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Functional analysis

This course provides an introduction to functional analysis. This is an advanced undergraduate
course for which knowledge of real analysis and linear algebra, as well as a certain degree of
mathematical maturity, is required.

Functional analysis has a rich and interesting history for which I recommend the beautiful
book History of Functional Analysis by J. Dieudonné. Functional analysis arose in the late
19th century from questions in classical analysis such as the convergence of Fourier series, the
existence of minimizers in the calculus of variations, or the solvability of integral equations as well
as ordinary and partial differential equations. The solution spaces of these problems are typically
spaces of functions which admit a natural vector space structure. An integral or differential
operator acting on functions can be seen as a linear operator acting on elements of a vector space,
and the question of solvability can now be abstractly formulated in terms of the invertibility of
linear operators between vector spaces. Typically, these vector spaces of functions are infinite-
dimensional. At its core, functional analysis studies the interplay between the linear structure
of infinite dimensional vector spaces and topological concepts such as openness, compactness,
continuity, as well as analytical concepts like differentiation and integration, and additional
structures such as norms and inner products. In particular, the goal is to develop the abstract
frameworks of metric spaces, normed spaces, Banach spaces, Hilbert spaces and establish general
results that apply to concrete realizations of these spaces. This has far-reaching applications to
many modern areas of mathematics and more generally in science. Indeed, functional analysis
plays a key role in partial differential equations, quantum mechanics, numerical simulations,
approximation theory, probability and statistics, machine learning, data science, control theory,
optimization, and many other fields.

1 Basic notions, topological and metric spaces

1.1 Zorn’s lemma

We begin with the famous Zorn’s lemma which will appear in several places in the course, possibly
most prominently in the proof of the Hahn—Banach theorem and the proof of Tychonoff’s theorem.
It is equivalent to the axiom of choice, which is a standard axiom in modern mathematics. Thus,
we will treat Zorn’s lemma as an axiom. However, because of the non-constructive nature of
arguments involving the axiom of choice or Zorn’s lemma, in applications of functional analysis
to PDE or mathematical physics, one is often interested in circumventing the usage of Zorn’s
lemma. Typically, Zorn’s lemma is used to infer the existence of some highly non-unique objects.

Definition 1.1. Let P be a set. A partial order, denoted by <, on P is a binary relation on P
(i.e. a subset of the Cartesian product) such that for all a,b,c € P

e a<a,
e g <band b < cimply a <c,
e g <band b<aimply a ="b.
The tuple (P, <) is called a partially ordered set or poset.

Definition 1.2. Let (P, <) be a non-empty partially ordered set.



e An element z € P is an upper bound for a subset A C P if a < x for all a € A.
e A subset C' C P is a chain if it is totally ordered (i.e. x <y or y <z for all z,y € C.)
e An element x € P is maximal if y € P and x < y implies x = y.

Axiom 1.3 (Zorn’s lemma). Let (P, <) be a non-empty partially ordered set such that every
non-empty chain C' has an upper bound in P. Then, (P, <) has a maximal element.

1.2 Vector spaces

All vector spaces treated in the course are over the fields R or C. We will use the symbol K (the
German word for field is “Korper”) to mean either R or C, i.e. K € {R, C}.

Definition 1.4. Let V be a vector space over the field K.

e A C V is linearly independent if ZieF Aiv; = 0 implies A\; = 0 for all ¢ € F', where \; € K,
a; € A and F' a finite index set.

o A CV spans V if for every v € V, there exists a finite index set F' and \; € K, v; € A for
i € F such that v =), p Nia;.

e A set B C V which is linearly independent and spans V' is called a Hamel basis.

e A subset W C V is a subspace of V if W is itself a vector space with the operations induced
by V.

Definition 1.5. A vector space V is called finite dimensional if it admits a Hamel basis with
finite cardinality. Otherwise, it is called infinite dimensional.

Theorem 1.6. Every vector space V admits a Hamel basis B.

Proof. If V.= {0} choose B = (. If V # {0} let 0 # v € V. Define the non-empty set
P ={C € P(V):C is linearly independent and v € C'}. P is partially ordered by set inclusion
and for any chain C C P the union (J,. A is an upper bound. Thus, P has an upper bound B.
Since B € P, the set B is linearly independent. It remains to show that B spans V. Assume
for a contradiction that w ¢ span(B). Then B U {w} is linearly independent and contains v so
BU{w} € P. Since B is maximal, BU{w} C B so w € B giving a contradiction. This shows
that B is linearly independent and spans V, i.e. B is a Hamel basis. O

Definition 1.7 (Algebraic dual space). Let V' be a vector space. We define the algebraic dual of
V as the vector space V' ={f: V — K, f linear}.

1.3 Topological spaces

A core aspect of functional analysis is the interplay between linear algebra and analysis. More
precisely, it is about how the linear structure of vector spaces plays together with analytical
structures of open and closed sets and the regularity of functions between such spaces. Especially
for infinite-dimensional vector spaces, it will be important in what sense different vectors are
close to each other and what exactly it means for functions to be continuous. This is captured
by the structure of a topology.



Definition 1.8. Let X be a non-empty set. A topology T on X is a collection of sets T C P(X)
such that

1. 0, X eT.
2. If I is an index set and U; € T for all ¢ € I, then U;c;U; € T.
3. IfUy,...U, €T, then Ni<i<,U; € T.
The pair (X, T) or just X is called a topological space. Elements of T are called open sets.
o Aset AC X with A= X\ A €T is called closed.

o If 71,75 are two topologies on X, we say that 77 is finer than 73 if 7o C 7T7. Similarly, we
say that 77 is coarser than Ty if T; C Ts.

Example. e For any set X the finest and coarsest topologies are given by the discrete
topology Tais = P(X) and the trivial topology Ty = {0, X'}, respectively.

e The Euclidean topology on R"” is defined as follows. O C R" is open if for all x € O, there
exists an € > 0 such that B.(z) C O, where B.(z) = {y e R": |z — y| < €}.

e Let (X,7) be a topological space and () # A C X. The relative topology Ty C P(A) on A
is defined as Ty = {ANU : U € T}. This makes (A, 74) a topological space.

Definition 1.9. Let X be a topological space.
e U C X is an open neighborhood of x € X if r € U and U € T.

e A C X is a neighborhood of x € X if there exists an open neighborhood U of x such that
UcCA.

X is a Hausdorff space if for all x,y € X with z # y, there exist neighborhoods U, of x
and U, of y such that U, N U, = 0.

e © € A is an interior point of A, if there exists a neighborhood U of x such that U C A.
We define the interior of A, denoted by int(A), as the union of all interior points.

e x € X is a boundary point of A if for all neighborhoods U of x, U N A # () and U N A€ # ().
We denote the set of boundary points of A as JA and the closure of A as A = AU JA.
Note that int(A) = A\ 0A.

e AC X is dense if A= X.

e A sequence (z,)nen C X is convergent if there exists an x € X such that for all neigh-
borhoods U of z, there exists a N € N such that x, € U for all n > N. We write
r =lim,_ o T, O T,, —> T asS N — 0.

Remark 1.10. It is useful to convince yourself that the definition of convergence on R from
18.100 agrees with the more general definition for topological spaces.

Proposition 1.11. Let X be a topological space and A C X. Then:

1. Aopen < A=int(A).



2. int(A) is the largest open set contained in A.
3. A is the smallest closed set containing A.

4. A closed & A= A.

5. 0A is closed.

Proof. 1) “=” Clearly int(A) C A, and since A is open we also have A C int(A). “<” It suffices
to show that int(A) is open. Note that int(A) = Uyeing(a)Usz, Where U, C A = int(A) is an open
neighborhood of x. This shows that int(A) is open. 2) — 5): Problem set 1. O

Definition 1.12. Let X,Y be topological spaces and f : X — Y be a function.
e f is said to be continuous if the preimage of every open set is open.
e f is said to be sequentially continuous if lim,_,o x,, = x implies lim,_,~ f(z,) = f(x).
e f is said to be open if the image of every open set is open.
e f is said to be a homeomorphism if f is bijective, continuous and open.
Definition 1.13. Let X be a non-empty set and (X;);c; be a family of topological spaces.

e Let f; : X — X, be a family of functions indexed by 7 € I. The initial topology on X
induced by f; is the coarsest topology on X such that all f; are continuous. In the context
of topological vector spaces, the initial topology is also called weak topology.

e Let g; : X; — X be a family of functions indexed by ¢ € I. The final topology on X induced
by g; is the finest topology on X such that all g; are continuous.

Definition 1.14. Let X;, i € I be topological spaces, where I is an index set. We define the
product topology on X = Il;c;X; as the initial topology induced by the projections m; : X —
Xjy (wi)ier = ;.

Definition 1.15. Let (X, 7) be a topological space.
e B C T is called a base if every element of 7 can be written as a union of sets from B.
e S C T is called a subbase if finite intersections of sets from S form a base.

e N C T is a neighborhood base of x € X if every element of A is a neighborhood of x and
for every neighborhood U of z there exists an element V € A such that V C U.

N C T is a neighborhood subbase of x € X if finite intersections of sets from N form a
neighborhood base of z € X.

X is called first countable if every point x € X has a countable neighborhood base.

X is called second countable if X has a countable base.

X is called separable if there exists a countable set D such that D = X.

Remark 1.16. If X, Y are topological spaces and f : X — Y. Since taking the preimage f~!
commutes with taking unions and intersections, we obtain that f is continuous if and only if the
preimage of every subbasis element is open.



Example. o Let X = ILic;X;. Then, the collection of sets of the form 7, 1(Ui) where

U; is open in X; form a subbase of the product topology on X and sets of the form
Z-_ll(Ui yN---N F;ll(Uz‘n) form a base of the product topology. In mild abuse of notation,
we can also write that the sets II;c;U; form a basis, where U; = X; for all but finitely many
1 € I. For instance if X = X; x Xs, then sets of the form Uy x Uy = 7T1_1(U1) N 772_1(U2)7

where Uy C X1,Us; C X5 are open, form a basis.

7T

e Let R" be equipped with the Euclidean topology. Then, for x € R", {B/,(z)}xen is a
neighborhood base at z and {B;/,(q) : ¢ € Q, k € N} is a countable base for R™. Thus, R"
is second countable.

Remark 1.17. For any family C C P(X) there exists a unique topology 7¢, defined as the
coarsest topology on X containing C. If the union of elements in C covers X, then C forms a
subbase for 7¢.

Proposition 1.18. Let X be a topological space. If X is second countable, then it is first
countable and separable.

Proof. Let B be a countable base. First countability is clear. For the separability, let D be a
countable set such that for all () # B € B, there exists a b € B with b € D. Let x € X and let U
be an open neighborhood around x. Since B is a base, there exists a B € B such that B C U.
Thus, there exists a b € D N B such that b € U. Hence, D = X. O

Proposition 1.19. Let X, Y be topological spaces and f : X — Y be a map.
1. If f is continuous, then f is sequentially continuous.
2. If f is sequentially continuous and X is first countable, then f is continuous.

Proof. 1) If f is continuous and x,, — = in X. Let V be an open neighborhood of f(z) in Y.
Since f is continuous U = f~!(V) is open and since z,, — x in X, eventually all x,, are in U.
Hence, f(zy) € V eventually, which shows that f(z,) — f(x).

2) Let V C Y open. If f~5(V) =0, then f~1(V) is open, so we can assume that f~(V) # 0.
Let x € f~1(V). For a contradiction, assume that z is not an interior point of f~*(V). Let
(Un)n be a countable, nested neighborhood base around z. Since z is not an interior point, there
exists a sequence z,, € U, \ f~1(V) which in particular satisfies x,, — = as n — co. Since f is
sequentially continuous, we have that f(x,) — f(x). Hence, f(z,) € V for n > N and thus,
x, € f~Y(V) for n > N which is a contradiction. O

Definition 1.20. Let X be a topological space and K C X.
o K is compact if every open covering of K has a finite subcovering.
o K is sequentially compact if every sequence in K has a convergent subsequence in K.

K is relatively compact if K is compact.

A collection of sets A C P(X) is said to have the finite intersection property (FIP) if
Ni<j<nUj # 0 for any finite subfamily {U;}1<j<n C A.

Proposition 1.21. Let X be a topological space and K C X. Then, K is compact if and only
if every family of closed sets having the finite intersection property has non-empty intersection.



Proof. Problem set 1. O

Theorem 1.22 (Tychonoff). Let Xj, i € I be topological spaces. X = Il;c1X; equipped with
the product topology is compact if and only if X; is compact for all 7 € I.

Proof. “=" Clear since m; are continuous and the compact set X is mapped to a compact set Xj.
So we will show “<” in the following. Let C be a non-empty family of closed sets of X having
the finite intersection property. We want to show that (.. ¢ # 0.

The collection P = {D C P(X): C C D, D has the FIP} is partially ordered by set inclusion.
Let D be a non-empty chain in P, then UgcpE € P is an upper bound. By Zorn’s lemma, there
exists a maximal element B € P and we note that C C B. The relevance of B is that it is
maximal which means that (i) e,f € B=eN f e Band (ii)enb#( forallbe B= e € B.

Since the elements of C are closed and C' C B, we have mbeBg C Neec & so it suffices to
show that Npepb # 0.

We now pull back to each product and note that {m;(b) : b € B} has the FIP so in particular,
{mi(b) : b € B} has the FIP for each i € I. By compactness for each X;, we obtain = = (x;)cs
with z; € (ycp mi(b).

Finally, we will show that Nycpb # 0. To do set let v be a neighborhood of z, where we
assume without loss of generality that v = ﬂ?zl ™ 1(vij) for v;; open neighborhoods of z;; .

Since x;; € vy, N7, (b) for all b € B, we have that v;; N m;;(b) # 0 for all b € B and thus,
wfl(vij) Nb#( for all b € B. By (ii), this means that W;l(vij) € B foreach j=1,...,n and

)

hence, by (ii), ve B, le vNb # () for all b € B. Since v was an arbitrary neighborhood of z, we
have that x € b for all b € B and thus x € Nyecpb # 0. O

Definition 1.23. A topological vector space (V,T) is a vector space V equipped with a Hausdorff
topology T such that scalar multiplication K x V' — V and addition V x V' — V are continuous.

Definition 1.24 (Continuous dual). Let V' be a topological vector space. Define the continuous
dual V* as V* = {f € V' : f continuous}.

Example. There are examples (e.g. LP(R),0 < p < 1) of topological vector spaces which have
trivial continuous dual.

Many important results in functional analysis can be formulated in the context of topological
vector spaces. Many interesting spaces such as C*°(R) or spaces of distributions are merely
topological vector spaces that cannot be equipped with a norm. Nevertheless, in this course, we
will be mostly concerned with more rigid topological structures on our vector spaces, namely
those of normed (or metric) spaces.

1.4 Metric spaces

Definition 1.25. Let X be a non-empty set. A mapping d: X x X — [0,00) is a metric if it
satisfies

1. d(z,y) =0z =y,
2. d(z,y) = d(y, ),
3. d(z,y) < d(z,z)+d(z,v)



forall z,y,z € X. A pair (X, d) is called a metric space. We denote Be(z) = {y € X : d(z,y) < ¢}
and B.(z) = {y € X : d(z,y) < ¢}

Remark 1.26. A metric space (X, d) carries a natural topology, the metric topology induced by
the subbase { B/, (7)}zexnen. It is easy to verify that

e the topology is Hausdorff and first countable (i.e. the topology is characterized by convergent
and divergent sequences),

e AC X is closed if and only if (z,), C A with x,, — = implies x € A,

e 1z, — x as n — oo if and only if for all € > 0 there exists a N € N such that d(z,,z) < e
for all n > N,

e and if Y is a topological space then f: X — Y is continuous if and only if f is sequentially
continuous (recall Proposition 1.19),

e the family {B/,(7)}zex nen is a base for the topology.
Proposition 1.27. Let X be a metric space, and let x € X and ¢ > 0. Then:
1. B-(x) is open.
2. B:(x) is closed.
3. d: X x X — R is continuous.

Proof. Let y € B-(z) and let k € N with 0 < 7 < & — d(z,y). Then, B1(y) C B:(z) because for
k
z € B%(y) we have d(z,z) < d(z,y) + d(y,z) < 1 + d(z,y) < e. A similar argument also shows

that B.(z) is closed. The last property is also a consequence of the triangle inequality and is left
as an exercise. O

Remark 1.28. Note that B.(z) C B.(x). For example, the above inclusion is strict for X = R
with the discrete metric (d(x,y) = 1 for  # y and d(z,z) = 0) which induces the discrete
topology.

Definition 1.29. Let (X, d) be a metric space. A sequence (x,)neny C X is called a Cauchy
sequence if for all € > 0 there exists a N € N such that d(z,,x,,) < ¢ for all n,m > N.

Definition 1.30. X is complete if every Cauchy sequence in X converges.

Remark 1.31. Completeness is a notion of metric spaces. There exist metric spaces (X, d) and
(X,d") with the same topology but such that (X,d) is complete while (X,d’) is incomplete, see
problem set 1.

Proposition 1.32. Let (X, d) be a metric space. Then, X is separable if and only if it is second
countable.

Proof. “<” See Proposition 1.18. “=" See problem set 1. O

Proposition 1.33. Let X be a complete metric space. A subspace W C X is complete if and
only if it is closed.



Proof. “=" Let (x,), C W satisfy z,, — = as n — oco. Then z,, is a Cauchy sequence and since
W is complete, € W which shows that W is closed. (In a metric space A is closed if and only
if x,, — x, where z,, € A implies z € A.) “<” Let (zy), C W be a Cauchy sequence. Since X is
complete, x,, — = as n — oo for some x € X. Moreover, x € W because W is closed. O

Proposition 1.34. Let X be a metric space. Then K C X is compact if and only if K is
sequentially compact.

Proof. See problem set 2. O

Remark 1.35. For first countable topological spaces only the direction “=" in Proposition 1.34
is true. For second countable topological spaces the equivalence in Proposition 1.34 is also true.

Definition 1.36. Let (X, d) and (Y, d’) be metric spaces.
e Amap ®: X — Y is an isometry if d(z,y) = d'(®(z), ®(y)) for all z,y € X.
e We say (X,d) and (Y,d') are isometric if there exists a bijective isometry ® : X — Y.

Theorem 1.37 (Completion of a metric space). Let (X, d) be a metric space. There exists a
complete metric space (X', d’) in which (X, d) embeds isometrically as a dense set, i.e. there
exists a map ® : X — X’ such that ®(X) C X’ is dense and d'(®(z), ®(y)) = d(z,y) for all
x,y € X. Moreover, the space (X', d)—the completion of (X, d)—is unique up to isometry.

Proof. 1) Construction of (X’,d'). Consider the set
{(zn)n C X : x, is a Cauchy sequence}

and define (zp,)n, ~ (2),)n if d(zp,z],) — 0 as n — oo. Denote the set of equivalence classes
as X’ and define a metric on X’ by d'([(xn)n], [(Yn)n]) = limpy—e0 d(Tn, yn), Where x,,y, are
representatives of the equivalence class. The above limit exists because we will show below that
(d(Zn,Yn))n is a Cauchy sequence in R which is complete. Indeed, using the triangle inequality

and the reverse triangle inequality we have
|d(Zns Yn) — ATy Ym)| = (@0, Yn) — d(@m, Yn) + (@, Yn) — AT, Ym)|
< |d(@n, yn) — d(@m, yn)| + |d(Zm, yn) — d(Tm; Ym)|

< d(zp,Tm) + d(Yn, Ym) = 0 as n,m — oo.

2) d’' is a well-defined metric. We have to show that d’ is independent of the representative
of the equivalence class. Let [(zy)n] = [(2],)n] and [(yn)n] = [(¥),)n]. Then, as before,

n

i |d(zn, yn) — d(x7,, yy)| < limsup [d(@n, yn) — d(z),, yn) + d(@7,, yn) — d(2),, y,)]

n—0o0 n—oo
< limsup |d(zn, Yn) — d(,, yn)| + [d(2,, yn) — d(2,, yp,)]
n—oo
< limsup d(xy, z),) + d(yh, yn) = 0,
n—oo

where we used that [(z,,)n] = [(2),)n] and [(yn)n] = [(yn)h]. Tt is clear that d' satisfies the

n
properties of a metric and in particular, (X', d’) is a metric space.

3) X - X', x— [(z,z,z,...)] is an isometry with dense image. The map

S: X - X'z [(z,2,2,...)]

10



is manifestly an isometry and hence continuous and injective. In order to show that the image
of ® is dense let [(x,),] € X’ and € > 0. Since (z,,), is Cauchy, there exists an N € N such
that d(zp,zm) < e/2 for all n,m > N. Thus, d'([(xn)n], P(xn)) = lim, oo d(zp, 2n) < /2 < €.
Thus, ®(X) is dense in X'

4) (X',d") is complete. It suffices to check the completeness with Cauchy sequences in
the dense set ®(X) C X’ (see problem set 1). Let (®(x,))m be a Cauchy sequence in (X', d").
Then, (2,)nm is a Cauchy sequence in X because d(xy,, z,) = d'(®(zy,), P(x,)). In particular,
[(zn)n] € X'. We will show that (®(zy,))m — [(zn)n] as m — oc.

Let € > 0. Since (xy,)m is a Cauchy sequence, there exists N € N such that d(zp,, z,) < /2
for all n,m > N. Hence, d'(®(x,), [(xn)n]) = limp—oo d(2m, zn) < € for all m > N.

5) Uniqueness up to isometry. Let (X, J) be another completion of (X, d), i.e. there exists
an isometry ® : X — X with dense image. Define the map

=000 !:d(X)— d(X)

which is an isometry defined on the dense set Cf'(X ) C X. The map U extends uniquely
to an isometry U : X — X’ by setting \il(x) = limy, o0 ¥(zy), where z,, — z in X and
(2n)n C ®(X). Since VU is an isometry, the sequence (¥(z,)), is a Cauchy sequence and thus the
limit lim,, oo ¥(zy) converges. Using an analogous argument to the arguments before, the limit
is independent of the sequence (x,,),. Similarly, one can show that ¥ is onto which shows that
X and X' are isometric. We leave these details as an exercise.

