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Chapter 1

Differential operators

1.1 Differential operators I: trivial coefficients

In this section we discuss differential operators acting on spaces of functions on a manifold,
while in the next section we will move to those acting on spaces of sections of vector bundles.
We first discuss differential operators on an open subset U C R".

We use the following notation for multi-indices @ € N™ :

n

n
la| = Zaj; al = Haj!.
j=1

j=1

Moreover, if € N" we write o« < 8 if and only if a; < S forall 1 <j <n.If a < we
put

v =[], o*=op--- o5 (1.1.1)

Lemma 1.1.1 (Leibniz’ rule) Let f,g € C®°(U) and o € N". Then

(f9)=> ( g ) 0°f ° .

B

Proof Exercise. U

In what follows, we will use the notation C*°(U) for the space of smooth complex-
valued function on U; we denote by End(C*°(U)) the space of C-linear maps P : C*°(U) —
C*(U), maps that we will also call “operators on U”.

1



2 CHAPTER 1. DIFFERENTIAL OPERATORS

Definition 1.1.2 A differential operator of order at most £ € N on U is an operator
P € End(C>(U)) of the form
P=> c0% (1.1.2)
loo| <k

with ¢, € C*(U) for all a.

Hence such an operator acts on a function f = f(z) on U by

P(f)(x) =) cal) (8 f)(x).
laf<k
The linear space of differential operators on U of order at most k is denoted by Dy (U).
The union of these, for £ € N, is denoted by D(U). Via Leibniz’ rule one easily verifies that
the composition of two differential operators from Dy (U) and D;(U) is again a differential
operator, in Dy (U). Accordingly, the set D(U) of differential operators is a (filtered)
algebra with unit.

To pass top general manifold, the most natural way to proceed is to first prove that the
spaces Dy, (U) are invariant under coordinate changes (i.e. Exercise [1.1.7)), then to “glue”
these spaces together. However, we will follow a shorter path which takes advantage of the
fact that differential operators are local.

Definition 1.1.3 Let M be a smooth manifold. A linear operator P € End(C*(M)) is
called local if

supp(P(f)) Csupp(f) V fe C®(M).

Exercise 1.1.4 Show that P is local if and only if for any f € C*°(M) and any open
U C M, one has the implication:

flo =0= P(f)|v =0.

Lemma 1.1.5 There is a unique way to associate to any local operator P € End(C*(M))
on a manifold M and any open U C M, a “restricted operator”

Py = P|ly € End(C*(U))
such that, for all f € C>*(M) ,
Pu(flv) = P(f)lv
and, for V-C U, (Ply)lv = P|v.
Proof For f € C>®(U), let’s look at what the value of Py(f) € C®(U) at an arbitrary

point € U can be. We choose a function f, € C°°(M) which coincides with f in an open
neighborhood V,, C U of x. From the condition in the statement, we must have

Pu(f)(x) = P(f:) ().

We are left with checking that this can be taken as definition of Py. All we have to check
is the independence of the choice of f,. But if g, is another one, then f, — g, vanishes on
a neighborhood of x; since P is local, we deduce that P(f,) — P(g.) = P(f. — g.) vanishes
on that neighborhood, hence also at . Il
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The main property of local operators can be represented in local charts: if (U, k) is a
coordinate chart, then P|y can be moved to x(U) using the pull-back map

R CR(R(U)) = CX(U), w'(f) = for,

to obtain an operator
P.: C®(k(U)) = C*(k(U)), Py = k.(Ply) = (k)" 0 Plyy o K*.

Definition 1.1.6 Let M be a smooth manifold. A differential operator of order at
most k on M is a local linear operator P € End(C*(M)) with the property that, for any
coordinate chart (U, k), P, € Di(x(U)).

The space of operators on M of order at most k is denoted by Dy (M).

Note that the condition on a coordinate chart (U, k = (xf,...,z")) simply means that

P|y is of type
Py=Y calz)dL,
|| <k

with ¢, € C*(U). Here 0% act on C*°(U) and are defined analogous to 0% but using
the derivative along the vector fields d/0x induce by the chart. Note also that, in the
previous definition, it would have been enough to require the condition only for a family of
coordinate charts whose domains cover M. This follows from the invariance of the space
of differential operators under coordinate changes:

Exercise 1.1.7 Let h : U — U’ be a diffeomorphism between two open subsets of R"™
and consider the induced map

h. : End(C®(U)) — End(C=(U")), h.(P) = (h*)" o Poh".

Show that h. maps D(U) bijectively onto D(U’).

Deduce that a local operator P € End(C*(M)) on a manifold M is a differential
operator of order at most k if and only if for each x € M there exists a coordinate chart
(U, k) around x such that P, € Dy(k(U)).

Exercise 1.1.8 Show that any differential operator P € D;(M) can be written as

P(¢) = f¢ + Lv(¢)

for some unique function f € C*°(M) and vector field V' on M, where Ly (f) = V(f) =
df (V) is the derivative of f along V.
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Exercise 1.1.9 This exercise provides another possible (inductive) definition of the spaces
Dy(M). For each f € C®(M), let my € End(C*(M)) be the “multiplication by f”
operator. The commutator of two operators P and @) is the new operator [P,Q] = Po (@ —
QoP.

Starting with D_;(M) = 0, show that Dy(M) is the space of linear operators P with
the property that

[P,mys| € Dy_1(M) VfeC®(M).
Next, we discuss the symbols of differential operators.

Definition 1.1.10 Let U C R" and let P € Dy(U) be of the form (1.1.2). The full
symbol of the operator P is the function o(P) : U x R" — C defined by

o(P)(x.€) = ) cala)(i€)".

la|<k

The principal symbol of order k of P is the function oy (P) : U x R" — C,

on(P)(2,€) = 3 cala)(i€)".

|a|=k

A nice property of the principal symbol has, which fails for the total one is its multi-
plicativity property.

Exercise 1.1.11 Let P € Dy (U) and @ € D;(U). Then the composition QP belongs to
Dk—H and

or11(QP) = 01(Q)ow(P).
It is not difficult to check the following formulas for the symbols:

o(P)(x.6) = e P(e)(x), 04(P) (2. ) = lim e " P(c)(x).

Here we have identified ¢ with the linear functional = — Y &;z;. Accordingly, e stands
for the function x — €%*. See also below.

Although the total symbol may look more natural then the principal one, the situation
is the other way around: it is the principal symbol that can be globalized to manifolds
(hence expressed coordinate free). Again, one natural way to proceed is to prove the
invariance of the principal symbol under coordinate changes (but first one has to interpret
the space U x R™ of variables (z, ) correctly- and that is to view it as the cotangent bundle
of U). However, we will follow a shorter path, based on the above formula for the symbol.
First of all, we need a version of this formula which is more coordinate free.
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Lemma 1.1.12 Let U C R", P € Di(U). For (z,£) € U x R", choose ¢ € C*(U) such
that

(dp)s = Z &i(dx;),

(hence 0;(p)(x) =&, for all j). Then
or(P)(x,&) = tli}m t ke @ p(eit9) ().

Proof Left to the reader. The proof follows by application of Leibniz’ rule. O

One advantage of the previous lemma is that it is most natural to view £ as a variable
in the dual of R™. Accordingly, U x R" should be viewed as the cotangent bundle T*U. In
other words, the principal symbol should be viewed as the function

ok(P): T*U = C, &(dw)s+ ...+ &uldan)e = Y cal)(i€)"
|or|=k

Exercise 1.1.13 Check directly that the principal symbol behaves well under coordi-
nate changes. More precisely, let h : U — U’ be a diffeomorphism between two opens
U,U" C R™ Tt induces the map T*h : T*U — T*U’ given by T*h(z,&) = (h(z),E.T,h™1).
Accordingly we have the map h, : C(T*U) — C>°(T*U’) given by h.oc = oo (T*h)™".
Thus,

heo(z,€) = a(h ™' (x), £ TLh).

Show that, for all P € Dy(U),
a1 (ha(P)) = h.(o(P)).

Moreover, the previous characterization of the principal symbol can be taken as defini-
tion when we pass to manifolds. More precisely, given P € Dy(M) on a manifold M, one
defines the principal symbol (of order k) of P as the smooth function

ox(P):T"M — C

given by | |
7(P)(E) = Jim ¢~ P @)
—00

where, for x € M, &, € TXM, ¢ € C(M) is chosen so that (dy), = &.. The fact that
this definition does not depend on the choice of ¢ follows from the local case (previous

lemma). Indeed, choosing a coordinate chart (U, k = (2, ...,2%)) around x, the data over

U consisting of x,&,, P, ¢ is pushed forward by & to similar data over x(U):
T, =kK(x), =&, 0 (d/{_l)ﬁ(x), P. = (n_l)* oPoK" p.,=po K
and it is clear that, already before taking the limit,
tkemiten(® p(eiten)(z,) = t_ke_it@(x)P(eiw)(x).

In conclusion,
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Corollary 1.1.14 For P € Dy(M), there is a well-defined smooth function
op(P):T"M — C
such that, for any coordinate chart (U, k = (z¥,...,z%)),

T*M > &(da)s + ...+ En(da)y B o (P) k(). €1, ... &) € C.

Definition 1.1.15 Let P € Dy(M). The function ox(P) : T*M — C is called the
principal symbol of order £ of the operator P.

Exercise 1.1.16 Let V' be a vector field on M, f € C°°(M) and let P be the correspond-
ing differential operator from Exercise Show that the principal symbol of P is given
by a1(P)(x, &) = £(Va).

Exercise 1.1.17 Let P € Dy(M) and @ € D;(M). Show that QP € Dy, (M). Moreover,
0141 (QP) = 0,(Q)ox(P). Hint: use reduction to charts.

Exercise 1.1.18 Show that, for any P € Dy(M) and any f € C*(M) and all p € C*(M)
f(z)op(P)((dp),) = tlim tkem @ Pt £) (). (1.1.3)
—00

Finally, here is another interpretation of the (principal) symbol, which takes into ac-
count the fact that oy (P)(z, &) is not only smooth in £, but actually polynomial. Recall
first the formalism that allows us to handle polynomials in a coordinate free manner. Let
V' be a finite dimensional vector space real or complex). Recall that a function p: V' — C

is called polynomial of degree k if, for some (or, equivalently, any) basis {e1,...,e,} of V|
p is of the type
p(v) = Z Pav” = Z PVt L U,
|a|=k |a|=k
where the sum is over multi-indices o = (o, ..., a,) and p, € C. We denote by Pol*(V)

the space of such functions. The key remark is that this space is canonically isomorphic
to the more intrinsic space S¥V* consisting of all multilinear symmetric maps

p:Vx...xV —=C.
——

k timers

The identification between S*V* and Pol*(V) associates to the symmetric function p on
k-variables, the function

p(”) = p(Uh s 7Uk>‘
Exercise 1.1.19 Prove that, indeed, this defines a bijection between S*V* and Pol*(V').

Passing to duals, one obtains an identification between Pol*(V*) and S*V. As usual,
the operation V + S*V extends to vector bundles so that, for any vector bundle E over a
manifold M, one forms a new vector bundle S*E over M whose fiber above z € M is S¥E,.
By the discussion above, any section of S*E can be interpreted as a smooth function on
the manifold E*. With these at hand, it should be clear now that the principal symbol of
an operator P € Dy (M) becomes a section

op(P) € T(S*TM).
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1.2 Differential operators II: arbitrary coefficients

We shall now introduce the notion of a differential operator between smooth vector bundles
E and F on a smooth manifold M, acting at the level of sections

P:T(E) — T(F). (1.2.4)

It is useful to have in mind that degree zero differential operators correspond to sections
C € I'(Hom (£, F)) i.e. smooth maps

M >z +— C, € Hom(E,, F,).
More precisely, any such C' defines an operator C': I'(E) — I'(F') acting on sections by
C(s)(x) = Cu(s(x)).

Exercise 1.2.1 Show that this construction defines a 1-1 correspondence between sections
of Hom (E, F') and maps from I'(E) to I'(F) which are C°°(M)-linear.

As before, differential operators P : I'(E) — ['(F) will have the important property of
locality: for any s € I'(E),
supp(P(s)) C supp(s).
And, as in the previous section (and by a similar argument), any such local operator can
be restricted to opens U C M to induce operators

Py =Ply:T(E|ly) = T'(Flv)

so that P(s)|y = Py(s|y) and, for all V- C U, (Py)y = Py.

For the precise definition of differential operators between sections of vector bundles
there are many different but equivalent ways to proceed. The most natural one is probably
to assume locality, discuss the local case first (over domains of charts and trivializations
of the bundles), prove that the outcome is independent of the choices, and then “glue”
the local pieces together. Here is a less natural but shorter way to proceed. The idea is
to pass right away to the case of of the trivial line bundles (i.e. to the previous section),
in a coordinate free manner. Given a linear operator (1.2.4), the key remark is that any
sections

ec(E), Nel(F)

induce a linear operator
Pon: C%(M) = C¥(M), Pr(f) = MP(fs))

(where, as above, we interpret A as a linear map I'(F') — C*°(M)). Note that, intuitively,
the choice of (arbitrary) e and A allows us to avoid working with coordinates (with respect to
(local) frames of E and F'); however, P, ) can be thought of as “the (e, A) global coordinate
of P”.
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Definition 1.2.2 We say that P : I'(E) — I'(F) is a differential operator of order
at most k from E to F'if

P.n € DL(M) V eel(E), AeT(F*).

The space of such operators is denoted by Dy(M; E, F'), or simply Dy(E, F).
With this definition, locality is a consequence.

Proposition 1.2.3 Given two vector bundles E and F over M,

(i) any differential operator P € Dy(FE,F) is local and, for any U C M open, the
restriction

PU = P‘U : F(E‘U) — F(F’U)
belongs to Dy(E|y, F|v).

(i1) conversely, if P € I'(E) — I'(F) is a local operator with the property that each
point © € M has an open neighborhood U such that Ply € Di(E|y, Fly), then
P e Du(M;E, F).

Proof Note first that, for any vector bundle E, there exists an integer [ and sections
er,...,eq €T(E), A,... A\ er(g)
such that, for any s € I'(E),
s=XA(s)er + ...+ N(s)ey.

Indeed, a basic property of vector bundles is that one can always find another vector bundle
E’ such that E® E' is isomorphic to the trivial bundle M x C! for some [. This isomorphism
is encoded in a global frame éy,...,é of E @ E’. Define then e; to be the first component
of €; and A;(s) to be the j-th coordinate of (s,0) € E @ E’ with respect to this frame.

Returning to our proposition, assume that P € Dy(FE, F'), s € I'(E) vanisheson U C M
and we show that also P(s) vanishes on U (i.e. we use a version of Exercise [1.1.4). But
the previous discussion shows that, if s|y = 0, then s can be written as a sum

s = fie1 + ...+ fie
with e; € T(E), f; € C*(M) with fi|y = 0 (take f; = M (s)). But then, for any A\ € I'(F*),
A(P(s)) = Py a(f1) + - 4 Pe (i)

hence, from the locality of the operators P, », we deduce that P(s)|y is killed by all A €
['(F*), hence P(s)|y = 0.
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Next, we postpone for the moment the proof of the fact that P|y € Dy(E|y, F|v) and
we concentrate on the last part of the proposition. Hence assume that P € I'(E) — ['(F)
is local and satisfies the properties from the statement. We have to show that, for any
ec'(E), A€ I'(F*), P.\ € Dx(M). But note that, for any U,

Pe,A|U = (P|U>€|U7>‘|U

hence it suffices to combine the hypothesis with the last part of Exercise [1.1.7

Finally, assume that P € Di(F, F) and we prove that the restrictions P|y : T'(E|y) —
I'(F|y) are in Dy(E|y, Fly). Let e € T'(E|y), A € I'(F*|p); we show that @ := (P|y)ex
belongs to Dy (U). As before, we have to make sure that any x € U has an open neighbor-
hood V,, C U such that Q|y € D(U). Just use V,, = V so that e|y and M|y admit smooth
extensions €, A to M, so that Q|y = P, ¢|lv will belong to Dy (U). O

Exercise 1.2.4 Show that, for any two vector bundles £ and F' over a manifold M, the
assignment
U~ Dk<E|U7 F’U)

(U C M open) is a sheaf on M.

Of course, with (ii) of the proposition in mind, we can go on and give slightly different
definitions, based on the local data. For instance, if U is an open on which F¥ and F are
trivializable, with (fixed) trivialization frames

e:{el,...,ep}, f:{fl,-'wfq}?

then the restriction to U of a local operator P : ['(E) — I'(F) is of type

Ply(e;) =Y P(e,f) fi,

i.e. it is determined by a matrix of operators acting on C*(U):

=>J Pt Shv >

Exercise 1.2.5 Show that a linear operator P : I'(E) — I'(F) is in Dy (FE, F) if and only
if it is local and, for each x € M, there is an open U containing = and local frames e and
f of E and F over U, such that all the components P(e, f)¥ are in Di(U).

To express differential operators in perms of partial derivatives, we have to restrict to
opens U C M with

1. U is the domain of a (fixed) coordinate chart (U, k = (zf,...,xf)).

rn

2. F is trivializable over U, with a (fixed) frame {sy,...} over U.
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Note that, in this case, we have “higher order derivatives operators”
0 :T(E) = T(E), flsi+...=0%fYs1+....

Exercise 1.2.6 With the previous notations, show that a linear map P : I'(E|y) —
['(F|y) is a differential operator of order at most k if and only if it is of the form

with C, € I'(Hom (E|y, F|v)).

We extend the definition of principal symbol as follows. We denote by 7 : T*M — M
the canonical projection. For a vector bundle E over M, let 7*E be the pull-back of F to
T*M (whose fiber above &, € TXM is E,). For two vector bundles E and F over M, we
consider the vector bundle Hom (E, F') over M (whose fiber above x € M is Hom(E,, F,))
and its pull-back to 7™M,

7*Hom (F, F') =2 Hom (7" E, 7" F)
whose fiber above &, € TXM is Hom(E,, F,).

Lemma 1.2.7 Let E,F be smooth vector bundles on M and let P € Dy(E,F). There
exists a unique section og(P) of m*Hom (E, F') (called again the principal symbol of
P), i.e. a smooth function

T; 3 & = 0k(P)(&) € Hom(E;, Fy),
with the following property: for each xo € M and all s € I'(E) and ¢ € C*(M),
0k (P)((dp) s, ) (s(z0)) = tlim ke te@0) p(ete5) (2. (1.2.5)
—00

Moreover, for each x € M the function & — op(P)(z,£) is a degree k homogeneous poly-
nomial function T M — Hom(E,, F).

Proof Uniqueness follows from the fact that for every (z,§) € T*M and v € E, there
exists a s € I'°(F) such that s(x) = v and a function ¢ € C*°(M) such that dp(x) = £.
We have to check that, fixing o € M, the right hand side of the formula only depends on
€ = (dy)s and on s(zg), and the dependence is linear on s(xy) and polynomial in . We
denote this formula by o(&, s). Applying an arbitrary A € I'(F*) we obtain

Mo (€, 5)) = ax(Pan)(6),

hence A(o(&,s)) only depends on £ (and in a polynomial fashion) and s and not on the
choice of ¢ (for any A!), from which it follows that the same is true for (&, s). Finally, for
any f € C°°(M), multiplying s by fs gives:

Ao(€, ) = Jim ¢Fe 0N (P(e f5) (1)),
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where A(P(e"? fs)(xg)) = Ps (" f) hence (using Exercise [1.1.18 applied to P ,) we find

Ao (€, fs)) = A(f(z0)a (&, 5))-

Since this holds for all A, it follows that o(§, fs) = f(zo)o(&, s); since o (€, s) is C-linear in
s, we deduce that it only depends s(z¢) and not on s(xg). O

Example 1.2.8 We consider the complexified version of the DeRham complex. L.e., we
define QF(M)c = QF(M) ®g C, which should be interpreted as the space of sections of
the complex vector bundle Ac¢T*M whose fiber at * € M consists of antisymmetric, k-
multilinear maps from 7, M to C. The exterior differentiation clearly extends to a C-linear
map d = di : Q*(M)c — Q¥ (M)c. Let U be a coordinate patch of M with local
coordinates zi,...,x,. Then for each a € U, the one forms dzi(a),...,dz,(a) span the
cotangent space T;* M. Thus, A¥T* M has the basis

dle(a)/\/\d:c]k(a), Wlthjl < - <]k

With respect to this basis, the restriction of a section s € Q¥(M) to U may be expressed
as

1< <Jg

Exterior differentiation is given by

dsly =) d(sj,.5) Adajy A= A day,

where ds;, ;. = > .0;sj,, . .- From this we see that d is a differential operator of order
one from A*T*M to AFFIT*M.

Exercise 1.2.9 Show that the principal symbol of exterior differentiation d : T'(A*T*M) —
D(AMIT* M) is given by

or(d)(z, &) : ANTEM — ANMTEM, w e i€ A w.

For E;, E5 smooth vector bundles on M and P € Dy(E;, E,), the principal symbol
oi(P) is a section of the bundle Hom (7* E}, 7* E5). Equivalently, the symbol may be viewed
as a homomorphism from the bundle 7*F; to 7*FE,. Thus, if F3 is a third vector bundle
and @ € D;(Fs, F3) then the composition 0;(Q) o o (P) is a vector bundle homomorphism
from F; to Es.

Lemma 1.2.10 Let Ey, Ey, E5 be smooth vector bundles on M. Let P € Dy(E, Es) and
Q € Dy(Es, E3). Then the composition Qo P belongs to Dy (Ey, E3) and

O'k+l(QoP) = O'I(Q) oO'k(P>.
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Finally, we discuss the notion of formal adjoint. For this, and for later use, we need the
notion of density.

Reminder on densities: This is about the density bundle from the intensive reminder.
Given an n-dimensional real vector space V, one defines D,.(V'), the space of r-densities (for any
real number r > 0), as the set of all maps w : A"V — R satisfying

w(A) = [Aw(E), V £ € A"V,

Equivalently (and maybe more intuitively), one can use the set Fr(V) of all frames of V' (i.e.
ordered sets (e1,...,e,) of vectors of V' which form a basis of V). Then D, (V) can also be
described as the set of all functions

w:Fr(V)—-R

with the property that, for any invertible n by n matrix A, and any frame e, for the new frame
A(e) one has
W(A(e)) = |det(A)["w(e).

Intuitively, one may think of an r-density on V' as some rule of computing volumes of the hyper-
cubes (each frame determines such a hypercube). For each r, D,(V) is one dimensional (hence
isomorphic to C), but in a non-canonical way. Choosing a frame e of V, one has an induced
r-density denoted

we=let AL A€,

uniquely determined by the condition that we(e) = 1 (the €'’s in the notation stand for the dual
basis of V*).

For a manifold M, we apply this construction to all the tangent spaces to obtain a line bundle
D, (M) over M, whose fiber at + € M is D,(T,M). For r =1, D1(M) is simply denoted D, or
Dj; whenever it is necessary to remove ambiguities. The sections of D are called densities on M.

Any local chart (U, k = (xL,...,27)) induces a frame (9/0x%), for T, M with the dual frame
(dx), for T M, for all z € U. Hence we obtain an induced trivialization of D,.(M) over U, with
trivializing section

\dal A LA da?,

(and, as usual, the smooth structure on D is so that these sections induced by the local charts
are smooth).

An r-density on M is a section w of D,.(M). Hence, locally, with respect to a coordinate chart
as before, such a density can be written as

w=feok-|(dx: A... Adz"|,

for some smooth function defined on x(U). If we consider another coordinate chart ' on the
same U then, after a short (but instructive) computation, wee see that f, changes according to
the rule:

fr = [Jac(h)[" fir o b,
where h = £’ o k71 is the change of coordinates, and Jac(h) is the Jacobian of h. The case r = 1

reminds us of the usual integration and the change of variable formula: the usual integration of
compactly supported functions on an open 2 C R™ defines a map

/ O (O R) - R
Q
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and, if we move via a diffeomorphism h : Q — €/, one has the change of variables formula

/Qf:/Q\Jac(h)|-foh.

Hence, for 1-densities on the domain U of a coordinate chart, one has an induced integration map
/ :Ie(U,D|y) - R
U

(by sending w to fH(U) f) which does not depend on the choice of the coordinates. For the global
integration map

/ :To(M,D) = R,
M

one decomposes an arbitrary compactly supported density €2 on M as a finite sum ), w;, where
each w; is supported in the domain of a coordinate chart U; (e.g. use partitions of unity) and put

Of course, one has to prove that this does not depend on the way we decompose w as such a sum,
but this basically follows from the additivity of the usual integral.

Note that one can clearly talk about positive/negative densities. Hence any metric on D
(and, in particular, any Riemannian metric on M) induces a no-where vanishing section of D
(the positive one, of length 1). In other words, D is trivializable (but not canonically). The
choice of a no-where zero density du induces an integration map:

/M- du: CE(M) 5 C, [ /M(fdu),

where the complex numbers show up because of the fact that C2°(M) consists of complex valued
functions; of course, [, (f+ig)dp is defined as [,, fdu+i [, gdp. Actually, to be consistent with
our convention of only considering complex vector bundles, we should complexify D, i.e. consider
D®rC = D®i-D; equivalently, in all the previous definitions we use C instead of R (i.e. we look
at complex-valued densities). We will continue to use the notation D for the resulting complex
line bundle; one obtaines the complex-valued version of the integration map

/M :T,(M, D) — C.

Assume now that F and F' are two vector bundles over M equipped with hermitian
inner products (—, —>EE| and (—, —)¥. We also choose a strictly positive density on M,
call it du. One has an induced inner-product on the space I'.(F) of compactly supported
sections of E given by

(s,8/)F = /M (s(2), SN dp,

thence (—, —)¥ is a family {(—, —)Z : 2 € M} of inner products on the vector spaces E,, which “varies
smoothly with respect to 2. The last part means, e.g., that for any s, s’ € T'(E), the function (s, s')¥ on

M, sending z to (s(z),s'(z))Z is smooth; equivalently, it has the obvious meaning in local trivializations.
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and similarly an inner product on I'.(F'). Given P € Dy(E, F'), a formal adjoint of P
(with respect to the hermitian metrics and the density) is an operator P* € Dy (F, E) with
the property that

(P(s1), 82)F = (51, P*(52))", V¥ 51 € Te(E), sy € To(F).

Proposition 1.2.11 For any P € Dy(E, F), the formal adjoint P* € Dy(F,E) exists
and is unique. Moreover, the principal symbol of P* is o (P*) = or(P)*, where ox(P)*(&:)
1s the adjoint of the linear map

or(P)(&) : By — F,
(with respect to the inner products (—, —)E and (—, —)I' )P

T

Proof Due to the local property of differential operators it suffices to prove the statement
(both the existence as well as the uniqueness) locally. So assume that M = U C R™, where
we can write P =37, Cq 0 0% We have du = p|dz| for some smooth function p on U.

Writing out (P(sy1),s2)f and integrating by parts |a| times (to move 9 from s to s'), we
find the operator P* which does the job:

/ 1 e *x /
Pr(s) = > =0%(pCs).
jal<k ©

Clearly, this is a differential operator of order at most k. For the principal symbol, we see
that the only terms in this sum which matter are:

S (DL pcion(s) = 3 (—1)elcnen(s),
|a|=k
i.e. the symbol is given by
Yo (=pkleiie) = () Caie)).
|o|=Fk la|=k

The uniqueness follows from the non-degeneracy property of the integral: if fU fg =20 for
all compactly supported smooth functions, then f = 0. ]

1.3 Ellipticity; preliminary version of the Atiyah-Singer
index theorem

Definition 1.3.1 Let P € Dy(FE, F) be a differential operator between two vector bundles
E and F over a manifold M. We say that P is an elliptic operator of order k if, for any
& € T M non-zero,

o,(P)(&) : Ex — F,

is an isomorphism.

Znote that P* depends both on the hermitian metrics on £ and F as well as on the density, while it
principal symbol does not depend on the density.
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The aim of these lectures is to explain and complete the following theorem (a prelimi-
nary version of the Atiyah-Singer index theorem).

Theorem 1.3.2 Let M be a compact manifold and let P : T'(E) — T'(F') be an elliptic
differential operator. Then P is Fredholm (i.e. Ker(P) and Coker(P) are finite dimen-

sional),
Index(P) := dim(Ker(P)) — dim(Coker(P))

depends only on the principal symbol oy (P), and Index(P) can be expressed in terms of
(precise) topological data associated to og(P).

Here are a few exercises about the notion of ellipticity and Fredholmness. In these
exercises we fix a a density on M and, on each vector bundle over M that we will be
considering, a hermitian inner product. So, for £ over M, we can talk about the adjoint
D* of differential operators D : I'(E) — I'(E); we will say that D is self-adjoint if D = D*.
We will prove later on (as part of the theorem above) that, if D is elliptic, then

(Dec) T'(E) = Ker(D) + Im(D).
(Fre) Ker(D) and Coker(D) are finite dimensional (i.e. D is Fredholm).
Exercise 1.3.3 Given a self-adjoint differential operator D : I'(E) — ['(E), show that:
(i) Ker(D)NIm(D) = {0}
(ii) If D satisfies condition (Dec), then
(Kex(D))* =Tm(D), (Im(D))* = Ker(D)

(iii) If D satisfies both conditions (Dec) and (Fre), then Index(D) = 0.
Exercise 1.3.4 Given a self-adjoint differential operator @ : I'(E) — I'(E) and D =
Q o @, then
(i) D is elliptic if and only if @ is.
(ii) D satisfies conditions (Dec) and (Fre) if and only if @ does.
Exercise 1.3.5 Let Q; : ['(E,) — I'(E_) be a differential operator between two vector
bundles £, and F_ and we denote by @)_ its adjoint:

T(E,) iF(E,) . (1.3.6)
Q+

We place ourselves in the situation of the previous exercise by taking

E=E,®E., Q(s4,5-)=(Q-(s-),Q+(s1)),
so that D = @ o @ has components D, = @Q_oQ,, D_ =@, o Q_ (acting on I'(E) and
[(E_), respectively). If D satisfies conditions (Dec) and (Fre), show that @), is Fredholm

and
Index(Q, ) = Ker(D, ) — Ker(D_).
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Due to the the way that elliptic operators arise in geometry (via “elliptic complexes”),
it is worth giving a slightly different version of the Atiyah-Singer index theorem.

Definition 1.3.6 A differential complex over a manifold M,
£:T(EY % r(EY &5 n(E?) 2
consists of:

1. For each k > 0, a vector bundle E} over M, with Ej = 0 for k£ large enough.

2. For each k > 0, a differential operator P from Ej to Ej.1, of some order d indepen-
dent of k£

such that, for all k&, Py, 10 P, = 0.

Example 1.3.7 Let d, : QF(M) — QF1(M) be exterior differentiation. Then dj, 1 ody =
0 for all k. Therefore, the sequence of differential operators d;, € Dy (AFT* M, NFHLT* M)
forms a complex; it is called the de Rham complex.

Note that, from Lemma [1.2.10]it follows that for a complex of differential operators as
above, the associated sequence o4, (Py) of principal symbols is a complex of homomorphisms
of the vector bundles 7*E), on M, i.e., for any &, € T M, the sequence

I Ud( 0)(&x )El Ud( 1) (e )EQ o4

xT T xT

( 2)(6x)

is a complex of vector space. In turn, this means that the composition of any two consec-
utive maps in this sequence is zero. Equivalently,

Ker(o4(Pen) (&) € Im(oa(P)(E)).

Definition 1.3.8 A differential complex £ is called an elliptic complex if, for any
& € Ty M non-zero, the sequence

EQ Ud(P2)(£x)

is exact, i.e.

Ker(o4(Pr11)(&x)) = Im(oa(Py)(Ex))-
For a general differential complex £, one can define
Z8(€) = Ker(Py), B*(€) = Im(Py,),
and the k-th cohomology groups
H*(E&) = Z¥(€)/B*(€).
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The space H*(M, P,) defined as above, is called the k-th cohomology group of the
elliptic complex. One says that £ is a Fredholm complex if all these groups are finite
dimensional. In this case, one defines the Euler characteristic of £ as

X(€) = (=1)fdim(H*(€)).

k

Another version of the preliminary version of the Atiyah-Singer index theorem is the fol-
lowing;:

Theorem 1.3.9 If £ is an elliptic complex over a compact manifold M, then it is also
Fredholm, and the Euler characteristic x(€) can be expressed in terms of topological in-
variants of the principal symbols associated to E.

Example 1.3.10 For the DeRham complex (Q*(M),d), the resulting cohomology in a
degree k is called the k-th de Rham cohomology of M, denoted H¥;(M). The ellipticity
of this complex (see the next exercise), together with the above result, implies that the
de Rham cohomology of a compact manifold is finite dimensional. For a simpler proof
of this result, involving Meyer-Vietoris sequences, we refer the reader to the book by
Thornehaeve-Madsen or the book by Bott and Tu.

Exercise 1.3.11 Let V be a finite dimensional complex vector space. Let £ € V*\ {0}.
Show that the complex of linear maps T}, : AFV* — AFFIV* w1 € A w, is exact.
Deduce that the DeRham complex a manifold is an elliptic complex.

Example 1.3.12 Any elliptic operator P € Dy(E, F') can be seen as an elliptic complex
with E* = FE, E' = F and E* = 0 for other k’s, Py = P. Moreover, its Euler characteristic
is just the index of P. Hence the last theorem seems to be a generalization of Theorem
[1.3.2] However, there is a simple trick to go the other way around. This the next exercises.

In these exercises, we fix a a density on M and, on each vector bundle over M that
we will be considering, a hermitian inner product. First we relate the notion of elliptic
complexes to that of elliptic operators. For a complex of differential operators

£:T(E") 2% n(EY I r(E?) 2
(with hermitian inner products on each E*) we form the total vector bundle
E=E'®E'@®...

and the Laplacian
A:=PoP"+PoP:I'(E)—T(E).

Note that Delta is of type

A= (Ag,AL,..) with A,:T(EF) — T(EY).
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Exercise 1.3.13 For any complex of differential operators (£), show that Ker(A) =
Ker(P) N Ker(P*) and that the sum

Ker(A) + Im(P) + Im(P*) C I'(E)
is a direct sum.

Exercise 1.3.14 Show that the complex (1.3.6) is elliptic if and only if the Laplacian Ag
is an elliptic operator.

(Hint: translate this into an linear problem, in which you deal with a cochain complex
consisting of finite dimensional hermitian vector spaces

VoL vty (1.3.7)
and show that this is exact if and only if the associated “algebraic Laplacian”
000" +0" 00 : &V — @ V*
is an isomorphism. )

The next exercise is similar to the previous one but, instead of addressing ellipticity, it
addresses the Fredholmness condition together with the condition (Dec) mentioned before:

(Dec) T'(E) = Ker(A) + Im(A).

The two exercises together will imply, once we show that elliptic differential operators are
Fredholm, that elliptic complexes are Fredholm.

Exercise 1.3.15 With the same notation as before, for an elliptic complex £, show that
the Laplacians Fredholm and satisfies (Dec) if and only if the complex £ is Fredholm and
satisfies the following “Hodge decomposition”

I'(E) = Ker(P) N Ker(P*) + Im(P) + Im(P*)
or, equivalently (by Exercise [1.3.13]),
I'(E) = Ker(A) @ Im(P) @ Im(P").

Moreover, in this case Ker(P) = Ker(A) @ Im(P), so that H*(€) is canonically isomorphic
to Ker(Ag).

Putting the previous exercises together, we consider
E, =FE°0F*¢FE'®..., E_.=FE'®EqEF°,
Q+ = <P+ P*)|F(E+) . F(E+) — F(E_)
and you should deduce:

Exercise 1.3.16 If £ is Fredholm and A satisfies (Dec), then @ is an elliptic operator
and

X(€) = Index(Q-).
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1.4 Fredholm operators as tools- summary of what we
need

As we have already mentioned, the aim of these lectures is to understand Theorem
The first few lectures will be devoted to proving that the index of any elliptic operator (over
compact manifolds) is finite; after that we will spend some lectures to explain the precise
meaning of “topological data associated to the symbol” (and the last lectures will be de-
voted to some examples). The nature of these three parts is Analysis- Topology- Geometry.

For the first part- on the finiteness of the index, we will rely on the fact that indices of
operators are well behaved in the framework of Banach spaces. This is some very general
theory that belongs to Functional Analysis, which we recall in this section (for more details
and proofs, see the next section). In the next few lectures we will show how this theory
applies to our problem (on short, we have to pass from spaces of sections of vector bundles
to appropriate “Banach spaces of sections” and show that our operators have the desired
compactness properties).

So, for this section we fix two Banach spaces [E and F and we discuss Fredholm operators
between them- i.e. operators which have a well-defined index. More formally, we denote
by L(E,F) the space of bounded (i.e. continuous) linear operators from E to F and we
take the following:

Definition 1.4.1 A bounded operator 7' : E — F is called Fredholm if Ker(A) and
Coker(A) are finite dimensional. We denote by F(E, F) the space of all Fredholm operators
from E to F.

The index of a Fredholm operator A is defined by

Index(A) := dim(Ker(A)) — dim(Coker(A)).

Note that a consequence of the Fredholmness is the fact that R(A) = Im(A) is closed.
Here are the first properties of Fredholm operators.

Theorem 1.4.2 Let E, F, G be Banach spaces.

(i) If B:E —F and A:F — G are bounded, and two out of the three operators A, B
and AB are Fredholm, then so is the third, and

Index(A o B) = Index(A) + Index(B).
(i) If A:E — F is Fredholm, then so is A* : F* — E* andﬁ

Index(A*) = —Index(A).
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(iii) F(E,F) is an open subset of L(E,F), and
Index : F(E,F) — Z
18 locally constant.

What will be important for us is an equivalent description of Fredholm operators, in
terms of compact operators. First we recall the following:

Definition 1.4.3 A linear map 7 : E — F is said to be compact if for any bounded
sequence {z,} in E, {T(x,)} has a convergent subsequence.

Equivalently, compact operators are those linear maps 7' : E — [F with the property
that T'(Bg) C F is relatively compact, where Bg is the unit ball of E. Here are the first
properties of compact operators.

We point out the following improvement/consequence of the Fredholm alternative for
compact operators (discussed in the appendix- see Theorem there).

Theorem 1.4.4 Compact perturbations do not change Fredholmness and do not change
the index, and zero index is achieved only by compact perturbations of invertible operators.
More precisely:

(i) If K € K(E,F) and A € F(E,F), then A+ K € F(E,F) and Index(A + K) =
Index(A).

(i) If A € F(E,F), then Index(A) = 0 if and only if A = Ay + K for some invertible
operator Ag and some compact operator K.

Finally, there is yet another relation between Fredholm and compact operators, know
as the Atkinson characterization of Fredholm operators:

Theorem 1.4.5 Fredholmness= invertible modulo compact operators.
More precisely, given a bounded operator A : & — ¥, the following are equivalent:

(i) A is Fredholm.

(ii) A is invertible modulo compact operators, i.e. there exist and operator B € L(F,E)
and compact operators Ky and Ky such that

BA=1+K,,AB =1+ K.

1.5 Appendix: Fredholm operators- more details and
proofs

Here, for the curious reader, we expand the previous section, providing more details and
proofs.



1.5. APPENDIX: FREDHOLM OPERATORS- MORE DETAILS AND PROOFS 21

1.5.1 Fredholm operators: basic properties

Let E and F be two Banach spaces. We denote by L(E,F) the space of bounded linear
operators from E to F.

Definition 1.5.1 A bounded operator T : E — F is called Fredholm if Ker(A) and
Coker(A) are finite dimensional. We denote by F(E, F) the space of all Fredholm operators
from E to F.

The index of a Fredholm operator A is defined by

Index(A) := dim(Ker(A)) — dim(Coker(A)).

Note that a consequence of the Fredholmness is the fact that R(A) = Im(A) is closed.
Here are the first properties of Fredholm operators (stated already as Theorem in the
previous section).

Theorem 1.5.2 Let E, F, G be Banach spaces.

(i) If B:E —F and A:F — G are bounded, and two out of the three operators A, B
and AB are Fredholm, then so is the third, and

Index(A o B) = Index(A) + Index(B).

(ii) If A is Fredholm, then so is A*, and
Index(A*) = —Index(A).

(iii) F(E,F) is an open subset of L(E,F), and
Index : F(E,F) — Z
1s locally constant.

Proof  Part (i) is a purely algebraic result. We prove that if A and B are Fredholm,
then so is AB (the other cases following from the arguments bellow). First of all we have
a short exact sequence

0 — Ker(B) — Ker(AB) 5 Im(B) N Ker(A) — 0,
and this proves that AB has finite dimensional kernel with
dim(Ker(AB)) = dim(Ker(B)) 4+ dim(Ker(A) N Im(B)).
Next, we have the exact sequence

Im(B) + Ker(A) F o4 G G
0= 0B B m(AB)  imd)
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where the first map is the obvious inclusion, and the last one is the obvious projection.
All the spaces in this sequence, except maybe Coker(AB), are finite dimensional (the first
one is isomorphic to Ker(A)/Ker(A) NIm(B), so we deduce that also Coker(AB) is finite
dimensional and

dim(Coker(AB)) = dim(Coker(A))+dim(Coker(B))—dim(Ker(A))+dim(Ker(A)NIm(B)).

Combining the last two identities, we get the desired equation for the index.

Part (ii) is easy.

For (iii), let A € F(E,F). We choose complements E; of Ker(A) in E, and Fy of Im(A)
in F. This is possible because Ker(A) is finite dimensional, and because Im(A) is closed
of finite codimension, respectively. Denote by i; : E; — E the canonical inclusion and by
p: F — Im(A) the projection. To any operator S € L(E,F) we associate the operator
So = pSi: E; — Im(A). Since Ay is clearly an isomorphism, there exists € > 0 so that, for
all S such that ||S — A|| < €, Sp is an isomorphism. For such an S we can also say that
So = pSi is Fredholm of index zero. But p is Fredholm of index —dim(Ker(A)) while i is
Fredholm of index dim(Coker(A)). Using (i), S must be Fredholm and

0 = Index(Sy) = —dim(Ker(A)) + Index(S) + dim(Coker(A)).

In conclusion, for ||S — A|| <€, S is Fredholm of index equal to Index(A).

1.5.2 Compact operators: basic properties

Definition 1.5.3 A linear map T : E — F is said to be compact if for any bounded
sequence {x,} in E, {T(x,)} has a convergent subsequence.
We denote by K(E, F) the space of such compact operators.

Equivalently, compact operators are those linear maps 7' : E — F with the property
that T'(Bg) C F is relatively compact, where By is the unit ball of E. Here are the first
properties of compact operators.

Proposition 1.5.4 Let E, F and G be Banach spaces.

(i) K(E,F) is a closed subspace of L(E,TF).

(i1) given T € L(E,F), S € L(F,G), if T or S is compact, then so isT o S.
(i) T € L(E,F) is compact if and only if T* € L(F*,E*) is.
In particular, KK(E) is a closed two-sided *-ideal in L(E).

Note that, if E = H is a Hilbert space, then () is the unique non-trivial (norm-
)closed ideal in L(H).
Proof We prove that, if T,, — T and T, are all compact, then 7" is compact. Since T'(Bg)
is bounded and F is Banach, it suffices to show that T'(Bg) is precompact, i.e. that it can
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be covered by a finite number of balls of arbitrarily small radius €. So, let € > 0. Choose
n such that ||T,, — T'|| < €¢/2 and cover T,,(Bg) by a finite number of balls B(f;,¢/2). Then
the balls B(f;, €) cover T(Bg).

We now prove (iii) (the remaining statements are immediate). Assume first that 7" is
relatively compact, and let K C F be the closure of T'(Bg) (compact). Let v, be a sequence
in the unit ball of F*. We want to prove that T7*(v,,) = v, 0T has a convergent subsequence.
We consider the space C(K) of continuous functions on K, and the subspace H consisting
of the restrictions ¢,, = v,|x. We claim we can apply Ascoli to H. Equicontinuity: since
llon]| < 1, we have

for all z and y. Equiboundedness: since ||v,|| < 1 and any y € K has norm less then ||T||,
we have

|n ()] < [IT]

for all y € K and all n. By Ascoli, we find a subsequence of ¢,,, which we may assume is
¢, itself, which is convergent in norm. We use that it is Cauchy:

SupyEK‘¢n(y) - ¢m(y)\ — 0.

Since T'(Bg) C K, this clearly implies that 7%(v,,) is Cauchy in E*, hence convergent. For
the converse of (iii), we apply the first half to conclude that 7** : E** — F** is compact.
Viewing E C E*x as a closed subspace, and similarly for F, we have T'(Bg) = T**(Bg)-
relatively compact.

Next, we discuss the relationship with finite rank operators.

Definition 1.5.5 A linear map T : E — F is said to be of finite rank if it is continuous
and its image is a finite dimensional space. We denote by Kgy, (E, F) the space of compact
operators from [E to F.

Equivalently, Kgy, (E,F) is the image of the canonical inclusion

E'@F = LEF), Y ei®fi= Y el(-)f

i.e. the finite rank operators are those of type T'(x) = > ef(x)f; (finite sum) with e} € E*
fi € F. It is clear that
Ka(E,F) C K(E,F) C L(E,F)

and g, (E, F) has all the properties of K(E,F) from the previous proposition, except from
being closed. All we can say in general is that

K (E,F) C K(E,F),

and the next propositionﬁ gives conditions on [ so that this inclusion becomes equality.
For this, we recall that a Schauder basis for IF is a countable family { fx : £ > 1} of elements

4this proposition is just for your curiosity.



24 CHAPTER 1. DIFFERENTIAL OPERATORS

of F with the property that each y € F can be uniquely written as

Yy = Z tfr
k=1

with tg-scalars. Clearly, any separable Hilbert space admits a Schauder basis, but also
spaces such as LP with p > 1 do.

Proposition 1.5.6 IfF admits a Schauder basis then an operator T € L(E,F) is compact
if and only if it is the limit of a sequence of finite rank operators; in other words,

K(E,F) = Ksm(E, F).

Proof  We still have to show that any compact 7' is a limit of finite rank ones. Let
{fx : kK > 1} be a Schauder basis, and let f* : F — C be the coordinate functions. Tt
is known that the Schauder basis can be chosen such that f* are continuous. We put
Ty € L(E,F),

T(@) = Y F(T@)S

To prove T}, — T', let € > 0. For any = of norm less then 1, we find N such that
Y ST@) | <e
i=k

for all & > N. But since T'(Bg) is relatively compact, we can choose N uniform with
respect to x € Bg. Hence ||T — T;|| < e for all £ > N.

Finally, to give an alternative description of compact operators, we recall that a linear
map 7' : [E — F is said to be completely continuous if it carries weakly convergent sequences
into norm convergent sequences.

Proposition 1.5.7 Any compact operator T : E — F is completely continuous. The
converse is true if E is reflexive.

1.5.3 Compact operators: the Fredholm alternative

In this section, E = F (a Banach space). One of the versions of the Fredholm alternative
says that, if K is a compact operator on [E, then the associated equation x = Kz + y
behaves like in the finite dimensional case: if the homogeneous equation x = Kx has only
the trivial solution x = 0, then the inhomogeneous equations

r=Kr+y

has a unique solution = € E, for every y € E. More precisely, we have the following:
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Proposition 1.5.8 For K € K(E), the following are equivalent:
(i) 1 — K is injective.
(i) 1 — K 1is surjective.

(i1i) 1 — K is bijective.

The general version of the Fredholm alternative is best expressed in terms of Fredholm
operators.

Theorem 1.5.9 For any compact operator K onE, 1— K s a Fredholm operator of index
zero.

Before turning to the proofs, let us point out that these results are naturally cast as
properties of the spectrum of compact operators H Recall that, for an operator T': E — E,
the spectrum o(7") consists of those complex numbers A\ with the property that A—T7 is not
invertible. A particular case of this is when the equation Tz = Ax has a non-trivial solution
x € E. In this case \ is called an eigenvalue of T, the space Ny = {z € E: Tx = Az} is
called the A-eigenspace of T', and the set of all eigenvalues of T" is denoted by o,(T") (called
the point-spectrum of 7). With these, we have:

Theorem 1.5.10 Assume that E is infinite dimensional. For any compact operator K €
K(E),

(1) o(K) = 0,(K)U{0}, and this is either finite or it is a countable sequence of complex
number converging to zero.

(ii) for any non-zero eigenvalue X, the corresponding eigenspace Ny(K) is finite dimen-
stonal.

We now turn to the proofs of these results. We will use the Riesz lemma:

Lemma 1.5.11 If M C E is a closed subspace, M # E, then for every e > 0, there exists
z. € E such that
||fL‘€|| = 17d(l'€,M) > 1 — €.

Proof Choose z € E— M and put d = d(z, M) > 0. Since d(x, M) < d/(1 — €), we find
me € M such that ||z —m|| < d/(1 —€). Put
T —me

Te = 7.
© e —md|

Let us also point out the following simple consequence, known as the Theorem of Riesz,
which is interesting on its own, and which immediately implies (ii) of Theorem [1.5.10]

Sagain, this (i.e. the next theorem) is just for your curiosity.
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Corollary 1.5.12 If the unit ball of a Banach space E is compact, then E is finite di-
mensional.

Proof Cover Bg by a finite number of balls of radius 1/2. Denote by M the subspace
spanned by the centers of these balls; if M # E, we can apply the previous lemma with
e = 1/2 and we obtain a contradiction. In conclusion, E = M is finite dimensional.
Proof [(of Proposition and of Theorem [1.5.9)] We first claim that, for any compact
operator K, the image of 1 — K is closed in E. Denote S =1 — K, N = Ker(S). Consider
y € S(E), and write

Y= i, Slan)

for some sequence {z,} in E. We will show that {x,} may be chosen to be bounded. From
the compactness of K, this implies that {x,} may be assumed to converge to an element
x € E, hence y = S(z) € S(E). To achieve the boundedness of {z,}, it suffices to show
that d(z,, N) is bounded. Indeed, in this case we find a,, € N such that {||x, — a,||} is
bounded and we may replace z,, by x, — a,.

So, let us assume that {d(z,, N)} is unbounded and we will obtain a contradiction.
First of all, we may assume that this unbounded sequence converges to co. Put

1

Zn = Wxn

This has the properties:
d(zp, N) =1, nh_)nolo S(z,) =0.

