CHAPTER 3

Residual, or Schwartz, algebra

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

(31) A€ U ®(R") <= A:S(R") — S(R),
Aota) = [ Alw.g)olwdy. A€ SE),

The notation here, as the residual part of the isotropic algebra — which has not
yet been defined — is rather arbitrary. However it seems better than introducing a
notation which will be retired later.

By definition then, ¥; >°(R™) is the algebra which corresponds to the non-

commutative product on S(R?") given by

(3.2) Ao B(z,y) = Az, z)B(z,y)dz.

R?L
The properties we discuss here have little direct relation to the ‘microlocal’ concepts
which are the central point of these notes. 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. In this sense this chapter could be considered
more as an appendix.

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 ¥, 5°(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™).
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70 3. RESIDUAL, OR SCHWARTZ, ALGEBRA

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 ¥_>°(R") are in S(R?") so the mapping
property (3.3) follows.

The norm sup <y [(x)" "' D*u(z)] is continuous on S(R™). Thus if S C L*(R™)
is bounded and A € ;> (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. [

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 € UV *(R") and B is a bounded operator on L*(R™)
then AjBAy € U °°(R™).
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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, JZ’)AQ(y/, y)d‘r,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?") — S(R4n). 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;, 7 = 1,..., N of the range BL*(R").
The functionals u — (Bu, f;) are continuous and so define non-vanishing elements
g; € L*(R™). It follows that the Schwartz kernel of B is

N
(3.5) B=Y fi(x)g;(y).
j=1

If B € ¥_°(R™) then the range must lie in S(R™) and similarly for the range of

180
the adjoint, so the functions f; are linearly dependent on some finite collection of
functions f; € 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™),

1S0
finite dimensional null space and closed range which is the orthocomplement of the

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

(3.6) (Id +A)(Id +B) = Id ~11;, (Id +B)(1d +A) = Id ~II,
where Iy, Iy € W_°°(R™) are the orthogonal projections onto the null spaces of

180

Id+A and Id+A* and furthermore, there is an element A’ € ¥._*°(R™) of rank

1S0
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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 L*(R").

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

(3.7) No = Nul(Id +4) 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 uy, € L?(R") with us, L Ng and (Id +A)uy, = fi. We
wish to show that up — w. First we show that ||ug|| is bounded. If not, then along
a subsequent v; = uy(j), ||vj|| — oo. Set w; = wv;/|lv;||. Using the compactness
of A, w;j = —Aw; + fi)/llv;|| 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, + fi has a convergent
subsequence with limit « which is a solution of (Id +A4)u = f; hence R; is closed.
The orthocomplement of the range of a bounded operator is always the null space
of its adjoint, so R; has a finite-dimensional complement N; = Nul(Id +A*). The
same argument applies to Id +A* so gives the orthogonal decompositions

L*(R™) = No @ Ry, Ny = Nul(Id +A), Ry = Ran(Id +A*)

3.8
(38) L*(R") = N, & Ry, Ny = Nul(Id+4%), R = Ran(Id +A).

Thus we have shown that Id +A induces a continuous bijection A Ry — R;y.
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 +A4 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

show that -
(39) B=—-A-AB-1I;,, -B=A+BA+1l,

— B=-A+ A?>+ ABA — I, + All,.
All terms here are in ¥, >°(R"™); for ABA this follows from Proposition 3.1.

1S0
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 +A4) — dim Nul(Id +4*) = 0.

Indeed, let f; and g5, j = 1,..., N, be respective bases of the two finite dimensional
spaces Nul(Id +A) and Nul(Id +A4*). Then

N
(3.11) Al = Zgj(x)fj(y)

IWe need to show that ||Bf| is bounded when f € Ry and ||f|| = 1. This is just the
boundedness of v € Ry when f = (Id+A)u is bounded in R;.



72 3. RESIDUAL, OR SCHWARTZ, ALGEBRA

is an isomorphism of Ny onto N; which vanishes on Rg. Thus Id+A + sA’ is the
direct sum of Id +A as an operator from Ry to R; and sA’ as an operator from Ny
to N1, 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 +tA4, 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 ¢t = 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

(3.12) (t—1)Agouo + (t—1)Aorur = f1, (t—1)Arouo+ (A" + (t—1)An)ur = f1

Since A is invertible, for ¢t — 1 small enough the second equation can be solved
uniquely for u, . Inserted into the first equation this gives

(3.13) G)uo=fi+H@)fL,
G(t) = (t — I)AOO — (t — 1)2A01(A/ + (t — 1)1411)711410,
H(t) = —(t—1)Ap (A + (t —1)A;) "

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(%) 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. a

COROLLARY 3.1. IfId+A, 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™).

