Banach Spaces
J Muscat 2005-12-23

(A revised and expanded version of these notes are now published by
Springer.)

1 Banach Spaces

Definition A normed vector space X is a vector space over R or C with
a function called the norm ||.|| : X — R such that,

Iz +yll < flzll +lyll;

[Az]] = [Alll]l;

[zl = 0, [[z]| =0 < z =0.

1.0.1 Easy Consequences

[z =yl = llzll = llyll, I ==l = ll=l,
o1+ Al <l 4 ]

1.0.2 Examples

1. The set of real numbers with the norm taken to be the absolute value.

2. RY or CV with the norm defined by ||x|l, = (32, |#:])"*. There are
other possibilities however, ||x||, = >, |z;| or ||x]|, = max; |z;|. Thus

3 3 3
()0 =ssa=n(2)1 = verm =51 (2)1 -
1 2 o0
max(3,4) = 4.
3. Sequences: sequences can be added and multiplied by scalars, and form

a vector space. But there are different ways of taking the length of a
sequence:

The space (' = { (a,) : Y, |a,| < 0o } with norm defined by ||(a,)|, =

2 lanl.
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0 ={(a,) : Y, |an|* < oo} with norm defined by ||(an) |l = /D, |an|?.

(* ={(ay,) : |a,| < C} with norm defined by ||(an)||,c = sup,, |ax|.

4. Functions: functions also form a vector space, and different norms can
be defined for them as with sequences

The space L' = {f: A= R: [,|f(z)|dz < co}, with norm defined
by ([l = [y 1f (@)l
The space L? = {f: A= R: [, |f(z)]?dz < oo }, with norm defined

by |fllze =/ Ja|f(2)]? dz.

The space L = { f: A — R: f is measurable, and |f(x)| < C a.e. },
with norm defined by || f||;« = sup, .. |f(x)| (i.e. the smallest ¢ such
that |f(z)] < c a.e.

The space C = {f : [a,b] = R : fis continuous } with ||f||, =
11 o = maxaeqas | f(2)]

Proposition 1.1 A vector space is normed if and only if it has a
translation invariant and scalar-homogeneous distance,

d(z,y) = ||z =yl

Proof: Given a norm, the function d(z,y) = ||z — y|| is translation in-
variant in the sense that d(z +a,y +a) = ||z +a —y — a|| = d(x,y), scalar
homogeneous in the sense that d(Az, A\y) = |A|d(x,y). Conversely if d(x,y)
is translation invariant, then d(z,y) = d(z —y,y —y) = d(x — y,0) and we
can define ||z|| = d(x,0) so that d(x,y) = ||z — y||. We will now show that
the axioms for the norm correspond precisely to the axioms for a distance.

d satisfies the triangle inequality < the norm ||.|| does.

d(z,y) < d(z,2) +d(z,y)

corresponds to |z —y| < [z —z|| + ||z —y||. Similarly d(z,y) = d(y,z)

corresponds to ||z — y|| = ||y — z||; d(x,y) = 0is || — y|| = 0, while d(x,y) =
0 & x =y becomes ||z —y|| =0 & z—y=0.

The scale-homogeneity of the metric supplies the final axiom for the norm.

0

This invariance under translations and scaling has the following easy con-
sequences



Proposition 1.2
B,(z) =rBy(z/r) =z + B.(0) = . + rB;(0)

B.(z) ={y:d(z,y) <r}

Proof: The first statement is the set equivalent of
dz,y) <r & d(z/r,y/r) <1 & d0,y—z)<r & d0,(y—=z)/r) <1

Let a be a limit point of B,(x), so that we can find y € B,(x) such that
|ly — al|| < €, which implies that ||a — z|| < |Ja — y||+ ||y — z|| < e+ r. Hence
a€{y:d(r,y) <r} asrequired.

Conversely, suppose d(z,y) < r; let a = v + My — z) with 1 —¢/r <
|lambda| < 1. Then [ja—=z| = |AM|ly—=z| < r, and |la—y| = |1 —
Az —yll <e

U

1.0.3 Note

Normed vector spaces are therefore metric spaces, as well as vector spaces.
So we can apply ideas related to both, in particular open/closed sets, limit
points, convergence of sequences, completeness, continuity, compactness, as
well as linear subspaces, linear independence and spanning sets, linear trans-
formations, kernels etc.

Since, at the end of the day, we are interested in issues like convergence
and so on, we say that two norms are equivalent when they induce the same
open sets.

For example, the norms |||, ||.||, and ||.]|, are all equivalent on RY. (But
note that they are not equivalent for sequences or functions! In particular, a
sequence of functions may converge in L' but not in L or vice-versa.)

1.0.4 Banach Spaces

When the induced metric is complete, the normed vector space is called a
Banach space.
So, a closed linear subspace of a Banach space is itself a Banach space.



1.0.5 Example

Not every norm is complete of course. For example, suppose we take the
vector space of continuous functions f : [0,1] — R with the norm |[|f] =
fol |f(x)|. This is indeed a norm but it is not complete, for consider the
sequence of continuous functions f,(x) = n(x — %)X[%éﬂ/n] T X(21/may; it s
Cauchy since ||f, — fn|| = fol | fo = [l = 2[1/n—1/m| — 0 as n,m — oo,
but it does not converge in C[0, 1], because suppose it does i.e. ||f,, — f]| = 0
as n — oo. This means that fol |fu(z) — f(z)| dx — 0, which implies that
fol |f(x)]dx — 0, and f%1+1/n 11— f(z)]dz — 0, so that f(z) =0 on [0,3)
and f(z) =1 on (3,1], implying it is discontinuous.

1.1 Metric and Vector Properties

Proposition 1.3 The maps = — = + vy, * — Az and z +— ||z|| are con-
tinuous.

Proof: Addition by a vector is continuous,
1 — 2ol <€ = [l(z1 +y) = (@2 +y)l = [[11 — 2 <e
Scalar multiplication is continuous,
|1 — xo|| < € = ||[Az1 — Axa| = |A|[|z1 — 22| < [A]e.
The norm is continuous,
21 — x|l <€ = e = lzall] < flzn — 22| <

Corollary

lim (z, + y,) = lim z, + lim y,,
n—00 n—00 n—00

lim Az, = A lim z,,.
n— oo n—oo

Proposition 1.4 If M is a linear subspace of X, then so is M.

Proof: Let z,y be limit points of M. Then we can find a sequence x,, = x
and y, — y; but z, +y, € M, so x +y = lim,, (¥, + yp) € M. Similarly
Ar = lim, . (A\x,) € M.

O

For example, the set of polynomials forms a linear subspace of C[0, 1]; its
closure in this space is a closed linear subspace (and hence complete).

4



1.1.1 Series

A series is a sequence of vectors obtained by adding, i.e. ZZLO T,. A series
therefore converges when || Zg:o z, —z|| - 0 as N — oo. It is said to
converge absolutely when ) ||z,|| converges in R.

We can show that a series is absolutely convergent by using the usual
tests for real series, for example, the comparison, ratio or root tests.

Proposition 1.5 For a Banach space, absolutely convergent series
converge.

Proof: Suppose that ) |x,| converges. Let yy = ijyzo T, SO that

lyar = ynll = I 0En @all < Xplygs ll2all = 0. Hence yy is a Cauchy
sequence in X, and so converges to y, say. This means that ) x, =y.

It is also true (see the exercises) that if a normed vector space is such that
all its absolutely convergent series converge, then the space is also complete,
i.e. a Banach space.

1.1.2 Quotient Spaces

If M is a closed linear subspace, then we can factor it out and form the space
X/M with addition, scalar multiplication and norm defined by

(x+M)+(y+M)=(x+y)+ M,
Mx+ M) = z+ M,
|z 4+ M| = d(x, M) = inf ep ||z — 0]

That the addition and scalar multiplication satisfy the axioms of a vector
space is a triviality; let us show that we do indeed get a norm:

[+ M)+ (y+M)|| = |lz+y+ M| =infey |z +y—
= infy, pyem [T +y —v1 — vo]
S infyenm |2 — v1]l + info,enm [ly — va]
= [lz + M| + |ly + M|l

[A(z + M) = [[Az + M|

= inf,enr || Az — |
infyens ||[Ax — Aul|
inf,enr |Al||z — ul|

= [Alllz + M|



|z + M| = inf ||z —v|| > 0.
veM

|z + M| =0 & inj‘f/[||:v—v||:0@xEM:M@ijM:O—I—M.
ve

Proposition 1.6 If X is complete, and M is a closed linear subspace,
then X/M is also complete.

