
That is,

157.307 | (5.11) Omtk—1([P, B]) = —i{p,b} = —iHpb.

One of the basic points about Hamiltonian mechanics is that
157.310| (5.12) H,p=0

which follows from the antisymmetry of w. This means that

157.311 LEMMA 5.1. Integral curves of H, which have a point in {p = 0} are contained
in {p = 0}.
Here of course an integral curve is connected, it is a smooth curve defined on some
interval, I — R™ x R™ \ {0) which has tangent vector H, at each point.
2. Hormander’s Theorem
157.308 THEOREM* 5.1. If P € UT(R™) has real principal symbol then for any u €
S'(R™)
157.309 | (5.13) WF(u) \ Char(p)
is a union of mazimally extended integral curves of Hy, in Char(P)\ WF(Pu).

157.312 EXERCISE 9. Try to see what this says for the flat wave operator
b
157.313| (5.14) P=D}-> D2 onR"".
j=1

Check that the characteristic variety at each point is the cone 72 = |£]? (with the
obvious notation) and that the integral curves of H, within Char(P) project into
R™ to light rays.

Restated the claim of the Theorem is that a maximally extended integral curve
of H, in the open set (R™ x (R™\ {0})) \ WF(Pu) on which p vanishes either does
not meet WF(u) or lies completely within it.
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PROOF. We start can by making some elementary reductions before getting
to the constructive part of the proof. First note that if p is homogeneous (always

meaning in £ of course) of degree m then H, is homogeneous of degree m — 1. If we
—m-+1
2

premultiply P by an elliptic operators, setting P’ = AP where A = (1+|d|?) ,
then
—m—+1

(5.15) P =0(P)= Q0+ p, Hy = all, + pH,.

It follows that the integral curves of h, in Char(P’) = Char(P) are simply repa-
rameterizations of the integral curves of H,,. Since A is globally elliptic, WF(P'u) =
WF(Pu) and The statement for P is equivalent to that for P’. Thus we can freely
assume that P is of order 1.

A smooth vector field such as H, has two types of maximally extended integral
curves in an open set (of R” x (R™\ {0}). Namely constant curves valued at points
where H,, = 0 and through every other point an embedded curve, without stationary
points. This dichotomy corresponds to the vanishing of dp. For a constant curve the
statement is of course trivial. Thus in fact Hérmander’s Theorem tells us nothing
about points where

(5.16) p(z,€) =0, dp(,§) = 0.

157.316
There is in fact another trivial case beyond (% 6). Namely a point is radial for
p (and also P) if

(5.17) p(%,€) =0, dp(z,€) = X -de, AR

157.316 157.305
Of course (%.IG% 1s the case where A = 0. From (%.9) we see that at such a point
(5.18) Hpy=—-X 0

is the ra g@l fytor field — hence the name. Since p is homogenous of degree 1 the
identiy (%.18% must then hold along the ray (z,R*¢) — which is then the integral
curve through (Z, ). Again the statement is trivial for the this integral curve, since
WF (u) is itself radial.

3. The Hamilton vector field

Thus, we are reduced to considering a ray on which p vanishes, maximally
extended in (R™ x (R™\ {0}) \ WF(Pu) and through a non-radial point (z,&). By
the local uniqueness of integral curves it must consist of non-radial points. Let
the maximally extended integral curve, so defined on an open (possibly infinite)
interval be

(5.19) x: I — {p=0}\ WF(Pu), x(0)=(z,¢).
So we need to show is that
(5.20) x(I) ¢ WF(u) = x(I) N WF(u) = 0.

Since {t € I; x(t) € WF(u)} is closed its complement is a countable union of open
intervals. Considering one of these intervals, either it is equal to I of, if not, has
at least one endpoint ¢ € I with x(¢f) € WF(u). Reversing the sign of P does
not change the result, so all we have to exclude is that there is some ¢ € I with
x(t) € WF(u) but x(¢t) ¢ WF(u) for ¢ € (¢, + €), ¢ > 0. Clearly we can shift the
parameterization so that ¢ = 0.

We are therefore reduced to a (micro-)local statement.
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If (z,€) € (R™\ {0}) is a non-radial point for p, (z,£) ¢ WF(Pu)
and the integral curve of H), starting at (z,€) immediately leaves
WEF(u) then (Z,€) ¢ WF(u).

To prove this we need to look closely at H,,. First we can choose local coordi-
nates near Z so that £ =0 ¢ = (0,...,0,1). [Despite appearances we will not be
using the coordinate-invariance of pseudodifferential operatos here.] By the non-
radial assumption H, # AJ¢, since that is the radial direction. So at least one of
the other coefficients is non-zero at this point, and hence nearby, it could be any
one of the x; or one of the §;, j < n. Denote this special variable ¢, we can solve
the initial value problem

Hy; =0, 5=1,...,2(n—1),
(5.21) HyE=0, B[ _; =&,
H,7r =7, T‘c:o =0,

where the initial conditions on {¢ = 0} for the y; are all the z; and & /&,, k < n
except the one that corresponds to ¢ (which of course vanishes).

All the solutions exist in an open conic (because H), is homogeneous of degree
0) neighbourhood of the base point and are homogenous of degree 0, except = which
is positive and homogeneous of degree 1. Their differentials are indpendent so they
give a coordinate system in terms of which
(5.22) H, =0;.

[In fact you can do essentially this with a homogeneous symplectic (‘canonical’)
transformation but we do not need it.]

4. Construction of symbols

This allows us to construct appropriate classical symbols. What we want is a
cut-off near the base point with useful properties, in fact a family of them depending
on a parameter 0 < § < dg. The basic function we have in mind is

(5.23) as(7,y) = p(r/8)u((e/2 = 7)/0)(y/9).

Here 0 < ¢ € ¢°(R?*"72) is a typical cut-off, supported in || < 1 and strictly
positive in |7| < 1 and 0 < p € C*°(R) vanishes in (—oo, —1), is positive on
(—1,00) and is equal to 1 on [0, 00). We require

(5.24) 0<d<ef/2

Then
supp(as) = {(7,9); =0 <7 < €/2+0, |y| <4},

5.25
(5:25) as > 0 on supp(as), & > 4.

Then consider
(5.26) bs(1,y) = u((e/2 = 7)/6)? /_2(#(8/5)¢(y/5))2d8 € (R

where the missing variable is =. Then

(5.27) supp(bs) = [~6, /2 + 8] x {ly] < 6}
and
(5.28) Hpbs = 0:b = a§ + es, supp(es) C [€/2,€¢] x {|y| < d}.
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Here e comes from 9, ((e/2 — 7)/8)%.

Thus bs is homogeneous of degree 0 on R™ x (R™\ {0}). We want to consider
similar functions homogeneous of degree 2m, for any m and also ‘regularized’. Since
0,2 =0 we set

(5:29)  bsmn(T,y,E) = (1 — ®())*Z*"0*(E/N)bs(7, y),
1
where 0 < ® € ¢°(R), ®(s) =1in|s| < 3 O(s)=0in |s| > 1=

Hpb&M,N = ag,m,N + €5m,N;
asn = (1 —(E)ZMD(Z/N)as, esmn = (1 — ®(Z))*Z2"P%*(Z/N)es.

In fact we need to go a step further. Namely rather than the vector field H,,
what actually arises below is the operator with a zeroth order term

(5.30) H, + f, f smooth, real-valued and homogenous of degree 0.
Then we replace bs by

(5.31) ba(r,9,E) = h(r)2e— 10 / TV g2 (5, y)ds
-5

q(r.y) = / f(s,y)ds.
0
The support properties are unchanged and now

(5.32) (Hp + f)bé,m,N(T7 Y,=) = ag,m,N + €5,m,N-

5. Proof of regularity

After all this preparation, let me add a few words about L? boundedness —
which is in Problem set 2 — and uniformity before passing to the actual proof of
the statement above..

First uniformity. In the proof below, regularity for Au where A € U™ (R") is ob-
tained by looking at an approximating sequence Ay € U~>°(R") which is bounded
in ¥(R™) and converges to A in ¥ +¢(R™) for any € > 0. This is constructed usual
sort of cutoff. Since WF’'(Ay) = 0 for finite N we reserve the notation for the uni-
form operator wavefront set defined as previously in terms of the cone-support of
the symbol. So in this sense

(5.33) (z,€) ¢ WF'(A,) = Qr(a.) <= (,&) ¢ conesupp(a,) <=
csan is bounded in ¢ (R™; ST°(R™)) as N — oo.

Here ¢5 is a conic cut-off as in (%ﬁ%@ It follows for instance that for two such
families
(5.34)

WF'(A,) NWF'(B,) =0 = A, Al € W”°°(R") is bounded for w € ¢2°(R™).

So for instance A,ALu is bounded in S(R™) if u € ¢ °°(R™). Note that we do not
necessarily conclude that the product is bounded in ¥~>°(R") since we have not
assumed any uniformity near infinity is space.

The basic result on L? boundedness is that

(5.35) AcU™R") : HY(R") — HM~™R") V M.
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In the argument below we need a little more than this. Namely for sequences Ay
as above bounded in ¥?™(R") if A € U™(R") is fixed and if

(5.36) WF'(A,) C Ell,,,(A) then [(YA,u, u) 2| < C||Aul|z> 4 C|lulzmo,
P e CcER™), uwec,CR")NH™R"™)
where the constants may depend on everything except N and u.

LEMMA 5.2. If u € C;°(R") and Ayu is bounded in L?(R™) then Au €
L?(R™) and ||Aul|z> < limsup ||Axul/z2.

PROOF. This follows from the fact that L?(R") is a Hilbert space. Thus the
norm boundedness of Aywu implies that it has a weakly convergent subsequence
Anu — v in L2, It follows that

for all ¢ € S(R™) and hence Au = v as a distribution. O

So, to the proof. We are in the setup discussed above, (Z,¢) is a non-radial

characteristic point, (zZ,¢) ¢ WF(Pu) and exp(tH,)(Z, &) ¢ WF(u) for ¢t € (0, ¢) for
some € > 0. We can always shrink e. In the local coordinates in R™ x (R™\ {0}) we
choose 0 < dy < €/2 such that

(5.38)  [—do,€] X {|ly| < do} NWF(Pu) =0, [e/2,¢] x {|y| < do} N WF(u) = 0.
We proceed to conclude from this that
(5.39)  Ansu€ LAR") V3 <&y, Vm= Agu € C*°(R") = (z,£) ¢ WF(u)

since Ay is elliptic at (7, €).

Set Bs,m,N = Qr(bs,m,n(T,y,Z)) which is uniformly bounded in U2m(R™) and
the formal adjoint is B:{WN = Bs m,N + S5m,n where S;,,, v is uniformly bounded
in U2m~1(R"). Consider the L? inner product

(5.40) (Pu, Bé,m,NU>L2 .

This is well-defined since Bs ,, n is a smoothin LOpegator. As N — oo the cone-
support of bs,, v is contained in the region in (%38(3 where Pu has no wavefront
set. Thus

(5.41) Bg)m’NPu — B(;’mPu S CEO(R")

We use similar notation for the other families below.
Then

(5.42) 2Re(i(Pu, Bsm nu)r2)
= i(Pu7 B5,m,NU>L2 — 7;<B§’m’NU, PU>L2

= Rei(([B57m)N,P] + Bé,m7NF>L2 + i<(557m)N)P)u,u>L2, F= (P — P*)

157.333
The last term here converges as N — oo for the same reason as (%.41 . So we
conclude that for any m,

(5.43) i(([Bs,m,N, P] + Bsm,nF) 2 converges as N — oo.
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Taking f to be the principal symbol of F' = i(P — P*) € WY (R") the construc-
tion of the family Bjs,, y means that

(544) i[B5,m,Na P] + Bé,rmNF = A(2§,m7N + E(/S,m,N + Eé,mJV)
Ej . bounded in U*"~?(R"),
WTF'(E") C conesupp(bs), WF'(E) C conesupp(e)

157.330 157.334
with e the error in (%.32;. From the L? bounds in (%.42 we deduce that
(5.45) |As.m null L2 < C(Ef,, yu,u) 2] + C{Esm nu,u) 2]

Such a bound holds uniformly in N and in 0 < § < dg < %e. By assumption the last
term is uniformly bounded since WF'(Ej ,, ) is (uniformly) contained in a region
disjoint from WF(u).

By L? boundedness we know that
(5.46) (Bl ety ) 2] < oy
Since u is a distribution and the supports here are compact, u € H mo_%(R") for
some my. It follows that the limit

(5.47) Asmou € L*(R™)

157.365
using Lemma b.Z.

Now, we can iterate 1‘%};1 ﬁtimate, half a derivative at a time. The important
point is that we know (%ﬂ%_for all § < 6p. So at some stage of the iteration we
know that %ﬂ%ﬁolds for a given m — % However, the cone-supports of the terms
A and the lower order error E’ are such that

(5.48) fOI‘ 5 < 6,, WF/(E(IS,"L’N) C Ellm(A5/7m_%).

Again from L? boundedness and ellipticity (and the fact that the order of BN
is the same as Ag 1) it follows iteratively that
’ 2
(5:49) | Asm.nulze < (B, nti,u) 2] +C
S 05,(5/ ||A6/7m_%u||L2H7nf/ha + 06,6/ ||u||Hm0 + C

giving the inductive step. ([l

6. A question about the wave equation

One question in lecture was: How much simpler is it to prove this for the wave
equation? Who asked this?

If we are talking about the flat wave equation then the discussion can be sim-
plified by shifting the ‘smoothing’ from the operators to the distribution u. For
constant coefficient operators this is straightforward since we can use convolution.
In any case smoothing « is an alternative approach but not much different. Apart
from that it is a lot simpler. Note however that there are other approaches which
can be used here (and more generally). Namely one has in the flat case a forward
fundamental solution, and in the general case one can construct forward microlocal
parametrices at non-radial points (this requires real work). Then one can shift the
discussion to analysing what such operators due to singularities. This amounts to
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analysing the wavefront set of the (the Schwartz kernel of) the fundamental solu-
tion or parametrix. I will likely get around to including something on this as ‘the
L9-end calculus of wavefront sets’.



CHAPTER 6

Smoothing operators and K-theory

I want to take a serious look at smoothing operators. In particular I want to
introduce semiclassical (families of) operators in this context — this is another form
of ‘quantization’ closely related to what we have done so far. There are several
reasons behind this, the introduction of (topological, complex) K-theory being one.
This I will introduce by constructing a smooth classifying space, initially in the odd
case but eventually in the even case as well.

I will try to keep the line of reasoning as straight as I can here since it is easy
to get distracted by the myriad of possibilities that arise.

1. Hilbert space and operators

Let me recall here some of the basic facts, without proofs, about Hilbert
space and bounded operators. Since we do not need the non-separable case,
Hilbert space here means a separable, complex, infinite dimensional, Hilbert
space, H. One basic fact is that every such space is isometrically isomorphic
to 12(Z).
e The most basic properties of Hilbert space are the Riesz representation
thereom, identifying the dual with the conjugate

H =T, (6.1)

the existence of orthonormal bases and the convergence of the Fourier-
Bessel series.

e Compact sets in Hilbert space are precisely those closed bounded sub-
sets with the additional propery that the Fourier-Bessel series with
respect to any (one) orthonormal basis converges uniformly. This
amounts to a characterization for 12(Z).

e A second characterization of compact sets is that they are approx-
imable by finite-dimensional spaces — K has compact closure (is pre-
compact) if it is bounded and for every e > 0 there exists a finite
dimensional subspace F' such that

sup 12% d(p,q) < e. 157.518 (6.2)

peEK 4
e The bounded operators form a complete normed, *-closed, algebra
(the fundamental example of a C*-algebra), B(H), with
1A% = 1Al [[AB] < [[AIINB]-
e For any closed subspace R C H
H=R&R":
defines the unique self-adjoint projection with range R, Pg : H — R,
* _ p2
P}, = Pr = Pj.
e The open mapping theorem: Any surjective bounded operator is open,
meaning they map open sets to open sets.
e Closed graph theorem: A linear map L : H — H with closed graph

in H x H is bounded.
e A bounded bijection has a bounded inverse.

7

L10
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e The resolvent of a bounded operator, B, is a holomorphic map

Res(B) = C \ Spec(B) 3 z — (B — 2)~! € B(H)

defined on the complement of the compact set Spec(B) C C where
B — z is not a bijection.
o The resolvent identity

(B=2)t1—B-7)"1=0G-7)(B-2"1YB-2"1 2,7 € Re$(1BY,.559
holds.
e If x : S — C\ Spec(B) is a smooth, simple, positively-oriented curve

then
(B~ 2)"dz

is a projection commuting with B such that Py B has spectrum in the
interior of x and (Id —Py)B has spectrum in the exterior.

e The group of invertibles GL(H) C B(H) is open (but not dense) be-
cause of the convergence of the Neumann series

(Id+B)~!' =Y (-1)*B*, |B|| < 1. 157.520
k

e There is a functional calculus for each self-adjoint operator, A = A* €
B(H), defining a map of algebras

{f : Spec(A) — C; continuous} — B(H) s.t. f(A)g(A) = (fg)(A).

o1
X7 ong x

e There is a polar decomposition of each bounded operator as a product

B = AV where A = (B*B)% and V is a partial isometry |157.523

e It follows that unitary subgroup U(H) C GL(H) defined by the iden-
tity B*B = Id is a deformation retract of GL(H).

e Kuiper’s theorem is the statement that U(H) is (weakly) contractible
in the norm topology (every continuous map from a compact space is
homotopic to the map to the identity).

e The compact operators, X (H) C B(H), consist of the operators map-
ping bounded to pre-compact sets. They constitute the norm-closure
of the finite rank operators (those with finite-dimensional range) and
form the only non-trivial closed ideal.

e The Fredholm operators, ¥ (H) C B(H), are defined by the require-
ments that they have finite-dimensional null space and closed range
of finite codimension. The index

ind(F) = dimnull(F) — dim(Ran(F)1), ind : 7(H) — Z | 157.526

labels the components.

e A bounded operator B is Fredholm if and only if it has a parametrix
modulo compact operators (an inverse in the Calkin algebra 8(H) /%X (H))
A € B(H) such that

BA—1d, AB—1d € X (H).

e The Hilbert-Schmidt ideal, HS(H) C B(H), is defined by the condition
that for any one orthonormal basis

I1Blifis = > [(Bei, ei)]? < oo.
i

This is independent of choice and

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

lABllus < | AlluslIBIl- 167.530| (6.10)

e The trace ideal, T(H) C B(H), is HS(H)? — the finite span of products
of elements of HS(H). Any element is the product of two Hilbert-
Schmidt operators and

e 1
1Tl = I(T*T) 2 lms, |ABlTel < |Al|IB]- 1567.535| (6.11)
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e The trace functional is
Tr:T(H)3T =Y (Tei,ei)uy €C 157.531| (6.12)

for any orthornomal basis and
Tr(AB) =Tr(BA) if A€ 7(H), Be B(H) or A, B € HS(H{)157.532 (6.13)

e Any Fredholm operator B has a parametrix A modulo trace class

errors and
ind(B) = Tr(BA — AB). 167.5633 (6.14)
o A Fredholm operator has a unique generalized inverse
AB =1d —P,(B), BA=1d —Pran(B)L - 157.534 (6.15)
e If Be 7(H) and K € X(H) then B+ K € F(H) and

ind(B + K) = ind(B). 157.536| (6.16)

e On the ring Id +7 (H) the Fredholm determinant
det : Id +7 (H) — C satisfies

det ((Id +71)(Id +T3)) = det(Id +T} ) det(Id +%

157.537| (6.17)

e The group of invertibles in Id +7 (H) is the inverse image det™!(C \
{0}) and if (—1,1) > s — T(s) € T(H) is ¢! and Id +T(0) is invert-
ible then

4 det(Id+T(s))

ds |,—o = det(Id +7°(0)) Tx ((Id +T(0))‘1%( 7.538| (6.18)

]

2. Schwartz smoothing algebra

The residual ideal in the standard pseudodifferential algebra W—°°(R"™), is the
part that cannot be reached by the symbol calculus. As I have muttered all along,
it is not a very nice algebra because of the coefficient ring ¢ (R™).

Let us instead concentrate on the smaller Schwartz smoothing algebra, ¥ (R™)
— this is actually a two-sided ideal in ¥~°°(R"™). It is also ‘very non-commutative’
in that it is simple with only the two trivial ideals. Thus

(6.19) S(R™) = U°°(R™) C ¥~>°(R")

where the first e.quality is. as a space of .kernels. In. fact it is. t.he &s}%%l R sﬁﬁ}tro ic
both the scattering (Shubin) and isotropic algebras in Proposition E33 and §3.3.

The product in this algebra is
(6.20) Ao B(z,y) = A(z,2)B(z,y)dz.
R’!L

In essence, U °°(R™) is an infinite-dimensional matrix algebra. To justify this
directly we need a ‘basis’ for S(R™); the standard one is the Hermite basis. This
consists of the eigenfunctions for the harmonic oscillator

(6.21) H=Y"D2 +of, Heg=(n+2s)ex, 5 €Nj.
i=1
Here the eigenfunctions are given as products of the L? normalized eigenfunctions
in the case n =1
- 2 2 ; L 5
(622) ex(x) =[] fu, (2), (D2 +2%)f5 = (L4205, fi(w) = hy(w) exp(—527)
j=1

where the h; are the Hermite polynomials.
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We need the isomorphism that these provide

SR™) — s(n) ={c:Nf — C; Y _(1+[x*)V]ex]> <00 ¥ N},

w—s {/ u(m)eﬁ(x)dx}ﬁ.

This leads to the identification

(6.23)

(6.24) W;™(R") 3 A— a=(Aey,ex)
€W ={a:Ng" — C; Y (1+ ||+ |+ )"]ayw| < oo ¥ N}

K,k

with the composition becoming ‘matrix multiplication’. That is, the ring of ‘rapidly
decreasing infinite matrices’.

LEMMA 6.1. The algebras W °°(R™), for different n, are isomorphic (although
not naturally so).

ProOF. Expansion in terms of the Hermite basis reduces ¥y *°(R™) to ‘matri-
ces’ meaning rapidly decreasing maps

(6.25) a: Ny x Ny — C, Z(1+|a|+|ﬂ\)N|a(a,ﬁ)|2 < oc.
o,

Thelgywer of a with |a| < N is bounded by N™ so rapid decay in the sense
of (%.25) 1s the same as rapid decay in j if j — «; is any ordering in which
|c;| is non-decreasing. This shows that all the algebras are isomorphic to the case
n=1. U

LEMMA 6.2. The elements of U5 °(R™) act as elements of the trace ideal of
compact operators on L?(R™) (or any Sobolev space) and form a ‘corner’ (not an
ideal) in the bounded operators in the sense that if B € B(L*(R"))

(6.26) Ay, Ay € U(R") = A, BA, € UT~(R").

PROOF. Schur’s criterion (as discussed in Problem set 2) shows that these are
bounded operators and the fact that any sequence in S(R™) bounded with respect
to the seminorms has a convergent subsequence in L?(R™) shows that they are
compact operators.

That these operators are in the trace ideal follows from the fact that the diag-
onal operator, with respect to the Hermite basis

(6.27) T, 2 ur— Z(l + ) 7F(u, eq)eq

is in the trace ideal if (T*T)3 is in Hilbert-Schmidt, which follows if

(6.28) (T D)3 s = > (1 + a7 < .

e

This holds if k& > n. If A € W;°°(R") it follows that AT} ' € ¥5°°(R"™) is bounded
so A € T(L*(R")). O
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Why should we be interested in U5 *°(R™)? One important reason is topological,
arising from the associated group which plays a major réle in the discussion of K-
theory below,

(6.29) GX(R™) = {A € U;®(R"):3 B € ¥; ®(R") with (Id+A4)o(Id+B) = Id}.

Just as for square matrices, this one-sided inverse condition implies that Id +B is
a 2-sided inverse

(6.30) (Id+B) o (Id+A) =1d.

LEMMA 6.3. The group G C Wi °(R"™) is open and dense in W3 (R™) and
the union of the subgroups GL(N,C) of finite N x N matrices with respect to the
Hermite basis is dense.