We may assume that z, is bounded (otherwise, by the first property above we find z, €
2z, + N such that [|z,|| < 2 and {z,} has the same properties). Since K is compact, we
may also assume that K(z,) converges to an element a € E. From the properties of z,, we
find that d(a, N) = 1 and that z, = S(2,) + K(z,) converges to a. The last statement and
the definition of a imply that K(a) = a, i.e. @ € N, which contradicts d(a, N) = 1. This
finishes the proof of the fact that Im(1 — K) is closed.

With this property proven, to finish the proof of Proposition [1.5.8, one can go on
with a “direct” argument that does not use any of the properties of Fredholm operators.
Alternatively, one can now prove Theorem [1.5.9] which clearly implies the proposition.
Proof  [(end of proof of Proposition [L.5.8)] We now prove that (i) implies (ii). Hence,
let us assume that S is injective and S(E) # E. We consider the decreasing sequence of
subspaces of [E:

..CEsCEy,CE;=E

where E, = S"(E). Note that K(E,) C E,. Since the restriction of K to each E, is
compact, the first part of the proof implies that each [E,, is a closed subspace of E,,_;, while
the injectivity of S implies that these inclusions are proper. From the Riesz Lemma we
find z,, € E,, with

||ZL‘n|| = 17d(xnaEn+1) Z

DN | —
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However, for each n > m one has
Kz, - Kz, = Kz, — x,, + Sx,,, € B, — ., + Eppp C Eppp — 0,

hence 1

||K[En — me” > 5,
and then { Kz, } cannot have a convergent subsequence, which contradicts the compactness
of K.

Finally, the inverse implication (ii) = (i) is a consequence of the direct implication
and the general fact that Ker(7*) = Im(7T)*: if S = 1 — K is surjective, it follows that
Ker(S*) = Im(S)t = {0}, i.e. S* must be injective. Applying (i) = (ii) to K* (we do
know that K* is compact!), S* is surjective, hence Ker(S) = Im(S*)* = {0}, ie. S is
injective.

Proof [(end of the proof of Theorem [1.5.9)), hence also of proof 2 of Proposition [1.5.8))]
The Riesz Lemma immediately implies that Ker(1 — K) is finite dimensional. Applying
this to K*, we deduce that also Im(1 — K)+ = Ker(1 — K*) is finite dimensional. Since
Im(1—K) is closed (see the first part of the previous proof), we deduce Im(1— K) is of finite
codimension. Hence 1— K is Fredholm. We then have a continuous family {1—tK : ¢t € R}
of Fredholm operators. By the properties of the index, the index at ¢ = 1 coincides with
the index at t = 0, which is zero.

Proof [(of Theorem [1.5.10)] The only thing still to be proven is that o,(K) is either
finite, or a countable sequence converging to zero. It suffices to show that for any sequence
{A\.} of distinct eigenvalues of K which converge to A (finite or infinite), A = 0. Assume
that {\,} is such a sequence. Choose eigenvectors x,, corresponding to A, x,, # 0 and put

E, = span{zy,...,x,}.
Since the \; are distinct, it follows that
E,CE,C...

is a strictly increasing sequence of subspaces of E. From the Riesz Lemma with e = 1/2
we find

N | —

up €Ky, un|l =1, d(ug, E,—1) >
Note also that
T(E,) CE,, (T—-A\Id)(E,) CE,_;.
We deduce that for m > n,
Tu, Tu,,

_—eEn—i_Emf —Um = Lm—1 — Um,
)\n Am 1 1

hence
Tu, Tu,, 1
|| - || Z a0
An Am 2

and {Tu,/\,} cannot have a convergent subsequence. But, since T is compact, {T'u,}
does posses a convergent subsequence, so A must equal 0.
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1.5.4 The relation between Fredholm and compact operators

We have already seen from the Fredholm alternative that, for any compact operator K &
K(E), 1 — K is a Fredholm operator of index zero. Much more precisely, we have the
following (stated as Theorem in the previous section).

Theorem 1.5.13 Compact perturbations do not change Fredholmness and do not change
the index, and zero index is achieved only by compact perturbations of invertible operators.
More precisely:

(1) If K € K(E,F) and A € F(E,F), then A+ K € F(E,F) and Index(A + K) =
Index(A).

(i) If A € F(E,F), then Index(A) = 0 if and only if A = Ay + K for some invertible
operator Ag and some compact operator K.

There is yet another relation between Fredholm and compact operators, know as the
Atkinson characterization of Fredholm operators (Theorem in the previous section).

Theorem 1.5.14 Fredholmness= invertible modulo compact operators.
More precisely, given a bounded operator A : & — T, the following are equivalent:

(i) A is Fredholm.

(i1) A is invertible modulo compact operators, i.e. there exist and operator B € L(F,E)
and compact operators K, and K| such that

BA=14+K,,AB =1+ K.

We now turn to the proofs of these results.

Proof [(of Theorem [I.5.14))] Assume first the existence of B, K; and K». Since identity
plus compact is Fredholm, we deduce that the kernel of A is finite dimensional (since is
included in the kernel of 1 4+ K7) and, similarly, the cokernel of A is finite dimensional.
Hence A is Fredholm.

Assume now that A is Fredholm. Choose a complement E; of Ker(A) in E and a
complement [y of Im(A) in F. Then A; = Alg, is an isomorphism from E; into Im(A) and
we define B such that B = (A;)™! on Im(A) and B = 0 on Fy. Then the resulting K; will
be a projection onto Ker(A) and 1+ K5 will be a projection onto Im(A); hence K; and K,
will have the desired properties.

Proof [(of Theorem [1.5.13)] Part (i) follows easily from Atkinson’s characterization and
the Fredholm alternative: choose B, K; and K, as above. We deduce that B is itself
Fredholm of index —index(A) (here we used the additivity of the index and the Fredholm
alternative). We remark that (A + K)B = 1+ (K; + KB) and BA = 1 + (K, + BK),

Sfrom the proof we will see that one can actually choose K; and K5 to be finite rank operators, and B
so that ABA= A, BAB = B.
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where K1 + KB and Ky + BK are compact. We then deduce that A + K is Fredholm of
index equal to —index(B) = index(A).

We still have to prove that Index(A) = 0 can only happen for compact perturbations
of invertible operators. As above, we choose a complement [E; of the kernel of A and
a complement F; of the image of A. With respect to these decompositions, A is just
(x,y) — (A1(x),0), where A : E; — Im(A) is an isomorphism (the restriction of A to E,).
That A has zero index means that the dimension of Ker(A) equals to the dimension of F;
(bot finite!). Choosing an isomorphism ¢ : Ker(A) — Fy, the map K : (z,y) — (0, $(y))
is compact and A + K = (A;, ¢) is an isomorphism.
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Chapter 2

Distributions on manifolds

As explained in the previous lecture, to show that an elliptic operator between sections of
two vector bundles £ and F',

P:T(M,E) —T(M,F)

has finite index, we plan to use the general theory of Fredholm operators between Banach
spaces. In doing so, we first have to interpret our P’s as operators between certain “Banach
spaces of sections”. The problem is that the usual spaces of smooth sections I'(M, E') have
no satisfactory Banach space structure. Given a vector bundle E over M, by a “Banach
space of sections of E”, B(M, E), one should understand (some) Banach space which
contains the space I'(M, E) of all the smooth sections of E as a (dense) subspace. One way
to introduce such Banach spaces is to consider the completion of I'(M, E) with respect to
various norms of interest. This can be carried out in detail, but the price to pay is the
fact that the resulting “Banach spaces of sections” have a rather abstract meaning (being
defined as completions). We will follow a different path, which is based on the following
remark: there is a very general (and natural!) notion of “generalized sections of a vector
bundle E over M”, hence a space ['gen(M; E) of such generalized sections (namely the
space D'(M, E) of distributions, discussed in this lecture), so general that all the other
“Banach spaces of sections” are subspaces of g, (M; EY). The space Lgen(M; E) itself will
not be a Banach space, but all the Banach spaces of sections which will be of interest for
us can be described as subspaces of I'ge, (M; E) satisfying certain conditions (and that is
how we will define them).

Implicit in our discussion is the fact that all the spaces we will be looking at will be
vector spaces endowed with a topology (t.v.s.’s= topological vector spaces). Although our
final aim is to deal with Banach spaces, the general t.v.s.’s will be needed along the way
(however, all the spaces we will be looking at will be l.c.v.s.’s= locally convex vector spaces,
i.e., similarly to Banach spaces, they can be defined using certain seminorms).

In this lecture, after recalling the notion of t.v.s. (topological vector space) and the
special case of l.c.v.s. (locally convex vector space), we will discuss the space of general-
ized functions (distributions) on opens in R” and then their generalizations to functions on
manifolds or, more generally, to sections of vector bundles over manifolds. Since t.v.s.’s,
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l.c.v.s.’s and the local theory of generalized functions (distributions) on opens in R™ have al-
ready been discussed in the intensive reminder, our job will be to pass from local (functions
on opens in R™) to global (sections of vector bundles over arbitrary manifolds). However,
these lecture notes also contain some of the local theory that has been discussed in the
“intensive reminder” .

2.1 Reminder: Locally convex vector spaces

We start by recalling some of the standard notions from functional analysis (which have
been discussed in the intensive reminder).

Topological vector spaces

First of all, a t.v.s. (topological vector space) is a vector space V' (over C) together
with a topology 7T, such that the two structures are compatible, i.e. the vector space
operations

VxV (v,w)—v+w, CxV =V (\v)—

are continuous. Recall that associated to the topology 7 and to the origin 0 € V', one has
the family of all open neighborhoods of 0:

T(0)={DeT:0e D}

Since the translations 7, : V' — V| y — y + x are continuous, the topology 7T is uniquely
determined by 7 (0): for D C V, we have

DeT<«= VYreD 3 BeT(0)suchthat 2+ B C D. (2.1.1)

In this characterization of the opens inside V', one can replace 7 (0) by any basis of neigh-
borhoods of 0, i.e. by any family B(0) C 7(0) with the property that

D eT(0)= 3 Be€Bsuch that B C D.

In other words, if we knows a basis of neighborhoods B(0) of 0 € V| then we know the
topology T .

Exercise 2.1.1 Given a family B(0) of subsets of a vector space V' containing the origin,
what axioms should it satisfy to ensure that the resulting topology (defined by (2.1.1)) is
indeed a topology which makes (V,T) into a t.v.s.?

Note that, in a t.v.s. (V,T), also the convergence can be spelled out in terms of a
(any) basis of neighborhoods B(0) of 0: a sequence (v,),>1 of elements of V' converges to
v € V, written v,, — v, if and only if:

Vv B € B(0), dng €N such that v, —v € B Vn>ng.
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Of course, this criterion can be used for B(0) = 7(0), but often there are smaller bases
of neighborhoods B(0) at hand (after all, “b” is just the first letter of the word “ball”).
For instance, if (V,|| — ||) is a normed space, then the resulting t.v.s. has as basis of
neighborhoods
B(0) ={B(0,r):r > 0},
where
B0,r)={veV: ||| <r}

In a t.v.s. (V,T), one can also talk about the notion of Cauchy sequence: a sequence

(Un)n>1 in V' is called a Cauchy sequence if:

VDeT(0) 3 npeN such that v, —v,, € D Vn,m>np.

Again, if we have a basis of neighborhoods B(0) at our disposal, it suffices to require this
condition for D = B € B(0).

In particular, one can talk about completeness of a t.v.s: one says that (V,7T) is (se-
quentially) complete if any Cauchy sequence in V' converges to some v € V.

Locally convex vector spaces

Recall also that a l.c.v.s. (locally convex vector space) is a t.v.s. (V,7T) with the
property that “there are enough convex neighborhoods of the origin”. That means that

Teonvex(0) :={C € T(0) : C'is convex}
is a basis of neighborhoods of 0 € V' or, equivalently:
VDeT(0) 3 CeT(0)convex, such that C C D.

In general, l.c.v.s.’s are associated to families of seminorms (and sometimes this is taken
as “working definition” for locally convex vector spaces). First recall that a seminorm on
a vector space V' is a map p : V — [0, 00) satisfying

p(v+w) < p(v) +plw), p(Av) = [Ap(v),

for all v,w € V, A € C (and it is called a norm if p(v) = 0 happens only for v = 0).
Associated to any family

P ={pitier
of seminorms (on a vector space V'), one has a notion of balls:
Bj, i, ={veVip,(v) <r, V1<k<n},

defined for all » > 0, 41,...,4, € I. The collection of all such balls form a family 5(0),
which will induce a locally convex topology 7p on V' (convex because each ball is convex).
Note that, the convergence in the resulting topology is the expected one:

.....

v, > v in (V,Tp) <= pi(v, —v) =0 Viel.

(and there is a similar characterization for Cauchy sequences). The fact that, when it
comes to l.c.v.s.’s it suffices to work with families of seminorms, follows from the following:



34 CHAPTER 2. DISTRIBUTIONS ON MANIFOLDS

Theorem 2.1.2 A twv.s. (V,T) is a l.cv.s. if and only if there ezists a family of semi-
norms P such that T = Tp.

Proof Idea of the proof: to produce seminorms, one associates to any C' C V' convex the
functional
po(v) =inf {r > 0: 2z € rC}.

Choosing C' “nice enough”, this will be a seminorm. One then shows that one can find a
basis of neighborhoods of the origin consisting of “nice enough” convex neighborhoods. [J

By abuse of terminology, we also say that (V| P) is a l.c.v.s. (but one should keep in
mind that all that matters is not the family of seminorms P but just the induced topology

To).

Remark 2.1.3 In most of the examples of l.c.v.s.’s, the seminorms come first (quite
naturally), and the topology is the associated one. However, there are some examples
in which the topology comes first and one may even not care about what the seminorms
actually are (see the general construction of inductive limit topologies at the end of this
section).

On the other hand, one should be aware that different sets of seminorms may induce
the same lc.v.s. (i.e. the same topology). For instance, if Py C P is a smaller family
of seminorms which has the property that for any p € P, there exists py € Fy such that
po < p (ie. po(v) < p(v) for all v € V), then P and P,y define the same topology. This
trick will be repeatedly used in the examples.

Exercise 2.1.4 Prove the last statement.

Next, it will be useful to have a criteria for continuity of linear maps between l.c.v.s.’s
in terms of the seminorms. The following is a very good exercise.

Proposition 2.1.5 Let (V, P) and (W, Q) be two l.c.v.s.’s and let
AV W

be a linear map. Then T is continuous if and only if, for any q € Q, there exist py,...,p, €
P and a constant C > 0 such that

q(A(w)) < C - mar{p,(v),...,pn(v)} YveV.
Note that we will deal only with l.c.v.s.’s which are separated (Hausdorf).

Exercise 2.1.6 Let (V,P) be a l.c.v.s., where P = {p;};c; is a family of seminorms on
V. Show that it is Hausdorff if and only if, for v € V', one has the implication:

pi(v) =0 Viel = v=0.
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Finally, recall that a Frechet space is a t.v.s. V with the following properties:
1. it is complete.
2. its topology is induced by a countable family of semi-norms {py, ps,...}.

In this case, it follows that V' is metrizable, i.e. the topology of V' can also be induced
by a (complete) metric:
1 pu(v—w)
d = —_——
(vw) =) 57 + po(v — w)

n>1

Example 2.1.7 Of course, any Hilbert or Banach space is a l.c.v.s. This applies in
particular to all the familiar Banach spaces such as the LP-spaces on an open {2 C R"

LP(Q) = {f:Q — C: f is measurable ,/ |f|P < oo},
Q

with the norm
11l = ( / FVe.

Recall that, for p = 2, this is a Hilbert space with inner product

(. g)iz = /Q 17

Example 2.1.8 Another class of examples come from functions of a certain order, even-
tually with restrictions on their support. For instance, for an open 2 C R”, r € N and
K C §2 compact, we consider the space

Cr(Q)={o:Q2— C: ¢isof class C" and supp(¢) C K}.
The norm which is naturally associated to this space is || - ||k, defined by
1€l = sup{|0®¢(z)] - w € K, |af <7}

With this norm, Ci(€2) becomes a Banach space. Note that convergence in this space is
uniform convergence on K of all derivatives up to order r.

However, if we consider r = oo, then C7(€2) should be considered with the family of
seminorms {|| - ||k, : 7 € N}. The result is a Frechet space. Note that convergence in this
space is uniform convergence on K of all derivatives.

Yet another natural space is the space of all smooth functions C*°(€2). A nice topology
on this space is the one induced by the family of seminorms

{l - |k : K C Q compact,r € N}.
Using an exhaustion of € by compacts, i.e. a sequence (K,),>o of compacts with

0 = UnKna K, C Int(Kn+1>7
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we see that the original family of seminorms can be replaced by a countable one:

Ul Vs myr € N}

(using Remark [2.1.3] check that the resulting topology is the same!). Hence C'*°(2) with
this topology has the chance of being Frechet- which is actually the case.

Note that convergence in this space is uniform convergence on compacts of all deriva-
tives.

Example 2.1.9 As a very general construction: for any t.v.s. (locally convex or not),
there are (at least) two important l.c. topologies on the continuous dual:

V*:={u:V — R:wuis linear and continuous}.

The first topology, denoted Tg, is the one induced by the family of seminorms {p,}.ev,
where

Py VT = R, py(u) = |u(v)].

This topology is called the weak™ topology on V*, or the topology of simple convergence.
Note that u, — u in this topology if and only if u,(v) — u(v) for all v € V.

The second topology, denoted 7y, called the strong topology (or of uniform convergence
on bounded sets) is defined as follows. First of all, recall that a subset B C V is called
bounded if, for any neighborhood of the origin, there exists A > 0 such that B C A\V. If
the topology of V' is generated by a family of seminorms P, this means that for any p € P
there exists A, > 0 such that

B C By(r,) ={v eV :p) <r,}.
This implies (see also Proposition [2.1.5]) that for any continuous linear functional u € V*,
pe(u) :=sup{|u(v)| : v € B} < 0.

In this way we obtain a family {pg}p of seminorms (indexed by all the bounded sets B),
and 7T, is defined as the induced topology.

A related topology on V* is the topology 7. of uniform convergence on compacts,
induced by the family of seminorms {pc : C' C V* compact}.

Some explanations (for your curiosity): In this course, when dealing with a particular l.c.v.s.
V', what will be of interest to us is to understand the convergence in V', understand continuity
of linear maps defined on V or the continuity of maps with values in V' (i.e., in practical terms,
one may forget the l.c. topology and just keep in mind convergence and continuity). From this
point of view, in almost all the cases in which we consider the dual V* of a l.c.v.s. V (e.g. the
space of distributions), in this course we will be in the fortunate situation that it does not make
a difference if we use 75 or T, on V* (note: this does not mean that the two topologies coincide-
it just means that the specific topological aspects we are interested in are the same for the two).

What happens is that the spaces we will be dealing with in this course have some very special
properties. Axiomatising these properties, one ends up with particular classes of 1.c.v.s.’s which
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can be understood as part of the general theory of l.c.v.s.’s. Here we give a few more details of
what is really going on (the references below send you to the book “Topological vector spaces,
distributions and kernels” by F. Treves).

First of all, as a very general fact: for any t.v.s. V, T; and 7. induce the same topology on
any equicontinuous subset H C V* (Prop. 32.5, pp. 340). Recall that H is called equicontinuous
if, for every e > 0, there exists a neighborhood B of the origin such that

lu(v)| <e, YveB, YuecH.

An important class of t.v.s.’s is the one of barreled space, which we now recall. A barrel in a
t.v.s. V is a non-empty closed subset A C V' with the following properties:

1. A is absolutely convex: |a|A + |B|A C A for all o, 8 € C with || + |5] = 1.
2. Ais absorbing: V v € V, 3 r > 0 such that v € rA.

A t.v.s. V is said to be barreled if any barrel in V' is a neighborhood of zero. For instance, all
Frechet spaces are barreled.
For a barreled space V', given H C V*, the following are equivalent (Theorem 33.2, pp. 349):

1. H is weakly bounded (i.e. bounded in the l.c.v.s. (V*,T)).
2. H is strongly bounded (i.e. bounded in the l.c.v.s. (V*,Tp)).

3. H is relatively compact in the weak topology (i.e. the closure of H in (V*,7;) is compact
there).

4. H is equicontinuous.

Hence, for such spaces, the notion of “bounded” is the same in (V*,7;) and (V*,T), and we talk
simply about “bounded subsets of V*. However, the notion of convergence of sequences may still
be different; of course, strong convergence implies weak convergence, but all we can say about a
weakly convergent sequence is that it is bounded in the strong topology. More can be said for a
more special class of t.v.s.’s.

A t.v.s. is called a Montel space if V' is barreled and every closed bounded subset of E
is compact. Note that this notion is much more restrictive than that of barreled space. For
instance, while all Banach spaces are barreled, the only Banach spaces which are Montel are the
finite dimensional ones (because the unit ball is compact only in the finite dimensinal Banach
spaces). On the other hand, while all Frechet spaces are barreled, there are Frechet spaces which
are Montel, but also others which are not Montel. The main examples of Montel spaces which are
of interest for us are: the space of smooth functions, and the space of test functions (discussed
below).

For a Montel space V, it follows that the topologies 7. and 7, are the same (Prop. 34.5, pp.
357). From the general property of equicontinuous subsets H mentioned above, we deduce that
on such H’s,

Tslw = Tolu-

(also, by the last result we mentioned, H being equicontinuous is equivalent to being bounded).
Taking for H the set of elements of a weakly convergent sequence and its weak limit (clearly



38 CHAPTER 2. DISTRIBUTIONS ON MANIFOLDS

weakly bounded!), it follows that the sequence is also strongly convergent; hence convergence
w.r.t. 75 and w.r.t. Ty is the same. Note that this does not imply that the two topologies are the
same: we know from point-set topology that the notion of convergence w.r.t. a topology 7 does
not determine the topology uniquely unless the topology satisfies the first axiom of countability
(e.g. if it is metrizable).

As a summary, for Montel spaces V/,

1. the notion of boundedness in (V*, 7;) and in (V*,7Tp) is the same (and coincides with
equicontinuity).

2. Ts and 7 induce the same topology on any bounded H C V*.

3. a sequence in V* is weakly convergent if and only it is strongly convergent.

Inductive limits

As we saw in all examples (and we will see in almost all the other examples), l.c.v.s.’s
usually come with naturally associated seminorms and the topology is just the induced
one. However, there is an important example in which the topology comes first (and one
usually doesn’t even bother to find seminorms inducing it): the space of test functions (see
next section). This example fits into a general construction of l.c. topologies, known as
“the inductive limit”. The general framework is the following. Start with

X = vector space, X, C X vector subspaces such that X = U,X,,
where « runs in an indexing set I. We also assume that, for each «, we have given:
T — locally convex topology on X,,.

One wants to associate to this data a topology T on X, so that
1. (X,T)isalcvs.
2. all inclusions i, : X, — X become continuous.

There are many such topologies (usually the “very small” ones, e.g. the one containing
just ) and X itself) and, in general, if 7 works, then any 7' C T works as well. The
question is: is there “the best one” (i.e. the smallest one)? The answer is yes, and that is
what the inductive limit topology on X (associated to the initial data) is. In short, this is
induced by the following basis of neighborhoods:

B(0) :={B C X : B — convex such that BN X, € 7,(0) for all « € I},

(show that one gets a l.c. topology and it is the largest one!). One should keep in mind
that what is important about (X, 7)) is to recognize when a function on X is continuous,
and when a sequence in X converges. The first part is a rather easy exercise with the
following conclusion:
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Proposition 2.1.10 Let X be endowed with the inductive limit topology T, let Y be
another l.c.v.s. and let
A: X =>Y

be a linear map. Then A is continuous if and only if each
Ay =Alx, : Xo =Y
18.
The recognition of convergent subsequences is a bit more subtle and, in order to have

a more elegant statement, we place ourselves in the following situation: the indexing set [
is the set N of positive integers,

XiCcXoCXgC..., , X, —closedin X,,11, T, = Tws1lx,

(i.e. each (X,,7,) is embedded in (X,1, Tns1) as a closed subspace). We assume that all
the inclusions are strict. The following is a quite difficult exercise.

Theorem 2.1.11 In the case above, a sequence (T,)n>1 of elements in X converges to
x € X (in the inductive limit topology) if and only if the following two conditions hold:

1. 3 ng such that x,x,, € X,,, for all m.
2. Ty — x in X,

(note: one can also show that (X,T) cannot be metrizable).

2.2 Distributions: the local theory

In this section we recall the main functional spaces on R™ or, more generally, on any open
Q2 C R™. Recall that, for K’ C R™ and r € N, one has the seminorm || - ||x, on C*(Q)
given by:

fllrx = sup{|0°f(z)| : = € K, [a] <7}

£(Q): smooth functions:

One defines
E(Q) = C>(Q),

endowed with the locally convex topology induced by the family of seminorms {||-|| k., } kco compact.ren
(see also Example [2.1.8). Hence, in this space, convergence means: f, — f if and only if
for each multi- index o and each compact K C €2, 0“f,, — 0“f uniformly on K.

As a l.c.v.s, it is a Frechet space (and is also a Montel space).

Algebraically, £(€) is also a ring (or even an algebra over C), with respect to the usual
multiplication of functions. Note that this algebraic operation is continuous.
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D(Q)): compactly supported smooth functions (test functions):

One defines
D(Q) :==Cx(Q),

the space of smooth functions with compact support, with the following topology. First of
all, for each K C (2, we consider

Ex () = CR(Q),

the space of smooth functions with support inside K, endowed with the topology induced
from the topology of £(£2) (which is the same as the topology discussed in Example
i.e. induced by the family of seminorms {|| - ||k, }ren. While, set theoretically (or as vector
spaces),

D(Q) = Uék(Q)

(union over all compacts K C 2), we consider the inductive limit topology on D(f2) (see
the end of the previous section).

Convergent sequences are easy to recognize here: f,, — f in D(Q) if and only if there
exist a compact K such that f, € £k for all n, and f, — f in Ek (indeed, using an
exhaustion of © by compacts (see again Example[2.1.8)), we see that we can place ourselves
under the conditions which allow us to apply Theorem .

As a l.c.vs,, D() is complete but it is not Frechet (see the end of Theorem [2.1.11).
(However, it is a Montel space).

Algebraically, D(€2) is also an algebra over C (with respect to pointwise multiplication),
which is actually an ideal in £(€2) (the product between a compactly supported smooth
function and an arbitrary smooth function is again compactly supported).

D'(Q2): distributions:

The space of distributions on R™ is defined as the (topological) dual of the space of test
functions:

DI(Q) := (D(Q))”

(see also Example . An element of this space is called a distribution on 2. Unrav-
eling the inductive limit topology on D(£2), one gets a more explicit description of these
space. More precisely, using Proposition to recognize the continuous linear maps
by restricting to compacts, and using Proposition to rewrite the resulting continuity
conditions in terms of seminorms, one finds the following:

Corollary 2.2.1 A distribution on ) is a linear map
u:CX () —C

with the following property: for any compact K C €1, there exists C' = Cx >0, r =rg € N
such that

[u(@)] < ClIdllxy V¢ € CF(Q).
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As al.cvs., D'(U) will be endowed with the strong topology (the topology of uniform
convergence on bounded subsets- see Example . Note however, when it comes to
convergence of sequences (u,) of distributions, the strong convergence is equivalent to
simple (pointwise) convergence.

In general, any smooth function f induces a distribution u

o= | [0,
R
and this correspondence defines a continuous inclusion of
i:E(Q) — D(Q).

For this reason, distributions are often called “generalized functions”, and one often iden-
tifies f with the induced distribution uy.
Algebraically, the multiplication on £(£2) extends to a £(2)-module structure on D’(2)

EQ) xD'(Q) = D), (f,u)— fu,

where

(fu)(¢) = u(fo).

E'(2): compactly supported distributions:

The space of compactly supported distributions on €2 is defined as the (topological) dual
of the space of all smooth functions

Using Proposition to rewrite the continuity condition, we find:

! Explanation (for your curiosity): When it comes to the following notions:
bounded subsets of D’(Q),
convergence of sequences in D’'(Q),

continuity of a linear map A : V — D'(Q) defined on a Frechet space V (e.g. V = E(Q)),

-~ W N

continuity of a linear map A : V. — D/(Q) defined on a l.c.v.s. V which is the inductive limit of
Frechet spaces (e.g. V =D(Q)).

(notions which depend on what topology we use on D’(2)), it does not matter whether we use the strong
topology Ty, or the weak topology T on D’(€2): the a priori different resulting notions will actually coincide.

For boundedness and convergence this follows from the fact that D(2) is a Montel space (Theorem 34.4,
pp. 357 in the book by Treves). For continuity of linear maps defined on a Frechet space, one just uses
that, because V' is metrizable, continuity is equivalent to sequential continuity (i.e. the property of sending
convergent sequences to convergent sequences) and the previous part. If V' is an inductive limit of Frechet
spaces one uses the characterization of continuity of linear maps defined on inductive limits (Proposition

BLI).
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Corollary 2.2.2 A compactly supported distribution on € is a linear map
u:C*(Q) = C
with the following property: there exists a compact K C 2, C' > 0 and r € N such that
[u(@)| < ClIdllxy V¢ €C™(Q).

Again, as in the case of D'(Q), we endow &'(Q2) with the strong topology]
Note that the dual of the inclusion D(2) — £ induces a continuous inclusion

E'Q) = D'(Q).

Explicitly, any linear functional on C*°(€2) can be restricted to a linear functional on
C>(Q), and the estimates for the compactly supported distributions imply the ones for
distributions.

Hence the four distributional spaces fit into a diagram

T%T’
g/éD/

in which all the arrows are (algebraic) inclusions which are continuous, and the spaces on
the left are (topologically) the compactly supported version of the spaces on the right.

Change of coordinates

In general, a change of coordinates (i.e. a diffeomorphism) x : €; — Q9 induces maps x.
from the four distributional spaces of §2; to the ones of €25, in a way which is compatible
with the diagrams themselvs. At the level of sections it is simply

X« 1 D() = D(Q2), x:(¢) = dpox"

(and similarly for £). At the level of distributions, since we want y. to be compatible
with the inclusion f ~ uy of smooth functions into distributions, we would like to have

X« (uy) = Uy, (f) = Ufox—1, i.€.

Xs(up)(@) = [ foxt-¢= [ [Jac(x)|f-dox=us(|Jac(x)- o X).

QQ Ql

This brings us to the definition of y, on all distributions:

X« D'(En) = D'(Q2), X« () (@) = u(|Jac(x)] - ¢ 0 x). (2.2.2)

2Explanation (for your curiosity): The same discussion as in the case of D’(2) applies also to &'(12).
This is due to the fact that also £(2) is a Montel space (with the same reference as for D(€2)). Hence,
when it comes to bounded subsets, convergent sequences, continuity of linear maps from a (inductive limit
of) Frechet space(s) to £'(Q), it does not matter whether we use the strong topology 7, or the simple
topology T on £'(Q).




2.2. DISTRIBUTIONS: THE LOCAL THEORY 43

Supports of distributions

Next, we recall why £'(Q) is called the space of compactly supported distributions. The
main remark is that the assignment

Q—D'(Q)

defines a sheaf and, as for any sheaf, one can talk about sections with compact support.
What happens is that the elements in D’'(€2) which have compact support in this sense,
are precisely the ones in the image of the inclusion &£'(2) — D'(2).

Here are some details. First of all, for any two opens €2 C €', one has an inclusion
(“extension by zero”) 5

D) = D), s ],
where f is f on Q and zero outside. Dualizing, we get a “restriction map”,
D'(Q) — D'(Q), ur ulg.

The sheaf property of the distributions is the following property which follows immediately
from a partition of unity argument:

Lemma 2.2.3 Assume that 2 = U,;Q);, with Q; C R™ opens, and that u; are distributions
on $); such that, for all i and j,

Ui|Q;nQ; = Uj|Q;NQ; -

Then there exists a unique distribution u on € such that
ulg, = u;
for all i.

Proof Use partitions of unity. U

From this it follows that, for any u € D'(Q2), there is a largest open €2, C € on which
u vanishes (i.e. ulg, = 0).

Definition 2.2.4 For u € D'(2), define its support

supp(u) = Q — Q, = {z € Q : u|y, = 0 for any neighborhood V,. C 2 of z}.
We say that u is compactly supported if supp(f) is compact.
Example 2.2.5 For any z € (2, one has the distribution J, defined by
0z(¢) = ().
It is not difficult to check that its support is precisely {x}.

Exercise 2.2.6 Show that u € D'(2) has compact support if and only if it is in the image
of the inclusion
E'(Q) = D'(Q).
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Derivatives of distributions and Sobolev spaces

Finally, we discuss one last property of distributions which is of capital importance: one
can talk about the partial derivatives of any distribution! The key (motivating) remark is
the following, which follows easily from integration by parts.

Lemma 2.2.7 Let f € C®(2) and let uy be the associated distribution.

Let 0*f € C*(Q)) be the higher derivative of f associated to a multi-index o, and let
Upap be the associated distribution.

Then ugey can be expressed in terms of uy by:

uge p(¢) = (= 1)y (0° f).

This shows that the action of the operator * on smooth functions can be extended to
distributions.

Definition 2.2.8 For a distribution u on 2 and a multi-index «, one defines the new
distribution 9“u on 2, by

(0°u)(¢) = (—1)lu(07¢), V ¢ € C>(Q).

Example 2.2.9 The distribution u; makes sense not only for smooth functions on €2,
but also for functions f : Q — C with the property that ¢f € L'(Q) for all ¢ € C°(Q)
(so that the integral defining uy is absolutely convergent). In particular it makes sense for
any f € L*(Q) and, as before, this defines an inclusion

L2(Q) = D'(Q).

We now see one of the advantages of the distributions: any f € L2, although it may
even not be continuous, has derivatives 0%f of any order! Of course, they may fail to
be functions, but they are distributions. In particular, it is interesting to consider the
following spaces.

Definition 2.2.10 For any r € N,  C R"™ open, we define the Sobolev space on 2 of
order r as:
H,.(Q) :={u €D (Q):0%u) € L*(Q) whenever |a| <7},

endowed with the inner product

(u,u'y g, = Z (0%, 0%u') 2.

laf<r

In this way, H,(£2) becomes a Hilbert space.
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2.3 Distributions: the global theory

The L.c.v.s.s E(2), D(Q), D'(2) and E'(€2) can be extended from opens 2 C R™ to arbitrary
manifold M (allowing us to talk about distributions on M, or generalized functions on M)
and, more generally, to arbitrary vector bundles F over a manifold M (allowing us to talk
about distributional sections of E, or generalized sections of E'). To explain this extension,
we fix M to be an n-dimensional manifold, and let £ be a complex vector bundle over M
of rank p.

E(M, E) (smooth sections):

One defines
E(M,FE) :=T(F),

the space of all smooth sections of £ endowed with the following locally convex topology.
To define it, we choose a cover U = {U,;}ie; of M by opens which are domains of “total
trivializations” of FE, i.e. both of charts (U;, k;) for M as well as of trivializations 7; :
E|y, = U; x C? for E. This data clearly induces an isomorphism of vector spaces

¢i : T(Ely,) — C=(k:i(Us))?

(see also subsectionbelow). Altogether, and after restricting sections of E to the various
Uls, these define an injection

Endowing the right hand side with the product topology, the topology on T'(E) is the
induced topology (via this inclusion). Equivalently, considering as indices v = (4,1, K, )
consisting of i € I (to index the open U;), 1 < [ < p (to index the [-th component of

#(s|v,)), K C k(U;) compact and r- non-negative integer, one has seminorms || - ||, on
['(E) as follows: for s € I'(E), restrict it to U;, move it to E(k;(U;))P via ¢;, take its I-th
component, and apply the seminorm || - || g, of E(k;(U;)):

11y = 16 (s]v,)l1rxc-

Putting together all these seminorms will define the desired l.c. topology on I'(E).
Exercise 2.3.1 Show that this topology does not depend on the choices involved.

Note that, since the cover U can be chosen to be countable (our manifolds are always
assumed to satisfy the second countability axiom!), it follows that our topology can be
defined by a countable family of seminorms. Using the similar local result, you can now
do the following;:

Exercise 2.3.2 Show that £(M, E) is a Frechet space.
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Finally, note that a sequence (s,,)m>1 converges to s in this topology if and only if, for
any open U which is the domain of a local chart x for M and of a local frame {sy,...,s,}
for E, and for any compact K C U, writing s,, = (f},...,f2), s = (f',..., fP) with
respect to the frame, all the derivatives 9%(f!,) converge uniformly on K to 9%(f*) (when
m — 00).

When E = C,y is the trivial line bundle over M, we simplify the notation to £(M).
As in the local theory, this is an algebra (with continuous multiplication). Also, the
multiplication of sections by functions makes £(M, F) into a module over E(M).

D(M, E) (compactly supported smooth sections):

One defines
D(M,E) :=T.(E),

the space of all compactly supported smooth sections endowed with the following l.c.
topology defined exactly as in the local case: one writes

D<M7E) = UK€K<M7E)7

where the union is over all compacts K C M, and Ex (M, FE) C £(M, E) is the space of
smooth sections supported in K, endowed with the topology induced from £(M, E); on
D(M, E) we consider the inductive limit topology.

Exercise 2.3.3 Describe more explicitly the convergence in D(M, E).

Again, when E = C,; is the trivial line bundle over M, we simplify the notation to
D(M).

D'(M, E) (generalized sections):

This is the space of distributional sections of F/, or the space of generalized sections of F.
To define it, we do not just take the dual of D(M, E) as in the local case, but we first:

1. Consider the complexification of the density line bundle, still denoted by D = Dy,
on M (see the previous chapter). All we need to know about D is that its compactly
supported sections can be integrated over M without any further choice, i.e. there is
an integral

/M :I'o(D) — C.

If you are more familiar with integration of (top-degree) forms, you may assume
that M has an orientation, D = A™T*M ® C- the space of C-valued n-forms (an
identification induced by the orientation), and |, ;1 the integral that you already
know. Or, if you are more familiar with integration of functions on Riemannian
manifolds, you may assume that M is endowed with a metric, D is the trivial line
bundle (an identification induced by the metric) and that | 17 1s the integral that you
already know.
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2. Consider the “functional dual” of E:
EY:= E*® D = Hom(FE, D),

the bundle whose fiber at x € M is the complex vector space consisting of all (C-
)linear maps E, — D,.

The main point about £V is that it comes with a “pairing” (pointwise the evaluation
map)
<—,—>T(EY)xT'(F)—T(D)

(and its versions with supports) and then, using the integration of sections of D, we
get canonical pairings

[—, =] :T(EY) xT(E) = C, (s1,82) — / < 81,89 > .

We now define
D' (M,E) := (D(M,E"))*

(endowed with the strong topology). Note that, it is precisely because of the way that EY
was constructed, that we have canonical (i.e. independent of any choices, and completely
functorial) inclusions

E(M,E)— D'(M,E),

sending a section s to the functional u, :=< -, s >. And, as before, we identify s with the
induced distribution .

When E = C,;, we simplify the notation to D'(M).

As for the algebraic structure, as in the local case, D'(M, E) is a module over £(M),
with continuous multiplication

E(M) x D'(M, E) — D'(M, E)

defined by
(fu)(s) = u(fs).

Example 2.3.4 Special care has to be taken when M = () is an open in R" and F is a
trivial vector bundle. Strictly speaking, we have now two spaces represented by the same

notation D'(2):
1. the space from the local theory, which is the dual of D(Q2) = C°(Q2) - call it D'(22) 14

2. the space from the global theory, which is the dual of D(2, D) = I'.(2, D)- call it
D'(Q)pew (where D is the density line bundle of €, complexified).
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The two are identified by the canonical identification of D with the trivial line bundle. At
the level of distributions, the identification is

D (D)o ¢ D (Dnews € — &,

where

~

E(¢) :=&(@ldxy .. .day]), for ¢ € CF(Q).

In what follows, when talking about D’(€2) in the local case, we will still be thinking of
D'(2)o1q (which is more natural in the local context); one may choose any of the two models,
but one should stil keep in mind the identification between the two. A good illustration of
the need of being careful is the change of coordinates formula at the level of distributions
(see Example [2.3.9)).

E'(M, E) (compactly supported generalized sections):

This is the space of compactly supported distributional sections of F, or the space of
compactly supported generalized sections of E. It is defined as in the local case (but
making again use of EV), as

E'(M,E) = (E(M,EY))".
Note that, by the same pairing as before, one obtains an inclusion
D(M,FE) — &' (M, E).
Hence, as in the local case, we obtain a diagram of inclusions

D(M,E)——=&E(M,E) .

| |

E'(M,E)——=D'(M,E)
Example 2.3.5

1. when E = Cj; is the trivial line bundle over M, we have shortened the notations to
D(M), E(M) etc. Hence, as vector spaces,

D(M) =Te(M), E(M) = C=(M),
while the elements of D’(M) will be called distributions on M.

2. staying with the trivial line bundle, but assuming now that M = €) is an open subset
of R", we recover the spaces discussed in the previous section. Note that, in the case
of distributions, we are using the identification of the density bundle with the trivial
bundle induced by the section |dz'...dz"|.



2.3. DISTRIBUTIONS: THE GLOBAL THEORY 49

3. when E = C%, is the trivial bundle over M of rank p, then clearly
D(M,Ch,) =D(M)P, E(M,M x C%;) = E(M)P.

On the other hand, using the canonical identification between E* and E, we also
obtain
D'(M,C%,) =D'(M)P, &'(M,Ch,) =E'(M)P.

Note that, as in the local theory, distributions u € D'(M, E) can be restricted to
arbitrary opens U C M, to give distributions u|y € D'(U, E|y). More precisely, the
restriction map

D'(M,E) — D'(U,Ely)

is defined as the dual of the map
D'(U,EY|y) = D(M, EY)
which takes a compactly supported section defined on U and extends it by zero outside U.

Exercise 2.3.6 For a vector bundle E over M,
1. Show that U — D(U, E|y) forms a sheaf over M.
2. Define the support of any u € D(M, E).
3. Show that the injection
E'(M,E) — D' (M, F)
identifies £&'(M, E') with the space of compactly supported distributional sections (as

a vector space only!).

Exercise 2.3.7 Show that D(M, E) is dense in E(M, E), D'(M,E) and &'(M, E) (you
are allowed to use the fact that this is known for trivial line bundles over opens in R™).

Invariance under isomorphisms

Given two vector bundles, E over M and F' over a manifold N, an isomorphism h between
E and F is a pair (h, hg), where hg : M — N is a diffeomorphism and h : E — F' is a map
which covers hy (i.e. sends the fiber E, to Fj ) or, equivalently, the diagram below is
commutative) and such that, for each # € M it restricts to a linear isomorphism between
Ex and Fho(m)-

E-l.p.
Mo N

We now explain how such an isomorphism h induces isomorphisms between the four
functional spaces of F and those of F' (really an isomorphism between the diagrams they fit
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in). The four isomorphisms from the functional spaces of E to those of F' will be denoted
by the same letter h,. At the level of smooth sections, this is simply

he: E(M,E) — E(N, F), h.(s)(y) = h(s(hg" (v))),
which also restricts to the spaces D. At the level of generalized sections,
he:D'(M,E) — D'(N, F),

is the dual of the map
hY : D(FY) — D(EY)

defined by
h¥(u)(ex) = hg(u(hles))), (ea € Ea),

where we have used the pull-back of densities, hj : Dy poz) — Duma-
The same formula defines h, on the spaces &’.

Example 2.3.8 Given a rank p vector bundle F over M, one often has to choose opens
U C M which are domains of both a coordinate chart (U, k) for M as well as the domains
of a trivialization 7 : E|y — U x CP for E. We say that (U, x,7) is a total trivialization
for £ over U. Note that such a data defines an isomorphism h between the vector bundle
E|y over U and the trivial bundle x(U) x CP:

ho = kK, h(e;) = (k(x), T(ez)).
Hence any total trivialization (U, k, 7) induces isomorphisms
hn,’r : D(Ua ElU) - D<I€<U))p7 hK,T : 8<U7 E|U) — E(R(U»pv etc.

(see also Example [2.3.5)).

Example 2.3.9 Special care has to be taken in the case when M = 2 is an open in R",
FE is the trivial line bundle and we work with distributions. See first our discussion from
Example 2.3.4 For a change of coordinates (diffeomorphism) x : ©; — Q» between two
opens in R", if we choose to represent D’(€2;) as the dual of D(€;) = C°(€2;) (and we will
do s0), going carefully through the idenitification of the density bundles with the trivial
ones (see again Example [2.3.4), we find that the change of coordinates from this section
becomes

Xt D) = D'(2), xa(u)(9) = u(lJac(x)] - ¢ 0 X),
i.e. precisely the one from the local theory ((2.2.2)) in Section [2.2| from this chapter).
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2.4 General operators and kernels

Given two vector bundles, F over a manifold M and F over a manifold NV, an operator
from F to F' is, roughly speaking, a linear map which associates to a “section of E” a
“section of F”. The quotes refer to the fact that there are several different choices for the
meaning of sections: ranging from smooth sections to generalized sections, or versions with
compact supports (or other types of sections). The most general type of operators are is
following.

Definition 2.4.1 If E is a vector bundle over M and F is a vector bundle over N, a
general operator from E to F' is a linear continuous map

P:D(M,E) = D(N,F).

Remark 2.4.2 Note that general operators are often described with different domains
and codomains. For instance, if F; and F» is any of the symbols £, D, & or D’ (or any
of the other functional spaces that will be discussed in the next lecture), one can look at
continuous linear operators

P: Fi(M,E) — Fo(M, F). (2.4.3)

But since in all cases D C F; and Fo C D' (with continuous inclusions), P does induce a
general operator
Pyen : D(M, E) — D/(N, F).

Conversely, since D(M, E) is dense in all the other functional spaces that we have discussed
(Exercise, Py, determines P uniquely. Hence, saying that we have an operator
is the same as saying that we have a general operator F,., with the property that it extends
to F1(M, E), giving rise to a continuous operator taking values in Fo(M, F).

On the other extreme, one has the so-called smoothing operators, i.e. operators which
transforms generalized sections into smooth sections.

Definition 2.4.3 If E is a vector bundle over M and F' is a vector bundle over F, a
smoothing operator from F to F' is a linear continuous map

P:&(M,E)— E(N,F).

We denote by W~>°(E, F) the space of all such smoothing operators. When E and F' are
the trivial line bundles, we will simplify the notation to ¥=>°(M).

In other words, a smoothing operator is a general operator P : D(M, E) — D'(N, F)
which

1. takes values in E(N, F).
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2. extends to a continuous linear map from £'(M, E) to E(N, F).

A very useful way of interpreting operators is in terms of their so-called “kernels”. The
idea of a kernel is quite simple- and to avoid (just some) notational complications, let us
first briefly describe what happens when M = U C R™ and N =V C R" are two open,
and the bundles involved are the trivial line bundles. Then the idea is the following: any
K € C*(V x U) induces an operator

P D) = V), K@) = [ Kool

Even more: composing with the inclusion £(V') < D'(V), i.e. viewing Pk as an application
Px :DWU) = D(V),

this map does not depend on K as a smooth function, but just on K as a distribution (i.e.
on ug € D'(V x U)). Indeed, for ¢ € D(U), Pk(¢), as a distribution on V| is

Wr() / Pe@ = [ Ky x)yb(y)é()dyde = u( @ 6),

VxU

where ¢ ® ¢ € C(V x U) is the map (y,z) — ¥(y)é(z)). In other words, any
K eD(VxU)
induces a linear operator
Pg :DU) = D'(V), Px(8)(¥) = K(¢ @ ¢)

which can be shown to be continuous. Moreover, this construction defines a bijection
between D'(V x U) and the set of all general operators (even more, when equipped with
the appropriate topologies, this becomes an isomorphism of l.c.v.s.’s).

The passing from the local picture to vector bundles over manifolds works as usual,
with some care to make the construction independent of any choices. Here are the details.
Given the vector bundles F over M and F over N, we consider the vector bundle over
N x M:

FRE" = pri(F) ® pry(EY).

where pr; is the projection on the j-th component. Hence, the fiber over (y,r) € N x M
is
(FIX Ev)(y@) =F, ®E; ® Dy

Note that the functional dual of this bundle is canonically identified with:
(FREV) ¥ F'KE.

Exercise 2.4.4 Work out this isomorphism. (Hints: the density bundle of N x M is
canonically identified with Dy®Dys; D3, @Dy = Hom(Dyy, Dyy) is canonically isomorphic
to the trivial line bundle.)
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As before, one may decide to use a fixed positive density on M and one on N, and then
replace FXIEY by FKE* and FY X E by F*X E.
Fix now a distribution

KeD'(NxMFXEY).
We will associate to K a general operator
Px :D(M,E) — D'(N, F).

Due to the definition of the space of distributions, and to the identification mentioned
above, K will be a continuous function

K :D(N x M,F"R E) — C.
For ¢» € D(M, F") and ¢ € D(M, E) we denote by
v ®¢ € DN x M, F¥ K E)

the induced section (y,x) — 1(y) ® ¢(x). To describe Pk, let ¢ € D(M, E) and we have
to specify Px(¢) € D'(N, F), i.e. the continuous functional

Px(¢) : D(N,FY) — C.

We define
Pr(9)(¥) = K(¥ ® ¢).

The general operator Pk is called the general operator associated to the kernel K. Highly
non-trivial is the fact that any general operator arises in this way (and then K will be
called the kernel of Pg).

Theorem 2.4.5 The correspondence K — Pk defines a 1-1 correspondence between

1. distributions K € D'(N x M; FX EY).
2. general operators P : D(M,E) — D'(N, F).
Moreover, in this correspondence, one has
K e &N xM;FREY) < P is smoothing.

Note (for your curiosity): the 1-1 correspondence actually defines an isomorphism of l.c.v.s.’s
between

1. D'(N x M; F X EY) with the strong topology.

2. the space L(D(M,E),D'(N,F)) of all linear continuous maps, endowed with the strong
topology.
Exercise 2.4.6 Let

pP= d% L E(R) — E(R).

