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Part 1

Functional Analysis



Chapter 1

Hilbert Spaces

In the first half of this chapter, we investigate the main properties of Hilbert spaces, e.g., the
projection onto a closed convex subspace, the characterization of the orthogonal projection
onto a linear subspace, etc. In the second part, we introduce the notion of topological dual
of a Hilbert space, and we prove the fundamental representation theorem due to Riesz. We
also present a simple characterization of Hilbert basis in terms of Fourier sums, and briefly
investigate the cardinality of such bases. In the appendix, we prove the Radon-Nikodym
theorem, we describe the structure of particular subgroups of Hilbert spaces entirely, and
we also find an orthogonal family in L? ([0, o0), du), known as Laguerre polynomials.

1.1 Pre-Hilbert Spaces

In this section, we introduce the notion of pre-Hilbert space, that is, a vector space V endowed
with a real scalar product (-, -) : V x V — R or a Hermitian product (-, -) : V x V — C.

1.1.1 Real Scalar Product

Recall that (V, +, -) is a real vector space if V' is a vector space whose field of scalars is R.

Definition 1.1 (Symmetric Form). A map B:V x V — R is a symmetric form if
B(z,y) = B(y, ) forevery z,y € V.
Definition 1.2 (Bilinear Form). A symmetric map B :V x V — R is a bilinear form if
B(ax + By, z) = aB(x, z) + fB(y, z) for every z,y, 2z € V and a, § € R.

Definition 1.3 (Positive Form). A map B : V xV — R is a positive form if the associated
quadratic form is positive, that is,

Q(z) == B(x, z) >0 for every x € V.

Example 1.1. The space
vV =C(0, 1; R)
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is a real vector space. The reader may check as an exercise that a bilinear, symmetric and
positive form defined on V is given by

B(f, 9) 12/0 f(x)g(z) dz.

Lemma 1.4 (Cauchy-Schwarz). Let B: V x V — R be a bilinear, symmetric and positive
form defined over V. For every x, y € V it turns out that

|B(x, y)|> < |B(x, )| |B(y, y)| - (1.1)

First Proof. The quadratic form @) associated to B is positive; hence
Q(B(z, z)y — B(z, y)z) 2 0,
for every z, y € V. It follows from the definition of @) that
B(z, )*B(y, y) — 2B(z, y)*B(z, z) + B(z, y)*B(z, ) > 0,
from which we infer that
B(x, x)*B (y, y) — B(x, y)*B(, z) > 0.

It is easy to see that there are only two possibilities we need to study separately:

1) If B(z, ) = B(y, y) =0, then

Bx+y,x+y) >0 = B(x,y) >0,

Bz —y,z—y) 20 = —B(z,y) 20,
and thus the inequality (1.1) is trivially satisfied.

2) If B(x, x) # 0, then we can divide the inequality above by B(z, ) and obtain the
Cauchy-Schwarz inequality, that is,

B(z, 2)B (y, y) — B(z, y)* > 0.

The opposite case (B(y, y) # 0) follows in the same way replacing x with y (and vice
versa).

Second Proof. Let us consider the second-order polynomial
R >t Q(x +ty) = Bly, y)t* +2B(x, y)t + B(z, x) € R.

The bilinear form B is positive, that is, B(x + ty, x + ty) > 0 for every t € R. A standard
argument for second-order polynomials proves that the discriminant A needs to be negative
at every t € R, which yields to the sought inequality

A = 4B(z, y)* — 4B(x, ©)B(y, y) <0.
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Remark 1.1. Let L : R> — R” be a linear map, and assume that L(e;) = x and L(es) = y.
Then
ATA e M (2 x 2, R) and det ATA = Z (ziy; — zu:)°,

1<i<j<n

i.e., it is the sum of the squared determinant of all the 2 x 2 minors of A.
Definition 1.5 (Scalar product). A map (-, ) : V. x V. — R is a scalar product if the
following properties are satisfied:
(a) (-, -) is a bilinear, symmetric and positive form;
(b) (-, -) is a positive-definite form, that is,
(x,z) >0foreveryz €V and (z,z)=0 < x=0.

Lemma 1.6 (Cauchy-Schwarz). Let (-, ) : V. x V — R be a scalar product defined over
V. For every x, y € V it turns out that

(2, y)I” < (2, 2)| |y, )], (1.2)

and the equality holds if and only if there exists X € R such that x = A\y.

Proposition 1.7. Let (-, -) : V. x V — R be a scalar product defined over V.. The map
-] : V — R defined by setting

loll = V@ @), VeV, (1.3)

is a norm, i.e., the following properties are satisfied:

(1) ||z|| > 0 for every x € V;
(2) ||x|| =0 if and only if x = 0;
(3) || x|l = |\|||lz|| for every x € X and for every A € R;

(4) for every x, y € X the triangle inequality holds true, i.e.

lz +yll < =]l +[lyl- (1.4)
Moreover, the norm ||-|| induces a distance, invariant under translations, defined as follows:
dz, y):=llz—yl, Va,yeV (1.5)

Proposition 1.8 (Parallelogram Law). Let V be a real vector space.

(a) If (-, ) : V x V — R is a scalar product over V, then

lz+l” + llz = yl* =2 (l=1* + lyll*) .~ Vo, yeV. (1.6)

(b) If || - || : V — R is a norm satisfying the parallelogram law (1.6) at every couple of
points x, y € V, then there exists a scalar product (-, -) : V. x V. — R such that
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Proof.
(a) By definition of || - | we have
lz+yl? + e —yl* = (@ +y, 2 +y) + (@ —y, z—y) =
= l2ll* +2(z, y) + llyl* + llz]1* = 2(z, y) + lyl* =

= 2[|z[|* + 2ly[I*,
which is exactly what we wanted to prove.

(b) We define a scalar product using the polarization identity, that is,

(2, y) =7 (le+yll* — llz = y|?) forevery z, y € V.

-

The reader may check as an exercise that (-, -) is a scalar product, and also that

lz]l = /(, -) for any = € V.

1.1.2 Hermitian Product

Let V' be a complex vector space, that is, the field of scalars of V' is given by C.

The definitions introduced in the previous section need to be slightly modified to adapt to
the different structure of C.

In particular, we introduce the notion of hermitian product, and we prove that the
Cauchy-Schwarz inequality still holds - as a consequence of some properties of the complex
numbers.

Definition 1.9 (Semilinear Form). A map B : V x V — C is a right-semilinear form if
B(x, ay + Bz) = aB(x, y) + BB(z, z) for every z,y, z € V and a, 3 € C.

Definition 1.10 (Hermitian product). A map (-, -) : V. x V — C is a hermitian product
if the following properties are satisfied:
(a) The form (-, -) is sesquilinear, that is, it is linear on the left and semilinear on the
right.
(b) The form (-, -) is hermitian, that is,

(y, ) = (z, y) for every z, y,€ V.

(c) The form (-, -) is positive-definite, that is,

(x,z) >0foreveryz €V and (z,2)=0 < z=0.
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Remark 1.2. If V is a complex vector space and (-, -)¢ is a Hermitian product defined over
V', we can define a real scalar product by setting

(, Jr:=Re (-, )c or (- )r:=TIm(, )c.

These scalar product are, a priori, distinct. The reader may prove that both satisfy the ax-
ioms of a scalar product, and provide an example showing that they might be very different.

Lemma 1.11 (Cauchy-Schwarz). Let (-, -) : V x V. — C be a scalar product defined over
V. For every x, y € V it turns out that

(2. )1 < |, 2)|[(y, )] (1.7)

and the equality holds if and only if there exists A € C such that © = \y.

Proof. For every x, y € V it turns out that
0< flo=2yl* = 0< lz? + Myl = Ay, 2) = Az, y). (1.8)

Assume that both x and y are nonzero vectors (otherwise the inequality is trivial), and take

(y, x)
A= .
Iyl

If we plug the value of A into (1.8), we obtain the inequality

0< ||$||2 _ |(ya 112)|7
llyll
which yields to the Cauchy-Schwarz inequality multiplying everything by ||y||2. O

1.2 Hilbert Spaces

In this section, we introduce the notion of Hilbert space, and we investigate the properties
of the projection onto a closed convex subset.

Definition 1.12 (Hilbert Space). A real vector space H, endowed with a scalar product
(-, ) : VxV — R, is a (real) Hilbert space if it is complete with respect to the metric

d(z, y) = [z =yl

In a similar fashion, a complex vector space H, endowed with a Hermitian product (-, -) :
V xV — R, is a complex Hilbert space if it is complete with respect to the metric above.

1.2.1 Projection Onto a Convex Subspace

Recall that a set C' is convex if and only if the segment between any two points z, y € C
lies entirely in C, that is,

A+ (1—XNyeC forevery A €[0,, 1].
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Theorem 1.13 (Convex Projection). Let H be a Hilbert space and assume that C # & is a
closed convex subset of H. Then there exists a unique point of minimal norm in C, that is,

JizeC: = inf .
1@ |z} = inf [ly]

Proof. Let (z)nen C C be a minimizing sequence, i.e.,

+ .
[[n|| === inf |ly] =: d.
yel

Step 1. For any p, ¢ € N, the parallelogram law (1.6) gives us the identity

2
Ty + x4

lzp = 21 = 2 (lzp* + Iz %) = 4|| ="

and the convexity of C implies that

Tp + Tq

eC.
2
By definition of infimum %Qﬂ > d; hence the inequality above yields to
2y — qlI* <2 (lzpl® + llz4]%) —4d=0(1),  asp, g— +o0,

which means that (z,)nen is a Cauchy sequence in the complete space H. Therefore x,,
converges to x in H and, since C'is closed, we finally infer that x € C.

Step 2. The uniqueness of z € C follows from a standard argument. Let (z,)neny C C
and (z,)nen C C be two minimizing sequences. Then

_Jzn itk =2n,
TN i k=2m41,

is also a minimizing sequences, which converges to some element x € C. Since both
(Zn)neny C C and (x])neny C C are subsequences of a converging sequence, the limit points
must be the same. O

Lemma 1.14. Let H be a Hilbert space, and let C # @ be a closed convex subset. The map
P:H —C, x +— P(x) = point of minimal distance from x in C
is well-defined. In particular, the map P is a metric projection (i.e., P> = P), and it is

1-Lipschitz.

Proof. The map P is well-defined as a consequence of Theorem 1.13, since it sends x € H
to the unique point P(z) € C satisfying

- P = inf ||z —y|-
lz = P(x)| = inf |z -yl

Moreover, the map P is a metric projection because it is the identity on C by definition,
and its range is C, which means that P(P(x)) = P(z) for every x € H.
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Hence, it remains to prove that P is Lipschitz-continuous of Lipschitz constant 1. We
claim that given a point x € H, the scalar product of the projection satisfies the inequality

(x — P(x), y— P(z)) <0 forevery y € C. (1.9)
If (1.9) holds, then given any two points z, y € H, we have
(x — P(z), z— P(z)) <0 VzeC,

(y—P(y),w—Py) <0 VYweCl.
If we set z = P(y) and w = P(x), then the sum of the above inequalities yields to
IP(z) = P(y)|I* < (z —y, P(x) = P(y)),

and hence we conclude using the Cauchy-Schwarz inequality (1.1). To prove the claim (1.9),
we simply notice that by convexity

Ay+(1—NP(z) € C,
which means that

lz = P(@)|* < [l = Py + (1 = NP ()] |* =
= llo = P(2) + Ay - P(2)]|I* =

= [lz = P(@)II* + X*ly — P(2)||* = 2A(z — P(x), y — P(2)).

Therefore
My = P(x)|* > 2(x — P(x), y — P(x)),

and this yields to the desired result by taking the limit for A — 0. The reader may prove
that, actually, the claim (1.9) characterizes entirely the projection onto a convex set. O

Proposition 1.15. Let E C R™ be a subset satisfying the following property:
N x € R" there exists a unique point P(x) € E : ||z — P(z)|| = 11612 |z —yl."
Yy
Then E is a nonempty convexr and closed set.

Lemma 1.16. Let H be a Hilbert space, and let E C H be a nonempty bounded subset. If
e ::inf{R>0 ‘aer : ECBR(x)},

then there exists a unique gy € H such that E C B, (zg).

Remark 1.3. Let z, y € H be any two points of H, and let » > 0 be any real number.
Then there is an obvious inclusion of balls

Ble, 0B CB | 2L [re-

T 2
yH (1.10)

2

Hint. This inclusion is clearly translation-invariant. In particular, one may assume that
x = —y, apply the parallelogram law (1.6) and conclude as follows:

Iz =zl <7 flz+al <r = |l2]® <7 = |||
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Proof. Let (rp, ©p) be a minimizing sequence, that is

neN

n—-+00
rm — T'E,

and notice that, for every n € N, we have E C B, ().
Step 1. First, we want to prove that the sequence (z,,)nen admits a limit g € H, that is,

(zn)nen is a Cauchy sequence. However this is a simple consequence of the inclusion (1.10)
mentioned above, since for every p, ¢ € N it turns out that

E C B(xp, max{ry, rq}), E C B (x4, max{ry, rq}),

and thus
E C B (zp, max{ry, r¢}) N B (x4, max{ry, r4}) C
o Tp— T
CB 71)2 q,\/max{r%,rg}— 7172 2
Consequently,
z, — 2 |7 z, — o ||
max{rf), 7"3}— A 5 1 >r2 = max{rfj, T?}—T% g 5 a1

which means that (z,)nen is a Cauchy sequence, i.e., there exists xp € H such that z,, —
rg € H.

Step 2. For every n € N we have the inclusion

EC B(In, Tn) C B(:EE, Tn + ||I - xE||)7

hence it suffices to take the limit as n — 400 to derive the result. O

1.2.2 Projection onto a Closed Linear Subspace

In this section, we prove that any closed linear subspace F' of a Hilbert space H admits a
projection map P : H — F that may be characterized via the notion of orthogonality.

Definition 1.17 (Orthogonal). The orthogonal of a subspace F' C H of a Hilbert space,
denoted by F*, is defined via the scalar product as

Ft.={xcH |(x,v)=0forevery v F}.

Theorem 1.18. Let H be a Hilbert space and let F C H be a linear and closed subspace.

(a) For any x € H there exists a unique point P(x) € F such that

— P(z)|| = inf ||lz —y].
lz = P2)l| = inf fla -yl
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(b) The map P is uniquely determined by the scalar product, that is,
P)=y < (z—y,2)=0 Vz € F.

Namely, the point P(z) € F is the projection of x € H if and only if P(x) — x belongs
to the orthogonal space F*.

(c) The map P: H — F is a linear continuous projection (i.e., P = P?).

(d) The kernel of P is the orthogonal space F+, and the rank/image of P is the space F
itself. Moreover, the Hilbert space H may be decomposed as the topological direct sum'
of F and F+.

(e) The orthogonal of the orthogonal is the space itself, that is,

(FHy' =F

Proof. The first assertion is an immediate consequence of Theorem 1.13. Indeed, for any
x € H the projection P(z) is the point of minimal norm in the affine, linear and closed
subspace F' + x.

(b) It suffices to prove that
Px)=y < z—y€c F*.

"— " : Lety= P(x). By (a) it follows that ||z — y|| = inf,eF ||z — ul; hence, for
every t > 0 and for every v € F, we have the inequality
lz =yl < I(z —y) — tv]]*.

We expand the right-hand side, and also divide both sides by ¢ (which is positive); it
is easy to see that

2(x —y, v) < tl|v]|*.
Sending ¢ to 0 (i.e., to 0 from right) yields to
(x —y,v) <0, Vv e F. (1.11)

Finally, since F' is a linear subspace, we may always replace v with —v in the inequality
(1.11); thus, we can, at last, infer that

(x —y,v) =0, Yv € F,

that is, x — y € F*.

1A topological direct sum is a direct sum H = B @ C, with the additional requirement that the map
(z,y) € Bx Cw+ x+y € H is linear, bijective and an homeomorphism.
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(c)

(d)

()

" <= " : Conversely, assume that x —y € F* and y € F. For every u € F, the
vector y — wu still belongs to F' (linear subspace); hence the orthogonality condition
implies that

lz = ull® = [z = y) + (y = w* = e = yl* + lly — ull* > [l - y|*,
which is exactly what we wanted to prove.

The map P is obviously a projection since P? = P. The linearity follows easily from
(b); indeed, it is enough to prove that

(x + By) — (aP(x) + BP(y)) € F.
For any v € F it turns out that
(a(@—P))+By—Py),v)=al@—P),v)+ By - Ply),v)=0

since both x — P(z) and y — P(y) belongs to F+. In conclusion, we prove that P is a
1-Lipschitz map, that is,
[Pz = Pyl <[l =y

The characterization (b) proves that for any z € H it turns out that z — Px € Ft
and Pz € F. Consequently, the scalar product (z — Pz, Pz) is equal to 0, and thus

|l2]|* = [Pz + (z — P2)||* = |[Pz]* + [[(ida — P)z|* > || Px]*.

In particular, for any © € H we have the inequality ||z|| > || Pz||, and this is - by
linearity of P - enough to infer that P is a 1-Lipschitz map:

Pz —Py= Pz —y) = [Pz =Pyl <z -yl

The assertion (b) proves that Px = 0 if and only if 2 € F*, and hence the kernel is
F1. In a similar fashion, one can check that the range of P is F.

General Fact. Let X be a topological vector space, and let P : X — X be a linear
and continuous projection. One may always decompose X as the direct sum of Ker P
and Ran P in such a way that the restriction of the map

Ker P x Ran P — X
(v, w) — v+ w

is a homeomorphism. The converse assertion is also true: If there is a topological
decomposition X = V & W, then there exists a linear and continuous projection
P:X—V.

Here the assumption F' closed comes into play: the orthogonal of a subspace A is
always closed, and hence it is needed for the equality to hold.

The inclusion F' C (FL)L is always true, and it is an immediate consequence of the
definition of *. On the other hand, if z € (FJ-)J', then (z, x — Pz) = 0 and

lt — Pz|>=0 = x=Px = xcF.
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1.3 Dual Space of a Hilbert Space

In this section, we investigate the basic properties of the topological dual of a Hilbert space,
and we prove the fundamental representation result known as Riesz theorem.

Definition 1.19 (Topological Dual). Let (E, ||-||g) be a normed space over a field K. The
topological dual of E, denoted by E*, is the space of all the continuous linear forms, i.e.,

E* :={p: EF — K | ¢ linear and continuous } .

The norm || - ||z induces a norm on the dual E*, which is given by

x
g+ = sup |p(z)] =sup [l )| (1.12)
lzll z<1 220 |17 B

el

One can easily check that (1.12) is the uniform norm restricted to the ball Bg(0, 1), that
is,

le@lz = [[¢ 1500 -
Proposition 1.20. Let (E, ||-||) be a normed space over a field K. A linear form ¢ : E —
K is continuous if and only if it is bounded.

Proof. This equivalence holds in a far more general setting: it is enough to require both X
and Y are topological vector spaces (see Section 4.1 for more details.)

"<=": Assume that ¢ : E — K is a bounded functional, that is, there exists a positive
constant C' > 0 such that
lp(@)| < Cllzll, Vazek.

By linearity, it turns out that ¢ is a C-Lipschitz function, i.e.
[o(z) = ()l = [e(z —y)| < Cllz -yl

and this implies also that ¢ is continuous (as Lipschitz-continuity is stronger than continu-
ity).

" — " : Assume that ¢ : E — K is continuous at x = 0. The e-¢ definition, which
works only for metric spaces, implies that for every € > 0 there exists § > 0 such that
[z]] <6 = [o(z) —0)] <,
and thus, by linearity, it follows that
[zl <6 = [e(z)| <e

In conclusion, we observe that for every x € E we have

p(x) = @s@ (5|i”> ;

€
e(@)| < il

from which it follows that
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Lemma 1.21. Let (E, || -||g) be a K-normed space. Then the topological dual E* is a
Banach space (=complete), provided that K is complete.

Proof. The topological dual is the space of linear continuous forms; hence
E*=L(E,K).

By Theorem 2.10 the dual E* is complete since the codomain K is complete by assumption.
In particular, the dual of a real (or complex) normed space is always a Banach space. [

Theorem 1.22 (Riesz-Fréchet). Let H be a Hilbert space, and let ¢ € H* be a given
continuous linear functional. Then there exists a unique element x, € H such that

(o, u) = (zp, u) for every u € H,

where (-, ) is the duality product (H*, H), and (-, -) is the scalar product in H. Moreover,
the isomorphism
H >pr—x,€H
is also an isometry, that is,
2ol = llpller-

Proof. The idea is to define a map that associated a continuous linear functional to any
element x € H, and then prove that it is an invertible isometry.

Step 1. More precisely, for any x € H we define the linear continuous functional ¢, :
H — K as follows:

wz(v) = (v, x).

Notice that ¢, is also linear in a complex Hilbert space, since the Hermitian product is
left-linear and right-semilinear, and v is on the left on purpose. By the Cauchy-Schwarz
inequality (1.1) it turns out that

o ()] < [l2[[[o]] = ll@allm~ < Iz,

and, actually, the dual norm ||| g+ is exactly equal to ||z||, as the reader may check by
herself computing the functional at v := x. The mapping

b:H— H™, b(x) = @,

is a linear (or anti-linear, in the complex case) isometric inclusion, thus we are only left to
prove that @ is surjective.

Step 2. Let ¥ : H — R be any linear and continuous nonzero functional. The kernel
Ker ) is not the whole space H, and thus the orthogonal is nonempty:

(Ker w)l #+ O

Let u € (Ker 1/))J‘ be a nonzero element, whose norm is equal to 1, and let us consider the
vector

U= <’l/)7 CC>U— <¢7 U>I € Kerd),
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as x ranges in H. By orthogonality, it turns out that

(<’(/}7 $>u - <¢7 u> €, ’LL) =0,

from which it follows that

(W, @)l = (@, w) (@, 0) =0 = (b, ) = (o, W W u),

which means that the mapping ® is surjective:

zp:@(mu).

1.4 Hilbert Sums and Orthonormal Bases

In this section, we introduce the notion of orthonormal system in a Hilbert space, and
characterize maximal orthogonal systems in terms of the Perseval formula.

Definition 1.23 (Summable Collection). Let X be a topological vector space. A collection
of elements {x)\}rep C X is summable, with sum S, if, for every U C X neighborhood of
the origin, there exists a finite subset A C A such that

VB: ACBCAand |B|<oo = §— ) xyel.
AEB

Definition 1.24 (Orthonormal System). Let H be a Hilbert space. A collection of elements
{ex}rea C H is an orthonormal system for H if, for every pu, v € A, it turns out that

(ew el’) = 6:“‘71,.

Proposition 1.25. Let H be a Hilbert space and let {ex}rxea C X be an orthonormal
system. The following properties are equivalent:

(a) The system {ex}rea is mazimal, that is,

(er,z) =0 VAeA = z=0.

(b) The system {ex}rca is complete, that is,

Span {(ey : A€ Ay =H.

(¢) Every element x € H is equal to the sum of its "Fourier coefficients”, that is,

r= 5 Trex,

AEA
where xy := (z, ey).

(d) The squared norm of = is equal to the (*-norm of its "Fourier coefficients”, that is,

2> =" sl = [xallea)- (1.13)
AEA
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(e) For every x, y € H, the following identity holds true:

(JZ, y) = Ziﬂ)\yx

AEA

Proof. The argument presented here is rather simple, and there are no important ideas
behind; we divide it into five steps, to ease the notation for the reader.

Step 1. Suppose that {e)}rca is not a complete orthonormal system, that is, the linear
span is not dense in H, that is

Span(ey : A€ A) # H,

and let us prove that {e)}rea cannot be a maximal system. The orthogonal is nonempty

(Span(e)\ A C A>)L + o

since the closure of the linear span is a closed linear subspace of H, and the point (e) of the
Theorem 1.18 asserts that N

(FY)” =F.
In particular, there exists x # 0 in the orthogonal of the linear span of the family {ex}xea,
that is, an element of H such that

(z, ex) =0, VA eA,

which means that the collection {ex}rea U {x/| x|} is strictly bigger than {ex}rea, and
hence {ey}rea is not maximal.

Step 2. Suppose that {ex}aeca is a complete orthonormal system. For any finite subset
B C A we consider the linear span

Hp :=Span{ey : A € B),

which is a finite-dimensional subspace of H, linearly homeomorphic to C* (or R™, if H is a
real vector space), for some n € N.

In particular, the subspace Hp is closed and complete with respect to the induced metric;
it follows from Theorem 1.18 that there exists a projection Pg : H — Hpg, which is defined
by

Pg(x):= Y xxex € Hp. (1.14)
xeB

Indeed, one can easily check that this is the (unique) orthogonal projection onto a linear
subspace since it satisfies the orthogonality criterion given in the theorem above. More
precisely, it is enough to prove that (1.141) satisfies the following property:

A€ B = (x— Pp(x), ex) = (z, ex) —a\ =0.
Consequently, for any finite subset B C A, there is a well-defined distance function

Tr — E I ex

AeB

d(z, Hp) = = ||z — Pp(z)||,
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and the assumption {e)}rca complete implies that
inf d(x, Hg) =
sl o Ho) =0

or, equivalently, that for any € > 0 and any x € H there exist By C A finite such that

Tr — E I\ €Eexn

AEBy

< €.

Moreover, for any finite subset C' such that By C C' C A, the inequality above is still true,

that is,
T — Z I\ €N
reC

<€

since the distance decreases as the finite subset of A gets bigger (recall that the projection
gives the point of minimal norm). In conclusion, from the simple identity

Xr — E ) €exn

AEB

2
d(x7 HB)Q =

it follows that
{ex}ren is complete «<— (1.13) <= z = Z%\@/\-
AEA

Step 3. Let z, y € H. The Perseval identity (1.13) implies that

lz +tyll> =D Iz +ty, en),
XeA

from which it follows that

(w, y) +ty, 1) =2t Y zxya.
AEA

In conclusion, it is enough to choose ¢ := (x, y) for the identity above to become the so-called
generalized Parseval formula, that is,

(337 y) = Zﬂf,\y,\-

AEA
Step 4. We argue by contradiction. Suppose that {e)}rea is a non-maximal orthonormal
collection. In particular, there exists x # 0 such that
(z, ex) =0, YAeA
The norm ||z|| is different from zero, but from the Perseval identity (1.13) we obtain

2> =Y leal =0 = Jlall =0,
AEA

and this is the sought contradiction. O
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Proposition 1.26. Let H be a Hilbert space and let {ex}xrea be an orthonormal system.
Then there exists a complete orthonormal system {€\ }aeas, which is not necessarily unique,
extending {ex}rea-

Definition 1.27 (Hilbert Basis). An orthonormal system {e)}xea in a Hilbert space H is
a Hilbert basis if it is maximal.

Theorem 1.28. Let H be a Hilbert space, and let {ex}xen and {f.}uea be two Hilbert
bases. The cardinality is the same, that is,

Al = A,

and it is usually called Hilbert dimension of H in the literature.

Proof.

First Case. If {e)}rca is a finite-cardinality basis, then the thesis is trivially true since
H is either isomorphic to R™ or C™ for some n > 0.

Second Case. Suppose that {e)}rca is an infinite basis of H, that is, we have |A| > N,.
We consider the rational linear span

D :=Spang (ex : A€ A),

and it is immediate to see that by definition D is dense in H and has the same cardinality,
i.e.
Al =[DJ.
The family of open balls
{B(f,uv ]‘/2)}MEA

is necessarily disjoint, and hence, by density, one can find at least one element of D in
any such ball. It follows that |[A] > |A| and this gives us the thesis since the argument is
symmetric with respect to A and A. O

Remark 1.4. Let (2, A, u) be a measure space, with p a positive o-additive measure.
We define the usual p-summable functions space as

P (Z, A p) = {f:%—)(C ’fmeasurableand/ f|pdp<oo}.
X

It is easy to prove that this is a Banach space for any p € [1, +o00], and also that it is a
Hilbert space if and only if p = 2. In that case the scalar product is given by

(f. 9) = /% F(@)g(x) dpu(z).

If A is a set, we can consider the discrete measure (cardinality) and let A = P(A). In this
special case LP(A) := ¢,(A), which is the set of all the p-summable sequences, that is,

Z [x(A)|P < oo}.

ly (A) = {X:A—>(C
A€A
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Corollary 1.29. Let H be a Hilbert space. There exists a set A of cardinality equal to the
Hilbert dimension dimy H such that the map

is an isomorphism.

In particular, any infinite-dimensional Hilbert space H is separable if and only if H =2
¢?(N); thus there exists, up to isomorphism, only one separable Hilbert space.

1.5 Appendix

In this section, we briefly introduce some additional notions that are either interesting
exercises or useful in different courses (e.g., probability and geometric measure theory).

1.5.1 Radon-Nikodym Theorem

Definition 1.30 (Absolute Continuity). A measure v is absolutely continuous with respect
to a measure p, and we denote it by v < p, if and only if every

w(A)=0 = v(A)=0.

Theorem 1.31 (Radon-Nikodym). Let pu and v be bounded and positive measures defined
on a o-algebra F of a set 27, and assume that v < p. Then there exists a unique’ summable
positive function f € LY (2, u)* such that fu € LY (2, p) and

/ u(z)dv(z) = / f(@)u(z) dp(z), Yu e L' (v).
x X

Moreover, the same statement holds true if we replace L*(2°, p) with L*(Z, i), and the
function f is unique, provided that it is p-almost everywhere 0 in any v-null set.

Proof. The measure p + v is finite since p and v are both finite measures. It follows that
there is a chain of inclusions
L*(p+v) = L'(p+v) = L'(v),

where the last one is due to the fact that v < p. Indeed, if we consider v € L'(u + v), then

/% v(z)dv(z) < 400

since p(A) = 0 implies v(A) = 0, and thus (u+ v)(A) = 0, which means that p+v < p. In
a similar fashion, there is another chain of maps

o fd
f=fg fdp

L(p+v) = L'u+v) 5 L'(p) R,

1
2Here the reader needs to be careful. The space L!(u) is used in these notes either as L (u) or LY (w) ~
where f ~ g if and only if f(z) = g(z) almost everywhere. In this case, the uniqueness is intended as
equivalence class.
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but, in general, ¢ is not an inclusion. In particular, the functional

L*(u+v)s fr /% flx)du(z) eR

is bounded and linear, and thus by Riesz Theorem 1.22 there exists a unique element g €
L?(u + v) such that

[ u)dnte) = [ u@g@)ain+ (e,
x x
or, equivalently, such that
[ 1= s@lu@due) = [ utwig(e)dvio).
x X
Let u(z) := xg<o(x) be the characteristic function of the set {x € X | g(z) <0}. Then

/ 1 — g(a)] u() du(z) > / u() dpu(z) > 0,
X

x

/ u(@)g(z) dv(z) <0,
X

and therefore {x € X | g(z) <0} is a p-null set and, in particular, a v-null set. Equivalently,
if we let ue(z) = Xg>14¢(x), then

/ 11— ()] () du(z) <0,
X

/% u(z)g(z)dv(z) > / u(z)dv(z) > 0,

X

implies that {g > 1+ €} is a p-null set for any € > 0. In particular, {x € X |g(z) > 1} isa
p-null set, and thus a v-null set, that is,

0<g(z) <1, for v-almost every x € X.
For any n € N and for any u € L'(v)T, the function
(u(m) A n) ’
g(x)

where A denotes the minimum, belongs to L*°; thus

[ =g (55 an) auw) = [ (45 An) atyavio)

and applying the Beppo-Levi property we obtain

/% f(@)u(z) du(z) = /% u(w), dv(a),

where (@)
g(x
J@) = 2D
1—g(z)
In conclusion, let u € L'(v) and decompose it as the sum of the positive part and the
negative part, i.e. ©u =u" —u~, and apply the argument above to both addendum. O
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1.5.2 Subgroups of a Hilbert Spaces

Let V' C R™ be an additive, closed and connected subgroup of R™. The first goal of this
section is to prove that V is a linear subspace of R™.

Definition 1.32 (Discrete). An additive subgroup G of R™ is discrete if it is generated by

m < n linearly independent vectors.

It follows that every additive subgroup V' C R”™ that is not the linear span of m linearly
independent vectors is dense and, since it is also closed, equal to R™. Therefore, the only
nontrivial V' are the following ones:

(1) V is a point, ie., V ={(0, ..., 0)}.
(2) V is aline, i.e., V = Span (e1);

(3) V is a plane, i.e., V = Span (e1, e2);

(4) V is a k-hyperplane, i.e., V = Span {(eq, ..., ex)
(5) V is a hyperplane, i.e., V = Span{ej, ..., ep_1);
(6) V=R"

It is straightforward to prove that these are all linear subspaces of R™ and, as an immediate
consequence of the criterion mentioned above, they are the only ones additive, closed and
connected.

Hilbert Spaces. The primary goal is to prove an analogous result that characterizes, in
a certain sense, the additive closed connected subgroups G of a Hilbert space H.

Lemma 1.33 (Generalized Parallelogram Identity). Let H be a Hilbert space, and let
T1, ..., Ty be elements of H. Then

2
n

SR em| =2 Nl (1.15)
j=1

ee{0,1}m ||5=1

Lemma 1.34. Let G C H an additive subgroup of a Hilbert space H. Suppose that G is a
lattice generated by a finite number of elements with norms ||g;|| < 1 fori=1, ..., n. Then
G is a v/n-net in his linear span, that is,

G is a v/n-net in Spang (g1, ..., gn)-

Proof.

Step 1. We claim that all the elements of the rescaling 27! - G are distant, at most, /n/2
from any other element of G. In fact, given x € 27! - G we may always assume - up to
translations - that it is given by a reduced sum

k
1
T=3 ;gi for some k < n. (1.16)
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More precisely, the point x is the center of the fundamental parallelogram associated to the
generators of the lattice with nonzero coefficients in (1.16). Hence (by the parallelogram
identity) the distance between z and any vertexes y € G is less than or equal to v/k/2, which
can be estimated by /n/2.

Step 2. The idea is to iterate this process and conclude with a density argument. For
every m € N, the subgroup 277! . G is distant at most Qm% from 27™ - G. Thus, any
element of the union

YUzm-g (1.17)

meN

is, at most, distant \/n from any element of G since

—+oo
o=
m=1

The proof is now complete since the union (1.17) is a dense set in H, as the reader may
check as an easy exercise. O

We are finally ready to state the main result of this section. Namely, a sufficient condition
for an additive closed connected subgroup G C H of a Hilbert space to be linear, is that G
is arc-wise connected by a-Hélder arcs for o > 1/2. The reader should notice that it is not
a necessary condition by any means.

Theorem 1.35. Let G C H = (?(N; R) be an additive, closed and connected subgroup of
H.

(a) There exists a nonlinear subspace G that is arc-wise connected by 1/2-Hdlder arcs.

(b) If G is arc-wise connected by a-Holder arcs, and o > 1/2, then G is a linear subspace.
Proof.

(a) Let H := L?([0, 1]) and let G := L% ([0, 1]; Z). It is an easy exercise to show that G
is an additive, closed subgroup of H. Given f € G, the arc defined by

fl@) ze€]o,t

x € [t, 1]

Y(t) := fXxjo,4q =

takes values in G, and its extremal points are v(0) = 0 and (1) = f. Then

I (®) = 1) 2o, 1p < / (@) de,

but we cannot conclude that v is 1/2-Hélder because f is not - a priori - in L*([0, 1]).
We consider a reparametrization

[0, 1] — [0, 1+ [I£[I72 (0, 1)
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defined explicitly by setting

a(t) ::t+/0 |f(2)]? da.

It is easy to prove that o is continuous, increasing (strictly) and bijective; thus

(&) = v()2 < lo(t) — o (s)] /2,

which means that the composition yoo 1! is a 1/2-Hélder path, and yet G is nonlinear.

(b) Suppose that G is arc-wise connected by a-Holder arcs for some « > 1/2. It follows
from Lemma 1.34 that the lattice generated by n vectors g1, ..., g, € H, with norms
llgr]l < 7, is a ry/n-net in their linear span. Therefore, if v : [0, 1] — G is an a-Holder
path, for any n € N, the n elements

k+1 k
gk,n::'}’(—*—)_’y()Gg, k‘=0,...7n—1,
n n

form a Cn'/2~“net in their linear span. Since G is closed this implies that it is a

cone, and hence a linear subspace.

1.5.3 Laguerre Polynomials

Let A be an alphabet. Given a finite word formed by (ni, a1), ..., (nk, ag) € Nx A, a
natural question would be how many anagrams of this word can we find, and how many”
of them have no fixed points? Recall that, if n := ny + - - - 4+ ng, the number of anagrams is
given by

n!

G(nl, ey nk) = m’

and thus we can immediately infer that F(nq, ..., ng) < G(ny, ..., ng).

2-words. The first nontrivial case is given by an alphabet made up of two letters. Clearly,
if ny < ng or ng < nj every permutation (=anagram) of the word has at least a fixed point,
therefore we can assume that ny; = ny. In this case, the problem admits one and only one
solution (replace each a; with as, and vice versa). In particular, we have a orthonormal
basis, that is,

F(n, m) =6y m.

General Case. If k is arbitrary, the question becomes much harder, and there are two
possible approaches; here we give an idea of the first method, and we investigate the second
one entirely.

3We denote by F(n1, ..., ng) the number of anagrams with no fixed points.
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First Approach. Let k > 1, a = (ay, ..., a;) € N¥ and let D(a) := F(ay, ..., ag).
Then )
D(a)z® = )
a%,c 1= s(S]=1) HieS i
where S ranges over all nonempty subsets of {1, ..., k}, and 2% := 27" ... 2%,

Second Approach. Let A denote an arbitrary alphabet, and suppose that the words
have length n. Consider a set of indices I = {1, 2, ..., n}, and let A be the set of all the
permutations, whose cardinality is thus given by

n!

Al =

———  whereny +---+ng =n.
’I’Ll'ng' nk'

For any J C I, consider the set of all permutations fixing J
Ay ={o €6, |JCFix(o)},
and notice that the cardinality is given by

[\ J|!
HAeA ‘IA \ J>\|!7

where I = o~ 1()\) and Jy = o~ 1(\) N J. Since

|As| =

AyNAg = Ajuk,

the inclusion-exclusion principle gives us a formula for Ag (the set of permutations with no
fixed points), i.e.

[Aa| = Al =D Al + D lAin 4y == 3 (-1 |4y

icl i<j JCI

Using the explicit formula for the cardinality of A; and the obvious equivalence

P(I) «— [[ P(1),

AEA

we find that, if we set K := I, \ Jy, then

_ Sl A D ANADE
Ael= 2 R LA

- I RUNRINIRONLSL
Ken%m( ! T (5l

At this point, we want to find a way to "implement" the following identity:

I > coni= 3 I a6).

AEA JEX BETT, X AEA
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where ¢(-, —) is any function defined on A x (IT,c, X»). By Euler formula, it turns out

that oo
m! :/ zMe " dx,
0
and hence
—1)Hal=1Kx] oo
EF DY [H ()|K| w2 le™ da =
Ke[l, PIy) Laea Al 0
oo 1)Ial=1K |
s e
O | keru |K>‘|
If we set dp := e~ dx, then
o [ IRNINEEN
el = [T 3 S duto) =
0 |'X KeP() Al

- NEXRE

where P,, is the polynomial defined by

Since F(m, n) = d,, n, then

/P (2)du(e) =0,  Vn£m,

thus {P, }nen is an orthogonal family in L? ([0, o), du) and they are called Laguerre
polynomials.

1.6 Exercises

Exercise 1.1. The locus of the zeros of a quadratic form Q(xz) = B(z, x), which is usually
denoted by Z(B), is a linear subspace of V.

Exercise 1.2. For any x, y € R™ the Cauchy-Schwarz inequality holds, i.e.