Proof: let z,, + M be an absolutely convergent series i.e. Y |z, + M||
converges. Now Vn > 0,3v, € M, ||z, — v,|| < ||z, + M| + 1/2", so the left
hand side converges by comparison with the right. So > (z, —v,) = z since
X is complete, and thus

N N N
1) (wn+M) = (@+ M| =D zn—a+ M| <[ (w0 —va) =z =0
n=1 n=1 n=1

1.1.3 Exercises

1. Show that the norms defined for RY and CV are indeed norms.
2. Show that the norms defined for ¢! and ¢ are indeed norms.

3. Show that the norm defined for L' is indeed a norm, except that it
may happen that [, [f(z)|dz = 0 without f = 0; however from the
theory of Lebesgue integration, in this case we get f = Oa.e., so that
the failure of this axiom is not drastic. In fact we can identify those
functions that are equal almost everywhere into equivalence classes and
work with these, but the notation would be too pedantic to be useful.

4. Suppose that ||.||; and .||, are two norms on a vector space X, such
that there are positive constants c, d,

lelly < ellelly, lllly < dllll;-

Show that every ball of norm 1 has a smaller ball of norm 2 with the
same centre, and vice-versa. Deduce that the two norms have the same
open sets. Show that the converse is also true.

5. Show that in R, the three norms ||.||;, |||, and ||.|| . defined previously
are all equivalent. What do the unit balls in each norm look like?

6. Show that if A\, — A\ and x,, — x then \,x, — Az. In Corollary 1.4,
strictly speaking, we can only immediately deduce that lim, . (z, +
y) = x + y; give a proper proof of the corollary.
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7. Show that if a series )z, converges, then z,, — 0. (Hint: convergent
sequences are Cauchy)

8. * Let X be a normed vector space for which every absolutely convergent
series converges. Show that X is complete as follows: let x, be a
Cauchy sequence in X, and let y, := x,,1 — z,; show that there is a
subsequence y,,, such that ||y, || < 1/2" and so > ||yn, || < 1. Deduce
that Zivzo Yn, converges, and hence x,,.



2 Continuous Linear Operators

Definition An operator is a linear continuous transformation 7' : X — Y
between normed vector spaces,

Tx+y)=Te+Ty, T(Ax)=lx.

In particular, a functional is a continuous linear map ¢ : X — C.
The set of operators is denoted by B(X,Y). The set of functionals is
called the dual space.

Examples of functionals on sequences are Y . = a,a,, on functions [ k(z) f(z) dz.
In general linear maps are not continuous. For example, let X be the
vector space of finite real sequences with the ¢! norm. Consider the func-
tional ¢(x) = > na, (check linearity!), and the sequence of sequences
x; = (1,0,...),%x2 = (0,1,0,...),x3 = (0,0,1/3,...),.... Then |x.||p =
> lan] =1/n— 0 as n — oo, so that x,, — 0, yet ¢(x,) =n -1 =1+ 0.
Another important example is differentiation: although the map is linear
(say on the vector space of polynomials) it is not continuous eg D cos(nx) =
—nsin(nz) so || D cos(nz)||, = n cannot be bounded by a multiple of || cos(nx)||, =
1.
A simple test for continuity of a linear transformation is the following

“bounded” property,
Proposition 2.1 A linear transformation is continuous if, and only
if,
de>0,Vz € X, ||Tz|y < |z
Proof: If T is linear and continuous, then
3 >0, llyl <é = [Tyl <1

In particular, putting y = 26z/||z||, we get ||y|| = 26 < 4, so that ||Tz| =
2]zl /31 Tyll < 3]-

Conversely, suppose T is bounded, then

[Tz =Tyl = |T(x —y)|| < cllz—yl.

So for any € > 0, let 6 = €¢/c and

le—yll <6 = [Tz - Tyl <e



Proposition 2.2 The kernel of an operator is a closed linear subspace.

Proof: If Tz = 0 and Ty = 0 then T(x +y) = Te + Ty = 0 and
T(Ax) = ATz = 0, so that the kernel is a linear subspace. Let  be a limit
point of the kernel i.e. there is a sequence z,, — x with Tz, = 0. Then
Tr = T(lim, o x,) = lim, o, Tx, = 0, and x is in the kernel.

[

Definition An isomorphism between normed vector spaces is a map
T : X — Y such that both 7" and 7! are linear and continuous (ie T is a
linear homeomorphism).

An isometry between normed vector spaces is a bijective linear map

T : X — Y such that ||Tz| = ||z||

It follows, of course, that isometries are isomorphisms (since continuity
of T follows from the bounded property, and |7 'z| = [|TT 'z| = ||| as
well).

Theorem 2.3 Every N-dimensional normed vector space is isomor-
phic to CV, and so is complete.
Ty

Proof: Let T : CY¥ — X be the standard map T | . ‘= x1e1+. .. TNEN
TN

where ey, ..., ey form a basis (wolog of unit vectors) for X. That 7" is linear
and bijective is trivial to show.
T is continuous since

| Tx||x = [|z1e1 + ... znen]|
< ‘$1‘++|LL’N|

- \/(Zz |2i])?
= Zzg‘@H%‘

< %Z” |2]* + |22
= VNV, il
= VN|lxl,
Moreover T~! is continuous, since let f(x) := ||Tx||, which is a composi-

tion of two continuous functions. Now the "sphere” S ={u: |Jul,=1}isa
compact set (since it is closed and bounded in CV), so fS is also compact.
Suppose 0 € fS; this would mean that 0 = ||T'uf| for some u with ||ul|, = 1.
But we get that Tu = 0, and T is invertible, so u = 0, a contradiction. Hence
0 ¢ fS, so 0 is in the exterior of fS (since fS is closed), so it is contained
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in a ball —¢ < 0 < ¢ completely outside fS. This means that ¢ < ||Tu]|,
for any unit vector u. Hence in general, ¢||x||, < ||Tx]|| for any vector x. By

exercise, we get that 7'~! is also continuous.
O

Theorem 2.4 The Open Mapping Theorem
Every onto continuous linear map 7' : X — Y between Banach
spaces, maps open sets to open sets.

Proof: Let U be an open subset of X, and let Tx € TU, so that x €
B.(z) € U. We will show that 7'B;(0) contains a ball B,(0), from which
follows that

Tx € Bo(Tz) =Tz +€eB,(0) CTx + €I'By(0) =TB(z) CTU

proving that T'U is an open set.

Let F' = T'B1(0), and suppose that it does not contain any open balls
(i.e. it has no interior points). It follows that AF" also contains no open balls
for any A > 0. Since F' is bounded by ||T'|| it is possible to find a ball B; of
radius less than 1 such that B, N F = @. In general, suppose we have a ball
B,, of radius at most 1/n such that B, NnF = &. Then B, Z (n+ 1)F,
and so B,, — (n+ 1)F is a non-empty open set, which must contain an open
ball. By reducing its radius if necessary, we get a ball B, of radius at most
1/(n + 1) and such that B, N (n+ 1)F = @. In this way, we get a nested
sequence of balls B, C B, with diminishing radii. Their centers vy, form
a Cauchy sequence since ||y, — ym|| < max(1/n,1/m), and so converge to
some y € Y. Now, for any m > n,y,, € B,, so y € B, for any n.

However y = Tz for some z € X since T' is onto. Choose n > ||z||,
to get x € nB1(0), and so y = Tx € nTB1(0) C nF, which contradicts
y € B, C (nF). Thus F must contain an open ball Bg,(a) = a + Bs,(0); by
translating by a € F, and scaling, we get B,.(0) C 1F = TBy,4(0).

Claim: B,(0) € T'B;(0). Let y € B,(0) C TB1/4(0), so that there must
be an 1 € By/4(0) such that ||y — Taq|| < r/2; that is, ||z1]] < 1/4 and
y—Txy € Byj2(0) € TBys(0). But this implies that there is an x5 € By5(0)
such that ||y — T'zqy — Txs|| < r/4. We therefore get a sequence x,, such that

r

1
|leoll < =, lly—T(z1+...+x,)]| < o

2n+1’

We conclude that = := )" x, converges, with |[z|| < Y07, 557 = %, and
that y = Tx. Thus x € B1(0) and y = Tx € T'B;1(0), proving the claim.

O
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Corollary If T : X — Y is in addition also 1-1, then 7! is
continuous and X is isomorphic to Y.

