CHAPTER 3

Schwartz and smoothing algebras

The standard algebra of operators discussed in the previous chapter is not really
representative, in its global behaviour, of the algebra of pseudodifferential operators
on a compact manifold. Of course this can be attributed to the non-compactness
of R™. However, as we shall see below in the discussion of the isotropic algebra, and
then again in the later discussion of the scattering algebra, there are closely related
global algebras of pseudodifferential operators on R™ which behave much more as
in the compact case.

The ‘non-compactness’ of the algebra WS(R™) is evidenced by the fact the
the elements of the ‘residual’ algebra W_>°(R™) are not all compact as operators
on L?(R™), or any other interesting space on which they act. In this chapter we
consider a smaller algebra of operators in place of ¥ *°(R™). Namely
(3.1) A€V _*°R") < A:SR") — S(R"),

180

Ade) = | Aw.y)o(y)dy, A€ S(R*™).
The notation here, as the residual part of the isotropic algebra — which has not yet
been defined — is rather arbitrary but it seems better than introducing a notation
which will be retired later; it might be better to think of ¥, >°(R") as the ‘Schwartz
algebra.’

After discussing this ‘Schwartz algebra’ at some length we will turn to the
corresponding algebra of smoothing operators on a compact manifold (even with
corners). This requires a brief introduction to manifolds, with which however I will
assume some familiarity, including integration of densities. Then essentially all the
results discussed here for operators on R™ are extended to the more general case, and
indeed the Schwartz algebra itself is realized as one version of this generalization.

By definition then, ¥_°°(R") is the algebra which corresponds to the non-

1SO0
commutative product on S(R?") given by

(3.2) Ao B(z,y) = Az, 2)B(z,y)dz.
R‘n.

The properties we discuss here have little direct relation to the ‘microlocal’ concepts
which are discussed in the preceeding chapter. Rather they are more elementary, or
at least familiar, results which are needed (and in particular are generalized) later
in the discussion of global properties. This formula, (3.2) extends to smoothing
operators on manifolds and gives C>°(M?), where M is a compact manifold, the
structure of a non-commutative algebra.

In the discussion of the semiclassical limit of smoothing operators at the end
of this chapter the relationship between this non-commutative product and the
commutative product on T*M is discussed. This is used extensively later.
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74 3. SCHWARTZ AND SMOOTHING ALGEBRAS

3.1. The residual algebra

The residual algebra in both the isotropic and scattering calculi, discussed
below, has two important properties not shared by the residual algebra ¥ *°(R"),
of which it is a subalgebra (and in fact in which it is an ideal). The first is that as
operators on L?(R™) the residual isotropic operators are compact.

oo

PROPOSITION 3.1. Elements of ¥, >°(R™) are characterized amongst continu-
ous operators on S(R™) by the fact that they extend by continuity to define contin-

uous linear maps
(3.3) A: S (R") — S(R™).

In particular the image of a bounded subset of L*(R™) under an element of ¥;_>°(R™)
is contained in a compact subset.

PROOF. The kernels of elements of U_>°(R") are in S(R*") so the mapping
property (3.3) follows.

The norm sup| < [(z)" ' D*u(z)| is continuous on S(R™). Thus if S C L*(R™)
is bounded and A € U_>°(R™) the continuity of A : L?(R") — S(R") implies that
A(S) is bounded with respect to this norm. The theorem of Arzela-Ascoli shows
that any sequence in A(S) has a strongly convergent subsequence in (z)"C% (R")
and such a sequence converges in L?(R™). Thus A(S) has compact closure in L*(R")

which means that A is compact. ([l

The second important property of the residual algebra is that it is ‘bi-ideal’ or
a ‘corner’ in the bounded operators on L?(R™). Note that it is not an ideal.

LEMMA 3.1. If Ay, Ay € V_°(R"™) and B is a bounded operator on L*(R™)
then A1 BAy € U >°(R™).

180

PROOF. The kernel of the composite C' = A1 BAs can be written as a distri-
butional pairing
(3.4)
C(xa y) = / B(x/, y/)Al (Jf, x/)AQ(y/7 y)dﬂ?,dy/ = (Bv Al (xa ')AQ('7 y)) € S(R2n)
R2n

Thus the result follows from the continuity of the exterior product, S(R?") x
S(R?M) — S(R*™). O

In fact the same conclusion, with essentially the same proof, holds for any
continuous linear operator B from S(R™) to S'(R™).

3.2. The augmented residual algebra

Recall that a bounded operator is said to have finite rank if its range is finite
dimensional. If we consider a bounded operator B on L?(R™) which is of finite rank
then we may choose an orthonormal basis f;, j = 1,..., N of the range BL*(R").
The functionals u — (Bu, f;) are continuous and so define non-vanishing elements
gj € L*>(R™). It follows that the Schwartz kernel of B is

N
(3.5) B=> fi(x)g;).
j=1
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If B € U_°(R™) then the range must lie in S(R™) and similarly for the range of
the adjoint, so the functions f; are linearly dependent on some finite collection of
functions fj’ € S(R™) and similarly for the g;. Thus it can be arranged that the f;
and g; are in S(R™).

PROPOSITION 3.2. If A € U >°(R") then Id +A has, as an operator on L*(R™),
finite dimensional null space and closed range which is the orthocomplement of the

null space of Id +A*. There is an element B € W_>°(R™) such that

(3.6) (Id+A4)(Id+B) =1d —1I;, (Id+B)(Id+A) = Id —Ip

where Iy, II; € WU, _°(R™) are the orthogonal projections onto the null spaces of

Id+A and Id+A* and furthermore, there is an element A" € W.__°(R™) of rank

equal to the dimension of the null space such that Id+A + sA’ is an invertible
operator on L2(R™) for all s # 0.

PROOF. Most of these properties are a direct consequence of the fact that A
is compact as an operator on L2(R™).

We have shown, in Proposition 3.1 that each A € ¥, >°(R"™) is compact. It
follows that

(3.7) No = Nul(Id +A4) C L*(R™)

has compact unit ball. Indeed the unit ball, B = {u € Nul(Id+A)} satisfies
B = A(B), since u = —Au on B. Thus B is closed (as the null space of a continuous
operator) and precompact, hence compact. Any Hilbert space with a compact unit
ball is finite dimensional, so Nul(Id +A) is finite dimensional.

