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Abstract.

The Fredholm index is an indispensable item in the operator theorist’s tool-
kit and a very simple prototype of the application of algebraic topological
methods to analysis. This document contains all the basics one needs to
know to work with Fredholm theory, as well as many examples. The actual
talk that I gave only dealt with the essentials and I omitted most of the
proofs presented here. At the end, I present my solutions to some of the ex-
ercises in Murphy’s C*-algebras and operator theory that deal with compact
operators and Fredholm theory.

A (not so brief) review of compact operators.

Let X be a topological space. Recall that a subset ¥ C X is said to be
relatively compact if Y is compact in X. Recall also that a subset Y C X
is said to be totally bounded if Ve >0, 3n € N, and x1,...,2, € X
such that

Definition. A linear map u : X — Y between Banach spaces X and Y is
said to be compact if u(.9) is relatively compact in Y, where S := {x € X :

]l <1} = By (0). A

Proposition. Let (X,d) be a complete metric space. Then'Y C X is rela-
tively compact if and only if Y is totally bounded.



Proof. Assume first that Y is relatively compact. Let € > 0. Then,
{B:(2)},cy is an open cover for Y. Since Y is compact, it follows that

there are n € N, x1,...,2, € Y such that {B(z)}}_, is an open cover for
Y. Hence,

Y CY C | Belaw),
k=1

and therefore Y is totally bounded.

Conversely, we now suppose that Y is totally bounded. We claim that Y is
also totally bounded. Indeed, let € > 0, since Y is totally bounded there are
n € Nand z1,...,z, € X such that

Y € | Bepalan),
k=1

whence

V C | B.pa(aw) € | B(a),
k=1 k=1

proving the claim. Next, we show that Y is compact by proving that any
sequence (y;)72; in Y admits a convergence subsequence. Since X is a com-
plete metric space and Y is closed, it suffices to find a Cauchy subsequence.
Using that Y is totally bounded, we find for each n € N a finite set F;,, C X
such that
Y C |J Bimla),
zeFy,

Since (yx)732; is a sequence in Y C |J, ¢, Bi(z), there must be ; € F| such
that infinitely many terms of (yx)72, are in By(x). Let

Jp = {k? eEN:y, € Bl(ﬂfl)}

By definition, (yx)res, is a subsequence of (y;)?2 . Similarly, there must
be xo € Fy such that such that infinitely many terms of (yx)kes, are in
Bl/g(l‘g). Let

Jo = {k‘ ey € Bl/z(xg)}.
We keep doing thus and get, at the j-th step an element x; € I} and an
infinite set

Jj = {k) € Jj_l Yk € Bl/j(acj)}.

Further, J1 2 Jy O ... 2 J; 2 ... is a decreasing sequence of infinite subsets
of N. Thus, for each j € N we can pick k; € J; such that k1 < ko < ... <



k; < .... This gives a sequence (ykj );";1 which is clearly a subsequence of
Yr)j—,- Finally, since y;/; € By/j(x;) it follows that for any j <1

1 1 2
Thus, (yk;)72, is Cauchy, as we wanted to show. [ |

Corollary. A linear map u : X — Y between Banach spaces X and Y 1is
compact if and only if u(S) is totally bounded.

Remark. If v : X — Y is compact, then u(S) is totally bounded and
therefore bounded. Thus,

[[ul| = sup [[u(z)]| < oo
€S

Hence, u € B(X,Y). We will denote by K(X,Y) to the set of compact
operators from X to Y. When X =Y we just write I(X). We will show
that K(X) is a closed ideal of B(X). v

Example. o For k € C([0,1]?), we define u : C([0,1]) — C([0,1]) by

1
u(f)(s) ::/0 k(t,s)f(t)dt vV feC([0,1]),s € [0,1]
Then, one can use Arzela-Ascoli’s theorem to show that u € K(C([0, 1])).
e Similarly, if we define v : C([0, 1]) — C([0,1]) by
o)) = [ Fd v feco)se

we also get v € IC(C([0, 1])). This is not a particular case of the first example,
since the kernel for v is given by k(t, s) := X0 5(), which is not a continuous
map.

e In general, take (X,9, 1) a measure space, 1 < p < oo, g the Holder
conjugate for p and k£ : X x X — C a measurable function on 9T ® 9% such

that
a/p
(e pan) ) dut) < .
X \Jx
Then, if we define w : LP(X,v) — LP(X, u)

w(f)(@) = /X k(e y)f(W)du(y) ¥ IP(X,p)z € X,

we can show that w € K(LP(X, u)). v



The following theorem gives a useful alternative characterizations for com-
pact operators.

Theorem. Let X,Y be Banach spaces and u € B(X,Y'). The following are
equivalent:

(2)
(i2)
(iii)

ueK(X,Y).
For each bounded set B C X, u(B) is relatively compact in'Y.

If (24,)5 1 is a bounded sequence in X, then (u(zy))22, admits a con-
vergent subsequence in Y .

Proof.

(1) = (i)

(ii) = (iii)

(iid) = (3)

Suppose v : X — Y is compact. Let B C X be a bounded set. Then,
there is an M > 0 such that B C Bjy(0). Notice that By (0) =
M B1(0), so since u is a linear map it follows that w(B) C Mu(S5),
where as before S = Bj(0). Since u is compact, u(S) is relatively
compact and therefore u(B) is a closed subset of a compact set, whence
compact. That is, u(B) is relatively compact in Y.

We now assume that for each bounded set B C X, u(B) is relatively

compact in Y. Let (x,)22, is a bounded sequence in X. Then, B :=

{z), : n € N} is a bounded subset of X. Thus, u(B) is compact in

Y. Since (u(z,))52; is a sequence in u(B), it follows that it admits a

convergent subsequence in Y.

Finally, we assume that any bounded sequence in X is sent by u into
a sequence that admits a convergent subsequence in Y. We show that

u(S) is compact in Y. Let (y,)22; be any sequence in u(S). For each
n € N, we find z,, € S such that

1
— <i
lyn — ()] < -

Then, (x,)2%, is a sequence in S and therefore bounded. Thus,
(u(zn))p2, admits a convergent subsequence, say (u(xy,))32, such
that u(xy,,) -y €Y as k — co. Then,

ym =yl < Nyn, = wl@n )l + lul@n,) = yll — 0
—00

Thus, (yn)52, admits a convergent subsequence and therefore u(.5) is
compact.



Corollary. If u,v € K(X,Y) and A € C, then u+ A € K(X,Y). That is,
K(X,Y) is a vector subspace of B(X,Y).