O

Theorem 1.38 (Young’s inequality). For a,b > 0 and p,q > 1 such that % + % = 1 we have

aP b
ab < — + —.
b q

Proof. Without loss of generality a,b # 0. In the case p = ¢ = 2 this follows from (a — b)? > 0.
For the general case, we use the concavity of the logarithm:

log(Az + (1 — N)y) > Alog(z) + (1 — X) log(y)

for z,y > 0 and A € [0,1]. For A € (0,1) we write

a? bl 1aP 1 b
log <+> > Mlog <> + (1 — A)log <>
P q Ap ( ) I1-XAgq

Choosing A = %, 1-A=1- % = % and exponentiation gives the result. O

Remark 1.39. Note that the condition 1 = 1% + % on the powers is necessary. Indeed, assume
that for all a,b > 0 we have ab < c1aP + cob? for some p,q > 1 and ¢1,c9 > 0. Then, setting
a=axr and b=z gives 2T < (c1 + ¢2)x?. Then, sending  — oo gives 1 + % < ¢ and sending
x — 0 gives 1—}-%2(]80%—1—%:1.

Theorem 1.40 (Hélder’s inequality). Assume that p, g > 1 are Holder conjugates, i.e. % —l—% =1
Let (n)n, (Yn)n C K be sequences such that

o0 o
Z |zp|P < 0o and Z [yn|? < o00.
n=1 n=1
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Then,
o) ) 1/p [eS) 1/q
>l < (Slon?) (L)
n=1 n=1
Proof. We define the normalized quantities

- Tn ~ Yn

Ty = o , and g, = s .
(02y lzal?)' /P (202 [ynl)M

Then, using Young’s inequality, we obtain

N N :ﬁ‘p N
R R

as N — oo. O
Remark 1.41. The condition 1 = % + % is necessary.

Remark 1.42. For the limiting case p = 1 and ¢ = oo, the inequality

[oe) o
Z |ZnYn| < sup |yn| - Z |20
n=1 neN n=1

is also often included in the family of Holder’s inequalities.
Proposition 1.43. The following spaces of sequences are examples of metric spaces.

1. For 1 < p < o0, we set 7 = {(xp)n C K : > 07, |z,]P < oo} with metric d(z,y) =

(350, [am — ynl?) V2.

2. For p = oo, we set £>° = {(x,), C K : sup,cy |zn| < oo} with metric d(z,y) = sup,en |2n —
Ynl-

3. co = {(zn)n € £ : limy, 0 x,, = 0} with metric d(x,y) = sup,ex |Tn — Yn|-

4. ¢ = {(zp)n € €* : x, = 0 for all but finitely many n € N} with metric d(z,y) =
SUPpeN [Tn = Ynl-

Proof. The fact that 2)—4) are metric spaces follows directly from the triangle inequality. The
fact that ¢P is a metric space for 1 < p < oo follows from the Minkowski inequality below. [

Lemma 1.44 (Minkowski inequality). Let x,y € P for 1 < p < oo. Then,

o0 - 0 H 0o H
n=1 n=1 n=1

Proof. See problem set. O

Proposition 1.45. The space ¢y and the space ¢ for any p € [1, o] are complete.

12



Proof. We begin with the space 7 for 1 < p < co. Let ((z]")n)m be a Cauchy sequence in ¢P.
Clearly, for fixed n € N the sequence (z]"),, is a Cauchy sequence in K and hence convergent. By
completeness of K we have a limit x,, for each n € N. We will first show that (x,), € F. Indeed,

N N 0o
Z |z,|P = lim Z |z P < lim supz |z |P = limsup d(0, ™) < oo
f—t m—00 —t m—oo T m—00

since Cauchy sequences are bounded. Sending N — oo shows that (z,), € ¢P. To show that
2™ — x in P we let ¢ > 0 and let M € N such that d(z™,z"™) < € for n,m > M. Then,

N N 00
dolap —apP < et = fapt —apl <P =)ot — P < €,
k=1 k=1 k=1

from which we obtain that ™ — x as m — oo. For the cases p = oo and ¢y, see problem
set 2. O]

Proposition 1.46. The space P is separable for 1 < p < co. £ is not separable.
Proof. See problem set 2. O

Proposition 1.47. Let K be a compact topological space. Consider the space C'(K) of real-
valued, continuous functions. The assignment d(f, g) = sup,cx |f(z) — g(x)| defines a metric on
C(K) which makes C(K) a complete metric space.

Proof. Since K is compact, d is well-defined so that C(K) is a metric space. It remains to show
that it is complete. Let (fy)n be a Cauchy sequence in C(K). For each z¢ € K, the sequence
(fn(x0))n is Cauchy in R and we define f as the pointwise limit f(z) := lim, o0 fn(x). We
will now show that f, — f with respect to d. Let € > 0. Then sup,cx |fn(z) — fm(z)| < € for
n,m > N. Thus, for every x € K and n > N we have

Fale) = @) = Jim |fol@) = ful)| <& = supfule) — fla)] <=

This shows that f,, — f uniformly.

Finally, we want to show that f is continuous. Let x € K and let € > 0. Then, choose N > 1
such that d(f, fn) < /3. Moreover, since fy is continuous, there exists an open neighborhood
Ug,n of z such that |fnx(z) — fn(y)| < e/3 for all y € Uy n. Then, for y € Uy n

[f (@) = FWl < [f (@) = fv(@)| + [In (@) = In@) + [ (y) = Fw)l <2e/3+|fn(2) — In(y)] <e.

Since x was arbitrary, this shows that f is continuous and concludes the proof. O

Remark 1.48. The last part of the above argument also shows the uniform limit theorem: If a
sequence f, of continuous functions on a topological space converges uniformly to f, then f also
has to be continuous.

Remark 1.49. If K is not compact, the same argument as above shows that Cj(K), the space
of bounded continuous functions forms a Banach space.
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1.5 Baire category theorem
Definition 1.50. Let X be a topological space and A C X. A is said to be

nowhere dense if A contains no interior points.

e meager (or of first category) if A C U;enB;, where B; are nowhere dense.
e coarse (or of second category) if A is not meager.
e Buaire-generic (or residual) if A is meager.

Theorem 1.51 (Baire category theorem). Let X be a complete metric space and let (A4,,), be a
family of open and dense sets. Then, N,cnA,, is dense.

Proof. Let g € X and B.(xo) be an open ball around Zo- Since A; is open and dense and
B.(z9) is open, there exists x; € X and 1 > 0 such that B, (z1) C A1 N Be(zg). For n > 2 we
use that A,, is open and dense, to find z,, € X and 0 < g, < % such that

B., (zy) C Be, ,(xn—1) N A, N Be(xp).

< 1
— min(n,m)
Thus, (z,), is a Cauchy sequence and by completeness of X, there exists an x € X such that
T, — T as n — o0o. By construction z, € Egm (xm) C Ay, for all n > m and since Egm (Tp) is
closed we have that

Since the balls B (z;,) are nested we have that d(zy,zm) — 0 as n,m — oc.

x € Be,, (Tm) C Ay N Be(xo)

for all m € N which concludes the proof. ]
Corollary 1.52. A complete metric space is not the countable union of nowhere dense sets.

Proof. Define A = U,enAy, where A,, are nowhere dense sets. In particular, A4, is closed and
nowhere dense for every n. Hence, 4, is open and dense for every n so by Baire’s theorem,
@ 7é mneNAnc = (UHENAH)C CA°so A 7é X. O

Theorem 1.53. A Baire-generic continuous function on [0,1] is nowhere differentiable. More
precisely, the set A = {f € C[0,1] : f is nowhere differentiable} is a Baire-generic subset of
1o, 1].

Proof. We define for n, k € N the sets
Apg = {f € C[0,1] : for all x € 0,1}, 3y € By (x) such that |f(z) — f(y)| > n|z —y[}.

We note that Ny, genApr C A. We claim that A, ;, is open and dense for each n, k € N.

To show that A, ; is open, we will show that A%JC is closed. Let (fin)m be a sequence in Aik
such that f,, — f in C[0,1]. We will show that f € A¢ .. Since f,, € AS ., there is a sequence
Xy such that |fo(zm) — f(y)| < n|zy, — y| for all y E’Bl/k(xm). By compactness, T, has a
convergent subsequence with limit . In mild abuse of notation, we denote the subsequence again
by . Then, for y € By/,(z) we have

[f(@m) = FW)] < [fm(2m) = f(@m)| + [fm(2m) = fm ()] + | fm(y) = f(y)]

<2 sup |fm(z) — f(2)] + nlzm —yl.
z€[0,1]
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Taking the limit m — oo on both sides shows |f(z) — f(y)| < n|z — y| for all y € By () which
shows that f € A%, ;. is closed and A, ;. is open.

In order to show that A,,  is dense, we let f € C[0,1] and € > 0 be given. Note that piecewise
linear functions are dense in C[0, 1] (recall problem set 1) so we can assume without loss of
generality that f is piecewise linear. Let oy > 0 be the largest slope (in magnitude) of f. Let g
be a piecewise linear function such that sup,c 1) [9(7)| < €, and [¢'(z)| > ay +n for all z € [0,1]
where g is differentiable. We claim that f + g € A, ;. Indeed, let z € [0,1]. Then, there exists a
y € By () such that |g(x) — g(y)| > (n + ay)|r — y|. In particular,

lg(z) + f(z) — g(y) — fy)| = |g9(z) — g(y)| — | f(x) — f(y)]
> (n+af)lz —y| — arlz —y| > njz —y|

so f+g € A, . To conclude we note that by Baire’s theorem the set A = ﬂn,keN Ap 1 is dense
(in fact Baire generic). O

Remark 1.54. There is a saying among mathematicians: “Most continuous functions are
nowhere differentiable, but nobody has ever seen one.” While this is mostly true in practice
for an analyst, you may have encountered such a function in fractal geometry or in probability
theory: for instance the Wiener process!
differentiable curve.

The first rigorous construction of such a continuous but nowhere differentiable function was
given by Karl Weierstral in 1872. Weierstral can be seen as the father of modern analysis
and played a key role in establishing the firm foundations of analysis. For mathematicians like
Hermite or Poincaré, who practiced a more intuitive approach to analysis, the construction came
as a surprise. Poincaré famously called it a “monster”.

is a famous example of a continuous but nowhere

2 Normed and Banach spaces

Definition 2.1. A normed space is a vector space V equipped with a norm || - ||, i.e. a map
|- ]| : V— [0,00) such that

—

- el = fafllv]

[\

Mo+ wlf < ol + Jwl]
3. ||v]| = 0 implies v = 0.

A map p : V — [0,00) for which condition 3. (positive definiteness) is dropped is called a
seminorm.

Remark 2.2. If clear from the context, we will often use the notation || - || for different norms
on different spaces. We will use the notation || - | x to explicitly mention that the norm is with
respect to the normed space X.

Remark 2.3. A norm on V induces a natural metric, d(v, w) = ||[v — w||, and hence a natural
topology on V. From the triangle inequality, it is easy to verify that addition, scalar multiplication
and the map z — |[|z|| are continuous (Exercise).

!Norbert Wiener (1894-1964) is somewhat of a legend at MIT because he spent essentially his whole professional
career at MIT. The common room in the mathematics department is named after him.
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Definition 2.4. A complete normed space is called a Banach space.

Theorem 2.5. Let X be a normed space. Then there exists a Banach space X and an isometry
from X onto a dense subspace of X. The space X is unique up to isometric isomorphism.

Proof. The proof is similar to the metric space completion and will be left to the reader. O

Example. All finite dimensional normed space V' (e.g. R™ or C") are Banach spaces. Moreover, /P
1

for p € [1, 00] and C(K) are Banach spaces. For 2 € ¢ we use the notation ||z, = (3 oo, [zn|P)?.

Definition 2.6. Let X be a normed space. A set {e,,n € N} is a Schauder basis of X if for

every x € X there exists a unique sequence z,, € K such that 25:1 Tnen — x a8 N — 00 or
equivalently, | SN 2,6, — x| — 0 as N — oc.

Lemma 2.7. Let X be a normed space. If X admits a Schauder basis, then it is separable.

Proof. If X is a complex vector space consider the countable set Ay = {Zfi L Aiei, A € Q+1Q}.
It is easy to see that U,enA, is dense in X. ]

Remark 2.8. Note that the reverse implication in Lemma 2.7 is not true.

We will now proceed to a central lemma for infinite dimensional normed spaces. It can be
seen as a statement about “orthogonality” in normed spaces up to € > 0.

Lemma 2.9 (Riesz’s lemma). Let X be a normed space and Y be a proper closed subspace.
For every € > 0 there exists a vector x € X \ Y with ||z|| =1 such that infyey |z —y|| > 1 —e.

Proof. Let z € X \'Y. Since Y is closed d := infycy ||z — y|| > 0. Choose y € Y such that
d<|z—vy| <d/(1—¢). Set z = (z —y)/(]|]z — y||) and note that ||z|| = 1. For w € Y we
compute

1 1-¢

= ——llz—y— [z —ylw|| > d=1-¢
z—y

[l — wll
since —y — ||z —y|lw € Y. O

Theorem 2.10. Let X be a normed space. Then X is finite-dimensional if and only if B;(0) is
compact.

Proof. “=" Let X be finite dimensional and consider a sequence (), C B1(0). Fix a basis

etl,...,eny and write x,, = 2%21 xey,. Then, since all norms on finite-dimensional spaces are
equivalent we have that
N
1> fla|l = || Y @emll > ¢ suwp e
m=1

for some constant ¢ > 0. Thus, |27| < ¢~!. By the Heine-Borel property of R, there exists
a subsequence such that zj are all convergent. Hence, x,, is convergent and thus B1(0) is
sequentially compact and hence compact (because a normed space is a metric space).

“<=” We will show that if X is infinite-dimensional, then the unit ball is not sequentially
compact, i.e. not compact. To do so let z; € X with ||z1]] = 1 and define Y7 = span(x;)
which is a closed subspace of X. Now, using Riesz’s lemma, choose z2 with [|z2]] = 1 and
infyey, |ly — x2f| > % Define Y, = span(x1,x2) and note that Y3 is a closed subspace. Defining
z,, and Y,, iteratively such that ||z,,|| = 1 and infyey, , ||z, —y|| > 3 gives us a bounded sequence
which clearly has no convergent subsequence. O
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2.1 Linear operators

Definition 2.11. Let V,W be normed spaces and dom(7) C V a subspace. A linear map
T : dom(T) — W with domain dom(T) is called bounded if

| T||
I ldom(Ty—>w = sup < o0
0#£z€dom(T) HxH

We denote the range of T' by range(T) = {T'(v) : v € dom(T) C V} C W and the kernel of T as
ker(T) = {v € dom(T) : T(v) = 0}. Linear maps between normed spaces are also denoted as
linear operators.

Remark 2.12. From linear algebra we know for a linear operator 7"
e range(7) and ker(T") are subspaces,
e dimrange(7T") < dimdom(T),

e ker(T) = {0} if and only if there exists a linear inverse T~ ! : range(T") — dom(T') such
that 77T = Ljom(r) and TT ™ = Lynee(r)-

Example. Consider V =W = C[0,1].

e The differentiation operator Tp : C1[0,1] — C0,1], f + f’ with domain C*[0,1] C C[0,1]
is a linear operator.

e The integration operator 77 : C(R) — C(R), f — fo y)dy is a linear operator.

Proposition 2.13. The integration operator 77 defined above is bounded with || 77| = 1 but
the differentiation operator defined above is unbounded.

Proof. Let T; be the integration operator from above and f € C0,1]. Then, by the fundamental
theorem of calculus, 77 f € C[0,1] C C[0,1] and moreover,

(T0f) \—r/ Sl < sup 11l < 1]

Hence, ||T7]] < 1. The inequality is sharp for f(x) = 1. Hence, ||T7]| = 1.
For the differentiation operator, we consider the sequence of function f,(x) = sin(nzx) for
which || f,|| < 1. Thus, we estimate

ITpll = [Ifall = sup |ncos(nz)| =n — oo

z€|(0,1
as n — 0o. O

A crucial property of linear operators is that boundedness is equivalent to continuity, which
we will prove in the following.

Theorem 2.14. Let V, W be normed spaces. A linear map 7 : V DO dom(T") — W is continuous
if and only if it is bounded.

17



Proof. “<": Without loss of generality 7' # 0. Let ¢ > 0 and x € dom(7"). Then for xg € dom(T’)
with ||z — zo|| < 0 we have

1T (z = zo)ll < I Tl[lx = aol| <TI0 <€

for 6 = 5.
[Tl
“=': Assume that T is continuous at z € dom(7T'). Then, for every € > 0 there is § > 0 such
that ||z — xo|| < 6 implies || T(x) — T'(zo)|| < e. For y € dom(7T) with ||y|| = 1 set z = dy + x¢

and note that ||z — xg|| < . Now we compute
1 1
1T = 1T (= = 2o)ll = 511 T(2) = T(wo)ll <

This shows that ||T]| < 5. O

Remark 2.15. In fact the above shows that continuity of T (and hence boundedness of T') is
equivalent to continuity of 7" at one point.

Definition 2.16. Let V, W be normed spaces. Define BL(V, W) as the set of linear bounded
maps 7' : V — W and denote BL(V) = BL(V, V).

Proposition 2.17. Let V, W be normed spaces. Let T': V' — W be linear and dim(V') < oo,
then T' is bounded.

Proof. This is again a consequence of the equivalence of norms in finite dimensional normed
spaces. O

Theorem 2.18. BL(V, W) is a normed space equipped with the operator norm || - [y w. It is
a Banach space if W is a Banach space.

Proof. Clearly BL(V,W) is a normed space so it remains to show that BL(V, W) is complete
if W is complete. To this end let (75,),, C BL(V, W) be a Cauchy sequence. For fixed x € V,
the sequence T,z is Cauchy because ||,z — Tzl < |1, — T |||z|| = 0 and (T},), € BL(V, W)
is Cauchy. Since W is complete we define Tz = lim,_,, T,& which clearly is a bounded linear
operator because for any z, | Txz| < limpey || Thz| < limsup,,_ o [|Tullllz| < co.

Finally, in order to show that T, — T we fix € > 0. Then,

sup ||Thz — Tzl = sup lim ||Thz —Tpz|| < lim [T, —Tnl <e
m—0o0

llell=1 [l||=1"T7o°
for n > N because (1,), is Cauchy. O

Corollary 2.19. Let V be a normed space. Then the continuous dual V* = BL(V,K) is a
Banach space.

Theorem 2.20 (Bounded linear extension). Let X be a normed space and Y be Banach
space. Let T': X D dom(T) — Y be a bounded linear operator. Then 7" has an extension
T :dom(T) =Y (i.e. T|gom(ry = T) such that ||T| = ||T].

Proof. Let x € dom(T") and consider a sequence (), C dom(7") with x,, — = as n — oco. Since
T is bounded, T'(z,) is a Cauchy sequence in Y and thus has a limit y. Again by boundedness,
this limit is independent of the approximating sequence so we define T'(z) = lim,_,oo T(2,,) which
is well-defined. It is clearly a linear extension of T" with norm bounded by T'. O
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Remark 2.21. For general topological vector space X, the continuous dual X* may be trivial,
e.g. LP([0,1]),0 < p < 1. A central result in functional analysis is that for normed spaces, the
continuous dual is always non-trivial.

2.2 Hahn—Banach theorem

Theorem 2.22 (Hahn-Banach extension, real version). Let V be a real vector space. Let
p: V — R be sublinear, i.e.

p(z +y) < p(z) +p(y) and p(Az) = Ap(x)

forall A >0and x € V. Let W C V be a subspace of V and f: W — R be a linear map such
that f(x) < p(z) for all z € W. Then, there exists a linear map f*: V — R such that f*|yy = f
and f(z) < p(z) for all x € V.

Proof. This is again an application of Zorn’s lemma.
Step 1. We define the poset

P ={g : dom(g) — R linear with W C dom(g), g|lw = f,g < p on dom(g)},

where “C” is the restriction/extension. We note that P is non-empty as f € P. Let C C P be a
chain. Define the subspace (J ¢ dom(g) and the map

gc : U dom(g) — R,$ = gx(.%)’

where g, € C such that = € dom(g,). By construction, g¢ is independent of the choice of g, so it
is easy to see that g¢ is an upper bound of C. Hence, by Zorn’s lemma, there exists a maximal
element f*:dom(f*) — R of P.

Step 2. It remains to show that dom(f*) = V. For the sake of a contradiction argument,
suppose that 0 # v € V' \ dom(f*). Define

h : span(dom(f*),v) —» Riw =z + av — f*(x) + a),

where any w € span(dom(f*),v) is uniquely decomposed into w = x + av for = € dom(f*) and
some « € R. Here A\ = h(v) which we are free to choose. We will choose A to find an h that is
dominated by p. We need to show that

h(zx 4+ av) = f*(z) + aX < p(z + av) for all z € W, € R.
Since p is positively homogeneous, this is equivalent to

h(z+v) = f*(x) + X < p(z+v)
Wz —v) = f*(x) = A < plz —v)

for all x € W. Thus, we will have to choose A such that
[ ) —ply—v) <A< plz+v) - f(2)
for all x,y € W. This is always possible because

)+ f @)= r+y <plx+y) =plxt+v+y—v) <pl@+v)+ply—ov)
for all z,y € W. O
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For complex vector spaces, the expression f(x) < p(z) does not make sense so we will replace
this condition with | f(z)| < p(z), where p is now assumed to be a seminorm.

Theorem 2.23 (Hahn—Banach extension, complex version). Let V' be a complex vector space.
Let p: V — [0,00) be a seminorm, i.e.

p(x +y) < p(z) +p(y) and p(Az) = |Alp(z)

forall \e Cand x € V. Let W C V be a subspace of V and f: W — C be a linear map such
that |f(z)| < p(z) for all z € W. Then, there exists a linear map f* : V' — C such that f*|yy = f
and |f(x)] < p(z) for all x € V.

Proof. We split f into its real and imaginary part f = f; + ¢fo and note that f; and fo are
R-linear and satisfy fi(ix) = —fa2(z), hence f is uniquely determined by its real part. We note
that f1(z) < p(z) so by considering V' as a real vector space (note that in this case, the elements
x and iz are linearly independent) we can extend fi to f; on all of V' such that f; < p(x), where
fi is R-linear. We now define f*(z) = f{(x) —if; (iz) and note that f* is C-linear. To show the
bound we compute

f* (@) = € f*(z) = f*(e’2) = fi (e¥2) < p(e”x) = p(a),
where we used that the left hand side is real. O

Corollary 2.24. Let V be a non-trivial normed space. For all 0 £ v € V', there exists a f € V*
such that || f|| = 1 and f(v) = ||v]|. In particular, V* is non-empty.

Proof. For 0 # v € V the linear functional fj : span(v) — K by setting fo(v) = ||v| and extend by
linearity to span(v). Using the Hahn—Banach theorem we can extend fj to the whole space. [J

The above tells us that the dual is always non-empty and has a rather rich structure as it
separates points. We recall the definition of X* and we define X** = (X*)* and similarly X***
etc. We first note the following direct consequence of Corollary 2.24.