REMARK 4. Ihabitually write G5 °°(R™) C ¥ °°(R™) by removing the identity.
This really corresponds to changing the product to Ao B = A+ B+ AB now giving
a ring structure.

Proor. I did not go through this in lecture but maybe I should have
done so. We know, from Schur’s criterion, that the norm as a bounded
operator defines a continuous map

T°(R™) 5 A —> [|A] 2. 157.390| (6.31)

So the elements of a neighbourhood of 0 in W~°°(R"™) give invertible ele-
ments Id +A € B(L?(R™)) by Neumann seris. The inverse being

(Id+A)"!' =1d+B, B= Y (-1)*A* 157.391| (6.32)

k>1

All the elements in the series are in ¥~ °°(R™) but convergence is in prin-
ciple only as bounded operators — in fact the Neumann series converges in
Y~(R"), i. e. in S(R2"). To see this, expand the definition of B to see

that
B=-A+A?+A(D (-1)*AF)A=—-A+ A% + ABA. [157.392| (6.33)

k>1
It follows from the corner property that ABA € U~°°(R") and that the
series for B actually converges in this sense.
Thus, G*°(R"™) contains a neighbourhood N of 0 € ¥~°°(R") and hence a
neighbourhood around any point of G (R"™). ]
3. Odd K-theory
The group G *°(R™) provides an entry point to ‘complex K-theory’.

DEFINITION 6.1. The odd K-theory, of a manifold M consists of the smooth
homotopy classes of smooth maps

(6.34) K'(M)={u: M — G;
u=1Id on M \ K for some K € M}/smooth homotopy.
A smooth homotopy between two elements ug and u; is a smooth map
(6.35) v:M x[0,1] — G3° with
v=1d on (M \ K') x [0, 1] for some K’ € M,

U‘MX{O} = U0, Vlpriqry = W1-
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Note that there is no problem in understanding ‘smoothness’ here since
(6.36) c°(M;S(R™)) ={u: M x R™ — C; smooth with all seminorms finite}.
157. 358
So, the maps in (%.34% actually form a group which can be written
(6.37) CE(M; G™*°(R"))

where as always the identity is ‘removed’. Then smooth curves in this group become
elements of

(6.38) c2([0,1] x M; G (R™))
and we can write the odd K-groups as the groups of components
(6.39) K (M) = mo(C(M; G™(R™))).

What justifies such a bald definition and how can we start to understand it?
It is actually saying that G¢°, in any of its variants, is a classifying group for odd
K-theory. You might object that K-theory is supposed ko relat g_,t pgvector
bundles. It is, as we shall see below, but I assert that (66 and (%mjg_ﬁelow)
are rather natural definitions corresponding to the PSS géon that K-theory is the
topology associated to invertible matrices — since (}'5_3%18 a definition which can
be reduced to smooth maps into GL(N,C) (stabilized in V).

I do not want to spend too much time on this, but let me outline some of the
things which can be proved relatively easily and give the proofs later, perhaps some
of them not in lectures.

PROPOSITION* 6.1. The odd K-theory of a manifold is an abelian group with

(6.40) KL(RY) — 0 k even
Z k odd

and for any manifold M there are natural isomorphisms

(6.41) KYR* x M) — K'(M).
157.361

The fundamental result (%%38—17

. 1@9‘F%1%ly a consequence of ( X9 know some
homotopy theory. In a Vs5a58, (%.Zﬂli is ‘Bott peri g.}g"@g’ and (%.ZII ; is periodicity
in K-theory. Of course ?%7[8:?)‘15 a consequence of (%m%nd the special cases k =0
and k = 1. There are lots of competing proofs, none of them really simple as far
as T k Q. z17[_,Will describe a proof using semiclassical quantization to construct the
map (%‘ Hj _ 157.387 , , .
The idea is that (%ﬁﬁ—ls a prototype for the Atiyah-Singer index theorem for
families. It is an odd version, whereas the standard version is in even K-theory, but
these are closely related and the index theorems are in fact equivalent.

DEFINITION 6.2. The even K-groups of a manifold M are the groups
(6.42) K°(M)=KY(R x M).

4. The involutive Grassmannian

As you are probably aware, ‘K-theory’ — usually meaning the even group K°(M)
— for a manifold, is related to vector bundles over the manifold. I have not yet
reminded you of these and rather than proceed to do that I will simply assert for
the moment that vector bundles, like the groups GL(N, C) can be ‘stabilized’. So
I will work from the top down and start with the stabilized version.
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To be explicit consider the space L?(R;C?) = L?(R) ® L?*(R). We need (at
least) two copies because I want to have infinite ‘upside and downside’ options.
Now we replace the identity operator considered above for the group G5 *°(R™) by
the involutive matrix (meaning the square is the identity)

157.541| (6.43) Boo = (é _01) .

Things related to B, are often given a ‘super’ quantifier but not here.

157.542 DEFINITION 6.3. The (involutive) Grassmannian associated to S is the space
of involutive operators on L?(R;C2) of the form'
157.543| (6.44) TR C?) = {B=Bx+ B, BeV;*R;C*), g>=1d}.

So these are the smoothing perturbations of S, which are involutive.
How is this related to vector bundles? Well, an involutive operator is really a
projection (by which I mean what is sometimes called an idempotent) namely

1
(6.45) P=_(B+1d) < P*=P, f=2P—1d.
So the space of involutive perturbations of B, is identified with the space of per-
turbations
(6.46) P=P +A P = ((1) 8) A€ U;*(R;C?), P2=P.

Such a projection is determined by its null space and range. These are the —1 and
1 eigenspaces, respectively, of the corresponding involution 3.

157.546 REMARK 5. Note that the ‘projection’ P need not be self-adjoint, so the range
need not be orthogonal to the null space. One could, and indeed it is more con-
ventional to do so, work with self-adjoint projections, for which this orthogor%:ﬁ%}%@
does hold, but I have elected not to do since the resulting ‘classifying space’ (.
is cleaner. T'wo projections with the same range are homotopy through projections.

Consider some points in Y5 *°(R™;C?). To do so, let Q) be the orthogonal
projection on the span of the first k& € N Hermite functions in L?(R") (with respect
to an order in which || is increasing but it really does not matter) and let Q,(f),
for i = 1,2, be the corresponding projections on L?(R";C?) acting on the first
and second factors. Thus the QE;) commute with P; and P, = Id —P; with Q,(;) a
subprojection of P;. Then

2P +QP)—1d  for k>0
(6.47) Br =S Boo =2P —1d for k=0
2P, — Q")) —1d  for k<0

are involutions.

The group G5 *°(R"™) is a Fréchet manifold even though I have not defined the
meaning — simply because it is an open subset of the Fréchet space Wy > (R™). It is
much less clear that this Grassmannian is a manifold. As a subset

(6.48) T;°(R?%C) C Uy °(R™;C?) is closed.

¢ you are wondering, it is an Upsilon
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If it is to be smooth then it should have a decent tangent space, as a subspace of

U >(R"; C?), at each point. So consider a smooth curve
157.549] (6.49) (—1,1) 3 t+—— B+a(t) € T;°(R™;C?), a(t) € ¥;°(R™;C?), a(0) = 0.
Certainly we must have

d
157.550] (6.50) (B +a(t)? =1d = ﬂdi;(()) +22(0)8 =0.
We can decompose any a’ = da/dt(0) € U5 >°(R";C?) as a sum of four terms,
determined by S,
157.551| (6.51) a' = Pa'P+ (Id —P)a’P + Pa’(Id —P) + (Id —P)a’(Id — P).
157.550

The condition in (%.5”; reduces to
157.552| (6.52)  Pd’P=0= (Id —P)d'(Id —P) = a(0) = Pa’(Id —P) + (Id —P)d’ P.

Thus a tangent vector at S must be off-diagonal with respect to the decomposition

defined by 5.
157.555 PROPOSITION 6.2. Given € > 0 if a € U (R";C?) is sufficiently close to 0
and B € Y5 °°(R™; C?) the resolvent
157.556 | (6.53) (B+a—z1d)"" emists in {z; |z — 1] > €¢/2} N {|z + 1] > ¢/2}
and the contour integral
1 1
157.557 | (6.54) fBo = — (B+a—z1d) " tdz — — (B+a—21d)"'dz
2mi |z—1|=e¢ 2mi |z+1|=€

gives a smooth local retraction to Yy (R™; C?) whigh,is a bijection from the inter-
section with the tangent space in the sense of (%.52 .

PROOF. The resolvent of 3 is

R.24] (6.55) (B—=z1d)~! = %(1 —2)"H(B+1d) + %(z + 1) (B —1d)

from which it follows that proved the nor%\\ < 4 is small (B+a— 21d)~*
is holomorphic outside the two disks in ( where it is a smoothing pertur-
bation of (%7) Standard arguments from the holomorphic calculus show that it
i an 'giwolution. So the map from a small L? ball in the linear space, given by
(%5[’370 T (R™; C?) is well-defined. As a map on b mded, operators on L? it
is differentiable and restricted to the diagonal elements (6.51) it has derivative the
identity at a(0) = 0. Thus the Implict Function Theorem applies and the inverse
preserves regularity, showing that the retraction is indeed a local isomorphism from
the (putative) tangent space to YT > (R"; C?). O

These retractions show that Y5 (R"™;C?) is a smooth manifold locally mod-
elled on the tangent space at each point.

THEOREM 6.1. The involutive Grassmannian Y 5 > (R™; C?) has components la-
belled by
1
(6.56) Reind : T3> (R™C%) 3 f— 5 Tr(B = o)

and on each component G5 *°(R"™; C?) acts transitively by conjugation.
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1@? ‘ Hative index’ function R-ind clearly takes the value k on the elements S in
(E.ZI 7 %

PROOF. The trace is well-defined, since — B is a smoothing operator. More-
over and smoofh, qyrve in Y5 °°(R™; C?) is locally the image of a curve in the tangent
space under E%?\ET%&MSO we know that R-ind varies smoothly along a curve and has
derivative

1. dg, 1.,
157.551
because of (%5 i [hus R-ind is fg}}lﬁj‘%a)nt on components of T *°(R"; C?).

For the elements defined in (
(6.58) R-ind(fx) = k.

Now, consider the action of g € G5 (R";C?). Certainly gBg~! is again an
involutive perturbation of 8, so G5 (R™; C?) does act on Y *°(R"; C?). We know
that G5 (R"; C?) is path connected so it must fix components of Ty (R"; C?).

It remains to show that any element of Y3 (R"; C?) is conjugate to one of the
Bj. For a given B € T;°°(R"™; C?) with positive projector P = (8 +1d) let Hp be
the range of P acting on L?(R;C?), it is a closed subspace. Then the composite
operator

(6.59) PP, : L*(R) @ {0} — Hp
is Fredholm. This follows from the fact that
PPP, = Py + P(P — P)P, =1d+Q on L*(R) @ {0}

is a compact (in fact Schwartz-smoothing) perturbation of the identity on the
range of P;. Similarly PP, P is a compact perturbation of the identity acting on
Hp. Thus PP; has finite dimensional null space and maps the orthocomplement
isomorphically onto a closed subspace of Hp with a finite-dimensional (ortho)-
complement. However these two spaces may have different dimensions — that is

what R-ind(8) = Tr(P — P1) measures as we see belaw,

If the dimension of the null space of PP; in (%759%‘15 larger than that of the
complement of the range then we may replace P by P;(Id —Qy) where k is the
difference and @y is the finite-rank projector onto the first £ Hermite functions.
This may not be contained in the null space but now the operator PPy (Id —Qx)
has null space and complement of the range of the same dimension. We can then
add a finite rank smoothing operator S between these two spaces so that

(6.60) PP(Id—Qg)+ S =P+ 5, S, S smoothing
which is an isomorphism from the range of P;(Id —Qy) to Hp. Then it follows that
(6.61) g =P +P,4+S5" € G"°(R;C?), P=g(P,(Id—Qx)g~ ' : L*(R;C?) — Hp

is a projection with the same range as P. The null space Ran(Id 715) of Pis a
complement to the range and
(6.62) (Id —P) : Ran(Id —P) — Ran(Id —P)

is an isomorphism since it has no null space and is surjective. It follows that
gld+(P — P) € G=>°(R?%;C?) conjugates P to P.
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If the dimension of the null space of PP, is smaller than the range then a similar
argument follows with P; replaced by P; @ () where ) is the same projection but
now on the second factor: o . . 157547

This proves that the involution is conjugate to one of the options in (%.4? f and
then it follows that the relative trace is either k or —k in the two cases. O

If you are prepared to swallow a bit of homotopy theory you can see why the
Grassmannian is relevant here. Consider the component containing By = S :

(6.63) Yo (R C?) = {8 € 1o (R™; C?); Te(B — Bs) = O}
The isotropy group of S is
(6.64) Gy (R™") x Gy (R") = {g € Gy (R™;C?); hBoo = Boog}

where the two factors act in the two components of C2. Thus in fact we have shown
that there is a natural isomorphism

(6.65) To (R C?) = Gy =(R™ C?)/ (G5 (R™) x Gy (R™)) .
These two subgroups commute with each other so we can also write the quotient
as

T&?(R"; (Cz) =

(6.66) B 9 B B
(Gg (R C?)/{1d) x G “(R”))/Gs *(R") x {Id}.

The first quotient here is weakly contractible — since G5 *°(R"; C?) can be retracted
onto {Id} x Gy °°(R™). This means that this base component is the quotient by the
free action of G5 °°(R™) on a contractible space.

PROPOSITION 6.3. The base component of T I (R"; C?), is a classifying space
for G5 °(R™) and hence

/ j even

(6.67) (X5 (R €) = { o) o

and Yo 3 (R™; C?) is a classifying space for even K-theory.

PRrROOF. Not given here but from the long-exact sequence of Serre the homotopy
ronps can be identified from the identification of the homotopy groups of G™ in
%.Zﬂ; %B I ?6%% are proved below, using some of the properties of T ¢°(R"; C?) - but

not (| O

5. Semiclassical smoothing operators

If A € $(R?) is the kernel of an element of ¥y (R") we can, as we did for
pseudodifferential operators, introduce

(6.68) B(z,z) = A(z,z — z) and B(z, z) = (27r)—"/ b(z, €)e " EdE.

n

DEFINITION 6.4. A semiclassical Schwartz family, A(e) € W7 (R"), is defined
by a smooth family

(6.69) a € c®([0,1]¢; S(R?™))
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by setting, for € > 0,
A(e)u(z) = / Ale;z, y)u(y)dy, v e S(R™) where

(6.70)  Alez,y) = Blew,z —y), Blawz) = (27T>_"/ a(e; @, e€)e > 4dg

= (2#6)_"/ a(e;x,n)e‘i;lz'"dn.

For € > 0 this does not do very much but the family certainly becomes singular
at e = 0.

Said another way, an element of W7 (R") is a family of operators for € € (0, 1]
defined by

(6.71) A(e) = Qr(a(e x, €€)), a € c*([0, 1];5(R§%)).
The basic result is that these families compose to give an algebra.

PROPOSITION 6.4. The operator product on Wy (R™), applied for e > 0 to

(6.72) (A1 oc A2)(e; 2, y) =/ Av(ex,y)As(e, v, y)dy'

n

extends to a smooth product defining the algebra \II;OSO(R”)

ProOF. Writing the composite family in terms of the kernels e ™" B;(e, z, ==Y)
of the factors shows that

Aj o Ay has kernel € " D(e, z, ﬂ) where
€

6.73 D(e,z,t) =€ " B €,$,t+u32 e,z,z_y dz
(6.73) 3 . .
y—z
-

= / Bi(e,x,t — Z)Bo(e,x + €Z,Z)dZ, Z =
The integrand here is smooth in € with values in the Schwartz functions in the
variables x,t, Z — as follows from the fact that
(6.74) (1+|z|+ |t — Z|+ |z + eZ| + |Z]) is comparable to (1 + |z| + [t| + |Z]).

Thus the integral is also Schwartz. Expanding in Taylor series at ¢ = 0 gives the
Moyal formula below.
Alternatively this follows from our earlier results on WY(R™). Observe that

(6.75) e(L+€]) < (1 +[€€]), e €(0,1)
from which it follows that
(6.76) (0,1) > € — a(e, r, €€) € S(R™; S°(R™))

is (uniformly) bounded. Indeed the derivatives satisfy
(6.77) 8;18?@(6;:16,65) = elﬁlagaﬁa(e;x,nﬂnzeg S
105 0¢ ale; 2, €€)| < Cope® (14 €))7 < Co (1 + 1)) 7171,
So our earlier composition result shows that uniformly for ¢ > 0

(6.78) A (€) o Ay(e) is bounded in WO (R™)

L10-end
L11
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Moreover the left-reduced symbol of the composite is given by the asymptotic for-
mula

(6.79) Aj(e) o As(e) = Qr(c(e)), c(e) ~ Z@?al(e; x,€e€) DS as(e; x, €€)
= Z ela‘a:]yal(e; x, n)D:G’Q(Q €, 77)’71265-

Using Borel’s Lemma to sum the Taylor series gives ¢ € ¢*°([0, 1]; 5(R?")) such
that
(6.80)
clexm) = Y dlogar(ez,m)Dias(eia,n) € N ([0, 1 S(R™M)) VN,
|| <N
The claim then is that

(6.81)  E(e) = Qr(c(&x, €5)) — Ar(e) o Az(e) € ([0, 1]; ¥~ (R™)

d*E(e)

T |_o=0VE

O

with

From either proof we see that again ‘Moyal’s formula’ appears (I think it is
more historically legitimate here than before!)

Ai € UIT(R™), Ai = Qrlaile, 1, €€)), a; € ([0,1); S(R*)) =

(6.82) Aro Ay = Qr(c), c€c™([0,1];5(R™),
cle,x,m) ~ Zelo‘lag‘al(e,x, n) DS as (€, x,m)

Equality here is in the sense of formal power series (i.e. Taylor series) at € = 0. So
this formula tells you nothing about what happens for € > 0 as is to be expected.
However, the symbol of the product is determined by this formula up to terms
vanishing to infinte order.

LEMMA 6.4. If a € ¢*°([0,1]; S(R?"™)) vanishes to infinite order at ¢ = 0 then
the semiclassical family
(6.83) A(e) = Qr(a(e, x, xf))
is simply a smooth map [0,1] — U~°(R™) wvanishing to infinite order at e = 0.
The analogue of the ‘principal symbol map’ for pseudodifferential operators is
played by the ‘semiclassical symbol’
Ale) = Qr(ale,z,z€)), e >0 =

gt U F(R™) 35— a(0,y,n) € S(R?)

(6.84)

, ‘ 157.394
PROPOSITION 6.5. The semiclassical symbol map (%.84% gives a short exact se-
quence of algebras

(6.85) UL (RY) —— W T (R") — §5(R?")

with the commutative product on S(R?™).

PRrROOF. This is just the first term in the Moyal product. [
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Make sure you understand what a semiclassical smoothing operator ‘looks like’.
Its kernel is of the form

(6.56) Aday) = € "Ble,w, =), B e (0,1 &™)

so as € | 0 the kernel is ‘squashed’ around the diagonal.

There are semiclassical operators of finite order as well, I hope I will have time
to talk a little about them. A semiclassical differential operator on R™ might be of
the form

n
(6.87) P.=é> DI +V(x).
i=1
Notice that if you set € = 0 only the zeroth order term survives. This is not the
semiclassical symbol which is instead the ‘rescaled’ symbol including the lower order
term:

(6.88) oa(Pe) = [€]° + V().

157.409

Operators like (%mrose in quantum mechanices where € ~ £ is the ‘coupling
constant’ relating the frequency of spectral lines to the jump in energy between
electron shells which produces them. In practice i ~ 1/127 is small and the idea
is to think of it as ‘very small” and perturb from ¢ = 0 (I don’t like to use /4 here
since it is actually a constant!) Simply setting e = 0 is a bad idea since most of
the problem disappears. What is happening here is that the problem is becoming
commutative as € | 0 because of the commutation condition that

157.427a| (6.89) (€0, Tk] = €ik

so one is turning on the non-commutative product as € becomes positive.
There is a 1 6530 do with semiclassical operators — see for instance the
book of Zworski [9].

6. The group G

As remarked above we want to consider the semiclassical group analogous to
G (R™). In fact we need to generalize the discussion above by allowing ‘smoothing

values’. If we consider the Schwartz smoothing operators on R™*" then we know
that

(6.90) S(R>H2M) = SR 5(R?)).

The smoothing operators on R™*" can then be considered as ‘smoothing operators
with values in smoothing operators’, in either direction. We can do the same thing
for the semiclassical smoothing operators and consider the space

157.401] (6.91) S(R™ T (R™)).
Then we get a ‘stabilized’ algebra
157.402] (6.92) T (R U5 (R™)).

157.408
For the kernel of an element in this algebra (%.86) is replaced by

7.411] (6.93)  Adwyst) = " Blew, L0 t), Bec(0,1]s s ),
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Observe what the form that the semiclassical symbol takes in this more general
case. It is just a symbol with values in the smoothing operators
157.406] (6.94) g s UF (R U5 (R™Y)) — S(RZ; U~ (R™))

157.396
giving a short exact sequence just like (%.85;
157.407 | (6. 95)

T (R W (RY)) o U (R W5 (RY) —— (B2 0 (R™)).

So the product formula for the symbol in this case is multiplicative in the variables
(z,€) but with values in the non-commutative algebra Uy (R™).

157.404 PROPOSITION 6.6. The semiclassical group

167.405] (6.96) Gs(R™S(R™)) ={A € U T (R™; U< (R™));
3B € U T (R U5 (R™)) with (Id+A)(Id+B) = 1d = (Id +B)(Id +4)}
ST (R W(RY)).

157.356
Proo¥F. This is similar too, but a bit more involved than, the proof of Lemma %37
The topology on the semiclassical algebra \IlSl S (R @ R" comes from its
identification with ¢°°([0, 1]; $(R2"+27)) through either %%B’%r %%%%From the
latter it follows that A(e) defines a bounded family of operators on L?(R™) with
a uniform norm bound being a continuous seminorm. So if A lies in a sufficently
small neighbourhood of 0 the family, in €, of operators

is open in W

157.412] (6.97) (Id —A(e)) ™! = 1d +B(e) exists for € > 0
with B(e) uniformly bounded as € | 0. So we only need to show that
157.413] (6.98) B(e) € U (R™ U5 (R™)).

Proceeding ‘symbolically’ we can see that the model problem, the existence of
the inverse

157.414| (6.99) (Id +04.5(A)) " (y, 1) = Id+Bo(z, 1) € Gy (R>),

has a unique solutio Isfprséé in a possibly smaller neighbourhood of 0. This indeed
follows from Lemma % 3. Once we know that the principal symbol can be inverted,
the existence of a formal power series inverse follows from the behaviour of the Moyal
product. That is, we can find a sequence of elements By, € W T (R™; T°(R™))
such that for any p

(6.100)  (Id +A(e)(Id +By(e) +ZekBk ) € d+eP 10 P (R U5 (R™)).

Using Borel’s lemma again we can sum the series and so find a ‘parametrix’ B’ €
Uy (R U5°(R™)) such that

ion)
(Id+A(e)(Id +B'(¢)) — Id, (Id+B'(e))(Id +A(e)) — Id € ([0, 1]; \IJ;OO(R"'H‘/))
(which is the same as saying a %‘(}1.' S!’fﬁtssicaul error vanishing to all orders at e = 0).
The corner identity as in (%S%hen shows that the difference of the inverse
and the parametric B — B’ is uniformly bounded as a function of € € (0, 1] with
values in Wy (R"™). A similar argument for the derivatives with respect to e
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shows that %g%%gerence is actually smooth and vanishes to infinite order at ¢ =0
so proving ( O

For the semiclassical group the symbol sequence (%%‘51)1%1\/% the map
(6.102) og : GXG(R™ Uy=(R™)) — (R G (R™))
which it is important to note is surjective. In fact we want a stronger lifting property

PROPOSITION 6.7. The semiclassical group has the lifting property that for any
smooth symbol map u : M — S(RQ”;G"O(R”/)) of compact support (reducing to
the identity outside a compact set) there is a smooth map, also of compact support
i M — GF (R US°(R™)) giving a commutative diagramme

g,

(R Wy ®(R™)) —= $(R?™; G2 (R™))

M.

