2.1

2. Banach spaces

Definitions and examples

We start by defining what a Banach space is:
I Definition 2.1 A Banach space is a complete, normed, vector space.

Comment 2.1 Completeness is a metric space concept. In a normed space the
metric is
d(x,y) = x=y].

Note that this metric satisfies the following “special” properties:

@® The underlying space is a vector space.
@ Homogeneity: d(ox,oy) = |o]d(x,y).
@ Translation invariance: d(x+z,y+z) =d(x,y).

Conversely, every metric satisfying these three conditions defines a norm:

<] = d(x,0).

Exercise 2.1 Let (2, ]-|) be a normed space. A series Y., x, is absolutely
convergent if

oo
> % < oo.
n=1
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Prove that a normed space is a Banach space (i.e., complete) if and only if every
absolutely convergent series is convergent. .

Definition 2.2 An injection f: 2" — % (i.e., one-to-one) between two normed
spaces 2" and % is called an norm-preserving if

(VxeZ') [TF()] = [x-

If the image of f is % then the two spaces are called isometric and f is called
an isometry (which is an isomorphism in the category of metric spaces).

Theorem 2.1 — Completion theorem. Let (2", |- |) be a normed space. There
exists a Banach space (4, |- |) and a linear norm-preserving map, T : 2~ — 4,
whose image is dense in Z. Furthermore, % is unique up to an isometry.

Proof. The proof is practically identical to the proof for Hilbert spaces. Define %
to be the space of all Cauchy sequences in 2", modulo the equivalence relation x ~y
if lim(x, —y,) = 0. Denote the equivalence class of a Cauchy sequence x by [x].

We endow & with a norm:
HOt” = liIII ||xn||7
n— 00

where [ (x,)] = a. This norm is well-defined because
[l = e [T < loen = X[

If (x,) is a Cauchy sequence so is (||x,|), and the latter converges by the com-
pleteness of R. It is also easy to see that the norm of ¢ € 4 is independent of the
representing sequence (x,) c 2.

The mapping T : &~ — 4 is defined by
Tx=[(x,x,...)]

It is obviously norm-preserving. The rest of the proof continues as for Hilbert
spaces. ]

= Example 2.1 Let 2" =C". For p > 1 we define:
n I/P
il = (S
i=1

It is easy to see that | - | satisfies the positivity and homogeneity conditions. To
see that it satisfies also the triangle inequality we need to derive first a number of
classical inequalities. .
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Lemma 2.2 — Young’s inequality. Let p > 1 and set g = p/(p—1). For every
a,beC:

P |pla
]ab\sﬂ+ﬂ
q

Proof. Note that 1/p+1/g=1. Since (-log) is a convex function then for every
o, B >0:

1 1
—log(g + E) <—=loga——logB = —log(a'/?B/9).
P q p q

It follows that:
g + E > al/pﬁl/q‘
P q

Setting o = |a|? and B = |b|? we recover the desired result. ]

Proposition 2.3 — Holder inequality. Let p> 1 and set ¢ = p/(p—1). For every
x,yeC"

n
> killyil < Ixl [y lg-
i=1

Proof. Using Young’s inequality term-by-term:

Z?:llxi)’ilzi( i )( il )gli( il ) +li( il )q:l+1:1.
RS P b PR = N o PN b P = RN o P A= RN i P

Proposition 2.4 — Minkowski inequality. Let p > 1. For every x,y € C":

e+ 1o < %l + 1¥1-

Proof. Foreveryie{l,...,n}, it follows from the triangle inequality that
b+ yil? = b+ yil b+ il < el P+ il Ll b+l

Summing over i, and using Holder’s inequality:

n l/q
ux+y5s(uxup+uyp>(z|xi+y,-|q@“) ,

i=1
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where g = p/(p—1). Noting that ¢(p—1) =pand 1/g=(p-1)/p:
|+ 315 < (el + 1v1) Ix+ 3057

which completes the proof. [

Corollary 2.5 For every p> 1, | -||, is a norm.

» Example 2.2 For 2" = C" we define
] oo = max fxi].
1<i<n
It is easy to see that this is indeed a norm. It is a classical exercise to show that
[xlloo = lim fx[.
p—>oo

= Example 2.3 The above examples can be extended to space of infinite sequences,
which are denoted by £, 1 < p < co. .

The £, spaces are “generic normed" spaces. The cases of p # co and p = co are
inherently different for the following reason:

Proposition 2.6 The spaces £,,, 1 < p < oo are separable.

Proof. The subset of rational sequences that only have a finite number of non-zero
entries is countable and dense. [

Proposition 2.7 The space ¢, is not separable.

Proof. Consider the set A of elements in /., whose entries only assume the values 0
and 1. This set is uncountable (it is isomorphic to [0,1]), and the distance between
every two elements in A is 1. Let B be a dense subset of /. Every x € A has a
& (x) € B such that

[x=& () [eo < 1/4.

By the triangle inequality, x; # x; implies & (x1) # & (x2), hence & : A — B is injective,
which implies that B is uncountable. ]

= Example 2.4 Consider the linear subspace of ¢ c £, that consists of all converging
sequences. This subspace is closed, hence it is a Banach space. The subspace co of
c that consists of sequences that converge to zero is also a Banach space. .
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= Example 2.5 Let B(S) be the set of all bounded functions on some set S. It is a
vector space with respect to pointwise addition and scalar multiplication. It is made
into a normed space with respect to

|£1=suplf(x)].

xeS

Convergence with respect to this norm is called uniform convergence (01012011
T TTm2). n

Proposition 2.8 Let S be any set. Then, B(S) is a Banach space. (Please note
that this conclusion requires no structure on the set S.)

Proof. Let f, € B(S) be a Cauchy sequence; we need to show that it converges
uniformly. Fix x € S. Then:

fa () = ()| < [ f =
which implies that (f,,(x)) is a Cauchy sequence, hence converges. Denote the limit
of f,(x) by f(x); we will show that f,, - f in B(S).

For every € there exists an N such that for every m,n > N,

| o= full <&

Thus, for every x,
[fa(x) - f(x)] <€,

i.e., f, converges uniformly to f. [

The next example adds structure to the previous one:

= Example 2.6 Let K be a Hausdorff topological space, and let C(K) c B(K) be
the subspace of bounded continuous functions with the norm inherited from B(K).
Since and uniform limits of continuous functions are continuous, then C(K) is a
closed subspace of B(K) and hence a Banach space. .

As of now K can be any Haussdorf topological space. More structure on K affects
the properties of the Banach space C(K) as shown in the following theorem:

Theorem 2.9 Let K be a compact Hausdorff topological space. The Banach
space C(K) is separable if and only if K is metrizable (i.e., one can define on K a
metric that induces the same topology).
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Proof. Suppose first that K is metrizable with metric d. Compact spaces are separa-
ble, so let x, be a dense sequence in K. For every m,n define f, , € C(K):

1 d(x,x,)<1/m
0 d(x,x,)>2/m’

fn,m(x) = {

with some continuous gluing between the two domains. This sequence of functions
separates between points. By the Stone-Weierstral theorem, polynomials of f, ,,
with rational coefficients form a countable dense set.

Conversely, suppose that C(K) is separable. let f, be a dense sequence in the unit
ball of C(K). Define the map ¢ : K — [~1,1]™ (the Hilbert cube),

¢(x) = (f1(x), f2(x),--.)-

The norm on the Hilbert cube is

oo a’zz 1/2
a-(54)

n=1

o is continuous, and because the f, separate between points it is one-to-one'. Since
K is compact, ¢ is a homeomorphism, and since the Hilbert cube is metrizable, so
is K. "

Schauder basis

Every vector space has a Hamel basis, which is a purely algebraic construct. Every
Hilbert space has an orthonormal basis, which builds upon the inner product. A
normed space (2, (+,-)) is said to have a Schauder basis (¢, ) if for every x € 2
there is a unique sequence of scalars () such that

o0
X=) Qe
n=1

It can be shown that if a normed space has a Schauder basis then the space is
separable. The harder question is whether a separable Banach space necessarily has
a Schauder basis. This question was raised originally by Banach. For a long time all
known examples of Banach spaces were found to have such a basis. In 1973, Enflo
constructed a separable Banach space that does not have a Schauder basis.

e they did not separate between two points they could not approximate uniformly a function
taking distinct values at these two points.
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Exercise 2.2 Show that if a normed space has a Schauder basis then it is separa-
ble. [ ]

Linear operators

Let 2" and % be normed spaces. We have already proven that a linear transformation
T: 2 — % is continuous if and only if it is bounded (we proved it in Chapter 1,
but the theorem was for general normed space). We denote the space of bounded
linear operators from 2" to % by B(Z";%/). It is made into a vector space over C
by pointwise operations:

(aS+BT)(x)=aS(x)+BT(x).

As usual we define:
IT||= sup [Tx].

Ixl=1

Note that |x| is a norm in 2" and |Tx| is a norm in &'

Proposition 2.10 |- | is a norm on B(2";%).

Proof. Tt is evident that | - | is homogeneous and positive. If |T'|| =0 then Tx =0
for all xe 27, i.e., T is the zero transformation. It remains to prove the triangle
inequality. It follows from the triangle inequality in 2~ that

[S+T| = sup [(S+T)x| < sup (||Sx|+|Tx]) < sup [Sx| + sup |Tx| = |S]+]T].

Ixl=1 Ixl=1 Ixl=1 Ixl=1

The following proposition shows that for B(2;%) to be complete it is sufficient
that the target space % be complete:

Proposition 2.11 Let 2 be a normed space and let %" be a Banach space. Then
B(Z'; %) is a Banach space.

Proof. Let T, € B(Z ;%) be a Cauchy sequence.
Step 1: define the limit 7": For every x € 2,
| T = Tonx| = (T = To)xl| < [T = Tou[ 1],

which implies that (7,,x) is a Cauchy sequence in %/, hence converges to a limit. We
denote
Tx= lim T,x.

n—oo
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Step 2: T is linear: T is a linear transformation from 2" to %/, because

T(ax+pBy)= nlLI?O T,(ax+By) = nll)lg (aTx+BTy)=aTx+BTy.

Step 3: T is bounded: By the continuity of the norm, for every x € 2~
|Tx] = lim | Zox] < (limsup |7, ) |x]

Since the Cauchy sequence T,, is bounded, it follows that 7 € B(.2";%).

Step 4: T is the limit of 7,;: Let € > 0 be given. There exists an N such that for all
m,n>N:
| T, - Tl < €.

By the continuity of the norm, for every x€ 2" and n > N,

=] = i [ 15 Tyl < imsup 7,7 b <l

m-—oo

i.e., |T,—T| < &, which proves that 7, - T. [

Definition 2.3 Let 2" be a normed space. The space of all bounded linear
functionals on .Z" is called its dual space and it is denoted by 2" *.

Corollary 2.12 Let 2 be a normed space. Then, .2"* is a Banach space.

Proof. It follows from Proposition 2.11 and the completeness of the field of scalars.
]

Notation 2.1 Let 2" be a normed space. Let xe 2" and f € 2™*. We will denote
the action of f on x by

{f,x).

This notation makes it plain that the function (f,x) — f(x) is bilinear.

TA material 2.1 The converse of the last proposition is also true:

Proposition 2.13 let 2" and % be normed spaces. If B(Z,%) is a Banach
space then ¢ is a Banach space.

Proof. Let f € 2" be a functional of positive norm (i.e., there is an x € Z~ such that
(f,x)#0). Define T: % - B(Z,%):

ye{(fi)y.
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T is clearly linear; it is also bounded as

1Tyll8(2 ) = sup [(Ty.x}|e = sup [{f,x)y|a <[ fl2]y]o

Jc]=1 =1
Let (y,) be a Cauchy sequence in %. Then

1Tyn =Tyl 2y = 1f |2+ [yn = ymll -

Thus, (Ty,) is a Cauchy sequence in B(Z ,%). By assumption, there exists an
SeB(Z ,%) such that Ty, — S. Let xo € 2" such that (f,xo) = 1 and set y = S(xp).
Then,

|y =yl =S(x0) = (f;x0)ynller = [S(x0) = Tyn(x0) |2 < |S=Tynl g2 2y |0l 2= = O,

hence y, — y and % is complete. [

Proposition 2.14 Let p> 1 and set ¢ = p/(p—1) (if p=1 then g = c0). Then, ¢},
is isometric to 4.

Comment 2.2 For p = 2 the proposition states that £ = ¢, which we already know
from the Riesz representation theorem.

Proof. Consider the case p > 1; the proof for p = 1 follows the same lines.

Step 1: construct a linear map 7': /, - {: Let y € {,. We associate with y a linear
functional on £,:

T(y)x= Zynxn.
n=1

The right hand side is well defined because by Holder’s inequality

N N 1/p N l/q
z|ynxn|s(z|xn|f’) (zw) < Iyl l+l-
n=1 n=1 n=1

Note that not only T'(y) is a linear functional; the mapping T :y — T (y) is also
linear.

Step 2: T : £, — (), is bounded: By Holder’s inequality:

T ()l < Iyllg 1l

which implies that |T(y) ¢ < [ylg- Thus, T is indeed a mapping from ¢, to £7,
and moreover, T € B({,;(}). Having shown that T (y) € £, we denote its action by

T(y)x=(T(y),x).
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Step 3: T is onto: Let F € £ and define

Yn= (Faen>7

where e, is the n-th unit vector. We have thus mapped an element in F € £}, into a
sequence y. We are going to show that the sequence y is in /.

Define the sequence of sequences:

() _ |l e ¥ k<n
Xk =

0 k>n.
Then,
n : 1/p n 1/p
@], = (Z e >) . (zw) ,
k=1 k=1
and

(Fa®) =Y x"(Fer) = 3 aye= 3 nel”.
k=1 k=1 k=1
It follows that
n n 1/p
S vel? = (F.xt) < |F s x| = |F s (Z \yqu) ,
k=1 k=1

ie.,
n 1/q
(Z|yk|q) <|F ;-
k=1

Since this inequality holds uniformly in n, it follows that y € £, and [[y[4 < |F| .

Since F is continuous:

(Vxel,) (F,x)= (F,lirranxkek) => xu(Foex) = > xuyn =T (y)x.
k=1 n=1 n=1

Thus, F belong to the image of T, i.e., T is surjective.

Step 4: T is an isometry: We have shown both that |7'(y) | ¢x < [y[4 and |7 (y)] ¢ >
|y[l4> which proves that T is an isometry. [ |

Corollary 2.15 The spaces £, p > 1, are Banach spaces.