Corollary 2.25. Let X be a normed space and z € X. Then |[z| = sup e x«p=1 |f(@)]-

Corollary 2.26. Let X be a normed space and U be a proper, closed subspace. Then, for any
x € X \ U, there exists a function f € X* such that f(z) # 0 but f|y = 0.

Proof. We define the quotient map w : X — X/U with induced norm on X/U defined as
[[v]llx/ = infuev [[v — ul|. This makes X/U a normed space. (Check and see how closedness
enters.) In particular, w(u) = 0 for all uw € U and w(z) # 0. Use Corollary 2.24 to find a function
f € (X/U)* such that f(z) # 0. Then, the map fow € X* has the desired properties. O

Proposition 2.27. Let X be a normed space. The canonical embedding i : X — X** defined
by i(z)(f) = f(z) for f € X*, is a linear isometry.

Proof. Clearly, i is well-defined and linear. Moreover, it is an isometry because

li@)ll = sup fi(z)(f)l = sup [f(z)| = [lz[.
fex=f=1 Fex=if=1
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Spaces for which the canonical embedding in its double dual is surjective have special
properties. Since X** is always complete, any such space has to be complete by itself.

Definition 2.28. A Banach space X is called reflerive if the canonical embedding i : X — X**
is surjective.

Example. e Every finite dimensional space is reflexive.
e (P is reflexive for 1 < p < oc.
e Note that ¢! = (cp)* and £>° = (£!)* so none of these spaces are reflexive.

Proposition 2.29. Let X be a normed space and assume that X* is separable. Then X is
separable.

Proof. See problem set. O
Proposition 2.30. A Banach space X is reflexive if and only if X™ is reflexive.

Proof. See problem set. O

2.3 Cornerstones of functional analysis

One often regards the Banach—Steinhaus theorem, open mapping theorem and the closed graph
theorem as the cornerstones?® of functional analysis. An important ingredient in the following
three theorems is completeness, as we will make fundamental use of the Baire category theorem
for complete metric spaces.

We will begin with the proof of the Banach—Steinhaus theorem which is a result under which
pointwise boundedness of a sequence of operators implies uniform boundedness.

Theorem 2.31 (Principle of uniform boundedness, Banach-Steinhaus). Let X be a Banach
space and Y be a normed space. Let (T},), C BL(X,Y) be a sequence of linear operators and
assume that sup,,cy ||7n(2)|| < oo for all 2 € X. Then, sup,,cy ||T] < oo.

Proof. Define the set A, = {x € X : sup,cy [|Tn(x)|| < m} and note that each A, = Npen{z €
X : ||Th(z)|] < m} is closed and UpenAy, = X. By Baire’s theorem (Corollary 1.52) there
exists an Aj; with non-empty interior, i.e. there exists a ball Bo.(z9) C Aps for some € > 0 and
xo € Apyr. Let x € X with ||z|| < 1. Then,

ITa(@)]| = e M Tule) || < eI Tulez — zo)ll + e~ Tn(@o)l| < 267 M.
Thus, sup,,cy || 1] < oc. O

We will now move on to the open mapping theorem. We recall that the dual concept of a
continuous map is an open map. It is defined as a map such that the image of every open set is
open. (Note however that this is not equivalent to a map that maps closed sets to closed sets.)
It is easy to see that an open, linear map between two normed spaces is necessarily surjective
(Check!).

Our next cornerstone gives a converse result to this: It shows under which condition a surjective
bounded linear operator between normed spaces is an open mapping. The key ingredient is the
completeness of both, the domain and the codomain.

2Some authors also include the Hahn-Banach theorem in that list.
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Theorem 2.32 (Open mapping theorem). Let X,Y be Banach spaces and T': X — Y be a
surjective bounded linear operator. Then T is open.

Proof. Since T is linear, it suffices to show that T(B;%(0)) contains an open ball around the
origin in Y.
Step 1. We will first show that T(ij2 (0)) contains an interior point. Since T is surjective,

Y = UpenT' (B (0)) so by the Baire category theorem, there exists a N € N such that T'(Bx(0))

X
1/2

e>0andy € T(Bf§2(0)) such that BY (y) C T(Bf?z(O)).
Step 2. We will now show that BY (0) C T(B;{X(0)) which follows once we show that

contains an interior point and by linearity so does T(B:*,(0)). In particular, there exists an

T(BX,(0)) - yo € T(BX(0)).

Let y € T(Bf§2(0)) — Yo, l.e. y+yo € T(Bf(/Q(O)). For y + yo and yo we can write
yo= lim Tx,, y+yo= lim Tz,
n—oo n—oo

for ||z, | < 3 and ||2,|| < 3. Thus, y = limy,_ye0 T(2n — Tn), where ||z, — 2,|| < 1 for each n € N.
This shows that y € T(B;X(0)) and concludes the step.
Step 3. Using the linearity, we obtain

Vi = BL,-.(0) € T(B5,(0)). (1)

Step 4. We will finally show that V; = Bgfm(()) C T(BX(0)). Let y € V1 C T(Bf§2(0))
and choose T'z; € T(Bffﬂ(O)) such that ||y — T'z1]| < ¢/4. From (1) for n = 2 we obtain that
y— Ty € Vo C T(B3,(0)). As before we find x5 € By, (0) such that ||y — Ty — T < /8.

Continuing inductively, we obtain a sequence (), with ||z,| < 27" and for which

N
ly =3 Ta] < 27V, (2)

n=1

We note that wy = SV

n—1 Tn is a Cauchy sequence because

[e.e] [e.e]

loy —wmll < Y lzall< Y, 27" =0

n=min(N,M) n=min(N,M)

as min(N, M) — oo. Hence, by the completeness of X we have wy — w as N — oo. From (2)
we obtain that y = Tw and we are done once we show that ||w| < 1. Indeed,

oo oo
ol <3 Jleall < 3277 = 1.
n=1 n=1

This concludes the proof. ]

Remark 2.33. Note that the completeness of X and Y were used in the proof.
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Corollary 2.34 (Inverse mapping theorem). Let X,Y be Banach spaces and T': X — Y be a
bijective bounded linear operator. Then T—! € BL(Y, X).

Proof. By the open mapping theorem 7 is an open map, i.e. T~ ! is continuous. O

Corollary 2.35. Let X and Y be Banach spaces and 7' € BL(X,Y) be injective. Then
T~ :range(T) — X is continuous if and only if range(T) is closed.

Proof. “=" If T~ is continuous, then T is an isomorphism between X and range(T). Since X
is complete so is range(7") and thus closed.

“<” If range(T) is closed it is complete so T : X — range(T') is a bijective bounded linear
operator between Banach spaces. By Corollary 2.34, it is a homeomorphism. O

We will now proceed to prove the last of the cornerstones, the closed graph theorem. The
essence of the theorem is that closedness of the graph together with completeness of the spaces
gives us regularity of the linear operator. For a map f : X — Y between sets we recall that the
graph is defined as graph(f) = {(z, f(z)) : z € X} C X x Y. We recall the following topological
closed graph theorem from the first problem set.

Proposition 2.36. Let X and Y be compact Hausdorff spaces and f: X — Y be a map. Then,
the graph(f) C X x Y is closed if and only if f is continuous.

Proof. (See also problem set 1) “<”: We have that f xid: X xY — Y x Y is continuous.
Hence, graph(f) = (f x id)"}(Ay) is closed, because the diagonal Ay = {(y,y) : y € Y} is
closed in Y2 because Y is Hausdorff.

“=” We have that graph(f) € X x Y is a closed subset of a compact Hausdorff space.
Hence, graph(f) is compact. In particular, the projection map 7x : graph(f) — X is a bijective
continuous map between compact Hausdorff spaces, hence a homeomorphism. Let now V C Y be
closed. Then, X x V Ngraph(f) is closed. Thus, 7x(X x V Ngraph(f)) = f~4(V) is closed. O

Remark 2.37. The above result even holds if X is merely a topological space. Y however has
to be a compact Hausdorff space.

In the functional analysis setup, we deal with the linear operators and we can relax the
assumption of compactness. However, we will still need the “weaker” assumption of completeness.
We will now introduce the notion of a closed operator which just means that its graph is closed.

Definition 2.38. Let V, W be normed spaces and T : dom(T') — W be a linear operator with
domain dom(7") C V. We say that T" is a closed linear operator if graph(T) = {(z,Tz) : = €
dom(7T)} C V x W is closed.

For normed space V,W as above, we equip the product space V x W with the norm
|(v,w)||lvxw = ||v]lv + ||w|]lw which induces the product topology. It is easy to check that if
V, W are Banach spaces, then so is V' x W. Note that the name closed operator is somewhat
unfortunate as a closed operator does not have to be a closed map (which is defined as mapping
closed sets to closed sets). Analogously to the topological closed graph theorem, we will now
prove that closed operators which are defined on a closed domain of a Banach space are bounded.

Theorem 2.39 (Closed graph theorem). Let X,Y be Banach spaces and T': X D dom(T) =Y
a closed linear operator. If dom(7') is closed in X, then T is bounded.
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Proof. We consider again the projection mx : graph(7') — dom(7") which maps 7x(z,Tx) = x.
Clearly, x is a bounded linear operator between the Banach spaces graph(T") and dom(7"), where
we use that closed subspaces of Banach spaces are Banach spaces themselves. Moreover, mx is
bijective so by the inverse mapping theorem (Corollary 2.34) a homeomorphism. In particular,
the inverse 75" : dom(7') — graph(T),z + (z,Txz) is bounded from which we conclude that T is
bounded. O

This tells us that a closed linear operator defined on a Banach space has to be continuous.

Proposition 2.40. Let V,WW be normed spaces. A linear operator T : V O dom(T') — W is
closed if and only if the following implication holds:

(Zn)n C dom(T) with z,, > x € V and T'(z,) 2y €Y = z € dom(T) and y = Tx.
Proof. Follows from the definition of a closed linear operator. O
Remark 2.41. In the case of a dom(7") = V we consider the following statements:

(i) zp, — =z,
(i) Txn — v,
(iii) Tz = y.

We note that the 7" being continuous means (i) = (ii), (iii) while 7" being closed means (i), (ii) =
(iii). So in the cases of Banach spaces, the closed graph theorem gives us an “easier” condition
to check to determine whether an operator is bounded.

Remark 2.42. We note that bounded operators do not have to be closed and closed operators do
not have to be bounded. For instance consider X = C[0,1] and dom(7T) = C'[0,1] C X. Then it
is easy to see that the differentiation operator T'f — f’ is closed but not bounded (problem set).
On the other hand, consider the identity map on a proper dense subspace I : V O dom(T) — V
which is clearly bounded and not closed if dim(V') = co. However, this operator is the restriction
of the closed operator I on the whole space. Indeed, this motivates the notion of a closure T of
an operator T : dom(T") — X which is a closed operator T such that T\dom(T) = T and such that

graph(T') = graph(7"). While many important operators 17" are unbounded (e.g. differentiation
operators), essentially all operators of practical relevance are closed (or closable) linear operators.
The property of being closed plays an important role in the study of self-adjoint unbounded
operators which appear prominently in applications to PDEs and quantum mechanics.

3 Measure theory

The goal of this section is to introduce the abstract measure spaces, but then focus mostly on
the Lebesgue measure and the Lebesgue integral on R™. This is a generalization of the Riemann
integral you encountered in 18.100. There are several reasons why we would like to have another
version of integration theory beyond the Riemann integral.

1. (Generalization of intervals to measurable sets) It turns out that both the Riemann and
Lebesgue integral rely on approximating the integral by simple functions, i.e. functions of
the form f, = Y"1 ; A\j14,. In the case of the Riemann integral, the allowed sets for A; are
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intervals which makes the f,, step functions. In this case, the length of the interval [(A4;)
gives us an intuitive volume of the set A; and the (Riemann) integral of f,, is then naturally
computed as [ f,, = > i1 Mil(A;). One aspect of Lebesgue’s approach to integration is to
relax this condition on the A; and allow A; to be more general subsets of R. In particular,
functions of the form 1g which are not Riemann integrable can then be integrated. The
“downside” of this approach is that we will have to define a notion of length or volume for
more general sets than intervals. This requires the development of measure theory, which
turns out to be an incredibly rich and rewarding theory that also forms the foundation of
modern probability.

2. (Completeness) If we consider the space of Riemann integrable functions on (let’s say) [0, 1].
Let us equip the space with the norm fol | f(x)|dz, where the integral is taken in the sense
of Riemann. Strictly speaking, in order to make this a normed space, we actually have to
identify f ~ g if fol |f(z) — g(x)|dz = 0 but let us ignore that for the moment. We saw
already that it would be extremely useful to have a Banach space, not only a normed space.
While we can abstractly define a completion, it will turn out that the Lebesgue integral and
the Lebesgue integrable functions precisely give an explicit construction of the completion.

3. (Convergence theorems) A further disadvantage of Riemann integrals is that it has rather
poor commutation properties with pointwise limits. In analysis we are often interested in
showing lim,, s fol fn(z)dz = fol lim,, o0 fn(z)dx for instance. In general, the pointwise
limit of Riemann integrable functions might not be Riemann integrable. Even if it is
Riemann integrable, the only real condition which allows us to interchange the limit
is uniform convergence. Here might lie the biggest practical advantage of the Lebesgue
integral. It will turn out that pointwise limits of measurable functions are always measurable!
Moreover, the famous results dominated convergence, monotone convergence and Fatou’s
lemma have turned out to be very useful in applications giving conditions under which
interchanging limits and integration is allowed.

3.1 Measure spaces

Definition 3.1. A measure space is a triplet (Q, F, u) where Q is a set, F is a o-algebra on €2,
i.e. F C P() such that

L. 0eF
2. A € F implies A° € F (closed under complementation)
3. A; € F for i € N implies U;enA; € F (closed under countable unions),
and p is a measure, i.e. a function p : F — [0, 0o] such that
L u@ =0
2. If A; € F, i€ Nis a collection of disjoint sets, then p(UjenA;) = Y oy #(Ai)-
The elements of F are called measurable sets. A set A € F with pu(A) = 0 is called a null set.

Definition 3.2. A property of points x € €2 is said to hold almost everywhere if it holds for all
x € Q\ N, where N is a null set.
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Example. Let X be a set. Set F = P(X) and define p(A) to be the number of elements of A if
A is finite and otherwise set p(A) = co. Then, (X, F, u is a measure space and p is called the
counting measure. Note that the empty set () is the only null set.

Proposition 3.3. Note that if y is a measure then we have the following monotonicities:

1. Let £1 C E5 C ... be measurable. Then,

M<UHENE7Z> = nh_)r{.lo M(En> = sup :u(En)
n

2. Let B4 D E3 D ... be measurable and p(E,) < oo for at least one n. Then,
M(mneNEn) = lim /J'(En) = inf:u(En)'
n—oo n
Proof. Monotonicity 1.) follows by observing U,enE;, = UnenEn, where E, are disjoint and
defined as E,, = E,, \ E,—1 with Ey = (). For 2.) we refer to the problem set. ]

Definition 3.4. We say that the measure pu is finite if 1(Q2) < oo and p is o-finite if Q@ = UpenAn,
where (1(A,) < oo for all n € N.

Proposition 3.5. Let Q be a set and A C P(€2). There exists a unique smallest o-algebra F4
containing A which is constructed as the intersection of all o-algebras containing A. F 4 is called
the o-algebra generated by A.

Proof. One can easily check that arbitrary intersections of o-algebras are again o-algebras. Thus,
F 4 defined as the intersection of all o-algebras containing A, is the unique smallest o-algebra
containing A. O

Definition 3.6. Let (X, 7) be a locally compact Hausdorff space.

e The o-algebra B generated by T is called the Borel o-algebra and elements of B are called
Borel sets.

e If i1 is a measure defined on B such that p(K) < oo for all compact sets K, then p is called
a Borel measure.

3.2 Outer measures and Caratéodory’s extension theorem

In the important example of 2 = R, it turns out that one cannot define a map p : F — [0, 0]
on a o-algebra F C P(R) such that the following holds true.

1. F=P(R),
2. u((a,b)) =b—a,

3. u(UienAs) = Y e 1(A;) for pairwise disjoint sets (A;)en.
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The demand for the above properties go back to Borel and Lebesgue who were searching for a
satisfactory theory of assigning a volume to subsets of R™. It was G. Vitali in 1905 who proved
that the above problem cannot be solved for n = 1. You will develop Vitali’s construction in the
problem set.

To give a reasonable notion of a natural measure on R, we have to relax one of the conditions.
First, since we want to construct a measure, we would like to keep property 3). Moreover, from
our intuition, property 2) should also hold true. In order to construct the Lebesgue measure
we will therefore have to give up on property 1) and indeed consider the o-algebra of Lebesgue
measurable sets which turns out to be a proper subset of P(R). Before we do this, we however
first define an outer measure which keeps 1) and 2) but relaxes property 3).

Definition 3.7. Let Q be a set. A function p* : P(Q2) — [0, 00] is called an outer measure if
L p*(0) =0,
2. A C B implies p*(A) < p*(B),
30w (UienAi) <3 ien 1 (Ai).

Definition 3.8. Let  be a set and p* be an outer measure on Q. A set A C P(Q) is said to be
w*-measurable if it satisfies Carathéodory’s criterion:

p*(B) = p* (BN A)+ p*(BnA° for all B € P(Q). (3)

Remark 3.9. The above criterion can be motivated as follows. It defines measurable sets
exactly as such sets, which can be used to slice other sets respecting the additivity. In Lebesgue’s
original approach, he also defined an inner measure as p.(A) = p*(B) — p*(B\ A) for some
A C B. Then Lebesgue defined A to be measurable if the inner and the outer measure agree,
ie. pu«(A) = p*(A). This gives p* (AN B) = p*(A) = p*(B) — p*(B\ A) and can then be seen
as a motivation for (3). In fact, it was the Carathéodory who introduced criterion (3) which is
significantly more elegant and efficient compared to Lebesgue’s original construction.

We remark already an important class of measurable sets.

Lemma 3.10. Let Q be a set and p* be an outer measure. Any set A with u*(A) = 0 or
w*(A°) =0 is p*-measurable.

Proof. Let p*(A) =0 and B C Q. Then p*(A°N B) + p* (AN B) < u*(B) + p*(A) = p*(B) so
A is measurable. The proof is similar for A°€. O

The following general result shows the power of Carathéodory’s criterion of measurability.

Theorem 3.11 (Carathéodory’s extension theorem). Let  be a set and p* be an outer measure
on Q. The family F C P(Q2) of p*-measurable sets is a o-algebra and y = p*|r is a measure on
F. Moreover, p is complete, i.e. if AC N € F and u(N) =0, then A € F with p(A4) = 0.

Remark 3.12. There is even a more general version of the Carathédory extension theorem
which only assumes the existence of a pre-measure from which an outer measure is constructed.
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Proof of Theorem 3.11. In order to show that F is a c-algebra, we have to check the three
properties from Definition 3.1 for sets satisfying (3). Clearly ) € F. Let A € F then A¢ € F
since (A°)¢ = A.

Checking the last property takes a bit more time. We will first show closedness with respect
to finite unions. Let Aj, A9 € F. The inequality “ <” in (3) follows from the subadditivity of
outer measures. Thus, it suffices to show “>"”. Let B C Q2.

p (BN (AU Az)) + p(B N (A1 U Az)%)
<" (BNAiNAg)+ p* (BN AN AS)
+ p*(BNATN Ag) + " (BN AT N AS)
= (BN A + (BN AS) = 5 (B).

This also shows closeness under finite intersections since A; N Ay = (47 U Ag)°.

We will now upgrade to countably many A;. Let A; € F be a countable collection of
measurable sets. We have to show that A := U;en4; € F. We assume without loss of generality
that the A; are pairwise disjoint. (Indeed, if not note that A = Ufilfli, where for ¢ > 2,
A= AN U;;llA; € F because we have already shown closedness under taking the complement,
as well as taking finite intersections and unions.)

We will first show that p*(B MU A;) = >° w (BN A;) for all B C Q. We argue by
induction and note that the case n = 1 is trivial. For the induction step we have

pf(BNUMA) = p*(BNUP AN Ansr) + (B 0 (U A N AS )
n+1
= p (BN Apy1) + p (BNUL A) = > p* (BN A;).
i=1

Finally, we will show that A € F. We estimate

WH(B) = it (B UL A) + 1 (B Oy A9) > (B UL Ay) + 1t (B0 AY)
n o
= Z,u*(B NA;)+p"(BNA®) — ZM*(B NA;)+p* (BN A® asn — 0.
i=1 =1
Thus,
oo
pr(B) = > (BN A;)+ p*(BNAY) > p* (BN UienAi) + p* (B N A%)
i=1
from which we conclude that A = U;enyA; € F. Hence, F is a o-algebra and the estimate above
shows that p*(UjenA;) = D ,cn 1 (A;) for pairwise disjoint A; € F. Since p*(0) = 0, we have
that = p*|7 is a measure.

Finally, note that p is complete because all null sets of u* are measurable in view of
Lemma 3.10. O

3.3 The Lebesgue measure

Definition 3.13. A set C' C R™ of the form C' = I} x ... I,, where I C R are intervals, is called
a cuboid. We define vol(C') = II}' ;I(;), where [(I) is the length of the interval. C' is called an
open/ closed cuboid if all the intervals are open/closed, respectively.
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Definition 3.14 (Lebesgue outer measure). On R™ define the Lebesgue outer measure \* :
P(R™) — [0, 0] as

A*(A) = inf {ZVO](Ci), where (C;);en are open cuboids such that A C UieNCZ} .

Proposition 3.15. The Lebesgue outer measure A* defines an outer measure. Moreover, A* is
translation invariant and \*(C') = vol(C') for any cuboid C.

Proof. Clearly, \* is monotonic and A\*(()) = 0. Let us give more details for the countable
subadditivity property. Let € > 0 and let A4;, i € N be a family of subsets. For i € N, there exists
a sequence of open cuboids C;,, such that A*(A4;) > > - vol(Cip) — e27% and A4; C UnenCin-
Note that U;enA; C Ujen Upen Cin and hence,

N (UienAi) <3 vol(Cin) <3 (M (A) +277) < DN (Ai) +&.

1€EN neN 1€N 1€N

Since € > 0, this shows the first claim.

Clearly, \* is translation invariant by translating cuboids. Let us now show the last property
and only consider the case for n = 1. We first observe that for an open interval I we have
M (1) < vol([).

