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Unit 1

Functions of Bounded Variation

Objectives

After the successful completion of this unit, the students are expected to

* recall the basic concepts of monotonic function, bounded functions, convergent

series and conditionally convergent series.
* find whether a give series converge (or) diverge.
» understand the fundamental concepts of sequence and series.

* analyse and work with problems related to functions of bounded variation.

1.1 Introduction

Functions of bounded variation is an important class of functions in real analysis. They
have important applications across various areas of mathematics and applied disci-
plines. Functions of bounded variation play a key role in defining and working with
the Riemann-Stieltjes integral, a generalization of the Riemann integral. In probability
theory, any cumulative distribution function of a probability distribution is a function
of bounded variation. In calculus of variations, functions of bounded variation are
used to formulate and solve problems that involve optimizing functionals. In image
processing, the total variation norm is used to reduce noise in images while preserving

edges.



1.2 Properties of Monotonic Functions

Theorem 1.2.1. Let f be an increasing function defined on [a, b] and let zy, x1,- - - , x,, be
n+1 points such that
a=2)g<T1 <Ty<---<x, =0

Then we have the inequality

n—1

l;l[f(wwr) = f(z=)] < f(b) = f(a).
Proof. Assume that f is an increasing function on [a, b] and let zg, z1,--- ,x, be n + 1

points such that

a=2)g<T1 <Ty<---<x, =0
Let y, € (zg,Tps1), for 1 <k <n-—1.
Since [ is an increasing function on [a, b], 2 < y,, implies f(zr+) < f(yr). (D
Also, zy, > yy_, implies f(zr—) > f(yp_1).
= —flzr—) < —f(ys—1). (2)
Adding (1) and (2), we get

flort) = floe—) < flyw) — flyp—1)- (3)

Putting £ = 1 in (3), we get

flzi+) = flzi=) < f(y1) — f(vo)-

Putting k£ = 2 in (3), we get

f(rat) = fl@2—) < fly2) — f(w)-

and so on. Putting k = n — 1 in (3), we get

f@na+) = f(rn1=) < f(Yn1) = f(Yn2).

Adding all the above inequalities, we get

—_

n—

flawt) = flae—=) < f(yn-1) = f(yo) < f(b) = f(a).

1

i

Hence the proof. O



Note: The difference f(x;y1) — f(xx) is the jump of f at z;. The foregoing theorem
tells us that for every finite collection of points z;, in (a,b), the sum of the jumps at
these points is always bounded by f(b) — f(a). This result can be used to prove the

following theorem.

Theorem 1.2.2. If f is monotonic on [a, b], then the set of discontinuities of f is count-

able.

Proof. Assume that f is increasing on [a, b).
Let S,, be the set of points in (a, b) at which the jump of f exceeds 1/m, m > 0.

Ifry <9 <---<um,_;arein S,,, then, by Theorem 1.2.1, we have

—_

3

Lf(zrt) — floe—)] < f(b) — f(a).

1

=
Il

1
Since the jump of f exceeds — flezx+) — f(zp—) > 1/m, forall k =1,2,--- ,n— 1.
Therefore, we have

1

< [flzt) = flze—)] < f(b) = f(a).

1

,_.
3
|

n—

1
m
1

=~
Il
b
Il

which implies that
n—1

< f(b) — fla).

m

-1

Since f(b), f(a) are finite and "~ 2 must be finite for any n. The set S, must be a
m

finite set.

o0
But the set of discontinuities of f in (a, b) is a subset of the union J S,,.

m=1

oo
Hence, |J S,, is countable, since the countable union of countable sets is countable.
m=1

Hence, the set of discontinuous of f is countable.

Note: If f is decreasing, the argument can be applied to —f. O

Let us sum up

* We have discussed the properties of monotonic functions.

e We have shown that set of discontinuities of a monotonic function must be at

most countable.



Check your progress
1. Define a monotonic function.

