Real and functional analysis

1. | Measure theorey and Lebesgue in-
tegral

Measures

Definition 1 (o-algebra). Let 2 be a set and ¥ C P(Q).
We say that X is a o-algebra over §Q if:

1. Qe
2. If A€ X, then A¢ € X.
3. If (A,,) € 3, then:

[j A, eX
n=1

Proposition 2. Let ¥ be a o-algebra over a set (2. Then:
1. o ek
2. fA,BeX, then A\ BeX.
3. If (4,) € X, then:

ﬁ A,ex
n=1

Sketch of the proof. Use 77 7?7 to show that AN B € ¥ if
A, BeX. O

Definition 3 (Measure). Let ¥ be a o-algebra over a
set 2. A measure over {2 is any function

X — [0, 00]
satisfying the following properties:
1. p(@) =0.

2. o-additivity: If (A,) € ¥ are pairwise disjoint, then:
n=1 n=1

Definition 4. Let ¥ be a set and (A,) € ¥ be sub-
sets. We say that A, " A if A, C A 41 Vn € N and
A = U~ A,. Analogously, we say that A, ~\, A if
Apn DAy VneNand A=, A,.

Proposition 5. Let ¥ be a o-algebra over a set ),
X — [0,00] be a measure over 2 and A,,A, B € X,
n € N. Then:

1. If A C B, then u(B\ A) = u(B) — p(A).

2. If A C B, then u(A) < u(B).

3. If A, /A, then u(A) = lim u(A,).
n—r oo

4. If A, ¢ A and p(A4;)
lim pu(Ay).

n—roo

Sketch of the proof.

< o0, then p(A) =

1, 2.

w(B) = p(AU(B\ A)) = p(A) + (B \ A4)
3. Let By = Ay and E,, = A, \ A,,—1 for n > 2. Then,
A= Ay =112, E, and:

(1(An) — p(An-1))

n=1

N—o0

w(A) = 3" p(E,) = lim
= lm uA)

4. Let E, = A, \ Any1 for n € N. Then, A; =
AU, B, and:

And since p(A;) < 0o, we get the desired result.
U

Definition 6. An interval I C R"™ is a set of the form:
I = |a1,b1| X o+ X |an,bn|

where a;, b; € Ry, and the notation |a, b| represents either
(a" b)7 [a7 b)’ (a7 b] or [a7 b}'

Definition 7. Let I =[]}, |a;,b;] € R™ be an interval.
We define its volume as:

n

VOI(I) = H(bl — ai)

=1

Definition 8. Let m € N U {0}. We define the m-th
dyadic cube as the set:

[al,al + 2_m) X oo X [an,an + 2—m)

where a; € 277,

Lemma 9. Let m € NU {0}. Then the sidelength of
the m-th dyadic cube is 27, its volume 27" and its
diameter is 27™/n.

Proposition 10. Any nonempty open set U C R™ can
be written as a countable union of disjoint dyadic cubes
whose closure is in U.

INote that for each m € N we can make a partition of R” in dyadic cubes.



Proof. Let Dy be a union of disjoint 0-th dyadic cubes Theorem 15. The outer measure has the following prop-
whose closure is contained in U. Now let D; be a family erties:
of disjoint 1-th dyadic cubes contained in U \ Dy whose 1. |g|" = 0.
closure is in U \ Dy. In general, let D,, be a family of dis-
joint n-th dyadic cubes contained in U \ UZ;S Dy, whose 2. If AC B CR", then [A|" <|B|".
closure is in U\ UZ;S Dy. By construction, we have that 3. If (4;) € R™, then:
U.2oDo C U and the D,, are clearly pairwise disjoint. - " -
Moreover, if x € U, 6 := d(z,U¢) > 0 and so it will be con- U Al < Z | A"
tained (at least) in an m-th dyadic cube, with 27™/n < 4. = o — k
4. If I C R™ is an open interval and I C A C I, then
|A|" = vol(I).

Hence, |J,~ Do =U O

Definition 11. Let A C R™ be a set. We denote by Z(A)
the set of sequences of intervals that cover A. Analogously,
we denote by Zy(A) the set of sequences of open intervals 5. If I,...,Iny € R" are disjoint intervals, then:
that cover A.

N * N
Definition 12 (Outer measure). Let A C R™ be a set. |_| Iy| = vol(Z)
We define its outer measure as the function |-|* defined by: k=1 =1
. 6. If A, B CR™ and d(A, B) := inf{d(a,b) : a € A,b €
Al i inf {zvowk) ks 1)e I(A)} B} >0, then |AUBI" = [A] + |B["
k=1 7.1f A CR" and z € R”, then |[A+2z|" = |-A|" =
Proposition 13. Let A C R" be a set. Then: ‘A|*2'
0o Sketch of the proof.
|A|* = inf {Z vol(Ip) : {Ix : k> 1} € IO(A)} 1. Clear because @ C I for any interval I C R".
k=1

2. Use the fact that Z(B) C Z(A).

Proof. Let
3. Let € > 0. For each k € N let (I¥) € Z(Ay) be such

|Aly = inf {ivol([k) ALy k>1} € IO(A)} that: N 8
= S vol (1) < [l + o
We* shall see JAI" = |Aly. As Zo(A) C Z(A), we have Since, Uz, ;:; Uso—; I we have that:
|A]" < | Al N | U S :
Ei(l):g (1;;:)56;84?2? t];}é E(})lfmdeﬁmtlon of infimu we can ijl Ag| < kzl vol (IF) < Zl (|Ak|* + 2%)

bl >

. : =D 1Al +e
such that )7~ vol(I) < |A]" + 5. It is clear Vk € N k=1
39y > 0 such that:

I = |af, b x -+ x |a

for all € > 0.
Ji = ’a]f — Ok, by + 5k| X X |a§, - 5k7blfl + 5k| 4. If follows from Item 15-2 and the fact that vol(I) =

1(1).
satisfy vol(Jx) < vol(Ix) + st and so: vol(l)

5. The inequality < follows from Item 15-3.

|Al; < Zvol(Jk) < Zvol([k) +i< A" + e For the other one, let ¢ > 0, I := Ug:l]\{k and K C I

=1 b1 2 be a compact interval such that >, vol(I) <

o ; . vol(K) + e. Now take (J;) € Zo(I) such that
This is true Ve > 0. Thus, Al < |A[". U S vol(Jy) < |I|" +e. In particular (Ji) € Zo(K).
Lemma 14. Let I, Ji,...,Jy C R™ be intervals such that Since K is compact, there exists a finite covering of
IcC Ui\fd Ji. Then, vol(I) < Zi\fd vol(Jy,). K which without loss of generality we may assume

it is K C UpL, Jp. Then
Sketch of the proof. Note that we can suppose I = N

N . . . . M
. Ji. by intersecting (if necessary) with I. Suppose
E’Jkglllkx Y o andgl((et o k}’): T ]E(Ij - Zvol (I) < vol(K) 4+ ¢ < Zvol(Jk) +e

. oy k=1 k=1
appropriate partition of subrectangles of I. Note that oo
vol(I) = 224:1 vol(Ry). If (Jx) were pairwise disjoint we < ZVOI(Jk) o< |I[f 422
would have Zi\il vol(Ry) = ZIJLI vol(Jy). If not, some of k=1
these Rj, are “repeated” and so vol(I) = E;]cwzl vol(Ry) < by Items 15-2 and 15-3. Since this is true Ve > 0,
S vol(J). 0 we get SN vol (I,) < |I]*

Here A+z:={a+x:a€ A} and —A:={—a:ac A}



6. If § = d(A,B) > 0, it suffices to consider two se-
quences (Iy) € Z(A) and (Jx) € Z(B) such that
diam(I;) < 6/3 and diam(Jy) < §/3 Vk € N.

7. It follows from the property that the volume of inter-
vals is invariant under translations and reflections.

O

Definition 16. A set N C R™ is called a null set if
IN|" = 0.

Definition 17. We say that a property holds almost ev-
erywhere (a.e.) if the set of points that doesn’t hold it is
null.

Lemma 18. The countable union of null sets is null.

Proof. Let (N,,) C R™ be a sequence of null sets. Then:

n=1

*

g

Lemma 19. A point is null. Therefore, all countable sets
are null.

Proof. Let = (x1,...,%p,

{z}]* < vol <ﬁ (=i - ~ i+ ;)) =cn

=1

) € R™. Then, Ve > 0 we have:

And if Q C R"™ is a countable subset, then using The-
orem 18 we deduce that |Q|" = 0 from the fact that

Q= quQ{Q}' O

Lebesgue measure

Definition 20 (Lebesgue measure). We say that A C
R™ is Lebesque measurable (or simply measurable) if Ve >
0, there exists an open set U D A such that [U \ A|" < e.
We denote by M(R") the set of all Lebesgue measurable
sets of R™ and by |-| the restriction of |-|* to M(R").

Theorem 21. M(R") is a o-algebra and |-| : M(R") —
[0,00] is a measure (called Lebesgue measure) that satis-
fies:

1. The open sets, closed sets and null sets are in

M(R™).
2. Each interval I C R" is measurable and |I| = vol(I).

3. f A e M(R") and x € R”, then A+xz,—A € M(R")
and |[A+ z| = |-A| = |4|.

4. TF A € M(R™):

|A| = inf{|U|: A CU CR",U open}
=sup{|C|: C C A CR",C closed}

=sup{|K|: K C A CR", K compact}

Sketch of th
algebra.

e proof. Let’s prove first that M(R™) is a o-

e« R* € M(R™) because R™ is open and 0 =
IM(R™)\R"|* <& Ve >0

o Let (A,) € M(R™). Then, Ve > 0 for each
n € N there exists an open set U,, O A, such that

Un \ Ay|” < 5. Now, U := {J,~, U, is open and
satisfy:
UU \UA < |J W\ 4n)
n=1

Mz

U \ Ap|” <22n_

n—1
Let’s see now the first property.

1. Clearly open sets are measurable and so are the null
sets since |[U \ N|* < |U|* for all open sets U and
null sets N. To show that the closed sets are mea-
surable, let’s prove first that the compact sets are
measurable. Given a compact set K and € > 0, there
exists an open set U such that K C U, |U| < |K|"+¢
and U\ K = | |;2, Dy, where (Dy,) are dyadic cubes.
Thus:

*

= [K["+)_vol Dy
k=1

o0
Ku| | Dy
k=1
by Item 15-5. Thus, U\ K|* < > 52, vol Dy, < e.
Finally, as any closed set can be written a countable
union of compact sets, since M(R™) is a o-algebra,
we get the desired result.

K" +e> Ul >

Finally:

o Let A € M(R™). Then, Vk € N there exists an
open set Uy 2 A such that |Uy\ A" < 1. Let
U :=Ug—, U Then, U C A° and if N = A°\U we

have that N C U, \ AVk €N. So [N|" <t VkeN

and therefore N is null. So A° = U U N is union
of two measurable sets (U is a countable union of

closed sets) and thereby measurable.