(£4) (59)- () =0

Moreover, the following equality is satisfied

<Z%2> (Z%Q)—(szyz) = Z [xiyj_xjyi]27

1<i<j<n

Exercise 1.3 (Open Problem®). Let H be a Hilbert space, and let C C H a subset together

4This problem is likely still open in some sense, but I am not certain about this.
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with a projection P : H — C such that P is continuous and ||P(z) — z|| = infycc ||z — v
Then C is convex.

Exercise 1.4. Let pu be a measure over I C R (e.g. R, RT, a bounded interval, etc..).
When the polynomial in C[z] are dense in L?(1, u)?

In affirmative cases, prove that the Gram-Schmidt algorithm produces a orthonormal
basis of polynomial such that P, has degree n.

Exercise 1.5. Let H be a Hilbert space and assume that £ C H is bounded and nonempty.
In the setting of Lemma 1.16, the following properties holds true:
(a) If F is also convex, then g belongs to E.

(b) Both zg and rg depend continuously (actually, 1-Lipschitz) on the sets (with respect
to the distance H), that is

lzg —2p|| < du(E, E'), lre —re| < dy(E, E').

Exercise 1.6. Let H be a Hilbert space, and assume that & C H is bounded, closed and
nonempty. The Hausdorff distance is given by

du(E, E') = ||dg — dg/ ||,

where dg is the usual distance. In a Banach space, since we cannot assume that the distance
is a bounded function, we can define the Hausdorff distance as

du(E, E') = [(dp = [|l2[)) = (dzr = |z])l]oo-
In particular, we defined a map
Eec€B(H):={ECH : E+# @, FE bounded and closed} — dg — ||z|| € C,(H; R)
and B(H) is a complete metric space with the Hausdorff distance. Prove that

ECr-B(0,1)+ E'

dy(E, E') <r <
w(B E)sr {E’CT-B(O71)+E.

Exercise 1.7. Let H := L? ([0, 1]). Find the projection over the following convex subspaces:

(a) C=DB(0,1);
(b) C={feH: f>0ae};
(c) C=B((0,1); L>).



Chapter 2

Banach Spaces

In this chapter, we generalize the concept of Hilbert space when a scalar product inducing the
norm does not exist. More precisely, we introduce the notion of Banach space, and describe
the main properties (e.g., completeness) of the space of all linear operators between two
Banach spaces

2.1 Definitions and Elementary Properties

Definition 2.1 (Norm). Let X be a (real or) complex vector space. A norm is an applica-
tion || - || : X — R satisfying the following properties:

(a) The norm is always positive and equal to 0 only for = 0, that is,

||z|]| > 0 for every z € X and |z||=0 < 2 =0.

(b) The norm is positively homogeneous, that is,

IAz]| = |Al|lz]] for all A€ C and z € X.

(c) The norm satisfies the triangular inequality, that is,
= +yll < llzll +[lyll for every z, y € X. (2.1)

Remark 2.1. Any normed space (F, || - ||g) is also a metric space. Indeed, it is straight-
forward to check that the mapping p: X x X — R, defined by

plx,y) = |lz -yl

satisfies the conditions (a)-(c) introduced in the previous definition. The opposite implica-
tion is false, that is, a metric space is generally not a normed space.

Proof. The first assertion is evident. To find a metric space which is not a normed space,
the reader may consider a bounded metric d on a topological space X. O
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Definition 2.2 (Banach Space). A normed space (B, || - ||p) is a Banach space if it is
complete with respect to the induced distance p.

Definition 2.3 (Seminorm). Let X be a complex vector space. A seminorm is a mapping
p: X — R satisfying the following properties:

(a) Positive, that is, p(z) > 0 for all z € X.
(b) Positively homogeneous, that is p(Az) = |A|p(z) for all A € C and z € X.
(c) Satisfies the triangular inequality, that is

Pl +y) < ple) +ply) for every z, y € X. (2.2)

Remark 2.2. Let (X, px) be a seminormed space. The map ps : X x X — R, defined by
setting
ps(,y) = px(z —y),
is a pseudometric on X, that is, a positive function satisfying all the properties of a metric,
except
x=y < ps(z,y)=0.

In general, if (X, ps) is a seminormed space, then the topology induced on (X, ps) is not
Hausdorff, that is, the points are not separable since p,(z, y) = 0 does not imply = = y.

Example 2.1. The reader may check that L? ([0, 1]), endowed with the seminorm

pa(f) = / (@) de,

is not a Hausdorff space. The reader may jump to Exercise 3.2, where we investigate this
property more in-depth.

Theorem 2.4. Let (X, |- ||) be a normed space. The following are equivalent:

(a) The space X is complete with respect to || - ||.

(b) Every absolutely converging series

D llzall < oo

neN
is convergent, that is,
n
3 : — = 0.
reX ngr}rloo ka T 0
k=0
(c) Every absolutely convergent geometric' series
D llanll < o0
neN
is convergent, that is,
n
3 X . 1l - =0.

!Definition. Let (X, |- ||) be a normed space. The series Y, xn is geometric if ||z, || < 27" for every
n € N.
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Remark 2.3. Let (X, d) be a metric space. If (z,,)nen is a Cauchy sequence, and (2, )ren
is a subsequence converging to some xz € X, then (z,,)nen also converges to .
Proof. The triangular inequality implies that

(X, ) < d(Xn, Tn,) + d(@n,, T),

for every n € N. Since (x,,)nen is a Cauchy sequence, there exists a natural number N; € N
such that
d(xpn, Tm) <e, Vn, m> Nj.

In a similar fashion, the subsequence (x,, )ken converges to z, and hence there exists a
natural number Ny € N such that

d(xn,,, ) <e, Vng > No.
In conclusion, if we let N := max{Nj, Na}, then it turns out that
d(zn, ) < 2¢, Vn > N,

that is, x,, = = as n goes to +oc. O

Proof of Theorem 2./. The assertion "(b) = (c)" follows directly from the definitions;
therefore we only show the remaining two implications here.

"(a) = (b)" Suppose that X is complete, and let (z,,)nen be an absolutely convergent

sequence, that is,
Z |zn |l < oo.
neN

If we denote by (Sk)ken the sequence of the partial sums, i.e.

k
Sk = E Ty,
n=0

then the thesis is equivalent to the existence of S € X such that

k
Skﬂmg.

By completeness, it is enough to prove that (Si)ren is a Cauchy sequence in X. But this
follows easily from the following estimate:

J
>
n=k

1S; — Skll =

J
< Z |z || = o(1), for k, j — +o0.
n=~k

"(c) = (a)" Let (z)nen be a Cauchy sequence in X. A standard argument implies
that there always exists a subsequence (2, Jken C (Zn)nen such that

H‘T"k+1 - InkH <27*
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Let (yx)ren := (UanJrl — x”k)keN' Clearly, the sum
Sk = Zyk
keN

is an absolutely convergent geometric series, and thus by assumption it converges to a certain
element S € X. On the other hand, we have the identity

xnk_H = Tn, + Sk7

and therefore there exists z = x,, + S € X such that

k— oo
Ty, —— .

In particular, we proved that a Cauchy sequence (z,)nen always admits a converging sub-
sequence. By Remark 2.3 we finally infer that (z,)nen converges to x as well, which means
that X is complete. [

Proposition 2.5 (Bounded Functions). Let S be a set, and let (X, || - ||x) be a Banach
space. The space of all the bounded functions with values in X, denoted by

(B(Sv X)7 ” ' Hoo,S)a

is complete with respect to the uniform norm.

Proof. Let (fx)ken C B(S; X) be a sequence such that

> Ifilloo, s < oo

keN

For every s € S, it turns out that

Do) x < D I frllso,s < o0,

keN keN

and thus (by completeness) the series >, . fx(s) converges in X. For every s € S it turns

out that
> fils)

keN

< S Iis)lx < .

X keN

and hence the map

+oo
F:5—X, 3»—>ka(3)
k=0

is a bounded function. In conclusion, we notice that the convergence is uniform since

N +oo
F=Y fi = > £ < D fkllee,s = 0(1)
k=0 oo, s k=N+1 o g k=N+1

for N = +00, and this is enough to conclude the proof. O



35 2.1. DEFINITIONS AND ELEMENTARY PROPERTIES

Remark 2.4. Let E be a topological space. The inclusion

(CF (B X) I lloo) € (B(E; X), |- [loo)
is closed. Therefore, the space CP (E; X) is complete as a corollary of Proposition 2.5.
Proposition 2.6. Let X be a topological space, and let u be any reasonable measure on a

o-algebra F of X. The space of all u-summable functions, denoted by L*(X; p), is complete.

Proof. Let (fx)ren C L*(X; p) be a sequence such that

Z kaHLl(X; ) < 00,

keN

and let us define

gu(@) =Y |fu(@)l,  ¥neN.
k=0

Clearly (gn)nen is an increasing sequence of positive and measurable functions; thus the
Beppo-Levi? property implies that

+o0 too
> illrcei =l | @@ = [ (ka@m) du(a),

k=0

that is, the series >, |frx(x)| converges p-almost everywhere. But R is a complete space;
hence the mapping

+oo
F: X —R, x+— F(x) ::ka(x)
k=0
is well-defined and, as the reader may easily check, also an element of L'(X; u) since
+oo
|F(@)] <> |ful@)| € LNX; p).
k=0

In conclusion, we observe that

N
F_ka S Z ||kaL1(X;;1,):O(1)a
k=0 LY(X; ) kE>N+1
for N — +00, to infer that the convergence is uniform. O

Remark 2.5. In a similar fashion, one can prove that LP(X; u) is complete for every p > 1
and any reasonable measure .

2Let (X, X, ) be a measure space, and let (fx)ren be a sequence of non-decreasing (point-wise), positive
and measurable functions. Then the punctual limit f(z) := limy fx(x) is measurable and

[aan === [ rap
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Step 1. Let (fx)ren € LP(X; 1) be a sequence such that

D filly < oo,

keN
and assume that ©(X) < oo and 1 < p < +o00. The inclusion
LP(X; p) = LHX; )

is continuous, and thus Y, fi is also a absolutely converging series in L'(X; p). It follows
from Proposition 2.6 that it converges in L'(X; ) to an element f € L*(X; u) and, up to
a subsequences, it converges to f p-almost everywhere.

Step 2. For every n € N, it turns out that

() = fu(2)] Z2E25 [ f(2) = ful2)],

and thus - by Fatou’s Lemma?® - we find that
Hf anLp X; p) < }}fgfg“fm fn”Lp X; w) *0(1)7

for n — 400, and this is enough to conclude.

Step 3. If X is a o-finite set, then we can find a p-almost everywhere converging subse-
quence and use the same argument in a exhaustion by compact sets (e.g., diagonal proce-
dure).

If X is not o-finite, it is enough to notice that the support of a LP(X; p) function needs
to be o-finite and that the countable union of o-finite sets is also o-finite.

2.2 Linear Operators between Banach Spaces

We denote the space of all the linear bounded operators L : X — Y by £(X, Y). Coher-
ently with the case Y = C, there is a naturally induced norm, i.e.

Il ecx, vy = 1Elloo, By = S L]y,

|zl x <
where By is the closed ball of X, centered at 0 with radius 1.

Definition 2.7 (BL Operator). Let L € £(X,Y) be a linear operator. We say that L is
bounded if
1Ll 2(x, vy < +oo,

that is, if the set L (By) is bounded as a subset of Y.

3Let (X, ¥, ) be a measure space, and let (fi)ren be a sequence of positive and measurable functions.
Iff(x) := liminfy fi(x), then

/fd,u<hm1nf/ frdp.
X
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Lemma 2.8. Let L € L(X,Y) be a linear operator. The following properties are all equiv-
alent:

(a) L is Lipschitz.
(b) L is continuous.
(¢) L is continuous at x = 0.

(d) L is locally bounded, that is there exists a neighborhood U of the origin whose image
L(U) is bounded inY.

Proof. The only nontrivial implication is (d) = (a). First, we notice that for a locally
bounded linear operator L there are positive constants r, s > 0 such that

L (BX(O7 r)) C By (0, 5). (2.3)

Let € X be a point. The inclusion (2.3) implies that

Lz = ML (ﬁ) = My for some y such that ||y|| < s,
T x T

from which it follows that
Lx —||z]|.
r

In particular, the operator L is Lipschitz, and the Lipschitz constant is exactly equal to the
operator norm ||L||z(x,y) introduced above. O

Proposition 2.9. Let L1, Ly € L(X,Y) be linear bounded operators, and let A € K be an
element of the scalar field. The following properties hold true:

(a) Li+ Ly e E(X, Y)
(b) AL, € L(X,Y).

(c) If L1, Ly € L(X, X), then both L1Ly (=Ly o Ly) and LoLy (=Ly o Ly) belong to
L(X, X).

Theorem 2.10. The space L(X,Y) is Banach, provided that Y is a Banach space.
We now present two similar arguments to prove that the space £(X, Y) of linear and

continuous function is complete. We will see that the completeness of Y plays a fundamental
role in both.

Proof 1. The main idea behind this argument is to employ the completeness of the space
B(S, Y) with respect to the uniform norm, choosing S to be the unit closed ball of X.
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Step 1. The embedding
(LECY) N leew) = (BEBX V). |- lloo) -

defined by sending L to its restriction to the unit ball L |§, is continuous since

1L | lloe = LMl 2, v)-
In particular, it is an isometric embedding. Therefore, if we can prove that
L(X,Y)CCYHX,Y)

is a closed inclusion (even with respect to the pointwise convergence), then we can infer that
L(X,Y) is complete as a result of Remark 2.4.

Step 2. Let (Ly)neny C L(X,Y) be a sequence of linear and continuous operators con-
verging to a bounded continuous application L € CP(X, Y), that is,

Ln(z) 222 L(z) forall z € X.

The sequence given by the restrictions to the closed unit ball (Ln |E> converges uni-
neN

formly to the restriction L |§, which is bounded by Lemma 2.8.

Step 3. It follows that the operator L is linear (by definition) and with bounded restriction
to the unit closed ball. On the other hand, the operator norm is equal to the uniform norm
of the restriction, and hence L € £(X, Y), that is,

12 L(X,Y) = CY(X,Y)

is a closed inclusion, and this concludes. O]

The previous proof is simple, but it exploits the completeness of another function space;
here we give a slightly different proof of Theorem 2.10, which shows more explicitly what
happens.

Proof 2. The space of all the linear continuous operators £(X, Y) is a normed vector space,
as it follows immediately from Proposition 2.9.

Step 1. Let (L,)neny C L(X, Y) be a Cauchy sequence, that is, | L, — L, || — 0 as n, m —
+00o. The thesis is equivalent to the existence of a bounded linear operator L € L(X,Y)
such that

|Ln — L] == 0.

Indeed, for every = € X, it turns out that

n, m—-+00

H(Ln—Lm)x”y <Ly — Linllllz| x 0,

and thus the sequence (L, z)nen C Y is a Cauchy sequence in a complete space. In partic-
ular, there exists an element y € Y such that

n=Aoo ).

[ Lnz = ylly
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Step 2. Let us define L as the pointwise limit of the sequence L, that is,

The operator L : X — Y is clearly linear. Furthermore, by Lemma 2.8 it suffices to show
that L is bounded to infer that L is continuous. Using the fact that (L, )nen is a Cauchy
sequence, it follows that sup,,cy || Ln| < oo, and thus

| Lz|y = lirf |Lnzlly < K|z|x, forallze X,
n—-—+0o0

that is, L € L(X, Y). O



Chapter 3

The Hahn-Banach Theorems

In this chapter, we are concerned with the various statements of the Hahn-Banach theorem.
In the first half, we prove the analytic form: FEvery functional defined on a linear subspace
of a vector space may be extended (not uniquely, in general) to a linear functional, provided
that there exists a particular function p.

In the second half of the chapter, we prove the geometric weak (strong) form: Two
subsets A, B C X, satisfying certain assumptions, of a (locally convex) topological vector
space X may be (strictly) separated via a closed hyperplane.

3.1 The Analytic Form of the Hahn-Banach Theorem

Theorem 3.1 (Hahn-Banach, analytic form). Let X be a real vector space and letp : X —
R be a sublinear function, that is, a function satisfying the following properties:

1) p(Azx) = Ap(z) for every x € X and every positive A € R.

2) p(z +y) < p(z) +p(y) for every z, y € X.

Let G C X be a linear subspace of X, and let g : G — R be a linear functional such that
g(z) <plz), Yz eG.

Then there exists a linear functional f : X — R, which extends g, satisfying the following
property:
f(z) < p(x) Ve X.

Proof. Let us consider the family

Y is a linear subspace of X,
F:=<h:Y —R | hislinear, G CY, h extends g,
and h(z) < p(z) for every z € Y
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A standard argument proves that
h1 < hy < Y; CY;5 and hy extends hy

is a partial order relation on F. The reader may easily check that the family F is nonempty
(since (g, Y) € F) and that it is inductive. Indeed, let {h;};cr C P be a totally ordered
chain. If we set
Y = U Y;, h(z) = hi(x) if z €Y; for some i,
i€l

then it is easy to prove that (h, Y) is an upper bound for the chain. By Zorn’s lemma, there
is a maximal element (f, Y) € F: If we can prove that Y is equal to X, then the functional
f X — R will be the sought one.

We argue by contradiction. Suppose that there exists an element xg € X \ Y, and let us
consider the linear space Z :=Y @ Rxg. For every (z, t) € Y x R, we also define

h(z + tzg) = f(z) + ta,

where the constant o € R (=h(0, z¢)) needs to be chosen in such a way that (h, Z) € F. It
suffices to take any o € R among the real numbers satisfying the inequality

sup [f(y) — p(y — zo)] < a < inf [p(z +20) — f(2)]. (3.1)
yey TE

It is easy to prove that such an o must exist. Indeed, the subadditivity of p yields to
flu+v)=f(u)+ f(v) <plu+v+xzo—x0) < plu—2x0) +p(v+a0) foralu, vey,
which, in turn, implies
fw)—plu—x9) < —=f(v) +plv+xz) forevery u,veY.

It follows from the completeness of R that the set defined by the left-hand side and the set
defined by the right-hand side are necessarily separated by an element, and hence such an
a exists. It follows from (3.1) that for every x € Y we have

f(@) +a < p(z+z0)

f(@) —a <p(x =),

and, multiplying both by ¢ > 0, if we set y = tx, then we obtain
f(y) +ta < p(y + txo)

f(y) —ta < p(y — two).

The second inequality, for ¢ < 0, can be easily rewritten as

f(y) = (=t)a <ply — (=t)xo) <= f(y) + b < p(y +txo) for t <O,

which yields to
flz) +ta <p(z+txg) forallteR.

In particular, the map h extends f and it satisfies the inequality A < p; hence (h, Z) € F,
which is in contradiction with the maximality of f. O
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Notation. Let f € X* and 2 € X be given. From now on, we denote by (f, ) the value
of f at x, i.e. f(x). In the literature, the mapping (-, -) is called the duality (X*, X) scalar
product.

Corollary 3.2. Let G C X be a linear subspace, and let D := Bx(0,1). If g: G — R is

a continuous linear functional, then there exists f € X* that extends g and such that

[fllx+ = sup |g(z)| = llglle--
GND

fAS

Proof. Let us consider the function p(z) = ||g||g+||z||. The reader may check by herself that
p is positively homogeneous and subadditive, that is, for every z, y € X and A € RT it

turns out that
p(Ax) = Ap(x) = Ap(x),

p(x+y) = llglle-llz +yllx < llgle- Uzl + llyll)-
By definition, for every z € G the inequality g(z) < p(x) holds; thus by the Hahn-Banach
Theorem 3.1 there exists a functional f : X — R extending g. To prove that the norm is
preserved, it suffices to notice that

G*

lglle= < \fllx- < llpllx- = llgllc-
O

Remark 3.1 (Complex). Let X be a complex normed space, and let f : G C X — C be
a continuous linear functional, defined on a linear subspace G. Then

Ref:G—R

is a continuous R-linear functional, which is still defined on G since X is a real normed space
as well. By the Hahn-Banach Theorem 3.1 there exists a functional g : X — R, extending
Re f, such that

(9, x) < |If]
The functional f: X — C defined by setting

(7w} =g, ) = (g, 1a)

is C-linear, and, clearly, it is an extension of f. Moreover, one can check that

(Ref.x) =g, 2) < |

G* .’E”

G+ l‘” —

— % (0(F.2)) < Iflle- |l

for any 6 € C of unitary norm; hence we can finally infer that

(F.2) <lflle-lzl,  VoexX.

Example 3.1 (Extension: norm-preserving). Let (X, || - ||) be a normed space, and let
xo € X be a point. If we let G = Rzg, then the linear continuous functional g : G — R
defined by setting

g(wo) = ||l’0||2,
may be extended, via Hahn-Banach, to a continuous linear functional f € X* with the
additional properties

£l = llzoll, (£, zo) = llzoll*.



43 3.2. THE GEOMETRIC FORMS OF THE HAHN-BANACH THEOREM

Example 3.2 (Extension: unitary). Let (X, || - ||) be a normed space and let 29 € X be
a point. If we let G = Rxg, then the linear continuous functional g : G — R defined by
setting

9(wo) = ||lzo]|,

may be extended, via Hahn-Banach, to a continuous linear functional x§ € X™* with the
additional properties

lzollx- =1, (xg, xo) = [lol|.

Corollary 3.3. Let (X, ||-||) be a normed space, and let xo € X be a point. Then

|<fv .130>| .

Tol|lx = sup f ZTg)| = max
ol |\f\|x*§1‘< » 2o £l x» <1

Proof. One inequality is trivial since

sup  [{f, )| < ||z|| for all x € X.
Il x=<1

On the other hand, in Example 3.2 we have proved the existence of a linear functional
xy € X* with unitary operator norm (||z§||x~ = 1) and satisfying (z§, xo) = ||zol|; thus the
equality follows immediately by choosing f = ). O

3.2 The Geometric Forms of the Hahn-Banach Theorem

In this section, we set the ground for the statements of the geometric forms of the Hahn-
Banach theorem; namely, we briefly introduce the notion of (locally convex) topological
vector space, which is approached more in-depth in Section 4.1, and we investigate the
separation properties.

Definition 3.4 (Minkowski Functional). Let X be a vector space, and let C' C X be a
subset containing the origin. The Minkowski functional is defined as follows:

po(z) :=inf{teRY |z €t-C} €0, +oa].
Lemma 3.5. Let C C X be a subset of a real vector space X containing the origin, and let
pc be the associated Minkowski functional. Then the following properties hold:
(a) The image of X via po is bounded (i.e., p(x) < +oo for every x € X ) if and only if
C is absorbing'.

(b) If C is convex and absorbing, then the functional pc is positively homogeneous and
subadditive.

(c) If C is convex absorbing and balanced, the functional pc is a seminorm.

(d) If C is conver and absorbing, then following inclusions hold:

{pc <1} € C C {pc < 1}.

1Definition. Let C' C X be a subset of a vector space X. We say that C is absorbing if for every z € X
there exists ¢ € RT such that z € ¢ - C.
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Proof. We refer the reader to Section 4.1 for a better overview of topological vector spaces,
included the importance of seminorms via Minkowsi functionals.
(a) If C is absorbing, then for any x € X there is a positive constant r, > 0 such that
rE€r, - C,
and this implies that po(z) <1, < co. The vice versa is obvious.
(b) First, we want to prove that for all A € RT
pc(Az) = Apc(z).

There are two possible way to show this equality. The first one follows from taking
the limit as € — 07 of the trivial chain of inequalities below:

A Ax) —
pc(Az) +e > polz) > pc(Az) €
A A
Alternatively, notice that
pec(Az) =inf{t >0 : \xe€t-C} =

=inf{¢t >0 : xe%-()}:

z)\inf{§>0:m€§-0}:

= A\pc(x).
We now prove the subadditivity of pc. For every € > 0 and every A € (0, 1), it turns
out that " y
— 4+ (1=-N—=— € C,
pc(z) +e ( )pc(y)+€
since C' is convex. If we choose
— pc(x) +e 1= pc(y) +e 7
pe(w) +pc(y) + 2¢ pc(z) +poly) + 2¢
then it turns out that L
T
4 eC

pc(z) +poly) +26 ~
In particular, by definition we have the inequality

pe(x) +poly) + 26 = po(z +y),
and hence, if we take the limit as € — 0, we can infer that pc is subadditive.

(c) Recall that, if C' is a balanced set, then C = —C'. In particular, it turns out that for
all A < 0 we have

pe(Ax) =inf{t >0 : Az et-(C)} =
=inf{t>0: (-Nzet-(-C)} =

=p_c(=Ar) = —=Ap_c(v) = |A|pc(),

which means that pc is homogeneous (and not only positively homogeneous).
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(d) One of the inclusions is trivial, i.e.,
{z e X |pc(z) <1} CC.

On the other hand, notice that for a convex absorbing set C, the family {¢ | z/t € C'}
is either given by
[pc(z), +00) or (pc(x), +00).

Therefore, if pc(x) > 1, both intervals do not contain the value ¢ = 1, which means
that x cannot belong to C.

O

Theorem 3.6 (Geometric Hahn-Banach). Let X be a topological vector space, and let
A C X and B C X be two nonempty convexr subsets such that AN B = &. Assume that A
is open. Then there exist f € X* and v € R such that

fla) <~y < f(b) forallae A andb e B.

More precisely, there exists a closed hyperplane H that separates A and B.

Proof. The difference’ A — B is open since it is arbitrary union of open sets
A-B=[]JA-{},
beB
and it is also convex as a consequence of the identity
t(A-B)+(1—-t)(A—-B)=(tA+ (1 —t)A) + (tB+ (1 —t)B).

By assumption A and B do not intersect. Thus, the origin is not an element of the difference
A— B, and, in particular, given any xo € A— B, the translation C := A— B —xq is a convex
neighborhood of 0 endowed with a Minkowski functional pc.

By Lemma 3.5, it follows that po(—z) > 1 (since —xo ¢ C) and, by Hahn-Banach
Theorem 3.1 there exists a linear functional f : X — R such that

(f, —z0) =1 and f(z) <pc(z) forallr e X.
For every a € A and every b € B, the difference a — b — ¢ belongs to C', and thus
F(a) = £(b) = f(wo) < pela—b—=0) <1 = f(a) = £(b) < 0.
In particular, there exists v € R such that
fla) <~y < f(b) forallae Aandallbe B.

We now claim that f is an open mapping. If the claim holds true, then the image of A via
f is an open subset of R, and therefore f does not admit a maximum on f(A), that is,

fla) <y < f(b) forallae Aandallbe B.

In conclusion, notice that the functional f is continuous because it is linear and bounded on
a neighborhood of 0 (see Lemma 2.8), and thus the hyperplane is closed. More precisely, if
we consider the neighborhood of the origin U := C' N (—=C), then for all € U, it turns out
that

f(z)<1 and f(-2)<1.

2The difference X — Y is the collection of all the elements of the form x — y for some z € X and y € Y.
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Claim. We prove here that any nonconstant linear function f : X — R is an open
mapping, that is, the image of all open sets V' C X is open in R.

Proof. Let 2* € X be a point such that f(z*) =1, and let V' C X be an open set. Fix a
point y € f(V) and a point « € V such that f(z) = y. The continuity of the scalar product
proves that

F0>0:V|r|<d = z+rz* eV,

which means that

fl@+ra®)=y+re f(V).
In particular, the one-dimensional open ball of center y and radius ¢ is contained in the
image f(V) C R, and this is enough to infer that f(V) is open. O

Lemma 3.7. Let X be a topological vector space, and let f : X — R be a nonzero linear
functional. The following properties are equivalent:

(a) The functional f is continuous.

(b) The kernel Ker f is closed as a subset of X.

(c) The kernel Ker f is not dense in X.

(d) The functional f is bounded in a neighborhood of the origin.

Proof.

(a) Assume that f is continuous. The singlet {0} € R is closed in R; thus the preimage
f71(0) = Ker f is closed in X.

(b) Assume that Ker f is closed. By assumption f is not identically null; hence Ker f # X,
which means that it cannot be dense.

(c) Assume that Ker f is not dense in X, that is, its complement has nonempty interior.
By definition, there exist a point x € X and a neighborhood V' of the origin such that

(x+V)NnKer f=0.
In particular, the linearity of f is enough to infer that

0¢ flz+V) = fly)#—flz), VyeV

In Lemma 4.2 we prove that one can always find a V/ C V balanced neighborhood of
the origin; hence we may assume without loss of generality that V' is balanced. The
reader may prove as an exercise that the image f(V) is also balanced.

A balanced set in R is either bounded, in which case we are done, or equal to the
whole real line R, which clearly contradicts the requirements above.
(d) Assume that f(V) is bounded for some V neighborhood of the origin, that is, there
exists M > 0 constant such that |f(z)| < M for any z € V.
Let € > 0 and set W := (ﬁ) - V. Then for all y € W it turns out that
€
< — su z)| <,
£ < 57 s |f ()] <

which proves that f is continuous at zero (and hence everywhere).
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O

Lemma 3.8. Let X be a topological vector space. Suppose that C C X is a closed set and
K C X is a compact set such that K N C = &. Then there exists a neighborhood V' of 0
such that

(K+V)N(C+V)=2.

Proof. For any x € K there is an open neighborhood W, of 0 such that
(x+W,)NC =g@.

By continuity of the vector sum it follows that, for any « € K, there exists an open neigh-
borhood V,, of 0 such that V, = =V, and V, + V, + V, C W,. In particular,

4+ Vo+Vo+Vo)NC=0 = @+ Vo, + V)N ([C+V,) =0,

and {z + V, }zek is an open cover of K; thus there exists a finite subcover {z; + V; }i=1, .. &
of K. If we define
k
V=V,
i=1

then it is easy to prove that V is an open neighborhood of 0, V= -V and V4+V +V C W, .
Finally, we notice that there is an inclusion
E 2
(K+V)cJ@+Vi+V)c|J @+ Vi+ W),

i=1 i=1
and no term in the last union intersects C' 4+ V since we chose V; to ensure this property;
thus we infer that

(K+V)N(C+V) =g,

which is exactly what we wanted to prove. O

Theorem 3.9 (Hahn-Banach, second geometric form). Let X be a locally convex topological
vector space, and let K C X and C' C X be two nonempty convex subsets such that KNC =
. Assume that K is compact and C is closed. Then there exist f € X* and a < § € R
such that

fl@)<a<B< fly) forallze K and ally € C.

More precisely, there exists a closed hyperplane H that strictly separates K and C.

Proof. By Lemma 3.8 we can always find an open and convex neighborhood V of the origin,
separating K and C, that is,
(K+V-V)NnC=0.

The subset A := K+V is open and convex; thus by the Hahn-Banach Theorem 3.6 it follows
that there are f € X* and g € R such that

flz)<B<f(y) foralaxze AandallyecC,
or, equivalently,

flx) << fly) forallz € K and all y € C.

The functional f is continuous and the set K is compact; hence f has a maximum on K. If
we denote it by «, then the thesis follows easily:

f@)<a<B<fly) VeeK, Vyel.
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3.3 Appendix

In this appendix, we first introduce the notions of bidual space and adjoint operator, and
then we characterize the dual of subspaces and quotients of Banach spaces via adjoint
immersion/quotient.

In the second half, we investigate two possible completions of a metric space X. More
precisely, we prove that there exists a complete metric space X and an isometric embedding
j X — X with dense image.

In the final part, we fully exploit the tools previously introduced to find the dual spaces
of ¢o(N; C), ¢1(N; C) and 4o (N; C), and we show the relation between them. Moreover,
we use the characterization of the dual space of a quotient to prove that ¢y is not the dual
of a Banach space.

3.3.1 The Bidual Space X** and the Adjoint Operator

Let (X, || - ||x) be a complex Banach space. The topological bidual space, denoted by X**,
is the set of all the linear and continuous functionals from X* to C, i.e.

X :={p: X" — C | ¢ linear and continuous } .

The norm || - || x~ induces a norm on the dual X**, which is given by
plf
lellx- = swp_ o)l =sup i 3.2
I711x- <1 770 [ fllx-

There is a linear inclusion from X to its bidual X**, which is given by
(X - llx) 22— jo € (X, [+ 1x+)
where j, : X* — C is the valuation at the point x, that is,

<j:1:7 ) ={f, z).

This inclusion is also an isometry since (3.2) implies that

lzllx = sup [(jz, £l = sup [{f, z)| = [lz]x.
I fllx*<1 £l x* <1

Remark 3.2. If X is not a Banach space (i.e., if X is a topological vector space), then we
can still find an isometric linear inclusion.

In particular, since the dual space is always complete, the map = —— j, defined above
gives us a way to include isometrically a non-complete metric space into a complete metric
space (see Subsection 3.3.2 for more details).

Definition 3.10 (Dual Operator). Let T' € £(X, Y) be a linear continuous operator be-
tween two Banach spaces. The dual operator is the element T* € L(Y™*, X*) defined by

T(f):=foT.
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Remark 3.3. For any z € X and any f € Y™, it turns out that

(T"f, @) = (f, Tx),

where the left-hand side is the duality scalar product (X*, X), and the right-hand side is
the duality scalar product (Y*, Y). From the Hahn-Banach Theorem 3.1 it follows that

1T zeve, x+) = sup |T"f| =
Iflly=<1

= supsup [(T°f. )] =
Iflly=<1]z]|<1

= sup (T, )| = |Tllccx,v)-
]| <1

Dual of Subspaces and Quotients. Let (X, ||-||x) be a Banach space and let 2y : Y —
X be the natural inclusion of a closed linear subspace (endowed with the induced norm).

Theorem 3.11. In this setting, there exists an isometry between the dual of Y and a suitable
quotient of the dual of X, that is,

Yy = */YL, where Yl::{feX*|f|YEO}CX*,

Proof. First, we observe that the dual operator 2j- : X* — Y™ is nothing more than the
restriction map, that is,

5 (f)=Fly-
In particular, the orthogonal space of Y is also equal to the kernel of the dual inclusion,

that is,
Y+ = Ker 1y

The operator 3 is clearly linear, and it passes to the quotient. Indeed, if f & Y+ is any
element of the orthogonal, then

% (f) = fly, =0,
and thus there exists a well-defined operator 13 : X */YJ- — Y.

The operator 13- is injective by definition; hence we only need to prove that it is surjective,
that is, for any g € Y* there exists f € X* such that f |Y =g.

But, given g € Y*, the extension f € X* exists as a straightforward application of the
Hahn-Banach Theorem 3.1. Finally, it is also an isometry since

Y4y = inf Allxs = ..
If +Y*x = inf 1+ Rkl = [1f]ly

O

Remark 3.4. The subspace Y has the property of "unique extension preserving the norm"
if and only if Y+ has a unique point of minimal distance.

Let (X, || - ||x) be a Banach space and let 1y : ¥ < X be the natural inclusion of a
closed linear subspace (endowed with the induced norm).
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Theorem 3.12. In this setting, there exists an isometry between the dual of the quotient
X/Y and the orthogonal of Y, that is,

(Bn) =v-
Proof. Let my : X —» X/Y be the projection map. The dual map is given by
Y - Y ) T,
and clearly its image is equal to Y since
fomy(y) = f(0) =0, Vyey.
Therefore 7§ is a map onto Y+ and it is also injective, that is,

for=0 = f=0

as a consequence of the Hahn-Banach Theorem 3.1. In conclusion, the reader may prove
that it is an isometry as a consequence of the fact that the projection 7 preserves the balls:

7 (Bx(0, 1)) = Bx, (0, 1).
O

Example 3.3. Let C*([a, b]) be the space of continuously differentiable functions, equipped
with the norm || - ||oo + 1|02 - [lco, then there exists an inclusion

C'([a, b)) — C°([a, b]) x C°([a, b]).

The norm in the product space is given by ||(-, *)|| := || * leo + || * [lc0, and C*([a, b]) is
actually a closed subspace (Borel).

In particular, the dual of C([a, b]) may be represented through the dual of C(a, b]).
The reader may jump to Exercise 3.4 for a more detailed explanation of what happens.

3.3.2 Completion of Metric Spaces

The main result of this subsection is that every metric space can be densely embedded in
a complete metric space. Here we sketch the construction of two completion: the Cauchy
sequence one, and the Fréchet-Kuratowski one.

Theorem 3.13. Let (X, d) be a metric space. There exists a complete metric space ()?, J)

and an isometric embedding j : X — X with dense image.

Cauchy Sequences Method. Let us consider the set of all the Cauchy sequences of X,
ie.,
C :={(xn)nen C X | (zy)n is a Cauchy sequence } .
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We can always equip the set C with a semi-distance, which is defined by setting

o ((wn)nENv (yn)nEN) = nEI-&r-loo d(x'ru yn)
The map ¢ is well-defined (namely, the limit exists and is finite). Indeed, for any € > 0 there
exists a natural number N € N such that

|z —zn||<e  and  [lyn —yn| <€
It follows that

d(Tn, yn) < d(xn, on) +d(zn, yn) +dyn, yn) < 2 +d(zN, YN),

that is, (d(wn, yn) — d(zN, YN)) ey is @ Cauchy sequence in the complete space R, and thus
it converges to a finite limit. We define the completion as follows:

v _C 7_
X_/Na d_6’C/~7

where (,)nen ~ (Yn)nen if and only if their semi-distance is equal to 0. The inclusion is
clearly given by sending € X to the constant sequence, i.e.,

j:X 3z (2)nen € X.

We now prove that the image of j is dense in X. Indeed, for any (z,)nen € X and for any
e > 0, there exists N € N such that d(x,, z,,) < € for any n, m > N. In particular, we
can find a constant sequence arbitrarily near to (z,)nen, which is given by zn for some
keN.

Lemma 3.14. Let (X, d) be a metric space and D C X a dense subset. If every Cauchy
sequence in D converges in X, then X is complete.

We do not discuss this result, but we give it for granted to show that X isa complete
metric space. In particular, it is enough to prove that every Cauchy sequence in j(X)
converges in X.

Let (Yn),cy be a Cauchy sequence in j(X), and assume that ¥, is represented by the
constant (Cauchy) sequence (Yn, Yn, ...) for every n € N. Since j is an isometry, it turns
out that

AdYny Ym) = d Yn, Ym) Ym, n € N.
Thus (y1, ya, ... ) is a Cauchy sequence in X and, if we let g = [(y1, y2, ... )] be its equiva-
lence class, then we can prove that y, — y. Indeed, for any € > 0 there is a natural number
N € N such that
, Vm, n > N.

N

Ad(Yn, Ym) <

Hence, for every k > N, it turns out that

)

N

d(g. §) = lim_d(y, ya) <

and this concludes the proof of the completeness of X.
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Fréchet-Kuratowski Method. Let zy € X be a point, and let us consider the map
X3z +— O, O, (y) = d(y, ) — d(y, zo).
The functional &, : X — R is bounded
@2 (y)] < |d(y, ) — d(y, zo)| < d(x, o),
and thus the operator norm of ®, satisfies the following inequality:
192 < d(, o).

In particular, the mapping above x — ®, send points of X to bounded maps from X to
R, that is,
j:X3x— 9, € B(X; R)

and the latter is a complete space, as we have already proved in the Example 2.5.

In conclusion, the reader may try to prove that the embedding is isometric and also
densely defined as an exercise using the lemmas provided below.

Lemma 3.15. In the setting above, it turns out that

H(I)I - (I)»L'”oo = d(xv x’), v, z' e X.

Proof. The first inequality is rather obvious:

sup @, (y) — @ (y)| = sup [d(z, y) — d(2', y)| < d(z, ).
yeX Y

On the other hand, if we choose y = x, then we obtain the opposite one; hence we infer that
|Py(z) — @y ()| = d(2', ).
O

Lemma 3.16. If (X, dx) is a metric space and (Y, dy) is a complete metric space, then
every uniformly continuous mapping

fDCX —Y
defined on a dense subset D C X, can be extended to a uniformly continuous mapping

F: X — Y that preserves the continuity module of f.