Now, let Ry = Ran(Id+A) be the range of Id +A; we wish to show that this is a
closed subspace of L?(R"). Let fi — f be a sequence in Ry, converging in L?(R").
For each k there exists a unique ug € L?(R™) with us, 1. No and (Id +A)ug = fr. We
wish to show that uy — u. First we show that ||ug|| is bounded. If not, then along
a subsequent v; = uy(;), ||vj|| — oo. Set w; = v;/||lv;||. Using the compactness
of A, wj = —Aw; + fi)/llvjll must have a convergent subsequence, w; — w.
Then (Id4+A)w = 0 but w L Ny and ||w|| = 1 which are contradictory. Thus the
sequence uy, is bounded in L?(R™). Then again uy = —Auy, + fr has a convergent
subsequence with limit « which is a solution of (Id +A)u = f; hence R; is closed.
The orthocomplement of the range of a bounded operator is always the null space
of its adjoint, so Ry has a finite-dimensional complement N; = Nul(Id +A*). The
same argument applies to Id +A* so gives the orthogonal decompositions

LA(R™) = No & Ry, Ny = Nul(Id+A), Ry = Ran(Id+A*)

3.8
(3:8) L*(R™) = N; @ Ry, N; = Nul(Id +A*), R; = Ran(Id +A).

Thus we have shown that Id +A induces a continuous bijection A : Ry — Rj.
From the closed graph theorem the inverse is a bounded operator B: Ry — Ry.
In this case continuity also follows from the argument above.! Thus B is the
generalized inverse of Id +A in the sense that B = B — Id satisfies (3.6). It only
remains to show that B € ¥._ >°(R™). This follows from (3.6), the identities in which

1S0

IWe need to show that ||Bf| is bounded when f € R; and ||f|| = 1. This is just the
boundedness of u € Ry when f = (Id+A)u is bounded in R;.
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show that
(39) B=—-A—-AB—-1I;, —-B= A+ BA+1I,
— B=-A+ A*>+ ABA — I, + All,.

All terms here are in ¥ >°(R"); for ABA this follows from Proposition 3.1.

It remains to show the existence of the finite rank perturbation A’. This is
equivalent to the vanishing of the index, that is
(3.10) Ind(Id +A) = dim Nul(Id +A) — dim Nul(Id +A*) =0

Indeed, let f; and g;, j = 1,..., N, be respective bases of the two finite dimensional
spaces Nul(Id +A) and Nul(Id +A*). Then

N
(3.11) A= Zgj(m)fj(y)

is an isomorphism of Ny onto N; which vanishes on Rg. Thus Id +A + sA’ is the
direct sum of Id +A4 as an operator from Ry to R; and sA’ as an operator from N
to Ny, invertible when s # 0.

There is a very simple proof? of the equality (3.10) if we use the trace func-
tional discussed in Section 3.5 below; this however is logically suspect as we use
(although not crucially) approximation by finite rank operators in the discussion of
the trace and this in turn might appear to use the present result via the discussion
of ellipticity and the harmonic oscillator. Even though this is not really the case
we give a clearly independent, but less elegant proof.

Consider the one-parameter family of operators Id +tA, A € ¥_>°(R"™). We
shall see that the index, the difference in dimension between Nul(Id+tA) and
Nul(Id +tA*) is locally constant. To see this it is enough to consider a general
A near the point ¢ = 1. Consider the pieces of A with respect to the decompositions
L?(R") = N; ® R;, i = 0,1, of domain and range. Thus A is the sum of four terms
which we write as a 2 X 2 matrix

Ago Aot
A= .
|:A10 A11]

Since Id +A has only one term in such a decomposition, A in the lower right, the
solution of the equation (Id +tA)u = f can be written
(312) (t - 1)AO0UQ + (t - 1)A01ul = fl, (t - 1)A10U0 + (A/ + (t - 1)A11)U,L = fL
Since A is invertible, for ¢ — 1 small enough the second equation can be solved
uniquely for u, . Inserted into the first equation this gives
(3.13) G(tyuo = fr+ H(t)fL,

G(t) = (t — 1)Ago — (t — 1)*Ag1 (A" + (t — 1) Ay1) "t Ago,

H(t)=—(t—1)Ap (A + (t—1)A;) "

2Namely the trace of a finite rank projection, such as either Iy or IIj, is its rank, hence
the dimension of the space onto which it projects. From the identity satisfied by the generalized
inverse we see that

Ind(Id +A) = Tr(Iy) — Tr(Il;) = Tr ((Id +B)(Id +A) — (Id+A)(Id +B)) = Tr([B, 4]) = 0

from the basic property of the trace.
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The null space is therefore isomorphic to the null space of G(t) and a complement
to the range is isomorphic to a complement to the range of G(t). Since G(t) is
a finite rank operator acting from Ny to Nj the difference of these dimensions is
constant in ¢, namely equal to dim Ny — dim Ny, near t = 1 where it is defined.

This argument can be applied to tA so the index is actually constant in ¢ € [0, 1]
and since it certainly vanishes at ¢ = 0 it vanishes for all ¢. In fact, as we shall note
below, Id +tA is invertible outside a discrete set of ¢t € C. O

COROLLARY 3.1. IfId+A4, A € U _>°(R"™) is injective or surjective on L*(R™),
in particular if it is invertible as a bounded operator, then it has an inverse of the
form Id +¥._>°(R™).

1S0

COROLLARY 3.2. If A € U_>*(R"™) then as an operator on S(R™) or §'(R"),
Id +A is Fredholm in the sense that its null space is finite dimensional and its range

is closed with a finite dimensional complement.

PRrOOF. This follows from the existence of the generalized inverse of the form
Id+B, B € U_>*(R"). O

1S0

3.3. Exponential and logarithm

ProrosiTIiON 3.3. The exponential

1 .
(3.14) exp(A) = Y = AT U (RY) — Td+0°(R")

— 4!