(6.103) G

sl,S

Moreover any two such lifts are smoothly homotopic.

PROOF. .Pli i another symbolic argument, just a uniform version of the sur-

1
jectivity of (% [02). O

This mi lgt, gppear a little arcane! However a consequence of the existence of
a lift as in (% U?)]; is ‘?hat this semiclassical group serves as a ‘.b-rid 5’7f(2lli7odd K-
theory. Namely a family u € ¢°(R?*" x M;G~>) as in Proposition g( defines an
element of the group K!(R?" x M). On the other hand the lifted group, restricted
to say € = 1 (or € = 3 if you prefer) defines an element of K'(M), since it is valued

in G;>(R"""). Now we are getting closer to Bott periodicity.

o . .. |157.419
ProPOSITION* 6.8 (Bott periodicity). The lifting construction in (%.llBi de-
fines, for any manifold M and any n, a homomorphism

(6.104) K'R?™ x M) — K'(M)
which is an isomorphism.

This is a ‘protypical’ index map, it is a non-geometric version of Atiyah-Singer
which is used in the proof of the ge %rﬁl4 ersion below.

Once the existence of the map é%_fﬂ% is established there are two parts to the
proof that it is an isomorphism. First we show that it is surjective, by a computation
based on the existence of a ‘Bott element’ 5 € K°(R?) which is a generator (so along
the way we prove that K°(R?) = Z). This is where the hard work lies — and I may
suppress some of it as far as the lectures are concerned (although it will all be in
the notes). The second part is a clever idea ogsét h. This is based on the fact
that we cag 1;12%? some of the factors of R? in (kﬁhl'm%mto M. Indeed, once we have

the map for n = 1 we can get a similar map by iterating — applying the
ma
(6.105) q: K'R? x M) — K'(M)

to R?"~2 x M instead of M. This leads one to think in terms of the iterated map
KYR* x M) 4 KY(R? x M) 4 KY(M)

RBM:Expand?
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L11-end
L12/13
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157.421
The way we are getting (%T(ﬂgfcan be %gs(;lrzlé)ed as ‘turning on quantization’ by
writing R2" = R” x R?. Looking again at (6) we can think of R* = Ri,g X Rfm where
we first turn on quantization in (z,¢) for the first map, then turn on quantization
in (y,n) for the second map. So we conclude easily enough that this is the same
as doing both simultaneously in the sense that we get a commutative diagramme
forming the upper right triangle

(6.106) K'(R* x M) —— K'(R? x M)
KY(R? x M) KY(M)
157.421
where the diagonal map is (6. for n = 2. Atiyah’s idea has two parts. The first

is that we get a further commutative triangle on the lower left where the roles of
the two quantizations are interchanged — the second set of variables are quantized
first, giving the same final result.
However, we can do a little more, namely we can rotate the variables, smoothly,

by looking at zcosf + ysinf and dually on the other variables. This gives us a
smooth family of double quantization maps starting at the first and finishing at
the second, with the sign reversed. By homotopy invariance these must all give the
same result.

157.121 way we use this depends on 80 ci understanding of the lifting map in
% I()Z;; as giving us a right inverse to (. which we can write somewhat myste-
riously as

(6.107) K'Y M) 3k Bk e K'R? x M)

where as above, 3 is the Bott element of K°(R?).

So, suppose that x e%grlg x M) is mapped to zero in K*(M) by (%5}0%% so
along the right side of Q@%ﬁ WY surjectivity & comes from ) ® k € K'(R* x
M) along the top line of (6 IUGE so lifting in the first variables. Reversing the
quantization as discussed above we see that

(6.108) k=2q (0 ®K) =106 ®q(k) =0

so k = 0 and we have injectivity.

This argument depends on seeing that quantization in one set of variables
commutes with the lifting map in a different set of variables which we will see in
the lifting construction.

7. Constructing the Bott element

I am trying to take a minimalist approach here to av %(; g Bting bogged down
in K-th QLY ';he aim is to construct the lifting map in (%ll)g and think of it as
giving (6. . As already remarked, this is really an exterior product in K-theory

(6.109) K°R?) x K'(M) — K'(R? x M)

coming from 3 € K°(R?) which is a generator.
The standard model for even K-theory over a manifold, X, is in terms of pairs
of (compactly supported) complex vector bundles. Such a vector bundle can always
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be realized as a family of projections in IV x N matrices for sufficiently large N so
as a smooth map

(6.110) P:X — M(N,C), P(z)* = P(x).

For the Bott element in K°(R?) this projection arises in 2 x 2 matrices and it
is convenient (but by no means necesary) to view the projection as coming from
a family of involutions. As we have seen above, if 5 is an involutive matrix (or
operator) meaning 3% = Id, then

1
(6.111) P = §(ﬁ+ld) is a projection and conversely f = P—(Id —P) = 2P —1d.

The explicit 2 x 2 family of matrices we will to consider satisfies

1
0

The ‘triviality near infinity’ is analogous to the group G*°.
Explicitly in this sense the Bott element (although how it defines an element
of K°(R?) is not yet explained) is

(6.112) B:R* — M(2,C), p*=1d, B = ( 01> = P; — P, near co.

(6.113) Bla,€) = (6%’2&‘&)&» ewcs;:((;((:))))) '

Here (z,£) = r(cos,sinf) are polar coordinates, x € C*°([0,00)) is constant near
0 and oo and decreases monotonically from 7 to 0. Thus 3 is constant near 0 and
hence smooth and is equal to S, near oco.

An easy computation shows

(6.114) p% =1d, B = 2T(z,£) — Id,
0 = (o S S e,
e~ ""sin(5x(r)) cos(3x(r)) sin®(3x(r))
Thus the range of the projection I(x, &) is the span of
cos(x(r
(6.115) (ei‘) sgﬁ?;(x)&») .
This is a complex line bundle which comes from a non-trivial line bundle on S? as
the one-point compactification of R2.

8. Quantization of the Bott element

157.430
The way we will make use of the involution (%T[T%is by quantizing it to a
semiclassical family of involutions.
Since by = B — P is a compactly supported smooth function with values in
2 x 2 complex matrices we can apply semiclassical quantization to find

(6.116) By € U%°(R; C?) with o4 (Bo) = by = 8 — Beo

sl,$

So, By is a 2 x 2 matrix of semiclassical smoothing operators on R. As with the
identity we take the semiclassical quantization of the constant matrix So, = P, — P
to be itself.

PROPOSITION 6.9. There exists B € W7 (R; C?) satisfying

(6.117) 0a(B) = by, (Boo +B)? =1d.
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157.433

PROOF. First make any choice By as in (6. . Then, from the semiclassical
symbol calculus the principal semiclassical symbol of the square satisfies
(6.118) 0a((Bo + Bo)? = 1d) = 0(Bacbo — boffoc + ) = 0.
Thus in fact
(6.119) (Bso + Bo)® = Id+€E1, By € U5 (R;C?).

Now, we proceed, by induction, to construct successive corrections By ‘as usual’
(cf. Project 2) so that

p
157.438] (6.120) (Boo + Bo + Z " By)? =1d+€" " By, Epyr € U7 (R;C?).
k=1
Adding ep+1Bk+1, where Byjy; has semiclassical symbol by;; what we need to
arrange in the inductive step is

1567.439] (6.121) (Boo + B)Byt1 + Biy1(B< + B) = Epp1 mod eV Y (R; C?)

sl,$
<= Bbit1 + bit18 = epr1 = 0 (Ept1).

Thiiig:;tg%gt be solved for an arbitrary ej41. However, it follows from the defi-

nition, (6.120), of the error at the previous stage of construction, that
157.440| (6.122)  (foo + B)Eky1 — Eri1(Boo + B) € €V T (R;C*) = Bepi1 = exq1f.

This means that
157.493 (6123) k41 = P€k+1P+ (Id —P)€k+1(1d —P)

is ‘diagonal’ with respect to the two projections. Thus

1
157.441| (6.124) bry1 = 3 (Peg41P — (Id —P)egy1(Id —P))

) i .. J157.439
solves the inductive condition in (6. .

Asymptotically summing the resulting series in €¥ we find a semiclassical oper-
ator B’ with the correct principal symbol such that

157.442| (6.125) (Boo + B')? —1d € U2 (R; C?)

sl,$

is a smooth family of smoothing operators vanishing to infinite order at ¢ = 0.
It follows that as a family of bounded operators on L?(R;C?) the spectrum is,
uniformly for 0 < € < ¢ (for suitable small €y), concentrated very near to £1. We
can then use a contour integral (the functional calculus for bounded operators on
a Hilbert space) to correct the quantization a little further, setting

1
157.443| (6.126) Boo+ B=By —B_, By =+

— o+ B — 21d) " 'dz.
27Ti Cj:(ﬂ + i ) i

Here C* are circular contours around £1. Now an argument with resolvents shows
that the BL are commuting projections and

157.444| (6.127) (Boo + B — B_)?* =1d

where B are defined only for 0 < € < ¢y but B = By — B_ is equal to a semi-
classical family on 0 < € < %eo (simply by rescaling the parameter € to stretch the
interval [ e, 3¢] to [3¢,1]). The difference B— B’ is a family of smoothing operators
vanishipg to infinite order at € = 0. 157 433

This completes the proof of Lemma % 16. O
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9. Simplifying the quantized Bott operator

So this was hard work, but we need to do a little more to see what we have really
produced and refine it further. Choose an L?-normalized element p € S(R) C L?*(R)
and let @ also denote the orthogonal projection onto (0, eg) where eq is the ground
state of the harmonic oscillator (it is just a convenient rank one projection).

PROPOSITION _6.10. There is a semiclassical family B € W7 (R; C?), quantiz-

ing B as in (%%47% such that
(6.128) Bo+B|_, =L +Q)—(P,—Q).

Thus the effect of quantization is to move a one-dimensional space from the negative
to the positive eigenspace. This really is the fundamental ‘index theorem’ from this
point of view.

ProoF. We first show that any (single, not semiclassical family) involution of
the form

(6.129) Bo+ S, S€T®(R;C?), (B +S)* =Id

can be deformed to a model. This argument does not depend on the particular S
nor on the dimension involved.

Where does the ‘one-dimensional’ come from. We have constructed P and
hence a projection

sl,S

1
(6.130) P:5(6w+B)+1d:H1+S, S eV ?R;C* = P?*=P.

The range of P(e) for each € > 0 is a closed subspace of L?(R?;C?)

So the idea is that for € > 0 this is a projection which differs from II; by a
smoothing, hence trace classe, term. The relative index of these two projections is
therefore well-defined

(6.131) R(e) = Tr(P(e) — ITy) € c™((0, 1)).

In fact, this is constant and necessarily an integer which we then proceed to com-
pute.

The constancy follows from the properties of the trace functional and projec-
tions. Differentiating

dR dB dB .
(6132) E = TI'(E) = TI'(E) = O since
dB dB dB dB dB dB
—=P—+—FP—  —=P—(1Id-P Id—-P)—P.
de de + de de de( )+ )de

Note that this is the same identity as used in the construction of B.

Having shown that R is constant we compute it in terms of the semiclassical
limit.

LEMMA 6.5. For a semiclassical family of smoothing operators B € W7 (R; CcN),
eTr(B.) € c*([0,1]) and if the kernel is
(6.133) B = Qr(b(e, ,€))
then

(6.134) Tr(B,) = e—l/R2 tr(b(0)) +/RQ tr(%(O)) + O(e).

S
RBM:Relate to §%E



L12/13-end

96 6. SMOOTHING OPERATORS AND K-THEORY

PROOF. O

10. Surjectivity of the periodicity map

Now we have a Bott elempent and its quantization. Note that I defined K O(R?)
to be K1(R?) in Definition %.2 S0 to get an element there we need to do just a little
more. Take a smooth function on R with ‘winding number one’ such as

(6.135) exp(i(s)), ¥ € C*°(R;R), v =0in s < —R, ¥ =27 in s > R.
Now consider the family of operators
(6.136) R > s — b(exp(it)(s))by + exp(—itp(s)b-).

Both factors here are semiclassical families, the second depending on s, (with
values in 2 x 2 matrices) which is the identity for |s| > R and

11. Manifolds with boundary

We have defined the K-theory of any manifold, including a manifold with
boundary, M. In this case there are three natural K-groups, well six including
even/odd groups. Namely

K*(M) = ¢c°(M; G~*°) /homotopy
(6.137) KY(M;0M) = (M \ OM; G~>°) /homotopy
KY(OM) = ¢°(0M; G~°°) /homotopy.
According to our definition the even groups are defined as the odd groups for R x M.

These are related by a ‘six-term sequence’

(6.138) KO(M;0M) — KO(M) —— K°(OM)

| l

KYOM)<—— KY(M) <— KY(M;0M)

The horizontal maps here are straightforward. Namely there is an inclusion

map
CE(MN\OM;G=°) = c(M;G™°)
since the former are maps which are equal to the identity outside a compact set
and so can be extended (as the identity) up to the boundary. Similarly there is a
restriction map
CO(M; G=°) 1224 oo (gnr; G—o0)

and both these maps ‘descend’ through homotopies.

The end maps, the connecting homomorphisms, are as usual a little less obvious.
On the right we start from the group

C2(R x OM; G™).

By a very simple version of the collar neighbourhood theorem a neighbourhood of
the boundary in M is diffeomorphic to a product

[0,1) x OM — M.
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We,cagy take the radial compactification of R to [0, 1] and thereby convert the map

info a map

RxOM — M.
The definition in terms of rapid decay then means that there is a pull-back map
(6.139) S(R;Cc°(OM;G™°)) — c°(M; G™)

which descends to give the connection homorphism on the right.

This leaves the connecting homomorphism on the left. This is where Bott
periodicity comes in. We are starting from (the components of) c°(M;G~>°) on
the lower left. However, by Bott perioidicty — Theorem 2?7 — we can instead start
from c2°(R? x M; G~>°). Now, separating the factors of R? into R x R we can apply
the argument of the preceeding paragraph, giving the connecting homomorphism
on the right, to R x M instead of M, and this gives the map on the left. There is
an orientation issue here but since it amounts to a sign the choise one makes does
not affect the main result, which is:

_ 157.498 . .
THEOREM 6.2. The siz-term sequence (%.IBS is exact for any manifold with
boundary.

12. Chern character-building

Project 3[pP-Chern]|

I have laid rather heavy emphasis on the group(s) G °°(R™) in the definition
of (complex, topological) K-theory. Indeed by fiat I have declared this to be a
classifying group for odd K-theory. Here I want you to sort out the map to deRham
cohomology leading to the Atiyah-Hirzebruch isomorphism.

In the first part I want you to explain, step by step, the meaning of the ‘odd
Chern character’

_ . (71)kk' —1 2 1
Ch(g) = gmﬁ ((g~dg) k+ )

This is a formal sum of forms in odd degree.

(1) Recall that G5 °°(R") is an open subset of $(R?") and it is ‘an infinite
matrix group’. Use this to give a clear meaning to the Maurier-Cartan
form g~ 'dg here.

Hint: Perhaps avoid going into a full discussion of Fréchet manifolds!
As an open subset of a Fréchet space the tangent space at each point g is
T °(R™). Any element a € Uy °°(R™) here defines a curve in the group
in the obvious way as g + ta and the identification with the tangent space
(with elements equivalence classes of curves) is written ‘dg’ — meaning I
think that d(g + ta)/dt is the tangent vector at g. Then g—! acting on the
left on the group maps g to the origin. This is a concrete group in the
sense that this gives a linear map

gt U (R™Y) — U °(R™).

The push-forward on the tangent spaces would be denoted g, ! but since
the map is linear we can drop the * and then

g tdg : U (R™) — U =(R™)
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(11)
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is the natural map from the tangent space at g to the tangent space at Id
(which is the Lie algebra).

Then the formal product (¢~ 'dg)’ is supposed to be the j-fold exterior
product, with composiition thrown in, so it is a j-multilinear, totally
antisymmetric map from j copies of the tangent space at g to the tangent
space at Id. P3 14

This explains (ﬁf)‘ln the sense that the trace functional results in each
term being a (2k + 1)-multilinear function on the tangent space at each
point, which is what a form should be.

The trace property Tr([a, b]) = 0 shows that

Tr((g~"dg)™*) =0

which explains why there are no even terms.
The deRhan differential is easy to define on 1-forms, even with values in
an infinite dimensional space, show that

d(g~'dg) = —g 'dg ng~'dg

in an appropriate sense.
Conclude that the terms in Ch(g) are all closed.
Suppose [0,1] 3 ¢t — G5 *°(R"™) is a smooth curve, show that

4 Oh(g.) = dBi(g)

where Et is the ‘Eta’ or Chern-Simons form

_ N~ (CDFR 1491 o
Et(g)—kzzo(%i)k(zk)!Tr (g 2 (97" dg) ’“)

Hint: Make sense of the formula

-9 'dg = —g’l%g’ldg + g’ld%-
Now, suppose M is a compact manifold and « : M — G;°(R") is a
smooth map. Show that the pull-backed form is closed and so defines a
map

C(M; Gy (R™)) 3 k — £* Ch € H3R(M).
Conclude that this map descends to a map

Ch: KY(M) — HS34(M) the odd Chern character.
Contemplate why this might induce the Atiyah-Hirzebruch isomorphism
K'(M)®C — H3g(M).

(So this means torsion is killed in the K-group. This does not quite work
for geperal non-compact manifolds). . P3.20

Now, if you have the energy, do the even version! Start from (17 % and show
that on the group ¢*°(R; G5 *°(R™)), which is used above to define even
K-theory,

o (DR —149 1, 2k
Chev_kzo(%i)k(%)!Tr g g lomdg)™ |t
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defines a closed form in each even degree. [I am not sure I have the
normalizing constants correct, but here it does not matter.|
(12) Conclude, proceeding as above, that this defines a map

K°(M)®C — HSL(M).

13. Isotropic K-pop

Project 4[p-Iso]|

P3b.0 Recall to isotropic pseudodifferential algebra, for simplicity of order 0,
on R?” is defined by quantization of the classical symbols joointly in the
variables (z,¢) :

Ui (R™) = Qr(C™(R™).
The product defines a smooth bilinear map

U (R™) x WY (R™) — WY (R™).

1S0 180 150

We can then define ¢°°(M; ¥, (R™) for any manifold M and in particular

1S0

SR 00 (R™)).

150

Now, show that this allows us to define the ‘stabilized algebra’

Ui (R U5 (R™)

1SO
by u"gg:‘sthe product of Schwartz smoothing operators and then the prod-
uct (T3] to define
PO

150

(R W5 (R™) x WY,

(R™ U5 (R™) «— S(R*™; 0 (R")x 0, (R")) — WP

150 150

(Rn; \115—00 (Rn’ ) )

This is an associative algebra of bounded operators on L2 (R"*"/) which
maps $(R"™") to itself.
(1) One reason that this algebra is interestimg is that it has a principal symbol
map
00+ W, (R WS (RY) — (827 0% (RY)
which is multiplicative and gives a short exact sequence
V(R W (RY) —— WY (R™; Uy (RY) —— ¢ (S2 1 U >°(R™).

iso iso
(2) We need to massage this a little more by identifying
RQ’rl—l — S2n—1

as the 1-point compactification — choose your favourite point (mine is the
South Pole). Anyway, this allows us to map
5(R2n_1; \Ilfoo(Rn/) AN COO(SQ’!L—I; \IJS_OO(Rn/)

180
with image being the subspace of functions vanishing to infinite order at
the point at infinity.
(3) Denote by WY (R™; Wy °°(R™) which is the inverse image under s, of

S(R2L W _(R™)

150
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(4) This is an algebra without identity, so add Id to get a ring which we can
denote '
Id + )

180

(R W5 (R").

Check that we now a multiplicative exact sequence

Id +9 LR U7 (R ) —— Id + 99

180 150

(R™; U7 (R™ ) —— Id +S5 (R~ 1 W7 ®(R™),
(5) Finally we can finish the setup by defining

. ’ . ! ’ 4

BR™ W (R2)) = { A € T+ 35, (R U5 (R";000(4) € C*(R*" ;G (R™) |

and now there is a multliplicative exact sequence

Id+UL R U5 (RY) —— Bigo (R U5 (RY) —— §(R? 1 G5 (R™

150

).
14. Bott and Clifford

Project 5[p-Bc]

In lectures I wrote down an explicit family of involutive matrices on R? rep-
resenting the ‘Bott’ element (in even K-theory) and showed that the semiclassical
quantization of this family is a 1-dimensional shift from the constant family. Here I
ask you to do this for R?". Initially I assumed you knew about the structure of the
complex Clifford algebra, I have now added a brief derivation in case you do not.

(1) Deconstruct the matrix I simply wrote down in lectures
_( cos(x(r))  esin(x(r))
o <9 sin(x(r)  — cos(x(r») |
First write it out as
= cos(x(r))Z + sin(x(r)) (cosOE; + sinE,) .
Show that these 2 x 2 matrices satisfy
E? =7%=1d, E\Es + ExEy, = ZE, + E\Z = ZFy + E2Z = 0.

(2) Recall the complexified Clifford algebra on a real Euclidean vector space,
V, of even dimension, 2n, defined as the quotient of the infinte tensor
algebra

’Z‘(V):(CGBV(«CQB(V(C@)V(C)@...:z:v(gak7 Ve = V®C
k

by the two-sided ideal (under tensor product) generated by the elements
I(V)sa8@n+n®—2(¢n), § neV.

Here (,) is the Euclidean inner product. Thus,

CIV)y=7(V)/1(V).
Remind yourself that this has dimension 227, the same as the exterior
algebra. You should also note that it is isomorphic to the 2 x 2™ matrix
algebra.
The Clifford algebra is closely related to the exterior algebra, but on
C" rather than R?". So we are passing to the standard complex structure
on R?™ in which a basis, over the complex numbers, is

fi:€i+i6i+na Z:].,,TL
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Show that CI(R?"), the complexified Clifford algebra (not the Clifford
algebra on the complexification!) acts on A*C"™ through the formula we
saw for the Hodge-Dirac operator

cler +iepsn)fO =iV2fu A Y, cler —iepsn)f* = —ivV2(fi)f*, k<n

where the constants are for length normalization an here « is a strictly
increasing sequence in {1,...,n}. This specifies the action of all basis
elements and we see that

cl(eg + iepin) cl(er — i€ktn) + cl(ex — iektn) cl(er + iexrn) = 21d,

3)

()
(6.140)

cl(ek + iek_;,_n)Z =0= cl(ek — i€k+n)2
— cl(ek) cl(ek/) + cl(ek/) Cl(ek) = 201 Id, k, kK = 1,...,2n.

If e; is an (oriented) orthonormal basis of V, let E; be the corresponding
elements in the Clifford algebra so

Then show that the Clifford algebra has a ‘maximal element’
Z=i"Cn"VE By .. Ey, = Z?>=1d, ZE; + E;Z = 0.

P3.28
Okay, now observe that () is now

u(¢) = cos(x(I¢))Z + sin(x(r))( - E.)

where E, = (F1,. .., Ea2,) is thought of as a vector with values in matrices
and - is the inner product. P3.35

Now observe that the definition (%77[0) extends to V = R?" to give a
smooth family of involutive matrices. Here, as before x(r) is decreasing
from 7 near 0 to 0 near oco.

Review the proof in the notes to check that there is a semiclassical family
of idempotents qunatizing p (so now to smoothing operators on R™).

For a bonus, show that the quantization is again has relative index 1
(assuming I got the signs right which would be a pleasant accident). You
might like to do this by quantizing in two variables repeatedly, so working
by induction over n.
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CHAPTER 7

Operators on manifolds

In this second half of the course I will, finally, get to the discussion of analysis
on manifolds. First what I hope is a reminder of the invariant description of kernels
of operators.

1. Functions and densities

The basic object defined on a smooth manifold M is the algebra of smooth
functions ¢*°(M). Since we will want to include non-compact manifolds we need to
also consider the subspace of functions of compact support

(7.1) c=(M) C c=(M).

In general there is no good analogue of schwartz functions on a non-compact man-
ifold but on a manifold with corners the space, ¢ (M), of functions vanishing to
infinite order at the boundary satisfies

(7.2) Co®(M) C (M)
U U
C2(M) C € (M)
and does correspond to the Schwartz space at least in the sense that
(7.3) CP(R™) = S(R™).