Sketch of the Proof. In order to prove this Lemma, we need to use some basic results:

(a) If F: X =Y is a uniformly continuous map between two metric spaces and (2, )nen
is a Cauchy sequence in X, then (f(z,))nen is a Cauchy sequence in Y.

(b) Let X and Y be metric spaces, S C X and f : S — Y be uniformly continuous. If
two sequences (Zn)nen and (Y )nen in S converge to the same limit in X and if the
sequence (f(xy))nen converges in Y, then lim,, f(z,) = lim, f(y,).
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Back to the theorem, we can define the extension as follows

F(z) = lim_f(dk),

k— 400

where (dj)ren is any sequence such that (dg)r C D and dy — « as k approaches +oco. The
reader can easily prove that F' is well-defined, uniform continuous, and unique.

O

Corollary 3.17. The completion of a normed space (X, || -||) is a Banach space (i.e., it is
complete).

3.3.3 Dual and Bidual of ¢

In this brief section, we study the dual and the bidual of ¢ (N; C), and we answer to a
natural question: is ¢y the dual of a Banach space B?

Theorem 3.18. Let ¢y (N; C) := {x :N— C | z(n) Kl O} be the space of infinites-

imal sequences equipped with the uniform norm.

(a) The dual is the space of all the summable sequences, that is,

o(N; €) = 4:(N; ©).

(b) The bidual is the space of all the essentially bounded sequences, that is,

(L(N; C))" = lo(N; C).

(¢) The dual of £ (N; C))* is the space of all the additive finite measures on N, that is,

ba(N) := {u € M(N; R) | p additive, finite and eventually negative} .
Proof.

(a) We want to prove that the dual of ¢y is isometric to ¢;. Let

Ol — ¢, yr— ®, : éy(w):Za:kyk.
keN

It is straightforward to prove that ® is a well-defined map, that is,

> lzryl < llzllsollylls < +oc.
keN

In particular, for any y € Y, the image ®,, is a linear and bounded (thus continuous)
functional, and we can easily estimate the norm by

1Py

e5 < llyll-



CHAPTER 3. THE HAHN-BANACH THEOREMS 54

(b)

We want to prove that ¥ is an isometry, i.e. ||®,[lcz = |ly|l1; hence we only need to
prove that the equality holds true at one point. Let

n

Uy = ngn(yk)ek € ¢p.
k=0

It follows from the definition that

[®ylles = sup [(@y, )| = (D4, un) = > |yn]
Izl <1 pars

for any n € N; hence, by passing to the limit, we can infer that

1Py

5 2yl = [1®ylle; = NIyl

It remains to prove that ® is surjective. Let f € ¢ be any linear and continuous
functional and define y;, := (f, ex) for any k € N. We can easily prove that y = (yx)ken
belongs to ¢; since

Do lurl =D IS e = (fs wn) < 1 flleg < +oe.

k=0 k=0

Finally, notice that (®,, ex) = (f, ex) for any k € N, that is, f and ®, coincide on a
dense subset with respect to the norm || - ||, (the span of {ex}ren) and, by continuity,
they coincide in the whole space.

We want to prove that the dual of ¢; is isometric to .. Let
Ul — 07, yr— ¥, \Ily(x):Zxkyk.
keN
It is straightforward to prove that it is well-defined, that is,
D lzwyrl < llylloo 2]l < +o0.
keN

In particular, for any y € Y, the image ¥, is a linear and bounded (thus continuous)
functional, and the dual norm can be easily estimated by

1Wylle; < [1ylloo-

We want to prove that ¥ is an isometry, i.e. ||¥,||sx = [|ylc; hence we only need to
prove that the equality holds true in one point. It follows from the definition that

ylle; = HSlHlEl [(Wy, 2)[ = [(Py, ex)| = [yl

for any k € N, and thus

1Wylle; = yllee = [y

t; = 1Ylloo-

It remains to prove that W is surjective. Let f € ¢7 be any linear and continuous
functional and define y;, := (f, ex) for any k € N. We can easily prove that y = (yx)ken
belongs to ., since

el < Wflle; = Nyl < IIf

Finally, notice that (¥, e;) = (f, ex) for any k € N, that is, f and ¥, coincide on a
dense subset with respect to the norm || - ||, (the span of {ex}ren) and by continuity
they coincide in the whole space.

e < +oo.
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(c)

Extra. The inclusion ¢y < ¢f* is exactly the set inclusion, and the following diagram
is commutative
co — ¢§*

id 4

Coc—>goo

We want to prove that the dual of /o, is the space of the measures p : P(N) — R
additive and finite, i.e.,

ba(N) := {p € M(N; R) | » additive, finite and eventually negative } .
Clearly ba(N) is a Banach space with the total variation norm, that is,

[[12][ba == sup [u(A) — p(N\ A)].
ACN

Let p € ba(N) and let f € ¢ be a function of finite rank (i.e. a simple function), e.g.,
f(.’l?) = chXEk (33)7
k=1
where ¢, € R (or C) and Ej, C N. If we set

[ #@) duta) = Y ennEw)
N k=1

then it is easy to prove that the integral is well-defined, that is, it does not depend on
the particular representation of f. The linear subspace

F:={f€l(N; C) | f(N) is finite }
is dense with respect to the £, norm; thus the map

s / f(2) dp(z)

may be extended to the whole space because it is continuous. Indeed, it is easy to
prove that the map is bounded on F' since

< £ lloo llllbas

‘ /N f() dpu(z)

and thus there is a linear and continuous extension
Fiba) — (0% O p— Lo L) = [ fe)dute)

It is straightforward to prove that I is an isometry. Indeed, the inequality above
holds true also when passing to the limit, and thus

[ ulles, < llellba-
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On the other hand

[[llba = sup [u(A) — p(N'\ A)] = sup / (xa —xma) du(e) < L,
ACN ACNJN

and hence it is an isometry. Finally, to prove that it is surjective notice that given
o € 05, we can define a measure i, by setting

.ua(A) = <OL, XA> (33)

Clearly (3.3) is a finite measure (since « is finite in the o, measure) and it is additive
(by the linearity of «).

In conclusion, notice that the equality o = I(u,) holds on the dense subset F'; thus
they coincide on the whole space and the thesis is proved. Observe that the immersion

0 < £ = ba(N)

gives us the identification £ «~ ba,, that is, the subset of the o-additive finite measure
on N.

O

Theorem 3.19. The space ¢y is not the dual of any Banach space X, that is, co # X* for
any X Banach.

We are quite not ready to prove this result. We need to state and give a proof of
a technical lemma which will allow us to derive a contradiction when we assume that a
Banach space X such that X* = ¢y exists.

Lemma 3.20. Any infinite-dimensional closed subspace X of 1 contains a subspace Y

linearly homeomorphic to 1.

Proof. We divide the proof into three steps.

Step 0. Let f € /7 be any linear continuous functional. Since X is an infinite-dimensional
closed subspace, the intersection Ker f N X is also infinite-dimensional and closed.

We can find, inductively, a sequence u™ € X with the first n» components zero (ug =
u; = -+ = u, = 0) and unitary norm (||u| = 1). Furthermore, given a unitary sequence
u € X, we can find a natural number N € N such that

> fuel < ¢

k>N

Step 1. The preliminary remark allows us to find a sequence of sequences (u™),eny C X
and an increasing sequence of natural numbers (k,,) C N satisfying the following properties:

(1) The norm of each elements is unitary, that is, ||u™|l¢,, = 1 for all n € N.
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(2) The mass of the sequence u” is focused on the first k,, components, that is,

[[u” ’[o k ]||€1 >3/4 forallneN.

(3) The (n + 1)th elements is zero on the interval where the mass of the previous one is
focused, that is,
u" ! |[0 . =0 for any n € N.

Let us consider the operator L : /{ — X defined by setting
L(A) = Apuy,
neN

which is well-defined as a consequence of the assumption X closed.

Step 2. First, notice that
IL) ey < [[Alley

and thus L is a linear and bounded (=continuous) operator. If we set I, := (ky—1, ky], then
it follows immediately that

>

4y

HL()‘)”fl = Z AnunXIn + Z )\nunXX\In
neN neN

Z Z AnunXIn

neN

- Z )\nHunXISL ”41'

¢, neN

On the other hand, the family of intervals I,, is disjoint. Therefore the above inequality
yields to

1 1
Il 2 3 Awtar, g, = 7 IM e = 51Tl

neN
which means that, for every A € £, the inequality

1
Il < IEN ey < H[A e

holds, and

L:4 —)L(fl)CX
induces an invertible operator. In conclusion, it suffices to set Y := L(¢;) and take the
homeomorphism L : ¢, — Y. [

Proof of Theorem 5.19. We argue by contradiction. Suppose that there exists a Banach
space X such that X* = ¢g. Then (see Theorem 3.18), it turns out that

X‘%X**ggl — XQ&,

and therefore we can apply Lemma 3.20. In particular, there exists Y C X such that Y = /.
On the other hand, in Section 3.3.1 we were able to find a way to express the dual of a linear
closed subspace, and therefore

loo =2Y™ = X/YJ‘ :CO/YJ-a
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which implies that ¢, is a quotient of ¢y. This is the sought contradiction: the space cg is
separable, but £, is not separable, and thus it cannot be a quotient of cg. O

Remark 3.5. Let X be a reflexive Banach space. Then the bidual inclusion is surjective
(i.e. X =2 X**), and this gives us a small chain of duals:

X — X" = X+—X*— ...

On the other hand, there is a theorem asserting that X* reflexive implies X reflexive.
The implications of this statement are fascinating. Indeed, it is always possible to start

from a non-reflexive Banach space and obtain a infinite chain of non-surjective inclusions
XCcX cC....

3.4 Exercises

Exercise 3.1. Prove the completeness of the following spaces:

(a) £P(X, dp), for any 1 < p < 0.

(b) (CP(X), |l llso), i-e. the bounded function on a topological space X with the uniform
norm.

(c) Let X be a Banach space and let N be a closed linear(vector) subspace. Then X, N
is complete with the quotient norm, that is

def .
N|| = inf .
lo+ NI = inf [z +y]

(d) Let X be an Hilbert space and let N be a closed linear(vector) subspace. Then the
quotient is the orthogonal N, the quotient norm is equal to the orthogonal norm and
m: X — X/N is an open map.

Solution.

(a) The reader may refer to Example 2.5 for the proof in the case 1 < p < +c0.

Let (fn)nen be a Cauchy sequence in L. Given an integer k > 1 there is an integer

N}, such that
1

Ea

for any m, n > Nji. Hence there is a null set E; such that

[ fn = fmllLe <

‘fn(z)_fm(x)‘g s VxEX\Ek, Vm, n > Ny.

x| =

Then we let E := UpenE}, so that F is a null set, and we see that for any z € X \ F
it turns out that the sequence f,, (x) is Cauchy in R. By completeness

falz) 2252 f2),  VzeX\E.
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(b)

(c)

(d)

In particular, taking the limit m — 400 on the inequality above, yields to

|fn(z) = f(2)] <+, Ve e X\ Eg, Vn> Nj.

x| =

We conclude that f € L>(X) and || f — fu|/L= < 1 for all n > Ny, thus f, converges
to f also (strongly) in L®°(X). Note that this implies that, up to a subsequence, the
convergence is also point-wise.

The reader may refer to Example 2.5 for a more general situation concerning bounded
functions.

For each z € X let us denote & := ¢ + N € X/N. Let (&,)nen be any sequence
converging uniformly (i.e. > ||#y| converges). From the definition of | - ||, it follows
that, for each n € N, there exists z,, € &, such that ||z,|x < 2|&,||. Therefore

+oo +oo
D llanllx <2 [|2n] < oo,
n=1

n=1

then (x,)nen converges uniformly as well. Since X is Banach, by Theorem 2.4 the
sum converges to some vector x € X. Then, from the definition of the norm in X/ N>
it follows that ) &, converges to Z in X/ v and, applying again Theorem 2.4, we
infer that the quotient space is complete.

We define the projection
p: XN =Nt 24 Nepla+ N) = (),
where 7 is the projection over N+. The mapping is well defined since
z+ny =x+ny = plzt+ni) =m(z+ny) = w(x)+7(n1) = w(x)+m(n2) = pz+nz),

i.e. it is independent from the particular representative of the coset.

The projection is injective. If p([z]) = 0, then [z] =  + N C Ker(w) which is equal
to N (see Theorem 1.18), and thus [z] = 0 (since x € N).

The projection is surjective. If y € N1, then [y] = y + N has image via p exactly
equal to y.

Finally, we prove that the spaces are isometric, that is

|z + N = inf |z +y| = [7z| = |x(z+ N)I|.
yeEN

O

Exercise 3.2. Let (X, p) be a seminormed space and let N be a closed linear(vector)

subspace. Then X/N is normed with || - || :=p |X/N.

Solution. Suppose that N is closed, and that || + N|| = 0. Then, by definition of the
norm, it turns out that

inf ||lz — vyl = 0.
ylgNllx yl|
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Hence there exist a minimizing sequence (Y, )nen such that ||z —y,|| = n as n = +o00. But
N is closed, thus x belongs to N. Finally, we have that

t+N=N=0+N = [z2]=0
as a class of equivalence in X/ N O

Exercise 3.3. Let (X, p) be a semi-normed space. Then X, (0} is normed with norm p.

Solution. Corollary of Exercise 3.2. O
Exercise 3.4. Let X1, ..., X;, be normed spaces. Represent the dual of X; x - x X, in
terms of X as ¢ ranges in {1, ..., n}.

Solution. Let || - ||x, be the norm on X; for each i. On the product space define the norm

Xi»

n
i=1

and consider the following mapping

F:][x; - (HXZ) s U f) = Fi=(f1, s fa)
i=1 i=1

This map is clearly bijective (since it admits an inverse) and linear, thus it is an isomorphism.
O

Exercise 3.5. Let 0 < p < 1. Prove that L? ([0, 1]) is a topological vector space, metric
and complete. Prove also that the only open convex subset is the whole space itself, i.e. the
only linear continuous form is f = 0.

Exercise 3.6. Let (f,,)nen C £1 be a sequence. Then it converges weakly to f if and only
if it converges to f in norm.



Chapter 4

Banach-Steinhaus and Open
Mapping Theorem

In the first half of this chapter, we formally introduce the notion of topological vector space,
and we investigate some of its fundamental properties (e.g., separability, special neighbor-
hoods of the origin, and metrizability).

The next section is entirely devoted to state and prove the uniform boundedness theorem
(due to Banach and Steinhaus) for families of operators between topological vector spaces.

In the final section, we exploit the boundedness principle to derive two fundamental
results in functional analysis: the open mapping theorem, and the closed graph theorem
(both widely used).

4.1 Topological Vector Spaces

Definition 4.1 (Topological Vector Space). A topological vector space is a K vector space
X endowed with a compatible topology 7, that is, a topology such that the operations

+:XxX —X and G Kx X — X

are both 7-continuous.

Remark 4.1. Let (X, 7) be a topological vector space. The topology is translation-
invariant, which means that 7 can be completely determined by a local basis of neigh-
borhoods of the origin.

Lemma 4.2. Let (X, 7) be a topological vector space. Then the following properties hold:

(1) Every neighborhood of the origin is absorbing.
(2) Every neighborhood U of the origin contains a neighborhood of the origin V' such that

V+VCU and V =-V.
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(3) Every neighborhood U of the origin contains a balanced' neighborhood of the origin

VCUuU.

Proof. The assertion (1) is rather obvious since the product is continuous and

(2)

(3)

z€X~ limter=0 = tzeU foraltel0,r]

t—0t

Recall that, in a topological vector space (X, 7), the sum is 7-continuous. Conse-
quently, there are V; and V5 neighborhoods of 0 such that

(,y) eVixVo = x4+yel.

In particular, we have the inclusion V7, Vo C U and, since the family of the neigh-
borhoods of a point is closed under intersection, we also have that W :=V; N Vs is a
neighborhood of the origin. In conclusion, if we set V := W N (—W), then it is easy
to prove that that V is the sought neighborhood of the origin, that is,

V4+VCU and V =-V.

Recall that, in a topological vector space, the product is 7-continuous. In particular,
there is a positive real number § > 0 and a neighborhood W of 0 such that

a-WCU, Vo @ |af < 6.
Let us denote by V' the union of the scalings o - W, i.e.
V.= U a-W.
|| <

It is easy to see that V is a neighborhood of the origin, and also that V' C U. In
conclusion, to prove that V is balanced, it suffices to take |3] < 1 and compute the
product:

B-V=1_ B W,

|a]<d

but |fa| < § for any |a| < 0, which is enough to infer that V' is balanced.

O

Lemma 4.3. Let X be a vector space, and let U be a collection of subsets satisfying the
following properties:

(1)
(2)
(3)

The origin belongs to allU € U.
For allU, V € U, there exists W € U such that W CUNV.

FEvery set U € U is absorbing.

IDefinition. A subset C' C X of a vector space is balanced if and only if 8 - C C C for every |0] < 1.
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(4) For allU € U one can find V € U such that

V4+VCU and V =-V.
(5) For allU € U one can find a balanced V € U such that V C U.

Then B, := {x + U} is a local basis of neighborhoods for all x € X. The generated topology
7 on X s compatible with the vector space operations, and it turns out that

AeT < Ve AU el : z€U CA.

4.1.1 Locally Convex Spaces

In this brief subsection, we investigate some of the fundamental properties of locally convex
topologies (since most of the spaces we will deal with are locally convex.)

Definition 4.4 (Locally Convex). Let (X, 7) be a topological vector space. We say that 7
is locally convex if there exists a local basis of convex neighborhoods of 0.

Remark 4.2. Equivalently, a topological vector space X is locally convex if and only if
there exists a family U of subsets such that:

(1) The origin belongs to all U € Y.
(2) For all U, V € U, there exists W € U such that W CUNV.
(3) Every set U € U is absorbing.

(4) For all U € U one can find V' € U such that

V+VCU and V=-V.

(5) For all U € U one can find a convex balanced set V' € U such that V C U.
Example 4.1. Here we give a short list of locally convex spaces, and we also furnish a brief

explanation of what the notions of convergence are.

1) The space of all continuous functions on the real line C°(R; R) equipped with the
family of seminorms Pk := || - |0, Kk, Where K C R is a compact subset. The notion
of convergence is the uniform convergence on compact subsets.

2) The space of all differentiable functions on a bounded subset C*(£2) equipped with

the family of seminorms P, x := |[|[D® - ||co, x, Where K C 2 is a compact subset.
The notion of convergence is the uniform convergence of all derivatives on compact
subsets.

3) The space of distributions D().

4) The space of all sequences RN (or its subset made up of compactly supported se-
quences) is a locally convex space with the finer topology that makes the inclusions
continuous).
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Theorem 4.5 (Seminorm Characterization). Let X be a vector space, and let P = {pa tacr
be a family of seminorms defined on X. The following properties hold true:
(a) The ball B, is absorbing, conver and balanced for every o € I.

(b) The family of neighborhoods

U:= { ﬂ B, | S finite subset of indices ofl}

aeScCI

satisfies the properties (1)-(5) described above, and hence it defines a locally convex
topology T on X.

(¢) The extended family of seminorms, i.e.

P = {]35 = MaX Py | S finite subset of indices ofI}
ae

induces a family of balls
U= {Bjss | S finite subset of indices of I'}
which defines the same locally convex topology T of (b).

(d) LetU be a local basis of the origin made up of absorbing, convex and balanced sets, and
let o be the locally convex topology induced on X. Then the family of the Minkowski
functionals

P={pv |U €U}
is a family of seminorms, which generates the same topology o.
Remark 4.3. Let X be a topological vector space, and let U be a local basis of neighbor-
hoods of the origin. The following topological properties hold:
(a) The space X is Ty if and only if X is Ty.

(b) The space X is T; if and only if {0} is closed if and only if (., U = {0} or,
equivalently, if and only if p(x) = 0 for any p € P implies = 0.

(c) The space X is Ty if and only if X is Ty (i.e., Hausdorff).
(d) Assume that (X, 7) is a locally convex T space, and assume also that there exists a

countable separated family of seminorms generating 7. Then X is metrizable.

Proof.

(a) Any topological group which is Tg is automatically T;. The converse is always true.

b) Recall that a topological space is T; if and only if each singlet {z} is closed. But if
g g
{0} is closed in a topological vector space, then every {z} is closed as x ranges in X.

(c) Fixz, y € X. Thesinglet {«} is always compact, while the singlet {y} is closed because
of the Ty assumption. Therefore, the existence of open neighborhoods separating z
and y follows immediately from Lemma 3.8.
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(d) Let us set

d(x, y) :== max 2k Pi(* —y)

keN 1+ pr(z —y) (1)

The reader may check by herself that (4.1) is a distance on X. For example, it is easy
to see that
d(z,y) =0 = pe(z —y) =0 forallk €N,

and this is enough to infer that x is necessarily equal to y, as a consequence of the
fact that the family of seminorms is separated.

Furthermore, the function d is translation-invariant. Thus we only need to prove that
the collection of open balls

B.(0):={zeX |d(z,0) <r}

is a local basis of neighborhoods of the origin, which induces the very same topology
T.

Step 1. The condition d(z, 0) < r easily implies that

(2*]“ —r)pe(z) <7,
and this inequality is automatically satisfied for all k& > logy(1/r) =: r*. The finite
number of remaining indices satisfy the inequality

=Tk,

and thus B, contains the intersection of a finite number of P-balls, that is,

1)
() 7% - By, € Br(0).
k=0

In particular, the metric ball B,.(0) contains a T-neighborhood of the origin.

Step 2. Vice versa, given a 7-neighborhood V of the origin, it follows from the
definition of local basis that one can always find positive real numbers r; > 0 such
that

’I‘j'Bpng

s

0

J

If we take r satisfying the inequality
2r<max{27j~rj lj=1, ...,m},
then any = € B,.(0) satisfies the inequality

2= ..
d(z, 0) <1 < '

= pj(z)<r; forallj=1,..., m.

Consequently, the metric ball B,.(0) is contained in the finite intersection of the balls
rj - Bp,, and therefore it is also contained in V.
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O

Theorem 4.6. A T\ topological vector space X is second-countable if and only if it is
metrizable.

Hint. Take a countable basis of neighborhoods of the origin such that each element is bal-
anced and monotone (with respect to the inclusion) U, 1 + U,4+1 C U,,. Then define

p(x):inf{z2_ki | k; € N, erk1+-~-+Ukn}

i=1
and prove that p(x — y) = d(z, y) is a metric on X.

The proof of this theorem is rather technical and I will not write it down, but it can be
found e.g. in W. Rudin, Functional Analysis (Theorem 1.24). O

4.2 The Uniform Boundedness Principle

Let X be a topological vector space. In this section, we shall denote by U,(X) a local basis
of neighborhoods around p € X.

Definition 4.7 (Bounded). A set E C X is bounded if and only if for every U € Uy(X)
there exists r > 0 such that E Cr-U.

Remark 4.4. If X is a metric space, a set is bounded in the sense above if and only if it
is bounded with respect to the metric.

Lemma 4.8. Let X be a topological vector space and let S C X be any subset. The closure
of S is given by the (possibly) infinite intersections of the U-translations:

S= [\ s+U
Uely(X)

In particular, any point x € X admits a local basis of closed neighborhoods. Indeed, it is
straightforward to prove that
{V+z|Vel(X)}

is a local basis of neighborhoods of z, and hence
{V+I ‘ V GZ/{O(X)}
is also a local basis.
Lemma 4.9. Let X be a topological vector space, and let E C X be a bounded subset. Then
the closure E is also bounded.
Proof. By definition, for every U € Uy(X) there exists a positive real number r > 0 such
that £ C r-U. Hence, by taking the closure we obtain the chain of inclusions
ECr-Uc(r+e)-U,

for some € > 0, as a consequence of Lemma 4.8. O
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Lemma 4.10. Let X and Y be topological vector spaces. If L € L(X,Y) is a linear and
continuous operator, then it is bounded. The converse is true if, e.g., X is locally bounded.

Theorem 4.11. A topological vector space X is normable if and only if it is both locally
convex and locally bounded.

We now present a simple criterion to show whether or not a set is bounded looking at
the behavior of all the sequences.

Lemma 4.12. Let X be topological vector space and let E C X. Then E is bounded if and
only if for every sequence (an)nen C K converging to 0 and every sequence (,)nen C E, it
turns out that

anty, =o0(1)  forn — 4oo.

Proof. Suppose that E is a bounded subset of X. Fix U € Uy(X) neighborhood of the origin
in X, and let 7 > 0 be the positive real number such that £ C r - U. It follows that

x
ner-U = 2 ecU forneN.
r

Therefore, we can always choose N € N in such a way that ay < 1/r, that is,
apr, € U foralln> N.

The opposite implication is trivial (e.g., one could consider z,, := z to be the constant
sequence). O

Corollary 4.13. If E is relatively compact (or relatively sequentially compact), then E is
bounded.

Remark 4.5. Let (X, || - ||) be a normed space. Then:

(1) A subset E C X is strongly bounded if and only if sup,¢ g ||z] < +oo.

(2) Asubset E C X is weakly bounded if and only if for all f € X* we have sup,cp(f, z) <
+o00.

(3) Asubset £ C X* is weakly-+ bounded if and only if for all u € X we have sup; p(f, u) <
+o00.

Notation. Let X and Y be topological vector spaces, and let T' be a family (eventually
uncountable) of linear and continuous applications from X to Y. For every set S C X, we
denote by I'(S) the union of the images, that is

r(S) = | J 7(9),
Ter
and, for every R C Y, we denote by I'"*(R) the intersection of the preimages, that is
I '(R):= () T7(R).
Ter
In particular, the inclusion I'(S) C R is a compact way to express that
T(S)CR forevery T €T,

and, similarly, it is also equivalent to the inclusion

ScT *R) forevery T €T.
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Definition 4.14 (Equicontinuous). Let X and Y be topological vector spaces. A family
I C L(X,Y) of linear and continuous applications is equicontinuous if and only if

YV €Up(Y), IU € Up(X) : T(U) C V.

Remark 4.6. If X and Y are metric spaces, this notion is completely equivalent to the
equicontinuity in the sense of e-6.

Remark 4.7. If X and Y are normed spaces, a family I" is equicontinuous if and only if T’
is equibounded in £(X, Y') with respect to the operator norm.

Definition 4.15 (Meager Set). Let (X, 7) be a topological space, and let S C X. We say
that S is a meager (or first-category) set if and only if there exists a countable cover made
up of nowhere dense subsets of X, that is,

S = U X, Int X, = @.
neN
Furthermore, we say that S is a second-category set if it is not a first-category set.

Theorem 4.16 (Baire). Let X be either a complete metric space or a locally compact
topological space. Then each open nonempty subset of X is a second-category set.

Theorem 4.17 (Banach-Steinhaus). Let X and Y be topological vector spaces and let T’ C
L(X,Y) be a collection (eventually uncountable) of linear and continuous applications. If

E:={x e X |T({z}) is bounded}

is a second-category set (i.e., T' is pointwise bounded in a second-category set), then T is a
equicontinuous family.

Proof. Fix U € Uy(Y') neighborhood of the origin in Y. Recall that we can always find a
neighborhood V' € Uy (Y) closed, balanced and satisfying the the inclusion V +V C U.

By assumption, for all z € E there exists a positive natural number m(z) € N such that
I'(z) € m(z) -V (or, equivalently, z € m(x) - T~1(V)). In particular, we have that

EC U n-T7Y(V) and T7YV) closed.
neN

Since E is a second-category set, there exists m € N such that m - T=!(V) has nonempty
internal part (and, hence, the same applies to n - T=1(V) for every n € N). In particular, it
turns out that

B:=T"YV)-T"YV) € Up(X),
and by linearity of I' we also have that
DY) =T '(V)) =TT (V) =V -V CU.

Therefore, the set U is a neighborhood of the origin in X whose image is contained in U,
and this is exactly what we wanted to prove. O

Remark 4.8. The theorem is false if T is a family of linear (but not necessarily continuous)
operators from X to Y. The easiest counterexample is the following: Consider a Banach
space X, and let Y := R and T" := {L}, for any L discontinuous linear functional.
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Applications. In this brief paragraph, we investigate some basic results which may be
obtained through a simple application of the uniform boundedness principle.

Theorem 4.18. Let X be a complete metric space, and let Y and Z be topological vector
spaces. If
B:XxY —Z

is a bilinear application separately sequentially continuous, then B is jointly sequentially
continuous (i.e., seq. continuous w.r.t. the couple).

Proof. We first prove a particular case, and then we generalize it with a simple algebraic
trick.

Step 1. Let (z,)neny € X be a sequence converging to 0, and let (yn)neny C Y be a
converging sequence. The linear mapping

B(,yn): X —Z

is clearly continuous for every n € N, and it is pointwise bounded. Indeed, for u € X fixed,
the subset

{B(u, yn)tnen € Z

is bounded in Z, since converging sequences are bounded. The Baire Theorem 4.16 holds in
the complete metric space X, and hence the Banach-Steinhaus Theorem 4.17 implies that
for every U € Uy(Z) there exists V' € Up(X) such that

B(V, y,) CU for every n € N.

The sequence (z,)nen converges to 0; thus, z,, € V definitively, and this means that
B(zy, yn) belongs to U for n sufficiently large, that is, B(zp, yn) — 0.

Step 2. If z, — x € X, then the thesis follows from the previous step if one notices that
the difference (x,, — x),en converges to 0. Then

n—-+oo

O

Corollary 4.19. Let (Ty)nen C L(X,Y) be a family of linear and continuous operators
between two Banach spaces, and assume that the sequence is pointwise bounded, that is,

sup || Tn(z)|| < 400 forallz € X.
neN

Then T, is equibounded,that is, there exists a positive constant C' > 0 such that

sup ||TnH,C(X,Y) < C < +oo.
neN

Remark 4.9. Let (T),)nen C L£(X,Y) be a family of linear and continuous operators
between two Banach spaces, and suppose that

T (x) oo, T(x) w.r.t. the strong convergence in X.

Then T,, — T € L(X,Y) in the operator norm, and the convergence is uniform on any
compact set.
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Proof. The sequence (T}, )nen is pointwise bounded. Therefore, the previous corollary asserts
that it is also equibounded, that is, there exists a positive constant ¢ such that

sup [|T,|| = ¢ < oo.
neN

It follows that
ITwx|| < c||z|| forall xz € X,

which means that T}, is also an equi-Lipschitz continuous sequence.

The Ascoli-Arzela theorem allows us to extract a subsequence (nj)ren such that T,
converges, uniformly on compact sets, to a linear operator T'. Furthermore, the assumption

ITnx|| < c|lz|| forall x € X,

is preserved under the limit for n — 400, and therefore T' is a continuous operator, which
means that

T,, 225 7 e £(X, V),

uniformly on compact sets. O

4.3 The Open Mapping Theorem
The statement and the proof of the open mapping theorem are both taken verbatim from
the Brezis book [1].

Theorem 4.20 (Open Mapping). Let X and Y be two Banach spaces, and let T be a
continuous linear operator from X to Y that is surjective (=onto). Then there exists a
constant ¢ > 0 such that

T (Bx(0, 1)) D By (0, c).

Remark 4.10. The conclusion of the open mapping theorem is equivalent to saying that
T is an open map. Indeed, let us suppose that U is open in X and let us prove that T(U)
is open in Y.

Fix any point yo € T(U), so that yo = T o for some 2o € U. Let r > 0 be such that
B(zg, r) C U, ie., zg + B(0, r) C U. It follows that

yo+ T (B(0, r)) C T(U).
Then by open mapping theorem it follows that
T (B(0, 7)) D B(0, rc)
and therefore

B(yo, rc) C T(U).

Proof. We split the argument into two steps.
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Step 1. Assume that T is a linear surjective operator from X onto Y. Then there exists
a constant ¢ > 0 such that
T (Bx(0, 1)) D By (0, 2¢).

Set X, =n-T (Bx(0, 1)). Since T is surjective, we clearly have

Y = UXn,

neN

and by Baire category theorem there exists some N such that Int Xy # @. It follows that
the same holds true (by homeomorphisms) for any other X,, and thus

Int (W) £ 2.
Pick ¢ > 0 and yo € Y such that
By (yo, 4c) C T (Bx (0, 1)).
In particular, yg € m, and by symmetry,
—yo € T (Bx(0, 1)).

Therefore

By (0, 4c) € T (Bx (0, 1)) + T (Bx (0, 1)).

On the other hand, since T'(Bx (0, 1)) is convex, we have

T (Bx(0,1)) + T (Bx(0,1)) =2-T (Bx(0, 1)),

and the first claim follows.

Step 2. Assume that T is continuous linear operator from X into Y that satisfies the first

claim. Then we have
T (Bx(0, 1)) D By (0, ¢).

Choose any y € Y with ||y|| < ¢. The goal is to find some x € X such that
lz|| <1 and Tx =y.

We know that
1
Ve >0, 3z € X such that ||z < 3 and ||y — Tz|| <e.

Choosing € = ¢/2, we find some z; € X such that

1 c
|z1]] < 3 and lly — Tz < 7

Proceeding similarly, by induction we obtain a sequence (z,)neny C X such that
1 c
lznll < o and ly —T(z1+ -+ z)|| < on for any n € N.

It follows that the sequence x,, = 21 + - -+ + z, is a Cauchy sequence. Let x be its limit
(since X is complete) with, clearly, ||z|| < 1 and y = Tz (since T is continuous). O



CHAPTER 4. BANACH-STEINHAUS AND OPEN MAPPING THEOREM 72

Corollary 4.21. Let X and Y be Banach spaces, and let T be a bijective continuous and
linear operator from X toY. Then T~! is a continuous operator from'Y to X.

Proof. The Open Mapping Theorem 4.20, together with the assumption that T is injective,
is enough to infer that
zeX : ||Tzlly <c = |z|x <1.

By homogeneity, it turns out that
1
lellx < - ITzly,  VeeX,

and hence T~ is continuous. O

Corollary 4.22. Let X be a vector space provided with two norms, ||-||1 and || -||2. Assume
that X is Banach with respect to both norms, and assume that there exists a constant C' > 0
such that

[zll2 < Cllzlls,  VaoelX.

Then the two norms are equivalent, i.e., there is a constant ¢ > 0 such that

el <cllzll,  VzelX.

Proof. Tt suffices to apply Corollary 4.21 with
X=X, 1), Y:=(X,]]2) and T =idx.
O

Remark 4.11. The assumption that the two norms are comparable is critical. Indeed, if
(X, || - ) is an infinite-dimensional Banach space, then one can always find a linear form
£ : X — R which is not continuous. Therefore, we may define a non-continuous operator
A: X — X as follows. Pick a point xg € X such that Tzo = 1, and set

A(z) :=x — 2z (¢, ).
We can easily define a norm
]| a == [[Az] x,

which makes A an isometry of X (and thus continuous), if seen as an operator between
(X5 11+ M) and (X, | - [[.a)-

The reader may check as an exercise that the corollary above fails since (X, || - ||4) is
also a Banach space, but || - |4 and || - || are not equivalent norms.

Theorem 4.23 (Closed Graph). Let X and Y be two Banach spaces, and let T : X —Y
be a linear operator. Then T is continuous if and only if the graph of T, denoted by T'(T),
is closed in the Cartesian product X x Y.

Proof. First, we notice that the graph
IT):={(z,Tz) |z X}

is the kernel of the map
XxY >3 (x,y)— Tx—y.
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Step 1. If T is continuous, then the map (z, y) — Ta — y is also continuous. Therefore,
the preimage of the singlet {0}, which is closed, is exactly equal to the graph I'(T).

Step 2. Vice versa, let us consider on X the two norms
[zl o= llzllx + | Tzlly  and  [lz]l2 == [z[lx.

It is easy to check, using the assumption that G(T) is closed, that X is a Banach space for
the norm || - ||;. On the other hand, by assumption, X is also a Banach space for || - || and
clearly

]l = llz(l2-

It follows from Corollary 4.22 that the two norms are equivalent; hence there exists a constant
¢ > 0 such that ||z||; < c¢||z||2, from which it follows that

I Tzlly < [|l2]lx,

i.e. T is continuous. O



Chapter 5

Banach-Alaoglu and Closed Rank
Theorem

In this chapter, we exploit the results we have proved so far to define a locally convex
topology on a Banach space X (which is weaker than the topology induced by the norm.)

In a similar fashion, we show that the dual space X* may be endowed with three (even-
tually) different topologies: the one induces by the dual norm, the weak one, and the weak-x
one.

In the second half of the chapter, we investigate some of the main properties of the
weak-* topology, e.g. the Banach-Alaouglu theorem (which asserts that the ball is weakly-x
compact.)

5.1 Initial Topology

Let 2 be a vector space, and let .# C 2" be a subfamily of the algebraic dual'. Notice
that every linear functional induces a seminorm, defined by

ol () = [p(2)],

and therefore the collection
P={lp| : p€F}

generates a locally convex topology on Z°. More precisely, let
B :={reX ||lpx)<r}

denote the ball associated to ¢ € P. The enlarged family, which is defined by

P = {mabg( lpi| | S C .7 finite subset} ,
1€

1Definition. Let X be a vector space. The algebraic dual of X, denoted by X', is the set of all the
linear functional ¢ : X — R - since a priori there is no topology on X.
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has the following property: FEvery ball associated to an element of P s equal to a finite
intersection of balls associated to elements of P.

The family of seminorms P induces on 2 a locally convex topology 7, which is the
coarsest topology that makes any ¢ € F continuous.

Example 5.1. Let us consider a collection (X;, 7;);er of topological vector spaces, and let
us denote by X the product of the X;’s, that is,

X = HX
el

Our goal is to define a topology 7 on X that makes it a topological vector space. The
natural way to do it is to require that a map f : Y — X is continuous if and only if the
components p; o f : Y — X, are 7;-continuous for every i € I, where

el

denotes the ¢th canonical projection. Furthermore, one can easily prove that
(X, 7;) is locally convex for all i € I = (X, 7) is locally convex.

For example, both the sum and the scalar product on X are 7-continuous operations since
the composition with each projection p; is continuous.

Back to the general case, we observe that the initial topology T, generated by the family
P, is defined in such a way that it is the coarsest topology making every ¢ € % continuous.

Proposition 5.1. Let 2" be a vector space, let F C X' be a subfamily of the algebraic
dual, and let T be the initial topology relative to F. Then continuous linear forms of (2", T)
are precisely the elements of F and all of their linear combinations, that is,

2 =Span(f : fe.F).

The proof of this result is an immediate consequence of the following technical lemma.

Lemma 5.2. Let X be a vector space, and let f, f1, ..., fn € X'. Then the following
properties are equivalent:

(a) There are real numbers A1, ..., A\, € R such that
F=>_Xif
i=1

(b) There exists a positive constant C > 0 such that

lf(x)] <C max |fi(x)| for allx € X.
i=1,...,n
(c) The kernel of f contains the intersection of the kernels, that is,

ker f DO ﬂ ker f;.

i=1
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Proof. The unique nontrivial implication is (¢) = (a). In the linear algebra course
we have proved that there exists a unique A : R — R such that the diagram below is
commutative

X L5 Re
X o
R
where F(z) := (fi(x), ..., fu(z)).

On the other hand, the mapping A : R®™ — R is clearly linear and satisfying the identity
Ao F(z) = f(x). It follows that f is a linear combination of the components of F', that is,

fz) = Z Aifi().
O

In particular, if f is continuous with respect to the initial topology 7, then f is bounded
in a neighborhood of the origin of the form

ﬂ {ze X [|filr)] <e}
i=1

Therefore, it follows from Lemma 5.2 that f is a linear combination of a finite number of
elements f; € %, precisely fi, ..., fn, that is,

ZF =Span(f : feZF).

