Sequences and series of functions

Let A be a set, and (M, d) be a metric space. We denote by F(A, M) the space of functions from A to
M, and by B(A, M) the space of bounded functions from A to M. Instead of a metric space, we may also
consider a vector spaces W over K = R or C, so that we have the + operation. This vector space is equipped

with a norm that we denote by ||-||.

In this chapter, we are interested in sequences and series of functions, which can also be seen as sequences

and series with terms in F (A, M) or F(A, W).

8.1 Notions of convergence

We discuss different notions of convergence for sequences of functions, then for series of functions.

8.1.1 Sequences of functions

For a sequence of functions, we have different notions of convergence. Below we are going to discuss the
pointwise convergence (Definition 8.1.1), and a stronger notion of convergence, called uniform convergence

(Definition 8.1.4).

Definition 8.1.1:Let (f,,)n>1 be a sequence of functions from A to M, that is, they are elements of

F(A, M).

« Let f € F(A, M). We say that the sequence (f,,),>1 converges pointwise (ZFEFUEN) to f if

for every x € A, we have f,,(x) —= f(x)in (M, d).

« We say that the sequence (f,,),>1 converges pointwise if there exists f € F(A, M) such that

(fn)n>1 converges pointwise to f.

« Let B C Abeasubset. We say that (f;,)n>1 converges pointwise on B if ((f5)|)n>1 converges

pointwise.
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Example 8.1.2: Let us consider the sequence of functions (f,),>1 defined by

VYn>=1, fo: [0,1] — R

x — "

The sequence of functions (f,)n>1 converges pointwise to the indicator function f = 1y on [0, 1].

Remark 8.1.3:
(1) If a sequence (f,,)n>1 converges pointwise, then its limit function f is unique.

(2) Let (fn)n>1 be a pointwise convergent sequence of functions. Suppose that these functions take values
in a finite dimensional vector space (W, ||-||), then the limit does not depend on the norm, because all

the norms are equivalent in .

(3) Properties such as linearity, product, inequality, monotonicity, etc., are preserved for the pointwise

convergence of functions.

(4) We see that in Example 8.1.2, the continuity at 1 is not preserved in the limit. Indeed, for all n € N, the
function f,, is continuous, but the limit function f is not continuous at 1. In other words, the following
two iterated limits are different,

lim lim f,(x) = il_}ml flz)=0#1= nh_)nolol = lim lim f,(z).

r—1n—00 n—oo r—1

We have already encountered a similar example in Example 6.7.2.

(5) Analytic properties such as continuity and differentiability are not preserved for the pointwise con-
vergence. We will define the notion of uniform convergence below (Definition 8.1.4), and will see that

analytic properties can be preserved if this convergence occurs (Proposition 8.2.1).

Definition 8.1.4 : Let (f,,),>1 be a sequence of functions from A to M.

. Let f € F(A, M). We say that the sequence (f,,),>1 converges uniformly 33U to f if

Ve>0,3N>1,Vn> N, Ve e A, d(fu(x), f(z)) <e. (8.1)

« We say that the sequence (f,,)n>1 converges uniformly if there exists f € F(A, M) such that

(fn)n>1 converges uniformly to f.
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« Let B C Abe asubset. We say that (f,,)n>1 converges uniformly on B if ((f,)|5)n>1 converges

uniformly.

Remark 8.1.5 : We may rewrite the definition of pointwise convergence using quantifiers. We say that

(fn)n>1 converges pointwise to f if

Vee A, Ve>0, AN > 1, Vn > N, d(fu(x),f(z)) <e. (8.2)

If we compare Eq. (8.1) and Eq. (8.2), we see that the choice of N depends on z € A in the case of pointwise
convergence, but does not depend on = € A in the case of uniform convergence. This is the reason why the
convergence characterized by the condition Eq. (8.1) is called uniform convergence. This remark easily leads

to the following corollary.

Corollary 8.1.6 : If the sequence of functions ( fy,)n>1 converges uniformly to f, then it converges point-

wise to f.

Remark 8.1.7 : Due to the uniqueness of the pointwise limit (Remark 8.1.3), we deduce the uniqueness
of the uniform limit of a sequence of functions. To show that a sequence of functions (f;,),>1 converges

uniformly, we may start by computing its pointwise limit f, then show that ( f,,),>1 converges uniformly to

f

Proposition 8.1.8 (Cauchy’s criterion for uniform convergence) : Suppose that (M, d) is a complete
metric space. Let (f,,)n>1 be a sequence of functions in F(A, M). Then, (fn)n>1 converges uniformly if

and only if it satisfies the uniform Cauchy condition, that is

Ve > 0,IN > 1,Ym,n > N,V € A, d(fn(x), fm(z)) <e.

Proof : Given € > (. Let N > 1 such that the uniform Cauchy condition holds, that is
Vm,n > N,Vz € A, d(fu(x), fm(z)) <e. (8.3)

For each z € A, we see that (f,(z))n>1 is a Cauchy sequence, so it converges to some limit that we
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denote by f(x). By taking the limit m — oo in Eq. (8.3), we find

Yn > N,Vx € A, d(fn(z), f(z)) <e¢,

which is the characterization of (f;,),>1 uniformly converging to f from Eq. (8.1). O

Definition 8.1.9 : The notion of uniform convergence can be described using a distance (or a norm).

« Let (M, d) be a metric space and B(A, M) be the set of bounded functions from A to M. We
may equip B(A, M) with the following distance

VigeB(A M), ds(f g9)=dsxa(f.g) = Sup d(f(x),g(z)), (8.4)

called the distance of uniform convergence. A sequence of bounded functions (fy,),>1 converges

uniformly to f is equivalent to the convergence of (f,,),>1 to f with respect to the distance do..

« Let (W, ||-]|) be a normed vector space and B(A, W) be the set of bounded functions from A to
W. We may equip B(A, W) with the following norm

Ve BAW), fle=I1fle.a= sup 1)1 (8.5)

called the norm of uniform convergence. A sequence of bounded functions (fy,),>1 converges

uniformly to f is equivalent to the convergence of (fy,)n>1 to f with respect to the norm ||-|| ..

Proposition 8.1.10: Let (W, ||-||) be a Banach space. Then, the following properties hold.

(1) The space of bounded functions B(A, W) equipped with the norm ||-|| ., defined in Eq. (8.5), is a

Banach space.

(2) A sequence (fn)n>1 of B(A, W) converges uniformly to f € B(A,W) if and only if (fn)n>1

converges to f under the norm ||-|| . given in Eq. (8.5), that is || f, — f||., —— 0.

n—oo

Proof :

(1) It is not hard to check that [|-||, defines a norm on the vector space B(A, W). To check that

it is complete, let us be given a sequence (f;,)n>1 in B(A, W), which is Cauchy with respect to
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the norm ||-|| . For every x € A, we know that (f,,(z)),>1 is a Cauchy sequence in the Banach
space (W, ||-||), so it converges to some limit f(z) := lim,, o0 fn(2). Since (fy,)n>1 is Cauchy in
(B(A, W), ||| .), there exists M > 0 such that || f,,|| ., < M for all n > 1. Therefore, for every
x € A, we have || f(2)|| = limp—o00 || fu(2)]| < M, so | fll < M, thatis f € B(A,W). In the
end, it is not hard to check that || f,, — f|| — 0,50 we conclude that (B(A, W), ||-||,.) is

complete.

(2) It is exactly a rewriting of Eq. (8.1) in the normed vector space (W, ||-||) with help of the new
norm defined in Eq. (8.5). ]

Example 8.1.11 : Consider the sequence of functions (f),),>1 defined by
VneN, Vrel0,1], fu(z)=2"(1-2z).

It is not hard to see that (f,,),>1 converges pointwise to the zero function. For every n € N, the

function f,, is of class C*°, so we may take its derivative to find its extrema on [0, 1]. We have

n—|—1x>.

/ . n—1 _
Ve € [0,1], f,(x)=nx (1 -

_n_
n+1’

n

T 1] with maximum at z,, =

Therefore, the function f,, is increasing on [0 | and decreasing on |

n )
) that is

1 n o o\m 1
Vx € [0, 1], fn(x)gf"(l‘”):n—i—l(n%—l) <n—i—l n—00

Therefore, the sequence (f,,)n>1 converges uniformly to the zero function on [0, 1].

Remark 8.1.12 :If a sequence of functions (f,)n>1 converges pointwise to f, in order to show that this

convergence is not uniform, we may look at the negation of Eq. (8.1), which writes
Je>0,YN2>1, In>Ndxrec A d(fu(x), f(z)) >e.

In other words, we need to find a sequence (zy,),>1 with values in A and an extraction ¢ : N — N such that

the sequence (d(fy(n)(n), f(%n)))n>1 is bounded away from 0.
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Example 8.1.13 : Let us consider the following sequence of functions,

x+/n

VneN, Ve>0, fulz)= i

It is easy to see that the sequence of functions ( f,,),>1 converges pointwise to the zero function. To

show that it does not converge uniformly, we follow Remark 8.1.12. Let z,, = n for n > 1. Then, we

have
n++/n

1

We conclude that the convergence f, — f is pointwise but not uniform.
n—oo

The following theorem tells us which additional assumptions we may add to upgrade a pointwise conver-

gence to a uniform convergence.

Theorem 8.1.14 (Dini’s theorem) : Let (K, d) be a compact space, and ( f,,)n>1 be a sequence of con-

tinuous functions from K to R. Suppose that
(i) the sequence is increasing, that is for every x € K andn € N, we have f,,(x) < fnt1(2);

(ii) the sequence (fy)n>1 converges pointwise to a continuous function f : K — R.

Then, the sequence (fy,)n>1 converges uniformly to f.

Proof : For every n € N, let us define the continuous function g, = f — f,, > 0. By the assumption (i),
the sequence of functions (g, )n>1 is decreasing. Given ¢ > 0, we define E,, = {z € K : g,(x) < ¢}
for n € N. For every n € N, since g, is continuous, the set F,, is open; since the sequence (g, )n>1 is
decreasing, the sequence (E,,),>1 is increasing. Due to the assumption (ii), we find that U,,»; E, = K.
Since K is compact, by the Borel-Lebesgue property (Definition 3.1.3), there exists N > 1 such that
Ex = UY_, E, = K. This means that for any n > N and z € K, we have |f,,(z) — f(z)] <e. O

Remark 8.1.15 : There is another version of Dini’s theorem, stated as below. Let I = [a, b] be a segment

and (fy,)n>1 be a sequence of (not necessarily continuous) functions from I to R. Suppose that
(i) for each n > 1, the function f,, is increasing on I;
(ii) the sequence (f,)n>1 converges pointwise to a continuous function f : I — R.

Then, the sequence (f,,)n>1 converges uniformly to f. See Exercise 8.7 for a proof.
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8.1.2 Series of functions

In this section, let (uy,),>1 be a sequence of functions from A to W, where (W, ||-||) is a Banach space.

Definition 8.1.16:

« We say that the series of functions > u,, converges pointwise if for every x € A, the series

> up(z) converges. We write

donsiUn i A — w

T Zn>1un(:c).

« The function defined by S,,(z) = > j_; ux(z) for z € A is called the n-th partial sum of the

series of functions > uy,.

« If the series of functions > u,, converges pointwise, then the n-th remainderis given by R,, () =

> hepy1 k() for x € A

« We say that the series of functions ) u,, converges uniformly if the partial sums (.S, ),>0 con-

verges uniformly.

Proposition 8.1.17 : The series of functions ) u, converges uniformly if and only if
(i) the series Y u, converges pointwise, and

(ii) the sequence of remainders (R, ),>0 converges uniformly to the zero function.

Proof : Let Y u,, be a series of functions, (S, ),>0 be its partial sums, and (R, ),>0 be its remainders.

« Suppose that } u,, converges uniformly to u, which means that (S),),>0 converges uniformly to
u, and it follows from Corollary 8.1.6 that this convergence takes place pointwise. The uniform
convergence means that ||S, — u|| — - 0, since u — Sp = R, we see that it is equivalent to

n—oo

[Bnlloe -7 O-

« Suppose that (i) and (ii) holds, and denote by u the pointwise limit of )" wu,. Since R,, = u —

Shp, from its uniform convergence to zero, we find ||.S,, — ul|

o« —— 0, which is the uniform
n—oo

convergence of (Sy,),>0 to u. O
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Example 8.1.18 : Let us consider the series of functions ) #m” where each term is a function

defined on [0, 1]. We are going to show that this series of functions converges uniformly. For every
z € [0, 1], the sequence (£-),,>1 is non-increasing with limit zero. It follows from Theorem 6.4.2 that

the series > #x” converges, and the remainder R,,(x) satisfies

xn-i—l 1
< )
n+1 n+1

Vo €[0,1], [Rn(2)] <

which does not depend on z € [0, 1]. This implies that the convergence of the series of functions is

uniform.