We will now show that vol(I) < A*(I) for a closed interval I = [a,b]. Assume that ([;);en is an
open cover of I with open intervals. Then, there exists a finite subcover, i.e. finitely many I; which
cover I = [a,b]. Clearly, b—a <Y " | vol(Z;) and hence vol() < A\*(I). For the other direction,
we consider an open interval J, = (a—1/n,b+1/n). Then, \*(I) < X\*(J,) =b—a+2/n - b—a
as n — oo. For an open interval I it still remains to show that vol(I) < A*(I). However, this
follows by noting that [a + 1/n,b — 1/n] C (a,b) and performing a similar argument as before.
The cases of a half-open interval and higher dimensions work analogously. We will omit these
steps here. ]

Definition 3.16. The family £ C P(R"™) of A*-measurable sets of R" is called the Lebesgue
o-algebra and A = \*| is called the Lebesgue measure on L.

If not specified otherwise, we equip R™ and C" (seen as R?") with the Lebesgue measure.
Proposition 3.17. All open and closed sets of R™ are measurable.

Proof. We will restrict to the case n = 1; the cases n > 1 work analogously. We will first show
that sets of the form A = (a,00) for a € R are measurable. Let B C R and € > 0. Let I, be a
collection of open intervals such that B C Upenln, and \*(B) > > vol(I,) — €. Since I,, are
open intervals, we have that I, N A is an open interval for every n € N. Further, for n € N, note
that I, N A° C I, N (—o0,a +€27™).
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Since BN A C UpenIp N A and BN A° C Upenln N (—00,a 4+ €27"), we estimate

N (BNA)+ X (BN A <X (UpenIn NA) + X (Upendn N (—00,a +€27"))
<Y NINA)+ > N (TN (—o0,a+e27"))

neN neN

= Z [vol(I, N A) + vol(I, N A®) + vol((a,a + €27"))]
neN

= 3" [vol(Ly) +227™)] < A*(B) + 2,
neN

where we have used that for intervals I we have A*(I) = vol(I). Since ¢ was arbitrary, we
conclude that sets of the form (a,00) are measurable. By taking approximations, intersections
and complements, all intervals are measurable. Since all open sets can be written as a countable
union of intervals, we conclude that all open sets are measurable. The case n > 1 is similar. [J

Proposition 3.18. The Lebesgue measure A on R™ has the following properties.

e If C be a cuboid, then A\(C) = vol(C).
e It is translation invariant, i.e. A\(A) = A(A +x) for all A € £ and =z € R™.

Proof. The first statement follows from Proposition 3.15 and the fact that any cuboid is measur-
able. Since the Lebesgue outer measure is translation-invariant, this property also holds for the
Lebesgue measure. O

Theorem 3.19. Let A C R"™ be a set. Then A is Lebesgue measurable if and only if the following
two statements hold:

1. For every € > 0 there exist an open set U with A C U such that A*(U \ A) < e.
2. For every € > 0 there exist a closed set C' with C' C A such that \*(A\ C) < e.

Remark 3.20. Note that this implies that A is measurable if and only if every € > 0 there
exists an open U and closed sets C' such that C' C A C U such that A(U \ C) <e.

Proof. “=7: Let A be Lebesgue measurable. Assume first that A*(A) < co. By definition of \*
there exists an open set U := U;enU; D A such that

A (U) = X (Uienls;) < Z)‘*(Ui) < A(A) +e/2
ieN
and thus
N(U\A) =X (U) - X(A) <¢e/2,

where we used that A is measurable. If \*(A4) = oo, then consider disjoints sequence (4;); of
measurable sets with A = U;enA4; and \*(4;) < o0, e.g. A; = AN([i—1,4)U(—i, —i+1]) and similar
in R”. Apply the above argument to each A; and obtain open sets U; with \*(U; \ 4;) < e27°.
Then, set U = U;enU; which satisfies U \ A = U;en(U; \ A) C Uien(U; \ 4;). Hence,

NUNA) S M (UienlTi \ Ag) = D MU\ A) <> e27 =
1€N €N
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For 2.) do the same argument but with A replaced by A¢ and note that U \ A° = A\ U°, where
U¢ is closed if U was open.

“«<": By 1.) and 2.), choose for each n an open U,, and a closed C}, such that A*(U,\Cy) < 1/n
and define U = NyenU,, C' = U,enCr, which are measurable. Then,

A(UN\C) <X (U, \Cp) <1/n

so X*(U\C)=0. Now A =CU (A\ C) is measurable because C' is measurable and A\ C is
measurable as a null set as A*(A\ C) < X*(U\ C) =0.
O

Definition 3.21. A Borel measure y is called
e inner reqular if p(A) = SUP 4.k compact #(K) for all A € A,
o outer reqular if p(A) = info54:0 open #(O) for all A € A,
e regular if y is both inner and outer regular.
Theorem 3.22. The Lebesgue measure, restricted to the Borel sets, is a regular Borel measure.

Proof. We have shown above that A is outer regular. The inner regularity of A is left as an
exercise. O

Proposition 3.23. A set is Lebesgue measurable if and only if it can be written as a union of a
Borel set and a Lebesgue null set.

This means that the Lebesgue o-algebra is the completion of the Borel o-algebra.
Proposition 3.24. There exist non-measurable sets in R.
Proof. Problem set. O

Remark 3.25. While the above shows that not all sets are measurable, “most” sets which
one encounters in practice are however measurable. Indeed, as a rule of thumb, any set whose
existence does not rely on the axiom of choice (or some equivalent formulation thereof) is
measurable.

Remark 3.26. The famous Banach-Tarski paradox states that the unit ball in R? can be
decomposed into finitely (as few as five) many subsets which, after reassembling them via
translation and rotation, form two disjoint copies of the unit ball. The sets involved cannot be
measurable and the construction relies on the axiom of choice.

3.4 The Hausdorff measure

Another interesting measure which can be seen as a generalization of the Lebesgue measure to
fractional dimensions is the Hausdorff measure. For a set A C R", we will use the shorthand
notation for its diameter d(A) = sup, e |a — b|.
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Definition 3.27 (Hausdorff measure). Let A C R™. Then, the s-dimensional Hausdorff outer
measure Hs(A) is defined as

H(A) = lim M5, (4)

where -
M o(A) = nf{>_(d(Ui)* : d(U;) < 6, A C UienUi }. (5)

=1

The Hausdorff measure which we denote again by H is then the restriction of the outer measure
to Hs-measurable sets.

We note that Hs scales like a s-dimensional volume Hs(aA) = a®H(A) and it agrees (up to
a constant) with the Lebesgue measure on R" if s = n.

Remark 3.28. Even though for each § > 0, H, s is an outer measure, it is not very well behaved
because the corresponding measure has few measurable sets, e.g. [0,1] is not measurable for
s =1/2 and 6 > 0 for instance.

It is not too difficult to show that for each A C R", the function s — Hg(A) is non-increasing
and that there exists a unique so > 0 such that

oo if s < sp
0 if s > sg.

Hs(A) = {

This observation leads to the following definition of the Hausdorff dimension
dimy(A) = inf{s > 0: Hs(A) = 0}.

Remark 3.29. The Hausdorff measure is of particular relevance in the study of fractals, i.e. sets
which are defined through some self-similar procedure. In the problem set, you will encounter
other sets arising in the subject of Diophantine approximation (i.e. the subject of approximating
real numbers by rational numbers) which has a fractional Hausdorff dimension. We will end our
discussion of the Hausdorff measure here.

3.5 Measurable functions

To motivate the definition of a measurable function, let us briefly recall the theory of Riemann
integration. For a function f (let us say on [0,1]), one partitions the integration domain
[0,1] into subintervals I; = (z;,x;+1) and then assigns upper and lower Riemann sums as
Lp =3 (%41 — x;) infy, f(x) and the upper Riemann sum as Ug = Y ;" (%41 — x;) supy, f.
To define the Riemann integral, one then takes the limit of the upper and lower sum as the
partition gets finer. If these limits agree and are independent of the partition, it is called the
Riemann integral of f and f is said to be Riemann integrable.

The idea of Lebesgue was different. Instead of decomposing the domain (the z-axis), he
proposed to decompose the codomain (the y-axis). Let us say that the function satisfies
0 < f < M. The idea of Lebesgue is to consider a partition of the codomain by considering
intervals 0 = y1 < y2 < -+ < yn+1 = M and then defining the lower and upper Lebesgue sum as
Ly =" yix{z : yi < f(z) < yi+1}) and the upper Lebesgue sum as Up, = Y " | yiri A({x
yi < f(z) < yi+1}). This then naturally leads to the requirement that f should satisfy that the
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set f~1(I) is Lebesgue measurable for intervals I. This motivates Definition 3.30, the concept of
a measurable function.

Notation. We will make use of the extended real line R = RU {+o0c}. Note that R has a
natural topology by defining O C R to be open if O N R is open in R. Similar considerations
apply to the extended non-negative real axis [0, 00]. We also declare oo + x =z £ 0o = £00
for all z € R, z - (£00) = (£00) - & = %00 for x € (0, +00], 00 £ 00 = £0o0 but +00 — oo is not
well-defined. Further 0 - (+00) = 400 -0 = 0. Note that R is a compact topological space. We
note that any monotone increasing sequence in R has a limit. We will use this convention only
in the chapter on measure theory and integration.

In the following, we will only consider (extended) real-valued functions. The case of complex-
valued functions is analogous by considering the real and imaginary part independently.

Throughout this section, (€2, F, 1) denotes a measure space. We note that the Borel o-algebra
induced on R is denoted by B.

Definition 3.30. A function f: Q — R is measurable if the preimage of any Borel set in R is
measurable.

Proposition 3.31. Let f: Q — R be a function. Then, the following are equivalent.
1. f is measurable.

2. f71((a, 0]) is measurable for every a € R.

&

f7 (Ja, 0]) is measurable for every a € R.
4. f~1([~o0, )) is measurable for every o € R.
A

5. [—00, a]) is measurable for every o € R.

Moreover, for each o € R, the set {x € Q: f(z) = a} is measurable.

Proof. The proof is as in Proposition 3.17 using suitable intersections and approximations by

intervals as well as f~H(ANB) = f~Y(A)Nf~1(B) aswellas f~}(AUB) = f~Y(A)Uf1(B). O

Remark 3.32. More generally, one often defines measurable functions between measure spaces
as functions such that preimages of measurable sets are measurable. However, note there exist
continuous functions f : R — R which are not Lebesgue measurable if the codomain R is equipped
with the Lebesgue o-algebra.

Proposition 3.33. Let € carry a topology and assume that all Borel sets of {2 are measurable.
Then, every continuous function f : ) — R is measurable.

Proof. Tt suffices to check that f~!((a, oc]) is measurable. Since (,oc] is open, its preimage
under f is open (and in particular Borel) and hence a measurable set. O

Theorem 3.34. Let f and g be measurable and finite almost everywhere and a,b € R, then
af +bg, fg, |f|, and min(f, g), max(f,g) are measurable. Moreover, if (f,), is a sequence of
real-valued measurable functions, then sup, cy fn, infren fn, liminf,, o fn, limsup,, ., fn are
measurable. In particular, if f,, — f almost everywhere, then f is measurable.
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Proof. Let a > 0and f : Q — R be measurable. Clearly af is measurable because (af)~!((a, 00)) =
f~'((a/a,>0)). An analogous argument shows it for a < 0 or a = 0. For f + g we note that
{f+9>a}=Ugof{f >qtN{g>a—q} Indeed, if f(x)+g(x) > «, then f(z) > a—g(x), i.e.
there exists a ¢ € Q such that f(x) > ¢ > a — g(x). The other direction is immediate.

We now note that f? is measurable because {f? > a} = {f > Va} U{f < —y/a} for a > 0.

For fg we note that fg = 1/4((f + g)®> — (f — g)?). A similar argument applies to | f].

Let (fn)n be real-valued and measurable. We note that {sup,cn fn > @} = Upen{fn > a}
which shows that the sup is measurable. A similar argument also applied to inf and thus
limsup,,_, fn = infp>Nsup;>y fj, liminf, o0 frn = sup,>y inf;> N f; are measurable. O

Definition 3.35. A simple function f: € — R is a measurable function which only takes finite
values. It can be canonically written in the form f = 2?21 Aila,, where \; € R and A; are
measurable and A; are pairwise disjoint and ); are pairwise different.

The following lemma is a fundamental ingredient in the theory of Lebesgue integration. It
will then allow us to define the Lebesgue integral.

Lemma 3.36. A non-negative function f is measurable if and only if there exists an increasing
sequence of simple functions 0 < f; < fo < ... such that sup,cy fn(z) = f(2) for all z € Q.

Proof. 1f f is the limit of simple functions, then it is measurable by Theorem 3.34.
Let us now prove the converse and assume f is non-negative and measurable. We define the
sets

j7n -

_{52“§f<@+4p“} if0<j<n2n—1

{f>n} if j = n2".
For fixed n, the sets A;, are measurable, disjoint and their union over j € {0,1,...,n2"} is all
of Q. Thus,
n2m ]
fn = Z 2711‘41 n
j=0

is a sequence of increasing simple functions as indeed A;, is the disjoint union of Ag;,4+1
and Agji1pt1 for j < n2" —1 and Apgn g, is the disjoint union of of the sets Aj,11, j =
n2" o (n 4+ 1)27 — 1 and Agp)anit g

If f(z) = oo at some point x € 2, then f,(x) =n — oo = f(x). Moreover, by construction

fn(l') < f($) < fn(l’) +27"
if f(xz) <n. In particular, lim,_, fn(z) = sup,ey fu(z) = f(2). O
Remark 3.37. From the above proof we note that if f is a bounded non-negative measurable
function, then the constructed f,, above converges uniformly to f.

3.6 Integration

It turns out that the monotone approximation of measurable functions by simple functions is
the key towards a satisfactory definition of the Lebesgue integral of a measurable function. We
will indeed first define the Lebesgue integral for simple functions and then extend (using the
monotone approximation) this definition to measurable functions.
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Definition 3.38. Let f =) ; A\;14, be a non-negative simple function. Then, we define
Simp /Q Fdu =3 A(As) (6)
i=1

which is a number in [0, o0].

Remark 3.39. Note that Definition 3.38 is well-defined and independent of the representation
of f as a simple function. In particular, f does not have to be written its canonical form. This is
left as an exercise for the reader. We also observe that (6) is linear and monotone.

Definition 3.40. Let f be a non-negative measurable function. We define

/fd,u: lim Simp/ frndu,
Q n—o0 Q

where f,, is a monotonically increasing sequence of simple functions with f, — f.

In order for the previous definition to be well-defined, we have to show that it is indeed
independent of the choice of sequence of simple functions. To this end we will first show the
following proposition.

Lemma 3.41. Let f be a non-negative simple function and g, be an increasing sequence of
simple functions such that f < lim,,_ o g, then

Simp/ fdp < lim Simp/ gndjt.
QO n—oo [¢)
Proof. Let f = Z;”:l Ajla; be written in its canonical form. Let € > 0 and define the sets

By ={(1+¢)gn > [}

If f(x) =0 then, z € B, for all n € N and if f(x) > 0 then, z € B,, for all n sufficiently large.
Since g, is increasing so is B, and UpenBy, = 2. Thus, by upwards monotonicity

n—o0

Simp/ fdu = g ANj(Aj) = li_>m E Ajp(A; N By) = lim Simp/ g Ajla;ng,dp
Q : n—=0o0 % Q
7=1 7j=1

=1

= lim /lendug lim Simp/(l—l—e)gnl]gndu
<(1+4¢) lim Simp/ gndp,
n—oo Q

where we have used the linearity of Simp fQ and the monotonicity

Simp/ s1dp < Simp/ sadi
Q Q

for simple functions s1, sy with s; < so. These properties follow directly from the definition.
Taking € — 0 gives the desired result. O

We obtain the following corollary which establishes that Definition 3.40 is well-defined.
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Corollary 3.42. Let f,, and g, be increasing sequences of simple functions and lim,, s fr, =
lim,, _yo0 gn- Then,

lim Simp/fndu = lim Simp/gndu.
n—oo n—oo
Proof. For some fixed ng note that f,, < lim,_,cc gn. Thus,
Simp/fnodp < lim Simp/gndp.
n—oo
Now taking the limit ng — oo gives “<”. By reversing the roles of f,, and g,, we obtain “>". [

From the corollary above we deduce that the expression of the integral in Definition 3.40 is
well-defined and that it agrees with the definition Simp | for simple functions.

Proposition 3.43. Let f, g be non-negative measurable functions and «, 5 > 0. Then

/Qaerﬂgdu:a/ﬂfdquﬂ/diu

/Qfdué/ggdu-

Proof. This follows directly from the definition. O

and if f < g then

Proposition 3.44. If f is a non-negative measurable function. Then, f = 0 almost everywhere
if and only if [, fdu = 0.

Proof. If {f > 0} is a null set, then f < g =o00- 1;s~0y which however integrates to zero. By
monotonicity, [, fdu = 0. For the other direction let A = {f > 0} and write A, = {f > 1/n}
and note that A, — A as n — oo, where the limit is increasing. Since n='1,4, < f we have

1 1
OSM(An)=/1Andu§/fdu=0-
n n Q

Since A,, — A we have by Proposition 3.3 that u(A) = 0. O

In particular, this means that if two non-negative measurable functions f, g agree almost
everywhere, their integrals agree. We will now show our first fundamental convergence theorem
in the Lebesgue integration theory.

Theorem 3.45 (Monotone convergence). Let (f,,), be an increasing sequence of non-negative
measurable functions and define f = lim,,_,, f. Then,

lim [ fodp= /fd,u.

n—oo

Proof. Since f,, are monotone, we obtain
i [ fudn < [ s

n—oo

and it remains to show the reverse inequality. For the reverse inequality we let s < f be a simple
function and € > 0. Consider the set B,, = {(1—¢)s < f,}. Clearly, B,, are measurable, monotone
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and satisfy ) = UpenDB,, and thus slp, — s monotonically. But then using Lemma 3.41 we
obtain

(1-— 5)/ sdp < (1 —¢) lim slp,dp < lim / fndis.
Q n—oo [¢)

n—oo Q

Since € > 0 was arbitrary and the above holds for all simple function s < f we obtain the
claim. O

We will now extend our integral to functions which can also take negative values. In order to
obtain a meaningful theory we will have to limit ourself to integrable functions.

Definition 3.46. A function f: Q — R is said to be integrable if it is measurable and

/Q\fldu < oo.

/Q fp = /Q frdu - /Q fd,

where f = fT — f~, fT = max{f,0} and f~ = max{—f,0}.

In this case, we define

Proposition 3.47. Let f : Q — R be integrable. Then {|f| = oo} is a null set.

Proof. Set A,, = {|f| > n} and note that A := {|f| = co} C A,,. Moreover, nl4, < |f|. Soif |f]
is integrable then nu(A) < nu(A,) = [onla,dp < [o|fldp < co. Hence, pu(A) = 0. O

Proposition 3.48. Let f,g be integrable and «a1,as € R. Then, the function a1 f + asg is
integrable and

/ o fds + ang dps = o / fdp+ / gd.
Q Q Q

Moreover, if f < g. Then
/ fdp < / gdp

‘ / fdu‘ < [ 17l

Proof. This follows by decomposing f = f* — f~ and using the linearity for non-negative
measurable functions. This is left as an exercise. O

and in particular,

Remark 3.49. One can verify that the statements of monotone convergence Theorem 3.45 and
Proposition 3.48 remain true if the respective assumptions only hold almost everywhere.

We have already encountered the monotone convergence theorem for increasing sequences of
functions. For sequences that fail to be increasing, we still have the following result.

Lemma 3.50 (Fatou’s lemma). Let (f,,), be a sequence of non-negative measurable functions.
Then,

/lim inf f,du <lim inf/fndu.
n—oo n—oo

37



Proof. Define f = liminf, , f, and g, = inf;>, fi so g, is increasing and g, < f,,. Moreover,
f =lim,_, o gn. Thus, using that g, < g,4+1 and monotone convergence, we obtain

e e e
[ s = [ i =t [ oun = timint [ s < ipnint |
]

The following theorem on dominated convergence and the monotone convergence theorem
are the most used convergence theorems. The theorem is quite general because it allows for
1(X) = oo and moreover only requires lim,, o frn(2) = f(x) pointwise (or pointwise a.e.).

Theorem 3.51 (Dominated convergence). Let (f,), and f be measurable functions such that
limy, o frn = f almost everywhere. Let g be a non-negative integrable function and assume that
0 <|fn| < g almost everywhere. Then, all f,, and f are integrable and

/ | fr. — fldp — 0 and consequently/ fudp — / fdpu.
Q Q Q

Proof. By modifying f,, and f on a set of measure zero we may assume that f, — f and |f,| < ¢
pointwise everywhere. In particular, 0 < |f, — f| < 2¢ such that the function 2g — |f,, — f] is
non-negative. By Fatou’s lemma we have

imint [ ~|f, — f1+ 29dn > [ 2900

from which we conclude (using that [ gdu < oo) and linearity that

limsup/ |fr — fldu = 0.
n—oo
The second statement follows from the monotonicity of the integral. O

We note that a Riemann integrable function f on R™ is Lebesgue integrable (and in particular
measurable) as the approximation from below in the Riemann lower sum constitutes an increasing
sequence of simple functions converging to f. In particular, all results for the Riemann integral
also extend to the Lebesgue integral. In fact the following result holds true

Theorem 3.52. A bounded function f : [a,b] — R is Riemann integrable if and only if the set
of points of discontinuity is a null set. Moreover, in this case, the Riemann and Lebesgue integral
agree.

Remark 3.53. Note however that there exists improper Riemann integrable functions like %

on [0,00) which are Riemann integrable as an improper integral but not Lebesgue integrable.

The example below is an extension of the fundamental theorem of calculus where we only
assume that f’ is differentiable and not necessarily continuously differentiable. Note that f’ is
not necessarily Riemann integrable.