5.2 Elementary Properties of the Weak Topologies

Let (X, || -||) be a Banach space, and let # := X* be the topological dual, that is, the set
of all the linear forms continuous with respect to the strong convergence 7.

The initial topology associated to the family % is called weak topology of X, and it is
usually denoted by 7,,. A natural question arises: The weak topology T, and the strong
topology 75 are actually different?

Answer. The reader may readily check that the dual spaces are the same, that is,

X7, =X,
and also that both topologies are separated. Luckily, this is not enough for them to coincide
and, actually, if X is an infinite-dimensional Banach space, the strong topology and the
weak topology are always different, as a consequence of the following result.

Lemma 5.3. Let U be a neighborhood of the origin in 7,. Then there exists a finite-
codimensional subspace H C X contained in U.
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Proof. A subbasis of the neighborhoods of the origin in the weak topology o (X, X*) is
given by the sets of the form

Wie={zeX ||(f,z)]<e} for fe X" ande>D0.

In particular, given U € Uy(X) neighborhood of the origin, one can always find f1, ..., fx €
X* and €, ..., ey > 0 such that
N
U2\ Wr,.e.-

i=1
Furthermore, we may always assume that the finite intersection is made up of linearly
independent elements. The reader can easily check that the finite-dimensional subspace

H={zeX |fi(z)=0foralli=1,..., N}

is contained in U, and it is thus the sought subspace. O

Weak-+ Topology. Let (X*, || - ||.) be the topological dual of a Banach space X, endowed
with the operator norm. The valuations j, : X* — R form a linear subspace of the algebraic
bidual X", which may be identified with X in the obvious way.

Definition 5.4. The initial topology on X* associated to the family
F={j: X" —R|zeX}

is called weak-* topology, and it is usually denoted by 7.

In particular, on the dual space X* one can define three remarkable topologies satisfying
the following chain of inclusions:
Ty © Tw C Ts.

Notation. In the literature, the initial topology on a vector space X associated to a family
F is usually denoted by o(X, .#). Therefore, from now on, we denote by o (X, X*) the
weak topology on X, by o (X*, X**) the weak topology on X*, and by o(X*, X) is the
weak-* topology on X*.

Definition 5.5 (Separated). Let X be a vector space, and let % be a subfamily of the
algebraic dual. The initial topology o(X, %) is separated if and only if for every z € X,
x # 0, there is an element f € % such that (f, z) # 0.

Remark 5.1. Equivalently, the initial topology o(X, .%) is separated if and only if for
every x # (0 there are a neighborhood U of the origin and a positive real number ¢ > 0 such
that

xé¢c- U

Lemma 5.6. Let X be a Banach space. The weak topology o(X, X*) and the weak-x
topology o(X™*, X) are separated.

Proof. Let x € X \ {0}. It follows from Example 3.2 that one can always find a continuous
linear functional f : X — R such that

Ifllx- =1 and (f, z) = |lz| #0.

On the other hand, a functional f € X* is nonzero if and only if there exists x € X such
that (f, ) # 0. Therefore, the valuation j, is different from zero in f, and this concludes
the proof. O
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Lemma 5.7. Let X be a Banach space.

(a) A subset E C X is bounded in norm if and only if it is weakly bounded.
(b) A subset E C X* is bounded in norm if and only if it is weakly-+ bounded.

Proof. One implication is clear in both the assertions: if E is bounded w.r.t. the strong
topology, then it is bounded in the weak (or weak-x) topology since there are less neighbor-
hoods of 0.

(a) Assume that F C X is weakly bounded. For every f € X*, the image f(F) is bounded
and hence there exists a positive constant cy > 0 such that

I[(f, )| <cf forallzeE.

If we identify E with the subspace of the bidual {j, |z € E'}, then the estimate above
can be rewritten in terms of the valuation:

l7e(f)| <c¢y forallz e Eand f € X"

Then FE' is pointwise bounded as a subset of the bidual X** and hence the Banach-
Steinhaus Theorem 4.17 implies that E is uniformly bounded as a subset of the bidual.
On the other hand, X is a Banach space and so is X**. Consequently, the set F is
bounded w.r.t. the norm in X**, and therefore also w.r.t. the norm in X.

(b) In this case the Banach-Steinhaus Theorem 4.17 may be applied directly to the family
FE since, by assumption, we have

sup [(f, )| < C for all x € X.
feE

O

Remark 5.2. If X is a locally convex topological vector space, the first assertion is still
true while the second is, generally, not true.

Lemma 5.8. Let X be a Banach space.

(a) If C C X is a convex set, then C is closed in norm if and only if C is weakly closed.

(b) If C C X* is a convex set, then C' is closed in norm if it is weakly-+ closed.

Proof. First, notice that C closed in the weak (or weak-x) topology, always implies C' closed
in norm.

(a) Suppose that C is a convex closed set w.r.t. the strong topology. We shall now prove
that the complement A := C€ is weakly open. Let z¢ ¢ C. By Hahn-Banach Theorem
3.9 there exist a linear continuous functional f € X* and a real number a € R such
that
(fyzo) <a<(f,z) forallzeC.

It follows that V := {y € X | (f, y) < a} is an open neighborhood of zg, strictly
contained in A, and this is enough to infer that A is weakly open.
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(b) It follows easily from the definitions, but it is interesting to see a counterexample for
the opposite implication. For example, a non-reflexive Banach space X is closed in
norm (as a subset of the bidual X**), but it is weakly-* dense and thus it cannot be
weakly-* closed.

A beautiful, concrete example may be found at this Math Stackexchange post.

5.3 The Banach-Alaoglu Theorem

In this section, we set the ground to state and prove a major result concerning the weak-*
topology. Namely, the closed ball is weakly-* compact.

Let 2 be any set. The space of all the functions from 2" to C, denoted by C%, is a
separated locally convex topological vector space, endowed with the product topology.

More precisely, one can easily prove that the product topology coincides with the initial
topology associated to the family of the projections

F = {m,:C¥ —C, |C,2C,ze X},
and it is thus the coarsest that makes them continuous.

Remark 5.3. There is a natural inclusion 2 C C# and, surprisingly, the subspace
topology coincides with the weak-* topology o (£, Z).

The assertion of the previous remark is, actually, a consequence of a more general fact.
Let # C 2, and endow 2" with the initial topology relative to the family

ﬂ = {fa X — onz}aGFa

for some set of indices I'. Then the subspace topology induces on # is the initial topology
relative to the restricted family

F

o = {fa: ZNY — Z}aer.

Remark 5.4. The algebraic dual of 2 is closed w.r.t. the inclusion 27 C C# . Indeed,
using the definitions, it is always possible to write it as the arbitrary intersection of closed
sets:

X' ={f: X —C|{f,ax+By)=alf,z)+B(f,y) foralla, BeCand z,y € 2} =
= () {feC” [{f.an+By)=olf 2)+ B{f. ) }.
a, BeC z,ye X

Definition 5.9 (Polar). Let X be a topological vector space, and let S C X be any subset.
The polar set associated to S is defined by

S={feX"||f(x)]<1forallze S}


http://math.stackexchange.com/questions/218611/weak-star-closedness-in-dual-space
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Remark 5.5. Let X be a topological vector space and let S C X be any subset. The polar
5S¢ is clearly convex and weakly-* closed since it is the intersection of weakly-* closed convex

sets:
S = ﬂ {z}°.
zeS
Furthermore, if V' is a neighborhood of the origin in X, then the polar V° is convex, weakly-
* closed and also closed in the product space CX (since it is closed in the algebraic dual X',
which is closed in the product).

Theorem 5.10 (Banach-Alaoglu). Let X be a topological vector space, and let V' be a
neighborhood of the origin. Then the polar V° is convexr, weakly-x closed and weakly-*
compact.

Proof. First, notice that as a consequence of the definition of polar set we have
[{(f,z)| <1 forallz eV andall feV°.

In a topological vector space, a neighborhood of the origin is always absorbing. Therefore,
there exists a function v : X — N such that, for any f € V°, we have

[{f, 2} <wv(x) forallxe X.

Let 2 € X be a point. The image via f € V° belongs to a ball, whose radius depends only
on z itself only, and this proves that

vec X n [ Be (0, v(x)).
reX
By Tychonov Theorem 5.29, it follows that
X'n H Be (0, v(z))
reX

is compact with respect to the product topology. On the other hand, the product topology
coincides with the subspace topology induced by the inclusion

X' ccX.
In conclusion, note that V° is a weakly-* closed subset of a Hausdorff weakly-* compact
set, and it is thus compact. O
Corollary 5.11. Let X be a Banach space. The closed ball Bx+(0, 1) in X* is weakly-x
compact, that is, it is compact in the o(X*, X) topology.
Proof. Tt follows from the Banach-Alaoglu Theorem 5.10 since
V =Bx(0,1) = V°=Bx-(0, 1).
O

Theorem 5.12. Let X be a infinite-dimensional Banach space. The topological spaces
(X, o(X, X*)) and (X*, o(X*, X)) are not metrizable, that is, they are not A;.

Optional Proof. We may always assume without loss of generality that X is an infinite-
dimensional space, that is, dim X > Ng. It is a well-known fact that the dual has (at least)
the dimension of the continuum ¢, i.e., the dimension of X* is uncountable.
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Step 1. A subbasis of the neighborhoods of the origin in the weak topology o (X, X*) is
given by the sets of the form

Wie={zeX ||{f, )] <e} forsome fe X" and e > 0.

Clearly the family of the finite intersection of these elements is a local basis for the origin,
since for any U € Up(X) there are f1, ..., fv € X* and €1, ..., ey > 0 such that

N
U2\ Wy.c

i=1

As a consequence, we may always assume that the finite intersections are made up of lin-
early independent elements.

Step 2. Suppose that X is metrizable, i.e. that X is second-countable, and let
Bi={W ; likeN}
ik
be a local countable basis made up of linearly independent functionals.

The dimension of X™* is uncountable, and therefore we can always find a nontrivial
functional g € X* \ Span (f; |i € N). Furthermore, by the Hahn-Banach Theorem 3.1, we
can find a sequence of points (z,)nen C X such that

1
g(xzp) =1 and fi(mn):ﬁforizl,...,n.

Any finite intersection of the form

Wf’ilu m“'mWfiN7ﬁ

1
k1

contains all but finitely many x,,’s, while the neighborhood W ; does not contain any point
of the sequence. In particular

Wfll’ﬁﬁmWﬁN’ﬁ §ZW’1

for any choice of the indices, and thus there exists a neighborhood of the origin that does
not belong to B: a contradiction.

Step 3. Assume that the dimension of X is uncountable, that is, dim X > Ng. A subbasis
of the neighborhoods of the origin in the weak-* topology o (X*, X) is given by the sets of
the form

Wee={fe X" ||{f, x)] <e} forsomez e X and € > 0.

The family of the finite intersections of these elements is a local basis for the origin, since
for any U € Uy(X) there are z1, ..., xny € X and €1, ..., ey > 0 such that

N
U2 () Wa,e
i=1

As a consequence, we may always assume that the finite intersections are made up of lin-
early independent elements.
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Step 4. Suppose that X is metrizable, i.e. that X is second-countable, and let
B = {W%% i, k eN}

be a local countable basis made up of linearly independent functionals. The dimension of
X is uncountable by assumption, and hence there exists a point y € X \ Span (z; |i € N).
Furthermore, by the Hahn-Banach Theorem 3.1, we can always find a sequence of functionals
(fn)nen C X such that

1
fny)=1 and fu(z;) = - fori=1,...,n.

Any finite intersection of the form

W, +n---NW,

1
Tipoky TinN TN

contains all but finitely many f,,’s, while the neighborhood W, ; does not contain any point
of the sequence. In particular

W, +n--nNW, 1 ¢W,,
INYEN

wiluTl

for any choice of the indices, and thus there is a neighborhood of the origin that does not
belong to B: a contradiction.

Step 5. Assume now that the dimension of X is countable, that is, dim X = ®y. Then the
completion X has dimension at least ¢, and the weak-* topologies of X* and X* coincide.
Therefore, the previous steps conclude the proof. O

Theorem 5.13 (Banach-Alaoglu). Let X be a separable Banach space. Then the closed
ball

Bx-(0,1) C X*

is weakly-x metrizable and sequentially weakly-+ compact.

Proof. Let {zy}reny C Bx~(0, 1) be a dense countable subset, and let us consider

D :=Span(zy : k€N).

Metric. For any f, g € Bx+(0, 1), let us set

d(f7 g) = ZQ_k ‘<f -9 xk)l . (51)

keN

We can easily check that (5.1) defines an actual metric on the closed ball of radius one.
Indeed, one can readily prove that:

(1) The function d(—, -) is positive and symmetric with respect to both variables.
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(2) The function d(—, -) is subadditive since

M M
Y2 (f—h ) =Y 27 (f—g+g—h a)| <

k=0 k=0

M M
§Z27k|<figa mk>|+z2ik |<giha .’,Uk>|
k=0

=i k=0

(3) If f, g € Bx«(0, 1) and d(f, g) =0, then
(f—g,zk)=0 VEeN = (f—g,d)=0 VdeD,

and we conclude that f = g using the fact that D is dense and f — g is uniformly
continuous.

Equivalence. To conclude the proof, we need to show that the weak-x convergence is
equivalent to the notion of convergence induced by the metric d. Let us consider

(fTL)neN C m

Step 1. Suppose that f, converges to some f w.r.t. the weak-* topology. It follows that

d(fnv f) = ZQ_k |<f — [ J,‘k>|,

keN =0

as a consequence of the Lebesgue domination theorem.

Step 2. Vice versa, if f, 4, f, then d(fn, f) 22T 0. In particular, it turns out that
D 27U = fo w0 = (f— foy k) T forall kN,
keN

which means that f,, — f converges weakly at every xj to 0. On the other hand, the f,
are uniformly continuous, and therefore the sequence converges on the closure of D as well,
that is, it converges at every x € X. More precisely, it turns out that

fn = f S BX*(O, 1)

Compactness. We consider the identity mapping between two copies of the closed ball,
endowed with different topologies, i.e.

id : (m, d) — (m, o (X", X)) .

This map is sequentially continuous, the domain is compact, and so is the codomain. We
can finally infer that the closed ball is sequentially compact w.r.t. the weak-* topology. [

Theorem 5.14 (Separability Criterion). Let X be a Banach space. If Bx+(0, 1) C X* is
weakly-+x metrizable, then X is separable.
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Proof. Let d be the metric on Bx+(0, 1). For all n € N, we consider the metric ball of radius
1/n, that is,

Un::{feBX*(O,l)’d(f,O)<i}.

For all n € N, let V,, be a neighborhood of the origin w.r.t. o (X*, X) satisfying the inclusion
V., C U,. We may assume that V;, has the form

Vi, = {f € Bx=(0, 1) | |{f, x)| < e, for all z € En},
where ¢, > 0 and E,, C X is some finite subset. Then

D= U E, C X,
neN

is countable, and we now prove that D is also dense in X. Indeed, if
(f,z)y=0 forallze D,

then it turns out that f € V,, C U, for any n € N, and thus f = 0 since

() Un = {0}

neN

O

Theorem 5.15. Let (X, 7) be a Ty topological vector space. Then X is locally compact if
and only if X is a finite-dimensional space if and only if X is linearly homeomorphic to K™.

Proof. We first prove that a finite-dimensional Ty topological vector space is linearly home-
omorphic to K" with the usual topology (which is locally compact), and then we show that
a locally compact space is finite-dimensional.

Step 1. Suppose that X is a finite-dimensional T\ topological vector space, and let
{e1, ..., en} be a basis of X. There is linear isomorphism ® : K* — X defined by
setting

n
K" 3 (A1, -y An) — ) Nies € X,
i=1
We only need to prove that ® is an open map to conclude that it is an homeomorphism

since @ is clearly continuous and bijective.

Let B := Bgn (0, 1) be the closed unit ball, and let S := 9B be its boundary. Then S
is compact in K™ and it does not contain the origin; hence ®(S) is compact in X, and it
does not contain the origin of X. In particular ®(5) is closed” in X, and thus there exists
V € Up(X) open and balanced neighborhood of the origin such that

VNnes) = 2.

2Recall that a T topological vector space is automatically Hausdor f f, and a compact set in a Hausdorff
space is always closed.
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Let « € V \ ®(B). The map is surjective, which means that we can find A € K" such
that = ®(A), with ||A]] > 1. The rescaling A/||A|| belongs to S, and therefore we find a

contradiction since
A ) T < A ) 1
Pl —)|=— = O|—]€— V=V
<A| [[AIl [l [l

that is, = belongs to both ®(S) and V' at the same time. It follows that V' C ®(B), and this
implies that ®(B) is a neighborhood of the origin in X, that is, ® is an open mapping.

Step 2. Conversely, assume that X is locally compact, and let V be a compact neigh-
borhood of the origin of X. Clearly 1/2 -V is also a neighborhood of the origin and, by
compactness, there are finitely many points x; € V' such that

1=1

Let Y be the linear span of the points x1, ..., Z,,. Then
1 1
VQY—i—i-V —_ s = V§Y+2—n-V.

Notice that the local compactness of X easily implies that the family {27" - V'}, _ is a local
basis of the origin in X, and hence

ve() (Y+21n~V>YY,
neN

since Y is finite-dimensional, and thus closed. This concludes the proof since V' is absorbent
and each rescaling is contained in Y, i.e.

Xx=t-vey = x=v¥.
t>0

O

Corollary 5.16. Let (X, 7) be a T topological vector space, and let Y C X be a finite-
dimensional subspace. Then Y is closed.

5.4 Iteration Lemma

In this brief section, we investigate the iteration lemma, which we implicitly exploited to
prove the open mapping theorem in the previous chapter.

Lemma 5.17 (Iteration Lemma). Let T € L(X, Y) be a continuous linear mapping between
two Banach spaces. Suppose that there exists a neighborhood of the origin U € Us(Y') and a
positive real number t € (0, 1) satisfying the inclusion

UCTBx +t-U. (5.2)

Then
(1-t)-UCTBx and T isopen and surjective.
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Proof. The assumption (5.2) implies that
(1-t)-UC(1—1t)-T(Bx)+ (1 —t)t-UCT(Bx)+t-T(Bx)+t* U.

If we iterate this process n times, we find the following inclusion:

n—1

1—t)> t*

k=0

(1-t)-UC “T(Bx)+ (1 —t)t" - U.

Since t belongs to (0, 1), we can easily compute the sum of the series multiplying the first
term on the right-hand side, that is,

n—1
1
li Yot = —.
o LO 1 1—¢

Therefore, if we take the limit as n — +oo of the inclusion above, we find that

n—1
(1-1)-UC lim |(1-¢) kz_ot’f .T(Bx) C T(Bx),

where the last inclusion follows from the fact that X is a Banach space (thus the sequence
of points converges). Indeed, one can easily notice that

(1-t)-UCT(Bx) = T open,

and
Y = LGJNn~U = Y C Lelent-T(BX) = T surjective.

O

Applications of the Iteration Lemma. In this paragraph, we state and prove two
extension results that follow from an easy application of the iteration lemma.

Theorem 5.18. Let A be a closed subset of a metric space M, and let f : A — E be a
continuous map with values in a Banach space E. Then there exists a continuous map

f:M—E

which extends f, that is ﬂA =7f.

Proof. Notice that we may always assume, without loss of generality, that f is a bounded
map.

Step 0. The thesis is clearly equivalent to the surjectivity of the operator

T:C)(M,E)— C} (A, E)

g— 9|,
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The idea here is to apply the Iteration Lemma 5.17 to the operator T'. In particular, it is
enough to prove that for every f € CP (A, E) there is g € C (M, E) such that |g|| < 1 and

1
lol, 7l <5

Indeed, any function f € Cp (A, E) can be rewritten as
F=9l,—(9ls— 1),

and this is enough to infer that that the map is open and surjective.

Step 1. The function f is continuous at every point p € A, which means that we can
always find a neighborhood U,, of p in M such that
f ’UpmA = fP ’UpmA7

where f, : U, — E is a continuous local approximation of f at p.

Step 2. Consider the open covering

Q:={U,},_,U{M\ A}

pEA

of the metric space M, and let let {’l[}p}pe 4 U{to} be the associated partition of unity”.

Step 3. For every p € A there are only finitely many functions 1), that does not vanishing
at p, and therefore we can define the approximation in the obvious way:

]?(3;‘) = Z Vp(@) fp(@).

peEA

The reader may check that, not only f(z) is the sought approximation, but also that it can
be chosen to be zero outside of an arbitrarily small neighborhood of A. O

Theorem 5.19. Let E and F be Banach spaces, and let L € L(E, F) linear, continuous
and surjective operator. If (M, d) is a metric space and f : M — F a mapping, then it
can be lifted to a map f: M — E in such a way that the following diagram commutes:

ﬁ‘TN

ML

Proof. The argument is very much similar to the previous one. First, we assume, without
loss of generality, that f is a bounded mapping.

3Every metric space is paracompact, and therefore every metric space admits a partition of unity asso-
ciated to an open covering.
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Step 0. The thesis is clearly equivalent to the surjectivity of the operator
T:C)(M,E) — C(M,F)

gr— Log.
In particular, the Iteration Lemma 5.17 implies again that it is enough to show that for
every f € C (M, F) there is a g € CP (M, E) such that ||g|| <1 and
1
ILog—fl <5

We shall not prove this result here because it is enough to produce minor changes to the
argument used in the previous theorem. O

5.5 Closed Rank Theorem

In this final section, we study the set of all operators between two Banach spaces in more
depth; more precisely, we investigate necessary and sufficient condition for an operator to
be injective (or surjective) and the relation with the dual operator.

Proposition 5.20. Let X and Y be Banach spaces. The subspace of all surjective contin-
uwous linear mappings from X to'Y is open.

Remark 5.6. More precisely, if T' € L(X, Y) is surjective, the operator

T: X ey —Y
is invertible, and the positive constant &k := Hffl H > 0 is well-defined. Then, the proposition
above can be restated in a compact way as follows:

k-By CT(Bx) = T + H surjective for all H such that ||H| < k.

Proof. The proof is a fairly simple consequence of the Iteration Lemma 5.17. Indeed, the

inclusion

k-By CT (Bx)
immediately implies that

k-By C(T+ H)(Bx)+ H (Bx) C

C(T+H)(Bx)+|H|-By C

H
- (T—f—H)(BX)—f—H%lmBy).
Since k > || H|| by assumption, the Iteration Lemma 5.17 implies that
H
k- (1_”/€”> -By C(T'+ H) (Bx),

and hence
(k—|H|)-By € (T+ H)(Bx),

which means that T' 4+ H is open and, hence, surjective. O
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Remark 5.7. If X and Y are infinite-dimensional Banach spaces, then the result does not
hold for the set of all injective linear continuous operators.

Lemma 5.21. Let T € L(X,Y) be a linear continuous injective operator. Then

Ran(T) = Ran(T) <= Jc¢>0 : | Tz| > c|z|.
Proof. First, assume that Ran(T) is closed. Then (Ran(T), || - ||y) is a Banach space, and
the Open Mapping Theorem implies that
T7':Ran(T) — X

is a continuous well-defined operator. Therefore
1 1
[T zlly <alzlx = ITzly = alIfﬂllx-

Vice versa, notice that
Je>0: |[Tz|| > ¢||lz|| = T injective.
Let (yn)nen C Ran(T) be a sequence converging to some y € Y. Then
190 = ymlly = 1TT Yo =TT yully 2 1T yn — T~ ymllx

for all n, m € N. The sequence (Y, )nen is Cauchy in Y, and thus the sequence (T~ 1y, )nen C
X is Cauchy in X, which means that

n—-+o0o

T 1y, =2 ¢ e X.
In conclusion, notice that

T(x)= lim T(T7'(ys))= lim y, =y,

n—+o0o n—-+4oo
and this proves that y € Ran(T). O
On the other hand, under the simple assumption that the images are closed, we can find
an equivalent proposition for injective operators.
Proposition 5.22. Let X and Y be Banach spaces. The subspace of injective continuous

linear mappings from X to Y, with closed rank, is open.

Proof. Let L € L(X,Y) be an injective operator and assume that Ran(T") is closed (in
norm). The previous lemma implies that we can always find a positive constant ¢ > 0 such
that

ITz|| > c||z|| for all x € X,

and this is an open condition. Indeed, the triangular inequality implies that
T+ H)z|| = [|Tx|| — [HIl|lzl = (c = [HI]) =[],

and thus T+ H € L£(X,Y) is injective and its rank is closed for every H whose norm is
strictly less than c. O
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Proposition 5.23. Let X and Y be Banach spaces, and let T € L(X,Y) be an operator
such that the adjoint T* : Y* — X* satisfies the estimate

1T*y* = lly"l|  for ally™ € Y™
Then T : X — Y 1is an open and surjective mapping, that is,

k-By CT(Bx).

Proof. Let t € (0, 1). By the Tteration Lemma 5.17, it suffices to prove that
By C T(Bx) +t- By.

Suppose that there is yo € By such that y ¢ T (Bx)+1¢-By. Since C :=T (Bx)+t- By is
an open convex set, the Hahn-Banach Theorem 3.6 implies that there exists y* € Y* such
that

(y*, Tx+t-y) < {y*, yo) forall x € Bx and all y € By.

If we take y = yp, then it turns out that
(1—=1t)-(y", yo) > (y*, Tz) = (T*y", x) for all x € Bx.

We take the supremum w.r.t. x € Bx and y € By respectively, and we obtain a contradic-
tion with the assumption on T since

(L=t ly* [l =@ =)y vo) = [Ty | = [ly]|
for some t € (0, 1), which is clearly impossible. O

Remark 5.8. The condition stated in the previous Proposition 5.23 is not only sufficient
for the operator T to be surjective, but it is also necessary.

Corollary 5.24. Let X andY be Banach spaces and let T € L(X,Y) be a linear continuous
operator. If T* is injective and the rank RanT* is closed, then the map T is open and
surjective.

Annihilator. Let X be a Banach space and let M be a subspace of X. The annihilator
of M is defined by
Mt ={feX*|(f,z)=0forallzc M}.

Notice that M* is a weakly-* closed subspace of the dual X*, since it is equal to an
intersection (possibly infinite) of closed sets:

M= () {feX*[(f z)=0}.
zeM
In a similar fashion, given subspace N of X*, we define the pre-annihilator of N as the set
of points of  which are zero against each element of N, that is,
N, ={zeX |(f,xy=0forall fe N}.

Clearly, the pre-annihilator N, C X is closed w.r.t. the norm topology or, equivalently,
w.r.t. the weak topology o(X, X*) since it is convex (see Lemma 5.8). Indeed, we can
always write it as the intersection of closed sets:

Ny = () Ker f.

feN
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Notice that - and | are both inclusion-inversing operation, that is,
AcBcX = A*'>B!Y and AcBcX* =— A, DB,.

Remark 5.9. If N is a subspace of the dual X*, the annihilator N* is a subset of the
bidual X**, while the pre-annihilator IV, is a subset of X, which can be identified with its
image via the canonical immersion 2 : X < X**. As a consequence, it turns out that

Ni=N'nX="(N).

Lemma 5.25. Let X be a Banach space, and let M C X and N C X* be two subspaces.

(a) M C (M*) .

Tw

() (M), =1" =71
(¢) NC(N.)™

(d) (N )" =N".
Proof.

(a) This inclusion follows from the definitions.

(b) By Lemma 5.8, it follows that (]\JJ-)L is closed with respect to both the strong topol-
ogy and the weak topology, and thus

Tw

(Ml)i S M\l'l\ iy

Let = ¢ M”‘H. It follows from Hahn-Banach Theorem there exists a functional f such
that
(f,zy=1 and fe M™*,

and thus z ¢ (M J-) | » which is enough to infer that the opposite inclusion holds.

(c) This inclusion follows from the definitions.

(d) We noted above that (N, )" is closed with respect to both the weak-+ topology, and

thus o

(N)TD2N™.
Let f ¢ N It follows from Hahn-Banach Theorem there exists a valuation j, such
that

(ju, fY)=1 and xz € Ny,

and thus f ¢ (N J_)J_, which is enough to infer that the opposite inclusion holds.

O

Lemma 5.26. Let X and Y be Banach spaces and let T € L(X,Y). Then the following
inclusions hold true:
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(a) KerT = (RanT™) | .
(b) KerT* = (RanT)".
(c) RanT C (KerT™), .

(d) RanT* C (KerT)".

(e) RanT' | = RanT™ = (KerT™), .

(f) RanT* " = (Ker T)".
Proof.

(a) Let z € KerT. For every f € Y*, it turns out that
(f;, Te) =0 = (T"f, z) = 0,
that is, € (RanT™) . Vice versa, let € (RanT*), and notice that
(fy, Tx) =0 <= (IT"f,x) =0
for all f € Y*, which means that x € KerT.
(b) Let f € KerT™*. For every x € X, it turns out that
(T"f, 2) =0 = (f, Tx) = 0,
that is, z € (RanT)™ . Vice versa, let f € (RanT)" and notice that
(T*f, ) =0 < (f,Tz) =0,
for all x € X, which means that f € Ker T™.

(c) Let y € RanT, and let € X be a point such that Tx = y. Thus, for every f € Y*,
it turns out that

(f, Tz) = (f,y) = (f,y)=(T"f x)
and this concludes the proof.
(d) This is similar to the previous point.
(e) This equality follows from the point (c) and Lemma 5.25.

(f) This equality follows from the point (d) and Lemma 5.25.

Lemma 5.27. Let X and Y be Banach spaces and let T € L(X,Y) be an operator.

(a) The operator T is injective if and only if RanT* is weakly-x dense.

(b) The operator T* is injective if and only if RanT is weakly/strongly dense.
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Proof.

(a) The operator T is injective if and only if KerT = 0 if and only if (Lemma 5.26)
(RanT™*), = 0 if and only if the weak-* closure of RanT™* is the whole space Y*, that
is, the rank is 7,;-dense.

(b) The operator T* is injective if and only if Ker 7% = 0 if and only if (Lemma 5.26)
(RanT)" = 0 if and only if the weak closure (or norm closure) of RanT is the whole
space Y, that is, the rank is 7,,-dense (or dense in norm).

O

Theorem 5.28 (Closed Rank). Let X and Y be Banach spaces and let T € L(X,Y) be a
continuous linear operator. The following properties are equivalent:

(1) The rank RanT is closed in norm.
(2) The rank RanT is weakly closed.

(3) The rank RanT is equal to (KerT*) .
(4) The rank RanT* is closed in norm.
(5) The rank RanT* is weakly-+ closed.
(6) The rank RanT* is equal to (Ker T)".

Proof. Here we only prove the two nontrivial implications. The remaining ones follows easily
from the theory we have developed so far.

"(4) = (1)" Suppose that RanT* is closed w.r.t. the topology induced by the norm

as a subset of X*. Let Z = RanT Il and consider the decomposition of the operator T' as

follows:
X — 7T vy
NS
VA

We may equivalently prove that S is a surjective operator. If we consider the dual diagram

X —7Y"

_
Z*

then it is easy to see that j* is the restriction operator, which is surjective by the Hahn-
Banach Theorem 3.1. Consequently, we have the equality

Ran S* = RanT™,

which means that Ran S* is closed w.r.t. the norm topology. In conclusion, since S* is an
injective operator with closed rank, it follows from Corollary 5.24 that S is surjective, and
thus Z = RanT.
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"(1) = (6)" Suppose that RanT is closed w.r.t. the topology induced by the norm.
We already know that the inclusion

Ran(T*) C (Ker(T))*

always holds. Therefore, it is enough to prove the opposite one. Let f € (Ker T)J‘, and
notice that
Ker f D KerT.

The usual algebraic lemma proves that there exists f: RanT — K such that the small
triangle in the diagram below commutes:

By Hahn-Banach Theorem 3.1 there is an extension F' of fto the whole Y satisfying the
identity F oT = f. Since F o T = T*(F), this implies that f belongs to the image of T*,
that is,

RanT* D (Ker T)™" .

5.6 Appendix

In this appendix, we introduce the notion of filter and, specifically, wltrafilter to give a
relatively simple proof of the Tychonov Theorem, which is a result we used in the Banach-
Alaoglu section.

5.6.1 Tychonov Theorem. Ultrafilter Approach

The main purpose of this section is to prove the Tychonov theorem using the basic definitions
and the basic properties of ultrafilters.

Theorem 5.29 (Tychonov). The topological product [], X; of an arbitrary collection of
compact topological spaces X; is compact.

Recall that a set E is compact (in the Heine-Borel sense) if and only if any open covering
U admits a finite subfamily V C U such that

Ec|JW

vey

This notion of compactness can be easily reformulated in terms of closed coverings.
Namely, aset Y C X is compact if and only if every collection of closed set F = {F; := U/}, ;
has the finite intersection property, that is,

ﬂFl-;é@ for all J C I finite = ﬂFZ7é®
i€J i€l
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Definition 5.30 (Filter). Let X be a set. A filter F on X is a subset of P(X) satisfying the
following properties:

(a) If F € F, then F is nonempty.

(b) The collection is increasing, that is, if ' € F and F’ D F, then F’ € F as well.

(¢) The collection is closed under intersection, that is, for all F, F’ € F, the intersection
F N F’ still belongs to F.

Example 5.2. We now present a short list of filters.

(a) If (X, 7) is a topological space and zg € X a point, then F = U, (X) is a filter.

(b) If X =N, the family F = {A C N | A is finite } is a filter.

(¢) If A C X is nonempty, then the principal filter associated to A is defined by

(A) ={BeP(X)|BDA}.

Definition 5.31 (Filter Basis). Let X be a set. A basis for a filter is a collection B C P(X%)
satisfying the following properties:

(a) If B € B, then B is nonempty.

(b) The collection is closed under intersection, that is, for all B, B’ € B there exists

B" € B such that B” C BN B'.

Furthermore, the filter generated by the basis B is defined by
Fp :={A € P(X) | there is B € B such that BC A}.

Definition 5.32 (Coarser Filter). Let X be a set, and let F and F' be filters on X. We say
that F is coarser than F' if F C F'.

Definition 5.33 (Coarser Basis). Let X be a set, and let B and B’ be filter bases on X. We
say that B is coarser than B’ if Fg C Fj,.

Remark 5.10. Let X be a set, and let 7 and F’ be filters on X. The infimum is defined
as the maximum filter coarser than both, it always exists and it is equal to

FAF =FnF.

In a similar fashion, the supremum is defined as the minimum filter finer than both, but it
does not always exists. When it does, it is denoted by

FVF.

Lemma 5.34. Let X be a set, and let F and F' be filters on X. The following properties
are equivalent:

(1) There exists a filter G finer than both.

(2) The supremum F NV F' exists.



CHAPTER 5. BANACH-ALAOGLU AND CLOSED RANK THEOREM 96

(8) For every A € F and every A’ € F', the intersection AN A’ is nonempty.

Proof. The chain of implications (2) = (1) = (3) is trivial. If (3) holds true, then the
supremum may be directly defined as
FVF ={AnA |AeF, A eF}.
O

Notice that the set of all the filters on X is partially ordered by the inclusion C. Further-
more, it has the ascendant chain property, and thus (Zorn’s lemma) each filter is contained
in a maximal filter, called wultrafilter.

Lemma 5.35. Let X be a set. The filter M on X is mazimal if and only if for every
A € P(X) either Ae M or A° € M.

Proof. We divide the proof into two steps.

7 = 7 Suppose that M is an ultrafilter. If A is any subset of X, then it turns out that
either ANF # & for any F' € M or there exists F' € M such that the intersection is trivial.

In the first case, the previous lemma shows that the supremum between M and (A) is
well-defined, and it is finer than M, which is absurd. In the second case, AN F = & implies
that F* C A€, and thus A¢ € M.

7 <= " Vice versa, suppose that for any A € P(X) either A € Mor A€ M. If F D M,
then each F' € F either belongs also to M (which is fine) or the complement belongs to M
(which is absurd, since F© € M C F implies that @ = F N F°¢ € F). O

Image of a filter. Let f: X — 2 be a function and let F be a filter on X. The image
of F through f is the filter f(F) generated by the basis

B={f(F)|FeF}.

Lemma 5.36. Let f : X — Q) be a function and let F be an ultrafilter on X. Then the
image filter f(F) is always an ultrafilter on Q).

Topological Filters. We are finally ready to restate the main topological definitions in
terms of filters and ultrafilters.

Definition 5.37 (Convergence). Let (X, 7) be a topological space. A filter F is said to be
convergent at x € X if and only if
F D U (%).

Definition 5.38 (Continuity). Let (X, 7) and (%), o) be topological spaces. A function
f:X — 9 is continuous at x € X if and only if

f(U(X)) D Up) (D).

In particular, a sequence f : N — X is convergent, and its limit is z¢p € X, if and only if
the image filter of the Frechét filter F on N is convergent at zg.
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Remark 5.11. Let f: X — ) be a function, and let F be a filter on Q). If f is surjective,
then
@) | FeF)

is a filter basis on X, and we denote by f~!(F) the generated filter.

Remark 5.12. Let X and 2) be sets, and let F and G be filters on X and %) respectively.
If f: X — 92 is a function, then

fTHF)CG = FC Q).

Indeed, if f~1(F) C G, then for every F € F there is G € G such that G C f~1(F). But
this implies that f(G) C F, and thus F C f(G).

Lemma 5.39. Let (X;, 7;),c; be topological spaces. A filter F on X =[],
at x € X if and only if for each i € I the projection m; (F) converges at m;(x).

X; converges

Proof. The filter of the neighborhoods of a point x € X can be expressed as the supremum
of the filters m; * (U, (X;)), where z; = 7;(x), and

7; ' (U, (X;)) = Filter generated by H.’fj x Ui |U; € Uy, (%;)
J#i
Therefore, a filter 7 on X := [],; X; converges at x € X if and only if

F DU, =sup 7r;1 Uz, (X)),
icl

which is equivalent to for any ¢ € T
mi(F) DUy, (X;) foralliel,
also equivalent to m; (F) converges at m;(z) = x; for all i € I. O

Definition 5.40 (Adherent). Let (X, 7) be a topological space and let F be a filter on X.
A point p € X is adherent to the filter F if and only if

VU eUpy(X), VFeF~UNF #o.

Remark 5.13. Equivalently, the set of the adherent point to a filter F can be expressed
as the intersection of all the closures of the elements of F. More precisely, it turns out that

{p € X | p adherent to F} = ﬂ F.
FeF

Moreover, p € X is adherent to F if and only if there is a finer filter than both U, (X) and
F if and only if there exists the supremum F V U, (X) if and only if F admits a refinement
convergent at p.

Remark 5.14. Let (X, 7) be a compact topological space. As we have already pointed out,
it is equivalent to require that every family of closed sets with nonempty finite intersection,
has nonempty intersection.

On the other hand, we can prove that X is compact if and only if each filter on X has
adherent points (at least one) if and only if each ultrafilter is convergent if and only if each
filter has adherent points and admits a convergent refinement.
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Proof of Tychonov Theorem. Let F be an ultrafilter on the product X := [],.; X;. Then

for all i € I the image 7;(F) is an ultrafilter on X; and thus, by compactness, it is also
convergent. O

Remark 5.15. The Thychonov theorem requires the choice axiom to be proved, but it turns
out that it is actually equivalent. More precisely, if we assume the Thychonov theorem to
be true, then it turns out that for any family (X;);es of nonempty set, the product [[;.;y,
is nonempty.

