NOTES ON INFINITE SEQUENCES AND SERIES OF FUNCTIONS

1. SEQUENCES AND SERIES OF FUNCTIONS
1.1. Pointwise and Uniform convergence of functions.

Let {f,} be a sequence of functions defined on a subset E C C. We say that the sequence converges
pointwise to a function g if for every z € E, lim,, .« fn(2) = g(z). Precisely, this means:

(Vz € E) (Ve > 0)(AN) (n > N = |fo(z) — g(z)| <€). (1.1)

We say that the sequence converges uniformly to a function g if the N can depend on €, but not on x:

(Ve > 0)(3N)(Vz € E)(n > N = | fu(z) — g(z)| <¢). (1.2)

Although the definitions in (1.1) and (1.2) look very similar, there is an important difference. In the first
definition for pointwise convergence, the choice of N can depend on both the quantity € > 0 and also on the
point z € E. For uniform convergence, the choice of N depends only on €, and is independent of z.

Example 1. Let f,(z) = 2™, and let
0 for0<z <1,

Jo(z) =
1 forxz=1.

Then

(A) lim, . fn = fo pointwise on the interval [0, 1], but this convergence is NOT uniform.

(B) If 0 < r < 1, then lim,, o fn = fo uniformly on the interval [0, r].

In particular, this shows

’The pointwise limit of a sequence of continuous functions need not be continuous.‘ (1.3)

1
Example 2. Let g,(x) = —sin(nz). Then lim,_ g, = 0 uniformly on the whole real line. Note that the
n

limit is continuous. However g, (x) = cos(nx) does not converge anywhere except at z = 0.

In particular, this shows

The derivative of the uniform limit of a sequence of differentiable func- (1.4)
tions need not be equal to the limit of the sequence of derivatives. )

Example 3. Let

0 if —oco<x<n,
hp(z)=<n(z—n) ifn<x<n+1,
n ifz>n+1.

Then lim,,_, o, h,, = 0 pointwise.
Example 4. For z > 0 let
e n
kn(z)=n (7> ze ",
n
Note that k,(0) = 0 and for each fixed n, lim k,(z) = 0. Clearly k,(z) > 0 for all z > 0. We find the
Tr—00

maximum value of k,,:
1
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kl(z)=n (%)n [nz"le™" —a"e "] =n (%)n " e [n — .

Thus k], (z) = 0 if and only if z = 0 or # = n. The maximum must occur at z = n, and we have
kn(n) =n (E) n"e " =n.
n

Thus lim,, o0 SUP,>q kn(2) = +00. However, for any fived x > 0, we have

T 1 AN 1\"
n>2exr — (7)<— :>(f) < | =
n 2e n 2e
Thus if n > 2ex we ahve

n n 1 n
kn(z) =n (E) e " =ne” (f) e <ne” < ) e ¥ < ﬁ

n

It follows that lim,,_, kn(2) — 0 pointwise on [0, 00).

1.2. Uniform convergence and continuity.

The difficulty encountered in the statement in (1.4) is removed if we replace pointwise convergence with
uniform convergence. We have the following important result.

Theorem 1.1. Suppose that {f,} is a sequence of functions defined on a set E C C. Suppose that each f,
is continuous at a point p € E, and that lim,, .. fn = fo uniformly on E. Then fy is also continuous at p.
In particular, if each f, is continuous on all of E, then the uniform limit fo is also continuous on E.

Proof. Choose ¢ > 0. Since f, — fo uniformly on FE, there exists N so that for all n > N we have
|fn(t) — fo(t)] < e for all z € E. Now the function fy is continuous at p, so there exists § > 0 so that if

|z — p| < 6 then | fn(p) — fn(2)] < 3e.