2. Give an example of monotonically increasing function.

1.3 Functions of Bounded Variation

Definition 1.3.1. If [a, b] is a compact interval, a set of points
P ={xg,x1,29,...,2,},
satisfying the inequalities
a=20<x1 <+ <xp_1<xy=0>,
is called a partition of |a,b]. The interval [x)_1, x| is called the kth subinterval of P and
we write Az, = x), — x_1, SO that Zn: Az, =b— a.

k=1
The collection of all possible partitions of [a, b] will be denoted by @la, b|.

Definition 1.3.2. Let f be defined on [a,b]. If P = {xo,x1,x9,--- ,x,} is a partition of

la,b], write Af, = f(x) — f(xr_1), for k = 1,2,--- n. If there exists a positive number
M such that
k=1

for all partitions of |a, b], then f is said to be bounded variation ona, b|.
Theorem 1.3.3. If f is monotonic on [a, b], then f is of bounded variation on |a, b).

Proof. Let P = {xg,x1, 22, - ,T,} be a partition of [a, b] such that
a=20<T1 < < Tp_1<xp,=">.

Since f is an increasing function on [a,b], we have f(zx_1) < f(xy), for all £ =
1,2, n.
This implies Af, = f(xx) — f(xk—1) > 0 and we have

n

STIALI =D AL = [f(ar) — flaw)]

k=1



= f(w1) — f(x0) + f(z2) — f21)+
ot f(@na) = f(@n-2) + (@) — f(2n-1)
= f(zn) — f(x0) = f(b) — f(a).

Hence, f is of bounded variation on [a, b]. O

Theorem 1.3.4. If f is continuous on |a,b] and if f'exists and is bounded in the interior;

say |f'(z)| < A, for all x in (a,b). Then f is of bounded variation on |a, b].

Proof. Assume that f is continuous on [a, b] and f(z) is differentiable for all x in (a, b)
such that | f'(x)| < A.

Let P = {xg,x1, 29, -+ ,2,} be a partition of [a, b] such that
a=29g <11 <+ <Tp_1<xy=0>o

Applying the Mean-Value theorem on (z;_1, x;), we have

fw) — fzr1)

T — Tp—1

f(te) =

, where t, € (l’k,1,$k),
and
Afi = f(r) = f(@r-1) = f({t)(@r — 23-1) = f'(tr) Ay,
Thus, we have
DIARI = D 1f (t) Ay
k=1 k=1
= > 1F ()| Az
k=1
< A) Az
k=1
= A(b—a).
Hence, f is of bounded variation on [a, b]. O

Theorem 1.3.5. If f is of bounded variation on [a, b], say > |Afx| < M, for all partitions
of [a,b]. Then f is bounded on [a,b]. In fact,

|f(x)| < |f(a)|+ M, forall xin [a,b].



Proof. Assume that f is of bounded variation on [a, b]. There exists a positive number

M such that
Z |Afi| < M for all partitions of [a, b]. (4)

Let x € (a,b) be arbitrary and take P = {a,z,b} be the special partition such that
a<x<b.

Now by (4), we have

(@) = fla)| + £ (b) — f(2)] < M.
This implies
[f(x) = fla)] < M.
Since | f(z) — f(a)| > |f(2)| — | f(a), we have
[f (@) = 1f(a)] < |f(z) = fla)] < M

and hence
|f(@)] < [f(a)| + M.

This inequality remains true when z = a or = = b.

Hence, f is bounded on [a, b]. O

We provide an example of a continuous function which is not of bounded variation.
Example 1: Consider the function f : [0,1] — R defined by f(z) = zcos (&), if z # 0,
f(0) =o.

Let fi : (0,1] — R be defined by fi(z) = x and f, : (0,1] — R be defined by
fo(x) = cos (%)

Since f; and f, are continuous on (0, 1] and we know that product of two continu-
ous functions is continuous, z cos (2%) is continuous on (0, 1].