Proof. For p>1,
by 2y,

and the dual of any normed space is a Banach space. ]
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Comment 2.3 Another immediate corollary is that (£;)* = ¢, for 1 < p < oco. On
the other hand, £:, + /;.

Proposition 2.16 ¢ = ¢;.

Proof. Left as an exercise. [

The uniform boundedness principle

This section is concerned with the Banach-Steinhaus theorem and its ramifications.
This theorem is one of the four “cornerstones" of Banach spaces, together with the
Hahn-Banach theorem (which in fact applies to general vector spaces), the open
mapping theorem, and the closed graph theorem.

The Banach-Steinhaus theorem

Theorem 2.17 — Banach-Steinhaus, 1927 (1w 172 nnvom). Let % be a
Banach space and let {#, | & € A} be normed spaces. Let Ty € B(%; %) be a
family of bounded linear operators. If

(Vxe R) sup || Tox|| < oo,
aeA

then
sup | Tg || < oo.
oA

Proof. Consider the sequence of sets
B,={xe % | sup|Tux| <n}.
oeA
These sets are closed and cover A. Since A is complete, it follows from Baire’s

category theorem that there exists an m such that B, contains an open ball. That is,
there exist an xp € # and a p > 0, such that for all x € B(xo,p):

sup | Tox| < m.
oeA

Forall |x| =1 and a €A,

(2

which implies that |7y || < 4m/p for all o € A. |

2 4m
<= < — x|,
p p

<— || Ty (xo + gx) —Tu(x0)

2
7o) ==
P
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Comment 2.4 Note how similar is this proof to the proof that a weakly converging
sequence in a Hilbert space is bounded. This is not a coincidence. The Banach-
Steinhaus theorem is a generalization of the former. Indeed, suppose that a sequence
vy, weakly converges to y. Defining

T, = ('7yn)7
this sequence of bounded linear functionals satisfies
|Tnx| = |(x,yn)| - |(x7y)|’

hence the sequence (7,x) is bounded for every x € 7. It follows from the Banach-
Steinhaus theorem that || 7| = |y, | is bounded.

Proposition 2.18 Let T, be a sequence in B(%;%"), where both % and %’ are
Banach spaces. Then, T;,x converges for all x € 4 if and only if:

@ T,x converges for every x in some dense subset A of A.
@ sup,, [T < oo.

Proof. The “only if"' direction: If 7,x converges for all x € & then it certainly
converges for every x in some dense subset of .. The boundedness of | T;,|| follows
from the Banach-Steinhaus theorem.

The “if" direction: Suppose that the two conditions hold; denote

sup |7, =M.
n

Let € > 0 be given. For every x € 8 corresponds a y € A such that |x-y| < €. Since
T,y converges, there exists an N, such that for every n,m > N,

| Ty =Tyl < €.
Then,
| Tx = Tpx|| < | Tox = Ty || + | Ty = Ty | + | Ty = Tinx || < (2M +1)e.

It follows that 7,,x is a Cauchy sequence hence converges. [
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Exercise 2.3 Let 27, {%4} be normed spaces and let Ty, : 2 — %, be a family
of bounded linear operators. Prove that the set

E={xeZ | sup|Tax| = oo}
is either empty or a dense G set (a countable intersection of open sets). Hint: if
E is not dense, then its complement contains a ball. Any vector can be translated

by translation and dilation into any ball. .

Exercise 2.4 Let 2 be a Banach space, % a normed space, and T, € B(2 ,%)
a sequence satisfying

lim T,x=Tx exists for all x e 2.
n—o00

@ Show that T is a bounded linear operator.

@ Show that lim,_.o 7;,x = 0 uniformly in n.

® Show that T is not necessarily bounded if 2" is not complete. Hint:
consider f,(x) = Y.}_, x¢ in the space c. of sequences the are zero from
some point, with an appropriate norm.

2.2.2 Applications

We will now see a number of applications of the Banach-Steinhaus theorem:

Proposition 2.19 Let % be a Hilbert space and let B(-,-) be a bilinear form. If
B(-,y) is continuous for every y and B(x,-) is continuous for every x, then B is
bounded.

Proof. Fix x € # and consider the linear functional B(x,-). By assumption it is
continuous, hence bounded; denote its bound by K,:

[B(x, ) < K|y

Next, for given 0 # y € 5 consider the bounded linear functional

_ B('7y)

Y= ——

Iyl
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Then,

Byl

sup|(Fy,x)| = sup <Ky,
y

vl

i.e., the functionals F; are pointwise bounded. It follows from the Banach-Steinhaus
theorem that there exists an M > 0, such that

sup|[Fy || < M.
}7

Thus, for every x,y € 77

[B(x, ) = (s, x) [yl < M1yl

which proves that B is bounded. [

Comment 2.5 Where did we use the continuity of B(-,y)? It is a necessary condi-
tion for the Banach-Steinhaus theorem.

TA material 2.2 Note that we nowhere used the inner-product, which means that
the proposition holds for bilinear forms in Banach spaces. On the other hand,
completeness is essential. As an example for why completeness is needed, let
2 < Li([0,1]) be the space of real-valued polynomials; it is not complete. Define
the bilinear form,

B(p.a)= [ p(r)a(e)dx

B is continuous with respect to each argument as:

B(r.9)| < (max|p()) gl

However B is not bounded for let p,(x) = (n+1)x", then

1
Ipall= [ (n+ 1) dx=1,

whereas
n+1)?
—> 0

B 1 122}’ld (
| (Pn,Pn)|—/0 (n+1)°x xm

Pointwise convergence of Fourier series

Consider the space C[0,27] of functions f satisfying f(0) = f(27) (continuous
functions on a circle). Recall that

S0 == [ D@

where X
sin(n+5)x
Dy(x) = ——>—
sin 5x
is the Dirichlet kernel.
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Proposition 2.20 For every x € [0,27] there exists a function f € C[0,27] such
that the Fourier series of f does not converge at xg.

Proof. Define the following sequence of linear functionals on C[0,27]:

Fn(f) = Snf(XO)'

These functionals are bounded, for
1 2
(NI 5 [ 1Da(ro=0)f(0)lde < Koo

We need to show that there exists an f for which (F,, f) does not converge. By the
Banach-Steinhaus theorem,

sup ||| = oo implies 3f €C[0,2x], sup|(F;, f)| = co.
n n

The proposition will be proved if we show that || F},| - o. |

Proposition 2.21 For F;, defined as above:

lim ||F;,| = oo.
n—>oo

Proof. Suppose we took

1 Dn(XQ—t)>O
f(t)=3-1 Du(xo-1)<0,
0 Dn(xO—l‘):O
then

1 2n 1 2
(Fusf) =800 00) = 3= [ IDu(o=0ldr = 5= [ Do)l

Of course, f is not continuous, however, for every € we can find a function f; €
C[0,27] (of norm one as well) that differs from f over a small set, such that

1 2n
<Fn,f£>z§fo 1D, (1)|di — €.

It follows that
1 2n J
F, 2—f D, (t)|dt.
IRl > [ 10a(0)

It is a simple exercise to show that the right hand side diverges as n — oo (it grows
like logn). ]
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Exercise 2.5 Prove that

. 1 27w
nlirg%/o |D,,(1)|dt = oo.

Polynomial interpolation

Proposition 2.22 Given n+ 1 points {(x;,y;)}7, in the plane with all the x;
distinct, there exists a unique polynomial p,, € I1,, such that

p(xi) =y foralli=0,1,...,n.

Proof. Uniqueness is immediate: if p, and g, satisfy the required conditions, then
their difference is a polynomial of degree up to n that vanishes at n+ 1 points.

The existence of p,, is proved by providing a formula:

pa(x) = Zn:yil—[ ( - )

=0 j=i \Xi ™Xj

This representation of the polynomial is called the Lagrange representation. m

Definition 2.4 Let f € C[-1,1] be real-valued. Let Q, = (xo,...,xX,) be distinct
points on [-1,1]; O, is called a partition (np1‘:n) of size n. The interpolation
polynomial of f through the points x; is the unique polynomial p, €I1, satisfying

p(xi) = f(x:) foralli=0,1,...,n.

Question: is p, a good approximation of f? In particular, does p,, - f as n - co? It
can be shown that there exists for every f € C[-1,1] a sequence of partitions (Q,,)
such that p, — f (the convergence is in C[-1,1], i.e., it is uniform). The following
theorem shows, somewhat surprisingly, that the opposite is not true: there exists
for every sequence (Q,) of partitions a function f € C[-1, 1], such that p,, does not
converge to f.

Theorem 2.23 — Faber, 1914. For every sequence of partitions Q, =
(x("),...,x,(,")) there exists a function f € C[-1,1] for which

limsup | f = py oo = o0,

n—oo
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‘ where p, is the interpolation polynomial of f with respect to the partition Q,,. ‘

Proof. We will prove the theorem for uniform partitions, x]E") =—1+2k/n. Denote by
L,:C[-1,1]->1II,[-1, 1] the mapping of a function f to its polynomial interpolation
with respect to Q,,:

(Lof)(x) = Zf xJH( x,)

J¥F

L, is a linear operator; it is bounded because

ILof] < anmaxzn Al

le¢l

xj

We will show that
lim |[L,| = oo
n—oo

and it will follow from the Banach-Steinhaus theorem that there exists an f e C[—1,1]
for which
lim [, ] = o0

Let £ = %(xo +x1). There exists a unit vector f satisfying

f(xi)=sgn]] (f:if ) .

J#i
Then,
X-x; (-1+1/n)=(-1+42j/n)| & 1/2—-j
(Lnf)(£) = — . X = -0 |
D@ ST S iz el 51|
It follows that
1/2 J
BNy (]
i=0 j#i

One can finally show that the right hand side is O(n). ]

= Example 2.7 — Runge. The polynomial interpolations of

f(x)=

1+ 25x2

on the interval [—1, 1] using uniform partitions diverge. This is surprising as f is
smooth. .

Isomorphisms
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Definition 2.5 Two normed spaces 2~ and % are called isomorphic if there
is a linear bijection T : 2" < % such that both 7 and T~! are continuous. T
is called an isomorphism (i.e., an isomorphism between normed spaces is a
homeomorphism that preserves the linear structure).

Proposition 2.24 Let 2" and % be normed space. Let T : 2" - % be a surjec-
tive, linear norm-preserving map (i.e., an isometry). Then T is an isomorphism.

Proof. 1t is given that T is linear, surjective, and
|Tx| 2 = |x] 2

for all x € Z°. Hence, T is bounded, and therefore continuous. Since ker7 = {0}, T
is also injective hence 7! is well-defined. Finally, for every y € %,

-1
Iyle =Tyl 2

so that 77! is also bounded and hence continuous. []

Comment 2.6 The converse is not true: an isomorphism is not necessarily an
isometry. An isomorphism is an equivalence relation in the category of topological
vector spaces.

Proposition 2.25 — Characterization of isomorphisms. Let 2™ and % be
normed spaces. They are isomorphic if and only if there is a linear mapping
T: % — % onto % and constants ¢,C > 0, such that

(VxeZ) clx|a <[Tx|s <Clx|2-

Proof. Suppose that 2" and % are isomorphic. Then, there is a linear bijection
T:2 < % and constants c,C, such that |[T|| = C and |T~'| = 1/c. It follows that

_ 1
|Tx|o <Clx] 2 and IIXIlgz:IITI(TX)II%S;HT)CH@.

Conversely, suppose that the assumptions hold. It follows that T is bounded, | T'|| < C,
kerT = {0}, hence T is injective and 7! is well-defined. Finally, 7~! is continuous
as

1 1
-1 -1
17752 < ZIT (T V)l =¥l

ie., |[T7Y <1/ m
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Corollary 2.26 Two norms ||-|; and |- |, induce the same topology on a vector
space 2" if and only if there exist constant ¢,C such that c||x|; < ||x[» < C|x|;.
(Two such norms are said to be equivalent).

Proof. Apply the previous characterization with T the identity. [

Please note that two norms on the same space are equivalent if every ball B(0,r)
with respect to one norm is contained in some ball B(0, p) with respect to the other
norm.

We next construct an example that shows that isomorphic normed spaces are not
necessarily isometric.

Proposition 2.27 The spaces ¢ and ¢ are isomorphic.

Proof. Recall that c is the subspace of /., consisting of converging sequences and
co is the subspace of ¢ consisting of sequences converging to zero. For x € ¢ with
limit X, define

Tx=(%x1—%x2—X,...)€Cp.

(The limit of x is encoded in the first element of Tx.) T is linear; it is injective
because kerT = {0}. It is onto because for y € ¢y:

y=T 1 +y2,91+Y3,...).

Finally, T and 7~' are both continuous because
|7xl] < max { ], ] + %[} < 2]x],

and
-1
17"yl <2[y].

This completes the proof. ]

But are ¢ and ¢ isometric? The operator 7' defined above is not an isometry: take
the sequence x = (5,4,4,...), then |x| =5 and ||Tx|| = 4. Yet, isomorphisms are not
unique, hence it might well be that an isometric exists. We will show that this is not
the case.

Definition 2.6 Let C be a convex set in a vector space #". A point x € C is called
an extreme point ("3*p DTP)) if x is not an interior point of any open segment
contained in C.
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Comment 2.7 An extreme point is a boundary point. The converse is not true. A
closed half plane, for example, has boundary points but no extreme points.

Proposition 2.28 The closed unit ball in ¢y has no extreme points.

Proof. Letx € cp, |x|| < 1. Since x converges to zero, there is a k for which |x;| < 1/2.
The open segment
1 1
(x— —C, X+ —ek) s

2 2

where ¢, is the k-th unit vector, is contained in the unit ball, hence x is not an extreme
point. ]

Proposition 2.29 The closed unit ball in ¢ has an extreme point.

Proof. Consider the point x = (1,1,...). Suppose it were not an extreme point. This
would imply the existence of a vector 0 # y € ¢ and an € > 0 such that

(x—€y,x+¢ey)cB(0,1).

Since y has a non-zero entry, say y, either x; — €y, or x; + €yy, is greater than one,
i.e., either x— €y or x+ €y is not in the unit ball of c. [

The fact that ¢ and cg are not isometric follows from the following proposition:

Proposition 2.30 Let T : 2" — % be a linear isometry. If x € 2" is an extreme
point in the unit ball of 2", then T'x is an extreme point in the unit ball of %

Proof. Since isometries preserve all metric properties and being an extreme point is
a metric property the assertion holds trivially. [

We now return to the mere concept of isomorphism:

Proposition 2.31 Separability is an isomorphism invariant.