So M(R") is a o-algebra. Now let’s see that |-| is a mea-
sure.

o Consequence of @ € M(R") and |2]" = 0.
o Let (Ay) € M(R") be pairwise disjoint. We need to

prove that:
oo o0
[ | = 1
n=1 n=1

One inequality has already been given in Item 15-3
For the other one, first suppose that the (A,,) are
bounded. Then, Ve > 0 there exist compact sets
K, C A, such that [A,| < |K,|" + £. Then:

« €
ZIA |<Z(\Kn| + o5 ) 1Al +e
n=1
If the (A,) aren’t bounded, then take (B! ) mea-
surable and bounded such that 4,, = | |>_, B and
so:

A

ZIA | = Z Bl =

n,m=1

) Bi|=

n,m=1




So |-| is a measure. Now let’s continue with the remaining
properties:

2. I = 0IUInt(I) which is a union of a closed set and
an open set. Hence, I € M(R™) and |I| = vol(J)
(by Item 15-4).

3. It follows from Item 15-7.

4. Note that if A € M(R"™), then there exists a closed
set C C A such that |[A\C|" < e Ve > 0. In-
deed, there exists an open set U O A€ such that
|U\ A¢|" < e. Now take C = U°. From here we
deduce the first two equalities. For the third one, it
suffices to bound to closed sets by intersecting them
with balls to become compact sets.

O

Definition 22. A real function is a function f : R™ —
[—00, +00]. We will say that f is finite if 00 ¢ im f.

Definition 23. Let f be a real function. We say that f
is Lebesgue measurable (or simply measurable) if {f(x) >
r} € M(R™) vr e R.

Lemma 24. Let a,b € [—00,+00] and f be a real func-
tion. The sets:

are all measurable.

Sketch of the proof. Rewrite the sets as union of antiim-
ages of f. For example, for the second one:

{a < f(x) <b} ={f(z) > a} U{f(z) = b}"
=N {f@)m-i}u <U {f(m)>b—711}>

Since all the sets in the unions are measurable, so is the
initial set. O

Proposition 25. A function f : R™ — R is measurable if
and only if for all open set U C R, f~1(U) € M(R"™).

Sketch of the proof.

=) Let U C R be an open set. We can write U as a
countable union of intervals I,,. Then:

fﬁl(U) = fil (U In) = U fﬁl(In)
n=1 n=1

And f~(I,) € M(R™) by Theorem 24.
<=) Take the open set (r,00) C R and note that:

{f >r}=f"(r,00)) € M(R")

Proposition 26. Let f be a finite measurable real func-
tion, U C R be an open set such that im f C U and
¢ : U — R be a continuous function. Then, ¢ o f is also
measurable.

Proof. For any open set V' C R we have that:
(o NTHV) = M (V) € M(R™)
because ¢~ (V) is open as ¢ is continuous. O

Proposition 27. Let u, v be two finite measurable real
functions, U C R? be an open set such that (u(z),v(z)) €
UVer € R" and ¢ : U — R be a continuous function.
Then, p(u(x),v(x)) is also measurable.

Sketeh of the proof. For any open set V. C R, o= 1(V) is
open, and therefore it is a countable union of intervals of
the form I x J. Now, use the fact that {(u,v) € I x J} =
{uelI}n{veJ}. O

Proposition 28. Let f, g be two measurable real func-
tions. Then, so are f+g, fgand f/g if g(z) # 0 Vo € R™.

Proof. Use Theorem 27 with p(x,y) = z|y|", ¢(z,y) = 2y
and ¢(z,y) = z/y, respectively. O

Proposition 29. Let f, g be two real functions such that
f is measurable and f “= ¢. Then, ¢ is also measurable.

Sketch of the proof. Let N := {f # g} which is null. More-
over, note that Vr € R:

{g>rt={f>rtu({g>r}nN)
which is measurable. O

Proposition 30. Let (f,;) be a sequence of measurable
real functions. Then, the following functions are measur-
able:

o sup{fm :m e N}
e inf{f,, : m e N}

e limsup fi,
m—o0

e liminf f,,
m—r oo

Furthermore, any function being pointwise limit a.e. of a
sequence of measurable functions is measurable.

Sketch of the proof. Use de following identities for each
case:

o {sup{fm :meN}>r}= U{fm>r}
n=1

o inf{f,, : m €N} = —sup{—f,, : m € N}

o limsup f,, = inf{sup{fr : k > n}:m e N}

m—o0

o liminf f,,, = sup{inf{fx : £ > n}:m e N}
m—o0

For the last property, if f(z) = W}gnoo fm(z) Ve e R\ N
with f,,, measurable functions and [N| = 0, then f, 1gs\n
are measurable, flgn\n = n}gnoo fmlrm\y and f =
flgmn- [



Definition 31. The Borel o-algebra over R™, B(R"™), is
the smallest o-algebra that contains the open sets of R™.

Lemma 32. We have that B(R") C M(R").

Definition 33. A function g : R — R is Borel measurable
if {x e R":g(x) >r} e BR") VreR.

Proposition 34. Let f : R — R be a Lebesgue mea-

surable function and g : R — R be a Borel measurable

function. Then, g o f is Lebesgue measurable.

Sketch of the proof. The set
Y ={Ae MR"): f(A) is measurable}

is a o-algebra that contain the open sets. Keeping this in
mind, for any open set U C R we have that:

(90 /)" (U) = £~ (U) € M(R™)
because g~ 1(U) € B(R™) C Xy. O

Definition 35. Let f be a measurable function. We de-
fine the following measurable functions:

* = sup{f,0} f~ =sup{-f,0}
Note that then, f = f* — f~ and |f| = f* + .

Definition 36. A simple function is a linear combination

N
§:= g agla,
k=1

where a;, € R and Ay, € M(R") for k=1,...,

Theorem 37. Let f : R" — [0,400] be a measurable
function and Vk € N, m € NU {0} let:

N2,

E(k,m) := {162;1 <f< 2];} and F(m):={f>m}

Then, the sequence of positive simple functions

m2™

-1
S = mlp(m) =+ Z 727”

1emm)

is increasing and li_r>n s$m(z) = f(z) Vo € R™.

Sketch of the proof. The sets E(k,m) an F(m) are mea-
surable and satisfy:

E(k,m)=E(2k—1,m+ 1)U E(2k,m+ 1)
and:
(m+1)2m+!
F(m) = || EMhm+1)|UF@m+1)

h=m2m+t141

The proof of s,,(z) < 841 () follows from distinguish the
following three cases: z € F(m+1), z € F(m)\ F(m+1)
and z € E(k,m) for some k € N.
Now given x € {f # oo}, we have that z € E(k,m) for
some k € N. Thus:
k—

2m

If z € {f = oo}, then 1i_r>n sm(z) =

L) < g = 0 (@) —sn(e) < 5

m=o0= f(z). [

Theorem 38. Let f: R™ — [—00,400] be a measurable

function. Then, there exists a sequence of simple func-

tions (s,,) such that lim s, (z) = f(x) V& € R™ and
m—r oo

(5l < Ismsa] < |f] Vm € N.

Sketch of the proof. Apply Theorem 37 to the functions
ftand f~ and use that f = f* — f~ and |f| = fT+ f.
O

Lebesgue integral

Definition 39. Let N € N, F;,..., En be disjoint mea-
surable sets and s = Zszl arlp, be a positive simple
function such that 0 < a1 < -+ < ay < co. We define
the integral of s over R™ as:

N
/S = ZO{HEH
k=1

We define the integral of s over a measurable set E as:
N
/8 = /S].E = ZO&HEk ﬂE|
W k=1

Proposition 40. Let (F,) be a sequence of measurable
sets and s, t be simple functions. Then:

1. f B = DEn,then/s:i/s.
n=1 B n:lEn

2. /(s+t):/s+/t.
3. If)\ERZO,then/)\s:)\/s.
4. IfsSt,then/sS/t.

Sketch of the proof. Note that we can suppose s =
N N .
Zk:1 aglp, and t = Zk:l Br1F, with ag, B > 0.

1.

= DkaE

Mz

[

F,m|_|E

=~
Il
_

k=1

alekﬂEnl Z/
:E

8

tqu
NE

3
Il
-
=~
Il

1

The other proofs are straightforward by considering t+s =
N N
> k=1(Br £ ar)lp, and As =37, Aaylp,. O

3We may suppose that the sets A, are pairwise disjoint, the quantities oy, are all different and that A, = s~ %.



Proposition 41. Given a simple function s, the function

s : M(R"™) — [0, 0]
E +— s
/

is a measure.

Sketch of the proof. Clearly us(@) = 0 and the property
of o-additivity is exactly Item 40-1. O

Definition 42. Let f : R® —
function. We define:

[0,400] be a measurable

S(f) :={s: s is a simple function such that 0 < s < f}

Definition 43. Let f : R — [0,400] be a measurable
function. We define the integral of f over R™ as:

/f T = sup /s
seS(f)

Rn

We define the integral of f over a measurable set E C R™

as:
b[f(x)dw :RZf(w)lE(x) deEE?JgE)/s

Proposition 44. Let E C R™ be a measurable set, s be
a simple function and f, g be measurable functions such
that f(z) < g(x) Vo € E. Then:

1. /s:/s(m)dx

E

2E/f dx</g()dx

Sketch of the proof. The first property is clear. Regarding
the second one, just note that:

5 /s < 5 /s
seS(f1g) s€S(glg)

S(flg) CS(glg) = sup sup

O

Theorem 45 (Monotone convergence theorem). Let
E C R™ be a measurable set, f > 0 be a non-negative mea-
surable function such that 3(f,,) > 0 with f,,, measurable
vm € N and f,, / f. Then:

/ f(z)dz = lim [ fo(z)dx
m— o0
E B
Proof. The inequality [, fm(z)dz < [}, f(x)dx is obvi-

ous. We need to prove the other one. To do 50 1t suffices to
show that Ve > 0 and Vs € S(f1g) we have (1—¢) [, s <
lim fE fm(z)dz. Let By, = {fm > (1—¢)s}. Note that

E /‘ E and moreover:

b/fm >EZ fu > (1—E>Els

Since p; is a measure we can use [tem 5-3 to conclude that
Jiz s[5 s. Therefore, Ve > 0 we have:

(- [s< im [ 1

m—0o0o
E E

O

Proposition 46. Let £ C R™ be a measurable set with
|E| > 0, f,g,(fm) > 0 be non-negative measurable func-
tions. Then:

1. /(f+g)(x)dx=/f(x)dx—i—/g(x)daz

E E E

[\

./nifm( =Z/fm

mlE

e

If (Ex) is a sequence of measurable sets such that
E=|]|7_, E,, then:

o0

/f(x)dxzz /f(x)dw

E m=lg

m

4. f « € [0,00), then [ af(x)dz=«a [ f(z)dx.
[

E

o

/f(x)dsz — f“ 0onE.

6. f N C E is a null set, then /f(a:)dx =

/ flz)dx E

E\N

a.e.
7. If/f(:z:)dz< oo, then f < oo on E.

*®

If h € R", then flx+h)de = | f(-
/ /

/f(x) dx
B

Sketch of the proof.

1. Use the 45 Monotone convergence theorem to the
sequences of simple functions s,, A/ f and t,, g
(that exists by Theorem 37).

2. Use induction from Item 46-1 and the 45 Mono-
tone convergence theorem to the sequence Fy =

N
Zm:l fm (x)'
3. Apply Item 46-2 to fp, = flg,, -

4. Use the 45 Monotone convergence theorem and this
property for simple functions (as in Item 46-1).



5. The implication to the left is clear. For the other
one, define A,, = {f > L}. We would like to see

that |{f > 0}| = \ lim Am’ = 0. But Ay, C Apgs
m—r 00

and they are clearly measurable. So by Item 5-3 we

have:
7> 0}l = lim 4| = Jim_ [ d=
Am
< lim m [ fdx=0
m—0o0
Am

Hence, the set {f > 0} is null, i.e. f = 0 on E.
6. Just note that

/f—u/f+/f

E\N

and [y f = 0 because [, s =0 Vs € S(1x) by the
construction of the Lebesgue integral.