Theorem 2.5 If Y is complete, then B(X,Y) is a Banach space,
with the norm defined by

T
7)) = sup 12Ny
5 Tl

In particular X* is a Banach space, with norm defined by

6] = sup 120

20 [zl

Proof: That B(X,Y) is a vector space is a triviality. The norm is well-

defined in the sense that if 7" is an operator, then ||Tz|| < ¢||z|| and | T]| < c.
Thus,

[T < [IT[|{]]]-

IS + T = sup, o L5421

Sx Tx
< SUup,.o % + SUP,-o ||||gc||||
= |1+ |7

IAe]
= [AIT]

AT = sup,4

|7 =0 & ||[Tx|| =0,Yz =0,
< T =0

The resulting normed vector space is complete. Let T, be a Cauchy
sequence in B(X,Y), that is, ||T,, — T},.|| — 0 as n,m — oco. So

ITn (@) = Ton(@)|| < I T0 = T[] ]| = 0

This means that T,,(z) is a Cauchy sequence in Y, which is complete, so that
T, (z) — T'(z) as n — oo for each z € X. We now show that 7" is linear and
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continuous:
T(x+y) =lim, o0 Tn(z +y)

= limy, o0 (Th(2) + Th(y))
= T(2) + T(y)

T(A\x) = lim, o T, (A7)
= lim,, oo AT}, ()
= \T'(x)

1T ()] < NTn ()]l + 1T () = To()|
< Tallll] + efl]
< ¢l
since T, is a Cauchy sequence and so is bounded.
Finally T,, — T since ||(T, — T)z|| < ||Tn — Tlll|z|| + [Tz — Tx|| <
e||x|| + €l|z||, so that ||T,, — T'|| < 2¢ and ||T,, — T|| — 0 as n — oc.
O

Proposition 2.6 If S and T are compatible operators, then so is ST,
with [[ST| < (|||

Proof: That ST is linear is obvious, ST (z+y) = S(Tx+Ty) = STxz+STy
and ST (A\z) = S(\T'x) = ASTz. Also,

STl < (ISl < [ISIITH =]

and taking the supremum on both sides gives [|ST'|| < ||S|||T|l-

Corollary B(X) := B(X, X) is closed under multiplication (called
a Banach algebra).

2.0.4 Examples

The right-shift operator R : /! — ¢! is defined by R(zq, x1,...) = (0,20, 21, . ..).
It is obviously linear, and also bounded since

oo
IRx|| = [[(0, 0, 21, Mo =D _ [zal = Xl
n=0

The multiplication operator T : (' — ¢ defined by T(zg,x1,...) =
(oo, 121, . . .), where (a,) is a bounded sequence, is also linear, and bounded
since

00 00
ITx) =D ana] < MY fan] = M|x|
n=0 n=0
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The Fourier transform on a function f € L'[0,1] is defined to be the

A

sequence of numbers (f) where

F(n) = Ffn) = / e f(7) da

Similarly the Fourier transform on a function f € L'(R) is defined to be the
function

A~

F(6) = Fr(e) = / e £ (1) du

It is easy to show that the Fourier transform is linear; moreover it is
continuous with F : L'[0,1] — ¢ and F : L'(R) — L>(R), since

1 1
17l = sup| / &2 £ (1) da| < / F@) e = [l

and similarly for the second case. In fact, one can show further that F :
LY0,1] — ¢p and F : LY(R) — Cy(R).

More generally, any transformation 7f(£) = [ k(x, &) f(x)dx where k(z, €)
is a bounded function, is an operator.

2.1 The Dual Space

Functionals are simply row vectors when X = R": thus X* is isomorphic to
RY and is generated by a dual basis.

Examples: in ¢!, we have already seen that Y «,x, is a functional when
v, are bounded. Also, [ f(z)dx is a functional on L'. Another example, for
C, is given by do(f) = f(0), which has norm |[|dy|| = 1.

There is a certain duality between X and its dual space X* that we will
explore below. The connection between the two is the following: Definition

The annihilator of a set of vectors A is the set of functionals A° = {¢ €
X*:¢p(x) =0,Ve € A}

2.1.1 The Hahn-Banach Theorem

Theorem 2.7 Let Y be a subspace of a normed vector space, X.
Then every functional ¢ € Y* can be extended to ¢ € X*, that is

d(y) = d(y),Yy € Y and [|¢]|x. = |||y

Proof: Let us try to extend ¢ from a functional on Y to a functional on
Y + (v) for any vector v. The only possibility is to let ¢(y + M) = ¢(y) + Ac

13



(where ¢ would be equal to ¢(v)). Whatever ¢, this gives a linear map (easy
to check). For certain values of ¢, this is also continuous:

|6(y + )| = [o(y) + Ac]
= [Allo(y/A) + ¢l
We thus want |¢(y/A) +c¢| < ||o||||y/X + ¢||, which is equivalent to finding
a c such that

—o(y) — l1olllly +oll <e < —o(y) +[ly+oll, VyeY.

Is this possible? Yes because [¢(y1—y2)| < [|9llyr — g2l < l@ll([ly2 + vll+
|lya + v]|), so we get (when ¢ is real-valued)

¢(y1) — o(y2) < [|9llllyr +vll + [|9ll]ly2 + o

1.e.
—¢o(y2) — ollllye + vl < =d(y1) + |@llllys +oll, Yy, 90

Hence there must be a constant ¢ separating the two sides of the inequality.
Thus ||¢]| < [|¢]|; in fact, equality holds because for y € Y, the supremum of
o)/ lvll = [e(w)| /||yl is ||¢]|- A different proof (see reference book) shows
that this is also the case when ¢ is complex-valued.

If X can be generated by a countable number of vectors v, (X is called
separable) then we can keep on extending until q?) is a functional on X. But
even if X needs an uncountable number of generating vectors, then can apply

”Zorn’s lemma” to conclude that the extension goes through to X (see book).
O

Corollary
r=0&Vope X" ¢(x)=0

Proof: Given x # 0, form the one-dimensional subspace Y = [z] = { \x :
A€ C}. Let ¥(ax) = afz||, then ¢ € Y* since
[ (ax)| = |allz] = [lox]]

in fact [|¢[| = 1. So ¢ can be extended to a functional on all of X. Hence
there is a ¢ = ¢ € X* such that ¢(z) = ||z|| # 0.
The converse statement is trivial to prove.
U
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Corollary

e
Il = s

Proof: Since |¢(x)| < ||¢]|||z]| we get that % < [|z]|. We are left to show

that the left hand expression approximates the right as closely as necessary.
By the theorem, there is a ¢ € X* with ¢(x) = ||z|| and ||¢|| = 1, so for this
functional, [¢(z)|/[|¢[| = [l]-

O

212 X*

Proposition 2.8 Every normed vector space X is embedded in its
double dual X**. That is, there is a 1-1 linear isometry J : X — X**.

Proof: Given z € X, let 2* : X* — C be the map 2*(¢) = ¢(x). Then
r* € X*™, ie.it is linear and bounded with ||z*|| = ||z||. Hence we can form
the map J : X — X*™ by Jx = z*.

J is linear since for any ¢ € X*,

(z+9)"(0) = oz +y) = () + d(y) = 2(¢) +y"(9)-
(A2)"(¢) = o(Ax) = Ad(x) = Az™(9).
J is isometric (preserves the norm) since
[z (@)l = lo(x)] < Nl

and there is a functional ¥ such that ¢ (x) = ||z|| and [[¢/|| = 1, so that

||| = sup
s#0 @]

= []]-

That J is 1-1 follows from this isometry, since z** = y** & (z —y)™ =
0 [[(z—y)”[=0elz-y[=0ez=y.
O]

2.1.3 Completion of X

Given any normed vector space X, the double dual X** is a Banach space.
Hence the closure JX is a closed linear subspace of X**, and so is itself
complete i.e. a Banach space. It is called the completion of X, usually
denoted X.
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2.1.4 Weak convergence

We already know what 7,, — T means, namely, |7, —T|| — 0. This of
course implies pointwise convergence ie Vx, T,r — Tz since for each z,
| Tx —Tx|| = (T, — T)x| < ||T, — T||||z]| — 0; but the converse is false ie
it is possible to have pointwise convergence without 7,, — T'. For this reason
T, — T is sometimes called convergence in norm.

Example: Let T}, : ¢* — (' be defined by T, (x;) = (0,...,0, Zp, Tni1, - - )
(well-defined, linear and continuous); we have pointwise convergence, T,,x —
0 since for each x = (2;), [|Tnxl|x = [1(0,...,0, 20, Zps1, .. )|l = |2n| +
|pt1] + ... — 0 since Y |x;| converges. However T,, /4 0 since we can
always find sequences x = (0,...,0,1,0,...) for which ||T,x]] =1 = ||x]| so
that ||7,,|| =1 4 0.