Proof. LetT : & — % be an isomorphism. Suppose that 2" is separable, and let
A c 2 be a countable, dense set. Let y € %; there exists a sequence (x,) € A such
that

Xp — 7! y.
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By the continuity of 7"
Tx,—T(T7'y)=y.

This proves that the countable set T'(A) is dense in %/ ]

Recall that in Hilbert spaces all separable spaces are isomorphic. Is it also the case
for Banach spaces?

Proposition 2.32 Let 2" and ¢ be isomorphic normed spaces, then 2 * and
%/ * are isomorphic.

Comment 2.8 “Isomorphic" can be replaced by “isometric". We will prove the
latter after we learn the Hahn-Banach theorem.

Proof. LetT : 2 — % be an isomorphism. T induces a natural map, its adjoint,
T*:%* - Z*, defined by?

[T () ](x) = (3", Tx),

(or T*(y*) =y*oT). T" is linear as the map y* — y* o T is linear. T* is injective as
yj oT =y;oT implies that y] = y; (here we use the fact that T is invertible). 7" is
also surjective as for any x* € 27,

X =(x*oT ol =T*(x*oT™).
Thus, T* is invertible, and
(T ' (x*)=x"oT "
It remains to show that 7* and (7*)~! are both continuous. Note that (7*)~! relates

to 7! in the same way as T~ relates to T, therefore, it is sufficient to verify the
boundedness of one of them:

|77 = sup [T*(y*)[ = sup sup [T7(y*)(x)] = sup sup [y*(Tx)]

Iy*ll=1 [y*<l=1]lx]=1 [y*l=1]lx]=1
< sup sup [y*[|T|l[x] =T,
Iy* =1 fx]=1
i.e., T* is bounded. ]

The following corollary shows that unlike Hilbert spaces, two separable Banach
spaces can be non-isomorphic.

2We will study the adjoint operator in more detail in a later section.
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Corollary 2.33 £; and ¢ are not isomorphic.

Proof. If £1 and ¢y were isomorphic then it would follow from the last proposition
that

07 =l and ¢y =t

are isomorphic. This is not true as ¢; is separable and /., is not, and separability is
an isomorphic invariant. n

Finite-dimensional normed spaces

In this section we will study in depth finite-dimensional normed spaces. We will
denote by /| the space of n-tuples .#" with the norm

n

el = > beel-

k=1

Proposition 2.34 The space /] is a Banach spaces, and its unit sphere is relatively
compact (i.e., its closure is compact).

Proof. Consider a Cauchy sequence x(*) in ¢{. Then, every component x]((") is
a Cauchy sequence and hence converges to a limit x;. It follows that xSy,
Since the unit sphere is closed and bounded it is relatively compact (true for any
finite-dimensional normed space). [

Theorem 2.35 Let 2 be an n-dimensional normed spaces. Then 2~ is isomor-
phic to /7.

Proof. Let (uy,...,u,) be abasis for 2. Every x € 2" has a unique representation
as

n
x= Z 0y (x)uy,
k=1

ie., oy : & — F returns the n-th component of a vector with respect to the (arbitrar-
ily) chosen basis. Define the operator T': 2~ — (]:

Tx= (o (x),...,0,(x)).
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T is linear, injective, and surjective, with

n
T_l(al,. .. ,an) = Zakuk.
k=1

It remains to prove that 7 and 7! are continuous. Let a € ¢}. By the triangle
inequality:

HT_la

n
< Sl < (max )

which proves that 7! is continuous; note how essential the fact that the dimension
is finite is. Since 7! is continuous and the unit ball of ] is relatively compact it
follows that

min | T~ a| o =M

lalli=1

exists, and moreover, M > 0. Now, for all x € .2":

Tx

_ -1 _ -1
bl =7 Tx”%"HT (||Tx||1

)H T2l > MITx]),
A

which completes the proof. [

Corollary 2.36 Let 2 and ¢ be finite-dimensional normed spaces of the same
dimension n and over the same field .#. Then 2" and % are isomorphic.

Proof. Isomorphism is an equivalence relation and every n-dimensional normed
. . "
space is isomorphic to /{. ]

Lemma 2.37 Completeness is an isomorphic invariant.

Proof. LetT : 2" - % be an isomorphism. Suppose that 2" is complete. Let (y,)
be a cauchy sequence in %. Then,

177y =T "yl <IT ™ W 3n =yl

i.e., (T'y,) is a Cauchy sequence in 2", and hence converges, so say x € 2. By
the continuity of 7',
ya=T(T'y,) > Tx,

i.e., % is complete. ]
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Corollary 2.38 Every finite-dimensional normed space is complete (i.e., a Ba-
nach space).

Proof. Completeness is invariant under isomorphisms, and every n-dimensional
normed space is isomorphic to ¢}, which is complete. [

Corollary 2.39 Every linear subspace of a finite-dimensional normed space is
closed.

Proof. Closedness is invariant under isomorphisms (it is a topological property),
and any linear subspace of /] is closed. ]

Corollary 2.40 All the norms on C" are equivalent.

Proof. We have seen that (i) all norms on C" are isomorphic and (ii) an isomorphism
on the same space implies equivalent norms. [

Corollary 2.41 Every linear transformation from a finite-dimensional normed
space into a normed space 2 is bounded.

Proof. Let % be a finite dimensional normed space and let S: % — 2" be a linear
transformation. Since %’ is isomorphic to /] there is an isomorphism

o0 ->¥.

Then,
T=@oS: ]| >Z
is a linear transformation, which is bounded if an only if S is bounded.

Fora=(ai,...,a,) €],

[Ta

@ =

n
> (o) 7 lal,
k=1

< (max IT(ex)
PR

which completes the proof. ]
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Corollary 2.42 In a finite-dimensional normed space every bounded, closed set
is compact.

Proof. Follows again from the isomorphism to /7. [ ]

We have shown that every n-dimensional normed space is isomorphic to . We
have seen that by choosing a basis {uy,...,u,} in 2", and defining 7 : /{ - 2" as

n
T(Cl) = Z ayUg,
k=1

we have,
|Ta

< (max ) a1,
and
i7"k < (max 7151 -
We can always have | 7| = 1 be choosing a basis (u;) of unit vectors. The question
is whether we can simultaneously control |7~!|. This is an important question if

we are looking for isomorphisms that do not distort distances by too much. A bound
on |T~!| can be obtained using the following theorem:

Theorem 2.43 — Auerbach. Let 2" be an n-dimensional normed space. Then,
there is a basis (u; ) and there are n functionals (f;) € 27, such that |uy | = | fx|| =1
and

fi(ui) = &

(The functionals fj are the dual basis of u;).

Proof. Choose a basis (ey,...,e,) in Z; every vector x € 2 has a unique represen-
tation

n
x= Zxkek.
k=1
Next, define the function, D: 2" — .%:
D(x1,...,x,) =det((x;);).

(D looks like a volume form, but of course, there is no such this in a Banach space).
By the compactness of the unit sphere, there exist n vectors {u};_,, on the unit
sphere of 2", such that

D(uy,...,ux)=  max  [D(xj,...,x,)|.
et == =1
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The {u;} are independent, otherwise the determinant would vanish.

For every i = 1,2,...,n define the functional f;: 2™ — .%:

D(u17---7ui—l » X, ui+17un)
D(ur, - ug)

fi(x) =
The f; are linear functionals, they have norm 1 (maximized for x = u;), and fj(u;) =
5,' j |

Comment 2.9 The basis {u;} is not unique, but it uniquely determined the dual
basis. In Hilbert spaces the basis maximizing the volume form is orthonormal.

Corollary 2.44 Let £ be an n-dimensional normed space. There exists an
isomorphism 7 : £ - 2" such that |T| =1 and |[T7!| <n.

Proof. Choose a basis of unit vectors {u;} in 2 as above along with its dual basis
{fj}. Define T : 07 - 2" by

n
T(a) =) axuy.
k=1

Clearly,

n
1T ()2 < 3 law fux] = lal,
k=1

namely, |T|| < 1. The norm is in fact equal to one as for a = ¢, T (a) = ux, hence
|T(a)| =1=]al.

We turn to evaluate the norm of 7', Forevery j=1,2,...,n,
n n
fj(zakuk) =Y aTi(u) = aj,
k=1 k=1

i.e., f; returns the j-th component with respect to the basis {uy }. Thus,

T7'(x) = (f1(3), o fu(0):

It follows that,

177 )l = 1; @) <D il 2 Ixl 2 <mllx] o,

k=1

where we used the property | fi| 2-+ of the dual basis. ]
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Lemma 2.45 —Riesz. Let 2 be a normed space and let 2 be a closed subspace
(in a strict sense). Then, for every € > 0 there exists a unit vector x€ 2, |x| =1,
such that

d(x,Zo)>1-¢.

Proof. Let € >0 be given. Choose an arbitrary y € 2"\ 2 and denote
d=d(y, Z0).

d > 0 because 2y is closed. By the definition of the distance of a point from a set as
an infimum, there is an xo € 2 such that®

ly=xoll < (1+€)d.

Set
Y—=Xo

[y =20l

For all z € 2,

€20
—_—~
- —z|ly—xo] - d 1-¢
x_Z“:H y=x H:uy 2ly-xol -0 | NECL I
Iy ol Iy ol d(T+e) 1-¢

Riesz’s lemma allows us to characterize the finite-dimensional normed spaces:

Theorem 2.46 A normed space 2 has finite dimension if and only if its unit
ball B 4 is totally bounded (5*5> otom). That is, for every € > 0 there exists a
finite cover of ®B 4- by balls of radius &€.

3Unlike in Hilbert space, there is no guarantee that a minimizer exists.
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Comment 2.10 A compact set is totally bounded (obvious: express the set as a
union of open balls of radius € around each point; by compactness there exists a finite
sub-cover). The converse is not true. In a complete metric space, however, a closed,
totally bounded set is compact. Why? Take a sequence x,,. For every € >0 the space
can be covered by a finite number of £-balls, and at least of one of them contains
an infinite subsequence. We may proceed inductively and, using a diagonalization
argument, construct a subsequence that satisfies Cauchy’s criterion. Since the space
is complete, this subsequence converges. In a metric space compactness coincides
with sequential compactness.

Proof. We have already seen (Corollary 2.42) that in a finite-dimensional normed
space every closed and bounded set is compact, hence ‘B 4- is totally bounded.

Conversely, let B - be totally bounded. Suppose, by contradiction, that 2~ has
infinite dimension. Take x| € 9B 9~ = S, and set

Z1 = Span{x; }.

Since 2 is infinite-dimensional, 27 is a closed proper subspace of 2". By Riesz’s
lemma there exists an x; € S such that

d(XQ,%) > %

X2

Set
25 = Span{x;,x;}.

2> is a closed proper subspace of 2. By Riesz’s lemma there exists an x3 € S such
that
d (X3, %) > %

Proceed inductively to construct an infinite sequence (x,) c S, such that the distance
between any pair is larger that % It follows that S c °B 4~ cannot be covered by a
finite number of balls of radius }P i.e., it is not totally bounded.
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Corollary 2.47 In an infinite-dimensional normed space the closed unit ball is
not compact.

Proof. Compactness implies total boundedness, and we have just seen that if the
closed unit ball is totally bounded then the space is finite-dimensional. [

TA material 2.3

Definition 2.7 Let 2" and % be finite dimensional spaces of the same dimension.
Their Banach-Mazur distance is

d(2, %) =inf{||T||T7"| | T: 2 - % is an isomorphism}.

Note that we can always choose | 7| or |[T~!| to be 1 by multiplying T by a scalar.
Note also that if ¢,C > 0 are the constants in the definition of the isomorphism, then
C can be chosen to be ||T|| or larger, and ¢ can be chosen to be |7~!| or smaller.
Hence

C
d( 2, %)= inf{— | ¢,C > 0 are isomorphism constants}.
c

Proposition 2.48 Let 2, %, and Z be finite dimensional spaces of the same
dimension. Then,

@ d(X,Y)=d(¥ ,Z).
@ d(Z,%)<d(Z,2)d(Z2,%).
® d(Z,%) > 1 with equality if and only if 2" and % are isometric.

Corollary 2.49 The logarithm of the Banach-Mazur distance is a metric on the
collection of n-dimensional normed spaces modulo isometries.

= Example 2.8 We proved that for every n-dimensional normed space 2,
d(Z,0)) <n.

= Example 2.9 Taking the identity map, it follows from the Cauchy-Schwarz
identity that

d(l1,03) </n.

It can be shown, using the generalized parallelogram identity, that this is in fact an
equality. .
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Exercise 2.6 Let 2 be a normed space. Every subspace of 2" is closed. Prove
that 2 is finite-dimensional. .

Exercise 2.7

@ Show that /] and £, (R) are isometric if and only if n < 2. Hint: character-
ize the unit balls for n = 3.

@ Let pe[1,2). Prove that
d(ey,03) =n'1P7112,

Conclude that there are no p,q € [1,2) such that £} and ¢ are isometric.

2.3.2 Compact sets in infinite-dimensional spaces

In finite-dimensional normed spaces, the compact sets coincide with the closed and
bounded sets. This is not so in infinite-dimensional spaces. The question then is
what else is needed to guarantee the compactness of closed bounded sets. This
question is of practical value in many applications, as compactness is a major tool,
e.g., in existence proofs. In this subsection we will see a two particular examples.

Proposition 2.50 Let 2 ={,, 1 < p < oo (the same applies to 2" = co). Let P, be
the projections:
P(x1,%2,...) =(x1,--.,%,0,0,...)

(P, projects £, onto 7). A closed bounded set A ¢ 2" is compact if and only if
lim |Px—x| =0
n—-oo

uniformly on A. That is, for every € > 0 there exists an N such that

sup [B.x—x| < €.
xeA
n>N

Proof. Part 1: Suppose A is compact: It follows that it is totally bounded. Given
€ > 0, there exists a finite set C c A such that

Ac|JB(ye).
yeC
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(such a set C is called an €-net (D" ]1")’05&) of A). In other words:

supmin [x—y| <&.
xeA yEC

Since P,y — y for every y € C (a property of the space £,) and since C is a finite set,
then there is an N:

sup [Py —y| <&.
yeC
n>N

Thus,
sup | Px —x| = supmin | Px — x|
XA xeA Y€€

n>N n>N
<supmin ([[Pox =Py + [Py =y[ + [y —x])
xeA Y€€

n>N

< supmin (||Pyx = Pyy| + [y —x[) +supmax | P,y -y
xeA Y€ n>N YeC
n>N

<3e,

where in the last step we used the fact that ||P,| = 1. This proves that P,x — x
uniformly on A.