Now to prove f is continuous at 0.

Suppose z,, — 0 as n — oo, we have

7r
T COS % = |z,

[ (zn) = f(O)] =




Hence,
xn — 0asn — oo, f(z,) — 0asn — oco.

Thus, f is continuous on [0, 1].

Let us choose a P be the partition of [0, 1] into 2n sub-intervals such that

pofpl 1 11
2n' 2n —1 32

Then,

Z |Afel = Z |f(@x) — far-1)]
k=1 k=1

2n
(0 ™
= E TpCOS{ — | — Tp—-1COS
1 2£L‘k 2{L‘k_1

™ ™ - ™ s
T1CoOS| —— | — XpCoOS| — : TnCoS| — | — Tp—-1COS
! 2%1 0 21’0 2l'n ! 21}171

1 s ol + 1 s 1 s
—COS\ ——— | — ——COS| ————< | — —COS| ———

4 n T 1 T
cos| = | — =cos| ——
2) 27"\ ah)
1 1 1 1 1 1
= — 4+ — 4+ —— . — 4+ — 1.1
2n+2n+2n—2+2n—2+ +2+2 (a.1)
1 1
= R
2 n
a k
k=1
VAR O
k
k=1 k=1

This is not bounded for all n, since the series > (1/k) diverges.
k=1
Thus, the function f is not of bounded variation.

Let us sum up

e We have defined a function of bounded variation.
e We have derived sufficient conditions for a function to be of bounded variation.

e We have seen that a function of bounded variation must be bounded.



Check your progress
1. When a function is said to be of bounded variation on [a, b]?
2. Give an example of a continuous function which is not of bounded variation.

3. Give an example of a bounded function which is not of bounded variation.

1.4 Total Variation

Definition 1.4.1. Let f be of bounded variation on |a,b], and let ) (P)denote the sum

> |Afi| corresponding to the partition P = {x¢, x1, ....,z,,} of [a,b]. The number
k=1

Vi(a,b) = sup {d_(P): P € plab]}.
is called the total variation of f on the interval [a, b].

Note: For simplicity of notation, we will write V; instead of V((a, b).
Since f is of bounded variation on |[a, b], the number V; is finite. Also, V; > 0. Since,

for each sum ) (P) > 0. Moreover, Vy(a,b) = 0 if and only if f is constant on [a, b].

Theorem 1.4.2. Assume that f and g are each of bounded variation on [a,b]. Then so

are their sum, difference and product. Also, we have
Visg < Vi +V, and Vi, < AVy; + BV,
where
A =sup{lg(z)| : x € [a,b]} and B = sup{|f(z)|: z € [a,b]} .

Proof. Assume that f and ¢ are each of bounded variation on [a, b].

For any partition of [a, b], there exist a positive number A/; > 0 such that

n

S AS| < M.

k=1

Similarly, for any partition of [a, b], there exist a positive number M, > 0 such that

k=1



Let M = max {M;, Ms}. Therefore, we have

DALl <M and ) |Ag| < M.

k=1 k=1
To prove: f + g is of bounded variation on [a, b].
Let h(z) = f(x) + g(x),x € [a,b] and P = {xg, 21,29, -+ ,x,} be a partition of [a, ]

such that
a=2)g <1<+ <Tp_1<xy=0>o

To prove: h is of bounded variation on [a, b], we have

n

D 1A =D h(wk) — h(zgy)]

k=1

- Z |(f(zx) + g(zx)) — (f(xr—1) + g(xr-1))|
= Z |f(xk) — f(xk—l) + g(.l‘k) — g(xk—1>|
=S [Af + Agd

< Z |Afi] + Z | Agk|
k=1 k=1
<M+M=2M

n

> Ay < 2M.

k=1
Therefore, h is of bounded variation on [a, b].
i.e., f + g is of bounded variation on [a, b].

