8 Series

8.1 Series. Sum of series

The series is an infinite sum
u1+u2+...+uk+...:Zuk (8.1)
k=1

The addends in this infinite sum are called the terms of the series and wuy
is called the general term. If we assign to k some natural number, we get the
related term of the series. In (8.1) the k is called the index of summation and
note that the letter we use to represent the index can be any integer variable
1, 7, L, myn, .... The first index is 1 for convenience, actually it can be any
integer. We can write (8.1) as

oo oo oo
E U = E U1 = E Up—1 — ...
k=1 k=0 k=2

A number series is the series, whose terms are numbers. In our course we
consider the series of real numbers. A functional series is the series, whose
terms are functions of the variable z, i.e. uy = ui(x), k=1, 2, ...

A geometric series is the series

ataqg+ai®+ ... +ad®+ ... :Zaqk (8.2)
k=0

where each successive term is produced by multiplying the previous term by
a constant number ¢ (called the common ratio in this context).
The harmonic series is the series

11
l+-4+-+ ...+

S+ 3 (8.3)

e

k=1

s

The sum of the first n terms

3

Sn == Uk
k=1

is called the nth partial sum of the series. The partial sums

51:u1

SQZU1+U2



define the sequence of partial sums
S, Soy ooy Spy - (8.4)

Definition. A series (8.1) is said to converge or to be convergent when
the sequence (8.4) of partial sums has a finite limit. If the limit of (8.4)
is infinite or does not exist, the series is said to diverge or to be divergent.
When the limit of partial sums

lim S, =5

n—oo

exists, it is called the sum of the series and one writes

S = iuk
k=1

It is important not to get sequences and series confused! A sequence is a
list of numbers written in a specific order while an infinite series is a limit of
a sequence and hence, if it exists will be a single value.

Example 1. The sum of the first n terms, i.e. the n — 1st partial sum
of the geometric series is

g all—g")
S k_
1 Z@q 1—g
k=0
If |g| < 1, then
lim ¢" =0
n—oo
thus,
1—qg" n
lim S,_; = lim l ) = lim _4 lim @ __¢
n—o00 n—soo 1 —¢q nsool—q noool—gq 1—gq




If ¢ > 1, then

lim ¢" = o0
n—oo

therefore,

lim S,,_1 = o0
n—oo

and the geometric series is divergent If ¢ < —1, then lim ¢" does not exist

n—oo
and hence, llm Sp—1 does not exist and the geometric series is divergent. If

q =1, then the n — 1st partial sum

n—1 n—1
S, = ag® = a = na
k=0 k=0
and the limit lim S, = lim = na = oo. If ¢ = —1, then the Sy = a,
n—o0 n—oo

Si=a—a=0,S=a—a+a=a,S3=a—a+a—a=0,...We obtain
the sequence of partial sums

a, 07 a, 07

which has no limit. Therefore, for ¢ = +1 the geometric series is divergent.
Conclusion. If |¢| < 1, then the geometric series (8.2) converges and if
|g| > 1 then the geometric series diverges.
Example 2. To find the nth partial sum S,, of the series

Dy

we use the partial fractions decomposition

1 1 1
k(k+1) k k+1
We obtain
zn: L + L + L + +;
— k(k+1) 2 2-3 3-4 777 " nn+l)
. 1 1 1+1 1+ +1 1 . 1
- 2 2 3 3 4 n n+1 n+1

The limit of this sequence, i.e. the sum of this series

S:lim<l— 1 ):1
n—o00 n,+»1

3




If we ignore the first term the remaining terms will also be a series that
will start at £ = 2 instead of £ = 1 So, we can rewrite the original series

(8.1) as follows,
RS 3
k=1 k=2

We say that we’'ve stripped out the first term. We could have stripped out

the first two terms
o0 o0
Zuk = U +u2+2uk
k=1 k=3

and first any number of terms respectively,

iuk:u1+U2+...+um+ i uk:iuk—l— i U,
k=1

k=1 k=m+1 k=m+1

The first sum on the right side of this equality is the mth partial

m

k=1

sum of series (8.1). This is a finite sum, which is always finite. Assuming
that n > m, we can write the nth partial sum

n m n
D we= ut ), w
k=1 k=1

k=m-+1
or
Sn=5Sm+ Sh_m
where
n
Snfm = § Uk
k=m+1

Now, if S,, has the finite limit as n — oo, then S,,_,,, must have also the finite
limit. Conversely, if S,,_,, has the finite limit as n — oo, then adding the
finite sum .5, leaves the limit finite.

Similarly, S,, has the infinite limit or does not have the limit if and only
if S,,_,, has also the infinite limit or has no limit.

Conclusion. Stripping out the finite number of terms from the begin-
ning of the series leaves the convergent series convergent and divergent series
divergent. As well, adding the finite number of terms to the beginning of the
series does not make the convergent series divergent and does not make the
divergent series convergent.



8.2 Necessary condition for convergence of series

Suppose that the series (8.1) converges to the sum 9, i.e.

lim S, =5

n—oo

The nth partial sum can be written

n n—1
Snzg uk:E U + Uy,
k=1 k=1

or
Sn = Sn—l + Uy

hence
)
Up = Sn - Snfl

The convergence of the series gives, since if n — oo then n — 1 — oo,

lim u, = lim S, — lim S,,_1=5S—-5=0
n—oo n—oo n—oo
We have proved an essential theorem, so called necessary condition for
the convergence of the series.
Theorem 1. If the series (8.1) converges, then the limit of the general
term

lim u, =0 (8.5)

n—oo

This theorem gives us a requirement for convergence but not a guarantee

of convergence. In other words, the converse is not true. If lim w, = 0 the
n—oo

series may actually diverge. For example, the limit of the general term of the
harmonic series (8.3)

lim — =0
k—o0

but the harmonic series is divergent. It will be a couple of subsections before
we can prove this, so at this point the reader has just to believe this and
know that it’s possible to prove the divergence.

In order for a series to converge the series terms must go to zero in the
limit. If the series terms do not go to zero in the limit then there is no way
the series can converge since this would contradict the theorem, i.e. there
holds.

Conclusion (the divergence test). If nlggo up, # 0 then the series (8.1)

diverges.



For example the series
o0
D!
k=1
is divergent because the limit of the constant term is that constant,

lim1=1#0

k—o0

8.3 Convergence tests of positive series

In Mathematical analysis there exist a lot of tests that give us the possi-
bility to decide whether the series converges or diverges. In this subsection
we are going to consider the positive series, i.e. the series (8.1), whose all
terms are positive:

UkZO, kzl, 2,

8.3.1 Comparison test

The nth partial sum of the series (8.1) is
Sy, = Sp_1 +uy,
Since for any index n w, > 0, then
Sn > Sn1

that means, the sequence of partial sums of the positive series is monoton-
ically increasing. We had the theorem in Mathematical analysis I, which
stated that any bounded monotonically increasing sequence has the finite
limit. So, if we have succeeded to prove that the sequence of the partial
sums of the positive series is bounded, we have proved the existence of the
finite limit of the sequence of partial sums, that is, we have proved the con-
vergence of the positive series.
The sequence

S, Say oy Sy

has the finite limit means by the definition of the limit that for any ¢ > 0
there exists the index N > 0 such that for all n > N

IS, — S| < e
This inequality is identical to the inequalities

—e< S5, —-S<e



or
S—e<S,<S+e

which means the sequence is bounded. We have proved the following theorem.
Theorem 1. The positive series (8.1) is convergent if and only if the
sequence of its partial sums is bounded.
Suppose that we have another positive series

o0

> (8.6)

k=1

and we know whether it converges or diverges. For instance we know that
the geometric series (8.2) converges if |¢| < 1 and diverges if |¢g| > 1. We
know that the harmonic series is divergent and we know that

> 1
;k(k;Jrl)

1

is convergent.
Theorem 2 (the comparison test). 1) If for any k=1, 2, 3, ...

up < Uk
then the convergence of the series (8.6) yields the convergence of the series
(8.1).
2) If forany k=1, 2, 3, ...