Part 2: Suppose P,x — x uniformly in A: Let € > 0 be given. There is an n ¢ N
such that:

sup [B.x—x| < €.
xeA

Consider the set
B,={Py|yecA},

i.e., the set of elements of A truncated at the n-th entry. B,, is isomorphic to a closed
and bounded set in EZ, hence it is compact (and totally bounded). It follows that B,
can be covered by an finite €-net: there is a finite set of vectors C c A, such that

B, c UB(PHY78)'
yeC
In other words,

supmin || P,x— P,y < €.
xeA YEC

Hence,
supmin [lx—y[ <supmin ([x—Pox| + [ Pox— Byl + [Py =)
xeA Y€ xeA Y€

< sup |x— Byx| + supmin | Bx — P,y| + max | B,y - y||
XxeA xeA Y€ yeC

< 3e.

This proves that A c Uyec B(y,3€), i.e., A is totally bounded. Since the space is
complete and A is both totally bounded and closed, A is compact. [
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The next theorem is classical (used, for example, to prove the existence of solutions
to initial value problems). The proof may differ somewhat from the proof you are
acquainted with.

Theorem 2.51 — Arzela-Ascoli, 1883. Let K is a compact metric space and let
C(K) be the space of continuous functions on K endowed with the supremum
norm (uniform convergence topology). Let A be a closed, bounded set in C(K).
Then A is compact if it is equi-continuous (771X 77N 7'¥9), that is, for every
€ >0 there is a 6 > 0 such that

sup sup |f(x)-f(y)|<e.
feA d(x,y)<d

Proof. Part 1: Suppose that A is closed, bounded and equi-continuous: Let
€ >0 be given. Let § >0 be given by the definition of equi-continuity. Since K is
compact, then it is totally bounded and there exists a finite set of points

K' = (x1,%2,...,%,)

that forms a §-net, namely

supmmd(x y)<0.
xeK YeK

It follows that

supsupmin|f(x) - /(v)| < £
feA xeK

Consider the set

{(f(x1)7f(x2)7"'7f(xn)) | fEA} cR"™.

It is bounded and therefore totally bounded (it is not necessarily compact, because it
is not necessarily closed). It follows that there exists a finite set of functions A’ c A
such that

supmmmax If()-g()| <e.
feA 8

Then,
supminsup|f(x) - g(x)| = sup min supmin If(x)—g(x)]
feA 8€A’ vek g€A’ yck yeK’

<supminsupmin (|f(x) - f(y)] + 1 () - ()] + le(y) - g (x)])

EA gEA’

< supsupsupmln(|f(x) FO)+1g(y) -g(x)])
feA geA’ xeK Y

+supminmax|f(y) - g(y)| < 3€.
feA geA’ yeK’
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It follows that A c Ugear B(g,3€), i.e., A is totally bounded, and since C(K) is a
complete metric space, A is also compact.

Part 2: Suppose that A is compact: Let € > 0 be given. Since A is totally bounded
there exists a finite set A’ c A such that

supmin||f—g| < €.
fEA gEA/
Since each of the g € A’ is (uniformly) continuous, there is a 8 > 0 such that

max sup [g(x)-g(y)|<e.
8€A” 4(x,y)<5

Now,
sup sup |f(x)=f(y)|=sup sup min|f(x)-f(y)|
feA d(x,y)<8 feA d(x.y)< 84
<sup sup min(|f(x)-g(x)[+]g(x)-g()|+|g(v) - (M)
feA d(xy)<s 84
<3e.
This proves that the set A is equi-continuous. ]

The Hahn-Banach theorem

The Hahn-Banach theorem (proved independently by Hans Hahn and Stefan Banach
in the late 1920s) is a central result in functional analysis. Its context is the following:
in many cases we study Banach spaces & through their duals %*. The question is
what is the guarantee that the dual is not trivial (contains only the zero functional).
The Hahn-Banach theorem allows the extension of bounded linear functionals
defined on a subspace of & to the whole space, and in particular shows that there
are “enough" continuous linear functionals to make the study of Z* interesting.
Specifically, a consequence of the Hahn-Banach theorem is that if (f,x) for all f in
adense setin 2", then x = 0.

Note that in a finite dimensional vector space we are used to study vectors through
their coordinates. What is the coordinate of a vector? The value returned by a
bounded functional. In particular, it takes n independent linear functional in order
to “know everything" about a vector. The situation becomes more complicated in
infinite-dimensional spaces. It is in this context that the Hahn-Banach theorem tells
us that there the dual space is sufficiently rich in order to study a vector through the
values returned by bounded linear functionals.

Theorem 2.52 — Hahn-Banach. Let ¥ be a real vector space and let p a
functional over ¥ satisfying:

@ Sub-linearity: p(x+y) < p(x) + p(y).
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@ Homogeneity: for every o >0, p(ax) = op(x).
Let % c ¥ be a linear subspace and let f: %" — R be a linear functional satisfying:

f<plo.

Then, there is a linear functional F on ¥ satisfying F|» = f and F < p.

Comments 2.1

@ Important: despite the fact that this theorem is associated with Banach, ¥
doesn’t need to be a Banach space; in fact it doesn’t even need to be normed.

@ Note the condition that the vector space be over R.
® There is no requirement that the linear functional f be bounded (there is no
norm).

@ An important functional p that satisfies the required conditions in the case of
a normed space is the norm.

Proof. The Hahn-Banach theorem follows from the axiom of choice. Consider the
collection of all linear extensions (F, 7z ) of (f, %), where % C ¥p C ¥, Floy = f,
satisfying F < p|y,. We define a partial order among linear extensions according to
their domains: Fy > F, if ¥5, 2 ¥, and Fy |7/F2 = F,. Take any chain {(Fy,7y) | €A}
and set

D:U%a.
o

For every x € D there exists an @ such that x € ¥, hence we can unambiguously
define a functional F in D by (F,x) = (Fy,x). The functional F is a linear extension
of f that satisfies F < p|p; it is an upper bound of the chain. It follows from Zorn’s
lemma that there exists a maximal element (F, #7) to all linear extension of f.

It remain to show that ¥ = #". For that, we show that if #7 ¢ ¥, then we can extend
F, contradicting its maximality.

So generally, let’s show that if %” ¢ ¥, then we can extend f. Take xop € ¥\ %/, and
set

Y1 = Span{¥ ,xo}.

Every vector x € #] has a unique representation as x = y + &txg, where y € . Define
a linear functional f; : ] — R, by setting (fi,x0) = B, i.e.,

<fl7y+ax0>=<f7y>+aﬁa

and 8 will be chosen later. Note that fi|s = f, i.e., f] is a linear extension of f on
1. We want fi < p|y,, i.e., we want for every a € R,

(f,y)+aB < p(y+oaxp).
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In particular, we want for @ = +1, and any y,y’

(fy)+B<p(y+x) and (f,y')-B<p(y -x),

which means that

(£:y)=p(Y' =x0) < B < p(y+x0) = (f,y)-

Such a f3 exists because for every y,y":

(£ +(fon) = (f.y +y) = (f,y+x0+Y —x0)
p is sub-lin.

f<p
< ply+xo+y -x0) < plr+xo)+p(y —x0),

which implies that

sup ((/,") = p(y' - x0)) < inf (p(y+x0) = (7))
;

Having chosen f this way we have for every « > 0:

(fi,y+axg) = 0‘<f1, % +xo> < 061?(% +x0) =p(y+oaxp),

whereas for o <0,

<f1,y+axo>=|a|(f1,|{7|—xo) c |a|p(|{;|—xo) - p(y+axo).

It follows that fi|z = f and fi < p|y;.

Exercise 2.8 Prove the complex version of Hahn-Banach theorem: let 2" be
a complex vector space and p a semi-norm on £ (note that this is slightly
different from the real case). If # c 2" is a linear subspace and f: % — Cisa
linear functional satisfying |f| < p|s, then there is a linear functional F : 2" — C
extending f and satisfying |F| < p. Hint: consider 2 as a real vector space, and
extend f; =Re f to a linear functional g on 2”; finally define F(x) = g(x) —ig(ix).

The following is a first application of the Hahn-Banach theorem:

Fla = f) such that | F|| = [ f].

Theorem 2.53 — Extension theorem. Let .2 be a normed space and % a linear
subspace. Let f € & *. Then there is a linear extension F € 2" * of f (namely

Comment 2.11 Sometimes people refer to this theorem as the Hahn-Banach theo-

rem.
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Comment 2.12 We proved this theorem for Hilbert spaces. There, however, we
used an orthogonal projection from 2" to %', something that has no analog in
Banach spaces.

Proof. The theorem holds for complex normed spaces. The proof starts by consid-
ering real spaces:

Case 1: 2" is areal vector space: For x € 2" define p(x) = | f||[x||. Then p satisfies

p(x+y) = fllx+y[ <Al lx]+]y]) = p(x+),
and for o > 0,
p(ax) = [ fl{ox| = o | f]]x] = ap(x).

Moreover, for y € %,

(Foo) <[EN <A T = p()-

It follows from the Hahn-Banach theorem there is a linear functional F on 2~ such
that F|g = f and
F(x) <p(x) = f[]x].

That is, F € 2 with |F| < |f]; since F is an extension of f, it follows that
[F|=]f]- (Please note that the sign does not constitute a problem since we can
always replace x by —x.)

Case 2: 2 is a complex vector space: We denote by 2% the real vector space
obtained by restricting the scalars to R (the sets 2" and 2 are the same sets, but x
and ix are not co-linear in ZR). A functional can be linear over .2 but not over
Z’, because we only require that

(f,ax+By) = off,x)+B(f,y)

for o, B € R.

Every linear functional f on % can be decomposed as
f=u+w,

where u and v are the real and imaginal parts of f. u and v are linear functionals on
% (but no necessarily on #'!), since for @ € R,

(f,ax) =u(ox)+w(ox) = a(f,x) = a(u(x)+w(x)),

namely,
u(ox) = ou(x) and v(ax) = ov(x).

We will thus write u(x) = (u,x)g and v(x) = (v,x)g.
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f is in fact determined by u. Since f is linear over C:

(f,1x) = (u, 1) + (v, 1) R = 1{f,x) = {u,x)r — (v, X)R,
from which follows that
(v,x)r = —(u,1x)R,
hence
(fix) = (u,x)r —1(u, 1x)R.

Consider now the functional u. For ye %:

[, y)m = ()] < [u(y) + v = [N < [TV

hence u € %" with |u| < | f||. By the first part of this proof u can be extended into a
linear functional U on Zg, such that |U| < | f].

Define F € 2 by
(F,x)R = (U,X)R - l<U,lx>R.

F is a linear functional on 2y satisfying:
(Fyix)r = (U,ix)gr — (U, —x)r = (U, 1x)r + 1{U, x)r = 1{F, x)R,
i.e., F is linear over C, F € Z™*. F is an extension of f since for ye #:
(Fy)=(U,y)r=1(U,1y)r = (u,y)r = 1{u,109)r = (f.).

It remains to bound the norm of F. The Hahn-Banach theorem only guarantees a
bound on the norm of U. For x € 2~

(F)] = e ) = (1,780 < (U, e8P
where the last equality follows because the imaginary part must be zero. Hence,
(F0l < U, e g < | £ x|,

from which follows that |F| <

=l

The Hahn-Banach theorem and the resulting extension theorem have many applica-
tions, some of which we will see now.

Proposition 2.54 Let 2" be a normed space and let % c 2 be a linear subspace.
Denote by %+ ¢ 27*:

={feZ" | flo =0}.
Then for all x e 2\ %:

d(x, %)= max l(f7 M-
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(This holds trivially for x € %/.)

Comment 2.13 Note that there is no minimizer of d(x,%) in % but there is a

maximizer of |(f,x)| in B4 .. This hints to a type of compactness of the unit ball in
2.

Comment 2.14 Does it remind you something? What happens in a Hilbert space?
One can write an explicit expression for d(x,#’) in terms of a Gram matrix.

Proof. Denote d =d(x,%). For f € By ., we have forall y e #:

sup [(f,x)[= sup inf|(f,x=y)|<| sup [f]]inf |x-y]=d(x,Z).
feBg1 feBoy VY feB gy e

1.e.,

d(x,7)z sup [(f.x)|
fe%@l

If d is zero (which can happen if % is a dense linear subset), then

-0
Jmax. [(f,x)| =0,

and the proposition holds.

Suppose then that d > 0. We need to show that there is an f € B4 such that (f,x) =d.
Let Z = Span{% ,x}; every z € Z has a unique representation:

Z=y+ox.
Define a linear functional fy on Z:
(fo,y+ox) = ad,
ie., foe %+ (with & as a subset of Z), and (fy,x) =d.
For every ye % and a € R:

[(fo,y+ox)[=lald <|af [y/a+x]| =]y+ox],
—_——
dist of —y/c from x

which implies that || fo| < 1. Take y, € % such that d(x,y,) — d, then

d =[(fo,x=yu)| < | foll lx=yu] = | folld,

which implies that || fy| > 1, i.e., | fo| = 1. We have thus found an fj € By linear
over Z, such that (fp,x) = d. The only problem is that fj is a linear functional on Z
rather than on .Z". By the extension theorem we can extend fj to all of 2~ without
changing its norm, which completes the proof. [
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Corollary 2.55 Let 2 be a normed space, then

x| = max (f,x)]-

That is, there is an f e 2%,

£l =1, such that

(%) = [l

Proof. Take % = {0} in Proposition 2.54. Then d(x,% ) = |x| and #* = 2™*. m
Comment 2.15 We have an explicit expression of the norm in terms of 2 *.

The following corollary, though by now immediate, it of utter importance. It asserts
that in order for a vector to be zero it is sufficient to “test” it with a dense set of
bounded linear functionals.

Corollary 2.56 Let 2" be a normed space and let A be a dense set in 2 *. If
(f,x)=0forall feA then x=0.

Proof. Let f € Bg~. There exists a sequence f, € A such that f, — f. Then,

0= (fa,x) = (£,%),

which by Corollary 2.55 implies that

- - 0.
(B Jmax (f,x)]

Corollary 2.57 Let 2" be a normed space and let % c 2" be a linear subspace.
Then x € % if and only if every bounded linear functional that vanishes on %
vanishes also on x.