To prove: V., < V; + V. Consider,

n

D AR <D IAS+ ) 1 Ag
k=1 h=1

k=1

= ) |Ahy| < sup {Z IAfi] - P e gla, b]}
k=1 k=1

+ sup {Z |Agi| : P € p[a,b]}

k=1

= ) Al <V 4V

k=1



— Sup{Z|Ahk| P e p[a,b]} <Vi+V,
k=1
- ¥@(ajﬁ < V}%—‘;

Now, we prove f — g is of bounded variation on |[a, b|.

Let h(z) = f(x) — g(x),x € [a,b] and P = {xg, x1,x2,--- ,x,} be a partition of [a, ]

such that
a=29g <1< <xp_1<xy=0>

To prove: h is of bounded variation on [a, b]. Consider,
> AR =) |h(w) = h(wg-y)]
k=1 k=1
= 1(f (@) = gla) = (f(@r-1) = gz-1))]
k=1
= Z |f(2x) — g(xr) — f(2p—1) + g(zp—1)]
k=1

::§£:|f(xk)—-f(xk_1)4—g($k—1)“g(xk”

n

<D () = flan)l + o) — glae-1)])

k=1
n

<Y (Al + [Age])

k=1

<Y 1A+ |1 Ag
k=1 k=1
< M+ M =2M.

Therefore,h is of bounded variation on [a, b].
i.e., f — g is of bounded variation on [a, b].

To prove:V;_, < V; + V,. Consider,

Z |Ahy| < Z |Afel + Z | Agr|
k=1 k=1 k=1
— Z |Ahy| < sup {Z |Afi| - P € pla, b]}

k=1 k=1

10



+ sup {Z |Agi| : P € p[a,b]}

k=1

= ) |Ah| <V 4V,

k=1

= sup{zn:\Ahk\ :Pe p[a,b]} <Vi+V,
- = Vi(a,b) < Vi 4V,
= Vi < Vi +V,.
To prove: fg is of bounded variation on [a, b].
Let h(z) = f(z)g(z),x € [a,b] and P = {zg, x1, 22, - ,z,} be a partition of [a, b] such

that
Aa=Tg<T1 < < Tp1 <xy="0.

To prove: h is bounded variation on [a, b]. Consider,

n

S (A = 3 hew) — h(ai)

k=1

= [f(@e)g(w) = fee1)g(ze)l
= |f@r)g(ar) = for-1)glon) + f(er-1)g(ze) — f(re1)g(ze )|
= > lglen) (f(xr) = fl2r)) + Flara)(glan) — g(zi))|

= lg(@e)Afe + flar-1)Agl

k=1

=Y (VERINARRTEIA) (1.2

k=1

<Y gL+ Y1 (e1)l| Agel
k=1 k=1

<Y AAf]+ D BlAg
k=1 k=1

=AY |Afil+ B |Ag
k=1 k=1
< AM + BM

= (A+ B)M.

11



Hence, h is of bounded variation on [a, b].
i.e., f.g is of bounded variation on [a, b].
To prove: V;, < AV;+BV,, where A = sup {|g(z)| : « € [a,b]} and B = sup {|f(z)| : = € [a,b]}.

Consider,

Z |Ahy| < AZ |A Sl + BZ | Ag|
k=1 k=1 k=1

— S| A] < A sup {Z Afl P e oo b]}
k=1 k=1

+ B sup{Z\Agk\:PEp[a,b]} <AV;+BYV,.

k=1

— sup{Z|Ahk| P e p[a,b]} <AVy;+BYV,
k=1

Hence,
Vf.g SAVf—l-BVg
O

Note: The reciprocal of a function of bounded variation need not be of bounded
variation. For example, if f(z) — 0 as x — =z, then 1/f will not be bounded on
any interval containing zpand hence, by Theorem 1.3.3 1/f cannot be of bounded
variation on such an interval. To extend Theorem 1.4.1 to quotients, it suffices to

exclude functions whose values become arbitrarily close to zero.