Proof. If (z,)72, is any bounded sequence in X, then compactness of u
implies that there is a subsequence (x,,, )72, such that (u(xy, ))32, converges.
Since (zp, )72 is still a bounded sequence, compactness of v implies now that
there is a subsequence (xy,)7°; such that both (u(xy,))i2; and (v(zy,))i2,
converge. Hence, ((u 4+ A\v)(zp,))72, is converges and therefore u + v is a
compact operator. |

Corollary. Let X' and Y’ be also Banach spaces. If u € K(X,Y), v €
B(X',X), and w € B(Y,Y'), then uwv € K(X",Y) and wu € K(X,Y’). In
particular this gives that K(X) is an ideal of B(X).

Proof. First, let (z],)72; be any bounded sequence, say by M > 0, in X'
Then, (v(z],))s° is a bounded sequence, by M||v||, in X and therefore, by
compactness of u, (uv(z}))52, admits a convergent subsequence. Thus, uv

is compact.

Second, if (z,,)02 is any bounded sequence in X, by compactness of u we
have that (u(x,));2; admits a convergent subsequence, say (u(zn,))p,

converging to an element y € Y. Since

lwu(zn,) —w@)| < lwlluzn,) =yl

it follows that (wu(xp, ));, converges to w(y) and therefore wu is compact.
|

So far we know that K(X) is an ideal of B(X), but one could ask whether it
is a proper ideal or a closed one. The following two theorems give answers
to this.

Theorem. K(X) = B(X) if and only if X is finite dimensional

Proof. Recall that X is finite dimensional if and only if S := m is
compact. Clearly, S is compact if and only if idy is a compact operator.
Thus, it’s enough to show that I(X) = B(X) if and only if idx is a compact
operator. Assume first that C(X) = B(X). Then, obviously idx € K(X).
Conversely, suppose that idx € K(X). Then, since K(X) is an ideal of
B(X), it follows that any a € B(X) is also in K(X) because a = idxa.
Hence, K(X) = B(X). [ |



Theorem. K(X,Y) is a closed subset of B(X,Y).

Proof. Let (uy,)22; be a sequence in I(X,Y) that converges to some a €
B(X,Y). We have to show that a € K(X,Y). Let (z,,)72; be any bounded
sequence, say by M > 0, in X. Since u; is compact, (z,,)2°; admits a
subsequence (g, )z°_; such that (u(zk,))7°_; is convergent. Since (zx, )77_;
is also bounded by M and g is compact, (zx, )7 _; admits a subsequence
(Tky)jo—y such that both (ui(z,))p—; and (uz(wk,))j._; are convergent.
Continuing this way, we get “nested subsequences”

(@n)nz1 D (@r)Ri=1 D (Tho)ig=1 O -+ D (@Tky)gy=1 D - -

such that ( wi(zy,) k=1 is convergent for any [ < j. We define a sequence
(2m)py=1 by letting 2, be the m-th term of the sequence (zy,,)z° _;. Hence,
(zm)o°_y is a subsequence of (z5,)22 ;. We claim that (a(zy,))5_ is a conver-
gent sequence in Y, and therefore it will follow that a € K(X,Y"). To prove
the claim, it suffices to show that (a(zy,))5S_; is Cauchy. Let € > 0. Since
un — a, there is an N € N such that |lu, — al| < 35; for all n > N. Notice
that (zm)5,—y is a subsequence of (zk )%, - and therefore (un(2m))p-n
is convergent. Therefore, there is an N’ € N>y such that
£
fu (zm) — ()l < 5
for all m,m’ > N’. Thus, if m,m’ > N'.

la(zm) = alzm)|l < lla(zm) — un(zm)]| + llun(zm) = un (z20)[| + luy (zm) = alzp,)|

< la = un|lllzml + lun(2m) — un (zm) || + lun — alll|zn]|
g g g
c S+t S
s T3 Er c

So (a(zm))oo_; is indeed Cauchy. [ |

Remark. e Notice that any bounded linear map with finite rank is compact.
Indeed, since in finite dimensional vector spaces compactness is equivalent
to closed and bounded, if u(X) is finite dimensional and B C X is bounded,
it follows that u(B) is closed and bounded in u(X) and therefore compact.

e Thus, combining the previous remark and our last theorem, we conclude
that the norm limit of finite rank operators is always a compact operator.
In Hilbert spaces, the converse is true: Any element of K(#) is norm limit
of finite rank operators. However, for arbitrary Banach spaces the converse
may not hold. It’s only true for those Banach spaces that have a Shauder
basis (i.e. there is (by,) in X such that for any x € X there is (A,) in C such
that x = ) Apby in norm). v



Recall that the dual space of a Banach space X, defined as X* := B(X,C),
is the set of bounded linear functionals on X. For any a € B(X,Y) we get
a*: Y* — X* by letting a*(p) :=poa V ¢ € Y*. Then, since

" () (@)] = lp(a@))] < [lelllallllzl,
it follows that ||a*|| < ||a|| and therefore a* € B(Y™, X*).
Theorem. Ifu e K(X,Y), then u* € K(Y™*, X*)

Proof. Let as usual S := B1(0) C X and let T":= B;(0) C Y*. We only
need to show that «*(7) is totally bounded. Let € > 0. Since u(.S) is totally
bounded, there is n € N and x1,...,x, € 5 such that

LJ 5/3

Hence, for any u(z) € u(S), thereis 1 < i < n such that ||u(z) —u(z;)|| < §.
We use this to define v : Y* — C" by

v(p) = (pulr1)), p(ulxz)), . .., p(uzn)) )

One checks that v is a bounded linear map, and furthermore v € (Y™, C"),
because v has finite rank. Thus, v(7T) is totally bounded. That is, there is
m € Nand ¢1, ..., ¢, € T such that for any v(p) € v(T), thereis1 < j <m
so that [lv(p) —v(p;)|| < §. Notice that

[v(¢) —v(p))ll = max {|p(u(zr)) — @;(u(zk))|}

1<k<n

= max {|u*(¢)(xr) — u"(v;)(zr)|}

1<k<n
™ () (i) — u*()) ()]

Hence, we have ||u(x) — u(x;)|| < § and also |[u*(¢)(x;) — u*(p;)(z:)] < §.
Therefore, since ¢, p; € T we have

Vv

[u* () (z) — u* () (=)
< Jp(u(@) — w(@s))| + [u* (o) (@) = w* () ()] + ooy (ulzi) — u(@))]
< (@) = wls)| + [u* () (z:) — u* (5) ()] + ;) — ()]
£ e S
3737377

Since x € S, this gives [[u*(¢) — u*(¢;)| < €, so w*(T) is indeed totally
bounded. [



Fredholm Theory

Preliminaries

Definition. A linear map u : X — Y between Banach spaces is said to be
bounded below if there is § > 0 such that

[u(@)| = dfjzl] Ve X

Lemma. Ifu € B(X,Y) is bounded below, then u(X) is closed in'Y.