There is yet another type of convergence, called weak convergence,
defined as follows T,, = T < Vr € X,V¢ € X*, ¢T,x — 0 as n — oo.
Pointwise convergence implies weak convergence because T,,x — Tz and ¢ is
continuous. However the converse is again false (see exercise in Chapter 3).

Proposition 2.9 1In finite dimensions, all these convergence types are
equivalent.

Proof: Let A, — A where A,, A are matrices. This means that y' (A, —
A)x — 0 as n — co. In particular if we let y = e;,x = e; be basis vectors
then A, ;; = @Z-Angj — QZ-AQJ» = A;j, so that each component of the matrices
A, converges to the corresponding component in A. This then implies that

HA" B AH < \/Zzg |An,ij - Aij|2 — 0.

O

2.2 The Adjoint T

Definition The adjoint (or transpose) of a linear transformation 7" : X —
YisT" : Y* — X* defined by T"¢(x) = ¢(Tz) for any ¢ € Y*.

It is well defined because

1T p(x) || = llo(T=)l| < ol 7] < el T N ]

so that T7¢ € X*. Tt is also linear since T (¢ + ¥)(z) = (¢ + ¢)(Tx) =
O(Tx) +(Tx) =T ¢(x) + TTY(z) and T (Ap)(z) = Ap(Tx) = NT "o (x).

If T is continuous and linear, then so is its adjoint, since by the above
inequalities, || T[] < [[T1[[|¢]]; in fact [T < |[T].
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Proposition 2.10

(S+T) =5 +TAT)" = AT T = [T

Proof: (S+T)"¢(x) = ¢(Sz+Tx) = ¢(Sx) +¢(Tx) = STd(x) + T ¢(2);
since this is true for all z and all ¢, the result follows.
Similarly, (AT")"¢(z) = ¢(A\Tx) = Ap(Tx) = NT"p(x).

T T
|T|| = sup —H all = sup sup [#(T)
w20 |zl a0 0 |l2] 0]
|9p(Tz)| T ()| 1779 .
= sup sup = supsup ————— = sup = [|T7|
o0 a0 [[Z[[[@] g0 az0 lOllZ]l  ox0 9

Proposition 2.11

ker 7" = (im7)°, im7T" C (kerT)°.

Proof: T"¢p =0 < Vo, T ¢(x) =0 < Vo, ¢(Tx) =0 < ¢imT =0 <
¢ € (imT)°.
Let v € imT", ie v» = T"¢. Then for any x € kerT, we get that
P(x) =T7¢(x) = ¢(Tx) = 0.
O

Proposition 2.12 T has a continuous inverse < T and 7" are onto.

Proof: T is onto < T is 1-1, which implies that 7" is invertible and
continuous by the open mapping theorem.
OJ

2.2.1 Exercises

1. Let L : ¢>° — (> be defined by L(z,) = (2,41). Show that L is linear
and continuous.

2. For T invertible and linear, show that 77! is continuous < ||z <
| Tz, for some ¢ > 0.
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11.

12.

. Show that if 7 and 7' are operators, then |7 > || T||~".

. Let T : ¢* — (' be defined by T(x,) = (x,/n). Show that T is

linear and continuous, and that 77! is linear but not continuous. Show
however that there are no sequences x such that Tx = 0.

Show that (A + B)° = A°N B°, and A° + B° C (AN B)°.

The Hahn-Banach theorem is trivial when Y is dense in X ie Y =X,
as follows: for z = lim,,_, Y, define () := lim, o0 ¢(yn). Show that
¢ is well-defined, linear and continuous with ||¢|| = [|#||.

Show that integration, f + [ f, is a functional in L' by showing that
it is bounded.

. Define the functional ¢ on the vector space of step functions in L', by

¢(f) = [ f. Use the Hahn-Banach theorem to show that this extends
to a linear and continuous functional on L.

. * Show that, for X and Y finite dimensional, then ||| = /> ., [T;;]*.

10.

A set is called weakly bounded when V¢ € X* ¢A is bounded. Show
that a set is weakly bounded if, and only if, it is bounded. (Hint: use
the fact that if 2™ (¢) < ¢4, Vo, then ||2**|| < ¢ - called the uniform
bounded principle)

In the embedding of X in X** show that 77" : X** — Y™ is an
extension of 7': X — Y in the sense that 7" "a** = (T'x)**.

* The corollary to the Hahn-Banach theorem, which states that there is
a functional ¢ € X* such that ¢(z) # 0 can be strengthened as follows.
Let M be any closed linear subspace, and let © ¢ M. Let Y = M @ [x],
and define ¢(y) = 0 for y € M and ¢(ax) = ad(x, M). Show that ¢ is
a functional on Y, and hence that it can be extended to X, while still
having the properties that ¢(x) # 0 and ¢(y) = 0 for y € M.
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3 Sequence Spaces

3.1 The space /!

Proposition 3.1 (' is complete

Proof: Let x, + @2 + ... be an absolutely summable series in ¢, ie
Yoo ll®allp = s. Thus |zn| < [|2,]/,1, and so for each i, Y |z,;| converges
in R by comparison. Let y; = > 4.

Yy =) T, since

N N
Hy - Zn wn”gl = Z;l |yz ;Zn 517m|
= ic1 | Zn:NH i

But
K M K M 00
Dol wal <D0 > il < D fl@alla =0
i=1 n=N+1 i=1 n=N+1 n=N+1
as N — oo.
y € (! since

K N

K N N
i=1 n=1 n=1

i=1 n=1

O

Proposition 3.2 Every functional on ¢! is of the type (z,) — > ynx,
where (y,) € (>,
El* ~ goo

Proof: Let y € ¢*°; then the map ¢ : * — C defined by

is well-defined since

< S llyllleal < Iyl Il
n

: moreover it is a functional in ¢'* since
y(a+b)= Zyn (@n +b) = Yntn+ Y ynbn = 9(a) + §(b),
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i/()‘w) = Zyn()‘xn) = A Zynxn = )\@(.’1:),

9(@)| < 1yl ]l
Note it follows that [|g| < ||y||,e-

Every functional is of this type: let ¢ € ¢*" and let y, = ¢(e,) where
en = (0,) =(0,...,0,1,0,...). Since x =) w,e,, then

P(x) = ¢(Z Tpey,) = anyn

by linearity and continuity of ¢; also |y,| = |¢(e,)| < ||@]| so that y € £,
with [|yl]p < [[¢]-

Now let J : > — (** be the map Jy = 9. The previous proofs have
shown that this map is in fact onto ¢*.

J is linear, since

Ve €t J(utv)(z) = Z(un—irvn)xn = ZunxmLZ V1, = Ju(z)+Jo(z),

n

so J(u+v) = Ju+ Jv. Similarly

TOy)(@) =Y (Ayn)z, = Ay(),

and J(\y) = AJy.
J is isometric since by the previous proofs we have ||g|| < ||yl < ||y|l- It
follows that J is 1-1 as well.

3.2 The space (*

Proposition 3.3 (> is complete.

Proof: Let (x,) be a Cauchy sequence in (>, ie ||@, — &;|/,c — 0 as
n,m — oo.

For each i, we get that |z,; — zp| < ||&, — || — 0, S0 (2 — ) 18 &
Cauchy sequence in C, and so converges. Let y; = lim; o Tp;.

y € [ since

|| < fla| < C

since Cauchy sequences are always bounded.

x, — y in (> since, by choosing m large enough depending on 1,

1

as n — 0o, independently of i.
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Proposition 3.4 The space of convergent sequences,
c={(z,): lim z, = 2,3z}
n— oo

is a complete subspace.

Proof: ¢ C (> since x, — x implies that (x,,) is bounded. Moreover it is
easily shown to be linear.

c is closed in £°° since let y: let y be a limit point of ¢ ie we can find x,, € ¢
such that x, — y. Now consider the limits of each of these sequences z,, =
lim; 00 @i These form a Cauchy sequence since |x,, — | = limy o0 [T, —
il < ||@0 — T = 0. So x, = y for some y € C.

Finally, we can show that lim;_,., y; = y since

lyi — y| < |yi — Tnai| + |Tni — o] + |20 — Y|
< 3e

for large enough n and i. Thus y € ¢, and ¢ is a closed set in £>°.