Recall the change-of-variable formula for the integral of functions on Euclidean
space. If ' : @ — Q is a diffeomorphism between open subsets of R" and
fece() then

OF
(7.4) /Q/ F*f|det%|dx=/ﬂf(y)dy.

So there is no invariant integral of functions on a manifold.

To integrate we need something that transforms with the absolute value of the
determinant of the Jacobian of the diffeomorphism that appears in (7.4). This
is provided by densities. Recall that on an n-manifold the maximal degree, n—,
forms at a point, A7} M for m € M, may be defined as the linear space of totally
antisymmetric multilinear maps

(7.5) T M x n factors x T,,M — C.

Equivalently if we let \*T,,, M denote the totally antisymmetric part of the n-fold
tensor product of Ty, M with itself (so A7, M = AT M) then A M is the space
of linear maps

(7.6) [ A" T M — C.

103

L14
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The closely related space of t-densities, for t € R, is
157.572] (7.7) QM = {v: \"T,, M \ {0} — C;v(sv) = |s|'v(v), ¥Vt R\ {0}}.
So these are t-absolutely homogeneous maps. That this is a vector space de-

pends on the one-dimensionality of AT, M. Just as for the form bundles these
one-dimensional vector spaces form a smooth bundle over M

157.573| (7.8) QO'M — M.

The particularly important case ¢ = 1 is just denoted QM.
So if p € ¢>*(M;A™M) is a smooth n-form on an n-manifold then

167.574| (7.9) lu|t € c®(M; Q') is a continuous density.

A non-van Ssh(.lrég 4n—form on M exists if and only if M is orientable and then the
t-density (%.9) becomes smooth. Not 1&1;1%‘(72positivity of a density is well-defined
because of the transformation law in (I7.7).

157.575 LEMMA 7.1. The density bundles are always trivial, i.e. there exists a smooth
positive section of Q' M.

PRrROOF. In local coordinates the ‘Lebesgue section’ |dz|! is smooth and positive

so summing over a partition of unity gives a global smooth positive section. [
PROPOSITION 7.1. There is a well-defined integral
(7.10) [rezune —c

for any manifold.

Of course this can be extended to locally integrable (but compactly supported)
sections of QM.

157.578 LEMMA 7.2. There are natural isomorphisms
167.579| (7.11) Q'M@QPM ="M, Q"(M x N) =713, Q"M @ ryQ'N.

So one can define an integral on ¢°(M) by choosing a density (probably pos-
itive) v € ¢*°(M; ) and using

157.580| (7.12) / fv for fec(M).
M

It is just that there is, in general, no natural choice of v. On a Riemannian manifold
there is an associated, smooth positive, Riemann density v, defined as |aq A ... ay|
for any orthonormal basis a; of T}, M.

2. Distributions

The existence of the integral on densities leads to consistent pairings

157.581| (7.13) C (M) x C™(M;Q)

T

C(M) x € (M;Q) 3 (f,9) — [ fgeC

/

C* (M) x € (M;9)
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Each of the spaces of smooth sections of 2 has a topology coming from the
isomorphism with the corresponding space of functions given by the choice of a
smooth positive section of 2 (and the fact that multiplication by a positive smooth
element f € ¢>°(M) is an isomorphism on both ¢ (M) and ¢*°(M)). This means
that we can define the spaces of distributions by

Co(M) ={u:Cc>(M;Q) — C linear and continuous}

7.14
(7:14) CT™(M) ={u:c(M;Q) — C linear and continuous}.

This is arranged so that these are ‘generalized functions’ with natural inclusions

(7.15) CE(M) = c;°(M), C°(M) — c™>°(M).

3. Vector bundles

In fact we want to generalize this in several respects. First for sections of a
vector bundle. I am already assuming you know what a vector bundle is. Just for
completness sake let me remind you that a vector bundle (either real or complex)
over a manifold M is another manifold V' (often called the total space of the vector
bundle) with a surjective smooth map

(7.16) m:V—M

such that each fibre V,,, = 771(m) C V has a linear space structure which is ‘smooth
and locally trivial’. This means that each point m € M has a neighbourhood O,,
for which there is a diffeomorphism giving a commutative diagramme

(7.17) 7 HOm) a Om x KN

with F linear on each fibre. Here K stands for R or C in the real or complex case
respectively. One c I Always assume that the O,, are coordinate patches on M
and then the maps (7.1 7; give a special atlas on V' — the transition conditions are
automatic.

There are sections of any vector bundle just as for functions (and densities)
CP(M; V) — Cc*(M;V) corresponding to smooth maps v : M — V with mou =
Idpy -

The dual bundle, V', of a vector bundle V is defined, as a set, as the union of
the duals of the fibres

(718) vi= || v

mem

. L 157.885 .
It has a smooth structure coming from the local trivializations (I7.17) by replacing
the map F,,, : V,, — K by (F)~1: V! — KV,
There is then a pointwise pairing

(7.19) CO(M; V) x c®(M; V") — ¢ (M)
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157.581
and this leads to pairings analogous to (I7. 13;:

/<f7g>m, FECEMV), gec™(M;V ®9), or
fec>®(M;V), gec>(M;V' @Q).

Then, noting that there are again appropriate topologies, the spaces of distribu-
tional sections are defined as the spaces of continuous linear maps

Co°(M; V) ={u:c>®(M;V' ® Q) — C; linear and continuous
[eress] (rao) O CpV) Tl crUEViE®) o G o)
CTM;V)={u:c>(M; V' ®Q) — C; linear and continuous}.
4. Operators and kernels

The operators we will consider on a manifold are, at worst, continuous linear
maps

157.590| (7.21) A:CX(M;V) — Cc™(M; W)

taking smooth sections of one vector bundle to distributional sections of another.
In fact we generally will not encounter anything quite this general. One of the
important features of distributions is that these operators are again distributions.

1567.591 THEOREM 7.1 (Schwarfz’ kernel). There is a 1-1 correpondence between con-
tinuous linear maps ({ZI ; and distributions

157.592| (7.22) KacCc ®(M%miW (V' @Q)).

So I am assuming you see how to define the tensor product of two bundles and the
pull-back of a bundle under a smooth map. Here 7; and mr are the projections
from M? to M as the left and right factors.

PROOF. None given, since I do not really use this result below. Still I should at
least specify what I mean by the continuity which is in terms of the weak topology
on 11%(; ge. This is really the first part of the proof. Namely we can replace A,
in (7.22]§, i?)y a bilinear map

157.593| (7.23) CE(M; W' @Q) x c(M;V) € (f,9) — Alg)(f)

from which A can be recovered. Continuity of A actually means separate continuity
of this bilinear form. The theorem is that such a bilinear form extends uniquely to
a distribution K 4 under the (bilinear) inclusion

157.594| (7.24) CE(M; W' @ Q) x 2 (M; V) — ¢ (M* 7 (W @ Q) @ mgV)

given by pulling back under the projections.
In this sense the Schwartz kernel theorem is an infinite-dimensional generaliza-
tion of the identifications for finite-dimensional vector space

157.595| (7.25) {L:V — W; linear} +— {B : W x V — C; bilinear} +— W @ V".

The proof is not actually so hard. (I

So, the way we will use this is by specifying operators in terms of their kernels,

157.596 | (7.26) (Av)(w) = Ka(w @ v).

Note the reversal of order which is made so that pairing corresponds to proximity.
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REMARK 6. I will generally identify operators and their kernels, using the same
letter to denote both.

If M is not compact we also need to think again about the ‘calculus of supports’.

5. Smoothing operators

Suppose M is a compact manifold without boundary, so all the support annoy-
ances are absent.

DEFINITION 7.1. The space of smoothing operators between sections of two
bundles, V, W over a compact manifold, M, is defined by the space of kernels

(7.27) U°(M;V,W) =Cc®(M*;miW @V @ Q).
When W =V we abbreviate the notation to ¥=°°(M; V).

REMARK 7. Smoothing operators are characterized (for M compact) by the
two conditions that

A:CT®°(M;V) — Cc™®(M; W) and

(7.28) P , ,
A' (MW @ Q) — (M V' e Q).

For M compact it is again the case that the smoothing operators on a fixed
bundle V — so with W =V — form an algebra. The composition written in terms
of kernels is

(7.29) AoB = /M A(-,m)B(m, -).

Make sure you understand why the integral here makes sense and gives again a
smoothing operator.

PROPOSITION* 7.2. The group of invertibles in the ring Id+¥~°°(M;V) for
a vector bundle over a compact manifold is isomorphic (but not naturally so) to
G5 (R").

To prove this we need a decent basis for L?(M;V) — we will get this as the
eigenbasis for any self-adjoint elliptic pseudodifferential operator acting on V.

EXERCISE 10. Give an appropriate definition for the space Y=°(M;V @ C?)
for any complex vector bundle, V, over a compact (connected) manifold M and
check that it is isomorphic to T3 *°(R"; C?).

6. Cornormal distributions at the zero section

Let W be a real vector bundle (any complex vector bundle has an underlying
real bundle) over a manifold S. We proceed to introduce the space of conormal
distributions on W, the total space of the vector bundle, relative to S appearing
as the zero section of W. We will want this to be a module over S(W) = ¢ (W)
and the elements should be singular only at the zero section. In the case that
W =8 x RY we know what we want, namely

(7.30) IS x RN; 8 x {0}) = c>(S; 1" 1(RM)).

Here s = dim S and the only the shift in the order is questionable. We already
considered such a space (with restricted coefficients) in case that S = R™ and

L14-end
L15
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N = n in defining the kernels of pseudodifferential operators on R™. Note that
what this says about the symbol involved is that

(7.31) IS xRV S x {0}) = u(s) = F Ha(s,&)), a € ST (RY)

S0 it is consistent with our earlier notation.
One thing we can see immediately is that we can restrict such distributions to
a submanifold Y C S| since this just restricts the smooth map

(7.32) IT(S x RY; S x {0}) — [pvecdim¥ (g o RN. G x {0}), ¥ — S.

REMARK 8. In sofar as I can remember the normalization, this is one way to
do it. First, restricting to a submanifold of S increases the (apparent) order by
1/4 for each dimension, i,e, by codim(Y,S)/4 as indicated. Secondly when ‘base
dimension’ s = dim S and ‘fibre dimension’ are equal the order is equal to the order
of the symbol.

|Y:

Why is the order so normalized you might well ask? The ultimate reason is the
appearnce of ‘Lagrangian deistribution” which do not have a strict separation of
base and fibre dimension. Together with the fact that we want a pseudodifferential
operator to have the same order as its symbol (so that it is consistent with the order
of differential operators) that determines the normalization. The normalization
is further complicated (to those like me who are numerically challenged) by the
fact that there are three dimensions as work here. As well as s and n there is
the dimension of W as a manifold, n = s + N. So, N is the codimension of the
submanifold S (the zero section) in W which is of dimension n. It follows that the

(é 31)

relation ship between the orderI™ and a € S™ in (7-31) is
/ N
(7.33) ueIM(W,S):»aesM7M':M+%_?

Let’s hope I am right. (See Problems 57).
We also know what happens if we subject such a conormal distribution to a
linear transformation on the fibres, even if it depends on the point in S :
(7.34)
A€ c™®(S;RY), uwe I (S x RY; S x {0}) = u(s, A(s, ) € I7"(S x RN; S x {0})

u=F""(a(s,§) = u(s, A(s,y)) = F~ ' (als, (A71)"€) | det A(s)))-

DEFINITION 7.2. If W is a real vector bundle of rank N over S, a manifold of
dimension s then we define

(7.35) IM(W30w) € c~(W)

to consist of those distributions u € ¢~°°(W) such that if ¢ € c2°(S) is supported
in an open set O over which W is trivial, 7 : W‘O = O x RY then

(7.36) ™ u = 7*(v0), vo € IT"(O x RY; O x {0}).

157.607
We can see from (I7.34) that the symbol of such a distribution, defined locally,
will transform as a density on the dual bundle. So let’s make sure that this is
well-defined.

LEMMA 7.3. Suppose U is a real vector bundle over a manifold S and E is a
complex vector bundle over S then the space of symbols on (the fibres of) U with
values in E is well-defined by reference to local trivializations.

PROOF. O
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ProOPOSITION 7.3. Under fibre-wise inverse Fourier transform the space of Schwartz
conormal distributions with respect to the zero section of a vector bundle is globally
isomorphic to a space of symbolic densities

dimgy, W
2

(7.37)  IP(W;0w) € FH(C™(S; S (W', QW"))).

PROOF. O

PROPOSITION 7.4. If W — S is a real vector bundle, U — S is a complex
vector bundle and

(738) F: D2 — D1

is a diffeomrophism between open neigbhourhoods of the zero section of W which
maps the zero identically to itself, then

(7.39)

F*: {ueI™(W,0Ow,U);supp(u) € D1} — {v € I"(W,Ow,U);supp(u) € Da}.

PROOF. Since conormal distributions are smooth away from the zero section
we may shrink the domain D, with D5 replaced by the image and the result remains
unchanged.

We also know that the conormal space is a module over ¢*°(S) so we can use
a partition of unity in S to localize to an open sets over each of which W is trivial.
So we may assume W = § x RV,

To see how much remains to be proved, consider the following factorization of
F — in a possibly smaller domain

(7.40) F=LoF.

Here G is the fibre-preserving diffeomorphism constructed from the differential of
F as follows. At each point s € S the tangent space to W is the direct sum

(7.41) TW =TsS o RY

where the second part is the tangent space of the fibre. Since S is fixed pointwise
by F' the differential maps is the identity on 7S and so decomposes into the sum
of two linear maps

(7.42) FRY 5w (L'w, Lw) € TS @ R™.

So L is a well-defined family of linear maps on RY. We already know the invariance
under such maps so it suffices to consider he rem ig:]/.(_lggaterm F.

This defines the first, fibre-linear, factor in (@W&nd hence the second. By
construction this has differential at s € S which is the sum of the identiy and the
‘off-diagonal’ term mapping T Wy to TsS. This means that the map itself is of the
form, in any locall trivialization

(7.43) F(s,v) = (s,w) +v - h(s) + E(s,v), E(s,v) = O(|v?), v € RV,
Then we can deform F to the identity through the family of diffeormorphisms
(7.44) F(s,v) = (s,w) 4+ t(v - h(s) + E(s,v)), t € [0,1].

Now we can use the ‘homotopy method’ again. Very close to S this 1-parameter
family of diffeomorphism is generated by a 1-parameter family of vector fields

d
(7.45) aF:u = F}(Viu), V; = vanishes at S and Vyv; = O(||v])2.
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Now we replace u by a smooth family u; were we want to arrange that

d
(7.46) w =, 2+ Vg € C.

7. Conormal distributions at a submanifold

8. Pseudodifferential operators
L15-end PseudoM

L16 We now have completed the definition of the basic space of sections of a complex
vector bundle conormal with respect to a closed embedded submanifold. Moreover
we have shown that there is a well-defined (principal) symbol map

157.630 | (7.47)
/ 1 1
o:I"™(M,S;V) — 8™ (N*S;V @ QN *x5)), m" =m+ idimM - §codim5.

Here Q2(N*S) is a trivial real line bundle over S with fibre the space of densities on
the fibres of N*S. We know that this captures the leading part of the singularity
of the elements so that

157.631] (7.48)  I™"Y(M,S8;V)—s I™(M,S; V) —= S™ (N*S;V & QN x xS5))

is a short exact sequence. In the process of examining the coordinate-invariance
the error terms were all local at the symbolic level. This means the two sets

157.632 | (7.49) WF(u) C N*S\ 0g

defined as the complement of the larges open cone where where the local full symbol
is rapidly decaying is invariantly defined.

We use this space to define the space of pseudodifferential operators acting
between any two complex bundle vector bundles over a manifold in terms of their
kernels

157.633| (7.50) U™(M;V,W) = I"(M? Diag;m; W @ (V' @ Q).
L16-end
L17

9. Elliptic operators

EllipticM

Now we turn to the construction of a parametrix for a globally elliptic op-
erator A € U™(M;V,W). Thus the principal symbol of A has a representative
a € S™(T*M;n* hom(V,W)) which is elliptic. This means there is an inverse
modulo a compactly supported error,

157.634| (7.51) be ST™(T*M;7" hom(W,V)),
ba —1d € c2° (T M;hom(V)), ab—1d € c2°(T* M; hom(W)).

157.635 PROPOSITION 7.5. An elliptic element A € Y™ (M;V,W) has a parametriz
B e U~™(M;W,V) modulo smoothing operators,
157.636 | (7.52) BA-1d=E eV >®(M;V), AB-Id=FE € V~>(M;W)

and any two such parametrices differ by an element of W=°(M; W, V).
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PrOOF. The surjectivity of the symbol map

(7.53) U= (MW, V) —= S~™(T*M; W, V)

157.634
allows us to choose an element By € U~ (M; W, V) with o_,,(Bg) = b as in (7.51).

It follows from the multiplicativity and exactness of the symbol sequence that
(7.54) BoA—1d=FE, € U (M;V) and ABy —Id = E| € U~ (M; W).
Now we proceed by induction to find a sequence B; € U—m=J(M; W, V), such that

k
() _Bj)A—1d = Epy € ¥ 1(M;V) and
j=0

(7.55) .

A B;)-1d=Ej, € UM W).
j=0
In the ipductive step for Biy1 € U—m=k=L(M: W, V) to satisfy the first condition
in (7.55) we must have
(7.56) Bpy1A — Epi1 = Eppo € U 2(M; V) =
O mt1=0_p 1(Exg1)b mod S™"F=2(T*; 7* hom(W, V)).
So not only is this possible but the choice is unique up to a addition 1%1% a.ferm in

U—m=k=2(M:W,V). Applying A on the left in the first equation in (7-55) and on
the right in the second it follows that

(7.57) AEp41 = E; A

So in fact

(7.58) ao_k—1(Ext1) = ao—p—1(Ep 1) = 0_p—1(Epy1)b = 0_p_1(E}41)b
modulo terms of order —m — k — 2. Thus in fact ABpy; — E,’H_1 = E,{CH €

\IJ_’“_Q(M ; W) so Byt satisfies both conditions required in the inductive step.
The asymptotic completeness of the pseudodifferential spaces means that we
can choose
(7.59) B~ B; e U(M;W,V)
j=0

157.63
which is then a parametrix in the sense of ([7.52).

The uniqueness follows from the existence since if B’ is any left parametrix
then

(7.60) B'A—1d € U~®°(M;V) = (B' — B)A € U~°(M;V) =
B'—B= (B —B)(AB-E')=((B'— B)A)B— (B'— B)E' € U~°(M; W,V).
O

The boundedness properties on Sobolev spaces now show that an elliptic oper-
ator of order m is Fredholm as an operator

(7.61) A:H(M;V) — H*™(M;W).
Recall that even acting on distributions
(7.62) A:CT®(M; V) — ™ (M; W)
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the null space of A is a finite dimensional subspace of € (M; V) since its elements
satisfyb

(7.63) Au=0= u= FEu, E€ U™°(M;V).

If we choose hermitian inner products on V' and W and a smooth density v on
M then the formal adjoint of A is the unique element

(7.64) A" € U™(M; W, V) satisfying /

M<AU,U>WV=/ (u, A*v)yv.

M

The uniqueness of A* follows from this condition.
To see existence, obvserve that the inner products give (antilinear) identifica-
tions of V' with V’ and W with W’ and define an adjoint isomorphism of bundles

(7.65) mW RV — oW @ ngV.
Then the Schwartz kernel is the image of the kernel
A= Drjv, D € I'™(M? Diag;mi W @ V")
under this isomorphism and reversal of the variables so
A*(z,y) = (B(y, ) mRv.
It is straightforward to see that this operator satisfies (%%ﬁio

157 [GEMMA 7.4 The index of an elliptic element A € O™ (M;V; W) as an operator
(7157

(7.66) ind(A) = dim (A4) — dim (A™)

where A* € UW™(M;W,V) is the formal adjoint of A with respect to any choice of

hermitian inner products on the bundles V, W and smooth density on M.

PROOF. From the defining property of A* it follows that if A is considered as
an operator

(7.67) A:H™(M;V) — L*(M; W)
then the orthocomplement of the range is (Ax) where
A* LA(M; W) — H-™(M,V).

157.647
This gives (}'ﬂimor the index. Changing the Sobolev order to A : H*(M;V) —
Hs~™(M;W) does not change the null space and changes the range either by
replacing it by its intersection with HS~™(M;W) if s > m or by the closure if
s < m. In either case (A*) remains a complementary space (but not orthogonal)
since the (extension of) the L? pairing still vanishes. (]

LEmMMA 7.5. If A € Ell,,,(M; V,W) then there exists A’ € UV=°(M;V, W) such
that

if ind(A) >0, A+ A" is surjective
(7.68) if ind(A) =0, A+ A’ is bijective
if ind(A) <0, A+ A’ is injective.
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157.646
PRrROOF. Suppose ind(A) < 0. By Lemma 7.4 dim (4) < dim (A*). Thus we

can choose a smoothing operator A" : (A) — (A*) which is injective. Then any
element of the null space of A+ A’, satisfies Au = —A’u. These lie in complementary
spaces so both must vanish and hence v € (A) and A’'u =0so u = 0. If ind(4) =0
it follows that (A*) C Ran(A + A’) so A+ A’ is a bijection. If ind(A) > 0 thus
argument applies to A*. ([l

LEMMA 7.6. For any real order m and any bundle V' there is an elliptic and
invertible operator Q., € V™(M; V') with diagonal, positive principal symbol.

PROOF. Take a Riemann metric on m and consider the symbol |£|™ Id valued
in hom (V). Clearly this is elliptic. For the case m = 0 we can of course take the
identity. Suppose m < 0 then choose an operator L,,; € gm/2 (M; V) with symbol
|€|™/21d . Tt is a compact operator on L?(M; V). Taking an hermitian inner product
on V and a positive smooth density on M gives L2(M'V') an explicity Hilbert inner
product. Then the adjoint L:n/2 € \I/m/2(M; V') has the same principal symbol
so Q, = Ly jolmy2 € U™(M;V) is selfadjoint with principal symbol |£|™1d.
It is elliptic of order 0 with (Q},) C ¢°°(M;V) finite dimensional. Choosing a
positive definite matrix on (Q7,) and adding it to Q/,, gives an invertible element
of U™ (M;V) with the same principal symbol. For m > take Q_,,. O

The existence of such an element shows that it really suffices to consider oper-
ators of order 0 in the discussion of the index since if A € U™ (M;V, W) is elliptic
then so is A9 = AQ_,, € ¥O(M;V,W) and

(7.69) o0(Ao) = om(A)[[E]7™
Corresponding to the stability of the index of Fredholm operators on a fixed
Hilbert space it also follows that
(7.70) ind(A+ E) =ind(A) if A € U™(M;V,W) is elliptic and
Ee \Ilm/(M;V,W), m' < m.
Indeed, the index of (A + E)Q_,, = AQ—_., + EQ_,, is the same as that of A+ E
and EQ_,, is compact from L?(M;V) to L?(M; W) so the index is the same as

that of AQ_,, and hence A.
Said a different way, we have proved that

LEMMA 7.7. The index of and elliptic element A € O™ (M;V, W) is determined
by any reprentative of

(7.71) om(A)[E]T™ € SY(T* M; m* hom(V, W)).
and so defines a map
(7.72) ind : EL(V, W) = {a : S°(T* M; 7* hom(V, W));
with an inverse modulo lower order terms} — 7

for any bundles V and W.

Of course the bundles certainly have to have the same rank before such an elliptic
symbol exists.