Proof. Let (u(z,))2, be a sequence in u(X) that converges to some y € Y.
We shall prove that y € u(X). Since u is bounded below, there is a § > 0
such that if m,n € N, then we have

1
[Zm — 2 || < g”u(xm) — u(y)|
In particular, this gives that (x,,)52; is a Cauchy sequence in X and therefore
converges to a point € X. Finally, since

(@) — yll < lu(@) = w(@a) | + ulza) = yll < lulllz - 2ol + lulzn) -yl
it follows at once that y = u(z) € u(X). |
Example. o If u € B(X,Y) is invertible, then for any x € X we have

el = =" (u(@) | < llu~" )]

Hence, ||Ju(z)|| > Hullll ||z||, which gives that u is bounded below.

o If u e B(X,Y) is an isometry, then u is clearly bounded below. v

Lemma. A map u € B(X,Y) is not bounded below if and only if there is a
sequence of unit vectors (xy)0>, in X such that limy, oo u(zy,) =0

Proof. Suppose first that « is not bounded below. Then, there is x € X
such that ||u(z)|| < d||z| for all § > 0. In particular this says that u(xz) = 0.
Hence the sequence xz,, := z/||z|| is the required one.

Conversely, assume that v is bounded below. Then, there is § > 0 such that
lu(z)|| > O||lz|| for all z € X. In particular, if (z,)72, is any sequence of
unit vectors we have

[u(zn)]l > 8llznll =6 >0

So it’s impossible to have lim;, oo u(zy,) = 0. [ ]



Definition. A subspace Y of a Banach space X is called a complemented
subspace if there exist a linear bounded operator p : X — Y such that
p(X)=Y and p(y) =y forally € Y. A

Lemma. A subspace Y of a Banach space X is a complemented subspace if
and only if there exists a closed subspace Z of X such that X =Y @ Z.

Proof. Suppose first that Y is a complemented subspace of X. Then, there
is a linear bounded operator p : X — Y such that p(X) =Y and p(y) =y
for all y € Y. Define Z := ker(p), it’s clear that Z is a closed subspace of
X. Then, if x € Y N Z we have p(x) = = and p(z) = 0. Thus Y N Z = {0}.
Further, notice that since p(X) =Y/, it follows that p?> = p. Hence, for any
x € X we have that p(z) € Y and x —p(z) € Z. Since z = p(x) + (z — p(z))
we have indeed shown that X =Y & Z.

Conversely, assume that there exists a closed subspace Z of X such that
X=Y®Z Definep: X Y byply+z2):=yforanyy+z€Y dZ=X.
Then, clearly p(X) =Y and p(y) = y for any y € Y. It remains to prove
that p is in B(X,Y). It’s clear that p is linear. That p is bounded is a
consequence of the closed graph theorem. Indeed, if ( (zp,yn) )02, is a
sequence, so that p(z,) = yn, converging to a point (z,y) € X x Y, then
since x, —y, € Z for all n and Z is closed, it follows that x —y € Z, whence
p(z) = y and we are done. [ |

Lemma. Let X a Banach Space and Y a subspace of X. If Y has finite
dimension then Y is a complemented subspace of X .

Proof. Since Y has finite dimension, we have that thereisn € N, y1,...,y, €
Y such that Y is spanned by y1,...,yn. For each 1 < k < n, we define linear
functionals fi : Y — C by

e DN | =M
j=1

Since all norms in finite dimension are equivalent, it’s easy to check that
each fy is a bounded linear functional. Thus, as a consequence of the Hahn-
Banach theorem, for each 1 < k < n, there is a bounded linear functional
Fy : X — C such that Fi|y = fi. Thus, if we define

p(x) = Fj(x)y;,
j=1

it follows that p € B(X,Y), p(X) =Y and that p(y) =y for all y € Y. So
indeed Y is a complemented subspace. |



Fredholm Operators

Recall that if @ : X — Y is a linear map, the codimension of ¢ in Y is given
by codim(a(X)) := dim(Y/a(X)).

The following theorem is of major importance as it’s saying that (u — \) is
a Fredholm operator whenever u € K(X) and A € C\ {0}.

Theorem. Let u € K(X) and A € C\ {0}. Then

(1) ker(u — A) is finite dimensional.

(2) (u— N)(X) is closed and finite codimensional in X .

Proof.

(1) Let Y := ker(u — A). Notice that Y = u(Y). Indeed, if z € Y then
u(r) = Az and therefore # = u(A\7'z) € u(Y). Conversely, if y € u(Y)
there is # € Y such that y = u(x) = A\x. Hence, we get u(y) = u(Az) =
Au(x) = Ay, so y € Y. Then, since Y is itself a Banach space, we have that
uly 1Y = Yisin £(Y). But u|y = Midy and therefore idy is compact. But
we already know that idy is compact if and only if Y is finite dimensional.

(2) Since Y := ker(u — \) is finite dimensional by (1), we use a previous
lemma to conclude that Y is a complemented subspace of X. Then, there is
a closed subspace Z such that X =Y & Z. by definition of Y we have that
(u—A)(X) = (u—A)(Z). Thus, to show that (u— \)(X) is closed, it suffices
to prove that (u— A)|z is bounded below. Suppose on the contrary that it’s
not bounded below. Then, we know there must be a sequence of unit vectors
(2n)22, in Z such that (u—\)(z,) — 0 as n — co. Since u is compact, there
is a subsequence (zy, )72, such that (u(zy,))7e is convergent, say to some
x € X. Then, since

1
2 = 5 (ulzn,) = (u = A)(zn,))

we have z,, — ¥. Thus, since Z is closed, we have that x € Z. But, since
u is continuous we also have u(z,,) — u(%). By uniqueness of limit we
get u(§) = x, which gives u(r) = Az and therefore that x € Y. Therefore
x € YNZ = {0} and there fore x = 0, which is impossible because Az, — =
and each z,, has norm 1. This contradiction shows that (u—\)|z is bounded
below and therefore that (u — A\)(X) is closed. We still need to prove that
(u— A)(X) has finite codimension. We define W := X/(u — A\)(X). Since
(u—A)(X), W is a Banach space. Our aim is to show that dim(WW) < oo

10



and we will do it by showing instead that dim(W*) < co. Let 7 : X — W
be the canonical quotient map. It’s clear that = € B(X,W) and therefore
we get 7 € B(W*, X*). We claim that 7*(W*) = ker(u* — ). Indeed,
first we take any ¢ € W* and compute (u* — A)(7*(¢))(x) for an arbitrary
z e X:

(" = A) (@ (p))(x) = (m o u)*(p)(x) — Ar™ () (@)

(u(z) + [(u = N (X)]) = Ap(z + [(uw = A)(X)])
(u(z) = Alz) + [(u = A)(X)])

(0 + [(u = N)(X)])
(

So (u* — A)(7*(¢)) = 0 and therefore 7*(W*) C ker(u* — \). For the
reverse inclusion, we take any o € ker(u* — \). Notice that ker(r) C ker(o).
Indeed, if 7(z) = 0, then € (u — A\)(X) and therefore z = (u — \)(z') for
some 2’ € X, whence o(z) = o((u — \)(2')) = (u* — \)(o)(x) = 0 because
o € ker(u* — X). Thus, there is ¢ € W* such that the following diagram
commutes

X —25C
2

That is, 0 = ponm = 7*(¢) € 7" (W*). Hence n*(W*) D ker(u* — \)
and this proves the claim. This gives dim(7*(W*)) = dim(ker(u* — \)).
But since u* € K(X*), by (1) above we have that dim(ker(u* — \)) < oc.
Thus, dim(7*(W*)) < oco. Finally, we observe that 7* is injective, for if
m™(¢) = 7*(0), then p([z]) = 0([z]) for any [z] € W and therefore ¢ = 6.
This gives
dim(W*) = dim(7*(W*)) < oo

as desired. [
Definition. Let u: X — X be linear.

e One clearly has
ker(u) C ker(u?) C ker(u?) C ...

If ker(u™) # ker(u™*!) for all n € N, we say that u has infinite ascent;
otherwise we say that u has finite ascent and we denote by ascent(u) to
the least integer p such that ker(u?) = ker(uPT1).

11



e Similarly, one has

im (u) 2 im (u?) Dim(u?) D ...

If im (u™) # im (u™!) for all n € N, we say that u has infinite descent;
otherwise we say that u has finite descent and we denote by descent(u) to

the least integer p such that im (u?) = im (uP*!). A
Remark. One checks that ker(u™) = ker(u™) for all m,n > ascent(u) and
that im (u™) = im (u™) for all m,n > descent(u). v

Next, we will show that (u— ) has both finite ascent and descent whenever
u € K(X) and A € C\ {0}. But first, we need to recall the statement of
Riesz’s Lemma, a fundamental result from functional analysis.

Lemma. (Riesz) If X is a normed vector space andY C X a closed proper
subset, then for each 0 < e <1 there is x := x(g) such that ||z|| =1 and

1—e<d(z,Y):=inf|z—y|=[z+V
e <d(@,Y) = inf o —yll = =+ Ylx/y

Theorem. Let u € K(X) and A € C\ {0}. Then (u— \) has finite ascent
and descent.

Proof. We first show that ascent(u—\) < co. Suppose on the contrary that
ascent(u — \) = oo. Let N,, := ker((u— A)™), then the inclusion N,, C Ny4+1
is proper for each n € N. Since each N, is closed, Riesz’s Lemma gives the
existence of a unit vector x,, € N, 41 so that

N |

Hxn + Nn”NnJrl/Nn >
We get therefore a bounded sequence (x,,)22; in X. If m < n, then

w(xn) — u(Tm) = u(zy) — Azp — (W(@m) — ATm) + ATy — Az,
= Azp + [(u—A)(zn) — (= A) () — AT
= A\x, + 2,
where z = [(u — A\)(zn) — (u — A)(zm) — Axy]. Since z,, € Np4q and
Ty € Nypy1 we have (u — A\)¥(z,) =0 for k > n+ 1 and (u — A\ (z,) =0
for any [ > m + 1. Therefore,

(= A"z = (= 2" (@) = (= )" (@) = A = ) (@m) = 0

12



Thus, z € N, and therefore

A

[u(@n) = w(@m)|| = |Azn + 2| < [[Azn + No|l = [Alllzn + Nal| = ’2‘
This gives that (u(zy))52; is not Cauchy and therefore won’t admit a con-
vergent subsequence, contradicting that u is a compact operator. Hence,

(u — A) has to have finite ascent.

Similarly, to show that descent(u — A) < oo we assume for a contradiction
that descent(u—A\) = co. Let R,, := im((u—A)"), then the inclusion R, 11 C
Ry, is proper for every n € N. Now, we already know that R = (u—\)(X) is
closed, similarly Ry = (u—\)?(X) is closed because (u—\)? = u? — 2 u+\2,
where u? —2\u € K(X) and —A\? € C\ {0}. In general, each R,, 1 is a closed
proper subset of R,,. Thus, by Riesz’s Lemma, there is a unit vector y, € R,

such that 1

”y’l’b + Rn+1||Rn/Rn+1 Z 5

This gives a bounded sequence (y,)52; in X. For m < n we have now

w(ym) — u(Yn) = Aym + s

where s := [(u— X)(ym) — (v — A)(yn) — Ayn]. Now, since R, C Ry11 C R
we have that (v — A)(Ym), (v — A)(Yn) € Rmy1 and also Ay, € Ry,41. Hence
s € Ry41 and therefore

w‘z

[w(ym) = ulyn)ll = [Aym + sl < [|Aym + Bmiall = Alllym + By | =

As before, this contradicts compactness of u, so we must have that (u — \)
has finite descent. [ ]

Definition. An operator u € B(X,Y) is said to be Fredholm if it has finite
nullity and finite defect; where the nullity is defined by nul(u) := dim(ker(u))
and the defect by def(u) := codim(u(X)). If u is Fredholm, its Fredholm
index is defined by

ind(u) := nul(u) — def(u)
We denote by F(X,Y) to all the Fredholm operators from X to Y. A

Lemma. If u € F(X,Y) then u(X) is closed and there is a finite dimen-
sional space Z CY such that Y = u(X)® Z.