{f = m}.

8. For indicator functions the statement is clear since
if f(z) = 1g(x), then f(x + h) = 1g_p(z) and
f(—=z) = 1_g(z). Now extend this to positive simple
functions and the to positive measurable functions.

O

7. Apply Item 5-3 to the sets A, =

Corollary 47. Let E C R™ be a measurable set, f > 0 be
a non-negative measurable function such that 3(f,,) > 0

with f,,  f. Then:

[ 1@
E

Sketch of the proof. Consequence of Item 46-6 with the
null set N ={ lim f,, # f}. O
m— o0

dr = lim
m—r 00
E

fm(z)dz

Theorem 48 (Chebyshev’s inequality). Let E C R”
be a measurable set, f : E — R be a measurable function
and « € Ryg. Then:

112 )l < 2 [ 1f@)as
E

Proof.

{Ifl = o}l = dz <
{If1za}

<= [1r@)ds
E

Lemma 49 (Fatou’s lemma). Let £ C R™ be a mea-
surable set and (f,,) > 0 be a sequence of non-negative
measurable functions over E. Then:

/ lim inf f,,,(z)

m—00
E

|f ()| dx
{If1za}

QIr

O

m— o0

)dz < lim mf/fm

Sketch of the
lim inf{f, :
k—o0

vergence theorem to the increasing sequence of functions
(Fy) defined by Fj, = inf{f,, : m > k}. Bear in mind that
Fy < fg. u

proof. Remember that liminf f,, =
m—00

m > k}. Now apply 45 Monotone con-

Definition 50. Let £ C R™ be a measurable set and
f: E — [—00,+0] be a measurable function such that
either [ f*(z)dz < oo or [ f~(x)dz < oo. Then, we
define the mtegml of f over E as:

[t@aei= [ @ [ 1@
E E E

We say that f is an integrable function over E if

Hmp:/uuwu<m
E

The set of such functions is denoted by £!(E).

Proposition 51. Let E C R™ be a measurable set and
f:+ E — [—00,+00] be a measurable function. Then, the

function g = f1|f|< is finite and f =g

Proposition 52. Let E C R" be a measurable set. Then:
1. L1(E) is a vector space over R.
2. The integral

[p: LY(E) — R
fo—Jpf

is a linear form.

3. If f,g € L'(E) are such that f 2 g on E, then
I f < [ 9. Moreover:

[ t@as) < [15@) s

4. If f € LY(F) and E = E; U By with E;, Fy measur-
able, then

/f dx—/f dx+/f

E,{UFE>

5. If he R, f € LY(E), then:

/forhdxf/f dxf/f

Theorem 53 (Dominated convergence theorem).
Let E'C R™ be a measurable set, f be a measurable func-
tion over E such that 3(f,,) measurable with f,, %% f

and | f(2)] S g(x) on E with g € £1(E) Vm € N. Then,
fa fm € EI(E) vYm € N and:

!ﬂ@

de = lim [ fn(z)dz
m—0o0

E



Proposition 54. Let E C R™ be a measurable set,
f,g € LY(E) and X € R. Then:

LoALf+glly < U fHl + gl
2. IAflly = I Il
3. fli=0 <= f=0

Definition 55. Let E C R"™ be a measurable set and

(fm), f € LYE). We say that (f,,) converge in mean to

fif lim ||fm — fll; =0, or equivalently lim f,, = f on
m—o0 m— o0

LY(E).

Theorem 56. Let E C R™ be a measurable set and

(fm) € LY(E).

LIS I fmlly < oo, 3f € LYE) such that

Zm 1 fm = f on L1(E) and Zm L fm(z) = f(2)
converges absolutely Vo € E'\ N, where N is a null
set.

2. If lim f,, = f on L(E), then there exists a subse-
m—o0
quence (fi,, ) such that klim fm, = f on LY(E) and
—00
klim fm,(x) = f(x) Yo € E\ N, where N is a null
—00

set.

Proposition 57. Let E C R™ be a measurable set and

f € LY(E). Then, there exists a sequence of integrable

simple functions (s,,) such that lim_s,, = f on LY(E),
lim sp,(z) = f(x) Ve € E and |sp| < |smy1]| < |f]
m—r o0

VYm € N.

Integral calculus in one variable and Riemann
integral

Definition 58. Given a function f : R — R, we say
that fab f(z) dx exists and it is finite if f is integrable on
(min{a, b}, max{a,b})".

Theorem 59 (Mean value theorem for integrals).
Let f : R — R>o be a positive integrable function over
(a,b) and g : (a,b) — R be a measurable and bounded
function such that o < g(z) < B almost everywhere on
(a,b). Then, Iy € [«, 8] such that:

/bg(af)f(x) dz ZW/bf(x) dz

Moreover if g is continuous, 3¢ € (a,b) such that:

b b

[ s@)5@)dz=g(9) [ f(a)da

a a
In particular, taking f =1, we get:

b

/ o(x) dz = g(£)(b — a)

a

Theorem 60 (Barrow’s law). If f : [a,0] - R is a
continuous function and derivable on (a,b) with bounded
derivative, then f’ € £!((a,b)) and

b
JECES

Theorem 61 (Fundamental theorem of calculus).
Let f: (a,b) = R be an 1ntegrable function and continu-
ous at y € (a,b). Then, F(z) = [ f(s)ds is derivable at
y and F'(y) = f(y)-

Theorem 62. Let ¢ : [, 8] = [¢, d] be a continuous func-
tion and derivable with bounded derivative on (a, 3). Let
a=p(a)and b = @(B). If f: [¢,d] — R is a continuous
function, then (f o ¢)¢’ is integrable on («, 8) and:

d B
[ t@yas= [ st

Theorem 63 (Integration by parts). Let F,G

[a,b] — R be the primitives of the two bounded functions
f,g: (a,b) = R. Then, Fg, fG € L(a,b) and:

—/bf(x)Gx dz

Theorem 64. Let f : [a,b] — R be a Riemann integrable
function. Then, f is also Lebesgue integrable and both
integrals coincide.

(b) — f(a)

Functions defined by integrals

Theorem 65. Let E C R™ be a measurable set, I C R
be an interval, g € £!(E) be such that g > 0 and f(-,t)
be an integrable function V¢ € I. We denote:

= /f(x,t) dz

,+) is continuous on t; almost everywhere on

1. If f(z
Eand |f(a,t)] < g(a
at to.

2. If f(x
and

) Vt € I, then ® is continuous

,+) is derivable on ¢y almost everywhere on E

of
e, t)\

a.e.

< glx) vtel

then the function %(m, -) is integrable on E and

@'(to) :/%{(T/,to)dm

E

Definition 66 (Hardy-Littlewood maximal func-
tion). Let f € £L}(R™) and B C R" be a ball. We define
the Hardy-Littlewood mazimal function as:

Mf(x) = Sup|B|/|f )| dy

4Note that if f is measurable, the integral always exists, but it may be Foco.



Theorem 67. Let f € L1(R") and B C R” be a ball.
Then:

1. M f is measurable.

a.e.
2. Mf < oo.

3. {zeR": Mf(x) > a}| < §/|f(x)|dx
RTL

Theorem 68 (Lebesgue differentiation theorem).
Let f € £LY(R") and B C R" be a ball. Then:

. ]- a.e.
|énil>oB|Zf(y) dy =" f(z)

Proposition 69. Let f € £1(R") and suppose M f €
LY(R™). Then, f = 0.

rE€B

Fubini-Tonelli theorem

Definition 70. Let E C RP*? and y € R?. We define the
section of E at y as:

E(y) ={zeRP: (z,y € E)}

Proposition 71. Let E,F,E, C Rrtq
y € R?. Then:

k € N, and

I.LIfE = Ax B, with A C
E(y)=Aify € B and E(y)

2. ENF=g = E(y)N

) (ﬂ Ek) (y) = ﬂ Ey(y)
k=1 k=1

ii) (U Ek> (y) = U Ex(y)
k=1 k=1

i) (E\F)(y) = E(y)\ F(y)
4. If E(y) is measurable, then:

RP and B C RY, then
=oify¢ B.
F(y) =

3.

B(y)| = / 15(z,y) de

RP

In particular, if E is an interval E = I, x I, then:
[ (y)l = [Ip|11,(y)

Lemma 72. Let E C RPTY be a measurable set. Then:

1. There exists a null set N C R? such that E(y) is
measurable Vy € R7\ N (that is F(y) is measurable
almost everywhere Vy € RY).

2. The function

_JIE(@)| ifyeRI\N
(D(y){o ifyeN

is measurable and positive on RY.

3. |E| = / E(y)|dy
R4

Theorem 73 (Tonelli’s theorem). Let f : RPTY —
[0, o0] be a non-negative measurable function. Then:

L. f(7y) and f(xa
xz € RP y e R

-) are measurable almost everywhere

2. Let N, and N, be the respective null sets where the
above functions aren’t measurable. Then the func-

tions
x if y e R7\ N,
q)(y) _ {gRP f( fy N \ q
1Ly € Ng
() = Jga f(z %fxERp\Np
0 ifxe N,

are measurable on R? and R”, respectively.

Jewa= [ e dey = [ v

R4 Rp+a RP

Corollary 74. Let f: RPT? — [0, 00] be a non-negative
measurable function. Then:

/fxy (z,9) //fxydx dy
Rpr+a
R[ [f(x,y)dy da

These identities are sometimes written as:

[ tewasdy= [ay [ sy de

Rpta Ra
=/dw/f(w,y)dy
RP Ra

Corollary 75. Let f : RPT? — R be a measurable func-
tion. Then, f is integrable if and only if:

R[dykllf(m’y)'dx <o

Theorem 76 (Fubini’s theorem). Let f € L1(RP+9).
Then:
L f(vy) € L' R) and f(z
y € RY.

) € LYRY), z € R,

2. Let N, and N, be the respective null sets where the
above functions aren’t integrable. Then the func-

tions
» flx if y e RT\ N,
Yy € Ny
; p
W(z) = Joa f(z,y) dy ?fxER \ N,
0 ifxe N,

are integrable on R? and RP, respectively.



[ewa= [ f@yaes = [v@a
Ra Rpr+a RP
Change of variables

Definition 77. Let U,V C R™ be open sets. A change of
variables is a diffeomorphism ¢ : U — V of class C!.

Theorem 78 (Change of variables). Let U,V C R"
be open sets and ¢ : U — V be a change of variables. If
f:R™ — [0, o0] is measurable or integrable on V', then so

is (f o p)|Jep| and:

/ﬂ@m:/}wm»w@Mt
Vv U

2. | Banach spaces

Normed vector spaces

Definition 79. Let M be a set. A distance in M is a
function d : M x M — R such that Vz,y,z € M the
following properties are satisfied:

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

(triangular inequality)

We define a metric space as a pair (M, d) that satisfy the
previous properties.