In particular, 2 in dense in 2" if and only the only functional f that vanishes on
% is the zero functional.

Proof. Suppose that x € % and let x, be a sequence in % that converges to x. For
all fe+,

(f:x) = lim (f.x,) = 0.
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Conversely, suppose that x € 2~ satisfies that (f,x) =0 for all f € %*. Then,

d(e.#) = max |(f.0)]=0,

ie,xe¥.

In particular, if % is dense in 2", then x € % = 2" implies that every bounded
linear functional that vanishes on % vanishes also on x, but the condition holds
trivially. n

The following theorem, which is also a consequence of the Hahn-Banach theorem,
shows that the separability of the dual implies the separability of the space.

Theorem 2.58 Let 2 be a normed space. If 2™ is a separable then so is 2.

Proof. Let (f,) be a dense sequence in 2 *. Choose (x,) such that |x,| <1 and
[(fosXn)| = %H ful; this is always possible by the definition of the norm.

Let % = Span{x, }; it is separable because we can take all combinations of {x, } with
rational coefficients. Let f € %/*. By the density of (f;), there exists a subsequence
S, = f. Then

1
S Wl < Ko xn )1 = 1 = fos < 1 f = Fne | = 0,
which proves that f,, -0, i.e., f=0.

We have just proved that every functional that vanishes on ¢ is the zero functional.
It follows by Corollary 2.57 that % is dense in 2, i.e., 2 is separable. ]

Proposition 2.59 Let {xq | @ €A} be a collection of vectors in a normed space
21
Vi supl(fixa)l <o,
o

then
sup [ x| < oo.
o

Comment 2.16 See how similar it is to the Banach-Steinhaus theorem. In the
former, the sequence was a sequence of functionals, and

VXE’%/' sup|(fa,x)|<oo,
o

implies
sup [ fo | < 0.
o
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In a Hilbert space 2" and 2 * are isomorphic, so the two coincide. This is not the
case in a Banach space.

Proof. Define Fy € (Z7*)* as follows:
(Fo, f) = (f:xa)

(later on, we will call Fy, the natural inclusion of x4 in Z™**). It is given that for
every fe 2.

sup|(Fo, f)| = sup|(f,xq)| < oo.

aeA aeA

It follows from the Banach-Steinhaus theorem that

sup | F | < oo.
aeA

We will be done if we show that |Fy|| = xq| (the natural inclusion is norm-
preserving). Since

[(Fa, ) = 1 xa ) < [ ] xall,
it follows that | Fy| < |x¢|. By Corollary 2.55,

VaeA 3JggeBgy+ suchthat |xq|=(ga,Xa)-

Hence
|Fal = sup [(Fous )] 2 [(Fa 8a)| = (8@, Xa)| = [xal,

fE%gg*

ie., |Fol =[xl u

Comment 2.17 We have proved along the way that 2" is isometric to a subspace
of (Z*)*. This point will be elaborated when we deal more in depth with duality.

Exercise 2.9

@ Let 2 =R? with the Euclidean norm and let
Y ={(x,y,2) e Z | x+2y=0}.

Define on ¢ the functional (f, (x,y,z)) =x—y. Find ||f| and extend f to
Z without changing the norm.

® Let 2 =R? with the norm | -||; and let

Y ={(x,32) e X |x+2y=2=0}.
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Define on % the functional (f, (x,y,z)) = x. Find | f| and find f/wo norm-
preserving extensions of f to 2 .

Analytic Banach-space-valued functions

Consider a complex Banach space %, and let x: D — & be defined on a domain
D c C. xis called analytic if it is differentiable for all z € D, namely if

x(z+h)-x(2)

’ T .
x'(z) = }llil’(l) . exists,
i.e., if there exists a function x" : D — 4, such that
_ _ !
lim x(z+h)—x(z) -hx'(2) || _ N
h—0 h

x is called weakly analytic if for all f € A~

(fx()):D~C
is analytic.

Interestingly, analyticity and weak-analyticity coincide. The proof relies on the
Hahn-Banach theorem.

Theorem 2.60 x is analytic if and only if it is weakly analytic.

Proof. Part 1: suppose that x is analytic: For every f € #*:
{(f,x(z+h)) = {f,x(2)) x(z+h) —x(z) — hy'(2) >

; (@) =1, ;

The right hand side tends to zero as 4 — 0, hence x is weakly analytic.
Part 2: suppose that x is weakly analytic: Fix z. We will show that
x(z+h)-x(z) x(z+k)-x(z)
h k

tends to zero when i,k — 0 (independently). This will prove that x is analytic as
for any sequence h, — 0, there exists, given € > 0, an index N, such that for every
n,m>N:

X(z+hn) —x(2) _ x(zthn) —x(2)
h Fin

<E,
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which implies that
x(z+hn) —x(2)
hn
is a Cauchy sequence in % and hence converges (the limit is independent of the
sequence).

Let f € 2. Let B(z,r) be a closed ball contained in D. Let |h| < r/2 and |k| < r/2.
By the weak analyticity of x it follows from Cauchy’s formula that

(e =ge AN

271 B(z,r) C—(Z-i-n)
hence
(f,x(z+h)) = (f,x(z)) _ 1 1 1
h _%%E(z,r}<f’X(C)>Z(C—Z—h_z)dg
1 1
“ 3w O Tz
and
<f7x(Z+h)> B (f,X(Z)> _ (f,X(Z+k))—<f,X(Z)) _
h k

1 h—k
33 Boen O T T

Since (f,x(-)) is bounded in B(z,r), we can bound |(f,x({))| by a constant M (it
depends on f). We can then evaluate the right hand side as follows:

[x(z+h)) - (f,x(2)) (f’X(Z+k)>-(f,X(Z)>‘

1 ( <i27U‘Mf _4Mf
|h—k| h k

“2mr(r/2)2 2

We can rewrite this as follows:

1 x(z+h)—x(z)_x(z+k)—x(z) <4Mf
i |\ h k =T

a collection xq

It follows from Proposition 2.59 that there exists a constant M such that

X(z+h)—x(z) _x(z+k)-x(z)
h k

1

sup <M.
Il k<r/2 |h = K|

This completes the proof. ]

For a continuous functions D — 28 one can define path integrals in exactly the same
way as we define the Riemann integral of a continuous real-valued function.
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Proposition 2.61 Let x: D — % be analytic. Then for every closed curve of

finite-length v:
f x(z)dz=0.
Y

Proof. For every f € %* it follows from its continuity and linearity that

(. [x@az) = [1ranaz=0.

where the second equality holds because (f,x(-)) is analytic. Since the application
of a functional f of fyx(z) dz yields zero for every f e 2" is follows that it is
zero. ]

Exercise 2.10 Prove Cauchy’s formula for analytic Banach-space-valued inte-
grals: Let D c C be an open set and .2~ a complex Banach space. Let x: D - 2~
be an analytic function and let 7 c D be a closed, simple, smooth curve of finite
length encircling a point z € D. Prove that

x(z)zzimﬁ’@dg

=%

Exercise 2.11 Let 2 be a Banach space. A function f: [a,b] — 2 is said to
be of bounded variation if

sup ), £ (bi) = f(ai)] < oo,

where the supremum is over all choices of finitely many disjoint intervals (a;,b;)
in [a,b]. Prove that if for any ¢ € 2 the function ¢ o f : [a,b] - F is of
bounded variation, then f is of bounded variation (that is, the weak and strong
notions of bounded variation are equivalent). .

Exercise 2.12 Let (2, ||| 2) be an infinite-dimensional normed space.

@ Construct an unbounded bijective linear operator 7 : 2~ & 2. Hint: recall
the construction of an unbounded linear functional.

@ Use T to construct a new norm | -||7 on 2" such that T: (27, || 2-) -
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(Z,]-|r) is an isometry.

® Conclude that the norms , | -|| o~ and , | - |7 are isomorphic but not equiva-
lent.

|
TA material 2.4 The space ¢ c £, comprises convergent sequences. We want to
extend the notion of the limit of a sequence to /.

We may use the extension theorem resulting from the Hahn-Banach theorem to
conclude:

Corollary 2.62 Let lim be the limit functional on ¢ ¢ £« . Since |lim| = 1 then
there is an extension of lim to a continuous linear functional in £,

The problem of this extension is that although we get the wanted linearity property
of the limit, we do not necessarily get other properties, such as dependence only on
the tail of the sequence. The following proposition shows that we can do better:

Proposition 2.63 There exists f € £ such that for any x € £o:

)
liminfx, < (f,x) <limsupx,,
In particular, | f| = 1 and if x € ¢ then (f,x) = limx,,.
@ Forevery keN,
<f7 {xn}> = <f7 {xn+k}>)

i.e. f depends only on the tail of the sequence.

The functional f is called a Banach limit of sequences. Note that it is not unique.

24.2 Geometric version of the Hahn-Banach theorem

Definition 2.8 Let 7 be a vector space. A linear subspace % c ¥ is called
maximal (or of co-dimensional one) if % is not contained in any other (strict)
subspace of 7.

Suppose that %" c ¥ is a maximal linear subspace. Let xo € 7'\ %. Then

Span{% ,xo} =V,
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i.e., every x € ¥ has a unique representation

X =Y+ 0Xxp.

Definition 2.9 Let ¥ be a vector space, let % be a linear subspace, and let
xo € V. The set
X0 + %

is called a plane. If % is maximal, then we call this plane a hyperplane (5
7). (A hyperplane is a translation of a maximal subspace.)

Proposition 2.64 Let ¥ be a vector space. Let f be a non-zero linear functional.
The set
ker f

is a maximal subspace (and in particular a hyperplane).

Proof. Since f + 0 there exists a vector xq such that (f,xo) # 0. For every x € ¥

)\
<f,xo>x°> -0

<f7x_

i.e.,

{f.x) {f.x)

=7, M T\ 0

(fax0> <f,X()>

—_— —m
eSpan{xo } eker f

which proves that Span{ker f,xo} = 7. ]
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Definition 2.10 Let ¥ be a vector space and S c #". A point x € S is called an
internal point (70 nTP)) if

Vye? 3Je>0 suchthat x+(-g,€)ycS.

That is, the intersection of every line x +¢y with S contains a segment with center
X.

Comment 2.18 An internal point replaces the notion of an interior point when
there is no topology. Since lines are well-defined in vector spaces and they have
a natural topology, we define a notion of “interiority" through lines. In a normed
space, an interior point is also an internal point. The converse is not true. Take for
example R? (with, say, the Euclidean norm) and the set

S={(xy) | y<0ory>x’}.

The origin is an internal point but not an interior point.

Exercise 2.13 Let C be a convex subset of a finite-dimensional vector space 2.
Prove that x € C is an internal point if and only if it is an interior point (with
respect to any norm on 2). .

Definition 2.11 Let 7" be a vector space. A set S c ¥ for which the origin of ¥
is an internal point is called absorbing (n¥512). This is because

Vye? 3dneN suchthat y/neS,

UnS=7.

n=1

(The entire vector space is contained in blowups of S.)

Let 7 be a vector space. Let K be an absorbing set. Define the Minkowski
functional Py on 7 :
Pg(x)=inf{r >0 | x/t e K}.

(It is finite because K is absorbing.)

Comment 2.19 If for some o > 0,
X
o€ K then Px(x)<a.

Conversely, if
Px ()C) <O,
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then by definition

(IB<a) %EK.

This still doesn’t guarantee that x/o € K. If K is convex, since the origin is in K, it

follows that .
—eK.
o

Proposition 2.65 Let ¥ be a vector space. Let K c ¥ be convex and absorbing.
Then,

@ Px is non-negative.

@ For every a >0: Pg(ox) = aPg(x).

® Forevery x,ye ¥ Px(x+y) < Pg(x) +Px(y).

@ For every x€ K: Px(x) < 1.

® x is an internal point of K if and only if Px(x) < 1.

Proof. @ is obvious. @ is also clear as
Px(ax)=inf{t>0| ax/t e K} =inf{ar >0 | x/t € K} = o Px(x).
To prove @, suppose that
Pg(x)< B and Px(y)<7.
Since K is convex, x/f €K, y/v € K, and

B x vy y x+y
—+ == €K
B+yB B+yy B+v

This means that
Px(x+y) <B+7.
Because this holds for every upper bounds 3 of y of Px(x) and Px(y), ® follows.

@ is obvious: for x € K, x/1 € K, hence Pg(x) < 1.

It remains to prove ®. Suppose that x is an internal point of K. Then there is an
£>0such that x+exeK, ie., x/(1+€)~! € K, which proves that Pg(x) < 1.

Conversely, suppose that Px(x) < 1. Then there is an € > 0 such that Px(x) < 1-¢,
ie.,

. K.

1-¢
Let y € ¥ be arbitrary. Because K is absorbing there exists a 0 > 0, such that §y/ c K
(here [ is the unit interval). Because K is convex,

x+€&0yl = (l—e)lx—8 +€edylcK,
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which proves that x is an internal point. [

Exercise 2.14 Let K be a convex, absorbing set in a real linear space 2. As-
sume K is symmetric, i.e. if x € K then (-x) € K.

@® Show that Py is a semi-norm on 2.

@ Show that if, in addition, K doesn’t contain an entire line passing through
the origin, then Px is a norm on 2.

® Find the open unit ball B of that norm and prove that
BcKcB,

where the inclusion on either side may be strict.

Definition 2.12 Let 7" be a vector space and let M,N c /. A linear functional f
on ¥ is said to separate (7°78») M and N if

sup Re(f,N) <infRe(f, M),

where

(fiN)={(f,x) | xeN}.

Proposition 2.66 f separates between M and N if and only if it separates between
M —N and {0}.

Proof. ForeveryxeM and ye N:

Re(f,x) <Re(f,y)

if and only if for every xe M and y e N:

Re(f,x—y) <0=Re(f,0).

Theorem 2.67 — Separation theorem. Let M and N be disjoint convex sets in
a vector space ¥ If at least one of them, say M, has an internal point, then there
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‘ exists a non-zero linear functional that separates between M and N. ‘

Proof. Consider the case where ¥ is a real vector space. Since for every point p, f
separates between M and N if and only if it separates between M — p and N — p, then
we can assume without loss of generality that O is an internal point of M.

Let xp € N. Then (-xp) is an internal point of the convex set M — N, and 0 is an
internal point of the convex set K =xg+M —N. Since M and N are disjoint then
xo ¢ K. If we prove the existence of a linear functional that separates K from x,
then the same functional separates between M — N and 0, and also between M and
N. Thus, we may assume that M = K is a convex set containing the internal point O
(it is absorbing) and that N = {xo}.