Remark 8.1.19 : We note that saying that a sequence of functions ( f;,),>1 converges uniformly is equivalent

to saying that the series of functions ) (f,+1 — fn) converges uniformly.

Proposition 8.1.20 (Cauchy’s condition) : A series of functions Y u,, converges uniformly if and only

if for every € > 0, there exists N > 1 such that
V2> N,VkE>1, |upt1+ -+ tnykll, <€

This is the Cauchy’s condition in the case of a series of functions.

Proof : This is very similar to Corollary 6.1.11. From Proposition 8.1.10 (1), we know that

(B(A,W), |-l is a Banach space, in which a sequence converges if and only if it is Cauchy. O

Definition 8.1.21:Let u,, € B(A, W) for every n > 1. We say that the series of functions ) u,,
converges normally (IEFRUEN) on A if the series 3 [tnl| o 4 converges.

Proposition 8.1.22: Suppose that (W, ||-||) is a Banach space. Lety_ u,, be a series of bounded functions
from A to W that converges normally on A. Then, the following properties hold.

(1) For everya € A, the series > uy(a) converges absolutely.

(2) The series of functions ) u,, converges uniformly.
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Proof :

(1) Let a € A. For every n > 1, we have |lup(a)|| < ||un|/o. Since 3 ||uyl,, is convergent, we

deduce that > u,(a) converges absolutely.

(2) Foreveryn,k > 1and z € A, we have
[un(z) + -+ tngr ()| < fun(@)]| 4 - + [Jungr (@) | < lunlloo + - 4 unsrllo -

Therefore, the Cauchy’s condition for the series ) ||uy|| ., implies the Cauchy’s condition for the
series Y uy, (), uniformly for all # € A. This means that the series of functions > u,, converges

uniformly. g

Remark 8.1.23 : Let us assume that (W, ||-||) is a Banach space, and u,, € B(A, W) for all n > 1. A series
of functions )" u,, can also be seen as a series with terms in the Banach space (B(A, W), ||-||,), meaning
that the normal convergence of the series of functions ) u,, is the same as the absolute convergence of the
series Y u,, with terms u,, € B(A, W). This allows us to find an alternative proof to (2), by noting that from
Theorem 6.1.16, we deduce that the series > u,, converges in B(A, W), that is the series of functions > uy,

converges uniformly.

Example 8.1.24 : Let us define a sequence of functions ( f,,),>1 on [0, 1] as below,
1 T
fiz=1 and Vo> 1,Vee (0,1, fopi(z)=1+ 5/ Fult) dt.
0
Foranyn > 1 and x € [0, 1], we have

fra@) ~ Fua (@] = 3| [ (Fualt) = 1u(0)
<5 [ M = Sl

1
< 2 lfur  Fallos
implying || fo+2 — fatilloo < 3 | fat1 — fulloo- Therefore, by induction, we find
1
Vn =2 1, ||fn+1 - fn”oo < F HfQ - fl”oo'

It follows that the series Y (f,+1 — fn) converges normally, so uniformly, and the sequence (f;,)n>1
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converges also uniformly.

Example 8.1.25 : Let us consider the series of functions ) #x" defined on [0, 1]. We have seen

that this series of functions converges uniformly on [0, 1] (Example 8.1.18).

- However, it does not converge normally on [0, 1], because ||uy ||, = £ for n > 1, and the series

> % diverges.

S]

=2 forn > 1,

o0

« It does converge normally on [0, a] for any a € [0, 1), because H(u")‘[oﬂ]

. n
and the series } _ ©- converges.

8.2 Properties of the uniform limit

In this section, we are going to discuss some analytic properties of the limit of a convergent sequence of
functions. We are going to consider metric spaces (X, dx ) and (M, dj;), and a sequence of functions (fy, )n>1

in B(X, M).

8.2.1 Continuity

Proposition 8.2.1: Suppose that (f,)n>1 is a sequence of functions from X to M and converges uni-

formly to f. If f,, is continuous at a for everyn > 1, then f is continuous at a.

Proof : Let £ > 0. Due to the uniform convergence of (f,,),>1 to f, we may find N > 1 such that
Yn > N,Vx e X, dy(fu(x), f(z)) <e.
Since fy is continuous at a, we may find § > 0 such that
Vy e X, dx(z,y)<d = du(fn(z),[n(y)) <e.
Therefore, for any y € X such that dx (z,y) < 0, we have

dy(f (), f(y)) < dpr(f(2), [ (@) + dar (v (), (W) + du(Fn (), fy)) < 3e.
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This shows that f is continuous at a. O

Corollary 8.2.2: Let (f,,)n>1 be a sequence of continuous functions from X to M. If (fn)n>1 converges

uniformly to f on X, then f is continuous on X.

Proof : It is a direct consequence of Proposition 8.2.1. 0

Corollary 8.2.3: Let )" u,, be a series of continuous functions from [a, b] to a Banach space (W, ||-|). If

the series > u,, converges uniformly on |a, b], then the limit function Y u,, is continuous on [a, b].

Proof : It is a direct consequence of Corollary 8.2.2 by taking (X,dx) = ([a,b], |- |) and (M, dy) =
(WD O

Example 8.2.4 : Let us consider the series of functions ) _, - u, defined on R as below,
Ve >0, up(z)=—.

» For each x > 0, the series 3, - un(7) converges, and we denote the limit by u(z).
« The convergence of the series Zn%) Uy, to w is not uniform. In fact, for every N > 1, we have

N

X
> — — .
“ N! z—00 00

N-1
Z Up () — Z U ()
n=0

n=0

» For any M > 0, the convergence of the series ,,~ o u, to u on [0, M] is uniform. To see this,

we write, for any x € [0, M],

N-1
> un(@) = ) un(2)
n=0

n=0

n>N
which gives us a uniform upper bound of the remainder which does not depend on .

« In consequence, the limit function u is continuous on [0, M| for every M > 0, so it is also

continuous on R .

This examples illustrates that to get the continuity of the limit function, we do not necessarily need
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the uniform convergence on the whole domain of definition. Since the continuity is a local regularity,

it is sufficient to show the uniform convergence on, for example, all the segments.

8.2.2 Integation

Let I C R be an interval such that [ # . Consider a sequence ( f,,)n>1 of functions from I to a Banach

space (W, [|-[|).

Proposition 8.2.5: Let (f,,)n>1 be a sequence of continuous functions that converges uniformly to f on

every segment of I. Let a € I, and define the following primitives,

gp(m):/;f(t)dt . gpn(ac):/axfn(t)dt, Vn > 1.

Then, the sequence (y,)n>1 converges uniformly to @ on every segment of I.

Remark 8.2.6 : The conclusion of Proposition 8.2.5 menas that we may interchange the order of the limit
and integration,

xT x
lim /a fa(t)dt = /a nh_}rlgo fn(t)dt.

n—oo

Proof : Let [c,d] C I be a segment of I containing a. Since ( f,,),>1 converges uniformly on [c, d] to
f, it follows from Corollary 8.2.2 that f is also continuous on [c, d]. Therefore, the primitives ¢ and

©n, with n > 1 are well defined on [c, d]. For every n > 1 and x € [c, d], we have

len(z) — @(2)]| =

[ttt = 1) @

< |l‘ - CL| ||fn - f”oo,[c,d] < |d - C‘ ||fn - fHoo,[C,d} — O

n—o0

The convergence to 0 in the above bound does not depend on = € ¢, d], so we have established the

uniform convergence of (¢, )n>1 to ¢ on [c, d]. O

Example 8.2.7 : Let (f,)n>1 be a sequence of real-valued continuous functions on [0, 1] that con-

verges uniformly to f. This means that (f,,),>1 is bounded in B([0, 1], R), so we may find M > 0
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such that || ||, < M for all n > 1. Then, we have
Vo € (0,1, [fa(2)® = f(2)?] < 2M|fu(2) — f(x)].

This means that (f?2),,>1 converges uniformly to f2, so we have

/Olfim/olf?

Example 8.2.8 : Let us consider the sequence of functions (f,,)n>1 on [0, 1], defined by

Ve € [0,1], fau(x)=2a".

This sequence of functions converges pointwise to the indicator function f = 1; (Example 8.1.2)
which is not continuous, so this convergence is not uniform (Proposition 8.2.1). However, the sequence

of integrals converges,

/Olfn(x)dx: ! —>O:/01]ll(x)dx.

n-+1 n—oo

This shows that the notion of uniform convergence is much stronger than the convergence of integrals.
Actually, later in Section 8.5, we will see in a more general context, how to obtain the convergence of

integrals without having the uniform convergence.

Corollary 8.2.9: Let Y u,, be a series of continuous functions from [a, b] to a Banach space (W, ||-|). If

the series y_ uy, converges normally on [a,b], then, for z € [a, b], we have

/ax (Zun(t)) dt = </:un(t)dt> :Jgn;ozn: <[uk(t)dt>,

n=1 n=1 k=1

where the limit on the right side is uniform on [a, b].

Remark 8.2.10 : Corollary 8.2.9 gives us conditions under which we are allowed to interchange the order
of integration and series. In such a circumstance, sometimes we also say that “we may integrate the series

term by term”.
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We also have a more general statement for the behavior of a uniformly convergent sequence of functions
in the context of Riemann-Stieltjes integration. The following theorem states that (1) the Riemann-Stieltjes
integrability is preserved by the uniform convergence, and (2) the sequence of primitives also converges

uniformly.

Theorem 8.2.11: Let o € BY([a,b]). Let (fn)n>1 be a sequence of bounded functions from [a, b] to
R such that f,, € R(a;a,b) for alln > 1. Suppose that (fy,)n>1 converges uniformly to a function
f :[a,b] — R, and define

g@0=§éxfa)da@) and @xx>=;éxﬁxwdaa» V> 1.

Then, the following properties hold.

(1) f € R(a;a,b).

(2) The sequence (gn)n>1 converges uniformly to g on [a, b].

Proof : By the decomposition theorem of functions with bounded variation, see Theorem 5.1.17 and
Corollary 5.3.16, it is enough to show the statement for a strictly increasing function a. We have seen

a similar argument in the proof of Theorem 5.3.21.

(1) Let us prove that f satisfies Riemann’s condition with resepct to a on [a, b] (Definition 5.3.8).

Let € > 0. The uniform convergence of (f,,)n>1 to f allows us to find N > 1 such that
—Jn < N V ,b ,V 2 N
I50) = B € s, W€ ot v
This means that for any partition P € P([a, b]), we have
\Up(f — fn,o)| <e and |Lp(f— fn,0)[<e (8.6)
Since fy € R(«a;a,b), we may find a partition P. € P([a, b]) such that

VP D P., Up(fN,a) — Lp(fN,a) <e. (8.7)
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Therefore, for any P O P, we have

UP(f,OC)—LP(f,Oé) <UP(f—fN,OZ)_LP(f_fN,Oé)‘i‘UP(fN,OK)_LP(fN,Oé)
<|Up(f — fn, )|+ |Lp(f — fn. )| + [Up(fn,a) — Lp(fn, )]
3e

N

from Eq. (8.6) and Eq. (8.7). This shows that f € R(«;a,b).

(2) Forn > N and z € [a, b], we have

90(2)=9(@) < [ 11a(O)=F()]da(t) < I = fllc la(2)-a(@)] < 1o ~ Sl lal®)-a(a))

where the upper bound does not depend on z, and converges to 0 when n — oo. O

Corollary 8.2.12: Let o« € BV([a,b]). Let Y uy,, be a series of bounded functions from [a, b] to R such
that u,, € R(a;a,b) foralln > 1. Suppose that the series Y, u, converges uniformly on [a,b]. Then,
the following properties hold.

(1) >, un € R(asa,b).

(2) Forz € [a,b], we have

[ ()= 5 ([ woam) - 55

n>1 n>1 k=1

uku)dda(t)),

where the convergence on the right side is uniform in x € |a, b].

8.2.3 Derivatives

Let I C R be an interval such that / # @. Consider a sequence (f,)n>1 of functions from I to a Banach
space (W, [[-]))-

Theorem 8.2.13 : Let us make the following assumptions.
(i) For everyn > 1, the function f, : I — W is of class C".

(ii) The sequence (f,)n>1 converges pointwise to f € F (I, W).
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(iii) The sequence (f],)n>1 converges uniformly to g € F(I, W) on every segment of I.
Then, the following properties hold.
(1) The function f is of class C' and f' = g.

(2) The sequence ( fn)n>1 converges uniformly on every segment of 1.

Proof : Let a € I. From (ii), we know that f,(a) — f(a).