Proposition 80. Let (My,dy),...,(My,d,) be metric
spaces. Then, My x --- x M,, with the distance

;n}

,Un), is a metric space.

d(z,y) = max{d;(z;,y;) i =1,...
where x = (21,...,2,), ¥y = (Y1, ...

Definition 81. A metric space (M, d) is complete if every
Cauchy sequence in M converges in M.

Definition 82. Let E be a real (or complex) vector space.
A normon FE is a function || - || : E — K (where K = R, C)
such that Yu,v € F and VA € K the following properties
are satisfied:

1. |lu =0 <= u=0
2. [|Aall = [Alfull
3. lu+ vl < fhul| + vl

(triangular inequality)

We define a normed vector space as a pair (E,| - ||) that
satisfy the previous properties.

Proposition 83. Let (Ey,||-|l),-- ., (En,|-||,,) be normed
vector spaces. Then, Fy X --- x F, with the norm

;n}

[(z1,...,20)|| = max{[ja;|, :i=1,...

is a normed vector space.

Proposition 84. Let (E,| -]|) be a normed vector space
and consider the following functions:

S:ExFEF— FE P:RxFE— FE
(z,y) — x4y (A x) — Az

Then:

1. S is uniformly continuous.
2. P is continuous.
3. |l : E — R is Lipschitz continuous:
Nzl = lylll < le =yl Vo,yek
Sketch of the proof.
1, 2. Tt follows from the Triangular inequality.
3. Consider the inequalities:
el < llz =yl + Myl Nyl < lly ==l + [l]]

O

Definition 85. Let (E,|| - ||) be a normed vector space
and (z,) € E be a sequence. We say that Y~ z, is a
convergent series in F that converges to x € E if:

N
o

n=1
We say that > 07 | x,, is absolutely convergent if:

[eS)
D ]l < oo
n=1

Proposition 86. Let (E, || -||) be a normed vector space
and Y~ |z, = x be a convergent series. Then:

)
] < llznll
n=1

lim =0
N—oo

Proof.

N N >
N—o00
n=1 n=1 n=1

lz]| = lim
N—oo

O

Definition 87 (Banach space). A Banach space is
normed vector space which is complete with the distance
associated with the norm.

Theorem 88. Let (E,|| - ||) be a normed vector space.
Then, (E,| - ||) is a Banach space if and only if every se-
ries in F that converges absolutely, converges.

Proof.
=) Let Y .2, x, be a sequence in E that converges

absolutely. Then, Ve > 0 and VM > N > 0 large
enough we have:

M N M [eS)
D o= 2wl S D lleals D el
n=1 n=1 n=N+1 n=N+1

<e€

because it is the tail of a convergent series. Thus,
fozl T, < oo because it is Cauchy and E is Ba-
nach.

10



<=) Let (y,) € E be a Cauchy sequence.
Vk € N, dny, such that Vp, g > ni we have:

Then,

yp — yqll < ok

Now consider the sequence (x,,) € E defined as
T = Yn, a0d Ty = Yn,, — Ynmo, VIR > 2.
Therefore, [|2,,] < 575 ¥m > 2 and so the se-
ries > °_ || || converges, and so does the series
. M
S T = x € E. Since, > Tm = UYny,
we have that lim y,,, = z. Finally, as (yn,,) is
M —o00

a subsequence of (y,), which is Cauchy, we have
that lim g, = z.

n—oo

O

Proposition 89. The space B([a,b]) of continuous and
bounded functions with the uniform norm

[ flloo = sup{|f(t)| : t € [a, 0]}
is Banach.

Proof. Let (fn) € B([a,b]) be Cauchy. Then, for each
x € [a, b], the numeric sequence (f,(x)) is Cauchy and so
it converges pointwise to a function f(z). Thus, we have:

(@) ~ fonl@)| = Jim [fu() — f(2)]

lim
n,Mm—>00
which is valid Vo € [a,b]. Hence, lim |f, — f|,, and
n—oo

clearly f € B([a,b]), as it is the uniform limit of continu-
ous and bounded functions. O

Proposition 90. Let (£, -||) be a normed vector space
and F' C F be a vector subspace. Then, F' is also a vector
subspace of E.

Sketch of the proof. Let z,y € F and A\ € K. Then,

I(xn), (yn) € F such that lim z, = 2 and lim y, = y.
n—oo n—oo

The continuity of the functions defined in Theorem 84 im-

pliesx +y € F and \x € F. O

Proposition 91. Let (E, || -||) be a normed vector space
and ' C FE be a vector subspace.

1. If F' is complete, it is closed.

2. If F' is closed and F is Banach, then F' is complete.
Proof.

1. Let € F. Then, 3(x,,) € F such that Jim 2, = .

In particular (z,) is Cauchy and since F' is complete,
we conclude x € F.

. Let (z,,) € F be a Cauchy sequence. In particular,
it is a Cauchy sequence in F and so dz € F with

lim z, = z. Moreover, this z satisfies z € F and
n— o0

since F' is closed, = € F.
O

Definition 92. Let (E,| - ||) be a normed vector space
and A C E be a subset. We say that A is a total subset if
(A) is dense in E.

11

Remark. The linear span (A) exclude the infinite linear
combinations of elements in A, even if A is a subspace of
infinite dimension.

Definition 93. A metric space is called separable if it
contains a countable dense subset.

Proposition 94. A normed vector space E is separable
if and only if it contains a total countable subset.

Proof. The implication to the right is evident. For the
other one, let A be the total countable subset and con-
sider the set (A)qg of rational linear combinations. This
set is countable and dense in (A). Since the latter one is
also dense in E, we conclude that (A)q is dense in E. [

Proposition 95. Let M be a separable metric space and
S C M be a subspace. Then, S is separable.

Proof. Let A be the countable dense subset of M. The
balls B(y,1/n) with y € A, n € N cover S. For each
y € N, let A,, be the set formed by one point of each
nonempty B(y,1/n)NS. The set |J,—; A, is dense in S.

0

Proposition 96. Let M, N be separable metric spaces.
Then, M x N is separable.

Sketch of the proof. The product of two dense subsets is
dense with the product topology. O

Quotient space

Definition 97. Let E be a normed vector space and F'
be a closed subspace. We define the quotient space E/F
as the respective quotient vector space with the associated
norm:

HEHE/F = inf{||z]|p : 2 € E with Z =7}
=inf{lle +yllp:y € F}

Proposition 98. Let E be a normed vector space and F'
be a closed subspace. The quotient space E/F is a normed
vector space. Moreover, the map

m:E— E/F
r— T

is continuous with [[z]| 5, p < ||| -
Sketch of the proof. Note that T =z + F and so
1Zllg/p=d0,2+F)=0 < 0€x+F < =0

The inequality follows from the fact that |[yl|p,» = 0
Vy € F. From here, the continuity is clear. O

Lemma 99. Let E be a normed vector space and F' be a
closed subspace.

1. If F is Banach, so is E//F.
2. If F is separable, so is E/F.

Sketch of the proof.



L Let 3°0°, |Tallg/r < oo and for each n € N
take z, € T, with [zn| < 2[Zn[|g,p-  Then,
>0 llznll < oo and since E is Banach, Y o7 | z,, =
xz € E. The continuity and linearity of 7 implies
S |7, =T. Hence, E/F is Banach.

n=1 Ln =

2. Note that the density and countability of sets are
invariant under .
O
LP spaces

Definition 100. Let £ C R™ be a measurable set and
1 < p < oco. We define:

LP(E): f: E — R" measurable : /|f|p < 00
B

L>(E):

{f : E — R" measurable : 3IM > 0 with
@) < M,z e B}
N(E) :={f: E — R" measurable : f = 0}

Definition 101. Let £ C R"™ be a measurable set and
1 < p < oo. We define:

1(8) =By

Lemma 102 (Young’s inequality for products). Let
a,b>0and 1 <p,qg < oo be such that %—i— % = 1. Then:

a? b9
ab < — 4+ —
p q
And the equality holds if and only if a? = b?.
Sketch of the proof. Let f :[0,a] — R be continuous and
invertible such that f(0) = 0. Then, we have

a

ab < /f(:):) dz

0

b
+ [ f N (z)da
0
with equality if and only if f(a) = b (see Fig. 1 for a
better understanding). Now take f(x) = xP~! and so
f~Y(x) = 2971, The equality is held if:

A l=band b9 ' =g < P =7

____________________________

© | I

Figure 1
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Definition 103. We say that p,q > 1 are Hdélder conju-
gates if % + % =1.

Proposition 104 (Holder’s inequality). Let E C R”
be a measurable set, 1 < p,q < oo be such that % + % =1
and f € LP(E), g € LY(E). Then:

[isa=<| [ " J1al N
E E E

Or equivalently (see Theorem 107):

Ifglly < [171, llgll,

And the equality holds if and only if Ja, 8 € R>( such
that a|f[” =" Blg|".

Proof. Dividing f by || f|, and g by ||lgl, we can assume
that || f[|, = llgll, = 1. Then, using 102 Young's inequality
for products we have:

[1r@gteas < [ (

The equality follows from the equality in 102 Young's in-
equality for products. O

lg(x)*
q

|f (@)l
p

11
+ )dx:—i—:l
p q

Corollary 105 (Holder’s inequality). Let £ C R™ be
a measurable set, 1 < p,q,r < oo be such that % + % = %
and f € LP(E), g € LY(E). Then, fg € L"(E) and:

1fall, < 171, llgll,

Sketch of the proof. Use 104 Holder’s inequality with F' :=
f|" € L*(E) and G := |g|" € L¥(E), noting that p/r and

g/r are Holder conjugates. O

Corollary 106 (Interpolation inequality). Let E C

R™ be a measurable set, 1 < p; < ps < 0o and f €
(

LP1(E) N LP2(E). Then, Vp € [p1,p2] we have f € LP(E)
and:

@ 11—«
£, < NF1L,, LI,
i 1 _ a4 1z«
with a € [0,1] such that = = + ==&,
Proposition 107. Let £ C R™ be a measurable set and

1 <p < oo. The set LP(E) is a normed vector space with
the norm:

1/p
T / Tk Vi € IP(E)
B

And the set L*°(F) is also a normed vector space with the
norm:

Ifllc = inf{M:|f(z)] < M,z € E}  VfeL®(E)



Sketch of the proof. The case of L™ (FE) is easy and the first
two properties for LP(E), p > 1, too (remember [tem 46-
5). It’s missing to prove the Triangular inequality (also
called Minkowski inequality in this case):

1f+gll, < I£Il, + llgll,
We have that:

|u+gmﬂ3/V+mV+m“1
E

s/uwwyW“+/mw+m“1
E E

1/p 1/p
< /UF + /MF
E E
1-1/p
| [ 1+ gt
E
If+gll,”
=(Ifl, + lgll,)———=
(A1, + o1, T ot
]

Other important Banach spaces

Definition 108. Let I be an index set. We denote by
¢o(I) the space of all sequences convergent to 0; by ¢([),
the space of all convergent sequences, and by ¢>°(I), the
space of all bounded sequences.

Proposition 109. Let I be an index set.
co(I), ¢(I) and €2°(I) with the uniform norm

The spaces

[(@n)llo = sup{|zs| : n € N}
are Banach.

Definition 110. Let 1 < p < oo and I be an index set.
We define the space ¢P(I) as the space of the sequences
2 = () such that:

[e%e) l/p
Iz, == (Z J;np> < oo
n=1

Proposition 111. Let I be an index set.
(¢P(I),|]l,) is Banach.