Consider the Minkowski functional Pg. Since xo ¢ K then Px(xp) > 1. On the
linear subspace Span{x,} define a linear functional (f, otxg) = otPx (xo). For o >0,
(f,0x0) < Px(axp) whereas for o <0,

(f,axo) = aPx(x0) <0 < Px(axp).

By the Hahn-Banach theorem there exists a linear extension F of f on #  such that
(F,x) <Px(x). ForxeK:
(F,x) <Px(x) <1,

whereas
<Fax0> = (f,X()) :PK(XO) 2 17
i.e. F separates K from {xg}.

If the space is complex it is possible to treat separately real and imaginary parts as
we did before. [

TA material 2.5 We will show that the separation theorem does not hold in the
absence of an internal point. Let 2" be the space of real-valued sequences that
are zero from some point onwards. Let K comprise the subset for which the last
non-zero coordinate is positive. A direct calculation shows that K is convex but It
has no internal points.

We now show that there is no non-trivial linear functional separating K from {0}.
Let f # 0 be a linear functional on 2". W.l.o.g. we can assume that f(K) >0
(otherwise take —f). Since ¢, € K for every k it follows that f(e;) > 0. Since {e;}
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spans 2 and f # 0, there is a j such that (f,e;) >0. Now, if (f,e;.1) =0, then
—ej+ejeKbut (f,—ej+eji1)=—(f,e;) <0. Therefore (f,e;.1) >0, but then

y€j 1
(fv_ej+2(<ff—:jj+>l)ej+l> :_§<faej> <Oa

which contradicts the fact that the argument is in K.

Theorem 2.68 — Geometric Hahn-Banach. Let ¥ be a vector space and let
K c 7 be a convex set whose points are all internal points. Let D be a plane
disjoint of K. Then there is a hyperplane ¢ that contains D and is disjoint of K.

Proof. Without loss of generality we may assume that D is a linear subspace (i.e.,
it contains the origin). From the separation theorem follows the existence of a
non-zero linear functional F' and a real number 7 such that

sup Re(F,K) < y<inf Re(F,D).
Define (f,x) =Re(F,x), i.e.,
(F,X) = (f7x> _l<falx>'

f is a linear functional over #&. We have

sup(f,K) <y<inf(f,D),

and since 0 € D, y<0. Since D is a linear subspace, if there exists an x € D for which
(f,x) #0, then either (f,x) or (f,—x) is negative, which is a contradiction. Hence,
flp = 0. It follows that F|p = 0. The set

kerF

is a hyperplane that contains D. It remains to show that ker F and K are disjoint.
Suppose that xo € K nkerF. Let y € ¥ such that (f,y) > 0 (there necessarily exists
such point y). Since xo is an internal point of K there exists a 6 > 0 such that
xo+0yeK. Then

(f,xo + 5y) = (f,xo) + 5<f,y) >0,

which contradicts the fact that sup (f,K) <0. ]
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Comment 2.20 We proved that we can assume the separating functional f to
vanish on the hyperplane. We will use this fact later.

Comment 2.21 Even though we proved the separation theorem and the geometric
Hahn-Banach theorem using the (non-geometric) Hahn-Banach theorem, each of
these theorems is equivalent to the two other.

Proposition 2.69 Let 2" be a normed space and let f # 0 be a linear functional
over Z . f is continuous if and only if ker f is closed. Moreover, if f is not
continuous then ker f is dense in Z".

Proof. The easy part: if f is continuous then ker f = f~! (0) is closed as it is the
pre-image of a closed set.

The harder part: if ker f is closed, define L = f~'(1)*. Take xq € L. Then
L=xy+ker f,

which is closed. Note that 0 ¢ L, hence there is an open ball B(0,r) that does not
intersect L.

For every x € B(0,r), |(f,x)| < 1. Why? Suppose there were an x € B(0,r) for which

|(f,x)| > 1, then
x
L P
i)

ie., <f)‘—x> € B(0,r)nL, which is a contradiction. It follows that for every x € 2"
2||x rx 2||x
=220 57 ) <2
2| r

i.e., f is bounded.

For the last part of the proposition, suppose that f is not continuous. We have
already shown that ker f is not closed. Since ker f is a maximal linear subspace of
2, its closure, which is a linear subspace of 2~ that contains ker f must be equal to
Z" (by Proposition 2.64). ]

Corollary 2.70 A non-continuous linear functional f # 0 maps every open set
onto .7 .

4L is not empty because since f # 0 there exists an xo such that (f,x0) =0. Then xo/(f,xo) € L.
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Proof. Let f be a non-continuous linear functional and let U c 2" be an open set.
Let a € % . We need to show that there is an x € U such that (f,x) = a.

Let xg satisfy (f,xo) = & # 0. Then
axo _
<f’ o > -

By the previous proposition, the set
axo
L=—+ker
” f

is dense, hence intersects the open set U. That is, there exists an x € U of the form

where y € ker f, which implies that (f,x) = a. [ ]

Corollary 2.71 A linear functional f # 0 that separates two sets A, B, with at least
one of them having an interior (not internal) point (23® D7) is continuous.

Proof. If A has an interior point, then it contains, in particular, an open set U. If
f were non-continuous it would map U to the entire scalar field, hence would not
separate between the sets. [

Corollary 2.72 Let 2 be a normed space and let K, K> be disjoint convex sets
with at least one of them having an interior point (again, not internal). Then there
is a bounded linear functional f # O that separates K; and Kj.

Proof. It follows from the Separation Theorem that there is an f # 0 that separates
K and K. It follows from the previous corollary that it is continuous/bounded. m

Exercise 2.15 Let 2 be a normed space and A, B c 2 disjoint convex sets such
that B is closed and A is compact. Prove that there exists an f € 2 * such that

sup Re(f,A) < infRe(f,B),

i.e., the separation is strict. .
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2.5 Duality

2.5.1

Reflexivity
Definition 2.13 Let .2 be a normed space. The mapping 1 : &~ - 2" ** defined

by
<l(x)7'> = ('7x)

is called the natural inclusion (*»271 115i7) of 2" into .27 **.

Proposition 2.73 1 is a linear, norm-preserving map.

Proof. We proved it already in the course of proving Proposition 2.59. Let’s recall
how: one the one hand, for every fe 2 :

(e G, A= (A0l < T

which proves that |t(x)| < |x|. On the other hand, by (a corollary of) the Hahn-
Banach theorem,

<l = max [(fx) = max [(1(x), /)] < max [t @)A1 = e (ol

which proves that |1 (x)| = |x]. ]

Comment 2.22 1 is not necessarily an isometry; an isometry has to be reversible,
i.e., surjective (a norm-preserving linear map is of course injective).

Definition 2.14 A Banach space 2 is called reflexive (":"DP‘?Bﬂ) if 1 is an
isometry.

Comment 2.23 Reflexivity was first introduced by Hahn in 1927. The term was
coined in 1939 by Lorch.

Comment 2.24 For 2" to be reflexive it is not sufficient that .2~ and 2 ** be

isometric. The natural inclusion t has to be an isometry.

Why are reflexive spaces important? We will get an answer toward the end of this
section in the context of weak convergence.

Proposition 2.74 Every finite-dimensional Banach space is reflexive.

Proof. Let dim %2 =n. Since dim 2™ * = n it follows that dim 2 ** = n. Since 1 is
norm preserving, it is injective and hence also surjective. [



2.5 Duality 165

= Example 2.10 Every Hilbert space is reflexive. This follows from the Riesz
representation theorem. Every f € .77 has a representation ys € ¢, such that

<f7x) = (X,yf).

The mapping f + yy is an anti-isomorphism between the inner-product spaces #*
and 7 with

(f,g) = (Ygan)'
By the same representation theorem, every F € 52** has a representation,
<F7f> = (f)fF) = (yfpuyf)

The mapping F + yy, is an isomorphism between the inner-product spaces 7 **
and 7. It remains to show that it is the natural inclusion. Indeed,

(Cs ) f) = {Fype) = Opesye)s

namely,
F= l(yfF )
[}

= Example 2.11 The spaces /,,, 1 < p < co, are reflexive. This is because 2" ** = 2~
and the isometry is precisely the natural inclusion.

Recall that the isometry 7 : £}, - £, is defined via

[T(f)]n = <f7en>7
for fe L;. Conversely, for y € L,

T (y Z YnXn.

TO CONTINUE .

2.5.2 Quotient spaces

Definition 2.15 Let 7" be a vector space and let M be a linear subspace. We say
that x,y are equivalent mod-M if x—y e M. The set of equivalence classes is
called the quotient space (M 2r7M) ¥ /M. We denote the equivalence class of
xeV by [x] eV M:

[x]={ye¥,y-—xeM}=x+M.
As usual, we endow ¥ /M with a vector space structure. For o, 3 € ¥ /M:

a+f=[x+y],
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where x € @ and y € . This definition is independent of representatives as if [x] = [x']
and [y] = [)'] then

[x+y] = [x"+Y].
Similarly, for @ € ¥ /M and a € F:

aa = [ax],

where x € o. The mapping 7 : x — [x] is called the natural homomorphism of ¥
onto ¥ /M°.

Let 2" be a normed space and let M be a closed linear subspace. We endow 2" /M
with a norm:

[l jaa = inf ] - 2.1)

Forxe¢ 2 :
Il = i =] - = d(x.).

Proposition 2.75 (2.1) is a norm on 2" /M.

Proof. Positivity: Suppose that o € 27 /M satisfies
leell 2 = 0.
Then, for x € & there exists a sequence m,, € N such that
lim ||x—m,] = 0.
n-co
Since M is closed it follows that x € M, i.e., ot = [x] = 0.

Homogeneity: Let o € 2" /M and x € ., then

laa] - jus = |[ax]]l s = inf |ax—m| - = a| inf |~ ma] 5= lall o] 5

Triangle inequality: The triangle inequality follows from:

la+Bl 2= inf [y]2
yea+p

= inf H.X-FZH%
xeo,zef

< inf (||x]| 2 +]|z] 2°)
xea,zef

= e

am+1Blam

A homomorphism between vector spaces preserves the linear structure but it is not necessarily
injective.
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Proposition 2.76 If 4 is a Banach space and M is a closed linear subspace then
Z|M is a Banach space.

Proof. Let a, be a Cauchy sequence in Z/M. It is sufficient to show that o, has a
converging subsequence (any Cauchy sequence that has a converging subsequence
is convergent).

We can construct a subsequence f = o, . such that

1
Hﬁk+l"ﬁ&”5@ﬂw < zz.

Let x; € B: for every k there is an element my;, € M, such that

1
|Xs 1 =X — 1| 2 < bYa

Define
n-1 n—1
W= 3 (X1 =Xk — M) =Xy —X1 =y 1y
k=1 k=1

The Weierstrall M-test limplies that w,, converges; denote the limit by w; denote
B =[w+x1]. Then,

1B =Bl = I[xn] = [w+x1] 8/m
= [ [xa —x1] = W]l 2/m
= [ [wal = [w]llz/m
=d(w,-w,M)

<Jwa=w|a-

Since the right hand side converges to zero, 3, — 3. |

The following proposition is obvious from the definition of the norm in the quotient
space:

Proposition 2.77 Let 2" be a normed space and let M c 2~ be a linear subspace.
The natural homomorphism 7 : 2~ — 2" /M maps the open unit ball of .2 onto
the open unit ball of 2" /M.

Proof. Letx e 2 . By definition

l7w(x) |2 jps = inf [y] 2 < |x] 2
ye[x]
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which proves that

It remains to show that 7 is surjective. Let & € B - /). Then,
U> ol o = inf |y

which implies that there exists a y € a such that [y 5~ <1, i.e., & € B 5y is the
image under 7 of an element y € °B . [

Proposition 2.78 Let 2" and % be normed spaces. Let T : 2" — % be a linear
transformation onto ¢/, such that 95 4 is mapped onto B4 . Then & is isometric
to 2 /kerT.

Proof. Let m be the natural homomorphism of 2" onto 2 /kerT. Define 7 :
Z [kerT — % as follows:

T:00~ Tx,
where x € o; this definition does not depend on the representative x.

7 is linear and surjective (because T is surjective). 7T is injective because t[a] =0
implies Tx =0 for x € , i.e., x e kerT = [0]. It follows that 7 is a bijective map
mapping the open unit ball onto the open unit ball; hence 77! satisfies the same

property.
We conclude that | z]| <1 and ||z7!| < 1, which implies that

-1
Izl =lz"1=1.

Finally, for every o € 2" /kerT:

1

”a“%/kerT = ”T_ OT(O{)H%'/kerT < “T(OC)H@ < “(XH%/kerTa

from which follows that 7 is an isometry. [

Lemma 2.79 Let % be a Banach space and let A be a dense set in B(0,p). Every
x€B(0,p) can be represented as:

o0
x= Axj,
j=1

where x; €A and 72, [4;| <1 (i.e., 2 = (4;) is in the unit ball of /).
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Proof. We can assume without loss of generality that p = 1 (just scale otherwise).
Given x € B 4, take 6 > 0 such that

[(1+8)x]| <1.
Fix € >0 and take x; € A such that
[(1+8)x—x;|<e.

Since [(1+0)x—x;]/€ € B », there exists an x; € A such that

1 _
H( +6)x—x1 e
€
Take now x3 € A such that
1+0)x—x—€
‘( + )x2x1 x2_x3 <e.
€

1.€e.,
H(l +0)x—x]—€xp —82x3H <e.

Continuing inductively, we get that
1 oo
TR

and the limit exists. Since A; = &/~!/(1+8) we have

s 1
)

j=1
which we can make less than 1 by taking € sufficiently small. ]
The following proposition is interesting. Recall that every separable Hilbert space is

isometric to ¢,. This is not true for Banach spaces. Instead every separable Banach
space is isomorphic to a quotient space of ¢;.

Proposition 2.80 Every separable Banach space 4 is isometric to a quotient
space of /1.

Proof. Let (x,) be a dense sequence in 98 . For A € ¢; define the map T : ¢ - A,

T()L) = Z;)ijj'.
j=
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It is a linear map with

1T < 2141 = 14T,

J=1

from which follows that |7 < 1. Lemma 2.79 states that 7 maps By, onto B 4. It
follows from Proposition 2.78 that # is isometric to ¢; /kerT. [ ]

Comment 2.25 ker7 depends on the choice of the dense sequence (x,), so this
construction is far from being unique.