Theorem 1.4.3. Let f be of bounded variation on[a,b] and assume that f is bounded
away from gzero; that is, suppose that there exists a positive number m such that 0 <
m < |f(z)| for all z in [a,b]. Then g = 1/f is also of bounded variation on [a,b], and
Vo < Vy/m?.

Proof. Assume that, f is of bounded variation on [a, b] and let f be bounded away from
zero.
i.e., there exists a positive number m such that 0 < m < |f(z)| for allz in [a, b].

Let P = {xg, x1, 29, -+ ,x,} be a partition of [a, b] such that
a=2)g <1<+ <Tp_1<xy=0>o

12



Since f is of bounded variation on [a, b], there exist a positive number M > 0 such that
S IAf <M.
k=1

Letg=1/f.
To prove: g is of bounded variation on [a, b].

Consider,

> 1Agel = lg(ax) — glaxs)]
k=1 k=1

~ 1 1
Z f(ffk) f(xk;—l)

k=1
(2p-1) = flxr)
f(@n) f(zr-1)

fais) = fla)
‘; o) F@er)]

Z o |Afk (o Afe = flzp) — f(@1-1))

fzr-1)l

-~ |Afk
Z |f ()| f (2r-1)]

k=1
A
_Z m2
k=1
1 n
= 2 218
k=1

- M
Z |Agi| < —-
k=1 m

Hence, g = 1/f is of bounded variation on [a, b].

Consider,

I D=

m
k=1 k=1
1 n
— Z|Agk| < —Sup{Z|Afk| . P e gla, b]} (1.3)
k=1 k=1

13



k=1

:>8up{2|Agk| PEpab} Ef
<

Vi

2

This completes the proof. N

Let us sum up

» We have introduced the concept of total Variation.

e Also we have discussed if two functions are bounded variation, then their sum,

difference and product also bounded variation.

* We have discussed function is bounded away from zero, their reciprocal function

also bounded variation.

Check your progress

1. Define total variation.

2. If f and g are bounded variation, then show that f + ¢ and f - ¢ are of bounded

variation.

1.5 Additive Property of Total Variation

In the last two theorems the interval [a, b] was kept fixed and V}(a, b) was considered
as a function of f. If we keep f fixed and study the total variation as a function of the

interval [a, b], we can prove the following additive property.

Theorem 1.5.1. Let f be of bounded variation on |a, b], and assume that c¢ € (a,b).Then

f is of bounded variation on |a, c| and on |[c, b] and we have
Vf(a, b) = Vf(a, C) + Vf(C, b)

Proof. Assume that f is of bounded variation on [a, b] and ¢ € (a, b).
We first prove that f is of bounded variation on [a, cJand on [c, b].

Let P, be a partition of [a, ¢|, and P, be a partition of [c, b].

14



Then Py = P, U P, is a partition of [a,b].

— > (R) =) (P)+ > _(P), (5)

where > (F,) denotes the sum »_ |Af| corresponding to the partition 7, of [a, b];
k=1
> (P;) denotes the sum ) |Af;| corresponding to the partition P of [a, c|; > (P;) de-
k=1
notes the sum > |Af| corresponding to the partition P, of [c, b];
k=1

Since f is of bounded variation on [a, b], we have

n

SR = S 1A

< s:p {Z(Po) WS @[avb]}
= V(a,b).

Hence (5) implies

P+ () =D (P) < Vy(a,b) (6)

= Y (P1) <Vi(a,b) and Y (P) < Vi(a,b).

This shows that f is of bounded variation on [a, ¢| and [c, b].