The space

Space of continuous functions

Definition 112. Let X # @ be a set. We define the set
B(X) as the vector space over K = R, C of the functions
f X — K that are bounded with the uniform norm (or
supremum norm,):

1= [1fllx = sup{[f(2)] : 2 € X}

Proposition 113. Let X # & be a set and (f,),f €
B(X) be functions. Then:

lim ||f, — f|]| =0 < f, converges uniformly to f
n—oo

Sketch of the proof. Remember the characterization 77.
O

Definition 114. Let K C K" be a compact set. We de-
fine C(K) as the closed subspace of B(K) containing the
continuous functions.

Proposition 115. Let K C K" be a compact set and
fyg € C(K). Then:

1ol < Wfllx Mgl s

Definition 116. Let K C K" be a compact set and
A C C(K) be a subset. We say that A is a subalgebra
if A is a vector subspace, and it is stable under the prod-
uct, that is if Vf, g € A we have fg € A.

Proposition 117. Let K C K" be a compact set and
A C C(K) be a subalgebra. Then, A is also a subalgebra.

Proof. In Theorem 90 we saw that A is a vector sub-
space. To show that is stable under the product, consider
f,g9 € A. Then, we can write f = lim f, and g = lim g,

n—roo n—oo
with (fn), (gn) € A. Finally:

1f9 = fngnllx < Ufg— Fugllx + 1 Fng = follx
<gllwe 1f = Falle + 1 fnllk g = gnll s

which has limit O when n — oco. O

Definition 118. Let K C K" be a compact set and
A C C(K) be a subalgebra. We say that A is a separating
set (or separate the points of K) if Va,y € K 3f € A such

that f(z) # f(y).

Definition 119. Let K C K" be a compact set and
A C C(K) be a subalgebra. We say that A vanishes
nowhere if Vo € K 3f, € A such that f,(z) # 0°.

Lemma 120. Let K C K" be a compact set and A C
C(K) be a separating subalgebra that vanishes nowhere.
Then, Vz,y € K and Va,5 € K, 3f € A such that

f(z) = aand f(y) = 5.

Proof. By hypothesis 3g,hg, h, € A such that g(z) #
9(y), hy(x) # 0 and hy(y) # 0. Then consider:

hy, g—g(x)

he g—9) -
v(¥) 9(y) — g9(z)

F= @ 9@ — 9(y)

+8 5

O
Definition 121. Let K C K" be a compact set and
A C C(K) be a subalgebra. We say that A is self-conjugate
if f € A whenever f € A.

Lemma 122. Let K C R"™ be a compact set and A C
C(K) be a subalgebra. If f € A, then |f] € A.

5Note that it suffices for A to contain the constant functions so that it vanishes nowhere.



Proof. First note that since f € C(K), f is bounded
and so Ja,b € R such that f(K) C [a,b]. Consider
v(z) = |z|, x € [a,b]. Then, by ?? ?? I(¢,) € R[z]
such that n11_>120 llgn = vll(4, = 0. Now construct p,(z) =

gn () — g, (0) which also satisfies li_>m [Pn = vl[{4,5 = O be-
cause lim ¢,(0) = v(0) = 0. Since we can write p,(z) =
n—oo
?_apx®, we have that p,(f) = S 1. arf* € A and so:
> k=1 k=1

im (o () = £l < Tl = vl =0
Il

Corollary 123. Let K C K" be a compact set and
A C C(K) be a subalgebra. If f,g € A, then

sup{f, g}, inf{f, g} € A.

Sketch of the proof.

f+rg+I|f—g|
2

f+g—1f—4g|

sup{f, 9} = ;

inf{f,g} =
0

Lemma 124. Let K C K" be a compact set, A C C(K)
be a separating subalgebra that vanishes nowhere, z € K
and f € C(K). Then, Ve > 0 Jg, € A such that

g:(z) = f(x) and g, < f + ¢ in K.

Proof. By Theorem 120, Yy € K 3h, € C(A) such that
hy(y) = f(y) and hy(z) = f(x). By continuity there is
a neighbourhood N, of y such that h, < f +e. Now
note that K C Uye x IVy and the compactness implies that
K c U~, N, for certain y; € K, i = 1,...,m. Finally,
take g, :=inf{h,, :i=1,...,m} € A. O

Theorem 125 (Stone-Weierstrafl theorem). Let K C
K™ be a compact set and A C C(K) be a separating self-
conjugate subalgebra that vanishes nowhere. Then, A is
dense in C(K).

Proof. We distinguish between K = R and K = C.

K=R: Let f € C(K). We should find g € A such that
Ve > 0, ||f—gllx < e Foreach z € K, let
g be the function of Theorem 124 that satis-
fies g, < f + e. By continuity there is a neigh-
bourhood N, of z such that g, > f —e. The
compactness of K implies K C |-, N,, for
certain x; € K, ¢« = 1,...,m. Finally, take
g = sup{gs, :i = 1,...,m} € A that satisfies
17 =gl <=

: Note that Ag:={Ref:feA}={Imf: fec A}
because A is self-conjugate. Moreover, Ay is a
separating subalgebra that vanishes nowhere. By
the case K = R we know that exists sequences
(un), (vn) € Ag such that lim ||[Re f —uy|/x =

n—roo
lim [[Im f —v,||, = 0. And it suffices to con-
n—oo
sider g, := u, + iv, that converges uniformly to

f.
O

Definition 126. Let (X,dx), (Y,dy) be two metric
spaces and F' C C(X,Y) be a subset. We say that F
is pointwise bounded if Vx € X dM, > 0 such that
|f(z)| < M, Vf € F. We say that F is locally bounded if
Vz € X there exist a neighborhood N, of z and a constant
M, > 0 such that |f(Ng)| < M, Vf € F. We say that
F is uniformly bounded if 3M > 0 such that |f(z)] < M
Ve e X and Vf e F.

Definition 127. Let (X,dx), (Y,dy) be two metric
spaces and F' C C(X,Y) be a subset. We say that F
equicontinuous at a point g € X if Ve > 0 36 > 0 such
that Vo € X with dx(z,z0) < ¢ we have:

dy (f(z), f(wo)) <e Vfe€F

We say that F' is pointwise equicontinuous if it is equicon-
tinuous at each point of X. Finally, we say that F' is uni-
formly equicontinuous if Ve > 035 > 0 such that Vz,y € X
with d(z,y) < ¢ we have:

dy (f(2), f(y)) <e VfeF

Definition 128. Let (X, d) be a metric space and F' C X.
We say that F is relatively compact on X if F' is compact
on X.

Theorem 129 (Arzela-Ascoli theorem). Let (X, d) be
a metric space, K C X be a compact set and F' C C(K)
be a subset. Then, F' is relatively compact in C(K) if

and only if F' is pointwise equicontinuous and pointwise
bounded.

Definition 130. Let E C R™ be a measurable set and
U C R"™ be an open set. We define:

S(E)={f:FE — R: f is simple}
Co(U)={f €C(U) :supp f is compact}
Theorem 131. Let F C R"™ be a measurable space,

(fr) € LP(E) be a sequence of functions and 1 < p < oo.
Then:

a.e.

1. If klim fu(x) = f(z) with |fy| < g € LP(E), then
— 00
f € LP(E) and lim ||fx — f|l, = 0, and we will
k—o00 p

. LP
write fr = f.

0o o a.e.

2. I8 372 1 full, < oo, then 37,7 [fi(x)] < oo and
3f € LP(E) such that >3, fr(z) = f(z) and
Zivﬂ fx L f. In particular, (L?,[|-|| ) is a Banach
space.

3. If fi = f, then 3(fy,) such that lim fz,(z) =

j—o0
().
Sketch of the proof.

1. A direct application of the 53 Dominated conver-

gence theorem shows that f € LP(E). Moreover,

Ifx — fIF < 2¢7 € LY(E). So again the 53 Dom-
inated convergence theorem allows us to conclude

ka—if-
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2. Let gn(z) := Zgzl | f(x)] 7 g(x) (possibly infin-

ity). Then:
1/p N
lowll, = / o] <UL
% k=1
o0
< S il < oo
k=1

where we have used the Triangular inequality. Thus,
||gN||pp < oo and by the 45 Monotone convergence
theorem we have ||g[|,” < oo which implies:

S (@) < oo
k=1

Now use [tem 131-1 to show that Fx L f, where
N
FN = Zk:l fk-

3. The Cauchy condition for (fj) implies that Vm € N
Fky, such that if p,g > kn, then || f, — foll, < o
Now consider the partial sequence defined by the se-
ries of partial sums:

fkl + (sz _fk1)+"'+ (fkm+1 _fkm) +e
Now use Item 131-2.
|

Theorem 132. Let 1 < p < oo, E C R" be a measurable
set and U C R™ be an open set. Then:

1. S(F) is dense in LP(E).

2. Cy(U) is dense in LP(U).
Sketch of the proof.

1. Consequence of Item 131-1 and Theorem 37.

2.

O

Theorem 133. Let £ C R™ be a measurable space and
1 < p < oco. Then, LP(FE) is separable.
Operators

Definition 134. Let E, I’ be normed vector spaces. An
operator T is a linear function T': E — F.

Definition 135. Let E, F' be normed vector spaces and
T : E — F be an operator. We define the norm of T as:

(1)

Lemma 136. Let E, F be normed vector spaces and
T :FE — F be an operator. Then:

1T} = sup{[| Tz : ||zl g < 1}

1T = sup{[|T|| p : l2] p < 1}
= sup {[|Tz]|p : |lz] 5 =1}

:Sup{IITxIIF :m#o}

[E415>
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Sketch of the proof. Note that due to the linearity of T' we
have

= 1i — <
1Tl = i [ T((1 =)o) < sup [T

llzll g <1
And this proves the first equality as the reverse inequality
is clear. For the second one, use the latter one and the

fact that:
(57,
(417>

The last one follows from applying the second equality to

ﬁ. O
E

Theorem 137. Let E, F' be normed vector spaces and

T : E — F be an operator. The following are equivalent:

1Tzl p = NIzl < sup |[[T||p

F o l=zlg=1

1. T is continuous at 0.
2. T is continuous.
3. T(Bg) is bounded on F', where Bg := {z € E :
)l <1}
4. 7| < oo.
5. 3C > 0 such that Vx € E we have:
1Tz p < Cllzll

If, moreover, T is continuous, ||T|| is the least of such
constants C.
Sketch of the proof.
1 = 2: Let x € E and (z,,) € F such that lim z, = z.
n—roo
Then lim (z, — ) = 0 and the continuity and
n—oo

linearity imply lim (Tz, — Tz) = 0.
n—oo
2 = 3: The continuity at the origin of T" implies that
given € = 1, 36 > 0 such that:
The linearity of 7' implies that T(Bg(0,1)) C
Br(0,1/0).
3 = 4: Consequence of Theorem 136.

| = 5: By the definition of supremum we have:

I (e,

And so [Tzl < [T ]|zl -

< |7

5 = 1: Evident.
O

Definition 138. Let T be an operator. We say that T is
sublinear if:

1T+l <IITFI+1Tgll Vfgel”

Theorem 139 (Marcinkiewicz interpolation theo-
rem). Let T be a sublinear operator. Then:

A
L {z e R [Tf(2)] >t} < - [I£lly

2. ITfllee < Ao I/l

Corollary 140. Let T be a sublinear operator.
ITfIl, < Apllfll, V1 <p < oo and Vf € LP.