Compute its kernel, and show that this is not a smoothing operator.
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Chapter 3

Functional spaces on manifolds

The aim of this section is to introduce Sobolev spaces on manifolds (or on vector bundles
over manifolds). These will be the Banach spaces of sections we were after (see the pre-
vious lectures). To define them, we will take advantage of the fact that we have already
introduced the very general spaces of sections (the generalized sections, or distributions),
and our Banach spaces of sections will be defined as subspaces of the distributional spaces.

It turns out that the Sobolev-type spaces associated to vector bundles can be built up
from smaller pieces and all we need to know are the Sobolev spaces H, of the Euclidean
space R™ and their basic properties. Of course, it is not so important that we work with
the Sobolev spaces themselves, but only that they satisfy certain axioms (e.g. invariance
under changes of coordinates). Here we will follow an axiomatic approach and explain
that, starting with a subspace of D'(R") satisfying certain axioms, we can extend it to all
vector bundles over manifolds. Back to Sobolev spaces, there is a subtle point: to have
good behaved spaces, we will first have to replace the standard Sobolev spaces H,., by their
“local versions”, denoted H, jo.. Hence, strictly speaking, it will be these local versions that
will be extended to manifolds. The result will deserve the name “Sobolev space” (without
the adjective “local”) only on manifolds which are compact.

3.1 General functional spaces
When working on R", we shorten our notations to
E=ER"),D=D[R"),D =...
and, similarly for the Sobolev space of order r:
H =H@®R")={ueD :0%uecl®: V|a<r}
Definition 3.1.1 A functional space on R" is a l.c.v.s. space F satisfying:

1. D C F C D' and the inclusions are continuous linear maps.

95
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2. for all ¢ € D, multiplication by ¢ defines a continuous map mg : F — F.

Similarly, given a vector bundle E over a manifold M, one talks about functional spaces
on M with coefficients in £ (or just functional spaces on (M, E)).

As in the case of smooth functions, one can talk about versions of F with supports.
Given a functional space F on R", we define for any compact K C R",

Fx ={u e F, supp(u) C K},
endowed with the topology induced from F, and we also define
fcomp = UKfK

(union over all compacts in R"™), endowed with the inductive limit topology. In terms of
convergence, that means that a sequence (u,) in Feomp converges to u € Feomp if and only
if there exists a compact K such that

supp(u,) C K Vn, u, —u in F.

Note that Feomp is itself a functional space.
Finally, for any functional space F, one has another functional space (dual in some
sense t0 Feom), defined by:

Froe ={ueD'(R"):puec F V¢eC R}
This has a natural l.c. topology so that all the multiplication operators
Mg Floc = F, ur ¢u (u € D)

are continuous- namely the smallest topology with this property. To define it, we use a
family P of seminorms defining the l.c. topology on F and, for every p € P and ¢ € C°(R")
we consider the seminorm g, 4 on Fi, given by

Gpo(u) = p(Pu).

The l.c. topology that we use on Fi.. is the one induced by the family {g,,: p € P,¢ € D.
Hence, u,, — u in this topology means ¢u,, — ¢u in F, for all ¢’s.

Exercise 3.1.2 Show that, for any l.c.v.s. V, a linear map
AV — Foce

is continuous if and only if , for any test function ¢ € D, the composition with the
multiplication my by ¢ is a continuous map mgyo A: V — F.
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Example 3.1.3 The four basic functional spaces D, &, £, D’ are functional spaces and

’

Dcomp - gcomp - D> (D/)Comp = (5 )comp - 5/’
Dloc - gloc = 57 (D/)loc = (8l>10c =7
The same holds in the general setting of vector bundles over manifolds.
Regarding the Sobolev spaces, they are functional spaces as well, but the inclusions
Hr,com — H’I‘ — Hr,loc

are strict (and the same holds on any open Q2 C R").

The local nature of the spaces Fk is indicated by the following partition of unity
argument which will be very useful later on.

Lemma 3.1.4 Assume that K C R™ is compact, and let {n;};cs a finite partition of unity
over K, i.e. a family of compactly supported smooth functions on R" such that Zj n; =1
on K. Let K; = K N supp(n;). Then the linear map

I Fr = ey Fr;, u > (nju)jes

is a continuous embedding (i.e. it is an isomorphism between the l.c.v.s. Fx and the image
of I, endowed with the subspace topology) and the image of I is closed.

Proof The fact that I is continuous follows from the fact that each component is multi-
plication by a compactly supported smooth function. The main observation is that there is
a continuous map R going backwards, namely the one which sends (u;)jes to ; Uj, such
that R oI = Id. The rest is a general fact about t.v.s.’s: if I : X - Y, R:Y — X are
continuous linear maps between two t.v.s.’s such that R o I = Id, then [ is an embedding
and D(X) is closed in Y. Let’s check this. First, I is open from X to D(X): if B C X is
open then, remarking that
I(B)=1(X)Nn R YB)

and using the continuity of R, we see that I(B) is open in [(X). Secondly, to see that
I(X) is closed in Y, one remarks that

I(X) = Ker(Id — I o R).

Similar to Lemma we have the following.

Lemma 3.1.5 Let F be a functional space on R™ and let {n;};c; be a partition of unity,
with n; € D. Let K; be the support of n;. Then

I: Froe = Wi Fr,, ur (Niu)iel

18 a continuous embedding with closed image.
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Proof This is similar to Lemma and the argument is identical. Denoting by X and
Y the domain and codomain of I, we have [ : X — Y. On the other hand, we can consider
R:Y — X sending (u;);er to ), u; (which clearly satisfies R o I =Id). What we have to
make sure is that, if {K}ic; is a locally finite family of compact subsets of R™, then one
has a well-defined continuous map

R 1L Fk, — Floc, (Ui)ieI — ZUZ

First of all, u = ) . u; makes sense as a distribution: as a linear functional on test functions,
u(9) =D ui(9)
i

(this is a finite sum whenever ¢ € D). Even more, when restricted to D, one finds I
finite such that the previous sum is a sum overall ¢ € [k for all ¢ € Dg. This shows that
u € D'. To check that it is in Fioc, we look at ¢u for ¢ € D (and want to check that it is
in F). But, again, we will get a finite sum of ¢u;’s, hence an element in F. Finally, to see
that the map is continuous, we have to check (see Exercise that mg o A is continuous
as a map to F, for all ¢. But, again, this is just a finite sum of the projections composed
with my. U

3.2 The Banach axioms

Regarding the Sobolev spaces H, on R™, one of the properties that make them suitable
for various problems (and also for the index theorem) is that they are Hilbert spaces. On
the other hand, as we already mentioned, we will have to use variations of these spaces for
which this property is lost when we deal with manifolds which are not compact. So, it is
important to realize what remains of this property.

Definition 3.2.1 (Banach axiom) Let F be a functional space on R"”. We say that:
1. F is Banach if the topology of F is a Banach topology.

2. F is locally Banach if, for each compact K C R", the topology of Fx is a Banach
topology.

Similarly, we talk about “Frechet”, “locally Frechet”, “Hilbert” and “locally Hilbert” func-
tional spaces on R”, or, more generally, on a vector bundle F over a manifold M.

Of course, if F is Banach then it is also locally Banach (and similarly for Frechet and
Hilbert). However, the converse is not true.
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Example 3.2.2 & is Frechet (but not Banach- not even locally Banach). D is not Frechet,
but it is locally Frechet. The Sobolev spaces H, are Hilbert. Their local versions H, jo. are
just Frechet and locally Hilbert. The same applies for the same functional spaces on opens
QCR™

Proposition 3.2.3 A functional space F is locally Banach if and only if each x € R"
admits a compact neighborhood K, such that Fk, has a Banach topology (similarly for
Frechet and Hilbert).

Proof From the hypothesis it follows that we can find an open cover {U; : i € I} of R"
such that each U; is compact and J, is Banach. It follows that, for each compact K inside
one of these opens, Fx is Banach. We choose a partition of unity {#; };c; subordinated to
this cover. Hence each supp(n); is compact inside U;, {supp(n);}icr is locally finite and
>omi =1

Now, for an arbitrary compact K, J := {j € I : nj|lx # 0} will be finite and then
{n;};es will be a finite partition of unity over K hence we can apply Lemma . There
K; will be inside Uj, hence the spaces Fg, have Banach topologies. The assertion follows
from the fact that a closed subspace of a Banach space (with the induced topology) is
Banach. U

Remark 3.2.4 If F is of locally Banach (or just locally Frechet), then Feomp (with its
l.c. topology) is a complete l.c.v.s. which is not Frechet (hint: Theorem [2.1.11] ).

3.3 Invariance axiom

In general, a change of coordinates (diffeomorphism) y : R" — R"™ induces a topological
isomorphism
X«: D — D

(See (2.2.2) and Example for the precise formula and the explanations). To be able
to pass to manifolds, we need invariance of F under changes of coordinates. In order to
have a notion of local nature, we also consider a local version of invariance.

Definition 3.3.1 Let F be a functional space on R". We say that:

1. F is invariant if for any diffeomorphism y of R", x, restricts to a topological isomor-
phism
it F = F.

2. F is locally invariant if for any diffeomorphism y of R" and any compact K C R",
Xx restricts to a topological isomorphism

X - .FK :) «FX(K)-
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Similarly, we talk about invariance and local invariance of functional spaces on vector
bundles over manifolds.

Clearly, invariant implies locally invariant (but not the other way around).

Example 3.3.2 Of course, the standard spaces D, £, D', £ are all invariant (in general for
vector bundles over manifolds). However, H, is not invariant but, fortunately, it is locally
invariant (this is a non-trivial result which will be proved later on using pseudo-differential
operators). As a consequence (see also below), the spaces H, o, are invariant.

Proposition 3.3.3 A functional space F is locally invariant if and only if for any diffeo-
morphism x of R", any x € R™ admits a compact neighborhood K, such that x. restricts
to a topological isomorphism

Xo Fre = Ty

Proof We will use Lemma [3.1.4] in a way similar to the proof of Proposition [3.2.3] Let
K be an arbitrary compact and x diffeomorphism. We will check the condition for K and
X- As in the proof of Proposition [3.2.3] we find a finite partition of unity {n;};c; over K
such that each K; = K Nsupp(n;) has the property that

Xx * ij :> FX(Kj)'

We apply Lemma to K and the partition {n;} (with map denoted by I) and also to
x(K) and the partition {x.(n;) =n;0x '} (with the map denoted I, ). Once we show that
X+(Fr) = Fy(k) set-theoretically, the lemma clearly implies that this is also a topological
equality. So, let u € Fg. Then n;u € Fk, hence

X (1) - Xo(1) = X«(0) - u) € Fyk,;) C Fk,

hence also

X (1) = Z X (1) - X(u) € Fr.

3.4 Density axioms
We briefly mention also the following density axioms.
Definition 3.4.1 Let F be a functional space on R". We say that:

1. F is normal if D is dense in F.

2. F is locally normal if, for any compact K C R", Fk is contained in the closure of D

in F.
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Similarly, we talk about normal and locally normal functional spaces on vector bundles
over manifolds.

Again, normal implies locally normal and one can prove a characterization of local
normality analogous to Proposition [3.2.3] and Proposition [3.3.3]

Example 3.4.2 All the four basic functional spaces D, £, D’ and £ are normal (also
with coefficients in vector bundles). Also the space H, is normal. However, for arbitrary
opens €2 C R", the functional spaces H,(€2) (on 2) are in general not normal (but they are
locally normal). The local spaces H, .. are always normal (see also the next section).

The normality axiom is important especially when we want to consider duals of func-
tional spaces. Indeed, in this case a continuous linear functional £ : F — C is zero if
and only if its restriction to D is zero. It follows that the canonical inclusions dualize to
continuous injections

D— F* —7D.

The duality between Fi. and Feomp can then be made more precise- one has:

(-/—'ioc)* - (f*>compa (-Fcornp)* = (f*)loc

(note: all these are viewed as vector subspaces of D', each one endowed with its own
topology, and the equality is an equality of l.c.v.s.’s).

3.5 Locality axiom

In general, the invariance axiom is not enough for passing to manifolds. One also needs a
locality axiom which allows us to pass to opens €2 C R™ without loosing the properties of
the functional space (e.g. invariance).

Definition 3.5.1 (Locality axiom) We say that a functional space F is local if, as
l.c.v.s.’s,

F = ~/—-ioc~

Similarly we talk about local functional spaces on vector bundles over manifolds.
Note that this condition implies that F is a module not only over D but also over &£.

Example 3.5.2 From the four basic examples, £ and D’ are local, while D and £ are
not. Unfortunately, H, is not local- and we will soon replace it with H, .. (in general, for
any functional space F, Fi,. is local).

With the last example in mind, we also note that, in general, when passing to the
localized space, the property of being of Banach (or Hilbert, or Frechet) type does not
change.
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Exercise 3.5.3 Show that, for any functional space F and for any compact K C R"
(‘EOC)K - ‘FKa

as l.c.v.s.’s. In particular, F is locally Banach (or locally Frechet, or locally Hilbert), or
locally invariant, or locally normal if and only if F,. is.

With the previous exercise in mind, when it comes to local spaces we have the following:

Theorem 3.5.4 Let F be a local functional space on R™. Then one has the following
equivalences:

1. F is locally Frechet if and only if it is Frechet.
2. F is locally invariant if and only if it is invariant.

3. F s locally normal if and only if it is normal.

Note that in the previous theorem there is no statement about locally Banach. As we
have seen, this implies Frechet. However, local spaces cannot be Banach.
Proof (of Theorem In each part, we still have to prove the direct implications. For
the first part, if F is locally Frechet, choosing a countable partition of unity and applying
the previous lemma, we find that Fi.. is Frechet since it is isomorphic to a closed subspace
of a Frechet space (a countable product of Frechet spaces is Frechet!). For the second part,
the argument is exactly as the one for the proof of Proposition [3.3.3] but using Lemma
instead of Lemma [3.1.4] For the last part, let us assume that F is locally normal. It
suffices to show that £ is dense in F: then, for any open U C F, UNE # 0; but UNE is an
open in & (because £ < F is continuous) hence, since D is dense in £ (with its canonical
topology), we find U ND # ().

To show that £ is dense in F, we will need the following variation of Lemma[3.1.5] We
choose a partition of unity 7; as there, but with n; = p?, u; € D. Let

A - .F7 X - Hie]f,
(X with the product topology). We define
it A= X, urr (), p:X — A, (Uz)zHZMzUz

As in the lemma, these make A into a closed subspace of X. Hence we can place ourselves
into the setting that we have a subspace A C X of a l.c.v.s. X, which has a projection
into A, p: X — A (not that we will omit writing 7 from now on). Consider the subset

Y =T;e,D C X.

Modulo the inclusion A — X, B = ANY becomes £ and p(Y') = B. Also, since A (or its
image by i) is inside the closed subspace of X which is I1;Fk,, we see that the hypothesis
of local normality implies that A C Y (all closures are w.r.t. the topology of X). We
have to prove that A is in the closure of B. Let a € A, V an open neighborhood of a in
X. We have to show that V N B # (. From V we make V' = p~!'(ANV)- another open
neighborhood of @ in X. Since A C Y, we have V' NY # . It now suffices to remark that
p(V') CcVNB. O
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Finally, let us point out the following corollary which shows that, in the case of locally
Frechet spaces, locality can be checked directly, using test functions and without any
reference to Fiqe.

Corollary 3.5.5 If F is a functional space which is locally Frechet, then F is local if and
only if the following two (test-)conditions are satisfied:

1. uw € D'(R™) belongs to F if and only if pu € F for all ¢ € C°(R™).
2. u, — u in F if and only if ¢pu, — ¢ in F, for all p € C°(R™).

Proof The direct implication is clear. For the converse, assume that F is a functional
space which satisfies these conditions. The first one implies that F = Fj,. as sets and we
still have to show that the two topologies coincide. Let T be the original topology on F
and let T, be the topology coming from Fj,.. Since F < Floe is always continuous, in our
situation, this tells us that 7, C 7. On the other hand, Id : (F, Tioc) — (F,T) is clearly
sequentially continuous hence, since F,. is metrizable, the identity is also continuous,
hence 7 C Tioe. This concludes the proof. O

3.6 Restrictions to opens

The main consequence of the localization axiom is the fact that one can restrict to opens
) C R". The starting remark is that, for any such open €2, there is a canonical inclusion

£(Q) C &'(R") C D'(RY)

which should be thought of as “extension by zero outside 2”7, which comes from the inclu-
sion £'(Q2) C &'(R™) (obtained by dualizing the restriction map C*°(R") — C*°(2)). In
other words, any compactly supported distribution on {2 can be viewed as a (compactly
supported) distribution on R™. On the other hand,

due &), Voelr(Q), ueD Q).
Hence the following makes sense:
Definition 3.6.1 Given a local functional space F, for any open €2 C R", we define
FQ):={ueD(Q):pue F V¢ € Cx(Q)},

endowed with the following topology. Let P be a family of seminorms defining the l.c.
topology on F and, for every p € P and ¢ € C°(§2) we consider the seminorm ¢, 4 on F
given by

Gp.o(u) = p(Pu).
We endow F(2) with the topology associated to the family {g,, : p € P,¢ € CZ(Q).
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Theorem 3.6.2 For any local functional space F and any open 2 C R", F(Q) is a local
functional space on € and, as such,

1. F(Q) is locally Banach (or Hilbert, or Frechet) if F is.
2. F(Q) is invariant if F is.

3. F(Q) is normal if F is.

Proof For the first part, one remarks that () = Fg. For the second part, applying
Theorem to the local functional space F(€2) on €2, it suffices to show local invariance.
Le., it suffices to show that for any x : @ — € diffeomorphism and = € €, we find a
compact neighborhood K = K, such that x, is an isomorphism between F(Q)x(= Fk)
and F(Q)yx)(= Fyx)). The difficulty comes from the fact that y is not defined on the
entire R". Fix y and x. Then we can find a neighborhood €2, of z € (2 and a diffeomorphism
x on R” such that

Xlo. = Xla.

(this is not completely trivial, but it can be done using flows of vector fields, on any
manifold). Fix any compact neighborhood K C §2,. Using the invariance of F, it suffices
to show that x.(u) = x«(u) for all u € Fx. But

X«(1), X«(u) € FCD

are two distributions whose restriction to x(€2;) is the same and whose restrictions to
R™ — x(K) are both zero. Hence they must coincide. For the last part, since we deal
with local spaces, it suffices to show that F(£2) is locally normal, i.e that for any compact
K C Q, Fx(2) = Fx C F(Q) is contained in the closure of D(Q?). Le., for any v € Fg
and any open U C F(Q) containing u, U N D() =# (. But since F is locally normal and
the restriction map r : F — F(f) is continuous, we have r1(U) N D # @ and the claim
follows. U

Exercise 3.6.3 By a sheaf of distributions F on R"” we mean an assignment
Q- F(Q)
which associates to an open Q C R a functional space F(£2) on € (local or not) such that:
1. if Q) € Q; and u € F(Qy), then u|q, is in F(€). Moreover, the map
F() = F(Q), urs ulg,.

1s continuous.
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2. If Q = U with ©Q; C R™ opens (I some index set), then the map
F(Q) = e, F(), u (ulo,)ier

is a topological embedding which identifies the l.c.v.s. on the left with the closed
subspace of the product space consisting of elements (u;);c; with the property that
uilo,ne; = Ujlo,ne, for all @ and j.

Show that
1. If F is a local functional space on R" then Q +— F(Q2) is a sheaf of distributions.
2. Conversely, if F is a sheaf of distributions on R then
F:=F (R™)
is a local functional space on R™ and F(Q) = F(Q) for all O’s.

Below, for diffeomorphisms y : €2y — s between two opens, we consider the induced
X« D'(21) — D'(22) (see (2.2.2)) and Example [2.3.9)).

Corollary 3.6.4 Let F be a local functional space. If F is invariant then, for any dif-
feomorphism x : Q1 — Qg between two opens in R™, x, induces a topological isomorphism

X« F(21) = F(Qa).

Proof The proof of 2. of Theorem [3.6.2, when showing invariance under diffeomorphisms
x : 2 — Q clearly applies to general diffeomorphism between any two opens. O

3.7 Passing to manifolds

Throughout this section we fix

F = local, invariant functional space on R".

and we explain how to induce functional spaces F (M, E) (of “generalized sections of E of
type F7) for any vector bundle E over an n-dimensional manifold M.

To define them, we will use local total trivializations of F, i.e. triples (U, k, T) consisting
of a local chart (U, k) for M and a trivialization 7 : E|y — U x CP of E over U. Recall
(see Example that any such total trivialization induces an isomorphism

hir: D'(U,Ely) = D'(Q,)" (where Q, = x(U) C R"[]

Definition 3.7.1 We define F(M, E) as the space of all u € D'(M, E) with the property
that for any domain U of a total trivialization of E, hy ,(u|y) € F(Q)P.

! Let us make this more explicit. The total trivialization induces
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We still have to define the topology on F(M, E), but we make a few remarks first.
Since the previous definition applies to all n-dimensional manifolds:

1. when applied to an open 2 C R" and to the trivial line bundle Cq over €2, one
recovers F(§2)- and here we are using the invariance of F.

2. it also applies to all opens U C M, hence we can talk about the spaces F(U, E|y).
From the same invariance of F, when U is the domain of a total trivialization chart
(U,k,T), to check that u € D'(U, E|y) is in F(U, E|y), it suffices to check that
hi.- (1) € F(§2)P- i.e. we do not need to check the condition in the definition for all
total trivialization charts.

3. If {U,}ies is one open cover of M and u € D'(M, E), then
u € .F(M,E) <:>U‘Ui € -F(UME|UZ> Viel.
This follows from the similar property of F on opens in R™.

Exercise 3.7.2 Given a vector bundle E over M and U C M, F induces two subspaces
of D'(U, Ely):

1. F(U, E|y) just defined.

2. thinking of F (M, E) as a functional space on M (yes, we know, we still have to define
the topology, but that is irrelevant for this exercise), we have an induced space:

{ue D(U,E|y): ¢pue F(M,E), ¥Y¢eDU)}.

1. a local frame sy,...,s, for E over U. Then, for any s € T'(E) we find (local) coefficients fi €
C*(Qy), i.e. satisfying

s(z) = Zf;(n(x))sl(x) for z € U.

2. the local dual frame s',...,s? of E* and a local frame (i.e. non-zero section on U) of the density

bundle of M, |dz: A ... A2"|. Then, for any £ € I'(EY) we find (local) coefficients & € C>(1Q,,),
i.e. satisfying

£(z) = Zgi(ﬁ(x))si(x)\dx; A AN, (zel).

3. any u € D'(M, E) has coefficients u® € D’'(£2,,), i.e. satisfying

u(€) = Zui(fn (£ €T(UEY)).

The map h, - sends u to (u1,...,up).
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Show that the two coincide.

Next, we take an open cover {U;};c; by domains of total trivialization charts (U;, k4, 7;).
It follows that we have an inclusion

h:F(M,E) — e F(Q,)".

We endow F (M, E) with the induced topology.

Exercise 3.7.3 Show that the topology on F(M, E) does not depend on the choice of
the cover and of the total trivialization charts.

Theorem 3.7.4 For any vector bundle E over an n dimensional manifold M, F(M, E)
is a local functional space on (M, E).

Moreover, if F is locally Banach, or locally Hilbert, or Frechet (= locally Frechet since
F is local), or normal (= locally normal), then so is F(M, E).

Finally, if F is a vector bundle over another n-dimensional manifold N and (h,ho)
is an isomorphism between the vector bundles E and F, then h, : D'(M,E) — D'(N, F)
restricts to an isomorphism of l.c.v.s.’s

h.: F(M,E) = F(N, F).

Proof We just have to put together the various pieces that we already know (of course,
here we make use of the fact that all proofs that we have given so far work for vector
bundles over manifolds). To see that F(M, E) is a functional space we have to check that
we have continuous inclusions

D(M,E) < F(M, E) — D'(M, E).

We just have to remark that the map h used to define the topology of F(M, E) also
describes the topology for D and D’. To show that F(M, E) is local, one uses the sheaf
property of F(M, E). (see Exercise where the U;’s there are chosen as in the
construction of h above. This reduces the problem to a local one, i.e. to locality of F.
All the other properties follow from their local nature (i.e. Proposition and the
similar result for normality, applied to manifolds) and the fact that, for K C M compact
inside a domain U of a total trivialization chart (U, k,7), Fx(M, F) is isomorphic to

Fr ()P g

Corollary 3.7.5 If F is locally Banach (or Hilbert) and normal then, for any vector
bundle E over a compact n dimensional manifold M, F(M, E) is a Banach (or Hilbert)
space which contains D(M, E) as a dense subspace.
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Definition 3.7.6 Let F; and F, be local, invariant functional spaces on R™ and R",
respectively, and assume that F; is normal. Let M be an m-dimensional manifold and N
an n-dimensional one, and let £ and F' be vector bundles over M and N, respectively. We

say that a general operator
P:D(M,E)— D'(N,F)

is of type (F1, F2) if it takes values in F» and extends to a continuous linear operator
Pf17-7'-2 : .Fl(M, E) — fQ(N, E)

Note that, due to the normality axiom, the extension Pz, 7, will be unique, hence the
notation is un-ambiguous.

3.8 Back to Sobolev spaces

We apply the previous constructions to the Sobolev spaces H, on R". Let us first recall
some of the standard properties of these spaces:

1. they are Hilbert spaces.
2. D is dense in H,.
3. if s > n/2 + k then H, C C*(R"™) (with continuous injection) (Sobolev’s lemma).

4. for all » > s and all K C R" compact, the inclusion H; x — H;j is compact
(Reillich’s lemma).

Also, as we shall prove later, H, are locally invariant (using pseudo-differential operators
and Proposition [3.3.3). Assuming all these, we now consider the associated local spaces

Hijoe ={ueD :¢ueH, V¢ecD}
and the theory we have developed imply that:
1. H,oc is a functional space which is locally Hilbert, invariant and normal.
2. Ny H,joc = E. Even better, for r > n/2 +k, any s € H, o is of class C*.
Hence these spaces extend to manifolds.

Definition 3.8.1 For a vector bundle E over an n-dimensional manifold M,

1. the resulting functional spaces H, jo.(M, E) are called the local r-Sobolev spaces of
E.

2. for K C M compact, the resulting K-supported spaces are denoted H, (M, E).
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3. the resulting compactly supported spaces are denoted H, comp(M, E) (hence they are
Uk H, x (M, E) with the inductive limit topology).

If M is compact, we define the r-Sobolev space of E as
H.(M,E) = H;oc(M, E)(= Hy.comp(M, E)).
Corollary 3.8.2 For any vector bundle E over a manifold M,
1. Hy1,c(M, E) are Frechet spaces.
2. D(M,E) is dense in H, 1o.(M, E).
3. if a distribution u € D'(M, E) belongs to all the spaces Hy j,.(M, E), then it is smooth.
4. for K C M compact, H, x (M, E) has a Hilbert topology and, for r > s, the inclusion
H,. (M, E) — Hy (M, E)
18 compact.

Proof The only thing that may still need some explanation is the compactness of the
inclusion. But this follows from the Reillich’s lemma and the partition of unity argument,
i.e. Lemma [3.1.4 . ]

Corollary 3.8.3 For any vector bundle E over a compact manifold M, H.(M, E) has a
Hilbert topology, contains D(M, E) as a dense subspace,

N Hy10e(M, E) =T'(E)

and, for r > s, the inclusion
H,.(M,E)— Hy{(M, FE)

18 compact.

Finally, we point out the following immediate properties of operators. The first one
says that differential operators of order k are also operators of type (H,, H,_j).

Proposition 3.8.4 Forr > k > 0, given a differential operator P € Dy(E, F) between
two vector bundles over M, the operator

P:D(M,E) — D(M,F)
admits a unique extension to a continuous linear operator

Pr . Hr,loc(Ma E) — Hrfk,loc(Ma F)
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The second one says that smoothing operators on compact manifolds, viewed as oper-
ators of type (H,, Hy), are compact.

Proposition 3.8.5 Let E and F be two vector bundles over a compact manifold M and
consider a smoothing operator P € W=>°(E F). Then for any r and s, P viewed as an
operator

P:H,(M,E)— H,(M,F)

18 compact.

Remark 3.8.6 Back to our strategy of proving that the index of an elliptic differential
operator P € Dy(E, F) (over a compact manifold) is well-defined, our plan was to use
the theory of Fredholm operators between Banach spaces. We have finally produced our
Banach spaces of sections on which our operator will act:

P.: H.(M,E) — H,_(M,F).

To prove that P, is Fredholm, using Theorem on the characterization of Fredholm
operators and the fact that all smoothing operators are compact, we would need some
kind of “inverse of P, modulo smoothing operators”, i.e. some kind of operator “of order
—k” going backwards, such that PQ) — Id and QP — Id are smoothing operators. Such
operators “of degree —k” cannot, of course, be differential. What we can do however is
to understand what make differential operators behave well w.r.t. (e.g.) Sobolev spaces-
and the outcome is: it is not important that their total symbols are polynomials (of some
degree k) in &, but only their symbols have a certain k-polynomial-like behaviour (in terms
of estimates). And this is a property which makes sense even for k-negative (and that is
where we have to look for our ). This brings us to pseudo-differential operators ...

Exercise 3.8.7 Show that if such an operator Q : H,_,(M,F) — H,(M,E) is found
(i.e. with the property that PQ) — Id and QP — Id are smoothing), then the kernel of the
operator P : ['(E) — I'(F) is finite dimensional. What about the cokernel?
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Fourier transform

4.1 Schwartz functions

Recall that L'(R™) denotes the Banach space of functions f : R® — C that are absolutely
integrable, i.e., | f| is Lebesgue integrable over R™. The norm on this space is given by

191 = [ 1) do.
Rn
Given £ € R" and = € R", we put
§x =&z + -+ &
For each £ € R", the exponential function
ez e R - C,
has absolute value 1 everywhere. Thus, if f € L}(R") then e~% f € L*(R") for all £ € R™.

Definition 4.1.1 For a function f € L*(R") we define its Fourier transform f = Ff :
R"™ — C by

FHO) = | fa)e dn (111)

We will use the notation Cy,(R™) for the Banach space of bounded continuous functions
R" — C equipped with the sup-norm.

Lemma 4.1.2 The Fourier transform maps L'(R) continuous linearly to the Banach
space Cp(R™).

Proof Let f be any function in L'(R"™). The functions fe % are all dominated by |f| in

the sense that | fe=%| < |f| (almost) everywhere. Let & € R"; then it follows by Lebesgue’s
dominated convergence theorem that Ff(§) — Ff(&) if £ — &. This implies that Ff is

71
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continuous. It follows that F defines a linear map from L'(R) to C'(R™). It remains to be
shown that F maps L*(R) continuously into Cy(R).
For this we note that for f € L'(R") and £ € R",

n

FrOl=] [ fa)e s de| < / F(2) e di = | f]].
5

Thus, sup |[Ff| < [|f|l:- It follows that F is a linear map L'(R) — C,(R™) which is bounded
for the Banach topologies, hence continuous. Il

Remark 4.1.3 We denote by Cy(R") the subspace of C,(R") consisting of functions f
that vanish at infinity. By this we mean that for any € > 0 there exists a compact set
K C R™ such that |f| < € on the complement R™ \ K. It is well known that Cy(R") is a
closed subspace of Cy,(R™), thus a Banach space of its own right.

The well known Riemann-Lebesque lemma asserts that, actually, F maps L'(R") into

Oy (R™).

The above amounts to the traditional way of introducing the Fourier transform. Unfor-
tunately, the source space L'(R") is very different from the target space Cy(R™). We shall
now introduce a subspace of L'(R™) which has the advantage that it is preserved under
the Fourier transform: the so-called Schwartz space.

Definition 4.1.4 A smooth function f : R" — C is called rapidly decreasing, or Schwartz,
if for all o, f € N,
sup |2°0% f ()| < oo. (4.1.2)

rER™

The linear space of these functions is denoted by S(R™).

Exercise 4.1.5 Show that the function

Fz) = elel?
belongs to S(z).

Condition (4.1.2)) for all a, 3 is readily seen to be equivalent to the following condition,
forall N e Nk € N:

vni(f) == max sup (1+ |lz])™|0“f(z)| < oc.
lo|<k geRrn
We leave it to the reader to check that v = vy, defines a norm, hence in particular a
seminorm, on S(R™). We equip S(R") with the locally convex topology generated by the
set of norms vy, for N,k € N.

The Schwartz space behaves well with respect to the operators (multiplication by) x®
and 0°.
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Exercise 4.1.6 Let «, § be multi-indices. Show that
2 fa®f and 0% f— 0°f
define continuous linear endomorphisms of S(R™).

Exercise 4.1.7
(a) Show that S(R™) C L'(R"™), with continuous inclusion map.

(b) Show that
C(R™) c S(R™) Cc C™(R"),

with continuous inclusion maps.
Lemma 4.1.8 The space S(R") is a Fréchet space.

Proof As the given collection of seminorms is countable it suffices to show completeness,
i.e., every Cauchy sequence in S(R™) should be convergent. Let (f,,) be a Cauchy sequence
in S(R™). Then by continuity of the second inclusion in Exercise [1.1.7] (b), the sequence
is Cauchy in C*°(R™). By completeness of the latter space, the sequence f, converges to
f, locally uniformly, in all derivatives. We will show that f € S(R") and f, — f in
S(R™). First, since (f,,) is Cauchy, it is bounded in S(R™). Let N, k € N; then there exists
a constant Cyy > 0 such that vy i(f,) < Cny, for all n € N. Let € R”, then from
0% fn(x) — 0“ f(x) it follows that

(L+[lz[)Y 0% falz) = (L4 2)¥0f(x),  as n— o0.
In view of the estimates vy x(f,) < Cng, it follows that |(1+ ||z||)N0% f(z)| < Cy, for all
a with |a| < k. This being true for arbitrary =, we conclude that vy (f) < Cn . Hence f
belongs to the Schwartz space.

Finally, we turn to the convergence of the sequence f, in S(R™). Let N,k € N. Let
€ > 0. Then there exists a constant M such that

n,m>M = VN,k(fn — fm) < 6/2

Let |o| < k and fix x € R™. Then it follows that

(L +[l2[) ™10 fu(z) — 0% fn(x)] <

DN ™

As 0“f,, — 0“f locally uniformly, hence in particular pointwise, we may pass to the limit
for m — oo and obtain the above estimate with f,,, replaced by f, for all z € R". It follows
that vy (f, — f) < € for all n > M. O
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Another important property of the Schwartz space is the following.
Lemma 4.1.9 The space C2°(R™) is dense in S(R™).

Proof Fix a function ¢ € C°(R") such that 0 < ¢ < 1 and ¢ = 1 on the closed unit
ball in R™. For k € N we put

l¢llcr == max sup [0%p(x)].
|a|§k rER?

For j € Z. define the function ¢; € C*°(R") by

wi(x) = e(x/j)-

Let now f € S(R™). Then ¢;f € C*(R") for all j € Z,. We will complete the proof by
showing that ¢, f — f in S(R") as j — oo.

Fix N,k € N. Our goal is to find an estimate for vy (¢, f — f), independent of f. To
this end, we first note that for every multi-index 8 we have 0%p;(z) = (1/4)P10Pp(z/5). Tt
follows that

1 .
sup|07p;| < Sllellos, (€24, 0<IBI < k).
Let |a| < k. Then by application of Leibniz’ rule we obtain, for all z € R", that
fe a 1 (6% —
s = DIl < ltps(o) = D@+ Sleller 3 () 10 sal
J 0#B<a

The first term on the right-hand side is zero for ||z|| < j. For ||z|| > j it can be estimated
as follows:

(s () = 1)0" f ()] (1 +sup [])(1+5) 7 (1 + [[2])]0 f ()]
|

<
< 2571+ [z )]0 f ().

We derive that there exists a constant C} > 0, only depending on k, such that for every
N e N,

vnk(pif — f) < %VNHJf(f)-

It follows that ¢;f — f in S(R"). O

The following lemma is a first confirmation of our claim that the Schwartz space provides
a suitable domain for the Fourier transform.

Lemma 4.1.10 The Fourier transform is a continuous linear map S(R") — S(R™).
Moreover, for each f € S(R™) and all o« € N", the following hold.

(a) F(0f) = (i€)*Ff;
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(b) F(a?f) = (i0e)*F[.

Proof Let f € S(R") and let 1 < j < n. Then it follows by differentiation under the
integral sign that

9 (z)e ™" do = f(2)(—iz;)e ™" da.
9¢; Jeon R

The interchange of integration and differentiation is justified by the observation that the
integrand on right-hand side is continuous and dominated by the integrable function (1 +
2]]) ™" *wni10(f) (check this). It follows that F(—z;f) = 9, F f. By repeated application
of this formula, we see that F f is a smooth function and that (b) holds. Since the inclusion
map S(R™) — L'(R") and the Fourier transform L'(R") — C,(R™) are continuous, it
follows that F is continuous from S(R") to Cp(R™). As multiplication by z® is a continuous
endomorphism of the Schwartz space, it follows by application of (b) that F is a continuous
linear map S(R™) — C*>°(R").
Let f € C*(R™) and 1 < j < n. Then by partial integration it follows that

[ o ar= ) [ s a
Rn Rn

so that F(0;f) = (i&;)F (f)(&). By repeated application of this formula, it follows that (a)
holds for all f € C°(R™). By density of C2°(R") in S(R") combined with continuity of the
endomorphism 0% € End(S) and continuity of F as a map S(R™) — C(R") it now follows
that (a) holds for all f € S(R™).

It remains to establish the continuity of F as an endomorphism of S(R™). For this
it suffices to show that ¢*9°F is continuous linear as a map S(R") — Cy(R™). This
follows from £20°F = Fo(—id)*(—iz)? (by (a), (b)) and the fact that (—id)*o (—iz)?
is a continuous linear endomorphism of S(R™). O

Later on, we will see that it is convenient to write
D% = (—i0)?,
so that formula (a) of the above lemma becomes
F(Df)=¢€"FF.

Given a € R" we write T, for the translation R" — R", z +— x 4+ a and 77 for the map
C>®(R") — C*°(R") induced by pull-back. Thus, 7)) f(z) = f(z + a).

Lemma 4.1.11 The map T restricts to a continuous linear endomorphism of S(R™).
Moreover, for all f € S(R™),

F(T;f) = € F(f); Fle ™) =T, FF.
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Exercise 4.1.12 Prove the lemma.

We write S for the point reflection R® — R", x — —x and S* for the induced linear
endomorphism of C*(R™). It is readily seen that S* defines a continuous linear endomor-
phism of S(R™).

Exercise 4.1.13 The map S* defines a continuous linear endomorphism of S(R") which
commutes with F.

We can now give the full justification for the introduction of the Schwartz space.
Theorem 4.1.14 (Fourier inversion)
(a) F is a topological linear isomorphism S(R™) — S(R™).

(b) The endomorphism S*FF of S(R™) equals (2m)™ times the identity operator. Equiv-
alently, for every f € S(R™) we have

1
(2m)"™ Jrn

Proof We consider the continuous linear operator 7 := S*FF from S(R"™) to itself. By
Lemma .1.10/ it follows that

Tol’a:S*.Fo(ia)aof:S*o(—l')ao]:‘F:[EaOT-

fz) = Ff(§erds,  (zeR).

In other words, 7 commutes with multiplication by z®, for every multi-index «. In a similar
fashion it is shown that 7 commutes with 7", for every a € R™.

We will now show that any continuous linear endomorphism 7 of S(R"™) with these
properties must be equal to a constant times the identity. For this we use the Gaussian
function G(z) = exp(—||z||?/2). Let f € C>°(R") and put ¢ = G~'f. Then ¢ is smooth
compactly supported as well. Moreover, in view of the formula

o@) = w0+ [ Fota) d

= o)+ [ [ Doter) at]

we see that there exists a smooth map L : R — L(R", C) such that ¢(x) = ¢(0) + L(z)z
for all z € R”. It is easily seen that each component L;(z) is smooth with partial derivatives
that are all bounded on R". Hence, L;G € S(R"). It now follows that

T() = T(C)
= T(e0)6) +T(Y 5iL,C)

= OT(C) + 32, T(LE)
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Evaluating at = 0 we find that 7(f)(0) = ¢f(0), with ¢ the constant T (G)(0).
We now use that 7 commutes with translation:

T()(x) = [TT(HN0) = T(T;1)(0) = ¢ T £(0) = cf (2).

This proves the claim that 7 = c¢I. To complete the proof of (b) we must show that
¢ = (2m)™. This is the subject of the exercise below.

It follows from (b) and the fact that S* commutes with F that F has (27) "S*F as
a continuous linear two-sided inverse. Hence, F is a topological linear automorphism of
S(R™).

Exercise 4.1.15 We consider the Gaussian function g : R — R given by g(x) = e 2%,
(a) Show that Fg satisfies the differential equation L Fg = —aFg.

(b) Determine the Fourier transform Fg.

(¢) Prove that for the Gaussian function G : R”™ — R we have T(G) = (27)"G.

In order to get rid of the constant (27)" in formulas involving Fourier inversion, we
change the normalization of the measures dr and d¢ on R", by requiring both of these
measures to be equal to (27)™™? times Lebesgue measure. The definition of F is now
changed by using formula but with the new normalization of measures. Accordingly,
the Fourier inversion formula becomes, for f € S(R"),

fa) = (&) e’ de. (4.1.3)

4.2 Convolution

The Schwartz space is also very natural with respect to convolution. In the following we
shall make frequent use of the following easy estimates, for z,y € R"

A+ 12D+ 1y~ < @+ llz+yl) < @+ 2D+ [lyl)- (4.2.4)

The inequality on the right is an easy consequence of the triangle inequality. The inequality
on the left follows from the one on the right if we first substitute —y for y and then, in the
resulting inequality, x + y for z.

Assume that fi, fo : R" — C are continuous functions with

vn(f;) = sup(L + ||2])¥|f;(2)] < o0

for all N € N (Schwartz functions are of this type). Then it follows that

i@ = @+l @+ D ™1f ()]
< (L[l en(f)
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for all z € R™. Therefore,

fiy)fa(z —y) L+ yD=™ @+ Nl =yl var(f)vn (f2)

<
< @+ yIDM A+ )™ s (f)ow (f2)-

Choosing N = 0 and M > n we see that the function y — fi(y)f2(z — y) is integrable for
every x € R™.

Definition 4.2.1 For f,g € S(R") we define the convolution product f * g : R" — C by

(fxg)(x) = . f(y) g(z —y) dy.

Lemma 4.2.2

(a) The convolution product defines a continuous bilinear map

(f,9) = fxg, SR") xSR") — S(R").

(b) Forall f,g € S(R"),
F(fxg)=FfFg and F(fg) =Ff = Fg.

Proof Let f,g € S(R") and let o be a multi-index of order at most k. Let K € N. Then
it follows from the above estimates with f; = f and f; = 0%¢g that

L+ N2 1f )09 =)l < (1 + Iyl @ + =) varo(Frae(g).

We now choose N = K and M > N + n. Then the function on the right-hand side is
integrable with respect to y. It now follows by differentiation under the integral sign that
the function f % g is smooth and that for all & we have 0*(f % g) = f * 0“g. Moreover, it
follows from the estimate that

n

sl d x9) < o Fowata) [ U+ [l dy.
We thus see that the map (f,g) — f % g is continuous bilinear from S(R™) x S(R™) to
S(R™).

Moreover, the above estimates justify the following application of Fubini’s theorem:
Frea© = [ | fge-ge aydo
n Rn
= [ [ tgta e dudy
n ]Rn

(y)g(z)e “C) dz dy

| ).
FI©)Fgle).
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To obtain the second equality of (b), we use that S*F = FS* is the inverse to F (by our new
normalization of measures). Put ¢ = FS*f and ¢ = FS*g. Then fg = FoFip = F(px)).
By application of F we now readily verify that

F(fg) = 5" (px1) = 5(p) x S*(¢) = Ff x Fyg.
O

Corollary 4.2.3 The convolution product x on S(R™) is continuous bilinear, associative
and commutative, turning S(R™) into a commutative continuous algebra.

Proof This follows from the above lemma combined with the fact that F : S(R") —
S(R™) is a topological linear isomorphism. O

Exercise 4.2.4 By using Fourier transform, show that the algebra (S(R"), +, x) has no
unit element.

On S(R") we define the L2-inner product (-, - )2 by

(f9)r> = . f(z)g(x) dx.

Accordingly, the space L?(R"™) may be identified with the Hilbert completion of S(R™).

Proposition 4.2.5 Let f,g € S(R"). Then (Ff, Fg)r2 = (f, g)r2. The Fourier transform
has a unique extension to a surjective isometry F : L*(R™) — L*(R™).

Proof We define the function g : R" — C by

g(x) = g(=x).

Then g belongs to the Schwartz space, and F(§) = Fg. Moreover,
(f:9)r2 = f*g(0).

By the Fourier inversion formula it follows that the latter expression equals

F(f*g)(€) ds = | Ff&)Fg(§) d§ = (Ff, Fyg)r.
R™ R7
Thus, F : S(R") — S(R") is an isometry for (-, -)2. Since C>°(R") is dense in L?(R™),
so is S(R™) and it follows that F has a unique continuous linear extension to an endomor-
phism of the Hilbert space L?(R™); moreover, the extension is an isometry. Likewise, S* is
isometric hence extends to an isometric endomorphism of L?*(R"). By density of S(R") in

L*(R™) the composition of extended maps S*F is a two-sided inverse to the extended map
F : L*(R™) — L?*(R™). Therefore, F is surjective. O
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4.3 Tempered distributions and Sobolev spaces

By means of the Fourier transform we shall give a different characterization of Sobolev
spaces, which will turn out to be very useful in the context of pseudo-differential operators.
We start by introducing the notion of tempered distribution.

Definition 4.3.1 The elements of S’(R"), the continuous linear dual of the Fréchet space
S(R™), are called tempered distributions.

Here we note that a linear functional u : S(R™) — C is continuous if and only if there exist
constants N,k € N and C' > 0 such that

[u(f)| < Cowa(f) forall f e SE.

The name distributions is justified by the following observation. By transposition the
continuous inclusions

C2(R™) C S(R") € C(R")

give rise to continuous linear transposed maps between the continuous linear duals of these
spaces. Here we assume to have the duals equipped with the strong dual topologies (of
uniform convergence on bounded sets). Moreover, as C2°(R") is dense in both S(R™) and
C>*(R™), it follows that the transposed maps are injective:

E'(R") — S'(R™) — D'(R™).

We note that the transposed maps are given by restriction. Thus, £'(R") — S'(R™) is
given by u — u|gmgny. Moreover, the map S'(R") — D'(R") is given by v — v|ceomny. In
this sense tempered distributions may be viewed as distributions.

We recall that the operators % and 0“ on D’'(R") are defined through transposition:

r%u =uo(z*), and 0% =wuo.(—0)%,

for u € D'(R™).

Exercise 4.3.2 Show that S'(R") is stable under the operators 9% and z* for all multi-
indices «.

We recall that there is a natural continuous linear injection L2 (R™) < D/(R™). If
© € L2 (R™) then the associated distribution is given by

loc
Frolod)= [ o)) o, CE@R) > C

Lemma 4.3.3 The continuous linear injection L*(R™) < D'(R™) maps L*(R™) continu-
ously into S'(R™).
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Proof Denote the injection by j. Let ¢ € L*(R") and f € S(R"). Fix N > n/2. Then
) = [ @i d

[ e+ ) o) do

< Cllellzvno(f)

where C' is the L?norm of (1 + ||£]])". Tt follows that the pairing (o, f) — (o, f) is

continuous bilinear L?(R") x S(R™) — C. This implies that j maps L*(R") continuously

into S'(R™). O
The inclusion S(R") — L*R") is continuous. Accordingly, the natural injection

S(R") — D'(R"™) maps S(R") continuous linearly into S’'(R™).

Exercise 4.3.4 Let s € R. We denote by L?(R") the space of f € LZ_(R™) with (1 +

|z|))*f € L*(R"™). Equipped with the inner product

(fog)rzs = | fl@)g(@)(1+||z])* de

Rn

IN

this space is a Hilbert space.
Show that the continuous linear injection L*(R™) — D'(R") maps L%(R") continuously
into S'(R™).

The following result will be very useful for our understanding of Sobolev spaces.

Proposition 4.3.5 The Fourier transform has a continuous linear extension to a contin-
wous linear map F : S'(R") — S'(R™). For all u € S'(R™) and f € S(R™) we have

(Fu, ) = (u, Ff).
The extension to S'(R™) is compatible with the previously defined extension to L*(R™).

Remark 4.3.6 It can be shown that C§°(R"), hence also S(R") is dense in S'(R").
Therefore, the continuous linear extension is uniquely determined. However, we shall not
need this.

Proof The Fourier transform F : S(R") — S(R") is continuous linear. Therefore its
tranposed F' : u — uoF is a continuous linear map S’(R") — S’(R").

We claim that F* restricts to F on S(R"). Indeed, let us view ¢ € S(R™) as a tempered
distribution. Then by a straightforward application of Fubini’s theorem, it follows that,
for all f € S(R"),

(Flo. f) = (o, Ff)
=/ o(©) [ 1) da de

= / / e T d¢ f(x) do

= (Fe. f)
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This establishes the claim. We have thus shown that F has F' as a continuous linear
extension to S'(R™).

It remains to prove the asserted compatibility. Let u € L*(R™). There exists a sequence
of Schwartz functions u,, € S(R™) such that u,, — u in L*(R") for n — oo. It follows that
Fu, — Fuin L*(R"), hence also in §'(R"), by Lemma On the other hand, we also
have u,, — u in 8'(R™) by the same lemma. Hence F'u,, — F'u by what we proved above.
Since F' = F on S(R") it follows that Fu,, = F'u, for all n. Thus, Fu = F'u. O

From now on, we shall denote the extension of F to S'(R™) by the same symbol F. The
following lemma is proved in the same spirit as the lemma above. We leave the easy proof
to the reader.

Lemma 4.3.7 The operators 9%, -, T and ¢ have (unique) continuous linear exten-
sions to endomorphisms of S'(R"™). For u € §'(R"™) we have

0u=wuo(—0)", zu=uoz® Tiu=u-T" ey = uoe.

The formulas (a),(b) of Lemma 1.1.10 and the formulas of Lemma 1.1.11 are valid for
feS(R).