Corollary The space of sequences with limit O,
co={(x,): lim x, =0}
n— o0

is a complete subspace.

Proof: It is obvious that ¢y C c.

o is closed in ¢ since if ®, — y with x,, € ¢y, then by the above proof,
lim; oo y; = 0.

Hence ¢y is closed and so complete.

Note that ¢** is a complicated space not isomorphic to ¢!.

Proposition 3.5
ey =0t

Proof: (i) Every functional on ¢y is of the type (z,) — >, ynx, with
(yn) € 01, First, given (y,) € ¢*, this is well-defined because |sum,y,z,| <
|| 0 |y ] 15 secondly, this map is a functional because it is linear (as shown in
the previous proposition) and continuous (by the above inequality). Moreover
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let ¢ be any functional on ¢y, and let y,, = ¢(e,); then ¢(x) = ¢(>_, zne,) =
> YnTy by linearity and continuity of ¢, and

Zlyn|—zi¢ (en) = Zien @I (ED e = ll¢]

hence y € 61.

(ii)Let J : ¢ — ¢ be defined by Jy(x) = >, yox,. Then J is linear
as in the previous proof, and it is isometric since ||Jy|| < ||y|/,» has already
been shown, and |Jy(+e;)| = >, |vi| (where +y; = |y;|, so

17yl = > Lyl = llyl

3.3 The space /2

Proposition 3.6 (i)

S ] < \/E |xn|2\/z al?
(ii) The function /) |z,|? is a norm, since
\/Z 2+ 32 < \/Z 2l + \/Z al?

Proof: (i) It is easy to show that |ab| < (a® + 0?)/2 for any real numbers
a,b. Hence,

O anbn)® =) aibiazb; < (a7 + alb?) /2 = Za%? doad v
n i,j i,j i J

It follows, that for complex numbers z,,, y,,

3 ] <3 Jrallal < \/Z w\/z yal?

(i)
_ - 2 2
DNt vl = Y P Hyn P+ (@nyntaaga) < llel*+Hlyl*+2lz) ] = (l2]+]y])*

O
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Proposition 3.7 (? is complete.

Proof: Let (z,,) be an absolutely summable series, ie > ||x||,» converges.

Fix 7, then
1> il <Y lwnil <Y lalln
n n

n

so can define y; = > Ty,
Now consider

M N M N
SN awl < S (0 a2
= Zi:l Zn:A Zm:A ‘xnl‘ ‘xml|
N N M M
SN S i S [
N M
(N /3, fraaf2)?

/

So as M, N — oo we get
YD wl <O llal)?
i=1 n=A n=A
Taking A = 1 shows that y € (?; taking A = N + 1 shows that Y @, — y

in /2.

O

Proposition 3.8

Proof: Exercise.

3.4 Function Spaces

In a similar fashion, but using theorems from integration, it can be shown
that L', L? and L™ are Banach spaces, and that L'* ~ L™ and L** ~ L2.
The proofs are very similar, and use the analogous inequalities

19l < I Fllpllgll oo

gl < [l llgll e

called the Holder’s inequality, as well as the Monotone Convergence Theorem.
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3.5

1.

Exercises

Show that & = Y, x,e,, where e, = (d,;), holds in the spaces (', (%,
and .

Show that £2* ~ (2 by repeating the proofs for /! and c.

Prove that HngL1 < Hf||L1||gHL°°‘

Show that the adjoint of the Fourier transform is a map from ¢! to
L>® [O’ 1] such that ‘FT(an) — Zn ane—27rinm.

. Let R be the right-shift operator on ¢!. What is R"x? Show that

R"x # 0, but that R* — 0. (Recall that ¢(x) = >, y;z; for some
sequence (y;) € £>)
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4 Banach Algebras

Definition A Banach algebra is a Banach space X, over C, with an asso-
ciative multiplication of vectors with unity such that

(S+T)U =SU+TU, S(T+U)=ST + SU,

(AS)T = A(ST) = S(AT),
ST < [ISINT, 1]} =1.

Proposition 4.1 Multiplication is continuous.

Proof: follows immediately from
17,5, —1TS=(T,-T)S,+T(S,—29),

so that as T,, — T and S,, — S, then T,,S,, — T'S.

4.0.1 Examples

CV with pointwise multiplication.

C(K) the space of continuous functions on a compact set; this contains
the closed sub-algebra of holomorphic functions when K C C.

B(X) for any Banach space X.

Definition = The morphisms of Banach algebras are those continuous
maps which preserve the vector structure (linear) and the multiplication,

O(ST) = B(S)d(T)

In particular, the complex morphisms ¢ : X — C.

Theorem 4.2 Every Banach algebra can be embedded as a closed
subalgebra of B(X).

Proof: Let L,(z) = ax be left-multiplication by a. Then L, € B(X) since
multiplication is distributive and continuous.

Ly(z+y)=alr+y) =axr+ay = L,(x) + Ly(y),
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L,(A\z) = a(Ax) = A\L4(x),

[ La(@)[| = llaz[| < [lal[[|=],
so that ||La|| < ||CL|| Now La+b = La + Lb, and Lab = LaLb, L>\a = )\La,
L, = I are obvious.

Loiy(z) = (a+b)x = ax + bx = Ly(x) + Ly(z),

Ly.(x) = (Aa)x = ALy (z),
Layp(x) = (ab)z = a(bx) = L,Ly(z),
Li(z) = 1z = I(z),
[ Lall = [lall

since a = al = L,1, so ||a|| = || La1]] < ||La||- So, the space of such operators
is a sub-algebra of B(X), and the mapping L : X — B(X) defined by
L:a— L, is an isometric morphism of Banach algebras.

Moreover it is closed, since let L,, — T in B(X); then L, ,x = a,x =
(Lo, 1)z and so as n — oo, Te = T'lz by continuity, i.e. T'= Lpi. Thus the

sub-algebra is complete.
O

4.1 Differentiation and Integration

Definition A function f between Banach algebras is said to be differen-
tiable at 7" when there is a continuous linear map f/(7") such that for H in
a neighborhood of T,

f(T+H) = f(T)+ f(T)(H) + o(H)

ie. lo(H)||/||H| — 0as H— 0.
A function is holomorphic when it is differentiable in the sense above
with H =2 € C, i.e.

f(T+2) = f(T)+ f(T)z + o(2)

Note - if f(T) is not defined, but f(T'+ H) = A+ B(H)+o(H ), then can
redefine f at T to make it differentiable (7" is called a ‘removable’ singularity).
Example: any polynomial is differentiable;
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Integration is also well-defined on paths in a Banach algebra via

A F(2)dz == /7 F(2(t))2ds.

We shall assume the following facts about integration 1. it is linear, with
JTF(2)dz=T [ F(z)dz, 2. | [ F(z)dz|| < [||F(2)||ds.

Theorem 4.3 Cauchy’s Theorem

Let F be a function from C into a Banach algebra, which is
holomorphic in a bounded region U having a finite number of dif-
ferentiable curves as boundary. Then,

7{ F(2)dz =0

Proof: At any holomorphic point, F/(z + h) = F(z) + F'(2)h + o(h), and
for z + h in a sufficiently small disk Bs(z), we have ||o(h)|| < €§. Thus, for
any triangle inside this disk we get

$, F(w)dw = f(A F(z+ h)dh
= § F(z) + F'(2)h + o(h)dh

so that || §, F(w)dwl|| < ed Perimeter(A) < 6ed”.

Now any triangle can be partitioned into a number of triangles each
smaller than §. Since the triangle is totally bounded, a single § can be found
that suffices for the whole triangle (using a Lebesgue net). Thus ¢ F(w)dw
over the whole triangle is the sum of integrals over the J-triangles. The
number of these does not exceed (L/26)* where L is the largest side of the
triangle, so that

||j§ w)dw|| < 6€6*(L/20)* =

proving that the integral vanishes over triangles.
More generally, the curves can be approximated by many-sided polygons,
and the interior can be triangulated, proving the theorem.
O

Corollary Cauchy Residue Theorem
The integral over a closed path depends only on those areas
inside, where f is not holomorphic,

%F(z)dz = Z Residue;(F)
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Proof: enclose the non-holomorphic areas by curves, to form one holo-
morphic region.

Corollary If F'is holomorphic in a path-connected region, then
the integral [” F(w)dw is well-defined, and is holomorphic.

4.2 Power Series

Any power series >~ a,z" has a radius of convergence given by R =
liminf,, |a,|~/".

Lemma For any T, the sequence ||77/""

by (7).