By using Theorem 1.15, from (6), we have
sup { (P < Py € pla, o} +sup { D7 () 1 Py € ple, b} < Via,b)
Hence,
Vi(a,c) 4+ Vi(e,b) < Vi(a,b), (7)

Next, we prove Vy(a,c) + Vi(c,b) > Vi(a,b).
Let P = {zg,x1, -+ ,x,} € pla,b] and Py = P U {z*} be the partition obtained by

adjoining the point z* to P. If 2* € [z}, x;|, we have

[f () = floea)| < () = F@)][ + [ (") = fzra)]

15



= Z(P) < Z(Po)-

Now, the points of P, in [a, ¢| determine a partition P, of [a, ¢|] and the points of F; in

[c, b] determine a partition P, of [c, b].

Now,
Z(P) < Z(Po)-
— SR < YA
P Po
- Z |Afi] < Z |A Sl + Z |A Sk
P Pr Py
< Vi(a,c) 4+ Vi(c,b)
and hence

D IAS < Vi(a,¢) + Vi(c,b)
-

= sup {Z(P) : P € gla, b}} < Vi(a,c)+ Vi(c,b)

= Vi(a,b) < Vi(a,c)+ Vi(c,b) (8).
From (7) and (8), we have
Vi(a,b) = Vi(a,c) + Vi(c,b).
Hence the proof. O

Let us sum up

* We have discussed the additive property of total variation.

Check your progress

1. State the additive property of total variation.

2. If f is of bounded variation on [a, b], then show that f is of bounded variation on

la, c] and [c, b] where ¢ € (a,b).

16



1.6 Total Variation on [a, 2] as a Function ofz

Now we keep the function f and the left endpoint of the interval fixed and study
the total variation as a function of the right endpoint. The additive property implies

important consequences for this function.

Theorem 1.6.1. Let f be of bounded variation on |a,b]. Let V be defined on [a,b] as
follows V(z) = Vi(a,z) ifa < x < b, V(a) = 0. Then
i) Vis an increasing function on [a, b|.

ii) V — f is an increasing function on [a, b].

Proof. To prove that V' is an increasing function on [a, b], we need to show that for any
x1 < X9 in [a,b], V(z1) < V(x2).

Given that f is of bounded variation on [a,b] and V(z) = Vy(a,z) for a < z < b, we
know that V' is the total variation of f on the interval [a, z].

Let’s consider =1 < x5 in [a, b]. Then we have
V(1) = Vi(a,z1) and V(xe) = Vi(a,xs)

Since f is of bounded variation, the total variation of f on any subinterval of [a, b] is

non-negative. Therefore, we have
Vi(a,z1) < Vi(a, z2)

This implies that V(z;) < V/(x2), which proves that V' is an increasing function on
[a, b].

To prove that VV — f is an increasing function on [a, b|, we can consider the function
g(x) = V(z) — f(z). To show that g is increasing, we need to show that ¢'(z) > 0 for
all z € [a, b].

Since V' is increasing on [a, b] and f is of bounded variation, we have that both V'
and f are continuous functions. Therefore, the difference g(x) = V(z) — f(z) is also
continuous on |[a, b|.

Now, let’s compute the derivative of g with respect to = and show that it is non-
negative

g (z) =V'(x) = f(x)

17



Since V' is increasing, V’'(x) > 0 for all « € [a, b]. Since f is of bounded variation,
f'(x) exists almost everywhere and the total variation of f is non-negative. Therefore,
f'(z) can be non-positive, but the term — f’(x) will not exceed the increase of V' (z),
making ¢'(xz) > 0 for all z € [a, b].

Hence, V — f is an increasing function on |a, b]. O

Note: For some functions f, the total variation V;(a, z) can be expressed as an integral.

Let us sum up

e We have studied the total variation as a function.

Check your progress
1. If f is of bounded variation on [a,b] and V' (z) = Vi(a,z) if a <z < b, V(a) =0,

then show that V' is an increasing function on [a, ).

1.7 Functions of Bounded Variation Expressed as the
Difference of Increasing Functions

The following simple and elegant characterization of functions of bounded variation

is a consequence of Theorem 1.6.1.