Lemma 4.3.8 Let u € &'(R"). Then Fu is a smooth function. Moreover, for every
R, |
Fu(€) = (u,e™*).

Proof We sketch the proof. Not all details can be worked out because of time constraints.
Let f € C>*(R"). Then the function ¢ : & — f(£)e™™ with values in the Fréchet space
C>*(R™) is smooth and compactly supported. This implies that £ — u(¢(€)) is smooth
and compactly supported. Now

u(p(§)) = f(Eule™)

and since f was arbitrary, we see that 4 : & — u(e™®) is a smooth function.

Furthermore, the integral for Ff may be viewed as an integral of the C'*°(R")-valued
function ¢. This means that in C*°(R™) it can be approximated by C*°(R")-valued Riemann
sums. This in turn implies that

(Fuf) = (wFD)
— ([ e a)

= [ utete) ac

n

= [ rue ) ag
-

Since this is true for any f € C°(R"), it follows that @ = Fu. O

&
=
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We recall from Definition 2.2.10 that for » € N the Sobolev space H,(R™) is defined as
the space of distributions u € D'(R") such that 9*f € L*(R™) for each « € N" with |a| < 7.
In particular, taking o = 0 we see that H,(R") C L?(R"). Hence also H,(R") C S§'(R").

Lemma 4.3.9 Letr € N. Then
H,(R") = {ue S'R") | (1+[[¢I)"F(u) € L2(RM)}.

Proof Letu € H,(R") and let a be a multi-index of order at most r. Then 9%u € L?(R").
It follows that

(i€)*Fu = F(0“u) € L*(R").

In view of the lemma below this implies that (1 + ||¢]])"Fu € L*(R™).
Conversely, let u € §'(R™) and assume that (1+ [|£]])"Fu € L*(R™). Then Fu is locally
square integrable, and in view of the obvious estimate

gl < L+ flenl, g erm)
it follows that (i£)*Fu € L*(R"). We conclude that

0%u = S*F((i€)*Fu) € L*(R™).

Lemma 4.3.10 Let r € N. There exists a constant C' > 0 such that for all £ € R,

L+ e <o) lel;

laf<r

here €9 should be read as 1.

Proof It is readily seen that there exists a constant C' > 0 such that
(I+valt))"<CA+ "),  (teR),

where [t|° = 1. Let £ € R" and assume that & is an index such that |§| is maximal. Then

I€]| < v/n|&|. Hence,
L+ €N < A+ Vnl&) <C+ &) <C ) e

laf<r
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Exercise 4.3.11 Show that the Fourier transform maps H,(R") bijectively onto L?(R™).
Thus, by transfer of structure, H,(R™) may be given the structure of a Hilbert space. Show
that this Hilbert structure is not the same as the one introduced in Definition 2.2.10, but
that the associated norms are equivalent.

The characterization of H,(R™) given above allows generalization to arbitrary real r.

Definition 4.3.12 Let s € R. We define the Sobolev space H (R™) of order s to be the
space of f € §'(R™) such that (1 + ||£||)*Ff € L*(R"), equipped with the inner product

(f.9)s = [ FFE&Fg(&) (1+Ilgl)* de.

R
Equipped with this inner product, the Sobolev space H (R™) is a Hilbert space. The
associated norm is denoted by || - |-

Exercise 4.3.13 The Heaviside function H : R — R is defined as the characteristic
function of the interval [0, 00). For R > 0 we define ug to be the characteristic function of
[0, RJ.

(a) Show that ugr, H € S'(R) and that up — H in S’(R) (pointwise) as R — 0.

(b) Determine Fug for every R > 0.

(¢) Show that ug € H,(R) for every s < , but not for s = 1.

(d) Determine FH and show that H ¢ H (R") for all s € R.

Lemma 4.3.14 Let s € R. Then S(R™) C H (R™), with continuous inclusion map. Fur-
thermore, C2°(R") is dense in Hs(R™).

Proof If f € S(R") then Ff € S(R™). Moreover, let N € N be such that N > s+ n/2.
Then N = s+ n/2+ ¢, with € > 0, hence

\IFFEOP A+ €)% < vao(FFH2 A+ ||=]) ">
This implies that f € H (R") and that

£l < vno(FF) N1+ |Jz])) 212

Since F : § — § is continuous, it follows from this estimate that the inclusion map & — H,
1s continuous.

For the assertion about density it suffices to show that the orthocomplement of C2°(R™)
in the Hilbert space H (R™) is trivial. Let u € Hy(R™), and assume that (u, f)s = 0 for all
f € S(R™). This means that

Fu(@) Ff(E) (L+gl)* ds =0,  (f € SIR)).

]Rn
Therefore, the tempered distribution Fu(€) (1 + [|€]])** vanishes on the space F(C°(R™)).
The latter space is dense in F(R"), since C2°(R") is dense in S(R™) and F is a topological
linear automorphism of S(R™). We conclude that Fu = 0, hence u = 0. O
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We conclude this section with two results that will allow us to define the local versions
of the Sobolev spaces.

Lemma 4.3.15 Let s € R™. Then convolution (f,g) — f* g, SR") - S(R") — S(R™)
has a unique extension to a continuous bilinear map S(R") x L*(R™) — L*(R™).

In the proof we will need a particular type of estimate that will be useful at a later
stage as well. Specifically, for every s € R the following estimate is valid for all z,y € R™ :

(14l +yl)* < @+ )™+ [yl

It suffices to check the estimate for s = re, with » > 0 and € = £1. By monotonicity of the
function z + z" on |0, 00 it suffices to check the estimate for s = 1. In these cases, the

estimate follows from (4.2.4)).
Proof Let f,g € C°(R"™). Then for all z,y € R" we have

(L + Nl f g = )] < @+ [N FWIA + e = yl)*lg(z - y)l.

Let ¢ € C2°(R™). Then multiplying the above expression by |p(y)|, followed by integration
against dzdy, application of Fubini’s theorem and of the Cauchy-Schwartz inequality for
the L2-inner product, we find

(L + [zl f * g9, 0)| < /R L+ lyD1F @)l dy llgllze.s ol 2z
Since this holds for arbitrary ¢ € C2°(R™), we obtain

I+ N2l (F % g)llze < N+ Tyl fllzr llglze,s.

The expression on the left-hand side equals || f * g|| 2 5. Fix N € N such that |s| - N < —n.
Then the L'-norm on the right-hand side is dominated by Cvyo(f), with C' equal to the
L'-norm of the function (1 + ||y||)*I=. It follows that

1 * glle2s < Cono(f) lgllezs.
As C*(R") is dense in both S(R™) and L?(R"), the result follows. O

Lemma 4.3.16 Let s € R, ¢ € S(R") and u € H,(R"). Then pu € Hy(R™). Moreover,
the associated multiplication map S(R™) x Hy(R™) — H(R") is continuous bilinear.

Proof We recall that by definition the Fourier transform F : S(R") — S(R") is an
isometry for the norms || - || (from H,(R")) and || - ||z2s. From the above lemma it now
follows that the multiplication map S(R") x S(R") — S(R™) has a unique extension to a
continuous bilinear map S(R™) x H (R™) — H¢(R™). We need to check that this extension
coincides with the restriction of the multiplication map S(R™) x D'(R") — D'(R™). Fix
f € S(R™) and ¢ € C°(R™). Then we must show that (fg, p) = (g, fp) for all g € Hs(R™).
By continuity of the expressions on both sides in g (verify this!), it suffices to check this
on the dense subspace C°(R™), where it is obvious. O
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In particular, it follows that C2°(R™)H(R"™) C Hs(R™). Therefore, we may define local
Sobolev spaces.

Let U C R™ be open, and let s € R. We define the local Sobolev space Hj o in the
usual way, as the space of distributions u € D'(U) such that yu € H(R") for every
X € C(R™). At a later stage we will prove invariance of the local Sobolev spaces under
diffeomorphisms, so that the notion of Hj .. can be lifted to sections of a vector bundle on
a smooth manifold.

Exercise 4.3.17 This exercise is a continuation of Exercise [4.3.13] Show that the Heav-

iside function H = 1o o) belongs to Hyjoc(R") for every s < % but not for s = %

4.4 Some useful results for Sobolev spaces

We note that for s < t the estimate || f||s < ||f]|; holds for all f € H;(R™). Accordingly, we
see that
H(R") C Hy(R"™), for s<t,

with continuous inclusion map. We also note that, by the Plancherel theorem for the
Fourier transform, Hy(R™) = L*(R"). Accordingly,

H,(R™) C L*(R™) C H_(R™) (s> 0). (4.4.5)

Lemma 4.4.1 Let a € N". Then 0% : S'(R") — S'(R") restricts to a continuous linear
map Hy(R™) — H,_ o (R"), for every s € R.

Proof This is an immediate consequence of the definitions. [l

Given k € N we define C¥(R™) to be the space of C*-functions f : R" — C with

sk(f) := max sup | Dy f(z)| < 0.
o] <k zeRrn

Equipped with the norm s, this space is a Banach space.

Lemma 4.4.2 (Sobolev lemma) Let k € N and let s > k +n/2. Then
Hy(R") C Cy(R")

with continuous inclusion map.

Proof In view of the previous lemma, it suffices to prove this for £ = 0. We then have
s =n/2+ ¢, with € > 0. Let u € C2°(R"), then

u(zr) = Fu(€)e™® da

Rn

- / e Fu(€) (L IEN) L+ el de
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From this we read off that u is bounded continuous, and
sup [ul < [Jull [|(L+ [1€]) 727 2

It follows that the inclusion C2° C C} is continuous with respect to the Hy topology on
the first space. By density the inclusion has a unique extension to a continuous linear map
H, — (. By testing with functions from S we see that the latter map coincides with the
inclusion of these spaces viewed as subspaces of S'. U

In accordance with the above embedding, we shall view H (R"), for s > k +n/2, as a
subspace of CF(R™). We observe that as an important consequence we have the following
result. Put

Hoo(R") = () Hy(R™).

seR
Corollary 4.4.3
(a) Ho(R") C Cpo(R™).

(b) Hyo(R™) equals the space of smooth functions f € C°(R™) with 0°f € L*(R"), for
all o € R™.

Proof Assertion (a) is an immediate consequence of the previous lemma. For (b) we note
that H, C H, for s < r. We see that H.(R") is the intersection of the spaces H,(R"), for
r € N. Now use the original definition of H,(R"), Definition 2.2.10. O

Let V,W be topological linear spaces. Then a pairing of V' and W is a continuous
bilinear map 8 : V x W — C. The pairing induces a continuous map 3, : V. — W* by
p1(v) : w — B(v,w) and similarly a map 5y : W — V*; the stars indicate the continuous
linear duals of the spaces involved. The pairing is called non-degenerate if both the maps (3,
and s are injective. It is called perfect if it is non-degenerate, and if £, is an isomorphism
V — W* and [ an isomorphism W — V*.

If V is a complex linear space, we denote by V' the conjugate space. This is the complex
space which equals V' as a real linear space, whereas the complex scalar multiplication is
given by (z,v) — zv.

If V' is a Banach space, the continuous linear dual V* is equipped with the dual norm
|- [, given by

[ull* = sup{|u(z)| [ z € V, [[z]| < 1}.

This dual norm also defines a norm on the conjugate space V*.
If H is a Hilbert space with inner product (-, -), then the associated norm || - || may
be characterized by
loll = sup |{o, w)
lwll<1
It follows that v — (v, -) induces a linear isomorphism ¢ : H — H* which is an isometry
for the norm on H and the associated dual norm on H*. The isometry ¢ may be used to
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transfer the Hilbert structure on H to a Hilbert structure on H*, called the dual Hilbert
structure. It is readily seen that the norm associated with this dual Hilbert structure
equals the dual norm || - ||* defined above.

Lemma 4.4.4 Let s € R. Then the L*-inner product (-, -) on CZ(R") extends uniquely
to a continuous bilinear pairing Hs(R") x H_(R") — C. The pairing is perfect and induces
isometric isomorphisms Hs(R™) ~ H_(R™)* and H_s(R™) ~ H (R™)*.

Proof Let f,g € C*(R™). Then

(fL9)2 = Ff(&)Fg(§) d§

Rn

=/ FFE@+ ) Fa(€) (L + €)™ de.
By the Cauchy-Schwartz inequality, it follows that the absolute value of the latter expres-
sion is at most || f||s||g||—s. By density of C2°(R™) in H(R"), this implies the assertion
about the extension of the pairing. The above formulas also imply that

sup (f:9) =11
gECE (R™),|lgll-s=1

Thus, by density of CZ°(R"), the induced map f; : H (R") — H_,(R")* is an isometry.
Likewise, By : H_4(R") — H (R™)* is an isometry. From the injectivity of f; it follows
that 5 has dense image. Being an isometry, S must then be surjective. Likewise, (3 is
surjective. U

4.5 Rellich’s lemma for Sobolev spaces

In this section we will give a proof of the Rellich lemma for Sobolev spaces, which will play
a crucial role in the proof of the Fredholm property for elliptic pseudo-differential operators
on compact manifolds.

Given s € R and a compact subset K C R", we define

Hg k(R") ={u € Hy(R") | suppu C K}.

Lemma 4.5.1 H, x(R") is a closed subspace of Hy(R™).
Proof Let f € C°(R™). Then the space

fr=A{ue Hy(R") | (u, f) = 0}

has Fourier transform equal to the space of ¢ € L%*(R") with (¢, Ff) = 0, which is
the orthocomplement of (1 + ||¢]])2F f in L2(R™). As this orthocomplement is closed in
L2(R™), it follows that f+ is closed in H (R").

We now observe that Hg (R") is the intersection of the spaces f* for f € C>(R")
with supp f N K = 0. O
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Lemma 4.5.2 (Rellich) Lett < s. Then the inclusion map Hg x(R™) — H(R™) is com-
pact.

To prepare for the proof, we first prove the following result, which is based on an
application of the Arzela—Ascoli theorem.

Lemma 4.5.3 Let B be a bounded subset of the Fréchet space C'(R™). Then B is relatively
compact (i.e., has compact closure) as a subset of the Fréchet space C(R™).

Proof Boundedness of B means that every continuous semi-norm of C*(R") is bounded
on B. Let K C R” be a compact ball. Then there exists a constant C' > 0 such that
supg ||df]| < C for all f € B. Since

1
f@) = ) = [ drly + e = ) ) d
0
for all y € x, we see that

[f(y) = f(@)] < Clle—yll, forall (z,y € K).

It follows that the set of functions B|x = {f|x | f € B} is equicontinuous and bounded
in C'(K). By application of the Arzela-Ascoli theorem (see next section), the set B|x
is relatively compact in C'(K). In particular, if (f;) is a sequence in B, then there is a
subsequence (fi;) which converges uniformly on K.

Let (fx) be a sequence in B. We shall now apply the usual diagonal procedure to obtain
a subsequence that converges in C(R").

For r € N let K, denote the ball of center 0 and radius » in R™. Then by repeated
application of the above there exists a sequence of subsequences (fi, ) = (fr,,) = -+ ...
such that (fy, ) converges uniformly on K., for every r € N.

The sequence (fx, ;)jen is a subsequence of all the above sequences. Hence, it converges
uniformly on each ball K,. Therefore, it converges in C(R"). U

Remark 4.5.4 By a slight modification of the proof above, one obtains a proof of the
compactness of each inclusion map C*™(R") < C*(R"). This implies that the identity
operator of C*°(R™) is compact. Equivalently, each bounded subset of C*°(R") is relatively
compact. A locally convex topological vector space with this property is called Montel.

If B is a subset of L?(R") and ¢ € S(R"), we write
pxB:={px*[|feDB}
Then ¢ * B is a subset of L%(R").

Lemma 4.5.5 Let s € R and let B C L3(R") be bounded. If ¢ € S(R™), then the set
w x B is a relatively compact subset of C(R™).
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Proof In view of the previous lemma, it suffices to prove that ¢ * B is bounded in C'(R").
For this we note that for each 1 < j < n,

a%[w(x W)
= 100 — 9)I(L+ o)+ )1 )]

< (L )N+ e = w7105 = I+ ly )1 w)]-

The right-hand side can be dominated by an integrable function of y, locally uniformly
in z. It now follows by differentiation under the integral sign that ¢ * f € C'(R"), that
0j(¢* f) = 0;¢* f and that

19; (0 % N @) < (L + 2™ ez 1 llz2,s.

This implies that the set ¢ * B is bounded in C'(B), hence relatively compact in C(R").
0J

Proposition 4.5.6 Let s >t and let B be a bounded subset of L?(R™) which at the same
time is a relatively compact subset of C(R™). Then B is relatively compact in L?(R").

Proof For R > 0 we denote by 1z the characteristic function of the closed ball B(R) :=
B(0; R). Then for each r € R, the map f — 1gf gives the orthogonal projection from
L3(R™) onto the closed subspace L? ) of functions with support in B(R). We now observe

that the following estimate holds for every f € L2(R") :

11 = 1R)fIl72, = /”x”>R(1 +l2D* (1 + 2 ) * (1 (@) do
< (4 RPCI SR
Fix M > 0 such that ||f||2s < M for all f € B. Then we see that
1L = 1) fllzze < M (L+R)™,  (f € B).

Let now (fi) be a sequence in B. Then (f) has a subsequence (fy;) which converges in
C(R"), i.e., there exists a function f € C(R") such that fi, — f uniformly on each compact
set K C R™. It easily follows from this that 1pfy, is a Cauchy-sequence in L7 (R"), for each
R > 0. We will show that actually, fi, is a Cauchy sequence in L7(R"). By completeness
of the latter space, this will complete the proof.

Let € > 0. We fix R > 0 such that

M1+ R)™ <

Wl m

There exists a constant N > 0 such that
€

i,j > N = |[1pfr, — 1rfr;ll24 < 3
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It follows that for all 7,7 > N,

kaz - fijLQ,t
< [1r(fe = fe)llzee + (1 = 1r) fr,
< €/3+2M(1+R)° <e.

2+ (1 =1R) fi, |l 2.

U

Proof of Lemma Let K C R™ be compact and let B be a bounded subset
of Hy x(R"™). Fix a smooth compactly supported function y € C°(R") that is 1 on a
neighborhood of K. Then xf = f for all f € B. It follows that

F(B)= ¢ F(B),

with ¢ = F(x) € S(R"). By Lemma it now follows that F(B) is both bounded in
L?(R™) and a relatively compact subset of C(R"). By the previous proposition, this implies
that F(B) is relatively compact in LZ(R™). As F is an isometry from H,(R") to L?(R"),
it follows that B is relatively compact in Hy(R™). 0

4.6 The Arzela—Ascoli theorem

The Arzela—Ascoli theorem gives a useful characterization for relative compactness of a
set of continuous functions on a locally compact metric space X, which in addition is o-
compact, i.e., X is the union of countably many compact subsets. In the following we
assume X to be a such a metric space.

The space C'(X) of continuous functions X — C, is equipped with the locally convex
topology of uniform convergence on compact subsets. More precisely, for K C X a compact
subset we define the seminorm || - ||x by

1f [l == sup [f(@)], (f € C(X).

The space C'(X) is equipped with the topology induced by the seminorms || - || x for K C X
compact. Note that C(X) is a Fréchet space with this topology. In the special case X
compact, the topology is induced by the sup-norm || - ||x, and C'(X) is a Banach space.

Definition 4.6.1 Let F C C(X) be a set of continuous functions on the compact metric
space X. The set F is said to be equicontinuous at a point a € X if for every € > 0 there
exists a 6 > 0 such that for all x € X with d(x,a) < 6 we have

|f(x) = fla)] <, for all f € F.

The set F is said to be equicontinuous if it is equicontinuous at every point of X.
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Exercise 4.6.2 Assume that X is compact metric space and let F C C(X). Show that
F is equicontinuous if and only if F is uniformly equicontinuous, i.e., for every € > 0 there
exists a 6 > 0 such that for all f € F and all z,y € X,

d(z,y) <6 = [f(z) = fly)l <e

Hint: use the open covering property.

A set F C C(X) is said to be relatively compact if its closure F in C(X) is compact.
Since every Fréchet space is metrizable, the latter is equivalent to F being sequentially
compact.

Theorem 4.6.3 (Arzela—Ascoli) Let X be a locally compact and o-compact metric space,
and F C C(X). Then the following assertions are equivalent.

(a) The set F is relatively compact in C(X).

(b) The set F is equicontinuous and pointwise bounded.

Proof  We first assume that X is compact. Assume (a). Fix a € X. Then the map
ev, : C(X) — C is continuous. Therefore, ev,(F) = {f(a) | f € F} is relatively compact,
hence bounded in C. This implies that F is pointwise bounded.

Let F denote the closure of F in C(X). Let € > 0. Then by compactness of F there
exists a finite collection of functions f; € F, 1 < j < k, such that the balls B(f;;€/2) in
C(X) cover F. By compactness of X, each f; is uniformly continuous. Hence there exists
a d > 0 such that for all z,y € X with d(z,y) < ¢ and all j we have |f;(z) — f;(y)]| < €/3.
Let now f € F. Then there exists a j such that ||f — f;||x < €/3. It follows that for all
x,y € X with d(z,y) < § we have

[f(x) = f(y)l [f(2) = fi@)[ + [f3(2) = Hw) + 1f;y) = f()]
2 = fillx + [f5(x) = f3(y)]

€.

AN VARPVAN

This shows that F, and hence F, is (uniformly) equicontinuous.

For the converse, assume (b). Then it is easily seen that the closure F is equicontinuous
and pointwise bounded as well.

Since C'(X) is metric, it suffices to show that JF is sequentially compact, or, equivalently,
that every sequence in F has a converging subsequence.

We will first show the validity of the following claim. Let (f;) be any sequence in F
and € > 0. Then by passing to a subsequence we may arrange that for all k,[ we have
1 = fillx <e.

To establish the claim, let € > 0. Then for every a € X there exists a d, > 0 such that
for for all x € X with d(x,a) < 6, and all f € F we have |f(z) — f(a)| < /4.

By compactness of X, there exist finitely many points ay, . . ., a, such that the open balls
Bx(a;, 64;) cover X. Fix i. Then the sequence (f;(a;)) is bounded, hence has a converging

i
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subsequence. We see that we may replace (f;) by a subsequence to arrange that (f;(a;))
converges, for every 1 < ¢ < r. Thus we may pass to yet another subsequence of (f;) to
arrange that for all j, k, 7 we have

|fi(a:) = fela:)| < €/4.
Let z € X. Select i such that d(z, a;) < d,,- Then we find that for all j, k,

[fi(2) = (@) < 1f(2) = fila)| + 1 f5(a:) = fulai)| + [ filas) — fu(@)]
< 3e/4.

It follows that the obtained subsequence satisfies || f; — fil|x < 3€/4 < ¢, for all j, k. This
establishes the claim.

Let now (f;) be a sequence in F. Applying the above claim repeatedly we obtain a
sequence of subsequences

(fi) = (frj) = (fay) = -+
such that for all k, 7,7 we have
| fri — fugll < 27%

The sequence (fyx)ren is a subsequence of (f;) and satisfies || fer — fiillx < 27F for all
k < 1. One now readily verifies that the sequence (fyx) is Cauchy for the sup-norm on
C(X) hence converges to a function f € C(X). Thus F is sequentially compact, and (a)
follows.

The general situation can be reduced to the present one by application of a diagonal
argument, see the exercise below.

Exercise 4.6.4 Let the metric space X be locally compact and o-compact. Let (f;) be
a sequence in X such that the set F := {f; | j € N} is equicontinuous.

(a) Show that there exists a countable sequence (&) of compact subsets of X such that
Kj C int (Kj+1) and UjKj = X.

(b) Use a diagonal argument to show that (f;) has a subsequence (f;,) which converges
uniformly on every set K, for [ € N.

(c) Show that the sequence (f;,) converges in C'(X).
(d) Complete the proof of Theorem [4.6.3]

Exercise 4.6.5 Let X be a locally compact metric space. Let Cy(X) denote the set of
bounded continuous functions X — C. Equipped with the supnorm || - ||x this space is a
Banach space.

Let FF: X — [0,00] be a continuous function which vanishes at infinity, i.e., for every
€ > 0 there exists a compact set K C X such that F(z) < e for all z € X \ K.

Let F be an equicontinuous subset of Cj,(X') which is dominated by F|i.e. |f(z)| < F(x)
for all f € F and x € X.
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(a) Let (f;) be a sequence in F. Show that for every e > 0 there exists a subsequence
(fj.) of (f;) such that

Hf]k - szHX <€
for all k, 1.

(b) Show that F is relatively compact in Cy(X).



Chapter 5

Pseudo-differential operators, local
theory

5.1 The space of symbols

We consider a differential operator P on R™ of the form
P=p(x,Ds) =Y calx)DS; (5.1.1)
la|<d

here we recall that D¢ = (—i0,)*. The coefficients ¢, are assumed to be smooth functions
on R™. The (full) symbol of P is the function p € C*°(R" x R") given by

p(z,§) = Z ca(2)E".
lal<d

If f e Cx®(R™), then F(D*f) =E&*Ff, so that by the Fourier inversion formula we have
Df(x) = | € F(€) e de,
Rn

where we have written J?: F f. It follows that the action of P on C2°(R™) can be described
by

Pf@) = [ ple.OF(©) e de

Pseudo-differential operators are going to be defined by the same formula, but with p from
a larger class of spaces of functions, the so-called symbol spaces. The idea is to make
the class large enough to allow a kind of division. This in turn will allow us to construct
inverses to elliptic operators modulo smoothing operators, the so-called parametrices.

We return to the full symbol p of the differential operator P of degree at most d
considered above. By the polynomial nature of the symbol p in the {-variable, there exists,
for every compact subset K C R"™ and all o, f € N", a constant C' = Ck o3 > 0 such that

020¢p(x, &) < C(A+ [N, ((2,€) € K xR").

95
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Exercise 5.1.1 Prove this.

These observations motivate the following definition of the space of symbols of order d,
for d a real number.

Definition 5.1.2 Let U C R” be an open subset and let d € R. The space of symbols on
U of order at most d is defined to be the space of functions ¢ € C*°(U x R") such that for
each compact subset K C U and all multi-indices «, 3, there exists a constant C = Ck o g
such that

05 0¢q(x, Ol < CA+ €™, ((x,6) € K xR").

This space is denoted by S%(U).

We note that S%(U) can be equipped with the locally convex topology induced by the
seminorms

44 x(q) = max sup (1+ [[€])"=*10207q(x,€)|,
lab | BI<k K xitn

for K C U compact and k € N. Moreover, S™(U) is a Fréchet space for this topology.

Exercise 5.1.3 Show that d; < dy implies S®(U) C S%(U) with continuous inclusion
map.

We agree to write
S(U) = UgerSUU),  S7°(U) = NgerS*(U).

Then S=>°(U) equals the space of smooth functions f : U x R® — C such that for all
K C U compact, N € Nand k£ € N

vikrn(f) = max sup (1+ ||§||)N|8$8?f(a:,§)| < 0.
e, BI<k R xR™

Moreover, the norms v, y induce a locally convex topology on S™*°(U), which turn this
space into a Fréchet space. Here we note that a function ¢ in the usual Schwartz space
S(R™) can be viewed as the function (z, &) — p(&) in S™°(U). The corresponding natural
linear map S(R") — S~>°(U) is a topological linear isomorphism onto the closed subspace
of functions in S™>°(U) that are constant in the z-variable. More generally, if f € C*°(U)
and ¢ € S(R") then the function

f@e:(x,8) = fz)e(§)

belongs to S™>°(U). It can be shown that S~°°(U) is the closure of the subspace C*°(U) ®
S(R™) generated by these elements. Accordingly, we may view S~°°(U) as a topological
tensor product; this is expressed by the notation

S™(U) = C=(U) ® S(R™).
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Exercise 5.1.4 Show that the following functions are symbols on U = R". What can be
said about their orders?

() (&) = 221+ €])°, for s € R
(b) p(z,&) = (L+ [|=]* + [[£][*)*, for s € R.
Exercise 5.1.5 Let U C R" be an open subset.

(a) Show that for each o € N™ the operator 9% gives a continuous linear map S%(U) —
S4U).

(b) Show that for each multi-index « as above the operator 0 restricts to a continuous

linear map S4(U) — S4-1°1(U), for every d € R.

(c) Show that the product map (p, q) — pq restricts to a continuous bilinear map S¢(U) x
Se(U) — S4+¢(U), for all d, e € N. Discuss what happens if d = —co or e = —oo0.

Exercise 5.1.6 Let U C R™ be an open subset and let P be an elliptic differential
operator of order d on U. This means that its principal symbol o¢(P) does not vanish on
U x (R™\ {0}). Let p the full symbol of P. The purpose of this exercise is to show that
there exists a ¢ € S~(U) such that pg — 1 € S(U). We first address the local question.
Let V C U be an open subset with compact closure in U. We write py for the restriction
of pto V x R™.

(a) Show that there exists a constant R = Ry > 0 such that p(x,&) # 0 for z € V and
£ eR"\ B(0; R).

(b) Show that there exists a smooth function yy € C°(R™) such that the function
q:V xR" — C defined by

q(z,€) = (1 = x(§)p(, &)~
if p(x, &) # 0 and by zero otherwise, is smooth.
(c) With y and ¢ as above, show that ¢ € S~4(V).
(d) Show that pyg —1 € U—>°(V).
(e) Show that there exists a symbol ¢ € S~4(U) such that pg — 1 € ¥=(U).

The following invariance result will allow us to extend the definition of the symbol space
to an arbitrary smooth manifold. Let ¢ : U — V be diffeomorphism between open subsets

of R™. We define the map ¢, : C*°(U x R™) — C*>°(V x R™) by

oo f(y,m) = fle  (y),node(e™ (1))

Identifying R” with its dual R™ by using the standard inner product, we may view S¢(U)
as a subspace of C*°(U x R™).



98 CHAPTER 5. PSEUDO-DIFFERENTIAL OPERATORS, LOCAL THEORY

Lemma 5.1.7 For every d € R, the map @, restricts to a topological linear isomorphism
SYU) — SYV).

Proof Put ¢ = ¢! Then, for f € SY(M), the function ¢, f is given by o, f(y,n) =
fW(y),nedp(y(y))). The continuity of ¢, follows from checking that 9397 (p.f) satis-
fies the required estimates by a straightfoward but tedious application of the chain rule
combined with the Leibniz rule. Similarly, 1, is seen to be continuous linear. [l

We define the symbol spaces on a manifold as follows.

Definition 5.1.8 Let M be a smooth manifold and let d € R. A symbol of order d is de-
fined to be smooth function o : T*M — R"™ such that for each x¢o € M there exists a coordi-
nate patch U, containing xy such that the natural map k. : C*(T*U,) — C®(x(U,) x R™)
maps o|r«y to an element x,0 of S%(k(U,)). The space of these symbols is denoted by

S4(M).

Remark 5.1.9 Let ¢ : M — N be a diffeomorphism of smooth manfolds. Then it follows
by application of Lemma that the natural map ¢, : C®°(T*M) — C*°(T*N), given
by

@*f(ﬁw(z)) = Np(z) o LzP, (x € M, Ne(z) € T;(x)N)

restricts to a linear isomorphism
0, SYUM) = SUN).

In this lecture we will concentrate on the local theory of symbols and the associated
pseudo-differential operators. The extension to manifolds will be rather straightforward,
by using invariance and partitions of unity. In particular, one needs to localize on the
x-variable in the symbol space. Accordingly, given A C U compact and d € R we define

S4(U) = {p € SY(U) | pr,(suppp) C A},

where pry : U x R™ — R" is the natural projection map. The union of these spaces, for
A C U compact, is denoted by S¢(U). Here we note that S¢(U) C S4(R™) naturally, by
extension by zero outside U x R™.

5.2 Pseudo-differential operators

In this section we will give the definition of the space ¥*°(U) of pseudo-differential operators
on an open subset U C R"™. For this, we first need to introduce the space ¥=>*°(U) of
smoothing operators on U. Given a smooth function K € C*(U xU), we define the integral
operator Tk with integral kernel K to be the continuous linear operator C°(U) — C*°(U)
given by

Tyef(x) = / K(e.y) £(y) dy.
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We define ¥~>° to be the subspace of Hom(C*(U), C*(U)) consisting of all operators of
the form Tk, with K € C®°(U x U). It is readily seen that K — Tk is injective, and thus
provides a linear isomorphism from C*(U x U) onto ¥~>°(U).

The name smoothing operator is derived from the following observation. We may
extend the definition of T to the space £'(U) of compactly supported distributions on U
by the formula

Tru(z) = u(K(z, -)).

Since x +— K(x, -) is a smooth function on U with values in the Fréchet space C*(U),
and since u : C*°(U) — C is continuous linear, it follows that Tk (u) is smooth. Moreover,
the map

Tk : E'(U) = C>(U)

is continuous linear. Conversely, by the Schwartz kernel theorem it follows that any con-
tinuous linear map 7' : £'(U) — C*(U) is of the form Ty, with K a uniquely determined
smooth function on U x U. We define ¥~°°(U) to be the space of all operators of the form
Tk, for K € C°(U x U). Accordingly,

U=(U) ~ Hom(&'(U),C>(U)).

We proceed to the definition of pseudo-differential operators on U. For ¢ € S™°(U) =
C>(U)) ® S(R™) the integral

mema/#w@@m

n

is absolutely convergent for every x € U and is readily seen to define a function W (y) €
C*(U). More precisely, the following result holds.

Lemma 5.2.1 For all p € S°(U) and o € N",
(a) W (p) = W((0: +1i£)¢);
(b) (iz)*W () = W(0¢).
The map W is continuous linear from S=>°(U) to C*(U).

Proof The proof is an obvious adaptation of the proof that Fourier transform maps
S(R™) continuously to C*°(R™). O

If p e SYU) and F € S(R") then it follows by a straightforward application of the
Leibniz rule that the function pF : (z,&) — p(z,&)F(§) belongs to S™>°(U). Moreover,

the map (p, F') — pF is continuous and bilinear. These observations justify the following
definition.

Definition 5.2.2 Let p € S%(U). Then we define the operator ¥, : C>°(U) — C*°(U) by

-~

U, fa) = WPe) = [ @n(a. 7€) de. (5:2:2)
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We note that (p, f) — W, f is continuous and bilinear S4(U) x C>(U) — C°(U).
Lemma 5.2.3 The (linear) map p — ¥, SY(R™) — Hom(C>(R"), C>*(R"™)) is injective.

Proof Assume that p € S(R") and ¥, = 0. Then for each x € R" the smooth function
ep, given by & s e®®p(z, &) is perpendicular to all functions from F(C*(R")) C S(R™).
By density of C2°(R") in S(R") and the fact that F is a continuous linear automorphism of
S(R"), it follows that F(C>°(R")) is dense in S(R™). Hence, £ — €*p(x, £) is perpendicular
to all functions from S(R™). In particular, p, is perpendicular to C2°(R™) and it follows
that p, = 0. O

If P is a differential operator with smooth coefficients of order d on U then its full
symbol p belongs to S¢(U) and
P=1v,

We now generalize the notion of differential operator as follows.

Definition 5.2.4 Let U C R" be an open subset and let d € R. A pseudo-differential
operator of order d on U is a continuous linear operator P : C°(U) — C*°(U) of the form

P=1U,+T,
with p € S4U) and T € ¥=>°(U). The space of these operators is denoted by ¥4 (U).

Lemma 5.2.5 Let A C U be compact.

(a) Let p € S=°(U). Then there exists a unique K € C*(U x U) such that ¥, = Tk. In
particular, W, € V=°(U). If U,, vanishes on C2°(U \ A) then prysupp K C A.

(b) Let K € C*(U x U) be such that pry(supp K) C A. Then there exists a p € S~°(U)
such that the integral operator Ty : C(U) — C®(U) equals V.

Proof Let F,F denote the Fourier transform of a function F € C®(U)® S(R") with

respect to the second component. By straightforward estimation it follows that F3 is a

continuous linear endomorphism of C*(U) ® S(R™). By application of Theorem 4.1.14 with

respect to the second variable it follows that in fact F is a topogical linear automorphism.
We can now prove (a). Let p be as asserted and define

K(ZE,y) - ng(x,y - "L‘)

Then K € (U ) ® S(R™). Moreover, by the Fourier inversion theorem we see that
p(z, &) = e Fy(K)(z,—£). We put K = K|yxp. Then for all f € C*(U) and z € U we
have

-~

Tk f(x) =Tgf(x)= | FoK(z, =) [f(§) d§ =V, f().

Rn
Uniqueness of K is obvious.
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Now assume that W, vanishes on C2°(U \ A). Then Tk vanishes on C2°(U \ A). This
implies that K is zero when tested with functions from C2°(U x (U \ A)). Hence, supp K C
U x A.

We turn to (b). Let K € C®(U x U) and assume supp K C U x A. Then K €
C>(U) ® S(R™). Applying Proposition 4.2.5 with respect to the second variable, we see
that '

TK = \ija p(ng) = 67261‘7_.2([()(3:7 _’5)
It is clear that p € S™°(U) = S~>=(U).
U

Exercise 5.2.6 Let U C R" be an open subset, and let K € C°(U x U). Show that Tk
is a local operator if and only if K = 0.

In particular, it follows that pseudo-differential operators are not local in general, in
contrast to differential operators. In fact, in view of the following result, differential oper-
ators are precisely those pseudo-differential operators that are local.

Theorem 5.2.7 (Peetre’s theorem) Let P : C*(U) — C*(U) be a linear map such that
supp Pf C supp f for all f € CX(R™). Then P is a differential operator (with bounded
degree on every compact subset of U ).

It is remarkable that this result is true without any assumption of continuity for P.
The analogous result is much easier to prove if P is required to be continuous. From this
the above characterization of differential operators among the pseudo-differential operators
already follows. A proof is suggested in the following exercise.

Exercise 5.2.8 Let P: C°(U) — C*(U) be a continuous linear operator such that for
all f € C®(U) we have supp Pf C supp f.

(a) Show that for every a € U the map u, : f — Pf(a) is a distribution supported by
{a}. Hint: use a suitable cut off function.

(b) Let V' C U be an open subset whose closure is compact in U. Show that there exists a
constant d = dy € N such that for every a € V the distribution u, has order at most
d. This means that for every compact neighborhood K of a there exists a constant

Cx > 0 such that
lua(f)] < Cx maxsup |0%f].
<d K

laf

(c) Show that there exist uniquely determined constants ¢, (a) € C, for |a| < d such that

g = Y cal(a)(—0)"0a,

la|<d

where 0, denotes the Dirac measure at a (see the exercise below).
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(d) Show that the functions ¢,, for |a| < k, are smooth on V.

(e) Show that the restriction of P to V is a differential operator of order at most dy .

Exercise 5.2.9 The purpose of this exercise is to show the following. Let a € R™ and let
u € &'(R™) be a distribution with suppu C {a}. Then there exists a constant £ € N and
constants ¢, € C, for a € N”, such that

U= Z Ca0%0,.

|| <k
(a) Show that without loss of generality we may assume that a = 0.

(b) Let x € C°(R") be identically 1 in a neighborhood of 0. Show that

u(xf) = u(f)
for all f € C*(R").

(c) Let f € C*(R™). Let p be the k-th order (multivariable) Taylor polynomial of f at
0 and let R be the remainder term, so that f = p + R. Show that for all a with

la| < k, we have
lim0 |z||l*1=*=2|9°R(z)| = 0.
r—

(d) For € > 0 define x.(z) = x(z/¢). Show that

u(xeR) = 0 (e = 0).

(e) Show that u(f) = u(p).

(f) Conclude the proof.

5.3 Localization of pseudo-differential operators

We turn to the problem of localizing a pseudo-differential operator P € W4(U), for U C R
open. More precisely, if x € C(U) we denote by M, or simply yx, the operator in
End(C(U)) given by multiplication by x, i.e., M, (f) = xf. The problem is whether
M, o Po M,y is a pseudo-differential operator again, for x,v¢ € C*(U).

It is immediate from the definitions that

My o), = \Ij(x®l)p> My Tk = T(x®1)K7

for p € S4U) and K € C>(U x U). Moreover, it is also clear that Tk o My, = Tk (1gy). The
answer to the question whether ¥, o My, is pseudo-differential is provided by the following
result.
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Proposition 5.3.1 Let p € S4YU) and let yp € C(U). Then there exists a ¢ € C*(U)
such that
U, oMy, =9,

Proof Let f € CX(U). Then F(¢f) = F(¢) = F(f) so that

Uy Mof(a) = [ (e @« PO de

~ ~

_ // (2, €)0(E — O F(C) dC de
_ // op(a, (€ — O)F(C) de de

~

_ / / T p(a, € + C) D(€) F(C) dE de
_ / e (2, Q) f(Q) dc,

where

.0 = [ =g+ OB de (5.33)

Note that all of the above integrals are absolutely convergent, because 12 and fare Schwartz
functions. We will finish the proof by showing that ¢ belongs to S%(U). More precisely, we
will show that the map (p, 1) — ¢ defined by (5.3.3)) is continuous bilinear S¢(U)x S(R") —
S4U).

Let K C U be compact, and k € N. Then for multi-indices «, 3 of order at most k, for
x € K and £,( € R" we have

10202 [p(w, € + Q)] = 1(8292p)(x, & + Q)| |W(E)]
< @+ €+ A+ (DTN e (p)vno (V)
< (1SN lEDEHIN p  (p)rao ()

By application of the Leibniz rule, we now see that there exists a constant C' > 0, only
depending on K, k, N, such that

020" (. € + O (€)]
< C LIS+ 1D Y ufe (P)vavo (1)
Choosing N such that 2k + |d| — N < —n, we see that in (5.3.3]) differentiation under the

integral sign is allowed, and leads to the estimate

-~

Hicr(@) < C'iie(Pvwo(®),  ((2,¢) € K xRY),

with C” a constant only depending on K,k and N. As ¢ — {/J\ is continuous in S(R™), the
result follows. 0
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5.4 The full symbol

The formula gives rise to an interesting characterization of ¢ which we shall now
describe. We recall that U is an open subset of R".

If NV is a countable set and v +— d, a real-valued function on N, then by lim,_,.. d, =
—oo we mean that for every m € R there exists a finite subset ' C N such that v €
N\ F=d, <m.

Definition 5.4.1 Let N be a countable set, and v — d, a real-valued function on N
with d, — —oo for v — oco. Let p, € S%(U), for each v € N/, and let p € S¥(U). Then

P~ (5.4.4)

veN

means that for every d € R there exists a finite subset Fy, C N such that for every finite
subset F' C N with F D Fy,
p=> p€SYU).

veF

We observe that if a symbol p’ € S*°(U) has the same expansion, then it follows that
p—p' € SYU) for all d, hence p—p' € S=°(U). We thus see that the asymptotic expansion

(5.4.4) determines p modulo S=*(U).
The symbol ¢ of ((5.3.3) may now be characterized modulo S=>°(U) as follows. We note

that the operator d¢ maps S*(U) continuous linearly to Sd=lel (1),

Lemma 5.4.2 Letp € SYU) let o € C>°(U) and let the symbol ¢ € SY(U) be defined as

m . Then
1 « (0%
qnr E ameagp-

aeN"?

Proof By the multi-variable Taylor formula with remainder term, we have, for M € N,

P&+ = Y S ane )+ Rulr€.0),

|| <M
with remainder term given by
1 [t
Raw,6.0) = =37 [ (1= 000 oo, 4 19)] . (5.4.5)
"Jo

This leads to
Q(CL’, <) = Z qa(x, <> + QM(J?, C)a

lal<M

where

(. 0) = [ Rarlo€,)(6) e
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and where

alaa(e.0) = [ e eopp(e.q) B(6) de

Oep(x, ) FH(EF(¥))(2)
¢ p(x, ¢) DI(x).

Thus, to complete the proof, it suffices to show that
qu € STV, (5.4.6)

Let K C U be compact. Then by differentiation under the integral sign in (5.4.5)), ap-
plication of the Leibniz rule, and a straightforward estimation of the resulting integrals
we see that there exists a constant C' > 0 only depending on K, M,k such that for all
multi-indices «, § with |al, || < k and all z € K < &, € R", we have
0207 Ras (. £, C)|
< QU™ sup (14116 + €)M e aria ()

We now observe that for 0 < ¢ < 1 we have
(14 ]I¢ + &) I < (1 4 || ¢y MADIBI L 4 g )AL
so that

10207 Ray (2, €, Q)]
< CO(1+ ¢ MHD=IBE (1 4 || gl A2AHEDFE v ().

Now put
(.0 = [ Bl €. 006 de

Fix N € N such that |d| + 2(M + 1) + k — N < —n. Then by the usual method we infer
that there exists a constant C’ > 0, only depending on K, k, N such that

~

d—(M
M (gar) < O ik piars(p) o (9)

The result follows.

Remark 5.4.3 From the estimate at the end of the proof we see that the map (p, ¥) — qu
is continuous bilinear from S¥(U) x C®(U) to S M+1({). In this sense, the asymptotic
expansion for ¢ depends on (p, ) in a continuous bilinear fashion.
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Using the asymptotic expansion above, we can now derive an important theorem. We
begin by a useful sharpening of Proposition Given an open subsets V' C U of R", we
define the restriction map p ~ py from S4(U) to S4V) by py(z,€) = p(x,§), for x € V
and £ € R™. Thus,

Pv = p|Van-

In the following we will use the notation V' € U to indicate that V' has compact closure in
U.

Proposition 5.4.4 Let p € SYU). Let U' € U be an open subset and let 1 € C(U) be
equal to 1 on an open neighborhood of cl (U’). Then there exists a symbol ¢ € SYU) such
that

(a) Wy =W,0 My;
(b) qu' — Py’ € S_OO(U/).

Proof Define ¢ as in (5.3.3). Then (a) is valid, and we have the asymptotic expansion
from Lemma |5.4.2] Since D1 = 0 on U’, except when a = 0, we see that gy ~ pyr, or,
equivalently, that (b) holds. O

Theorem 5.4.5 The map p — V¥, induces a linear isomorphism
SUU)/S™2(U) — wU)/T==(U).

Proof From the definition of W¥(U) it follows that p + ¥, induces a surjective linear
map SUU) — W4(U)/¥=>°(U). We must show that its kernel equals S~°°(U). Thus, let
p € SYU) and assume that ¥, € U=>°(U). Then ¥, = Tk for a smooth function K €
C*®(U x U). We must show that this implies that p € S™°(R™). By using a partition
of unity we see that it suffices to show that xp € S™°(R") for all x € C*(U). Now
Vyp = M, oV, =T g1k Thus, to prove the theorem, we may assume from the start that
there exists a compact subset A C U such that suppp C A x U and supp K C A x U.

We now have that p € S4(U) C S%R"), so that p also defines a pseudo-differential
operator U, : C°(R") — CF(R™). Of course, ¥, restricts to ¥, on C°(U).

Fix an open subset U’ € U. Then it suffices to show that py» € S™°°(U’). To prove this,
we select a cut off function ¢p € C2°(U) which equals 1 on an open neighborhood of ¢l (U”).
Then _

U,o My = 0,0 My = Tiey € U °(RY). (5.4.7)

As K(1 ® 1) is compactly supported with support in U x U, it follows that

TK(1®¢) - ‘I/T (548)

for a symbol r € ST°(R").
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On the other hand, by the above proposition applied with R™ in place of U, we see that

U, oM,y =, (5.4.9)

with a symbol q € Sd ) that has the property that qu —pur €5” >(U".

From , 1 7)) and - we see that \If = \Ifq, so that r — ¢ = 0, by Lemma
Th1s 1mp11es that

pu — = pur — qu € ST(U).
Hence pyr € S™°°(U’) and the proof is complete. O
Definition 5.4.6 The inverse of the linear isomorphism of Theorem denoted
o UHU) )V =(U) — SUU) /S~ (U),
is called the (full) symbol map.

This symbol map is the appropriate generalization of the symbol map for differential oper-
ators. Just as the latter symbol map cannot be extended naturally to differential operators
on manifolds, the present symbol map does not allow a coordinate invariant extension to
manifolds either. Just as in the case of differential operators, there is an appropriate notion
of principal symbol of order d, which can be extended to the setting of manifolds.

Definition 5.4.7 The principal symbol map o of order d is defined to be the following
map induced by the symbol map:

ol vYU) /N U) — SYU)/STHU). (5.4.10)

Corollary 5.4.8 The principal symbol map (5.4.10}) is a linear isomorphism.

5.5 Expansions in symbol space

The construction of parametrices for elliptic pseudo-differential operators will make use of
a recurrence that is based on the following remarkable lemma.

Lemma 5.5.1 Let U C R" be open. Let {d;};>0 be a sequence of real numbers with
dj — —00 as j — oco. Assume that for each j a symbol p; € S% (U) is given. Then there
exists a symbol p € SHU), where d = maxd;, such that pr,(suppp) is contained in the
closure of the union of the sets pry(suppp;), for j > 0, and such that

p~op i SYU). (5.5.11)

The symbol p is uniquely determined modulo S=>°(U).
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Proof The uniqueness assertion is an immediate consequence of the meaning of .
For the existence, we note that by using partitions of unity on U we can reduce to the

local situation where a compact subset A C U is given such that p; € Sf{(U ). It then

suffices to establish the existence of a symbol p € S4(U) such that is valid.

Taking suitable groups of terms we readily see that it suffices to consider the case that
the sequence d; is strictly decreasing. Then d = d,.

Fix x € C2°(R") with the property that x(§) = 0 for ||£|| < 1 and x(&§) = 1 for ||£]| > 2.
For t > 0 we define the function y; : (z,£) — x(t£) (constant in the x-variable). Note that
supp x¢ N (U x B(0;t71)) = 0.

We will select a sequence t; of positive real numbers with ¢; — 0 and define

Pi= X5
j=0

The sum is locally finite with respect to the variable &, hence defines a smooth function
U x R™ — C. Moreover, pr, (supp p) is contained in A. We claim that it is possible to select
a sequence {t;} such that for every | € N and all «, 5 € N" the series

> (14 €D 020¢ [xe,p;]

izl

converges uniformly on U x R™. The proof of this claim is deferred to two lemmas below.
Let {t;} be as claimed, then the proof can be finished as follows. From the above claim
about convergence, it follows that the series

r= XD

j=zl

convergences absolutely in the symbol space Sf((U ), relative to its continuous seminorms.
By completeness, this implies that r; € Sff( (U). In particular it follows that p = ry € S4(U).