5.7 Exercises

Definition 5.41 (o-convexity). The set C C X is o-convex if for any bounded sequence
(zk)ken C C and any sequence (A)ren of positive numbers such that >, Ay = 1, it turns

out that
> M-z €C

Exercise 5.1. Let X, Y be Banach spaces and let T' € £(X, Y).

(a) If C is convex and closed, then C' is o-convex.

(b) If C is convex and open, then C is o-convex.

(c) If C is o-convex and bounded, then T(C) is also o-convex.

(d) If C is o-convex, then also the translation and the preimage are o-convexes.

(e) If C is o-convex and bounded, then for any ¢ € (0, 1) the inclusion E C C +t- F
implies that (1 —t)-E C C.

Moreover, this property characterize o-convex sets in a Banach space.
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Chapter 6

Compact Operators on Banach
Spaces

In this chapter, we are mainly concerned with compact operators and symmetric (compact)
operators between Banach spaces.

In the first half, we study the ideal of compact operators and the spectral theory (e.g., the
Fredholm alternative theorem), which gives us an excellent estimate of the spectral radius.

In the second half, we investigate the fundamental properties of compact symmetric
operators, for which the spectral theory gives us more precise pieces of information.

6.1 Main Definitions and Elementary Properties

Definition 6.1 (Compact Operator). Let X and Y be two Banach spaces. An operator
T:X — Y is compact if and only if the following properties hold:

(a) The operator T is continuous with respect to the strong topologies.

(b) The image T(FE) of every bounded subset E C X is relatively compact’ in Y.

Remark 6.1. If the operator T' : X — Y is linear and continuous, we do not need to
check it maps every bounded set in a relatively compact one. Indeed, it is enough to verify
whether or not the image of the unit ball is relatively compact, that is, if T'(Bx) is compact
inY.

Lemma 6.2. Let T € L(X,Y) be a linear continuous operator between Banach spaces.
Then T is compact if and only if for every bounded sequence (xn)nen C Bx (0, ¢) there
exists an increasing subsequence (ny)ren such that

dyeY : kginoo | Txn, —ylly =0.

1Let X be a topological space. A subset ) C X is relatively compact if the topological closure 2) is
compact in X.
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The next goal is to give two compactness criteria, easy to check, that hold in reflexive
(=X = X**) Banach spaces. Before we can do that, we need a characterization of the
reflexivity in terms of the compactness of the ball with respect to a suitable topology.

Lemma 6.3. A Banach space X is reflexive if and only if the closed unit ball Bx(0, 1) is

weakly compact.

Proof. First, we notice that the closed unit ball Bx(0, 1) is weakly compact if X is a reflexive
Banach space, as a consequence of the Banach-Alaoglu Theorem.

Vice versa, if By is weakly compact, then it is weakly-* closed in X**. Since the weakly-x
closure of Bx in X** is Bx««, and we get

Bx = Bx« —> X is reflexive.

O

Lemma 6.4. Let X be a reflexive (separable) Banach space, and let M be a closed linear
subspace of X. Then (M, || - ||am) is also a reflexive (separable) Banach space, where

- llaz =11+ 11 -

First Proof. Recall that X is reflexive if and only if the closed unit ball is compact in the
weak topology, as a consequence of Lemma 6.3.

Therefore, it is enough to notice that the closed unit ball of M is the intersection of the
unit ball of X with the closed subspace M, that is,

By = Bx NM = By is closed.

Second Proof. Let jp; : M — X be the inclusion map. The dual operator
Jga s X — M*

is surjective as a consequence of the Hahn-Banach Theorem 3.1, since it is nothing more
than the restriction map:

g X* > fr— fl,, €M
The dual of this operator, which is given by the bidual of the inclusion
Jap s MY X

is injective, and its image is weakly-* closed”, that is, the rank is o(X**, X*)-closed. On

2The rank Ranj}, is weakly closed because j}, is surjective and M is closed w.r.t. the subspace topology.

-k ok

It follows from the Closed Rank Theorem 5.28 that the rank of dual operator j3; is weakly-* closed.
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the other hand, it can be easily identified with the closure of M by noticing that

M %X*/ML — M™ = (X*/MJ_,J(X,X*)) =

~J

o~ <MJ_,G'(X,X*))L’U(X*7X**)

o (ML,U(X**’X*))l’”(x*’x**) o

o TP X)
If X is a reflexive Banach space, it turns out that o(X**, X*) = o(X, X*) is the weak
topology, and therefore

o(X**, X*)

M** =M MY =M

since we assumed M to be a closed subspace of X. O

Lemma 6.5. Let X be a Banach space. Every weakly converging sequence in X is bounded.

Proof. Let (x,)nen C X be a weakly convergent sequence in X, and let T,, € X** be defined
by
T,(0) :==4(x,) forall{e X* and n € N.

If we consider I" := {7}, : n € N}, then the weak convergence of x,, implies that I' is a
pointwise bounded family in a second-category set. It follows from the Banach-Steinhaus
Theorem that

sup ||z, ||l x = sup [|Tn || x < 400,

neN neN

which means that (z,),eny C X is bounded. O

Lemma 6.6. Let X be a Banach space, and let (x,)neny C X be a sequence. If every
subsequence (ng)gen admits a sub-subsequence (ny,)een such that

Jim o, llx =0,

then the whole sequence converges strongly to 0, that is,

lim |z,||x =0.
n—r~+00

Proof. We argue by contradiction. Fix ¢ > 0. We claim that for every k € N, there exists
ng > k such that
el > (6.1)

If the claim holds, then it suffices to notice that the subsequence x,, does not admit any
converging sub-subsequence, which yields to a contradiction.

To prove that the claim (6.1) holds true, notice that, if for some k € N there is no bigger
index ng > k such that ||x,, | > €, then

|lzm] <€ forall m >k,

and therefore the sequence z,, converges strongly to 0, in contradiction with what we have
assumed. O
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Lemma 6.7. Let X be a reflexive Banach space. A linear continuous operator T € L(X,Y)
is compact if and only if every sequence (xn)neny C X, weakly converging to 0, has the
property that the image (Txy), .y CY converges strongly (=w.r.t the norm || - |ly) to 0 in
Y.

Proof. We divide the argument into two steps to ease the notation.

7 = 7 Suppose that T : X — Y is compact and let (z,),eny C X be a sequence such
that

x, — 0.

The set {z,, |n € N} is bounded in X, as a consequence of Lemma 6.5, and thus (since T
is compact) there exists an increasing subsequence (ny)gen such that

lI-lly

Tz, —ycY.

On the other hand, the operator T is continuous; hence T'xz,, — 0 since

n—-+o0o

<90a Txn> = <T*90a xn> —0.
The uniqueness of the limit immediately implies that y = 0, and thus the usual argument

based on the behavior of the sub-subsequences (see Lemma 6.6) proves the whole sequence
(T 2p,),,cy converges strongly to 0.

7 <= " Vice versa, let (z,)nen C X be a sequence weakly converging to 0, and let

Xo :=Span (z, : n €N)

be the closure of the linear span generated by the sequence.

By Lemma 6.4, it follows that X is a separable reflexive Banach space, and thus, by
Banach-Alaoglu Theorem 5.13, the unit ball of X is sequentially weakly-* compact. On
the other hand, since X is a reflexive space, the weak-* topology on X is equal to the
weak topology on X, and hence the unit ball of X is weakly compact, that is, there is a
subsequence (ny)gen such that

Ty, — Too € X.

The sequence (T, — Too),ey converges weakly to 0. Therefore, by assumption, it follows

immediately that
n——+0o 0

|Txn, — Trl|

in Y, which is enough to infer that the set {Tx,, | n € N} is relatively compact with respect
to the strong topology in Y. O

Lemma 6.8. Let X and Y be reflerive Banach spaces. A linear and continuous operator
T:X — Y is compact if and only if for any sequence (xy)nen C X weakly converging to
0 and any sequence (Y )nen C Y™ weakly-+x converging to 0, it turns out that

(Y Twn) 22 0.
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6.1.1 Ideals of Finite-Rank Operators and Compact Operators

In this section, we prove that compact operators give rise to an ideal and we investigate some
of its main properties (e.g., if it is closed), included the relation with finite-rank operators.

Let X, Y be Banach spaces. We denote by L.(X, Y) the subset of the linear and con-
tinuous operators which are also compact.

Definition 6.9 (Totally Bounded). A metric space (M, d) is totally bounded if and only if
for every € > 0 there is a finite collection of open balls B(z1, €), ..., B(xy, €) of radius €
covering the space, that is,

-

Mg B(]}i,G).

=1

Lemma 6.10. Let (M, d) be a complete metric space. A subset Y C M is totally bounded
if and only if Y is relatively compact.

Lemma 6.11 (Ideal of Compact Operators).

(1) The set of linear continuous compact operators L.(X,Y) is a closed subspace of
L(X,Y).

(2) Let T € L(X,Y) and S € L(Y, Z) be two operators. If either of them is compact,
then the composition S o T is also compact.

(8) The subspace L.(X) is a closed bilateral ideal in the operator algebra with respect to
the composition.

(4) The subspace L¢(X) of finite-dimensional rank operators is an ideal in the operator
algebra, but it is, in general, not closed. Moreover, it is the minimal nonzero ideal.

Proof.

(1) Let T € L.(X,Y) and let S € L.(X, Y) be a compact operator. The inclusion
T (Bx) CS(Bx)+||T -S| - By (6.2)

holds as a consequence of the triangular inequality. For any € > 0 there exist S, €
L.(X,Y) such that ||T — S| < ¢/2, and a finite’ subset F' C S (Bx) such that

S.(Bx) S F+3 - By.
Therefore, the inclusion (6.2) may be rewritten as follows
T(Bx) C F+¢€- By,
and this is enough to conclude that T (Bx) is totally bounded. Since Y is a complete

space, we infer from Lemma 6.10 that T (Bx) is also relatively compact, i.e., T is a
compact operator.

3The operator Se is compact and Y is a Banach (complete) space. It follows that the image of the unit
ball Bx (a bounded set) is relatively compact in Y, and hence also totally bounded.
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(2) This assertion is a straightforward consequence of the fact that any linear continuous
operator sends bounded (resp. relatively compact) sets in bounded (resp. relatively
compact) sets.

(3) The subspace L.(X) is closed by (1), and it is a bilateral ideal by (2).
(4) Let Z be a nonzero ideal of £(X), and let T # 0 be an element of Z. Let 29 € X be
any point such that Tzg # 0, and let «, 5 € X* be linear continuous forms.

Recall that, for every fixed y € X, the operators of the form
x+— y{a, x)

have rank equal to 1. Therefore, if we consider the composition with 7' (which is still
an element of Z by assumption), then for yo € X fixed it turns out that

[yo(B, ) o T o [zo(e, )] € .
If we let (8, Txo) = 1, then the composition above is given by
x — yo(a, x),

and thus 7 contains all the operators with rank of dimension 1.

O

In particular, the minimal closed ideal in the operator algebra is £¢(X). It has been for
long an open problem to determine whether it is equal to £.(X) or if the inclusion can be
strict.

In the '73 the mathematician Enflo showed that the equality could be strict in a particular
Banach space [2].

Lemma 6.12. Let X andY be normed spaces, and let T € L.(X,Y) be a compact operator.
Then

T(X) CY is a separable Banach space.

Proof. Note that

X = {J B, n),

neN

and every ball B(0, n) is a bounded subset of X, which means that its image via T is
relatively compact in Y. On the other hand, a relatively compact set is always separable
and

7(X) = |J T (B(0, n))

neN

is a countable union of separable set, meaning that it is also separable. O

Lemma 6.13. Let X be a Hilbert space. Then the closure of the finite-rank operators is the
ideal of the compact operators, i.e.,
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Proof. First, we notice that every finite-rank operator is compact. Since the ideal £.(X) is
closed, the first inclusion follows:

Lo(X) 2 Ly(X).
Let T : X — X be a compact operator. The closure of the image T'(X) is a separable
Hilbert space (see Lemma 6.12). Thus, we can always consider a sequence of projections
(Pp)nen over the n-dimensional subspaces

P, : X — Span{ey, ..., en),

in such a way that

The convergence criterion (see Lemma 6.14 below) implies that P, — T strongly (in
norm), which means that
ngrq{loo |P.T —T| . = 0.

On the other hand, by construction P, T is a finite-rank operator for all n € N. Therefore,
we just proved that T is the limit of a sequence of finite-rank operators with respect to the
operator norm, which means that

Lo(X) €

[

£(X).
0

Lemma 6.14. Let H be a Hilbert space and let (xn)nen C H be a sequence. Then z, —
x € H strongly if and only if x,, — x weakly and ||z,| — |||

Proof. Suppose that x,, — = strongly (in norm). The weak topology is coarser than the
topology induced by the norm; therefore strong convergence always implies weak conver-
gence.

Moreover, the norm || - || i is a continuous function with respect to the norm topology as
a consequence of the reversed triangular inequality:

-+
llznll = llzll] < llzn — @[l == 0.

Vice versa, suppose that x,, — = weakly and that ||z,| — ||z|. By definition we have that
lzn = @l* = (20 — @, 2n — 2) = (|2all* + &)%) = 2 (20, 2)

and it is easy to see that the first term converges to 2||z||?, while the second converges to
—2||z||. O

Lemma 6.15. Let H be a Hilbert space and let T € L(H) be a continuous linear operator.
If T is not compact, then there exists an infinite-dimensional closed subspace M C H such
that

T |M : M = T(M) is an isomorphism

and T(M) C H s a closed infinite-dimensional subset of H.

Proposition 6.16. Let H be a separable Hilbert space. The compact operators form the
unique bilateral closed ideal in the operators algebra.
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Proof. Let T be a nonempty bilateral closed ideal in the operator algebra £(H ), and suppose
that there exists T' € Z that is not compact.

By Lemma 6.15 there exists an infinite-dimensional closed subspace M C H such that
T | a is invertible onto its image. On the other hand, since M and T'(M) are both infinite-
dimensional spaces, it turns out that

H separable = M =T(M)= H.
Consequently, the operator given by the composition
S:HSML (M) S H

belongs to Z, and this concludes the proof since S is invertible and S € Z means that Z is
equal to the whole operator algebra. O

6.1.2 Schauder Theorem

Theorem 6.17 (Schauder). Let X, Y be Banach spaces. An operator T € L(X,Y) is
compact if and only if T* € L(Y™*, X*) is compact.

Proof. We divide the argument into three steps to ease the notation.

Step 1. Suppose that T is a compact operator and let (y))ney C Y™ be a bounded
sequence, that is, there exists C' > 0 such that

lynll < C.

Consider the sequence defined by the restrictions on the closure of the image of the unit ball

(Z:L)nEN = (y;; m)neNy

and notice that z} is a continuous function defined on the compact metric space T'(Bx)
(since Bx is a bounded set in X and T is compact).

Step 2. The sequence (z}),en is clearly equibounded and equi-Lipschitz continuous with
constant 0 < L < (C. It follows from the Ascoli-Arzeld theorem that one can find an
increasing subsequence (ny)ren such that

= (m)*.

In particular, it is a Cauchy sequence with respect to the uniform norm (since the conver-
gence is uniform) on the closure of the image of the unit ball, and therefore

_ * %
ynk y’ﬂ]‘

e = nilloo, 783y

o0, T(Bx) B

= kaOT—y:LJOTH =

oo, Bx

= |T"yn, — T"yp,

Bx H e ] x+

o0,
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In conclusion, we infer that (T*y:‘lk) keN is a Cauchy sequence in X*, which is complete, and
thus it converges.

Step 3. Vice versa, assume that the dual operator T* is compact. The previous steps
prove that the bidual operator T** is compact, that is,

T**(Bx) has compact closure in Y**.

Since T(Bx) = T**(Bx) and Y is closed in Y**, we conclude that T'(Bx) has compact
closure in Y, which is exactly what we wanted to prove. O

6.2 Riesz-Fredholm Spectral Theory

In this section, we state and prove the so-called Fredholm alternative theorem for com-
pact operators, which asserts that compact perturbation of the identity behaves in a very
controlled manner.

Theorem 6.18 (Fredholm alternative). Let T € L.(X) be a compact operator and let X
be a Banach space.

(a) The kernel Ker(idx — T') is a closed, T-invariant and finite-dimensional subspace of
X.

(b) The kernels K,, := (Ker (idx —T)"),,cy form an increasing and stable sequence of
closed, T-invariant and finite-dimensional subspaces of X.

(¢) The rank Ran(idx — T') is a closed, T-invariant and finite-codimensional subspace of
X.

(d) The ranks Ry, := (Ran (idx — T)"), o form a decreasing and stable sequence of closed,
T-invariant and finite-codimensional subspaces of X.

Proof.

(a) The kernel Ker(idx —T') is clearly closed, while the T-invariance follows from a simple
computation:

reKer(idxk —T) = o —Tax=0 = Tz € Ker(idx — 7).
Therefore, the restriction operator
T |y, : Ker(idx —T) — Ker(idx —T)
is compact and equal to the identity (x = Tz). On the other hand, if B is a Banach

space, then the identity idg is compact if and only if B is locally compact if and only
if B is a finite-dimensional space.
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(b)

(c)

If we expand the binomial (idx —7")™ using the Newton formula, we obtain an operator
of the form idx — 7", for some T" € L.(X). In particular, the sequence (Kp)nen is
increasing and made up of closed, T-invariant and finite-dimensional subspaces.

We only need to prove that the sequence is stable, that is, there exists ng € N such
that

Ky, = K,, forall m>ng.

We argue by contradiction. Namely, we suppose that there exists a strictly increasing
subsequence (7;) ey such that K, C K,,, is a strict inclusion. First, we claim that
for all j € N there exists a point z,,; € K, such that

|2n,;[| <2 and d(xnj, 1’71371) =1. (6.3)
Proof Claim. Let K C L be closed subspaces of a Banach space B. Then there
exists a point € L\ K such that
d(z, K)=1.
Since the distance between a point and a set is given by the infimum of the distances,
there must be a point k¥ € K such that d(x, k) < 2. Hence the point u := z —k belongs

to L and it turns out that

lul| =d(x, k) <2 and d(u, K)=d(z, K)=1.

Back to the proof of (b), for all i < j we have that

||Ta:nj — Tz,

= || T, _(xnj - T-Tnj + Txnl )” > 1,
~ S—— —

€K, €K, €Kn,CKpn,_,

J j—1

since idx — T': K,, — K1 and d(2y,;, K, ,) = 1.

This is in contradiction with the assumption that T is compact since the sequence
(T:cnj)j < does not admit any converging subsequence.

The kernel Ker(idx — T) is a finite-dimensional closed subspace of a Banach space.
Therefore, there exists Xqg C X such that

X is closed and X = Xy @ Ker(idx — T') topological direct sum,

that is, the application + : Xy x K; — X is linearly invertible.

N.B. If X is a Banach space and K C X is a closed infinite-dimensional subspace
of X, then the existence of such a decomposition is, in general, not certain.

On the other hand, if K and the algebraic supplement K’ are closed, then it holds
true (e.g, as a consequence of the Open Mapping Theorem 4.20).

Back to the proof of (c), notice that the restriction (idx — 7') ‘Xo is injective and it
has the same rank. Therefore, the operator

(idx = T) |

x, - Xo — Ran(idx — 7))
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(d)

is bijective, linear and continuous. If we can prove that Ran(idx — T') is complete,
then we will be able to conclude that it is also closed. Clearly, it suffices to prove that

(idx —T)~" : Ran(idx — T) — X,

is continuous. We argue by contradiction. If the restriction is not a homeomorphism,
then there is a sequence (z)ren C Xo of elements, whose norm is uniformly equal to
1, such that

2 — Tag|| 22522 0.

Since T is a compact operator, up to subsequences, it turns out that Tz, — £. It
follows from the relation above that also x — & € X, and the norm of £ is also equal
to 1. This yields to a contradiction since

£ € 0Bx(0, )N Xy NKer(idx —T) = 9Bx(0, 1) N {0} = @.

If we expand the binomial (idx — 7)™, we obtain an operator of the form idx — 7" for
a certain 77 € L.(X). In particular, the sequence (R, )nen is decreasing and made up
of closed, T-invariant and finite-codimensional (see Theorem 6.20) subspaces.
We only need to prove that the sequence is stable, that is, there exists ng € N such
that

Ry, = R,, forall m> ng.

We argue by contradiction. Namely, we suppose that there exists a strictly increasing
subsequence (n;) ey such that Ry; O Ry, is a strict inclusion. First, we claim that
for every j € N there is a point z,,; € R, such that

|l2n, || <2 and d (xnj, ;vnjﬂ) =1. (6.4)