J
is a globally defined, entire, function with range containing a neighbourhood of the
identity and with inverse on such a neighbourhood given by the analytic function

—1)y
(3.15) log(Id +4) = > uAJ, Ae ¥ SR, ||Al2 <1

- 180

; J

3.4. The residual group
By definition, G._°°(R™) is the set (if you want to be concrete you can think of

iso

them as operators on L?(R™)) of invertible operators in Id +W¥,_>°(R"). If we identify

180
this topologically with W, >°(R™) then, as follows from Corollary 3.1, G;_>°(R") is
open. We will think of it as an infinite-dimensional manifold modeled, of course, on
the linear space ¥_>°(R™) ~ S(R?*"). Since I have no desire to get too deeply into
the general theory of such Fréchet manifolds I will keep the discussion as elementary
as possible.

The dual space of S(R?) is §’(RP). If we want to think of S(R?) as a manifold
we need to consider smooth functions and forms on it. In the finite-dimensional
case, the exterior bundles are the antisymmetric parts of the tensor powers of the
dual. Since we are in infinite dimensions the tensor power needs to be completed
and the usual choice is the ‘projective’ tensor product. In our case this is something
quite simple, namely the k-fold completed tensor power of S’(RP) is just S'(R*P).

Thus we set

(3.16) AFS(RP) = {u € S'(R*?); for any permutation

€, u(Te(1)s - - - Ten)) = sgn(e)u(@s, ... xx)}.
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In view of this it is enough for us to consider smooth functions on open sets
F c S(R?P) with values in §’(RP) for general p. Thus

(3.17) v:F — S (RP), F C S(R™) open
is continuously differentiable on F' if there exists a continuous map

v 1 F — S'(R™*P) and each u € F has a neighbourhood U
such that for each N 3 M with

llo(u+ ') —v(u) — o' (wu)||n <Ol |3, ¥ u,utu' €U.

Then, as usual we define smoothness as infinite differentiability by iterating this
definition. The smoothness of v in this sense certainly implies that if f : X —
S(R™) is a smooth from a finite dimensional manifold then v o F' is smooth.

Thus we define the notion of a smooth form on FF C S(R™), an open set, as a
smooth map

(3.18) a: F — A*S(RP) c §'(RFP).

In particular we know what smooth forms are on G,_>°(R").

The de Rham differential acts on forms as usual. If v : I — C is a function
then its differential at f € F is dv : F — S’(R") = A’S(R"™), just the derivative.
As in the finite-dimensional case d extends to forms by enforcing the condition that

dv = 0 for constant forms and the distribution identity over exterior products
(3.19) d(a A B) = (da) A B+ (=1)38“a A dB.

3.5. Traces on the residual algebra

The algebras we are studying are topological algebras, so it makes sense to
consider continuous linear functionals on them. The most important of these is the
trace. To remind you what it is we consider first its properties for matrix algebras.

Let M(N;C) denote the algebra of N x N complex matrices. We can simply
define

N
(3.20) Tr: M(N;C) - C, Tr(A)=>_ Ay

i=1
as the sum of the diagonal entries. The fundamental property of this functional is
that

(3.21) Tr([A, B]) =0V A, B € M(N;C).

To check this it is only necessary to write down the definition of the composition
in the algebra. Thus

N
(AB)ij = > AuBy;.

k=1
It follows that
N N
Tr(AB) = Y (AB)ii= Y AyB
i=1 i,k=1

N

N
= Z BriAir = Z(BA)kk = Tr(BA)
k=1 i=1 k=1
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which is just (3.21).
Of course any multiple of Tr has the same property (3.21) but the normalization
condition

(3.22) Tr(ld) = N

distinguishes it from its multiples. In fact (3.21) and (3.22) together distinguish
Tr € M(N;C)" as a point in the N? dimensional linear space which is the dual of
M(N;C).

LEmMMA 3.2. If F: M(N;C) — C is a linear functional satisfying (3.21) and

B € M(N;C) is any matriz such that F(B) # 0 then F(A) = Tr((g)) Tr(A).

PrOOF. Consider the basis of M (N;C) given by the elementary matrices Ejp,
where Ej;, has jk-th entry 1 and all others zero. Thus

EjrEpq = OrpEjq-
If j # k it follows that
EjjEjx = Ejk, EjpEjj = 0.
Thus
By En) = F(Eje) = 0 j # k.
On the other hand, for any i and j
E;;E;; = Ej;, EijE;; = Ey
SO
F(Ej;) = F(Eu) VY j

Since the Ej;, are a basis,

F(A) = F(Y AyEy)

N
= E11 ZAJJ = E11 TI'(A)
j=1

This proves the lemma. (I

For the isotropic smoothing algebra we have a similar result.

PROPOSITION 3.4. If F: U >°(R") ~ S(R?*") — C is a continuous linear
functional satisfying

(3.23) F([A,B)) =0V A, B € U_>®(R")

180

then F is a constant multiple of the functional

(3.24) Tr(A):/ Az, x)dx.
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PROOF. Recall that ¥ °(R") C U2 (R™) is an ideal so A € U_°(R") and

180 1S0 1S0
B € U2 (R™) implies that AB, BA € ¥._>°(R™) and it follows that the equality

150

F(AB) = F(BA), or F([A,B]) = 0, is meaningful. To see that it holds we just
use the continuity of F. We know that if B € ¥ (R™) then there is a sequence
B,, — B in the topology of ¥ (R™) for some m. Since this implies AB,, — AB,

1S0

B,A — BA in U, °(R"™) we see that
F([A,B]) = lim F([A,B,])=0.

n—oo

We use this identity to prove (3.24). Take B = x; or D;, j = 1,...,n. Thus
for any A € U (R")

180

F([A, z;]) = F([A, Ds]) = 0.
Now consider F as a distribution acting on the kernel A € S(R?"). Since the kernel
of [A,z;] is A(z,y)(y; — x;) and the kernel of (A, D) is —(Dy, + Dy,)A(z,y) we
conclude that, as an element of &’(R?"), F satisfies
(xj - yj)F(x>y) =0, (Dzj + Dyj)F(:n,y) =0.