The dual of a linear transformation

Notation 2.2 We usually denote elements of a normed space 2~ by x,y,... and
elements of its dual space 2" * by f,g,.... In parts of this section we will deal with
duals of duals, duals of duals of duals, and even duals of duals of duals of duals....
in such cases it will be more convenient to use x € 2, x* € 2%, x** ¢ Z**, etc.

Definition 2.16 Let 2" and % be normed spaces and let T € B(2",%'). We
define T* : %" — 2°* which we call the dual of T (7% MAIBDIN):

(T*(y*)f) = (y*aT('))v

namely, T*(y*) =y*oT.

Proposition 2.81 If T e B(Z',# ) then T* e B(#*, Z*) and || T*| = ||T|.

Proof. Linearity of T* results from the linearity of the map y* — y* o T. To calculate
the norm of 7" we first note that

177 = sup [(T7(y7),x) = sup [y, TN <[y I 7],

x€B o x€B o
from which we conclude that |7 | < ||7|. On the other hand,
I7(x)[ = max [{y*,T(x))
y*G%@x—
= max [(T7(y"),x)]
}’*ESB@*

< max |T*||y* =|T*
y*e%;*\\ Y [l = 17 | 1]

from which we deduce that |T'|| < |7~ |, hence |T| = |T*]. n
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Proposition 2.82 If T € B(Z ", %) is an isometry then sois 7* € B(#*, 2°*).

Proof. We first show that T* is injective: let y* e kerT*. Then, for every y € %,

)= T (T () =T (7). T7 () =0,
i.e., y* =0, namely ker 7" = {0}.

We then show that T* is surjective: for every x* ¢ 2™ *:

()= (T C)) = (T (), TO) =T (T (7)),
namely x* = T*(T')*(x*) € Image(T*).
Finally, T* is an isometry because for every y* € %' *:

[T = sup (T7(y"),x)]

x€B o

= sup [(y",T(x))|

x€B o

= sup |(y",y)|
yeByy

=yl

where we have used the fact that T is an isometry. [

Comment 2.26 The fact that 2~ isometric to % implies that 2" is isometric to
2/* is not surprising (if two spaces are “the same" then so must be their duals). The
interesting fact is that if 7 is an isometry between normed spaces then (7*)~! is an
isometry between their duals.

The dual space of a Banach space
Our next goal is to derive tools for calculating the dual space of a given Banach

space. For this, we need some new constructions:

Definition 2.17 Let # be a Banach space. Let M ¢ 8 and N c Z” be linear
subspaces (not necessarily closed). We denote:

M ={feZ" | (f,M)={0}}
N, ={xeB|(N,x)={0}}).

Proposition 2.83 M* and N, are closed linear subspaces.
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Proof. Let f e M*. Then there exists a sequence f, — f such that
VxeM (fn,x) =0,

from which follows that®
VxeM (f,x)=0,

i.e., fe M*, hence M* = M*. A similar argument holds for N, . [

Proposition 2.84
(ML)J_ = M

Proof. The easy part: let x € M. Then,
VfeM* (f,x)=0,

which follows that x e (M*), i.e.,

Mc (M),
but since the latter is closed, it follows that

Mc(M*Y),.
The harder part: suppose that x ¢ M. Since M is closed there is an open ball B(x, )
that does not intersect M. It follows from the geometric Hahn-Banach theorem (well,

one of its sequels) that there exists a bounded linear functional f that vanishes on M
and not on x:

feM* and (f,x)#0,
ie,x¢(MY),. n

Proposition 2.85 Let M be a closed subspace of a Banach space 4. Then:

@ M* is isometric to B |M*.
@ (A/M)* is isometric to M*.

®Because

[{fox) = (F .20 = (o= £,20) [ < [ fu = S ]
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Proof. Part 1: Let f e M*. It follows from the Hahn-Banach theorem that f can be
extended into a functional F € #*. We define a map
oM - B IM*
as follows:
o(f)=[F]-
The mapping ¢ is well-defined (i.e., independent of the extension) because if F,G

are both extensions of f, then F|y = G|y, i.e., F — G € M*. In other words, we
identify the Hahn-Banach extension as an operator M* — %* [M*.

o is linear. It is also onto because let [F] € #* /M*, then

[F]=0(F|u).

It remains to show that o is norm-preserving; injectivity follows at once.

It is easy to see that
o =|[F]| = inf |G| =|f],
o1 =1TFI Gler[lF]H I =171

where we used the fact that there exists an extension G that has the same norm as f.

Part 2: Define
T:(BIM)* - B*
as follows:
(2(f),x) = (£, [x])-
Note that if x € M then [x] = [0], so that (7(f),x) = (f,[0]) = 0, which shows that in
fact, 7: (B/M)* - M*.

7 is linear. It is onto because g € M* uniquely defines a functional f € (Z/M)*
satisfying,

{f:[x]) = (&%)
1.e.,

g=1(f).

As above it remains to show that 7 is norm-preserving. Let f € (#/M)* and let
[x] be on the unit sphere of /M. For every € >0 there exists a y € [x] such that
|y[ <1+ €. On the one hand,

(fs 1) = (2 (), 3) < [T () (1 +€).

Since this holds for every [x] and every € > 0:

A< z(HI-
On the other hand,

(2(f),2) = (D) < [T < LA e
which implies that | 7(f)| < f]. This completes the proof. n
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Proposition 2.86 If 43 is reflexive then so is Z**.

Proof. Ttis given that1: % — Z8** is an isometry. By Proposition 2.82 so are
l*',@***—)%* and l**'%**—),@****

To prove that 8** is reflexive we need to show that 1** is the natural inclusion.

For every x*** € 8***.
(1 (.2 ) = (1 (7))
But since 1 is an isomorphism and it is the natural inclusion,
(7)) = (17 () (@)
*

{

(U ()7 0)
(17 ())
{

- x*** )
Thus,
< **() ***>:< ***’.)’
which means that 1** is the natural inclusion 2" ** — 2" ****. [ ]

Exercise 2.16 More generally, show that if 2™ and % are isomorphic and 2 is
reflexive then % is reflexive. "

Proposition 2.87 Let £ be a Banach space:

2 isreflexive if and only if 9" is reflexive.

Proof. Suppose that %* is reflexive. To avoid confusion we denote the natural
inclusions

1: B - B and 1W: B - B,
The latter is invertible., hence for every x*** € 28***
) = (T @), = (! ).

Choose
€ [Image(1)]*.
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Then:
0= ("™, 1() = (1(),17 (7)) = (i1 ("), ),
from which we conclude that 1;! (x***) = 0, hence also x*** = 0.

Thus,
x*** € [Image(1)]* == x***=0.

This implies that Image(1) is dense in Z8**. Since it is closed, Image(1) = #**, i.e.,
A is reflexive.

Suppose that % is reflexive. This implies that %" is reflexive, and from the first
part follows that Z* is reflexive. [ |

Since we proved in Theorem 2.58 that 4 is separable only if Z* is separable, we
conclude that:

Corollary 2.88 Let 4 be a Banach space:

2 reflexive and separable if and only if %" reflexive and separable.

Proof. There seems to be a missing part: suppose & is reflexive and separable.
Since 4 is isometric to Z8** the latter is separable, hence 2" is also separable. ®

Proposition 2.89 A closed linear subspace of a reflexive Banach space is reflex-
ive.

Proof. Let M be a closed linear subspace of a Banach space 8. We need to show
that the natural inclusion t : M — M** is onto.

Let m** € M**. We can extend m** into a functional o (m**) on Z* as follows:

(o(m™),x") = (m™" . x"|)-

Since 4 is reflexive, o(m**) = 1(x) for some x € . Thus for every m** e M**
there exists an x € Z such that

(m™ 27w} = (1(x),x7) = (7, %)

We now claim that x € M. Otherwise, we can find an x* that x*|;; =0 and (x*,x) #0
(here we use the fact that M is closed!) obtaining a contradiction.

So, for every m** € M** there exists an m € M such that

{1(m),x") = (m™ X" |m).
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In particular, for every m* € M* let x* be an extension of m*, then
(1(m),x") = (x",m) = (m",m) = (1(m),m") = (m™*,m").

Thus, 1 is onto, which proves that M is reflexive. [ ]

Theorem 2.90 Let & be a Banach space and M a closed linear subspace. Then
2 is reflexive if and only if both M and %/M are reflexive.

Proof. |

Weak convergence in Banach spaces

We now study the notion of weak convergence in Banach spaces. As in Hilbert
spaces, weak convergence is important because the unit ball of infinite-dimensional
spaces is not (relatively) compact, however, it may be weakly (relatively) compact.
As a result, proving that a set is bounded guarantees the existence of a weak
accumulation point, which could be the object we are looking for (e.g., a minimizer
or the solution to an equation).

Definition 2.18 Let 2" be a normed space. A sequence x, € 2  weakly con-
verges to x € 2 if

lim (faxn) = <f7x)

n—-oo

for all f e 2 *. As in Hilbert spaces, we denote weak convergence by x,, — x.

Proposition 2.91 Let 2" be a normed space and (x,) a sequence. A weak limit
of (x,), if it exists, is unique.

Proof. if x,, —~ x and x;, — y, then
nll)lgo(fﬁxn) = <f7'x) = <f7y)7
which implies that (f,x—y) =0 for all f€ .2 *. As a consequence of the Hahn-

Banach theorem x = y. u

Definition 2.19 A sequence x,, is called a weak Cauchy sequence if (f,x,) is a
Cauchy sequence for all fe 27",
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Definition 2.20 The space 2 is called weakly sequentially complete (25w
w51 n°N770) if every weak Cauchy sequence weakly converges.

Proposition 2.92 Let 2" be a normed space. If x;,, — x then

@ (x,) is bounded.
@ xeSpan{x, | neN}.

@ x| < liminf,— o0 [ Xn |-

Proof. O Since
vieZ  lim(f,x,) = (fx),

it follows that
VieZ  sup|(f,x)|< oo,
n

and by Proposition 2.59 (the “reverse" Banach-Steinhaus therem):

sup || x| < oo.
n

@ Let ¥ = Span{x, }. For every f e ¥,
<f>x> = lim <f7xn> =0,

ie., xe(#*),. We have proved that (#*), = 7.
® It follows from the Hahn-Banach theorem (more precisely, from Corollary 2.55)
that there is an f € B 4 satisfying
el = 15} = Tim |{f )] < limsup [, .
n—>oo
[ ]

Comment 2.27 Recall Proposition 1.60 stating that a weak Cauchy sequence in a
Hilbert space is bounded. The proof was based on Baire’s category theorem. The
generalization to Banach spaces is based on Proposition 2.59 which relies on the
Hahn-Banach theorem.

Recall also Proposition 1.58 stating that in a Hilbert space x, — x implies |x]| <
liminf,_, |x, . The proof was based on the inner-product,

Jxf = lim (x,.2) < iminf x, x|

The generalization to Banach spaces relies on Corollary 2.55, which again relies on
the Hahn-Banach theorem.
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We will now see a number of results that explain the importance of reflexive spaces.

Theorem 2.93 Let A be a reflexive Banach space. Then, K c £ is bounded if
and only if every sequence in K has a weakly converging subsequence (in %). In
other words, a set is bounded if and only if it is weakly sequentially relatively
compact.

Proof. Suppose that K is weakly sequentially relatively compact. If K is not
bounded then there is a sequence x, € K satisfying ||x,|| > n. This contradicts the fact
that every sequence has a weakly converging (hence bounded) subsequence.

Suppose that K is bounded. Let (x,) € K and denote sup,, |x, | = M (by assumption
it is finite). Let

Zo = Span{x, | neN}.

The space £y is both separable and reflexive (since it is a closed subspace of a
reflexive Banach space—Proposition 2.89). It follows from Corollary 2.88 that
Z," is both separable and reflexive. Let x;, € Z,;° be a dense sequence. Since the
sequence

{1 52 )

is bounded, it has a convergent subsequence (x},x; ,). Then because

{2, %1.0)

is bounded, it has a convergent subsequence (x3,x2 ,). We proceed inductively.

Consider now the diagonal sequence x, ,. For every k the sequence

*
{Xk s Xn,n)
converges. Our goal is to show that there exists an xy € 29 such that

lim (X7 ,x0.0) = (X, X0),

n—-oo

and further infer that we can replace x; by any x* € *.

For every k,

lim (g, %0.0) = )Lg(l(xmﬂ)ax;s) = f(xz).

n—>oo

f is well-defined; it is linear and satisfies for every k:
S(e) = Jim (e, %) <M x|

Since (x7) is a dense sequence in .Z,", for and x* € 2, we take a sequence x; — x”,
then

() = £ Ol < M, =),
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i.e., f(x;) is a Cauchy sequence and hence converges (the limit is independent of
the chosen sequence). Thus, f can be extended to a bounded linear operator on Z,".

Since 2 is reflexive, there exists an xg € £ such that 1(xo) = f. That is, for every
Xo € 2y
lim (1 (xp,0),x0) = (1(x0),%0 ),

n—-oo
namely,
lim (x(,X,..) = (x,%0)-

n—-oo

We will be done if we can replace x; € Z," by x* € #*. Let x* € ”, then

lim (x*,%,,,) = Hm (x*] 25, %)
n—o00

e
= lim (1 (x0),x"|25)
=(1(x0),x"|25)
= (x"|29,%0)

= (x",x0),

from which we conclude that x,, , = xo in 4.

Corollary 2.94 Let % be a reflexive Banach space. Then, it is weakly sequen-
tially complete (every weak Cauchy sequence weakly converges).

Proof. Let (x,) be a weak Cauchy sequence in a reflexive Banach space, namely

(fxn)

is a Cauchy sequence for every f € Z*. Hence,

VFeRB  supl(f.n)l< oo,

and it follows from the “reverse Banach-Steinhaus theorem" that sup,, ||x, | < co. By
the last theorem, (x,) has a weakly converging subsequence. That is, there exists a
subsequence x,, — X, 1.€.,

VfeR* klim(f,xnk)z(f,x>.

It follows at once that the entire sequence weakly converges to x. [
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Exercise 2.17 A mode of convergence is said to satisfy the Urysohn property
if for every sequence x, the existence of a unique partial limit x implies that
T =R

@ Prove that convergence in a metric space satisfies the Urysohn property.
@ Prove that weak convergence in a normed space satisfies the Urysohn
property.