10

COROLLARY 3.2. If A € U _*(R"™) then as an operator on S(R™) or §'(R"),
Id 4+ A is Fredholm in the sense that its null space is finite dimensional and its range

1s closed with a finite dimensional complement.

2Namely the trace of a finite rank projection, such as either Ilp 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(Ilp) — Tr(I11) = Tr ((Id +B)(Id +A) — (Id +A)(Id +B)) = Tx([B, A]) = 0

from the basic property of the trace.
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PRrROOF. This follows from the existence of the generalized inverse of the form
Id+B, B € ¥ .>°(R"). O

3.3. Exponential and logarithm

PROPOSITION 3.3. The exponential

1 .
(3.14) exp(4) =Y ﬁAJ DU (R™) — Id + T °(R™)
— 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) .
(3.15) log(Id+A) = Z (j)AJ, Ae T 2 (R"), |All2 <1
J

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

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

1S0

this topologically with ¥;_>°(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 U >°(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(RP) is S'(RP). If we want to think of S(RP) 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) - - Ten)) = sgnle)u(zy, ... xx)} .

In view of this it is enough for us to consider smooth functions on open sets
F C S(RP) with values in §'(RP) for general p. Thus

(3.17) v: F — §'(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 < Cll|3, ¥V u,u+u' €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 F C S(R™), an open set, as a
smooth map

(3.18) a: F — AFS(RP) ¢ S'(RP).
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In particular we know what smooth forms are on G,_>°(R").

The de Rham differential acts on forms as usual. If v : F' — 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) daAB) = (da) A B+ (=1)48a AdS.

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(4) =) 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 = ABy; .
k=1

It follows that

N N
Te(AB) = Z(AB)ii = Z AixBri
=1 i,k=1
N N
= Y ) Buidin =) (BA = Tx(BA)
k=11i=1 =1

which is just (3.21).
Of course any multiple of Tr has the same property (3.21) but the normalization
condition

(3.22) Tr(Id) = 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).

LEMMA 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) = 11:;((7;)) Tr(A).

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

EjrEpq = 5kajq'
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If j # k it follows that

EjjEjx = Eji, EjpEjj = 0.
Thus

By En) = F(Eje) = 0 j # k.

On the other hand, for any ¢ and j

E;;E;; = Ej;, EijE;; = Ey;
SO

F(Ejj) = F(En) ¥ j

Since the Ej;, are a basis,

F(A) = F()Y AyE;)

N
= E11 ZAJJ =F E11 TI‘(A)
j=1

This proves the lemma. ([l
For the isotropic smoothing algebra we have a similar result.

PROPOSITION 3.4. If F : U 2(R") ~ S(R?") — C is a continuous linear
functional satisfying

(3.23) F([A,B]) =0V A,Be€ ¥_>*(R")
then F is a constant multiple of the functional
(3.24) Tr(A) = A(z,x)dz

R

PRrOOF. Recall that ¥, >°(R") C ¥ (R™) is an ideal so A € ¥ .>°(R") and
B € U2 (R") implies that AB, BA € U;_>°(R") and it follows that the equality
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 W (R") for some m. Since this implies AB,, — AB,
B,A — BA in U, °(R") we see that
F((A,B]) = lim F([4,B,])=0.
We use this identity to prove (3.24). Take B = z; or D;, j = 1,...,n. Thus
for any A € U _°(R")
F([A7xj]> = F([A7DJD =
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 (A4, D;) is —(Dy, + Dqy,)A(x,y) we
conclude that, as an element of &’(R?"), F satisfies

(rj —yj)F(x,y) =0, (Dg,; + Dy, ) F(x,y) = 0.
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%, ¢ = x; —y; and set

If we make the linear change of variables to p, =

F(p,q) = F(z,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) = cé(z —y)
as a distribution. Clearly §(z — y) gives the functional Tr defined by (3.24), so the

proposition is proved. ([

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,...,,

[ le@Pas=o [ @ =o iz,

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

L
A=) aijpi()p;(y) € T o (R™).

i,j=1
From (3.24) we see that

Tr(A) = ZaijTr(%@j)
= Zam /Rn pi(r)p;(x) de

= ia“ = Tr(a).
i=1

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

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

(3.27) = det(Ay) = det(A,) tr(A;?

A,
@)
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In particular if (3.25) is augmented by the normalization condition

(3.28) di det(Id+sA)|,_, = tr(4) V A€ M(N;C)
S S=

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)| o = B. This allows the expression on the right in (3.29)

s=

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:
d

dA(-

S

— E, E € U °(R").

(Id+B+ sE)|,_,)

Since dA takes values in ¥;_>°(R™), the trace functional in (3.30) is well defined.
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™' = —A7'dAA™!
we see that
(3.32) do = —Tr(A7(dA)A™(dA)) = 0.