(1) First, we note that since (f},)n>1 converges uniformly to g on every segment of 1, it follows from

Corollary 8.2.2 that g is continuous on I. By Proposition 8.2.5, for z € I, we have

/az = lim / I (t hm (fa(x) = fula)) = f(z) — f(a).

n—o0

This shows that
Vo€l f)=f@+ [ glt)at

Since g is continuous, we deduce that f is of class C! and f’ = g.

(2) To show the uniform convergence of (fy,)n>1 to f, let us proceed as follows. For every n > 1

and x € I, the fundamental theorem of calculus gives us

/.

The first term on the right side converges uniformly to 0 by Proposition 8.2.5, and the second

Vula) — F@)] < \

fu®) - FO) &) + 5@ - @)

term converges to 0 due to the assumption (ii). Therefore, the above rate of convergence does

not depend on = € I, so (fy,)n>1 converges uniformly to f. O

Remark 8.2.14 : From the above proof, we see that the assumption (ii) can be softened to

(ii’) there exists a € I such that f,,(a) — f(a).

Corollary 8.2.15: Let p > 1 be an integer, and (fy,)n>1 be a sequence of CP functions from I to W.
Suppose that

(i) for every 0 < k < p — 1, the sequence (fék))n% converges pointwise;
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(p)

(ii) the sequence (fr, ' )n>1 converges uniformly on every segment of I.

Then, the pointwise limit f := lim,_, o f is of class CP, and for 0 < k < p, we have

veel, f®(z)= lim fF(z).

n—oo

Proof : This can be shown by induction using Theorem 8.2.13. O

Corollary 8.2.16 : Let (u,,),>1 be a sequence of C' functions from I to W. Suppose that
(i) the series Y u, converges pointwise;
(ii) the series Y ., converges uniformly on every segment of I.

Then, the function Y, -, u, is of class C* and

Example 8.2.17 : We claim that the Riemann zeta function s — ((s) is of class C!, and

Inn
ns

Vs>1, ('(s)=— i
n=1

Foreveryn > 1,let u, : s — n~%, whichisa C ! function with derivative given by

Inn

(o) —
Vs> 1, wu,(s)=— —

The series of functions ) u,, converges pointwise to (. Fixb > a > 1, let us show that > u/, converges

normally on [a, b], so also uniformly. Let us choose ¢ € (1, a). We have

[@en], = = = 0(=).

na nC

Since Y n~¢ converges (Proposition 6.2.6), we deduce that )" u,, converges normally on [a, b]. There-

fore, Eq. (8.8) gives us Eq. (8.9).
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Corollary 8.2.18 : Let p > 1 be an integer, and (uy,,)n>1 be a sequence of CP functions from I to W.
Suppose that

(i) foreveryO < k < p — 1, the series ) . ugk) converges pointwise;
(ii) the series u%p) converges uniformly on every segment of I.

Then, the function Zn>1 Uy, is of class CP and for 0 < k < p, we have

( Z un> " = Z u,(lk). (8.10)

n>1 n>1

Example 8.2.19 : We follow the same notations as in Example 8.2.17, we find, for every n,p > 1,

that
p(Inn)P
ns

Vs> 1, ulP)(s)=(-1)

n

Let us fix b > a > 1. We show in the same way that ) u%p ) converges normally on [a, b] for all p > 0,
so also converges uniformly and pointwise. We apply Corollary 8.2.18 to conclude that s — ((s) is
of class CP for all p > 0, so it is of class C*°. Moreover, Eq. (8.10) gives us

p(nn)?

ns

Vs> 1,Vp>1, (W(s)=3 (-1)

n=>1

Example 8.2.20: Let (W, ||-||;;,) be a Banach space. We have seen in Theorem 3.2.18 that L.(W) :=
L.(W,W) equipped with the operator norm |||-|| is a Banach space, and is also a normed algebra
(Definition 6.6.1), that is the operator norm satisfies the submultiplicative property. Givenu € L.(W),

we may define the following function

Eu: R — L.(W)
tn

t — Z—u”
n>0n!

We may denote u,(t) = Lu” foralln > 0 and t € R.

n!

« It is straightforward to check that £, (t) is well defined for all ¢ € R, because

R ik
vieR, YUl < X Pl = exp (el

n>0 ' n>0
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« A similar argument as in Example 8.2.4 shows that for any M > 0, the series of functions

Y _n>0 Un converges uniformly on [—~M, M] to &,.

« We have ug(t) = 1 for all ¢ € R. For every n € N, we have

tn—l

VteER, ul(t)= ( u" = u - up—1(t).

n—1)!
This shows that the series of functions _,~ u;, = Y,,51 U, = ., U- Uy, cOnverges pointwise

to u - €,(t). This convergence is also uniform on every [— M, M] for M > 0.

» Let us fix M > 0 and apply the uniform convergence of 3, - uy, and - u;, on [—M, M] to
conclude that &, is of class C! on [~ M, M| and &/,(t) = u - E,(t) for t € (—M, M). This allows
us to conclude that &, is of class C! on R and &/, (t) = u - £,(t) for all t € R.

« From the relation &, = u - £,, we deduce that if &, is of class CF for some k > 1, then so is &,

meaning that £, needs to be of class Cktl Asa consequence, &, is of class C*.

8.3 Power series

In this section, we are going to study a particular form of series of functions, called power series. We
restrict ourselves to real-valued and complexed-valued power series, but you need to keep in mind that all

the notions are still valid if we replace (R, |- |) or (C, | - |) by a normed algebra.

8.3.1 Definitions and radius of convergence

We define a few topological notions in (C, | - |). An open ball centered at ¢ with radius r > 0 is also called
an open disk centered at ¢ with the same radius 7, denoted D(c,7) := B(c,r). We also define the notion of

closed disks in the same way.

Definition 8.3.1: Let (ay),>0 be a sequence of complex numbers and ¢ € C.

« A series of functions of the form 3_,,. an(z — ¢)" is called a power series (AR EX) centered at

¢, where z € C is the variable of the functions.

« If the sequence (a;,)n>0 is real-valued and ¢ € R, we may use = € R as the variable of the power

series, and write an(x — ¢)™. Then, this power series takes values in R.
n=>0 “n
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We are going to develop some theories for power series centered at ¢ = 0. For a general power series
centered at ¢ € C, all the corresponding notions and properties can be obtained by a shift z +— z + c. The
properties and theorems are stated in terms of complex-valued power series, but you should also know that

the exact same proofs apply to the real-valued power series.

Proposition 8.3.2 (Abel’slemma) : Let ) a,,2" be a power series and zy € C be such that the sequence

(anz{)n>0 is bounded. Then, the following properties hold.

(1) Forevery z € C with |z] < |2

, the series Y an 2™ is absolutely convergent.

(2) For everyr € (0, |20

D(0,r) := B(0,r).

), the series of functions Y a,z" is normally convergent in the closed disk

Proof : Let M > 0 be such that |a,||z0|™ < M for every n > 0. For z € C such that |z| < |zo|, we
have
z|m z
Vn 20, an2"| = | = | laallzo" < M| <[,
20 20

where the right-hand side is a convergent series (geometric series with ratio strictly smaller than 1). O

Definition 8.3.3 :Let ) a,2" be a power series. The following quantity
R=R() an2") :=sup{r = 0: (|an|r")n>0 is bounded} € [0, +o0]

is called the radius of convergence (UBIH1XK) of 3" a, 2"

Remark 8.3.4 : We note that if we add phases to the sequence (a,,),>0 defining the power series > a,,2",

its radius of convergence remains unchanged.

Proposition 8.3.5: Let ) a,2" be a power series and R be its radius of convergence. Then, we have the

following properties.
(1) Forz € C with |z| < R, the series Y a,z" converges absolutely.
(2) For z € C with |z| > R, the series > a,2" diverges.

(3) Forr € [0, R), the series Y_ a, 2" converges normally on the closed disk D(0, ).
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And the open disk D(0, R) is called the disk of convergence (WBXIEIfE) of the power series Y a,,2".

Remark 8.3.6:

(1) When R = 400, the power series > a, 2" converges for every z € C, so it defines a function from C

to C. Such a function is called an entire function (B¥K£X).

(2) When R < 400, on the boundary of the disk of convergence, that is when z € 9D(0, R), the power

series may have any possible behavior, see Example 8.3.9.

Proof :
(1) Itis a direct consequence of Proposition 8.3.2 (1).

(2) For z € C\D(0, R), since (|an||z|")n>0 is not bounded, we do not have a,,z" — > 0,50 the
n—oo

series Y a, 2™ diverges.

(3) Itis a direct consequence of Proposition 8.3.2 (2). O

Proposition 8.3.7 (D’Alembert’s criterion, ratio test) : Let > a,, 2" be a power series, and R be its radius

of convergence. Suppose that the following limit exists,

. An+1
0:= lim |2t
n—oo | a,

‘ € [0, +oo].

Then, R = ¢~ 1.

Proof : It is a direct consequence of Theorem 6.3.1. g

Proposition 8.3.8 (Cauchy’s criterion, root test) : Let ) a, 2" be a power series, and R be its radius of
convergence. Let

A := limsup |an|"/™ € [0, +00].

n—o0

Then, R = %
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Proof : It is a direct consequence of Corollary 6.3.8. (]

Example 8.3.9: The following three series have the same radius of convergence 1, that can be obtained
by either the ratio test or the root test. However, they have totally different behaviors on the boundary

of the disk of convergence.

(1) The series Y z™ has radius of convergence 1. For z € C with |z| = 1, the series } 2" never

converges.

(2) The series > fTZ has radius of convergence 1. For z € C with |z| = 1, the series ) Z—Z converges

normally, so converges.

. on . . . PO
(3) The series ) - has radius of convergence 1. For z = 1, the series ) - diverges. For z € C

such that |z| = 1 and z # 1, the series 3 Z- converges by Example 6.4.9.

8.3.2 Operations on power series

-

Proposition 8.3.10: Let f(z) = Y an2" and g(z) = Y b, 2" be power series with radius of convergence

Ry and Ry. Let R be the radius of convergence of _(a,, + by)z". Then,
R > min(Ry¢, Ry).

Moreover, if Ry # R,, we have R = min(Ry, Ry). For any z € C with |z| < min(Ry, Ry), we also

have

Z(an +by)2" = Z anz" + Z bn2". (8.11)

n=0 n=0 n=0

Proof : Let z € C such that |z| < min(Ry, Ry). It follows from Proposition 8.3.5 that both >~ a,2"
and > b, 2" converges absolutely, so the series > (a, + by,)z" also converges absolutely. This means
that Eq. (8.11) holds. Moreover, this also implies that R > min(Ry, Ry).

Suppose that Ry # R, for example, Ry < R,. Let z € Csuchthat Ry < [z| < Ry. Since (b,2"™)n>1
is bounded and (a,,2™),,>1 is unbounded, we deduce that ((a,, + bn)z")n>1 is unbounded, so |z| > R.

By taking infimum over z € C satisfying Ry < |z| < Ry, we find that Ry > R. (]
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Definition 8.3.11:Let Y a,2" and }_ b, 2" be power series. Their Cauchy product is the power series

> ¢, 2", where the coefficients (¢, ),,>1 are given by

n
Vn = 0, Cp = Z akbn_k.
k=0

Proposition 8.3.12: Let f(z) = >_ an2" and g(z) = Y by 2" be power series with radius of convergence

Ry and Ry. Let Y ¢, 2" be their Cauchy product. For every z € C with |z| < min(Ry, Ry), we have

f(2)g(z) = <Z anz”> (Z bnz”> = Z (:Oakbn_k> #7P = Z cn2". (8.12)

n=0 n=0 n=0 n=0

In particular, if R is the radius of convergence of > ¢,,2", then we have

R > min(Ry¢, Ry).

Proof : Let z € C such that |z| < min(Ry, Ry). From Proposition 8.3.5, we know that both >~ a,,2"
and ) b, 2" converges absolutely, then by Theorem 6.6.3, we know that their Cauchy product ) ¢, 2™
converges absolutely, and satisfies Eq. (8.12). Additionally, this implies that R > min(Ry, Ry). O

8.3.3 Regularity

Here, let f := )" a, 2™ be a power series with radius of convegence R > 0. We have seen in Proposition

8.3.5 that f is well defined on D(0, R).

Theorem 8.3.13 : The function f : z +— - a,2" is continuous on the disk of convergence D(0, R).

Proof : Fix z € D(0, R). Let us consider a closed disk D(z,r) centered at 2z with radius 7 < R — |z|.
Then, for any w € D(z,r), we have |w| < |w — z| + |2| < |2] + 7 < R, which means that D(z,r) C
D(0, R). It follows Proposition 8.3.5 (3) that the power series Y a,,2"™ converges normally on D(z, ).
Since the partial sums defining f are continuous (polynomial functions), we use Proposition 8.2.1 to

conclude that the limit f is continuous at z. [l
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Theorem 8.3.14 (Abel’s theorem) : Let Y a, 2" be a power series with radius of convergence R > 0.
Suppose that the series ) a, R" converges. Then, the function x — Y, ~qanz" defined on [0, R] is
continuous. In other words, we have

Z A8 — Z anR".