U > Vg

then the divergence of the series (8.6) yields the divergence of the series (8.1).
Proof 1) Denote the nth partial sums of the series (8.1) and (8.6) by

n
Sn == Zuk
k=1
and
n
On = ka
k=1

respectively. Since for any k =1, 2, 3, ... up < v, then

Sy < oy,



By the assumption the series (8.6) is convergent hence, by Theorem 1 the
sequence
O1, 09, «ooy Opy vony (8.7)

is bounded by some constant o, i.e. o, < ¢. But then S,, < o, which means
that the sequence of the partial sums of the series (8.1)

Sty So, ouy Sh, L.

is bounded thus, by Theorem 1 the series (8.1) is convergent.
2) Next, let’s assume that (8.6) is divergent. Because v, > 0 we then
know that we must have

lim o, = c©
n—oo

The assumption uy > v, yields S,, > o, and by the limit theorem

lim S, > lim o,
n—oo n—oo

which means that the sequence of the partial sums of the series (8.1)
S1, Soy ooy Spy

has no finite limit or the series (8.1) is divergent.
Example 1. Prove that the series

1 1 1 =1
1+-4+=-+ ... +— ...:E—
+4+9+ +k2+

converges.
We know that the series

k=1 k=2
converges. For any k£ =2, 3, ... it is obvious that
1 - 1
k2 (k—=1k

and by Theorem 2 the series

1

25

k=2
converges. Adding the term 1 to the beginning of the series preserves the
convergence.



Example 2. Prove that the series

14 L + L + + L + = i !
At A . it 2 7
diverges.
For any k£ > 1 there holds the inequality Vk < k hence,
1 1

N

The harmonic series (8.3) diverges thus, by Theorem 2 the series given di-
verges also.

8.3.2 D’Alembert’s test

Sometimes the D’Alembert’s test is referred as the ratio test. We consider
again the positive series (8.1).
Theorem (D’Alembert’s test). Suppose there exists the limit

. Up1
lim =D
k—o0 Uk

1) If D < 1, then the series (8.1) converges.

2) If D > 1, then series (8.1) diverges.

3) If D = 1, then this test us inconclusive, because there exist both
convergent and divergent series that satisfy this case.

Proof. Suppose the limit D < 1 and let ¢ be a real number between D
and 1, i.e D < g < 1. By definition of the limit there exists N > 0 such that
for k> N
Uk+1

ug,

— D‘ <q—D
which is equivalent to

g+D< _pog—D
Up,

For k > N the inequality on the right hand side gives

Uk+1
Ug

Thus, uyi1 < qun, Unie < qQUNi1 < ¢*un, .... Applying this i — 2 more
times, we get uy4; < ¢'ux and since ¢ < 1, then

ZquN < UNZqi = UN%
i=0 i=0 — 4

9



Thus, the series
oo
Z qun
=0

converges and by the comparison test

oo oo
E UN4s = E U
i=0 k=N

also converges. But then the series (8.1) is also convergent because adding
N — 1 of terms to the beginning preserves the convergence.

If D > 1, then for 1 < ¢ < D by the definition of the limit there exists
N > 0 such that for k > N

u
k+1—D‘<D—q

U
which yields
Uk4+1 D>q—D
Uy
Hence,
Uk+1
Up,

Or Upy1 > qui > Uy, i.e. the terms of the series form an increasing sequence.
The limit of the increasing sequence cannot be zero thus, by divergence test
the series (8.1) diverges.

=1
Example 1. Does the series Z T converge or diverge?
= 1 1
The ratio of two consecutive terms uy 1 = m and u, = 0 is
1
w, 1L (k+DE k+1
k!
and the limit of this ratio
D=1lm-——=0
koo k4 1

Since D = 0, this series converges by the D’Alembert’s test.
o0

Example 2. Does the series Z e converge or diverge?
k=1

10



Compute the limit

1
— )
D = lim Ykt _ lim M = lim k— =
k—oo up koo 1 k—oo (k + 1)2
L2

Since D = 1, the D’Alembert’s test is inconclusive, but we know that by

the comparison test that this series converges.
o0

Example 3. Does the series Z z converge or diverge?
k=1
For the harmonic series we have

1
k
D= lim %+ _ i B+ oy B g
k

so, the harmonic series cannot be handled by the D’Alembert’s test, but we
know that the series diverges.

8.3.3 Cauchy test

Cauchy test is also known as root test of convergence of a series. Let us
consider the positive series (8.1) again.
Theorem (Cauchy test). Suppose there exists the limit

lim Fu, = C
k—o0

1) If < 1, then the series (8.1) converges.

2) If C' > 1, then series (8.1) diverges.

3) If C' =1, then this test us inconclusive.

Proof. 1) Suppose the limit C' < 1 and let ¢ be a real number between C'
and 1, i.e C' < ¢ < 1. By definition of the limit there exists N > 0 such that
for k>N

|u, —Cl<q—-C
Hence, for &k > N
—q+C < Yu,—C<q—-C

The inequality on the right hand side gives /uy < g or u; < ¢*. Since ¢ < 1,
the geometric series

oo

> 4

k=N

11



converges hence, by the comparison test the series
oo
>
k=N

also converges. Adding N — 1 terms to the beginning gives us the convergent
series (8.1).

2) Suppose the limit C' > 1 and let ¢ be a real number between 1 and C,
ie C' > ¢q > 1. By definition of the limit there exists N > 0 such that for
k>N

[Vue —Cl <C—q

which is equivalent to
qg—C < Yup,—C<C—q

The inequality on the left hand side gives /uj > q or u > ¢*. Since ¢ > 1,
the limit

lim uy,
k—o0

cannot equal to zero hence, by the divergence test the series (8.1) diverges.
Example 1. Determine if the series

25
k=1

2

| =
>

is convergent or divergent?
/1.2

To use the Cauchy test we find #/uy = and evaluate the limit

ka
C = lim {u, = lim =

1
k—00 k—oco 2 2 k—oo

0

Since we have the indeterminate form oc”, we apply the L’Hospital’s rule

9
lim Ink#* = lim = Ink

k—o00 k—o0
. @2k 2
A

and

1 1
C=-e"=-<1
2 73

So, by the Cauchy test the series is convergent.

12



Example 2. Determine if the series

(e’ 1 k2
1+ —
> (1)

is convergent or divergent?
The kth root of the general term is

s )

1\
C = lim {/u, = lim (14—%) =e>1

and the limit

k—o0 k—o0

Hence, by the Cauchy test the series is divergent.

8.3.4 Integral test

Let us consider the a positive series (8.1) once more.

Theorem 5 (Integral test). Suppose u(x) is a continuous positive
decreasing on interval [1; 0o) function, whose values for the integer arguments
are the terms of series (8.1), i.e. u(k) = ug. Then

1) if the improper integral (8.1) / u(z)dz is convergent so is the series
1

(8.1);

1) if the improper integral (8.1) / u(x)dx is divergent so is the series

1
(8.1).
Proof. 1) By the assumption the improper integral

o

converges, i.e. there exists the finite limit

N
A}l_{noo u(z)dz
1

13



Stripping out the first term of the series (8.1), we obtain the series

whose nth partial sum is

Y

A

Figure 8.1.

lines x = 1 and x = N. We sketch in this region N — 1 rectangles with
bases 1 unit and heights us, ug, ... , uy, respectively. The sum of the areas
of those rectangles is obviously less than the area under the graph of the
function u = u(z) if z > 1
Sy < / u(z)dx
1
By the assumption the integral on the left side of this inequality is convergent,
i.e. has the finite value. Hence, the sequence (8.8) is bounded and increasing

since the terms of the series are positive. By Theorem 1 this sequence has
the finite limit, i.e. the series

(o)

> u

k=2

converges. Consequently, the series



is also convergent.
Now, suppose that the improper integral

Ui
U2

UN—-1

—_t e e e ——

Figure 8.2.