We can think of the pseudodifferential algebra (modules really) as define the
index map (mrough ‘quantization of the symbol’.
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LEMMA 7.8. If Ay € ¥™(M;V,W) and Ay € \I/m/(M;W, U) are two elliptic
operators between bundles then the composite is elliptic and

(773) 1nd(A2 9 Al) = 1nd(A2) + 1nd(A1)
) 157.655
Proor. Using Lemma 7. e can replace A; by ﬁg"r’&@nd As by Q_py As
and reduce to the case that m = m’ = 0. From Lemma [7.4 we see that ind(A*) =

—ind(A). So if 4; and As have opposite signs we can assume that ind(A4;) > 0
and ind(Ay) < 0 or else pass to the adjoint, which reverses the order. If A; and
A have the same sign then we can assume that both are non-negative. So it
suffices to consider the case ind(A;) > 0. Then, adding a finite rank surjective
smoothing operator mapping the null space of A onto a complement to its range
we can assume that A; is surjective. Then the range of As o Ay is the range of
Ao and its null space is inverse image of i _8%1311 space of As under A;, which has

dimension dim((A;)) + dim((Az). Thus (7.73) holds. O
157.659 A
COROLLARY 4. The index map (7.72) 1s additive under the product
(7.74) EN(W,U) o EII(V, W) — EI(V,U)

(when these spaces are non-empty).

10. Self-adjoint operators

Although I will concentrate on the index theorem in these lectures it is even
more important to discuss the spectral theory of self-adjoint ellipitc operators on a
compact manifold. Indeed I am assuming that you have seen this before.

THEOREM 7.2. An elliptic pseudodifferential operator acting on sections of a
vector bundle V' over a compact manifold without boundary, M ,A € ¥™(M;V),
which is symmetric, with respect to a density on M and a fibrewise Hermitian inner
product on V, is self-adjoint and, if m # 0, has eigenfunctions forming a complete
orthonormal basis of L*>(M;V).

PRrROOF. Symmetry here means ‘formal self-adjointness’
(7.75)

(Av,w) 2 :/ (Av,w)yv = / (Av,w)yv = (v, Aw) 2 Y v,w € C(M; V).
M M

If m < 0 it follows from the L? boundedness of A that this identity extends by
continuity to all v,w € L?(M;V) and so A is a bounded self-adjoint operator.
If m > 0 then we know that A : H™(M;V) — L*(M;V) is continuous. Then
A is a closed unbounded operator with domain H™(M; V) C L*(M;V) and elliptic
regularity shows us that the adjoint of this operator, which by definition has domain
(7.76)
Dom(A*) = {w € L*(M;V);c>(M;V) > u — (Au,w)r> is bounded on L?}

is A again as an unbounded operator.

If m < 0 then A is a compact operator and the theory of compact self-adjoint
operators applies to give the complete orthonormal basis. If m > 0 we know that A
has a unique generalized inverse determined by the L? structure and it follows that
B € ¥~"™(M;V) is also self-adjoint. The non-zero eigenvalues of A are the inverses
of the non-zero eigenvalues of B and the null spaces are, essentiallt by definition,
the same. (]
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One of the things that I set out to do was to prove that such an elliptic operator
has ‘Weyl asymptotics’.

11. Fibre bundles

The definition of homotopy of elliptic pseudodifferential operators involves a
‘family’ in the sense of a smooth map [0,1] 5 ¢t — A(t) € U™ (M; V,W). However
we really want to allow the bundles V and W to ‘vary’ as well. In making this
precise we may as well pass to the notion of a family of pseudodifferential operators
on the fibres of a fibre bundle.

DEFINITION 7.3. A fibre bundle is a smooth surjective map between manifolds
¢ : X — Y which is locally a product in the sense that there is a manifold
Z (the model fibre) such that each y € Y has a neighbourhood U C Y with a
diffeomorphism giving a commutative diagramme

(7.77) o\ (U)—E > 7ZxU

So this is just like a vector bundle except the fibres are manifolds, not vector
spaces, and correspondingly the ‘local trivializations’ F' are fibre-preserving diffeo-
morphisms. Of course the most obvious case is a product

(7.78) X=7ZxY

which is globally trivial as a fibre bundle. You are probably familiar with the Hopf
fibration

(7.79) S

given by thinking of S>**! as the unit sphere in C**! and then taking the fibres to
be given by the multiplicative action of the circle S C C.

The ‘fibre above y € Y, meaning ¢~ (Y), is diffeomorphic to the model fibre
Z and is oft(fg_/\.zverg_;ten Zy. There is in general no natural choice of the trivialization
map F in (Wo no natural diffeomorphism between Z and Z,. A fibration is
how we are to interpret the notion of a ‘smooth family of manifolds’.

PROPOSITION 7.6. If ¢ : X — Y is a surjective smooth map between compact
manifolds then it defines a fibre bundle if and only if it is a submersion, i.e. F, :
T X — Tpw)Y is surjective for each x € X.

The compactness, or at least some additional condition, is needed here. The sur-
jectivity is less of an issue, since if ¢ is a submersion between compact manifolds its
image if open and closed and hence is some union of components of ¥ — assuming
we are not requiring manifolds to be connected!

PRrOOF. This is a for 1g.f E}gg Implicit Function Theorem. For a submersion,
there is a local version ofnJTTT)*near each point of X. Namely, the surjectivity of
the differential ¢. is equivalent to the injectivity of ¢* : Tp,)Y — T7X. So if
y; are local coordinates in U C Y near F(p) then the functions ¢*y; defined on
¢~ 1(U) have independent differentials. So they can be completed to a coordinate
system, ¢*y;, zr on X in some neighbourhood of p. Then the fibres localy are the
surfaces ¢*y; =const. This needs to be globalized along ¢~ (¢(p)).

L17-end

L18
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In each of the coordinate patches constructed along the ‘base fibre’ Z(p) =
»~1(¢(p)), the fibre containing p, the choice of local coordinates gives vector fields,

just the V;(k) = 0y, in the local coordinates label by k, which satisfy (i)*(Vi(k)) =

0y, are the coordinate vector fields in the base. The Vi(k) in different coordinate
patches will be different but if we take a partition of unity r; on X near Z(p)
and subordinate to the cover then the V; = kai(k) satisfy ¢.(V;) = 0y,. The
compactness of Z(p) means that this is only a finite sum and so the V; are defined in
an open set ¢~ 1(U) for some neighbourhood p € U in Y. The V; need not commute
but we can simply integrate successively with respect them starting at Z(p). So
for each ¢ € Z(p) integrating V; gives a smooth surface in Y containing Z(p) and
projecting under ¢ onto the y; access in U. Then integrating from this surface gives
a submanifold of one dimension higher projecting onto the y1, ¥ coordinate plane
in U, where this may need to be shrunk at each step. After dimY steps we have
a smooth map from a neighbourhood of the form ¢~1(U’) of Z(p) in Y to Z(p)
\(7<11}§]7c 6tpgether with the projection to U’ gives a diffeomorphism F as required in

7). O

PRrOPOSITION 7.7. If V — X is a vector bundle over t fsz}og%l, space of a fibre
(7.77)

bundle then there are local trivializations of the bundle as in over which there
are bundle isomorphisms

(7.80) V|¢,1(U) — =V, xU
o~ 1(U) r ZxU
U

where Vyz is a fized bundle over the model fibre.

Notice that there is some constructive confusion between the total space of a vector
bundle and the vector bundle itself (which includes the projection to the base).

PROOF. O

Now, the kernel of a pseudodifferential operator on Z acting from sections of
one bundle to another is a distribution on Z2. So we need to consider the product
of each fibre with itself.

PROPOSITION 7.8. If ¢ : X — Y is a fibre bundle then X2 > (x,2') —
(p(x),p(z")) € Y? is a fibre bundle as is the fibre product, which is the closed
embedded submanifold

(7.81) XP = {(z,2") € X*:6(x) = ¢(a')}
and the diagonal is the closed embedded submanifold
(7.82) Diag = {(z,7) € X*;x € X}.

Clearly the diagonal is diffeomorphic to X.

PROOF. O
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12. Families of pseudodifferential operators

To define the space W' (X; V, W) of operators
(7.83) A:C®(X; V) — c=(X; W)

for two vector bundles oyer (t;l}g total space of a fibre bundle we have two clear
options. Use Proposition [7.80 locally in the base and then patch things together or
start globally and see what happens. As you have seen I prefer to take the latter
course, at least for the moment!

DEFINITION 7.4. The space of fibrewise pseudodifferential operators for a fibre
bundle ¢ : X — Y between sections of bundles V and W over X is identified with
the space of conormal distributions

(7.84) V(X VW) = 11 9mY (X Diag: ni W @ nh(V © Qap).

Here 77, mr : X2 — Y are the restrictions of the two projections from X2 and
Q is the bundle over Y of densities on the fibres of ¢.

A more standard notion for this space would be ¥ (X/Y; V,W) where there
is no space X/Y but it is supposed to suggest a family acting on the fibres of X. I
will not use that notation because it does not really fit with various generalizations
below.

1%9,. e need to see that this definition does give a linear space of operators as
in (}7783)de then that they form an algebra. Again we can do this by localization
or we can think globally. What we want to do is make sense of the formula

(7.85) Av(z) = . Az, 2" )w(z'), vec™(X;V).

We can certainly pull v back to X[ under 7 to give the a section of sV over

X[ which is independent of 2 — constant on the fibres of 77. Then the product
with the kernel makes sense and using the pairing of V’ and V gives a section
of T W ® Q6. This is singular only at the diagonal and the projection 7y is
transversal to the diagonal. So, we can see that the integral is well-defined and
gives a smooth section of W over X.

The tangent bundle of X has a subbundle, T5, X — T'X consisting of the
vectors tangent to the fibe at each point. For each y € Y the restriction if this fibre
tangent bundle is therefore just the tangent bundle of the fibre

(7.86) QM%:T%.

The dual bundle to 74X which I will denote T; X is then the collection of the fibre
cotangent bundles

(7.87) T X

7, = T 7,.
157.678
The adjustment in the order in (7.84) is so that:

PROPOSITION 7.9. There is a well-defined principal symbol map giving a short
exact sequence

(7.88) Wy_l(X; V,W) = Wi X; V, W) T, S™(TyX; 7 hom(V,W))
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consistent with the single operator case in the sense that for each y € Y there is a
restriction map

(780) WI(X;V.W) 3 A s Aly) € WJ(Z; Vs W), 0n(AW)) = 0(A)

T+ Z,"
Returning to the discussion of the index of an elliptic operator observe that

PROPOSITION 7.10. The ‘numerical’ indez of an elliptic family of pseudodiffer-
ential operators ind(A(y)) is constant.

For vector bundles over a manifold, let us denote by iso(V, W) C hom(V, W)
bundle with fibre the invertible linear maps between fibres at each point. For two
pairs of bundles V;, W; i = 1,2 there is a direct sum operation

(7.90) iso(Vy, W1) x iso(Va, Wa) — iso(Vy @ Vo, Wy @ Wh).

ProroOSITION 7.11. Any elliptic operator is homotopic to a classical elliptic
operator and hence for any compact manifold and vector bundle the index induces
a map

(7.91) ind : ¢*®(S*M;n*(iso(V,W)) — Z

i . _ . |157.688 o
which is additive under direct sums as in (I1.90) and under products giving commu-
tative diagrammes

ind X ind,

(7.92)  C®(S*M;7*iso(Vi, W1)) x C(S* M; 7* iso(Va, Wa)) =27 x 7

| |

C®(S*M;m*iso(Vy & Vo, Wy @ Wa)) —— 24 o 7.

(7.93) Co(S* MW, U) x ¢(S*M; V, W)X 2 « 7
lo |
(S M; V,U) — 24 Z.

Now, we need to relate this to K-theory. Consider all of the triple (V, W, a)
where V and W are complex vector bundles over M and a is an isomorphism
between them , which we can write as a € C*°(S*M;7n*iso(V,W)). We impose
three relations on this biggish set of data.

(7.94)
Bundle isomorphism invariance: (Vi, W1,a) ~ (Va, W, bae™ 1)
ifbe COO(M;Wl,WQ), e c COO(M, Vl,‘/g)
(7.95)
Homotopy invariance: (Vi, W1,a1) ~ (Vo, Wo, ag) if 3
h € c*°(5* M x[0,1];iso(V, W)) where V, W are bundles over M x [0, 1]
with V‘MX{O} =W, V{qu} =W, W|M><{O} = W, W|M><{1} =W
(7.96) Stability: (VoUW @ U,a®Idy) ~ (V,W,a) for any bundle U — M.
Each of these is an equivalence relation — for the first and last this is straightfor-

ward, for homotopy equivalence one needs to do a littl work in concatenating two
homotopies to get a smooth one. The trick is to replace an initial homotopy by its
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pull back under a smooth bijective map [0,1] — [0.1] which is constant to infinite
order at both ends. Then following one of these with another gives smooth objects
over [0, 2] which can be reparameterized to a homotopy.

THEOREM 7.3. * The collec{ 636( {f@; S* 57 91150 ) subject to the
? 95% and

equivalence relation co {Jggz . 18 an abelm group under
the additive operation (?.9”% whzch is natumlly zsomorphzc to K%(T*M) and to
which the (numerical) index map descends giving the push-forward map
(7.97) K9 (T*M) ™5 K°({pt}) =2

MOST OF PROOF LATER. The identification of K°(T*M) with the equivalence
classes of the data in C°°(S*M;n*iso(V,W)) uses the results in Chapter [?? and
is discussed below, as is the definition of the ‘wrong-way map’ m. The existence of

this map, uses the notion of the K-orientation of T* M. Ho €Yo {]&f@g& th &5‘[7}189 .
index map does descend through the equivalence relations (;.94' ), (7.95) and (I7.96)

follows directly from the preceding discussion. (I

So my basic claim is that it is ‘better’ to prove the more general families index
theorem. In the more general families case the plan is to pass through semiclassical
quantization since this has better functorial properties (whilst being equivalent to
the pseudodifferential qunatization we have been employing).

13. Families index theorem

The ‘numerical index’ that we have been discussing exactly characterizes the
invertib'}ig%f_ &ré)perties of elliptic operators, up to smoothing perturbation as seen in
Lemma 7.5, For an elliptic family we can ask the stronger question:- When is there
a perturbation, A’ € ¥ *°(X;V, W) for an elliptic family A € U (X;V, W) such
that A+ A’ is invertible? Clearly the vanishing of the numerical index is necessary,
and this implies the existence of such a perturbation locally near each point in the
base, but it is not sufficient to imply the existence of a global perturbation working
at every point. The obstruction is precisely the families index which, in line with
the discussion above, we will find as a map
(7.98) indy : (S} X;w* iso(V, W) — K°(Y).

To construct such a map we look for a ‘good’ pertubation and parametrix.

PROPOSITION 7.12. If A € VEH(X;V, W) is an elliptic family then there exists
A e \If;‘x’(X; V,W) and a parametriz B € \Il;m(X; W, V) such that
(7.99) B(A+ A)=1d—py, (A+A")B=1d—p,
where p1 € ¥, (X3 V) and po € V(X W) are finite rank projections (idempo-
tents).

We show below that the formal difference py © p2 defines an element of K oY)
which is defined independent of choices and this gives the map (7.98). In fact this
defines a map

(7.100) indy = (¢m), : K*(T;X) — K°(Y)
the identification if which is the Atiyah-Singer theorem in K-theory.

PROOF.

L18-end
L19
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14. Spin and Dirac

Most of the geometric examples of elliptic operators, and families of them,
are first order differential operators. Perhaps the most basic is the ‘Hodge-Dirac’
operator.

If M is a compact manifold (it need not be oriented) the form bundles A* M
are well-defined real vector bundles over M but we will allow complex coefficients
as well. Then the deRham operator is a well-defined first order differential operator

157.702] (7.101) d: C®(M;A*) — ¢ (M; AFh) ¢ = 0.

By convention, for k£ < 0 or k > dim M, the form bundles are trivial, just the zero
vector space at each point. The deRham differential is not an elliptic operator,
indeed it symbol is

157.703] (7.102) o1(d)(z, &) = i€n € S1/SO(T* M; hom (AR, AFFY), (x,€) € T* M.

If we choose a Riemann metric on M we get, by definition, a fibrewise Euclidean
inner product on 7'M and hence the dual inner product on T*M and by standard
constructions inner products on all the A¥M. Moreover we also get a well-defined
Riemannin density (not a volume form unless M is oriented) which I will write as
dg. This data determines a formal adjoint of d,

157.704] (7.103) §=d" : C®(M; ATy — ¢ (M; A*) V k, 6% = 0.
Then the Hodge-Dirac operator is

157.705 | (7.104) 0=d+0€El(M;A) 01(0)(z,8) =i(E AN—1(§))
where ¢(§) is contraction with the metrically dual tangent vector to the cotangent
vector &.

157.706 THEOREM 7.4 (Hodge). If M is compact without boundary, the null space of O

is naturally isomorphic to the deRham cohomology of M.

ProOOF. The operator 0 is elliptic since
157.707| (7.105) 01(0)2 = EAL(E) + L(E)EN = €2 1d.

Thus 0% = A (the Laplacian, or Laplace-Beltrami operator) has scalar principal
symbol which is invertible where £ # 0. As an elliptic, formally self-adjoint operator
we know that it is self-adjoint and the range has an orthogonal decomposition which
restricts to smooth sections to

157.708 | (7.106) C®(M;A*) =null(3) & 0 (C>(M;A")).

This is the Hodge decomposition.
Note that if h € null(d) C ¢>°(M; A*) then

(7.107) / (dh, dh) = / (dh, —3h) = / (d*h,h) =0
M M M
so dh = 0h =0,
157.708
Applying (7.I()6; to a closed form u € C*°(M;A*) gives

(7.108) u="ho (dv+dv), vec>™(M;A), dh=35h=0.

This defines a surjective map
(7.109) {u € c®(M;A*);du =0} 3> u+—s h € null(d).

since h is mapped to itself.
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157.709
Taking the inner product of (?.1118% with dv shows that dv = 0 (since u is
closed) and hence that

167.712| (7.110) u=h+dv.

I &= %w then taking the inner product with u shows that u is in t%gg;lé space of

(. . Conversely if w is in the null space u = dv. Thus the map ( descends
to an isomorphism
(7.111) Hig (M;R) — null(d).
O
COROLLARY 5. The restriction of the Hodge-Dirac operator to

Ot C®(MA™) — ¢ (M; A°™)

has index the Euler characteristic of M

157.715] (7.112) ind(9") = > (—1)* dim Hjg (M),
k=0

L19-end
On a Riemann manifold a Clifford module is a complex vector bundle W — M

with Hermitian metric together with a norm-preserving bundle map

(7.113) cl: T*M —s hom(W)
satisfying the condition
(7.114) cl(€) el(n) + cl(n) cl(€) = 2(¢,n) Id in hom(W).
LEMMA 7.9. A Clifford module has a unitary connection V satisfying

157.719| (7.115) V,cl(§)w = cl(Vi)w + cl(§)V,w,
Voecc®(M;TM), {€c®(M;T*M), we Cc™(M;W)
where V€ is the action of the Levi-Civita connection on the cotangent bundle.

PRrROOF. As usual the idea is to construct such a connection locally and then
patch using a partition of unity. O

Interpreting the connection as a differential operator V : c*®(M;W) —
C®(M;T*®@W) and the Clifford action as a contraction map cl : T*"W W — W
the associated Dirac operator is a well-defined differential operator

157.720| (7.116) 0=cloV:C®(M;W) — Cc=(M;W).

So, how do such Clifford modules arise and what is the index of the associated
Dirac operator? Let me restrict to the case that the dimension of M is even, 2k
— the odd-dimensional case is slightly different. Give a Riemann metric on M
the complexified Clifford algebra at each point, defined as the quotient of the full
j(%p.p;%;(iﬁed tensor algebra of Tx M by the ideal generated by the elements as in

; 1.e.
(7.117) §@n+nes—(¢mnld
forms the fibre of a bundle
(7.118) Cl(M) — M.

This is an Azumaya algebra — not only is it a complex vector bundle by the fibres
are algebras and these algebras are isomorphic to the 2¥ x 2F matrix algebra. A
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local orthonormal basis gives a trivialization of the bundle consistent with these
identifications.
A Clifford module is then a vector bundle with a multiplicative bundle map

(7.119) Cl(M) — hom(W).

Such modules arise from a Spin structure or a Spin-C structure on M. Both of
these only make sense on an oriented manifold. They have to do with the groups

(7.120) Spin —C(2k) —> Spin(2k) —> SO(2k).

Here (for k& > 1) the spin group is the universal cover of SO(2k). Since 7 (SO(2k) =
Zo this is a double cover. One way to construct concretely is using the Clifford
algebra on R?*. An element of SO(2k) acts on the Clifford algebrzfs;h; jugh its
action on TyR?* = R2* which preserves the ideal generated by (%7‘[7? Such
an algebra-preserving isomorphism of a matrix group is necessarily generated by
conjugation so for O € SO(2k) there is an element Lo € CI(R?}) such that the
action of O is

(7.121) c(0€) = Locl(§) Ly

Such an element can be constructed by factorizing O into products of reflections.
Then Lo is the product of the clifford actions of the unit normal vectors to the
fixed set of the reflection and is determined by up to sign. These Lo form the Spin
group. It has a reflection action, given by the kernel of Spin(2k) — SO(2k) and
the Spin-C group is

(7.122) Spin —C(2k) = Spin(2k) xz, S.

15. Gerbes?

I do not expect to have time to discuss this in lectures. The idea is that this give
a rather systematic approach to Spin and Spin-C structures on manifolds. Since it
is relevant, at least as background, let me briefly recall the classification of real and
complex line bundles over a manifold — which is generalized by gerbes.

A real line bundle over a manifold M can be given a smooth family of fibre
metrics and so reduced to a principal Zs bundle the ‘sphere’ in the line at each
point

M

|

M.

(7.123) Zs

Thus, M is a double cover of M with the action of Zj being to interchage the points
in each fibre.

Such a principal bundle is classified by H'(M;Zs). This is most easily seen in
terms of Cech cohomology. To be brief about this, any open cover of a manifold
has a refinement to a ‘good’ open cover — one in which all the open sets and all
non-trivial finite intersections of them are contractible. A covering by small (with
radius below the injectivity radius) Riemannian balls satifies this.

So, one can find such a good open cover over each element of which, U;, the
Z3 bundle has a section. Then over each intersection U;; = U; N U; the relation
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between these sections gives a map

(7.124) Xij : Uij — Zo.

This is a Cech cocycle, since over triple intersections

(7.125) XijXjkXki = L.

It follows (this is Cech theory) that this determines a cohomology classe
(7.126) x € H(M;Zs).

The vanishing of this cohomology class is equivalent to the exactness of cocylcle
(because the cover is good), meaning the existence of smooth (i.e. continuous)
maps

(7.127) i : Ui — ZQ s.t. Xij = 81'77]-_1 on Ul]

Such a collection of map allows the original sections to be ‘corrected’ to a global
section — implying the Zs cover, and hence line bundle, is trivial. Conversely given
a cocycle x;; one can construct a Zo-principal bundle from it which recover .

Similarly for complex line bundles over M are classified by H?(M;Z). Again
one can choose a metric on the line bundle and so reduce it to a principal-S bundle

(7.128) S——S8§

M.
Now the local trivialization over a good open cover give a map
(7129) Cij : Uij — S s.t. CijCjkCki = 1 over Ul n Uj n Uk

This cocycle yields a cohomology class, the Chern class, ¢ € H L(M;S) which 1i§7t]?
same as H?(M;Z). The triviality of ¢ implies the existence of a section of (I7.13
and conversely. Moreover a prinicpal circle bundle can be constructed from a class
c € H*(M;Z) with this as Chern class.

The relationship between real line bundles, and their complexification (obtained
by tensoring with C) is the Bocksteim homomorphism

(7.130) HY(M;Zs) — H*(M;7Z).
Gerbes, in particular bundle gerbes, are the next step up from line bundles. 1

include a brief discussion of ‘lifting bundle gerbes’, specifically for spin and spinC
structures.

3
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CHAPTER 8

Semiclassical quantization

1. Blow up

DEFINITION 8.1. If S C M is a closed embedded submanifold a blow-up of M
along S, also called the blow-up (actually the radial blow-up) of S, is a manifold
with boundary [M; S] and smooth surjective map 3 : [M; S] — M (the blow-down
map) with the properties

(1) B:[M;S]\9O[M;S] — M\ S is a diffeomorphism

(2) B:0[M;S] — S is a sphere bundle

(3) If 0 < ¢ € ¢*°(M) vanishes precisely at S and exactly to second order then
B*q = x? is the square of a boundary defining function z € c*([M; S])

(4) The Lie algebra of smooth vector fields on M which are tangent to S lift
to span, over C°°([M; S]), the Lie algebra of vector fields tangent to the
boundary.