If we make the linear change of variables to p;, = %, ¢ = x; —y; and set

F(p,q) = F(x,y) these conditions become
D, F=0, pF=0,i=1,...,N.
As we know from Lemmas 1.2 and 1.3, this implies that F = ¢d(p) so
F(z,y) = co(z —y)

as a distribution. Clearly §(z — y) gives the functional Tr defined by (3.24), so the
proposition is proved. (I

We still need to justify the use of the same notation, Tr, for these two func-
tionals. However, if L C S(R™) is any finite dimensional subspace we may choose
an orthonal basis o, € Lyt =1,...,,

/n pi(2)[Pdz = 0, /n oi(z)gj(z)dx =0, i # j.

Then if a;; is an [ x [ matrix,

4
A= 3" aipila)p;(y) € U (R™).

4,j=1

From (3.24) we see that
TT(A) = Z Q5 Tr(aplgéj)

Z aij /R i vi(z)p;(z)dx

Z Qi = ’Iﬁr(a)

Thus the two notions of trace coincide. In any case this already follows, up to a
constant, from the uniqueness in Lemma 3.2.
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3.6. Fredholm determinant

For N x N matrices, the determinant is a multiplicative polynomial map
(3.25) det : M(N;C) — C, det(AB) = det(A) det(B), det(Id) = 1.

It is not quite determined by these conditions, since det(A)* also satisfies then. The
fundamental property of the determinant is that it defines the group of invertible
elements

(3.26) GL(N,C) = {A € M(N;C);det(A) # 0}.

A reminder of a direct definition is given in Problem 4.7.

The Fredholm determinant is an extension of this definition to a function on
the ring Id +¥;_>°(R™). This can be done in several ways using the density of finite
rank operators, as shown in Corollary 4.2. We proceed by generalizing the formula
relating the determinant to the trace. Thus, for any smooth curve with values in

GL(N;C) for any N,

d A
2 — As) = A AR,
(3.27) I det(As) = det(As) tr(A; ds)
In particular if (3.25) is augmented by the normalization condition
d
(3.28) = det(Id +sA)| _, = tr(A) V A € M(N;C)

then it is determined.
A branch of the logarithm can be introduced along any curve, smoothly in the
parameter, and then (3.27) can be rewritten

(3.29) dlogdet(A) = tr(A~'dA).

Here GL(N;C) is regarded as a subset of the linear space M(N;C) and dA is
the canonical identification, at the point A, of the tangent space to M (N, C) with
M(N,C) itself. This just arises from the fact that M(N,C) is a linear space.
Thus dA(%(A + sB)|S:0 = B. This allows the expression on the right in (3.29)
to be interpreted as a smooth 1-form on the manifold GL(N;C). Note that it is
independent of the local choice of logarithm.

To define the Fredholm determinant we shall extend the 1-form
(3.30) a=Tr(A1dA)
to the group G, >°(R™) «— Id + ¥ >°(R™). Here d A has essentially the same meaning

1S0 150

as before, given that Id is fixed. Thus at any point A = Id+B € Id+¥._>*(R") it

180
is the identification of the tangent space with ¥ >°(R™) using the linear structure:

— 00
iso

= B, E € U_®(R").

s=0) iso

d
dA(%(Id +B + sE)|

Since dA takes values in W, _>°(R™), the trace functional in (3.30) is well defined.

150
The 1-form « is closed. In the finite-dimensional case this follows from (3.29).

For (3.30) we can compute directly. Since d(dA) = 0, essentially by definition, and
(3.31) dA™r = —A71dAA™!
we see that

(3.32) do = —Tr(A7(dA)A™(dA)) = 0.



82 3. SCHWARTZ AND SMOOTHING ALGEBRAS

Here we have used the trace identity, and the antisymmetry of the implicit wedge
product in (3.32), to conlcude that do = 0. For a more detailed discussion of this
point see Problem 4.8.

From the fact that dao = 0 we can be confident that there is, locally near any
point of G;.>°(R™), a function f such that df = «; then we will define the Fredholm

determinant by detg(A) = exp(f). To define detg, globally we need to see that this
is well defined.

LEMMA 3.3. For any smooth closed curve vy : St — G;.>°(R™) the integral

(3.33) /a :/ v a € 2milZ.
v St

That is, o defines an integral cohomology class, [52] € H* (G, 3°(R™); Z).

1S0

PRrROOF. This is where we use the approximability by finite rank operators.
If w is the orthogonal projection onto the span of the eigenspaces of the small-
est N eigenvalues of the harmonic oscillator then we know from Section 4.3 that
avEry — E in W °(R"™) for any element. In fact it follows that for the smooth
curve that y(s) = Id+E(s) and En(s) = nyE(s)my converges uniformly with all
s derivatives. Thus, for some Ny and all N > Ny, Id+En(s) is a smooth curve in
G .>°(R™) and hence vy (s) = Idy +En(s) is a smooth curve in GL(N; C). Clearly

iso

(3.34) / a—>/aasN—>oo,
N ¥

and for finite N it follows from the identity of the trace with the matrix trace (see
Section 3.5) that fN ~ya« is the variation of arglog det(yy) around the curve. This
gives (3.33). O

Now, once we have (3.33) and the connectedness of G.>°(R™) we may define

(3.35)  detme(A) = exp( / a), 71 [0,1] — GZ®(R™), 7(0) = Id, (1) = A.

Indeed, Lemma 3.3 shows that this is independent of the path chosen from the

identity to A. Notice that the connectedness of G;.;°(R"™) follows from the connect-

edness of the GL(N,C) and the density argument above.
The same arguments and results apply to G_>"_¢(R"™) using the fact that the

co—iso
trace functional extends continuously to W_2"_¢(R") for any € > 0.

PROPOSITION 3.5. The Fredholm determinant, defined by (3.35) on G.>°(R™)

150

(or G2 ~(R™) for € > 0) and to be zero on the complement in Id +W_2°(R™) (or

180 180
Id+U_2""¢(R™)) is an entire function satisfying

150

(3.36) detp(AB) = detp,(A) detp,(B), A, B €1d+U_>(R")

180

(or Id+W¥_2""¢(R")), detp(Id) = 1.