Example. Let f : [a,b] — R be differentiable and f’ be uniformly bounded. Then, f’ is
Lebesgue-integrable and

b
/ fldx = f(b) — f(a).
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Proof. Without loss of generality let f : R — R is differentiable and |f'| < M on R. Set
gn(x) =n(f(x +1/n) — f(z)) and note that g,(x) — f’(x) pointwise by assumption. Hence, f’
is measurable and since |f’| < M it is integrable. From the mean value theorem, we know that
|gn| < M. Hence, using the dominated convergence theorem we conclude

b b
/ f(x)dz = lim gn(x)dx.

n—oo a

Since f is continuous we have that F(z) = [ f(t)dt is differentiable with F’ = f (Exercise!) and

b b
/gamm=m/”ﬂx+wm—f@Mx
— n(F(b+1/n) — F(b)) — n(F(a+ 1/n) — F(a)) > f(b) — f(a).
as n — oo. Il

Remark 3.54. Another important result in Lebesgue integration is Fubini’s theorem. To state
it, we note that given two measure spaces there is a natural product measure p; ® po such that
1 @ p2(A x B) = pi(A)pe(B). Fubini’s theorem tells us that if f is either non-negative or f is
integrable with respect to p; ® p2, then one can interchange the order of integration as follows:

/9le2 [z, y)du @ dpa(z,y) = /Q1 < . f(fl),y)d,u,Q(y)) dyr ()

- /Q2 ( o f(x,y)dm(x)) dpa(y)

3.7 Lebesgue spaces L*((2)
In this section we let €2 be a measure space.

Definition 3.55. Let 1 < p < co. We define the vector space £P(2) as the space of measurable
functions such that |f|P is integrable. We define f, g to be equivalent denoted as f ~ g, if f =g
almost everywhere and LP(§2) = LP(§2)/ ~. The norm

rmm:(évw@; 7)

makes LP(§2) a normed space (the fact that (7) is a norm follows from Proposition 3.44 and
Proposition 3.57 below).

We define the vector space £%°(2) as the space of measurable functions such that |f| is finite
almost everywhere and

esssup | f| = inf{c € R: u({|f] > ¢}) =0} < oc.
Q

We define f,g to be equivalent denoted as f ~ g, if f = ¢ almost everywhere and define
L>(Q) = L£>*(92)/ ~. This makes L>(2) a normed space with the norm

|£llzoe = esssup|f],

where we again already appeal to Proposition 3.44 and Proposition 3.57 below.
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Remark 3.56. In practice, we will always work with representatives of the equivalence class.
However, for || - ||, to be a norm (and not only a seminorm) we need to identify functions that
agree almost everywhere.

Example. e If O =N and p =9, where 6(A) = |A|, then LP(u) = ¢P.
e Another important example is the Lebesgue spaces on the reals: LP(R).
Proposition 3.57. Let f,g: Q — K be measurable. Then,
L falli < I fllpllgllq for 1 = % +% and 1 < p,q < co. (Hoélder inequality)
2. [f+9llp < fllp + llgllp for 1 < p < oco. (Minkowski inequality)
Proof. This is similar to the proof for the ¢P spaces and will be omitted. O
Theorem 3.58 (Riesz—Fischer). The space LP(Q2) for p € [1, 00] is complete.

Proof. Case 1: p = oc0. Let f, be Cauchy in L*°. For all n,m € N, there exists a null set
Npm such that sup,ene | fu(®) = fn(2)] < [[fo = fmlloo- Then, N = Up menNnm is null and
for each x € N€, the seqﬁence fn(x) is Cauchy in K and hence convergent with limit f(z). Now,
let € > 0. Then choose N sufficiently large that || f,, — fnlleo < € for all m,n > N. Then,

sup ’f(l') - fn(x)‘ < sup lim ‘fm(x) - fn(x)‘ <e.
reNC xeNcm—)OO

Hence f, — f in L* as n — oc.
Case 2: 1 <p < oo. Let f,, be Cauchy in LP. Then it has a fast-Cauchy subsequence f,,,
i.e. a subsequence such that || fn,., — fn.| < 27" We define the function

9(@) = | fur @] + Y | fgeer (@) = fp (2)] (8)
k=1

which is in LP because ||gllp < [|fn;llp + 22521 1fnpsy = frillp by monotone convergence. In
particular, this means that > %, |fn, ., (z) — fn, ()| is finite almost everywhere and hence
(fny, (x)) is Cauchy in K for almost every x € €). Define f as the almost everywhere limit. We

note that |f| < g because f,, = fn, + Zé;ﬁ(fnkﬂ — fn,). In particular, |f|? and |f,,|P are
integrable. From the dominated convergence theorem we obtain that

1f = faillp = 0 (9)
as k — oo. Hence, f,, converges to f. O
The above proof also gives the following important result.

Theorem 3.59. If f,, — f as n — oo in LP(R2) for 1 < p < co. Then, there exists a subsequence
fn,, such that f,, — f pointwise almost everywhere as k — oo.

Remark 3.60. Passing to a subsequence is necessary in the above theorem as you constructed
a sequence of functions which does not converge pointwise anywhere but which converges in
L'([0,1]).
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Proposition 3.61. Let  be a finite measure space. Then LP(Q) C L(Q) for 1 < g < p < oo.
Moreover, the inclusions are dense.

Proof. Problem set 4. O

Theorem 3.62. Let €2 be a locally compact (for all z € €2 there exists compact neighborhood)
and o-compact (there exists K, compact such that Q = U,enK,). Let p be a regular Borel
measure on ). Then, LP(Q) is separable for 1 < p < 0.

Proof. We have shown it for /P spaces in the problem set. For the general result, see [Rud91]. O

Remark 3.63. In particular, the spaces LP(R™) are separable for 1 < p < oo. Moreover, C2° is
dense in LP(R"™) for 1 < p < oo.

Theorem 3.64. The space LP(Q) is uniformly convex for 1 < p < oo, i.e. for every £ > 0, there
exists a § > 0 such that for all f,¢g € L? with ||f|, = |lgll, = 1 and || f — g|l, > ¢ we have
1520, <1-6.

The above theorem is a consequence of the following inequalities due to Clarkson.
Lemma 3.65 (Clarkson inequality). Let 1 < p < oo, ¢ its Holder conjugate and f, g € LP.

1. If 2 < p < o0, then

fHallP  |[f-g] 1 1

JT9 < ZUIFIP 4 ZlglP 10
152+ |52 = shme et (10)
f4gll? f—qll 1 1 q/p

JT9 > (2112 - Z1lallP 11
152+ 552 2 G+ St (1)

2. If 1 <p <2, then

f+gll f—gll? 1 1 a/p

JTd < ZUFI1P = Z1lallP 12
152+ |55 = (G + gt (12)
Lral® 222> Lyig + Snat. (13)
2 » 2 p_2 b t7hp

Proof. We will begin by showing (10). It is enough to show the following inequality for a,b € R:

p p

a—>b
2

a+b
2

1 1
< —lal? + = |b".
< Slal? + b

We first note that for ¢,d > 0 we have
A +d < (c+d)?
for any ¢ > 1. Indeed, without loss of generality, we can set d = 1 and then consider the function
fle)=(z+1)7—27-1

which satisfies f(0) =0 and f'(z) = q(z + 1)9~! — gz9~! > 0. Hence, f(z) > 0 for x > 0.
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Apply this observation to ¢ = (Ja + b|/2)? and d = (Ja — b|/2)? and ¢ = p/2 to obtain

P (la=b la+bP\P_ (laP+pP\?_1 o1

p a—2b

2

a+b
2

where in the last step we used the convexity of z — xP/2. The other inequalities follow using
similar arguments, see e.g. [Ada75, Theorem 2.38|.

[
Proof of Theorem 3.64. If 1 < p < 2, then from (12) we obtain
q _ e
Hf;g <1- Hf29 <1- 92799, (14)
P P
Similarly, the case 2 < p < oo follows from (10). O

An interesting consequence of uniform convexity is the following.
Theorem 3.66 (Milman—Pettis theorem). Every uniformly convex Banach space is reflexive.
Proof. See e.g. [Brell]. O

In particular, this shows that LP is reflexive for 1 < p < co. In the next section, we will give
a direct characterization of the dual of L? and directly show that LP is reflexive.

4 Dual spaces and weak topologies

In this section we will explore more consequences of the rich structure of duals of normed space
and introduce the central weak topologies induced by the dual space. We will then give an explicit
characterization of the duals of the LP spaces.

4.1 Locally convex spaces and weak topologies

Definition 4.1. A locally convex space (LCS) X is a topological vector space for which the
topology is induced by a family of seminorms (p;)icr on X (i.e. the sets Vi (z) = {y € X :
pi(x — y) < e} form a neighborhood subbase) which separates points (i.e. for z € X there exists
p; such that p;(x) # 0).

Remark 4.2. More precisely, if X is a LCS then a set U C X is open if and only if for all x € U
there exists a finite set F' C I and € > 0 such that

ﬂ{yeX:pi(:E—y)<5}:{y€X:pi(1:—y)<€foralli€F}CU.
i€l

Moreover, from the assumption that the family of seminorms separates points, we obtain that
every locally convex space is Hausdorff.

Definition 4.3. Let X be a normed space.

e The weak topology on X is the locally convex topology on X induced by the family of
seminorms {x — |f(x)|} ex+. Notations: Ty, wx or (X, X™).
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e The weak* topology on X* is the locally convex topology on X* induced by the family of
seminorms {f — |f(z)|}zex. Notations: Ty, wkx+ or o(X*, X).

Proposition 4.4. Let X be a normed space. The weak topology on X is the initial topology
induced by X* (i.e. the weak topology is the coarsest topology such that for all f € X*, the map
(X, Tw) — K,z — f(z) is continuous).

Proof. The sets {y € X : |[f(z —y)| < e} for f € X* and € > 0 form a neighborhood subbase
(around = € X) for the LCS topology. Note that sets of the form f~1(U) for f € X* and U C K
open form a subbase for the initial topology. In particular, {y € X : |f(x —y)| < e} for f € X*
and € > 0 form a neighborhood subbase (around x € X) for the initial topology. Since both
topologies have the same neighborhood subbase around every point, the topologies agree. [

Analogously, we obtain the following.

Proposition 4.5. Let X be a normed space and X* be its dual. The weak™ topology on X* is
the initial topology induced by X (i.e. the weak* topology is the coarsest topology such that for
all x € X, the map (X*, Tyx) = K, f — f(x) is continuous).

Remark 4.6. e The weak topology is coarser than the norm (strong) topology. They agree
for finite dimensional normed spaces.

e The weak* topology is coarser than the weak topology on X*. They agree if and only if
X is reflexive. Indeed, if o(X*, X) C o(X*, X**), where the equality holds if and only if
X = X

e We also note that a function g : Y — (X, 7,) is continuous if and only if fog:Y — K
is continuous for all f € X*. Similarly, g : ¥ — (X*, Tws) is continuous if and only if
i(r)og:Y — Kis continuous for all z € X, where i : X — X** is the canonical embedding.

Proposition 4.7. Let X be a normed space.

1. A sequence (zy,), C X converges to x in the weak topology, denoted as x, — z as n — o0
if and only if f(z,) — f(x) as n — oo for all f € X*.

2. A sequence (fn)n C X* converges to f in the weak* topology, denoted as f, — f as n — 0o
if and only if f,(z) — f(x) asn — oo for all z € X.

Proof. We have that z,, — z if and only if for any member Us., = {y : [f(z —y)| < €} of
the neighborhood subbase of x, we have x,, € Uy, eventually (i.e. for all n > N;.). But
this is equivalent to the statement that |f(x,) — f(z)| < € eventually, i.e. f(z,) — f(z) for all
feX™ O

Theorem 4.8. Let (zy,), C ¢'. Then, z,, — z if and only if z,, — z as n — o0o.
Proof. Problem set. O

Remark 4.9. The reason why it is true is that (£1)* = ¢£*° is a very large space so testing only
against £ elements is enough. Note however that the weak topology is not the same as the
norm topology. In fact, the weak topology (or weak™ topology) on an infinite dimensional space
is never metrizable.
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Theorem 4.10. Let X be a normed space and x,, — x. Then,

]| < liminf [|z,]| < sup [z, < oc.
n—00 neN

Proof. See problem set. O

Theorem 4.11. Let X be a normed space and X* its dual. If f, — f. Then,

[f1] < liminf [| fo[| < sup || fu]] < oo.
n—oo neN
Proof. See problem set. O

4.2 Banach—Alaoglu theorem

We have seen that the unit ball in an infinite dimensional normed space is never compact in the
norm topology. This is somewhat unfortunate because compactness arguments are incredibly
useful in applications. However, we will see that we can obtain compactness when we consider
coarser topologies.

Theorem 4.12 (Banach—Alaoglu). Let X be a normed space. Then the closed unit ball
Bx»={fe X" :|fl <1} c X~
is weak® compact.

Remark 4.13. A word of caution: Even though By~ is compact, the space X* with the weak*
topology is not locally compact (i.e. there does not exist a compact neighborhood around any
point). In particular, Bx~ has empty interior in the weak™ topology.

Proof. For x € X define K, = {A € K: |\ < ||z||} and set K = I, cx K, with projections
7+ K — K. By Tychonoff’s theorem (Theorem 1.22), K is compact in the product topology.
Note that (in mild abuse of notation) Bx+ C K because f(x) € K, and thus IL,ex{f(z)} € K.
Note that the weak* topology on By~ is the initial topology induced by the maps {Bx+ > f
f(2)}zex and the subspace topology on By« C K is the initial topology induced by the maps
{m2}eex = {Bx+ 2 f — f(2)}zex. Thus, the subspace topology on Bx+ C K induced by the
product topology on K agrees with the weak* topology on By«. Thus, it suffices to show that
By« C K is closed. To see this we write

Bx-={f€K:flinear} = (| {feK:fOa+py)—\(x)—pnfly) =0}

z,ye X, \,pneK
= () {fEK:(Matuy — Taa — muy)(f) = 0}
z,ye X, \,pnekK
which is an intersection of closed sets. Thus, Bx+ is closed and hence compact. ]

Of particular interest in PDEs for the direct method of calculus of variations is sequential
compactness. Under the additional assumption of separability of X we can improve the Banach—
Alaoglu result to obtain weak* sequential compactness.

Theorem 4.14 (Banach—Alaoglu, separable normed space). Let X be a separable normed space.
Then, Bx+in X* is weak™ sequentially compact.
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Proof. Proof 1. On the problem set, you will show that if X is separable, then the weak™ topology
restricted to Bx« is metrizable. Hence, sequential compactness is equivalent to compactness
(problem set 2), so By« is sequentially compact.

Proof 2. We will also give a direct proof using a diagonal argument, a standard technique
in analysis. Let D = (z,), C X be dense and let (f)r C Bx+. We have to show that f has a
subsequence which converges in the weak* topology. For n = 1 consider the sequence (fx(x1))
in K. The sequence is uniformly bounded by ||z1| and thus has a convergence subsequence
(fr;1(21));. Now, consider the sequence (fi,,(z2)); in K which is again uniformly bounded and
thus has a convergent subsequence (fy,,(72));, where we emphasize that (k;2); is a subsequence
of (kj1);. We iterate this procedure to obtain that (k;,); is a subsequence of any (k;,,); for
m < n. We now take the diagonal sequence (k;;);.

For x; € D we deﬁne_f(xl) = lim; 00 f, ;(z1) which converges by the construction above.
By linearity, we extend f to span(D) which is a dense subspace. Since f is bounded, we can
extend f uniquely to f on X by the bounded linear extension theorem Theorem 2.20. O

Remark 4.15. We will end our discussion on locally convex space here, but there are many
interesting results one can show. Especially, metrizable LCS (called Fréchet spaces), which are
complete, constitute the foundation of distribution theory.

4.3 Riesz representation for L” spaces

Our next theorem will be the famous characterizations for the dual spaces of the LP spaces. We
will consider a measure space 2 with measure u. We let p € [1,00) and ¢ € (1, 00] be Holder
conjugates, i.e. 1 = % + %. We define the map

¢: LT — (LP)*, g — ¢g4, where ¢g(f) = /ngdu.

This is a linear, well-defined map because |¢4(f)| < [|g4]/f]|, by the Hélder inequality. This also
shows that the map ¢ is bounded by ||¢[| < 1.

Theorem 4.16 (Riesz representation). Let €, u, p, ¢ and ¢ as above.

1. If 1 < p < oo, then (LP(2))* ~ L9(2).

2. If p=1 and Q is o-finite, then (L'(Q))* ~ L>(Q).
Remark 4.17. An alternative and possibly more standard proof of the LP duality can be given
using the Radon—Nikodym theorem. In the following, we will however give a more elementary

proof via a direct minimization argument exploiting the uniform convexity of L? for 1 < p < oo.
The case p = 1 will then follow using a limiting argument.

Proof. Note that from Hoder’s inequality, we obtain that ¢ is a well-defined linear map with
norm ||¢|| < 1. We will first show that ¢ is in fact an isometry.

Step 1: ¢ is an isometry for p > 1. Let 0 # g € L9. Define f = ¢|g|9!, where 0 is
chosen such that fg = |g|? almost everywhere. Then,

6Dl _ Slal® ([0
H%H = ”pr B (f |g|pq—p)% B (/ ]g] ) Hqu'
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Together with the bound ||¢4|| < ||g|l; from above we obtain that ¢ is an isometry.

Step 2: ¢ is an isometry for p = 1. Let 0 # g € L™ and fix 0 < a < ||g|[z~. By
definition, there exists a measurable set K such that |g|x| > o and p(K) > 0. Since p is o-finite
we find a collection of sets A,, such that Up,enA, = Q. We set K,,, = K NU]_; A, and note
that UpenKy, = K from which we conclude that there exists a M € N such that pu(Ky) > 0
as 0 < u(K) = p(UnKnm) <30 cn (Krm) by the o-additivity of 4. Now we define f = Mg,
where A is chosen such that A\g = |g| on Kjs. Then,

|¢g(f)| _ f|g|1KM > o
£l n(Knr) —

Since a < ||g|| = was arbitrary, we obtain ||¢g|| = [|g|| .

Step 3: ¢ is surjective for 1 < p < oo. Let F' € (LP)* and assume without loss of generality
that ||F|| = 1.

Some intuition: We want to construct a g with ||gllq = 1 such that F(f) = [ fgdp for all ||f|l, = 1. If
there exists a F-normalizing f such that 1 = ||[F|| = F(f) = [gf < |lgllq|lfllp < 1, then we would have equality

[bgll =

in Hélder’s inequality so in particular |f|P = |g|? so this would mean we should set g = \|f|P/? = A|f|P~" s.t.
gf = |fI?. In order to construct such an f (and then also g), we will exploit the convexity of the unit sphere and
the completeness.

There exists a sequence (f,,), C LP with || fu||, = 1 such that £ < F(f,) — 1 as n — co. We
will show that (fy,), is a Cauchy sequence. Let ¢ > 0. Since LP is uniformly convex, there exists
a § > 0 such that if

H;(f—i-g)u >1—0,then || f —g| <e. (15)

Choose N large such that F(f,) > 1—0 for all n > N. Thus, by linearity and since ||F|| = 1, we
estimate

1
H2 (fn + fm)

’2F<;(fn+fm>> >1-6

for all n,m > N from which we conclude using (15) that || f,, — fm|[p < € for all n,m > N. Hence,
(fn)n is Cauchy with limit f satisfying ||f|, = 1 and F(f) = 1. We have now constructed our
normalizing f € LP. From our intuition gained before, we set g = A|f[P/? for some function A
with |A] = 1 chosen such that gf = |f|P. Note that g € LY with

lgllt = / fPdp=1= / afdp = d,(f).

We want to show that F' = ¢4. To do so, we will prove the following claim. If Fy, Fy € (LP)*
with [|Fy|| = ||F2|| = 1 and there exists a f € LP with || f||, = 1 such that F(f) = Fa(f) =1,
then Fy = F5. For the sake of a contradiction, suppose that F; # F>. Hence there exists a
function h such that Fj(h) # Fy(h). By multiplying h with a constant we can assume that
Fi(h) — F3(h) = 2. By replacing h with h 4+ af for a suitable constant a, we can assume in
addition that Fj(h) = 1 and hence, F5(h) = —1. For ¢t > 0 we have Fi(f +th) = 1+t and
F5(f —th) =1+t and thus

1+t <||f+th|and 1+t <|f—th]|.
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For 1 < p < 2 we estimate using (13)

H (f +th) + (f —th)

1+ h||E =
+ o |hl 5

p+H(f+th);(f—th) P

p

1
> 5Hf+th|!£+ Sl —thll; = (L +8)P > 1 +tp

which gives a contradiction by sending ¢ — 0. Similarly, we argue for 2 < p < oo using (11).
This establishes the result for 1 < p < cc.

Step 4: ¢ is surjective for p = 1. We will approximate the construction for p > 1. First,
we will consider the case of a finite measure, i.e. u(Q) < oo. Let F € (L')*. Since L (for p > 1)
is continuously embedded in L!, we have that F' € (LP)*. Thus, by the above, there exists a
gq € L7 with ¢4, = F and

lgallg = 1 Flloy < sup [F(g)l < sup  [F(g)] < p(X)'?
lollp=1 lglloo < (u(2x))1/7

which is uniformly bounded for p € [1,2].
We note that g, is independent of ¢ because for g1, g2 define the test function f € L* such

that f(gq, — ng) = [9q — ng|~ Then,

0=F(f)-F(f)= ¢gq1 (f) ¢gq2 / ’9q1 qu‘dﬂv

hence gq, = gq,- Moreover, g € L* because for g := min(|g|, ||F|| + 1) we note that (exercise!)
lgrlloc = limgoo |grllg < [|F| so min(|g|,||F|| + 1) < ||F| almost everywhere and hence
lg| < ||F|| almost everywhere. Finally, F' and ¢, agree on the dense subspace L? (problem set 4),
and since they are continuous, they have to agree everywhere.

In order to relax the assumption of a finite measure space, we write 2 = | |, .y Ay, for pairwise
disjoint sets A, with u(4,) < co. For F € (L')* define F,, € (L*(4,))* as F,(f) = F(f),
where f € L'() is continued by zero outside A,. Then, we obtain a g, € L>(A,,) such that
¢g, = Fn and [|gn|lco = || Fr|| < ||F|| by the previous step. Then, define g = )"y gn, Where g,
is continued by zero outside of A,,. Since the g, have disjoint support, ||g|ec < || F|-

In order to show that ¢, = F we let f € LY(Q). Then, f = Y °°, f, pointwise, where
fn=f14,. Since f = limy_,0 ZnN:1 frn in L' (Q) by dominated convergence, and F is continuous
we have

ganzi (fn) = Z/fngnlA Z/gflA /gf=¢g(f>,

where we used dominated convergence in the last step again which is allowed because

> gfla,

n=1

<|gfl € LY(Q)

by Holders inequality.

We immediately obtain the following corollary.
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Corollary 4.18. The space LP(12) is reflexive for 1 < p < oc.
Theorem 4.19. The spaces ¢!, />, L}(R), and L>°(R) are not reflexive.