The ‘precise second order vanishing’ is the statement that the Hessian of g at
each point s € S is postive definite as a quadratic form v;v;q on NS, the normal
bundle to S.

If you recall the notion of compactification from early in the course you will see
some similarity. However blow-up is much more functorial.

Why blow up submanigolds? There are several reasons (but it isn’t always a
good ideal).

THEOREM 8.1. Any closed embedded submanifold has a blow-up and any two
are naturally diffeomorphic.

Recall that the normal bundle to S, NS = TsM /TS parameterizes the vector
fields at S ‘pointing into N’. As we shall see the boundary of the blow-up is the
corresponding sphere bundle SNS = (NS \ 0g)/R*. So the definition of [M; 5]
involves gluing this onto M \ S to get a manifold with boundary.

: S?CI?CI.{CQ’QE.I The existence will use the collar neighbourhood theorem, discussed in
We start with a simple case, namely M = W is a real vector space and S = {0}
is the origin. We can get a quadratic function ¢ = |w|? as the square of the length
for some Eucludean norm on W. Then we ‘introduce polar coordinates’. These are
‘singular coordinates’ (whatever that means) but correspond to a smooth map

(8.1) B:[0,00) x (W\0)/RT — [0,00) x {w € W;|w| =1} 3 (r,0) — rib € W.

Here the first map is a diffeomorphism where the metric is used to identify the
quotient with the unit sphere. The inverse of 3, restricted to W'\ 0, is

(8.2) w — (Jw|, [w]) € [0,00) x (W \ 0/RT).

125
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So we conclude that under change of norm from |w| to |w|" the identity map on
W\ 0 lifts to the smooth diffeomorphism

(8.3) B:10,00) x (W\ 0/RY) 3 (z, fw]) — (12, )

w|™
which is the identity on the boundary. So the construction does give the set
(8.4) (W\O/RT)LI(W\0)

a unique topology and C*° structure.

Now, we should check that this has the desired properties. The first two con-
ditions are clear since f is clearly a diffeomorphism of (0,00) x (W \ 0)/R* onto
W\ {0} and the boundary, js agphere. The quadratic function corresponding to
the metric used to define (kﬁ)l—js%aﬁ so the third condition holds for this metric
and any other quadratic function is the sum of some other Euclidean metric (its
Hessian) and a function vanising to third order at the boundary. The first part is
the product of |w|? with a smooth function on the sphere so it is the square of a
defining function for the boundary and the higher order term is smooth (since § is
smooth and vanishes to third order at the boundary.

So, it remains to check the fourth property. The vector fields tangent to 0 are
those which vanish there and so the are of the form, in any linear coordinates,

(8.5) Zaijwiawja aij € CT(W).

j
The coefficient pull back to be smooth, so to show that these lift, i.e. extend
smoothly from z > 0 down to z = 0, it suffices to show this for the w;0,,.
These are homogeneous of degree 0 on W and under § radial scaling becomes

(F [whoz5 5 (tz, [w]), t > 0. Thus writtend in terms of the product decomposition

(8.6) w;0w,; = a([w])zd, +V

where V' is a smooth vector field and a is a smooth function on the sphere. Both
extend smoothly down to x = 0. The radial vector field w 1@71%; to x0, and the
w; 0y, span all vector fields on W away from 0 so the V' in (@.6) span all the vector
fields on the sphere.

This completes the proof for the blow-up of 0 € W. It is clear that the linear
map reversing one coordinate lifts to be smooth as the reflection in the sphere.
Then the smoothness of the lifts of the linear vector fields w;d,,;, which form the
Lie algebra of GL(W) shows that the action of this group on W \ {0} extends to
[W, {0}]. It follows that the action

(8.7) GL(W) x [W,{0}] — [W,{0}]

is smooth.

Now we pass to the case of the zero section of a real vector bundle, U — M.
We define this as the union over the base of the blow-up of the fibres just defined,
with blow-down maps

(8.8) U,00] = | | U, {0} 2 U
meM

A local trivialization over an open subset O C Sives B~HO) a product trivial-
ization as a fibre bundle and the smoothness of (8.7) means this patches smoothly
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157.739 . o
to make (%.85 into a smooth fibre bundle with smooth map. Similarly the first
and third conditions follow directly. The vector fields tangent to Oy are given in a
spanned in a local trivialization by the

157.740| (8.9) 0.y WiOy,

where the z; are coodinates on M. All these vector fields have smooth lifts in the
product decompositon of [U;0y] and so globally and clearly span the vector fields
tangent to the boundary.

Finally then we pass to the general case but this follows from the collar neigh-
bourhood theorem (or working locally if you prefer) which gives a diffeomorphism y
from a neighbourhood @’ of an embedded submanifold S C M to a neighbourhood
Q@ of the zero section of its normal bundle. This gives a C* stucture to

(8.10) [M;S] = (M\S)USNS
as a manifold with boundary and by the lifting property it is independent of the
choice of x. O

The discussion above is for a closed embedded submanifold of a manifold with-
out boundary, of course it applies unchanged if M has a boundary, including cor-
ners, but S does not meet the boundary. If S does meet the boundary we need to
specify the meaning of ‘embedded’. What is needed for the existence of a collar
neighbourhood theorem is the following condition.

157.742 DEFINITION 8.2. A subset S C M of a manifold with corners is a p-submanifold
(the ‘p-’ being for ‘product’) if at each point of S of codimension k there are
‘adapted’ local coordinates

157.743| (8.11) L1y ooy Thy Yly ooy Yngp in O C M
where the x; > 0 are local boundary defining functions and
157.744| (812) SNO={x14;=0,i=1....,k—1, yj4, =0, p=1,..., n—k—j}.

Here S has codimension n — [ — j.

157.745 THEOREM 8.2. Any closed p-submanifold of a manifold with corners has a
blow-up which is unique up to natural diffeomorphism.

PROOF. Maybe it is best to prove the collar neighbourhood theorem in this
context first! O

2. Semiclassical smoothing operators

As usual we have two ways of approaching the definition of semiclassical smooth-
ing operators on a manifold, and more generally on the fibres of a fibration. We
can either use the original definition on R™ and localize or proceed globally. As you
can already see, I favour the latter appropach.

First recall the case of Euclidean space. We defined the semiclassical smoothing
operators in terms of Schwartz functions A € ¢*°([0,1]; $(R?*")), depending on a
paramater, with the kernel being

-y

157.699 | (8.13) Ae, x, i

e "dy

where I have included the measure since we know now that we should!
One reason for introducing blow-up above is that we can understand the kernels
directly as smooth sections of a bundle.
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PRrROPOSITION 8.1. The space of semiclassical smoothing operators on R™ have
kernels which are smooth sections of a rescaled density bundle over

(8.14) [R™ x R™ x [0, 1]; Diag x{0}]
PROOF. O

3. Pull-back and push-forward

This should really have come earlier in the course, but there is some virtue in
leaving things until you need them, even if ‘just in time’ has its drawbacks!

Essentially the definition of smoothness of a map F': M — N between mani-
folds means that the pull-back map is defined, linear and continuous on functions

(8.15) F*:C®(N) — c>(M).

We can add in a vector bundle on the image space to get

(8.16) F*:C®(N; W) — C*(M; F*W)

Indeed, the pulled-back bundle, having fibes

(8.17) (F*W ) = W)

is defined so that this is true. A trivialization of gvepan open set O C N induces
a'triv@ggion of F*W over F~1(0) and then (B.I5) applies to the coefficients to
glverl(“h.e map (%%Ggégas a ‘formal transpose’

(8.18) Fo:c7%(M;W Q) — c.®(N; W Q)

since these are the dual spaces — so

(8.19) (Fow)(9) = w(F*¢), ¢ € CX(N; W), we C:(M;W' Q).

We need compactness of the support of w (really a bit less) to make sure that the
pairing on the right is defined.

In general the push-foward map does not preserve smooth gss.1E you consider
the constant map F : M — {p} € N then it follows from (& hat F,w has
support contained in {p}. Indeed, if p ¢ supp(¢) then supp(F*¢) = 0. In fact in
general it follows that ¢*¢ is copstant on M for this map (with F*W trivial) so
the pairing on the right in (%‘FQ%)TS just an integral. Clearly this is not always zero,
and then F,w is necessarily singular.

So one cannot expect too much regularity for F,w even if one assumes that
w € CP(M; W' @ Q). However, one of the properties of a fibration (the map corre-
sponding to a fibre bundle) is that a version of Fubini’s Theorem holds.

PRrOPOSITION 8.2. If F: M — N s a fibre bundle then for any vector bundle
W — N,

(8.20) Fo:cX(M;W Q) — C(N; W @ Q)
18 surjective.

PRrROOF. As 1 585, bini. The regularity of F,w is a local question on N since
we can see from (% 9 ; that if ¢ € C°°(N) then
(8.21) YF (w) = Fu(F*w).
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So it is enough to assume that w has support in F~1(O) where the fibre bundle
is trivial over O C N and then use a partition of unity; we can arrange that W
is trivial over O as well. Then the diffeomorphism invariance of integration (of
densities) means that we really are reduced to the case that F~1(0) = Zx) and
we are integrating over Z. (I

Once we know this we can reverse the definition of push-forward and see that
for a fibration pull-back extends by continuity to

(8.22) F*:c7°(N; W) — ¢c™°°(M; F*W) and is injective.

Really the pull-back is ‘constant along the fibres of F’.
We are interested in more refined version of this. In particular notice that if
S C N is a closed embedded submanifold then for a fibration

(8.23) F~Y(S) C N is closed and embedded.

157.754
PRrROPOSITION 8.3. Pull back under a fibration, as in (%.22) defines a continu-
ous linear map

(8.24) F* . I™(N,S; W) — I~ Y*(M; F7Y(S); F*W)

for any closed embedded submanifold of N of codimension d and any vector bundle
W over N.

PROOF. O

157.752
We can, and should, ask a similar question abovt the push-foward map (%.2” i
So consider a closed, embedded submanifold D C M. There are already lots of
submanifolds of M as the total space of a fibration, namely the fibres. Recall

DEFINITION 8.3. Two embedded submanifolds D and Z in a manifold M meet
transversally if at each point intersection

(8.25) peDNZ=T,D+T,Z=T,M <= N;DNN")pZ = {0}.

LEMMA 8.1. The transversal intesection of two embedded submanifolds is an
embedded submanifold with codimension the sum of the codimenstions.

In particular two manifolds which do not intersect ‘intersect transverally’. For two
embedded submanifolds the notation for their intersection D M Z means that they
intersect transversally.

PROOF. By definition near any point of D there are local defining functions
w; which vanish on DW with independent differentials. Similarly there are local
defining functions u; for Z. At a point of intersection the transversality condition
means that the w; and u; have independent differentials. Since they vanish precisely
on the intersection locally, it is an embedded submanifold. ([

DEFINITION 8.4. We say that a smooth map F : M — N is transvesal to an
embedded submanifold D C M (or that the submanifold is transversal to the map)
if the differential Fl : T,D — T, N is surjective for each p € D.

PROPOSITION 8.4. A submanifold D C M of the total space of a fibration is
transversal to the fibration if and only if it is transversal to each fibre; if D is closed
then

(8.26) F, : I™(M,D; F*W @ Q) — C°(M; W @ Q).
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So integrating along the fibres of a fibration which is transvesal to a submanifold
‘wipes out’ the singularities of conormal distributions.

PROOF. O

4. Abstract product theorem

Now, what I have been building up to here is a result which we can use to
prove composition result for operators. The case to bear in mind is one we have
already covered. Namely take the triple product M3 and denote a general point
(my, mg, m3). Then consider the three diagonals,

(8.27) Dy = {m1 =ma}, D2 ={mg=ms}, S3={ms =ms}.
Each pair of these intersect transversally in the same ‘triple diagonal’
(8.28) T = {my = mz = mgs}.

Now consider the smooth map

(8.29) ¢ : M3 3 (my, mg, m3) — (my,m3) € M.

So

(8.30) D3 = ¢ *(S), S = Diag = {(m,m) € M?}.

The product formula for pseudodifferential operators involves the multiplication
of conormal distributions with respect to D1 and Dy and push forward under ¢.

The first step involves a result which really goes way back to the beginning of
the course.

LEMMA 8.2. If D; C M, i = 1,2 are closed embedded submanifolds which in-
tersect transversally then the product of conormal distributions is well defined

(831) X I*(M,Dl,Wl) X I*(M,DQ,WQ) — CioO(M, W1 ®W2)

There is no statement of conormality of the product, because it is not true in general
(and with our definitions so far does not make sense which is reassuring)!

THEOREM 8.3. If D1, Dy are closed embedded transversal submanifolds of the
total space of a fibration F': M — N to each of which the fibration restricts to be
a diffeomorphism and such that there exists a closed embedded submanifold S C N
with

(8.32) ¢ (S) M Dy = ¢ 1(S) h Dy = Dy th Dy

and a bundle map

(8.33) h:Wi @ Wy — ¢"(W) @ Qu

then the composite map

(8.34) & (g€) : I (M, D1; Wh) x I™2 (M, Dy; Wo) — I'™(N, S; W @ W).
PROOF 159. ider the three submanifolds D1, Dy and D3 = ¢~1(S). By as-

sumption, (8.32), they intersect transversally in pairs. Since ¢ is assumed to be a
diffeomorphism when restricted to D; it follows that the restriction of the fibration
(8.35) ¢:DiNDy — S
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157.767
is a diffeomorphism. Now it follows from (%st_fhat all three manifolds must have
the same codimension — since the intersection has codimension which is equal to
the sum of eac 2

To DYy é 347, first note that away from D; N Dy the image of the product
map in (k?%_ﬁes in the sum of I*(M; D1, W; @ W3) a 957[*7%44, Dy; Wy @ Wa) so,
after composing with the bundle map h, so Proposition E.ZI applies and shows that
the push-forward is smooth. Thus, it suffices to consider a small neighbourhood of
a point n € § C N and its preimage. We may also assume that the elements of
I (M, Dy; Wy) and I72(M, Do; W3) are supported near unique preimage n’ of n
in D1 N Dy (by using a partition of unity and discarding smooth terms).

Now, it is convenient to observe that D; and D, and the fibration can be
brought to simultaneous normal form near such a point n’ € Dy N Dy. Let 2z =
(2/,2") be local coordinates in the base, N, near n in which S = {z” = 0}. Since
¢ is assumed to be a diffeomorphism when restricted to D; it follows that it is a
graph over N locally. So we can introduce additional variables y near n’ so that
(y,2',2") form a coordinate system and

(8.36) Dy ={(y,7,2");y = 0} near n’.
Since Do is also a graph over N near n’ it takes the form
(8.37) y; = Yi(2',2") near n'.

The codimension of Dy, the number of y;, is equal to the codimension of S C N,
i.e. the number of 2" variables.

The assumtion that D; N Dy C ¢~ *(S) means that Y (z/,0) = 0 and the
transversality of D; and Ds implies that

(8.38) d.nY;(2',2") are linearly independent at (0,0, 0)

(since the d,~Y; = 0. These form a square matrix, so the Y; can be introduced
as new variables in the base, in place of the z” and defining S. This then is the
coordinate normal form

(8.39) Dy ={y=0}, Dy={z"—y=0}, Dy={z"=0}.

Ignoring the bundles, it follows that the conormal distributions locally take the
form
(8.40)

uy = (27T)_d/ a(2, 2" m)e’ dn, up = (2m) ™ [ (2" )e T dy
R4 R4
where we can assume that the symbols a and b are supported near (z/,z”) = 0. The
push-forward of the product is then

(8.41) /ul(a y)uz(z,y)

= (2m)™ /]R3d a(2', 2" €+ n)b(z', 2" ) e Edndedy, € =n—1.

Formally at least the £, y double integral can be interpreted as a Fourier/inverse
Fourier transform which evaluates the integrand at £ = 0 giving

(842)  u(uruz) = (2m)77 / a2, 2" 0 )b(', 2" )e? T d € (N, S).
R3d

To justify these last step we use continuity in the symbol topology as usual. O
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5. Semiclassical pseudodifferential operators

The semiclassical pseudodifferential algebra quantizes the semiclassical Lie al-
gebroid. First we need to understand what this means.

DEFINITION 8.5. A Lie algebroid on a manifold N is determined by a real
vector bundle, W, over N and a bundle map (the anchor map)

(8.43) a:W — TN

with the following additional properties

(1) The space of smooth sections C>°(N; W) is a Lie algebra
(2) The Lie bracket satisfies

(8.44) a([Vi,Va]) = [a(V1),a(Va)] Y Vi € C®(N; W), i =1,2.

The space of sections ¢ (N; W) is normally called the Lie algebroid.

So of course V(N) = C*°(N;TN) is a Lie algebroid. In the compact case its
‘quantization’ is taken to be the space ¥*(N) of pseudodifferential operators.

I will leave open for the moment the precise definition of quantization, I may
suggest a definition below but it depends rather on how much one wishes to demand.
We have met a second example above, namely if ¢ : X — Y is a fibration of
compact manifolds then

(8.45) Vo(X)={V eV(X); Vo f=0V fec™¥)}

is a Lie algebroid. The quantization is the algebra Wy #( X) of fibre-wise pseudodif-
ferential operators, which is directly involved in the definition of the Atiyah-Singer
index above. What is the bundle? If we take local coordinates y; in the base and
extend these to coordinates near a point of X by adding some z; then the elements
of V(X)) are locally of the form

(8.46) Z a;j(y,z)0s,.

So the bundle involved here is precisely the fibre tangent bundle *TX C TX with
the anchor map being the natural inclusion (so of constant rank).

The case of immediate interest is the semiclassicl Lie algebroid which is closely
related to 9. Namely, take a manifold M and consider

(8.47) MI1,sl] = M x [0,1]. — [0, 1].
On this space we consider fibre vector fields which in addition vanish at the bound-

ary € = (. Clearly in local coordinates, z;, on M this means the smooth vector fields
of the form

(8.48) Z a;(€, 2)€d.,; .

These clearly forﬁ%?a?%}e algebra, but what is the bundle V7 We have to construct
it. The form of (%.48) makes it rather clear that we have a local basis with elements
(8.49) €0,

So these give a basis for the bundle $'T'M (which is a bundle over M[1,sl] not M
despite my notation). You might struggle a bit to think of €J,, as an ‘entity’ rather
than the product of € and 9,, but that is precisely what is involved here.
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6. Semiclassical index map
7. The Atiyah-Singer index theorem
The setting here is a smooth, compact fibre bundle

(8.50) Z——X

iﬁ

The compactness of the base is not very critical — we just need to assume that
everything is trivial outside a compact set; non-compactness of the fibres is not
much worse but see the discussion of Atiyah-Patodi-Singer below.

The basic question then, is given a smooth family of differential operators acting
between sections of vector bundles on the fibres of ¢ as a map

(8.51) A:C®(M; V) — Cc™(M; W)

when is it invertible?

This is hard.

Here is a step-by-step outline of the proof of the Atiyah-Singer index theorem
(for families, in K-theory) showing what remains to be done — since I do not expect
to have enough time to do every thing in detail.

(1) Definition of the index map — this is still a little incomplete. We can
think of ‘quantization data’ as a triple (V,W,a) where V and W are
vector bundles over X and

(8.52) a € C*(S;X; " hom(V, W))

is an inwvertible isomorphism between the lifts of V and W from X to the
fibrewise cotangent sphere bundle over X. We talked about more general
elliptic symbols earlier.

(2) We have not quite finished the proof that the K-group K O(T¢X ) is identi-
fied with the equivalence classes of the data (mnder the three relations
of bundle isomorphism (over X of V and W), homotopy and stability.

(3) Then we can quantize a to a family of pseudodifferential operators A €
\Ilg,(X; V, W) — this is the surjectivity of the symbol map. Any two such
quantizations are homotopic and there are qunatizations where the null
spaces form a vector bundle over Y.

(4) The K-group K°(Y) can be identified with equivalence classes of pairs of
vector bundles over Y with the relations, bundle isomorphism, homotopy
and stability (by adding an one bundle to both).

(5) The quantizations have appropriate properties under these maps so that

(8.53) ind : KT, X) — K°(Y)

is well-defined with the index being the difference of the null bundle and
a complement to the range for a quantization A (any one for which the
null spaces form a bundle). 157 795

(6) Now we want to deform the index map (%TBi—nto the semiclassical cal-
culus. To do this we generalize the data in h—Wmely we consider triples
(B1,B1,b) where the §; are involutive families T X — GL(N,C) and
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b € c*°(Tg, X; hom(CV)) is such that b : Ran(P;) — Ran(P) is an iso-
morphism over S, X (the boundary of T, X) with P; = 3(5; + 1d) the
positive projections of the involutions. This is the semiclassical data con-
sidered above the equivalence classes under homotopy and stability again
.form the gr fél?_-;gg(T fipX. Semiclassical quantiza.ti n ciraetsaults in the same
index map (%.53) when the data reduces to that in II.

The data where f; ig copstant and b = Id exhausts K (T, X) so we can
get the index map (@33)_&0111 semiclassical smoothing operators — were
(1 is constant near infinity.

Now the main part of the proof of the index theorem is the embedding of
¢ in a trivial fibration R* x Y for some (largish) k& :

77— XU Ry Rk

- <

Y.

This follows by choosing an embedding ¢ : X — R* and then into R* x Y
by adding the map ¢.

Now we think of X as a submanifold of RF x Y and contemplate its normal
bundle — so an open neighbourhood of the image. Each fibre Z, of X is
embedded in R* so the full normal bundle is the bundle over X which
over Z, is NZ, C RF x {y}. So we actually have a ‘tower’ of fibrations

R —— NX
o

A X
|o
Y

The main idea in this proof by Atiyah-Singer (they had another one too,
using cobordism) is that we can ‘extend’ the data and quantization from
T5,X to

T;,NX =NX&NX — X.

157.797
The fibres of 9 in (%.55) are non-compact but Qg_}:gggse they are real vector

spaces. So the fibewise cotangent bundle in ( as fibres the sum of a
vector space and its dual.

So, we can find a family of involutions on T, NX which are costant
outside a compact set and quantize (semiclassically) to have index a trivial
one-dimensional bundle over X.

Then we take what is essentially the tensor product of this ‘Bott element’
(well, better to say a ‘Thom’ element) with the original family over X to
be a family for ¢po1 : N ¥ == Y which quantizes to the have the same
image as a given element 7. We do this by quantizing in two steps.

Now, we can arrange the support of the Thom element to be very close
to the zero section and thereby move it, using a collar map, to R*¥ x Y
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as a family. This is ‘excision’ and gives the same index for the extended
family.

(14) The index map from R* x Y to Y is an isomorphism — again this is explicit
Bott periodicity.

(15) Finally then we have an extended construction of the index map giving a
commutative diagram

% QT « exc «
(8.57) KT X))~ KO(T;, (N X)) -2~ T3, (RF x Y)
. \Lind -
ind ind
KO(Y)

(16) The final step then is to see that this diagram is the definition of the
push-forward in K-theory, the ‘Gysin’ map in this context.

8. Index formula

Of course this is not the end of the story, quite apart from the fact that there
are a few gaps in the argument — which I try to fill in below. The index in K-theory
as above precisely captures the obstruction to an ellipitic family (or semiclassical
family) have a smoothing perturbation which makes it invertible. In the case that
Y is a point K°(Y) = Z and we can look for a formula for the actual ‘numerical
index’. In the case of a family we can look for a simpler obstruction to perturbative
invertibility, corresponding to the image of the the index in (let’s say deRham)
cohomology under the Chern character

(8.58) Ch: K°(Y) — H®(X;R).
Either of these is the index formula.

THEOREM 8.4. The index of the image in cohomology is
(8.59) Choind = 6. (Ch([(V, W, a]) A Td) = / Ch([(V, W, a]) A Td

where the push-forward in cohomology if realized as integration of a (compactly
supported) form over the fibres of T*fibX.

The extra factor is the Todd class, which we can see from the proof above should
be

(8.60) Td = Ch(r)
appropriately interpreted.