'LL1'1—|-'U,2‘1—|-...—|—’U,N,1'1ISN,1

is greater than the area under the graph
N
/ u(z)de
1

and, since uy > 0, then
N
/u(x)dx < Sy
1

By the limit theorem

N
lim [ w(x)de < lim Sy
N—oo N—o0

1

The limit on the left side of this inequality is infinite hence, the limit on the
right side has to be also infinite, i.e. the series

0o
D u
k=1

15



diverges.
Example 4. Prove that the harmonic series

00
k=1

| =

diverges.
To apply the integral test we define the decreasing function u(x) = —,
x
whose values for the integer arguments x = k are

1
up = u(k) = %

The improper integral is divergent because

00 N
dx , dx .
— = lim [ — = lim In|z|
xT N—o0 X N—o0

1 1

By the Integral test the harmonic series is divergent.

= lim InN =

N
1 N—o0

8.4 Alternating series. Leibnitz’s test.

The last tests that we looked at for series convergence have required that
all the terms in the series be positive. The test that we are going to look into
in this subsection will be a test for alternating series. An alternating series

is any series
oo

Uy — Uy +UF— Uy + ... = Z(—l)k+luk (89)
k=1
or .
—uy + U — U3+ U — ... = (—1)kuk
k=1
where up, >0, k=1, 2, ...
The second alternating series we can write
2 (Dfur == (=) u
k=1 k=1

therefore, it’s enough to look at for convergence of the series (8.9).
Theorem 1. (Leibnitz’s test) If
1) Up > Uk1, ]{7:1, 2, ...and

16



2) klim u, = 0, then the alternating series (8.9) converges.
—00

Proof. First, notice that because the terms of the series are decreasing
for any two successive terms we have

U — Ug41 > 0

We will prove that both the partial sums Sy, with even indexes and So,41
with odd indexes converge to the same number S. First, consider the even

partial sums
2n

Sy, = Z(_l)k+1uk

k=1
We can write this partial sum as

Sgn = (Ul — Uz) + (U3 — U4) + ...+ (Ugn_l — UQn)

Each of the quantities in parenthesis are positive and one more pair g, 1 —
Usgp 12 increases the sum hence, the sequence of even partial sums is increasing.
Next, we can also write this even partial sum as

Son = uy — (ug —ug) — (ug —us) — ... — Uz,

Each of the quantities in parenthesis are positive again and us, is also posi-
tive. This gives us that
Sgn < U

for all n, i.e. the sequence of even partial sums is bounded. We now know
that the increasing sequence that is bounded has the finite limit

n—oo

The nth term of the sequence of odd partial sums we write as
Sont1 = Son + Uopt1
and the second assumption of the theorem gives
lim Sy,11 = lim S, + lim w9,y =S
n=»00 n—»00 n—»00

Therefore,
lim S, =S

n—oo

which means that the series (8.9) converges.

17



Example. For the alternating harmonic series

1 1 1 > 1
l——4+=-——4...= —1)k1Z
53 1" ;( s

both of the assumptions of the theorem hold because

1>1> >1> ! >
Tk k+1
and
liml—()
k—>oo/<,’_

Hence, this series is convergent.

8.5 Absolute and conditional convergence

In this subsection we assume that the terms of the series

can have whatever signs.
Definition 1. The series (8.10) is called absolutely convergent if the
series

k=1
is convergent.
Theorem 1. If the series (8.10) is absolutely convergent then it is also

convergent.
Proof. The definition of the absolute value

—Ug, if u, < 0

gives us that
0 < up + |ug| < 2fuy]

Since we are assuming that

00
Dl
k=1

18



is convergent then
o oo
> 2wl =2 lw
k=1 k=1

is also convergent because 2 times finite value will still be finite. The com-

parison test gives us that
oo

D (s + )

k=1
is also a convergent series. Now the series (8.10)

D= (el = fuel) = D7 (o ) = Y
k=1 k=1 k=1 k=1

is the difference of two convergent series, i.e. convergent.

By Theorem 1 series that are absolutely convergent are guaranteed to be
convergent. However, series that are convergent may or may not be abso-
lutely convergent.

Definition 2. The series (8.10) which is convergent but not absolutely
convergent is called conditionally convergent.

Example 1. Alternating harmonic series

o0

k+11
> (-1 z

k=1
is convergent by Leibnitz’s test, but the series

o oo
2 >y
k
k=1 k=1
is the harmonic series. By Integral test the harmonic series diverges hence,
alternating harmonic series is a conditionally convergent series.
sin k
2

k

1
—1)ktLZ
(1)1

o0
Example 2. Determine if the series Z
k=1

is absolutely convergent,

conditionally convergent or divergent.
Notice that this is not an alternating series. Since |sink| < 1 for any
integer k, then

k2

sink’ 1

o0
1
We know that the series Z e converges hence, by Comparison test the

. k=1
series

sin k
L2

19



sin k
L2

o0
converges, i.e. the series E

k=1
guarantees its convergence.

While the convergence of the positive series takes place because of the
terms are decreasing with the sufficient speed, then the conditional conver-
gence happens because the terms reduce each other.

is absolutely convergent and Theorem 1

8.6 Series of functions

A series of functions is the series, whose terms are the functions of some
variable

> up(x) (8.11)

If we assign to the variable x a certain value xy that is in domains of all
uy, and substitute it into all these functions, we have the numerical values
u(xg), i.e for x = xy the series (8.11) is a number series.

Example. Let’s examine the series of functions

Ltata®+. . 4ab4. =) o (8.12)
k=0
. 1 : .
If the variable z has the value z = > we get the geometric series
=1
D5
k=0

which is convergent, because the common ratio is —.

Assigning to the variable x the value x = 1, we get the number series

1+1+1+...
which diverges by Divergence test. Assigning to the variable z the value
xr = —1, we get the divergent number series
1—14+1—.. 4+ (=1F+...

Assigning to the variable z the some value zy > 1, we obtain the number
series with general term

ug(zg) = xlg

20



which diverges by Divergence test because

lim 2 = oo
k—o0

Assigning to the variable x the some value zy < —1, we obtain the number
series which diverges by Divergence test because the general term has no
limit.

It has turned out that for some values of the variable x the series of
functions converges and for other values it diverges.

The partial sums of the series of functions (8.11)

Sul(x) =) un(x)

are also functions of the variable x and define a sequence of functions
Si(x), Se(zx), ..., Su(z), ... (8.13)

Definition. The set X of the values of argument x for which the sequence
of partial sums (8.13) is convergent, i.e. there exists the (finite) limit

S(z) = lim S, (z) (8.14)

n—0o0

is called the region of convergence of the series of functions (8.11).
It is said that S(x) is the sum of the series (8.11) and one writes

S(z) =) w(x)

The last equality can be written also as

S(x) =Y wlx)+ Y up(x)
k=1 k=n+1
The term -
Ry(x) = > u(x)

in this sum is called the remainder of the series of functions and

S(z) = Sp(z) + Ru(x)

21



8.7 Majorized series

Definition. The series of functions is said to be (8.11) majorized on a
set X if there exists the positive convergent number series

such that for all x € X holds
lup ()| < ay

The series (8.15) is called the majorant series.
Example. The series of functions

i sin kx
2
— 1+ k&

is majorized on the set of real numbers R because for each x € R there holds

sin kx < 1
14+ k2| — 14+ k2
and, since
1 _ 1
1+k2 k2
the series
>
2
p 1+ k

converges by Comparison test
Theorem 1. If the series of functions (8.11) is to be majorized on the
set X, then for every for all x € X the limit of the remainder

lim R,(z) =0

n—oo

Proof. The majorant series (8.15) is a positive convergent number series.
Denote the partial sums of this series

n
Op = E e
k=1

and the sum

o = lim o,
n—o0

22



According to the definition of limit for all € > 0 there exists N > 0 such
that
lo—on] <€

whenever n > N.