Now
-1

-1
p=> pi=Y (xt, = pj+n. (5.5.12)
7=0

J=0

The second sum defines a function with compact &-support, hence belongs to S=>°(U).
Since r; € S%(U), it follows that the difference on the left-hand side of (5.5.12)) belongs to

S (). This implies (5.5.11)). O

To establish the claim of the above proof we need the following.
Lemma 5.5.2 Let j >0, o, 8 € N". Then there exists a constant C; o3 > 0 such that
1050 [xepy) (2, €)] < Cias(L+ [IEING 7, (5.5.13)

for all (z,£) € U x R™ and all 0 <t < 1.
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Proof The estimate is trivially valid in the area ||£|| < ¢!, where x; = 0. By definition
of the symbol space, it is also valid in the area ||¢|| > 2¢t7!, where x; = 1. Thus, it remains
to establish an estimate of the above type in the area t=! < ||¢]] < 2t7!, with a constant
independent of ¢, x, &.

The estimate then follows by application of Leibniz’ formula and bookkeeping, as
follows. The expression on the left-hand side of may be estimated by a sum
of binomial coefficients times the expression \8;“(8gxt(9 “Tp;)(x,€)|. With the notation
(92x):(€) = (¢ x)(€) the mentioned expression becomes, by application of the chain rule,

1020 %0 Tp) (@, &) =t [(97x):020¢ "pj](x, )|
< Clan M (L [lg) BP0, (5.5.14)

with a constant independent of ¢, z,&. From ¢t < 1 and ||€]| < 2¢7! it follows that
thl = 3"Y|(3t*1)*|7‘ < 3\vl<1 + 2t71>f|7| < 3I7I(1 + Hé%H)flvl.

Substituting this in (5.5.14]) we infer that the estimate (5.5.13)) is valid in the area consid-
ered. 0

Lemma 5.5.3 (Claim) There exists a sequence {t;} of real numbers with t; — 0 such
that for every l € N and all o, B € N" the series

> (1 [Nt 020 [xi,ps)

izl
converges uniformly on U x R™.
Proof Let j > 0. Then we may select ¢; > 0 such that
Cop(1+ 17154 < 27

for all o, 8,1 with || +|5]|+1 < j. It follows that, for all such o, 8,1 and all (x,€§) € U’ x R™
with [|€] > ¢!,

Ciap(l+ Hg”)dj—llﬂl
Ciap(1+IEINT (1 + €|y 418
Cja,g(l —+ tj_l)dj_dl(l + Hé“”)dz—llﬁl
277 (1+ g™

On the other hand, if [[£]| < t;', then xq (z,€) = x(t;£) = 0. We conclude that for all
a, 8,1 with |a| + |B| +1 < j and all (z,§) € U x R" the following estimate is valid

10207 [xepy) (. €)| < 277 (1 + ¢y 17,

This implies the claim. U

1050¢ ey ()|

IN N CIA
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Chapter 6

Appendix: A special map in symbol
space

6.4 The exponential of a differential operator

In these notes we assume that A is a symmetric n X n matrix with complex entries and
with Re (A&, &) > 0 for all & € R™ Here (-, -) denotes the standard bilinear pairing
C" x C™ — C. The function

z s e 489 (6.4.5)

is bounded on R". Moreover, every derivative of is polynomially bounded. Hence,
multiplication by the function defines a continuous linear endomorphism M (A) of
the Schwartz space S(R™). As the operator M(A) is symmetric with respect to the usual
pairing S(R") x S(R") — C defined by integration, it follows that M(A) has a unique
extension to a continuous linear endomorphism S’'(R™) — S'(R™).

Clearly, M(A) leaves each subspace L?(R"), for s € R, invariant and restricts to a
bounded linear endomorphism with operator norm at most 1 on it.

We define E(A) to be the unique continuous linear endomorphism of S’(R™) such that
the following diagram commutes

S'(RY) X S(RY)

Ft Tr

SRy = S(RY)

As F restricts to a topological automorphism of S(R") and to an isometric automorphism
isomorphism from H(R™) onto L?(R"), it follows that E(A) restricts to a bounded en-
domorphism of Hg(R") of operator norm at most 1. Furthermore, E(A) restricts to a
continuous linear endomorphism of S(R™).

If o € S(R"), then clearly O,M(tA)p + (A&, )M (tA)p = 0. By application of the
inverse Fourier transform, we see that for a given function f € S the function f; := E(tA)f

111



112 CHAPTER 6. APPENDIX: A SPECIAL MAP IN SYMBOL SPACE

satisfies:
df; = —(AD,D)f,, where (AD, D) ZA”é? 9;.

We note that fy = f, so that f; may be viewed as a solutlon to the associated Cauchy
problem with initial datum f.
For obvious reasons, we will write

E(tA) = E~*AP-D)

from now on. The purpose of these notes is to derive estimates for £/ which are needed for
symbol calculus.

Lemma 6.4.1 The operator e4PP) . S'(R") — S'(R") commutes with the translations
T7 translations and the partial differentiations 0;, for a € R™ and 1 < j <n.

Proof This is obvious from the fact that translation and partial differentiation become
multiplication with a function after Fourier transform; each such multiplication operator
commutes with M (A). O

Lemma 6.4.2 Assume that A is non-singular. Then the tempered function x — e~ {A%2)/2

has Fourier transform
}—(67<Aw,w>/2) — C(A)€f<B£7£>/2

with ¢(A) a non-zero constant.

Remark 6.4.3 It can be shown that c(A) = (det A)~'/2, where a suitable analytic branch
of the square root must be chosen. However, we shall not need this here.

Proof For v € R" let 0, denote the directional derivative in the direction v. Thus,

Oy f(x) = df (x)v. Then the tempered distribution f given by the function x — exp(—(Az, x)/2)
satisfies the differential equations 0,f = —(Awv,x)f. It follows that the Fourier transform

f satisfies the differential equations (v,&)f = —0a,f for all v € R" or, equivalently,
Opf = —(Bwv, &) f. This implies that the tempered distribution

o = elBEO/2]

has all partial derivatives equal to zero, hence is the tempered distribution coming from a
constant function c(A). O

Proposition 6.4.4 For each k € N there exists a positive constant Cy, > 0 such that the
following holds. Let A be a complex symmetric n X n-matriz with Re A > 0. Let f € S(R)
and let x € R™ be a point such that the distance d(x) from x to suppu is at least one. Then

AP f(2)] < Cr(w) M AP max sup| D], (6.4.6)

|a|<2
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Proof The function e~ 69 f in S (R™) depends continuously on A and hence, so does
eAD:D) £ We may therefore assume that A is non-singular.

As e=P:D) commutes with translation, we may as well assume that 2 = 0. We assume
that f has support outside the unit ball B in R".

For each j let ; denote the set points y on the unit sphere S = 0B with |(y, e;)| >
1/24/n. Then the U; form an open cover of S. Let {1;} be a partition of unity subordinate
to this covering and define x; : R™ \ {0} — R by x;(y) = ¥;(y/||y||). Then each of the
functions f; = x;f satisfies the same hypotheses as f and in addition, |{y,e;)| > |y|/2v/n
for y € supp f;. As f = Zj fj, it suffices to prove the estimate for each of the f;. Thus,
without loss of generality, we may assume from the start that there exists a unit vector
v € R™ such that |(y,v)| > |y|/2+/n for all y € supp f.

We now observe that

~

e_<AD’D>f(O) _ /6—(A§,§)f(§) d§ = c/e‘(By,y>/4 f(?/) dy,

where B = A~!. The idea is to apply partial differentiation with the directional derivative
04, to this formula. For this we note that
e Bua/t = 2 g (B
(v, y)

on supp f, so that, for each 5 > 0,

67<AD’D>f(O) — /e(By,y>/4 [(U,y>7laz4v]jf(y) dy

=[PP ((y, )L, ) £1(0).

By using the Sobolev lemma, we find, for each natural number s > n/2, that
TP < Cmax [ D% PP (v, ) 0w e

= Cmax PP D (v, )10 1

< C'max ||D*((v, )" 0a0) fl 2.

laf<s

By application of the Leibniz rule and using that |(v,y)| > ||y||/2v/n and |ly|| > d > 1 for
y € supp f, we see that, for j > 2n,

e~ PR F(0)] < Al max sup |D?f].
a|<s+j

We now take 7 = s + k to obtain the desired estimate. O

Our next estimate is independent of supports.
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Lemma 6.4.5 Let s > n/2 be an integer. Then there ezists a positive constant with the
following property. Let A € M, (C) be symmetric with Re A > 0. Then for all f € S(R")
and all v € R™,

=P f(a)| < Cmax [ D% f 2.

Proof By the Sobolev lemma we have
|e*<AD,D>f(x)‘ < Cﬁl“";}i HDa67<AD’D>fHL2

= Clm‘ax |e=APDY D f|| 12
al<s

< Cmax|[Dfl|»
O

Corollary 6.4.6 Let s > n/2 be an integer and let C > 0 be the constant of Lemma
[6.4.5, Let K C R™ a compact subset. Let A € M, (C) be symmetric and Re A > 0. Then
for every f € CE(R™), the distribution e~“APD) f is a continuous function, and

74P f(@)] < CVNol (K) maxsup [D*f], (@ € R").

Proof We first assume that f € CR(R™) with K’ compact. Then by straightforward
estimation,

| D2 < vol (K') sup | D f]|

and the estimate follows with ' instead of K. Let now f € C¢.(R™). Then by regularization
there is a sequence f, € C (R"), with IC;, — K and f, — f in C*(R"). By the above
estimate, the sequence e~$4P-D) £ is Cauchy in C'(R"). By passing to a subsequence we
may arrange that the sequence already converges to a limit ¢ in C'(R™). By continuity of
e~ ADD) i §'(R™) it follows that ¢ = e~{4P:D) f. The required estimate for ¢ now follows

from the similar estimates for e {4P:P) £ by passing to the limit for n — oo. O

In the sequel we shall frequently refer to a principle that is made explicit in the following
lemma.

Lemma 6.4.7 Let L :S'(R") — S'(R") be a continuous linear endomorphism. Let V., W
be linear subspaces of S'(R™) equipped with locally convez topologies for which the inclusion
maps are continuous. Assume that C°(R™) is dense in V' and that W is complete. If L
maps C°(R™) into W, and the restricted map Ly : C°(R™) — W is continuous with respect
to the V-topology on the first space, then L(V') C W.

Proof The restricted map Ly has a unique extension to a continuous linear map Ly :
V' — W. Thus, it suffices to show that L; = L on V. Fix ¢ € S(R"). Then, the linear
functional (-, ¢) is continuous on W. It follows that the linear functional p on C2°(R™)
given by u(f) = (L1 f, ) is continuous linear for the V-topology.
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From the assumption about the continuity of L is follows that the functional v : f —
(Lf, ) is continuous for the §’(R") topology. In particular, this implies that v is continuous
for the V-topology.

As pp=v on C®(R") and C°(R") is dense in V' it follows that L, = L on V. O

If p € N we denote by C} (R") the Banach space of p times continuously differentiable
functions f : R" — C with max|<,sup |D®f| < oo.

Proposition 6.4.8 Let s > n/2 be an integer. Then there exists a constant C > 0 with
the following property. For each symmetric A € M,,(C) with Re A > 0 and all f € C?*(R")
the distribution e=APP) £ is continuous and

PP f(@)] < ClAI max sup |D° ]

For x with d(x) := d(z,supp f) > 1 the stronger estimate is valid.

Proof As in the proof of the previous corollary, we first prove the estimate for f €
C*(R™). By translation invariance we may as well assume that z = 0.

We fix a function y € C2°(R™) which equals 1 on the unit ball and has support contained
in I = B(0;2) and such that 0 < y < 1. Then the desired estimate follows from combining
the estimate of Corollary for xf with the estimate of Proposition [6.4.4] with & = 0
for (1 —x)f.

By density of C°(R") in C3(R") it follows that e~4”-?) maps C*(R™) continuously
into Cy(R™), with the desired estimate (apply Lemma [6.4.7). As C:(R") is not dense in
C;(R™) we need an additional argument to pass to the latter space.

Let x be as above, and put x,(z) = x(x/n). Then it is readily seen that x,f — f
in S'(R"). Hence e~APP) f, — =AD:D) £ i S'(R™). Tt follows by application of Proposi-
tion that for each compact subset X C R” the sequence e~ APP) f, | is Cauchy in
C(K). This implies that e~¢4P:P) f, converges to a limit ¢ in the Fréchet space C'(R"). In
particular, ¢ is also the limit in S’'(R") so that e~ (A”"P) f =  is a continuous function.

We now note that by application of the Leibniz rule,

sup [ D f,,| < sup [D*f| + O(1/n).

Hence the desired estimate for f follows from the similar estimate for f,, by passing to the
limit. U

Theorem 6.4.9 Let s > n/2 be an integer and let k € N. Then there exists a constant
Cr > 0 with the following property. For each symmetric A € M,,(C) with Re A > 0 and all
f € CFPH(R") the function e~ AP:L) f is continuous, and

1 :
le” AP f(2) = ) 5 (~(AD, D))’ f(2)| < Cl| A|[* max sup |D*(AD, D)*f|.
= ol <2s
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Proof Let Ri(A)f(x) denote the expression between absolute value signs on the left-hand
side of the above estimate. We first prove the estimate for a function f € C°(R"™). The

function
fila) = e PPN ()

is smooth in (¢,x) € [0,00) x R™ and satisfies the differential equation
0, fi(x) = —(AD, D) fi(x).

By application of Taylor’s formula with remainder term with respect to the variable ¢ at
t = 0, we find that

filz) => "0 filx) - (k%l/o (1 —t)* L 8 fy(x) dt.

<k )!
This leads to
1 ! k—1 k
e / (1= 1)~ (—(AD, D)) fu(x) dt
_ —(k;—ll)! /O (1 — )1 e~ MADD)(—(AD, D))* f(x) dt.

By estimation under the integral sign, making use of Proposition [6.4.8, we now obtain the
desired estimate for f € C>°(R"). For the extension of the estimate to C?**2¢(R") and
finally to CZ**2*(R™) we proceed as in the proof of Proposition . O

6.5 The exponential of a differential operator in sym-
bol space

Let K be a compact subset of R™ and let d € R. Then the space of symbols S&(R") is a
subspace of the space of tempered distributions &’(R*") with continuous inclusion map.
Indeed, if p € SE(R™), then for all ¢ € S(R™) we have

(p,p) = /R% p(,§) (x,§) drdf
< /R (LD e 1 + o, Q) (e )] dade

< C i o(p) Vidjrnt10(9),

with C' > 0 only depending on n, K and d.
We consider the second order differential operator
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Thus, with notation as in the previous section, (D,,0d¢) = —(AD, D), where

(0 I,
A—Z(In 0),

with I, the n x n identity matrix. The matrix A is complex, symmetric, and has real part
equal to zero, hence fulfills all conditions of the previous section. Moreover, its operator
norm ||A|| equals 1.

In the rest of this section we will discuss the action of e/P+%) on SE(R™). The following
lemma is obvious.

Lemma 6.5.1 For each k € N,
1 1 i
7 (De 0y = D | — Dok,

|a|=k

In particular, (D,,0¢) defines a continuous linear map S*R"™) — SF(R"), preserving
Supports.

Theorem 6.5.2 Let k € N. Then

1
Dg,0 a Qo
elPede) — 3 D3¢, (6.5.7)

lo| <k

originally defined as an endomorphism of S'(R"™), maps SE(R™) continuous linearly into
S4=k(R™). In particular, eP+%) restricts to a continuous linear map SE(R™) — SR™).

Before turning to the proof of the theorem, we list a corollary that will be important
for applications.

Corollary 6.5.3 Let p € SL(R™). Then eP=%p € S4R™) and

1

aeN"?

We will prove Theorem through a number of lemmas of a technical nature. The next
lemma will be used frequently for extension purposes.

Lemma 6.5.4 Let K C U be compact and let d < d'. Then the space CZ.(R") is dense
in SE(U) for the topology of SE(U).

Proof Let p € SL(U). Select ¢ € C>°(R™) such that ¢ = 1 on a neighborhood of 0. Put
¥n(§) = (§/n) and
Pu(,€) = n(&)p(, §)-

Then by an application of the Leibniz rule in a similar fashion as in the proof of Lemma
4.1.9, it follows that u,cé:k(pn — 1) — 0 asn — oo, for each k € N. O
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The expression (6.5.7)) is abbreviated by Ry (D). It will be convenient to use the notation
O (R*) := {f € C2(R*™) | supp f € K x R"}.

Lemma 6.5.5 Let k € N. Then for each d < k the map Ry(D) maps SE(R™) continuous
linearly into Cy(R?*™).

Proof Let s >n/2 be an integer. Let f € C°,(R**). Then by Theorem [6.4.9)

[Ri(D)f(x,€)] < Cp max  sup |D39(Dy, )" f(x,€)|
la|+[81<25 xR

IN

max sup | Dot z,
MQHWEQMW=kKX£J s 0 f (2,6

C, max sup (1 + d—k ,d
F la|+|B]<2s,]v|=k Kx£n( ”5”) /C,2s+2k(f)

Cl/c Vi%,25+2k(f)'

It follows that the map Ry (D) is continuous C°,(R**) — Cy(R*"), with respect to the
SZ(R™)-topology on the first space, for each d < k.

Let now d < k and fix @’ with d < d’ < k. Then by density of C°,(R*") in Sg(R*") for
the S¢ (R?")-topology, it follows by application of Lemma m that Ry(D) maps SE(R™)
to Cy(R™) with continuity relative to the S¢ (R")-topology on the domain. As this topology
is weaker than the original topology on S&(IR"), the result follows. Il

IN

IN

Lemma 6.5.6 Let d € R and assume that k > |d|. Let s be an integer > n/2. Then there
exists a constant C > 0 such that for all f € CZ(R™) and all (x,§) € R*" with ||£]] > 4
we have

|Re(D) f(x,€)] < C(L+ €N v 5o par () (6.5.8)

Proof Let x € C°(R") be a smooth function which is identically 1 on the unit ball of
R™, and has support inside the ball B(0;2). For t > 0 we define the function x; € C*°(R")
by x:(€) = x(t71€). Then y,(£) is identically 1 on B(0;¢) and has support inside the ball
B(0;2t). We agree to write ©p = 1 — x and (§) = ¥ (t71€). In the following we will
frequently use the obvious equalities

sup |98 =t sup |98x],  sup 92| = ¢ sup [0y,

Let f € C.(R™). Then f is a Schwartz function, hence e!P=:%) f is a Schwartz function as
well, and therefore, so is R(D)f. For t > 0 we agree to write fi(z,£) = x:(&)f(z,t) and
gi(x, &) = (&) f(z,€). Then f = f; + g;. From now on we assume that (z,&) € R?", that
gl > 4 and ¢ = {€]I.

We will complete the proof by showing that both the values | Ri (D) fi(z, &)| and | Ri(D)g:(x, &)
can be estimated by C"l/,(é’%%(f) with C" > 0 a constant independent of f,z,&. We start
with the first of these functions. As f; has support inside B(0;2t) = B(0;||£]|/2), it follows
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that d(&,supp f;) > [[£]|/2 > 2. In view of Proposition it follows that there exists a
constant C} > 0, only depending on k, such that

|Re(D) f(z,6)] = [e!P=%) f(z,€)]

< —k a b
< el mas s lD50E0)

< (1 —k 851 Daaﬁb
< 1+l |a|+|/3f32§g25+ksul’| ' xe D3 0" f,

with C}, > 0 independent of f, x and £. For n € supp x; we have ||n|| < [|£]|/2, so that

10¢"xe(n) DO fy,m)| < Gt~ (Ll %0 5 ()
< R+ 1E0/2) 0 g0 ()
< G+ (1IN pa i (F)-

It follows that
|Re(D) fu(w, &) < C"(1+ €N "1 pypan(f)-
We now turn to g;. By application of Theorem it follows that

|Re(D)(g:)(w,§)]
D, max sup \D?ﬁg(Dz, a§>k(¢tf>|

| +B]<2s

< D! max sup a’}’+,3 tha+’yf
o Ana L Supl0 T (U D)

To estimate the latter expression, we concentrate on

107 (LD ) (y. ), (6.5.9)

for y € K and n € R"™. Since ¢(n) equals zero for ||n|| < ¢t = |€||/4 and equals 1 for
[nl] = 2t =[] /2, we distinguish two cases: (a) [|€]l/4 < [[n]] < [[€]l/2 and (b) [In]] = [I€]]/2.

Case (a): the expression (6.5.9) can be estimated by a sum of derivatives of the form

(07 b ) D0 f (y, ), Mm+r=7+5),

with suitable binomial coefficients. Now

(02 ) DEH 07 fly,m)| - < Dyt (L4 [l 2l 5 (F)
DY (L4 NlED @ + 1€ 21 auon ()
D' (1 + €N Vi aan (f)-

Case (b): we now have that (6.5.9)) equals |Dg+7(9g+ﬂf(y, n)|, and can be estimated by

1DETO7 ) (y, )| )

<
<

(1+ ||77|’)d_‘7+m7//%,2s+2k
(L4 [l 0 g pan (f
(1+ H§H/2)d_kVicé,2s+2k(f)
D(1+ ”f”)d_kV/Cé,25+2k<f)~

~—

VAN VAN VANR VAN



120 CHAPTER 6. APPENDIX: A SPECIAL MAP IN SYMBOL SPACE

Collecting these estimates we see that

| Ri(D)ge(x, &) < D'(1+ I[N 15101 (£),

with D’ > 0 a constant independent of f,z and &. O

Corollary 6.5.7 Let d,k and s be as in the above lemma. With a suitable adaptation of
the constant C' > 0, the estimate holds for all (x,€) € R*™.

Proof It follows from Lemma [6.5.5| and its proof that there exists a constant C; > 0 such
that |Ri(D)f(x,&)| < C1vg 5,401 (f). We now use that

(1+ [l 2 5+

for all ¢ with ||| < 4. Hence, the estimate (6.5.8)) holds with C' = 5714 for ||£|| < 4. O

Corollary 6.5.8 Letd € R and m € N. Then there exist constants C > 0 and | € N such
that for all f € CF(R™) and all (x,§) € R*™ we have

|Rin(D) f(2,)] < CL+ €N v (f). (6.5.10)

Proof Let s be as in the previous corollary. Fix k& € N such that |d| — k < d — m. Let
now C’ > 0 be constant as in the previous corollary. Then for all f € CR°.(R") we have

|Re(D)f(,6)] < C"(L+ €N vk pugam(f),  ((2,€) €R™).

On the other hand,
Ry(D) = Ri(D) = > (Dy, ;)

k<j<m

is a continuous linear operator SE(R™) — S *(R"). In fact, there exists a constant C” > 0
such that

|Rin(D)f(f(2,€) = R(D) f(x,€)| < C"(1+ €)™ v amna(f)

for all f € SE(R™) and (z,£) € R?™. The result now follows with C' = €’ + C” and with
[ = max(2s + 2m,2m — 2). O

After these technicalities we can now finally complete the proof of the main theorem of
this section.
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Completion of the proof of Theorem Let £ € N, let a, 5 € N” and put
m = k — |]. Then by the previous corollary, applied with d — |3] in place of d there exist
constants C' > 0 and [ € N such that for all f € C°,(R") and all (z,¢) € R*",

|Re(D) f(a, &) < (1 + [l P ).

Moreover, by definition of the seminorms,

d— a
Ve (DR 1) < Visiaers(F)
for all f € Cf,(R"). Combining these estimates and using that Ry (D) commutes with
Dg‘@? , we find that
D30/ Re(D) f(x,€)] = Ru(D)[Dg0; fl(x,€)
< CVias ()

for all f € O (R") and (z,§) € R*".
It follows from the above that for each d’ € R the map

Ri1(D) : CF(R") — 57D (R)

is continuous with respect to the S (R™)-topology on C.(R™). In particular, this is valid
for d =d+ 1. As CF,(R") is dense in S¢(R") with respect to the topology of Sg(R™),
it follows by application of Lemma m that Ry, i(D) maps SE(R™) into S47%(R") with
continuity relative to the S,%H(]R”)—topology on the first space. As this topology is weaker
than the usual one, we conclude that Ry (D) : SE(R™) — S?*(R") is continuous. Now

Rk+1<D) - Rk(D) = <Dma€>k

is continuous SE(R™) — S47*(R™) as well, and the result follows. O
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Chapter 7

Pseudo-differential operators,
continued

7.1 The symbol of the composition

In this section we will investigate the composition P o Q) of two pseudo-differential operators
P,Q € U(U); here U C R™ is an open subset. We first assume that P = ¥, and Q) = ¥,
with p € S4U) and ¢ € S¢(U), where d,e € R. In general the operator @ maps C>(U)
to C>°(U), but not to C°(U). For the composition to exist we therefore require that the
projection pr, (supp ¢) has compact closure A in U. Then ¥, maps C*(U) to CF(U) and
P @ is a well-defined continuous linear operator C°(U) — C*(U).

Proposition 7.1.1 Let p € SYU) and q € SE(U). Then V,0 ¥, = U, with r € S¥(U)
given by
7’(1’,5) =e (P.2e) (.’L‘ f) (1/7 n)|y=x,n:§~ (711)
In particular, pr,(suppr) C pry(suppp) and
re~ ) _0§px5Da a(,€).

acN"

As a preparation we prove the following result.

Lemma 7.1.2 The Fourier transform of the function u : R*™ — C, (z,£) — €%* (which
—if%

defines a tempered distribution) is given by Fu(i, &) = e
Proof Let Q := {z € C|Rez > 0}. For z € Q the function v, : = — e**"/2 defines a

function in S(R). By checking the Cauchy-Riemann equations relative to the variable z,
using differentiation under the integral sign, we see that for £ € R, the Fourier transform

Fu,(2) = / e 2 eI
R

123
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depends holomorphically on z € €. For 2 € RN we find, by the substitution of variables
x — 2722, that Fu,(2) = 22 Fv (271/%3), hence

Fu.(2) = 2~ e %1%, (7.1.2)

By analytic continuation in z the latter formula is valid for all 2z € €2, provided the branch
of z ++ 2'/2 over Q which is positive on R N Q is taken. If f € S(R) then by continuity of
z = (Fu,, f) = (v, Ff) we conclude that formula remains valid for z € Q \ {0},
provided the continuous extension of the fixed branch of the square root is taken. In
particular we find that

Fui(#) = e ™4 /2, Fu_i(2) = emi/*e7i7°/2,

We now turn to the function u. Let a : R*® — R?" be the linear map defined by a(x,§) =

(x+ &2 —&)/v/2. Then

la*u)(z, &) = '@ ~$9/2 = [T vi)vi(z;).
j=1

Therefore,
Flaru)(z,€) = [T 497 = [au)(~4.€).
j=1
By orthogonality of a we have that Foa* = a*oF on S(R), hence also on §'(R), and the
result follows. U

We also need an extension of the convolution product in order to be able to convolve
tempered distributions with Schwartz functions.

Lemma 7.1.3 The convolution product x : S(R") x S(R") — S(R™) has a unique exten-
sion to a continuous bilinear map S(R™) x §'(R") — S'(R™). For this extension, denoted
by x again,

F(f xu) = Ff Fu, (f € S(R"), ueS'R")).

Proof The multiplication map (f,u) — fu, S(R") x §'(R") — S’(R") is readily seen
to be continuous bilinear. Define ¥ = F 1o % o(F x F). Then * is continuous bilinear
and extends the convolution product on S(R™), by Lemma 4.2.2(b). Uniqueness of the
extension follows by density of S(R") in S'(R"). 0

As a final preparation for the proof of Proposition [7.1.1] we need the following lemma.
Lemma 7.1.4 Let u € C®(R?") be defined by u(x,&) := e~ %*. Then
ePel f —ysx f  forall feS(RY).

Proof In view of the definition of the operator e!P+%) € End(S(R?*")) (see Section 6.4),
this follows immediately by applicaton of Lemmas [7.1.3| and [7.1.2] ]
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Proof of Proposition We will first prove the result under the assumption that
both p and ¢ are smooth and compactly supported. Then p,q € C>®(R?**). Let f € C(U).
Then

0,0, f)(x) = / / e (e, €) (U, f)(y) dy de

-~

_ / / / D (3, €) gy, m) Fr) diydy d

~

- / e (e, n) Fn) dn,

where

r(,n) = / / EMED (. €) gy, ) dedy, (7.13)

Here we note that all integrands are compactly supported and continuous, so all integrals
are convergent, and the order of the integrations is immaterial. For each (x,n) € R*" we

define R, , : R* — C by
Ry y(y,€) = p(x, §)a(y,m).

Then R,, is smooth and compactly supported. Moreover, (7.1.3) can be rewritten as
r(z,n) = [u* Ry,)(x,n), with u(y,&) = e %Y. In view of Lemma above, this implies
that

7"(.1', 77) = [6<Dy’8§>RfE:ﬂ] (.T, 77) = €<Dy76§>p(x7 f)Q(y, 77)‘y=x,£=777

which in turn gives (7.1.1]).
Fix a compact subset K C U. Our next step is to extend the validity of (7.1.1)) to

(p,q) € SE(U) x SE(U). We will do this by using a continuity argument. For p,q € S (U)
we observe that, for each (x,n) € R* x R", the function (y, &) — p(z,£)q(y,n) belongs to
S (U) again, and we define the function p(p, q) : U x R® — C by

p(p,q)(x, &) = P p(x, )q(y, n)|y—sp—e- (7.1.4)

In view of the lemma below, p has values in S®(U) and maps SE(U) x Sg(U) continuous
bi-linearly to S¢(U). Fix f € C>(U). Then in view of the remark below Definition 5.2.2
follows that

(p,q) = \Ilp(p,q)(f) (7.1.5)

maps SE(U) x Sg(U) continuous bi-linearly to C°°(U), for all d,e € N.
On the other hand, for all d € N the map (r,g) — V,(g) is continuous bilinear from
SL(U) x C=(U) to C(U) and by composition it follows that for all d,e € N the map

(P, q) = W0y (f) (7.1.6)

is continuous bilinear from SE(U) x Sg(U) to C°(U). By the first part of the proof the
maps (|7.1.5) and (7.1.6) are equal on C°,(U) x CR,(U). By density of C°,(U) in Sg(U) for
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the S?*1-topology and in Sg(U) for the S¢*!-topology, it follows that the equality extends
to SL(U) x S&(U).

It follows that ¥, o ¥y = U, . on C(U), for all p € SE(U) and ¢ € Sg(U).

Now assume more generally that p € S%(U) and that ¢ € S¢(U). Then by using a
partition of unity we may write p as a locally finite sum p = Zj pj, with p; € S4U), and
pr, (supp p;) a locally finite collection of subsets of U. For each j we have ¥, oW, = ¥, with
r; given in terms of p; and ¢ as in . In particular this implies that pr,(suppr;) C
pry(suppp;). It follows that {pr,(suppr;)} is a locally finite collection of subsets of U.
Therefore, 7 = 37 r; defines a symbol in S*(U). Clearly, r satisfies , and ¥,o U, =
v,. O

Lemma 7.1.5 Let K C U be a compact subset. Then the map p defined by maps
SLU) x Sg(U) continuous bilinearly to SEH(U).

Proof By continuity of the map eP»% . SL(U) — SYR") (see Theorem 6.5.2 there
exist constants C' > 0,k € N, such that

(1 + €N~ [eP=% f1(, )] < Criu(f),

for all f € SL(U), z € K and £ € R™. Let p € SL(U) and ¢ € S¢(U). Then by application
of the above estimate to f = f,, : (v,€) — p(z,£)q(y,n), and observing that

(L + D= vk x(fom) < vies@)vi s (a),

we find the estimate

(L +[IEN="<lplp, ) (2, &) < Cvi i (p)vii(a). (7.1.7)

for all (z,&) € UxR™. (Note that the expression on the left-hand side vanishes for z € U\ K.
) We now observe that for «, 5 € N" we have

i = X () (5 )eeeainarora,

a1 tas=«a

B1+B2=p

Combining this with (7.1.7) we find that for every [ € N there exists a constant C; > 0,
only depending on [, such that

vip(p.q) < C CLij o (p) Vi o (@)-

The asserted continuity follows. O

Exercise 7.1.6 Give a proof of Proposition 6.2.2 based on the idea of continuous exten-
sion used in the above proof.
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We recall that a pseudo-differential operator () € W¢(U) has an operator kernel K €
D'(U x U) and is said to be properly supported if and only if the projection maps pry, pr, :
supp (Kg) — R™ are proper.

If B C U is compact then so is A := pr;(Kg Npry (B)) and it is easily verified that
@ maps CF(U) into CP(U). Hence, @ is a continuous linear endomorphism of C°(U).
Thus, for any P € U4(U) the composition P (Q is a well defined continuous linear operator

Cx(U) = C>=(U).

Theorem 7.1.7 Let P € VYU) and Q € V¢(U) be properly supported. Then PoQ
belongs to WHe(U). Moreover, the full symbol of PoQ is given by

o(PoQ) ~ 3 080 (P) D3o(Q).

aeN"

Proof In view of Lemma below, there exist symbols p € S4(U) and ¢ € S¢(U) such
that P = ¥, and Q = ¥,. Let Kp € D'(U x U) be the distribution kernel of P. Let {1} be
a partition of unity on U. Let p; = v;p; then P = Zj P;, with P; = W,,.. For each j the set
A; = pry(pry H(supp ;) Nsupp Kp) is compact and contained in U. Hence, there exists a
x; € C2(U) with x; = 1 on Aj. It follows that Pj o M, has kernel (;®@x;)Kp = (¢¥;®1)Kp
hence equals P;. Therefore, PjoQ = Pjo(Q;, where Q = M, 0Q = V,., with ¢; = x;q. It
follows that Pjo@Q = W, , with r; € S*(U) expressed in terms of p; and g; as in formula

(7.1.3). In particular, pry(supp (r;)) C suppy, so that r = 3, r; is a locally finite sum
defining an element of S4¢(U). We now have that

U, =Y PoQ;=> PjoQ=PoQ.
J J

on C*(U). From the construction, it follows that ¢; = ¢ on an open neighborhood of
supp ¥;, so that for all @ € N" we have

8?]?]‘ ngj' = a?p]ng
This implies that

T~ Z Ziagpj Dq; = Z Zéagpj D3q

a€Nn g aeN"  j
1
= 2 %D
aeN?

The result follows. U

Lemma 7.1.8 Let T € W=>°(U) be properly supported. Then there exists a r € S™°(U)
such that T = ,.



128 CHAPTER 7. PSEUDO-DIFFERENTIAL OPERATORS, CONTINUED

Proof Let K be the integral kernel of 7. Fix a partition of unity {¢;} on U. Then
Ki(z,y) = ¢j(x)K(x,y) defines a smooth function with compact support contained in
pry ! (supp ;) N supp K. By Lemma 5.2.5 (see also its proof) there exists a p € S=(U)
with pr,(supp p) C pry(¢;) such that Tk, = ¥, . The locally finite sum Zj p; defines an
element p € S7°(U), and it is clear that W, =" W, =3, Ty, = Tk on CZ(U). O

Lemma 7.1.9 Let d € RU {co} and let P € VY(U) be properly supported. Then there
exists a p € SYU) such that P = W,

Proof In view of the above lemma we may assume that d > —oo. Then by Lemma 6.1.6
we may rewrite P as P = U, + T, with ¢ € S4(U) and T € ¥~> and with ¥, and hence
also T properly supported. By the previous lemma there exists a r € S™°°(U) such that
T = V,. The lemma now follows with p = ¢+ r. U

We can now deduce the important result that the principal symbol behaves multiplica-
tively.

Corollary 7.1.10 Let P € V4(U) and Q € W¢(U) be properly supported. Then PoQ
belongs to W (U). Moreover, the principal symbol of PoQ of order d + e is given by

o (PoQ) = 0*(P) 0 (Q).

7.2 Invariance of pseudo-differential operators

In order to be able to lift pseudo-differential operators to manifolds, we need to establish
invariance under diffeomorphisms. For this it will turn out to be useful to have a different
characterization of properly supported pseudo-differential operators.

We recall the definition of the (Fréchet) space C°(R™) @ S(R") = S~(R") given in the
text before Exercise 5.1.4. Note that S(R™) may be identified with the (closed) subspace
of functions in C=(R") ® S(R") that are constant in the z-variable.

For ¢ € C=(R") ® S(R") the integral

W(ee) = [ cp(a8) da

is absolutely convergent for every x € X and defines a function W () € C*°(R"™). Moreover,
by Lemma 5.2.1 the transform W is continuous linear from C=(R") ® S(R") to C*°(R™).

We now define a more general symbol space as follows. We write (x, ¢, y) for points in
R3" ~ R™ x R" x R" and denote by X¢ the space of smooth functions R3* — C such that
for all compact IC C R™ and all £ € N,

vk (r) ;==  max sup  (1+ |§|)‘6|_d|8§a§85r(x,f,y)| < 00. (7.2.8)
’ lal|BLIVI<k  KKxRrxK
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Note that the symbol space S¢(R") may be viewed as the subspace of ¥¢ consisting of
functions that are constant in the y-variable.
Let now r € ¥4, Then for each f € S(R") the integral

e )= [ g ) dy

converges absolutely and defines a function in C*°(R") ® S(R™). Moreover, the map f
r(-, f) is continuous for the obvious topologies.

The definition of pseudo-differential operator may now be extended to symbols in ¥¢
by putting

U, (f)(x) =W(r(-, -, f)) = /n /n eig(m_y)r(x,g,y)f(y) dy d€. (7.2.9)

Note that if r is independent of the variable y, then r € S%(R") and by carrying out the
integration over y we see that ((7.2.9) equals

[ e oo de

which is compatible with the definition given before. In fact, we have not really extended
our class of operators. For K C R™ a compact subset, let X% be the closed subspace of 3¢
consisting of all functions r € ¥4 with suppr C K x R™ x K. Moreover, let ¢ be the union
of the spaces ¥4, for K C R" compact.

Proposition 7.2.1 Letr € X¢. Then

p(xa 5) = 6<Dy78§>r(‘1‘7 67 y)ly:x

belongs to SYR™), and ¥, = U,,. In particular, ¥, belongs to W (R™) and its full symbol is
given by

1
o?(U,) ~ Z aD;@?r(x,ﬁ,yﬂy:m.

aeNn
To prepare for the proof we introduce the space
CZ(R?™) := {p € CZ(R*) | suppyp C K x R" x K}.
The following lemma is proved in the same fashion as Lemma 4.1.9.
Lemma 7.2.2 Let d > d. Then CF,(R*") is dense in 3¢ for the S -topology.

Proof of Proposition For r € ¥ and fixed € R" the function r, : (y, &) —
r(x,&,y) belongs to SY(R™). Moreover, z + 7, is a smooth map R™ — S&(R"), supported
by K and it follows that

z > e Pvel (1)
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is a smooth map R™ — SE(R™). The function p = p(r) is given by the formula

p(r)(z,€) = P2 (r,)(x,€).

It is readily seen that r + p(r) is a continuous linear map X% — SE(R?). Fix f € C°(R").
Then both r — U, (f) and r — W, (f) are continuous linear maps Xf — C*(R"), for
every d € R. As C’,%fc(R?’”) is dense in X4 for the Y% !-topology, it suffices to prove the
identity W,(f) = Wy (f) for every p € CR2,(R®™).

Thus, let p € C,(R*") be fixed. Then

() = [ [ s s dyag
= [ [ ) [enm anayac

~

_ / e p(a,m) F(n) dn,

with

P, ) = / / IO (. €)dyde.

Write u(y, &) = e~%Y, then it follows that

plz,m) = (uxry)(z,mn)
6<Dy78€>rw (y7 77) |y:LE
= p(r)(z,n).

All assertions now follow. O

Corollary 7.2.3 Letp € S.(R™). Then ¥, is properly supported if and only if there exists
ar € X such that

v,=1y, on CF(R").

For any such r the d-th order principal symbol of p is represented by the symbol (x,&)
r(z, &, ).

Proof The only if part as well as the statement about the principal symbol follows
from Proposition above. For the if part, assume that ¥, is properly supported. Let
K be a compact subset of R™ such that suppp C K x R™. Let K, be the distribution
kernel of ¥,,. Then K x R" Nsupp K, is compact, hence contained in a product of the form
K x K', with K" C R™ compact. Let V be any open neighborhood of K’ in R"™. Then there
exists a x € C°(U) which is identically one on a neighborhood of K'. It follows that the



7.2. INVARIANCE OF PSEUDO-DIFFERENTIAL OPERATORS 131

U, =V,o M, on C*(R"™). This implies that for all f € C°(R"),
V() = Wp(xf(2))
= [ TG de

N / p(z,€) / e x(y)f(y) dy dg

= U (f)(=),
with r(z, &, y) = p(z, Ox(v). O
We now turn to the actual proof of the invariance. Given two points z,y € R", we
denote the line segment from z to y by [z, y|. Thus,
[z,y] ={z+t(y —x) |t €[0,1]}.

We agree to write M,,(R) for the space of n x n-matrices with real entries, and GL (n,R)
for the subset of invertible matrices.
Lemma 7.2.4 Let U be an open subset of R".

(a) There exists an open neighborhood Q of the diagonal diag (U) in U x U such that

(z,y) € Q= [z,y] CU.

(b) If Q is any such neighborhood, and if f : U — R™ is a smooth map, then there ezists
a smooth map T : Q@ — M, (R) such that

)= f@) =T y)(y—2),  (r,y€Q)
(¢) Any continuous map T : Q — M, (R) with property (b) satisfies T(x,z) = df (x) for
all x € U.
Proof The map a:[0,1] x (U x U) — R™ given by a(t,z,y) = x4+ t(y — x) is continuous
and maps [0, 1] x diag (U) to U. The preimage a~*(U) of U under a is open in [0, 1] x U x U
and contains [0, 1] x diag (U). By compactness of [0,1] it contains a subset of the form
[0,1] x © with  an open neighborhood of diag (U) in U x U. For (z,y) € Q we have

[z, y] = a([0,1] x {(z,y)}) C U.
Let f be as in (b). Then
1) = £0) = [ 0uf(a+ tty = o) dt = Ty =),
with )
T(x,y) = /0 df (x +t(y — x)) dt.

Clearly, T is a smooth map 2 — M, (R).
Let now T : Q — M, (R) be any continuous map satisfying property (b). Then for each
v € R™ we have

df (z)v = 1i_r>%t71[f(x +tv) — f(z)] = lim T(z,z+ tv)v =T (z,z)v.
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If p: M — N is a diffeomorphism of smooth manifolds, and P : C*(M) — C>®(M) a
continuous linear operator, then the push-forward of P by ¢, denoted ¢, (P), is defined to
be the continuous linear operator ¢.(P) : C2(N) — C*(N) given by

pu(P)(f) = P(fop)op™.

Proposition 7.2.5 Let p: U — V be a smooth diffeomorphism between open subsets of
R™, with inverse ©. Let Q be an open neighborhood of diag (V') in V- x V and assume that
T :Q — GL(n,R) is a smooth map such that ¥(y)—(z) = T(x,y)(y—=x) for all (z,y) € Q
(such a pair Q,T exists). Let K be a compact subset of U such that () x p(K) C .

(a) For every d € N and r € X%, the function p.(r) : R — C defined by

(,m,9) = r(W(x), T(z,y)""n,¢(y)) |det dy(y)| | det T(z, y)| ™"

on KK x R™ x IC, and by p.(r) =0 elsewhere, belongs to Ei(&)'
(b) For every d € N, the map r — @.(r) is continuous linear Y& — EZ(IC).
(c) For every d € N and all r € ¢,
Pe(Wr) = Voo o).
(d) The principal symbol of v.(V,) is represented by the symbol
(z,€) = r(¥(x), dp((2))', ¥(x)).

Proof The proof of (a) and (b) is straightforward, be it somewhat tedious. Fix f €
C*(V). Then the equality ¢.(V,)(f) = Uy, (f) is equivalent to

U (fop)oth =Wy, (f) (7.2.10)

The map r — ¥,(fop)o1) is continuous linear ¢ — C°(U) and so is the map r
©* (U ope(r)), for every d € N. Now O (R3") is dense in E¢ for the Z¥™-topology. Therefore,
it suffices to prove the equality for all r € C,%fc(R:‘").

Fix r € O, (R*") and let 2 € U. Then

U(f o) (b(z) = / / VD E (1), €, 2) F(ol2)) dzdE
- / / CEE@W) (), €, 1b(y)) F(y) | det dib(y)]| dy de
- / / TV D (4 (2), €, () F(y) | det dily)| dé dy

— / / eV (r)(z,m,y) fly) dndy
Vo) (f)(2).
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This establishes (c).
For (d) we note that T'(x,z) = di(x) so that the principal symbol of ¥, . is given by

(2,€) = pu(r)(z, &, 2) = p(¥ (), dip(z) 1€ ¥(2)).
Now use that dy(z)~! = dh(¢(x)). O

Theorem 7.2.6 Let ¢ : U — V be a diffeomorphism of open subsets of R™. Then the
following assertions are valid.

(a) For each d € RU {—cc} and all P € W4(U) the operator ¢.(P) belongs to W(V).

(b) Let the principal symbol of P be represented by p € SY(U). Then the principal symbol
of p«(P) is represented by

@u(p) : (2,8) = ple~ ' (z), dp(p~ (x))'€).

Proof Let v : V — U be the inverse to ¢ and let 2,7 be as in the statement of
Proposition [7.2.5] First, assume that d = —oo and let P € U=>°(U). Then P is an integral
operator Tk with integral kernel K € C*(U x U). Let f € C*(V) and = € V, then by
substitution of variables

o (P)(f)() = / K(6(z), 2) fp(2)) d
- / K((x), ¢(y))| det dip(w)| f(y)dy

from which we see that @« (P) is the integral transformation with smooth integral kernel
K € C®(V x V) given by

K(z,y) = K((x),¥(y)) | det dy(y)|.

We now assume that d € R and that P € ¥¥(U). Then by Lemma 6.1.6 we may write
P=V,+T, with T € U=>°(U) and p € S%(U) such that ¥, is properly supported and has
distribution kernel K, supported inside Qp := (¢ X ¢)~1(Q). Since ¢,(T) is a smoothing
operator by the first part of the proof, it suffices to show that ¢,(¥,) € ¥4(V). For this
we proceed as follows.

Let {x;} be a partition of unity on U such that supp x; x suppx; C €y for every
j. For each j we select an open neighborhood U; of suppx; with U; x U; C Qp and
a function x) € Cg°(U;) which is identically 1 on supp x;. Then P; = P My + 1Tj,
with T} a smoothing operator supported in supp x; X U; and with Pjo M, = W, , " where
ri(z,¢, y) X (@)p(z, )X (y).

We now observe that KC; = supp X is compact and that ¢(KC;) x ¢(K;) C €2. Morover,
r; € X¢ K- . It follows that go*(\If ) =V, ). The supports of the kernels of the operators 7}
form a locally finite set, so that T = Z i T] is a smoothing operator. Hence, so is . (7).
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The sum Y. P, is locally finite, and therefore so is Q = Y, p.(P,,). Hence Q € W/ (V).
We conclude that ¢.(P) = Q + ¢.(T) is a pseudo-differential operator on V' of order d.
Its principal symbol equals the principal symbol of @), which is represented by the symbol
q € SUV) given by

a(@.6) = Y pury)(@.6 )
= ifj(w(x),d«ﬁ(w(x))tf,w(fﬂ))
= ipj(tb(x),dso(w(w))té)
= pru),dw(w(m))%) = ¢.(p)(,¢).

7.3 Pseudo-differential operators on a manifold, scalar
case

In view of the results of the previous section we can now extend the notion of a pseudo-
differential operator to a smooth manifold M of dimension n.

Definition 7.3.1 Let d € RU{—o00}. A pseudo-differential operator P of order d on M
is a continuous linear operator C°(M) — C*°(M) given by a distribution kernel Kp €
D'(M x M,Cy X Dyy) such that the following conditions are fulfilled.

(a) The kernel Kp is smooth outside the diagonal of M x M.

(b) For each a € M there exists a chart (U, ) containing a such that the operator
P, : C*(k(U)) — C=(k(U)) given by

Po(f)(k(x) = P(for)(z),  (zeU)

belongs to Ve (k(U)).

Remark 7.3.2 Of course, by the Schwartz kernel theorem, each continuous linear oper-
ator P : C*(M) — C°°(M) is in particular continuous linear C°(M) — D'(M), hence
given by a distribution kernel Kp € D'(M x M, Dy; ® Cyy). In the above formulation, the
existence of the kernel is demanded in order not to rely on the kernel theorem.

Condition (a) asserts that Kp has singular support contained in the diagonal of M,
whereas condition (b) stipulates that the singularity along the diagonal is of the same type
as that of the kernel of a pseudo-differential operator on R".
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If o : M — N is a diffeomorphism then by the nature of the definition the map
@, 1 WYM) — W4(N) is readily seen to be a linear isomorphism. Before proceeding we
will show that the definition of pseudo-differential operator coincides with the old one in
case M is an open subset of R"™.

Lemma 7.3.3 Let M be an open subset of R" and let P : C*(M) — C>°(M) be a
continuous linear operator with distribution kernel Kp. Then the following statements are
equivalent.

(1) Conditions (a) and (b) of the above definition are fulfilled.

(2) P is a pseudo-differential operator in the sense of Definition 5.2.4.

Proof Clearly (2) implies (1), since M can be taken as the coordinate patch. We assume
(1) and will prove (2).

We first assume that d = —oo. Then requirements (a) and (b) of Definition [7.3.1]
guarantee that Kp is smooth on all of M, hence that P is an integral operator with
smooth kernel Kp € (M x M,Cy; X Dy). Thus, P is an operator in W~ in the sense
of Definition [7.3.1]

We now assume that d € R. By Lemma 6.1.6 each a € M has an open neighborhood
U, in M such that the operator P, : C*(U,) — C*(U,) given by f +— (Pf)|y, may be
written as P, = ¥, +T,, with p, a symbol in ¥(U,) and with T,, € ¥=°°(U,) a smoothing
operator.