For every ¢ < 7, it turns out that

HTxnj - T‘rmH = ” Ln; _(mni - T‘rni + Txnj )H > 1,
~~~ S——— N——
ERn,; €Rn;yy €Rn;CRn;

since idx — T : R, — Ry41 and d(xy,, Rn,,,) = 1.

This is in contradiction with the assumption that T is compact since the sequence
(T'zy,);cn does not admit any converging subsequence.

Mi41

Lemma 6.19. Let T € L.(X) be a compact operator. Then

idx — T is injective if and only if idx — T is surjective.

Proof.

R

= 7 Suppose that idx — T is injective, but not surjective, and let y € X be a point
that does not belongs to the image, i.e., y ¢ Ran(idx — T'). Then it is easy to prove that

(idxk = T)"y € R, \ Rnt1 = the sequence (R, )nen is not stable,

and this is absurd, as a consequence of the Fredholm Alternative Theorem 6.18.
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7 <= 7 Suppose now that idx — T is surjective, but not injective, and let y € X be a
nonzero point of the kernel, i.e., y # 0 and (idx — T)y = 0. For every n € N there exists
Yn € X such that

(idx = T)"yn=y#0 and (idx —T)" 'y, =0.

It follows that the sequence (K, )nen is not stable, and this is absurd for the same reason
mentioned above. L]

Theorem 6.20. Let T € L.(X) be a compact operator. Then
dim K,, = codim R,, = codim R} = dim K7,
where
K =Ker(idx —T*)" and R} =Ran(idx —T")".
Proof. Let us consider the projection
P: X — K
onto the finite-dimensional subspace Ker(idx — T'), corresponding to the direct sum X =
Xo @ K1 mentioned above. Let s : K1 — Y C X be a surjective (or injective’) mapping

between K; and the algebraic supplement Y of Ran(idx — 7'), that is, the subspace Y such
satisfying the following properties:

Y NRan(idx —7) = o and X =Y +Ran(idx — 7).
If we prove that s is a bijection, then the following identity will arise automatically:

dim Ker(idx — T) = dimY = codim Ran(idx — 7).

Step 1. Let us consider the operator defined by
idx—T/ = idx— (T—SOP).

Since the composition s o P € L(X) is a finite-rank operator, we can apply Lemma 6.19
and infer that

s is surjective <= idx — 1" is surjective <= idx — 1" is injective <= s is injective,
and this concludes the first part of the proof.
Step 2. Recall that, if T is a compact operator, then T™* is also a compact operator.

Therefore, it is enough to prove that

dim Ker(idx — T') = dim Ker(idx — 7).

4Both the kernel K7 and the algebraic supplement Y of the rank are vector spaces (one of which finite-
dimensional), and therefore we can always find an injective or surjective map, depending on the respective
dimensions.
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Indeed, a straightforward computation shows that

dim Ker(idx — T') = codim Ran(idx — T') =

= dim (X/Ran(idx - T)) -

“ dim (X/Ker(idx - T*)L) B

o dim (X/Ker(idx — T*)J_)* =

= dim (Ker(idx — T%)1)" = dim (Ker(idx — 7)),

where (x) follows from the Closed Rank Theorem 5.28, and (x) follows from the fact that
the quotients are finite-dimensional (and V* =V if dim(V) < 400).

Step 3. In conclusion, the generalization to n > 1 is an easy consequence of the fact that
" n " n
idx —7)" =id -1) T'=idx — T -1) 71
(s 77" =i+ Y1) () 7 =ide - 7o o) (1) 7
i=1 =1
since the composition between an operator and a compact operator is still compact. [

Corollary 6.21. Let T € L.(X) be a compact operator defined on a Banach space, and let
ng € N be the natural number such that, for all n > ng, it turns out that

Ker(idx —T)" = Ker(idx — 7)™ and Ran(idx —7T)" = Ran(idx — T")"°.
Then, for any n > ng, the space X admits the T-invariant decomposition given by

X =Ker(idx —T)" @ Ran(idx — T)".

Proof. Let x € Ker(idx —T)"NRan(idx —T)™, and let y € X be such that (idx —T)"y = «.
The sequences of subspaces are both stable after ng; thus

(idx —T)?"y = (idx — T)"z =0 = y € Ker(idx — T)*" = Ker(idx — T)",
and this implies that = 0. Moreover, it is easy to check that
X = Ker(idx — T)" + Ran(idx — T)",

since, by Theorem 6.20, the dimension of the kernel is exactly equal to the codimension of
the rank. O

6.3 Spectrum of a Compact Operator

In this section, we investigate the basic properties of the spectrum of a compact operator,
and we give an estimate from above of the spectral radius.



113 6.3. SPECTRUM OF A COMPACT OPERATOR

Introduction. Let A € C\ {0} be any complex number. The results obtained in the
previous section can be easily generalized to operators of the form A -idx — T since one
could always consider the compact perturbation

)\(idx—i~T>.

Definition 6.22 (Spectrum). Let T' € £(X) be a linear and continuous operator. The
spectrum of T is defined as the space of all A such that (A -idx —7T) is not invertible, that
is,

o(T)={ eC|Xxidx—T¢GL(X)}.
The eigenvalue spectrum of T is defined by
0.(T):={A€C |Ker(A-idx —T)#0}.

Furthermore, the elements of the eigenvalue spectrum are called eigenvalues, while the
nonzero elements of Ker (A -idx — T') are called eigenvectors (or eigenstates).

Definition 6.23 (Multiplicity). Let T' € L.(X) be a compact operator defined on a Banach
space X, and let A € C\ {0}. The algebraic multiplicity of A is defined by

ma(A) :=me(A\, T) = dimKer(X -idx — T)", (6.5)
where n > ng. The geometric multiplicity of X is defined as
mg(A) :=mg(A, T) = dimKer(X - idx — T). (6.6)

Notation. Let T' € £.(X) be a compact operator, and let ng € N be a natural number big
enough that the sequences (K, )nen and (R, )nen are stable at ng. We denote by V() the
generalized autospace associated to A, that is,

V(A) :=Ker(\-idx — T)",
and we denote by R()\) the generalized rank associated to A, that is,
R(\) :=Ran(A-idx —T)".
Remark 6.2. Let A € C\ {0} be a nonzero complex number.
(a) The algebraic multiplicity m,(\) is always bigger than or equal to the geometric
multiplicity mg()), as it follows from the Fredholm Theorem 6.18.

(b) The complex number A is an eigenvalue for 7' if and only if m,(A) > 0 if and only if
mg(A) > 0.

(c) If T is a compact operator, then mq (A, T) = mq,(A, T*) and, similarly, my(X, T) =
mg(A, T%).

In particular, as a consequence of Corollary 6.21, the Banach space X admits a spectral
decomposition with respect to A, that is X is the direct sum of the generalized spaces:

X =V(A\) @ R(A).

The decomposition is T-invariant, and the restriction (A -idx —T) |V()\) V(A — V(A is

a nilpotent operator, while the restriction (\-idx — T : R(\) — R()) is an invertible

operator.

) ’R()\)
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Remark 6.3. If T is defined on an infinite-dimensional Banach space, then, in general, the
spectrum o (7") contains the eigenvalue spectrum o, (7T') strictly (see, e.g., Exercise 6.3).

Remark 6.4. If T' € £L.(X) is a compact operator, then

o(T)\ {0} = 0(T) \ {0}.

Lemma 6.24. Let T € L(X) be a linear continuous operator. The spectrum o(T) is a
closed subset of C, and it is contained in the closed ball of center 0 and radius ||T|, i.e.,

o(T) € B (0, [ TY).

Proof. The first assertion is an easy consequence of the fact that
AeGL(X) = B (A, ||A*1H*1) C GL(X),

that is, the complement of o(7") is an open subset of C. On the other hand, if X is a complex
number such that |A| > ||| strictly, then

Arddx =T =X~ (idx—i),

and it is easy to prove that the operator idx — % is invertible (e.g., notice that the modulus

of any eigenvalue is bigger than or equal to 1 — || T||/A > 0.) O

Remark 6.5 (Spectrum of Compact Operators).

(a) If X is an infinite-dimensional Banach space, then 0 € ¢(7T') for any T € L.(X).
Indeed, a compact operator is invertible if and only if X is locally compact if and only
if X is finite-dimensional.

(b) There are compact operators such that o(T) = {0} and T # 0 (see, e.g., Exercise 6.4).

Lemma 6.25. Let T be a compact operator. The eigenvalue spectrum o.(T) is made up of
isolated points, i.e., for any X\ € o.(T) there exists € > 0 such that

Be(, €)Nae(T) = {A}.

Proof. Let A\, u € 0.(T) be two complex numbers such that A # u. The spectral decompo-
sition associated to A, i.e.
X =V(\) @ R(N),

is invariant under the action of the operator p -idx — 7. Moreover, the identity

implies that u -idx — 7" is equal to a nonzero multiple of the identity, minus a nilpotent
operator on V' (\). Hence, a simple algebraic lemma proves that p -idx — 7T is invertible on
V().

In conclusion, since the operator u - idx — T is invertible for A sufficiently near to u
(the condition is open, as mentioned before), the unique possibility is that A is an isolated
point. O
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IfT € L.(X) is a compact operator defined on a infinite-dimensional Banach space, then
o(T) is given by the singlet {0} and it contains all the nonzero eigenvalues whose algebraic
multiplicity is strictly greater than 0, that is,

TeLX) = o(T)={0}Uoc.(T).

Moreover, as a consequence of Lemma 6.25, it turns out that 0 is an cluster point for the
eigenvalue spectrum of 7', that is, the nonzero eigenvalues of T form a sequence which
converges to 0.

Remark 6.6. In the proof of Lemma 6.25, we have proved that, if p and A are "far enough",
then
V(A C R(w) and V(p) C R(N).

Iterated Decomposition. Let A\, u € C\ {0} be two complex numbers such that A # pu,
and let Py : X — V() and P, : X — V(u) be the projections. It is easy to see that
there is a spectral decomposition associated to both A and pu, that is,

X = V()@ V() ® (RO N R().

Since Py o P, = P, 0 Py =0, it tuns out that (idx — P, — P») is an idempotent operator (a
projection), and it is clearly the one associated with the decomposition above.

Notation. Let A € o.(T). If T is a compact operator, then the projection associated
with the spectral decomposition is denoted by E(\) : X — V(A), and it is called spectral
projection.

In a similar fashion, the projection onto the rank is denoted by D(X) : X — R(X), and
it is defined as the orthogonal projection to the spectral one, i.e. D(\) :=idx — E(A).

In particular, for any finite subset F' C o(T) (e.g., F' = o(T)\ B(0, €)) we have a spectral

decomposition
X = (@ vm) &y (ﬂ R(A)) .

AEF AEF

Complexification. Let X be a real Banach space. The complexification of X is the space
Xe:=C®r X,

with a complex structure induced by the action of the operator

(0 —idx
J_<idx 0)’

where (a4 1b) - z:=az +bJz, as z ranges in X @ X.

Let T € LR®(X, Y) be an operator between real topological vector spaces. The complex-
ification of T is the operator defined by

T 0
Tc = (0 T) € CC(X(c, Y(C).
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6.4 Symmetric Operators

In this section, we introduce a new class of operators, called symmetric operators, defined
on a Hilbert space H. We investigate some of their main properties, and we prove that the
kernel and the rank behave nicely with respect to the orthogonal.

Definition 6.26 (Hilbert Adjoint). Let A : H — K be a linear continuous operator
between two Hilbert spaces H and K. The hilbertian adjoint of A is the operator A* :
K — H defined by the formula

forallz € H and all y € K.

Remark 6.7. Let A: H — K be a linear continuous operator between Hilbert spaces H
and K.

(1) For every complex number A € C\ {0} it turns out that
(A-A)" =X A"
Indeed, if we replace A with A - A in the left-hand side of (6.7), then

AN Az, y) g = A(Az, y) =
=Nz, A'y)y = (m,X~A*y)H.

(2) The map L(H, K) 3 A+—— A* € L(K, H) is semi-linear.

Definition 6.27 (Symmetric Operator). Let A: H — H be a linear continuous operator
defined on a Hilbert space H. We say that A is symmetric if A = A*, and we denote by
L£5¥™(H) the space of all symmetric operator defined on a Hilbert space H.

Proposition 6.28. Let A € LY™(H) be a symmetric operator.

(a) (Ran(A))* = Ker(A).

(b) (Ker(A))" = Ran(4).

(c) If Hy C H is an A-invariant subset, then Hy and Hg- are also A-invariant.
(d) The spectrum is contained in the open ball of radius || Al of R, that is,

a(A) C [=[IA], [All C R.

(e) If \, p € 0.(A) are eigenvalues of A such that A\ # p, then the corresponding eigen-
vectors are orthogonal.

(f) The eigenvalues are semisimple, that is,

ma(\) =mg(\), VA E oe(A).

Proof.
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(a)

(b)

(c)

(d)

(e)

(f)

This assertion follows from Lemma 5.26 since the operator is symmetric (i.e., it is
equal to its dual.)

This assertion follows from Lemma 5.26. Indeed, the operator A is symmetric and one
can show that in a Hilbert space H, given two closed subsets M and N, it turns out
that” .
1L
(M )J_:M and (N, )" =N.

Both the assertion follows easily from the definition; we prove the second one, and
leave the first one as a simple exercise for the reader.

Let z € Hy be any point. For any y € Hy, it turns out that
(Az, y)y = (z, Ay)y =0,
and hence Az € Hg", which is what we wanted to prove.

First, we prove that the any element of the spectrum belongs to R. Let a € R and
b € R\ {0} be given; the idea is to show that operator (a + ¢b) - idx + A is always
invertible.

We claim that the (composition) operator
[(@ =) -idx + A] o [(a + ) - idx + 4]

is invertible. Indeed, if we evaluate the product, it turns out that

2
(@ —1b) -idx + A] o [(a +2b) - idx + A] = 7 (idH (HbA) )

and thus it is enough to prove that idx + A? is invertible for every symmetric operator
A € L5Y™(H). The estimate

[(dx + A%)z|[5, > |z >0  Va #0,

proves that idx + A? is injective with closed image (see Corollary 5.24). In conclusion,
the assertion (b) implies idx + A? surjective, and thus bijective.

This assertion follows from a straightforward computation:

Az, y) = (Az, y) = (z, Ay) =
= (z, py) =
=(pz,y) = A=—p)(z,y)=0 <= (z,y) =0 < z Ly.

It is enough to prove that Ker(\-idx —7)? = Ker(A-idx —T'); the assertion will follow
by means of a simple induction.

Let z € H be an element such that (X -idx — T')?z = 0. Then
(A-idx — A)z € Ker(A-idx — A)

= (Mdx—A)z =0 = 2z € Ker(Xidx—A).
(A-idx — A)zr € Ran(A -idx — A)

O

5Tt suffices to notice that, for example, (ML)J_ = (ML)L = M, as we have proved in the first chapter.
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Quadratic Form. Let g4 : H — R be the quadratic form associated to an operator A,
that is,

ga(@) = (Az, 2).

It is easy to prove that the following inequality holds (even in a more general setting than
Hilbert spaces, e.g., Banach spaces):

ra:= sup |ga(z)| < sup [{(Az, y)| = sup [Az| = [A].
llzll <1 H‘z\‘lzl l=ll=1
llyllI=1

On the other hand, in our particular case of Hilbert spaces, the polarization equality char-
acterizes the scalar product in terms of the quadratic form:

(Ar, )y = 7 laale+9) — aale— ). (63)

It follows that
1 2 2 1 2 2
(A2, )l < 7 (ool + e = 9l2] v = 5ra (1P + 1)),

and thus we infer that r4 is equal to the operator norm of A.

Variational Characterization. Let A € L5V (H). The Rayleigh quotient is the function

fale) = A2 D gor R, (6.9)
(z, )g

which is clearly a C*° function (in the sense of Fréchet derivatives). Then
2
Via(x) = ER (Az — fa(z), 2)y ,

and hence a couple (A, z) € R x (H \ {0}) is a (eigenvalue, eigenvector) couple if and only
if z is a critical point for f4 and A = fa(x).

6.5 Compact Symmetric Operators

In this section, we investigate the compact symmetric operators, and we prove that the
standard spectral theorem holds true even in infinite-dimensional spaces.

Lemma 6.29. Let A € L.(H) be a compact operator defined on a Hilbert space H. If

a:= sup (Az, x) #0,

llzll=1

then there exists xo € 0Bg (0, 1) such that o = (Axo, o).

Proof. We can assume that H is a separable Hilbert space. Indeed, we can always consider
the decomposition

H = Ker(A) ® Ran(A4),
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and restrict, without loss of generality, the quadratic form g4 to Ran(A), which is always
a separable Hilbert space (see Lemma 6.12). Let (2,)nen C H be a maximizing sequence,
that is,

2ol =1 and  (Az,, 2,) 22«

By Banach-Alaoglu Theorem 5.13 it turns out that there exists an increasing subsequence
(nk)ken such that x,, — x weakly. Notice also that the limit point « has norm ||z| < 1
since
2 frng frd 1 < frng .
12" = (z, &) = lim_(@n, z) < |l2]ll|zn, || = [|z]]

To prove that the norm of z is exactly one, let us set y = 2/||z| and observe that

a>(Ay,y) =«

— |lz|| =1
(|2 ’

The operator A is compact. Therefore (see Lemma 6.2) there exists an increasing subse-
quence such that Az, — Ax strongly (in norm), and this implies that

(Az, z) y = «a,
that is, the limit point x is the sought one. O]

Lemma 6.30. Let H be a Hilbert space. If (xy,)nen C H is a sequence weakly converging
to x, and (yn)nen C H is a sequence strongly converging to y, then

n——+oo

(xnv yn) - (!L} y) .

Theorem 6.31. Let A € LY™(H) be a symmetric compact operator defined on a Hilbert
space H, and let ga be the associated quadratic form. Then either ||A|| or —||A| is an
element of o.(A).

Proof. In the previous section, we have proved that

Ac LV (H) = ||A]l = HSIHIEI\QA(CC)I~

It follows that
HAH = Sup |(A$7 Jf)‘ = Ssup max{(Ax, Z‘), - (AJZ, .73)} =

2l=1 Iz =1
= max{ sup (Az, x), — Hil‘llfl (Ax, a:)} ,
[lz]|=1 zi=

and hence either ||Al| = sup|, =1 (Az, z) or —[|A]| = inf|; =1 (Az, ). We now assume,
without loss of generality, that

Al = sup (Az, x).

llzll=1

The operator A is compact; hence, by Lemma 6.29, there exists € H such that ||z| < 1,
and there is a maximizing sequence z,, — x such that

(Azy, 2n) “2 (Ax, 7) = ||A| £0 = 2 #0.
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To prove that the norm of z is exactly one, let us set y = 2/||z|| and observe that
1
o > (Ay, y>:aw — lzl =1,

so that, by Lemma 6.14, the convergence x,, — x is strong (it is not needed for the proof,
but it is an interesting fact worth remarking on).

The variational characterization (in terms of the Rayleigh quotient) concludes the proof,
since we have proved that x is a critical point of f4 and || A|| is exactly equal to fa(z). O

Corollary 6.32. Let A € LY™(H) be a symmetric compact operator defined on a Hilbert
space H. FEach nonempty, closed and invariant subspace Hy C H contains the eigenvector
of A associated either to the eigenvalue || A| g, or to —||All m,-

Theorem 6.33 (Spectral Theorem). Let A € LY™(H) be a symmetric compact operator
defined on a Hilbert space H. There exists an orthogonal basis of eigenvectors, i.e., the
operator A is diagonalizable.

Proof. We can assume without loss of generality that H is a separable Hilbert space, since
the same argument of Lemma 6.29 holds.

Let {er}ren be an orthonormal system of eigenvectors for A, and suppose that it is
maximal with respect to the inclusion (simple application of Zorn lemma). We claim that

Span (e, : k€ N) = H.
If not, by Corollary 6.32, there would be an eigenvector in Hy := (Span (ej, : k € N>)l #+ &,
and this is absurd since the system {eg }ren is maximal. O
In particular, any A € £¥™(H) is unitary equivalent to a multiplication operator defined

on £5(N) by an element of ¢, i.e., there is A € ¢y such that

H-2.H

[ 1

€2$>£2

6.6 Applications of the Spectral Theorem

Minimax Principle. Let A € £Y™(H) be a symmetric compact operator defined on a
Hilbert space H. The Spectral Theorem 6.33 allows us to index the positive eigenvalues
with positive integers, that is,

AlZAQZZAnZ7

where an eigenvalue A is repeated as many times as its multiplicity. In a similar fashion, we
can index the negative eigenvalues

A1 <Ao< <A, < ...
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The set of indices I C Z allows us to identify the Hilbert space H with f2(I), and the
operator A with the multiplication operator

i€l

Theorem 6.34 (Courant-Fisher). Let A € LY™(H). For every n € I it turns out that

Ap = inf sup (Az, z) = su inf (Az, z).
" ECH xeg (Az, ) Eg% 2€E (Az, )
codim(E)<n ||z|=1 dim(E)>n l=ll=1

Similarly, for any —n € I it turns out that

Ay = su inf (Axz, )= inf sup (Az, x).
n s nf (Az, z) st weg( , )
codim(E)<n l1zlI=1 dim(E)2>n |jz||=1

Proof. The second assertion follows immediately from the first one since
An(A) = =\ (—A).

Let us identify H with ¢5(I) and A with the multiplication operator -A. Let {e;};cs be the
set of eigenvectors of A, and let us consider

E, :=Span e, ..., ey), Bl =Span(e; [ie€ T\ {1,...,n—1}).

We consider the restriction operators

n
T Z Aix;e; has eigenvalues A1, ..., A\,

i=1

Alg,

A ‘Ei tx— Z Aix; e; has eigenvalues A, ...
- ieI\{1,...,n—1}

from which it follows that

sup (Az, z) =\, = inf (Az, x).
zeEL relb,
nt llzl=1
lzll=1
If we take the infimum of the left-hand side and the supremum of the right-hand side, we
obtain the first inequality:

inf sup (Az, ) <\, < su inf (Ax, z).
codim(E)<n. lz|=1 dim(B)>n ll#l=1

Let E C H be a subspace of codimension strictly less than n, and let ' C H be a subspace
of dimension at least n. It follows easily that

ENE,NJB(0, 1) # o

FNE-,NdB(0, 1) +# 2,
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and thus there exist points x( in the first intersection and yq in the second intersection. We
conclude the proof by noticing that

sup (Az, z) > (Axo, x9) >

zelE
llzll=1
> min (Az, z) =\, =
jil CEGEn ( bl ) n
lzll=1

= max (Az, z) >
T€B;_,
[lz]|=1

2 (Ayo, yo) = inf (Az, z).

llzll=1

Theorem 6.35 (Alternating Eigenvalues Principle). Let A € LY™(H), and let Hy C H be
a closed hyperplane of H. Let Py : H — Hy be the projection, and set Ag := Pyo A |H0 :

Hoy — Hy. Then Ag € LY™(Hy), and for any n € I

Proof. Tt is a simple consequence of the Courant-Fisher Theorem 6.34. More precisely, it
turns out that

Ant1(A) = sup inf (Az, x) <
ECH Tl
dim(E)>n41 llzllI=1

< inf (A <
< suII)J ;relE( x, x) <

EC
dim(ENHp)>n l21=1

< sup inf (Az, x)=
ECH xeENHy
dim(ENHg)>n llzll=1

= sup inf (Az, x) =
ECH, el
dim(E)>n lzll=1

= A (4g) < sup inf (Az, z) = A\, (A).
ECH zelE
dim(E)>n lzll=1
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6.7 Spectral Theory of Banach Spaces
Let X be a Banach space. The space of linear continuous operators (L£(X), +, o) is an
algebra satisfying the inequality

Ao Bl < [lA]l-[IBI], (6.10)
for any A, B € L(X).

Definition 6.36 (Banach Algebra). The normed space (X, || - ||x) is a Banach algebra if
the following properties are satisfied:

(a) X is a Banach space.

(b) There are + : X x X — X and - : Kx X — X such that (X, +, -) is an associative
algebra over K.

(c) For any z, y € X, it turns out that

-yl < ]l Iyl

Notation. The resolvent set associated to a linear operator A € £(X) is defined as the set
of complex numbers such that A — X - idx is invertible, that is,

p(A):={\ e C | A— \-idx is invertible }.
The spectrum is the complement of the resolvent, and it is denoted by
o(4) i=C\ p(A).
The resolvent operator, defined on p(A), it denoted by R(A, A) and it is defined by setting
R\, A):=(\-idx —A)".
Finally, the spectral radius is defined as the supremum of o(A4), i.e.,

ra:= sup |A|
A€o (A)

Lemma 6.37. Let X be a Banach space, and let A € L(X) be a linear continuous operator
on X.

(1) The resolvent p(A) is an open subset of C.
(2) The spectral radius 4 is less or equal than | A]l.

(8) The map defined by the resolvent operator
p(A) 2 A= R(\, A) =: R()\) € L(X)

is analytic. If A > ||A||, then its power series is given by

+oo
RO\ =Y A1 AL
=0
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(4) The map defined by the resolvent operator admits a local representation as

+o0
RN =>"(A=X) R(o)™,  YAe B (Mo, RO
=0

(5) Resolvent Identity. For any p, A € p(A), it turns out that

R(A) = R(p) = (= A) R(u) R(A). (6.11)

The central goal of this section is to prove that the spectral radius is equal to the
limit of the sequence ||A™||*/™. We will give two proofs of this fact: the first one relies on
holomorphic function theory, while the second one relies on a variational argument (Palais-
Smale sequences).

limit of the sequence (1/n - ay), oy exists and it is equal to the infimum, that is,

li Lan) = inf (2
n—1>r-ir-loo nan _érelN nan ’

Proof. Let d be a positive natural number. For any n € N there are p € N and k €
{0, ..., d — 1} such that

Lemma 6.38. Let (an)nen C R be a subadditive sequence (apmin < am + an). Then the

n=p-d+k, Wherep:{%J.

For every n € N it turns out that

inf <1am>§an<%-d+ak§

meN \ m n - n
1 1
<n(p~ad+ak):<d+0(1))-ad+0(1):
_ 4d
= +o).

Thus we can take the superior limit of the left-hand side of the inequality above

. 1 . 1 aq . 1 . 1
inf { —am, | <lmsup|(—a, | <— = inf |—a, | = lim |(—a,],
meN \ ' m n—+oo \ M d neN \ n n—+oo \ N
and this concludes the proof. O

Theorem 6.39 (Spectral Radius). Let A € L(X) be any linear continuous operator defined
on a Banach space X. The spectral radius of A is given by

ra= lim [A"||* = inf ||A™|".
n—-+4oo neN

Holomorphic Proof. Let us consider the sequence a,, = log (||A™]|).
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Step 1. The logarithm is subadditive; thus we can apply Lemma 6.38 and infer that

1
inf —-1 A"
inf_—-log (4",

. 1 n
Jim = log (JAT) =
that is, the second identity is true:

lim [[A"||% = inf |[A"|".
n—+o00 neN

It remains to prove that this quantities coincide with the spectral radius r4 of A.

Step 2. One inequality is trivial since A € o(A) implies X - idx — A not invertible; hence,
for every n € N, the operator A" - idx — A™ is not invertible, and this easily implies that

A€o (AY) and ran < A" = A" < A" = A < [|A"]|".

Vice versa, let us fix z € X, z* € X* and let us consider the holomorphic function
1 _
C> {te(C ‘|t|<} 9t»—><x*, (idx —t- A) 1a:>e(C,
rA

where < -, - > is the duality (X, X*). Consequently, the series

+oo

O(t) = Z (z*, AFz) ¥

k=0

converges at any point x* € B, where B is the maximal ball contained in the domain.
Therefore, when r > r4, it turns out that

2, (=) =
r
for every z € X and z* € X*. By Banach-Steinhaus Theorem 4.17 it turns out that
|(A/r)¥]| is bounded, and thus

sup <C <40

keN

|45 <cor = inf || A% <r

1
for every r > r 4, which is enough to conclude that inf HA’“H F<ry. O
Remark 6.8. The same result holds true in the more general setting of Banach algebras.

Theorem 6.40 (Spectral Map). Let p(z) € Clz] be a complex polynomial of degree n, and
let A€ L(X) be a linear continuous operator defined on a Banach space X. Then

p(o(A)) = (p(A)),
where p(o(A)) = {p(\) [N €a(A)}.

Proof. Suppose that p(z) is a monic polynomial. For any A € C, we can factorize the
polynomial p(z) — A as follows:

n

p(z)-r=]] (z—M§A))7

=1
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where ug-/\) are the roots of the polynomial, eventually repeated. Clearly, by construction,

we have that \
p(p) =X < Fje{l,...,n}: ,u:u;).

Therefore A € o (p(A4)) if and only if p(4) — A - idx is not invertible if and only if there is a

factor which is not invertible, that is, there exists j € {1, ..., n} such that A — ugf\) -idx is
not invertible. O

Symmetric Operators. Let H be a Hilbert space, and let A € £5¥™(H) be a symmetric
continuous linear operator. We can introduce a partial ordering on £ (H) by setting

A>0 < (Az,2) >0 Voe H,
from which it follows that A > B if and only if A — B > 0.

Proposition 6.41. Let H be a Hilbert space, and let A € LY™(H) be a symmetric operator.

Then
my = Hiﬂfl (Az, ) = mino(4),

My = sup (Az, z) = maxo(A).
[lz]|=1

Proof. First, we observe that any positive operator A € L£L5¥™(H) (i.e., such that A > 0)
has the following property: the operator idx + A is invertible or, equivalently, minus one is
not an element of the spectrum o(A). Indeed, for every z € H it turns out that

Ildx + A)(@)|* = l|z]* + || Az|® +2 {Az, 2) > ||,
>0 >0

and hence by Remark 5.22 it is injective and with closed rank. By Proposition (.28 it implies
that the operator is injective and surjective, that is, bijective. In particular, if t < my4, then

since it is a positive symmetric operator, and thus A —my4 -idx + (m4 —t)-idx = A—t-idx
is invertible. If we replace m 4 with M4, a similar argument proves that

t<mport>My = t%U(A) - J(A)g[mA, MA].

It remains to prove that the extremal points m 4 and M4 are actually attained, i.e., they
belong to o(A). Clearly, it is enough to prove it for M4 (we obtain m 4 by replacing A with
—A). Let

a(u, v) := (Mau — Au, v),

and notice that a(-, —) is symmetric and such that
a(u, u) >0 forallue H.
It follows from the Cauchy-Schwartz inequality that

la(u, v)| < a(u, u)%a(v, v)% for all u, v € H,
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and this implies that
|[Mau — Au| < C - a(u, u)% for all uw € H.
Let (un)nen C H be a sequence such that
funll =1 and  (Aup, u,) 22525 My,
and notice that the estimate above yields to
| M s, — Auy,| nzEee, ),

We infer that M4 € o(A) since, if M4 € p(A), then
Up = (Mg — A" (Mau, — Auy,) 225250,

and this is impossible because ||u,| = 1 for all n € N. In conclusion, we want to prove that
the maximum between |M 4| and |m 4| is equal to ||Al|. A simple computation shows that

2
|A? = sup [|Az||° = sup (Az, Ax) = sup (A%z, z) = || A%||.
llzll=1 llzll=1 llzll=1
In particular, we can consider the subsequence (2"),en C (n)nen and observe that
g |27
IA| = HA?”H2 — ra= lim [|A"|* = lim ‘A? :
n—+oo n——+oo

= max{|Mal, [mal} =ra = A

O

Variational Approach to Spectral Radius. Let A € L9 (H) be a symmetric operator
defined on a Hilbert space H. The couple (z, A) € H x C is an eigenvector-eigenvalue couple
if and only if x is a critical point of the Rayleigh quotient f4 and A = fa(x).

Lemma 6.42. Let A € L%Y™(H) be a symmetric operator defined on a Hilbert space H. A

complex number X is an eigenvalue of A if and only if there exists a sequence (xn)nen C
0Bx (0, 1) such that (x,)nen € (PS),, i.e., it is a Palais-Smale sequence at the level \.

Proof. The details are left to the reader. The main idea is to prove that Rayleigh quotient
fa is lower semi-continuous and that it satisfies the Palais-Smale condition. O

Behind this Lemma, there is the following general variational principle (named after
Ekeland).

Theorem 6.43 (Ekeland). Let f: X — R be a lower semi-continuous function, and let X
be a complete metric space. If inf,cx f(xz) > —o0, then for any xo € X and 6, € > 0 such
that

flan) < inf f(o) + e,

there exists y € X satisfying the following properties:

(a) d(y, xo) <6;

“ f(y) — f(u)
() AT

SN

Therefore, if (2, )neny C H is a minimizing sequence, then there exists a sequence (yy, )nen,
equivalent in the sense of Cauchy, such that (yn)nen (PS); 5
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6.8 Exercises

Exercise 6.1. Let k € L2 ([0, 1] x [0, 1]). The integral operator
Ty, : L* ([0, 1] x [0, 1]) — L? ([0, 1]),
defined by setting X
Tu(w)a) = [k, pyule, ) dy

is well-defined, linear, continuous and compact.

Solution. First, we notice that the operator T} is well-defined as a consequence of both the
Fubini theorem and the Holder inequality. Namely, a simple computation shows that

1 2
/k(ax yu(z, y)dy| dz <
0

1

1T (W) |72 0, 1) = /0
1

< [ 1 G Mo e, Mo,y e <

2
< “Mk(ﬂ?, .)”LQ([OJ])HL?([O,I]) H”U(l‘, ')||L2([O,1])||L2([0’1]):| -

= ”kH%Z([O,l]x[O, 1])||UH%2([0,1]><[0, 1) < 100,

which means that T} sends L2 ([0, 1] x [0, 1]) in L2 ([0, 1]), and the operator norm of T}, is
less than or equal to the L?-norm of k.

Compactness The operator T} is clearly linear, and therefore the computation above
shows that it is also continuous (since it is bounded). To prove that T is compact, we shall
show that there is a sequence (1}}),en of finite-rank operator such that

lim [T} — T7"| = 0.

n—-+oo
Let {¢; }ien be a orthonormal basis of L? ([0, 1]). Then one can easily show that
{¢i¢)j}z‘, JEN

is a orthonormal basis of the product space L? ([0, 1] x [0, 1]). In particular, if we set
ki j= // k(z, y)¢i(x)d;(y) dedy for all ¢, j € N,
[0,1]2

then the kernel & is given by the following sum:

+o00 400

k(z,y) = Z Zki,j¢i(z)¢j(y)-

i=1 j=1
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We now define the partial kernel

n —+oo

kn(z, y) =Y > ki jdi(2)d;(y)

i=1 j=1

and the associated operator

1
Tﬁ(U)(w):=:]C Fin(, y)u(z, ) dy.

The operator T}* maps L?([0, 1]x[0, 1]) into a finite-dimensional linear subspace of L?([0, 1]),
and therefore T} is a finite-rank operator. In conclusion, note that

2
<
L2([0,1])

Hﬂw—ﬂwmmmeAMM&M%MM—AMMAM%MM

IN

[k — kn||%2([0,1]><[07 1])||U||L2([0,1]x[0, 1])

+oo +oo

> k1P lullzzo, 10, 1)

i=n+1j=1

and the last term goes to zero as n — +oo since the sum is finite

+o00o 400

S ki

i=1 j=1

?= Hk||2L2([O,1]><[071]) < o0,

Exercise 6.2. Let A € ¢, be a bounded sequence and let us consider the operator
Ty : £2(N) — £5(N)
defined by setting
x:= (z1, Ta, ...) — (M1x1, Ao, ...) =1 A - X.

Prove that
175 = (Moo

and T) is compact if and only if A € ¢g.

Solution. The operator norm ||T)|| can be computed by standard means. Here we only show
that T) is compact if and only if A is an infinitesimal sequence.

7 = 7 This implication is left as an easy exercise for the reader. The main idea is to
use the definition of compact operator, choose an adequate sequence in (z"),en C £2(N),
and show that A must be infinitesimal for T'(z") to have a converging subsequence.
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7 «= " To prove that T} is compact, we simply need to show that it is the limit (in the
operator norm) of a sequence of finite-rank operators T5". Let us define

A= (A, Agy oo An 0,0) = D Nes € co,
=1

and consider the operator
T (x) := A" - x.

The operator T} maps ¢2(N) into the finite-dimensional linear subspace of ¢3(N) spanned
by e1, ..., en, and therefore TY' is a finite-rank operator. In conclusion, note that

ITx (%) = T ()17, 00 = A - x = A" 'XHZ(N) <

IN

I = X2l ) =

sup | \il 112, )
1>n

and the last term goes to zero as n — 400 since the A is an infinitesimal (¢g) sequence by
assumption. O

Exercise 6.3. Let S : £5(N) — £5(N) be the shift operator defined by
(w1, T2, ... ) > (T2, T3, ... ).

Prove that o(9) is equal to B¢(0, 1), but none of them is an eigenvalue.

Solution. The spectrum o(S) is contained in the closure of the ball of center zero and radius
1 because the spectral radius of S is equal to 1. The opposite implication is left to the reader.

Eigenvalues. We argue by contradiction. Suppose that S admits an eigenvalue A € C\ {0}
with eigenstate x € ¢3(N). Then

()\.’L‘l, )\$2, ) = (31‘2, s, ),

which means that .
T = 1;1 foralli=1, ...

In particular, the sequence x is uniquely determined by the value of the first coefficient =1,
ie.

oy

)\ ) AQ y et

and therefore x cannot be an element of ¢5(N) since

+oo
[NINSEDD

i=1

x = (x1,

r |2 2+OO —3)2
ﬁ‘ =21 * Y AP = oo
i=0

for all values of A € C\ {0} such that |A| < 1, and this is exactly what we wanted to
prove. O
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Exercise 6.4. Let X := C? ([0, 1]), and let us consider the Volterra operator T : C° ([0, 1]) —
C° ([0, 1]), defined by

U —> /:u(t)dt.

Prove that T is a compact operator with no eigenvalues, i.e.,
o.(T) = {0}.

Furthermore, find an explicit formula for the inverse operator (\-idx — T)_l7 as A ranges
in the resolvent set p(T).

Exercise 6.5. Let H = L?>(X, %, p), and let f € L>(X, ¥, u). The operator
My :H — H, g fg

is linear and continuous. Prove that:

a) The norm operator of My is equal to || f||co-
f
b) The spectrum of M is given by
f
a(Mp)= (] 9(X\N),
N null-set

where g € [f] is any function in the equivalence class. More precisely, A € o(My) if
and only if for any e > 0 the support of g.(u) intersects B(A, €) in a set of positive
measure.

(c) The eigenvalues spectrum of My is given by

oe(My) = {x € C\ {0} [u(f'(N) #0}.



Chapter 7

Functional Calculus

From Wikipedia: "In mathematics, a functional calculus is a theory allowing one to apply
mathematical functions to mathematical operators. It is now a branch (more accurately,
several related areas) of the field of functional analysis, connected with spectral theory."

7.1 Continuous Functional Calculus

In this section, we only develop the functional calculus of continuous functions defined on
the spectrum of linear bounded symmetric operators on a Hilbert space H. Therefore, unless
stated otherwise, we assume that A € £5¥™(H) throughout this paragraph.

First, we present a few motivational examples of functional calculus in a Hilbert space
with finite dimension, and we also discuss what may happen in an infinite-dimensional
setting using a computation that was already considered in the previous chapter.

Example 7.1.
(i) The Cauchy problem
z(0) = x¢

admits one and only one solution, that is,

x(t) = exp(tA) xp.

{x’(t) = Az(t)

It follows that
+oo An

Ay
n!

n=0
is the result of the exponential function exp(-) applied to an operator, and it is still
an operator.

(ii) If || Al < 1, then we have already proved that

+oo
(dx — A)~"=> A"
n=0


https://en.wikipedia.org/wiki/Functional_calculus
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More precisely, we can obtain the inverse of the operator (idx — A) simply by applying
a function, defined by its Taylor series, to the operator A.

(iii) Assume that H is a finite-dimensional Hilbert space. Then A is diagonalizable, that
is, there exists a unitary operator U such that

A=UDU!, where D = diag (A1, ..., An).

If f:0(A) C C — C is a function defined on the spectrum of A, then we can easily
infer that

f(A)=UfDWU™,  where f(D) = diag (f(\1), .., f(An))-

Real Polynomials. Let p(z) € R[z] be a real polynomial defined by
p(z) =apa”™ +...a12+ag, witha; €Rforalli=0,..., n.

Set B := p(A). The operator B is linear continuous and symmetric (i.e. B € L™ (H))
because

(Bz,y) = > ai(A'w, y) +ao(x, y) = Y ai(w, A'y) + ao(w, y) = (x, By),
i=1 i=1
where the last equality holds because a; is real, and hence
ai(z, A'y) = (z, a;A'y) = (z, a;A'y).

Therefore, the operator norm of B is given by the maximum absolute value of the eigenvalues
of B, that is,
B|| = sup [(Bz, x)| = max |A|.
1Bl = sup |(B2, 2)| = max

On the other hand, the Spectral Map Theorem 6.40 shows that the spectrum of B is related
to the spectrum of A via the polynomial p, that is,

It follows that the operator norm of B is also equal to

B||= max [\ = max A= , 7.1
151 =, max, A= max [p()] = Il o (7.1)

that is, it is equal to the uniform norm of the restriction to the spectrum o(A) of the
polynomial p.
Complex Polynomials. Let p(z) € C[z] be a complex polynomial defined by

p(z) =anz" +...a12+ag, witha; €Clorali=0,...,n.

It induces:

(a) A function o(A) C C — C, also denoted by p, defined on the spectrum of the operator
A.
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(b) A bounded symmetric operator p(A) if p is a real-valued polynomial, and a linear
bounded (but, generally, not symmetric) operator if p(z) € Clz] \ R[z].

In particular, there exists an isometric correspondence between (a) and (b). More precisely,
it turns out that by sending a polynomial p to p(A) we have a one-to-one map

{polynomial functions o(A) — C} +— {operators of the form p(A4)} = C[A],

where C[A] is the commutative algebra spanned by A. Furthermore, the correspondence
is also an isometry as a consequence of (7.1), since they are endowed with the subspace
norms induced by (C° (0(A), C), || |loo,(a)) and (L(H), || -||) respectively.

Proposition 7.1. Let A € LY™(H) be a symmetric bounded operator. There exists a
unique continuous homomorphism of algebras

®:C%(0(A), C) — C[A]

with the additional requirement that ® (idJ(A)) = A. Furthermore, the homomorphism ®
satisfies the following properties:

(a) The map ® is an isometry.

(b) If f € C°(a(A), C) is a positive function, then the operator ®(f) := f(A) is symmetric
and positive, that is,

A€o (f(4) = A>0.
(c) For any f € C°(a(A), C) it turns out that
o(f) =2 (f).

(d) Forall B € L(H) such that [A, B] = 0 and for all continuous function f € C° (a(A), C),
it turns out that

[@(f), B = 0.

Proof. To ease the notation for the reader, we divide the proof into many little steps.

Uniqueness. Suppose that there exists a homomorphism of algebras ®, and suppose that
it satisfies the properties (a) — (d). ®. The requirement that ® (idg( A)) = A allows us to
extend ® to all the polynomials as follows:

p+— p(A).

Since ® is an isometry, it follows from Stone-Weierstrass' (note that o(A) is compact) that
® can be uniquely extended by density to the whole space CY (¢(4), C).

ISuppose that X is a compact Hausdorff space and A is a subalgebra of C° (X; C) which contains a
non-zero constant function. Then A is dense if and only if it separates points.
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Existence. The map @ is already well-defined from the complex polynomials to C[A]. To
prove that it can be extended up to the closures of these spaces, we simply need to show
the property (a), that is, ® is an isometry.

(a) Let p(z) € Clz] be a complex polynomial, and let B := p(A). A straightforward
computation shows that

(AN %1y = 1P(A)* (Al 217y =
=Ip(A) (Al £ (1)
1@p) (Dl 2y =

= max |[pp(N\)| = 2 ,
max [pp(0)] = I, o

that is, ® is an isometric homomorphism that sends id,(4) to A. Therefore, there
exists an unique extension of ® up to the closures, that is,

®:C%(a(A), C) — C[A].

Notice that the closure of the complex polynomials defined on o(A) is C° (o(A), C)
as a consequence of the Stone-Weierstrass and the compactness of o(A).

To conclude the proof of this first property (and, thus, of the existence of ®), it remains
to justify the identities we used to infer that ® is an isometry.

The red identity is true under more general assumptions, that is, it is satisfied by any
linear bounded operator B. Indeed, the operator B* B is always symmetric and thus

2
HBIZH)<FTQIHhM> :nfﬁ;<3*3z,w%:HB*BHaH>

The blue identity follows easily from (14)" = —1A*, while the identity follows
from the fact that ® is a homomorphism of algebras.

In a similar fashion, the properties (b), (c) and (d) are certainly true when f € C° (¢(A), C)
is a polynomial, and they are preserved under the isometric extension.
The reader may fill the details as an exercise. Notice that (b) follows immediately from
(c) and the Spectral Map Theorem 6.40. O
In this paragraph we introduce a more general class of operators, and we show that a

similar (but slightly more technical) result holds true.

Definition 7.2 (Normal Operator). A linear bounded operator A defined on a Hilbert
space H is normal if and only if

[A, A*] == AA* — A*A =.

Example 7.2. Here we give some examples of normal operators.



CHAPTER 7. FUNCTIONAL CALCULUS 136

(1) If A e £5¥™(H), then A is normal.
(2) If A is a linear bounded unitary operator, then A is also normal.

(3) If Ae £°¥™(H) and A € C\ R, then AA is a normal operator which is, generally, not
symmetric.

(4) If A € £5¥™(H) and f € C°(0(A), C), then f(A) is a normal operator, but it may
fail to be symmetric as we proved above.

Lemma 7.3 (Spectral Radius). Let A € L(H) be a normal operator. Then the spectral
radius of A, denoted by 74, is equal to ||A]|.

Proof. Since A is a linear bounded operator, Theorem 6.39 proves that the spectral radius
r4 is given by
ra= lim [|A"||" = inf |A"|%.
n—-+400 neN
Therefore, it is enough to prove that lim,_, . |A™||% is equal to ||A||. Recall that this
property has already been proved for symmetric operators (see Proposition 6.41). Tt follows
that .
Al = [|A*A]> =

= Jim_ (47" =

n—-+oo

9ty a] <

n—-+o0o

1 1 2
< { lim ||(A%)"(|" lm ||A”|i] -
n—-+oo n—-+oo

1
=(ra~-r4)? =714,

where the equality () follows from the normality of A. The proof is now concluded because
the opposite one (||A]| > r4) is trivially satisfied by any linear bounded operator A. O

7.2 Borel Functional Calculus

The functional calculus of symmetric operators does not work anymore since p(A)*p(A) is
not a polynomial in the sole variable A, but it depends on both A and A*.