>0 z—R— 7>0

Proof : For every n € Ny, let u,, : [0, R] — C be defined by

Ve € [0,R], up(r)=ayz", and R, = Z apRE.
k>n+1
By the assumption, the series of functions Y u, converges pointwise on [0, R]. We want to show
that this covnergence is uniform, then we can conclude by Proposition 8.2.1. By rewriting each w,, as
up = a,R"(%)", we may assume that R = 1.
Let € > 0. Since ) ay, is convergent, we may find N > 1 such that |R,| < e foralln > N. For
m,n € Nwithm > n > N, and = € [0, 1], we establish the Abel’s transform using the remainders of

the convergent series > ay,

m m m—1 m
Z aka:k = Z (Rk,1 - Rk)a:k = Z Rkl'k+1 - Z kak
k=n+1 k=n+1 k=n k=n+1
m—1

= R,z — Rypa™ + Z Ry (z*+t — 2.
k=n-+1

Since R,, —— 0 and (2;,)m>0 is bounded, we have R,,2™ —— 0. Moreover, we have
m—00 m—00
|Rp, (2P — 2F)| < e(aF — 2F+1), and the series ). (2% — 2F*1) converges, so 3" Ry (¥ ! — z¥)

converges absolutely. Thus, for n € N and z € [0, 1], the remainder of the power series writes

rn(x) = Rzt + Z Rk(ackJrl — xk)
k>n+1

Forn > N and z € [0, 1], we have

|Rn$n+1‘ < ‘Rn| <€,

Z |Rk($k+1 _«Tk)| < Z €(xk _karl) — Eanrl <e.
k>n+1 k>n+1

So |rp(z)] < 2¢forallm > N and z € [0,1]. This means that r, — > 0 uniformly. By
n—oo
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Proposition 8.1.17, we have shown that > u,, converges uniformly on [0, R]. g

The following Tauber’s theorem gives a converse of the above Abel’s theorem.

Theorem 8.3.15 (Tauber’s theorem) : Let f(2) = > a,, 2" be a power series with radius of convergence

R > 0. Suppose that f(x) ——— ¢ and na,, —— 0. Then, the series > a,, R" converges to (.
z—R— n—r00

Proof : Without loss of generality, we may assume that R = 1. Let us denote by (S,,),>0 the partials

sums of the series )" a,,. Forany n € Ny and x € (—1, 1), we have

= Zak(l—xk)— Z apx”.
k=1

k>n+1

For x € (0,1), we have
-2 =1 -2)1+a+ - +2"1) <k —2).
Therefore, for any n € Ny and z € (0, 1), we have

1S = f(z)] < (1 —2) Zk|ak|+ > laklz”.

k>n+1

Given € > 0 and choose N > 1 such that n|a,| < e for alln > N. For any n > N, we have

Z lag|z® < e Z Z z* (1—:5)'

k>n+1 k>n+1 k>n+1

Forn > N, let us choose z,, = 1 — l Then, we find
|Sp — < E:idakw+8

Since n|ay,| — 0, it follows from Exercise 6.1 that the first term'on the right side converges to 0.
n—oo

Therefore,

limsup |S, — f(zn)| < e.

n—oo
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Since € > 0 can be made arbitrarily small, we find
Tim [S,, — f(2a)| = 0.

That is, lim, o0 S,y = limy, 00 f(2,) = limy1— f(z) = /.

The following is a generalization of Theorem 6.6.3 and Exercise 6.24.

Corollary 8.3.16 : Let > a,, and > b, be convergent series. Forn € Ny, let ¢, = > j_o axbp—k-

Suppose that Y, ¢, is convergent. Then,

e (2)(5)

n=0

Proof: Let > a,2", > b,2", and ) c,2" be power series. Their radii of convergence are at least 1, be-
cause both (ay|2|™)n=0 and (by|2|™)n=0 are bounded for z € D(0, 1). It follows from Proposition 8.3.12
that the radius of convergence of the power series ) _ ¢, 2" is greater or equal to 1. By Theorem 8.3.14,

we know that

Z anpx’t —— Z A, Z bz :_Tl—j Z by, and Z cnx" :_;—j Z Cn-

1_
n>0 T >0 n>0 n>0 n>0 n>0

Moreover, Proposition 8.3.12 gives the following identity,

Vo € (—1,1), ch:v” = (Z anq:"> (Zmﬂ”)

n=0 n=>0 n=0

By taking the limit x — 1— in the above identity, we establish the identity we want. (]

Let us also introduce the notion of differentiability in a complex variable.

Definition 8.3.17:Let A C Cand f : A — C. We say that f is C-differentiable (or simply differen-

tiable) at zg € A if the following limit exists,

d d B

"The sum 1 > w_, kay is called the Cesard sum of (1an)n>1.
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which is also called the C-derivative of f at z.

Remark 8.3.18 : We may identify C as a two-dimensional real vector space. If we compare the notion of
differential from Definition 4.1.1, we may notice that the C-derivative introduced here is much stronger.
In fact, if a function f : A — C is differentiable at zy in the sense of Definition 4.1.1, its differential is a
continuous linear map. However, if the same function is C-differentiable at 2, its C-derivative is given by
a complex number, which, seen as a differential, is a composition between a rotation and a dilation (in R?).
It is not hard to see that a composition between a rotation and a dilation is a continuous linear map, but the
converse fails to hold in general. In Complex Analysis, you will see that if a function is C-differentiable in an
open subset A C C, then it can be differentiated as many times as we want in A. Such functions are called

holomorphic functions.

A power series contains only polynomials functions, and it is not hard to check that the C-derivative of a

polynomial function is the same as its usual R-derivative. In other words, we have

d n
Vn € Np, Efz):nz

n—1

Theorem 8.3.19 : The function f : D(0,R) — C, z = >, ~qan2" is of class Cl. The power series

> n>1Nan 2"t has the same radius of convergence as >, an2", that is

R( Z nanz"_l) = R( Z anz").

n>1 n=0

We also have

Vz€ D(0,R), f'(2)= Z na,z"" L. (8.13)

n=1

Remark 8.3.20 : This theorem is of particular interest. It means that we can always differentiate term by
term a power series, which is not the case of a general series of functions, where additional assumptions are

needed (Corollary 8.2.16).
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Proof : Let R’ be the radius of convergence of Y na,z" !. For any r € [0, R'), we know from
Definition 8.3.3 that (na,r™ 1),>1 is bounded, so (a,7™),>0 is also bounded, which implies that r <
R. By taking the limit » — R'—, we find R’ < R. For the converse, let r € (0, R) and 79 € (r, R).

Again by Definition 8.3.3, we know that (a,,7{)n>0 is bounded. We have
1 1\t
na,r"" " = n(apry” )(—) — 0,

so we also know that (na,r""1),>1 is bounded, that is r < R’. When we take r — R—, we find R <

R’. Now, we can deduce Eq. (8.13) as a direct consequence of Corollary 8.2.16 and Proposition 8.3.5.

O

Corollary 8.3.21: The power series f(z) = >_,>0an2" is of class C* on D(0, R). For every p € N,

the p-th derivative of the power series has the same radius of convergence and writes

Vze D(0,R), f@(z)= Z nn—1)---(n—p+1)apz"? = Z (Z)p!anz"_p.

nzp nzp

In particular, this gives

® (0o
VPGNQ, ap:fp'( ),
and -
f(0)
Vz € D(0, R), f(z):z ] %,
p=0 ’
Proof : It is a direct consequence of Theorem 8.3.19 with an induction. O
Example 8.3.22 : We have the following identity,
vz € D(0,1) L > on
z L), 1= 2 2",

Theorem 8.3.19 allows us to differentiate the identity, giving us

Vz € D(0,1), L Z nz"t = Z(n +1)2". (8.14)

5 =
(1 B Z) n>1 n=0
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By taking higher-order derivatives, for every p € N, by Corollary 8.3.21, we find

) . 1 n+p\ ,

If we multiply Eq. (8.14) by z then differentiate again, we find

1
Vz € D(0,1), +e Z n?z" 1 = Z(n +1)%2".

1_3
(1 Z) n>1 n=0

In particular, when z = %, we find the following identity,

2

n

n>1

Corollary 8.3.21 gives us following direct consequences, which are very useful when we deal with power

series.

Corollary 8.3.23 : The power series

F: D(0,R) — C
An  pt1
: ~ n%:ln—l—l

has the same radius of convergence as > a,z". Moreover, we have F' = f on D(0, R).

8.3.4 Coefficients of power series

Corollary 8.3.24 (Uniqueness of power series) : Let f(2) = 3,50 an2" and g(2) = 3,50 bn 2" be

two power series with radius of convergence

Rp=R(> anz") >0, and Ryi=R(> b.2") >0.

n=0 n=>0

Suppose that there exists v > 0 and r < min(Ry, Ry) such that f = g on (—r,r) C R. Then, we have

an = by, for alln € Ny.
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Proof : Let R = min(Ry, Ry) and consider the following functions defined on (- R, R),

Vze (—R,R), f(2)= Z apz", and g(z)= Z bp2".

n=0 n>0

It follows from Corollary 8.3.21 that both f and g are C*° functions, and their coefficients are given by

9™ (0)
n!

vn € Ng, a,= , and b, =

By the assumption that f = g on (—r,7) for some r € (0, R], we deduce that £ (0) = ¢(")(0) for all

n > 0, so we also have a,, = b,, foralln > 0. O

Example 8.3.25:Let f : D(0,R) — C, z = 3,5 a,2" be a power series with R > 0. Suppose
that f is an even function, thatis f(z) = f(—z) for z € (—R, R). In other words,

Vz € (—R, R), Z an(—2)" = Z anz".

n=0 n=0

This implies that
Vn € Nog, (—=1)"a, = an.

In other words, a,, = 0 if n is an odd integer.

Theorem 8.3.26 (Cauchy’s formula) : Let f(z) = Y a,2" be a power series with radius of convergence

R > 0. Then, for anyr € (0, R) and n € Ny, we have

2

2 . .
Py = 7/ f(ret?)e=in% dg.
0

Proof : Let us fix € (0, R) and n € Ny. We have

2 . . 2 .
f(r619)e—1n9 do = / (Z aprpel(P—nM) d6.
0

0 p=0

Since ) |ap|rP converges, the series of functions § — 3 apﬂ’ei(p_")‘9 converges normally on [0, 27].

We deduce from Corollary 8.2.9 that we may interchange the order between integration and summa-
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tion. As a consequence,

2m i . 2,
/0 f(ret®)e im0 dg = Z aprp/o elP~mf 4 = Z apr? (2m) 1 p—y, = 271" A,

p=0 p=0 O

Remark 8.3.27 : This provides another proof of Corollary 8.3.24 if, using its notations, f = g on D(0,r)
for some r € (0, R).

8.3.5 Expansion in power series

In the previous subsections, we were given power series and discussed their properties. In this subsection,

we are going to see when and which functions can be written (or exapnded) as a power series.

Definition 8.3.28 : Let A C C be an open set and a function f : A — C.

o Let R > 0. If 0 € A and there exists a power series > a,z" such that

Vz e D(0,R), f(z)= Z anz", (8.15)

n=0

then we say that f can be written (or expanded) as a power series around 0, or on D(0, R). In

particular, such a function needs to be C* at 0, which is a direct consequence of Corollary 8.3.21.

« Let 29 € A. We say that f can be written (or expanded) as a power series around 2z if z +—

f(z + 20) can be written as a power series around 0.

Proposition 8.3.29 : Let A C C be an open set containing 0 and a function f : A — C. Then, the

following properties are equivalent.
(1) f can be written as a power series around 0.

(2) There exists r > 0 such that the series of remainders (R,,)n>0 converges pointwise to 0 on D(0,r),

where o
- 0
Vn € No,Vz € D(0,r), Rnp(z)= f(2)— Z / k‘( )zk (8.16)
k=0 :
When (2) holds, it means that the power series > %z” has radius of convergence R satisfying R > r,

and f is equal to the series on D(0, 7).
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Remark 8.3.30:

(1) To check Proposition 8.3.29 (2), we use Taylor-Lagrange or Taylor integral formula (Section 4.3.1) to

write the remainder as

Zn—f—l

(n+1)!

FO92), 0 (0,1), or Ry(z)=2"" /Olwa”(tz)dt.

n!