Proof. Since u is Fredholm it follows that Y/u(X) is finite dimensional.
Then, there are z1, ..., 2z, € Y such that Y/u(X) = span{z +u(X),...,2p+
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u(X)}. Set Z :=span{zi,...,z,} CY. Clearly Z =2 Y/u(X). Suppose now
that y € Z Nu(X), that is y = u(x) € Z for some z € X. Then, y gets
mapped to 0, via the isomorphism from Z to Y/u(X), so y = 0. That is,
Z Nu(X) = {0}, and since

dim(Y") = dim(Y/u(X)) + dim(u(X)) = dim(Z) + dim(u(X)),

it follows that Y = Z @ u(X). We still need to check that u(X) is closed.
Indeed, since Z is a finite dimensional subspace of Y, by a previous lemma,
Z is a complemented subspace. That is, there is a closed subspace W CY
such that Y = Z@W. Thus, Z&W = Z&u(X), so we get that W = u(X),
whence u(X) is closed. |

The following theorem is a fundamental result in Fredholm theory

Theorem. Letu e F(X,Y), ve F(Y,Z). Thenvu € F(X,Z) and

ind(vu) = ind(u) + ind(v)

Proof. Set Y; := ker(v) Nu(X). Since v is Fredholm, it follows that Y;
is finite dimensional. Then, since Y7 C wu(X), there is a closed subspace
Y2 C u(X) so that

u(X)=Y10Ys

Similarly, since Y7 C ker(v) there is a closed subspace Y3 C ker(v) such that
ker(v) =Y1 ®Ys

Further, Y3 has to be finite dimensional because ker(v) is. There’s also a
subspace Y4 C Y such that

Y=VieYeeYi=uX)oYaY,

and since u is Fredholm we must have that Y3 @ Y4 has finite dimension
equal to def(u). Therefore, Yy is also finite dimensional. Next, we define a
map ¢ : ker(vu) — Y7 by
p(r) = u(x)

By construction ¢ is surjective and ker(¢) = ker(u). Hence, it follows that
ker(vu)/ ker(u) = Y and therefore dim(Y;) = dim(ker(vu)) — dim(ker(u)).
This gives

nul(vu) = dim(Y7) + nul(u) < co. (1)

Now, since ker(v) = Y; @ Y3, we have v(Y) = v(Ya) @ v(Ys). But also
v(Ye) = v(Y1 @ Y2) = v(u(X)) = vu(X). Hence, v(Y) = vu(X) @ v(Yy).

14



Since v is Fredholm, there is a finite dimensional space W C Z such that
Z =v(Y)® W and dim(W) = def(v). That is,

Z=vu(X)@v(Yy) & W
Since Y4 has finite dimension, v(Y}) is also finite dimensional. Thus,
def(vu) = dim(v(Yy) & W) = dim(v(Ya)) + def(v) < 0o (2)

Therefore, it follows from (1) and (2) that vu is indeed Fredholm. Finally, we
define a map ¢ : Yy — v(Yy) by ¢¥(y) := v(y). By definition v is surjective
and since ker(v)NYy = (Y18Y3)NYy = {0}, it follows that v is also injective.
Thus, dim(v(Ys)) = dim(Vy). So, again from (1) and (2) we have

ind(vu) = nul(vu) — def(vu)
= (dim(Y7) + nul(u)) — (dim(Yy) + def(v))
= dim(Y7) + dim(Y3) + nul(u) — dim(Yy) — dim(Y3) — def(v)
= dim(Y; @ Y3) + nul(u) — dim(Yy @ Y3) — def(v)
= nul(v) + nul(u) — def(u) — def(v)
= ind(u) + ind(v)

The following theorem presents an immediate application of the Fredholm
index.

Theorem. Let u € K(X) and A € C\ {0}. Then

(1) (uw— M) is Fredholm and ind(u — A) = 0.
(2) If p=ascent(u — \), then

X = ker((u — A)P) @ (u— AP(X)

Proof.

(1) We have already shown in a previous theorem that ker(u — \) is finite
dimensional and that (u — A)(X) is finite codimensional in X. Hence u is
Fredholm. Recall also that both ascent(u — \) and descent(u — \) are finite.
Take m,n € N such that m > n > max{ascent(u — \), descent(u — \)}.
Then, nul((v — A\)™) = nul((u — A)"”) and def((u — \)™) = def((u — A)").
Hence, ind((u — A\)™) = ind((u — A\)™), but by the previous theorem this
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means that m - ind(u — A\) = n - ind(u — \). Since m > n, we must have
ind(u — A) = 0, as wanted.

(2) Suppose that = € ker((u — A)P) N (u — A)P(X). Then, (u — A\)P(x) =0
and x = (u — \)P(y) for some y € X. This gives y € ker((u — A\)P*!) but
since p = ascent(u — \) we have ker((u — A\)P*1) = ker((u — A\)P). Hence
x = (u—A)P(y) = 0. This gives ker((u — A\)P) N (u — N)P(X) = {0}, so it
suffices to show that dim(X) = dim(ker((u — A\)P) & (u — A\)P(X)). Indeed,
it’s known that

dim(X) = dim((u — A\)P(X)) + dim(X/(u — NP (X)).
Now, by the previous theorem and (1) above, we have ind((u — A\)P) =

p-ind(u — X) = 0, so it follows that nul((z — A)P) = def((u — A)P). Hence,
dim(ker(u — \)P) = dim(X/(u — \)P(X)), and therefore

dim(X) = dim((u — A)P(X)) + dim(ker(u — A)P)
as desired. ]
Remark. Notice that if w : X — Y is linear, then nul(u) = 0 if and only
if w is injective. Since codim(u(X)) = dim(Y/u(X)), codim(u(X)) = 0 if
and only if u(X) =Y. Hence, def(u) = 0 if and only if u is surjective. This

remark together with the previous theorem give at once the following result,
known as the Fredholm Alternative. v

Corollary. (Fredholm Alternative) If w € K(X) and A € C\ {0}, then

(u— A) is injective if and only if it is surjective

Proof. From the previous theorem we know that ind(u — A) = 0. Hence,
nul(u — A) = 0 if and only if def(u — X\) = 0. The result follows from our
previous remark. [ |

In the next theorem we will show, using Fredholm theory, a well known
characterization of the spectrum of a compact operator. But first, we give a
brief review of the spectrum and how it behaves under direct sums. Recall
that if X is a Banach space and u € B(X), the spectrum of u, denoted by
o(u), is given by

o(u) :={A € C:u— A\ is not invertible }.

Suppose now that X =Y & Z, where Y, Z are closed subspaces of X. Let
u € B(Y) and v € B(Z). We get a map u @ vX — X by letting

(u@v)(y + 2) = uly) + v(2)

16



Then udv € B(X) because udv = uopy +vo(l—py), where py and 1—py are
bounded as they are the projections onto Y and Z respectively. Further, u®v
is invertible if and only if v and v are invertible and (u@v) ' =u"t @ v~ L
Hence,

A€o(udv) < (udv)— A is not invertible
<~ (u—A)® (v—A) is not invertible
<= (u—A) is not invertible or (v — ) is not invertible

<= A€o(u)Ua(v).
So, it follows that o(u @& v) = o(u) U o (v).

Theorem. Ifu € K(X), then o(u) is countable, each non-zero point of o(u)
is an eigenvalue of u and an isolated point of o(u).