Moreover, o(A) may have a nonempty internal part, which, in turn, would imply that
the polynomials are not dense anymore.

The fundamental idea here is to first develop a functional calculus in one variable, as-
suming that f is a Borel function (that is, there is no need for f to be continuous.)

Remark 7.1. Let H be a Hilbert space. Then there is a canonical isomorphism

L(H) = Lo(H)*.
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We will not prove this fact, but it is important to know because it proves that £L(H) is the
dual of a Banach space, and thus we can endow it with a weak-*x topology.

Theorem 7.4 (Riesz-Markov). Let 3 be a compact metric space. The map
ME; C)opu— A, eCO(Z; C) 2 Au(f) = / f(z)du(z)
)

is an isometry, where M (X; C) is equipped with the total variation norm.

Proposition 7.5. Let A € LV™(H) be a symmetric operator. There exists a sesquilinear
application

Hx H> (z,y) — fia,y € M (c(A), C),

where py ., is a complex-valued Borel measure, whose support is contained in o(A), such
that the following properties are satisfied:

(a) The mapping
W,y CO(a(A); €) 3 f s (f(A)z, y)y €C

is linear and continuous, that is, ¥, , € C° (c(A); C)*. Furthermore, for allxz, y € H
we have

(f(A)z, y) = )f(t) dfiz, (1)

(A

(b) For all x,y € H it turns out that

(¢) For all x,y € H it turns out that

12z, y = [, | (o(A)) < [l2[[[lyl],

where the absolute value of a measure v is defined by

|v| (E) :=sup Z [v(A)|  for all E C o(A).

T Aenm

(d) The measure piy := iy, o s positive and the total variation of uy is exactly equal to the
norm of x squared, that is,

|zl (0(4)) = 2],
(e) For any f € C°(o(A); C), it turns out that the Radon-Nikodym derivative is given by

sy _
dpiz, y

Proof. The existence of the sesquilinear application follows immediately from the first prop-
erty and the Riesz-Markov representation theorem, as mentioned below.
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(a) For any couple (z, y) € H x H, the mapping
W,y C0(0(A); ©) 3 f s (f(A)z, y) €C
is linear since it is equal to the composition of the following linear operators:
fr—= f(A) — f(A)z — (f(A)z, y) .
Furthermore, ¥, , is bounded as a consequence of the definition of operator norm and
the Cauchy-Schwartz inequality:
Vo, y(F)] = |(F(A)z, y)| <

<[ F (Al <

< £ ANy = 1 fllso. o) 21yl

and hence ¥, , belongs to the dual space C° (0(A); C)*. It follows from the Riesz-
Markov Theorem 7.4 that, for any « and y in H, there exists a unique complex-valued

measure (g , € M (0(A), C) such that

(f(A)z, y) = f(t) dpta, y (2).
o(A)

(b) The identification with the dual space C°(o(A); C)* immediately implies that the
two measures are equal if and only if they are equal against every continuous function

f. A simple computation shows that

<My7z7 f> = (f(A)y? aj) =

= (?(A)xa y) = <ﬁz,y7 f>7

where the red identity follows from the following, general, property:

/E £(t) du(t) = / 7 dp(t).

(c) This estimate follows immediately from the argument used above to show (a)

(d) The measure p, is positive if and only if for any positive function f € C° (a(A); C)
it turns out that
JNCLICR
o(A)
This is an easy consequence of the fact that f > 0 = f(A) is a positive operator

(see Proposition 7.1).
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(e) For all functions g € C° (¢(A); C) it turns out that

(Hf(Aye,ys 9) = /(A) g(t) dpigaye, y(t) =

Therefore, the Radon-Nikodym density of ji¢(4)s, , With respect to i, , is the function
I

O

Lax-Milgram Theorem. We now introduce a fundamental result in functional analysis
and partial differential equations, which is also the main ingredient needed to extend the
functional calculus from continuous to Borel functions.

Theorem 7.6 (Lax-Milgram). Let H be a complex Hilbert space, and let b: H x H — C
be a sesquilinear form. Suppose that b is bounded, that is, there exists a constant C' > 0
such that

bz, )| < C-[lzllllyll for all (z,y) € H x H.

Then there exists a continuous linear operator B € L(H, H) such that

b(z, y) = (Bz,y) forall(x,y) € Hx H. (7.2)

Proof. For x € H fixed, the application

H>y—b(z,y) eC

is linear and continuous. Therefore, a straightforward application of the Riesz Representa-
tion Theorem 1.22 proves that there exists a unique element v € H such that

b(z, y) = (v, y) forevery y € H.

If we denote by B(x) the element v € H, then we find an operator B : H — H satisfying
the identity

bz, y) = (B(z), y),

and thus it is enough to prove that B is linear and continuous. The uniqueness of the vector
v € H (given by the representation theorem) is enough to infer that B is linear since the
two elements

aB(z) +BB(y) and B(ax + fy)
both satisfies the relation (7.2). More precisely, we have that

(B(az + By), 2) = blaz + By, z) =
= ab(z, z) + pbly, z) =

= a(B(z), 2) + B(B(y), 2) = (aB(z) + BB(y), 2)
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forall z, y € H x H and z € H. It follows that (since B is linear) to prove the continuity, it
suffices to prove the boundedness of B. It follows from the assumption that for any = € H
we have

bz, y)| < C - [|lzlllyl] = [Bxll < C - [l],

and this concludes the proof. O

Notions of Convergence. In this brief paragraph, we introduce a different notion of con-
vergence on the space of bounded Borel functions, and we also recall the strong convergence
for continuous linear operators.

Notation. Let ¥ be a compact subset of C. From now on, we shall denote by £ (3; C)
the set of all bounded Borel functions defined on X.

Definition 7.7. Let (f,)nen C Z%° (X; C) be a sequence of functions. We say that f,
converges dominantly pointwise to f if and only if the following properties are satisfied:

(1) For every x € ¥ it turns out that
falw) 2525 f ().

(2) There exists a positive constant C' > 0 such that

[falloo, s < € < 00 (7.3)

Remark 7.2. Let p be a finite measure, and let ¥ C C be a compact set. Then every
sequence of function (f,)neny C £ (3; C) converging to some f dominantly pointwise,
also converges to f with respect to the L?(X, u) norm.

Proof. Tt suffices to notice that the difference |f, (z) — f(z)|? is uniformly bounded, and it

converges p-almost everywhere (in X) to zero. O

Lemma 7.8. Let Z(X; C) be the set of all polynomials defined on ¥. The sequential closure
of Z(%; C) with respect to the dominantly pointwise convergence is the space £ (3; C).

Road Map. We do not prove this statement here, but the reader may try to fill in the details
as an exercise.

(a) If V C 2> (3; C) is a subspace, then V'°' C 2> (; C) is also a subspace.
(b) If V C > (%; C) is a lattice, then V°° C £ (2; C) is also a lattice.

(c) If V =C°(3; C), then
{Ecs|xpev™}

is a o-algebra containing the Borel o-algebra.



141 7.2. BOREL FUNCTIONAL CALCULUS

Definition 7.9. Let (T),)nen C L(H) be a sequence of linear bounded operators. We say
that T,, converges strongly to T if and only if

T, (x) Rima N T(x) foralzeH, (7.4)
that is, if and only if T;, is pointwise convergent to 7.

Remark 7.3. The Banach-Steinhaus theorem implies that, if T,x converges for all z € H,
then there exists a linear bounded operator T" such that T,, — T strongly.

Remark 7.4. A sequence of linear bounded operators (T,,)nen C L(H) converges weakly
to some T' € L(H) if and only if

n—-+o0o

(Thzx, y)yy — (Tx,y) forevery z,y € H. (7.5)
Lemma 7.10. Let (T,,)nen C L(H) be a weakly converging sequence, and let T € L(H) be
its limit. Then the following assertions hold:
(a) If S € L(H) is a linear bounded operator, then T,,S converges weakly to the product
TS.
(b) If S € L(H) is a linear bounded operator, then BT, converges weakly to the product
ST.
Proof.

(a) The sequence (T},)neny C L(H) is weakly convergent; therefore, for every z, y € H, it
turns out that
(TuSz, y) = (To (S), y) == (T (S2) , y),

which is exactly what we wanted to prove.

(b) The sequence (Ty,)neny C L(H) is weakly convergent; therefore, for all z, y € H, it
turns out that

(SToz, y) = (Tnz, S*y) =25 (T, S*y) = (ST, y) .

O

Definition 7.11 (x-Homomorphism). Let A and B be x-algebras. A *-homomorphism
f:+A— B is an algebra homomorphism that is compatible with the involutions of A and
B, that is,

fl@*) = f(a)* forallac A.

We are finally ready to state and prove the main result concerning the functional calculus
for bounded Borel functions.

Proposition 7.12. Let A € L™ (H) be a symmetric operator, and let o(A) := X. There
exists a unique x-homomorphism of x-algebras

b 2°(%; C)— L(H)

such that ® (ids) = A. Moreover, it satisfies the following properties:
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(a) The mapping ® is sequentially continuous if we endow £ (X; C) with the dominate
pointwise convergence and L(H) with the weak convergence of operators.

(b) The mapping
Uy : L7(8; C) 2 fr— (2(f)z,y) €C

is linear and continuous, that is, ¥, , € L (3; C)". Furthermore, there exists a
unique complez-valued measure iy  satisfying

@mmwzéﬂwwww.

(c) For any f € £ (Z; C) it turns out that
IO < [1flloo, =

(d) For any f € £ (3; C) it turns out that

BeL(H) : [A Bl=0 = [&(f), B] = 0.

(e) For any f € £ (%; C) it turns out that

20 = &(f)>0.

(f) The mapping ® is sequentially continuous if we endow £ (X; C) with the dominate
pointwise convergence and L(H) with the strong convergence of operators.

Proof. We first prove that if such a map exists, then it must be unique. Then, we use the
formula obtained in the uniqueness step and show that it actually defines a map with the
desired properties.

Uniqueness. The map ® is unique because it is the unique isometric extension of the
continuous functional calculus (see Proposition 7.1). Moreover, from the formula

(ﬂﬁawzéjmmmuw (7.6)

valid for all f € C°(%; C), it follows that the functional ¥, ,, defined in the statement,
can be extended to the whole .£*° (¥; C) by (sequential) continuity.

Existence. The mapping
HxH> (z,y) — ¥, ,(f) €C,

defined by formula (7.6), is a sesquilinear application satisfying the assumptions of the Lax-
Milgram Theorem 7.6. Therefore, there exists a continuous linear operator, denoted by
®(f), such that

‘Ill,y(f) = (‘I’(f)],‘, y)H7

which is exactly what we wanted to prove.
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Sequential Continuity (a). If we endow > (X; C) with the dominate pointwise con-
vergence and £(H) with the weak convergence of operators, then the sequential continuity is
an immediate consequence of the properties of the spectral measures (see Proposition 7.5).

Properties (b) — (e) . Recall that the properties (b) — (e) have already been proved in
Proposition 7.1 for the continuous functional calculus. Since ® is a x-homomorphism, we
infer that these properties are already satisfied when f € C°(%; C).

The reader may complete the proof of this step by noticing that these properties can all
be extended by continuity to £ (X; C).

Sequential Continuity (f). Let (f,)nen C £ (Z; C) be a sequence of functions such
that
fn(x) nortoo, f(z) forallze X and |fuloo,x <C.

The goal is to prove that the sequence of continuous linear operators (®(f,)),cy C L£(H)
converges to the continuous linear operator ®(f) pointwise. Indeed, if || - ||z denotes the
norm on the Hilbert space H, then it turns out that

12(fa)(2) = @(H)(@)7r = (2(fa) = B(f) @, (B(fn) — B(f)) 2)yy =

- /,: |fa(t) = FOP dpa(t) =

n——+00 0

2

=fo = fllizes, u)

since by Remark 7.2 the dominated pointwise convergence is stronger than the L? conver-
gence.

The red identity follows from the fact that ®(f)* = ® (?), while the blue identity follows
from the fact that ® is a x-homomorphism. O

7.3 Multivariable Functional Calculus

The primary goal of this section is to generalize the functional calculus to a multivariable
setting, that is, when we have to deal with more than one operator.

Remark 7.5. Let A € L(H) be a normal operator. Then A is the sum of symmetric
operators B, C € £5¥™(H), defined in the following way:

A+ A* A— A*

A=B+:1C, where B = and C = 2
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Since A commutes with its adjoint A*, a simple computation shows that B commutes with
C, ie.,
[A, A*']=0 = [B,C] =0.

In particular, the functional calculus for normal operators will follows immediately from the
multivariable functional calculus, which we shall develop throughout this section.

Proposition 7.13. Let Ay, ..., A, € LY™(H) be symmetric operators such that
[A;, Aj] =0 foralli, je{l,..., n}

For each index i let I; := [—||As||, ||A:ll], and let

There exists a unique x-homomorphism of x-algebras
o (I, C) — L(H)

sequentially continuous with respect to the dominated pointwise convergence and the strong
convergence of operators respectively, sending the projection 7; to A; for each index i, that
18,

Furthermore, it satisfies the following properties:

(a) The mapping
Uy y: L% (15 C) 3 f — (B(f)a, y) € C

is linear and continuous, that is, ¥, , € L (I; C)*. Furthermore, there exists a
unique complez-valued measure pig , such that

@ﬁﬂwﬁzxfmm~J0®mﬂhwuﬁw

(b) For any f € £ (I, C) it turns out that
1A < 1 flloo, 1-
(¢) For any f € £ (I, C) it turns out that
BeL(H) : [A;, B]=0 foreveryi=1,...,n = [®(f), B]=0.
(d) For any f € £ (I; C) it turns out that

>0 = &(f)>0.

Proof. We first suppose that such an operators satisfying these properties exists, and we
prove that it must be uniquely determined. Then, we prove the existence of ® and give the
idea on how it can be extended to the space of Borel bounded functions.
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Uniqueness. First, we notice that if f is a function that depends on a single variable x;,
then ®(f) coincides with the result of the usual Borel functional calculus

fr— f(4).
On the other hand, since ® is a homomorphism, for every collection £y C I, ..., E, C I,
of Borel subsets, it turns out that
O (XEyxxp,) = | | Xz (Ad)- (7.7)
i=1

Therefore, @ is uniquely determined by its value on simple functions (finite sums of charac-
teristics of Borel subsets E C I) and, by pointwise convergence deunsity, it turns out that ®
can be extended in a unique way to the whole space £ (I; C).

Existence, Step 1. Let P; be a finite and measurable partition of I; for alli € {1, ..., n},
and let us denote by P the product partition of I, that is,

P:={FEy x---xE, |E;eP;foreveryiec{l,...,n}}.

Let .%; be the finite algebra generated by the partition P; (i.e., its power set), and let & be
the finite algebra generated by P. Let ® be a Borel function defined on .%. By construction,
it turns out that

® e By :=Span{xg |E€P},

as the reader may readily check using (7.7). The map ® is certainly a x-homomorphism
since

[xE: (4i), xE,(4;)] =0
for all 4, j € {1, ..., n}. Indeed, it follows easily from Proposition 7.12, which asserts that

in the Borel functional calculus each operator B € L£(H) such that [B, A] = 0 also commutes
with ®(f), that is, [®(f), B] = 0.

The map  is also ordinate, that is, it sends positive functions f > 0 to positive operators
®(f). Indeed, since ® is a x-homomorphism it turns out that

1=(V7) = etn=2(Vi) =a() @),

and the latter operator is always positive.

Existence, Step 2. A refinement of the partition P; for all i € {1, ..., n} yields to a
different function ®, which extends the one constructed previously. Hence ® is well-defined
on the set

U Bz : 7 algebra generated by the finite partition P.

P

There are now two different, but equivalent, ways to extend ® to the set of Borel bounded
functions:

(1) We first extend ® to C° (I; C) by density. Then we extend it to the space £ (I; C),
as we have already done in the case of a single variable (that is, we define suitable
spectral measures and prove an equivalent assertion to Proposition 7.12).

(2) We extend ® directly to .2 (I; C) by density.
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Properties. The map ® : £ (I; C) — L(H) is clearly a x-homomorphism, and a similar
argument to the one used in the previous section, is enough to prove that the properties
(a) — (d) hold true. For example, if f € .£>°(I) is a real-valued function, then

[ . .
~Nflloo, 1 £ fF < fllo, 1 = —|fllco, rida < @(f) < || flloo, ridy =

= [N < 1l 1-

If f € £ (I; C) is a bounded Borel function, then the previous inequality implies that
1@ (DI < S lloo, 15

and this is enough to conclude that (b) holds true since

(If) = vVer(f)e(f) = NI =1edrDI-
O

Multiplicative Operator. In this paragraph, we briefly introduce one of the most im-
portant applications of the functional calculus and, in the next section, we will see why it
is so important.

Proposition 7.14. Let (X, ©, m) be a measure space, and assume that m(X) < 4oo. If
a: X — R is a measurable function such that

a-L*(X,©,m) C L* (X, 0,m),
then a is essentially bounded, that is, a € L*° (X, ©, m).

Proposition 7.15. Let (X, ©, m) be a measure space, and assume that m(X) < +oo.
Let H = L* (X, ©,m) and let « € L (X, ©, m) be a class of equivalence of measurable
essentially bounded real-valued functions X — R. The multiplicative operator

M,:H — H, UF— U

satisfies the following properties:

(a) The kernel of M, — X1dy is equal to L* (spt(\), ©, m), where
spt(A) :=a"1(\) C X.

(b) The rank of M, — N1dy is equal to
Ran (M, — A1dg) ={ue€ L*(X,0,m) |Jve L*(X,0,m), u=(a—A)v}.

(c) The operator M, — A1d g is surjective if and only if

L (X
a_)\e ( 7®3m)

if and only if there exists € > 0 such that
m({la—Al<e€}) =0
if and only if there exists € > 0 such that
axm(B(A, €) =0.
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(d) For any f € L (0(My); C) it turns out that
f(Ma) = Myoq.
(e) For any u, v € H and for any f € £ (6(My); C) the spectral measure is given by

fhu, v = Qg (wv - m).

7.4 Unitary Conjugation of Symmetric Operators

Introduction. In this final section, we show that any symmetric operator A defined on a
complex Hilbert space is conjugated, via a unitary operator, to the multiplication operator
in L?(0(A), pe) if its spectrum is simple. We also show how this property can be generalized
if the spectrum is not simple, using a particular orthogonal decomposition.

Let A € L¥™(H) be a linear bounded symmetric operator defined on a Hilbert space H.
For any £ € H we denote by He¢ the minimal closed A-invariant subspace of H containing
&, that is,

H¢ = Span (A"¢ : n €N).

Let p € Clz] be a complex-valued polynomial. The reader may easily check that the subspace
H is defined in such a way that it is also invariant under the action operator p(A), that is,

p(z) =apz" + -+ az+a = p(A)n=a, A"+ -+ a1An+ aon € He.
Furthermore, the subspace
{T' € L(H) | H¢ is T-invariant } C L(H)
is closed with respect to the weak topology of the operators, since
Ty =T = (To, 1) “ (T, 1),
and this implies that, for any 7 € He, we have
(T, n) € H foralneN = (T, n) € He.

Therefore, it follows from Proposition 7.12 that the subspace H is invariant under the
operator f(A) for every f € £ (c(A); C).

Lemma 7.16. Let £ € H be any element. For any £ € H it turns out that
5/ J.Hg <~ Hg/ J_Hg.

Proof. Recall that the operator A is symmetric, which means that (A")" = A" for any
n € N. A straightforward computation shows that

& LHe < (¢, A" ¢) =0 foralln, meN
— (AME A" =0 forallm,meN

— Hf/ 1 Hg,

and this concludes the proof. O
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Orthogonal Decomposition. The previous Lemma 7.16 suggest the possibility that the
complex Hilbert space H may be decomposed as the direct orthogonal sum of closed A-
invariant subspaces, that is, there exists = C H such that

H = He.

£eE

We shall give this decomposition for granted, but the interested reader may try to fill in the
details using the statement of Theorem 1.28. Indeed, if we consider H as a Hilbert module
with scalar ring C[z] and action defined by

Clz]xH>p-v+— p(A)v € H,
then the mentioned theorem proves the existence of a maximal family =.

Remark 7.6. We also observe that, if H is a separable Hilbert space, then = is at most
countable.

Relation between H¢ and . Set pe := pg ¢. For all f € C%(o(A); C), it turns out
that f(A)¢ € He, and a straightforward computation yields to

£ (A)ENT = (f(A)E, f(A) €)=
= (f(AFAE, Oy =
= (IfP(A) & &)y =

= [ e = 1Sl
In particular, the map defined by setting
C%(o(A); C) = He,  fr— f(A)
is an isometry, and thus it can be extended to the closures of the sets, that is,
U:L*(0(A), pe) — He, fr— f(A).

Let M, be the multiplicative operator that acts on L?(c(A), ue¢). Then there is a commu-
tative diagram

L? (0( )’ Mﬁ) L> Hf

. |

L*(o(A), pe) — He

as the reader may easily verify that
fr— fA)§— A[f(A)E],

fr—=af(z) — A[f(A)]
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are, respectively, the composition A o U and U o M,.

The brief discussion above has many important consequences. We first study a possible
outcome when the spectrum of A has a particularly simple form.

Definition 7.17 (Simple Spectrum). The spectrum of a linear bounded symmetric operator
A € L9™(H), defined on a complex Hilbert space H, is simple if there exists £ € H such
that

H:=H.

Corollary 7.18. If A € L5Y™(H) has a simple spectrum, then A is conjugate to the multi-
plication operator M, defined on L? (c(A), ug), via a unitary operator U.

In the general case, as we mentioned above, the space H may be written as the orthogonal
sum of A-invariant subspaces as follows:

H =P He.
£e=
Let us consider the topological product o(A4) x =, endowed with the o-algebra product
B((c(A)) @ P(E)

where B((0(A)) is the Borel o-algebra generated by the spectrum o(A), and P(E) is the
power set of =Z. The measure p that makes it a measure space is defined in the usual way,
that is,

WE) =Y pe(Be),  where E=|]Eex{¢}.

ez £e=

In this case we have a slightly more complex commutative diagram

L2 (0(A) x E, B x P(2), p) ——2ee=le

H
M, BA
H

L2 (0(A) x =, B x P(5), p) ——2ee=le |

where M, is the multiplicative operator defined by setting

M, (f(z, §)) ==z f(x, &)

As a consequence of the decomposition and of what we have already proved above, a simple
generalization of the previous corollary holds.

Corollary 7.19. If A € L%™(H), then A is conjugate to the multiplication operator M,,
defined on L? (o(A) x E, B x P(E), u), via a unitary operator U.



Chapter 8

Fredholm Operators

In this brief chapter, we introduce the class of Fredholm operators and the notion of Fredholm
inder, and we investigate their relation with compact operators.

8.1 Definitions and Main Properties

Definition 8.1 (Fredholm Operator). A linear continuous operator T' € L(X, Y') between
two Banach spaces is a Fredholm operator if and only if the following properties hold:

1) The dimension of the kernel Ker T is finite.

2) The codimension of the rank RanT is also finite.
Remark 8.1. If T € £(X,Y) is a Fredholm operator, then RanT is closed as a subspace
of Y.

Proof. Let F C Y be a finite-dimensional direct algebraic addendum of the range of T" in
Y, that is,
Y =F®RanT, @ : algebraic direct sum.

Let T: X x F —» Y be the operator defined by sending
XXF3 (@ flrr—mTz+ feY.

By construction Tisa surjective operator; hence the Open Mapping Theorem 4.20 implies
that T is an open map and also that it can be identified to a quotient map

XxF—07T vy
X x F ~
/KerT

where « is a linear isomorphism. Moreover, the kernel of the operator is given by

KerT = Ker T x {0} € X x {0},
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and it is thus closed in X x F. On the other hand, we have that
RanT =T (X x {0}) = a o m(X x {0})

as a consequence of the decomposition above, and this is enough to infer that RanT is a
closed subspace of Y since « is a linear isomorphism and Lemma 8.2 applies here. O

Lemma 8.2. Let X be a Banach space, and let N be a closed subspace of X. For every
V' DO N closed subspace, the image of V' via the projection

pr X — X

denoted by pn(V), is a closed subspace of the quotient X/N.

Definition 8.3 (Semi-Fredholm Operator). A linear continuous operator 7' € L(X,Y)
between Banach spaces is a semi-Fredholm operator if and only if the following properties
hold:

1) The rank RanT is closed.
2) Either the dimension of Ker T or the codimension of RanT is finite.

Definition 8.4 (Fredholm Index). Let T' € £(X, Y) be a (semi-)Fredholm operator. The
Fredholm index of T is the integer number (eventually infinite) defined by the formula

i(T) :==dimKerT — codimRanT € Z U {£oo}. (8.1)

Example 8.1.

(1) If X =Y is a Banach space and K € £L.(X) is a compact operator, then T :=idx — K
is a Fredholm operator with Fredholm index equal to 0.

(2) Let X =Y = {5. We denote by S the injective shift operator
S ly — Ly, (zo, 1, ...) —> (0, zg, x1, ... ),
and we denote by S* the surjective shift operator
S* i ly — Ly, (zo, 1, ...) —> (21, T2, T3, ... ).

The reader may check by herself that S* is the adjoint of S (i.e., the notation is
coherent), and also that the Fredholm indexes are respectively equal to

i(S) =-1 and i(8") =+1.

Moreover, the operator S is the essential inverse (see Theorem 8.5) of S* (and vice
versa) since
S* o S =idy, and SoS* =idg, — Ty,

where 7 is the projection onto the 1-dimensional subspace (e;) of ¢2. Notice also that
the Fredholm index seems to satisfy an additive property because

i(ide,) = 0 =i(S) +i(S").
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Remark 8.2. Let T : X — Y be a linear continuous operator between Banach spaces.
Then T is a Fredholm operator if and only if there are finite dimensional spaces E and F
such that

0E—-X Y 5 F—0

is a short exact sequence.

Theorem 8.5 (Atkinson). Let T € L(X,Y) be a linear continuous operator between Banach
spaces. Then T is a Fredholm operator if and only if T is essentially invertible, that is, there
exists S € L(Y, X) such that

ToS=idy + K, and SoT =idx + Ko,

where K1 € Lo(Y) and Ky € L.(Y') are compact operators.

Proof. To ease the notation, we divide the argument into two paragraphs.

7 = 7: Suppose that T is a Fredholm operator. By definition, the subspace Ey :=
Ker T is closed and finite-dimensional; hence it follows from Exercise 8.1 that Ej is a direct
algebraic addendum of X, that is,

X =FEy® F;.

Similarly, the subspace F; := Ran(T) is closed and finite-codimensional; hence it is an
algebraic direct addendum of Y, that is,

Y =Fya F.

Let P,: X — E; and Q); : Y — Fj; be the projections associated to the decompositions
above, and let us consider the invertible operator

T15E14)F1, T1::Q10T0P1.
If we set S := Tfl 0@ € L(Y, X), then it turns out that

SoT=T;'0Q 0T =P, =idx — P,

ToS=ToT;'oQ =Q=idy —Qu,
and this proves the thesis (since the projections are compact operators).

In other words, the argument of this arrow can be equivalently stated by seeing the
operator T as a 2 X 2 matrix defined on the decompositions of X and Y as follows:

QooToPy QioT ol 0 0
T:Ey®E — Fy® I, T = =
QooToP, QioToh 0 Ty
7 <= 7 Suppose that T is essentially invertible, and let S be its essential inverse. It is

immediate to verify that the following inclusions hold:

KerT C Ker SoT = Ker (idx + Ka),

RanT D RanT oS = Ran (idy + K1) .
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It follows from Theorem 6.18 that the right-hand side of the first (resp. second) inclusion
has finite dimension (resp. codimension), and therefore the same is true for the left-hand
side. 0

Remark 8.3. If S; and S, are respectively the left essential inverse and the right essential
inverse of a Fredholm operator T', then Sy — Ss € L.(X, Y). Indeed, it turns out that

TS; =idy + K, ST Sq =85+ 850 Ky
ST =idx + Ko S TSy =84+ K085,

and this proves the claim. In particular, both Ss and S, are essential inverses of 7.

Let X and Y be Banach spaces. From now on, we denote by .% (X, Y') the set of all the
Fredholm operators between X and Y.

Proposition 8.6. The set of all Fredholm operators % (X, Y) is an open subset of L(X,Y).
Proof. Let T € #(X,Y) be a Fredholm operator, let S € Z (Y, X) be an essential inverse

and set
ri= ||SH*1.

We claim that
T+HeF(X,Y) VHe L(X,Y) : |H|<r

Indeed, consider the operator S(idy + HS)~!, and notice that it is well-defined. Further-
more, a simple computation shows that

(T + H) [S(idy + HS)™'] = (T'S+ HS) (idy + HS) ' =
= (idy + HS) (idy + HS) ' + K’ =
=idy + K’,
where K’ := K, (idy + HS)™" € L.(Y). In a similar fashion one can prove that
[(idx +SH)™ S} (T + H) = idx + K",
and this is enough to infer that T4+ H € % (X, Y), as a consequence of Remark 8.3. O

Lemma 8.7. Let T € #(X,Y) be a Fredholm operator of index i(T") = 0. There ewxist
U: X — Y invertible operator and L : X — Y finite-rank operator such that

T=U+L.
Proof. Let FE;, F;, P;, Q; and T; be the objects defined in the proof of Theorem 8.5. Since

Ey and Fj are finite-dimensional vector spaces (with the same dimension), there exists a
linear isomorphism Lg : Fy — Fy; hence we can define

L:=LyoP, and U:=T-L.
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The operator U is invertible because both of the diagonal blocks are invertible, that is,

—Ly O
T—-L:Ey®E, — Fy® I, T-L=
0 T

Proposition 8.8. The Fredholm index
i: F(X,Y)—Z

is a continuous map (and thus locally constant.)

Proof. We divide the argument into two steps.
Step 1. Suppose that the Fredholm index of T € #(X,Y) is 0. By Lemma 8.7 there
exist U € £(X,Y) invertible and L € L£(X, Y) such that

T=U+0L.

Let S € Z(Y, X) be an essential inverse of T, and let H € L(X,Y) be an operator such
that ||H|| < r, where r := ||S||~!. Clearly

U + H is invertible because U (idw + U_IH) is invertible,
and hence the reader may easily check that
T+H=(idy +L)oU’,

where U’ := U + H is invertible and L' := Lo (U + H)f1 is a finite-rank operator. The
operator U’ is invertible, and therefore

ildy +L)=0 = i(T+H)=0

which is exactly what we wanted to prove.

Step 2. In the general case (i(T) = k), one may always consider the operator
T:X®FE-—Y®F, (z,¢)— (Tz, 0),
where E and F' are finite-dimensional spaces such that
—k=dim E — dim F.

By definition, the operator T has Fredholm index equal to zero. Thus what we have proved
in the first step immediately implies that

i(T+(HGBOE_>F)) —0 VHeL(X,Y): |H|<r

from which we easily infer that «(T + H) = k. O
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Proposition 8.9 (Invariance Properties). Let X and Y be Banach spaces.

(a) The sum of a Fredholm operator and a compact operator is still a Fredholm operator,
that is,
FX,Y)+L(X,Y)CF(X,Y).

(b) The index is invariant under compact perturbations, that is,

i(T+ K) =1(T), VTIe FX,Y)VK € L(X,Y).
Proof.

(a) Let K be a compact operator, let T' € % (X, Y) be a Fredholm operator and let S an
the essential inverse, given by Theorem 8.5. Then S is also an essential inverse of the
operator T+ K since one can easily check that

S(T+K)=ST + SK =idy + Ky + SK € idx + Lo(X)

(T+K)S=TS+KS=idy + K1 + KS €idy + L.(Y)
since the operators SK and K S are both compact as a result of Lemma 6.11.
(b) Let t € [0, 1] be a real number, and let us consider the operator
Li:=T+t K.
The operator ¢- K is compact; hence (a) implies that L; € % (X, Y) for every t € [0, 1].
In conclusion, it suffices to notice that by Proposition 8.8 the map
0,1)5tr—i(T+t-K)eZ

is continuous and with values in a discrete set, that is, it is constant.

O

Corollary 8.10. Let GL(X,Y) C L(X,Y) be the subset of all the invertible operators from
X oY. Then the Fredholm operator of index O are given by
Fo(X,Y) = GL(X, Y) + Lo(X, V) = GL(X, Y) + L(X, Y).

Remark 8.4. The set of all Fredholm operators .# (X, Y) is open (Proposition 8.6). More-
over, it is equal to the countable union of open subsets

F(X,Y)=J Z(X,Y)
keN

where % (X, Y) is the subset of all the operators whose index is equal to k.

Notice that, a priori, the %, (X, Y)’s are not the connected components of .7 (X, Y)
(they may be disconnected), but, if X = Y is an infinite-dimensional separable Hilbert
space, then they are.

Proposition 8.11. Let X, Y, Z be Banach spaces, and let T € F(X,Y) and S € #(Y, Z).
Then the composition ST belongs to F (X, Z) and the Fredholm index is multiplicative, that

18,

i(ST) = i(S) +i(T).

Proof 1. We split the argument into two steps.
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Step 1. The reader may prove as an exercise that there is an exact sequence

0> KerT — KerSoT 5 Ker S — 0,

hence the dimension of Ker S o7 is finite since the dimensions of Ker T" and Ker S are finite.

In a similar fashion, one could prove that the codimension of Ran SoT is finite, and thus
that ST € # (X, Z) is a Fredholm operator.

Step 2. The argument presented here works only if X =Y = Z. We consider the path of
Fredholm operators (Lg)gsec[o, »/2 defined by

I — idy O cosf) —sinf T 0 cosf) sinf
=\ 0 §)\sinf coso 0 idx/) \—sin® cosf)"

A simple computation proves that

Lo = (:g g) and  Ls = <1%X SOT) :

are Fredholm operators linked via a continuous path. In particular, it turns out that
i(Lo) =1 (L ) = (T) +i(S) = i(idx) +i(ST),

0

%
which is exactly what we wanted to prove. O

Proof 2. The key idea is to decompose X, Y and Z in 3, 4 and 3 closed spaces respectively
in such a way that 7" and S induce, on corresponding spaces, either the null map or an
invertible map.

Decomposition of X. Let Xy := KerT be a finite-dimensional closed subspace of X.
Since the kernel of T is included in the kernel of ST, it turns out that there exists a finite-
dimensional subspace X; C X such that

XO @Xl = KerSoT.
Finally, let Xo C X be the complement of Ker S oT C X so that

Xo@ X1 00Xy =X.

Moreover, observe that the operator T, restricted to Xp, is the null map. In a similar
fashion, one can prove that T’ }Xv is injective for i = 1, 2.

Decomposition of Y. Let Y] := T(X;) and notice that
T(X1) =T(Xo+X1) =T (KerSoT) =

= RanT NKer S
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Let Y5 := T'(X3). Since T(X; + X3) = T(Xo + X1 + X2) = Ran T it follows that Y7 and Y5
are closed, disjoint and that their direct sum is equal to the image of T. Moreover, there
exists a finite-dimensional closed subset Yy C Y such that

Yo @Y7 = Ker(S),
and there exists a finite-dimensional closed subset Y3 C Y such that
YooY10Y,0Y3 =Y.

In particular, observe that T restricted to Yy @ Y; is the null map (by definition), and also
that the restriction S ’YQ oY is an injective operator.

Decomposition of Z. In a similar fashion, let us set Z5 := S(Y2) and Z3 := S(Y3). These
subspaces are closed, and they do not intersect, as follows from an argument similar to the
one used to decompose Y. Thus it turns out that

Zo @ Z3 = Ran S.
Finally, let Z; C Z be the closed finite-dimensional subspace of Z such that

Z =271® Zy® Zs.

Computation of the indices. The operators T and S assume a particularly simple form
as matrices 4 X 3 and 3 X 4 respectively, as a consequence of the decompositions. More
precisely, it turns out that

0 0 0
0 Ty . . : :

T= 1 = (T) = dim(Xp) — (dim(Yp) + dim(Y3)),
0 0 Tl
0 0 0

and also that

0 0 0 0

S=[0 0 S|, 0 | = i) =dim(Y) + dim(¥;) — dim(Z,).
00 0 S,

The composition is given by

00 0
ST=10 0 S|, T|, | = i(ST) = dim(Xo) + dim(X;) — dim(Z;) — dim(Zs),
00 0

and this is exactly what we wanted to prove since

i(T) +i(S) = dim(Xo) + dim(V;) — dim(V3) — dim(Z;) =
= dim(Xp) + dim(X;) — dim(Z3) — dim(Z;) =

= i(ST).
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8.2 Calkin Algebra

Let X be a Banach space. In the previous chapters we proved that £(X) is an algebra, and
L.(X) is a closed bilateral ideal (see Lemma 6.11).

The quotient space is a Banach algebra (since it is a Banach space and also an algebra
satisfying the inequality (6.10)). It is called Calkin algebra, and it is denoted by C(X), i.e.,

C(X) = £(X)/£C(X)'

The set of all the invertible Calkin operator, denoted by G (C(X)), is an open subset and
also a subgroup of C(X). Therefore, there is a commutative diagram

and it is clear that

(G (C(X))) = F(X),

that is, it is equal to the set of all the Fredholm operators. The reader may prove the
following result as an exercise:

Lemma 8.12. Let %y(X) be the set of all the Fredholm operators of index 0. Then
7w (Fo(X)) is a normal subgroup and an open subset of G (C(X)). Moreover, the quotient

9OV mx)

is a discrete group.
Remark 8.5. If X is a separable Hilbert space, then the composition
F(X) B G(C(x) -9 CE) (=7

is equal to the Fredholm index, where < 0 > denotes the connected component containing
the neutral element of the group.

Essential Spectrum. There is a notion of spectrum in every Banach algebra, and it is
always a compact subset of C (as a result of a more general theory).

In particular, there is a notion of spectrum associated with the Banach algebra C(X),
called essential spectrum, defined by

Oess(T) ={A € C [ Midx =T ¢ F(X)} =0 (n(T)),

where o(+) is the spectrum associated to the Banach algebra £(X).

8.3 Exercises

Finite Dimension. Let X be a Banach space, and let N be a finite-dimensional (or
finite-codimensional) closed subset of X.
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Exercise 8.1. Prove that there exists a linear projection or, equivalently, that N is an
algebraic direct addendum of X.

Solution. Let {e1, ..., e,} be a basis of N, that is,

N = Span(ey, ..., en).
Every z € N can be written, uniquely, as a sum

T =aore1 + -+ apenp,

and therefore we can always consider the linear continuous functionals ag, ..., a, € N*
such that
r=oai(x)er + -+ ap(x)e, forallxze N.

By the Hahn-Banach Theorem we can find linear continuous extensions of aq, ..., a, € X*,
and therefore we can define a projection

P:X — N, zr— ar(x)er + -+ ap(x)ey,.
Let M := KerP. Then one can easily prove that
X=Ma&N
since every x € X can be written as

x=(x— P(z))+ P(x) e M + N.

Exercise 8.2. Prove that there is no linear projection associated to the inclusion
o C loo.

Explain why, in this case, the statement of Exercise 8.1 does not hold.

Proof. The reader may consult this thread for a collection of references and proofs of this
assertion. O
Exercise 8.3. Let X be a Banach space. The inclusion

XF oy XORRE

always admits a direct addendum.

Hint. The reader may try to consider the following maps:
1x 0 X = X (1x)" X — X

ixs : X5 X

O

As a corollary of Exercise 8.2 and Exercise 8.3 we find again that ¢ is not the dual of a
Banach space (see Subsection 3.3.3).


https://math.stackexchange.com/questions/132520/complement-of-c-0-in-ell-infty

CHAPTER 8. FREDHOLM OPERATORS 160

Inverse Operators. Let X and Y be Banach spaces. An operator L € £(X, Y) admits
a right (left) inverse if there exists S € L(Y, X) such that ST =idx (T'S = idy).

Exercise 8.4. Let T € L(X, Y) be a right-invertible operator, and let S € L(Y, X) be the
right inverse. Prove that:

(1) The operator T'S is a projection.

(2) The kernel of T'S coincides with the kernel of S, that is, Ker(T'S) = Ker(S5).

(3) The range of T'S coincides with the range of T, that is, Ran(T'S) = Ran(T).

Solution.

(1) To prove that T'S is a projection, we simply employ the associative property of the
composition:

(TS)* =TSTS =T(ST)S =TS.

(2) The kernel of the operator S is alway contained in the kernel of the operator T'S, and
hence we only need to prove the opposite inclusion.

Let y € Ker(T'S). It follows that T'S(y) = 0, and therefore

0=T5(y) = 0=25(0)= ST 5(y) = S(y) =0,

=idx
which means that y € Ker(S5).

(3) In a similar way, the range of the operator T'S is always contained in the range of the
operator T', and hence we only need to prove the opposite inclusion.

Let y € Ran(T). It follows that y = T'(x), and therefore
Sy) =5T(x) =2 = y=T5(z),

which means that y € Ran(T'5).

Essential Spectrum. Let X be a Banach space, and let C(X) be the Calkin algebra.

Exercise 8.5. Let S be the injective shift operator
Seg(N)%fg(N), (370,33‘1, )'—)(O, Zo, T1, )

(1) Prove that the spectrum of S is given by the closed ball of radius 1 in C, i.e. o(S) =

Be(0, 1).

(2) Prove that the eigenvalue spectrum of S is given by the empty set. Namely, the shift
operator S does not admit any eigenvalue.

(3) Find an explicit description of the essential spectrum of S.
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Chapter 9

Sobolev Spaces

In this final chapter, we use all the theory we have developed so far to introduce and study
the main properties of the Sobolev spaces W™ ?(£), whose importance is well-known in the
partial differential equations field.

9.1 Introduction and Elementary Properties

Introduction. In this paragraph, we denote by I an open interval (a, b) of the real line
R (eventually unbounded), unless stated otherwise.

Definition 9.1 (Weak Derivative). Let f € LL (I) be a locally summable function. A

loc
function g € L{ (1) is the weak derivative of f if and only if

/If(x)gol(ac) de = — /g(w)go(x) dz for every p € C°(I). (9.1)

I

Proposition 9.2. Let f € LL (I). The following properties hold:

loc

(a) If g € Ll (I) is the weak derivative of f, then it is unique up to the a.e. equivalence

relation. More precisely, if g1 € Li. .(I) and go € L, .(I) are both weak derivatives of
f, then

g1(x) = ga2(x)  for almost every x € I.

(b) If f € CY(I), then a representative of the weak derivative equivalence class coincides
with the usual derivative f’.

(c) Let f € C°(I) be a continuous function such that the usual derivative f'(z) exists at

all x € T\ D, where D is at most countable. Then the weak derivative of f exists, and
a representative of the equivalence class is given by f'.

Proof.
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(a) Suppose that g; and go are both weak derivatives of f. It follows from (9.1) that

ﬁwum—gwm¢mwm=o for all ¢ € C(1),

and hence ¢1(z) = g2(z) for almost every x € I as a consequence of the fundamental

lemma in calculus of variations'.

(b) It suffices to integrate by parts

[ f@y¢ @z =0,
I
and apply the same argument of the previous point.

O

Remark 9.1. Let f € C°(€) be a continuous function, and suppose that f’(z) exists at
almost every x € I. Then

g(z) = f'(z) ae. x €l == g is the weak derivative of f.

Proof. Recall that the Cantor function f¢ : [0, 1] — R is the unique continuous increasing
function satisfying the following relations:

fo@) + fo(l—2)=1 and fo (%) _ %fc(x),

for every « € [0, 1]. The Cantor function is locally constant on the complement of the
Cantor set C' since

1 1
f constant on the interval J = f constant on §J and 1 — §J .

Therefore fo is locally constant on a set of full measure (note that the Cantor set C' is
uncountable and has measure zero).

Conclusion. The usual derivative f/, exists at almost all z € [0, 1], and it must be equal
to 0 a.e. because f¢ is locally constant almost everywhere. If the function identically equal
to zero were the weak derivative of fo, then a variation of the fundamental lemma in the
calculus of variation” would imply fc constant, which gives the sought contradiction. [

!Lemma. Let f € LL (I). If

/f(a:)cp(ac) de =0 forall p e C(I) = f(x)=0 for almost every x € I.
I

2Lemma. (Paul du Bois-Reymond.) Let f € L1 (I). If

loc
[1@e@a=0  veccEw s [@de=o,
I I

then f(x) = c for almost every z € I.
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Alternative Proof. We argue by contradiction. If fo € L ([0, 1]) is a weakly differentiable
function, then Proposition 9.7 proves that the Cantor function fz admits an absolutely

continuous representative, and thus it maps null-sets to null-sets.

But fc maps the Cantor set (a set of measure zero) to its complement (a set of strictly
positive measure), and this is yields to a contradiction. O

Definition 9.3 (Absolutely Continuous). A function f : I — R is absolutely continuous