By paracompactness of M there exists a partition of unity {x;} on M such that for
each j the support of y; is contained in some set U,; as above. We put P; = P,,, pj = pa,
and Tj = T;,,;. Then P; = ¥, + Tj. For each j we choose a x; € C2°(Uj) such that x) = 1
on an open neighborhood of supp x;. Then x;(1 — X;) = 0so0 T} = MXjPMu—X;) has
kernel [x; ® (1 — xj)]Kp which is smooth. The supports of these kernels form a locally
finite collection, so that 7" = > i T is a smoothing operator.

Moreover, we may write

My, o Po My =Wy + My, oTjo My,
with ¢; € S%(M) supported by supp ;. It follows that ¢ = > ;4 is alocally finite sum and
defines an element of S%(M). Moreover, the smooth kernels of the operators M, o Tj My,

are locally finitely supported in M x M so that the operators sum up to a smoothing
operator 7. For f € C2°(M) we now have that

Pf= ZXjP(XQf) +T'(f) = Ye(f) + T(f) + T'(f)

and (2) follows. O
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If M is a smooth manifold, P : C(M) — C*°(M) a continuous linear operator, and
U C M an open subset, we agree to write Py for the operator C°(U) — C*°(U) given by

Pof =P,  (f€CZU)).
The following results are now easy consequences of the definitions.

Exercise 7.3.4 If K € D'(M x M) is the distribution kernel of P, then the restriction
K|y«y is the distribution kernel of Py .

Exercise 7.3.5 Let M be a smooth manifold, and U C M an open subset. Then for each
P € U4(M), the operator Py belongs to W4 (U).

In the sequel we shall make frequent use of the following results.

Lemma 7.3.6 Let P € V4(M) and let x € C*°(M).
(a) Let ¢p € C°(M) be such that supp ) Nsuppx = 0. Then

Mo PoM, € W =(M).

(b) Let x' € C(M) be such that x' =1 on an open neighborhood of supp x. Then
M, oP — M,oPoM, € U==(M).
Likewise, Po M, — Mo PoM, € U=°(M).

(¢) Let {P;} is a collection of operators from W*(M) such that the supports supp Kp, of
the distribution kernels form a locally finite collection of subsets of M x M. Then

> Peut(M).

Proof Let Kp denote the distribution kernel of P. The distribution kernel K’ of the
operator M, o Po M, equals K' = (x ® ¢)Kp. Since x ® ¢ = 0 on an open neighborhood
of the diagonal in M x M, the kernel K’ is smooth. Hence (a).

We turn to (b). There exists a function ¢ € C*(M) such that ¢ = 1 on an open
neighborhood of supp x and such that x’ = 1 on an open neighborhood of supp p. It
follows that (1 — x) and ¢ have disjoint supports. Hence

MXOP_MUJOMX = MwO(MchPOMl—X) € \I/_OO(M)

The second statement of (b) is proved in a similar way.

It remains to prove (¢). Let Q = > ; Pj. Then @ is a well defined continuous linear
operator C°(M) — C°(M) with distribution kernel Kg = »_ Kp,. On the complement
of the diagonal in M x M the kernel K is a locally finite sum of smooth functions, hence
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a smooth function. Let a € M. There exists a coordinate patch U 3 a whose closure in M
is compact. The collection .J of indices j for which supp Kp, N (U x U) # 0 is finite. It
follows that the kernel of Q)i equals

KQ|U><U = ZKPJ-|U><U = ZKP]'U‘

jeJ jeJ

Hence, Qy equals the finite sum ZjeJ Pjiy and belongs to W4(U). It follows that Q €
We(M). O

Exercise 7.3.7 Let M be a smooth manifold, and P : C*(M) — C*(M) a continuous
linear operator with a distribution kernel that it smooth outside the diagonal in M x M.
Let {U;} be an open covering of M. If Py, € W4(U;) for each j, then P € W4 (M).

The following result indicates that pseudo-differential operators modulo smoothing op-
erators behave like sections of a sheaf.

Lemma 7.3.8 Let {U;} be an open covering of the manifold M.
(a) Let P,Q € W¥(M) be such that Py, = Qu, for all j. Then P —Q € U=>°(M).

(b) Assume that for each j a pseudo-differential operator P; € V(U;) is given. Assume
furthermore that P; = P; on C°(U; NU;) for all indices i, j with U; N U; # 0. Then
there exist a P € W4(M) such that Py, — P; € W=*°(U;) for all j. The operator P is
uniquely determined modulo W= (M).

Proof Let Kp and K¢ denote the distribution kernels of P and @), respectively. Then
K p|ijUj and KQ|ijUj are the distribution kernels of Py, and Qy;,, respectively. Tt follows
that Kp_g = Kp — K¢ is smooth on each of the sets U; x Uj, hence on the diagonal of
M x M. As Kp_g is already smooth outside the diagonal, it follows that Kp_g is smooth
on M x M. Hence, P — Q € U=>(M).

We turn to (b). Let Q = U;U; x U;. Then 2 is an open neighborhood of the diagonal in
M x M. Let K; € D'(U; x U;) denote the distribution kernel of P;. Let U;; := U;NU; # 0.
Then from the assumption it follows that K; = K; on (U; x U;) N (U; x U;) = Uy; x Uy;.
From the gluing property of the sheaf D' on Q it follows that there exists a K € D'(Q)
such that K = K; on U; x U; for all j.

We will now use a cut off function to extend K to all of M x M, leaving it unchanged on
an open neighborhood of the diagonal. Let {x,} be a partition of unity of M, subordinate
to the covering {U;}. For each v we select j(v) such that suppx, C Uju) and we fix a
function x;, € C2°(Uj(,y) which is identically 1 on an open neighborhood of supp x,. The
functions y, ® x!, form a locally finitely supported family of functions in C2°(2). Put

=) X,
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Let x € M and let N, be the finite collection of indices v with z € supp,. Then the
functions x!, for v € N, are all 1 on a common open neighborhood V,, of x in M. Moreover,
> ven, Xv equals 1 on an open neighborhood U, of x in M. It follows that ¢» = 1 on
U, x V.. Hence, ¢y = 1 on an open neighborhood of the diagonal in M x M. Put P =
>, My, oPjuyo M, . Then P is a pseudo-differential operator on M with kernel equal to

Kp=>Y (xv®x,)Kp, = VK.

v

For each j € U we have that Py, has kernel
KP|Uj><U]' - ¢K|Uj><U]' - ¢Kj

It follows that Kp — Kp, is smooth on U; x Uj, hence Py, — P; € W~°°(U;). The uniqueness
statement follows from (a). O

In fact, with a bit more effort it can be shown that ¥?/WU~>° defines a sheaf of vector
spaces on M. More precisely, for two open subsets U C V of M the map P — Py,
U4(V) — U4(U) induces a restriction map U4(V)/¥U=°(V) — W4(U)/¥~>(U) which we
claim to define a sheaf. The following exercise prepares for the proof of this fact.

Exercise 7.3.9 Let (2 be smooth manifold, and let {€2;};c, be an open cover of 2. Assume
that for each pair of indices (4, j) with §2;; := ;N Q; # 0 a smooth function g;; € C*(§;;)
is given such that

gij+gjk+gkj =0 on Qijk = QiﬂQjﬂQk
for all 4, 7, k with €2;;; # (0. Show that there exist functions g; € C*°(U;) such that ¢; — g; =

gi; for all ¢, j. Hint: select a partition of unity {%q}aca on € which is subordinate to the
covering {€2;}. Thus, a map j : A — J is given such that supp ¢, C Uj(a). Now consider

gj ‘= Za @/)agjj(a)-

Exercise 7.3.10

(a) Show that with the restriction maps defined above the assignment U s W4(U) /¥~ (U)
defines a presheaf on M.

(b) Show that U ~ W4(U)/W~>°(U) satisfies the restriction properety of a sheaf.

(c) Use the previous exercise combined with the arguments of the proof of Lemma
to show that U +— W¥(U)/¥~°(U) has the gluing property.
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7.4 The principal symbol on a manifold

We will now extend the definition of principal symbol of a pseudo-differential operator to
the setting of a manifold M. Let 7 : T*M — M denote the cotangent bundle of M.

First we consider a coordinate patch U of M. Let k : U — U’ be a diffeomorphism
onto an open subset U’ of R™. We consider the induced diffeomorphism 7%k : T*U —
U x (R")* ~ U’" x R" given by

T*k(&) = (K@), &oTow™"),  (z €U, & € Ty M).
Pull-back by the inverse of Tk induces a linear isomorphism
Ky : C(T*U) — C=(U' x R™).
For d € RU {—o0} we define
SUU) ={p € C=(T"V) | k.(p) € SU(U")}.
It follows from Lemma 5.1.6 that this space is independent of the choice of k.

Definition 7.4.1 We define S¢(M) to be the space of smooth functions p : T*M — C
with the property that for each a € M there exists a coordinate patch U containing a such
that Plr=U € Sd(U)

If p: M — N is a diffeomorphism of manifolds, then it follows from the above definition
that the induced linear isomorphism ¢, : C*°(T*M) — C>(T*N) maps S%(M) onto S%(N).
Moreover, if 2 C M is an open subset then the restriction map C*(T*M) — C>(T*Q2),
p > p|r-q maps S4M) to SU(Q).

If Q is an open subset of M, and K C 2 a compact subset, we define SE(Q) to be the
space of p € S4(Q) with suppp C 7 *(K). Finally, we define S&(Q) to be the union of
the spaces SL(Q), for K C Q compact. We note that elements of S¢(Q) may be viewed as
elements of S¢(M) by defining them to be zero on T*M \ T*(Q.

If (U, k) is a chart of M, then the map k. : C°(T*U) — C*>®(k(U) x R™) induces a
linear bijection

ko o SUU)/STHU) = SUw(U)) /S k(D).
The following definition is justified by Theorem (b).
Definition 7.4.2 Let U be a coordinate patch of M. We define the map of- : W(U) —

SUU) /S U) by
ko0 (P) = Ug(U)(/f*P)a

for k a coordinate system on U. (Here UZ(U) denotes the principal symbol map of S%(k(U)),
defined in Definition 5.4.7.)
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If U C M is open, then the restriction map p + p|7-q induces amap S¥(M)/S4 (M) —
S4(Q)/8%1(Q), which we shall denote by o + oq. The support of an element o €
S4(M)/S41(M) is defined to be the complement of the largest open subset Q C M such
that oq — 0.

Lemma 7.4.3 Letd € R. There exists a unique linear map o : W4(M) — S4(M)/S41(M)
such that for every coordinate patch U C M we have

O'd(P)U = 0'[d]<PU)

Proof Uniqueness of the map follows from the fact that an element o € S4(M)/S41(M)
is completely determined by its restrictions to the sets of an open covering of M. We will
establish existence by using a partition of unity.

Let x; be a partition of unity on M such that for each j, the support K; of yx; is
contained in a coordinate patch U;. We define

' P> ot (My, o P)y,)

J

Here we note that the term corresponding to j may be viewed as an element of S¥(M)/S41 (M)
with support contained in K;. In particular, the sum is locally finite and defines an element

of S4M)/S¥H(M). Let P € U¥(M) and let (U, k) be a chart of M. We will show that
&d(P>U = O'[d]<PU)

Let ¢ € C°(U). Then it suffices to show that ¥5%(P)y = Yol (Py). From the definition
given above it follows that 1¥5%(P)y = 6%(¢¥)P)y. Let J be the finite collection of indices
for which supp ¢; Nsupp ¢ # 0. For each j € J we fix a function x; € C(U; N U) which
equals one on supp ¢9;. Then it follows that

Ve (Ply = ) o (Myy, o Py,)
Jj€J

= Z O'(a}j (Mw¢j o PUj o ij)

jed

= O'g(z M¢¢j OPUJ- OMX]’)'

jed
Now modulo smoothing operators from W=>°(U) we have

> Myy, o Py o My, =Y MyMy o Py = MyoPy.
JjeJ jeJ
Hence,
V&' (P)y = ofy(My o Py) = o, (Py).
The result follows. U
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Theorem 7.4.4 The principal symbol map o : W(M) — SHM)/S¥ (M) induces a
linear isomorphism

ol . M) /O (M) = SUM)/STH(M).

Proof We will first establish surjectivity. Let p € S%(M). Let y; be a partition of unity
on M such that for each j the support of y; is contained in a coordinate patch U;. For
each j there exists an operator P; € W¥(U;) such that a{l]j(Pj) = pu, + S*1(U;). For each
j we select a function x; € C2°(U;) such that x; = 1 on an open neighborhood of supp ;.
Then
P=> M,oPjoM,
J

defines an element of (M ). We will show that o?(P) = p+S%1(M). Let ¢ € C>°(M) have
support inside a coordinate patch U. Then it suffices to show that ¢a?(P) = ¢¥p+S1(M).
Let ¢ € C°(U) be identically one on a neighborhood of supp ¢. Then

’LpO’d(P> = wO'g](PU):O'[d](MwoPUon/)
= ZU(d]<M¢XjOPUOM¢/>

J

= Y 05(Myy, o PyoMyy)

J

= ZO'gvj (Mjo OPUj on/X;_)
J

= Y dxp+ ST M) = yp+ SN (M).
J

It remains to be established that o? : W4(M) — S4M)/S? (M) has kernel equal to
Wa=L(M). Clearly, the latter space is contained in the kernel. Conversely, let P € (M)
and assume that 0?(P) = 0. Then it follows that of-(P;) = 0 for each coordinate patch U.
In view of Corollary 5.4.8 it follows that Py € W4~1(U) for each coordinate patch U. This
in turn implies that P € ¥4=1(M) by Definition [7.3.1] O

7.5 Symbol calculus on a manifold

In this section we will discuss results concerning the principal symbols of adjoints and
products of pseudo-differential operators on the manifold M. The proofs of these results
will consist of reduction to the analogous local results.

Our first goal is to understand the behavior of the principal symbol under left and right
composition with multiplication by smooth functions. Let x € C*°(M) and p € S¥(M),
then the function 7*(x)p : T:M > &, — x(2)p(€,) belongs to S4(M) again. Indeed, this
is an easy consequence of the analogous property in the local case. Accordingly, the space
Se(M) becomes a C*(M)-module and we write yp for 7*(x)p. As S¥~1(M) is a submodule,
it follows that the quotient S4(M)/S? (M) is a C*°(M)-module in a natural way.
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Lemma 7.5.1 Let P € W4(M) and x,v € C®°(M). Then M, o Po M, € W4 (M) and
0 (My o PoMy) = xpo(P).

Proof The first assertion is a straightforward consequence of the definition and the fact
that
(MXOPOMw)U - Mx|UOPUOMw|U

for every open subset U C M.
Let now U C M be a coordinate patch. Then

O'd(MXoPon)U = Og((MXOPOMdJ)U)
= O-dU(MX‘UOPUOMT/J|U)
= (x¥)lvog(Po) = [xpo?(P)lu.
The result follows. O

Our next goal is to understand the symbol of the adjoint of a pseudo-differential oper-
ator relative to a smooth positive density dm on M. We assume such a density to be fixed
for the rest of this section.

Given two smooth functions f € C°(M) and g € C*°(M), we agree to write

(7.9)= | $@)g(a) dm(z).
M
The above pairing has a unique extension to a continuous bilinear pairing C2°(M) x
D'(M) — C.

Lemma 7.5.2 Let P € WY(M). Then there exists a unique continuous linear operator
R:&(M)— D'(M) such that

(Pf,g)=(f,Rg), forall fgeCxM).
The operator R belongs to W4(M) and has principal symbol given by
0! (R)(&) =o' (P)(~&), (v €M, & eT;M).

Proof The operator P : f — (Pf)dm is continuous linear from C°(M) to T'°°(Dy),
where D) denotes the density bundle on M. It follows that the transposed P*: &(M) —
D'(M, Dyy) is continuous linear, hence of the form u +— R(u)dm with R a uniquely deter-
mined continuous linear operator £'(M) — D'(M). Clearly the operator R satisfies

(Pf,g)={((Pf)dm,g) = (f,P'g) = (f,(Rg)dm) = (f ., Rg).

Moreover, the operator R is uniquely determined by this property. It remains to be shown
that R € W¢(M). For this we first note that R has the distribution kernel Kz € D'(M x
M,Cy X Dyy) given by

Kg(z,y)(dm(z) ® 1) = Kp(y,z)(dm(y) ® 1),
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with Kp € D'(M x M, CyX D)) the distribution kernel of P. Of course this equality should
be interpreted in distribution sense. From the smoothness of Kp outside the diagonal, it
follows that K is smooth outside the diagonal. Let now U C M be a coordinate patch,
with associated coordinate system x : U — U’ C R"™. Then there exists a unique strictly
positive function J € C*°(U’) such that k.(dm) = J dz. Let f,g € C2°(U), then it follows
that

(fdm,Rg) =

A~~~/
N
*
—~

Pf), kg ki(dm))

Py)k.f, Jreg dx)

Foufs e (Pu) [T g] dx)

fdm), J7 k. (Py)[Tr(9)])-

=
*
~—

=
*
~

From this we conclude that
K*(RU) = MJ—I o H*<PU)t o MJ.

In view of Lemma 5.4.2 and Proposition 6.2.2 it now follows that x.(Ry) € ¥¥(U’) with
principal symbol given by

o (ke(Ry))(2,8) = 0% (Mj-1or(Py) o My)(z,§)
= J(x) ' J(2)o (K (Py)) (2, =€) = 0% (ku(Py))(z, =).

We conclude that Ry € U4(U) with principal symbol given by

ol (Ru)([Twr]'€) = o (k(Ru))(k(m), &)
= o' (k.(Py))(k(m), =€) = of, (Pu)(~[Tk]'€),

for allm e U, £ € R™. O

We will end this section by discussing the principal symbol of the composition of two
properly supported pseudo-differential operators.

From the similar local property of principal symbols, it follows that multiplication
induces a bilinear map

SU(M)/SP () x §°(0)/S (M) — $54(01) /5% (1)
for all d,e € RU {—o0}.

Theorem 7.5.3 Let P € V4 M) and Q € ¥¢(M) be properly supported. Then PoQ
belongs to WiHe(M) and has principal symbol given by

o (PoQ) = 0%(P) 0%(Q). (7.5.11)
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Proof We first consider the case that e = —o0, i.e., @) is a smoothing operator. We
will show that in this case Po @ is smoothing. Let K € D'(M x M,Cy X Dys) be the
distribution kernel of Po (). Let a be a point of M, U a coordinate patch containing a and
Y € CP(U) afunction with ¢(a) # 0. Then it suffices to show that (1®)K is smooth. The
latter requirement is equivalent to the requirement that Po(Q o My, be smoothing. Now this
can be seen as follows. Since @) is proper, there exists a compact subset O C M such that
the supp (1 ® ¢) K C K x supp . Fix a non-vanishing smooth density dm on M. We may
write Ko = Ko(1® dm), with Ko € D'(M x M). Then the map ko : z — Kq( -, 2)0(2) is
smooth from M to C°(M). It follows that the map k : z — P(kg(2)) is smooth from M
to C*°(M). For each f € C°(M) we have

PeQf) = / Rol-.20(2) f(2)d
- /M Rol-, ()] f(2) d
_ /Mk(z)f(z) i

which implies that P o Qo My, has the smooth integral kernel (z,y) — k(z)(z)(1®dm). We
conclude that Po @ is smoothing whenever (@) is.

Combining the above with Lemma we see that Po () is also a smoothing operator
whenever P is.

It remains to consider the case of arbitrary d,e € R. We will first show that Po (@ is a
pseudo-differential operator of order d + e. Let K C M be compact. Then there exists a
compact subset X' C M such that supp Ko N (M x K) C K’ x K and a compact subset
K" C M such that supp Kp N (M x K') C K" x K'. Then @ maps C(M) continuous
linearly into C2(M) and P maps the latter space continuous linearly into Cg% (M). It
follows that the composition Po () is continuous linear C(M) — C& (M). This implies
that R = P (@ is a continuous linear map C°(M) — C(M).

Let v; be a partition of unity on M such that each v; is supported in a coordinate
patch. Then by Lemma (c) it suffices to show that each operator R; = RoM,,
belongs to W+¢(M). We fix j for the moment, put ¢ = v; and let U = U; be a coordinate
patch containing supp . There exists a compactly supported function y € C°(U) such
that x = 1 on an open neighborhood of supp . Now M _y) o Q o M, is smoothing, so by
the first part of the proof its left composition with P is smoothmg as well. Put

Q] :MXOQOM/(L,.

Then it suffices to show that Po@Q; belongs to W¥¢(M). We select ¢’ € C°(U) such that
Y’ =1 on an open neighborhood of supp x and x’ € C°(U) such that ' = 1 on an open
neighborhood of supp’. Then M;_,s o Po My is smoothing, and by the first part of the
proof, so is [M;_,s o Po My/]Q;. Put

Py =My oPoMy.
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Then P = Pj+M;_,s o P o My hence it suffices to show that P+ Q; belongs to W¥H¢(M). As
the distribution kernels of the operators P}, (), are contained in supp x’ x supp ¢’ C U x U,
this result follows from the local result, Theorem[7.1.7, We conclude that Po@Q € Wé+e(M).
By application of Corollary we obtain that

o™ (Pj0Q;) = 0 (P)o?(Q;).

From the above it follows furthermore that PoQ oMy, = P;.(); modulo a smoothing
operator, hence

ioH(PoQ) = o™(PjoQ;) = 0(P;)o(Q;)
XjWix o (P)o™(Q) = ;0 (P)o®(Q).

This holds for every j. The identity (7.5.11]) follows. U

Exercise 7.5.4 Let P € U4(M).
(a) Show that P has a unique extension to a continuous linear map £'(M) — D'(M).
(b) Show that the extension is pseudo-local.
Exercise 7.5.5 Let dm be positive smooth density on M and let P € W¢(M).
(a) Show that there exists a unique P* € U¢(M) such that
(Pf,g)=(f,P7g) foral fgeCXM)
(b) Show that the principal symbol of P* is given by

o?(P*) = 04(P).
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Chapter 8

Operators between vector bundles

8.1 Operators on manifolds

In this section we shall extend the definition of pseudo-differential operator to sections of
vector bundles on a smooth manifold M. We start by recalling the notion of a smooth
kernel or smoothing operator between vector bundles on manifolds.

Let M and N be smooth manifolds, and let 7g : £ — M and 7g : F' — N be smooth
complex vector bundles over M and N respectively.

We fix a positive smooth density dy on M, i.e., a smooth section of the density bundle
Dy on M that is positive at every point of M. For the definition of the density bundle
and the integration of its sections, see Lecture 2.

The exterior tensor product F'X E is the vector bundle on N x M defined by

FRE :=pri(F) @ pri(E);

here pry, pr, denote the projections of N x M to N and M, respectively. Let k be a smooth
section of the bundle FF X E* on N x M and let f € ['®°(M, E). For every x € N we may
view y — k(z,y)f(y) dy as a compactly supported density on M with values in the finite
dimensional linear space F),. By using a partition of unity it is readily seen that the integral
of the mentioned density depends smoothly on x. Accordingly, we define the complex linear
operator T : T'®(M, E) — I'*°(N, F) by

Tf(z) = /M Eoy) f) dy (g€ M).

Any T of the above form is called a smooth kernel operator or smoothing operator from
' (M, E) to I'*°(N, F). Obviously, for such an operator the Schwartz kernel K € D'(N x
M,F X EY) is smooth and given by the formula

Kr(z,y) = k(z,y)prs(dy).

In terms of local trivializations of the bundles, 7" is given by matrices of scalar smoothing
operators. More precisely, this may be described as follows.

147
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We recall that a trivialization of E over an open subset U of M is defined to be a vector
bundle isomorphism 7 : By — U x CF, with k the rank of E.

A frame of E over an open subset U of M is an ordered set sq,...,s, of sections in
['*°(U, E) such that s(z),...,sk(x) is an ordered basis of the fiber E,, for every z € U.
Given a choice of frame sq, . .., s, we have a vector bundle isomorphism o : U x CF — Ey

given by (x,v) — ays1(z)+- - -+ agsk(z). The inverse 7 of o is a vector bundle isomorphism
Ey — U x CF, i.e., a trivialization of E over U.

Conversely, if 7 : By — U x CF is a trivialization of the bundle, then there exists a
unique frame sq,..., s, of E over U, to which 7 is associated in the above manner, i.e.,

Tlaysi(x) + -+ agsp(z) ] = (2, a), ((z,a) € U x C).

Assume that FE trivializes over the open subset U C M and that F' trivializes over the
open subset V' C N. Then the operator Ty, : I'°(U, E) — I'*(V, F') given by

Tvo(f) = (Tflv,  (felZU E),

has Schwartz kernel equal to Kpri(dy)|v«v. Let si,..., s, be a local frame for E over U
and ¢q,...,% alocal frame for F' over V, then Ty ;; is given by

Tuv( Z Fs;) = T;(f)ts,
J

with T; uniquely determined smoothing operators C°(U) — C*®(V). Conversely, any
such collection of smoothing operators defines a smoothing operator from I'®(U, E) to
C®(V,F). Let t',. .., t" be the frame of F* over U dual to ty,...,1;, i.e., (t'(y),t;(y)) = 6}
for all y € V. Then we note that the Schwartz kernel of T} equals

(K (x,y),t'(2) @ 5;(y)) Pra(dy) (a)-

The space of smooth kernel operators from E to F is denoted by W~>°(E, F'). Since any
positive smooth density on M is of the form ¢(y)dy, with ¢ a strictly positive smooth
function, the space W=>°(E, F') is independent of the particular choice of the density dy.

Let Cj; denote the trivial line bundle M x C. Then the space W=>°(C,;, Cy;) may be
identified with the space of smoothing operators C°(M) — C°°(M), which we previously
denoted by W~>°(M).

We shall now give the definition of a pseudo-differential operator between smooth com-
plex vector bundles E, F — M. We first deal with the case that F and F are trivial
bundles on an open subset U C M. Thus, E = U x C¥ and F = U x C'. Then we have
natural identifications I'°(U, E) ~ C%°(U,CF) ~ C>®(U)*, and similar identifications for
F. Accordingly, we define W4(U, E, F) = V¢(Ey, Fy) C Hom(I'®(U, E),T>°(U, F)) by

U Ey, Fy) == M, (V40)),
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the linear space of | x k matrices with entries in W4(U). With these identifications, the
action of an element P € W4(Ey, Fy) on a section f € I'°(U, E) is given by

(Pfli= ) Pyl

1<j<k

Assume that 75 and 7p are bundle automorphisms of the trivial bundles £ = U x C*
and F = U x C, respectively. Thus, 7z is a map of the form (z,v) — (z,vg(x)v) with
ve : U — GL (k,C) a smooth map, and 7 is similarly given in terms of smooth map vz :
U — GL(I,C). Then we have an induced linear automorphism 7z, of (U, E) ~ C>°(U)*
given by

(7B f)(2) = vB(2) f(x),  (zeU).

Likewise, we have an induced linear automorphism 7} of I'°(U, F'), and, accordingly,
an induced linear automorphism 7, of Hom(I'°(U, E),'>°(U, F)). The latter is given by

T*(Q) :TF*OQOTEj7 or
m(Q)() =Rz ),  (fETZ(U E) = CXU)").

It follows by component wise application of Lemma 7.5.1 that 7, maps the linear space
Ue(Ey, Fyy) isomorphically onto itself.

The last observation paves the way for the definition of ¥¢(U, E, F) = V*(Ey, Fi;) when
FE and F are smooth complex vector bundles on M that admit trivializations over an open
subset U C M. Let 75 : E — E' = U x CFand 77 : F — F' = U x C! be trivializations;
let 7y : TP(U, E) — T'2(U, E') be the induced map, and let 7p, : T'°(U, F') — I'*°(U, F”)
be defined similarly. Then we define W4(U, E, F) to be the space of linear maps Q :
['®(U, E) — I'™°(U, F) such that

7.(Q) = ThoQotgl € VYU, E', F). (8.1.1)

This definition is independent of the particular choice of the trivializations for Ey and Fy,
by the observation made above.

Definition 8.1.1 Let E, I’ be smooth vector bundles on a manifold M and let d € R. A
pseudo-differential operator of order at most d from E to F' is a continuous linear operator
P : T°(E) — T°°(F) with distribution kernel Kp € D'(M x M, F X EY) such that the
following conditions are fulfilled.

(a) The kernel Kp is smooth outside the diagonal of M x M.

(b) For each a € M there exists an open neighborhood U C M on which E and F' admit
trivializations and such that the operator Py : I'°(U, E) — I'(U, F), f — Pfly
belongs to W4 (Ey, Fy).

The space of such pseudo-differential operators is denoted by W4(E, F).
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It follows from the above definition that the space W¢(E, F) transforms naturally under
isomorphisms of vector bundles. More precisely, let ¢ : M} — M, be an isomorphism of
smooth manifolds, and let pg : Ey — E5 be a compatible isomorphism of smooth complex
vector bundles 7g, : By — M, and 7g, : E5 — Ms. Here the requirement of compatibility
means that the pair (¢g, ) is an isomorphism of E; and Es in the sense of Lecture 2,
§3. The isomorphism g induces a linear isomorphism g, : [S°(My, Ey) — I'°(M,, Es),
given by pp.f = ppofop™!

Likewise, let ¢ : F1 — F; be an isomorphism of vector bundles F; — M, which is
compatible with ¢. Then we have an induced linear isomorphism g, : (M, F}) —
['*°(Msy, Fy). Moreover, the map

Py - HOI’H(FSO(Ml, El), FOO(Ml, Fl)) — HOI’H(F?O(MQ, EQ), FOO(MQ, FQ))
given by ¢.(Q) = @« 0 Qo @y, restricts to a linear isomorphism
Px - \Ild(Mh E17 Fl) i> \I[d(M27 E27 FQ)

We note that it also follows from the above definition that if £ and F’ admit trivializations
B — E =UxCFand 7p: F — F' = U x C¥, respectively, then 7, maps V¢(U, E, F)
linearly isomorphically onto W(U, E', F') ~ M, ;(¥4(U)). Indeed, by the previous remark
and the remark below (8.1.1), it suffices to prove this for £ = M x C* and F' = M x C..
In this case

Hom(I* (E), C(F)) =~ M x(Hom(C (M), C=(M))).

If P € Hom(I'>*(E),C*(F)), then P € V¢(E, F) in the sense of Definition if and
only if all its components P;; belong to W¢(M) in the sense of Definition 7.3.1.

Remark 8.1.2 The straightforward analogues of Exercise 7.3.4 and 7.3.5, Lemma 7.3.6,
Exercise 7.3.7, Lemma 7.3.8, Exercise 7.3.10 are valid for operators from W¢(E, F), by
reduction to trivial bundles and the scalar case, along the lines discussed above. We leave
it to the reader to check the details.

It follows from Definition and the corresponding fact for scalar operators that
U~2(E, F) equals the intersection of the spaces W¢(E, F), for d € R.

8.2 The principal symbol, vector bundle case

In this section we shall discuss the definition and basic properties of the principal symbol

for a pseudo-differential operator between smooth complex vector bundles 7g : E — M

and g : F' — M. We first concentrate on the definition of the appropriate symbol space.
Let my : H — M be a vector bundle. We agree to write

T(T*M,H) = {f € C®(T*M,H) | Yz € M : f(T*M) C H,}.
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There is a natural identification of this space with the space of sections of the pull-back
7 H of the vector bundle H under the map = : T*M — M, so that I'*°(T*M, H) ~
[°°(T*M,7*H), but we shall not need this. If H is trivial of the form H = M x C", then
the elements of I'™°(T*M, H) are precisely the functions of the form &, — (z, f(&)) with
feC>(T*M,C"). It follows that I'°(T*M, H) ~ C>(T*M,C"). Accordingly, we define

SHM,H) :={f e T(T*M,V) |Vj: fj € SYM) } ~ S*M)".
Let 7 : Hy — H, be an isomorphism of two vector bundles on M. Then the map
T : D°(T*M, Hy) — I'°(T* M, H,),

defined by
(&) = 2(f(&)),  (weM, & eT M),

is a linear isomorphism. Assume now that 7 is a bundle automorphism of the trivial
bundle H = M x CV. Then 7 has the form 7(z,v) = (z,7,(v)), with  + 7, a smooth map
M — GL (N, C). It follows that the linear automorphism 7, of I'*°*(T*M, H) ~ C°°(T*M )N
is given by

(/) (&) = ([ (&)

It is readily checked that this map restricts to a linear automorphism of the symbol space
SUT*M, H).

Now assume the bundle H is trivializable and let 7/ : H — H' = M x CV be a
trivialization. Then we define S¥(M, H) := 7. 1S%(M, H'). This definition is independent
of the particular choice of the trivialization 7, in view of the preceding discussion.

Definition 8.2.1 Let H — M be a complex vector bundle. For d € RU{—oc0}, we define
the symbol space S%(M, H) to be the space of sections p € I'°(T*M, H) such that for
every open neighborhood U on which H admits a trivialization, the restriction py := p|r+v
belongs to S4(U, Hy).

Clearly, for p € I>°(T*M, H) to belong to S%(M, H) is suffices that for every a € M
there exists an open trivializing neighborhood U such that py € S(U, Hy).

We also note that for ¢ € C°°(M) multiplication by 7*¢ € C°°(T* M) maps S*(T*M, H)
linear isomorphically to itself. Accordingly, S¢(M, H) becomes a C°°(M)-module. It fol-
lows that the quotient

S4/SY M, H) = SY (M, H) /S (M, H)

is a C°°(M)-module as well.

Let U C M be open and let  C U be compact. Then we write S&(U, Hy) for the
subspace of S%(U, Hy) consisting of p with support in K in the sense that ponk = 0.
Equivalently, this means that the function p : T*U — Hy vanishes on 7*(U \ K). The
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extension of such a function to T*M by the requirement u(¢,) = 0, € H, for every
& € T*M \ T*U belongs to S&(M, H). Accordingly, we have a linear injection

S¢(U, Hy) — Sg(M, H).

Let S¢(U, Hy) denote the union of the spaces Si(U, Hy), for K C U compact. Then
SYU, Hy) < S4M, H). Accordingly, we have an induced linear injection

Se(U, Hy)/Se (U, Hy) < SE(M, H) /g™ (M, H).
We will now see that the definition of the principal symbol map can be generalized

to the context of bundles. Let E, F be two complex vector bundles on M. The principal
symbol map associated with U(E, F') will be a map

o’ UM, E, F) — SYM,Hom (E, F))/S*(M,Hom (E, F)).
Here Hom (E, F') is the vector bundle on M whose fiber at € M is given by
Hom (E, F'), = Hom¢(E,, F,).

If U € M is an open subset on which both E and F admit trivializations 7 : By — U x CF
and 7 : Fiy — U x C!, then the bundle Hom (F, F') admits the trivialization

7:Hom (E, F)y — U x Hom(C*,C)
given by
Tx(T> = (TF)xOTo(TE);l.
Let ¢ : E — F be a vector bundle homomorphism. Then the map ¢ : z — ¢, €

Hom(E,, F,) defines a smooth section of the bundle Hom (F, F). Using trivializations we
readily see that the map ¢ — ¢ defines a linear isomorphism

Hom(E, F) — T'™°(Hom (E, F)).
Initially we will give the definition of principal symbol for trivial bundles. Assume that
E =M xCFand F =M x C'so that Hom (E, F) = M x Hom(C*, C') ~ M, ;(C). Then
S4M,Hom (E, F)) =~ M x(S%(M))
and, accordingly,
S*(M,Hom (E, F))/S* (M, Hom (E, F')) ~ M (S*(M)/S* (M)
In this setting of trivial bundles, we define the principal symbol map ¢¢ = o, , component

wise by
o!(P)y == 0'(Py), (1<i<l, 1<j<k).

Assume now that 7z and 7 are automorphisms of the trivial bundles E and F| respectively
and let 7 be the induced automorphism of Hom (E, F'). We denote by 7, the induced auto-
morphisms of U¢(E, F') and of the quotient space S%(M, Hom (E, F'))/S* (M, Hom (E, F)).
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Lemma 8.2.2 For every P € V4(E, F),
o' (1.(P)) = T.(0"(P)).

Proof We observe that for f € I°(E) ~ C°°(M)* we have

(7(P) )i = Y (Tra)irPrs(T2)ss s

T’s)]

so that by Lemma 7.5.1

ol (T(P)ig) = D (7r)ir(Ti) 50" (Prs)

T8

= Z(TF)iT(TEI)SjUd(P)TS

= (no’(P)).
This implies that 0%(7.(P))i; = 04 (7.(P)i;) = (1.0%(P))i;. U

If £ and F admit trivializations 75 : E - E' = M xCFand 7o : F — F' = M x C!
we define the principal symbol map o, , on U4(E, F') by requiring the following diagram
to be commutative

V4(E,F) T V4(E F)
U%‘YF\L i/odE’,F’ (822)
S4/S4=Y(M,Hom (E, F)) -=» S?/S4Y(M,Hom (E', F")).

Finally, we come to the case that £ — M and FF — M are arbitrary complex vector
bundles of rank k and [ respectively.

Lemma 8.2.3 Let P € V4(E, F). Then there exists a unique
0(P) = o p € (M, Hom (B, F))/S*"! (Hom (E, F))
such that for every open subset U C M on which both E and F admit trivializations,
o (P)y = 0%, g, (Pu). (8.2.3)

Proof Uniqueness is obvious. We will establish existence. Let {U;} be an open cover of
M consisting of open subsets on which both £ and F' admit trivializations. We may assume
that {U;} is locally finite and that {i;} is a partition of unity on M with suppv; C U;
for all j. Given P € W4(E, F) we define o%(P) by

oU(P) = 3 U0k, (Pur).
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As this is a locally finite sum, it defines an element of S4(M, H)/S%1(M, H). It remains
to verify (8.2.3)) for an open subset U on which E and F' admit trivializations 7. With
od(P) as just defined we have

(Pl = > Wil Oy, (Pu,Juny,

J

= Z¢j|UU%U,FU(PU)UmUj
J

= > Wilv oty (Py)
J

- U%U’FU ( Z M¢j|U ° PU)

J
O’%UJ“_’U (PU)

g

Definition 8.2.4 Let P € V(E, F). The d-th order principal symbol of P is defined
to be the unique element o4(P) € S¢/S91(M,Hom (E, F)) satisfying the properties of
Lemma [8.2.3l

Obviously, P — ¢?(P) is a linear map. As should be expected, it follows from the
above definition that the principal symbol map behaves well under bundle isomorphisms.
Consider isomorphisms 7z : Ey — E5 and 7% : F; — F5 of vector bundles on M. Then the
definitions have been given in such a way that the following diagram commutes

\de<M7 Ela Fl) g—d> Sd(MamJ(Ela Fl))/sd_l(M’M(Ely Fl))
ol b (8.2.4)
d
V4YM, Ey, Fy) = S%M,Hom (E,, Fy))/S (M, Hom (Ey, Fy))

The local version of this result is true because of the local requirement (8.2.2]). The global
validity follows by the uniqueness part of the characterization of the symbol map in Lemma

823
Lemma 8.2.5 Let 1,y € C°(M). Then, for all P € V{(E, F),
0 (My o PoM,) = bxo(P).

Proof For trivializable bundles £ and F' the result is a straightforward consequence of
the analogous result in the scalar case. Let U be any open subset of M on which both F
and F' admit trivializations. Then

o (MyoPoM)y = of-(MywoPyoMyy)
(Yluxloed (Pu)
= (oxo?(P)),-
The result follows. U



8.3. SYMBOL OF ADJOINT AND COMPOSITION 155

Theorem 8.2.6 The principal symbol map o induces a linear isomorphism
VHE, F)/UYE,F) — SYM,Hom (E, F))/S“*(M,Hom (E, F')).

Proof If E, F are trivial, then the result is an immediate consequence of the analogous
result in the scalar case. If E, F' are trivializable, the result is still true in view of the
commutativity of the diagram . Let now E, F' be arbitrary complex vector bundles
on M and put H = Hom (F, F). We must show that the principal symbol map o? :
VYE, F) — SYM,H)/S*™ (M, H) has kernel W¢"1(E F) and is surjective. Let P €
VY(E, F), then 0?(P) = 0 if and only if for every open subset U C M on which both E
and F admit a trivialization, 0¢(P)y = 0. The latter condition is equivalent to of(Py) =
0, hence by the first part of the proof to Py € Vi Y(Ey, Fy). It follows that kero? =
ViYE F).

To establish the surjectivity, let p € S%(M, H) and let [p] denote its class in the quotient
SUM,H)/S (M, H). Let {U;} be an open cover of M such that both F and F admit
trivializations over Uj, for all j. We may choose the covering such that there exists a
partition of one, {¢;}, with suppv; C U; for all j. By the first part of the proof, there
exists for each j a pseudo-differential operator P; € \I!d(EUj, Fy,), such that

o*(P,) = [plu, € SUU;. Hy,)/S* (U, Huy).

For each j we fix x; € C2°(U;) such that x; = 1 on supp ¢;. Then My, o Pjo M, is a pseudo-
differential operator in W¢(E, F') with distribution kernel supported by supp); x supp x;-
It follows that the distribution kernels are locally finitely supported. Hence

P:=> " My oPjoM,,

J

is a well-defined pseudo-differential operator in ¥4(E, F). Let U be any relatively compact
open subset of M on which both £ and F' admit trivializations, then

o (P)y = Z (V50U (Py), = Z%‘MP]U = [plu,

with only finitely many terms of the sums different from zero. It follows that o¢(P) = [p].
We have established the surjectivity of the principal symbol map. Il

8.3 Symbol of adjoint and composition

We now turn to the behavior of the principal symbol when passing to adjoints. Let £ — M
and ' — M be complex vector bundles on M of rank k& and [, respectively. Let E* and
F* be the dual bundles of F and F respectively. We recall that EY := E* ® Dy, and
FY = F* ® Dy, with Dy, the density bundle on M.
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Lemma 8.3.1 Let V,W be finite dimensional complex linear spaces, and let L be a one-
dimensional complex linear space. Then the map T — T ®1;, defines a natural isomorphism

Home(V, W) ~ Home(V @ LW ® L).

Proof Straightforward. U

Corollary 8.3.2 The map
Hom (F*,E*), 2T, = T, ® Ip,,. € Hom (F', EY),
defines a natural isomorphism of vector bundles.
Given p € S¢(M,Hom (E, F)), we define p¥ : T*M — Hom (FV, EV) by

pv(&:) =p(=&)" ® Ipy,

for € M and &, € TM. Then clearly, p¥ € S¢M,Hom (FV, EV)). The map p — p" is
readily seen to define a linear isomorphism

S4M,Hom (E, F)) — S4(M,Hom (F", EY),

for every d € R U {—o0}. Moreover, p¥¥ = p for all p. Accordingly, we have an induced
linear isomorphism

S4/841 (M, Hom (E, F)) — S*/S* (M, Hom (F", EV)),

denoted by o — oV,

Let P € U4(E, F). As P is a continuous linear operator I'**(E) — I'*°(F), its adjoint
P? is a continuous linear operator from the topological linear dual I*°(F)" = &'(FY) to the
topological linear dual I'®*(E)" = D'(EY). We recall that the natural continuous bilinear
pairing I'*(EY) x I'®(E) — C defined by

(f.9) = /M(f, 9)

induces a natural continuous linear embedding I'*°(EY) < D'(EY). Likewise, we have a
natural continuous linear embedding I'°(FY) — E'(FV).

Lemma 8.3.3 Let P € V4(E, F). The adjoint P' restricts to a continuous linear map
[(FY) — I'°(EY). The restricted map is a pseudo-differential operator in W4(FV, EY)
with principal symbol given by

o?(P" = o%(P)".
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Proof Let U C M be an open subset. Then it is readily seen from the definitions
that (P')y = (Py)! and that (c%(P)")y = (6%(P)y)" = 0%(Py)”. Therefore the result is
of a local nature, and we may as well assume that E and F' admit trivializations on M.
Let e1,...,e, be a frame for E and let fi,..., f; be a frame for F. Let €', ...,e" be the
dual frame for the dual bundle E*; i.e., (e',e;) = d;, for all 1 < 4,5 < k. Similarly, let
f,..., f' be the dual frame for the dual bundle F*. Let dm be choice of smooth positive
density on M, then {dm} constitutes a frame for the density bundle D,,. It follows that
eltdm, ..., e*dm is a frame for EV and f'dm, ..., fldm a frame for FV.

Let P € W4(E, F). The operator P has components P;; relative to the frames {e;} and
{f:}. Given ¢, ¢ € C*(M), we have

VPjp = ([, P(pe;)).
The components of the adjoint operator P! are given by

p(P")ji(y)dm = (pe’, Py f'dm)).
Integrating the densities on both sides of the equality over M we find that

(pdm, (P');0) = (P(pe’), s f'dm) = (Pi(p), hdm).

This implies that (P');; equals the adjoint of Pj; in the sense of Lemma 7.5.2. Hence,
Pt e U4(FY EY) and

o (P")i(&) = 0 (P)ij(=&) = (0/(P)"(&)) ;-
The result follows. U

Let P € W¢(E, F). Then it follows by application of the lemma above that P extends
to a continuous linear map &'(F) — D'(F). Indeed, the extension equals the adjoint of the
map P': T%°(FY) — I'™(EY). The extension is unique by density of '®(E) in £'(E).

It follows from the definitions that if the distributional kernel Kp has support S C
M x M, then the distributional kernel of the adjoint operator P' has support S* = {(y, =) €
M x M | (x,y) € S}. In analogy with the scalar case, the operator P is said to be properly
supported if the restricted projection maps pr;|s : S — M are proper, for j = 1,2. Thus, if
P is properly supported, then so is P*. In this case P' maps ['*°(F") continuous linearly
into I'°(EY), and we see that P extends to a continuous linear operator D'(E) — D'(F).

Lemma 8.3.4 Let P € VY(E,F) be properly supported. Then the continuous linear
operator P : D'(E) — D'(F) is pseudo-local, i.e., for all u € D'(E) we have

singsupp (Pu) C singsupp u.

Proof Let a € M \ suppu. Then there exists an open neighborhood O > a with O N
suppu = (). Let 1 € C2°(O) be equal to 1 on a neighborhood of a. By paracompactness of
supp u there exists a smooth functions y € C*°(M) such that y = 1 on a neighborhood of
supp u and such that supp Nsupp x = 0. It follows that T' := M, o Po M, is a properly
supported smoothing operator. Hence 1) Pu = ) P(xu) = Tu is smooth. It follows that Pu
is smooth in a neighborhood of a. Il
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As in the scalar case, modulo a smoothing operator each pseudo-differential operator
can be represented by a properly supported one.

Lemma 8.3.5 Let Q C M x M be an open neighborhood of the diagonal. Then for each
P € V4(E,F) there exists a properly supported Py € VI(E, F) with supp Kp, C Q such
that P — Py € V~°(E, F).

Proof The proof is an obvious adaptation of the proof of Lemma 6.1.6. By Lemma
6.1.7 there exists a locally finite open covering {U;};es of M such that for all 4,j € J,
UNU; #0= U; xU; C Q. There exists a partition of unity {¢;} with ¢; € C>(U;). For
each j we choose a x; € C2°(U;) which equals 1 on an open neighborhood of supp ;. We
now define
Py=> My oPoM,,.
jeJ

The j-th term in the above sum is a pseudo-differential operator of order d with distribution
kernel supported in supp #; x supp x;. As this is a locally finite collection of sets, it follows
that Py € WY(E, F). Moreover, the distribution kernel of Py has support contained in the
union of the sets U; x U; which is contained in 2.

Since supp ¢; Nsupp (1 — x;) = 0, the operator

T}' = MT/}j OP°M1*XJ‘

is a smooth kernel operator, with smooth kernel supported inside the set U; x M. Since
these sets form a locally finite collection in M x M, the sum 7' = ;T is a well defined
smoothing operator in W~=*(E, F'). It is now readily checked that P — Py =T O

We end this section with a discussion of the composition of two properly supported
pseudo-differential operators. To prepare for this, we will first study the product of
bundle-valued symbols. Let FEj, Es, E5 be complex vector bundles on M. Given p €
S4(M,Hom (E;, Ey) and ¢ € S¢(M,Hom (Es, E3) we define qp : T*M — Hom(E;, E3)
by

qp - T;M S & Q(gﬂc) O p(gx) € Hom (Ela E3)907

where o, denotes the composition map from Hom (Ey, Fs), xHom (Es, F3), to Hom (E;, E3),.
Lemma 8.3.6 The assignment (p,q) — qp defines a bilinear map
S4(M,Hom (B}, E,)) x S°(M, Hom (E,, Es)) — 5**(M, Hom (E, E3)).

Proof The bilinearity of the assignment as a map into I'*°(7*M, Hom (E1, E3)) is obvious.
We will prove the remaining assertion that the assignment has image contained in S9+e.

If U is an open subset of M, then for p € S¢(M,Hom (E;, E,)) and ¢ € S¢(M, Hom (Es, E3))
we have (¢p)v = qupu. Therefore, the result is of a local nature, and we may as well assume
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that each £; admits a trivialization, for j = 1,2, 3. For each such j, let e;1,..., e, be a
frame for F;. Then the symbol p has components pg, € S4(M) given by

(fm ela Zp,b’a 59: 625

for all € M and §, € T} M. Likewise, the symbol ¢ has components ¢,z € S¢(M) given
by

éx 62[3 ZQ’}/B f:]c 637

It follows that the ~-component of q(&m)p(fx)(ela(x)) relative to the basis {es,(z)} of Ej,

is given by
ko
P)ra = Y _ G15Pga-
p=1

This shows that gp € S¥¢(M, Hom (E;, E3)). O

It follow from this lemma that the product map induces a bilinear map

S4/STY (M, Hom (E;, Fy)) x S¢/S¢ (M, Hom (Es, E3))
N Sd+e/Sd+6_1(M,I—IO_m(E1,E3))

denoted (01, 09) > 0907.

We now turn to the composition of pseudo-differential operators. If P € W(FE, Ey) is
a properly supported pseudo-differential operator then P maps I'°( E;) continuous linearly
to I'°(Ey). Thus, if Q € VU¢(E,, E3) then the composition @ o P is a well-defined continuous
linear operator I'°(E;) — I'™°(Ej3).