Proof. Fix A € o(u) \ {0}. Then, u — A is not invertible, so the Fredholm
alternative implies that u — A is not injective. That is, there is a non zero
x € ker(u—A), whence u(z) = Az. This gives of course that A is an eigenvalue
of w.

Now, let p := ascent(u — X). We already proved that p < oo and that
X =Y & Z, where Y :=ker((u—A)?) and Z := (u— A\)P(X) are both closed
subspaces of X. We claim that uly € B(Y') and that u|z € B(Z). To prove
the claim, it suffices to show that u(Y) C Y and that u(Z) C Z. Indeed, if
y €Y, then

(u—=A)P(u(y)) = (
= (
=0

u— A)P(u(y) — Ay + Ay)
w— AP (y) 4+ Au — NP(y)

because y € Y = ker((u — A\)P) = ker((u — A\)P™1). Hence, u(Y) C Y.
Similarly, if z € Z, then z = (u — A\)P(z) for some = € X; so

(u—=XN)P(z
(u—=XA)P(z

u(z) =

u ( )
= u( ) = A((u = A)P(@)) + A((u = X)F(2))
+ A ((u = A)(2)),

(

(u
but since we always have (u — \)PH1(X) C ) ( AP(X), the above equations
gives in fact that u(z) € (u—A)P(X) = Z. So indeed u(Z) C Z, proving the
claim. Therefore,

= (u— AP (z)

u— A= (uly — Aidy) ® (uz — Aidz),
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from where we get that
(u— NP = (uly — Aidy )P @ (uz — Aidz)P

But, by definition of Y, it follows that (u|y — Aidy)? = 0. Hence, there is a
non zero y € Y such that (uly — Aidy)(y) = 0 and therefore (uly — Aidy)
is not invertible. That is, A € o(uly), and therefore {\} C o(uly). On the
other hand, if p € o(uly), there is a non zero y € Y such that u|y (y) = uy,
whence (uly — Ady)(y) = (1 — Ay, so 0 = (uly — Aidy)P(y) = (1 — Ny,
which implies ¢ = A. This gives o(uly) = {\}. We claim that X\ & o(u|z).
Well, since u is compact, it follows that u|z € K(Z). Therefore, (uz —
Aidz)? is Fredholm. Notice that by definition of Y and Z, it follows that
ker((uz — Aidz)P) = {0}, so by the Fredholm alternative (uz — Aidz)P must
be invertible, whence A\ € o(u|z) as we claimed. Thus,

o(u) = o(uly ®ulz) = {A}Ua(ulz).

This gives that o(u) \ {A\} = o(u|z) is closed in o(u) and therefore A is an
isolated point of o(u).

Since A € o(u) \ {0} was arbitrary, it follows that that o(u) \ {0} consists of
isolated points and hence it’s a countable set. |

Corollary. If {\, : n € N} is the non-zero spectrum of a compact operator,
then
lim A, =0

n—oo

Proof. If A := lim, . Ay, # 0, then \ will be a non-isolated point of the
spectrum, contradicting the previous theorem. |

The following example is the original formulation of the Fredholm alter-
native, given by Erik Ivar Fredholm around 1900 while studying integral
equations.

Example. Let k € C([0,1]?), we have already seen that if u € B(C|0,1]),
is given by

1
u(f)(s) = /0 K(t, )£ (1),

then u is compact. Let A € C\ {0} and g € C([0,1]). Consider the following
two equations



Then, the Fredholm alternative says that either equation (3) has a unique
solution or that equation (4) has non trivial solutions. Indeed, let {\, : 1 <
n < N} be the non zero spectrum of u, where N € NU {oco}. Suppose first
that A # A, for all n. Then, (u — \) is invertible and therefore equation
(3) has a unique solution given by f := (u — \)~!(g). However, if A = ),
for some n, then (u — A) is not invertible, so the Fredholm alternative im-
plies that (v — \) is not injective. That is, there is a non zero f such that
(u—A)(f) = 0, so we have a non trivial solution of (4). Moreover, since
(u — A) is Fredholm, we know that ker((u — A)) is finite dimensional and
therefore the solution set of equation (4) is finite dimensional. v

Definition. If u : X — Y is linear, a linear map v : ¥ — X is a pseu-
doinverse of u if uvvu = u A

Remark. If v is a pseudo inverse of u, then uv and vu are idempotents:
(wv)? = wwuww = wv  and  (vu)? = vuvu = vu

Further, we immediately check that ker(vu) = ker(u) and uv(Y) = u(X). ¥

We will show that any Fredholm operator has a pseudoinverse, but first we

need a lemma.

Lemma. Let u: X — Y be a linear map between normed spaces. If X is
finite dimensional, then u is bounded.

Proof. Define a norm in X by

[[llo = max{|z|[, [lu(z)][}

Then, ||u(x)| < ||z|lo- Since X is finite dimensional, all norms are equivalent.
Hence, there is a constant C' such that ||z|o < C||lz||. Thus ||u(z)| < C|z||,
so u is bounded. |

Theorem. If u € F(X,Y), then u admits a pseudoinverse v that is also
Fredholm and such that 1 — uwv, 1 — vu have finite rank. Moreover, when
ind(u) = 0, v can be chosen to be invertible.

Proof. Since u is Fredholm, there is a closed subspace X; C X and a finite
dimensional subspace Y; C Y such that

X =ker(u)®X; and Y =u(X)®dY;

19



The map u; := u|x, has trivial kernel and therefore it’s an isomorphism from
X1 to u(X). Further, u; is clearly bounded, so the open mapping theorem
gives that the inverse u;’ : u(X) — X is also bounded. Let v := uy’.
Suppose that ind(u) = 0, then nul(u) = def(u) and therefore dim(ker(u)) =
dim(Y/u(X)) = dim(Y7) < oo. Then, there is a linear isomorphism w :
Y1 — ker(u). By the previous lemma, w is bounded. We define a map
v:Y — X as follows: on u(X) we set v := v, on Y] we set

)0 if ind(u) #0
v w if ind(u) =0

That is v = v; @0 if ind(u) # 0 and v = v; w if ind(u) = 0. In any case v
is a bounded linear map. Moreover, for any x € X,

wou(e) = u(vr (u())) = wy (01 (u(@))) = u(x)

Hence, v is a pseudoinverse of u, which is invertible when ind(u) = 0 (because
here v = v; ® w and both v; and w are invertible). Notice that ker(v) C Y;
and therefore, since Y] is finite dimensional, nul(v) < oo. Similarly, notice
that X1 C v(Y), hence dim(X/v(Y)) < dim(X/X;) = dim(ker(u)) < oo,
and therefore def(v) < oo. This gives that v is indeed Fredholm. Finally,
recall that vu is an idempotent, so