Proof: It is clear that 0 < ||[7"|Y™ < ||T|. Let #(T) be the infimum
value of || 77(|Y/". We can find an N such that r(T) < ||TV||"N < r(T) +e.
Although it is not true that the sequence of numbers is decreasing, notice
that |79V < ||7V)"N. More generally, for any n, let n = ¢N + r with
0 <7 < N (by the remainder theorem), then we get 0 < r/n < N/n — 0 as
n — 0o so that

converges to a number denoted

/n r/n
i
[ e Tia i

(ITN|¥ +€)(1+¢)
r(T) + (T + 3)e

r(T) < ||IT""

ININCIN N

for n large enough.
O

Theorem 4.4 Let f(z) = >~ a,2" be a power series with radius
of convergence R. Then if r(T) < R, the series f(T) := >~ a,T"
converges absolutely, and diverges for r(7) > R.

Proof: We are given that r(7') < R, so for n > N large enough,

1T 17\ () +€\"
2| = <|(——— | =a"
la I <‘an‘—1/n R—¢ @
where a < 1. Note that when R = oo, replace the denominator with any

positive real number. The series ) |la,T™|| converges by comparison with
geometric series on the right.
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Similarly, when 7(7") > R the series diverges since

1\ r(T) —e\”
T = > (222 —) >
T <|an|—1/" R+e€

for an infinite number of n.

Note that power series are continuous in 7.

Proposition 4.5 A power series is holomorphic within its radius of
convergence.

Proof: > a,(T+2)" =%, a,T"+ >, na,T" 'z + o(z), and the radius

of convergence of the coefficients na,, is liminf,, |nan|_1/ " = Rsince n'/" — 1
as n — 00.

O

Proposition 4.6 (i) >, a,7" = 0 within a positive radius of conver-
gence & a, = 0,Vn.

(ii) There is only one power series such that f(7,) = A, with
T, — 0.

Proof: Let > a,7™ = 0 for T' = T,, — 0 not divisors of zero and not
nilpotents; then ag = 0 follows from 7}, — 0; suppose ag, . .., a,_1 = 0, then
0=>, a, 10 =T"(am + am1 Ty, +...), so that a,, = 0 by letting 7,, — 0.

Suppose f(T,) = A, = g(T,,) for two power series f,g. Let h = f — g, so
that h(T) = > a,T" and 0 = h(7},), implying that h = 0.

O

For example, e = 1+ T + T?/2! + ... converges for any operator T,
and satisfies [|e”|| < el”l. Tt can be shown (exercise) that when (and only

when) S and T' commute, we get e5T7 = e%eT| from which follows that e is

invertible with inverse e~ 7.

Similarly, for |T|| < 1, we can define log(1+T) =T —T?/2+T3/3+. ...
Proposition 4.7 If |T|| < 1 then
A-T)"'"=1+T+T*+...
is continuous, with ||(1-7)7Y < (1 —||T|)~'.

Proof: [|T™]] < ||T||" and the right-hand terms are summable when [|T'|| <
L,so > |[[T"|| <1/(1—||T]). This implies that ) T™ also converges (since
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the Banach algebra is complete) to, say, S. Now (1 —T')S = lim, (1 —
TY1+T+...+T") =lim, (1 = T™) = 1 since |T"]| = 0 as n — oo.
Similarly S(1 —T') = 1, proving that S is the inverse of (1 — 7).

U

Corollary An affine map f(z) = a+7Tz with ||T|| < 1 has a unique
fixed point z = f(z).

Proof: z is a fixed point & =z = f(z) =a+Tr < a=(1-T)r & ==
(1-T7)"a.
U

Of course, the result also follows from the Banach contraction mapping
theorem, since d(f(x), f(y)) = |la + Tx —a —Ty|| < ||T]|d(z,y).

4.3 Group of Invertible Elements

The invertible elements form a group, which contains 1 and the surrounding
unit ball of elements, extended to the interior of the “double cone” { AT :
A#0,||T — 1| <1}, as well as all the operators e”.

Proposition 4.8 The group of invertible elements is an open set, and
the map T — 7! is continuous.

Proof: Let T be an invertible element, and let § < |[77!||~". Then for
|H|| <8, we get (T+H)™' = (1+T"'H)'T~!, which exists by the previous
theorem since || — T~'H|| < 1. This shows that the group is an open set.

Moreover we have

(T+H) =7 T 'HT '+ T '"HT'HT ' + ...

This shows that ||(T + H)™ =T < |H|I|T + |H|PIT + ... <
T~

T[T AT which converges to 0 as H — 0.

O

The proof in fact shows that the map T +— T~! is differentiable; indeed
this shows that the group of invertibles is essentially what is called a ‘Lie
group’, a topic that has a vast literature devoted to it.

In particular note that for H = hl, we have (T+h)™' = T-'—hT2+..
from which follows that the map z + (T — 2z)~! is holomorphic whenever
z & o(T). Indeed, for z € o(T) we have

(T—z+h)" = (T =2 = h(T =2 + O(h])
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so that - -1 - ;)

Proposition 4.9 Let R, be invertible elements that converge to an
element 7" on the boundary of the group of invertible elements.
Then

@) 1R = 1/|[Ra — T

(ii) T is a generalized divisor of zero T, i.e. there are unit
elements S,, such that

TS, — 0, orR S, T — 0, asn —

Proof: Let R, — T be invertible elements converging to a boundary ele-
ment T'. Since the group of invertible elements is open, 7' cannot be invert-
ible, whereas R, and its surrounding ball of radius |[R;||™" are invertible.
Thus || R, — T > || R,

Let S, = R;'/||R;"|; then

TS0 = [TRAIR
= [[(T = Rn) R, "+ 1| /[ Rl
<2||T = R,|| = 0 as n — oc.

O

The generalized divisors of zero are also called topological divisors of zero,
and are not invertible (exercise).

The set of non-invertible elements is connected (through the origin), and
may disconnect the group of invertible elements.

Proposition 4.10 The maximally connected subset of invertible ele-
ments containing 1, is an open normal subgroup generated by e’
for all T.

Proof: Let T be in the maximally connected subset containing 1, denoted
by Gi. Then the connected ball B.(T) around 7T is also in G; (because
maximally connected), so that Gy is open. Moreover for any 7', T'G; is also
connected because multiplication is continuous, so when T € G; we must get
TGy, C Gy; hence for any S, T € G, we have T'S € ;. Similarly, taking
the inverse is a continuous mapping which fixes 1 and maps the connected
set G to a connected set containing 1; thus 77! € G;. Also, by the same
reasoning T-'G,T C G4, which makes G; a normal subgroup.
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The inverse of e’ is e~ from their definition as power series. Hence the
group generated by exponentials e’ ..., e consists of finite products of the
type e*T ... e*. Moreover the elements of the type e’ form a connected
set since the Banach algebra is connected and the exponential is continuous.
Multiplication is also continuous so that the group generated by exponentials
is connected. As e¢” = 1, it must be a subgroup of G;.

Claim: This group is open and closed, and so must equal G;. The el-
ements near to 1 = ¢° are all exponentials i.e. they all have a logarithm
(check! theorem 10.30 of Rudin?), and so any element 7" generated by the
exponentials also has a neighborhood inside this group. Its complement must
also be open, because it consists of open cosets of the group.

O

4.3.1 Exercises

1. Show that if ST =1=TR then S=R=T"".
2. Find Banach algebras of dimensions 1, 2, 3 (over C)

3. Show that for any morphism & between Banach algebras, ®(1) = 1
and ®(T7') = ®(T)~'. Deduce that for ||T|| = 1 and |\ < 1 then
|®(AT)|| < 1 and hence that & must be continuous.

4. Let f(z) =", a,2", and let |f|(2) = >_  |a,|z". Show that ||f(T)] <
IAICHTID-

5. Show that (i) »(A\T) = |A|7(T), (ii) r(ST) = r(TS), (iii) r(T™)*/™ =
r(T), (iv) if ST = TS then r(T'+ S) < r(T) + r(S) and r(T'S) <
r(T)r(S) (hint: for the addition take 7' = aTp with r(Ty) = 1 and
similarly for S).

6. Show that when ST =TS, e’ = e+7. Deduce that the inverse of e”
is e=7. Show further that the map t — €T is a group homomorphism
from R to the group of invertible elements, which is differentiable.

T (use (1—T)' = 14T +...).