9. The Dirac case

L22-end
L23
L23-end
L24
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CHAPTER 9

Manifolds with boundary

In these last three lectures I want to go through another example of quanti-
zation, leading to an algebra of pseudodifferential operators. In fact this is better
thought of as ‘microlocalization’ of a Lie algebroid. In this case we consider a com-
pact manifold with boundary M. We have already come across the Lie algebroid of
smooth vector fields on M which are tangent to the boundary. You might like to
check what happens on a manifold with corners but for the monment I will stick
with codimension one.

Set

(9.1) W(M)={V e c>™(M;TM); V is tangent to the boundary}.

There is always a boundary defining function z € ¢*°(M) and the tangency condi-
tion just requires

(9.2) Venh(M) < Vxexc™®(M).

So these are the vector fields which map the ideal of functions vanishing at the
boundary (which is a primitive ideal generated by x) into itself. There is a strong
‘naturality’ case for the consideration of 74, (M) since it is the Lie algebra of the
group of diffeomorphism of M.

If we take local coordinates near a boundary point with y; coordinates on the
boundary then locally

(9.3) Venh(M) =V =a(r,yzd, + Z bi(x, y)0y,

for arbitrary smooth coefficients. This means that there is a vector bundle PTM
over M with sections precisely these vector fields

(9.4) V(M) = > (M;TM).

Let’s think a little about the structure of the vector bundle PT'M, since I am
asserting it is, in context, the appropriate replacement for the ‘ordinary’ tangent
bundle TM (to which is it isomorphic — just not naturally so). Over the interior
of M there is not much to say since these two bundles are naturally isomorphic.
Since the elements of 74, (M) are smoth vector fields there is a completely natural
smooth vector bundle map (the anchor map of the Lie algebroid #,(M))

(9.5) TM — TM.

Over the boundary this has corank 1 — there is a 1-dimensional null space since
the vector field (in local coordinates) zd, vanishes in the ordinary sense at the
boundary. So there is a 1-dimensional subbundle

(9.6) PNOM c PTyp M.

137
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In fact this is a canonically trivial subbundle. The element 20, is actually (at a
boundary point) defined independently of coordinates. Indeed it satisfies

(9.7) (202)p = p+ O(p®)

for any defining function p. This just reflects the fact that any other defining func-
tion p = a(y)z + O(z?).

In this behavour PTyas M is ‘reversed’ from Typs.M The latter has TOM as a
subbundle, with the quotient being NOM, the normal bundle. The former has a
(trivial) subbundle with quotient naturally TOM.

Let’s go a little further with this analysis of tangency. The primitive ideal of
functions vanishing at the boundary, Iy, generated by x, leads to a Lie ideal

(98) Iy - ’Vb(M) C ’Vb(M), [Ia . ’Vb(M),’Vb(M)] Cly- ‘Vb(M)

This means that the space of sections of Ty, M as a bundle over M is itself a
Lie algebra. This is clear enough in local coordinates. So there is actually a Lie
algebra map

(9.9) W (M) — ™= (0M;"TM).

I have perhaps not emphasized enough uthat the Lie algebra structure of % (M)
in the boundaryless case, or 1,(M) here, is what leads to the properties of the
differential operators, in particular that the leading part defines the (polynomial)
symbol map. This is fair warning that we should expect something similar at the
boundary for our, yet to be defined, b—pseudodiggj;g&gal operators. It will be the
‘indicial operator’ and arises precisely because (9.9) is a map of Lie algebras. We
can even guess it should take values in the pseudodifferential operators on the
boundary but with ‘an extra parameter’.

So what we want to find is an algebra of operators, say on ¢*°(M), which
include the vector fields #,(M) and multliplication by ¢*°(M) and which away
from the boundary should reduce to ordinary pseudodifferential operators. One
can approach this as for the semiclassical calculus. Writing, informally, a pseudo-
differential operator in terms of symbols we can try to replace a symbol

(9.10) a(z,y,& ) by a(z,y,z€,n)

where (£, 1) are the dual variables to (x,y). This does work but there are significant
issues involved.

Proceeding formally we can plug such a symbol into the inverse Fourier trans-
form and then change variables as for the semiclassical calculus (ignoring isses of
domains and convergence)

©0.11) [ alayag eSO gy

z—a! . nd
:/“(af,wa,n)ez( S Dy - = e,
X

So, from this point of view what we need to do is to find a space on which (r—z’)/x
is smooth, at least where it is finite. This we can do by an appropriate blow-up.
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1. The b-generalized products

The approach I have taken, from the beginning, to pseudodifferential operators
is to try to define them directly as spaces of conormal kernels. I have mentioned
in passing the problem that immediately arises on a manifold with boundary, that
the diagonal in M? — which is where we expect the singularities to be — does not
meet the boundaries transversally. Namely there is an obvious dependence relation
between the two defining functions x on the left and 2’ on the right and one of the
defining functions for the diagonal, x — 2/, at the intersection x = 2’ = 0, i.e. the
corner. There is no problem with the tangential variables.

The geometric solution to this conundrum is to do as we did for the semiclassical
caluclus and blow up the offending submanifold, in this case the corner. Thus we
define

(9.12) B: M[2,b] = [M?; (OM)?] — M?.

by blowing up the corner z = 2’ = 0.

There is quite a lot to get used to in this new space! The result of the blow
up of the corner is that the new manifold has a new boundary hypersurfaces sep-
aratig two corners to the single corner before blow up (assuming the boundary is
connected, which I am doing implicitly here; nothing really bad happens if there
are several components). We know that the blow-up can be defined in terms of
polar coordinates, in this case since only the variables z and z’ are involved,

(9.13) (x,2") = r(cosf,sind), r >0, 6 € [0, g]
The new boundary hpersurface, here r = 0, is the ‘front face’ denoted
(9.14) F(M[2,b]) = I x OM x OM, Ip = [0, g}.

We have also seen that we can cover a neighbourhood of the front face of a blow-up
by projective coordinates. In fact here this can be done with just one coordinate
system as far as x and z’ are concerned — of course we also need coordinates in the
two copies of OM — because the one variable x + ' dominates both x and 2z’ over

the manifold. So the two functions

(9.15) z + 2" and _m—x’e[ 1,1]
. M - x + JUI 9

together with tangential coordinates cover the front face. The two functions 1 + u
and 1 — p are defining functions for the lifts of the ‘old’ boundaries z = 0 and
' = 0 (the lift here means the closure of the inverse image of the complement of

the centre, (OM)2, of blow up). Then the lifted diagonal is locally
(9.16) Diagy, = { = 0} x Diagy,, near ff.

It follows that now it s transversal to the boundary which it only meets in ff .
In fact the coordinates (g 15]% are sometimes a bit awkward and it is simpler to
use the more obvious projective coordinates

/

(9.17) x ands:ﬁlorajandt:x—:l/s
T T

valid respectively away from the lifts of {z’ = 0} and {x = 0}. In particular either
of these simpler systems is valid near the diagonal.
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The idea of this blow-up is to introduce a space of kernels which is much easier
to describe there than directly on M?2. Note that one version of the Schwartz kernel
theorem states that, on a manifold with corners, continuous linear operators

(9.18) A:C®(M) — (M) = (C>®(M;Q))
are identified with distributions
(9.19) A (M3 mRQ).

157.816
The image space in (bﬂg—lb the space of extendible distributions as is the space
of kernels on M? (apart from the density factor). These distributions are defined
on any compact manifold with corners X as the dual of ¢*°(X;Q) (they are the
analogue of tempered distributions on R™ with which they are identified for the
radial compactification).

LEMMA 9.1. The blow-down map gives an isomorphism
(9.20) B C®°(M?) — C>®(M][2,b])

and in consequence thel.g'g griz kernel theorem also identifies the space of contin-
uous linear operators (9. with

(9.21) A€ ®(M[2,b];75Q)

The point is that we are not actually changing the space of extendible distri-
butions by passing from M? to M|2,b], what is changing is the space of smooth
functions (which is getting bigger) and the space of conormal distributions with
respect to the diagonal (which is a pain to define on M?).

Now, before going on let’s check that the passage to M[2,b] does ‘resolve’ the
Lie algebroid 4, (M) in an appropriate sense. The vector fields in 74,(M) acting
on the left (or the right) factor of M, iy %62 are tangent to the corner z = 0 = 2/

since they anpihilate 2’ and satisfy (b.?i. Thus ghey lift to be smooth on M]I2,D].
(FJ.S j T

In terms of and the local coordinates (| , the J,, lift unchanged whereas
(9.22) 10, = 80,.

This may not seem like much of an improvement! However, the lifted diagonal is
at s = 1 so this vector field does not vanish there and we see:

LEMMA 9.2. The elements of Vo(M) lifted to M[2,b] from the left (or right)
factor of M in M? are transversal to the lifted diagonal Diag, C M[2,b] and so
the normal bundle to this submanifold is identified with ®T M.

This is a minimal requirement for ‘resolution’ of 4, (M).

As well as the ‘stretched double space’ there are similar replace-
ments for the higher products MF*. I will invoke the stretched
triple space below. let me continue to assume that the bound-
ary of M is connected — if it has more than one component you
should proceed component by component, not thinking of inter-
action between the components which are ‘far apart’.

We can see that the boundary faces of M* consist of prod-
ucts where in each factor we have either OM or M. Now arrange
these in order of increasing dimension — starting at (OM)* — and
then blow them up, one after another

Mlk,b] = [M*; (OM)F; d 1 (MF), ..., Mo(M*)[157.868] (9.23)
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where M,(M*)) is the collection of boundary faces of codimen-
sion p. We stop at p = 2 since boundary faces of codimension
1 are %%pg)ggyrfaces and blowing them up does nothing. Now,
what (9. really means is that wi 1?_}(? LD the successive lifts
of the boundary faces. To see that (9.23) is well-defined we need
to note first that

LEMMA 9.3. Under blow up of a boundary face the lift of the
other boundary faces are boundary faces.

157.868
LEMMA 9.4. The sequence of blow ups in (b.zs? 18 well-
defined since after the blow up of M,(M¥) the lifts of the ele-
ments of Mp_1 are disjoint.

157,868
This means that the order at each step in (9.23) 1s immate-

rial.

PROPOSITION 9.1. All the projections M* —s M7, for j <
k, lift to be smooth maps and simple/x b-fibrations.

Here a b-fibration is a natural extension of the notion of
a fibration to the category of manifolds with corners (it is the
analogue of a Lefschetz map in algebraic geometry if that helps!)
Rather than discuss these in detail here let me just say they are
smooth surjective maps which near a point of the domain, of
codimension [ take the form in appropriately chosen coordinates
in domain and range

"'7$lay17"'>ym)) = (mala"wxakaylv"'ayq)?

where the % are monomials in the x;

with no comm

Thus each z; can a peay; as a positive power in at most one of
the z%*. In Lemma (g I) the each x; at most once and as a single

power which is the meaning of ‘simple’. For such maps the «;
can be identified with disjoint subsets of {1,...,1}.

The importance of b-fibrations is that they have some of the
properties of fibration — to which they reduce in the absence of
boundaries.

PrOPOSITION 9.2. Under a simple b-fibration F' :: M — N
between compact manifolds with corners

Fo:{uec®(MQ;u=0 at Ma(M)} — C™(M; {157.874

157.874
In fact much more is true than (bZS) for a simple b-fibration.
Namely even if we do ’&ag;gme the vanishing of the Taylor series

at the corners as in (9.25), 7C*°(M; Qp pushes forward into
> (loga)’c™(M; ).
finite

So the push-forward is smooth except for powers of logs of the
defining functions. These powers come from the behavour at the

141

(9.24)

(9.25)

(9.26)
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157.874
corners of M, as follows from (9.25), and can be described much

more precisely. 157 873
In particular, Proposition b.? must apply to the projection

maps
TL, Rﬁ M[ b 157871 (927)
Here it is essy to check Proposition Whand Away from ff
the ma 45 just locally one of the projection from M? to M for
which (ﬁfz%ertainly holds. Near the front face we have one of
the two coordinate systems
/

§= £,7 J}/, Y, Zl/ ort= £7 z, Yy, yl' (928)
x x
The left projection, to (x,y) therefore becomes either
(s,2',y,y") — (xz = sz’,y) or (z,y) (9.29)

157.872
depending on the point in {f hoth of which satisfy (bZZI;
It follows directly from (9:24) that a simple b-fibration is

locally a fibration in the interior and also at boundary points of
codimension one. This allows us to deduce

LEMMA 9.5. For a compact manifold with corners
(7L)w = U (M) — C(M). (9.30)

157804
This gives a direct proof of the mapping property (%.SI ;

2. Conormality at the boundary
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157.828
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3. The b-calculus

. . |157.816 . . .
The most basic operator in (bl8) is the identity operator. We know that in
local coordinates the kernel of this is the Dirac ‘function’ at the diagonal

(9.31) §(x —2")o(y — o).
This is, as it must be, a distributional section of the right density bundle
(9.32) Id € I°(M?; 759).

To see that this makes invariant sense observe that it must be possible to pair the
delta ‘function’ with an element of ¢ (M?;75) since

QIM?) =13 Q @ 7.

Say using a partition of unity to localize, we need to be able to make sense of the
distributional pairing, written formally as an integral

039 [ dw—a3— )y ldudyl = [ ptagap)ldedy

157.824
which is indeed invariantly defined — so this is what (kr.gﬁiactually means.

Now, what happens when we look at the lift of this kernel to M[2,b] as an
extendible distribution — these form a subspace of the distributions on the interior.
It is certainly still supported at the di gp&q}a so it is only a question of what it
looks like in the new coordinates say (9.17). The homogeneity of delta means it
becomes

(9.34) Sz —a")8(y —y') = (") 71o(s = 1)a(y — ¢/).
We can absorb the extra singular factor of 2’ into the measure to see that
(9.35) Id € I°(M[2,b], Diagy; 75b)

where Q, is the density bundle coming from PT'M so in fact in a natural way it has
a basis near the boundary

d
(9.36) |§dy| — O, =2

This leads us to the definition of b-pseudodifferential operators through their
kernels.

DEFINITION 9.1 (‘Small’ b-calculus). The space of b-pseudodifferential oper-

ators on a compact manifold with boundary, acting between sections of vector
bundles V and W is

(9.37) WMV, W) = {A € I"™(M[2,b], Diagy
TiW@nr(V' @ Q)); A =0 at both lifted boundaries}.

I have not actually defined the conormal space here but it is exactly the re-
striction of the usual conormal space if one extends ACTess the boundary. These
distributions are smooth away from the diagonal so (kf.'@'%*makes sense since these
‘old’ boundaries do not meet the diagonal. Locally such a kernel, with the b-density
removed, just looks like

A(z,y,s,y —y') smooth in (z,y) and conormal at s =1, y —y' = 0.
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The symbol map for conormal distributions gives us

(9.39

O WP (M V, W) — (S™/S™ 1) (N* Dingy,; v (hom(V, W) ® Q) © Q(N*)).

157.822
Recall that here N* Diag is the dual of the normal bundle, so we see from Lemma bﬁzi
that this is identified with P M :geplacing T*M in the boundaryless case). The
last book-keeping bundle in m therefore Q(PT* M) which is the dual of O}, so
these two factor cancel and the symbol map is as simple as we could hope giving a
short exact sequence

(9.39

UMV, W) U (M V, W) —">

s (8™ /8 (PT* M 7 hom(V, W)).
THEOREM 9.1. The b-pseudodifferential operators, 7' (M;V, W), define con-

tinuous linear maps

(9.40) A:c®(M;V) — c®(M; W)

and form madyles over the filtered *-closed algebra U (M; V') for which the symbol
sequence (b}g % 18 multiplicative.

157P§OOF First let us check th tS"F %é)—psuedodifferential operators defined by
(kTK?%_do indeed define op F Ay his is not quite obvious, but notice that
the space of kernels in (kf’o’%‘ls a module over C*°(M]2,b]) so we can localize as
we wish using a partition of unity. In particular we can work in (relatively) open
subsets of M over which the bundles are trivial and so we are free to ignore them
and assume that V = W = C; this simplifies the notation. If we look at a pair
of neighbourhoods whi not meet the boundary then we are in the interior
case where we know (9.40). Similarly if one of the open sets does not meet the
boundary then the operator is again locally an interior pseudodifferential ope ator.
plus a smoothing operator vanishing rapidly at the boundary from which (gjﬂ%
follows.

So we can localize to a product of neighbourhoods of points in the boundary —

although the two open sets need not meet the diagonal. One thing that is easy to
see is then is that

(9.41) A:C®(M; V) — C(M;W).
Indeed (localized) the action on u € C*°(U) where U C M is a coordinate neigh-
bourhood of a boundary point is by pushing forward the product

(9.42) (71)4 (A - Thu)

By assumption, u vanishes to infinite order at 2’ = 0 (the boundary of the right
factor) so mRu vanishes to infinite order at the preimage, which includes ff'. It
follows that the product also vanishes to infinite order at ff and then we are dealing
again with an ordinary pseudodifferential operator on M?2.

Now, it actually follows from this that

(9.43) A:CT®(M; V) — cT®(M; W)

so we know that Aw is defined if u € ¢*°(M;V) and 15 need to show that it is
smooth up to the boundary. The argument giving ( bm’%l‘ls included to show that
in this case Au ‘at the boundary’ should only depend on u ‘at the boundary’.

To make this precise we can again localize as above and only the terms where
x and z’ are near 0 are not clearly ¢*>°. Using the density properties of conormal
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distributions and of smooth functions we can assume more about A and then use
continuity. Namely we can suppose that the kernel A is continuous (we could
assume smoothness) and has support actually disjoint from the two ‘old boundaries’.
Then the coordiantes ¢t = 2’//x, x y and 3’ are admissible over the support after
localization

/ dl‘/ /
(9.44) A= A,y ty — o) dy|.
The action of U on u is then the integral
dr’
(9.45) Av= | Alwy,ty = yula',y)—dy'|

where u has compact support down to 2’ = 0. This integral certainly exists for
x > 0 since then the integrand has compact supprt. We can change the variable of
integration from z’ to t and see that

(9.46) v [ Aty =y e/ )| Gy,
[0,00)

Now the integral exists (by fiat the support in ¢ is in [C,1/C] for some finite )
and the integrand is smooth in = and y, so the result is ¢>° and we have ( 3044,
under these assumptions on A. In fact we can pass to unrestricted A as in (9.37)
since these kernels vanish rapidly at ¢ = 0 and ¢ = co and tsh,e gly singularity is
conormal at t = 1 — across which we are integrating. Thus (b?[()%_’r‘ollows in general
and as a bonus we see that, as anticipated above

157.836
COROLLARY 6. Restriction to the boundary in (bjo%iyes
Aulyy = (Ao)ulyyy, Ao € T (OM;V, W),

~ dz’
A=Az, y,t,y — y’)|?dy’| = Ap = /+ A0, t,y,y — ' )dt|dy'|
R

so the kernel of Ap is the integral over the fibres of B : ff — (OM)? of the kernel
of A.

(9.47)

We still need to prove that the product of two b-pseudodifferential operators is
b-pseudodifferential. ([l

Thus everything is very much as in the boundaryless case except that we have
much more structure at the boundary. You might like to reflect on the similarity
to the behaviour of the semiclassical calculus here.

For a moment return to the Lie algebra U, (M) — these of course define elements
of W} (M). Certainly they satisfy (%7[(7)_511‘5 also

(9.48) ‘8M V‘aM ’8]%’ u € C*(M).

They are ‘localized at the boundary.” However we know that the analogous state-
ment for the semiclassical calculus holds but misses important structure at the
boundary. Much the same happens here.

The Collar Neighbourhood Theorem reminds us that a neighbourhood of a
submanifold looks like a neighbourhood of the zero section of its normal bundle.
For the boundary this translates to mean that a model for M near the boundary
is the inward-point half of the normal bundle

(9.49) NTOM = {v € Topnr;vz > 0} /TOM.
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The choice of a boundary defining function gives a positive section and hence triv-
ialization

(9.50) NTOM < [0,00)4s x OM

where dx defines a linear functional on the fibres of Ty M which vanishes on the
subbundle TOM.

Let’s pass to the radial compactification of N*OM = I x 9M where I is a closed
interval, thought of as the radial compactification of [0, 00) — there is no natural
téls\g? ggation but any choice of boundary defining function provides one through
(9:50). The fibre R* action extends smoothly to the compactification (fixing the
two boundaries {0} x M and {oco} x OM).

PROPOSITION 9.3. There is a natural multiplicative map, the ‘indicial map’ to
R -invariant operators on the normal bundle, giving a short exact sequence

(9.51) 2 WP(M; V, W) —s U (M; V, W) — W (NFTOM; Varr, Wonr)-

PRrROOF. Let’s choose a boundary defining function, rather than try to do things
invariantly — in the end nothing will depend on this choice. Then the model at the
boundary is

(9.52) N¥OM =1 x OM, T =0, 00],.

The space on which the kernels for the b-pseudodifferential operators are defined is
therefore

(9.53) 1[2,b] = [12, {0} x {0}, {oo} x {o0}].

If you consider the Rt action on both factors starting at a point in the interior of
1[2,b] you will see that it is an open interval but the closure is s g(.)glhup to both
the front faces. An RT-invariant operator, as on the right of (&morresponds
to a kernel which is constant under this action. So in fact it is determined by
its restriction to either of the front faces. Nothing much happens at the other
boundaries since everything is required to vanish to infinite order there.

So, the invariant operators are determined uniquely by their restrictions to the
front face ffy over x = 0. However this face for the model space is precisely the
same as the face ff(M([2,b]) — canonically diffeomogphig to it (independent of the
choice of defining function). So the indicial map in (ETH% restriction of the kernel
to the front face, and then its null space consists of kernels that vanish there. You
might object that = + 2/, not x = (z 4+ 2’)/(1 + s) is the defining function for the
front face, but the kernel vanish to infinite order where s — oo so we can just as
well divide by x.

This does not XD, ﬂn the multiplicativity of the sequence but it follows that
the null space in (b.Sl g 1s pretty clearly an ideal, so the quotient is an algebra — it
is a question of what the product is! 157 850

To appro %}7t 5 reconsider Corollary %._We_have already noted that the space
of kernels in (b3(; is a module over ¢*°(M]|2,b]) but more is true because of the
assumption of rapid vanishing at the boundary hypersurfaces other than ff. The
quotient of defining functions from the left and right, x/2’, is smooth except at
one these two hypersurfaces and the rapid vanishing of the kernels there quashes
the singularity from 2’ = 0. In fact the same is true for any power of this quotient,
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which is to say that

(9.54) (z/x")* is a multiplier on W{*(M;V, W) for all z € C.
LEMMA 9.6. Conjugation generates an entire holomorphic family

(9.55) C2z+— 2% Az~ %

of automorphisms of U (M;V,W).

It follows (even without knowing the multiplicative property for the operators)
that

(9.56) (AB)y = ApBj
157.851
and we see from (b.l?; that
(9.57) (a2 Aw~1%)y = / A(0,t,y,y — o)t dt|dy|
R+

is an entire family of e ggdiﬁerential operators on 9M.

The integral in (ka%‘ls the Mellin transform of the kernel of A restricted to
ff(M][2,b]). This is the (inverse) Fourier transform with respect to the variable
—logt € R. In terms of logt the kernel is conormal at 0 x {y = ¢’} and decreases
faster than any exponential at +oo. 1t f Jows that this indicial family determines
and is determined N Fhe dmage in (0.5T). In fact the multiplicativity of the map I
then follows from (9.56) and (b.S? %, with the latter being a convolution represen-
tation of the RT-invariant operators on N+TOM. O

We also want to analyse ‘L? boundedness’ of b-pseudodifferential operators.

To conform to the general ‘b-yoga’ we should replace ‘ordinary L? — meaning
computed with respect to a non-vanishing smooth density on a compact manifold
with boundary — with L%(M ) computed with respect to a non-vanishing b-density.
Since the latter is just 7! times the former, we see that

(9.58) L2(M) =2~ 3 L} (M).

These spaces are well-defined for sections of vector bundles.
PROPOSITION 9.4. Elements of WO (M;V, W) are bounded operators

(9.59) P LE(M; V) — 25LE(M; W) ¥V s € R.

157.884
PR(F%}?:sE&he case of general s in (b.SQ; follows from the case s = 0 in view of

Lemma 9.6.