Now suppose |p — z| < §. Then

[fo(p) = fo(@)| = |fo(p) = In(P) + fn(p) — fn(2) + [N (2) — fol)|

(
(

< fo(p) = In(P) + |/ (p) — (@) + [f () = folz)]
1 1 1
< §6+§€+§€:€'
Thus fy is continuous at p. (Il

Corollary 1.2. Suppose {ur} is a sequence of continuous functions on an set E C C. If the infinite series
Ziozl Uy, converges uniformly on E, then the sum is also a continuous function on I.

1.3. Uniform convergence and integration.

The following theorem contains the main results about convergence of power series.

Theorem 1.3. Suppose that {f.} is a sequence of continuous functions on an interval [a,b] and suppose
fn — fo uniformly on [a,b]. Define

gn(T) = /x fn(t) dt,
go(z) = /x fo(t) dt.

Then the sequence {gn} converges uniformly to go on the interval [a,b].
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Proof. Let € > 0. Since f,, — fo uniformly on I, there exists a positive integer N so that for all n > N we
have [ f(t) — fo(t)| < =gy for all £ € [a,b]. Then for any z € [a,b], if n > N we have

|gn () — go(x)] = \/x fn(t)dt — /ab fo(®) dt’
=| [0 - o) g
S/:!fn(t)—fo(t)!dt

b
€

< = €.

_/a (b—a)dt €

It follows that g, converges uniformly to go on the interval [a,b]. O

1.4. Uniform convergence and differentiation.

Theorem 1.4. Suppose that {f,} is a sequence of continuously differentiable functions on an interval [a, b)].
Suppose that f,, converges uniformly to fo and f] converges uniformly to go. Then fo is differentiable, and

fo(@) = go(z).
Proof. We have

fol) = @)+ [ e
Taking the limit as n — oo, it follows that

folw) = Tim_fo(2)
= lim fu(a)+ lim / ' fh(t)dt
— jola)+ [t fi(0)de

= fo(a) +/ go(t) dt.
It follows from the Fundamental Theorem of Calculus that fy is differentiable, and that fj(z) = go(z). O

Definition 1.5. Let {u,} be an infinite sequence of functions defined on a set E of real or complex numbers.
N
Let Sy(x) =", ) un(x).

oo
(A) The infinite series Z un () converges pointwise to S(x) if the sequence of functions {Sn(x)} converges
n=1
pointwise on E to S(x). That if, for every x € E and for every e > 0 there exists a positive integer N
so that if k > n then |Sk(x) — S(z)| < e.

(B) The infinite series Zun(x) converges uniformly to S(x) if the sequence of functions {Sn(x)} con-
n=1
verges uniformly on E to S(x). That is, if for every e > 0 there exists a positive integer N so that if
k> N and if x € E then |Sk(z) — S(z)| < e.

Suppose {u,} is an infinite sequence of continuous functions defined on an interval I. We then have the
following facts:

o0
(1) If Z un(x) converges uniformly on I, then the infinite sum defines a continuous function on I.
n=1
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(2) It Z un(z) converges uniformly on I, and if v, (z) = [ u,(t) dt, then

n=1

/; [gun(t)} dt = g/j wn(t) dt = ivn(m)'

oo

e}
(3) Zun(az) converges uniformly on I, and if Zu;(x) converges uniformly on I, then the function
n=1

n=1

Yoo un(x) is differentiable and

o0

n=1 n=1
o0
We need a criterion for deciding when an infinite series E un(z) converges uniformly.
n=1

Theorem 1.6 (The Weierstrass M-test). Suppose an infinite series of functions Z U, converges pointwise

on a set E. Suppose also that there is an infinite sequence of non-negative constants {M,} such that

oo
(a) The series Z M,, converges.

n=1

(b) For every x € E and all n > 1 we have
0 < |up(z)] < M,.

o0
Then the series Z un(x) converges absolutely and uniformly on the set E.

n=1

Proof. We hgave

n=1 n=1 n=N+1

IN
(]
g
S

< > M,

n=N+1

(oo}

This last can be made as small as we like since the series Z M, converges.

n=1

2. POWER SERIES

A power series is an infinite series of the form

Z an(z —o)"
n=0

(2.1)

where the coefficients {a,, } and the ‘center’ ¢ are complex numbers. We discuss the following questions about

such series:

(1) For which values of z does this series converge?
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(2) If we define a function f by setting f(2) = Y07, a,(z — ¢)™ for those complex numbers z for which the

n=0
series converges, what are the properties of the function f? In particular, is f continuous, and can one

integrate or differentiate f by integrating or differentiating the infinite series in (2.1) term by term?