180

PrROOF. We start with the multiplicative property of detg, on G 5°(R™). Thus
is y1(s) is a smooth curve from Id to A; and ~2(s) is a smooth curve from Id to As
then v(s) = v1(s)y2(s) is a smooth curve from Id to A; As. Consider the differential
on this curve. Since

A(A1(5)As(s)) _ dAi(s)
ds ds

dAQ(S)
ds

Aa(s) + Ai(s)
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the 1-form becomes

dAs(s dAs(s
(3.37) 4 (s)a(s) = Tr(AQ(s)*l%) + Tr(A2(s)*1A1(s)*1%AQ(S)).
In the second term on the right we can use the trace identity, since Tr(GA) =

Tr(AG) if G € VZ (R") and A € U_>°(R"). Thus (3.37) becomes

1SO
Y (s)a(s) = via +yza.

Inserting this into the definition of detp, gives (3.36) when both factors are in
G (R™). Of course if either factor is not invertible, then so is the product and
hence both detg,(AB) and at least one of detp (A4) and detg(B) vanishes. Thus
(3.36) holds in general when detp, is extended to be zero on the non-invertible
elements.

Thus it remains to establish the smoothness. That detg,(A) is smooth in any
real parameters in which A € G .J°(R") depends, or indeed is holomorphic in holo-
morphic parameters, follows from the definition since « clearly depends smoothly,
or holomorphically, on parameters. In fact the same follows if holomorphy is exam-
ined as a function of £, A =Id+FE, for E € ¥__>°(R"). Thus it is only smoothness
across the non-invertibles that is at issue. To prove this we use the multiplicativity
just established.

If A=1Id+F is not invertible, E € ¥, _>°(R™) then it has a generalized inverse
Id +F’ as in Proposition 4.3. Since A has index zero, we may actually replace E’ by
E’'+E"”, where E” is an invertible linear map from the orthocomplement of the range
of A to its null space. Then Id +E'+E"” € G.>°(R"™) and (Id+E'+E")A = 1d —Il,.
To prove the smoothness of detg, on a neighbourhood of A it is enough to prove the
smoothness on a neighbourhood of Id —IIj since Id +FE’+ E” maps a neighbourhood
of the first to a neighbourhood of the second and detg, is multiplicative. Thus
consider detg, on a set Id —IIp + E where F is near 0 in ¥._>°(R"), in particular

we may assume that Id+E € G_>°(R™). Thus

detpy (I +E — Ty) = det(Id +E) det(Id —TIy + (G — Id)TIp)

were G = (Id +E)~! depends holomorphically on E. Thus it suffices to prove the
smoothness of detp, (Id —IIp + HIIy) where H € ¥; >°(R")

Consider the deformation Hs = IToHIIy+ s(Id —IIy) Hp, s € [0,1]. If Id =TT +
H, is invertible for one value of s it is invertible for all, since its range is always
the range of Id —IIj plus the range of IIo HIIy. It follows that detg (Id —IIy + Hy)
is smooth in s; in fact it is constant. If the family is not invertible this follows

immediately and if it is invertible then

d dety, (Id —TIo + H,)
ds
= dety, (Id 1o + H,) Tr ((Id — Iy + H,) "' (Id —Pig) HIlp)) = 0

since the argument of the trace is finite rank and off-diagonal with respect to the
decomposition by Ilj.

Thus finally it is enough to consider the smoothness of detg, (Id —IIy + 1o HIlp)
as a function of H € ¥;_>°(R™). Since this is just det(IIpHIly), interpreted as a
finite rank map on the range of Ilj the result follows from the finite dimensional

case. O
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3.7. Fredholm alternative

Since we have shown that detg, : Id +¥_°(R™) — C is an entire function,
we see that G_>°(R™) is the complement of a (singular) holomorphic hypersurface,
namely the surface {Id +F;detg,(Id +F) = 0}. This has the following consequence,
which is sometimes call the ‘Fredholm alternative’ and also part of ‘analytic Fred-

holm theory’.

LEMMA 3.4. If Q C C is an open, connected set and A : Q — W _*(R"™) is a
holomorphic function then either Id +A(z) is invertible on all but a discrete subset
of Q and (Id+A(z)) is meromorphic on Q with all residues of finite rank, or else
it is invertible at no point of Q).

PrOOF. Of course the point here is that detp (Id +A(z)) is a holomorphic
function on Q. Thus, either detg(A(2)) = 0 is a discrete set, D C  or else
detp (Id +A(2)) = 0 on £; this uses the connectedness of €. Since this corresponds
exactly to the invertibility of Id +A(z) the main part of the lemma is proved. It
remains only to show that, in the former case, (Id +A(z))~! is meromorphic. Thus
consider a point p € D. Thus the claim is that near p

150

N
(3.38)  (Id+A(z)) "' =Id+E(2)+ Y 27 Ej, E;j € U .2°(R") of finite rank
j=1

and where E(z) is locally holomorphic with values in ¥ >°(R").
If N is sufficiently large and Il is the projection onto the first IV eigenspaces
of the harmonic oscillator then B(z) = Id+FE(z) — Iy E(z)Iy is invertible near p

with the inverse being of the form Id +F(z) with F(z) locally holomorphic. Now
(Id+F(2))(Id+E(z)) = Id+(Id +F(2)) Iy E(2)In
= (Id —HN) + HNM(Z)HN + (Id —HN)M/(Z)HN.

It follows that this is invertible if and only if M (z) is invertible as a matrix on
the range of IIy. Since it must be invertible near, but not at, p, its inverse is a
meromorphic matrix K (z). It follows that the inverse of the product above can be
written

(3.39) Id-Ty + OyK(2)y — (Id —TIy) M’ (2)x K (2)Ly.
This is meromorphic and has finite rank residues, so it follows that the same is true
of A(z)~% O

3.8. Manifolds and functions

Here is a version of the standard definition of a manifold (with corners). First
let M be a Hausdorff topological space. That is, we already have the ‘topology’ of
open subsets of M, closed under arbitrary intersections and finite unions. We then
know which real-functions on M are continuous — namely those f : M — R such
that f~1(a,b) C M is open for every a < b. The Hausdorff condition is that these
continuous functions separate points, so if p; # ps are two points in M then there
is a continuous function f on M such that f(p1) # f(p2). We also assume that M
is second countable, that the topology has a countable basis — there is a countable
collection of open subsets such that every open subset is a union of these particular
open subsets.
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A C®° structure on M can be taken to be a subset C>° (M) C CY(M) of the space
of continuous functions which has the following properties. First, it is a subalgebra.
Second it generates (product) coordinate systems. That is there is a countable open
cover of M by subsets Uj; for each of which there are n elements f; ; € C>(M) such
that F; = (f1,1,--., fi,n) restricts to U; to give a topological isomorphism

(3.40) El, Ui —[0,)" x (-1,1)" " cR"
and such that if g € C2°(R™) has support in (—1,1)" then

, {Fi*g on Uj;

3.41 = € C™(M),
(3.41) I=10 e, SCTOD

and that these functions form an ideal in C°°(M). Thirdly we require that C*° (M)
is maximal in the sense that if g : M —— R and for each i, g‘Ui = Fh; for some
h; € C*((—1)") then g € C*>°(M).