Exercise 2.18 Let 2" and % be normed space. A linear operator T : 2~ — % is
weakly continuous if for every f e #*:

folT 2 - F

is continuous. Show that 7 is continuous if and only if it is weakly continuous.

I Exercise 2.19 Prove that ¢ and ¢y are not weakly sequentially complete. .

2.6 The open mapping and closed graph theorems

The main subject of this section is two theorems about linear transformations
between Banach spaces.

2.6.1 The open mapping theorem

Definition 2.21 Let .2" and % be topological spaces. A mapping 7 : " - %
that maps open sets into open sets is called an open mapping.

Theorem 2.95 — Open mapping theorem, Banach-Schauder. Let % and
%' be Banach spaces. A surjective bounded linear operator T : &8 - 2’ is an
open mapping.
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@/_\33'

‘ T bdd + surjective = T open ‘

Before we prove this theorem, note the following corollary:

Corollary 2.96 — Bounded bijections are isomorphisms. Let % and %’ be
Banach spaces and let T : 2 < %’ be a linear bounded, bijection. Then, T is an
isomorphism, namely, 7! is also bounded.

B /_\ B

1% (T-Hlv

‘ T bdd bijection = T isomorphism ‘

Proof. We need to show that 71 is continuous Let V c Z be open. Then, we need
to show that

(r-Hly is open in %',

which follows from the open mapping theorem. ]

Proof of open mapping theorem. 1t is sufficient to show that 7 maps the open ball
B 5 into an open set. To show this, it is sufficient to show that there exists a 0 >0
such that

T(‘ng) 35%931.

Indeed, let y € T (28 ). Then there exists an x € B4 such that y = T'(x). Let n >0
be such that

B()C, 77) c %ﬁ”v
then by linearity of T

T(B%)>2T(B(x,n))=T(x)+NT(Bz)>y+N0By,

i.e., y is an interior point of 7(28 ) and the latter is indeed open.
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We can express 4 as follows:
n
B = nBy.
n=1
Since T is linear and surjective, ' = T (), namely,

B - T(On%%) ~JnT(B.) - LijlnT(‘B%).

n=1 n=1

Since %' is complete, Baire’s category theorem asserts that one of the sets n 7T (B »)
has a non-empty interior, but since these sets are all blowups of the same set, it
follows that 7 (B4 ) has a non-empty interior.

Thus, there is an open ball B(a,0) c T(B4). The set T(B4) symmetric about
zero, hence B(—a,0) c T(By). Since it is also convex,

0By cT(Bay).

Let A c B4 be a set for which T(A) is dense in T(84). Let y € 0By . Since
yeT(B4), it has a representation

=3 AT (),
n=1

where x, €A and Y72, |A,| < 1 (Lemma 2.79). The sequence Y, A,x, is a Cauchy
sequence because

Z lkxk

k=m

n
< Z |7Lk‘
k=m
Since 2" is complete it converges to a limit x € B z. Since T is continuous,
y= T(X) € T(%%’)?
i.e., 0By c T(By), which completes the proof. [

= Example 2.12 Consider the Banach space ¢(Z) of two-sided infinite sequences
(x,) that tend to zero as |n| - co. Define the linear operator T : L'[0,27] — co(Z),

(Tf)a=Ff(n)= % [:e_mxf(x) dx.

The Riemann-Lebesgue lemma states that indeed, 7 maps L'[0,27] into co(Z),
where ¢o(Z) c £ (Z) is endowed with the supremum norm.

T is bounded because

1

T
ITfleo <o | L™ f(0)ldx= | f] -
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T is injective—the Fourier coefficients identify the function uniquely (this has to be
shown). Is T surjective? Does any sequence of Fourier coefficients that decay at
infinite correspond to an L'[0,27] function?

No! If T were surjective, this would imply that L'[0,27] and co(Z) are isomorphic,
but this is impossible because ¢ = ¢; is separable whereas L'[0,27]* = L=[0,27]
is not separable (Proposition 2.32). .

Comment 2.28 You saw in the tutoring session that

f@)=3
k=1

sinkx
k

converges pointwise but is is not an L?[0,27] function. In other words, the co(Z)
sequence x, = 1/1/n is not the Fourier coefficients of an integrable function.

We now present a few corollaries of the open mapping theorem:

Corollary 2.97 Let 2 and %' be Banach spaces and let T : 8 — %’ linear,
bounded and injective. Then, Image(7') is closed if and only if there exists a
constant C > 0 such that

VxeB  |Tx|>Clax|.

Comment 2.29 This corollary states that if 7" is bounded and injective, then the
image of T closed if and only if 7~! : Image(T) — % is bounded.

T

t@/

T bdd + injective mage(7)

Image(T) closed <> % = Image(T)

Proof. Suppose that Image(7') is closed.Then Image(7) is a Banach space, and
by Corollary 2.96 T : 2 — Image(T') is an isomorphism.

Suppose that |7x| > C|lx||. We need to show that Image(7') is closed. Let y €
Image(T'). Then there exists a sequence x, such that

lim ||7x,-y|| =0.
n—oo
The sequence Tx,, being convergent, is a Cauchy sequence. Since

1 1
% = X || < E”T(xn_xm)” = EHTxn—Tme,
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it follows that (x,) is a Cauchy sequence and hence converges to a limit x. Finally,
since T is bounded:
Tx=1lim Tx, =y,

n—>oo

i.e., y e Image(T), and therefore Image(7T) is closed. ]

Corollary 2.98 Let & and %’ be Banach spaces. There exists a bounded linear
operator from % onto %’ if and only if %’ is isomorphic to a quotient space of
B.

Proof. Suppose that ' is isomorphic to Z/M. Denote the isomorphism 7 :
PBIM - B' and 0 : B — B[M be the natural homomorphism. Then To7 is a
bounded linear operator %8 — %’ that is surjective.

Suppose that T : 2 - %' is linear, bounded, and surjective. Then ker7 is a
closed subspace of # and ¢ : B/kerT — %’ defined by

o[x]=Tx
is bijective. It is also bounded as for all y € [x],

[oll < 1Tyl

and taking the infimum over all y € [x],

[o el < ITIT*I-

By Corollary 2.96 o is an isomorphism. [

Corollary 2.99 Let ¥ be a vector space, which is a Banach space with respect
to two different norms || |[; and || - |2. Suppose that ||- || <C||- 2. Then the two
norms are equivalent, i.e., there exists a constant ¢ >0 such that ¢|- [2 < |- ;.

Proof. Consider the mapping:
Id: (7, - [2) = (7] [1)-
It is a linear bijection. It is also bounded as
[TdCx) [ =[x < Clx]2.

Hence 1d is an isomorphism and its inverse is bounded. ]
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= Example 2.13 Let = (C(0,1),]|-]lo). Let Zp c 2 be a closed subspace whose
elements are all continuously differentiable. Then .2 is finite dimensional. .

Comment 2.30 This is an interesting statement. Any infinite-dimensional closed
subspace of C(0,1) contains functions that are not in C'(0,1).

Proof. Since 2y is closed, it is a Banach space with respect to the sup-norm | - [o.
Define on .2 the C'(0, 1) norm:

11 =10+ £ lo-

Since | f|lo < || f]1, it follows from the previous corollary that the two norms are
equivalent, i.e., there exists a constant ¢ > 0 such that

c £l <1 £llo,
i.e.,
1-c¢
17l < —<Ilo.

It follows that the elements in

B2 1) =1 €Zo | [flo=1}
are uniformly bounded and equi-continuous. By the Arzela-Ascoli theorem this set
is compact, and in particular totally bounded.

Theorem 2.46 states that a normed space has finite dimension if and only if its unit
ball is totally bounded. This concludes the proof.

2.6.2 The closed graph theorem

Definition 2.22 Let 2" and % be normed spaces. Let D(T) c 2" be a linear
subspace and T : D(T) — % alinear map. T is called closed if

D(T)>x, > x and Tx, -,

implies that
xeD(T) and y="Tx.

Comment 2.31 If D(T) is closed, and T is bounded, then T is clearly closed, as
the closure of D(T) implies that x,, —» x implies x € D(T). Furthermore, if T is
continuous, then

Tx,— Tx.
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It is convenient to characterize closed maps through their graph. Consider the
cartesian product 2" x ¢, which we endow with a linear structure,

a(x1,y1) + B (x2,¥2) = (ax1 + Bxa, ayr + By2),

and a norm
1Ges) =/ x> + Iy [

If 2" and % are Banach spaces, so is their cartesian product.

Given a mapping T, its graph is
G(T)={(x,Tx) | xeD(T)} c Z x¥ .

If T is linear, then G(T') is a linear subspace of 2" x#/.

Lemma 2.100 A linear subspace M of 2" x % is the graph of a function if and
only if it does not contain elements of the form (0,y) for y # 0.

Proof. M is the graph of a function if and only if for every x € D(T'):
(x,y)eM and (x,z)eM implies y=z,
which is turn occurs if and only if

(0,y—z)eM implies y-z=0.

Proposition 2.101 — Closed operator = closed graph. A linear operator 7 :
D(T) — % is closed if and only if its graph G(T') is closed in 2" x %'

Proof. The definition of a closed map is that
G(T) 3 (x4, Txp) = (x,y) in 2’ x%
implies that x e D(T') and y = Tx, namely
(x,y) € G(T),

which is precisely the condition for G(7') being closed. |
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Corollary 2.102 Let T : D(T) = % be linear and injective. Then T is closed if
and only if 7~! : Image(T) - D(T) is closed.

Proof. If T is injective then T~ is well-defined on Image(T'). Its graph is
G(T™Y={(Tx,x):xeD(T)} c ¥ x X .
This graph is closed if and only if G(T) is closed, namely
{(Tx,x):xeD(T)} isclosedin % x%Z

if and only if
{(x,Tx):xeD(T)} isclosedin 2 x%.

Definition 2.23 A linear map 7 : D(T) - % is called closable (1770) if the
closure of its graph G(T) is the graph of a linear map. This linear map, if it
exists, is an extension of 7.

Proposition 2.103 et 2" and ¢ be normed spaces. A linear map 7 : D(T) - %
is closable if and only if

D(T)>x,—-0 and Tx,—y implies y=0.

Namely,
(xna Txn) = (an)
implies y = 0.

Proof. The conditions
X, >0 and Tx,—y

amount to the condition that (0,y) € G(T'). Thus, we need to prove that T is closable
iff (0,y) € G(T) implies that y = 0.

We have all the pieces: T is closable if and only if G(T) is the graph of a function,
which in turn holds if and only if (0,y) € G(T') implies that y = 0. |

The following proposition shows that closed maps are not necessarily bounded.
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Proposition 2.104 Let % and %’ be banach spaces. Let T : 2 — %’ be a bounded
linear injective map. If Image(7) is not closed, then 7~! : Image(T) - Z is a
closed linear map that is not bounded.

Proof. Since D(T) is closed and T is bounded, then T is closed. It follows from
Corollary 2.102 that 7! is closed. If T7~' was bounded, it would follow from
Corollary 2.97 that Image(T') is closed, which is a contradiction [ ]

= Example 2.14 Let % = %' =C[0,1]. We define the linear operator T : 8 —~ %,

X
(TH®= [ 1.
T is injective. Its image is

Image(T) = {f €C'[0,1] | f(0) =0}.
T is closed as

(s [ £) = (£.8)  inCl0.1]%Cl0.1]

implies that g = [ f. The image of T is a linear subspace that is not closed (otherwise
it would have had finite dimension). Hence, 7!, which is given by

T—lfzfl
is closed but not bounded. "

= Example 2.15 Let % = %' = L*(0,1). Let (ag,ay, ..., ay) functions in CV(0,1).
Consider the linear operator

> a0

T= Ay (x) -—.
k=0 dxt
Its domain is

D(T)={feL*0,1)nC"(0,1) | TfeL*(0,1)}.

We will show that T is closable. Suppose that f,, -0 and T f,, — g (all limits in
L%(0,1)). Let ¢ € C3°(0,1) (a test function). Integrating by parts we find:

((vafn) = (T*(Pvfn)v

where
k

N ‘ d
T o= -1)"— .
[ kEZOﬁ( ) 5 (@)
Letting n — co and using the continuity of the inner-product:

((Pag) = (T*(p,O) =0.

Since the tests functions are dense in L?(0,1) it follows that g = 0. T is closable by
Proposition 2.103. .
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We finally arrive to the closed graph theorem:

Theorem 2.105 — Closed graph. Let % and %’ be banach spaces. A closed
linear operator T : 8 — %’ is bounded.

Comment 2.32 Closed is not equivalent to bounded in a general normed space.

Proof. 1t is given that
G(T)={(x,Tx):xc B}

is a closed subspace of % x %’. The map
m: G(T) - %l
defined by

m(x,y) =y

is linear. It is bounded because

702 (e, To) | = [ T < /x> + [ Tx]* = [ (x, Tx) .
Similarly, the map
V5 G(T) 4
defined by
4| (xvy) =X

is linear, bounded, and bijective. Hence, it follows from the open mapping theorem
that 7r; ! is bounded. Since
T=mom !

it follows that T is bounded. []

Proposition 2.106 Let %, %,,%, be Banach spaces. Let
TliD(Tl)C,%)—M@l and Tz:D(Tz)C,@—M@g

be linear operators. Suppose that 7} closable and 75 is closed. If D(7;) c D(T;)
then there exists a constant C > 0 such that

| Toxl| < € (llxl + [ Tox]) -

Proof. G(T3) is closed hence as a closed subspace of a Banach space it is a Banach
space. Consider the linear operator 7 : G(T>) - %,

7 (x, Trx) = Ty x.
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We will show that it is closed. Suppose that the sequence (x,,T>x,) converges
in G(T») and that Tjx, converges in %;. Since G(T3) is closed, there exists an
x € D(T») such that

(X0, Toxy) = (x,hx).
Since D(T,) c D(Ty) it follows that x € D(T}) and since T; is closable, the limit

of Tix, is T1x. Hence 7 is a closed operator. From the closed graph theorem it is
bounded. Thus,

|Tix] = [ Cx, T2) | < Cll (x, Tox) | = CV/ x> + | Tox[? < € (x| + [ Tox]) -

= Example 2.16 Let B =%, = %, =C[0,1]. Let T : C'[0,1] - C[0, 1] be defined
by

nf=f.
We know that 7j is closed (and in particular closable). Define 7> : C2[0,1] - C[0, 1]
by

Tf = f".
T; is a closed linear operator. By the previous proposition there exists a constant C
such that for all f € C?[0,1]:

max | (3)] < € (max| ()| + max | ()] )