R, (2) =

(2) We note that to check Proposition 8.3.29 (2), it is not sufficient to check that the radius of convergence
(m)(0) . . - . . . .

of ) fT!(O) is strictly positive. Actually, there are functions such that this power series has a strictly

positive radius of convergence without Eq. (8.15) holds, see Example 8.3.32 for an example. However,

if this radius of convergence is 0, it tells us that f cannot be written as a power series around 0.

Proof : There is nothing to show for (1) = (2). Suppose that (2) holds, let us show (1). Let > 0 sat-
isfying Eq. (8.16). Let z € D(0, ). The condition R,,(2) — > 0 implies that f(z) =200 %zn.

(n) . A
Therefore, the sequence (fT!(O)z”)n>o tends to 0, so is bounded, so the radius of convergence R of the

corresponding power series satisfies R > |z| (Definition 8.3.3). By taking supremum over z € D(0, ),

we find R > r. O

Example 8.3.31 : The following functions can be written as a power series around 0.

(1) The exponential function z — exp(z),

In fact, for any 2z € C and n > 0, the n-th remainder writes
’ Z|n+1 | Z|n+1

— 0 Re(z)
| R (2)] CE] e — 0.

(n+1) _

(2) The function z — 2 is defined on C\{1}, and we have

Vz € D(0,1), => 2"

In fact, for any z € D(0,1) and n > 0, the n-th remainder writes

|Rn(z)|:‘lz_nz‘< ‘Z‘n

= ‘1—2;‘ n—00
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(3) Any polynomial function P € C[X] satisfies

VzeC, P(z)= Z P(0) 2",

n=0

Actually, the above power series contains only finitely many terms.

Example 8.3.32: Let us consider the function f defined as below,
f: R — R
eV ifx >0,

T
0 ifx <0.

For k € Ny, we may compute the k-th derivative of f on (0, +00),
1
Vo >0, f®(z)= Pk(—)e_l/x, (8.17)
x

where Py, is a polynomial satisfying deg(P;) < 2k. Therefore, for each k > 0, we may extend f(*) con-
f (">( 0) ,n

tinuously to 0 by the value 0, so f is a C> function on R. Therefore, the power series ) _, -

is the zero function. Its radius of convergence is +00, and is not equal to f on (0, r) for any r > 0.

Proposition 8.3.33 : If f can be written as a power series in D(0, R) for some R > 0, then for any

20 € D(0, R), f can also be written as a power series around z.

Proof : Let f be a function, R > 0, and a power series > a,, 2" such that

vz e D(0, R), => ans"

n=>0

Let zp € D(0, R) and r = R — |2p|. It is not hard to see that D(0,r) C D(0, R). Let z € D(zg,r), we

write

Zanz":Zan(zo+(z—zo :Zanz (n) Bz — o)k
k=0

n=0 n=>0 n=0
Sy Y0 k< ) £z )
n=0 k>0
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n

We may check that for every n > 0, the series >~ anlp>k (k)zg_k(z — z0)"

converges absolutely

(finite series). Additionally, we have

n _
S5 fanl Lo <k> 20"z = 20l = 3 lanl (|20l + |2 — zo])"

n>0k>0 n=0

which converges because |29| + |z — 29| < |20| + 7 = R. Therefore, Theorem 6.7.4 allows us to

interchange the order of summations. We find,

Z anz" = Z Z anly>g (Z) (2 — 2k = Z ( Z an, <Z> zg_k> (z — 20)F,

n=0 k>0n=0 k>0 \n>k

which is a power series centered at z(. (]

8.3.6 Applications to ODEs

Power series can be used to solve linear ordinary differential equations with polynomial coefficients. We

have two cases.

+ We know that the solution can be written as a power series, and we look for recurrence relations
between coefficients of the power series. Then, the uniqueness of the cofficients (Corollary 8.3.24)

allows us to find this unique solution. See Example 8.3.34.

« We do not know whether the solution can be written as a power series and want to show that there
exists such a solution. We apply the same method as in the previous point, and show that the corre-
sponding power series has a strictly positive radius of convergence. This gives us the unique solution
that can be written as a power series, see Example 8.3.35. Note that this does not prove any result

about the uniqueness of the solution.

34

Example 8.3.34 : We want to look for a power series expansion of the following function around 0,

f: R — R

2 2
r o~ ev et dt.

The function f can be written as a power series centered at 0 with radius of convergence equal to 400,

because it consists of multiplication and integration of such functions. Additionally, by the fundamen-
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tal theorem of calculus, we have
Ve EeR, f(z)=20f()+1, and f(0)=
Suppose that f(x) = 3,,~¢ a,x". Then, we have

VreR, f'(z Z napz™ ', and xf(x Z anpr T = Z ap_ox™ L.

n=1 n=0 n>=2

Therefore,

Ve eR, fl(x)—2xf(x —al—i—z Nap — 2an_9)x" L

n>2

The initial condition f(0) = 0 gives ag = 0. By Corollary 8.3.24, we know that

2
ap=1, and VYn>2, a,=—an_o.
n

Thus, by induction, we find that

4™n)

Vn 2 0, agn = 0, and ao2n+1 = m

We check again (even though not necessary in this example) that the power series define by this

sequence of (a,,)n>0 indeed has radius of convergence equal to 400, so

n
4"n! 2n+1

Vo € R, f(x)zzm

n=0

Note that this solution can also be expanded around every a € R as a power series.

Example 8.3.35: Let a € C. We want to look for a power series expansion of the following function

around 0,
f: (-1,1) — C
x = (1+2)*

This function f satisfies the following first-order linear ordinary differential equation,

vre (-1,1), (1+2)f'(z)=af(z), and f(0)=

Such a differential equation has a unique solution (Theorem 8.4.17). Suppose that f(z) = >_, 5 anz"
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with radius of convergence R > 0. Then, we have

Vz € (-R,R), f(x)= Z napz” ! = Z(n +1app12”, and zf'(z) = Z napx".

n>1 n=0 n>1
Therefore,
Vo € (=R,R), (1+a)f'(z) —af(x) =Y ((n+ Dans1 + na, — aay)z".
n=0
From the initial condition f(0) = 1, we have ap = 1. By the uniqueness of the coefficients
(Corollary 8.3.24), we find
a—n
Vn € No, apy1 = . 1an.
By induction, we deduce that
—1...(a— 1
¥neNy a,= 2=V '(O‘ ntl) _ <a> (8.18)
n! n
By d’Alembert’s criterion, we have
‘anﬂ ’ _ ‘a -n
an n+11 n=oo

Therefore, the power series Y a,z" defined by the cofficients in Eq. (8.18) has radius of convergence

equal to 1, and we conclude that

Ve e (-1,1), (1+z)*=> <a>xn:Za(a—l)...(a—n+1)xn.

n=0 n n=>0

This generalizes the binomial expansion to the case with a complex-valued exponent.

8.4 Advanced theorems on uniform convergence
8.4.1 Arzela-Ascoli theorem

Arzela-Ascoli theorem is an important theorem in functional analysis, and it allows us to characterize
when a subset of continuous functions is compact. In particular, it turns out to be useful to show the exis-
tence of solution for some differential equations, see Theorem 8.4.14. First, let us introduce the notion of

equicontinuity.
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Definition 8.4.1:Let (K, d) be a metric space. In addition, if K is a compact space, the space of
continuous functions C(K, R) is a subset of B(K, R). We have equipped B( K, R) with the supremum
norm in Definition 8.1.9, which we may induce on the subspace C(K,R). A subset F C C(K,R) is

said to be equicontinuous (FEELE) if

Ve >0,V € M,36 >0,VfeF, yeBxd) = |flx)—flyl<e. (8.19)

Remark 8.4.2 : We note that the definition in Eq. (8.19) is much stronger than just requiring that all the

functions f € F are continuous. Once € > 0 and « € M are fixed, this condition needs the choice of § > 0

to be uniformin f € F.

Example 8.4.3:

(1) A subset of finitely many continuous functions is equicontinuous.

(2) For every L > 0, the set of all the L-Lipschitz continuous functions is equicontinuous.

Theorem 8.4.4 (Arzela-Ascoli theorem) : Let (K, d) be a compact metric space and F C C(K,R) be

a subset. Then, we have the following properties.
(1) F is compact if and only if F is bounded, closed, and equicontinuous.

(2) F is precompact if and only if F is bounded and equicontinuous.

Remark 8.4.5:

(1) We recall that a compact space is necessarily bounded and closed (Proposition 3.1.6), and a bounded
and closed set may not be compact (Remark 3.1.34), except that we are in a finite-dimensional normed
vector space (Corollary 3.2.24). If the compact metric space K is consisted of a finite number of points,
it is clear that C(K, R) is isomorphic to R" for n = Card(K), which is a finite-dimensional normed
vector space, and the theorem becomes trivial. However, for a generic compact metric space K, the

space of continuous functions C(K, R) is not of finite-dimensional.

(2) FromExercise 3.21, we know that a metric space is compact if and only if it is precompact and complete.
Moreover, in Exercise 8.30, we can check that if F is equicontinuous, then so is F. Moreover, since

C(K,R) is a Banach space, we see that (2) is a direct consequence of (1).
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(3) We also note that R can be replaced by any Banach space, and the following proof can be adapted

accordingly.

Proof :

« Suppose that F is compact. We already know that it is bounded and closed, so we only need
to show that it is equicontinuous. A compact set is also relatively compact (or precompact), see
Lemma 3.1.22. Lete > 0. Wemay find N > land f1, ..., fy € F suchthat F C UY, B(f;, ).

Additionally, the finite set of functions { f1, ..., fy} is equicontinuous.

Let x € M. We may find § > 0 such that
Vi=1,...,N, yeB(d) = |filz)-fily)l<e

For any given f € F, we may find 1 < ¢ < N such that f € B(f;,¢). Then, forany y € B(z,J),

we have

[f(@) = f)l < [f(2) = filx)| + | filz) = fi)] + [ fily) — f(W)] < 3e.

This allows us to conclude that F is equicontinuous.

« Suppose that F is bounded, closed, and equicontinuous. In order to show that F is compact,
it is sufficient to show that it satisfies the Bolzano-Weierstrafl property (Definition 3.1.19), see
Theorem 3.1.20.

Let (fn)n>1 be a sequence in F. Since K is compact, we may find a dense sequence in K, that
we denote by (z,,),>1%. We are going to use a diagonal argument to extract a subsequence of

(fn)n>1 which converges at every xj, for k > 1.

— The sequence (fn(z1))n>1 is bounded in R, so by the Bolzano-Weierstrafl theorem
(Theorem 2.2.5), we may find a convergent subsequence, that we denote by (f,,, (n)(21))n>1,

where ¢ : N — N is an extraction.

— Let m > 1. Suppose that we have already constructed extractions (1, ..., ¢, such that
(fwm(n) (xk))n>1 converges for all 1 < k& < m, where 1, := ¢1 0 -+ 0 . Then, the
sequence (fy,,(n)(Tm+1))n>1 is bounded, so we may find an extraction ¢y, 11 : N — N
such that (fy, 00,41 (n) (Tm+1))n>1 converges. It is clear that for 1 < k < m, the sequence

(fpmopmasr (n) (Tk))n=1 still converges, being a subsequence of a convergent sequence.

- Forn > 1, let ¥(n) := p10---0@py(n) and g = fy(m). Then, (gn)n>1 is a subse-
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quence of (f)n>1. From above, for every k > 1, the sequence (gn(zx) = fy(n)(Tk))n>k is
a subsequence of the convergent sequence (fy, (n)(Zx))n>1, so the sequence (g, (zx))n>1

converges. We may denote by f(xy) for the above limit for every k£ > 1.

Now, we need to show that this convergence can be extended to every z € K, and that this

convergence is uniform, so the limit is still in C(K, R).
Let us fixe > 0.

- For every k& > 1, from the convergence of the sequence (g,(zx))n>1, we may find

N(e,xy) > 1 such that

VYm,n > N(e,zx), |gm(xk) — gn(zk)| < €. (8.20)

— By the equicontinuity of F, for every z € K, we may find 6, > 0 such that for every n > 1,

we have

y € B(2,0:) = |gu(2) —gn(y)] <e. (8.21)

The open balls B(z, d,) form an open covering of K, and by the compacity of K, we may
find L > 1and 2y, ..., z;, € K such that
L
K = | B(z,6,).
i=1

For every 1 < i < L, we may also find n; > 1 such that z,,, € B(z;,0s,).