But
00 n 00
’O’ — 0'n| = E A — E ap| = E (073
k=1 k=1 k=n+1

Denoting by

oo
Tn = E (075

k=n+1
the remainder of the majorant series, we obtain that for all € > 0 there exists
N > 0 such that
T < €
whenever n > N.
Since (8.11) is to be majorized by (8.15), then |ug(z)| < oy (K =1,2,3,...
)for all z € X thus,

Ro(@)] = | 3 w@)| < Y @) < Y an=ru<e
k=n+1 k=n+1 k=n+1
le. forallz € X
|R.(2)] <e

whenever n > N, which is we wanted to prove.
The last condition is equivalent to

1S(2) — S(2)| < & (8.16)

Definition. If for every ¢ > 0 there exists index N > 0 such that for
all n > N and for all z € X holds the condition (8.16), then the series of
functions (8.11) is called uniformly convergent to S(x) on the set X.

Conclusion. If the series of functions (8.11) is to be majorized on the
set X, then it is uniformly convergent on X.

In following subsections we will see that the properties of finite sums of
functions does not hold for the series of functions. But if we assume that the
series of functions is uniformly convergent on the set X, then properties of
finite sums of functions are still valid on that set.

As a rule it’s easier to prove for the series of functions to be majorized
on a set than to prove the uniformly convergence on that set. If we have
succeeded to prove for the series of functions to be majorized on X, then
Theorem 1 guarantees the uniform convergence of this series of functions on
that set.
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8.8 Continuity of sum of series of functions

One of the most important property of uniform convergence is that it
preserves continuity.

The finite sum of continuous functions is a continuous function. The
sum of infinite number of continuous functions may not be continuous. Let’s
consider on the interval [0; 1] the series of functions

Zxk_l(l—x):(1—x)+x(1—x)+x2(1—x)—l—...—i—xk_l(l—x)—i-...
k=1

If + = 1, then all the terms of this series equal to 0 and, of course,
S(z) = 0. If x < 1, the by the formula of the sum of geometric series

1

S(z) = (1—z)+r(l—z)+2*(1—z)+.. +25(1—2)+... = (1—3:)1 —

=1

We see that at the point = 1 the sum of this series is not continuous
because
lim S(z) =1

rz—1—

but S(1) = 0 despite of all the terms of this series are continuous on the
whole set of real numbers.

Theorem. If the series of functions (8.11) continuous on the set X is
uniformly convergent on X, then the sum of the series is continuous on X as
well.

Proof. Let S(x) be the sum of the series of functions (8.11). Prove that
the necessary and sufficient condition for continuity

lim AS =0 (8.17)

Az—0

where
AS =Sz + Az) — S(x) = Sp(z+ Azx) + R, (z + Azx) — S, (z) — Ru(2)
is satisfied. By the property of the absolute value
|AS| < |Sp(z+ Az) — S, ()| + |Ru(x + Ax)| + | Ry (2)| (8.18)

Since the series is uniformly convergent on X, then by Theorem 1 of of the
previous subsection for each € > 0 there exists N > 0 such that for alln > N
and for all z,z + Ax € X

IRo(z + Az)| < %
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and

3
R, < =
)| < 5

The nth partial sum of the series (8.11) is the sum of the finite number
of continuous functions, which is continuous. By the necessary and sufficient
condition of continuity for each € > 0 there exists § > 0 such that for all
|Az| < § holds

IAS,] = |Su(z + Az) — Sn(z)] < g

Now, the condition (8.18) yields that for each € > 0 there exists 6 > 0
such that for all |Az| < § we have

e € €
A Sy
|S|<3+3—|—3 €

which implies the condition (8.17), i.e. the sum S(z) is continuous on X.

8.9 Term by term integration and differentiation of se-
ries of functions

Term-by-term integration and differentiation, the ability to find the inte-
gral or derivative of a sum of functions by integrating each summand, works
for a finite sum. For the series of functions there holds the theorem.

Theorem 1. Suppose the functions wuy(x), for each &k = 1, 2, ..., are
continuous on [a;b] and the series (8.11) is uniformly convergent on [a;].
Then the sum S(z) = Y o, u(x) is integrable on [a; b] and

b

/S(x)dx = i/buk(:v)dx

a

i.e. the series (8.11) can be integrated term by term on [a; b].
Proof. By the theorem of the previous subsection the sum

S(z) = Z ug(x)
k=1

is continuous on [a; b] hence, there exists

b
/S(:v)d:v
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To prove the theorem we have to show that the sequence of partial sums

; /b ug(x)dx

b
converges to /S(x)dx ie.

b . b
/S(x)da: = ,}EIQOZ/uk(x)dx
a k=17
We estimate the difference

b

/S(x)dx—zn:/buk(x)d:r = /[S(m) —Zuk(x)] dx| <

a T oa a

b

-]

a

n

S(z) =) ug()

b
dx = / |R,(x)| dx

Since the series of functions (8.11) converges uniformly, then for each € > 0
there exists NV > 0 such that for all n > N and for all x € [a; b

£
b—

b b
/|Rn(x)|dx< ﬁ/dxzs

which is we wanted to prove.
Conclusion 2. If a < zg < z < b and for the series of functions (8.11)
hold the assumptions of Theorem 1, then

7 S(z)dz = i / ()

The conclusion is obvious because the functions ug(z) (k =1, 2, ...) are
continuous on [a; b] hence, also on [xg; z]. Since the series (8.11) is uniformly
convergent on [a;b], it is also uniformly convergent on [xg; z].

| R ()] <

Thus,
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Theorem 2. If the series (8.11) converges to S(x) on [a;b] and the series
of derivatives -
> ()
k=1

converges uniformly to the sum o(x) on [a;b], then S'(z) = o(z) or

S| - Yo

i.e. the series (8.11) can be differentiated term by term.
Proof. By Conclusion 2 we get for a <z <b

T

/J(:c)d:c = go;/x%(:c)d:c =

0o
a k=

(ur(z) — wp(a)) = up(z) = > wla)

1

or

and differentiating both sides of this equality with respect to z gives o(z) =
S'(x).

8.10 Power series

Power series is a series of power functions

> gt (8.19)
k=0

or in general
o0

ch(x —a)* (8.20)

k=0
where the numbers ¢, are called the coefficients of the series.

The examination of the properties of those series is very similar therefore,
we restrict ourselves with series (8.19).

Example 1. The series

l+x+22+ ... —|—xk+ :Zazk
k=0
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is a geometric series for any value of x. This series converges if |z| < 1.
Hence, the region of convergence of this series is open interval X = (—1;1)
and the sum of this series in this interval is

1
k
E =1 (8.21)
k=0

It turns out that the regions of convergence of power series have such a simple
structure.

Theorem 1 (Abel’s theorem). If the power series (8.19) converges
for some value of x(, then this series converges absolutely for any value of
|z| < |xo).

Conversely, if the power series (8.19) diverges for some value of ¢, then
this series diverges for any value of |z| > |zo].

Proof. By the assumption, the number series

o0

E Ckl‘g

k=0

converges hence, the limit of the general term

lim cpzl =0
k—oo

The convergent sequence is bounded, i.e. there exists a constant K > 0 such
that
lexrh| < K

Let’s denote ¢ = L Since |z| < |zo|, then |¢| < 1 and
Zo

k
x

lcxx®| = |cpalh - ?| < Kq¢"
0

The geometric series
[ee]
> K¢
k=0
is convergent thus, by Comparison test the series

o)

> fea

k=0

is also convergent, i.e. the series (8.19) is absolutely convergent.
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To prove another statement of this theorem assume on contrary that the
series (8.19) converges for some |z| > |zg|. But by the first part of the proof

the series
oo
E Ckl’g
k=0

should converge absolutely, which is contradictory to the assumption. There-
fore, the series (8.19) cannot converge for |z| > |x|.