In fact T would call a manifold as defined in the preceeding paragraph a t-
manifold. It has various problems. One is that I have not insisted that the local
dimension n is not fixed. This is not a serious problem, but it means that M
may be up to even a countable union of compoents, each of which is a connected
manifold, in the same sense, and hence has fixed dimension. Often this is required
anyway, at at least it is how most people think — that a manifold is connected.
Apart from that there are more serious problems with the boundary when k&, which
is the local boundary codimension, takes the value 2 or greater. This is not really
imortant here but I usually insist on an additional condition, that the boundary
faces be embedded. This is actually a combinatorial condition and means that
each boundary hypersurface, defined as the closure of a component of the set of
boundary points of ‘codimension one’ (meaning the union of the the inverse images
of the subsets, in the coordinate patches, of [0,1)% x (—1,1)"~* where exactly one
of the first k variables vanishes), is embedded. One way of thinking about this is
that some neighbourhood of each point in the closure of such a boundary point
meets the component of the codimension one boundary in a connected set.

A map between manifolds, f : M — N is smooth if and only if the composite
uo f € C®(M) for every y € C>°(N). It is usual to write this as a pull-back map

(3.42) friC®(N) — C®(M), ffu=uof.

The discussion above is not a good way to learn about manifolds — I am as-
suming you will look things up somewhere if you don’t know about them. The only
real virtue of this definition is that it is short. 3

3.9. Tangent and cotangent bundles

From one manifold we can make others. The most basic examples of this is
the passage to a boundary face of a manifold with corners and taking products
of manifolds. A more sophisticated example, blow up, is discussed briefly below
and we have already described to compactification of Euclidean space to a ball.
However the most frequently encountered ‘derived’ manifold below is the cotangent

3In case you, gentle reader, really want to learn the elementary theory of manifolds for yourself
and are unable to pick up an appropriate book I have added (or will add) lots of ‘problems’ to
guide, or remind, you a little.
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bundle. Once again the approach I give here is not really introductory, its main
virtue is brevity.

On Euclidean space of a smooth function near a point, z, can always be de-
composed in terms of coordinate functions

(3.43) f2)=fE)+ D Fi(2)(z — %)
j=1

where the coeflicient functions f; are smooth near z. The f; are not determined
by this Taylor expansion but their values at z, namely the derivatives of f at Z,
are determined. We can capture these derivatives, collectively, as elements of the
vector space

(3.44)

J(2)/T (%)% T(2) ={f €C®R"); f(2) =0}, T(2)* ={)_, figi fir 9: € T(D)}.
finite

Thus f(z) — f(2) € J(2) and J(2)/J(Z)? is an n-dimensional vector space. In fact
it is only necessary for f to be defined and smooth in some neighbourhood of z for
this to be well defined since if ¢ is a cutoff, supported sufficiently close to z and
equal to 1 in some neighbourhood, then the class of f¢ — f(z) in J(2)/J(2)? is
independent of the choice of ¢. Of course this is the deRham differential. Moreover
the discussion extends immediately to smooth manifold and defines

(3.45) df (p) € T;M = T (p)/ T (p)?,

the cotangent space at each point p € M. This is a vector space of dimension n
which is spanned by the differentials of any coordinate system in a neighbourhood
of p.

The union of the cotangent fibres has a natural structure as a manifold

(3.46) T°M = | T;M = M.
peEM

Namely a coordinate system on an open set U C M gives a global coordinate system
on the open subset 7= 1(U) identifying it (by definition smoothly) with U x R™.

The tangent bundle can be defined as the dual of T*M or directly in terms of
vector fields; taking the first approach

(3.47) T,M = {v: Ty M — R, linear}, TM = | | T,M — M.
peEM

Coordinate systems on M again give coordinate systems on T'M.

3.10. Integration and densities

There is no natural notion equivalent to the Lebesgue integral on a manifold,
the problem being that the ‘measure’ part is changes by a positive smooth multi-
ple under coordinate transformations, namely by the Jacobian determinant. It is
therefore necessary either to make a choice of ‘density’ or else to include the density
in the integrand, and integrate only densities. The latter approach is taken here
and this requires the introduction of the density bundle, which is a simple example
of a trivial line bundle which is not canonically trivial.
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PROBLEM 3.1. Show that the smooth functions on R™ \ {0} which are ‘posi-
tively’ homogeneous of some complex degree s, meaning the satify

(3.48) f(rz) =r°f(2), Yr >0, ze R"\ {0}
(where r? is the standard branch) is a trivial, but not canonically trivial, line bundle

over S"~!, except in the case s = 0 when it is canonically trivial.

At each point of a manifold consider the 1-dimensional, real, vector space of
totally antisymmetric absolutely homogeneous n-multilinear functions
(3.49)

QM ={v:T,Mx---xTyM — R, v(ve(1), ..., Ven)) = sgnev(vy,...,v,), v(tvy,...

where v; € T,M, i =1,...,n are arbitrary and e is any permutation. It is straight-
forward to check that this is a linear space (it seems a little strange if view of the
absolute value of ¢ in the last identity but it is true). If z; are local coordinates in
a neighbourhood of p then the differentials dz; define a density

(3.50) v(vi,...,v,) = | detdz;(vj)].