(1 —vu)(X) = ker(vu) = ker(u)

so (1—vu) has finite rank. Similarly, notice that if u(z)+y1 € u(X)®Y; =Y,
then

(1—uv)(u(x)+y1) = uw(z) —y1 —vwou(z) —wv(yr) = y1—uwv(yr) = (1—uv)(y1)

Hence, (1 — uwv)(Y) = (1 — uw)(Y7) and since Y is finite dimensional, it
follows that (1 — uwv) also has finite rank. [ |

Remark. Suppose that X is a finite dimensional Banach space. Then, all
the elements of B(X) are Fredholm. Thus, the theory of Fredholm operators
on finite dimensional spaces is not interesting. In what follows, we only care
about infinite dimensional Banach spaces. v

Theorem. (Atkinson) Let X be an infinite dimensional Banach space and
u € B(X). Then, uw € F(X) if and only if u + K(X) is invertible in the
Calkin algebra Q(X) := B(X)/K(X).
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Proof. Suppose first that u is Fredholm. Let 7 : B(X) — Q(X) be the
canonical quotient map. Then, by the previous theorem u has a pseudoin-

verse v such that 1 — uv and 1 — vu are finite rank operators and therefore
elements of K(X). Then,

0=m(l—w)=m(l) —7m(uw) = lgx) — m(u)m(v)

Hence, 7(u)7m(v) = 1g(x). Analogously we find 7(v)m(u) = 1g(x), whence
m(u)~t = 7(v). That is, m(u) = u + K(X) is invertible in Q(X).

Conversely, assume that m(u) is invertible in Q(X) with inverse given by
7(v) for some v € B(X). Then, uv = 1 4+ w; and vu = 1 4+ wy for some
wi, wz € K(X). Clearly ker(u) C ker(1+4ws2) and since wy is compact, 14+ws
is Fredholm and therefore nul(u) < co. Similarly, w; is compact and hence
1+ w; is Fredholm, so since (1 4+ wq)(X) C u(X) we have

dim(X/u(X)) < dim(X/(1 4+ w1)(X)) < oo,
which gives def(u) < co. Therefore, u is Fredholm. |

Theorem. Let X be an infinite dimensional Banach space. Then, F(X) is
open in B(X) and the index function ind : F(X) — Z is continuous.

Proof. By Atkinson’s theorem, we have
F(X) =7~ (Inv(Q(X)))

It’s well known that Inv(Q(X)) is open in Q(X) and since 7 is continuous,
it follows that F(X) is open in B(X).

We prove that ind is continuous by showing that is locally constant. Let
u € F(X) and let v € F(X) be a pseudoinverse for u. Then, uvu = u and
I —uv, 1 —vu € K(X). Take w € F(X) such that w € By,-1(u). Then,

Juw — wol] < flu —wlljo] <1

Hence, s := 1 — (uv — wv) is invertible in F(X) and therefore ind(s) = 0.
Furthermore,

su+u = su+uwvu = u — (vvu — wou) + vvu = wou + u
Thus, su = wvu and therefore ind(su) = ind(wvu), which becomes
ind(s) + ind(u) = ind(w) + ind(v) + ind(u),
whence ind(w) = —ind(v). Since w € Bj-1(u) was arbitrary, this gives

ind]BHv”_l(u) = —ind(v), so ind is locally constant, as wanted. |
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Corollary. Let X be an infinite dimensional Banach space, u € F(X) and
w € K(X). Then,
ind(u + w) = ind(u)

Proof. Atkinson’s theorem implies that u + tw € F(X) for any t € [0, 1],
so we can define a function « : [0,1] — Z by «(t) := ind(u + tw). By
the previous theorem, « is continuous. Since [0, 1] is connected, «([0,1]) is
a connected subset of Z, and therefore a([0, 1]) consists of a single point.
This means that « is a constant function, so a(1) = «(0), as we needed to
prove. |

Proposition. Let u € F(X). Then, ind(u) = 0 if and only if u is the sum
of an invertible operator and a compact one.

Proof. Suppose first that u = s + w where s € Inv(B(X)) and w € K(X).
Since s is invertible, it has trivial kernel (whence nul(s) = 0) and its range
is X (that is def(s) = 0). Thus, s is Fredholm and ind(s) = 0. By the

previous corollary we have

ind(u) = ind(s + w) = ind(s) =0

Now, assume that ind(u) = 0. Then, there is an invertible pseudoinverse
v of u. Hence, n(u) = 7(v™!), which means that u = v=! 4+ w for some
w e K(X). |

Remark. Is easy to find Fredholm operators of index 0 that are not invert-
ible. For instance, if p is a finite rank non-zero idempotent, then 1 — p is
Fredholm, of index 0 and not invertible. v

Recall that two operators u,v € B(X) are said to be similar when there is an
invertible operator s such that u = svs~!. Two similar Fredholm operators
must have the same index, whence the index is an obstruction to determine
whether to operators are similar.

Example. Let H be a Hilbert space and (ep)nen, (fn)nez be orthonormal
bases for 7{. The unilateral shift v € B(#) is given by u(e,) = e for
n € N, while the bilateral shift v € B(H) is u(fn) = fnt1 for n € Z. Clearly
nul(u) = 0 but def(u) = dim(H /span(e,)n>2) = 1. Therefore, ind(u) = —1.
Since v is invertible, ind(v) = 0. This gives that v and v are not similar.
Further, it’s not possible to find an invertible s and a compact w such that
u = s+ w, as this will give —1 = ind(u) = ind(s + w) = ind(s) = 0. v
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Exercises

(Ex.1) Let X be a Banach space. If p € B(X) is a compact idempotent,
show that its rank is finite.

Proof. Since p is idempotent, we have p(X) = ker(1 — p), but since p is
compact, it follows that 1—p is Fredholm and therefore has finite dimensional
kernel. Thus,

rank(p) = dim(p(X)) = dim(ker(1 — p)) < oo

as wanted. [ |

(Ex.2) Let u : X — Y be a compact operator between Banach spaces.
Show that if the range of u is closed, then it is finite-dimensional. (Hint:
Show that the well-defined operator X/ker(u) — u(X), x + ker(u) — u(zx)
is an invertible compact operator.)