For s = 0 we note that if we divide A € U{(M;V, W), using a cut-off, into a
part supported very near ff(M[2,b]) and a part supported away from this boundary
hypersurface then the boundedness of regular pseudodifferential operators shows the
boundedness of the second part. We can further localize and reduce to the case
that V =W =C.

The argument for boundedness in Problems2, using the symbol sequence can
be applied almost verbatim here to show that boundedness follows if we can show
the boundedness of the ‘residual term’ W °°(M).

Now, consider the RT-invariant calculus on [0, 00] x M. We can characterize
the space L%([O, oo] x OM) in terms of the Mellin transform applied globally in the
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first variable & — since this reduces to the Fourier transform on logz € R. Thus in
fact

(9-60) v(z,y) — vm(2,y) =/v(aﬁ,y)$”dfx

R X
extends from €*°([0,00] x M) to an isomorphism
(9.61) LE(]0,00] x OM) — L*(R, x OM), z € R.

157.856
The fact that the transformed operator in (b_57§—lb a family of pseudodifferential
operators in W9(OM) whi%l});.s founded as a function of z € R shows that it is
bounded on the image of (9%8 in fact the RT-invariant operators are bounded
on the space on the left in (9.61). For the invariant operators we can again localize
near and away from the boundary and deduce that the part localized near the

boundary is bounded on LZ ([0, oo % Q).

In view of the exact sequence (9.51) it suffices to consider elements of xW (M)
(using the preceding argument). The extra vanishing at ff shows that this follows
directly from Schur’s criterion. O

Of course we really want boundedness on Sobolev spaces, but the ones we want
here are the z*H{"(M) which we need to define. If we work in a fixed praduct
decomposition near the boundary we can use the Mellin isomorphism (9. as we
would for Euclidean space and define

(9.62) H[™M([0,00) x OM) = {v € c~°°([0,00) x OM);vps € Lig (Ry; H™(OM),
(1+ |2z)™var(2) € L*(R x OM)}, m >0

For m < 0 we can use duality

4. Metrics and boundaries

There are several intersting classes of metrics on a compact manifold with
boundary.

The most ‘obvious’ one I do not have time to talk about. This
is the case of a metric smooth, and non-degenerate up to the
boundary. It is rather a standard result, not too hard to see, that
the distance from the boundary is, at least near the boundary, a
smooth defining function and so can be extended to be smooth
and positive in the interior. Then the metric takes a particular
form in terms of the product decomposition near the boundary
given by flow along the normal geodesic

g =da® +h+ k', h ametric on OM. (9.63)

Here R’ is actually an x-dependent family of symmetric tensor
on OM but in any case can be taken to be a smooth symmetric
2-tensor on M near the boundary.

Near the boundary there is then a corresponding decompo-
sition of the form bundle on M

A*M = A*OM @ (dx A A*OM) (9.64)
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in which it is reduced to two copies of the forms on M. The
Hodge-Dirac operator becomes a 2 x 2 matrix of operators

) —0,
6:d+5:<§i‘4 ) (9.65)

—0om
157.858
where 0, is acting on the coefficients in (b.GZIi.

Certainly

0:C™(M;A*) — C™°(M; A*) (9.66)
but is not symmetric on this domain (with respect to the inner
products on forms and density induced by g¢.) There are two
standard boundary conditions which lead to symmetry, n mely
the vanishing of one or other of the two summands in (9.62
More formally

Domaps = {u € C*(M;A*); 55, (t,u) = 0}

157.861 9.67
Dompe = {u € C°(M;A*);i5u =0} (9.67)

where v = 0, is the Riemannian normal vector field at the
boundary.
Then

0 : Dompps/rel —> C™°(M; A*) are Fredholm (9.68)

and lead to Hodge decompositions as in the boundaryless case.
From this one deduces the two Hodge theorems

null(d) N Domaps = Hyg (M),
157.863 9.69
null(d) N Dompe = Hir (M, 0M). (9.69)

These two deRham theories can be identified as the cohomologies
of the ‘absolute’ and ‘relative’ sequences

d:c®(M) —Cc™ ]\4;[\1 — ey C® M;AdimM
" o ( (9.70)

The main work here is to prove (%%Sg%nd discuss the cor-
responding Hodge decompositions — which ultimately are very
much as in the boudaryless case. This can be done using the
‘edge’ calculus, or Boutet de Monvel’s ‘transmission’ calculus. I
probably will not have the time/energy to include these.

There is a long exact sequence relating the two cohomol-
ogy theories and the cohomology of the boundary that we will
encounter below

o ——= HFY(OM) —= H*(M,0M) — H*(M) (9.71)

5. Hodge theorems

157.857
Rather than the ‘regular metrics’ as in (bm%_f want to consider two classes
of metrics which are known in the geometric literature as ‘cylindrical end’ and
‘asymptotically locally Euclidean’ metrics. In fact the precise definition of these
terms is a bit vague, so instead I will use the following notation.
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DEFINITION 9.2. A b-metric on a compact manifold with boundary is a fibre
metric on PT'M which near the boundary is of the form
da?

157.881| (9.72) 9o = —5 +h+ah
xr

on some product decomposition, where h is a Riemann metric in M and b’ is a
smooth quadratic form on PT'M.
A scattering metric is then of the form

dx? h
157.888] (9.73) Ge =27 %Gy = o+ bW
X X

near the boundary.

Since a product decomposition near the boundary always exists, every compact

manifold with boundary has a metric of eith LAYRS:

Note in particular that an example of (%73%%‘15 a Euclidean metric on a real
vector space, written in terms of the radial compactification.

Now, the idea is that we are supposed to think of these metrics ‘categorically’.

To analyse the Hodge-Dirac operator, we decompose the form bundle o M gpgar
the boundary, in terms of the product decomposition. So in the case of (b 72%

d

(9.74) AGM = A*OM & == A A*OM near OM.
Then

(9.75) By = d + 6, = (fg —_%%) e

sign change comes from having to move past the dz/x factor. The ‘error’ term here
is a b-differential operator. Thus

157.891 (9.76) Oy € Wy (M3 ASM), 1(3) = (fg —_%i’:) '

157.889 157.858
If you do not put the dz/z in (b.?ZI%, but use (b.m% mstead you will not get a
b-differential operator.

There is an analogue of the Hodge isomorphism here.

. |157.881 ‘ ,
157.892 THEOREM 9.2. For a b-metric (b.?Z on a compact manifold with boundary
there is a natural isomorphism

157.893] (9.77) {ue LE(M;AEM);0u = 0} — Im (HAR (M, 0M) — HJR(M)).

For a scattering metric we can pr(l)g_?eéﬂssin a similar fashion. We ‘rescale’ the
form bundle according to the forms in (b 73) — which are the ones that pair smoothly
with the vector fields in 294 (M) — and see that

d .
157.894]| (9.78) AE M =z AROM @ —f Az FFIARIONM near OM.
X

A short calculation shows that in terms of this decomposition
157.895| (9.79)

_ 2 _
Ose =d + b5 = 2x53 270 —a(k +d) + 22D on A* M, d = dim M
0, — xk —x09 s¢

where D is again a b-differential operator.
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Now you may see why I have not needed to develop the theory of ‘scattering
pseudodifferential operators’ to handle this case since in fact

_ Loag. A% _ GF} —x0; — (k—d—1)
(9.80) By = xR, R € WL(M;A*M), I(R) = <w6w L Ay :

This means that it is b-pseudodifferential operators which are relevant for the null
space of Og.. It is a different matter if you wish to discuss the spectral theory of
this operator (which I feel you should want to do)— which is indeed really scattering
theory.

‘ . J157.888 ‘ ‘
THEOREM 9.3. For a scattering metric (b.?i} on a compact manifold with
boundary of dimension n there is a natural isomorphism

(9.81) {u€ x3"L2(M;AEM); 0geu = 0} —>

H*(M, M) k<ln
1, 1

Im (HdQRL(M, OM) —» Hg”(M)) k=1n

H*(M) k> In.

The L? space in (%%T%QTSS the metric L? space for gs.. Of course the ‘middle dimen-
sional case’ can only occur if n is even.

Try it out for the Euclidean metric on M = R”. It follows that there is no
L? null space at alll This corresponds to the fact that here are no L? harmonic
forms on R™ — their coefficients would be harmonic functions which would mean
they decay at infinity. 157 892

Let’s think about a strategy for proving Theorem bTZ.—F"lrst we need to get
some way to approach the deRham cohomology in this setting.

PROPOSITION 9.5. For € > 0 the cohomology of the deRham complex

(9.82) x H (M) *d>x6H§°(M;A1) #...#IEH’W(M;AQ)

is naturally isomorphic to Hir (M,0M) and the cohomology of
(9.83) 2 HX(M) —Y> 2 HX(M;AY) —> . —Ls o= H-°(M;A})
is naturally isomorphic to Hig (M).

The main step is the parametrix construction giving some ‘elliptic regularity’
and a Hodge decomposition.

PROPOSITION 9.6. On a compact manifold with boundary and for e > 0 small
enough the Hodge-Dirac operator for a b-metric has null(5)le) C z°H(M;Af) and
is Fredholm as an operator on x=“HZ°(M;A}) satisfying

(9.89) & (M; Ap) = mull(9) 5 @ d (2~ HE*(M; AL) @ 8 (2 HE*(M; AL))

6. Ellipticity and parametrices

.. [157.907 .
How do we prove say Proposition 9.67 e try to construct a parametrix as
a b-pseudodifferential operator; as we shall see this does not quite work; we shall
soon see why. An extension of the bounded result above is that

L25-end
L26
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LEMMA 9.7. An element of WY (M;V) is compact as an operator on L (M;V)
if and only if both its principal symbol and its normal operator vanish.

It follows immediately that the same condition is necessary and sufficient for com-
pactness on any of the weighted spaces z° L (M; V).

PROOF. The important point is the sufficiency, well the necessity is important
but only to know! O

To prove that 9y, is Fredholm as a map z = *H'(M;A}) — = H'(M;A}) we
will want to construct a right parametrix modulo compact operators on L2 (M; A}).
If there were to be an element B € W (M : A}) satisfying

157.911] (9.85) O,B=1d—E, E € a2V ' (M;A})
with compact remainder E then we would need to have

157.912| (9.86) 01(0p)o_1(B) =1d, I(0y)I(B) =1d.

The first, symbolic, statement or ‘division problem’ is just ellipticity and is straigh-
forward. The second is an issue, and is almost never possible to satisfy within the
class of operators \Ilgl(M; Af).

What is the problem? Well we know that the indicial operator is equivale E’?i.]gg )
terms of information, to the indicial family and in this case we can see from (ET?H)*
what it is:

- 0 —iz
157.913| (9.87) 1(0y)(2) = (Zz _56> .
We are asking that the inverse of this entire family of pseudodifferential operators
on OM exist for all z € C. This is totally unreasonable!
What we can see is that there are values of z for which this operator has null
space. In fact we can see exactly what they are. Suppose we have an eigenvector

for 9 (which we do!)

157.914] (9.88) Bou = Au = [(i)) (_“u> =0, [(—i)) <Z) =0
Then there are points of non-invertibility at

157.915| (9.89) i Spec(9s) C C.

157.916 LEMMA 9.8. The indicial family 1(dy) is invertible for z € C \ i Spec(dy) and
defines a meromorphic family

157.917] (9.90) I(®y) ™" : €\ iSpec(dg) — T HOM;A}|,,,)

' 157.915 _ _ o
with poles of order 1 at (b.SQ; with finite residues the orthogonal projections onto
the mull spaces of I.

157.918 PROPOSITION 9.7. For any w € R the operator I1(dy) has an RT -invariant
inverse with kernel
157.919| (9.91) K(s,y,y') € ff(M[2,b]; A} @ 75 Q)

which lies in s*"°H> near s = 0 and t " T*H> near t = 0 = 1/s for e > 0

sufficiently small.
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We are mainly interested in the case w = 0.

In fact we can be much mor - %qicf%)% about the behaviour of this kernel which
has expansions as discussed in §9.2. ere is a significant difference between the
cases that w € Spec(0g) or not. We are actually interested in the case that w is an
eigenvalue, in particular 0, of the Hodge-Dirac operator on the boundary.

By elliptic regularity we know that any solution of

(9.92) I(@p)K = 6(s = 1)d(y —¢)

must be smooth away from Diag;, where the delta function is supported. l?g b, con
solution given by the Proposition is unique. It has an expansion in the sense of §9.
at the boundaries of ff(M][2,b]) determined by the spectrum of Jy

K~ Y sMai(y,y) as s |0

99)
K~ Z t=al(y,y') as s 1 0.

Ai>—w

PrOOF. We arer l%l}y %orking with the spectral theory of 5 here. First notice
that any solution of (ET.QZ%E&S a conormal singularity at the ‘diagonal’ appearing
on the right. Morevover, using the symbol map, we can construct a parameterix
satisfying

(0.99)  I(@)Ky=8(s — Dy —y') — E(s.y.9/), E € c(E(M[2,b]).

So it remains to ‘solve away’ the error term E which has support in the interior of
ff.

We ‘know’ (I hope) that the expansion of a smooth function such as E (valued
here in 2 X 2 matrices acting on A*9M) in the y variable in terms of the eigenbasis
of Oppr converges rapidly. So on each eigenspace, with eigenvalue \; € Spec(danr)
we wish to solve

(9.95) @) ‘_‘f) Kl(s,') = Ei(s,/).

This ordinary differential, and RT-invariant, equation has a unique solution
which vanishes near s = 0 and any two solutions differ by an element of the 2-
dimensional null space which is spanned by

i ( Y ) and 2~ (u)
—u U
where u is the eigenvector.

157 %3 s=1 /t — oo the chosen solution is in the null space. Thus we can arrange
(9. or this one term by adding the approriate element of the null space. Sum-
ming over the eigenexpansion gives rapid convergence and hengs we do in fact find
a unique solution to (9. with the desired behaviour, (kf.%%,*with respect to a
given w € R. There can only be equality there if the wright w is equal to one of the
eigenvalues but since these form a discrete set the kernel satisfies

(9.96) K € 2% °H° near {s =0} and K € 7 “T“H° near {t = 0}.
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The idea of course is that this kernel is to be the restriction to ff(M[2, b]) of the
parametrix for d,. Now it should be clear why we cannot ge 18,1 réametrix in the

space Wi (M;A}) — because the solution we have found to (9 0es pgf decay
rapidly at the boundaries of the front face as required by Definition b I.
DEFINITION 9.3. Given a pair of index sets £ = (Er,Er) we define

(9:97) T (M; VW) = A% 58 (M2, blimp W @ m(V © )
+ AR (MW @ mR(V @ Q).

Here the first space consists of C°° sections aw m@r(%r& the left and right boundaries
of M[2,b] which are conormal in the sense of §2 with index sets £, and Eg at the
left and right boundaries.

The second term will not appear below but needs to be there if we want to capture
the structure of the generalized inverse. .  1s7.830
In fact these operators form a module over the operators in Definition b.l and

we write
(9.98) UPE (MG V, W) = U (M VW) + 0 % (M V, W),
LEMMA 9.9. The elements of \I',T’Z(M; V,W) define bounded operators from

" HE(M; V) to a2 Hy ™ (M; W) for any s € R and wy > wy provided wy <
inf ReEr, and w; > —inf Re Eg.

7. Hodge theorem for b-metrics

. . 157.892
Using the parametrix constructed above W?Sp%%geed to. praye Theorem b.?.
First we need to finish the 1g;o§>ifsof Proposition b.ﬁ and so (bSZL] . The parametrix

construced in Proposition b.? for w = 0 shows that

(9.99) Op : o “H® (M3 A*) — 27 “H°(M; A”)

is Fredholm. A complement to the range, namely the annihilator with respect to
the metric pairing, is the null space of

(9.100) Op : aHy (M : A*) — a°H, (M : A¥).

In fact we already know that the null space lies in z€Hp°( £ H In fact this is
elliptic regularity at the level of the ‘small calculus’ as in (9. — or bettwer we
know that the error can be arranged to be in W °°(M;A*). This is not compact
but does map

(9.101) W (M 2 A*) : xH (M : A*) — a°H° (M : A™).

We are really interested in the Hodge cohomology, the null space of d}, on the
metric space L2(M;A*) = Li(M; A*). The same elliptic regularity shows that this
thef g, S the null space of 9y, on Hg°(M;A*) and so contained in the null space
of (b%;;fj% so finite dimensional. Now, the form of the parametrix shows,t ?Essecond
‘boundary’ part of elliptic regularity, namely that the null space of (9. consists
of ele ent 1%zith expansions, i.e. is contained in 4% (M; A*) where the index set is
as in ?ET.SQ%._SO we conclude that

(9.102) {u € 2™ Hy ®(M;A*);dpu = 0} = u — ug € x°H°(M; A”)
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where ug is smooth up to the boundary, corresponding to 0 € Spec(dy). However,
ug & LE(M : A*) — the integral is logarithmically divergent — so

157.944
(9.103) {u € L*(M : A*);Dpu = 0} C 2°H°(M; A*) is the null space of (b T00).

S ROV e have our Hodge decomposition, initially in the form we have derived
from (9.

(9.104) 2z~ H(M;A*) = (d+ 8z~ H (M; A*) @ {u € L*(M : A*);Bpu = 0}.
The Hodge summand here consists of the closed and coclosed eleemnts of

x H°(M; A*) since the positive order of decay is enough to justify the integra-

tion by parts argument

(9.105) 0 = {(d+ 0)u,du) = ||dul|7.

.. |157.904
So, assu ng gy6 accept Proposition b.B, we already see that the Hodge cohomology,
given by (g I U% ), is mapped into Hjy (M;0M). The usual proof of injectivity works.
In fact the extra decay means that

(9.106) veEx HX(M;A"),dv=0= (v,u =>2=0.
This map is therefore injective to
(9.107)  {w € a°H*(M; A"}/ (x°Hg? (M A*) Ndx ™ “Hy® (M; AY))
=Im (Hz (M,0M) — H}g (M))
. L 157.893 .
SO we }gqu: ghe existence and injectivity of the map (b I ; ['he Hodge decomposi-

tion (b.l(.lzﬂ, applied Lo g closed form in xeH°(M : A*) gives a two-sided inverse.
Thus Theorem 9.21s proved.

8. Hodge theorem for scattering metrics

157.897 . . .
To prove Theorem b.S we proceed very much as for a b-metric, obviously with
some changes.
First, the L? space with respect to a scattering metric is

(9.108) "2 L3 (M; A*)

since the Riemannian density is a positive multiple of = "1},. Of course the L? space
uses the inner product from gs. on the form Psn/.d S which gives a positive-definite
inner product on the rescaled bundle A% in. (9.78). The Fredholm properties of Osc

are determined by those of I(J2) gligkrgo&ﬁ

So we apply Proposition 9.7 for w = n/2 to the elliptic b-differential operator
2104 and conclude that

(9.109) Oge : 2™/ 21T H (M AL — a2~ H2 (M; AL)
is Fredholm. Just as in the b-case, the Hodge cohomology
(9.110) HZ (M) = {u € L(M;A*); 0scu = 0} C &/ 2T H* (M3 A)

157.952
is a complement, to the range in (b )R

We need to analyse the indicial roots of R = 2~ 18,., which is to say the singular
values of

(9.111) I(R) = (maj)iN —20; :é;v-l-n))

RBM:Proof  of

Proposi-
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where N is the number operator on boundary forms. Again these are generated
by the spectrum of d5 but the relationship is more complicated than in the b-case
above.

Each harmonic k-form, 7, on the boundary, in the null space of 0y, generates
a two-dimensional space on which I(R) acts, spanned by

d
157.955| (9.112) z "y, —f Az
X

These each correspond to an solution of I(R)v = 0, namely

v dx n/o—k 7V
157.956| (9.113 kLo 22 A2k L
( ) TR 2 Nt ok

The first can be the leading term of a square-integrable form only if k¥ > n/2 and
the second only if k < n/2.

To claify square-integrability we need to analyze the other indicial roots. An
eigenform for 0y with non-zero eigenvector corresponds to a pair of forms, a coclosed
(k—1)-form hy_; and a closed k-form wuy, with dug_1 = Aug and dur = Aeg_1. These
generate a 4-dimensional bundle invariant under I(R) spanned by
dr up ug dr up_1

and —

Uk—1
157.957 | (9.114) 2N ok 22 ph1

k=1’

Since the 2-dimensional space spanned by the first two elements maps into that
spanned by the second two and conversely, the null space of I(R) is conatained in
these two subspaces.

In the two cases the indicial roots correspond to a null vector of

157.958] (9.115) (iZA]Hl —ZZ+(n;k—1))> and <Z_Z>\k —zz+(;\1—k:))

which occur when

157.959] (9.116) (iz —k+1)(iz—n+k+1) =\, (iz—k)(iz+ (n— k) ==
(i2)*—(n—2)iz—(n—k—1)(k—1)=)\? = 0, (iz)*+(n—2k+1)iz)—k(n—k+1)-\? = 0 =

-2) 1 1) 1
iz 5 )15\/(n+1 —2(k—1))2 —4(n — k)(k — 1) + 4A2, iz :x(”; )ii (n+ 1)2 + 4)2
LEMMA 9.10. The indicial family 1(R)(z) acting on AFOM & A*=1 + M s
invertible except for
d+1 d+1
(9.117) SR N PRTCE L

where the )‘ik are the eigenvalues of the Laplacian on OM acting on closed k-forms.

9. Atiyah-Patodi-Singer index theorem

PROPOSITION 9.8. Any element A € W' (M;V, W) which is elliptic, i.e. o(A)
is invertible, is Fredholm as a map
(9.118) 2 H(M; V) — 2 Hy ™™ (M; W)

forw € R\ S where S C R is discrete.
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PrOOF. The main point here is that ellipticity alone does imply that the indi-
cial operator I(A) is invertible as an R*-convolution operator such a set of weights.
The main part of this is that the indicial family

(9.119) I(A): C — ™(OM;V, W)
which is entire, has a meromorphic inverse — so with a discrete set of poles
(9.120) b-Spec(A) C C s.t. zj € b-Spec(A), |z;| = 0o = | Re z;| = oo.

So this means there are only finiteley many poles in any strip Rez| < R.

This in turn is a form of ‘analytic Fredholm theory’. For a holomorphic family
of elliptic operators, such as we have here, defined on a connected open set, the
inverse is meromorphic there is one point at which the operator is inverti 1%7; .
this case the existence of such a point, and the bound on the set of poles in (9.
is a consequence of

LEMMA 9.11. The indicial family I(A)(t+it) fort € R is a semiclassical family
down to e = +1/7 as 7 — +oo in R.

PROOF. O

@_(;Ib Qe parametrix construction above generalizes to yield the Fredholm prop-
ery (9. for

(9.121) w ¢ Reb-Spec(A4).

O

157.933
So the Fredholm condition for (9. or w in an open set with discrete comple-

ment. The index is necessarily constant on the open sets but changes as w crosses
an end-point. In fact there is a multiplicity function corresponding to the algebraic
multiplicity of the residues at the poles of I(A),

(9.122) rank : b-Spec(4) — Z

and the change of the index in passing from one interval to the next is the sum
of the multiplicity of the points in b-Spec(A) with real part corresponding to the
end-point. It is elementary to see that the index is a ﬂg%%easing function of w.

For Dirac operators Atiyah, Patodi and Singer ([7]) gave a formula for the
index which app iessilrtl this case. This is extensively discussed, from the present
point of view, in [7].” You might ask, is there a formula for the index in this general
b-pseudodifferential case? The answer of course is yes!

If you have survived this far, you would certainly be tempted to ask: Is there
a families index theorem? There is, at least there is a families index formula for
the Dirac case in the literature and this can be extended to the case of families of
Fredholm b-pseudodifferential operators. However, unlike the case of one operator
discussed above, for an elliptic family of b-pseudodifferentia operators on the fibres
of a fibre bundle (so of course the fibres are compact manifolds with boundary)
there is an obstruction to this forming a Fredholm family.

PROPOSITION 9.9. The family of indicial operators of an elliptic family of b-
pseudodifferential operators on the fibres of a compact fibre bundle define an index
class in K' the vanishing of which is a necessary and sufficient condition for the
existence of a Fredholm family with the same symbol.
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10. Spectral and scattering theory

11. What else?
L26-end
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