This is the local coordinate representative of Lebesgue measure at the point.
As for the tangent bundle above, the union of the fibres €2, form a manifold,

(3.51) oM = ) QM " M.

pEM
A section of QM, meaning a smooth map v : M — QM such that 7v = Idy,, is
by definition a smooth density on M. The linear space of such sections is denoted
C>®(M; Q) and the behaviour of integrals under coordinate transformation reduces
directly to the existence of a well defined integral:

(3.52) /M L C®(M;Q) — R.

Checking that this is well-defined reduces to the usual change-of-variable formula
fo Lebesgue (or Riemann) integral in local coordinates.

3.11. Smoothing operators

Now, we come to the point of interest in this chapter. If M is a compact mani-
fold then the algebra of smoothing operators on M behaves in very much the same
was as the Schwartz algebra on R™. In fact it is isomorphic to it as an algebra (if the
dimension of M is positive) although there is no natural isomorphism. As we shall
see later, the smoothing operators form the residual part of the pseudodifferential
algebra on a manifold and are important for that reason. However they also play a
crucial role in the index theorem as presented here.

By definition we can take a smoothing operator to be an integral operator with
smooth kernel:-

(353) A:C®(M)— C™®(M), Au(z) = / Az, 2)u(2), A€ C®(M?;m50).

M
Here 7 :g M? > (2,2') — 2’ € M is the ‘right’ projection. Thus A, the kernel
(where we use the same letter for kernel and operator because they determine each
other and so to use a separate notation is rather wasteful) is just a smooth function
on M? which ‘carries along with it’ a smooth denisty on the right factor of M. If
one prefers to do so, one can simply choose a positive denisty 0 < v € C*(M;)

,Un) = |t|v(vr, ...

;Un), t €
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and then the kernel becomes A = A'v(z') where A’ € C°°(M?). I prefer the more
invariant approach of hiding the density in the kernel.

PROPOSITION 3.6. The smoothing operators on a compact manifold form an
algebra, denoted ¥=°°(M), under operator composition.

PROOF. Indeed if A and B are smoothing operators on M with kernels having
the same names then, by Fubini’s theorem,
(3.54)

(AB)u(x) = A(Bu)(z) = y A(z,2")(Bu)(2") = /M A(z,2") /M B(2", 2 Yu(z")M so

(AB)(z,7') = / A(z,2"YB(z",2").
M
Thus this formula defines an associative algebra structure (because composition of
operators is associative) on W=°(M) = C®(M?;75,2) as claimed. O

A moments thought will show that this argument, and the composition law ,
carry over perfectly well to any compact manifold with corners. This more general
case is interesting in part because of the subalgebras (but not ideals) that then arise
in U—°(M).

PRrROPOSITION 3.7. If M is a compact manifold with corners and H C M is a

boundary face then the subspace of W~°(M) consisting of kernels which vanish to
order k at H x M and M x H is a subalgebra.

The case of k = co and H = JB" for a ball is of particular interest since if the ball
is interpreted as the radial compactification R” of R™, then

(3.55) V_®(R") ={A € U *([R"); A=0 at (OR" x R?) U (R™ x OR").}
Here = stands for equality in Taylor series.
PROBLEM 3.2. Prove the equality in (3.55). Let me use the notation
C®(M) = {ueC®(M);u=0at dIM} C C®°(M)

for the space of smooth functions on a manifold with corners which vanish to infinite
order at each boundary point. Then the identity (3.55) becomes

C®(R™ x R") = S(R" x R") = S(R?")
under radial compactification. First check the single space version
(3.56) C=(R") = S(R")
and then generalize (or use a clever argument) to pass to (3.2).

We remark on some related simple properties of smoothing operators. If U C M
is a coordinate neighbourhood, with coordinate map F : U — U’ C R™ and ),
' € C°°(M) has supp(v) Usupp(¢)’) C U then
Ay s S(R™) 3 f— (F7H* (QAF*((F~H)*Y' - ) € S(R™)

is an element of ¥;_>°(R").

(3.57)

Indeed, the kernel of Ay  is
(3.58)
(F=) () ((F) > (F) A) (2, ) (F~) Y (2) = Bld2'|, B € CZ(R™) C S(R™).
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kokskokok

Extension of the results above for the residual isotropic algebra on Euclidean

space to smoothing operators on compact manifolds.
Kok kK

3.12. Semiclassical limit algebra

Now we next want to extend the discussion of semiclassical smoothing operators
on R™ in §2.19 | to smoothing operators on compact manifolds; later we will extend
this to pseudodifferential operators. Initially at least let M be a compact manifold
without boundary. Let A C M? be the diagonal,

(3.59) A={(z2) € M*z€ M}.

DEFINITION 3.1. An element of W °°(M), the space of semiclassical families
of smoothing operators on a compact manifold (without boundary) M, is a smooth
family of smoothing operators A. € C>((0,1] x M?;75Q) such that as € | O the
kernel satisfies the two conditions:

Acp(z,2') € C([0,1) x M?;75Q) if ¢ € C(M?), supp(¢) N A = 0.
For a covering of M by coordinate systems F; : U; — U]’»

and any elements ¢;,4; € C> (M), supp(s)) U supp(v)f) € Uy,
(Aé)wmb}’f’j € \Ijs_loo(Rn)'

(3.60)

This is just supposed to say that A, € W °°(M) reduces to a semiclassical family on
R™ in local coordinates. We do not really need quite as much as in the second part
of the defintion, which involves all pairs of smooth functions 5, w; with compact
support in a covering by coordinate patches. There is an equivalent and more
geometric characterizations of the kernels of these semiclassical families below.

For the moment we note the following more useful description of the local
behaviour of these operators.

PRrROPOSITION 3.8. On a compact manifold M,
(3.61) {Aec™([0,1]e x M*7;Q); A=0 at {e=0}} C U >(M).

If F:U — U € R" is a coordinate patch on M and A € W *°(R") has kernel
with support in [0,1]. x K x K, K C U’ compact then
Ap € W (M) where

(3.62) . L
(Ap)e : C°(M) — C*(M), (Apu) = F*(A(F™")"u).

Moreover any element of W °°(M) is the sum of a family of the first type and a
finite sum, over any covering by coordinate patches, of operators as in (3.62).