According to Abel’s theorem there exists a real number R such that for
|z| < R the series (8.19) converges and for |x| > R diverges. This real
number R is called the radius of convergence of the series (8.19) and the
interval (—R; R) the interval of convergence of this series.

Remark. At the endpoints © = R and x = —R of the interval of con-
vergence the series (8.19) may converge and may diverge. Therefore, to
completely identify the interval of convergence all that we have to do is de-
termine if the power series will converge for + = R or x = —R. If the power
series converges for one or both of these values then well need to include
those in the interval of convergence.

There are a lot of possibilities to determine the radius of convergence of
power series. One of these possibilities is given by the following theorem.

Theorem 2. Suppose that the coefficients of the series (8.19) ¢ does
not equal to 0 and there exists

Ck

Ck+1

d = lim

k—o0

then R = d.

Proof. Using Dalembert’s test for convergence of the positive series

00
D lewa’]
k=1

we get
k+1
D — h |Ck‘+1$ | — |I| hm ‘Ck+1‘ — M
k—o0 ’Ck.’l?k’ k—o0 ’Ck’ d
lz]

By Dalembert’s test the series converges if < 1, ie. st |z| < d, and

d
x
diverges if % > 1, i.e. |z| > d. Consequently the radius of convergence
R=dor
R = lim

k—o0

Ck+1

(8.22)
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Example. Find the intervals of convergence of power series

8
e

.lik

k

M 1M

and
2
k=1
The radius of convergence is 1 for all of three series. The coefficient of
the first series are ¢, = 1 hence,

1
R=1lim-=1

k—oo 1

1
The coefficients of the second series are ¢, = z and

R=lim =1
The coefficients of the third series are ¢, = e and
. (k+1)?
i

thus, all three series are convergent if —1 < z < 1 and diverges if |z| > 1.
Determine if these series will converge for x =1 or x = —1.

The general term of the first series at the right endpoint is 1¥ = 1, whose
limit 1 # 0 hence, the series diverges. At the left endpoint the general term
is (—1)*, which has no limit as k — oo, i.e. the series diverges again and the
interval of convergence of the first series is (—1;1)

The general term of the second series at the right endpoint is — hence, the

second series is at the right endpoint the harmonic series, which is divergent.
k

At the left endpoint the general term is ( , i.e. the second series is at the

left endpoint the alternating harmonic series, which converges by Leibnitz’s
test. Thus, the interval of convergence of the second series is [—1;1).
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1
The general term of the second series at the right endpoint is — and

k2
—1)* 1
at the left endpoint ( 2) . The absolute value of both of these is =k By

Example 1 of subsection 8.3 the series
=1
>
k=1

converges thus, the third series converges at both endpoints and the interval
of convergence is [—1;1].

8.11 Uniform convergence of power series

Theorem. If the radius of convergence of the power series (8.19) is R,
then this series is uniformly convergent on any interval [a;b] C (—R; R).
Proof. Suppose r = max{|al, |b|}. Then

[a;b] C [-r;7] C (R R)

Since r is an interior point of the interval of convergence, then

o0

E Cka

k=1

is absolutely convergent, i.e.
o

> lexlr
k=1

is a positive convergent number series. For any x € [a; b]
lcra®| < |eg|r®

i.e. the series (8.19) is to be majorized on [a;b] hence, by Conclusion of the
subsection 8.7 it is also uniformly convergent on [a; b].

Now it’s possible to have three conclusions.

Conclusion 1. If the radius of convergence of the power series (8.19) is
R, then the sum of this series is continuous on any interval [a;b] C (—R; R).

Since there holds the Theorem of subsection 8.8, this is obvious.

Conclusion 2. If the radius of convergence of the power series (8.19) is
R, then this series can be integrated term by term on any interval [a;b] C
(—R; R).

Due to the Theorem 1 of subsection 8.9, this is obvious again.
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Conclusion 3. If the radius of convergence of the power series (8.19)
is R, then this series can be differentiated term by term on any interval
[a;b] C (—R; R).

Proof. 1f we differentiate the power series (8.19) term by term, we get

(o0
g k- cpat
k=1

According to the Theorem 2 of subsection 8.9 we have to show that the
radius of convergence of the series obtained is still R. We find the radius of
convergence of this series R’ by the formula (8.22)

k;
= lim —— - lim

R = lim e

kaoo‘(k-+—1)ck+1

which is we wanted to prove.

Now, using the sum of the geometric series (8.21) and conclusions 2 and
3, we can find the power series expansions for many functions.

Example 1. Multiplying both sides of (8.21) by x gives

00 00
— 7. E ZEkZE [Ek+1

k=0 k=0

and the radius of convergence is still 1. It’s easy to verify that

(ﬁx)/: <1—1x>2

and using the term by term differentiation we get the power series expansion
of this derivative

1 0o 00
mzz k—i—l Zk+1
k=0 k=0

and the radius of convergence of the series obtained is 1 again.
Example 2. If we substitute in (8.21) the variable x by —z?, we get

1 o0 o0
1+:c2:1— oy = 2 =) (e
k=0 k=0

and this series converges if | — 22| < 1, which is equivalent to |z| < 1.
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Since
x

/ dx
arctanx =
14 22

0
, we obtain the power series of arc tangent function integrating the last series
term by term in limits from 0 to x provided |z| < 1.

T

o) oo $2k+1
arctan r = Z(—l)k/x%d:p = Z(—l)ka .
k=0 0 k=0 *

and the radius of convergence is 1 hence, the interval of convergence is (—1; 1).
At the left endpoint of the interval of convergence we get the series

i(_l)k(—1)2k+l _ © (_1)k

— 2k+1 — 2k+1

and at the right endpoint

53(—Uk

— 2k +1
Both series obtained are the alternating series, which converge by the Leib-
nitz’s test and therefore, the interval of convergence of the series obtained is
[—1;1].

So, it may happen that the series obtained as the result of term by term

integration converges at one or both of the endpoints, despite of the initial
series diverges at the endpoints.

8.12 Taylor’s and Maclaurin’s series

Suppose that the function f(z) is differentiable infinitely many times in
the neighborhood of a. If the coefficients ¢, of the power series

Z cr(x —a)f
k=0
are computed by the formula

f¥(a)
Kl

then these coefficients are called Taylor’s coefficients and the series

> £k (g
E:fk(Nx—aﬁ (8.24)




is called Taylor’s series of the function f(x) in the neighborhood of a or
Taylor’s series of the function f(z) in powers x — a. The nth partial sum of
this series is the Taylor’s polynomial

") (g
Py =Y Dy

By Taylor’s formula the function f(x) can be represented as
f(@) = Po(x) + R ()

that is the sum of the Taylor’s polynomial and the remainder.
We know that Lagrange form of the remainder of the Taylor’s formula is

— <x — a)n—H (n+1)
R, (z) = mf (a+O(z —a))
where 0 < © < 1
If
55, Fnl2) =0
then

lim P,(z) = f(z)

n—oo
which means that the sequence of partial sums of Taylor’s series converges
to the function f(x).
Therefore, the series (8.24) represents the function f(x) if and only if the
limit of the remainder equals to 0. If nhﬁrglo R, (x) # 0, then the Taylor’s series

of the function f(x) may still converge but it does not represent the function

f(@).
Taylor’s series in the neighborhood of a = 0, i.e. Taylor’s series in powers
x

— fM(0)
% o z* (8.25)

is called Maclaurin’s series.

8.13 Maclaurin’s series of functions e¢*, sinz and cosz

In Mathematical analysis I we have proved that Maclaurin’s formula of
nth degree of the exponential function e is

T __ 1 1 2 1 3 1 n
e —1—|—ﬁx+ﬁx +§m +...—|—mx + R, (x)
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and that the limit of the remainder

xn—l—l
lim R,(z) = lim ———e®* =0

n—00 n—oo (n + 1)!

for each x € R and for 0 < # < 1. Consequently, Maclaurin’s series represents

the function e® for every real x, i.e.