Then,



Finite dimensional normed vector spaces

Definition 141. A topological homeomorphism is a linear
homeomorphism between any two normed vector spaces.
If there exists such a homeomorphism we will say that the
two normed vector spaces are isomorphic.

Definition 142. Let E be a normed vector space and
II-Il1, I-ll; be two norms on E. We say that ||-||; is finer
than ||-||, if 3o > 0 such that:

[zll; < allzll, Ve e E

Definition 143. Let E be a normed vector space and
I-Ily5 [Illy be two norms on E. We say that the norms
I-Ily5 ||l are equivalent if 3ov, B > 0 such that:

allzlly < lzfl, < Bllzll, VrekFE
Theorem 144. Let E be a normed vector space over K
of dimension n € N. Then, any algebraic isomorphism
T :K"™ — FE is a topological isomorphism.

Proof. We need to show that the Euclidean norm ||-|| and
the norm ||z||" := ||Tz| , are equivalent. Let (uy,...,u,)
be a basis of K™ and suppose = Y., z;u;. Then:

n n
el < Dl gl < el D Nyl =2 C e
i=1 =1

To show the other inequality, consider the function f(x) =
|z||" defined on B = {x € K™ : ||z|| = 1}. Then, f is con-
tinuous and 7?7 ?? implies the existence of and absolute
minimum ¢ € B such that f ( ) >c ie |z > cl|z|.

z
[

Corollary 145. In a finite-dimensional normed vector
space any two norms are always equivalent.

Corollary 146. In a normed vector space any finite-
dimensional subspace is complete and therefore closed.

Sketch of the proof. The topological isomorphisms pre-
verve the completeness. Ol

Corollary 147. Let F, F' be normed vector spaces and
T : FE — F be an operator. If T is linear and dim F < oo,
then T is continuous.

Sketch of the proof. Since T is linear, it is the composition
of continuous functions 7 : £ — K" — K™ — F. O

Lemma 148 (Almost orthogonality lemma). Let E
be a normed vector space and F' C E be a proper sub-
space of E. Then, Ve > 0 Ju € E such that ||u| = 1 and
dlu,F)>1—e¢.

Proof. We may suppose € < 1. Let v € E such that
d(v,F) = 6 > 0. Then, consider u = sziwgl\’ where

zo € F satisfies § < |lv — zo]| < 1. Finally, Vz € F:

l[v = (xo + [[v = xol| )|

0 >1
= ol

~ o=l T

lu — xf| = —¢
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Theorem 149 (Riesz’s theorem). Let E be a normed
vector space. If the unit closed sphere {x € E : ||z| = 1}
is compact, then dim F¥ < oo.

Proof. Suppose dim E = co. Then, there exists a strictly
increasing sequence (FE,,) of closed finite-dimensional sub-
spaces of E. Using the 148 Almost orthogonality lemma
to the spaces E,, C E,4; with ¢ = %, we can construct a
sequence (x,) such that ||z,|| =1, z, € E,q1 \ B, and
d(zn, Ey,) > L. That is, ||lz; — ;]| > 3 Vi,j € N, i # j.
Therefore, S is not compact because there is no convergent
subsequence of (x,,). O

Space of bounded operators

Definition 150. Let E, F' be normed vector spaces. We
define the following set:

L(E,F):={T:E — F:T is a bounded operator}
={T:E — F:T is continuous}

Theorem 151. Let E, F be normed vector spaces. Then,
L(E, F) is a vector normed space with the norm of Eq. (1)
and the usual operations. Moreover, if F' is Banach, so is
L(E,F).

Sketch of the proof. An easy check shows that L(F, F') is
a vector space and that the associated norm is indeed a
norm. It’s missing to show that £(F, F') is Banach when-
ever F is Banach. Let Y7, ||T,|| < co. Then, Vz € E,
S Taally < 3o, alllally < oo. Since F is Ba-
nach, 3y € F with y = >_>° | T,,x. By the linearity and
continuity of T;,, the operator
T: FE— F
zr— > 2 T

is linear and continuous. So T = > | T, and finally
Ve > 0if x € E 3N € N such that:

N 0o [e%s)
T-3 T2 S ITelp < laly S 1Tl <<
n=1 n=N+1 n=N+1

because is the tail of a convergent series. O

Proposition 152. Let E, F, G be normed vector spaces
and T: F — F,S: F — G be operators. Then:

1SoT| < IS
Proof.
1S o T)al| < |S[ Tl < (ST ]
O

Definition 153. We denote L(F) := L(FE, E) which, to-
gether with the composition, has a structure of normed
algebra. That is, VT, S € L(E), we have:

1. ToS € L(E)
2. IS Tl < IS

Definition 154. Let E be a normed vector space. The
Banach space E* := L(E,K) is called dual space of E.
The bidual space of E is E** := (E*)*.

Definition 155. Let E be a normed vector space. We
say that F is reflexive if E = E**.



Compact operators

Definition 156. Let FE, F be Banach spaces and T €
L(E, F) be an operator. We say that T is a compact op-
erator if T(Bg) is relatively compact on F' where:

Bp:={z e E:|z|z <1}

Definition 157. Let X, Y C R" be compact metric
spaces and K € C(X xY). We define the Fredholm op-
erator with kernel K as the operator T : C(Y) — C(X)

defined by:
Z/K(m»y)f(y)d
Y

Definition 158. Let K € C(A), where A = {(z,y) €
R2:a<y<z< b}. We define the Volterra operator with
kernel K as the operator T : C([a,b]) — C([a,b]) defined

by:
w=/K@wﬂwd

Definition 159. Let X, Y C R™ be measurable spaces
and K € L*(X xY). We define the Hilbert-Schmidt op-
erator with kernel K as the operator T : L*(Y) — L?(X)

defined by:
2) = [ K(e,y)f(y)dy
/

Proposition 160. Let X, Y be compact metric spaces
and K € C(X xY). The Fredholm operator T with kernel
K is compact and satisfies | T']| < || K| xyy Y]

Sketch of the proof. Tt is a direct application of 129 Arzela-
Ascoli theorem. The proof of the equicontinuity follows
from the inequality

Tf(a) =Tf®) < |If] Slelg{lK(a, y) — K(,y)[}Y]

y
and the fact that ||f|| < 1 and that K is uniformly con-
tinuous. The pointwise boundedness follows from:

Tf(a) < sup  {[K(z,y)[}Y]

(z,y)eX XY

And from here the inequality of the
O

because ||f]] < 1.
norm is clear.

Proposition 161. Let K € C(A). The Volterra operator
T with kernel K is compact and ||T'|| < [[K||5 (b — a).

Sketch of the proof. Use 129 Arzela-Ascoli theorem and a
similar scheme of the proof of Theorem 160. O

Proposition 162. Let X,Y C R” be measurable spaces
and K € L?(X x Y). The Hilbert-Schmidt operator T
with kernel K satisfies ||T]| < ||K||L2(Xxy).

Proof. By 104 Holder’s inequality we have:

2

nwW=/‘/Kmmﬂm@
X Y
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</ /ny /u ) dy

X
= (1 N2y I o)
O

Definition 163. Let FE, F be Banach spaces and T €
L(E,F) be an operator. We say that T is a finite-rank
operator if dimT'(F) < oo.

Lemma 164. Let E, F be Banach spaces and T €
L(E,F) be a finite-rank bounded operator. Then, T is
compact.

Sketch of the proof. Since dimT(E) < oo, the bounded
spaces on T'(E) are the relatively compact sets and since
T(Bg) is bounded, it is relatively compact. O

Proposition 165. Let E, F be Banach spaces and (T},) €
L(E,F) be a sequence of compact operators with limit
T € L(E,F). Then, T is compact. In particular, the
limit of any sequence of finite-rank bounded operators is
compact.

Sketch of the proof. Let (x) € Bg be a sequence. Since
T, is compact, there exists a subsequence (zy 1) of (xx)
such that 712y, converges. Similarly, there exists a sub-
sequence (xy2) of (Thxx,1) such that Thay o converges. In
general for each n € N, there exists a subsequence (z,,,)
of (Ty,—12% n—1) such that T}z ,, converges. Now consider
the sequence (xy k) and show that (T'z ) is Cauchy.

The particularity follows from Theorem 164. O

Neumann series

Remark. In Theory of Differential Equations, many times
we need to find the solution of Tu—u = v, with T' € L(E)
and E = C([a,b]). Here, we will describe a general ap-
proach. Let E be a normed vector space, T € L(FE) and
v € E. We would like to find the solution of the equation:

(T = Aid)ju=wv
for some A\ € K*.

Definition 166. Let E be a Banach space, T' € L(E) and
A € K*. We define the Neumann series as the series:

1 1

)\nZO A

o

Theorem 167. Let E be a Banach space, T' € L(E) and
A € K*. If the Neumann series converges absolutely, then
(T — xid)™" € L(E) and:

o}

1
Y

1w
)\n

(T — Aid) ™!

Sketch of the proof. Remember that £(FE) is Banach and
note that:

TN+1

id — lim

lim —
N—o0 )\N+1

N —o0

1% Lrn(r — xid) =
- — — Al
X &



Theorem 168. Let T : C([a,b]) — C([a,b]) be the
Volterra operator of kernel K(x,y). Then, VA # 0 the

series
o0

11,

Toxid) - 25 L
( Aid) X2

is absolutely convergent on £(C([a, b])).

Sketch of the proof. Use induction to prove:

17" f ()| < 171l

M"™(x — a)
n!

where |K(z,y)| < M.

Duality

Definition 169. Let E be a real vector space. A convex
functional p : E — R is a function that satisfies:

L p(z+y) <plx)+ply) Vo,yek

2. plax) =ap(z) Yz e E, a>0

Theorem 170 (Hahn-Banach theorem). Let E be a
real vector space, F' C E be a subspace, p: E — R be a
convex functional and u € F*. If u(z) < p(z) Vz € F, then
Jv € E* such that v(z) = u(z) Vz € F and v(z) < p(z)
Vz € E (v is called an extension of u).

Definition 171 (Seminorm). Let E be a vector space
over K. A seminorm p : E — [0,00) is a functional that
satisfies:

L p(z+y) <plx)+ply) Vo,yek

2. p(Ax) = |Mp(z) VzeE, AeK

Lemma 172. Let E be a vector space over K. A norm
defined on F is a seminorm.

Theorem 173 (Hahn-Banach theorem). Let E be
a vector space over K = R,C, ' C E be a subspace,
p: E — R be a seminorm and u € F*. If |u(z)| < p(z)
Vz € F, then Jv € E* such that v(z) = u(z) Vz € F and
|v(x)| < p(z) Yo € E. That is, v extends u.

Theorem 174 (Hahn-Banach theorem). Let E # {0}
be a normed vector space.

1. If F C FE is a subspace and u € F*, then Jv € E*
such that extends u and ||v|| = |Ju].

2. For all a € E, Jv € E* such that v(a) = ||a|| and
[[o] = 1.

3. If F C E is a closed subspace and a € E'\ F, then

Jv € E* such that v(a) =1 and v(F) = {0}.

Definition 175. Let E be a normed vector space, © € F
and v € E*. We denote (z,v) := v(z) and & = (z,).