if and only if for all € > 0 there exists d(e) := § > 0 such that, for any finite disjoint family

J1, ..., Jn C I of open intervals (a;, b;) satisfying the property
n n
Z|J1| = Z'bz —a;| <46,
i=1 i=1

it turns out that .

Z |f(b) — flai)| <e.

i=1
Definition 9.4 (Oscillation). Let f : I — R be a continuous function, and let J C I be a
subset. The oscillation of f in J is defined by setting
osc (f, J) :=sup{|f(z) — f(y)| : =,y € J}.

Remark 9.2. There are many equivalent definitions of absolute continuity of a function,
whose proof is left to the reader.

(1) A function f: I — R is absolutely continuous if and only if for all € > 0 there exists
d(€) :== ¢ > 0 such that, for any finite disjoint family Ji, ..., J, C I of open intervals
(a;, b;) satisfying the property

n n
Z|J’L‘ = Z|bz —a;| <6,
i=1 i=1
it turns out that

Zosc (f, Ji) <e.
i=1

(2) A function f: I — R is absolutely continuous if and only if for all € > 0 there exists
0(€) :== ¢ > 0 such that, for any countable disjoint family Ji, ..., J,, --- C I of open
intervals (a;, b;) satisfying the property

+oo +oo
ST =D b —ai| <6,
i=1 i=1

it turns out that

“+oo
Zosc (f, Ji) <e
i=1

Proposition 9.5. A finite measure p defined on the Borel o-algebra B(R) is absolutely
continuous with respect to the Lebesgue measure if and only if the cumulative distribution
function

Fu(@) = p((—o0, )

is absolutely continuous.
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Theorem 9.6. A function f € L (I) is (locally) absolutely continuous if and only if there
exists g € L (I) such that

loc
f(@) — ) = / o(t) dt. (9.2)

More precisely, any absolutely continuous function is a.e. differentiable, and the usual
deriative is a representative of the weak derivative equivalence class.

Proof. Let J := [a, b] C I be a closed interval. The function f is absolutely continuous in
J, and hence we can define a measure u by setting

p [z, v) = fly) — f(z).

We can easily prove that the cumulative distribution function is absolutely continuous, and
therefore 1 is absolutely continuous with respect to the Lebesgue measure, as a consequence
of Proposition 9.5. Tt follows from the Radon-Nikodym Theorem that there exists g € L(J)
such that

y
f(y)—f(m):/ g(t)dt forall x, y € J.

Therefore, f is differentiable at almost every z € J, and we can easily prove that g is
a representative of the weak derivative equivalence class (using the integration by parts
formula). O

Proposition 9.7. Let f € L{ (I) be a weakly differentiable function. There exists an

loc
absolutely continuous representative in the equivalence class of f.

Proof. Suppose that f € Li (I) is a weakly differentiable function, and let g € LL (I) be

loc loc
the weak derivative. It is easy to prove that

01) e /If(z)(pl(x) dz = 7/Ig(x)gp(x) dz for all g € PWC (),

where PWC} (I) denotes the space of all piecewise continuously differentiable functions with
compact support in I.

Conclusion. Let x <y € I, and let us consider the function

0 t<x—ck¢,
QL) :=q1 z+e<t<y—n,
0 t>y+n.

Denote by ®; the obvious piecewise differentiable extension to the whole interval I. It is
easy to compute the left-hand side of (9.1) since
/ 1 [ote 1 vt
t) (®5) (t)dt = — t)ydt — — t)dt
Jro@y =g [ sma-g [T ma.

and, similarly, the right-hand side is given by

/g(t)fl)f,(t) dt = /yg(t) dt +o(1) fore, n—0F.
I x
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If we let

2e
then the left-hand side may be rewritten as follows:

zﬂw@m%wmzf*mwww*mwy

If we take the limit as € — 07, and then we take the limit as n — 0T, it turns out that

@) -1 = [ atat = sw)- 1) = [ oo

and Theorem 9.6 concludes the proof. [

1 1
Xe(t) == 5-X[—e,q and xp(t) := o Xl

9.2 WWLP Spaces

Introduction. In this section, we denote by I an open interval (a, b) of the real line R
(eventually unbounded), unless stated otherwise.

Definition 9.8 (Sobolev Space). Let p € [1, +oc]. The (1, p)-Sobolev space, denoted by
W1P(T), is the space of all the LP(I) functions with weak derivative in LP(I), that is,

WhP(I) = {f € L’(I) | Df € LP(I)}.

Normed Space. In this paragraph, we briefly discuss the main idea that allows one to
define a norm on W% ?(I) that makes it a Banach space.

Remark 9.3. The Sobolev space W1 P(I) is a vector space, and the derivative map
D:Wh'P(I) — LP(I),  f+— Df
is well-defined and linear.
Lemma 9.9. The graph of the operator D : WY P(I) — LP(I) is closed, that is,
I'(D):={(f, Df) | f e WhP(I)} C LP(I) x LP(I)

is closed with respect to the subspace topology.

Proof. Let (fn, Dfn),en C I'(D) be a converging sequence, and let (f, g) € LP x LP be its
limit in the product norm, that is,

fo 2 and Df, 2 g

/ fa(t)§'(t / D fn(t)

holds for every n € N and for every ¢ € C°(I). Recall that the L? convergence implies the
pointwise convergence of a subsequence, and therefore we can take the limit as n goes to
400 of the identity above to obtain

/Ewdma=—/¢WMMm
I I

which means that g = Df, i.e., the graph is closed. O

The identity
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Corollary 9.10. The mapping
WHP(I) — LP(I) x LP(I),  f+— (f. Df)
s linear, injective and onto the rank. More precisely, it turns out that
Wh?(I) — I'(D)
is linear and bijective.
In conclusion, the product LP x LP induces on I'(D) the subspace topology by taking the

restriction of the product norm || - ||, + || — ||,- More precisely, if we endow WP with the
topology generated by the norm

I llwr ey = I lee @y + 1D fll ey, (9.3)
then one can easily prove that WP is complete (and thus a Banach space).

Remark 9.4. Clearly (9.3) may be replaced by any equivalent norm in the product LP x LP.
In particular, when p = 2, it is particularly useful to consider the equivalent norm

1

2
Wy = (1) + 1D 1)) (9.4)
since it makes H'(I) := W 2(I) a Hilbert space, with scalar product given by the formula

(u, V) iy = (U, v)p2(r) + (Du, Dv)pe(ry- (9-5)

Remark 9.5. The method employed in this paragraph to define a complete norm can be
easily extended to any linear subspace of a Banach space. Indeed, let

T:9 —B

be a linear operator between a linear space ) C B and a Banach space (B, || - ||g). If T is a
closed operator, then the operator

Y — Grap(D) C B x B, f—(f,TY)

is linear and bijective. In particular, it turns out that ) is a Banach space endowed with
the norm

£l == l[flls + 1T fll5-

Proposition 9.11. Let p € [1, +oc]. Then for every f € WY P(I) there is an absolutely
continuous representative of the equivalence class. In other words, the inclusion

WhP(I) C C(I)
is a linear and continuous, i.e., there exists a positive constant C' such that

Hf”CO(I) < C||f||W1,p(]).

Proof. This follows directly from Proposition 9.7. O

Proposition 9.12.
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(a) A function f: I — R is Lipschitz if and only if it belongs to W >°(I).
(b) If p € (1, +00), then
fewhr(l) = fec™v(I),
where p' is the conjugate of p. Vice versa,
fec™ I == fewhr(I).
(¢) The Sobolev space W P(I) is isomorphic to a closed subset of LP(I) x LP(I). In
particular, it is separable for p € [1, +00) and it is reflexive for p € (1, +00).
Proof.
(a) This assertion is left as a simple exercise. For the solution, the reader may refer to
this post.

(b) Let f € WhP(I) be a p-summable function, for some p € (1, +00). By Proposition
9.7 there is an absolutely continuous representative, which we still denote by f, such
that

x
f@) - ) = [ Drwet,
y
If we take the absolute values and apply the Holder inequality, we find that
1
|f(@) = fWI < IDflley - [z —yl?,

which means that f is 1/p’-Holder continuous.

Vice versa, the reader may check for herself that the Weierstrass function is Holder
continuous, but is not absolutely continuous, and is not of bounded variation either.

O

Dual Space. Let p € [1, +00). The dual space of WP(I) can be easily represented as
W) 3w [ [u@)f(@) + (Dulz) g(e)] da.
I
as f and g range in )i (i.e., the dual space L? for p # +00). This is an easy consequence
of the fact that the dual of a product is the product of the duals
(LP x LP)* = LV x L¥
endowed with a suitable norm (see Exercise 3.4).

Remark 9.6. The representation is not unique. Indeed, the following Proposition 9.13
explains partially why (since ¢ can be chosen almost arbitrarily).

Proposition 9.13. Let x € I, and let p € [1, +00). Then there exists a function U, € )
such that the valuation functional j, € (Wl’p(I))* can be represented as

ju(u) = /1 u(t)e(t) dt + /I Du(t),(t) dt,

where ¢ : I — R is a continuous function with compact support.


https://math.stackexchange.com/questions/874982/relation-between-sobolev-space-w1-infty-and-the-lipschitz-class
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Proof. Let ¢ : I — R be a continuous function with compact support and unitary mass

/Iqb(t) dt = 1.

Let u be the absolutely continuous representative of the equivalence class u € W1 P(I). In
particular, we have that

u(z) = uly) +/ Du(t)dt for every y <z €1,
y

and thus, if one multiplies by ¢(y) and integrate in dy both members, then it turns out that

ue) = [utwotway+ [ ( / " Dult) dt) o(y) dy.

By Fubini-Tonelli theorem

u(z) = /IU(y)qﬁ(y) dy+/j |:]1(oo,m](t)/l]l(oo,t](y)¢(y) dy] Du(t) dt,

and this implies that

ulz) = / u(y)b(y) dy + / Duy) ¥, (y)dy,

where

Inclusion in Bounded Functions. It follows from Proposition 9.13 that, given p €
[1, +00) and u € W P(I), we have the estimate

lu(@)| < lullLey 19l Lo 1y + 1D ull Loy 19l 2o 1)-

Moreover, the L¥ -norm of ¥, does not depend on x, and hence there exists a positive
constant C' > 0 such that

u(@)] < Cllullw. e,

which means that the inclusion
WEP(I) — (CY(I), ||+ lloo, 1)
is continuous with respect to the uniform norm.

Proposition 9.14. Let I be a bounded interval of R, and let p € (1, +00]. Then the
inclusion

Whe(I)— C°(I)

is continuous and compact.
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Proof. We have already proved in Proposition 9.12 that the inclusion is continuous, and

u(@) — w()| < [|Dull ey - |2 =]+

Namely, the elements of the unitary ball in W ?(I) are equicontinuous (as they are also equi-
Holder of parameter 1/p’). Moreover, the LP-norm is bounded by 1, and thus it follows from
the main-value theorem that for all u € By, »(1)(0, 1) there exists a point xq := zo(u) € [
such that

[u(z0)] < C < +o0,

which, in turn, implies that
lu(@)| < fu(zo)| + [Dulle(ry - |2 — 2ol

In particular, every sequence (uy,)nen € Bw1.»(1)(0, 1) is equibounded and equicontinuous.
The interval I is bounded; hence the closure is compact and we conclude that the inclusion

Whe(I) = C°(I)
is compact as a straightforward corollary of the Ascoli-Arzela theorem. O

Remark 9.7. The inclusion
WHP(R) — CP (R)

is not compact. Indeed, the action of the group of translations Tg preserves the norm, that
is,
we WHPR) = [Thullyr. e = lullwsogey:

Let u € W P(R) be any function of norm 1, and let (7,u), .y € W P(R) be a sequence.
The weak limit is clearly the function identically zero, but

| Taullwrprny =1 foralln € N = u, # 0 strongly.

9.2.1 Extension Operator

Let r : WL P(R) — WL P(I) be the restriction operator defined by setting
r(f) =l
Definition 9.15 (Extension Operator). A linear continuous operator
E:WhP(I) — WhHP(R)
is called extension operator if it is a right inverse of r, i.e., if
r(B(f)) = .

Example 9.1. Let u € WHP(I), and assume that I is an open interval of the form (a, b).
We have proved earlier that there always is an absolutely continuous function in the class
of equivalence u, which we still denote by u. It turns out that the value at the extremal
points of the interval can be computed as follows:

w(@) = Tlim u(a+1) — lim u(z) and u(b) = lim u(b—l) — lim ().

n—-+00 n z—at n—+oo
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Let 6 > 0 be a real number, and consider the following extension of u, given by

0 € (—o0, a — 4],

linear interpolation € (a—19, a,
w(z) == < u(z) € (a, ]

linear interpolation, z € (b, b+ d],

0 z € (b+ 9, +0).

The reader may check by herself, as an exercise, that % belongs to W1 P(R). More precisely,
it is enough to check that

(1) @ belongs to LP(R), and
(2) @ is the primitive (in the sense of formula (9.2)) of some ¢ € LP(R).

Example 9.2. Let u € WHP(I) be any function, and assume that I = [0, a). We can
always consider the extension by reflection, that is,

Again, the reader may verify, as an exercise, that

o€ WP ((—a, a)).

The following theorem asserts that for all p € [1, +00], one can always find an extension
operator P satisfying the additional property that the inclusions

P:-WhP(I)— LP(R) and P:Wh'P(I)— WhHP(R)
are both continuous.

Theorem 9.16 ([1]). Let 1 < p < oo. There exists a bounded linear operator P :
WLP(I) — WLP(R), called an extension operator, satisfying the following properties:

(a) The map P is an actual extension, that is,

Pu ‘I =u for every u € WHP(I).

(b) The inclusion P : WHP(I) — LP(R) is continuous with respect to the LP-norm, that
18,
| Pul|rory < Cllullory  for every u € WHP(I).
(c) The inclusion P: WhP(I) < WLP(R) is continuous, that is,

1Pullwrr@y < Cllullpey  for every u € WHP(I).

Furthermore, the constant C depends only on the length of the interval I.
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9.2.2 Characterizations of W?(I)
In this section, we investigate some possible characterization of the space W1:P(I), for a
suitable range of p’s, in terms of the LP-continuity property.
Proposition 9.17. Let p € (1, +oo]. If u € LP(I), then the following assertions are
equivalent:

(a) The function u belongs to WP (I).

(b) For every ¢ € C°(I) it turns out that

JRCE dt\ < C)llell o iy

I

Proof. We divide the proof into two steps.

Step 1. Assume that u € W P(I) is a Sobolev function, and let ¢ € C°(I) be a test
function. By definition, we have the identity

R dt] - \— [ Duttretty ]

and thus by the Holder inequality it turns out that

I

[0 0] < 1D ulas Iy

which is exactly what we wanted to prove.

Step 2. The functional
() 5 o — /u(t)w’(t) dteR
I

is linear and, by assumption, continuous with respect to the L* norm. The inclusion
Ccx(I) C LY (I)

is dense, which means that the functional can be extended to the whole L?" isometrically.
By the Riesz Representation Theorem 1.22 there exists® an element f € LP(I) such that

[ 1000t = (£, phy = [urde forall ¢  C2(0)

I
and therefore —f € LP(I) is the weak derivative of u. O

Proposition 9.18 (LP-continuity). Let p € [1, 400), and let w € LP(R). Then there exists
a modulus of LP-continuity w : [0, +00] — [0, +o0] such taht

7S = fll Loy = w(Ihl) 0. (9.6)

Proof. We divide the proof into two steps.

3Here we need p # 1 since LP is the dual space of L?" whenever p’ # +o0.
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Step 1. The property (9.6) clearly holds true for all compactly supported continuous
functions.

Step 2. Let us consider the subspace
G:={g € LP(R) | (9.6) is satisfied by g} C LP(R).

The first step proves that C2(R) C G, which means that if we can prove (9.6) for any
function on the closure with respect to the LP norm of G, then (9.6) will be true for the
closure of C2(R) in LP(R), which coincides with LP(R) itself.

Step 3. Let f € G be any element of the closure so that for any positive e > 0 there exists
a function g. € G such that

If = gellzrr) < €
It follows that

Imnf = fller@) < 7o f — Thgellor®) + 170ge — gellor@) + If — gellr®) =
=2[|f = gellzrr) + ITnge — gellrr) <

< 26+ ||Thge — gellLr(r)-
By taking the limit as |h| — 0, it turns out that

limsup ||7nf — fllzr®) < 26,
|h|—0
and this is enough to conclude the proof since € was chosen to be arbitrarily small. O

We are finally ready to state the main result of this section, namely the characterization
of W P(I) in terms of the LP-continuity property stated above.

Proposition 9.19. Let p € (1, +0). If u € LP(I), then the following assertions are
equivalent:
(a) The function u belongs to W1 P(R).
(b) For every translation 1, € T, it turns out that
ITnu = ull gy S [BI-

Remark 9.8. Let f € LP(R™) be any p-summable function. As we mentioned above f
satisfies, for all p # +o0, the LP-continuity property, that is,

|70 f — fllLr@ny = o(1) as |h| = 0.

Equivalently, f admits a modulus of L -continuity, i.e., there exists an increasing continuous
function w : [0, +00] — [0, +oo] satisfying the properties

w(0)=0 and w(t)=o0(1) fort — 0,
such that
70 f = fllLeny S w (h]). (9.7)

Proof of Proposition 9.19. We divide the proof into two steps.
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Step 1. Assume that u € W1 P(R), and let u be its absolutely continuous representative.
For any positive number h > 0, we have that

x+h
w(z 4+ h) —u(z) = / Du(t) dt.

Hence, we can easily estimate the absolute value of the left-hand side using the Holder

inequality
x+h

e +1)~u@] < [ [Du(®)] dt < [Dulp ey 107

x

where p’ is the conjugate of p. Consequently, we have

e

—~
= mwlogey < 07 [ A Dute)] dte =
X

:h-|mp—1/ \Du(®)[” dt =
R

= ||DUHI£p(]R) - |hP,

where the red identity follows from the Fubini-Tonelli theorem. Taking the pth root of both
the left-hand side and the right-hand side, it turns out that

Ju— Thu”Lp(]R) S |hl,

where the constant depends on u only ¢ := || Dul|, ), and is finite by assumption.

Step 2. Vice versa, we use the characterization given by Proposition 9.17 and prove instead
that

/R w() (8) dt’ < )¢l )

for every ¢ € C2°(R). Recall that the translation is a self-adjoint operator, that is,

/RThu(t)go(t) dt:/u(t)Tfh@(t) dz,

R

[ = el oy S 1Pl =

and hence

/R u(t)w dt = —% /R (rut) — u(t)] o(t) dt.

If we take the absolute value, then it turns out that

p(t) —p(t —h) 1 L
/Ru(t)hdt‘ < I /R[Thu(t) ()] (t) dt| <

A

1
< mllmu = ullze@) - el e @)

1
S m|h|||90||Lp'(R) = ||80||Lp’(R)a

and we conclude by taking the limit as h — 0 since the right-hand side of the inequality
does not depend on i anymore. O
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9.3 Compactness in L’(R")

First, we recall a definition that will be extremely useful in what follows in this section.

Definition 9.20 (Modulus of Continuity). A modulus of continuity is any real-extended
valued function
w: [0, oo] — [0, o],

vanishing at 0 and continuous at 0, that is,

li h|) = 0.
lhllrg()u)(l )=0

Let f € LP(R™) be any p-summable function defined on the whole real line. The following
properties are trivial:

(1) The LP-norm of f is finite, i.e., || f| rr@n) < 400.
(2) There is a modulus of LP-continuity w : [0, +00] — [0, +00] such that
170 f = fllpe@ny < w(|h]). (9-8)

(3) There is a modulus of LP-continuity « : [0, +00] — [0, +00] such that

1Al e (58) Sa<;>. (9.9)

Remark 9.9. If 7 = {f1, ..., fu} C LP(R™) is a finite family of functions, then the
properties (1), (2) and (3) hold uniformly. More precisely, we have that:

(1) The LP-norm of the f;’s is bounded by a uniform constant. Namely, it turns out that
Ifillzeny <, max 1 fillee = € < +oo
foralli=1,..., n.
(2) There is a modulus of LP-continuity w : [0, +00] — [0, +o00] such that
T fi = fillLr@ny < w(|h]) forallie {1,..., n},
and it is given by the maximum of the moduli of continuity of the f;’s, that is,

w(t) := max w;(t).
j=1,...,n

(3) There is a modulus of LP-continuity w : [0, +o00] — [0, +00] such that

1
Hfz‘”Lp(B%) <a (R) forallie {1, ..., n},

and it is given by the maximum of the moduli of continuity of the f;’s, that is,
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Remark 9.10. In a similar fashion, one could prove that any compact family F C LP(R™)
satisfies the properties (1), (2) and (3) uniformly.

We are now ready to state a complete characterization of relatively compact sets (and
thus compact sets) in the L space for all p € [1, +00).

Theorem 9.21 (Fréchet-Kolmogorov). A set E C LP(R™), for p € [1, +00), is relatively
compact if and only if E satisfies the following properties:

(1) The set E is equibounded in LP(R™), that is, there exists a constant ¢ > 0 such that

| fllLrny < ¢ forall f € E.

(2) The set E is equicontinuous in LP(R™), that is, there exists a modulus of LP -continuity
w: [0, +00] —> [0, +00] such that

ITnf = fllLr@ny < w(lh])  for all f € E.

(8) The set E is equiconcentrated in LP(R™), that is, there exists a modulus of LP-continuity
a: [0, +o00] — [0, +00] such that

1
||f\|Lp(B%) <o (R) forall f € E.

Before we give the complete proof of this result, we discuss briefly the case p = 400 and
why the same statement does not hold.

Proposition 9.22. A set E C CJ(R") is relatively compact with respect to the uniform
topology if and only if E satisfies the following properties:

(a) The set E is equibounded in L*°(R™), that is, there exists a constant ¢ > 0 such that

| fllLoemny < ¢ forall f € E.

(b) The set E is equicontinuous in L°°(R™), that is, there exists a modulus of L*-
continuity w : [0, +o0] — [0, +o0] such that

70 f = fllLee@ny S w([h])  forall f € E.

(c) The set E is equiconcentrated in L™ (R™), that is, there exists a modulus of L*-
continuity o : [0, +00] — [0, +00] such that

Hf||L°°(BzG:<) <a <]1%) forall f € E.

Proof. The idea is to first prove uniform convergence on compact sets (closed balls), and
then generalize it to the whole space.
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Step 1. Let (fn)neny C E be an arbitrary sequence, and fix R > 0. The properties (a)
and (b) allows us to apply the Ascoli-Arzela theorem and find a subsequence (fn,, r)ken
uniformly converging to some fr in the closed ball of center 0 and radius R.

The argument does not depend on the particular value of R, therefore we can find such
a subsequence for all R > 0. The diagonal method allows us to extract a sub-subsequence,
still denoted by (fn, )ken C E, such that

j — |B—R for all R > 0, uniformly in Bg.

Step 2. In conclusion, the property (c) implies that E is relatively compact with respect
to the uniform norm since one can always write

[ = flloon < fn = flloo, 57 T 20(R) = lfn = fllo, 57 T 0(1)  as R — +oc.

O

Proof of Theorem 9.21. The proof presented here is rather involved, and requires a lot of
work. Thus we divide it into five steps to ease the notation a little.

Step 1. First, observe that, for any R > 0, the property (3) implies that

1
1 = xaSlasgaey = I incogy < () (9.10)

where x g, is the indicator function of the ball of radius R.

Step 2. In a similar fashion, for every positive mollifier ¢ € C(R"™) with mass equal to 1
and diameter of the support d > 0, it turns out that

1f o= Fller@n < sup. I7nf = fllzr@e) < w(d). (9-11)

The estimate (9.11) requires a little bit of work to be justified completely. Indeed, for every
such mollifier ¢ € C?(R™), we have

|fxp(x) = f2)] =

[ e 7@~ 1o =) | -

IN

[ W)@ - fla - )¢ ) ey

1/p
= (/Sptm e(y) |f(x) = flz—y)f dy> / o(y)| dy
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It follows that

1f %o — f”lz,p(Rn) < /

n

l / P~ P dy] de =

- /spt(m [/Rn I f (@) = @) dw} e(y)dy <

< sup ||Tyf_f||111p(Rn)a
ly|<d

where the last inequality follows easily from the fact that the support of ¢ has diameter d.

Step 3. The space LP(R™) is a complete normed space, which means that, as a consequence
of Lemma 6.10, it is enough to prove that

(1) 4+ (2) + (3) = FE is totally bounded.

Let B denotes the unitary ball Brr®n)(0, 1). Note that the estimates (9.10) and (9.11)
respectively prove the following inclusions:

EQXBR-E—l—a(%) - B,
ECp*xE+w(d)-B.
Moreover, if E is equicontinuous and R > 0, then the family of functions xp, - E is also

equicontinuous (although, with a different modulus of LP-continuity, which we denote by
wf). More precisely,

||<,0 * (XBRf) - fHLZ’(]R") < ||<,0 * (XBRf) - XBRfHLP(Rn) + ||XBRf - fHLp(]Rn) <

<wh(d) +a (;) ;

which means that

BC o Eta(g) BCortum B+ (@) +a(g)) B

Step 4. Fix € > 0. One can always find real numbers R > 0 and d > 0 such that the
constant on the right-hand side can be estimated by 2¢, that is,

ECpx(xpr - F)+2¢-B.
Therefore, we can equivalently prove that the set ¢ x (xp, - E) is totally bounded in

C?(Br+q) with respect to the uniform norm. In fact, this is enough to come to the same
conclusion in the LP topology (since it is weaker, and thus there are less open sets to check).
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Step 5. For any f € LP(R") and any ¢ € C2(R"), it turns out that

70 (0 * f) = o * flloo = llp* (nf = Nl <

< llellzer @ny - 17 f = Fllze@n),

where the red inequality follows from a straightforward application of Young inequality”. In
particular, for every f € F, it turns out that

76 (0% ) — o * flloo < l0llpo @ny - 170 f = Fllo@ny < Mloll e @) - w(IR]),
from which it also follows that
o * flloo < el Lo ey - 1f 122 @n),

i.e., the set ¢ * (xp, - F) is equibounded and equicontinuous with respect to the uniform
topology (=uniform norm). A straightforward application of the Ascoli-Arzela theorem
proves that the set ¢ x (xp, - E) is relatively compact in C(Bgy4) with respect to the
uniform norm, and hence it is relatively compact in L?(R™). O

There is a different way to prove this theorem using the regularization by convolution
only, but we will not give the details here. The interested reader can try to fill in the missing
information in the following road-map.

Alternative Proof. Consider the inclusion
ECpxE+4w(d)-B

proved in the third step of the previous proof. The set ¢ * E is compact in CJ(R") since
one can easily prove that the following properties hold true:

(a) For every f € E it turns out that
e flloo < 1@l Lo @ny - [1f | @n)-
(b) For every f € E and for every h € R it turns out that
170 (5 ) = 0 Flloo < ll@ll Lo @y - w(IA])-

(c) For every f € E and for every R sufficiently large it turns out that

1
lox Mg, < o (72

In particular, the set ¢ * E is compact in L{ (R™), and we can conclude that it is also
continuously included in LP(R™) by using the property (3). O
4Young Inequality. Let f € LP(R") and g € LI(R™), and assume that
1 1 1
1+=-=>4-.
rop o q

The convolution f * g belongs to L™ (R™), and the following inequality holds:

If * gllr@ny < 1 flloe@eyllglloa@ny- (9.12)
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9.4 Sobolev Space W"P()

The primary goal of this section is to generalize the notion of Sobolev space from the interval
I C R to an arbitrary (and eventually unbounded) open set Q C R™ for n > 2.

Remark 9.11.

(1) Let @ € N™ be a multi-index. The ath derivative operator, denoted by D, is defined
on the space C°(2) as follows:

oo g

DYu(zq, ..., Tp) = qu(xl, ceey Tp).
1 n

(2) For every f € C*(£) and for every g € C°(€), it turns out that

anif(x /f 8561

In particular, for any multi-index of length || < k and any f € C*¥(Q2), the formula
above can be generalized as follows:

/D"‘ z)dz = ( 1)“"|/Qf(x)D“g(x)dx. (9.13)

Definition 9.23 (Weak Derivative). Let f € L () be a locally summable function. A
function g € L () is the ath weak derivative of f, and we denote g by D®f, if and only if

/ f(2)8%p(z) dz = (—1)le / g@)p(z)de, Ve CX(Q). (9.14)
Q
Proposition 9.24. Let f € L (). Then the following properties hold:

(a) If g € L _(Q) is the ath weak derivative of f, then it is unique up to the almost
everywhere equivalence relation.

(b) The definition (9.14) is local. Namely, if there exists a neighborhood U, C Q where f
is a-weakly differentiable for every x € Q, then f admits a global ac-weak derivative g
in ).

Proof.

(a) Suppose that g1 and go are both a-th weak derivatives of f. It follows from the
definition formula (9.14) that

/Q 01(2) - (@) p@)dz =0 Vg e C(Q),

and therefore g1 (v) = ga2(x) for almost every x € Q as a consequence of the fundamen-
tal lemma in calculus of variations”.

SLemma. Let f € Ll (Q). If

/Q f@ @) dz=0 Ve =),

then f(x) = 0 for almost every = € Q.
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(b) Let us consider an open covering

U:= {Ui}ieN

of €2, and the collection g; € Li .(U;) of weak derivatives of f |Uv. Let us consider also
the partition of unity '
{pi : @ — Rao}iey

subordinated to the covering Y. We claim that the function

sz 1

is the (global) weak derivative of f, that is, the following properties are satisfied:

(1) The function is locally summable, that is, g € L{ ().
(2) The function g is the weak derivative of f, that is, it satisfies (9.14).

Let K C Q) be a compact subset. The partition is locally finite; hence the first assertion
follows easily from the estimate

‘
Z Pi* Gi
i=1

since the g;’s are locally summable by assumption.

L

< gl < +oo,
L1(K) =1

||9||L1(K) =

Let ¢ € C(Q), and let K C £ be a compact set containing the support of ¢. Then

/f(z)Daga(x)dx:/ f(z)D%p(z) dx =
Q K
4
:/K (ZM‘(@) f(z)D*p(z) dz =

Oé

D%p(z) dz =

Il
i MN

> [ e
i / Dp(z) dz =

L
S [ (o) ooy dr =

— (1)l /K o(2)p(x) dz,

which is exactly what we wanted to prove.
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Definition 9.25 (Sobolev Space). Let p € [1, +o0], and let m € N. The (m, p)-Sobolev
space, denoted by W™ P(Q), is the space of all L?(Q) functions with o weak derivatives in
LP(Q) for every |a| < m, that is,

WHhP(I):={f € LP(Q) | D®f € LP(Q) for all |a| < m}.

Normed Space. In this paragraph, we discuss briefly the main idea that allows us to
define a norm on W™ ?(() that makes it a Banach space.

Remark 9.12. The Sobolev space W™ P((QQ) is a vector space, and the application
D* - W™P(Q) — LP(Q), fr—Df
is well-defined and linear for all multi-indices o € N™ such that |a] < m.

Lemma 9.26. The graph of the operator D : W P(Q) — LP(Q) is closed for every
a € N™ of length |a| < m, that is,

D(D*) = {(f, D*f) | f e WFP(Q) } C LP(Q) x L*(Q)
is closed with respect to the subspace topology.

Lemma 9.27. Let N denote the cardinality of the set M := {a € N" : |a] < m}. The graph
of the operator T, defined by setting
T WEP@Q) — (L)Y, f e (D )aem

is closed with respect to the subspace topology.

Proof. Let (f;) C W™ P(Q) be a converging sequence, i.e.,

jEN
55 ferr),

Def; s £, e LP(Q) for all @ € N,

If we are able to prove that f, is nothing else than the ath weak derivative of f for all « € N,
then we can easily infer that f belongs to W ?(Q). By definition of weak derivative, it
turns out that

[ H@Dt@)de = (-0 [ Dgapla)ds, Ve CE@)
Q Q

holds for every j € N and for every admissible a.

Therefore, we can pass the identity to the limit using the Lebesgue dominated conver-
gence theorem. This is possible because the LP convergence implies (up to a subsequence)
the a.e. pointwise convergence of the sequence, i.e.

fie (@) LimaiN flx) for almost every z € (2,

D f;, (x) LnaiN fa(z) for almost every z € Q and for all & € M.
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Corollary 9.28. The operator
T W) — (I7(2)"
is linear, injective and onto its rank. More precisely, it turns out that
T:Wm™P(Q) — I(T)
is linear and bijective.
In particular, the product (LP(Q))Y = LP(Q) x --- x LP(Q?) induces on the graph I'(T)

the subspace topology, that is, the topology generated by the restriction of the product
norm

[=1llp -+l =~ lp
More precisely, for p # 400, if we endow W™ P(Q) with the topology generated by the norm

1

P

g = | Do 1D flogey | (9.15)
(©)

la| <m
then W™ P(Q) is a Banach space. Similarly, if p = +o00, then the norm

[1f1lm, o0, 2 := Sup |D* f(@)], (9.16)
mE_Q

gives to W™ 2°(Q) the structure of a Banach space. In any case, there is an isometry

W2, ) = (O, 1 leznapy ey

which makes the following properties trivially true:

(a) The Sobolev space W™ P(€) is isomorphic to a closed subset of (L?(Q))".

(b) If 1 < p < 400, then W™ P(Q) is a separable Banach space. If p = +oo, then
W™ 2 () is not separable.

(c) If 1 < p < +oo, then W™P(Q) is a reflexive Banach space.

Dual Space. The elements g of the dual space (W™ P(£2))" can be easily represented by
g: W™P(Q)dur— Z /ga(x)D“f(x)dx,
la]<m /<
where g, € L¥ (Q), and p’ is the conjugate of p.
Remark 9.13. Contrarily to the one-variable case, in general, it is not true that
W™P(Q) c C°(Q).

For example, the space W% P(Q) = LP(Q) is not contained in the space of all continuous
functions on §2 since a LP function need not be continuous (nor there is a continuous rep-
resentative in each class) when the dimension is at least n > 2. In a similar fashion (see
Exercise 9.10), one can show that

WmP(Q) ¢ Lo(9).
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Theorem 9.29 (Sobolev Embedding Theorem, [3]). Let Q be a bounded open subset of R™,
with a C' boundary. Let f € W™ P(Q).

(a) If

then f belongs to LY(Q), where

We have in addition the estimate

1 fllLaay < C(m, p, n, Q) || fllwm. »0)-

(b) If

then f € Ck=L/PI=L.7(Q), where
n n £rno s N
LEJ +1-32, if % is not an integer
"y =
any positive number < 1, Zf% is an integer.

We have in addition the estimate

||fHCk*L"/PJ*1vV(Q) S C(m7 Y, Py M, Q) ||fHWmvP(Q)
Remark 9.14. The space W™ 2(Q) is a Hilbert space for any m € N.

9.4.1 Operations on Sobolev Space W"?()

Product. In this brief paragraph, we introduce the main properties of the multiplication
operator in Sobolev spaces.

Lemma 9.30. Let f € W™P(Q), and let ¢ € C°(Q).

(a) The support of the product is smaller than the support of the test function, that is,
spt(fe) C spt(ep).
(b) The product is a closed operator, that is,
fp e WP(Q).

Moreover, the Leibniz rule holds true for any (integer) derivative, that is,

(s = 3 () 0P (917)

B<a

Proof.
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(a) Obvious.

(b) First, we check the two assertions for the derivatives of order one, and then we gener-
alize it by induction. Indeed, for every test function % it turns out that
dp(x)

Aiﬂwfmj+ﬂ@D”ﬂ@ﬂw@Nx:

_ dp(z) j _
= [ 1% vwar + [ @D (@) v ar =

- J, 1@ (agif)l/’(x)) dot [ @)D (@) wia) do -

- - [ @etan 2 a,
Q J

where the red equality follows from the formula

d¢(x) _9(ey) (2)
GTJ-M:C) = T — ()

O (x)

81: yi '
The reader may check by herself that Sobolev spaces can be equivalently defined as

Dif e Wm=L2(Q) Vj=1,...,n
fewm™r(Q) —
feLr(Q),

and hence the thesis follows by induction on the length of the multi-indices o € N™.

O

Regularization by Convolution (1 < p < 4o00). Let f € W/P(Q2) be a Sobolev
function with compact support, and let ¢ € C°(2) be a function such that

diam (spt(y)) < d (spt(f), 2°).

It is a well-known fact that the support of the convolution is contained in the sum of the
supports. As a consequence of the condition above, we have that

spt (f x ) CC Q,
and the inclusion is compact. Furthermore, one can easily prove that
frpeC(Q),

that is, the usual informal assertion "the regularity of the convolution is the mazimum
between the regularity of the elements” holds true.

Suppose that & € C°(B(0, 1)) is a mollifier (that is, a positive function with total mass
equal to 1), and let ®, be the rescaled associated function defined by setting

D (x) := ei” i} (E) .

€
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A natural question now arises: The convolution product ®. * f converges to f in the
W™ P(Q) topology (=with respect to the || - ||m, p,o norm) when e — 07 2

Lemma 9.31. Let ® € L'(R"), and let f € W™ P(R"). The convolution product belongs
to W™ P(R™) and, for every |a| < m, it turns out that

DY(f+«®)=Dfx® = fxD*®. (9.18)

Proof. Suppose that (9.18) holds true. By Young’s inequality (9.12) it turns out that
[D% (f * @) oy = 1Df * @l pony < (@ Lrny - 1D fll Loy
for every |a| < m. Therefore the convolution product belongs to W P(R™). O
The answer to the question raised above is thus affirmative. Indeed, it follows from (9.18)

that
DY (D f) = P x D,

and this converges to D f in the LP(2) topology (= with respect to the LP norm) for every
|a| < m, which means that
—0

€ +
1@ * f = fllm,p.o — 0

9.5 Sobolev Spaces: W;""(Q2) and H™P(Q)

In this final section, we introduce the spaces Wy ?(Q) and H™P(Q), and we also give a
sketch of the proof of the well-known result "H = W".

Definition 9.32. The (m, p, 0)-Sobolev space is the closure of the space of test functions
with respect to the (m, p)-norm, that is,

W(;n’ IJ(Q) = WH'H’"L, p, Q .

Remark 9.15. The primary idea behind the notion of Wy *() is to give a meaning to
the Dirichlet boundary condition u(z) = 0 in the weak formulation of partial differential
equations.

Remark 9.16. The inclusion
Wyt P(Q) C W™ r(Q)

is always true since C2°(f2) is a subspace of W™ P(Q), and so is its closure. On the other
hand, if 2 = R"™, then it turns out that

Wé”h P(Rn) — Wm, p(Rn)’

coherently with the intuitive meaning of "being zero at the boundary".

Proof. Tt suffices to prove the inclusion
WP (R 2 W P(R™),

that is, every function f € W P(R™) is the limit of a sequence of functions C°(R") with
respect to the Sobolev norm || - ||, p, 0
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Step 1. Let us consider a cut-off function such that

ne C>(B(0, 2)), =1 and 7)) €0, 1],

n |B(O, 1)

and let us consider the rescaling function
x
nr(x) ==n (§> ‘

By Lemma 9.30 it turns out that the product function ng - f belongs to W*?(Q), and from
the Leibniz formula we infer that

D% e )= X () D) D2,

BLa

The ~th derivative of g goes to 0 as R~1! for R — 400, and therefore one can easily prove

that
> (g) DA (nr) D*P(f) 22425 0,
BLla

B0

e.g., as a consequence of the dominated convergence theorem.

Step 2. In particular, for any fixed € > 0 there exists R > 0 such that

H77R f_me,p S €.

Let @ € C°(R™) be a smooth mollifier, and let ®, be its rescaling. The convolution
®,. % (ng - f) is smooth, and we find that

T + .
.. % (nr - f) =0, nr - f with respect to the W™ ? norm.

Set r := 1/R. We infer that

D1 *(nr- f) B2H0, ¢ with respect to the W™ P norm,

and this is exactly what we wanted to prove. O

Definition 9.33 (Nikol’skii space). Let 2 C R™ be an open set. The space H"™ P () is the
completion of the space

{f €C™(Q) | D*f € 17(9) for all [a] < m}
with respect to the Sobolev norm || - ||, p. -
Theorem 9.34 (Meyers-Serrin). Let Q C R™ be an open subset, and let p € [1, +00). Then
H™P(Q)=W"™P(Q).

Remark 9.17. The identity, in general, does not hold for the value p = 400. Indeed, in
this particular case, the statement depends also on the regularity of the boundary of €.
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Proof. The inclusion
H™P(Q) CW™P(Q)

is trivial because
{feC™Q) | D*f € LP(Q) for all |a| <m} CW™P(Q),
and therefore the completion with respect to its norm is also contained in W™ ?().

The opposite inclusion, on the other hand, requires a little bit more work. We divide the
proof into four steps to ease the notation, and we leave to the reader to fill in the missing
details.

Step 1. Let us consider the family (as k ranges in N) of open sets

1
uk;:{er’d(x,Qc)>kand|x<k},

and notice that it is increasing
U, CCUpyy CC--- CCQ = Uy, C U1,

and such that every U} has compact closure.

Step 2. Let us consider a collection of open sets {V} }, o\ satisfying the following property:
U1 D Vi D Uy

For every k > 1 there exists a cut-off function n, € C° (Uy) such that

N ‘sz—l =1 and us = 0.

Let Qp := Uy, \ Ug—2, and let
Pk =Nk — NMk—2

be a partition of unity associated with the covering {Qj}r>2. Indeed, it is easy to check
that

Zcpk(x) =1 forallz €,
k>2

and also that the sum is locally finite since

QkﬁQj;«éQ) — |k’—j|=1

Step 3. Let f € W™P(Q). If we set fi(z) := f(z) pr(x) € WIP(Q), then we can write
F@) =) ful@).
k>2

Let € > 0 be a fixed real number. By definition, one can always find a collection of functions
gr € C°(Qy) such that

€
lge = fellm, p, 20 = llgr = fullm,p, e < 55
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Step 4. Let

g(x) := Z gk ().

k>2

The reader may prove by herself, as an exercise, that
geW™r(Q) and |f = glm.p.0 =0,

that is, the test functions are dense in W™ ?(Q1) with respect to the norm | - ||y, p,0. O

9.6 Exercises

In this section, we denote by I an open interval (a, b) of the real line R (eventually un-
bounded), unless otherwise stated.

Exercise 9.1. Let I = (0, 1), and let p € (1, +0o0].

(1) The inclusion W 1(I) € C° (I) is not compact.

(2) The inclusion
Whi(1) — LIY(I)

is compact for every 1 < ¢ < co.

Proof.

(1) Let us consider the sequence (uy)n>2 C W1 ((0, 1)) defined by

0 if 2 € [0, 1],
un(x) =qn-(z—3) ifze(d, 1+1),
1 ifxelg+5,1]

hence
1

3ta 1 1 1 3+a
HU”HLLI_”'/; (CU—Q) dx+2—n+n~/§ dzx

2

_1+1 1+1_
“n 2 n Ty

that is, the sequence is bounded in W1,
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We now observe that sequence u,(z) converges pointwise to the bump function

0 ifzelo, 3],
u(r) =
1 ifzels, 1]
On the other hand, for any n > 2 it turns out that
[un —ull =1,

hence no subsequence of (uy),>2 can converge to u in the uniform norm.

(2) Let B be the unit ball in W 1(I). Let P be the extension operator of Theorem 9.16
and set F := P(B), so that B = .7-"[.

The set F is bounded in W (R) by construction; hence it is bounded also in L?(R)
for all 1 < g < +o00. If we are able to prove that for every f € F there is a modulus
of Li-continuity such that

70 f = fll Loy < w(lhl),

then we can apply the compactness result (Theorem 9.21) to infer that B has compact
closure in LZ(R). From Proposition 9.17 it turns out that

7 f— fHLl(]R) = O(|n),
and hence
-1
17 f = Flay < @l le) ™"l £ = Fllp ) < C - A,

If we take the g-th root, then we obtain the estimate
1
7n f — f“Lq(]R) < C-[hl7,

and this concludes the proof since we can set w(|h|) := C'- |h|% for every 1 < ¢ < +o0.

O
Exercise 9.2. The Sobolev space W P(I) is a function algebra, that is,
u, v € WHP(I) = u-ve WhP(I),
and the Leibniz rule also holds true for the weak derivative operator.

Exercise 9.3 (Convolution). Let u € WYP(R), and let v € L'(R) be a convolution kernel.
Prove that
uxv€WHP(R) and D (u*v)=uxv'.

Exercise 9.4 (Mollification). Let ¢ € C°(R) be a convolution kernel, and let us set

1 T
Pe(z) := e (;) ‘
For any p € [1, +00) and for every u € W P(R), it turns out that
€ + .
U= ukpe 2w in WhP(R),
that is,
Ue = U in LP(R)

Du, — Du in LP(R).
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Exercise 9.5 (Density). For any p € [1, +00), the inclusion
WhP(I)nCe(I) c WhP(I)
is dense.
Exercise 9.6. Let g € C'(I) be a differentiable function such that ||¢’[|oc, 1 < +00. Prove

that, for any u € WY P(I), it turns out that

goue WhP(I) and % lg (u(z))] = ¢’ (u(x)) Du(x).

Exercise 9.7. Prove that, as a particular case of the previous exercise, it turns out that
uweWhP(I) = |u| e WhP(I).
Exercise 9.8 (*). Let I be a bounded interval. If g : R — R is a Lipschitz function, then

we Whe(l) = % [g (u(z))] = ¢’ (u(x))Du(z) for almost every x € I.

If I is an unbounded interval, then the same formula holds true if we require g to be
essentially bounded, that is, if [|g|| o (1) < +o00.

Solution. The reader may refer to [4, Theorem 2.1.11] for a proof of this statement. O
Exercise 9.9. Prove that the Sobolev space W P(I) is a lattice.

Exercise 9.10. Prove that there exists a function f € W 2(R?) such that f is unbounded.

Solution. Here we only present a road map of the solution. The reader may try to fill in
the missing details as an easy computational exercise.

Step 1. The function

g(z, y) = log [log (1 +

1

is unbounded, but one can prove as an exercise that it belongs to W2 (Int(B(0, 1))).

Hint. Take the derivative of g, find an estimate from above of its absolute value and then
compute the integral using the polar coordinates.

Step 2. Let ® be a cut-off function such that ¢ |B(0 y = 1 and spt® C B(0, 2). The
function

is an unbounded function on R? with compact support. On the other hand, based on what
we have proved in the first step, it follows immediately that f € W 2(R?). O
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