Theorem 8.3.7 Let P € V4(E,, Ey) and Q € V¢(Ey, E3) be properly supported. Then
the composition Qo P is a properly supported pseudo-differential operator in Wite(E,, Es)
with principal symbol given by

o (Q o P) = 0°(Q)o’(P). (8.3.5)

Proof We first assume that d = e = —oo so that both P and @) are smoothing operators
and will show that (o P is a smoothing operator. For this it suffices to be shown that
the kernel of Qo P is smooth at each point (a,b) € M x M. Let U and W be relatively
compact open neighborhoods of @ and b on which both £ and F' admit trivializations. Let
X € C(U) be equal to 1 on an open neighborhood of a and let x' € C>°(W) be equal to
1 on an open neighborhood of b. Then the kernel of M,s0oQ o P oM, equals the kernel of
() o P on an open neighborhood of (b, a), so that it suffices to show that M,/ o Qo P oM, is
a smoothing operator.
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Let A be a compact subset of M such that supp Kp C Ax U, and supp Ko C W x A. Let
{V;} be a finite cover of A by open subsets of M on which each of the bundles E, F' admits a
trivialization. Let ¢; € C2°(V;) be functions such that » . 4; = 1 on an open neighborhood
of A. For each j, let ¢ € C2°(V}) be such that ¢} = 1 on an open neighborhood of supp ;.
Then

MyoQoPoMy=)» Q;oP;,
J

where Q; = My oQoMy, and P; = My, o PoM,. It suffices to show that each of the
operators () o P; is smoothing. Fix j. Let ej1,..., e, be a frame of £y on U, ey, ..., e,
a frame of Fy on V; and es,...,es, a frame of 5 on W. Let Pjg, be the components
of P; : T°(U, Ey) — I'®(V;, Es) relative to the first two frames, and let Q)j,5 be the
components of Q; : ['°(V}, Ey) — I'2°(W, Ej) relative to the second pair of frames. These
components are scalar smoothing operators. The components of Q0 P; : I'2*(U) — I'2*(W)
are given by

(QjoP)ra =Y QjyaePiga
B8

As all operators in this sum are smoothing, it follows that Q; o P; : I'®°(U, Ey) — I'*(W, E3)
is smoothing. As @); o P; vanishes on the complement of supp x and has image contained
in C*(W), it follows that @; o P; is a smoothing operator.

We now assume that d € R and e = —oo and will show that Qo P is smoothing.
Let U C M be a relatively compact open subset on which each of the bundles F;, for
Jj =1,2,3 admits a trivialization. Let y € C°(U) then it suffices to show that M, o Qo P
is smoothing. Let ¢ € C°(U) be such that ¢» = 1 on an open neighborhood of supp .
Then M, - Q differs from M, o (@ o M, by a smoothing operator, hence, by the first part of
the proof it suffices to show that M, o Qo My o P is smoothing. Let x’ € C2°(U) be such
that X’ = 1 on an open neighborhood of supp x. Then M, o Qo MyoP = (o Fy, where
Qo = MyoQoMy and Py = M, o P. As P is properly supported, there exists a compact
subset B C M such that supp Kp NU C M C U x B. Let {V;} be a finite open cover of
B such that the bundle E; admits a trivialization on each of the sets V;. Let ¢; € C(Vj)
be such that »_;4; = 1 on an open neighborhood of B. Then Py = 3, P;, where P; =
Py o My,. 1t suffices to show that each operator Qg o P; is smoothing. Fix j, let e11,..., €1,
be a frame of E; on Vj, let ey, ... e, be a frame of Fy on U and esq, ..., es, a frame
of E5 on U. Then in terms of components of the operators Qg : I'®°(U, Ey) — I'°(U, Ej3)
and P; @ I'°(V;, Ey) — I'®(U, E) the operator Qoo P : I'®(V;, Ey) — I'°(U, E3) has
components given by

ko

(QooPi)ra =D _(Qo)yse (P)pa (8.:3.6)

B=1
The operators (P;)g, are smoothing with kernels whose compact supports are contained in
U x Vj. Extending these kernels with value zero outside their supports, we obtain kernels
on M x M such that the identities (8.3.6) still hold for the associated scalar operators. As
(Qo)s € W(M) for all v, 8 and (Pj)ge € Y~°(M) for all o, 3, it follows from Theorem
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7.5.3 that all components of )y o P; are smoothing operators. Hence, @)y o P is smoothing.
We conclude that (o P is smoothing.

Likewise, if e = —oo0 and d € R, then Qo P is a smoothing operator. To see this we
may either imitate the argument in the previous part of the proof, or combine the result
of that part with Lemma |8.3.3]

Finally, we discuss the case that e, d are arbitrary. We will show that Q o P € W4t¢(E}, E3).
Let U be an open subset of M on which each of the bundles Ej, for j = 1,2, 3 trivializes.
Let x € C>°(U); then it suffices to show that M, c Qo P € ¥4te. Let ' € C°(U) be such
that x’ = 1 on supp x. Then M, o @ equals )y := M, o (Q o M,, modulo a smoothing opera-
tor, hence by the first part of the proof it suffices to show that Qoo P belongs to U¥+¢. The
latter operator equals Qoo My o P for ¢p € C'2°(U) such that 1) = 1 on an open neighbor-
hood of supp x’. Let ¢ € C°(U) be equal to 1 on an open neighborhood of supp ¢, then
My o P equals Py := My o Po M, modulo a smoothing operator, hence it suffices to show
that Qoo Py € W4¢(E}, E3). As the supports of the kernels of Qg and Py are contained in
U x U, it suffices to show that (Qo)y o (Py)y € VIe((Ey)y, (E3)y).

Thus, to show that Q o P belongs to Ua+¢(E}, F3) we may as well assume that E1, Ey, F3
are trivial on M from the start. In this situation, W4(Ey, Fy) ~ M, , (¥4(M)) and
Ve(Ey, E3) o~ Mk, (W¢(M)). Moreover, the composition @) o P has components

(Q@oP)ra = Qg0 Paa
5

It follows by application of Theorem 7.5.3 that these components belong to W4*t¢(M) and
have principal symbols given by

UdJre((QOP)va) = ZUE<Q76) OUd(PBa)'
B

It follows that
Qo P)ya = (0°(Q)a”(P))

Yo
whence ({8.3.5)).

We now assume to be in the general situation again. It remains to be shown that
R := Qo P is properly supported. Let A C M be compact. Then there exists a compact
subset B C M such that supp KpN(M x A) C Bx A. There exists a compact subset C C M
such that supp KgN(M x B) C C'x B. It now easily follows that supp KzpN(M xA) C CxA.
Thus, pry|supp i : SUpp Kr — M is proper. The properness of pry|supp i, 1S established in
a similar way. U

Exercise 8.3.8 Let P € V¥(E, F). Show that the following two assertions are equivalent.
(a) The operator P is properly supported.

(b) The operator P maps I'*°(E) continuous linearly to I'°(F') and its adjoint P* maps
['%°(FY) continuous linearly to T'°(EY).
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8.4 Elliptic operators, parametrices

We assume that £ — M and F' — M are complex vector bundles on M of rank k and [,
respectively.
The symbol space S°(M,End (E)) has a distinguished element 15 given by

lp:TyM 3¢, — 1, € End (E),, (x e M).

Likewise, S°(M,End (F')) has a distinguished element 1p.
A symbol p € S M,Hom (E, F)) is said to be elliptic (of order d) if there exists a
symbol ¢ € S™4(M,Hom (F, E) such that

pq—1p € ST(M,End (F)), and gp—1p€ S™'(M,End(E)).
For the classes [p] € S¢/S%! and [¢] € S7¢/S~¢71 this means precisely that

[pllgl = [1F], and [g][p] = [1£].

Thus, the notion of ellipticity factors to the quotient space S¢/S4 1.

Definition 8.4.1 A pseudo-differential operator P € W¢(E, F) is said to be elliptic if its
principal symbol ¢¢(P) € S¢/S* (M, Hom (E, F)) is elliptic.

The notion of ellipticity of a pseudo-differential operator generalizes the similar notion
for a differential operator.

Lemma 8.4.2 Let d € N and let P be a differential operator of order d from E to F.
Then the following assertions are equivalent.

(a) P is elliptic as differential operator;
(b) P is elliptic as a pseudo-differential operator in VI(E, F).

Proof Let p be the principal symbol of P as a differential operator. Then p € I'*°(T*M,Hom (E, F))
and for each x € M, the map £ — p(x,§) is a Hom(E,, F,)-valued polynomial function

on T, M* that is homogeneous of degree d. By using local trivializations of £ and F' one

sees that p is a symbol in S¢(M, Hom (E, F)), and that its class in S?/S%! is the principal

symbol of P in the sense of pseudo-differential operators.

Now assume (a). This means that p(z,§,) is an invertible homomorphism E, — F,
for every x € M,¢, € T:M \ {0}. Let x : T*M — R be a smooth function such that
m :suppx — M is proper and such that y = 1 on a neighborhood of M; as usual we
identify M with the image of the zero section in T*M. The existence of such a function
can be established locally (relative to M) by using an atlas of M, and globally by using a
partition of unity subordinate to this atlas.

We define the smooth function ¢ € I'°(7*M, Hom (F, E)) by

0(&) = (1= x(&)p(&)" (veM, & e T;M).
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By a local analysis we readily see that ¢ € S~4(M,Hom (F, E)). Moreover, from the defi-
nition of ¢ it follows that

Q(fz)p(é.ac) - IEx = X(gx)]Exa and p(ﬁx)Q(gm) - ]Fl- = X(SI)IFx

This implies that gp — 1p € S™(E, E) and pg — 1p € S™(F, F'). Hence (b) follows.

Conversely, assume that (b) holds. Let p be the principal symbol of the differential op-
erator P introduced above. Then [p] = 0¢(P) in the sense of pseudo-differential operators,
hence there exists a ¢ € S™4(M,Hom (F, E)) such that [q][p] = [1g] and [p][q] = [1F]. It
follows that there exists a r € S~*(M, End (FE)) such that

Q(&)p(&e) = 1o, +7(&%),  (x €M, & € TIM).

Fix x € M, and choose norms on the finite dimensional spaces T M and End(E,). Then
it follows that

0(&)p(&) — I, = O+ &I (&l — o0).

This implies that det(q(&:)p(&:)) — 1 for ||€,|| — oo. Hence, p(&,) is an invertible element
of Hom(E,, F;) for ||&,|| sufficiently large. By homogeneity of p|r+as this implies that p(&;)
is invertible for all & € T:*M \ {0}. As this holds for any x € M, the operator P is elliptic
as a differential operator. [l

Corollary 8.4.3 Let P € V4(E, F) be properly supported and elliptic. Then there exists a
properly supported Q € V=4(F, E) such that QP —1 € VY E, E) and PQ—1 € V~Y(F, F).

Proof By Definition there exists a ¢ € S7¢/S~4"1(M,Hom (F, E)) such that
04(P)q = [1g] and o%(p)q = [1F]. By Theorem there exists a Q € U~4(F, E) with
c74Q) = ¢. By Lemma there exists such a ) such that in addition @ is properly
supported. It now follows from Theorem that 6%(Qo P) = [1g] and 6°(P-Q) = [15].
As [1g] is the principal symbol of the identity operator Ig : I'°(E) — I'°(FE), it follows
that Qo P — Iy € U™Y(E, E), by Theorem 8.2.6] Likewise, PoQ —Ip € U==(F, F). O

The above corollary has the remarkable improvement that () may be adapted in such
a way that QP — I and P(Q) — I become smooth kernel operators. The proof of this fact
is based on the following principle involving series of pseudo-differential operators. That
principle in turn is the appropriate generalization of the similar principle for symbols, as
formulated in Lemma 5.5.1.

We put
U(E,F)=|JvE,F).
deR
Definition 8.4.4 Let {d;} be a sequence of real numbers with lim; ,,, d; = —oo. Let

Q; € U4 (E, F), for j € N. Let Q € U(E, F). Then

Q~> Q
=0
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means that for each d € R there exists an N € N such that for all K > N

k
Q- Qe VY(E,F).

Jj=0

Theorem 8.4.5 Let {d,},en be a sequence of real numbers with lim,,_,, d, = —oo and let
for each v € N a pseudo-differential operator Q, € W% (E, F) be given. Then there exists
a properly supported Q) € V(E, F') such that

Q~> Q. (8.4.1)
v=0

The operator @) is uniquely determined modulo V=>°(E, F).

Proof If (' is a second pseudo-differential operator with this property, then it follows from
the definition of ~ that Q—@Q’ belongs to W¢(E, F) for every d. Hence, Q—Q' € V=°(E, F)
and uniqueness follows.

Let d = max, d,. In view of Lemma [8.3.5| it suffices to establish the existence of an

operator Q € W4(E, F) such that (8.4.1)).

First we consider the case that M is an open subset of R” and that E and F are trivial
of the form £ = M x C¥ and F = M x C'. Then ¥(E,F) = M, (¥(M)). Let 1 <i <1
and 1 < j < k. For every v € N there exists a symbol (g,);; € S% (M) such that

(QV)ij = \I](%)ij'

By Lemma 5.5.1 there exists a symbol ¢;; € S%(M) such that
Qij ~ Z(QV)ij'

Let Q € U¥(E, F) be the pseudo-differential operator with Q;; = ¥, forall 1 <i <[, 1<
J < k. Then @ satisfies (8.4.1)).

We now turn to the case that both F and F admit trivializations 75 : E — E' = M xCF
and 77 : ' — F' = M x C'. Then by the first part of the proof there exists a P € W(E', F”)

such that
P~ 1(Q).

veN

Put Q = 7, 1(P), then Q satisfies (8.4.1). It remains to establish the general case.

Let {U;},e; be an open cover of M such that both bundles £ and F' admit trivializations
on Uj, for every j € J. We may select such a cover with the additional property that it is
locally finite and that there exists a partition of unity {1;};es such that suppy; C U; for
all j € J. By the first part of the proof there exists for each j an operator ); € ‘Ifd(EUj, Fy,)

such that
Qi ~ Y (Qu)y;.

veN



8.4. ELLIPTIC OPERATORS, PARAMETRICES 165

Clearly, for all 4,j such that Uy := U; N U; # (), both operators (Q;)y,, and (Q;)y,, have
the expansion ) (Q,)y,,. This implies that the difference of these operators belongs to
U=>°(U;;). By the gluing property for W¢/¥=>° see Exercise 7.3.10 and Remark [8.1.2] it
follows that there exists a Q € W/(E, F) such that Qu, — Q; € ¥~>(Ey,, Fy,) for all j. It
follows that for all j we have
Qu, ~ > _(Q)u;.
veN

This implies (8.4.1)). U

Theorem 8.4.6 Let E,F be two complex vector bundles on a manifold M. Let P €
VYE, F) be a properly supported elliptic pseudo-differential operator. Then there exists a
properly supported pseudo-differential operator Q € V=4(F, E) such that

QP — 1 € V™°(E,E). (8.4.2)
The operator Q) is uniquely determined modulo V=>°(F, FE) and satisfies

PQ—1e€V™™(F,F). (8.4.3)
Remark 8.4.7 An operator () with the above properties is called a parametriz for P.

Proof It follows from Corollary that there exists a properly supported operator
Qo € UV4(F,E) such that QuP — [ € V"(E,E) and PQy — I € V"}(E,E). Put R =
I — QoP. Then R is properly supported. It follows that R* € U=*(E, E). Hence, there
exists a pseudo-differential operator A € W°(E, E) such that

A~ i RF.
k=0

It is now a straightforward matter to verify that A(I—R)—1 € =" for all n € N. It follows
that A(I — R) — 1 € U=, Put Q = AQo. Then Q € ¥~%(F, E) is properly supported and

QP —1=AQyP —I=A(I—R)—1I € U~(E, E).

This shows the existence of () such that . We will show that @) also satisfies .
Put B = Q@P — I. Then B is a properly supported smoothing operator in ¥~>°(F, F). By
what we proved so far there exists a properly supported operator P, € W¢(E, F') such that
PQ—1 € VU®(F, F). The operator C':= P, — [ is properly supported. We now observe
that QP = P(I + B) = P + PB, and that PLQP = (I + C)P, = P, + CP,. Hence
P— P € U°(E, F) and we conclude that D := PQ — I € U=°°(F, F). This establishes
the existence of ().

To establish uniqueness, let ' € ¥=%(F, E) be a properly supported operator with the
same property as ). Then F := Q'P — I is smoothing. It follows that

Q-Q=Q/PQ)-QD-Q=EQ-QD

is a smoothing operator. U
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Corollary 8.4.8 Let P € VM, E, F) be a properly supported elliptic pseudo-differential
operator. Then for all u € D'(E) we have

singsupp v = singsupp Pu.
In particular, if Pu is smooth, then u is smooth.

Proof Since P is pseudo-local, singsupp Pu C singsupp u. Let Q € ¥~ be a properly sup-
ported parametrix for P. Then QP — [ is a properly supported smoothing operator, hence
@ Pu—u is smooth. Since @) is pseudo-local, it follows that singsupp u C singsupp (QPu) C
singsupp Pu. ]

Remark 8.4.9 Let P : I'°(E) — I'°(F) be a differential operator of order d. Then by
locality of P is follows that (Pf,g) = 0 for all f € T®(E) and g € T'(F"Y) such that
supp f Nsuppg = 0. This implies that the distribution kernel of P is supported by the
diagonal of M x M. In particular, P is properly supported. It follows that the above
corollary applies to elliptic differential operators.



Chapter 9

The index of an elliptic operator

9.1 Pseudo-differential operators and Sobolev space

We recall the definition of the Sobolev space H (R™), for every s € R, from Definition
4.3.12, The Sobolev space H (R") comes equipped with the inner product that makes F
an isometry from H,(R™) to L?(R"). The associated norm on Hy(R") is denoted by || - ||s.
Since Fourier transform is an isometry from L*(R™) to itself, we see that

Ho(R"™) = L*(R™) (9.1.1)

as Hilbert spaces. We recall that for s < ¢t we have H;(R™) C H,(R™) with continuous
inclusion. The intersection of these spaces, denoted H.,(R™), and equipped with all Sobolev
norms || - ||s, is a Fréchet space.

We note that for all s € RU{oco} we have C*°(R™) C Hs(R") C D'(R™) with continuous
inclusion maps. Thus, the following lemma implies that H,(R™) is a local space in the sense
of Lecture 3, Definition 3.1.1.

Lemma 9.1.1 Let s € RU{oo}. Then the multiplication map (¢, f) — My(f), S(R") x
S'(R") — S'(R™), restricts to a continuous bilinear map S(R™) x Hg(R™) — H (R™).

Remark 9.1.2 This should have been the statement of Lemma 4.3.19, at least for s < oo,
and a proof should have been inserted.

Proof It suffices to prove this for finite s. It follows from Lemma 7.1.3 that F(M,(f)) =
F(p) *x F(f). Since F is a topological linear isomorphism from S(R") onto itself, and
from H,(R™) onto L?(R"), the result of the lemma is equivalent to the statement that
convolution defines a continuous bilinear map S(R™) x L?(R") — L?(R"). This is what we
will prove.

Let ¢, f,g € S(R™). Then for all £,n € R" we have
(L4 1€ =nl) @+ [I€lD* < (1 +[ln )", (9.1.2)

167
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hence

(g, 0 f)]
< / | 9()p(n) f(€ —n) | dnd§

< [lemIa ' [ lo@IL+ 117 ~ i+ 1€ -l ded
< [letml @+ )

by the Cauchy-Schwartz inequality for the L2-inner product. Let N € N be such that
|s| = N < —n; then there exists a continuous seminorm vy on S(R™) such that for all
p € S(R"),
()| (L+[Inl)™ < vn (@)X + Il (n e R™).
We conclude that
(g, 0% NIl < Cun(e)

with C' = [(1+ ||n|))!*=~ dn a positive real number. Now this is valid for all g in the dense
subspace S(R™) of the space L? (R™), whose dual is isometrically isomorphic to L?(R").
Therefore,

lo* fllz < Con(@)fllez, (o f € S(RY)).

By density of S(R™) in L?(R") it now follows that the convolution product has a continuous
bilinear extension to a map S(R") x L?(R") — L?*(R™). The latter space is included in
S'(R™) with continuous inclusion map. Hence the present extension of the convolution
product must be the restriction of the convolution product S(R") x §'(R") — S'(R"). O

As said, it follows from the above lemma that Hs(R") is a functional space. In view of
the general discussion in Lecture 3 we may now define the local Sobolev space as follows.

Definition 9.1.3 Let U C R" be open and let s € R U oco. The local Sobolev space
H; 10.(U) is defined to be the space of f € D'(U) with the property that ¢ f € H(R") for
all v € C°(R™). The space Hs(R™) is equipped with the locally convex topology induced
by the collection of seminorms vy, : f — ||¢f||5, for ¢ € C°(U).

The space L2 _(U) is defined in a similar fashion. In view of (9.1.1)),
leoc(U) = HOJOC(U)7

including topologies. Since H¢(R™) is a Hilbert space, if follows from the theory developed
in Lecture 3 that H; 10.(U) (with the specified topology) is a Fréchet space.

It follows from the Sobolev lemma, Lemma 4.3.16, that C*(R") C H,, C C*°(R") with
continuous inclusion maps. This in turn implies that

Hoo,lOC<U) - COO(U)a
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including topologies.
The Sobolev spaces behave very naturally under the action of pseudo-differential oper-
ators.

Lemma 9.1.4 Let K C R™ be a compact subset, and let —d,s € RU{oco}. Then the map
has a unique extension to a continuous bilinear map
SER™) x Hy(R™) — H,_gx(R™)

Proof It suffices to prove this for s,d finite, which we will now assume to be the
case. Uniqueness follows from density of C°(R"™) in Hg(R™). Thus, it suffices to estab-
lish existence. Given p € SEL(R"), let Fip denote the Fourier transform of the function
(x,&) = p(x, &) with respect to the first variable. If o € N then

L+ 1D~ " Fip(n, ) = [F((L+[lgl)0zp) (1, 6)]
< vol(K) sup [(1+ [[€]) 7|02 p(=, €)I].

It follows that for every N € N there exists a continuous seminorm uy on SE(R™) such
that

L+ D)™+ 1D Fip(n, O < pn(p),  ((1,€) € R™),
for all p € SEL(R™).
Let now p € SE(R™) and f,g € C>°(R™). Then it follows that

001) = [ [ g o)) de s

= [ [ =gt )(e) du i

~

_ / 3 — ) Fip(n, € F(€) dn .

We obtain
(9. ,1)
< [ [ B @+ le -l lae - )l -+ 1€lTE) de
< [ s B0 dn ol 1. 9.13
where
F(0.6) = 17w Ol + 1€~ nl) (1 + ]

| Fip(n, )11+ €)1 + |||l
(L [l ().

IA A
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In the above estimation we have used (9.1.2) with s — d in place of s. Fix N such that
|s —d| — N < —n. Then combining the last estimate with (9.1.3) we see that there exists
a constant C' > 0 such that for all f,g € C>°(R") and p € S&(R"),

(g, pf)| < Cun®)gllazsl f]ls-

The space C°(R") is dense in the Hilbert space Hy_ ¢ (R™) whose dual is isometrically
isomorphic with Hs_4(R™). This implies that

125(Plls—a < Cun@flls, (€ SERT), f € CZ(R™)).

it follows that the map (p, f) +— W, (f) has a continuous bilinear extension 3 : SE(R") x
Hy(R") — H,_4(R™). Since 8 maps the dense subspace Sg(R™) x C°(R") into the closed
subspace Hy_qx(R™) it follows that 5 maps continuous bilinearly into this closed subspace
as well. U

The local Sobolev spaces behave very naturally under the action of pseudo-differential
operators as well.

Proposition 9.1.5 Let P € W4(U) be properly supported, d € RU{—oc}. Then for every
s € RU{oo} the operator P : D'(U) — D'(U) restricts to a continuous linear operator
Ps . Hs,loc(U> — Hs—d,loc(U>‘

Proof By Lemma 7.1.9 there exists a p € S4U) such that P = ¥,. Let ¢ € C°(U)
and put B = supp . Then it suffices to show that the operator ) := My - P is continuous
linear from Hy 10c(U) to H,_4(R™). We note that @ = ¥,, where ¢ € S¢U) C S4R") is
given by ¢ = ¢p. Since P is properly supported, there exists a compact subset K of U
such that the kernel of @ has support contained in B x K. Let x € C2°(U) be such that
x = 1 on an open neighborhood of K. Then @ = Qo M, on C®(U), hence on D'(U),
hence on H 10c(U). Put A = supp x. Then M, is continuous linear Hy jo.(R™) — H 4(R™).
Moreover, by Lemma VU, is continuous linear H; 4(R™) — Hs_4p5(R™). Therefore,
Q = ¥, 0 M, is continuous linear Hy 1oc(R") — Hs_q(R™). O

9.2 Sobolev spaces on manifolds

In the previous section we have seen that the local Sobolev spaces are functional in the
sense of Lecture 3. In order to be able to extend these spaces to manifolds, we need to
establish their invariance under diffeomorphims. We will do this through characterizing
them by elliptic pseudo-differential operators, which are already known to behave well
under diffeomorphisms. A first result in this direction is the following.

Proposition 9.2.1 Lets € R, and let P € W*(U) be a properly supported elliptic pseudo-
differential operator. Then

Hs,loC<U) = {f € D/(U) ’ Pf € L1200<U)}
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Proof If f € Hyoo(U) then f € D'(U) and Pf € Hyoe(U) = L3 .(U). This proves one
inclusion. To prove the converse inclusion, we use that by Theorem 8.4.6 applied with
M = U and EF = F = Cy, there exists a properly supported Q € ¥~*(U) such that
QoP =1+T, with T € U=°°(U) a properly supported smoothing operator. If f € D'(U)
and Pf € L} (U) = Hyoc(U), then QPf € Hg10(U) and Tf € C(U) C Hs 10c(U).
Hence, f = QPf —Tf € Hy 1o.(U). O

By combination of the above result with the following lemma, it can be shown that the
local Sobolev spaces behave well under diffeomorphisms.

Lemma 9.2.2 Let U C R™ be an open subset and let d € R. There exists a properly
supported elliptic operator in W(U).

Proof Let d be finite. Then the function p = pg : R*® — C defined by p(z,§) =
(1 + ||€]]?)%? belongs to the symbol space S¥(R™). Since pgp_q = 1, the operator R =
W, € U(R") is elliptic. Its restriction P = Ry to U belongs to ¥¢(U) and has principal
symbol [(pq)y] hence is elliptic as well. By Lemma 8.3.5 there exists a properly supported
Py € ¥4(U) such that P — P, is a smoothing operator. Hence, Py has the same principal
symbol as P and we see that Fj is elliptic. ]

Let ¢ : U — V be a diffeomorphism of open subsets of R"”. This diffeomorphism induces
a topological linear isomorphism

0. D(U) = D). (9.2.4)

Theorem 9.2.3 Let o : U — V be a diffeomorphism of open subsets of R™ and let
s € RU {o0o}.

(a) The map restricts to a linear isomorphism
Pxs - Hs,loc(U> - Hs,loc(v)~

(b) The isomorphism @, is topological.

Proof It suffices to prove the result for finite s, the result for s = oo is then a consequence.

We will first obtain (a) as a consequence of Proposition and Lemma [9.2.2] By
the latter lemma there exists a properly supported elliptic operator P € W¢(U). Let P’ =
©0.(P). Then P’ € ¥4(V) and Py, (f) = p.(Pf) for all f € D'(U). The principal symbol
of P’ is given by d?(P’) = p.(c%(P)), hence elliptic. Therefore, P’ is elliptic. The kernel
of P" has support contained in (¢ X ¢)(supp Kp), hence is properly supported.

By a straightforward application of the substitution of variables formula, it follows that
. restricts to a topological linear isomorphism Li (U) — L2 (V). Let now f € D'(U).
Then

fEH (U) <= Pfell (U) < p.(Pf)eLi (V)

loc loc

<~ Pl@*(f) €L} (V) — QO*(f) € HS,100<V)-

loc

This proves (a). In order to prove (b) we need characterizations of the topology on Hj joc
that behave well under diffeomorphisms. These will first be given in two lemmas below.
The present proof will be completed right after those lemmas. Il
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Lemma 9.2.4 Let s > 0 and let P € W*(U) be properly supported and elliptic. Then the
topology on H; 10c(U) is the weakest locally convex topology for which both the inclusion
map j : Hs10e(U) — L (U) and the map P : Hy1o(U) — L2 _(U) are continuous.

loc loc

Proof For the topology on Hj 1,.(U) the mentioned maps j and P are continuous with
values in L2 (U). Let V be equal to Hj 1,.(U) equipped with the weakest locally convex
topology for which j and P are continuous. Then we must show that the identity map
V' — Hg10c(U) is continuous. Let ¢ € CX(U); then it suffices to show that the map
M, : V — Hy(R") is continuous.

Let @ € V=*(U) be a properly supported parametrix for P. Then
[=QP+T,

with T € W=>°(U) a properly supported smoothing operator. Let A = supp . There
exists a compact subset B C U such that the intersections of both supp K¢ and supp Kr
with A x U are contained in A x B. Let ¢ € C°(U) be such that ¢» = 1 on an open
neighborhood of B. Then M,0Q = Myo0Q oMy and M,oT = M,oT o M,;. We now see
that, for all f € Hy 1,.(U),

of = M¢(QP + T)(f) = MWQMwPf + MsoTwa-

As M,oQ and M,oT define continuous linear maps Hy(R") = L*(R") — H,(R™), by
Lemma 9.1.4, it follows that there exists a constant C' > 0 such that

leflls < ClePfllo + ¥ fllo),

for all f € Hg 10c(U). The seminorms f +— ||pPf|lo and f — || f||o are continuous on V.
Hence, M, : V — H,(R") is continuous. O

We will also need a characterization of the topology of Hj .. by duality, which is invari-
ant under diffeomorphisms for all negative s. Let D = Dgn denote the density bundle on R™.
Then we have the natural continuous bilinear pairing (-, ) : C°(R") x I'>*(R", D) — C
given by

=1 fr
Rn
This pairing induces a continuous injection of the space C°(R"™) into the topological
dual D'(R™) of T'2°(R™, D). This pairing also induces a continuous injection of I'>°(R™, D)
into D'(R", D) ~ C>*(R™). We note that the map g — ¢gdz defines a topological lin-
ear isomorphism C*(R™) — I'°(R™, D) and extends to a continuous linear isomorphism
D'(R") — D'(R™, D). For s € R, the image of the Sobolev space Hs(R™) under this iso-
morphism, equipped with the transferred Hilbert structure, is denoted by H(R", D).

By transposition, the inclusion I'®*(R", D) — H4(R", D) induces a continuous linear
map H,(R™, D) — D'(R™) which is injective by density of I'*°(R"™, D) in H,(R"™, D). Of
course the induced map is given by u — u|rs®n» D).

The perfectness of the pairing of Lemma 4.3.18 can now be expressed as follows.
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Lemma 9.2.5 Let s € R. The image of the injection Hs(R", D) — D'(R") equals
H_4(R™). The associated bijection Hs(R"™, D) — H_4(R™) is a topological linear isomor-
phism.

More generally, if U C R™ is an open subset, we define H comp(U, D) to be the image of
H; comp(U) in D'(U, D) under the map f +— fdm, equipped with the topology that makes
this map a topological isomorphism. The natural inclusion I'®®(U, D) — Hj comp(U, D)
induces a continuous linear injection

Hy comp(U, D) — D'(U).
Here, the space on the left is equipped with the strong dual topology.

Corollary 9.2.6 Let s € R. Then the image of Hg comp(U, D)" in D'(U) equals H_g10¢(U).
The associated bijection Hgcomp(U, D) — H_s10c(U) is a topological linear isomorphism.

Proof Let j: Hgcomp(U) — D'(U) denote the natural linear injection. Let ¢ € C°(M).
Then for all u € H comp(U)" we have

M@oj(’U/) = j('Ll,on,).

The map u +— uoM, is continuous linear Hy comp(U) — Hs(R™)". It follows that u —
My oj(u) = j(Myu) is continuous linear Hy comp(U)" — H_4(R™). Since this holds for all
o, it follows that j is continuous linear Hy comp(U) — H_s10c(U) as stated.

Conversely, let K € U be compact. Let K’ be a compact neighborhood of K in U.
Then H; x(R™) is contained in the closure of CR9(R™) in H (R™). Let v € H_g),.(U) and
let ¢ € C°(U) be such that ¢ = 1 on a neighborhood of K'. Then M v € H_4(R™), hence,
Myv = j(ky(v)) for a unique k,(v) € Hy(R™)". Moreover, the map k, : H_gj0.(R") —
Hy(R™)" is continuous linear by the above lemma. The restriction of k,(v) to Cy(R") is
independent of the choice of ¢, and therefore so is the map ki : v — ky(v)|g, .. The map
ki is continuous linear. Moreover, if K; C Ky are compact subsets of U then kg, (v) =
ki, (v)|ICy. It follows that there exists a unique linear map k : H_;10.(U) = Hy comp(U)'
such that k4(v) = k(v)|a for all v € H_;10.(U) and all A C U compact. As all the k4 are
continuous, it follows that k is continuous. Now jok = I and it follows that j defines a
continuous linear isomorphism from Hy comp(U)" onto H_ 1o (U). O

Completion of the proof of Theorem [9.2.3 First assume that s > 0. Let
P € U*(U) be a properly supported elliptic operator, and let P’ = ¢, (P) be as in part (a)
of the proof. Then by Lemma the topology of H (U) is the weakest locally convex
topology for which both the inclusion jy; : Hy(U) — L .(U) and the map P : Hy(U) —
L% .(U) are continuous. Likewise, the topology on H,(V) is the weakest for which both
the inclusion map jy : Hy (V) — L2 (V) and P’ : Hy(V) — L} (V) are continuous. The
map ¢, : LY (U) — L3 (V) is a topological linear isomorphism and the following diagrams
commute: ‘
HU) 2% L3U)  H(U) -5 L3(0)
Dus | 1 e Pxs 1o

vy % vy  HV) Donzw)

loc
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It follows that ¢, is a topological linear isomorphism.

This proves (b) for s > 0. We will complete the proof by proving (b) for s < 0, using
the duality expressed in Lemma [9.2.5] We put ¢ = —s, so that ¢ > 0. By the validity
of (b) for s > 0 it follows that the map ¢, : D'(U) — D'(V), restricts to a topological
linear isomorphism ¢.; : Hy comp(U) = Hicomp(V'). On the other hand, the map ¢, restricts
to the topological linear isomorphism ¢, : C*(U) — C>®(V) given by f +— fop~'. The
map f — fdx defines a topological linear isomorphism from D'(U) to D'(U, D). Likewise,
g — gdy defines a topological linear isomorphism from D'(V') to D'(V, D). Now

P (fdz) = @u(f)ps(dr) = Myp.(f)dy,

where J : V' — (0, 00) is the positive smooth function given by

J(y) = | det Dp(p~")|~".

The map M defines a topological linear automorphism of D’'(V') and restricts to a topo-
logical linear isomorphism of H;(V). We conclude that ¢, defines a topological linear
isomorphism D'(U, D) — D'(V, D) and restricts to a topological linear isomorphism ¢, :
Hi comp(U, D) = Hy comp(V;, D). Tts restriction to I'2°(U, D) is given by fdx +— M;(¢~1)*(f)dy,
hence defines a topological linear isomorphism I'>°(U, D) — I'°(V, D). By taking trans-
posed maps in the commutative diagram

Ht,comp(U7D) — Ht,comp(‘/a D)

1 T
rew,n)  —  IEV.D)

we obtain the commutative diagram

D'(U) & D'(V)
t T
Ht,comp(Ua D)/ — Ht,comp(‘/; D)/

Here the bottom arrow is the transpose of a topological linear isomorphism, hence a topo-
logical linear isomorphism of its own right.

In view of Lemma [0.2.5] and using s = —t, we see that ¢, : D'(U) — D'(V) restricts
to a topological linear isomorphism . : Hy10c(U) = Hgoc(V). O

In particular, it follows from Theorem that Hj o is an invariant local functional
space in the terminology of Lecture 3. It follows that for £/ a complex vector bundle on
a smooth manifold the spaces of sections H comp(M, E) and Hy (M, E) are well defined
locally convex topological vector spaces. Moreover, the first of these spaces is contained in
the second with continuous inclusion map, and the second space is a Fréchet space.

Lemma 9.2.7 Let s,t € R and let s <t. Then Hyjoo(M, E) C Hy1oc(M, E) with contin-
wous inclusion map. If M is compact, this inclusion map is compact.
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Proof Let {U,};es be a cover of M by relatively compact open coordinate patches on
which the bundle F admits a trivialization. Passing to a locally finite refinement, we may
assume that the index set J is countable. Let ¢; be a partition of unity subordinate to
the cover. For each j € J we write K; = supp ¢;. Then the map f — (¢;f);cs defines a
continuous linear embedding

H,joo(M, E) — [ [ Hox,(U;, E),

jeJ

for every s € R. Via a trivialization of E over U; we may identify H, x, (U;, E) ~ H, i (U;)".
As Hqu(Uj)k C HS,K].(U]-)’“, for s < t, with continuous inclusion map, the first assertion
of the lemma follows.

If M is compact, we may take the covering such that the index set J is finite. Then
by the above reasoning and application of Rellich’s lemma, Lemma 4.5.2, it follows that
the following diagram commutes, and that the inclusion map represented by the vertical
arrow on the right is the finite direct product of compact maps:

HS(Mv E) — Hje] HS,KJ'(UJ'? E)

) )
H(M,E) — e, Hix, (U;, B).

As the maps represented by the horizontal arrows are embeddings, it follows that the
inclusion Hy(M, E) — H (M, E), represented by the vertical arrow on the left, is compact
as well. 0

We define
HOO,IOC(M7 E) = User Hs,loc(Mu E)

equipped with the weakest topology for which all inclusion maps Hoo 1oc(M, E) = Hg10c(M, E)
are continuous. Then by an argument similar to the one used in the proof of the above
lemma, it follows from the corresponding local statement (see , that Ho1oc(M, E) =
['>°(M, E), as topological linear (Fréchet) spaces.

Theorem 9.2.8 Let E, F' be vector bundles on the smooth manifold M. Let d € RU{—o0}
and s € RU {oo}. Finally, let P € V4(E, F) be properly supported. Then P :D'(M,E) —
D'(M, F) restricts to a continuous linear operator Py : Hgoe(M, E) — Hg_g10c(M, F).

Proof First assume that d = —o0, so that P is a properly supported smoothing operator.
Then P is continuous linear D'(M, E) — I'*°(M, F). Since the inclusion Hg (M, E) —
D'(M, E) is continuous linear, it follows that the restriction Py : Hy1oe(M, E) — I'™°(M, F) =
Ho1oc(M, F') is continuous linear.

Now assume that {U;},c; is a cover of M with relatively compact open coordinate
patches. By paracompactness, we may assume that J is countable and that the cover is
locally finite. Let {¢;} be a partition of unity subordinate to this cover. For each j € J
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we select a function x; € C2°(U;) such that y; = 1 on an open neighborhood of supp ¢;.
Put P; := My o PoM,,. Then it follows that

Tj:ijop_Pj

is a properly supported smoothing operator. The supports of the kernels of 7} form a locally
finite set, hence T'= )" ;Tjisa well-defined smoothing operator. Moreover, P, = ) i P;is
a well-defined operator in W¢(E, F'), which is properly supported by local finiteness of the
cover {U;}. Moreover,

P=P +T,

so T is properly supported. By the first part of the proof, T maps Hy ,.(M, E) continuously
into C*°(M, F), hence also continuously into Hs_4(M, F). Thus, it suffices to show that P,
is continuous linear Hy 1oc(M, E) — Hs_g10c(M, F). Let ¢ € C°(M). Then it suffices to
show that M, o P, is continuous linear Hy 1oc(M, E) — Hs_qp5(M, F), where B = supp .
Now Myo P, =) ; My o Pj, the sum extending over the finite set of j for which supp ¢; N
B # (). Thus, it suffices to establish the continuity of (P})s : Hsjoc(M, E) = Hs_g10c(M, F).
This is equivalent to the continuity of (Pj)y; : Hsoc(Us, E) — Hs_q10c(Uj, F') which by
triviality of the bundles Ey; and Fy, follows from the local scalar result, Proposition m
O

Lemma 9.2.9 Let M be a smooth manifold, and E — M be a vector bundle. For every
s € R the natural pairing T°(M,E) x T'°(M,EY) — C has a unique extension to a
continuous bilinear pairing

Hycomp(M, E) % H_y1o0(M, EY) = C.
Moreover, the pairing is perfect, i.e., the induced maps

Hycomp(M, E) = H_joc(M, EY)',  H_g10e(M, E") = Hy comp(M, E)'
are topological linear isomorphisms.

Proof The proof will be given in an appendix. O

9.3 The index of an elliptic operator

We are now finally prepared to show that every elliptic operator between vector bundles
E, F over a compact manifold M has a well defined index.

Theorem 9.3.1 Let E, F be vector bundles over a compact manifold M. Let d € R and
let P € W4(E,F) be elliptic. Then the transpose Pt € VI(FV EY) is elliptic as well.

The operator Py, : (M, E) — I'*°(M, F) has a finite dimensional kernel, and closed
image of finite codimension.
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For all s € R the operator P; : Hy(m, E) — Hs_4(M, F) is Fredholm and has index
index P; = index (Px).
In particular, the index is independent of s.

Proof Let p € S M,Hom (E, F)) be a representative of the principal symbol o¢(P).
Then the principal symbol of P! is represented by

pV : (w7£) = p(:E, _5)* ® IDI-

Since p is elliptic, p¥ is elliptic as well, and we conclude that P! is elliptic.

Since M is compact, the spaces Hi (M, FE) and Hy (M, F) carry a Banach topology.
Let Q € UV4(F,E) be a parametrix. Then QP = Iy + T, with T € UV=°(E, E) a
smoothing operator. The operator T is continuous Hy(M, E) — C*(M, E), hence con-
tinuous Hy(M,FE) — Hy (M, E). As H(w(M,E) — Hy (M, FE) with compact inclu-
sion map, it follows that T, : Hy(E) — H(FE) is a compact operator. It follows that
Qs—aoPs = (Ig)s + Ts, hence P; has left inverse Q;_; modulo a compact operator. Like-
wise, from PQ — Ip =T' € U~°(F, F') we see that the operator P has right inverse Q;_4
modulo a compact operator. This implies that P is Fredholm. In particular, ker Py is
finite dimensional.

Since ker P, C ker P; and ker P, C I'°(M, E) by the elliptic regularity theorem, Corol-
lary 8.4.8, it follows that ker P, = ker P, for all s € R. In particular, ker P, is finite
dimensional.

Likewise, (P")s : Hy(M,FV) — H,_q(M, EY) is Fredholm, (ker P')., is finite dimen-
sional and ker(P?"); = ker(P"),, for all s.

We consider the natural continuous bilinear pairing

(f,9) = (f,g), T°(M,E) xI>*(M,E") — C. (9.3.5)
The operator P' : T°°(M, FY)) — I'™°(M, EV) satisfies
(PfR) = (f, P'R) (9.3.6)

for all f € T°°(M,E) and h € T°°(M, F"). The natural bilinear pairing extends
uniquely to a continuous bilinear pairing H,(M, E)x H_,(M, EV) — C, which is perfect by
Lemmal[J.2.9) The map P is the continuous linear extension of P : I°(M, E) — ['*(M, F)
to a map Hy(M,E) — H, 4M,F). Similarly, P' extends to a continuous linear map
(Pg—s : Hys(M,FY) — H_,(M,E"). By density and continuity, the identity
implies that more generally,

<(Pt)d—sf7 g) = <f7 Psg>
for all f € Hy_s(M,FV) and g € Hy(M, E). In other words,

(PS)t = (Pt)d—S'
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This implies that ker(P;)" = ker(P')4_s = ker(P?")uo.
The annihilator of im P, in Hy_4(M, FV) relative to the natural pairing

H,_o(M,F) x Hy_,(M,F") - C
equals ker(P;)" hence ker(P"),,. By perfectness of the pairing, it follows that

(ker P)oo =~ {u€ Hy o(M,F) |u=0 on imP,}

[Hd—s(M7 F)/lm (PS)],

12

Since Ps is Fredholm, its image is closed and of finite codimension. Hence ker(P"),, ~
coker (P;)* and it follows that

index (P,) = dim ker P,, — dim ker(P"),..

We will complete the proof by showing that ker(P"), =~ (coker P, )*, naturally. For this
we note that by the elliptic regularity theorem, Theorem 8.4.8,

im (Ps) NI'°(M, F') = im P..

Since I'°(M, F) C Hy_q(M, F') with continuous inclusion map, and since im (Ps) is closed
in Hy_4(M, F), it follows that im (Ps,) is closed in I'*°(M, F'). The annihilator of im P in
I'~(M,F) =D'(M,F") equals the kernel of (P*)_,, : D'(M,F") — D'(M, EV), which in
turn equals ker(P"),, by the elliptic regularity theorem. This implies that

ker(P") o =~ [[°°(M, F)/im (P)].

As the first of these spaces is finite dimensional, P,, has finite dimensional cokernel, and

ker(P') o = [[°°(M, F)/im (Px)]*. O

For obvious reasons, the integer index (Py,) is called the index of P and will more briefly
be denoted by index (P). The following result asserts that the index depends on P through
its principal symbol.

Lemma 9.3.2 Let M be compact, and E,F complex vector bundles on M. Let P, P’ €
VYK, F) be elliptic operators. Then

0?(P) = 0%(P') = index (P) = index (P").

Proof From the equality of the principal symbols, it follows that P — P/ = Q €
VY E F). Let s € R. The operator Q maps H,(M,E) to Hy_q,1(M, F). The latter
space is contained in H,_4(M, F'), with compact inclusion map. It follows that @ is com-
pact as an operator Hy (M, E) — Hy_4(M, F'). We conclude that P; — P! is compact, hence
index (P;) = index (P?). d



Chapter 10

Characteristic classes

At this point we know that, for an elliptic differential operator of order d,
P:T(E)—=T(F)
its analytical index
Index(P) = dim(Ker(P)) — dim(Coker(P))
is well-defined (finite) and only depends on the principal symbol
o4(P) :m'E = ' F

(where 7 : T*M — M is the projection). The Atiyah-Singer index theorem gives a precise
formula for Index(P) in terms of topological data associated to o4(P),

Index(P) = (—1)" /T  ch(ou(P)TATM & C),

The right hand side, usually called the topological index, will be explained in the next
two lectures. On short, the two terms “ch” and “T'd” are particular characteristic classes
associated to vector bundles. So our aim is to give a short introduction into the theory of
characteristic classes.

The idea is to associate to vector bundles E over a manifold M certain algebraic in-
variants which are cohomology classes in H*(M) which “measure how non-trivial E is”,
and which can distinguish non-isomorphic vector bundles. There are various approaches
possible. Here we will present the geometric one, which is probably also the simplest, based
on the notion of connection and curvature. The price to pay is that we need to stay in the
context of smooth manifolds, but that is enough for our purposes.

Conventions: Although our main interest is on complex vector bundles, for the theory
of characteristic classes it does not make a difference (for a large part of the theory) whether
we work with complex or real vector bundles. So, we will fix a generic ground field F (which
is either R or C) and, unless a clear specification is made, by vector bundle we will mean
a vector bundle over the generic field F.

179
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Accordingly, when referring to C>°(M), TM, QP(M), X (M), H*(M) without further
specifications, we mean in this lecture the versions which take into account FF; i.e., when F =
C, then they denote the algebra of C-valued smooth functions on M, the complexification
of the real tangent bundle, complex-valued forms, complex vector fields (sections of the
complexified real tangent bundle), DeRham cohomology with coefficients in C. Also, when
referring to linearity (of a map), we mean linearity over F.

10.1 Connections

Throughout this section E' is a vector bundle over a manifold M. Unlike the case of smooth
functions on manifolds (which are sections of the trivial line bundle!), there is no canonical
way of taking derivatives of sections of (an arbitrary) E along vector fields. That is where
connections come in.

Definition 10.1.1 A connection on E is a bilinear map V
X(M)xT'(E)—=T(E), (X,s)— Vx(s),

satisfying
Vix(s) = [Vx(s), Vx(fs) = fVx(s) + Lx(f)s,

forall fe C®(M), X € X(M), s e I'(F).
Remark 10.1.2 In the case when E is trivial, with trivialization frame

e={ey,...,e},

giving a connection on F is the same thing as giving an r by r matrix whose entries are

1-forms on M: '
w = (wf)m € Mr<Ql<U))

Given V, w is define by
Vi(e) =Y wl(X)e;.
j=1

Conversely, for any matrix w, one has a unique connection V on E for which the previous
formula holds: this follows from the Leibniz identity.

Remark 10.1.3 Connections are local in the sense that, for a connection V and = € M,
Vx(s)(x) =0

for any X € X (M), s € I'(E) such that X = 0 or s = 0 in a neighborhood U of x. This
can be checked directly, or can be derived from the remark that V is a differential operator
of order one in X and of order zero in f.
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Locality implies that, for U C M open, V induces a connection VY on the vector
bundle E|y over U, uniquely determined by the condition

Vx(s)lv = Vi, (sv).

Choosing U the domain of a trivialization of E, with corresponding local frame e =
{e1,..., e}, the previous remark shows that, over U, V is uniquely determined by a matrix

0 := (6]):,; € M.(QYU)).

This matrix is called the connection matrix of V over U, with respect to the local frame e
(hence a more appropriate notation would be §(V, U, e)).

Proposition 10.1.4 Any vector bundle E admits a connection.

Proof Start with a partition of unity 7; subordinated to an open cover {U;} such that
E|y, is trivializable. On each E|y, we consider a connection V* (e.g., in the previous remark
consider the zero matrix). Define V by

Va(s) = 3 Vixi, )(mio).

Next, we point out s slightly different way of looking at connections, in terms of differ-
ential forms on M. Recall that the elements w € QP(M) (p-forms) can be written locally,

with respect to coordinates (z1,...,x,) in M, as
w= Y frtrd, . d, (10.1.1)
11 5eenylp

with fi%-smooth functions while globally, they are the same thing as C°°(M)-multilinear,
antisymmetric maps

w: X(M) x ... x X(M) = C=(M),

p t;ﬁles
where X' (M) is the space of vector fields on M.
Similarly, for a vector bundle E over M, we define the space of E-valued p-differential

forms on M
OP(M; E) =T(APT"M @ E).