- We may take N := max{N(e,zy,),..., N(¢,z,,)}. This implies that we have a uniform

Cauchy condition (Proposition 8.1.8) on ..., Zn,,
Vi=1,...,L,Ym,n > N, |gm(Tn,) — gn(zn,;)| < €.
- Letz € K and 1 <i < Lsuch that x € B(z;,0,). For m,n > N, we have

1gm () — gn(@)| < |gm (@) = gm(2i)] + [9m(2i) = Gm(Tn,)] + |gm(Tn;) — gn(@n,)]
+ |gn(xm) - gn(zi)| + |gn(Zi) - gn(x”

< 9,

*We use the precompactness of K. For every n > 1, we may find finitely many balls with radius % that cover K. The union of the

centers of these balls over all the integers n > 1 is a countable dense set in K.
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where for the middle (thrid) term, we use Eq. (8.20); and for the other terms, we use Eq. (8.21)
and the fact that x, z,,, € B(z;, 05, ).

Therefore, for every x € K, the sequence (g,,(x)),>1 is Cauchy, and we saw from above that the
choice of N is independent from the choice of € K. From this we can deduce that (g, (2))n>1

converges for every x € K, and this convergence is uniform, so the limit function is still an

element of C(K, R). 0

8.4.2 Stone—Weierstrafd theorem

The following Stone-Weierstrafy theorem allows us to find sets of functions that can approximate contin-

uous functions uniformly on compact spaces.

Theorem 8.4.6 (Stone-Weierstrafl theorem) : Let X be a compact metric space and K = R or C. The
space of continuous functions C(X, K) equipped with the supremum norm ||-|| . is a normed vector space

and a normed algebra. Let A C C(X,K) be a subalgebra of C(X,K). Suppose that
cle A
« A separates points, that is for any x # y € X, there exists f € A such that f(z) # f(y);
o (inthecase K = C) f € Aifandonly if f € A.

Then, A is dense in C(X, K).

Example 8.4.7 : Below are some examples for which the Stone-Weierstraf3 theorem applies.

(1) Let I = [a,b] be a segment with K = R. The set of polynomials K[X] viewed as functions
defined on [ is dense in C(I, R).

(2) Let I = [a,b] be a segment with K = R or C. The set of all the Lipschitz continuous functions
is dense in C(I, K).

(3) Let Cper(R, C) be the set of 2m-periodic continuous functions on R. The set of trigonometric

functions, which is spanned by the set {z — €!"* : n € Z}, is dense in Cper(R, C).
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The proof of the Stone-Weierstrafd theorem is quite involved. We are going to state a particular example of
this theorem, called Weierstrafl approximation theorem, and prove it using a more elementary approach. After
this, we need a few lemmas (Lemma 8.4.11 and Lemma 8.4.12) that allow us to prove the Stone-Weierstrafl

theorem.

Theorem 8.4.8 (Weierstrafl approximation theorem) : Let I = [a,b] be a segment and C(I,R) be
equipped with the supremum norm ||-|| . Let P be the set of all polynomial functions. Then, P is dense
in C(I,R). In other words, for any f € C(I,R), we may find a sequence of polynomials (P,)n>1 such
that

n—oo

Remark 8.4.9:

(1) It is not hard to check that the set of all polynomials P is a subalgebra of C(I,R) and it satisfies the
conditions in Theorem 8.4.6. Thus, the Weierstraf3 approximation theorem can be seen as a special

case of the Stone-Weierstraf3 theorem.

(2) It is important to take I = [a, b] to be a segment. For example, in Exercise 8.6 we have seen that this

theorem does not hold if I = R.

The original proof from Weierstrafl uses convolution, that we do not discuss in this class. The proof we
give below is from Bernstein, which can be reformulated using a probabilistic language, in terms of the law

of large numbers for Bernoulli random variables.

Proof : Without loss of generality, we may assume that I = [0, 1]. For every integer 0 < k < n, let us

define

bpr: I — R
x <n> a*(1—z)"k,
k
and for n € Ny, define
B,: C(I,R) — Riz]

- k
Foom (et

We are going to show that B,,(f) converges to f uniformly.
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Given ¢ > 0. Since f is continuous on the segment I, it is bounded. Let us take M > 0 such that
|f(z)] < M for all z € I. By the Heine—Cantor theorem (Theorem 3.1.17), we may find 7 > 0 such
that

Ve,yel, |lz—yl<n = |[fla)-fl)l<e

Then, for any n € Ny and = € I, we have

Bal1)(@) = @) = 1Balf)(@) = F(@)Bal1)] < kz:% £(3) = F@psto)
<3 5(5) = 1@]buste) + py) £(2) - 1@pso)
where
Klz{nggn:‘fL—x 27)}, and ng{nggn:‘:—x <77}.

Using the uniform continuity, the second sum involving indices in K can be bounded from above,

n

bn,k(x) < Z 5bn,k’(x) < Zgbn,k(x) =é&.

keKo2 k=0

> () - f@

keKo

For the sum involving indices in K7, we are going to use the following square trick,

S ()~ f@fbuate) <201 3 boste) < 25 X (5 —x)an,m)

keKy keK, keKy n
oM O (k >2
< = — =) bpi(x)
2M

= "5 [Bue) ~ 20B,(x) + 2" B(1)).

Consider the following identity,

F(a,b)=[a+ (1-0)]" = Zn: <Z> af(1 —b)"*.

k=0

Then, we may compute By, (1), B,,(x), and B, (z?) as follow,

k=0
Bu() =Y ~buila) == 3" k@ (1 =)t
k=0 k=1
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=29 ple) = Tnfe + (1 - )t =2,
n 2 " k(k—1)  k
B, z?) = — ) bpi(z) = 5t 5 |bn(z
=3 (1) ts@) = 3 (7 + 5 st
22 92 z
- E%F(x,x) + E%F(l‘,w)
x? x
= Sl =1+ (1 =)+ —nle+ (1 -2)"
2y o)

n

Therefore, we find
2M z(1 —x) o M

k
> 1) - s st < 25 <M
ey ’ (n ‘ n n 2nn
Putting all the inequalities together, we obtain
Bul)@) ~ f@) <<t 5.

By taking the supremum norm then lim sup over n, we find

limsup ||Bn(f) - f”oo <e
n—00

Since the above holds for any arbitrary € > 0, we deduce that limsup,, ., || Bn(f) — fll,o =0. O

We need to introduce the notion of lattice, and state the lattice version of the Stone—-Weierstraf} theorem.

This will allow us to recover the original version in Theorem 8.4.6.

Definition 8.4.10 : Let X be a compact metric space and £ C C(X,R) be a subset. We say that L is

a lattice if

Vfageﬁa maX{fvg}7min{f7g} eL.

Lemma 8.4.11 : For any a > 0, there exists a sequence of polynomials that converges uniformly on

[—a, a] to the function x — |z|.

Proof : There are two ways to prove this lemma. It can either be seen as a direct consequence of the
Weierstraf3 approximation theorem (Theorem 8.4.8), or be proven by construction.

By scaling, we may assume that a = 1. We note that for z € [-1,1],and u = 1 — 2% € [0, 1], we
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have
2| = Va2 =/1-(1-22)=VI-u

If |u| < 1, we have

V1—u= Z an(—u)", where a, = <1/2>, (8.22)

n>0 n
where the power series comes from Example 8.3.35, and it has radius of convergence equal to 1. We
want to show that this power series converges uniformly for u € [0, 1]. We may check that it converges
normally, then the uniform convergence follows, see Proposition 8.1.22. For this, it suffices to check
that > a,, converges absolutely. For n € Ny, we have
H(=3)...3-n+1) (-1 '(2n -3

an = =
n! 2n n!

(—D)" 1 2n=3)2n—2)I!  (=1)""! (2n — 2)!
2n n!(2n —2)1! 221 pl(n — 1)V

and the Stirling’s formula gives us |a,| ~ cst - n~%/2. This means that 3" a,, converges absolutely. [J

Lemma 8.4.12: Any closed subalgebra A C C(X,R) is a lattice.

Proof : Let A C C(X,R) be a subalgebra. Given f, g € A, we have

f+g+|f—g|

f+g9 |f—4
2 2 '

2 2

and min{f,g} =

max{f,g} =

Therefore, it is sufficient to show that for h € A, we also have |h| € A to conclude. Let h € A.
Due to the continuity of h and the compacity of X, we can define a := max,ex |h(z)| < oo, see
Proposition 3.1.12. By Lemma 8.4.11, we may find a sequence of polynomials (P, ),>; that converges
uniformly to the absolute value function on [—a,a]. For every n > 1, define h,, = P,(h) € A.
Therefore, (hy,,)n>1 is a sequence of functions that converges uniformly to |h| on X. Since A is closed,

we conclude that |h| € A. O

Theorem 8.4.13 : Let X be a compact metric space with at least two points and L C C(X,R) be a
lattice. Suppose that for any x # y € X and a,b € R, there exists f € L with f(x) = a and f(y) = b.
Then, L is dense in C(X, R).
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Proof : Let L C C(X,R) be a lattice. Let g € C(X,R) and ¢ > 0. We want to construct a function
f € Lsuchthat | f—g| <e.

For any a,b € X, we may find f,;, € L such that f,,(a) = g(a) and f,;(b) = g(b). By the
continuity of f,; and g, we know that there exists an open set U, containing b such that f,;, >
g — e on Ugyp. Since (Ugp)pex is an open covering of the compact space X, by the Borel-Lebesgue
property (Definition 3.1.3), we may find by, ..., b, € X such that (U, ,)1<i<m covers X. Let f, :=
SUP1<ij<m fap; € L. Then, we have f,(a) = a and f, > g — € on X. Similarly, by the continuity of
fa and g, there exists an open set V, containing a such that f, < g 4+ ¢ on V. Since (V,)qex is an
open covering of the compact space X, again by the Borel-Lebesgue property (Definition 3.1.3), we
may find a1, ..., a, € X such that (Vaj)lgjgn covers X. Let f := inf1¢j<p faj. Then, we may easily

checkthatg —e < f <g+eonX,so|f— g, <e. This concludes that £ is dense in C(X,R). [

Proof of Proof of Theorem 8.4.6: Let A C C(X,R) be a subalgebra satisfying the assumptions
in Theorem 8.4.6. We write £ = A, which is still a subalgebra, because addition, multiplication, and
scalar multiplication are continuous. It follows from Lemma 8.4.12 that £ is a lattice. Now, let us check
that the assumptions in Theorem 8.4.13 are satisfied.

Let z # y € X and a,b € R. By the assumptions in Theorem 8.4.6, we may find p € A such that
p(z) # p(y). Since 1 € A, we may also add ¢ x 1 € A to p, to make p(z) + ¢ # 0 and p(y) + ¢ # 0.
Without loss of generality, let us assume that p(z) # p(y), p(z) # 0, and p(y) # 0 for some p € A.
Then, we may look for f € A in the form f = ap+ 3p?, where a, 3 € R can be chosen properly so that
f(x) = aand f(y) = b. Therefore, Theorem 8.4.13 tells us that £ = C(X, R), thatis A = C(X, R).

For the complex version of the theorem, we proceed as follows. Let A C C(X,C) be a subalgebra
satisfying the assumptions in Theorem 8.4.6. Let Ay C A be the set of real-valued functions in A4,
which is a R-subalgebra of C(X,R). We want to check that Ay = C(X,R). First, it is not hard to
check that 1 € Ag. Then, for any f € A, since f € A, we deduce that Re(f),Im(f) € Ap. For any
x # y € X, there exists f € A such that f(z) # f(y), so we need to have Re(f)(x) # Re(f)(y) or
Im(f)(x) # Im(f)(y). This means that Ay separates points. By the real version of the theorem, we
conclude that Ay = C(X,R). For any function f € C(X,C) and & > 0, we may find g1, g2 € Ag such
that

IRe(f) — g1lloo <& and  [Im(f) - gall, <e.

Since A is a C-algebra, we know that g1 +1g2 € A. Moreover,

If = (91 +ig2)lle < [Re(f) — g1l + Mm(f) — g2l < 2e.
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This shows that A is dense in C(X, C). O

8.4.3 Peano existence theorem

As an application of the Arzela—Ascoli theorem and the Stone—Weierstraf; theorem, we have the following

Peano existence theorem, which gives us the existence of solution for differential equations.

-

Theorem 8.4.14 (Peano existence theorem) : Fix an integern > 1. Let 2 C R x R" be a non-empty
open subset, and F' : Q) — R™ be a continuous function. Let ty € R and yo € R" such that (to,yo) € 2.
Let a,b > 0 such that

R:={(ty): |t —to| <a,lly—wol <b} S

Let M > 0 and suppose that || F'(t,y)|| < M for (t,y) € R. Then, the following differential equation

y'(t) = F(t,y(1)), Viel,

y(to) = yo,

has a solution t — y(t) defined on I := [ty — a', to + '] witha' = min{a, 1 }.

Remark 8.4.15 : It is important to note that the Peano existence theorem does not guarantee uniqueness,
see Example 8.4.16. In order to have a unique solution, the function F' needs to satisfy stronger properties,

as stated in the Picard-Lindelof theorem, also known as the Cauchy-Lipschitz theorem, see Theorem 8.4.17.