2 3

v ¥
e :ZH:1+1‘+§+§+...
k=0

Also it has been proved that Maclaurin’s formula of 2n + 1st degree of
the sine function sinx is

' PR B gl
Slnx:ﬁ_§+§_+(_l) W+R2n+1($)
whose remainder is
p2n+2
Roni1(z) = ] sin (Ox + (n+ 1)m)

Since for every z € R and for 0 < 0 < 1
lim R2n+1($) =0

n—oo
Maclaurin’s series represents the function sinx for every real x:

00
$2k+1 .’173 1‘5

krl TR TE

sinx =
k=0 (

As well it has been proved that Maclaurin’s formula of 2nth degree of the
cosine function cos x is

ZEQ I4 . x2n
and the remainder
x2n+1

Ron(x) = oS (@x + (2n + 1)Z)

(2n +1)! 2
Again, for every x € R and for 0 < 6 < 1

lim Ry,(x) =0

n—oo

hence, Maclaurin’s series represents the function cos x for every real z:

© 2k 22 ot
Cosxzzmzl—g—i—z...
k=0
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8.14 Trigonometric system of functions
The system of functions
{1; sinz; cosz; sin2zx; cos2x; ...; sinkx; coskz; ...} (8.26)

is called the trigonometric system of functions. Let’s find the definite inte-
grals in limits from —7 to 7 of the products of two functions of the trigono-
metric system. To find these integrals we use three formulas of trigonometry

sinacos § — %[sin(a +8) + sin(a — B)] (8.27)
cosacos f = %[cos(a + ) + cos(a — )] (8.28)
sinasin § = %[cos(oz — B3) — cos(a+ )] (8.29)

First we find the definite integral of products of two sine functions sin kx
and sinnz (k=1, 2, ..., n=1, 2, ...). By the formula (8.29)

™ ™

1
/sin kx sinnxdx = 5 /[Cos(k —n)x — cos(k + n)z|dx
If n # k, then
js’ks' dr = ! s'(k;—)ﬂ— ! s'(k’+)ﬂ—0
in kx sin nx x_2(k’—n) in nx_7T 20k ) in nx_ﬂ—
If n =k, then
jink inkd—l/w(l— 2kx)d —lﬁ—iin2kﬂ—
sin ka sin kzdz = 5 cos 2kx m—2x_ﬁ Tk a:_ﬂ—ﬂ

The first function of the trigonometric system can be considered as 1 =
cos Ox. Next we find the definite integral of products of two cosine functions

coskx and cosnx (k=0, 1,2, ... ,n=0, 1, 2, ...). By the formula (8.28)
s 1 ™
/cos kx cosnxdxr = 5 /[COS(k‘ + n)x + cos(k — n)z|dx
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If n # k, then

s
K

1 1
/cos kx cosnxdr = ST sin(k 4+ n)z B + DT sin(k —n)z - =0
If n=Fk # 0, then
s ) T 1 . = x
/COS kx cos kxdr = 3 /(cos 2kx + 1)dx = 2 i 2kx| + x| =7
If n=Fk =0, then
s 1 ™
/cos kx cos nzdr = 5 /(1 + 1)dz =27

Third we find the definite integrals of the products of sinkz (k =1, 2, ...)
and cosnz (n =0, 1, 2, ...). By the formula (8.27)

™ m

1
/sin kx cosnxdx = 5 /[sin(k +n)z + sin(k — n)zx]dx
If n # k, then
] ink d ! (h+m)e| ! (h—m)s| =0
sin kx cosnzdr = ————cos(k+n)x| — cos(k—n)z| =
2(k+mn) . 2(k—n) .

If n =k, then

f - 1 sin? k"

/sin kx cos kxdr = % /sin kxd(sin kx) = T sz =0

—T —T

Consequently, the definite integrals over the interval [—m; 7| of the products
of two different functions of trigonometric system always equal to 0. The
definite integrals over the interval [—m; 7] of the squares of functions of the
trigonometric system equal to w. The only exception is the first function
1, whose square integrated over [—m; 7| gives 2w. The summary of those
computations is:

s

o (0 i nAk
/smkmsmnxdx—{ r i n=k£0 (8.30)

—T
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7 0 if n#k
/COS kxcosnxder = m if n=k#0 (8.31)
2 it n=k=0

—T

/sin kx cosnxdr = 0 for all k and n (8.32)

It is said, that the trigonometric system is the orthogonal system of functions
on the interval [—m;7].

8.15 Fourier series of 2r-periodic functions

Recall that the function f(x) is 2m-periodic if for each z,x + 2 € X
fle +2m) = [(x)

which means that the values of the function are repeated at interval 27 in
its domain.

Suppose the 2m-periodic function f(z) can be expanded into uniformly
convergent trigonometric series

— 50 + Z ay cos kx + by, sin kx) (8.33)

00
k=1

a
We shall see later that taking the constant term as 50 rather that ag is a

convenience that enables us to make ag fit a general result.
The uniform convergence of (8.33) on the set of real numbers is guaranteed
if the positive number series

> " (lax] + be])
k=1

converges because for any real x
|ag cos kx + by sin kx| < |ag| + |bg|

which means that the series (8.33) is to be majorized and therefore by Theo-
rem 1 of subsection 8.7 uniformly convergent on the set of real numbers. By
Theorem 1 of the subsection 8.9 the series (8.33) can be integrated term-by-
term in limits from — to 7

/f(a:)dx = / %dm + Z /(ak cos kx + by, sin kx)dx
- —T k=1"4

38



Since for all k =1, 2, ...

™

/coskx =0

—Tr

and -
/sin kx =0
then i i
/f(m)dm:% dxz;o 2r=aqg- 7
hence,

ag = l/f(x)alx (8.34)

To find the coefficients ay of the expansion (8.33) we multiply both sides
of this equality by cosnz, assuming n > 1:
f(z)cosnx = % cosnx + Z(ak cos kx cos nx + by sin kx cos nx)
k=1

The series obtained is still uniformly convergent since
|ay, cos kx cos nx + by, sin kx cos nx| < |ay, cos kx + by, sin kz|

and we can integrate this series term-by-term in limits from —7 to 7

/f(:c) cosnxdr = %/cosnxdmjLZ(ak/cos kx Cosn:cdx—i-bk/s.in kx cosnxdx)
—7 -7 k=1 -7 -7

The first integral on the right side of this equality equals to 0. The orthog-
onality conditions (8.31) and (8.32) give that the only summand different
from 0 and equal to 7 in the infinite sum is the term k& = n thus,

/f($) cosnxdr = ay, - T
which gives (if we substitute n by k)

1 ™
ay = —/f(x) coskxdr k=1, 2, ... (8.35)
m
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Similarly, multiplying both sides of the expansion (8.33) by sinnz, assuming
n > 1, we get

1
:—/f(x)sink:xdx k=1, 2, ... (8.36)
m

The coefficients ag, a; and by defined by (8.34), (8.35) and (8.36), re-
spectively, are called the Fourier coefficients of the function f(z) and the
trigonometric series with these coefficients is called the Fourier series of the
function f(x).

We have got the formulas to compute the Fourier coefficients, assuming
that the series is uniformly convergent on the set of real numbers. But if
we compute the Fourier coefficients by the formulas (8.34), (8.35) and (8.36)
and write the Fourier series expansion

+ Z (ay, cos kx + by sin k)
k=1

%
2

we don’t know whether this expansion converges and if it converges, converges
it to f(z) or to some other value. For now we are just saying that associated
with the function f(z) on [—m;7] is a certain series called Fourier series.
Therefore we write

f(z) ~ % + Z ay, cos kx + by, sin kx (8.37)

The equality sign = can be written instead of ~ only if we have proved the
convergence of the Fourier series to the function f(z).