Proof. We follow the hint. Let a : X/ker(u) — u(X) be given by
a(x + ker(u)) := u(z). It’s clear that a is a well defined linear operator
between Banach spaces. We now show that a € IC(X/ker(u),u(X)). Let
(@, +ker(u))s2 ; be a bounded sequence, say by M > 0, in X/ ker(u). For a
fixed n € N, by definition of ||z, + ker(n)|| there is a y,, € ker(u) such that

[2n = ynl < M +1

Therefore, (x, —yn)52, is a bounded sequence in X, and since u is compact,
the sequence (u(x, —yn))s>; admits a convergent subsequence in u(X). But,
since y,, € ker(u) and by definition of a we have

(u(@n = yn))nzn = (w(zn))nZy = (a(zn + ker(u)));Z,

That is, a is compact. Further, notice that a has trivial kernel and that
a(X/ker(u)) = u(X), whence a is invertible and therefore the open map-
ping theorem gives that a~! is also bounded. This gives that idy(x) = aa~?
is a compact operator in B(u(X)), which implies that «(X) is finite dimen-
sional. [ |

(Ex.3) Let X be an infinite dimensional Banach space. Show that if u €
K(X), then w is not Fredholm.

Proof. Recall that u € F(X) if and only if u+ K(X) is invertible in Q(X).
Since u € K(X), it follows that u + K(X) = K(X), which is not invertible
in Q(X). [ |
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(Ex.4) Let X, Y be Banach spaces and suppose that v € B(X,Y) has
compact transpose u*. Show that w is compact using the fact that u** is
compact.

Proof. Since u* € K(Y™*, X*), it follows that «** € K(X**,Y**). Now, re-
call that there is an isometric embedding map ~: X < X™** given by

Z(p) ==p(x) Vx e X Vo € X*

Now, let (x,)22; be a bounded sequence in X. Then, (z,)5°; is a bounded
sequence in X**. Since u** is compact, it follows that (u**(Z,))22; admits
a convergent subsequence in Y**. Now notice that for any ¢ € Y*, we have

w*(@)(0) = 3(u'(0)) = #(0 0 w) = o(u()) = u(z)(0)

—

That is, v**(Z) = u(x) and therefore ||[u**(z,)| = ||u(x,)||, which implies
that (u(x,))o2; admits a convergent subsequence, so u is in fact compact.
|

(Ex.5) Let u : X — X" and «' : X’ — Y’ be bounded operators between
Banach spaces. Show that the linear map

upu XX =YY, (x,2)— (u(z),d(z)),

is bounded with norm max{||u|, ||«’||}. Show that if v and «’ are Fredholm
operators, so is u @ v/, and ind(u @ u') = ind(u) + ind(v).

Proof. We equiv the direct sum of Banach spaces with the max norm. Then,

(u(z), u'(2))]

lued| = sup |
(@<t

= sup  max{||u(x)]], [[u' (")}
@<t

= max{ sup [[u(x)||, sup [[u'(x)[l}
Jall<1 lel|<1

= max{|Jul, lu'[|}

Now, let N := ker(u), N’ := ker(v), C := Y/u(X) and C" := Y'/u/(X').
Since both u and v’ are Fredholm, it follows that N, N’,C and C’ are all
finite dimensional spaces. Notice that ker(u @ v') = N @& N’ and therefore
nul(u @ v') = nul(u) + nul(v’) < co. Similarly,

YooY/ (vod)XaoX)2Cal
Hence, def(u @ u’) = def(u) + def(u’) < oo. That is, u @ u is Fredholm and
ind(u ® u') = ind(u) + ind(u’)

as wanted. [ |
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(Ex.6) If X is an Infinite-dimensional Banach space and u € B(X), show
that

() outv)=c(w)\{AeC:u-AeFX), indu—A) =0}
veEK(X)

Proof. We prove this by double inclusion.

Suppose first that A €LHS. That is, A € o(u+v) for all v € K(X). In partic-
ular, 0 € IC(X) so we have A € o(u). Assume, for the sake of contradiction,
that v — A € F(X) with ind(u — A) = 0. Then, there is a pseudo inverse
w € inv(B(X)) such that 1—(u—A)w is compact. Thus, v := w1 —(u—2N\) is
a compact operator, and therefore u+v—\ = w™! is invertible, contradicting
that A € o(u + v). Hence, A\ €RHS.

Assume now that A €RHS. That is, A € o(u) but A € {p € C:u—p €
F(X), ind(u — p) = 0}. Assume on the contrary that A ¢LHS. Then, there
is v € K(X) such that A\ € o(u + v). That is, u + v — X is invertible. This
gives of course that ind(u + v — A\) = 0. Suppose that (u — \) is Fredholm,
then since v is compact

ind(u —A) =ind(u+v—A) =0,

which is impossible because A & {yx € C : v — p € F(X), ind(u — p) = 0}.
Suppose now that (u— A) is not Fredholm, that is 7w(u — A) is not invertible.
But, m(u—\) = w(u+v— A) which is invertible because A ¢ o(u+v), so this
is also impossible. We’ve reached a contradiction and therefore A €LHS. W

(Ex.7) Let X be an infinite dimensional Banach space and u € B(X).
Define the essential spectrum, o.(u), by

e(u) = ={AeC:(u—X) &€F(X)}

Show that o(u) is a non-empty compact subset of o(u)

Proof. Notice that

oc(u) ={A € C:m(u—A) is not invertible in Q(X)}
={A e C:m(u) — X is not invertible in Q(X)}
= og(x)(m(u))

Thus, o(u) is compact and non-empty. Since Inv(B(X)) C F(X), it follows
that if A € o¢(u), then A € o(u), so indeed o.(u) C o(u). |
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(Ex.8) Suppose that #; and Ho are Hilbert spaces. Show that u €
F(H1,Hz) if and only if w(H1) is closed in Ha, and ker(u), ker(u*) are
both finite dimensional spaces. Conclude that ind(u) = nul(u) — nul(u*).

Proof. Notice that it suffices to show that ker(u*) is isomorphic to Ha/u(H1)
whenever u(H1) is closed. We define a map ® : ker(u*) — Ha/u(H1) by
®(n) :=n+ u(Hi). We prove @ is an isomorphism. It’s is clearly linear. If
n € ker(u*) is such that ®(n) = u(H1), we have n = u(§) for some & € H;
and therefore

1l = (n,m) = (u(€),n) = (& u*(m)) = (£,0) =0

Hence, n = 0. This gives that ® is injective. To prove surjectivity, we claim
first that ker(u*)* = u(H1). Indeed, the inclusion u(H1) C ker(u*)* is easy.
For the reverse one, notice that it’s also easy to see that u(H1)* C ker(u*).
Hence, since u(H1) is closed it follows taking orthogonal complements that
ker(u*)* C wu(H1). This proves the claim. Now, since Ho = ker(u*) &
ker(u*)+, we have in fact Ho = ker(u*)®u(H;). Take n+u(Hi1) € Ha/u(Hi)
with n = n1+n2 € ker(u*)Bu(H1), it follows that ®(n;) = n+u(H1), whence
® is surjective. ]
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