Proof. We have established these facts for ¢! and ¢>° before.

If L'(R) was reflexive, then L'(R) = (L*(R))*™* = (L*°(R))* was separable (since L'(R) is
separable) so L*°(R) would have to be separable which is a contradiction (note that all different
members of the uncountable family (1o ,1)zer have unit distance from each other). But if L*(R)
is not reflexive then L>°(R) = (L'(R))* cannot be reflexive (pset 3). O

Remark 4.20. An example of a functional on L>(R) that is not in L' (R) can be given as follows.
Consider the function F' : Cy(R) — K, f — f(0). Note that F' is a well-defined functional on the
space of bounded continuous functions C(R) C L*°(R). Moreover, ||F| = 1. By Hahn-Banach
it can be continued to a functional on (L>°(R))*. If F was represented by g € L*(R), one can
verify that then g = 0 almost everywhere which is a contradiction.

5 Hilbert spaces

In the previous section we encountered the LP(£2) spaces and characterized their dual space
as L(€). A special case is the case p = 2 for which we have L?(Q2) = (L?(Q2))* and moreover
Holder’s inequality gives

/ﬂ gl < (112 llgll 2

This is special because f and g lie in the same space and there is a natural “inner product”
defined on L?(Q) as

(f,9) = /Qfgdu~

Based on Hilbert’s work on the L?(f2) and the additional structure of the inner product, John
von Neumann introduced the abstract concept of a Hilbert spaces. The additional structure of an
inner product allows us to define orthogonality and orthogonal projections. In particular, many
geometric features of the Euclidean space have generalizations to Hilbert spaces. They also play
a central role in applications such as in PDEs, quantum mechanics, etc.

Definition 5.1. Let X be a vector space. A map (-,-) : X x X — K is called a scalar product
(or inner product) if

1. (z,x) >0 for every x € X and (z,z) = 0 if and only if z = 0.
2. (x, \y + pz) = XMz, y) + plx, z) for every \, u € K and z,y,z € X.
3. (z,y) = (y, )

The pair (X, (-,-) is called an inner product space (or pre-Hilbert space).

Remark 5.2. In the Hilbert space axioms, we choose the convention of linearity with respect
to the second component. Be aware that many other textbooks impose linearity in the first
component.
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Proposition 5.3 (Cauchy—Schwarz inequality). Let H be a pre-Hilbert space. Then
[ (v, w)| < [Jv][[Jw]|
with equality if and only if v and w are linearly dependent.

Proof. For t € K define p(t) = ||v + tw||* = ||v]|? + [t|*||w]|* + 2Re (t(v, w)). Assume WLOG that
w # 0, and set

L
"l

Hence,
[ (v, w)?
[[w][?
from which we obtain the conclusion. Clearly, if v, w are linearly dependent, we have equality. If
equality holds, then 0 = p(¢yin) but then v and w are dependent. O

0< p(tmin) = HUHQ -

Lemma 5.4. An inner product space is also a normed space with norm |[v|| = (v, v}é and the
inner product (-,-) — K is continuous.

Proof. 1t is easy to verify that ||v]| fulfills the axioms of a norm. For the continuity we let v,, — v
and w,, — w. Then, using the bilinearity of the inner product and the Cauchy—Schwarz inequality
we obtain

(v, wn) = (v, w)| < [{vn, wn) = (Un, w)| + [(vn, w) — (v, w)]
< sup [[om||[|wn — wl| + [Jw|[[lvn = v[| =0
m
as n — oo. O]
Definition 5.5. A complete inner product space is called a Hilbert space.

Definition 5.6. A linear map 7T : H; — Hs between two inner product spaces is called an
(Hilbert space) isomorphism (or a unitary map) if T' is bijective and (T'z,Ty) = (x,y) for all
z,y € Hy.

Theorem 5.7 (Hilbert space completion). Let Hy be an inner product space. Then there exists
a Hilbert space H, a dense set D C H and an isomorphism 7" : Hy — D. The space H is unique
except for (Hilbert space) isomorphisms.

Proof. The proof is similar to the completion of metric and normed spaces, except that one has
to additionally take the Hilbert space structure into account. The details of the proof are left to
the reader. n

Remark 5.8. We also note that it is easy to verify that the norm of an inner product space
satisfies the parallelogram law

o+ ol + flu = v]]* = 2[jul® + 2]}0]]*. (16)

In fact, for any real inner product space, one has the polarization identity
1 2 2
(u,0) = 5 (Ju+ ol = [lu o]
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and similarly, for complex inner product spaces we have
1 . , . .
(u,v) = Z(llu+ol* = flu = of* = illu+ wl* + illu — iv]*)

We note that not all normed spaces satisfy the parallelogram law and all normed spaces which
satisfies the parallelogram inequality are inner product spaces.

Example. The space £2 is a Hilbert space and more generally, the space L?(Q2) for a general
measurable space €2 is a Hilbert space with inner product

(f,9) = /Qfgdu~

We note that the Clarkson inequalities of Lemma 3.65 reduce to the parallelogram law in the
case p = 2. It is easy to verify that for p £ 2, the parallelogram law is not satisfied for ¢ or,
more generally, LP. Thus, LP and /P are Hilbert spaces if and only if p = 2.

5.1 Orthogonality and projection in Hilbert spaces
We will now introduce the concept of orthogonality.
Definition 5.9. Let H be an inner product space and U C H and x,y € H.

1. We say that z is orthogonal to y denoted as z L y if (z,y) = 0. In particular, for such z,y
the Pythagorean theorem ||z + y||* = ||z[* + |ly|* holds.

2. We define the orthogonal complement of U as U+ = {x € H : (x,y) = 0 for all y € U}
3. We say that U is an orthogonal set if (z,y) =0 for all z # y € U.
4. We say that U is an orthonormal set if it is an orthogonal set and ||y|| =1 for all y € U.

5. An orthonormal set U is an orthonormal basis (ONB) if it is maximal, i.e. if U C V, where
V is an orthonormal set, then U = V.

Remark 5.10. Instead of an orthogonal/orthonormal set U we will often consider an orthog-
onal/orthonormal family (eq)aer for an index set I. Given such a set, the index set can be U
itself and the map is the identity map.

Lemma 5.11. An orthogonal set is linearly independent.

Proof. Let eq, ..., e, be orthonormal and Y " ; a;e; = 0. Multiplying by e; gives

n
Z a’i<ej7 ei> = 07
=1

ie.aj=0forall j€{1,...,n}. O
Lemma 5.12. Let X be an inner product space and A C X be a subset. Then
o Al is closed.

e AC (AJ‘)J‘
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o Al = (span(A))*

Proof. Let b, — b, where b, € A+. Since the inner product is continuous we obtain (b, a) =
lim,, 00 (bp,a) = 0 for all @ € A, i.e. b€ A+, Clearly, A C (A+)L. Finally, if b € A*. Then, for
all a € span(A), we have (a,b) = 0 and by continuity we obtain that then b € (span(A))*. The
other direction is trivial. O

We now come to an important property of Hilbert spaces which reminds us of projection
properties in Euclidean geometry.

For this, we first recall from linear algebra that a vector space X is an algebraic sum of two
subspaces Y and Z of X, denoted as X =Y @y Z (X > Y @y 2) if for each z € X there
exists unique y € Y and z € Z such that x = y + z. If the map (Y, Z) — X, (y,2) — y + z is
continuous, then we say that it is a topological direct sum, which we denote as X =Y @& Z. In
the case of a Hilbert space and a closed subspace we will show that every closed subspace V- C H
can be complemented, i.e. there exists a linear subspace (which will actually be V1) such that
H =V @ V1. This is in general, not true for Banach spaces, e.g. ¢g C £ is a linear subspace
which cannot be complemented. Before that we will state the following observation.

Lemma 5.13. Let X be a normed space and P : X — X be a linear continuous projection, i.e.
P% = P. Then

e Either P =0 or ||P| > 1.
e Both ker(P) and range(P) are closed.
e X = ker(P) @ range(P).

Proof. We have ||P|| = ||P?|| < || P||? so either P =0 or ||P|| > 1. Since P is continuous we have
that its kernel is closed. Moreover, (I — P)2 =1 — P so I — P is a continuous projection with
closed kernel. However, ker(I — P) = range(P) because = € range(P) if and only z = Pz for
some z which holds true if and only if Pz = P22 = Pz = x so x € ker(P — I). O

Theorem 5.14. Let V # {0} be a closed subspace of a Hilbert space H and x € H. Then there
exists a unique element y € V' such that

|z — y|| = dist(z, V) := inf ||z — z]|.
zeV

In addition, the element y € V is the unique element such that y —z € V.
The map
Py:H—=Vx—y

is called the orthogonal projection onto V and is a bounded linear operator satisfying P‘% = Py,
range(Py) =V, and ker(Py) = V* and ||Py| = 1.
Moreover, 1 — Py : H — V1 is a projection with ||1 — Py|| = 1 (except for V = H) and in
particular,
H=VaV.
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Proof. Step 1: Existence and uniqueness. Without loss of generality « ¢ V. Consider a
minimizing sequence (y,), C V such that ||z — y,|| — dist(z, V) as n — co. Note that y, is a
Cauchy sequence because

1
19 = vmll* = llym — 2+ 2 = yoal® = 2l — 2[* + 2]l = ym|* = 4115 W0 + ym) — 2
< 2|y — 2|2+ 2|z — Y ||* — 4(dist(z, V)2

Taking n, m — oo shows that (y, ), is a Cauchy sequence with limit y € V since V' is complete.
An analogous argument using the parallelogram identity also gives uniqueness.

Step 2: Orthonality of y — x. To show the orthogonality we use a linearization argument.
Let z € V and consider for € € R the vector y + ez € V. Then, since y is a minimizer we have

lz —yl* < llz —y —ez]|* = |« — y||* — 2¢Re(z — y, 2) + 2|2

and hence
2Re((z — y, 2)) < e 2|

Considering both cases € > 0 and £ < 0 and |¢| — 0 shows that Re(x — y, z) = 0. By considering
ie instead of e, we analogously obtain Im(x — y, z). For the uniqueness let y,3’ € V be such that
y—xcV+tandy —zc V>, Butthen,y—y' =y—2—(y —x) e Visoy=1y.

Step 3: Linearity of Py . In order to show that the map Py is linear we note that for
Az + pz' € H, we have that APy (z) + uPy(2') — Az + pa’ € V* since V1 is a linear space.
Thus, by the characterization proved above, Py is linear. The characterization also implies that
P2 = Py as well as range(Py) = V and ker(Py) = V.

Step 4: Boundedness of Py . In order to show the boundedness statement, we let x € H,
then Py (x) € V and x — Py (z) € V*. In particular, we obtain

=] = [|Pva + (1 = Pya)|® = || Poarll* + [|(1 = Pv)z]®

which implies ||Py| <1 and |1 — Py| < 1.
From Lemma 5.13 we obtain that H =V @ VL. O

Remark 5.15. The first conclusion of Theorem 5.14 is also true for uniformly convex Banach
spaces and for closed convex sets. More precisely, let V' be a closed convex subset of a uniformly
convex Banach space X and z € X. Then there exists a unique element y € V such that

—y|| =dist(z,V) := inf ||z — z||.
i~ gl = dist(z, V) := inf [} — 2]
Theorem 5.16. Let H be a Hilbert space and V' be a subspace. Then
V=vhHt

Proof. The inclusion C is clear from Lemma 5.12. Assume first that V is a closed subspace. If
v e (V)L then 0= Py1v = (1 — Py)v = so v = Py(v) which means v € V. If V is not closed,

then apply the result to V and note that V+ = Vl. O
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5.2 Riesz’ representation for Hilbert spaces

Theorem 5.17 (Riesz’s representation for Hilbert spaces). Let f € H* be a linear functional on
a Hilbert space H. There exists a unique zy € H such that

f(x) = (z5,2) (17)
for all x € H and || f|| = ||z¢||. In particular, the map
A:H* = H, f— 2y
is an anti-linear isometric bijection with inverse

AV H = HY e (z,-).

Remark 5.18. In quantum mechanics, one uses the bra-ket notation: (7| is an element of H*
and |¢) is an element of H. Then the map A~!: H — H* is the map [¢) — (¢)].

Proof. Without loss of generality f # 0 so let 0 # zo € ker(f)*, where used that ker(f) is closed.

Now define
T

2f = f(:CO) HxOH2

and note that f(z) = (27, z) = 0 for all x € ker(f). Moreover, ker(f)* is 1-dimensional® so for
any y € ker(f)*, we have y = axg so

(21,9) = adlzg, 7o) = af(xo>Hxi”2<wo,xo> ~ ).

For the uniqueness of zy, let zy and 2} satisfy (17), then (zy — 2%, 2) = 0 for all 2 € X
so in particular for = zy — 2} which shows 2y = z}. For the norm, we note that | f|| =

Sup||z||=1 |f(2)] = SUP||z]|=1 [(zf, )| < ||z¢||. Moreover, |f[| > 71 £zl = llzsl-
[ER2l
To see the anti-linearity of A we note that

(zaf+8g:7) = (af + Bg)(x) = af(z) + Bg(x) = alzy, x) + Blzg, x) = (G2 + Bzg, ).

Since A is isometric it is injective. It is also surjective as the z € H, the map f, : z +— (z,2) is a
bounded linear functional. O

We directly obtain the following corollary from the Riesz representation theorem and the
canonical map A: H* — H.

Corollary 5.19. Let H be a Hilbert space.

e A sequence (zy,), converges weakly to z if and only if (y,z, —z) — 0 as n — oo for every
y e H.

e [ is reflexive.

e Every bounded sequence in H contains a weakly convergent subsequence.

3Here we use that H/ ker(f) = ker(f)* and H/ker(f) = range(f) so ker(f)* = range(f).

93



Proof. The only non-trivial statement is the third statement. For this, we note that if (z,), is a
convergent sequence, then define Hy := span{z, : n € N}. Note that Hy is a Hilbert space as a
closed subspace of H and is separable. But since weakly convergent subsequences are bounded,
by Banach—Alaoglu, they are compact in the weak topology. Since Hj is separable, the unit
ball is metrizable in the weak topology and is thus sequentially compact. Hence, (z,), has a
convergent subsequence in Hy C H. O

5.3 Bessel’s inequality and Parseval identity

Throughout this subsection we let H be a Hilbert space. Some statements clearly also extend to
inner product spaces.

Lemma 5.20 (Bessel inequality). Let {e, : n € N} be an orthonormal set and € H. Then,
oo
>l en)l? < Jlall?. (18)
n=1

Proof. For {ey,...en} we consider & = u + v, where u := SN (e;, z)e; and v := 2 — u. We note
that u L v because

N N N
<U, U> = Z<$7ez eu Z €5, T elae] = Z<$7ei> (<ei7$> - <ei7$>) =0
i=1 j=1 i=1
Similarly,
N N N
(u, u) Z T, e;) 6]7 6Z?e]> ZKCE €i>|2
=1 j=1 =1
and thus
]* =l + [[ol* > [lul? = Z! x, €]
Sending N — oo proves the claim. O

Lemma 5.21. Let S C H be an orthonormal set. Let x € H. Then the set S, = {e € S :
(e,x) # 0} is (at most) countable.

Proof. From Bessel’s inequality we obtain for every n € N the set Sy, = {e € S : (e, x)| > 1} is
finite. Hence S; = U,enSz,n is countable. ]

In order to deal with non-separable Hilbert space we have to introduce the conecept of
unconditional convergence of series. Recall that a series Y .-, is absolutely convergent if

2 e lln]l < oo,

Definition 5.22. Let X be a normed space and I an uncountable index set. Let x; € X for all
i € I. We say that the series ), ; x; converges unconditionally to x € X if

o Ip={iel:x;#0} is countable.

e for all enumerations of Iy = {i1,42,...} we have x = > 7 | ;.
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Remark 5.23. For finite dimensional normed spaces a series converges unconditionally if and
only if it converges absolutely. In infinite dimensions, absolutely convergent series still converge
unconditionally but the converse is not necessarily true, e.g. the series >~ | %en does not converge
absolutely in £°°. However, >y %en converges unconditionally to x = (1,1/2,1/3,...). In fact,
every infinite-dimensional Banach space admits series which are unconditional convergent but
which do not converge absolutely. This is a theorem of Dvoretzky and Rogers.

Lemma 5.24 (Bessel inequality). Let (e;);er be an orthonormal set. Then, for every x € H
Dl e < ).
el

Proof of Lemma 5.24. This follows directly from Lemma 5.21 and from Lemma 5.20. O

Remark 5.25. For a; € [0,00), i € I the uncountable sum » ;; a; is defined as

Zai = sup ZO&j.

icl JCI,|J|<ooj€J
If the sum is finite, we can verify that a; = 0 for all but countably many ¢ € I.
Lemma 5.26. Let S C H be an orthonormal set. Then the following statements are equivalent.
1. § is an orthonormal basis.
2. Ifx € X and (z,y) =0 for all y € S, then z = 0.
3. span(9S) is dense in H.

Proof. 1) = 2) If (x,y) =0 for all y € S and = # 0, then the set S U {x/| x|} would be an ONB.
However, S is maximal so x = 0.
2) = 3) The closure Y = span(S) is a closed subspace of H. If z € Y+, then by Lemma 5.12,
r€ St soby2) x=0. Hence, Y* = {0} so Y = H.
3)=1)If S’ > Sisan ONS and z € 8"\ S, then x L S, and hence = | span(S) = H so
x = 0 which gives a contradiction. So S is an orthonormal basis.
]

Lemma 5.27 (Parseval identity). Let H be a Hilbert space and (e;);e; be an ONB. Then,
x = Z<€i,$>€i,
el
where the series converges unconditionally. Moreover,
lz1* =D [(ei, @)
el

Proof. We let (en)nen C (€i)ier be an enumeration of the subset for which the coefficients (e, x)
are non-zero. We define zy = SN (e,, z)e, and verify that (zy)y is a Cauchy sequence.
Indeed, for M > N, we compute using the orthogonality that

M
lzn —zal* < D [{en, 2)* =0
n=N
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as M, N — oo since the sum converges by Bessel’s inequality. Thus, zy — y as N — oo and we
are left to show that y = x. Clearly, z,y L (€;)icsr \ (én)nen and since (e,,y) = (en,x) for all n
we have that x = y by Lemma 5.26. The second statement also follows from the continuity of
the inner product and orthogonality and is left to the reader. O

Theorem 5.28. Every Hilbert space H admits an orthonormal basis. Moreover, H is separable
if and only if every orthonormal basis of H is countable.

Proof. This is an application of Zorn’s lemma. Consider P = {O C H : O is orthonormal}.
Clearly, P is a non-empty poset by set inclusion. For any chain C the set U.ccc is an upper
bound so P has a maximal element O. Clearly, O is orthonormal and complete.

If O is a countable ONB, then it is a countable Schauder basis so by Lemma 2.7, H is separable.
Now assume that H is separable and let (d,,),en be a countable dense set and (e;);e; be an ONB.
Consider the collection of balls (Bjs(e;))icr. Since |le; — ;]| = V2 for i # j, these balls are
disjoint. Since (dy ), are dense, for each i € I there exists a n(i) € N such that d,; € By s(e;).
Since the balls are disjoint, the map I — N, i+ n(7) is injective so I is countable. ]

Remark 5.29. In practice, virtually all Hilbert spaces of relevance and interest are separable.
In the separable case, there is essentially only one Hilbert space, ¢

Theorem 5.30. Let H be a separable Hilbert space. If dim(H) = n < oo, then H is isomorphic
to K" and when dim(H) = oo, then H is isomorphic to £2.

Proof. Let us only consider the case dim(H) = oo. Let (€;);eny be a ONB and define the map
T : H — (2 by defining
z— Tz = ((e,x))ien € £2.

T is well-defined linear operator by the Bessel inequality. Moreover, T is injective because e; is
an ONB. To show that T is surjective we note that for (z;);eny € £2, the sequence > o, z;e; is
well-defined using the same argument as in the proof of Lemma 5.27. O

5.4 Hilbert space adjoints

Definition 5.31. Let X,Y be normed spaces and T' € BL(X,Y'). The dual operator T' of T is
defined as
T :Y* 5 X* f— foT.

Proposition 5.32. The map ' : BL(X,Y) — BL(Y*, X*) is a linear and bounded isometry.

Proof. Clearly,  is linear. Moreover, it is an isometry because

1Tl = sup [T"(f)|l = sup sup |T"(f)()]

If11=1 [lI=1 [|lzf=1
= sup sup [f(Tw)[ = sup sup |f(Tx)|= sup [Tzl =T,
I11=1[lz]|=1 lzll=11lf]=1 flzll=1
where we used Corollary 2.24. O

Recall that in a Hilbert space the adjoint map A : H* — H is an isomorphism.
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Definition 5.33. Let H be a Hilbert space and 7' € BL(H). We define the Hilbert adjoint T
as
T* = AT'A™

so that T* is uniquely characterized by
(,Ty) = (T"x,y)
for all x,y € H. Moreover, || T*| = |||
Remark 5.34. A word of caution: Often the dual operator is also denoted with * instead of ’.

Proposition 5.35. Let H be a Hilbert space and S,T € BL(H), A\, u € C. Then the following
holds true.

o (AT + puS)* = \T* + [S*.
o (ST)* =T*S*
o T =T

17T = 1|72

ker(S) = range(S*)~*
e ker(S*) = range(9)*
e If S' € BL(H) exist, then S* is invertible with (S*)~! = (S~1)*.

Proof. The first three statements are clear from the definition. For the fourth statement, we
note that

IT°T| = sup (@, T°Ty)| = sup  |(Ta,Ty)| < 7]
llzl[=(lyll=1 llzl[=(lyll=1
— swp [(Te,Ta)| < swp  |(Taz,Ty)| = | T°T].
[|l]|=1 llz]|=(lyll=1

For the fifth statement, we observe that x € ker(S) if and only if (y, Sz) = 0 for all y € H which
is true if and only if (S*y,x) =0 for all y € H, i.e. if and only if x L range(S™*).
For the last statement we note that (S71)*S* = (SS™1)* =T = (S719)* = S*(S—1)*. O

Definition 5.36. Let H be a Hilbert space and T' € BL(H). We say that T is
e self-adjoint (or hermitian) if T* =T,
o unitary it T*T =TT* =1,
e normal if TT* =T*T.
Example. o If H is C" and M € BL(H) be represented by the matrix (M;;);; then M* is

represented by (Mj;)i ;.

e Consider the shift operator S : £2 — ¢? which acts as (z1,22,...) — (22,73,...). Then,
S* . 02 — (% is given as (x1,72,...) > (0,21,72,...). T is not normal because TT* = id
but T*T = Py for U = {(z;); : 1 = 0}.
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o T*T and TT* are always self-adjoint.