Theorem 1.7.1. Let f be defined on [a,b].Then f is of bounded variation on [a,b] if and

only if f can be expressed as the difference of two increasing functions.

Proof. Assume that f is of bounded variation on [a,b].
To prove: f can be expressed as the difference of two increasing functions.

Let V be a function defined as follows
V(z) = Vi(a,b), if a<z<b, V(a)=0

Now f=V -V +f=V - (V—-f)=V —D,whereV — f = D.

Let z and y be any points such that

a<r<y<b

18



First, we prove V' is an increasing function on [a, b].

We can write

Vf(a’ y) = Vf(av {E) + Vf(xa y)

- Vf(CL, y) - Vf(CL, l’) = Vf([E, y)
Since Vy(z,y) > 0, we have

vf( ) (,ZL‘

Hence V is an increasing function on [a, b].
Next, we prove D is an increasing function on |[a, b].

Let  and y be any two points such that
a<zr<y<bd

By hypothesis, V' — f is a function defined on [a, b].
Let D =V — f, we have

D(y) = D(z) = (V = f)ly) = (V = f)(x)
=V(y) = fly) = V(z) + f(z)
=V(y) = V(x) = [f{y) = f(z)]

= Vila,y) = Vi(a,z) = [f(y) = f(2)] = Vi(z,y) = [f(y) = f(2)]. (10)

By the definition of V}(z,y), it follows that

fly) = fx) < Vi(x,y)

= Vi(z,y) = [f(y) = f(2)] = 0.

From (10), we have



= D(y) > D(x).

Hence, both VV and D = V — f are increasing functions on [a, b].

Hence, f can be expressed as the difference of two increasing function.

Conversely,

assume that f can be expressed as the difference of two increasing functions.

To prove: f is of bounded variation on [a, b|.

Let f = f1 — f2, where f; and f, are increasing functions on |a, b].

Hence, by Theorem 1.3.1, the functions f; and f, are of bounded variation on [a, b].
Hence, by Theorem 1.4.1, f; — f, is also of bounded variation on [a, b].

Hence, f is of bounded variation on [a, b].

Hence the proof. O

Note: The representation of a function of bounded variation as a difference of two
increasing functions is by no means unique. If f = f; — fo,where f; and f, are increas-
ing,we also have f = (fi + g) — (f2 + g),where g is an arbitrary increasing function,
and we get a new representation of f. If ¢ is strictly increasing, the same will be true
of fi + g and f5 + g. Therefore, Theorem 1.7.1 also holds if increasing is replaced by

strictly increasing.

Let us sum up

* We have shown that a function of bounded variation can be expressed as a dif-

ference of two monotonic functions.

Check your progress

1. Give an example of a function of bounded variation as a difference of two in-

creasing functions.

2. Show that the difference of two increasing function is a function of bounded

variation.
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1.8 Continuous Functions of Bounded Variation

Theorem 1.8.1. Let f be of bounded variation on [a,b. If z € (a,b], let V(z) = Vi(a, z)
and put V(a) = 0. Then every point of continuity of f is also a point of continuity of V.

The converse is also true.

Proof. Given, f be of bounded variation on [a,b]. Let € (a,b] be arbitrary and Let
V(xz) = V(a,z) and putV (a) = 0, by Theorem 1.6.1, V(z) is an increasing function.
Hence, the right- and left- hand limits V' (z+) and V' (z—) exist for each point z in (a, b).
By Theorem 1.7.1, the same is true for f(z+) and f(z—).

Let a < x < y < b, by the definition of V(z,y),

0<|f(y) = ()] < Vi(a,y) = Vi(a,z) = V(y) = V(x).
Letting y — =, we have
0 < |f(a+) = f@)] < [V(z+) = V(2)].
This implies that a point of continuous of V' is a point of an an function of f. Similarly,
0 < |f(x) = flz=)| < [V(2) = V(z—)].