(3) Given a function g, can we write g as a power series? In particular, can one expand familiar functions
such as e”, cos(x), sin(z), log(1 + x), arctan(z) in power series?

2.1. Convergence.

The following theorem contains the main results about convergence:

Theorem 2.1. Let > 07 an(z — ¢)" be a power series. Then there is a “number” r € [0,+00], called the
radius of convergence, with the following properties.

(a) The series converges absolutely for every z such that |z — c| < r.

(b) The series diverges for every z such that |z — c| > r; in fact, if |z — ¢| > r, the terms {an(z — ¢)"} do
not go to zero.

(¢) For any real number r1 such that 0 < r1 < r, the series converges uniformly on the closed disk
{zeC|lz—c <}

If r =0, the series converges if and only if z = ¢, while if r = 400, the series converges absolutely for all z
and converges uniformly on any bounded set of complexr numbers.

The proof Theorem 2.1 is based on the following result.

Lemma 2.2. Suppose that the power series ZZO:O an(z — )™ converges for some complex number zy. Let
p = |20 — ¢|. Then the series converges absolutely for any z such that |z — ¢| < p, and if 0 < p1 < p, the
series converges uniformly on the closed disk {z € C||z — c| < p1}.

Proof. If -7 a,(z9 — €)™ converges, then lim,,_. a, (20 — ¢)™ = 0. It follows that there exists N so that
for all n > N we have
|an(z0 — €)™ < 1.

Then
n>N, |z—c <p1<l|zo—al = |an(z—0)"|=|an(z0— )" \z—c|"< P '
Z v, =M 0 n n {20 0 —c" ~\Joo—¢ )
p —/ P \"
Since LI 1, the geometric series Z ( ! ) converges. This shows that > °  a,(2—¢)™ converges
20 — ] Nz —
absolutely, and it follows from the Weierstrass M-test that that the series converges uniformly. |

The following can be useful in computing the radius of convergence
Lemma 2.3. Let ZZO:O a,z" be a power series, and suppose p = lim, ..o {/|a,| exists. Then r = p~! is

the radius of convergence.
Proof. Suppose |z| < p~!. Then
Vlanz"| = ¥/lanllz| — plz| <1,

and so there exists a positive integer N and a real number 5 with p|z| < 8 < 1 so that for n > N we have
{/|lanz"| < B. Then |a,z"| < ", and so > ", a,z" converges absolutely.

On the other hand, suppose |z| > p~t. Then
Vlanz"| = ¥/lanl|z] — plz| > 1,

and so there exists a positive integer N and a real number 5 with p|z| > 8 > 1 so that for n > N we have
{/|lanz"| > B. Then |a,z"| > " — oo, and so Y~ anz" diverges. This completes the proof. O
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2.2. Properties of functions given by power series.

We first observe that a function given by a power series must be continuous insider the radius of conver-
gence. If the radius of convergence of the power series >.°° (an(z — ¢)™ is 7 > 0, then for any 0 < rq <,
the series converges uniformly on the set {z € C||z — ¢/ < r1}. That is, the sequence of partial sums

Sn(z) = Zszo ax(z — ¢)F converges uniformly to f on {z € C||z —¢| < r1}. But each partial sum is a
continuous function, and it follows that the limit is also continuous. This give the following.