Thus, #(v) = (z,v) and & is a bilinear form on E* that
satisfies:

()] < ol g- [l
Thus, & € E** with ||2]| g < ||z

Proposition 176. Let F be a normed vector space and
x € E with x # 0. Then, ||Z|

pee = el
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Proposition 177. Let E be a normed vector space. The

function
J: E — E**
T T

is linear, continuous, injective and isometric. =~ Thus,
J(E) = E C E**. Moreover, if J is surjective, we have
E = E**. In this case, F is called reflexive.

Definition 178. Let E, F' be normed vector spaces and
T € L(E, F). We define the dual map, T* € L(F*, E*), of
TasT*(v)=voT.

Proposition 179. Let E, F be normed vector spaces and
T € L(E,F). Then, Vz € E and v € F* we have:

(T'(2),v) = (z, T*(v))

Proposition 180. Let F, F be normed vector spaces.
The function

L(E,F) — L(F*, E*)
T +— T

is linear, bijective and isometric. That is, ||T|| = ||T*|.

Theorem 181. Let 2 C R™ be a measurable set, 1 < p <
oo and ¢ be the Holder conjugate of p. Then:

o If 1 < p < oo, then (LP(Q))" = LI(Q).

o If p=1,then (L'(Q))" = L=(Q).

o If p=o0, then (L>®(Q))" 2 L1(Q).
In particular, for 1 < p < oo, LP(R) is reflexive, while
LY(2) and L* () are not.
Spectrum and eigenvalues

Proposition 182. Let F be a Banach space and T €
L(E). Then, Ya € K, im(T — «aid) and ker(T — «aid) are
invariant over T'. Moreover, if a # 0, the function

S : ker(T — aid) — ker(T — aid)
x — ax

is an isomorphism.

Proof. Let y € im(T — aid). Then, y = Tz — ax for some
x € F and so:

Ty=T(Tz — az) = (T — «id)(Tz) € im(T — aid)

Similarly if « € ker(T — «aid), then:

(T — aid)(Tx) = (T — aid)(ax) = a(Tz — ax) =0

The function S = aid is clearly an isomorphism because
a # 0. O

Definition 183. Let F be a Banach space, T € L(E) and
a € K. If ker(T — aid) # {0}, we say that ker(T — «aid) is
a proper subspace of T and that its non-zero elements are
the eigenvectors of eigenvalue o of T.



Definition 184. Let F be a Banach space and T' € L(E).
We define the spectrum of T as:

o(T) :={a € K: T — aid is not bijective}
The elements of o(T") are called spectral values of T

Proposition 185. Let E be a finite-dimensional Banach
space and T' € L(E). Then:

o(T) ={a € K: «is eigenvalue of T} =: A(T)

Proof. The inclusion A(T) C o(T) is always true. For the
other inclusion note that if « ¢ A(T), then Tax # ax
Ve € E, ¢ # 0, and so ker(T — aid) = {0}. Hence,
a ¢ o(T) as in finite dimension injectivity in L£(F) is
equivalent to bijectivity in L(E). O

Proposition 186. Let F be a Banach space and T €
L(E). Then, o(T) is compact and:

o(T) C{w e K: [w| <|IT}

Proof. Let’s first check that o(T) C{w € K: |w| < ||T||}.
Let o ¢ {w € K: |w| < ||T||} (i-e. satisfies |a| > || T]),
z € E and define f(z) = 1(Tx — z). Then, f is a contrac-
tion and by the ?? ?7? 3lx € F such that Tz —ax = z, i.e.
T — aid is bijective, and so « ¢ o(T).
Now let’s see that o(T)° is open.

a,z € E be such that |a — | <

o(T) and
Now con-

Let 8 ¢
1

[(T—pid)~H||"
sider the function:

g(x) = (T - Bid)fl(az — px+ 2)

We have that ¢ is a contraction and by the 7?7 ?? Jlx € E
such that Tx — (o« — B)x = z, i.e. T — (a — B)id is bijec-
tive. This is true Vo € E satisfying |o — ] < H(I’Tlid)*lu'
Hence, o(T)¢ is open.

Finally, since o(T) is a bounded closed subset of C, it is
compact. U

3. | General theorems on linear maps

Open mapping and closed graph theorems

Theorem 187 (Baire’s theorem). Let (U,) be a se-
quence of dense open sets on a metric space X. Then,
No—, Uy, is dense on X.

Corollary 188. Let X be a metric space such that
X = Uy, Cy, where C,, C X are closed sets. Then,
Ing such that Int F),, # @.

Sketch of the proof. If a closed set C has empty interior,
then X \ C is an open dense set. O

Theorem 189 (Open mapping theorem). Let E, F be
a Banach spaces and T : E — F be a surjective bounded
operator. Then, T is open.

Theorem 190 (Closed graph theorem). Let E, F be
a Banach spaces and T': E — F' be an operator. Consider
the graph of T

graph(T) = {(z,y) € EX F :y =Tz}

Then, T is bounded if and only if graph(T") is a closed set
on F x F.

Uniform boundedness principle

Theorem 191. Let E, F be a Banach spaces and {T; :
i €I} C L(E,F) be a family of bounded operators. Then,
one of the following statements holds:

1. sup{||T;]| : 4 € [} < o0

2. 4A C FE such that it is a countable intersection of
dense open subsets (and therefore dense) such that:

sup{||Tiz||p:i €I} =00 Vxe A

Corollary 192 (Banach-Steinhaus theorem). Let E,
F be a Banach spaces and (7,,) € L(E, F') be sequence of
bounded operators such that:

e The limit Tz := lim T,z exists Vx € D C E, where
n—oo

D is a dense set in E.
o The sequence (T),z) is bounded Vz € E.

Then, T can be extended into a bounded operator such
that:

1T < Tim inf ||,
n—oo

4. | Hilbert spaces

Inner products

Definition 193. Let E, F be vector spaces over K = R, C
and u : E — F be a function. We say that u is semilinear
if Vx,y € F and VA € K we have:

L u(z +y) = u(z) + u(y)
2. u(Az) = Au(x)

Definition 194. Let E be a vector space over K = R, C.
An inner product (-,-) : Ex E — Kis a function such that
Vz,y € E we have:

1. (-, y) is linear and (z,-) is semilinear.

2. (z,y) = (y, )

3. (z,2) >0 <= x#0

Y,z

We denote the norm associated with this inner product as
]| := /(z,z).

Definition 195. A pre-Hilbert space (H, (-,-),) is a vec-
tor space H over K = R, C together with an inner product

<'7'>H(;'

Proposition 196. Let (H,(-,-)) be a pre-Hilbert space
and z,y € H. Then:

1. [z, y)| < ||lz|l llyll (Cauchy-Schwarz inequality)
2. lz 4yl < |lz|| + |yl (Minkowski inequality)

Proof.

6In order to simplify the notation, if the context is clear, we will denote the inner product of H simply as (s )
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1. Note that ||z + Ay||> > 0V € K. Taking A = — <m|?|42> Proposition 201 (Pythagorean theorem). Let

we have: v (H,(-,-)) be a pre-Hilbert space and z1,...,z, € H be
) pairwise orthogonal elements of H. Then:
0< fla+ Ml ) ) i
= llal* + X(ar 9) + AT + AP ol el fenll” =l |
2 2 2 o
— |le]? - [z, )" K=yl | Kzl Proof.
= 2 2 2
[yl ) [yl [yl ||$C1—|—-~-+$n||2 =1+t Tp, 2+ 1)
= ||l’||2 _ |<:L',y>‘ 9 ) n
lyl® = llzal® + -+ llall® + Y (@i 25)
ij=1
2. Using Cauchy-Schwarz inequality we have: 9 ) 7
2 2 2 = llzall” + - + [|lan|
lz+yl” = llzlI” + (z,y) + (v, =) + llyll .
2 2
= ||=[I” + 2Re(z,y) + [yl ( ) )
2 2 Lemma 202 (Parallelogram law). Let (H,(:,-)) be a
< 2 9\
< ll=ll”+ |<x,2y>| iyl pre-Hilbert space and z,y € H. Then:
< (lall + Iyl 2 o
lz+yl” + llz —ylI” = 2[]z[I” + 2|yl
U

Definition 203 (Hilbert space). A Hilbert space is a
Lemma 197 (Polarization identity). Let (H, (-,-)) be complete pre-Hilbert space.

a pre-Hilbert space and x,y € H. Then if K = C we have:
Proposition 204. Let X CRand A =N,Z {1,...,m}.

2 2 . . 2 . . 2 .
e+ yll? = e —ylI? +illz +iy)° — iz —iyl|®  Then:

<£L'7 y> -
4 1. R™ and C" are Hilbert spaces with the inner prod-

If K =R we have: uct:

() = 7 (e + )~ llz — o]1*) o

Y T4 y Y <(x17""xn)v(ylw'wyn»:inyi
i=1
Sketch of the proof. Expand the right-hand side of the
equalities using the definition of norm. O 2. The L?(X) space with the inner product
Proposition 198. Let (H,(:,-)) be a pre-Hilbert space.
Then: (f.9)2 = [ H@g@dz
X

e The inner product is a continuous function.
is a Hilbert space.

e The map
H— H* 3. The ¢?(A) space with the inner product
T — <,(£>
is semilinear, injective and isometric. (@122, (Y1 92,-.)) = Z TaYa
acA

Definition 199. Let (H, (-,-)) be a pre-Hilbert space and
x,y € H. We say that x and y are orthogonal if (x,y) = 0.

Moreover, we define the orthogonal complement of a sub-
space A C H as: Projection theorem

is a Hilbert space.

Definition 205. Let X be a metric space and A C X be
a subset. We say that y € A is a minimizer of x in A if

Lemma 200. Let (H,{(-,-)) be a pre-Hilbert space and d(z,A) = ||z —yl|.
A€ H be a subspace. Then: Proposition 206. Let (H,(-,-)) be a Hilbert space and

n C C H be a convex subset. Then, each z € H has at most
A- = ﬂ ker (-, a) AR
en one minimizer in C.

At ={zc H:(r,a) =0Vac A}

) Proof. Suppose there are two minimizers y, z € C' and let
L g )
Hence, A™ s a closed subspace of H. d :=d(z, A). Then, using 202 Parallelogram law we have:

Proof. 9 2 2 4 2
45° = 22 = (y + 2)II" + lly — 21" = 46" + [ly — ||
r€At — (r,a) =0Ya€ A < zcker(-a)Vac A

because “t2 € C as C is convex. Thus, ||y — 2| and so

L y==z g
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Theorem 207. Let (H,({-,-)) be a Hilbert space and
C C H be a nonempty convex complete subset. Then,
Va € H, there exists a unique minimizer of z in C, which
is denoted by Pcx € C.