PROOF. For the moment, see the proof of the corresponding theorem for pseu-
dodifferential operators, Lemmas 6.1 and 6.2. The present result is is a bit easier;
I will move the proof here and change it a bit. (I

We can capture the ‘semiclassical symbol’ by oscillatory testing.
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LEMMA 3.5. If Ac € W°°(M) then there exists a function oq(Ac) € S(T*M)
such that whenever f: M — R and ¢ € C*°(M) are such that df # 0 on supp(¢))
then

(3.63) Ace ey = e= /b b e e®([0,1] x M), b|__, = ou(Ac) o df.
I need to define S(T*M) first!
PROOF. Do the local, Euclidean, and then patch. ([

PROPOSITION 3.9. The semiclassical symbol of an element of W (M) is de-
termined by (3.63) and gives a short exact, multiplicative, sequence

(3.64) 0——e¥ [ (M)——V [ (M)——=S(T*M)——0

Later, after discussing pseudodifferential operators on manifolds, we will also
discuss semiclassical families of pseudodifferential operators, generalizing the discus-
sion here. However there is one case which is very elementary. Namely the identity
operator can be considered as a semiclassical family, even though it is independent
of the parameter €. By fiat its semiclassical symbol is declared to be the constant
function 1 on the cotangent bundle. This is consistent with the multiplicativity of
the semiclassical symbol, since of course for any family A, € ¥_ (M),

(3.65) os1(Ae) = og(IdoA,) = 1 x og(A).
We can also immediately allow the algebra ¥ °° (M) to be ‘valued in matrices’,
just by taking matrices of operators; we will denote this algebra as W (M;CY)

since the act on N-vectors of smooth functions on M. The symbol is then also
valued in matrices.

PROPOSITION 3.10. Ifa € S(T*M; M(N,C)) is such that Idxxn —a is invert-
ible at every point of T*M then any semiclassical family A. € W (M;CN) with
os1(Ac) = a is such that Id —A, is invertible for small € > 0 with inverse of the
form 1d —B. for some B € W (M;CN).

3.13. Submanifolds and blow up
A brief description of blow up of a submanifold, enough to introduce the semi-
classical resolution of [0,1] x M? in the next section.
3.14. Resolution of semiclassical kernels

3.15. Quantization of projections

PROPOSITION 3.11. Ifa € S(T*M; M(N,C)) is such that for a constant projec-
tion mg € M(N,C), i.e. such that 73 = 7o, 7o +a is a smooth family of projections,
(mo +a)? = mo + a then there exists a semiclassical family A € V;°°(M;CN) such
that o4 (Ae) = a and such that

(3.66) (mo + A)? = mo + A
is a semiclassical family of projections.

PROOF. Just ‘quantizing’ a by choosing a semiclassical family A, € W_ > (M;C")
with og(AL) = a ensures that

(3.67) (mo 4+ AL)? — (1, + AL) = eEX, ED € w1 (M;CV).
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We proceed to show, inductively, that there is a series of ‘correction terms’ AU) €
W *°(M;CN) such that for all [,

(3.68)
l

l
(mo+ AL+ > FAW)?2 — (m, + ALY " FAW) = 1 EIHD | BD e wi(M;CN).
k=1 k=1

1
Composing on the left and on the right with =, + A, Y A% and using the
k=1
associativity of the product it follows that

(3.69) moog (B = o (B D) 7.
This in turn means that if A/ € W% (M;CN) satisfies
(3.70) oa(AVY) = (279 — Id)og (E4FD)

then the next identity, (3.68), for [ 4 1, holds.
Now, if A” is an asymptotic sum of the series then

(3.71) (mo + AV)? — o+ AV € {A € C>([0,1]; U ~>°(M;CN); A=0 at {e = 0}}.

To correct this family of ‘projections to infinite order’ P! = mg + A to a true

projection we may use the holomorphic calculus of smoothing operators. Thus, the
family

(3.72) Q(s) =s1Id—P)+ (s —1)"'P, s C\{0,1}

satisfies the ‘resolvent identity’ to infinite order in € :
(3.73)
(sId=P)Q(s) = (s(Id =P") = (1 = 5)P') (Q(s) =
(Id =P + (P)? 4+ 5 (s = 1)(Id—=P")P' + (s — 1) 'sP'(Id —P') = Id +R(s)

where R.(s) is a family of smoothing operators vanishing to infinite order at e = 0
and depending holomorphically on s € C\ {0,1}. Thus in any region |s| > §,
|1 — s| > 4, that is away from s = 0 and s = 1, R(s) has uniformly small norm as
€ — 0. It follows that (Id +R(s)) ™! = Id +M (s) exists in this region, for ¢ > 0 small,
and M (s) is a holomorphic family of smoothing operators vanishing to infinite order
at e =0.

Thus the resolvent exists in this region and

(3.74) (sId—P")~! = Q(s) + M'(s)

where M’(s) is another holomorphic family of smoothing operators vanishing to
infinite order at € = 0.
To ‘correct’ P’ to a family of projections we simply define

1

= 2mi f

(3.75) (s — P'(s)) " ds.

1—s|=%

From the decomposition (3.74) and (3.72) we see immediately that

1
(3.76) P=P +M, M= 5 7{1 . M(s)ds € €W > (M).
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Moreover it follows from (3.75) that P is a projection. First, using Cauchy’s the-
orem, we can shift the contour away from s = 1 a little, to |s — 1| = « for some
~v > 0, small. Then

1 1
(3.77) PZ=

= — a tfp/t 715*P’S 71dsdt.
ot Fyay 2w Sy, )5 )

The resolvent identity

(3.78) (t=P) ' (s—P(s) T =(s=t) (t=P't)" —(s—P'(s)7)
allows the integral to be split into two. In the first double integral there are no
singularities in s within |1 — s| <  since |1 — ¢ = 1 + ~, so by Cauchy’s theorem
this evaluates to zero. In the remaining term the ¢ integral can be evaluated by
residues, with the only singular point being at t = s so

1 1
pP?=_— — (s —t)"Y(s — P'(s)) " 'dsdt
(3.79) 270 Jj—si=4 270 Jji—t)= 44
’ 1
=— (s — P'(s))'ds = P.
2mi Jj—s)=4

Thus P is a semiclassical quantization of the projection-valued symbol to a family
of projections. O

We will show below that this same argument works in other contexts.