Example 1. Find the Fourier coefficients and Fourier series of the square-
wave function defined by

So f(x) is periodic with period 27 and its graph is shown in Figure 8.3.
Using the formulas (8.34), (8.35) and (8.36), we find the Fourier coefficients

-1 o= L fae= Loy

™

1 1
ap = — /cos kxdr = — sinkx
T k

™

=0
0

0
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Y

Figure 8.3.

and

1 ﬂ‘ 1 " 1 k 0 if kis even
b = ;/smkxdﬂc = —Ecosk::v = _H((_l) —-1)= { 2 if s odd

0
Thus, ar = 0 and and by, = 0 for every k = 1, 2, .... Fourier series of
square-wave function is
1 2 2 2
f(z) ~ 5—1— ;Sinx—i—g—ﬂsinfix—i— 5—7Tsin5x+...

or
1 « 2

~ = —F sin(2k + 1

f(z) 2+§(2k+1)wsm( + 1)z

The following theorem gives a sufficient condition for convergence of the
Fourier series.

Theorem (Dirichlet’s theorem). If f(z) is a bounded 27-periodic
function which in any one period has at most a finite number of local maxima
and minima and a finite number of points of jump discontinuity, then the
Fourier series of f(x) converges to f(xz) at all points where f(z) is continuous
and converges to the average of the right- and left-hand limits of f(x) at each
point where f(z) is discontinuous.

The square-wave function has on half-open interval (—m;7] one local
maximum equal to 1 and one local minimum equal to 0 and two points
of jump discontinuity 0 an 7. Hence, at any point in the open intervals
(—m;0) and (0;7) Fourier series converges to f(z). The left-hand limit
at 0 is f(0—) = ml_i)r(I)l f(z) = 0 and the right-hand limit at 0 is f(04) =

1 1
li%lJr f(z) = 1 and the average of these one-sided limits is =35 The
T—
left-hand limit at 7 is f(7—) = lim f(z) =1 and the right-hand limit at =

T—T—

1+0 1

is f(m+) = hm+ f(z) = 0 and the average of one-sided limits is ;L =3
T—T
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Thus, at the points of discontinuity the Fourier series of the square-wave
1
function converges to 5 Since sin((2k + 1) - 0) = 0 and sin((2k 4+ 1)7) =0

for any integer k, then the direct computation also gives

 — 2 1
- % sin((2k+ 1)0) = =
3" § 2k D @k 10) =3

and
(o)

2
kZ% (2k+ 1)

+ sin((2k + 1)m) = %

1
2
Figure 8.4 shows the graphs of the partial sums
S L 2 net Zsin3e ...+ o sin(2n + 1)
nil ==+ —sinr + —sindz + ... + ————sin(2n x
T o T r 3 (2n+ 1)m

forn=0, 1, 2, 3.

Ay 4

IS
Z[ | j |
3f---=7 3f--<2-

v

3\_/’\ P
-7

Figure 8.4. Partial sums of the Fourier series for the square-wave function

8.16 Fourier sine and cosine series of 27-periodic func-
tions

In some of the problems that we encounter, the Fourier coefficients become
zero after integration. Finding zero coefficients in such problems can be
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avoided because using knowledge of even and odd functions, a zero coefficient
may be predicted without performing the integration.
Corollary 1. If f(x) is even, then

/a Flx)de =2 / f(a)dx

and if f(x) is odd, then

/af(:c)d:c =0

Proof. By the additivity property of the definite integral

/af(x)dx:/of(x)dx—i—/af(x)dx

and substituting in the first addend on the right side of this equality © = —t,
we have de = —dt. If x = 0 then t = 0 and if x = —a, then ¢t = a. Thus,

/af(:v)dx:—/Of(—t)dt~l—/af(x)d:v:/af(—t)dt+/af(x)dx

and, denoting in the first addend the variable of integration by z again

/af(x)dx = /a[f(—fv) + f(x)]dx

Now, if f(x) is even, then f(—z)+ f(x) = 2f(z) and if f(z) is odd, then
f(=z)+ f(z) = 0.

Recall from the course of Mathematical analysis 1 three assertions about
even and odd functions:

e the product of two even functions in an even function;
e the product of two odd functions is an even function;

e the product of an even and an odd function is an odd function.
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Suppose that f(z) is an even 27-periodic function. Then for any integer
k > 1 the product f(z)coskz is even and the product f(z)sinkz is odd.
Now, Corollary 1 simplifies the computation of Fourier coefficients:

ag = %/f(a:)da:
0

™

2
/f(x) cos kxdr, k>1

ap — —
v
0

and
bp,=0, k>1

Therefore, an even function f(z) has only cosine terms in its Fourier expan-
sion

f(z) ~ %4—;%008/{:1:

This series is called a Fourier cosine series.

Next, suppose that f(z) is an odd 27-periodic function. Then for any
integer k > 1 the product f(x)coskz is odd and the product f(z)sinkz is
even. Again, Corollary 1 simplifies the computation of Fourier coefficients:

CLOIO

ak:(), ]{521

and

2 ™
b = —/f(x) sin kzdz, k>1
T
0
Thus, an odd function f(z) has only sine terms in its Fourier expansion

f(z) ~ Z b sin kx
k=1

and this series is called a Fourier sine series.
Example 1. Find the Fourier coefficients and Fourier series of the func-
tion defined by

flx)=|z|, f —r <z <7 and f(z+27) = f(z)

The graph of this 27-periodic function is in Figure 8.5.
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ﬁ________

—27 -7 o z

Figure 8.5.

The function is even and on the interval [0; 7| the absolute value |z| = x.
We know, that the Fourier coefficients by, = 0 for £ > 1. Find

™
™

2 / x? 2 72
ap=— [rdr=—| =—-—=m
s 2|, 7w 2
0
and for £ > 1 we integrate by parts
2 [ 2 (1 T
a, = —/xcosk::vd:n: — | —xsinkz ——/Sinkxdx =
T T\ k 0o Kk
0 0
4 e
9L~ 9 e if k£ is odd
= 3 cos kx ) === e
0, if k£ is even.

The Fourier cosine series expansion of the function given

T 4
~ T 2 o8t — — c083T — —— cos5T — . ..
f(x) —COST — o COS 3T — o cos 5z

or
___ZCOS 2k+1
(2k + 1

The function is continuous and has in the interval (—m; 7| one local maxi-
mum and one local minimum. Hence, by Dirichlet’s convergence theorem the
Fourier series converges to f(x) at any real x and now we may write for all
real x

l\DI=1

4icos 2/<:+1
™ (2k + 1
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In particular
T cos(2k + 1
o] = 5—;53 T

for —m < & < 7 Since f(0) = 0, then taking in the last equality x = 0, we
get

T4 1
0=3-2> iy
2w (2k +1)2
or
4i 1 T
= ==
T (2k+1)2 2

which gives

Z;_W_
Lo (2k+1)2 8

Let’s denote the sum of the convergent series

Writing
1 1 1 1 1

1 1
- 1 T T T Bl
S jL4+9+1(5+25+Z36+49JFGZLjL

S 1+1+1+1+ Tl
N 9 25 49 4 49 16 8 4
gives
3 2
2.9="
4 8
or 9
T
S =—
6

Thus, the sum of the reciprocals of the squares of positive integers
5 =
k=1

The convergent Fourier series enable us to find a lot of sums of the kind.
Example 2. Find the Fourier coefficients and Fourier series of the rect-
angular wave defined by

ro={ TS s = f)
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Figure 8.6.