Theorem 2.4. Suppose that the radius of convergence of the power series Y oo an(z — )™ is r > 0. If we
define a function f by setting

F) =3 anz =0,
n=0

then f is a continuous function on the disk {z € C ||z — | <r}.

o0

Next, we investigate termwise integration and differentiation. Given a power series Z an(z — )", we
n=0

can formally integrate or differentiate the series term by term to get two new power series:

o0 oo a

nan(z —a)" ! and " _(z — )"t
D nan(z—a) > e
n=1 n=0
o0 o0 o0 a
; _ o\ __\n—1 n _\n+l

Lemma 2.5. The power series 7;)an(z a)”, ;nan(z «) and ,;) i (z — ) all have the

same radius of convergence.

Proof. Without loss of generality, we can take o = 0. We shall consider only the case in which the radius of

-1
convergence is given by (hmn_)oo Y/ \an\) . But then

lim {/nla,| = lim {n lim {/]a,| = lim %/|an|,
— 00 n—oo n—oo n—oo

n

. n 1 : n ]‘ : n . : n
2 Yngrlenl = i, Vel = iy, Vel

As a consequence, we have the following result.

Lemma 2.6. Let o € R, and suppose that the radius of convergence of ZZO:O an(x — )™ isr > 0. For
|t — af <r, define a function f by f(z) =3 " an(x —a)™. Then

(1) For any |z| < r we have

T st a
t)dt = "z — )"t
[ fa=3 -
(2) The function f is continuously differentiable on the interval |x — a| < r and

f(z)= Z nan(r — )"t

n=1

for all |z| < r.

(3) In particular, the function f is infinitely differentiable on the interval |x — | < r.
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2.3. Taylor Expansions.

We have already seen several examples where standard functions can be expanded in power series. We
have

1 .
1 =14z2+22 4224+ 42"+ for |z| < 1; (2.2)
-z
=1 Lo L Lo for all z; 2.3
ef = —|—z—|—ﬁz +§Z +~--+mz + - or all z; (2.3)
1 1 -1"
cos(z) =1 — aZQ + 124 —t ((Zn;! %" 4 for all z; (2.4)
1 1 -1n"
sin(z) = z — gz?’ + 525 — 4 Mﬁ”“ +--- for all z. (2.5)

According to the results of Section 1.2, we can integrate or differentiate these formulas term by term. Thus,
for example, differentiation of the series in equation (2.2) gives

1

and integration term by term gives

1 1 1 1
—1og(1—z):z—l—izQ—&-gzg—l—iz4—|—-~-—|—mz"+1—|—---. (2.7)

The next two results give conditions under which the Taylor series of a function f actually converges to

7.

Theorem 2.7. Suppose that f is infinitely differentiable in the interval (a —r,a+ 1), and assume there are
positive constants C' and A so that |f™) (z)| < C A™ for all |z —a| < r. Then

F) =3 AP - a)”
n=0

for all |z —a| <.

Proof. We know that the remainder term is given by

Blfwia) = o [ @00

n!

Assume that x > a. It follows that

|Enlf)(;0)] =

1 x

o [ a
1 * n n
<o [ @t
1 x

ﬁ/ (x —t)"C A" at

An+1 x
_¢ / (x —t)" dt

n!
C Al n
- (n+1)!|$_a| -
CAn+17,n+1
(n+1)!

But this goes to zero as n — oo, and completes the proof. O
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Theorem 2.8 (Bernstein). Suppose that f and all its derivatives are non-negative on the inverval [0,r].
Then

f@) = L@
for all x € [0,7). "
Proof. Write
F@) = 3 £ FO0)* + B (),
k=0

Since all derivatives are non-negative, we have F,, (z) < f(x). Also, since each f(*) is monotone increasing,
we have

1 x
By = [ty i
n! J,
pntl 1
=— / (1—8)" D () ds.
n!Jo
It follows htat (@) )
E,(x 1
—m\) 1 — g)* f(ntD) )
po p /0 (1—s)"f (zs)ds

Then it is clear that this last function is monotone increasing, and so

En(x) < En(r) < f(r)
xn—i—l — Tn+1 — ,r.n+1

Hence -
B @) < (%) f)—0

as n — oo. O