Proof : The proof consists of three parts: (1) We reformulate the solution to the differential equation
as a fixed-point problem; (2) we show the existence of the solution in the case that F' is a Lipschitz
continuous function; (3) we show the existence in the general setting.

Without loss of generality, we may assume that t = 0 and yp = 0 € R" by a translation in time and

in space.

(1) First, let us reformulate this as a solution to some fixed-point problem. Let us write X =

C(I, B(0,b)). Consider the following operator,

T X x
fom JoF(s, f(s))ds.
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Let us check that for f € X, the image T'(f) is well defined. We first note that (s, f(s)) € R for

any s € I, so for any ¢ € I, we have

< |t|M < b.

IO = [ P 565705

In other words, T'(f) is a function from I to B(0, b). Moreover, it follows from the fundamental
theorem of calculus that T'(f) is of class C!, so we do have T(f) € X. As a consequence, if y
is a fixed point of 7, that is T'(y) = y, we deduce that y is of class C*°. Moreover, if y is a fixed
point, by taking the derivative at ¢ € I, we find

Y (t) = (T(y)'(t) = F(t,y(t)).

We may also check easily that y(0) = T'(y)(0) = 0. Therefore, the conclusion of Theorem 8.4.14

is equivalent to showing that 7" has at least one fixed point.

(2) Let us assume that F' is an L-Lipschitz continuous function on R. In this case, we can easily

check that T is an (La')-Lipschitz continuous function, so it is continuous.

We are going to define a sequence of functions (yy,),>1 which are elements of X. First, let y; be
the constant zero function, which is indeed in X'. For n > 1, we define y,,+1 = T'(yy), which is
in X from (1). By induction, we establish a sequence (y,,),>1 in X. Moreover, for any t,t" € I

and n > 1, we have

< Mt —t]. (8.23)

Jon® — ) = | [ Pls.vnor(9)as

This means that (y,),>1 is a sequence of equicontinuous functions. The Arzela-Ascoli theo-

rem’allows us to find a convergent subsequence (Yo(n) )n=>1 With limit y € X'. We want to check

that T'(y) = v.

Let us denote I, = I NR; = [0,d/]. Foreveryn > 1 and t € I, let us define

My (t) := sup [[T(yn)(s) = yn(s) = sup |lynt1(s) —yn(s)ll-

0<s<t 0<s<t
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(3)

Forn > 2and s € I, we have

IT(0)(5) — ()| = [T )(5) — Tt} (s
”/1 U yn FK“?Qn—l@O))du

< [ "1y
0

which implies that

t

Viel,, Mut)<L / M1 () du. (8.24)

0

We may compute M; as below,
Vte Iy, M(t)= sup |lya(s |—sup /FuOdu <
0<s<t 0<s<t

Then, for M, we apply Eq. (8.24) and find
Vtely, L/ M;i(u —LM.

By induction, we find, for every n > 1,

tn /
*LnilMg (CL) RSV o 1M—>0

n! n! n—00

VeI, Myt <

Therefore, this allows us to conclude that (T'(Y,(n)) = Yp(n))n>1 uniformly converges to 0 on 7.
Then, a similar argument allows us to get the uniform convergence to 0 on I_ := I NR_, so
this convergence is uniform on /. Since y,,(,,) uniformly converges to y and 7' is continuous, we

deduce that T'(y,,(,,)) uniformly converges to T'(y), giving us T'(y) = y.

If F is only continuous, by the Stone-Weierstrafl theorem (Theorem 8.4.6), we may find a se-
quence of Lipschitz continuous functions (F},),>1 that converges uniformly to ' on R. For every
n 2= 1, let y,, be the corresponding solution to the differential equation with F' replaced by F,.
Then, (yn)n>1 is a sequence in X'. Since (F},)n>1 converges to F' uniformly on R, we know that
(F%)n>1 can be uniformly bounded by a constant M’ > 0. This implies that the sequence of
functions (y,,)n>1 is equicontinuous due to the same Eq. (8.23), with M replaced by M. There-
fore, the Arzela-Ascoli theorem gives us a subsequence (Y, (,))n>1 that converges uniformly to

y € X, and we need to check that 7'(y) = y. To achieve this, we start by checking that the

*Theorem 8.4.4 (2) tells us that the set {y, : n > 1} is a precompact subset. It can be shown that there exists a subsequence of

(Yn)n>1 which is a Cauchy sequence, see Exercise 8.31. Then, this subsequence converges by the completeness of X.

48
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functions in the sequence (s — Fi,(,)(S, Yp(n)(S)))n>1 are equicontinuous.

Lete > 0. Forn > 1 and s,t € I, we write

[En(s,yn(8)) = Fu(t, yn ()]
S En(s,yn(s)) = F(s,yn()Il + (s, yn(s)) = F(s,y(s))]| + [|1F(s,y(s)) — F(t,y(0))|
HEEy(@) = F(ynO) + 1F(# ya(t)) = Fa(t ya ()]

Since s — F'(s,y(s)) is continuous on the segment I, it is uniformly continuous. Similarly, the

map (t,y) — F(t,y) is also uniformly continuous on R. We may take 1 > 0 such that

t—sl<n = [F(s,y(s)) - F(t,y@)l <e,
Ity) = (s, o)l <n = [IF(y) - F(s,z)] <e.

Since Y, (n) —Y uniformly and £, — F uniformly, there exists N > 1 such that
Vn = N, Hyv(n) — yHoo <7, and HFVJ(") — FHOO <e
Therefore, for n > N, and s,t € I such that |s — t| < 7, we find
| Footm (5 o) (8)) = Fioy (b 9oy (1)) < 5

This means that (s = Fi (5, Yp(n)(5)))n>1 is equicontinuous, so has a convergent subse-

quence, and we denote the corresponding extraction by 1. Therefore, for ¢ € I, we have

t
T(ygoow / 3 ygaoz[)( )( )) ds m 0 F(S,y(S))dS = T(y)(t)a
which is uniform in ¢ € I by Proposition 8.2.5. We conclude that T'(y) = y. 0

Example 8.4.16 : Let us take n = 1, and F'(¢,y) = +/|y| with initial condition (¢o,yo) = (0,0). In

other words, the differential equation we are looking at is
y'(t) =/ly(t)] and y(0) =0. (8.25)

We have many different solutions to Eq. (8.25),

« y(t)=0fort € R;
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. y(t):%forteR;
. forany a > 0, y(t) = =2 a) fort >aandy(t) =0fort < a

Indeed, the function  — +/|x| is not locally Lipschitz continuous at 0, so does not satisfy the assump-

tions of the Picard-Lindelof theorem (Theorem 8.4.17).

The following Picard-Lindeldf theorem, also known as Cauchy-Lipschitz theorem, gives sufficient condi-

tions for the solution to an ordinary differential equation to be unique.

Theorem 8.4.17 (Picard-Lindelof theorem or Cauchy-Lipschitz theorem) : Let us fix the same nota-
tions as in the statement of Theorem 8.4.14. In addition, suppose that F' is L-Lipschitz continuous in the
second variable in R. Then, apart from the existence provided in Theorem 8.4.14, we also have uniqueness

of the solution, in the sense that if J is an interval containing ty and ¢ : J — R" is a solution, then y

and @ conincide on I N J.

Proof : We keep the notations from the proof of Theorem 8.4.14. In particular, we want to show that
the map 7" defined therein has a unique fixed point. More precisely, we want to show that there exists
an integer m € N such that 7™ is a contraction, then we may conclude by Exercise 3.24.

Let f,g € X. We proceed in a similar way as in (2) in the proof of Theorem 8.4.14. For n > 1 and

t € I, let us define
Ky (t) == sup [[(T"f)(s) = (T"g)(s)]| -

0<s<t

Forn > 2and s € I, we have

I17"(1)(s) = T (@) = | [Pl T (@) = Pl T (g) )
< [ Lm0 - T ) w) | du

< / LK, 1(u)du
0

which implies that
t
Vie L, Kn(t)< L/ Kp1(u) du
0

We may compute K as below,

SLtf -9l

[ P, ) = Flu ) du

Vte Iy, Ki(t)= sup
0<s<t
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By induction, we find, for every n > 1,

(a')"

n!

tn n n
VEEL Knt) < LM f =gl < LN F = gl = O,

which tells us that 7™ is a contraction map for large enough n. 0

8.5 Theorems on convergence of integrals

In Proposition 8.2.5, we saw that the uniform convergence of a sequence of functions implies the uniform
convergence of their primitives. As a consequence, the sequence of integrals also converges. In practice,
however, we are more interested in the convergence of integrals. We have already seen in Example 8.2.8
that a sequence of integrals may converge without the sequence of integrands converges uniformly. Below
we are going to prove the monotone convergence theorem (Theorem 8.5.3) and the dominated convergence

theorem (Theorem 8.5.5), which are consequences of Eq. (8.26).

8.5.1 Monotone convergence theorem

We start with the following key lemma.

Lemma 8.5.1: Let I C R be an interval. Let (uy,)n,>1 be a sequence of piecewise continuous functions

from I to a Banach space (W, ||-||). Suppose that
(i) foreachn > 1, u, is integrable on I;
(ii) the series of functions Y, u,, converges pointwise to a piecewise continuous function f : [ — W;
(iii) the series Y, [} ||un|| converges.

Then, f is integrable on I and

S <X Sl and [ =% [ (5.26)

Proof : We are going to prove this in three steps: (1)  is a segment and all the functions are continuous;
(2) I is a segment and all the functions are piecewise continuous; (3) / is an interval and all the functions

are piecewise continuous.
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(1)

)

52

If I = [a,b] is a segment, and all the u,,’s and f are continuous functions, the proof is similar to

the Dini’s theorem (Theorem 8.1.14).

Let £ > 0 and define
1, By={real: |/ u—zuuk <2} 5.27)

The continuity implies that F,, is open for every n > 1. The pointwise convergence of > u,, to
f implies that |J,,, By = [a,b]. Since [a,b] is a compact set, by the Borel-Lebesgue property,
we may find N > 1 such that JY_, E,, = [a, b]. Therefore, we have

Lw<] (Zuwfuﬂ z/ sl 0= ) < 3 [l + 0 ).

n>=1

The above inequality holds for any arbitrary € > 0, so we deduce that

LM< [l

n=1

Next, we suppose that I = [a, b] is a segment, and all the u,,’s and f are piecewise continuous.

Let € > 0. From Lemma 8.5.2, we may find continuous functions g and (vy,),>1 such that

g <|fIl such that /||f” <5+/g’

Vn > 1, ||un| < v, suchthat /vn < —i—/HunH

Define the following subsets as in Eq. (8.27), but for the continuous functions g and (v, )p>1,
n
Vn>=1, G,={x¢€]ab]: Z x) < e}

Similarly, we know that there exists N > 1 such that UY_, G,, = [a, b]. Therefore, we find

/IHfH SE—&-/IgSe—i-/I(iV:Uk—i—s):(b—a—&—l)e—i—i/lvk

< (b —a—i—la-i-z 2k+/|yuk|y b—a+2.€—|—Z/HukH
<0 —a+2a+2/||un||

n>1

Then we conclude as in the previous point.
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(3) For any subsegment J C I, from above, we have

LU < [l < 3 [ uall < oo.

n=1 n>1

Therefore, f is integrable on I and satisfies

Js1 <

which is the first part of Eq. (8.26).

> [ lunl < oo,

n>=1

For the second part of Eq. (8.26), let us apply the first part to the remainder > ;1 ux = f —

> k-1 Uk, and we find

> [l o

k>n+1

n
_Zu’f
k=1

since the right side in the above relation is the remainder of the convergent series > [ ||un||.

Then, it follows that

fr-2hm-

which gives us the relation

/f iuk) ’ f—zn:wc
k=1 k=1

fr=tm 3 fu=3 [

n>1 ]

Lemma 8.5.2:Let J = [a,b] be a segment of R and f € PC(J,R). For every e > 0, there exists

continuous functions f_ and f1 on J such that

fo<f<fr and ([]f+)—s</]f<(/]f—)+6

Proof : If f is continuous, then there is nothing to prove. Suppose that f has discontinuities. Let P =
(k)o<k<n be a partition of [a, b] such that f restricted on (x;_1,x)) can be extended to a continuous

function on [x_1,xk] for every 1 < k < n. From Proposition 7.1.3, we know that f is bounded on
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[a, b], so we may take

M >sup f(x) and m < inf f(z).
zeJ zeJ

Let§ > Owith§ < § |

(xi,6)NJ for0 < i < n.