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 = a; then we will define the Fredholm
determinant by detw(A) = exp(f). To define detg, globally we need to see that this
is well defined.

LEMMA 3.3. For any smooth closed curve v : S' — G .°°(R™) the integral

1S0
(3.33) /a :/ Yo € 2miZ.
Y st

That is,  defines an integral cohomology class, [5%] € HY (G .2°(R™); Z).

27 iso
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
rnEny — E in U_°°(R") for any element. In fact it follows that for the smooth

1S0

curve that y(s) = Id +E(s) and En(s) = nnE(s)mny converges uniformly with all
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s derivatives. Thus, for some Ny and all N > Ny, Id+Ey(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 8!

and for finite N it follows from the identity of the trace with the matrix trace (see
Section 3.5) that [ v« 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

150

(335)  detr(A) = exp( / a), 71 [0,1] — G*(R™), (0) = Id, /(1) = A.
Y
Indeed, Lemma 3.3 shows that this is independent of the path chosen from the

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

edness of the GL(N, C) and the density argument above.
—on— .
The same arguments and results apply to G~ (R™) using the fact that the
trace functional extends continuously to W_2"_¢(R") for any ¢ > 0.

co—iso

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

180

(or G2"¢(R™) for ¢ > 0) and to be zero on the complement in Id +W_°(R™) (or

1S0 150

Id4+W 2" ¢(R™)) is an entire function satisfying

180

(3.36) detp(AB) = dety,(A) detp,(B), A, B € Id +¥,_®(R")

180

(or Td+U2"¢(R")), detp (Id) = 1.

180

PRrROOF. We start with the multiplicative property of detg, on Gi;°(R™). Thus
is y1(s) is a smooth curve from Id to A; and ~2(s) is a smooth curve from Id to A,
then v(s) = 71 (s)72(s) is a smooth curve from Id to Ay As. Consider the differential
on this curve. Since
A4y (5)Ax(5)  dy(s)
ds - ds

dAg(S)

Aa(s) + Ai(s) I

the 1-form becomes
1dA2(5) 71dAd28(5) 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 € ¥ >°(R"). Thus (3.37) becomes

150 150

(3.37)  A*(s)a(s) = Tr(Az(s)™ )+ Tr(As(s) LA (s)

7 (s)als) = ria+1a.
Inserting this into the definition of det, gives (3.36) when both factors are in
G2 (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 detp (B) vanishes. Thus
(3.36) holds in general when detg 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 F;, A =Id+E, for E € ¥._ >°(R™). Thus it is only smoothness

1S0
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across the non-invertibles that is at issue. To prove this we use the multiplicativity
just established.

If A=1Id+FE is not invertible, E € ¥; >°(R"™) then it has a generalized inverse
Id +FE’ 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 toits null space. Then Id+E'+E" € G, .°(R™) and (Id+E'+E")A = Id —II,.
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 +E’+ E” maps a neighbourhood
of the first to a neighbourhood of the second and detg, is multiplicative. Thus
consider detm on a set Id —IIy + E where E is near 0 in U >°(R"), in particular

1S0
we may assume that Id+FE € G._>°(R™). Thus

detp,(Id +F — IIp) = det(Id + F) det(Id —IIy + (Gg — Id)IIp)

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 —1Iy) HIp, s € [0,1]. If Id =TIy +
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

ddetp,(Id =11y + H)
ds
= detw (Id =1y + H,) Tr ((Id —IIy + H,)~'(1d —PiO)HHO)) =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 H1lp)
as a function of H € ¥, _>°(R™). Since this is just det(IlpHIIy), interpreted as a
finite rank map on the range of Il the result follows from the finite dimensional

case. O

3.7. Fredholm alternative

Since we have shown that detp : Id +¥, >°(R"™) — C is an entire function,

we see that G,>°(R™) is the complement of a (singular) holomorphic hypersurface,
namely the surface {Id +E; detg,(Id +FE) = 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 — U _2(R") is a
holomorphic function then either Id +A(z) is invertible on all but a discrete subset
of Q and (Id+A(2)) is meromorphic on Q with all residues of finite rank, or else

it is invertible at no point of .

PRrROOF. Of course the point here is that detg (Id4+A(z)) is a holomorphic
function on . Thus, either detr(A(z)) = 0 is a discrete set, D C € or else
detp, (Id +A(2)) = 0 on £; this uses the connectedness of Q. 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
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consider a point p € D. Thus the claim is that near p
N
(3.38)  (Id+A(2) ' =1d+E(2) + Y 2/ E;, Ej € 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)Ily 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(2)) = Id+(Id+F(2))InE(2)N
= (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 Il . 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 Iy + Oy K (2)y — (Id =T x) M’ () K (2)Iy.

This is meromorphic and has finite rank residues, so it follows that the same is true
of A(z)~L O