The graph of this 27-periodic function is in Figure 8.6.
The function is odd hence,

ap=0 for k=0, 1, 2, ...

and

T km 0 if k& is even

T . 4
2 2 2 _ ; :
by = — /sink:xdx = ——coskx| =——((-1)"-1) = { L’ if & is odd,
km 0
0 )

The Fourier sine series expansion of the function given

4 4 4
f(z) ~ —sinx + —sin 3z + —sinbz + ...
T 3m om

or
oo

4 in(2k +1

By Dirichlet’ convergent theorem for any z € ((2k — 1)m;2km) the series

converges to —1, for any « € (2km; (2k+ 1)) the series converges to 1 and at
-1+1
=0.

the points of jump discontinuity x = k7 the series converges to

8.17 Fourier series of functions with whatever period

If a function has period other than 27, we can find its Fourier series by
making a change of variable. Suppose f(z) has period T', that is f(z + 1) =
f(z) for all . Then the function f (% . x) has the period 27 because

(o) -o(E ) (3)
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The Fourier series of the function f (%) is

T oo
f (2_56) ~ %qt g ay cos kx + by sin kx
T
k=1

where

™

1 Tx

—T

and, for k=1, 2, 3, ...

™

1 T
ay = —/f (_x) cos kxdx
s 2T

—T

1 [ (T
b = —/f ( x) sin kxzdx
s 2

—T

and

T 2 2
If we use the substitution ¢ = —x, we have x = il and dxr = —Wdt. If

T
T T
xr = —m, then t = D) and if x = 7, then t = 7 Therefore, the Fourier
series of the function f(t) with period 7" is
. 2kt 2kt
f(t) ~ %—l—;akcos YZT + by sin T7T

where

and, for k=1, 2, 3, ...

T
3
2 2kmt
ak—f/f(t)cos T dt

and




2
If T is the period of the function f(z), then the ratio w = % is called the

angular frequency or simply the frequency of the function f(x). Denoting in
the Fourier series expansion and in the formulas of Fourier coefficients the
variable by x again, we have the Fourier series

f(z) ~ % + Z ay, cos kwx + by sin kwz
k=1

where

and, for k=1, 2, 3, ...

|

2

2
ap = f(z)coskwzdr and by = T f(z) sin kwzdz

‘ N o
18 i
w}ﬂ\

Of course, the Dirichlet’ convergence theorem is also valid for functions with
period T'.
Example. Find the Fourier series expansion for

0, if —2<x<0 _
v, if 0<z<o o fEHd=Ff)

o) ={

The graph of this function is shown in Figure 8.7. The function has the

Ay
2--
| | |
| | |
| | |
| | |
| | |
| | |
e e e ! >
—6 —4 —2 2 4 6 T
Figure 8.7.

49



2
period T' = 4 and the frequency w = Zﬂ = g Since the function equals to

0 between —2 and 0, then

/f

Integration by parts gives

212

i
2

h)l»—l
(@)
QL
&
+

DN | —

o\w
&
QL
53
I
DN | —

1/ kmx
ap = = | xzcos——dzr =
2 2

1 k
b, = i/xsin%dx:

1 2 k7rx2+ 4 krz |?
= — |——xcos sin =
2 km 2 |, Kk*m? 2 |,

2 2 -1 k+1
— (_1)k: ( )
km km

So, the Fourier series expansion of the function is

1 2K [(-1)f—=1  krx (=D krx
I)N§+%;[ a CS + o sin—

Noticing, that the numerators of the coefficients of cosine functions are 0 for
even k-s and —2 for odd k-s, we may re-write this expansion as

1 4 & 1 (2l<:+1 p _ krx
f@) ~ 5= 2 Gy e -2y Sl

k=1
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8.18 Fourier series of half range functions

If the function with period T is even, then the Fourier coefficients for
k=0,1,2, 3, ...

T
ap = %/f(x) cos kwzxdz (8.38)
0
and for k=1, 2, 3, ...
3
b = % / f(z)sin kwzdr =0 (8.39)
T
2

The Fourier series expansion of the even function is

a o
f(z) ~ EO + Z ay cos kwx (8.40)

k=1

If the function with period T is odd, then for £ = 0, 1, 2, ... the Fourier
coefficients

f(z) cos kwzdr = 0 (8.41)

Q. =

‘ N[ o
1 i

and for k=1, 2, ...
T
4 2
b, = T / f(z) sin kwzdx (8.42)
0
and the Fourier series expansion of the odd function is
flz) ~ Z b sin kwz (8.43)
k=1
If a function is defined over half the range, say (O; %], instead of the full
range from (—%; %], it may be expanded in a series of cosine terms only or

of sine terms only. The series produced is then called a half range Fourier
series.

The function given should be extended to the interval (—%; 0) as an even
or odd function. This allows the expansion of the function in a series solely
of cosines (even) or sines (odd).
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Suppose the function f(z) is defined in the interval (0;%]. The even
extension for this function is defined as

flz), if z€(0;%
pi(w) = { f(=z), if z € ((—g,(])} (8.44)

Now, if we define by ¢1(x + T') = ¢1(x) the periodic extension of this even
function over the whole number axis, we have the even periodic function,
whose Fourier cosine series is (8.40) with coefficients computed by (8.38). In
the interval (0; T] (8.40) is also Fourier series for f(z).

Ay 4

I
I
T
Tr
2

>

T T
The function f(x) and its even extension @1 ()
Ay
a1 -1 i s @
2 2 2 2
The periodic extension of ¢1(x)
Figure 8.8.
The odd extension for function f(z) defined in the interval (0; Z] is
_ [ f@). it e e (03]
() = { —f(—x), if x€ (—%;0} (8.45)

The periodic extension of go(z) defined by @o(x + T') = po(z) is an odd pe-
riodic function, whose Fourier sine series is (8.43) with coefficients computed
by (8.42). In the interval (0; Z] (8.43) is also Fourier series for f(z).
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Figure 8.9.

Example. Find the Fourier cosine series expansion for the function de-
fined as f(x) =1 — x in the interval (0;1].
Since f(—z) = 1+ z, then by (8.44) the even extension of this function

in (—1;1] is
(2) = 11—z, if ze€(0;1]
i) = 1+, if ze€(—1;0]

and the periodic extension over the whole number axis is defined by

pr(z+2) = ¢i()

In Figure 8.10 is shown the graph of the function (red), the graph of its
even extension (blue) and its periodic even extension (green). The period of

i
the periodic extension is 2 and the frequency w = -5 = By the formula
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Figure 8.10.

(8.38) we compute first

l\3|rJ>

et fooe=s(-3)

and next, integrating by parts

1
ay = 2/(1—x)cosk7m:dx:

0
I
= 2[(1—:5)k—smk7rx

4 . .
_ 2 <<_1)k_1) :{ W’ lf k 1S Odd7

k2 0, it k is even
Thus, the Fourier cosine series of the extension ¢ (z) is

1 4 S cos(2k + )

gpl(m)Ni‘i_pk:O <2k+1)2

and in the interval (0; 1]

1 4 i cos(2k + 1)z

| g~
Yy T e (2k +1)2
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Since — f(—z) = —1—=x, then by (8.45) the odd extension of this function
in (—1;1] is
1—z, if z€(0;1]
Pa(w) = { —1—z, if ze€(-1;0]

and the periodic extension over the whole number axis is defined by

pa(x +2) = ()

NN N

Figure 8.11.

In Figure 8.11 is shown the graph of the function (red), the graph of its
odd extension (blue) and its periodic odd extension (green). The period of
the periodic extension is still 2 and the frequency w = 7.

By (8.41) the Fourier coefficients ar = 0 for k =0, 1, 2, ... and by (8.42)
(we integrate by parts again)

1
by = 2/(1—3:)sink:7rxdx:

0

1
= 2 [—(1 - x)E cos kmx
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for k = 1, 2, 3, .... Hence, the Fourier sine series of the odd periodic

extension () is
oo .
Z sin krx
k
k=1

=N

pa(T) ~

and in the interval (0; 1]

2 <= sin kwx
1l—xz~—
v sz:: k
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