We define a continuous function ¢_ on J as below,

m+ (M — m)‘m 5%‘ ifx e Jj,

o (z) =
M otherwise.
Then, the function f_ := min(f, ¢_) satisfies f_ < f on J is continuous. In fact, we can see that
« if z # x; for all i, then f is continuous at z, and f_ = (f + ¢_ — |f — ¢_|) is also continuous

at x;

« if x = z; for some 4, then ¢_(z) = m < inf,c; f(x), so we may find ¢ > 0 such that ¢_ stays
strictly below f on B(z, ¢). This means that f_ = ¢_ on B(z, €), so we get the continuity of f_

at x.

Then, let us compute the following integral,

[J(f—f-)—g;[]i(f—f_)<§/Ji<M—m)<26n(M—m),

where the equality is obtained from the fact that when x §é J; for all 1, <p_( ) = M > f(z), so
f—(x) = f(x). To conclude, for ¢ > 0, we may choose § <

Ju-ri<e o [1< /Jf—)+5

For the construction of f;, we proceed in a similar way. We consider the following continuous

, which will give us

function ¢4 on J,

M—(M—m)@ ifx e J;,
P+(x) =
m otherwise.

Then, we define f := max(f, ). O

Theorem 8.5.3 (Monotone convergence theorem): Let I C R be an interval. Let ( f,,)n>1 be a sequence

of non-negative, piecewise continuous, and integrable functions from I to R.. Suppose that
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(i) foreveryx € I andn > 1, we have f,(z) < fni1(x);
(ii) (fn)n>1 converges pointwise to a piecewise continuous function f;
(iii) [, fn converges when n — oc.

Then,
Jita=fl om0 and [ h— [

Remark 8.5.4 : We note that this theorem is very similar to Dini’s theorem (Theorem 8.1.14), with the

followins differences.
(1) We make a weaker assumption in Theorem 8.5.3, which is piecewise continuity.

(2) We do not get the uniform convergence of the sequence of functions (fy,),> to deduce the conver-
gence of the integrals. Actually, we do not have the uniform convergence here in general, whereas the

convergence of integrals still holds.

Proof : It is a special case of Eq. (8.26). For every n > 1, let u,, = fn+1 — fr = 0. We may check the

following properties.
(i) For every n > 1, u,, is integrable because both f,, 11 and f,, are integrable.

(i) > un = > (fnt1— fn) converges pointwise to a piecewise continuous function because ( f;,)n>1

converges pointwise to a piecewise continuous function.
(iii) We have

é/l|un| :é/li(fnJrl—fn):/I‘fNH—/Ifl,

where the right side can be uniformly bounded from above due to the convergence of [; f,,. This

shows that >~ [ |uy| converges.

Therefore, we may apply Eq. (8.26) to conclude that f is integrable on I and

/Irfn—f|=/l\zuk\<l§/1\uk\.

k>n

The right side in the above inequality is the remainder of a convergent series, so goes to 0 when n goes

to co. O
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8.5.2 Dominated convergence theorem

-

Theorem 8.5.5 (Dominated convergence theorem) : Let I C R be an interval and W be a Banach

space. Let (fn)n>1 be a sequence of piecewise continuous functions from I to W. Suppose that

(i) There exists a piecewise continuous non-negative integrable function ¢ : I — R such that|| f,| <

@ foreveryn > 1

(ii) The seugnece (fy,)n>1 converges pointwise to a piecewise continuous function f : I — W.

Then, each f,, and f are integrable on I and we have

hm/llfn fll —=0, and nlgn;o/fn—/f

56

Proof : Suppose that the theorem holds when (W ||-||) = (]R, ‘1), (fn)n>1 are non-negative functions,

and f = 0 is the zero function. For alln > 1,let h,, = || f, —

function on I. Then, h,, < 2¢ and (hy,),>1 converges pointwise to the zero function. So we find

e 1] == e o=

,|*1)s (fn)n>1 are non-negative

Now, let us prove the theorem with the assumption that (W, ||-]|) = (

functions, and f is the zero function. For every n > 1 and p > n, let

fn,p = maX{fnvfn+17 .. ‘7fp}7

which is still a piecewise continuous function and satisfies f,, , < ¢.

« Fix n > 1. Since (fyp)p>n is an increasing sequence, the sequence (I, p)p>n defined by I, , =
J7 fnp is increasing. Since I, < [;¢ for all p > n, the sequence (I, p)p=>n converges, so it

satisfies Cauchy’s property. We may find p,, > 1 such that
Inp = Ingl <277, Vp,q>pn

It is possible to make a choice of (p,)n>1 such that it is an extraction (strictly increasing se-

quence).

« Forn > 1, let g, = fnp,. We note that g,, converges pointwise to 0 (Cauchy’s criterion at each
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point of ). For any n > 1, we have

0 ifgn—H —gn <0,
|9n+1 = gn| + (gn+1 = 9n) =
2(gn+1 — gn) otherwise.

Additionally, for any n > 1, we also have gn11 — gn = fur1pni1 — frpn < fapnsr — fap, and

0 < fopnir — frp,- Therefore, we find
Vn 2 17 ’g’n+1 - gn| < 2(fn,pn+1 - fn,pn) - (gn+1 — gn)

o Forn > 1, let uy, = gn — gn+1.- Then, we have

Vn > 1, /I‘un‘ < 2‘In,pn+1 - In,pn’ + /Ign - /]gn-i-l < 2t—n + /Ign - /Ign+1~

By taking a summation, we find,

p p
Vp>=n>1, Z/\uk|<221*’“+/gn—/gp+1<2+/gn.
k::nI k—n I I I

In the above formula, we see that the upper bound does not depend on p. Since the left side

contains only positive terms in the series, we deduce that the series Y-, [; |ux| converges.

From what we have shown above, and the fact that g,, converges pointwise to 0, we have ) ;. up = gn.

This allows us to apply Eq. (8.26),

Vn > 1, 0</Ifn</19n:/1(§“k):,§1/1“‘“

The rightmost term in the above formula is the remainder of an absolutely convergent series, so its limit

when n tends to oo is zero. This shows that [; f,, — 0. O
n—0o0

Example 8.5.6 : For every n € N, consider the function

fo: (1,400) — R

1-t"
14tn+2

and I, = /oo fn(t)dt.
1

t —

We can check the following properties.
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« For every n € N, the function f,, is piecewise continuous.

« For every t > 1, we have

14t 1

:WN?’ Whenn—>oo.

falt)
So the sequence f,, converges pointwise to the function ¢ — t% which is piecewise continuous
on (1, +00).
+ (Domination assumption) For every n € Nand ¢ > 1, we have

1+t" "+ t" 2

The function ¢ — t% is integrable on (1, +00), so the domination assumption is satisfied. There-

fore, we may apply the dominated convergence theorem from Theorem 8.5.5, giving us

> dt
fnmfl z-n

Example 8.5.7 : For every n € N, consider the function

fo: [0,1) — R

t = ninl

and I, = /1 fn(t)dt.
0

For every n € N, the function f,, is continuous and integrable on [0, 1). For every ¢ € [0, 1), we have
fu(t) —= 0 which implies that the sequence (f,)n>1 converges pointwise on [0, 1) to the zero
n—oo

function. However, we have

vneN, I,= [nt"]é =n.

This shows that the order of the limit and the integration procedure cannot be interchanged,

lim /1 fn(t)dt;é/l lim f(f)df = 0.

n—oo

The reason is that the domination assumption is not satisfied.

To be more precise, if ¢ is a function that dominates all the f,,’s, then for t € [0, 1), we need to have

o(t) = fn(t) for all n > 1. In particular, for t € [0, 1), we may choose n = | 2t|J, then, fort — 1—,

[In
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we have the following relation,

Infp(t) =2lnn+(n—1)Int
2 2

-1 —— —1)Int
] )+(|1nt\ )in

=—Int—2In|Int| 4+ O(1).

221n(

This means that when ¢t — 1—, we have

cst
(8 > i

which implies that ¢ is not integrable around 1—.

8.5.3 Applications: integrals with an additional parameter

We give a few important applications of the dominated convergence theorem. Let us consider a general

interval I C R, with endpoints a and b satisfying —oco < a < b < 400, and a Banach space (W, ||-]|).

Theorem 8.5.8 (Continuity under integration) : Let (M, d) be a metric space and a map f : M x I —

W satisfying the following conditions.
(i) For everyx € M, the map f(x,-) : t — f(x,t) is piecewise continuous on I.
(ii) Foreveryt € I, the map f(-,t) : x — f(x,t) is continuous on M.
(iii) (Domination assumption) There exists a non-negative, piecewise continuous, and integrable function

@ : I — Ry suchthat ||f(z,t)|| < p(t) forallx € M andt € I.

Then, the map
F: M — w

xr /bf(x,t)dt

is well-defined and continuous on M.

Proof : The assumption (iii), the domination assumption, shows that the function f(z, ) is integrable

for every x € M, so the map F' is well defined. For a given x € M, to check that F’ is continuous at z,
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we need to check that for any sequence (z,),>1 with values in M,
oSt = Flan) = Fla).

Let x € M and (x,,),>1 be a sequence in M such that z,, —— x. For every n > 1, we may define

n—oo
the function

fn: I — Vv
t = f(zn,t).
Due to the assumption (ii), we know that f,(t) = f(zp,t) — f(z,t) for every t € I, where
t — f(z,t) is a piecewise continuous function by the assumption (i). This means that the assumption
(ii) in Theorem 8.5.5 is satisfied. Then, the assumption (iii) here corresponds to the assumption (i) in
Theorem 8.5.5, so we can apply Theorem 8.5.5 to the sequence of functions ( f;,),>1. This shows that

hmFxnfhm/f:cn, t)dt = /fa?t F(x),

n—oo

which allows us to conclude. O

Theorem 8.5.9 (Differentiability under integration) : Let M C R be an interval and amap f : M xI —
W satisfying the following conditions.

(i) Foreveryx € M, the map f(x,-) : t — f(z,t) is piecewise continuous and integrable on I.
(ii) For everyt € I, the map f(-,t) : x — f(x,t) is of class C* on M.
(iii) The partial derivative % is well defined and satisfies the assumptions from Theorem 8.5.8.

Then, the map
F: M —

x»—>/xt

is of class C' on M, and we have

baf

Vee M, F'(x)= r

2Lz, t) dt. (8.28)

60

Proof : The proof is similar to that of Theorem 8.5.8. Let z € M and (z,),>1 be a sequence with
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values in M \{z} that converges to x. For every n > 1, define

gn: I — W,

Ty — T

which is a piecewise continuous function. For each n > 1, g, is also integrable on I, being a linear

combination of integrable functions.

The sequence (g, )n>1 of functions converges pointwise to %(CE, -). Moreover, the mean-value the-

orem (Eq. (4.3)) tells us that for every n > 1 and ¢t € I, there exists y,, = y,(¢) between x and z,, such

that

() = L2 ZL0D Ly and gulo)] = | nt)]| < ot

Ty — T

where ¢ is the domination function given by the assumption (iii) for % from Theorem 8.5.8. Then, we

may apply Theorem 8.5.5 to conclude that

: _ [9f
lim Ign(t) dt—/I%(:z,t) dt,

n—o0

and the left side of the above formula rewrite,

lim i gn(t)dt = lim Flan) = Fz)

n—oo n—oo Ty — &

This shows that F' is differentiable at x and its derivative does satisfy Eq. (8.28). To conclude, we note
that the assumption (iii) guarantees that the right side of Eq. (8.28) is continuous, so F is of class C!. [J

Example 8.5.10 (Gamma function) : We recall the Gamma function defined in Example 7.1.21,
+oo
Ve >0, I'(x)= / t" et dt.
0

By applying Theorem 8.5.8 and Theorem 8.5.9, we can check that I is a function of class C*, and its
derivative writes

¥n € No, ¥z >0, T(z) = / (logt)"e """ 1 dt.
0

More precisely, let us consider the function

fiREX R = R, (2,8) > t° et
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We can check the following properties.
« For any fixed ¢ > 0, the function = — f(x,t) is C*°, and we have

o f

Vk € No, Va,t > 0, %

(z,t) = (Int)* o Le L.

k
. For any fixed z > 0 and k € Ny, the function ¢ — 2 (x,¢) is piecewise continuous.
oz

have
vt € (0,1] ‘akf(a: t)‘ = |Int|"* te7t < |IntFtale!
) ) 8l‘k ) )
ok f _ ka1 —t kygb—1_—t
vVt € (1,400), 3 c(, )| = [Int|"t" e™ < [Int|"t" e
xXr

Let ¢ be defined on R by
o(t) = [Int/F 2 Te™ 4 |Int|Ftb—te ™,
which is an integrable function on R* . And we clearly have

Vx € [a,b], Vt>0,

+ (Domination assumption) Let & € Ny and [a, b] C (0, +00) be a segment. For all z € [a, b], we
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