7. Show that (1 - T) — (1 —T7)~"]| < {21

8. Show that the iteration x, 1 = a+71x,, starting from any xy, converges
to the fixed point z = a 4+ T'z. (Hint: prove first that ||z,41 — | <
| T|[|xy, — xn—1]|, and then that (x,) is a Cauchy sequence)
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9. Suppose that Ax = b is a matrix equation, with A being practically a
diagonal matrix, in the sense that A = D+ B, with D being the diagonal
of A, and || B|| < || D||. Hence Dx = b— Bz andx = D~'b—D~'Bx. Let
Tx = D~'b— D7'Bx and show that ||T']| < 1 so that there is a unique
fixed point. Hence describe a recursive algorithm (due to Jacobi) for
finding the solution of the equation.

10. Similarly suppose that Ax = b with A being practically a lower trian-
gular matrix, in the sense that A = L + B where L is lower triangular
and ||B]| < ||[L||. The inverse of a triangular matrix, such as L, is
fairly easy to compute. Describe a recursive algorithm (Gauss-Siedel)
for finding the solution z.

11. Let T'f(x) = f:k(x,y)f(y)dy be a mapping between function spaces.
Show that if k(x,y) is bounded (ie in L>[a,b]?), then T is an operator
mapping L'[a, b] to itself and L>[a, b] to itself. Show further that ||7|| <
|k|| o |b—al in both cases. Deduce that if |k(z,y)| < 1/|b—al then the
equation T'f + g = f has a unique solution > T"g (find the kernel of
).

4.4 Spectrum of T

Definition The spectrum of an element 7" in a Banach algebra is defined
as the set
{A e C:T — Xis not invertible }

Proposition 4.11 The spectrum of 7' is a non-empty compact subset
of C bounded by (7).

Proof: If |A| > r(T), then T'— X\ = —A(1 — T'/\) is invertible. So any
spectral values must satisfy || < (7).

Let A € o(T'), ie T'—\ is invertible. Forany z € C, |[(T' — z) — (T'— \)|| =
|z — A|, so that for z close enough to A, we have T" — z also invertible.
This shows that A is an exterior point of the spectrum, and hence that the
spectrum is closed.

Closed and bounded sets in C are compact.

Suppose o(T) = @, so that (T — z)~! is holomorphic everywhere. Then
by Cauchy’s theorem, we get that the integral over any circle vanishes ¢ (7" —
z)7'dz = 0. But (T'—2)"' = =2 — 5T + ... for |z| > ||T||, so that for a

z
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circle of radius larger than r(7T") we get

1 1 1
%(T—z)_ldz:j{————T+...dz:j{—dz:2m';£0,
z

z 22

so it must be the case that the spectrum does not vanish. (Alternative
proof: if the map A\ — (T — \)~! is differentiable everywhere, then since
(T'—X)~! — 0 as A — oo, by Liouville’s theorem we get (T'— \)~! = S for
all A, a contradiction)

O

Proposition 4.12 Spectral Radius Formula
The largest extent of the spectrum, called its spectral radius, is

r(T) = limy, 00 || T

Proof: We have already shown that o(T") is bounded by r(T"). We need
to show that there are spectral values with magnitude (7).

Invert the spectrum to form the set S = {27! : 2 € o(T)}. Thus
2 ¢ S & (T—z"1)isinvertible, and so the largest radius of that disk in which
(T —271)~1 exists is 1/r, where r is the spectral radius of 7. Inside this disk,
(T — 1/2)7" is holomorphic, and so can be written as a power series, which
turns out to be (T'—1/2)"! = =2 (2T)". But the radius of convergence
of the series ) (T2)" is the same as that of the series > |[|7"|]2", that
is liminf, |77 ~"" = 1/#(T). Thus we must have 1/r,(T) < 1/r(T), ie
r(T) < ro(T).

1
7L.

O

Note that if A is a boundary point of the spectrum, then 7" — ) is at the
boundary of the group of invertible elements, and so is a topological divisor
of zero.

Theorem 4.13 Spectral Mapping Theorem
The spectrum of f(7) is equal to the set { f(\): A € o(T) }; ie

Proof: We start by considering f(z) = p(z) a polynomial. Let p(z) —\ =
(x—a)(x—>)... where a,b, ... are the roots, dependent on A\. Whether A is a
spectral value of p(T") or not depends on whether p(T)—\ = (T'—a)(T'—b) . ..
is invertible or not.
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Suppose that A & p(o(T)) i.e. p(z) — A # 0 for any z € o(T'). Hence any
z € o(T) is not one of the roots a,b,... and so the factors (1" — a) are all
invertible. This shows that A\ & o(p(7T)).

Conversely suppose that A € o(p(T')), so that p(T)) — A has an inverse
S. Then S(T—a)(T'—b)...=1= (T —a)(T —0b)...S5; thus for any root
a, there are elements R and R’ such that (T'—a)R =1 = R'(T —a). But
R' = R'(T — a)R = R, so that any factor 7' — a is invertible. Thus all the
roots of p(z) — A are not in the spectrum. But if A = p(z) then z is a root,
and so A = p(a) & p(a(T)).

Now let f(T') be a power series 3. @, 7" Then o(30_ a,T") = S22 o(T)"
converges separately to o(f(7T)) and f(o(T)).

0J

4.4.1 Exercises

1. Show that the resolvent C — o(T') is open by proving that the map
A — T'— )\ is continuous, and using the fact that the invertible elements
form an open set.

2. Suppose that p(T') = 0 for some polynomial p. Show that o(7") consists
of roots of p.

3. Use the spectral radius formula to show that the spectral radii of T'S
and ST are the same.

4. Use the spectral mapping theorem to show that if ¥ = 1 then T = 27iS
where o(S5) C Z.

5. Let T be a nilpotent operator ie dn : T™ = 0; show that its spectrum
consists of just the origin.

6. Suppose that the only non-invertible element of a Banach algebra is 0
(called a division algebra). Using the fact that the spectrum is non-
empty, show that T = X\ for some A # 0, and hence that the Banach
algebra is isomorphic to C.

7. Suppose that the only topological divisor of zero is 0. Show that the
spectrum of any element is a single point (consider its boundary) and
so each non-zero element is invertible. Deduce that the Banach algebra
is C.

4.5 Holomorphic Functions f(7)
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Theorem 4.14 Taylor series If f : C — C is holomorphic on a disk
B,(z) that includes o(7T') then f is a power series about z, with

:Zan( — 2p) _2m%f (w—T)  dw.

Laurent series If f is holomorphic on a disk B,(z) except at
its center zy € 0(T') and the disk includes o(7'), then the (Laurent)
series converges

o0

Zan(T—zo :2mj§f (w—T) 'dw.

n=—0oo

In both cases, a, = 7= ¢ f(w)(w —T)" dw.
Proof: (i) (w—T) "' = (w—2+20—T)! = (w—2)" (1 - I=2)~1 =

o (w — 20) (T — 2)™ since (T — z) < R = |w — %] by the slgectral
mapping theorem.

Thus, 5= § f(w)(w—=T)" dw =Y, (T = 2)"5 § f(w)(w—T)""dw =
> an(T — 20)", with a, = 5= § f(w)(w —T)~'"dw.

By Cauchy’s theorem, we can take any curve surrounding the spectrum
of T

(ii) Continuing the analysis of (i), we also get that on a small circle
around zp, (w—T) ' = (w—20+20—T) ' = —(T — 20) (1 — (w— 2)(T —
20) )t ==, (w—z)"(T — 20)""*. Thus taking the integral in a clock-
wise direction We get 5= § fw)(w—=T) " dw =3, a_,(T — z) """ where

= 95 f f — zo)”dw

U

Corollary If f : C — C is holomorphic in a neighborhood of
a point, then it is a power series, and thus infinitely many times

differentiable, with
n!M
|1 (20)] <

Proof: |f™(z)/n!| = |an| < %HfHLOO(BT(ZO))T_n_lQ?TT = M/r".

Corollary (Fundamental theorem of Algebra)
Every polynomial p(z) has n roots.
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Proof: Suppose that p(z) has no roots, so that 1/p(z) is holomorphic.
Now p(z) — 00, in fact for |z| large enough, |p(2)| = |2|" — |a,_12"* + ... +
agl = |z|"/c. So

1o
p(0)] = 27 ) Ip(w)|

as R — oo, which is a contradiction.
O

Corollary (Liouville) if F(z) is holomorphic throughout C then
it must be unbounded or constant.

Proof: Suppose f : C — C is holomorphic but bounded by M on C.
Then for any z, |f'(2)] < M/R — 0 as R — oo, so f' = 0.