Theorem 5.37 (Hellinger—Toeplitz). Let H be a Hilbert space and let T': H — H be a linear
opeator which satisfies

(Tz,y) = (z, Ty).
for all x,y € H. Then, T' € BL(H) and moreover T is self-adjoint.

Proof. This is a consequence of the closed graph theorem. Let z,, = x and Tz, — y. Then,

(z,Txy) = lim (Tz,z,) = (Tz,z) = (z,Tx).

im
n—oo n—o0

<Z7y> =

Since z € H was arbitrary we have that Tx = y. Thus, the graph of T is closed and by the
closed graph theorem, 7' is bounded. O

Proposition 5.38. Let T : H — H be a self-adjoint operator. Then

IT|| = sup |(z,Tx)|.
lol=1

Proof. The non-trivial direction is “<”. It suffices to show that

1T = sup [z, Ty)| < sup [{z,Tx)|.
llzll,llyll=1 ll=l|=1
Moreover, it suffices to consider only the case (z,Ty) € R where ||z| = ||y|| = 1. Using that T is

self-adjoint, we can decompose

(@, T9) = 3o+, T(a +9) — o 3, T — )

Hence,

1
@, T}l < (ke + gl + 1z = y)?) sup [(,T2) = sup |(z,Ta).
[|l[|=1 [|lz]|=1

6 Spectral theory

For linear operators (i.e. matrices) A : V' — V in finite dimensions, we say that A is an eigenvalue
of Aif A— X\ (we will use this instead of A — AI) is not injective. An eigenvector is a non-zero
element in the kernel of A — A. In infinite dimensions, A — A can be injective but fail to be
surjective. This will lead us to define the concept of the spectrum of A which is a generalization
of an eigenvalue.

6.1 Spectrum in Banach spaces

Throughout this subsection we assume that X is a complex Banach space.

Definition 6.1. Let A € BL(X) be a bounded linear operator. We define

e the resolvent set of A as

p(A) ={AeC:(A—- N exists in BL(X)}.
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the spectrum of A as
o(A) = spec(A) = C\ p(A4).

the point spectrum of A as

op(A) ={A € C: A— \is not injective}

the continuous spectrum of A as

o0c.(A) = {A € C: A — X injective, not surjective with dense image}

the residual spectrum of A as

or(A) = {X € C: A — X injective, not surjective, image not dense}.

For A € p(A), we define the resolvent operator as
Ra(4) = (A -2

Typically, of course not always, o, consists of isolated points, o. of unions of intervals and o, is
empty. This also explains the origins of the names. An element A € 0,(A) is called an eigenvalue
of A and a non-zero element (which we often normalize to have unit norm) in the kernel of A — A
is called eigenvector of A. This agrees of course with the usual terminology for finite-dimensional
operators (matrices).

Remark 6.2. We note that the spectrum can be written as the disjoint union o(A) = o,(A) U
oc.(A)Uo,(A). Indeed, by the inverse mapping theorem Corollary 2.34, if A — \ is bijective, then
its inverse is a bounded linear operator. (Here we use that X is a Banach space.)

Proposition 6.3. Let A € BL(X). Then o(A) = o(A'). If X is a Hilbert space, then
og(A*)={ : A€ a(A)}.

Proof. In the case of the Banach space, we note that A — Al is an isomorphism if and only if
(A—XI) = A’ — )\ is (see problem set). The case for Hilbert spaces follows from (A* — \I)~! =

(A=AD)*) "= (A=A, O
Example. e If dim(X) < oo, then 0. = o, = 0.

e Let H be a Hilbert space and A € BL(H) self-adjoint. Then o(A) C R (see already
Corollary 6.22) and o,(A) = @ (note that range(A — \)* = ker(4 — \) so if A — ) is
injective, then range(A — \) is dense.)

e Let X = C[0,1] and Af(x) = [ f(t)dt. Then, 0(A) = 0,(A) = {0}. (problem set)
Theorem 6.4. Let A € BL(X). Then:
1. p(A) is open.

2. The map p(A) — BL(X),z — R,(A) is analytic, i.e. it can be written locally as an
absolutely convergent power series.

3. 0(A) is compact and non-empty. More, precisely, 0(4) C {z € C: |z| < || A}
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Before we prove the theorem above, we will need the following additional lemma.

Lemma 6.5. Let A € BL(X) and assume that ||A|| < 1. Then, (I — A)~! exists and is a
bounded linear operator. Moreover,

(I-A)~'= i A™,
n=0

Proof. The idea is to use the Neumann series. Recall that for ¢ € C with |¢| < 1 we have
Yol oq" = %q. Since ||A™|| < ||A||"™ we have (recall problem set 2) that S = "> ; A™ converges.
To show that indeed the limit is the inverse, we compute

(I-AI+A+A2+  + A =T A" =T
asn — oo as [[A" M| < ||A||"*! — 0 as n — oco. Thus, (I — A)S =S(I — A) =1. O

Proof of Theorem 6.4. 1) Let A\g € p(A). Then A — )¢ is invertible and ¢ := [|(A — X\o) ! < .
Let A € C such that |\ — A\g| < 1/c. Then,

A=X=A-20+N—-A)=A-2)T+N—-A)A=2)""

Since A — \o! is invertible, we have that A — AT is invertible if B = I + (A\g — \)(A — \o) ! is
invertible. But B is invertible by Lemma 6.5 because [Ag — A| [|(A — A\oI)~}|| < 1. In particular,
from Lemma 6.5 we have that

o0

(A=2)7"= o = N)"((A = o))"

n=0

which shows 2).

For 3) we first note that for |A\| > ||A| we have that (A — A) = A(A™tA4 — I) is invertible
in BL(H) by Lemma 6.5. Hence, 0(A) is closed and bounded (i.e. compact) and in addition
o(4) C {Ae C: < Al

It remains to show that the spectrum is non-empty. For a contradiction, assume that p(A) = C.
Then, the map C — BL(X) : A — R)(A) is analytic on C as it can be written locally as a power
series. Consider now a functional f € (BL(X))*. Then, f(R\(A)) : C — C is entire because it
can be locally written as

o0

FRAA)) =D (Ao = N f (B (A1)

n=0

Moreover, it is bounded because for |A| > 2| A|| we have, using (A — A) = A(A™*A — I) that

LIRS (”{j”) <2 F A (19)

n=0

and for |A| < 2||A||, it is bounded because it is a compact set. Hence, by Liouville’s theorem,
f(Rx(A)) is constant in A for all f. Thus, by the Hahn-Banach theorem, (A — I)~! = A~! but
this gives a contradiction. ]
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Definition 6.6. We define the spectral radius of a bounded operator A € BL(X) as
r(A) = inf |A"||% = lim [|A"||x.
neN n—00
The above limit exists due to the following

Lemma 6.7. Let (a,), be a sequence of real numbers and assume that 0 < ay4m < anay, for
1 1

all n,m € N. Then lim,,_,o0 af = inf,eyas .

1
Proof. Clearly we have < so it suffices to show >. Set a = inf,cnas;. For € > 0 choose N € N
1

such that al < a+e¢ and set b := max{ay,...an}. For a natural number n we write n = kN +r
for 1 <r < N. Then,
- = k 1 EN/n L 1-r/npt
apy, = aly,, < (ayar)n < (a+e¢) brn = (a+¢) bn —»a+e¢
as n — oo. O

The following theorem justifies the name spectral radius for r(A).
Theorem 6.8. Let A € BL(X) and A € 6(A). Then
r(A) = max{|A| : A € 0(A)}.

Proof. “>”: We will first show that |A\| < r(A) for all A € o(A). To this end we have to show
that for [\ > r(4), A — X = A(A"!A4 — 1) is invertible. Similar to the argument before, it
suffices to show that >, (é)n converges. But this converges because for all n sufficiently large
q|A| > ||A"H% for some ¢ < 1, i.e. || (é)n || < ¢™ for n sufficiently large, which shows that the
series converges.

“<”: Let 1o = max{|A| : A € 0(A)} (which is attained by compactness of the spectrum). Let
|| > ro. We will then show that |u| > 7(A) which shows that ro > r(A), i.e. ro = r(A). For
f € (BL(X))*, consider in the set {A : |A| > ro} the analytic function

Fr(N) = f((A= X)),
For |A\| > r(T") we have

S A
n=0

This Laurent series converges in the largest open annulus in which F is analytic. In particular,
it converges uniformly at p. In particular lim, o f(A"/u™™!) = 0. Since f was arbitrary, we
have that A™/u"*! converges weakly to zero. Thus, it is bounded. In particular, there is a C' > 0
such that

™V < CM )

which shows that r(A4) < |u|. O

Corollary 6.9. If H is a Hilbert space and A € BL(H) is normal. Then lim,, o || A"/ = || A]|
and thus r(A4) = ||A]|.

Proof. We have ||A|[?> = |AA*|| and [|A?||? = ||A%(A%)*|| = [[AA*(AA")*|| = [[AA*|]? = ||A||4
ie. |A?| = ||A]?>. By induction, we have ||A%| = ||A||** and thus lim,_,. ||A"|"/" =
limy, o0 || A%]|M/2F = || A]. O
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6.2 Compact operators

Throughout this section, X,Y are Banach spaces and H is a Hilbert space

Definition 6.10. Let K € BL(X,Y). We say that K is compact if for every bounded subset
B C X, the closure of the image K (B) is compact, i.e. K(B) is relatively compact. We define
the set of compact operators as K(X,Y) C BL(X,Y).

Proposition 6.11. An operator K € BL(X,Y) is compact if and only if for every bounded
sequence (zy), C X, the image K(z,) has a convergent subsequence.

Proof. “=": This follows from the equivalence of compactness and sequential compactness. “<”:
Assume that M is bounded. We want to show that T'(M) is relatively compact. Let (yy)n be
a sequence in T(M). Then y, = Tz, for a bounded sequence z,. Thus, y, has a convergent
subsequence. Since (y,)n, was arbitrary, we have that T'(M) is relatively compact. O

In order to present an important example of a compact operator, namely that of certain
integral operators, we will prove an important compactness criterion for elements of the Banach
space C(K) for a compact Hausdorff space K.

Theorem 6.12 (Arzela-Ascoli). Let (K,d) be a compact metric space and M C C(K) be a
subset of continuous functions. Then M is compact if and only if M satisfies

1. M is closed,

2. M is uniformly equicontinuous, i.e. for all € > 0, there is an § > 0 such that for all z,y € K,
d(z,y) < 0 implies |f(z) — f(y)| < e for all f € M.

3. M is pointwise bounded, i.e. sup ¢y [f(7)| < oo, for all x € K.

Proof. “<” This is an application of a Cantor diagonal argument. Since C'(K) is a metric space,
it suffices to show sequential compactness. We let (fy,), be a sequence of functions in M. Since
K is a compact metric space, it is separable. We let (z,,,), be a countable dense set in K. We
will show that (f,), has a subsequence which is a Cauchy sequence. For m = 1 we consider
the sequence (f,,(z1)),. This sequence is a bounded sequence in K and thus has a convergent
subsequence (fy, (21))k,. For m = 2 we consider the sequence (fy, (22))i, in K. Again, this has
a convergent subsequence which we denote by ( Frr, (2))k,- We continue inductively to construct
subsequences ( fnki) k, for i > 1. We then choose the diagonal sequence (fi, hy=1y2 Irgrgmays J)
which we denote by (fy;);. By construction, the diagonal sequence (f,,); converges for all xy,.

We will now show that the diagonal sequence is a Cauchy sequence. Let ¢ > 0 and let § > 0
be as in the statement of the uniform equicontinuity. Consider the coverings Bs(x,,) of d-balls
around the dense set (z,,)n. By compactness of K, we can extract a finite subcover with ¢ balls
centered at (T, ... Tm,). Since fu, (Tm,), ... fn,(Tm,) are a Cauchy sequences, there exists a
jo(2) such that [fu, (2m,) — Fay (@)l - oLy (Emn) — g (@m, )| < 2 for all 5,1 > jo(e).

Let x € K, and let an x,,,, 0o =1,...,7 such that d(x, ;) < J. Then,

|fn](ZL‘) - fm(x)| < |fn](ZL‘) - fnj(xmoﬂ + |fnj ($mo) - fm(wmoﬂ + |fnz($m0) - fm(x” < 3e

for all 4,5 > jo(e). Hence, f,; is a Cauchy sequence and thus convergent as C(K) is complete.
“=" Since M is compact, then it is closed because C'(K) is Hausdorff and moreover bounded
as C(K) is a metric space. It remains to show the uniform equicontinuity. Let £ > 0. Since K
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is compact, we have that every f € M is uniformly continuous. Thus, for every f € M, there
exists a ¢ > 0 such that d(z,y) < ¢ implies |f(z) — f(y)| < e. Now cover M by (B.(f))fem and
extract a finite subcover with center at f1,... f,. Then, choose § > 0 sufficiently small such that
|fj(x) — fi(y)| < e whenever d(z,y) < 0 and j = 1,...n. Then, let z,y € K with d(z,y) <6
and f € M. Choose f; € M such that ||f — f;|| <e.. Then,

[f (@) = F)l < [f(x) = Fi(a)| + | f5(x) = Fi(y)] + [fi(y) = F(y)] < 3e.

This shows that M is equicontinuous. O

Example. e Let k: [0,1]> — R be continuous. Define an operator T}, : L?([0,1]) — L?([0,1])
as

1
Fro @)@ i= [ Fwhtedy.
You will show in the problem set that T} is a compact operator.

e Similarly, Ty : C[0,1] — C0,1] as defined above is also compact, which follows from the
Arzela—Ascoli theorem.

o Let T'€ BL(X,Y). Then T is compact if T" has finite rank, i.e. if dim(range(7)) < co.

A feature of compact operators is that they map weakly convergent sequences to strongly
convergent sequences.

Proposition 6.13. Let K € BL(X,Y) be a compact operator. If z,, — = as n — oo then
K(z,) — K(x) as n — oo.

Proof. Let x,, — x. We want to show that K (z,) — K(x) asn — oo. It suffices to show that every
subsequence of K (x,) has a subsequence which converges to K (x). Let (2, )r be a subsequence.
Since (xy, )k is weakly convergent, we have by the compactness of K that K (:xnk]) — y for

some subsequence (xnkj )j- Let f € Y*. Then, foK € X* so f(K(xnkJ)) — f(K(x)) but also
f(K(xnkj )) = f(y) so K(z) = y. This shows that K(x,), — K (x) for the original sequence. [

Theorem 6.14. The set K(X,Y) C BL(X,Y) is a closed subspace.

Proof. Clearly, K(X,Y) is a subspace. The proof of the closedness of K(X,Y') requires a diagonal
argument. Let T € BL(X,Y) and T,, — T where T,, € K(X,Y). Let (¥m)m be a bounded
sequence and assume WLOG that ||z,,| < 1. Since 77 is compact, we have that (71(z,))m has
a convergent subsequence which we denote with (71Zy, )m,. Since T» is compact, we can again
extract a further subsequence (zy,,)m,. We continue inductively and will denote the diagonal
sequence by (z,,,);. In particular, we have that (T,,xy;); converges for all n. Thus, for € > 0 let
N € N such that |7 — Tn|| < ¢/3. Then

||Txmj - TﬂijH < HTxmj - TNxmj” + ||TNxmj - TNxmiH + ||TNxmi - Txmi|| <e€
for 4, j sufficiently large only depending on e. Thus, (T'z,,,); is Cauchy and thus convergent. [

Corollary 6.15. The limit of a sequence of finite rank operators is a compact operator.
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Remark 6.16. The converse to the above corollary also holds true in the case of Hilbert spaces
and has been a long-standing open problem for Banach spaces. Enflo showed in 1973 that this
property is false in general Banach spaces. He received a living goose as an award from Mazur.
Banach spaces with that property are said to have the approximation property.

Proposition 6.17. If K € K(X) and T' € BL(X), then KT, TK € K(X,Y). In particular, this
makes K (X) C BL(X) a closed, 2-sided ideal.

Proof. If x, is a bounded sequence, then so is Tz, and thus KTz, has a convergent subse-
quence. Furthermore, Kz, has a convergent subsequence but then also T Kz, has a convergent
subsequence. O

Theorem 6.18 (Schauder’s theorem). An operator 7' € BL(X,Y) is compact if and only if
T' € BL(Y*, X*) is compact.

Proof. “="7: Let f, be a bounded sequence in Y*. Since T is compact we have that Z :=
T(B;X(0)) is a compact set. Consider the sequence f,|z restricted to Z and note that f, is
bounded and equicontinuous |f,(z) — fn(2)| < sup,, ||fnllllz — Z|| < C||z — Z||. Thus, the closure
of {fn : n € N} is compact and hence, f, has a convergent subsequence (f,,) by Arzela—Ascoli.
Hence,

HT,fnk - Tlfm” = |\S|1|lp} [ fri(T(@)) = fr (T @) < N fr, = frulloc = 0
z||=1
as k,l — oo. Hence, T" is compact.
“e”: If TV is compact so is T” and thus also T o ix, where ix : X — X** is the canonical
embedding. By a direct computation, we observe that 7" oix = iy o T. Thus, the operator
tyoT : X — Y" is compact. Since Y is closed within Y” we have that T': X — Y is compact. [

Corollary 6.19. The set of compact operators K (H) C BL(H) on a Hilbert space is a closed,
x-closed, 2-sided ideal in the set of bounded operators.

Proof. If K € K(H) is compact, then so it K’. But then also K* = AT'A~! is compact which
follows from the same argument as in the proof of Proposition 6.17. O

Example. Let T be a diagonal operator on a separable Hilbert space, i.e. there exists an
orthonormal basis (e;);cn such that T'e; = aje;. Assume that a; — 0 as i — co. T' is compact
because it is the uniform limit of 7}, which is defined as T,e; = «;e; for i < n and zero otherwise.
Indeed, ||T — T, || < sup;>, |a;| — 0 as n — oo.

6.3 Spectral theorem for compact self-adjoint operators

In the following, we will focus on compact self-adjoint operators on Hilbert spaces. We let H be
a Hilbert space.

Definition 6.20. For T' € BL(H) we define the numerical range as W(T') = {(z,Tx) : ||z| = 1}.

Theorem 6.21. For T' € BL(H) we have o(T') C W(T).

~—
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Proof. Let A\ ¢ W(T'). Thus, there exists d > 0 such that for all ||z|| = 1 we have
d < A= (2, Te)| <[[(A=T)z|.

Thus A — T is injective and an isomorphism onto its image with the norm of the inverse bounded
by 1/d. Thus, range(A — T') is closed (check it!). It suffices to show that the range of A — T has
trivial orthogonal complement. Indeed, if x 1 range(A — T'), then (z, (A — T')y) for all y € H.
Thus, for y = x we have

Mz, x) = (z,Tx),

but this can only happen if x = 0 by definition of the numerical range of T'. O
Corollary 6.22. Let T'€ BL(H) be self-adjoint. Then, o(T") C R.

Theorem 6.23. Let T' € BL(H) be a compact self-adjoint operator. Then at least one of —||T'||
and [|T|| is an eigenvalue of T'.

Proof. WLOG T # 0. From Proposition 5.38 we can find unit vectors (zy,), such that ||T]| =
limy, 00 |[(2n, T2y )|. After passing to a subsequence and since T is self-adjoint, we have that
(Xp, Tzp) — A, where A = ||T'|| or A = —||T'||. We compute

| Tz — At || = || Txn]|? — 2Man, Tzn) + A2 < 202 — 2X\ (2, Txp) — 0

as n — 0o. Since T' is compact, T'x, has a convergent subsequence to say y, and thus Az, also
has a convergent subsequence to y. Then, Tz, = )\_IT)\xnk — A 'Ty. But then y = A™'Ty or
Ty = Ay. To conclude that y # 0 we note that ||y|| = limy, o || Az, || = |A| # 0. O

Theorem 6.24. Let T € BL(H) be self-adjoint. Then, the eigenvectors for distinct eigenvalues
are orthogonal.

Proof. Let x,y be unit eigenvectors for different eigenvalues A, u, i.e. Tx = Ax and Ty = uy.
Then,

pz,y) = (w, py) = (x, Ty) = Tz, y) = Mz, y)
and hence (¢ — A)(z,y) = 0 from which we obtain the claim. O

Theorem 6.25. Let T' € BL(H) be a compact self-adjoint operator. Then, the set of eigenvalues
of T is a finite or countably infinite set of real numbers. If it is infinite, then the eigenvalues
form a sequence that converges to zero.

Proof. Assume that the set of eigenvalues is infinite. Let € > 0 and we will show that at most
finitely many eigenvalues exists with absolute value larger than €. Assume for a contradiction
that this is not the case and there exists an infinite sequence ()\;); of distinct eigenvalues with
|Ai| > €. Let x; be a corresponding sequence of unit eigenvectors. Then, using the orthogonality
of the eigenvectors, we have

|7: — T = [ hii = Aggl? = Il 4 A 22 > 222,

However, this cannot happen as Tx; has a convergent subsequence by compactness of T'. Clearly,
this also shows that {\ : X is an eigenvalue} is countable. O
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Proposition 6.26. Let 7' € BL(H) and M C H be a closed subspace. If M is an invariant
subspace of T' (i.e. Tm € M for all m € M), then M~ is an invariant subspace for T*. Conversely,
if Mt is an invariant subspace for T*, then M is an invariant subspace for T. In particular, if T
is self-adjoint and M is an invariant subspace of T', then M= is also an invariant subspace of T.

Proof. Let x € M*. Let m € M. Then,
(m, T*z) = (Tm,z) =0

because Tm € M and = € M+. Hence, T*x € M. The second statement follows from T** =T
and M++ = M. D

Remark 6.27. The question of whether every bounded linear operator on a Banach space admits
a non-trivial invariant subspace has sparked interest. It is known as the invariant subspace
problem. Counterexamples to this statement have been constructed for Banach spaces by Enflo.
Whether the statement is true for Hilbert spaces is still open.

Theorem 6.28 (Spectral theorem for compact self-adjoint operators). Let T' € BL(H) be a
compact, self-adjoint operator. There exist a countable orthonormal sequence (e,,),, of eigenvectors
of T and sequence (Ay,)y, in C\ {0} which converges to zero such that

Ty = Z Anlen, x)ep

and
H = ker(T) @ span(ey, e, . .. ).