As before, its elements can be written locally, with respect to coordinates (z1,...,z,) in
M,
n= > du; ... dr, @, (10.1.2)
i1yemip
with e local sections of E. Using also a local frame e = {ey, ..., e,} for E, we obtain

expressions of type

WL yeenyipyi
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Globally, such an 7 is a C*°(M)-multilinear antisymmetric maps

w: X(M)x ... x X(M)—T(E).

J

-~

p times

Recall also that

QM) = P (M)

is an algebra with respect to the wedge product: given w € QP(M), n € QI(M), their
wedge product w An € QPFTI(M), also denoted wn, is given by

(@AM, Xprg) = Y sign(0)w(Xoqy, - Xon) - 1(Xo1)s - Xo(pra))s (10.1.3)

where the sum is over all (p, ¢)-shuffles o, i.e. all permutations ¢ with o(1) < ... < a(p)
and o(p+1) < ... < a(p+ ¢q). Although this formula no longer makes sense when w and
n are both F-valued differential forms, it does make sense when one of them is E-valued
and the other one is a usual form. The resulting operation makes

M, E) =P (M, E)

into a (left and right) module over (M). Keeping in mind the fact that the spaces €
are graded (i.e are direct sums indexed by integers) and the fact that the wedge products
involved are compatible with the grading (i.e. Q2 A Q7 C QPT7), we say that Q(M) is a
graded algebra and Q(M, E) is a graded bimodule over Q(M). As for the usual wedge
product of forms, the left and right actions are related by{|

wAn=(-DPnAw YweQ(M),neQ(M,E).

In what follows we will be mainly using the left action.
Finally, recall that (M) also comes with DeRham differential d, which increases the
degree by one, satisfies the Leibniz identity

d(w A1) = d(w) A+ (1) w A d(n),

where |w| is the degree of uf} and is a differential (i.e. dod = 0). We say that (Q(M) is a
DGA (differential graded algebra). However, in the case of (M, F) there is no analogue
of the DeRham operator.

mportant: this is the first manifestation of what is known as the “graded sign rule”: in an formula
that involves graded elements, if two elements a and b of degrees p and ¢ are interchanged, then the sign
(=1)P? is introduced

2Note: the sign in the formula agrees with the graded sign rule: we interchange d which has degree 1
and w
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Proposition 10.1.5 Given a vector bundle E over M, a connection V on E induces a
linear operator which increases the degree by one,

dy : Q*(M,E) = Q*"(M, E)
which satisfies the Leibniz identity
dy(w An) = d(w) An+ (=1)w A dy(n)

forallw € Q(M), n € Q(M, E). The operator V is uniquely determined by these conditions
and

dy (s)(X) = Vx(s)

for all s € Q°(M,E) =T(F), X € X(M).
Moreover, the correspondence V <> dy s a bijection between connections on E and
operators dy as above.

Instead of giving a formal proof (which is completely analogous to the proof of the
basic properties of the DeRham differential), let us point out the explicit formulas for dy,
both global and local. The global one is completely similar to the global description of the
DeRham differential- the so called Koszul formula: for w € QP(M), dw € QPTL(M) is given
by

dn) (X1, Xper) = D (U)X, X1, X0, X X X))
1<j
p+1 X

+ D (=D)L (X, X X)), (10.1.4)
=1

Replacing the Lie derivatives Lx, by Vx,, the same formula makes sense for n € Q(M, E);
the outcome is precisely dy(n) € QPT(M, E). For the local description we fix coordinates
(1,...,2,) in M and a local frame e = {ey,...,e,} for E. We have to look at elements of
form (|10.1.2)). The Leibniz rule for dy implies that

dV(n) - Z (_1)pdle R dllfip X dv(eil 7777 ip)

hence it suffices to describe dy on sections of E. The same Leibniz formula implies that it
suffices to describe dy on the frame e. Unraveling the last equation in the proposition, we
find

dy(e) =Y wle;, (10.1.5)
j=1

where § = (6});; is the connection matrix of V with respect to e.
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Exercise 10.1.6 Let V be a connection on E, X € X(M), s € I'(E), x € M and
v (—€,€6) = M a curve with v(0) = x, v/(0) = X,. Show that if X, =0 or s = 0 along 7,
then

Vx(s)(xz)=0.

Deduce that, for any X, € T, M and any section s defined around z, it makes sense to talk
about Vx, (s)(x) € E,.

10.2 Curvature

Recall that, for the standard Lie derivatives of functions along vector fields,

Lixy) = LxLy(f) — Ly Lx(f).

Of course, this can be seen just as the definition of the Lie bracket [X, Y] of vector fields
but, even so, it still says something: the right hand side is a derivation on f (i.e., indeed, it
comes from a vector field). The similar formula for connections fails dramatically (i.e. there
are few vector bundles which admit a connection for which the analogue of this formula
holds). The failure is measured by the curvature of the connection.

Proposition 10.2.1 For any connection V, the expression

kv(X,Y)s = VxVy(s) = VyVx(s) = Vixyi(s), (10.2.6)
is C*°(M)-linear in the entries X,Y € X (M), s € I'(E). Hence it defines an element

kv € D(A*T*M ® End(E)) = Q*(M; End(E)),
called the curvature of V.

Proof It follows from the properties of V. For instance, we have

VxVy(fs) = Vx(fVy(s)+ Ly(f)s)
= fVxVy(s)+ Lx(f)Vy(s) + Lx(f)Vy(s) + Lx Ly (f)s,

and the similar formula for VxVy (fs), while
Vixy)(fs) = [Vixy)(s) + Lixy(f)s.

Hence, using Lixy) = LxLy — Ly Lx, we deduce that
kV(Xa Y)(fs) = ka(Xv Y)<S)7

and similarly the others.
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Remark 10.2.2 One can express the curvature locally, with respect to a local frame
e={e,...,e.} of E over an open U, as

ko(X,Y)e; =Y K(X,Y)e;,
j=1

where k/(X,Y) € C(U) are smooth functions on U depending on X,Y € X (M). The
previous proposition implies that each k] is a differential form (of degree two). Hence kg
is locally determined by a matrix

k= (kf)zg € MH(Q2(U)),

called the curvature matrix of V over U, with respect to the local frame e. Of course, we
should be able to compute k in terms of the connection matrix 6. This will be done as bit
later.

There is another interpretation of the curvature, in terms of forms with values in FE.
While V defines the operator dy which is a generalization of the DeRham operator d, it is
very rarely that it squares to zero (as d does). Again, ky measure this failure. To explain
this, we first look more closely to elements

K € Q°(M, End(E)).

The wedge product formula ((10.1.3)) has a version when w = K and n € Q4(M, E):

(K A)(X1,. o Xprg) = D sign(o)K(Xoq), - - Xo(r) (1 Xo(pr)s - - Xapeg):

g

Any such K induces a linear map
K:Q'(M,E) = Q"""(M,E), K(n) =K An.

For the later use not also that the same formula for the wedge product has an obvious
version also when applied to elements K € QF(M, End(E)) and K' € QI(M, End(E)),
giving rise to operations

A QP (M, End(E)) x Q(M, End(E)) — QP(M, End(E)) (10.2.7)
which make Q(M, End(FE)) into a (graded) algebra.

Exercise 10.2.3 Show that K is an endomorphism of the graded (left) Q(M)-module
Q(M, E) i.e., according to the graded sign rule (see the previous footnotes):

A

K(wAn)=(=1)"wA K(n),
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for all w € QI(M).
Moreover, the correspondence K — K defines a bijection

OF(M, End(E)) = End®

Q(M)(Q(M> E))

between QP(M, End(E)) and the space of all endomorphisms of the graded (left) Q(M)-
module Q(M, E) which rise the degree by p.

Finally, via this bijection, the wedge operation becomes the composition of
operators, i.e.

—

KNK' =KoK'
for all K, K" € Q(M, End(E)).

Due to the previous exercise, we will tacitly identify the element K with the induced
operator my. For curvature of connections we have

Proposition 10.2.4 [f V s a connection on E, then
ds = dyody : Q*(M,E) — Q*"*(M, E)
15 given by

dv(n) = ky A1)
for alln € Q*(M; E), and this determines kv uniquely.

Proof Firs of all, dy is Q(M)-linear: for w € QP(M) and n € QP(M, E),

dy(wAn) = dy(dw) An+ (—1)Pw A dy(n)
= [d*(w) An+ (=1 d(w) A dy(n)] + (—1)P[d(w) A dy () + (—1)Pw A d3(n)
= WA dv(?])

Hence, by the previous exercise, it comes from multiplication by an element k € Q%(M).
Using the explicit Koszul-formula for dy to compute d% on I'(E), we see that d%(s) = kyAs
for all s € I'(E). We deduce that k = k.

Exercise 10.2.5 Let # and k be the connection and curvature matrices of V with respect
to a local frame e. Using the local formula ((10.1.5) for dy and the previous interpretation
of the curvature, show that

K =dol = 0F N6l
k

or, in a more compact form,

k=d)— 00| (10.2.8)
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10.3 Characteristic classes

The local construction of characteristic classes is obtained by gluing together expressions
built out of connection matrices associated to a connection. Hence it is important to
understand how connection matrices change when the frame is changed.

Lemma 10.3.1 Let V be a connection on E. Let e = {ey,...,e.} be a local frame of E
over an open U and let 0 and k be the associated connection matriz and curvature matrix,
respectively. Let ¢ = {e},...,e.} be another local frame of E over some open U’ and let
0" and k' be the associated connection and curvature matriz of V. Let

g=(g]) € My(C*(UNT))
be the matriz of coordinate changes from e to €, i.e. defined by:
e = e
j=1

over UNU'. Then, on UNU’,

0' = (dg)g~" + gg~".

k' = gkg~*.

Proof Using formula (10.1.5) for dy we have:
dy(e) = dv(>_dle)
!
= > dlg)e+ > gl en,
l Im

where for the last equality we have used the Leibniz rule and the formulas defining 6. Using
the inverse matrix ¢~ = (g;)” we change back from the frame e to € by e; =), iji and

we obtain .
dy(e)) =Y dghgle; + > gib/" e}
Lj

Lm,j

Hence

@), => " d(g)g + 967",
l Im

i.e. the first formula in the statement. To prove the second equation, we will use the
formula (refinvariance) which expresses k in terms of . We have

d0' =d(dg-g~" + gbg~") = —dgd(g™") + d(g)0g~" + gd(0)g~" — gbd(g").
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For & A 9" we find
dgg~" ANd(g)g~" +dgg " Ngbg "+ g8g™ NdggTt + gbg A gbg .

Since
g~'dg=d(g'g) —d(g”")g = —d(g7")g,
the expression above equals to
—dgd(g™") +d(g)0g™" — g8d(g™") + gwwg "

Comparing with the expression for df’, we find

E=do—0 N0 =qg(dd—0NO)g = gkg .

Since the curvature matrix stays the same “up to conjugation”, it follows that any
expression that is invariant under conjugation will produce a globally defined form on M.
The simplest such expression is obtained by applying the trace:

Tr(k) =Y Kk € Q(U).

Indeed, it follows immediately that, if k' corresponds to another local frame €’ over U’,
then T'r(k) = Tr(k’) on the overlap U N U’. Hence all these pieces glue to a global 2-form
on M:

Tr(ky) € Q*(M).

As we will see later, this form is closed, and the induced cohomology class in H?(M) does
not depend on the choice of the connection (and this will be, up to a constant, the first
Chern class of F). More generally, one can use other “invariant polynomials” instead of
the trace. We recall that we are working over the field F € {R, C}.

Definition 10.3.2 We denote by I,(F) the space of all functions
P:M.(F)—T

which are polynomial (in the sense that P(A) is a polynomial in the entries of A), and
which are invariant under the conjugation, i.e.

P(gAg™") = P(4)
for all A € M,(F), g € GI.(F).

Note that I,.(F) is an algebra (the product of two invariant polynomials is invariant).
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Example 10.3.3 For each p > 0,
Y, M.(F) = F, ¥,(A) =Tr(AP)

is invariant. One can actually show that the elements with 0 < p < r generate the entire
algebra I,.(F): any P € I,(FF) is a polynomial combination of the ¥,’s. Even more, one has

an isomorphism of algebras
I(F) = F[3, X4, ..., 5,

Example 10.3.4 Another set of generators are obtained using the polynomial functions
op: M. (F) = F

defined by the equation
det(I +1tA) =) o, (A,
p=0

For instance, 0y = ¥ is just the trace while 0,(A) = det(A). One can also prove that
I.(F) = Flog,01,...,0p).

Remark 10.3.5 But probably the best way to think about the invariant polynomials is
by interpreting them as symmetric polynomials, over the base field F, in r variables z1,
... x, which play the role of the eigenvalues of a generic matrix A. More precisely, one has

an isomorphism of algebras
I.(F) = Symg|zy, ...,z

which associates to a symmetric polynomial S the invariant function (still denoted by S)
given by
S(A) = S(x1(A),...,z.(A)),

where z;(A) are the eigenvalues of A. Conversely, any P € I,(F) can be viewed as a
symmetric polynomial by evaluating it on diagonal matrices:

P(zy,...,x,) := P(diag(xy,...,x,)).

For instance, via this bijection, the X,’s correspond to the polynomials
Sp(an, o) = Y (),
i
while the o,’s correspond to
op(T1, ..., 2p) = Z Tip - .- Ty,
i1<...<ip

With this it is now easier to express the ¥’s in term of the ¢’s and the other way around
(using “Newton’s formulas”: 3y = gy, Xy = (01)? — 209, 33 = (01)? — 30105 + 303, etc.).
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From the previous lemma we deduce:

Corollary 10.3.6 Let P € I.(F) be an invariant polynomial of degree p. Then for any
vector bundle E over M of rank r and any connection V on E, there exists a unique

differential form of degree 2p,
P(E,V) € Q(M)

with the property that, for any local frame e of E over some open U,
P(E,V)ly = P(k) € Q%(U),
where k € M,.(Q*(U)) is the connection matriz of V with respect to e.
The following summarizes the construction of the characteristic classes.

Theorem 10.3.7 Let P € I.(F) be an invariant polynomial of degree p. Then for any
vector bundle E over M of rank r and any connection V on E, P(E,V) is a closed form
and the resulting cohomology class

P(E):=[P(E,V)| € H*(M)

does not depend on the choice of the connection V. It is called the P-characteristic class
of E.

This theorem can be proven directly, using local connection matrices. Also, it suffices
to prove the theorem for the polynomials P = ¥,. This follows from the fact that these
polynomials generate I.(IF) and the fact that the construction

I,(F) > P — P(E,V) € Q(M)

is compatible with the products. In the next lecture we will give a detailed global proof
for the X,’s; the price we will have to pay for having a coordinate-free proof is some
heavier algebraic language. What we gain is a better understanding on one hand, but
also a framework that allows us to generalize the construction of characteristic classes to
“virtual vector bundles with compact support”. Here we mention the main properties of
the resulting cohomology classes (proven at the end of this lecture).

Theorem 10.3.8 For any P € I.(F), the construction E — P(FE) is natural, i.e.
1. If two vector bundles E and F' over M, of rank r, are isomorphic, then P(E) = P(F).

2. If f: N — M is a smooth map and
f*:H*(M)— H*(N)
is the pull-back map induced in cohomology, then for the pull-back vector bundle f*E,
P(f*E) = f"P(E).
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10.4 Particular characteristic classes

Particular characteristic classes are obtained by applying the constructions of the previous
section to specific polynomials. Of course, since the polynomials ¥, (and similarly the
0,’s) generate I(IF), we do not loose any information if we restrict ourselves to these
polynomials and the resulting classes. Why don’t we do that? First, one would have to
make a choice between the X,’s or 0,,’s. But, most importantly, it is the properties that we
want from the resulting characteristic classes that often dictate the choice of the invariant
polynomials (e.g. their behaviour with respect to the direct sum of vector bundles- see
below). Sometimes the ¥,,’s are better, sometimes the ¢,,’s, and sometimes others. On top,
there are situations when the relevant characteristic classes are not even a matter of choice:
they are invariants that show up by themselves in a specific context (as is the case with
the Todd class which really shows up naturally when comparing the “Thom isomorphism”
in DeRham cohomology with the one in K-theory- but that goes beyond this course).

Here are some of the standard characteristic classes that one considers. We first spe-
cialize to the complex case F = C.

1. Chern classes: They correspond to the invariant polynomials

1 p
() o

with 0 < p < r. Hence they associate to complex vector bundle E rank r a cohomology
class, called the p-th Chern class of E:

o(E) € HQP(M) 0<p<r).
The total Chern class of E is defined as
c(E)=cy(E)+c1(E)+...+c(F) e HY™(M);

it corresponds to the inhomogeneous polynomial

1

c(A) = det(I + Z,A).

2m

For the purpose of this lecture, the rather ugly constants in front of o, (and the similar
constants below) are not so important. Their role will be to “normalize” some formulas
so that the outcome (the components of the Chern character) are real, or even integral
(they come from the cohomology with integral coefficients; alternatively, one may think
that they produce integrals which are integers). If you solve the following exercise you will
find out precisely such constants showing up.

Exercise 10.4.1 Let M = CP' be the complex projective space, consisting of complex
lines in C? (i.e. 1-dimensional complex vector subspaces) in C2. Let L C CP' x C? be the
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tautological line bundle over M (whose fiber above [ € CP* is [ viewed as a complex vector
space). Show that
ci(L) € H*(CP')

is non-trivial. What is its integral? (the element a := —c;(L) € H?*(CP') will be called
the canonical generator).

Here are the main properties of the Chern classes (the proofs will be given at the end
of the section).

Proposition 10.4.2 The Chern classes of a complex vector bundle, priory cohomology
classes with coefficients in C, are actually real (cohomology classes with coefficients in R).
Moreover,

1. The total Chern class has an exponential behaviour with respect to the direct sum of
vector bundles i.e., for any two complex vector bundles E and F over M,

(EDF)=c(E)(F)

or, component-wise,
GE®F) = c(E)(F).

i+j=p
2. If E is the conjugated of the complex vector bundle E, then

Remark 10.4.3 One can show that the following properties of the Chern classes actually
determines them uniquely:

C1: Naturality (see Theorem [10.3.8]).

C2: The behaviour with respect to the direct sum (see the previous proposition).

C3: For the tautological line bundle L, ¢;(L) = —a € H?*(CP') (see the previous exercise).

2. Chern character: The Chern character classes correspond to the invariant poly-

nomials »
1 1
Ch,=—|— >,
Pl ( 27ri) b

Hence Ch,, associates to a complex vector bundle £ a cohomology class, called the p-th
component of the Chern character of E:

Chy(E) € H*(M).
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They assemble together into the full Chern character of E, defined as

Ch(E) =Y Ch,(E) € H"(M);

p=>0

it corresponds to the expression (which, strictly speaking is a powers series and not a
polynomial, but which when evaluated on a curvature matrix produces a finite sum):

Ch(A) = Tr(e” 7).

Note that Ch(F) are always real cohomology classes; this follows e.g. from the similar
property for the Chern classes, and the fact that the relationship between the ¥’s and the
o’s involve only real coefficients (even rational!). Here is the main property of the Chern
character.

Proposition 10.4.4 The Chern character is additive and multiplicative i.e., for any two
complex vector bundles E and F' over M,

CWE & F) = Ch(E) + Ch(F), Ch(E® F) = Ch(E)Ch(F).

3. Todd class: Another important characteristic class is the Todd class of a complex
vector bundle. To define it, we first expand formally

1_6_t:BO+Blt+BQt2+....

(the coefficients By are known as the Bernoulli numbers). For instance,

1 1 1
By=1,Bi==-,By=—-,B3=0,B;, = ——,¢t
0 y D1 2a 2 67 3 y L4 3anca

(and they have the property that By = 0 for k-odd, & > 3 and they have various other
interesting interpretations). For r-variables, we expand the resulting product

L
T .=1I" A:TO—I—Tl(ZL‘l,...,CCT)+T2<C(]1,...7[L'7»)+...

S
where each T}, is a symmetric polynomial of degree k. We proceed as before and define

ﬂmm:(igaum6H%Mx

The Todd class of a vector bundle FE is the resulting total characteristic class

Td(E) =) _Tdy(E) € H™"(M).
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Again, T'd(FE) are real cohomology classes and T'd is multiplicative.

4. Pontryagin classes: We now pass to the case F = R. The Pontryagin classes
are the analogues for real vector bundles of the Chern classes. They correspond to the

polynomials
1\ 2
Pr = <%) 02k,

for 2k < r. The reason we restrict to the o’s of even degree (2k) is simple: the odd
dimensional degree produce zero forms (see below). Hence p; associates to a real vector
bundle E of rank r a cohomology class, called the k-th Pontryagin class of E:

pe(E) € H¥(M) (0 <k <r/2).

They assemble together into the full Pontryagin class of E, defined as
P(E) = po(E) +pi(E) + ... +ppz) € H (M),
The Pontryagin class has the same property as the Chern class: for any two real vector
bundles,
p(E @ F) = p(E)p(F).
The relationship between the two is actually much stronger (which is expected due to
their definitions). To make this precise, we associate to any real vector bundle E its

complexification
EQC:=FE®rC={e;+ies:e1,e0€ E,}.

Proposition 10.4.5 For any real vector bundle F,

(~1)pu(E) if =2k

Cl(E@QI{o ifl=2k+1

Finally, one can go from a complex vector bundle E to a real one, denoted Eg, which
is just F vied as a real vector bundle. One has:

Proposition 10.4.6 For any complex vector bundle F,

pO(ER) _pl(ER) +p2(E]R) — ... = (C()(E) + Cl(E) + .. )(Co(E) — Cl(E) + .. )

5. The Euler classs: There are other characteristic classes which are, strictly speak-
ing, not immediate application of the construction from the previous section, but are similar
in spirit (but they fit into the general theory of characteristic classes with structural group
smaller then GL,). That is the case e.g. with the Euler class, which is defined for real,
oriented vector bundles E of even rank r = 2[. The outcome is a cohomology class over
the base manifold M:

e(E) € H*(M).

To construct it, there are two key remarks:
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1. For real vector bundles, connection matrices can also be achived to be antisymmetric.
To see this, one choose a metric (-,-) on E (fiberwise an inner product) and, by
a partition of unity, one can show that one can choose a connection V which is
compatible with the metric, in the sense that

Ly(s1,52) = (Vx(s1),52) + (51, Vx(s2))

for all sy, 59 € I'(E£). Choosing orthonormal frames e, one can easily show that this
compatibility implies that the connection matrix # with respect to e is antisymmetric.

2. With the inner product and V as above, concentrating on positively oriented frames,
the change of frame matrix, denoted g in the previous section, has positive determi-

nant.

3. In general, for for skew symmetric matrices A of even order 2I, det(A) is naturally a
square of another expression, denoted Pf(A) (polynomial of degree [):

det(A) = Pf(A).

For instance,

0 a b c

—a 0 d e | 9
det bo—d 0 f = (af + cd — be)*.

—c —e —f 0

Moreover, for g with positive determinant,
Pf(gAg™") = Pf(A).

It follows that, evaluating Pf on connection matrices associated to positive orthonormal
frames, we obtain a globvally defined form

Pf(E,V) € Q*(M).

As before, this form is closed and the resulting cohomology class does not depend on the
choice of the connection. The Euler class is

e(E) = (%)ZPf(E,V) c H*(M).

Note that, since det is used in the construction of p;(E), it follows that
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10.5 Proofs of the main properties

The proofs of the main properties of the characteristic classes (Theorem [10.3.8) Proposition

10.4.2 Proposition |10.4.4] and Proposition [10.4.5| ) are based on some basic constructions
of connections: pull-back, direct sum, dual, tensor product.

Pullback of connections and the proof of Theorem [10.3.8: For Theorem
we need the construction of pull-back of connections: given a vector bundle E over M and
a smooth map f : N — M then for any connection V on E, there is an induced connection
f*V on f*E. This can be described locally as follows: if e is a local frame e of E over
U and 6 is determined by the connection matrix (with respect to e) 6 then, using the
induced local frame f*e of f*E over f~!'(U), the resulting connection matrix of f*V is f*6
(pull back all the one-forms which are the entries in the matrix 8). Of course, one has to
check that these connection matrices glue together (which should be quite clear due to the
naturality of the construction); alternatively, one can describe f*V globally, by requiring

(F"V)x(f*8)(x) = V. o) (8)(f(2), €N (10.5.9)

where, for s € I'(EF), we denoted by f*s € I'(f*E) the section x — s(f(z)); for the right
hand side, see also Exercise [10.1.6]

Exercise 10.5.1 Show that there is a unique connection f*V on f*E which has the
property (10.5.9). Then show that its connection matrices can be computed as indicated
above.

With this construction, the second part of Theorem is immediate: locally,
the connection matrix of f*V is just the pull-back of the one of V, hence we obtain
P(E, f*V) = f*P(E,V) as differential forms. The first part of the theorem is easier
(exercisel!).

Direct sum of connections and the proof of Proposition [10.4.2} For the proof
of the behaviour of ¢ with respect to direct sums (and similarly for the Pontryagin class)
we need the construction of the direct sum of two connections: given connections V° and
V! on E and F, respectively, we can form a new connection V on E @ F:

Vx(s',s') = (Vx(s"), Vi (s1).

To compute its connection matrices, we will use a local frame of F ® F' which comes by
putting together a local frame e for F and a local frame f for F' (over the same open). It
is then clear that the connection matrix 6 for V with respect to this frame, and similarly
the curvature matrix, can be written in terms as the curvature matrices 6%, i € {0,1} for
E and F' (with respect to e and f) as

6 0 K0
=0 n)r=(o %)
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Combined with the remark that

A% 0

det(1+t<0 A1

>) = det(I +tA°) det(I +tA")

for any two matrices A° and A', we find that
c(E® F,V) =c(E,V°)c(F, V)
(as differential forms!) from which the statement follows.

Duals/conjugations of connections and end proof of Prop. [10.4.2¢ For the
rest of the proposition we need the dual and the conjugate of a connection. First of all, a
connection V on E induces a connection V* on E* by:

Vx(s*)(s) :=Lx(s"(s)) — s*(Vx(s)), Vsel(E),s" e'(E).
(why this formula?).
Exercise 10.5.2 Show that this is, indeed, a connection on E*.

Starting with a local frame e of E, it is not difficult to compute the connection matrix
of V* with respect to the induced dual frame 6*, in terms of the connection matrix ¢ of V

with respect to e:
9* — _et

(minus the transpose of #). Hence the same holds for the curvature matrix. Since for any
matrix A

det(I +t(—A")) = det(I —tA) = Y (—1)ftfoy,(A),
we have o (—A') = (—1)*0,(A) from which we deduce
cr(E*) = (=1)Fer(B).

Similarly, any connection V on E induces a conjugated connection V on E. While F
is really just E but with the structure of complex multiplication changed to:

z-v:i=7zv, (2€C,vek)

V is just V but interpreted as a connection on E. Tt is then easy to see that the resulting
connection matrix of V is precisely 6. Since for any matrix A,

1 — 1
det(I + —A) =det(Il — —A

™

we have ¢, (A) = (—1)*cx(A) and then

cr(E) = (—1)¥en(E).
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Finally, note that for any complex vector bundle E, E* and E are isomorphic (the
isomorphism is not canonical- one uses a hermitian metric on E to produce one). Hence
cx(E*) = ¢, (F). Comparing with the previous two formulas, we obtain

cr(E) = (=1)"er(B) = (=1)*ci(E)

which shows both that ¢, (FE) is real as well as the last formula in the proposition.

Tensor product of connections and the proof of Proposition [10.4.2; The
additivity is proven, as above, using the direct sum of connections and the fact that for
any two matrices A (r by r) and A" (v’ by '),

A0\ ,
Tr < 0 A ) =Tr(A") + Tr(A™"),

For the multiplicativity we need the construction of the tensor product of two connections:
given VY on F and V! on F, one produces V on E ® F by requiring

V(' ®s') = Vi(s") @ s' + s ® Vi (s

for all s € I'(E), s* € I'(F). Frames e and f for F and F induce a frame e® f = {e; ® f,, :
1<i<r1<p<r'}for EQF (ris the rank of E and r’ of F'). After a straightforward
computation, we obtain as resulting curvature matrix

Ek=k'®I, + 1. ok

where [, is the identity matrix and, for two matrices A and B, one of size r and one of
size ', A® B denotes the matrix of size rr’ (whose columns and rows are indexed by pairs
with (i, p) as before) . '
(A® B)i’g = A/Bl.
Remarking that Tr(A ® B) = Tr(A)Tr(B), we immediately find
TT(€A®I+I®B) — TT(GA)T’I“(GB)

from which the desired formula follows.

Complexifications of connections and the proof of Proposition [10.4.5: For
this second part, i.e. when [ is odd, it suffices to remark that, for £ ® C, it is isomorphic
to its conjugation then just apply the last part of Proposition For [ even we have to
go again to connections and to remark that a connection V on a real vector bundle £ can
be complexified to give a connection VC on E® C: just extend V by requiring C-linearity.
Comparing the connection matrices we immediately find that

w(B0C) = (1) nlE) = (0n(E)
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Proof of Proposition [10.4.6f The main observation is that, for any complex vector
bundle E, one has a canonical isomorphism

FrC=2E@FE
defined fiberwise by
v+ V1w (v +iw,v — iw),
where /—1 is “the i used to complexify Eg). Hence
c(Br ® C) = c(E)c(E)

and, using the formulas from Proposition [10.4.5( and from end of Proposition [10.4.2] the
desired formula follows.

10.6 Some exercises

Here are some more exercises to get used with these classes but also to see some of their
use (some of which are rather difficult!).

Exercise 10.6.1 Show that, for any trivial complex vector bundle T" (of arbitrary rank)
and any other complex vector bundle F,

(E@T)=c(E).

Exercise 10.6.2 (the normal bundle trick). Assume that a manifold N is embedded in
the manifold M, with normal bundle v. Let 7, be the tangent bundle of M and 7y the
one of N. Show that

(i) |v = e(tw)e(v).
Exercise 10.6.3 For the tangent bundle 7 of S™ show that
p(r) =1

Exercise 10.6.4 Show that the the tautological line bundle L over CP' (see Exercise

10.4.1)) is not isomorphic to the trivial line bundle. Actually, show that over CP' one can
find an infinite family of non-isomorphic line bundles.

Exercise 10.6.5 Let L C CP" x C""! be the tautological line bundle over CP" (general-
izing the one from Exercise [10.4.1)) and let

a:= —c,(L) € H*(CP").

/ a*=1.
cP™

Deduce that all the cohomology classes a,a?,...,a" are non-zero.

Show that
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Exercise 10.6.6 This is a continuation of the previous exercise. Let 7 be the tangent
bundle of CP"- a complex vector bundle (why?), and let 7 be the underlying real vector
bundle. We want to compute ¢(7) and p(7g).

Let L+ C CP" x C"*! be the (complex) vector bundle over CP" whose fiber at [ € CP"
is the orthogonal I+ C C™™! of | (with respect to the standard hermitian metric).

1. Show that
Hom(L,L)=T', Hom(L, L)@ T'2L*®...® L",
N———
n+1

where T* stands for the trivial complex vector bundle of rank k.

2. Show that
2 Hom(L,L"b).

3. Deduce that
c(t) = (1+a)"", p(rg) = (14 a*)".

4. Compute Ch(T).

Exercise 10.6.7 Show that CP* cannot be embedded in R,
(Hint: use the previous computation and the normal bundle trick).

Exercise 10.6.8 Show that CP?*'° cannot be written as the boundary of a compact,
oriented (real) manifold.

(Hint: first, using Stokes’ formula, show that if a manifold M of dimension 4/ can be
written as the boundary of a compact oriented manifold then [, p/(7a)) = 0).

Exercise 10.6.9 Show that CP*'° can not be written as the product of two complex
manifolds of non-zero dimension.

(Hint: for two complex manifolds M and N of complex dimensions m and n, respec-
tively, what happens to Chy,yn(Tarxn) € H*™ (M x N)?).

10.7 Chern classes: the global description and the
proof of Theorem [10.3.7

In this section we look closer at the Chern character, which shows up naturally in the
context of the Atiyah-Singer index theorem. We start by giving a slightly different dress
(of a more global flavour) to the discussion of characteristic classes from the previous
lecture and we prove Theorem [10.3.7 The algebraic formalism that we use is known as
“Quillen’s formalism”. It has the advantage that it applies (with very litlle changes) to
other settings (in particular, it can be addapted easily to non-commutative geometry).

Although we concentrate on the Chern character (which uses the invariant polynomi-
als ¥,), most of what we say in this section can be carried out for arbitrary invariant
polynomials (see also the comments which follow Theorem [10.3.7)).
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This section can (and should) be viewed as a global presentation of the Chern classes
already discussed (including proofs). There are three ingredients that we need. The first
two have already been discussed

e the algebra Q*(M, End(FE)) of differential forms on M with coefficients in End(FE),
and the wedge product ((10.2.7)) which makes it into a (graded) algebra.

e a connection V on E and the associated curvature, interpreted globally as an element

kv € Q*(M, End(E)).

The last ingredient is a global version of the trace map. Due to the invariance of the
usual trace map of matrices, it follows that it does not really depend on the choice of the
basis; hence any finite dimensional (complex) vector space V' comes with a trace map

Try : End(V) — C

which can be computed via a (any) basis e; of V; the any 7' € End(V) has a matrix
representation 7' = (/) and Try(T) = >_,ti. This map has “the trace property” (an
infinitesimal version of invariance):

Try([A,B]) =0, (10.7.10)

for all A, B € End(V), where [A, B] = AB — BA.

Since T'ry is intrinsec to V, it can be applied also to vector bundles: for any vector
bundle E, the trace map (applied fiberwise) is a vector bundle map from End(E) to the
trivial line bundle. In particular, one has an induced map, which is the final ingredient:

e The trace map:
Tr:Q%(M; End(E)) — Q*(M). (10.7.11)

Exercise 10.7.1 Show that T'r has the graded trace property:
Tr([A,B]) =0,
for all A € QP(M; End(E)), B € Q4(M; End(E)), where [A, B] are the graded commuta-

tors:

[A,B]=AANB—(—1)"BA A.
and A is here the wedge operation on Q(M, End(E)) (see (10.2.7))).

Putting things together we find immediately:

Proposition 10.7.2 For a connection V on E,

Chy(E, V) = % (—%) Tr(k2) € Q% (M).
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Hence, using the wedge product and the usual power seria development to define for-
mally the exponential map

exp : Q(M, End(E)) — Q(M, End(E)),
the Chern character can be written as
Ch(E, V) = Tr(e” 7v="v).

Next, we explain the relationship between these ingredients; putting everything to-
gether, we will obtain the proof of Theorem [10.3.7| (for the Chern classes). The plan is as
follows:

e show that the connection V on F induces a connection V on End(E).
e show that T'r : Q*(M; End(E)) — Q*(M) is compatible with dg and d.
e show that ky is dg-closed.

Lemma 10.7.3 Given a connection V on E, there is an induced connection V on End(E),
given by 3
Vx(T)(s) = Vx(T(s)) = T(Vx(s)),

forall X € X(M), T e I'(End(E)), s € I'(E). Moreover, the induced operator
de : QP (M; End(E)) — QP (M; End(E))
15 given by
de(K) = [dv, K] (10.7.12)
where, as in Ezercise we identify the elements in K € Q*(M; End(E)) with the
induced operators K and we use the graded commutators

[dv,K] = deK— (—1)pKOdv

In particular, dg also satisfies the Leibniz identity with respect to the wedge product
on Q(M, End(E)).

Proof First one has to check that, for X € X (M), T € I'(End(E)), Vx(T) € I'(End(E)),
i.e. the defininig formula is C*°(M)-linear on s € I'(E):

Vx(T)(fs) = Vx(T(fs)) = T(Vx(fs))
= [fVx(T(s)) + Lx(/)T(s)] = [fT(Vx(s)) + Lx(f)T(s)]
= f@X(T)(S)-
The identities that V have to satisfy to be a connection are proven similarly. For the
second part, we first have to show (similar to what we have just checked) that, for K €
QP(M, End(E)),
K' = [dy, K] € Q"*'(M, End(E)).
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More porecisely, unraveling the identifications between the elements K and the operators
K, we have to show that

K :=dyoK — (=1)PK ody : Q*(M, E) — Q**"*Y(M, E)

is Q(M)-linear, i.e.
K'(wAn) = (=)D A K ()

for all w € QP(M), n € Q(M, E). writing out the left hand side we find
dv(K(w A1) = (=1 k(dv (w An))
which is (using the Q(M)-linearity of K and the Leibniz identity for dy):
(=1)Pld(w) A K () + (=1) "0 A dy (K (1)) -

~[(=1)PMld(w) A K () + (=17 A K (dv (n)]

which equals to A A
(=) A [dy (K (n) = (=1 K (dv(n)),

i.e. the right hand side of the formula to be proven. Hence we obtain an operator
D : QF(M; End(E)) — QPYY(M; End(E)), D(K) = [dy, K],

and we have to prove that it coincides with dg. By a computation similar to the one
above, one shows that D satisfies the Leibniz identity. Hence it suffices to show that the
two coincide on elements T' € T'(End(E)). They are both elements of Q'(M, End(E))
hence they act on X € X (M), s € I'(E) and produce sections of E. For dg (1) we obtain

dg(T)(X)s = Vx(T(s)) = T(Vx(s))

while for D(T') we obtain

— ~ ~

D(T)(s)(X) = (dvoT—Todv)(X)(S)]
dy(T'(s))(X) = T(dv(s)(X))
Vx(T(s)) = T(Vx(s)).

From the second part of the proposition we immediately deduce:
Corollary 10.7.4 (Bianchi identity) de(kv) = 0.

We can now return to the issue of the relationship between the trace map and the
DeRham differential.
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Proposition 10.7.5 For any connection V, the trace map Tr : Q*(M;End(E)) —
QO (M) satisfies

Trodg =doTr.
Proof Consider

®:=Trode —doTr: Q' (M, End(E)) — Q"' (M, End(E)).

By a computations similar to the previous ones (but simpler), one check the graded Q(M)-
linearity of ®:
D(wAK) = (—1)¥wAd(K).

Hence to show that & is zero, it suffices to show that it vanishes on elements T €
['(End(E)). Le., we have to show that, for all such 7’s and all X € X' (M),

Tr(Vx(T)) = Lx(Tr(T)) = 0.

This can be checked locall, using a local frame e = {e;} for E. Such a local frame induces
alocal frame {¢’} for End(E) given by ¢’ (e;) = ¢; and zero on the other e;’s. If the matrix

corresopnding to T is {t/} (T(e;) = > tle;), for T := Vx(T) we have:
= Vaxl(tle) =) T(B/(X)e
J J

where {67} is the connection matrix. Writing this out, we find the matrix corresponing to

T:
}:ﬁw X) =) O(X)th + L(tf).

We deduce that
Tr(Vx MZ#LMTD

Corollary 10.7.6 For any connection V on F,
Tr(k%) € Q*(M)
is closed.
Proof From the previous proposition,
ATr (k) = Tr(dg (%)
Due to the Leibniz rule for dg and the Bianchi identity (the previous corollary) we find

de (k%) = 0.
Finally, we prove the independence of the connection.
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Proposition 10.7.7 For any vector bundle E over M, the cohomology class

Tr(k)] € HZ (M)
does not depend on the choice of the connection V.
Proof Let V' be another connection. The expression

R(X)s = Viy(s) — Vx(s)

is then C*°(M)-linear in X and s, hence defines an element

R e QY(M, End(E)).
Related to this is the fact that the difference

R=dy —dy: Q"(M,E) = QY (M, E)

is Q(M)-linear (in the graded sense). This follows immediately from the Leibniz rule for
dy and dyg.. Our notation is not accidental: R and R correspond to each other by the
bijection of Exercise [10.2.3 (why?). In what follows we will not distinguish between the
two.

The idea is to join the two connections by a path (of connections): for each ¢ € [0, 1]
we consider

Vi:=V+1tR

and the induced operators
dyt = dy + tR.

Computing the square of this operator, we find
1
kye = ky + t[dy, R] + *R* = ky + tde(R) + t2§[R, R]

from which we deduce

%(kvt) = do(R) + t[R, R] = de.(R).

Using the Leibniz identity,
D) = Sk ded (RO
%( vt) - Z vt @t( ) vt

hence, using the fact that Tr is a graded trace,

CTr()) = pTr (R e ()
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Using again the Leibniz and Bianchi identity,

d _
a(Tr(k‘%t)) = pd[Tr(k‘%th)].
Integrating from 0 to 1 we find
1
Tr(ig,) = Tr(%) = dp | T )L

i.e. the two terms in the left hand side differ by an exact form, hence they represent the
same element in the cohomology group.



Chapter 11

K-theoretical formulation of the
Atiyah-Singer index theorem

11.1 K-theory and the Chern character

For a manifold M we denote by Vb(M) the set of isomorphism classes of vector bundles
over M. Together with the direct sum of vector bundles, is an abelian semi-group, with
the trvial 0-dimensional bundle as the zero-element.

In general, one can associate to any semi-group (.5, +) a group G(S), called the Grothen-
dick group of S, which is the “smallest group which can be made out of S”. For instance,
applied to the semigroup (N, +) of positive integers, one recovers (Z, +). Or, if S is already
a group, then G(S) = S.

Given an arbitrary semi-group (S, +), G(S) consists of formal differences

2] =[]
with x,y € S, where two such formal differences [z] — [y] and [2/] — [¢/] are equal if and
only if there exists z € S such that
r+y +z=2+y+z2 (11.1.1)

More formally, one defines

G(S) =8 x S/ ~,

where ~ is the equivalence relation given by: (z,y) ~ (2,7') if and only if there exists
a z € S such that holds. Denote by [z,y] the equivalence class of (z,y). The
componentwise addition in S x S descends to a group structure on G(.S): the zero element
is [0, 0], and the inverse of [x,y] is [y, z|. For x € S, we define

(2] := [, 0] € G(9),

and this defines a morphism of semigroups S +— G(S) (find the universal property of
G(9)!). Also, since
[z,y] = [(,0)] = [(y,0)] = [2] = [y],

207
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we obtain the representation of G(S) mentioned at the beginning. Note that there is a
canonical map:

i:S— G(S),x— x|,

which is a morphisms of semi-groups.

Exercise 11.1.1 Show that G(S) has the following universal property: for any other
group G and any morphism iz : S — G of semi-groups, there is a unique morphism of
groups, ¢ : G(S) — G such that i¢g = ¢ o i.

Definition 11.1.2 Define the K-theory group of M as the group associated to the semi-
group Vb(M) of (isomorphism classes) of vector bundles over M.

Exercise 11.1.3 Is the map i : V(M) — K(M) injective? (hint: you can use that the
tangent bundle of S? is not trivial).

One may think of K'(M) as “integers over M”. Indeed, natural numbers are in bijection
with isomorphism classes of finite dimensional vector spaces. Since vector bundles can be
viewed as families of vector spaces indexed by the base manifold M, isomorphism classes of
vector bundles play the role of “natural numbers over M”, and K (M) the one of “integers
over M”.

Note also that the tensor product of vector bundles induces a product on K (M), and
K (M) becomes a ring.

Theorem 11.1.4 The Chern character induces a ring homomorphism
Ch: K(M)— H®"(M), [E]—[F]~ Ch(E)— Ch(F).
Proof The compatibility By the additive property of the Chern character,
Ch :Vb(M) — H®"(M)
is a morphism of semi-groups hence by the universality of K (M) (see Exercise [11.1.1]),
it induces a morphism of groups K (M) — H"(M). This is precisely the map in the

statement. The compatibility with the produtcs follows from the multiplicativity of the
Chern character.

Remark 11.1.5 One can show that, after tensoring with R,
Ch@zR: K(M)®;R— H"(M)

becomes an isomorphism.
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11.2 K-theory and the Chern character with compact
supports

Next, we discuss K-theory with compact supports. We consider triples

C=(FEalF) (11.2.2)
where E and F' are vector bundles over M and

a: B —F
is a vector bundle morphism with compact support, i.e. with the property that
supp(C) :={x € M : o, : E, — F is not an isomorphism}

is a compact subset of M. We denote by L;(M) the set of equivalence classes of such
triples. If C" = (E', o/, F") is another one, we say that C' and C' are homotopic, and we
write

c=C

if there exists a smooth family C; = (E;, oy, Fy), indexed by t € [0, 1], of triples (still with

compact supports), such that
Co=0C,C,=C".

More precisely, we require the existence of a triple C' = (E, &, F) over M x [0,1] (with
compact support), such that C' is the restriction of C' via ig : M < M x [0, 1], ig(z) = (,0)
and C” is the restriction of C' via iy : M < M x [0,1], i1(z) = (z, 1).

Finally, we introduce a new equivalence relation ~ on Ly (M):

C~(C —=CaeT=CaT
for some triples 7" and 7" with empty support.
Definition 11.2.1 Define the K-theory of M with compact supports as the quotient
Feper(M) = Ly(M)/ ~
For C € Ly(M), we denote by [C] the induced element in Kt (M).

With respect to the direct sum of vector bundles and morphisms of vector bundles,
Kepet (M) becomes a semi-group.

Exercise 11.2.2 Show that K (M) is a group. Also, when M is compact, show that
chct(M> - K(M)7 [(E,CK, F)] = [E] - [F]

is an isomorphism of groups.
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Example 11.2.3 Given an elliptic operator P : I'(E) — I'(F) of order d over a compact
manifold M, its principal symbol

o4(P) :m'E = ' F
(where m : T*M — M is the projection) will induce an element
(m*E,04(P), 7" F)| € Kepet(T*M).
Next, we discuss the Chern character on Ky (M). We start with an element
C=(E,aF)e Li(M).

Lemma 11.2.4 There exists a connection VE onb E and V¥ on F and a compact L C M
such that o is an isomorpism outside L and

(V)Y =VF on M- L.
Note that, here,
(V) x(s) = a7V (a(s)).

Proof Let V! be any connection on F. We will construct VE. For that we first fix an
arbitrary connection V on E (to be changed). Let K be the support of o and L a compact
in M with

K CcInt(L) C L.

Then o* (V) is well-defined as a connection on U := M — K. The difference
Vx(s) —a’(VF)x(s)
is C*°(U)-linear in X and s, hence defines a section
e I'U,T"M @ End(E)).

From the general properties of sections of vector bundles, for any closed (in M) A C U,
we find a smooth section )
0el(M,T"M ® End(E))

such that .
04 = 0|a.

We apply this to A = M — Int(L) and we define VZ by

VE(s) = Vx(s) — 0(X)s.
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Theorem 11.2.5 For any pair of connections VE and V¥ as in Lemma
Ch(C,VE V) := Ch(E,VF) — Ch(F,V") € Quper( M)
1s a closed differential form on M with compact support and the induced cohomology class

Ch(C) := [Ch(C,V*, V)] € Hepe (M)
does not depend on the choice of the connections. Moreover, C'h induces a group homo-
morphism
Ch: Kepe(M) — Hi' (M), [C] = Ch(C).
Proof The naturality of the Chern character implies that
Ch(C, V" V)| y-r = Ch(E|y—r, " (V|r-1)) = Ch(F -1,V |n-r) = 0.

Hence Ch(C, V¥ V) is a closed from with compact support. To see that the cohomology
class does not depend on the choice of the connections, we addapt the argument for the
similar statement for the Chern character of vector bundles; see the proof of Proposition
[10.7.7 With the same notations as there, another pair of connections as in Lemma [11.2.4
will be of type
VE + RF,VF + RF
with
RE € QY (M, End(E)), RF € QY(M, End(F))

and the two new connections correspond to each other via « outise some compact L’ (which
may be different from L). Let K = L U L'. We apply the construction in the proof of
Proposition [10.7.7| and we obtain

Ch,(E,V¥) — Ch,(E, V¥ + RF) = d(w")

for some form w® which has compact support, and similarly for F'. Looking at the explicit
formulas for wg and wr, we see immediately that wg — wpr has compact support.

Finally, to see that C'h induces a map in the K-theory with compact support, we still
have to show that if (E,a, F) = (E',«, F’) then they have the sama Chern character
(in cohomology). But this follows by an argument simialr to the last one, because the
equivalence = means that the two triples can be joined by a smooth family of triple
(Ey, o, Fy), t € ]0,1] (fill in the details!).

11.3 The K-theoretical formulation of the Atiyah-Singer
index theorem

Next, we give an outline of the K-theoretical formulation of the index theorem. First of
all
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Definition 11.3.1 Let M be a compact n-dimensional manifold. The topological index
map is defined as

Indy : Kupo(T*M) = R, Inde,([C]) = (—1)" / Ch(C)w* (Td(TeM)),

where 7 : T*M — M is the projection.

A few explanations are in order. First of all, T M is the complexification of the tangent
bundle of M. Secondly,

Ch(C) € Hepy(T* M), x*(Td(T5M)) € H(T*M)

hence their product is a cohomology class with compact support. Finally, T*M has a
canonical orientation: any coordinate chart (U,x = (z1,...,2,)) on M induces a coordi-
nate chart on 7" x M:

T°U 5 yi(dey)e + - oo+ yn(den)e = (X1, 0,2 Y1, -, Yn);

moreover, the resulting atlas for T*M is oriented and defines the canonical orientation of
T*M. In particular, we have an integration map

/ HE(T*M) 5 R,
* M

which kills all the cohomology classes except the ones in the top degree 2n (dim(T*M) =
2n).

Next, we discuss the analytic index. We have already seen that the index of an elliptic
pseudo-differential operator only depends on its principal symbol. However, what happens
is the following:

1. For an elliptic pseudo-differential operator P of degree d, Index(P) only depends on
[04(P)] € Kept(T*M).
2. Any element in K., (T*M) can be represented by the principal symbol of an elliptic
operator.
Hence there is a unique map
Ind, : Kept(T"M) — Z
with the property that, for any elliptic pseudo-differential operator of degree d,
Ind,([oa(P)]) = Index(P).
Definition 11.3.2 The map Ind, is called the analytic index map.
With these, we have the following formulation of the Atiyah-Singer index theorem.

Theorem 11.3.3 On any compact manifold M, Ind; = Ind,.
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