More generally, if F'(z) is holomorphic, then so is ¢ o F' : C — C for any
functional ¢. If it is bounded, then ¢(F(2)) = ¢(F(0)) for any ¢, which
implies that F'(z) = F(0) for all z

0]

Corollary Two holomorphic functions on C must agree on a
connected set if they agree on an interior disk.

Proof: let A be the set on which f = g locally i.e. 2z € A & f =g on
B.(z). Then A # @ by hypothesis, A is open by definition, and A is closed,
since suppose z is a limit point, with 2z, — 2z and 2, € A. Then f and g are
power series about z with f(z,) = ¢g(z,); hence f = g throughout the radius

of convergence, and so z € A. It follows that A is all of the connected set.
O

Taylor’s theorem implies that for any polynomial p(T") = 5= § p(w)(w —
T) Ldw; also (T — N\~ = 271m (w—=N)"Yw—T)"dw for A & o(T).

The integral 5= § f(w)(w — T)~'dw exists for any T for which f is holo-
morphic in a neighborhood of o(T) (since ||(w — T)_1 || is continuous in w and
bounded since the path is compact; hence || f(T)|| < 5= [ |f(w)||[(w —T)7|ds <

M.

Definition  For any function f : C — C that is holomorphic in a
neighborhood of o(7),

: %f (w—T) dw
27Tz
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Note that f is differentiable (and so continuous) at 7" (for H sufficiently

small f(T + H) is deﬁned since o(T'+ H) C o(T) + Be; also, f(T'+ H) =
+ = ¢ flw T *H(w—T) dw + o(H))

One can also dlscuss the integral about a part of ¢(T); in particular

L §(w — T)"'dw is a projection map on 7.

2mi

Theorem 4.15

Proof: Let A & f(o(T)), so (f(z) — X\)~! is holomorphic on the open set
U—{z: f(z) = A}, which contains o(T). Thus (f(T) — \)~! exists, and
A& o(f(T)).

Conversely, let A € o(T), and let F(z) := £ (zz J;()‘ which is holomorphic
on o(T) and at \. So since (z —\)F(z) = f(z) — f(A) we get (T —\)F(T) =
f(T) — f(A). But T"— X is not invertible, and so neither is f(7) — f(A) i.e.
fA) € a(f(T)).

U

Examples: We can define log 7" whenever 0 ¢ o(7") and one can draw a
contour from 0 to outside ||T|| (so that one can enclose o(7") by a simple
closed path in which log(z) is holomorphic), but this definition is not unique.
Note that el¢? =T

Furthermore, can define 7"/" (again not unique) with (7V/")" = T.

4.5.1 Exercises

1. Show that (f + g)(T') = f(T') + g(T'), and that fog(T) = f(g(T)). It
is also true, but more difficult to show that (f¢)(T) = f(T)g(T).

2. Show that f(z1) = f(z)1 where z € C and 1 is the identity element.
Hence f(7T) is truly an extension of the complex holomorphic function

f(2).

4.6 B(X)

T invertible means there is an operator T—! € B(X), that is the inverse is
continuous and linear. Now if an operator T' € B(X) is bijective, then T
will always be linear, but not necessarily continuous. So one must be careful
in interpreting the term “invertible” in B(X).

If X\ is an eigenvalue, ie Tx = Az for some x # 0 (called an eigenvector)
then (7" — A\)z = 0, hence T'— X is not 1-1, and so not invertible.

38



What if T'— X is 1-17 If it is also onto, then by the open mapping theorem,
a bijective operator has a continuous inverse, and A is not a spectral value.
So for spectral values for which 7" — A is 1-1, it cannot also be onto.

If T'— X is 1-1, and its image is dense in X, ie im(7T" — \) = X, then A
is said to be part of the continuous spectrum. In particular we can find z,
such that (T"— Nz, — 0, ie Tx, =~ A\x,,.

If T'— X\is 1-1, and its image is not even dense in X, then A is said to be
part of the residual spectrum.

Proposition 4.16 The eigenvectors of distinct eigenvalues are lin-
early independent.

Proof: Let v; be eigenvectors associated with the distinct eigenvalues ;.
. N . .
Then if ) ., oyv; = 0 implies

N-1
O_ZQZT AN)V Zaz i Zal)‘_)‘N Zﬁ,vl
i=1

Thus by induction we get 3; = 0ie a; = 0 for © < N. Hence ayvy = 0 which
implies ay = 0 as well.
O

4.6.1 Example

1. Let L(z,) = (z,41) be the left-shift operator on ¢'. The eigenvalues are
given by Tx = Ax ie (z41) = M(xy), ie Vn, 2,41 = Az,. This is a recurrence
relation, which can easily be solved to give x, = A"xy. For this to be an
eigenvector in ¢! we need that Y |x,| = |xo| Y, |A|" to be finite, and this
implies that |A| < 1. Conversely, for any such A # 0, the sequence (\") is an
eigenvector. Hence the spectrum consists of the unit closed ball, since the
norm is 1.

2. Let T': L'[0,1] — L>=[0,1] be defined by T'f(x fl . Then

T is trivially linear; it is continuous since ||Tf||Lo<, = sup, | fl_w )ds\ <
[f]l - Thus [T <1,

For the eigenvalues, we get fll—x f(s)ds = Af(s). Differentiating twice
gives f”(z) + 55 f(z) = 0 with boundary conditions f(0) =0 = f’(1). Thus
f(x) = Bsin(x/\) where A\ = 2/km, k odd.

Proposition 4.17
o(T")=0o(T)
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Proof: let A & o(T'), then one can easily check that 7" — A has the inverse
(T — \)~1T, showing that A\ & o(T7).
Conversely, let A € o(T"), then by the previous proof A € o(T""). But
X is embedded in X**, so that T equals 7" when restricted to X. However,
we need to show that its inverse can also be restricted to X. We can deduce
that T'— X is 1-1, and we now show it is also onto. Suppose otherwise, so
we can find a non-zero functional in im(7" — \)° = ker(T"" — lambda); hence
TT — X is not 1-1 contrary to our assumption that A & o(7'"). Thus 7' — A
is 1-1 and onto, and hence its inverse equals the restriction of the inverse of
(T —X\)"". Thus A &€ o(T).
O

4.6.2 Exercises

1. Show that if A is an eigenvalue of T" then f(\) is an eigenvalue of f(7'),
with the same eigenvector.

2. Let T : (> — (* be defined by T(x,) = (a,z,) where a,, are dense in
a compact set K. Show that its spectrum is K and that there is no
residual spectrum.

3. Let T': C|0,1] — C0, 1] be defined by T'f(z) = x f(x). Show that T is
an operator, find its norm and show that its spectrum consists of only
the residual part.

4. Let T : C[0,1] — C[0,1] be defined by T'f(z) = [ f. Show that

™ f = fox (x(;?i):)zlf(y)dy, and that [|[7T7] < % Deduce, using the

spectral radius formula, that its spectrum is just the origin.

5 (*-Algebras

Definition A (C*-algebra is a Banach algebra with an involution map
x : X — X with the properties:

(T + 8)* = T* + §*, (\T)* = AT*, (ST)* = T*S*, T** = T, | T*T|| = ||T|
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Proposition 5.1 The involution map is continuous, and

17| = (17

Proof: We have ||T||> = ||[T*T|| < ||T|||T*||, so that |T|| < ||T*||; fur-
thermore, [T < |7 = [T
O

Proposition 5.2

o(T") = o(T)

Proof: If T'is invertible, then so is T* since T*(T~")* = (T~'T)* = 1* = 1,
and similarly (771)*T* = 1. Thus, if T — X is invertible, then so is T* — X,
and vice-versa.

O

It is a theorem that every C*-algebra can be embedded into B(H) for
some Hilbert space H.

5.1 Normal and Self-adjoint elements

Definition  An element 7T is called normal when T*T = TT*, self-
adjoint when 7" = T', and unitary when 7% = 7.

Every element can be written as T'= A + B with A and B self-adjoint.

5.1.1 Exercises

1. Show that 7'+ 1™, T*T and TT* are self-adjoint for any 7'

Note: For B(H), the group of invertible elements is connected, and gen-
erated by two exponentials. Proof: every T" = RU where R is self-adjoint
and U unitary. Thus since logarithms exist, R = e¢° and U = e’ for self-
adjoint operators S, H; in particular any element of the group of invertible
elements is of this form. Moreover the map t — e gives a connected
path starting from 1 and ending at T", so that the group is path-connected,
and so connected.

O
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