In particular, the \; are the non-zero eigenvalues and the e; are the corresponding eigenvectors.
Moreover, ||T']| = sup,, |An/|-

Proof. Let (An)n be the sequence of non-zero eigenvalues counted by multiplicities, e.g. A\; =
A2 = -+ = Mg, where d; is the dimension of ker(T" — A1), i.e. the geometric multiplicity of
A1. Note that dy, is indeed finite because if (z,,), is a sequence in the unit ball of ker(7" — A1),
then z,, = /\%Ta:n has a convergent subsequence because 71" is compact. Hence, then unit ball of
ker(T' — A1) is compact and thus ker(T' — A1) is finite dimensional (Theorem 2.10). The same
argument also extends to do,.... For each d;-dimensional subspace we choose an orthonormal
basis which we gather as a sequence as (e,)n, = (ei,... ,eél,e% ...). By Theorem 6.24 this

sequence defines an orthonormal set and moreover
Tek = )\kek

for all k € N. Moreover, ker(T") L e for all £ € N and thus H; := ker(7") & span(ey, ez, ...) is
a closed subspace of H which is an invariant subspace of T'. It remains to show that H = H;.
Define Hy, = H f By Proposition 6.26 we have that Hs is an invariant subspace of T because
H is an invariant subspace of T'. Hence, T'|, is a compact operator on Ha. If T'|g, = 0 then,
Hy C ker(T') C Hy. If T|g, # 0, then, by Theorem 6.23, there exist € Hy such that x is an
eigenvector to a non-zero eigenvalue with magnitude ||T|g,|. But then x € H; N Hy and thus
x = 0, giving a contradiction. Hence H = H; and every x € H can be decomposed into

r=y+ Z(ek,x>ek,
k
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where y € ker(T"). Since T is continuous, we obtain
Ty = Z A (ek, T)eg.
k
The claim about the norm follows from Theorem 6.23 and Theorem 6.4. O

6.4 Fredholm alternative

In this section, we will study operators of the form T"— I, where T is a compact operator on a
Hilbert space H. Here, we will not assume that 7' is self-adjoint. We will set

S:=T-1.

Proposition 6.29. We have that the operator S as defined above satisfies:
1. ker(S) is finite dimensional.
2. S has closed range and dim(range(S)*) < oo.

Proof. Note that ker(S) has a compact unit ball because for any sequence (z,), in the unit ball
of ker(.S) we have x,, = Tz, which has a convergent subsequence as T' is compact. Thus, ker(S)
is finite-dimensional by Theorem 2.10.

In order to show that S has closed range we consider S : H/ ker(S) — H which is an injective
bounded linear operator. The range of S is the same as the range S. We note that an injective
operator has closed range if and only if it is bounded from below.

Assume not, then there exists a sequence ([zy]), in H/ ker(S) such that ||[z,]|| = 1 and such
that S[x,] — 0. Thus, there exist a y, € ker(S) such that ||z, + yn| < 2 and S(z, + yn) — 0.
Since T is compact, z, + yn, = T(xy, + ypn) has a convergent subsequence. Thus, (upon relabeling
the sequence) x, + y, — y and y = Ty, hence, y € ker(S). This however is a contradiction
because 0 = ||[y]|| = limy— 00 [|[Zn + Yn)|| = limy o0 [|[2n]]] = 1, where we used that the projection
map is continuous. This shows that S has closed range.

In order to show that dim(range(S)') is finite, we note that range(S): = ker(S*) by
Proposition 5.35 and that ker(S*) = ker(7™—1I) is finite dimensional by the previous argument. [J

Proposition 6.30. Define M; = range((T — I)?) for j € N. Then, there exists a positive integer
Jo such that M, = M; for all 7 > jo.

Proof. By expanding (T'—1I)’ we observe that (T'—1I)7 satisfies the assumptions of Proposition 6.29.
Thus, M, is closed for all j > 1. Clearly, M; D M;y;. Suppose that for every step, the
containment is strict. Then, the quotients M;/M; ; have dimensions greater or equal to one.
In particular, we can find an z; € M; such that ||[z;]|[as;/0r,,, = 1 and we can assume without
loss of generality that ||z;|| < 2 for each j. We will show that ||Tx; — Tzl > 1 for j # 1
contradicting the fact that T" is compact. Let j < k, then ay, € My, C M1, (T —I)xj € Mjq
and (T — I)xy € Myy1 C Mj4q. But then

Tej—Tapy=(T—1Dxj—ap — (T — Dk + x5
Since (T'— Ixj — x, — (T — Iz, € Mjq1 and x; € M; we have that | Tz; — T'z;|| > 1. This

gives a contradiction and concludes the proof. O
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Theorem 6.31 (Fredholm alternative). Let '€ BL(H) be a compact operator and A € C\ {0}.
Then:

1. If T — X is injective, then T — X is invertible with (T — \)~! € BL(H).
2. If T — X is surjective, then 7' — X is invertible with (T'— \)~! € BL(H).

Proof. We will prove the first statement first. By dividing by A we can assume WLOG that
A= 1. If T — I is injective, then ker(T'— I') = {0}. We note that T'— I has closed range by
Proposition 6.29. If the range of T'— I was not all of H, we have that range(T' — ) C H is a
closed proper subspace. But this then means that range((T — I)?) C range(T — I) is again a
closed proper subspace. Continuing inductively, however, contradicts Proposition 6.30. Thus,
T — 1 is surjective and by the inverse mapping theorem, we have that 17" — I is invertible.

For the second statement we note that if 7 — X is surjective, then (T — \)* = T* — X is
injective. But this also means that T — X is invertible. O

Remark 6.32. e The statements can be interpreted as follows. If we consider the equation
(T — N)x = y for an unknown x, then 1) says that “uniqueness” implies “existence” and 2)
says that “existence” implies “uniqueness”.

e It is called “alternative” because by 1), either A is an eigenvalue or T' — ) is invertible in
BL(H).

e Moreover, the results can be extended to Banach spaces.

Remark 6.33. One can extend the result and show that dimker(7 — \) = dim(range(T — \))*.
An operator S satisfying

1. ker(S) is finite dimensional.
2. S has closed range and codim(range(S)) := dim(X/range(S)) < oco.

is called a Fredholm operator and the number ind(S) = dim(ker(S)) — codim(range(S)) is called
the Fredholm indezx. Thus, according to Remark 6.32, the operator S =T — I for T compact is a
Fredholm operator with index 0. For such an operator with index zero, we have that injectivity
is equivalent to surjectivity.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.
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18.102 Introduction to Functional Analysis

Problem set 1

Due date: 2/14/2025
1. Let X be a topological space and A C X. Prove the following:

If X is Hausdorff, then limits are unique, i.e. lim, .~ x, =  and lim,_,o, £, = y implies x = y.
Is it still true if the Hausdorff assumption is dropped?

(g) A collection of sets A C P(X) is said to have the finite intersection property (FIP)if Ni<j<,U; # 0
for any finite subfamily {U;}1<j<n, C A. Prove that X is compact if and only if every family of
closed sets having the FIP has non-empty intersection.

2. Let X, Y be topological spaces and f : X — Y be a function. Prove the following:

) If X is Hausdorff and K C X compact, then K is closed.
) If f is continuous and K C X is compact, then f(K) is compact.
(c) If X is compact, Y is Hausdorff and f continuous and bijective, then f is a homeomorphism.
(d) X is Hausdorft if and only if the diagonal A = {(z,z) : v € X} C X x X is closed.
) The projection mx : X x Y — X is an open map, i.e. it maps open sets to open sets.
)

If Y is Hausdorff and f is continuous, then the graph graph(f) = {(z, f(z)) ;2 € X} C X x Y is
closed in the product topology.

(g) If X and Y are compact Hausdorff spaces and f has a closed graph, then f is continuous.
Note: The statement even holds true if X is merely a topological space. It is known as the
topological closed graph theorem.

3. Let (X, d) be a metric space. Recall that B.(z) = {y : d(z,y) < €} and B.(x) = {y : d(z,y) < €}.

(a) Show that there exists another metric d’ on X which satisfies d’'(z,y) < 1 for all z,y € X and
which induces the same topology as (X, d).

(b) Construct two different metrics dy and dz on X = R such that (X,d;) and (X, d3) induce the
same topology but such that (X, d) is complete, whereas (X, ds) is not.

(¢) Let D C X be dense. Prove that if every Cauchy sequence (x,), C D has a limit in X, then X
is complete.

(d) Prove that if X is separable, then it is second countable.
Note: This shows that for metric spaces separability and second countability are equivalent.
However, there exist topological spaces (e.g. the Sorgenfrey line) which are separable but not
second countable.

4. Counsider the vector space of continuous functions on the unit interval X = C([0, 1]).

(a) Show that d(f,g) = sup,ejoq[f(z) — g(z)| defines a metric on X.

(b) Show that piecewise linear functions are dense in (X, d). Note that a function f € X is piecewise
linear (or piecewise affine) if there exists 0 = 2y < ¥y < ---x, = 1 such that f|(;, .., is affine
forall1<i<n-—1.

(¢) Show that X is separable. Hint: Construct a countable family of piecewise linear functions which
are dense in X.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 2

Due date: 2/24/2025

1. Recall the definition of ¢P, ¢, and ¢y and the Holder inequality from the lectures.

Prove the Minkowski inequality: ||z + yll, < [[z[[, + ||lyll, for z,y € £/, 1 < p < cc.
Show that ¢F C ¢9 for 1 < p < ¢ < co. In particular, show that ||z||, < ||z||, for all x € ¢P.

For which ¢ € (1, 0] is the following true: J w =1

p€(l,q)
Show that £°° and ¢y are complete and that c. is not complete.

Show that ¢, C P for all 1 < p < oo and characterize the closure ¢; C #P in the respective metrics.
Show that ¢ is separable if p € [1,00) and show that ¢°° is not separable.

Is ¢g = Upe[l,oo)ép?

Let (X,d) be a metric space. Prove that K C X is compact if and only if K is sequentially
compact.

Hint: For the direction “<” you may want to show the following intermediate steps:

(i) For any open covering (U;);c; of K there exists a e > 0 (depending only on K and (U;);er)
such that for all z € K: B.(x) C U;, for some i, € I. (The number ¢ is also called the Lebesgue
number of the covering (U;)ier.)

(ii) Finitely many of such B.(z) balls already cover K.

Let X be a non-empty, complete, and countable metric space. Show that there exist a x € X and
e > 0 such that {z} = B.(x).

Let f :[0,00) = R be a continuous function such that for all 2o > 0: lim,_ f(nxo) = 0. Prove
that limg_ o f(2) = 0.

Optional ungraded exercise: Let f € C°°(R) have the property that for every x € R there exists
a k € N depending on z such that g;—{(ac) = 0. Show that f is a polynomial.

3. Prove that C'[0,1] = {f € C[0,1] : f is continuously differentiable} is incomplete with respect to the
norm || f|lso = sup,epo,1) |f ()| but complete with respect to the norm || f/loo + || f'[|co-

Construct a discontinuous linear map 7T': ¢, — c..

Let X be an infinite dimensional Banach space. Show that there exists a discontinuous linear
map T: X — X. Hint: Use a Hamel basis.

Projx\/]e that a normed space X is complete if and only if Y~ ||, || < oo implies that the series
(- —1 Tn)Nen is convergent in X.

Let V be a normed space and U, W C V dense linear subspaces. Is U N W is dense in V7 Hint:
Recall problem 4 from problem set 1 and Weierstrass’s approximation theorem from 18.100.

Please provide an estimate of the time you spent on the problem set and list your collaborators.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 3

Due date: 3/10/2025

1. Let k:[0,1] x [0,1] = R be continuous. Define the operator T} : C[0,1] — C[0,1], f — Ty f, where

(T4 f)(x) = /0 k(. y) f(y)dy.

(a) Prove that T} is a well-defined operator, i.e. that T} f € C[0,1] for all f € CI0, 1].
(b) Prove that T}, is bounded.

(¢) We now relax the assumption of continuity of k£ and define k(x,y) = |x — y|~* for x # y and
k(xz,z) = 0. Show that for a < 1, the operator T}, : C|[0, 1] — C0, 1] is well-defined and bounded.
Compute the operator norm ||T%]|.

(a) Consider X = C([0,1]) and recall the unbounded differentiation operator with domain C*([0, 1]) C
C(]0,1]) defined as T : C*(]0,1]) — C([0,1]), f = f’. Show that Tp is closed.

(b) Let X be a Banach space and let A : X — X* be a linear operator such that (Az)(y) = (Ay)(x)
for all z,y € X. Prove that A is bounded.

(¢) Let X be a normed space and assume that X* is separable. Show that X is separable.

(d) Optional ungraded exercise: Let X be a reflexive Banach space. Show that any closed subspace
of X is reflexive.

(e) Optional ungraded exercise: Let X be a Banach space. Show that X is reflexive if and only if X*
is reflexive.

3. For x € 7 with p € [1,00] we define the map F, : £ — R, where F,(y) = > .2 | 2y, and q is the

Holder conjugate of p.

(a) Show that for each x € ¢P, the map F, is well-defined, linear and bounded, i.e. F,, € (£7)*.
(b) For p € [1,00], show that the linear map F : ¥ — (£9)*, x — F, is a bounded isometry.
(¢) Show that F' is surjective if and only if p € (1, 00] and conclude that

i. (£9)* =2 ¢ if and only if p € (1, 0],

ii. ¢P is reflexive if and only if p € (1, 00).

(d) Show that (co)* = 1.
Remark: The dual space of £>° can be identified with the ba space ba(2Y).

Please provide an estimate of the time you spent on the problem set and list your collaborators.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 4

Due date: 3/31/2025

1. (a) Show the downwards monotonicity of measures: Let E1 D E2 D ... be a sequence of measurable
sets in a measure space and assume that there exists an ¢ € N such that p(F;) < co. Show that
w(NpenEr) = limy, o0 w(Ey) = infen p(Er).

(b) Let f: R — R be a C'-function and define A = {x € R : f’(z) = 0}. Show that A(f(A)) = 0,
where X is the Lebesgue measure.
Hint: Consider the sets A, . = {x € [-n,n] : |f'(z)| < 27"}

(¢) Let Q be a finite measure space. Show that LP(Q2) C LI(Q) for 1 < ¢ < p < co and show that the
inclusions are dense.

(d) Assume that there exist a constant C' > 0 and p, ¢ € (1, 00) such that || fg|l 1 (r) < C| fllzr@®) 9]l La(w)
for all f € LP(R) and g € LY(R). Show that % + % =1

2. In this exercise, we will explore the different ways of losing mass. These examples show that the
assumptions in the dominated convergence and monotone convergence theorems are necessary.

(a) Construct a sequence of functions f,, : R — R with pointwise limit lim,, o, f,, = 0 such that
0 < f, <1, A(support(f,,)) <1 and liminf, o [ fn(z)dz # 0.

(b) Construct a sequence of functions f, : R — R with uniform limit lim,_,o sup,cp | fn(z)] — 0
such that 0 < f,, <1 and liminf, . [ f,(z)dz # 0.

(¢) Construct a sequence of functions f,, : R — R with pointwise limit lim,,_, o | fn(2)| — 0 such that
support(f,) C [0,1] and liminf, s [ fn(x)dz # 0.

(d) Construct a sequence of functions f,, : [0,1] — [0,1] such that lim, . [ fn(z)dz = 0 but such
that (f,.)n does not converge pointwise almost everywhere.

3. In this exercise, we will explore the problem of Diophantine approximation, which deals with the
approximation of real numbers by rational numbers. We will define a set D, below which is the set
of reals which can be approximated by rationals with accuracy parameter . In this exercise we will
explore rather surprising facts about the genericity of D, .

(a) Let = € [O 1] and N € N. Show that there exist m € {0,1,,...,N} and n € {1,,..., N} such
that |z — | < 5. Hint: Use the plgeonhole principle.

Remark: ThlS can be improved to < (N+1) instead of < .- on the right-hand side.

(b) Consider the set D, = {z € [0,1] : |z — f| < ¢~ 7 for infinitely many (p,q) € Ny x N}.
i. If v <2, show that D, = [0,1], i.e. A(D4) = 1.
ii. If v > 2 show that A(D,) = 0. Hint: Write Dy = (,en Uysnpern {2 € [0, 1]t [z — 2| < g7}
iii. Show that D, is Baire-generic for any v € R.
iv. Is NyerD~ = Q7 If not, can you explicitly construct an element in N,erD, N Q7

v. Optional (not so difficult) ungraded problem: Show that the Hausdorff dimension satisfies

vi. Optional (difficult) ungraded problem: Show that dimy (D) = % if v > 2.
Remark: We just showed that the set D, C R is generic in the topological sense but exceptional
in the measure theoretical sense.

4. Optional ungraded problem: Let p be a translation-invariant measure on (R, P(R)) such that u((0,1]) <
00. Show that u = 0 and conclude that there exist subsets of R which are not Lebesgue measurable.
Hint: Use the axiom of choice to consider a set of representatives R C [0, 1] for [0, 1]/ ~, where z ~ y
if y — 2 € Q. Then consider the disjoint sets A,, = ¢, + R, where (g, )nen is an enumeration of Q.
This construction goes back to work of Vitali in 1905.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 5

Due date: 4/14/2025

1. For f € L*(R) define the Fourier transform F(f) as

F()E) = %27 / f(x)e =,

Show that F : L*(R) — L*°(R) is a bounded linear operator.
Show that F(f)() is a continuous function of &.
Show that span{1; : I is a bounded interval} is dense in L*(R).

Show that limg_, 100 F(f)(€) = 0 and thus F : L' — Cy(R), where Co(R) C L>(R) is the set of
continuous functions which converge to zero at infinity.
Hint: Show it first for characteristic functions 1; and then use (c).

Remark: Using Fourier inversion, one can show that the map F : L*(R) — Co(R) is injective but
not surjective. It is an open problem to classify the image F(L!(R)) C Cy(R).

Let , — x in a normed space X. Show that ||z| < liminf, . ||z, < sup, ey [|2n ]| < oco.
Consider the space ¢g. Prove that there does not exist a normed space X such that X™* = ¢.
Hint: Use Banach—Alaoglu.

Let 1 < p < oo. Construct a sequence (z,,), C ¢P such that x,, — « but x,, 4 = as n — oc.

Let X be a separable normed space. Show that Bx- equipped with the weak* topology is
metrizable (i.e. there exists a metric on Bx+ which induces the weak* topology).

Optional ungraded exercise: Let (x,), C ¢! be such that z,, — x as n — co. Show that z,, —
as n — oo.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 6

Due date: 4/28/2025

1. (a) Let H be a Hilbert space. Show that z,, — x in H if and only if z,, = z and ||z, || — |z|| in H.

(b) Let X be a uniformly convex Banach space. Show that z,, — x in X if and only if ,, — = and
lzn|l = ||z]] in X. In particular, the above conclusion holds for all LP for 1 < p < oc.

(c) Find an example in L([0,1]) such that f,, — f and || f.|| — ||f]| but ||f. — f|l 4 0.
2. In this problem we will find an application of the duality of Hilbert space to solve the Dirichlet problem

(1)

Au=f onD
u=20 on 0D

on a bounded open domain D C R", where f € L?(D) is a continuous real-valued function.

(a) Show that for all ¢ € C2°(D), the following Poincaré inequality holds:

2 2 - 2
/D $de < 4d /D > (om0 @)

where d is such that D C [—d, d]". Hint: Extend ¢ trivially to [—d, d]™. Then, use the fundamental
theorem of calculus to show ¢(z) = [, 9, ddy.

(b) Deduce that (¢1, ¢2) g1 = Jp Doty Oz, 9104, p2dx defines an inner product on C2°(D). We denote
its completion by HE (D).

(c) Let g € HY(D). Then, show that g € L?(D) and that g has weak partial derivatives, denoted by
02,9, 1 < j < n, which are defined by the conditions d,,9 € L*(D) and (¢, 0y,9) 2 = —(0x, b, g) 12
for all € C°(D) and 1 < j < n.

(d) Show that there exists u € H}(D) such that
<f7 U>L2 = —<U, U>Hé

for all v € HY(D). Hint: Consider the functional F : H}(D) — R, F(v) = —(f,v) 2.
(e) Deduce that u € H}(D) is a weak solution to (1), i.e.

/Dquzs:/Dm

for all ¢ € C°(D). Note that the boundary condition is encoded in the fact that u € Hg (D).

3. Consider the sequence z,, = /ne, in 2. Show that 0 is in the weak closure of {z,, : n € N} but there
is no subsequence of z,, converging to zero.
Remark: Note that this is a manifestation of the fact that the weak topology on ¢? is not metrizable.

If you have questions or find mistakes/typos please email me: kehle@mit.edu.



18.102 Introduction to Functional Analysis

Problem set 7

Due date: 5/9/2025

1. Let X,Y be normed spaces and A € BL(X,Y).

(a) Let A be an isomorphism. Show that A" : Y* — X* is an isomorphism.

(b) Assume that X,Y are Banach spaces. Show that if A’ is an isomorphism, then so is A.
2. Let T': C[0,1] — C[0, 1] defined as N
71w = [ wy
Prove that o(T) = 0,.(T) = {0}.
3. Let k : [0,1]?> — C be continuous. Consider the operator T} : L*([0,1]) — L?([0, 1]) defined as

(Tof)(x) = /0 Kz, 9) f(y)dy.

(a) Show that Ty is compact.
Hint: Show first that T} can be approximated by operators with finite rank.

(b) Assume that k(x,y) = k(y,z). Show that T} : L*([0,1]) — L*([0,1]) is self-adjoint.

(c) Assume again that k(z,y) = k(y,z) and let A\ € p(T') and g € L*([0,1]). Show that the solution
f € L?([0,1]) to the equation T} f — Af = g, i.e. the unique solution to the integral equation

1
/0 k(e 9)f(0)dy — A (2) = g(a)

can be written as

f = Zn:)ml_)\<enag>en - % Z<€,g>8,

ecO
where (), and (A,), are as in the proof of the spectral theorem and O is an orthonormal basis
of ker Ty,.

4. Ungraded optional exercise: The goal of the exercise is to show that imposing the canonical com-
mutation relation [#,p] = ¢k on self-adjoint operators &, in quantum mechanics necessarily requires
unbounded operators.

(a) Let X, P be matrices on C". Show that [X, P|] = i/ implies & = 0.

(b) Let X, P be bounded linear operators on a Hilbert space H. Show that [X, P] = ik implies i = 0.
Hint: Show first that [X™, P] = inhX".

If you have questions or find mistakes/typos please email me: kehle@mit.edu.
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