Sketch of the proof. The uniqueness has been proved in
Theorem 206. To show the existence, let § := d(z,C)
and let (y,) € C such that ||y, — | — 6. By the 202
Parallelogram law:

2 2 2
Y = gl < 2llyn — 2l” + 2 [lym — 2" — 46 = 0

Hence (y,) is Cauchy and so its limit y € C satisfies
d = d(x,y) by the continuity of the norm. O

Theorem 208 (Projection theorem). Let (H, (-,-)) be
a Hilbert space and F' C H be a closed subspace. Then:

1. H F @ F* and Vo € H, we can write x
pr—l—PFu@.

2. Ifr€ Handy € F,theny = Ppx <= x—yc F*.
Proof.

1. The equality F'NF+ = {0} follows from noting that
(u,u) = 0 Yu € FNF*. Now let z € H and
y = Ppx. We need to show that z := 2 —y € F+.
Let w € F. Then, 3\ € K such that ||A]] = 1 and
Mu,z) = |(u, 2)|. Now consider f(t) = ||z — vt|?,
where v = Au € F. Note that f has a minimum at
the origin because:

F) =llz —y—ot]* > o —y|* = ||z = £(0)

because y + vt € F and y is the minimizer of x in
F. Thus, 0 = f'(0) = —2(v,2) and so (u,2z) =0
Yu € F. Moreover, z is the minimizer of z in F*
because Yw € F+ we have by the 201 Pythagorean
theorem:

lz = wlf* = l|lz = 2" + ||z = w||* > |z — |

We have just seen the implication to the right. For
the other one note that by Item 208-1 we can write
= Ppa+Ppix. But,z—y = Ppa+Ppix—y € Ft+
and F N F+ = {0}, so y = Prx.

O

Corollary 209. Let (H,{(-,-)) be a Hilbert space and
F C H be a closed subspace. The function Pr : H — H,
called orthogonal projection on F, satisfy the following
properties:

1. Pp® = Pp

2. (Ppxy,x9) = (x1, Pras) V1,29 € H

3. Pr is linear, | Prz| < ||z|| and the equality holds if
and only if x € F.

4. If F £ {0}, | Pp| = 1.

5. imPp=F ={y€ H:Ppy=y)}

"Here (A) denotes the space generated by A.
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6. ker Pp = F'*
7. |lz|? = d(z, F)? + d(z, F+)* Vo € H
Proof.

1. Note that PF|F=1d and 1mPF QF

Prxi, Prxo + PFJ_.’L'2>

Pray + Ppraxy, Pras)

= {
={
=
= {

Let 1,22,y € H, A\, p € K. Then using [tem 209-2:

(Pr(Az1 + pa2),y) = (A1 + pxe, Pry)

(z1, Pry) + p(z2, Pry)
(Prx1,y) + p(Praa, y)
= (APrx1 + pPrxa,y)

=A
=A

for all y € H. Thus, Pr(A\x1 + pxe) = APrx1 +
uPrxo. Moreover, using [tem 209-1 and the Cauchy-
Schwarz inequality:

|Pra|* = (Ppa, Ppa) = (Ppa,x) < ||Ppa| ||

and the inequality follows if and only if Prz = Az,
for some A € K, that is, x € F.

Consequence of the equality case in [tem 209-3.

Clearly im Pr C F'. The other follows from the fact
that if u € F, then Pru = u by the 208 Projection
theorem.

Clearly ker Pz O Ft. Moreover, if z € ker Pp, the
208 Projection theorem implies © € F*.

By the 201 Pythagorean theorem we have:
2 2 2
)™ = |Ppa]” + | Ppz|
= & — Ppoz|* + & — Ppa|®

= d(z, FY)? + d(z, F)?

O

Proposition 210. Let (H,(-,-)) be a Hilbert space and
A C H be subset. Then:

1AL =TA) 7

2. AL T4y
In particular if F C H is a subspace, then F++ =F.

Proposition 211. Let (H, (-,-)) be a Hilbert space, FF C
H be a closed subspace and x ¢ F. Then:

max{|(z,u)| : u € FX, ||lul| <1} = d(x, F)
- <:[‘ PFLCE
1Pl



Duality and adjoint operator

Theorem 212 (Riesz representation theorem). Let
(H,(-,-)) be a Hilbert space. The map

H— H*
x — ()
is semilinear, bijective and isometric.

Corollary 213. Let Hy, Hs be Hilbert spaces and T €
L(Hy, Hy). Then, Yy € Hy 3'T*y € Hy such that:

(T, y) g, = (@, T"Y) p, (2)

Definition 214. Let Hy, Hs be Hilbert spaces and T €
L(Hq,Hy). We define the adjoint operator of T' as the
unique map
T : H2 — H1
y — Ty

such that Eq. (2) is held.

Proposition 215. Let H;, H, be Hilbert spaces and
T € L(Hy, H). Then:

1. T* € E(HQ’le)’ IT*| = ITIl and | T*oT| =
[ToT|| =T
2. The map

[,(Hl, Hg) — ﬁ(Hg, Hl)
T — T+

is semilinear.
3. (T*)" =T.

4. If Hj is Hilbert and S € L(Hay, H3), then (SoT)" =
T* o 5*.

Proposition 216. Let H;, H, be Hilbert spaces and
T e [:(Hl,HQ). Then:

1. (imT)L = ker T™*

2. imT = (ker T*)™"
. sy L

3. (imT*)” =kerT

4. imT* = (ker T)™"

Definition 217. Let H be a Hilbert space and T' € L(H).
We say that T is self-adjoint if T* =T.

Lemma 218. Let H be a Hilbert space. The orthogo-
nal projections Pr on a closed subspace F' C H are self-
adjoint.

Proposition 219. Let H be a Hilbert space and T €
L(H) be self-adjoint. Then:

1T} = sup{[{Tz, z)| : ||=[| = 1} = max{M(T), —m(T)}

where M(T) := sup{(Tz,z) : ||z|| = 1} and m(T) :=
inf{(Tx,z) : ||z|| =1}

Orthonormal systems

Definition 220. Let H be a Hilbert space. An orthogo-
nal system on H is a nonempty subset £ C H such that
its vectors are pairwise orthogonal. If moreover |le|| = 1
Ve € E, we will say that E is an orthonormal system.

Definition 221. Let H be a Hilbert space and E be an or-
thonormal system. We say that E is complete if E+ = {0}.

Lemma 222. Let H be a Hilbert space. FE is complete
if and only if there is no other orthogonal system E’ C H
such that £ C E'.

Definition 223. Let H be a Hilbert space. A complete
orthonormal system is called a Hilbert basis.

Lemma 224. Let H be a Hilbert space and E =
{e1,...,e,} be an orthonormal system and F = (FE).
Then, each x € H can be written as:
n
Prx = Z (x,er)ex
k=1
Definition 225. Let H be a Hilbert space and {e; : i € I}
be an orthonormal system. We define the Fourier coeffi-

cients of an element = € H as the numbers Z(¢) := (x,¢;) €
K. We will denote Z := {Z(i) : ¢ € I} and we will say that

> F(i)es

el
is the Fourier series of x.

Proposition 226. Let H be a Hilbert space, E = {e; :
i € I} be a finite orthonormal system, z € H and
5 = icrdie; € (E). Then, ||z — s| is minimum if and
only if d; =z(i) Vi € I.

Proposition 227 (Gram-Schmidt process). Let H be
a Hilbert space, B = {x1,22,...} C H be a finite or
countable sequence. The orthonormalization of B is the
orthonormal sequence U = {uy,ua,...} C H such that for
each n € N, we have (x1,...,2,) = (ug,...,u,). It is
built as follows:

e For n =1, define y1 := x1 and then u; = Tyl

e For n > 2, define

n—1

Yn = Tn — Z <£En, uz)“z

i=1

. _Un

and then u,, := T
Theorem 228 (Bessel’s inequality). Let H be a

Hilbert space and {e; : i € I} be an orthonormal system.
Then, Vo € H we have:

2 2
S RGP <
iel
Lemma 229. Let H be a Hilbert space and {e; : ¢ € I'}
be an orthonormal system. The map

H — (1)
T — T

is linear, surjective and satisfies ||Z]|, < ||z||;;. This map
is called Fourier transform.
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Definition 230. Let H be a Hilbert space, {ey : k € N}
be an orthonormal system and « € H. We define:

Lemma 231. Let H be a Hilbert space, {ex : k € N}
be an orthonormal system and x € H. Then, the limit

z = lim s,(z) exists and satisfies Z = Z, but z and z may
n—o0

be different.

Theorem 232 (Riesz-Fischer theorem). Let H be a
Hilbert space and E = {e; : ¢ € I} be an orthonormal
system. The following statements are equivalent:

1. E is complete.

2. Forallz € H, z = lim s,(x) = E Z(i)e; on H.
n—oo
iel

3. Parseval identity: For all x € H, we have:

lzl* = > [2(0)”

i€l
4' <xay>H = <‘:‘Ea §>2 any € H

Proposition 233. Let X,Y C R” be measurable spaces
and K € L?(X x Y). The Hilbert-Schmidt operator T
with kernel K is compact. Moreover, if K(z,y) = K(y, )
V(z,y) € X x Y, then T is self-adjoint.

Spectral theorem

Proposition 234. Let H be a Hilbert space and T €
L(H) be self-adjoint. Then:

1. Any eigenvalue of T belongs to [m(T), M (T)] C R.
2. Eigenvectors of distinct eigenvalues are orthogonal.

3. If F C H is a closed subspace such that T'(F') C F,
then T(F1) C F+.

Theorem 235 (Spectral theorem). Let H be a Hilbert
space and T € L(H) be compact and self-adjoint. Then,
Jo € K such that « is eigenvalue of T with |a| = ||T]].

Corollary 236. Let H be a Hilbert space and T' € L(H)
be compact and self-adjoint. Suppose «; is an eigenvalue
of T with || = [|T']|. Now consider T := T[\p(1—q,ia)~ -
By Theorem 235, we obtain an eigenvalue as of T} (and
therefore of T') such that |ay| > |as|. Tterating the process,
we get a sequence of eigenvalues (av,) with the property
that |a1| > |ag| > |as| > ---.
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Theorem 237. Let H be a Hilbert space and T € L(H)
be compact and self-adjoint. The sequence (cv,) of eigen-
values of T (each repeated according its multiplicity) is
a sequence of real numbers. If the sequence is countable
(i.e. not finite), then nlg%o ay, = 0. Moreover, for each

eigenvalue «,, dimker(T — a,id) < oo.

Lemma 238. Let H be a Hilbert space and T' € L(H) be
compact and self-adjoint. Consider the sequence (v,) of
orthonormal eigenvectors associated with the eigenvalues
(o) of T. Then:

H = (v1,vs,...) ®ker(T)

and (vy,vs,...) = ker(T)".

Theorem 239 (Hilbert-Schmidt spectral represen-
tation theorem). Let H be a Hilbert space and T €
L(H) be compact and self-adjoint. Consider the se-
quence (vy,) of orthonormal eigenvectors associated with
the eigenvalues (av,) of T'. Then:

o0
Ty = Z (X, U YU

n=1

assuming that «,, = 0 eventually if the sequence (a,) is
finite.

Theorem 240 (Fredholm alternative). Let H be a
Hilbert space, T' € L(H) be compact and self-adjoint and
a € K*. Consider the sequence (v,,) of orthonormal eigen-
vectors associated with the eigenvalues () of T. Then:

1. If @ # «,, Yn € N, then Vy € H the unique solution
toTe —ax =y is:

[

2. If « = ap, for some ng € N, then the equa-
tion Tx — ax = y has solution if and only if y €
ker(T — aid)™. In this case the solution is:

Qn

(ya 'Un>vn - y)
oy —
n=1

1 «Q =
Tr=— Z i <yavn>vn -y |+ Z Briin
n>1 " @ n>1
anFa

where f3,, € K are arbitrary coefficients and the u,,
are the eigenvectors associated with ou,,.
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