Conversely, assume that f is continuous at the point ¢ in (a, b).
To prove: V is continuous function.

Since f is continuous atc, given € > 0, there exists a 6 > 0 such that
O<|z—cl<d = |f(x)— f(c)] <e€/2.

For this same ¢, there also exist a partition P of [c, b], say

P:{x07x17”'7xn}7 o = C, xn:ba
such that
¢ n n
k=1 k=1

Adding more points to P can only increase the sum ) |A f;| and hence

we can assume that 0 < x; — xg < §, we have
€
AR = 1)~ F0)] < 5 (12)
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From (11), we have
€ n
Vi(e,b) — 5 < ; |A fil

= |AfI+ DAL
k=2

€ € -
Vi(e,b) - 5 < 5JFZ\Af,J
k=2

+ Vi(x1,b) (Since, {x1,xa,--- ,x,} is a partition of [z, b])

— Vy(e,b) = Vi(an,b) < S +5 =¢
Therefore, we have
Vi(e,b) — Vi(x1,b) < e
But

0 < V(z1) —V(c) = Vi(a,x1) — Vi(a,c) = Vi(c,21)
= ‘/'f((j7 b) — Vf(l'l,b> < €.

Hence we have shown that

0<xy—c<d implies 0<V(x;)—V(c)<e.

Hence,
V(et+) =V(c)
Similarly, we can prove that
V(e=) =V(c)
Hence, V' is continuous at c. [

Theorem 1.8.2. Let f be continuous on [a,b]. Then f is of bounded variation on [a,b]

if and only if, f can be expressed as the difference of two increasing continuous functions.
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Proof. Let f be continuous on [a,b] and assume that f is of bounded variation on
[a,b].
To prove: f can be expressed as the difference of two increasing functions.

Let V be a function defined as follows
V(z) = Vi(a,b) ifa<z<b, V(a)=0.

Now, f=V -V +f=V—-(V—-f)=V—-D,whereV — f = D.

Let z and y be any points such that
a<xz<y<hbh.

First, we prove V' is an increasing function on [a, b].

We can write

Vf(a7y) = Vf((l,l‘) + Vf<x>y)'

- Vf(&,y) - Vf(Cl,ZC) = Vf(l’,y)
Since Vy(z,y) > 0, we have

Vi(a,y) — Vi(a,z) >0

= Vi(a,y) > Vi(a,x)

ie., Vi(a,z) < Vi(a,y)

= V(z) <V(y).

Hence V is an increasing function on [a, b].
Next, we prove D is an increasing function on [a, b].

Let x and y be any two points such that
a<r<y<b

By hypothesis, V' — f is a function defined on [a, b].
Let D =V — f, we have

D(y) = D(z) = (V = [)(y) = (V = f)(x)

23



=V(y) = fly) = V(z) + f(x)
V() - V(&) [f(y) — f(@)

= Vila,y) = Vi(a,2) = [f(y) = f(2)] = Vi(z,y) = [f(y) = f(2)]. (%)

By the definition of V;(z,y), it follows that

fly) = f(z) < Vi(z,y)

= Vi(z,y) = [f(y) = f(2)] = 0.

From (*), we have

D(y) — D(z) > 0.

— D(y) > D(z).

Hence, both VV and D = V — f are increasing functions on [a, b].

Hence, f can be expressed as the difference of two increasing function.

Conversely, assume that f can be expressed as the difference of two increasing func-
tions.

To prove : f is of bounded variation on [a, b].

Let f = f1 — f2, where f; and f, are increasing functions on [a, b].

By our assumption f is continuous function on [a,b], fi and f, are both continuous
function on |[a, b]. Hence, by Theorem 1.3.1, functions f; and f, are of bounded vari-
ation on [a, b|. Hence, by Theorem 1.4.1, f; — f, is also of bounded variation on [a, b].

Hence, f is of bounded variation on [a, b]. O
Note: The above theorem also holds if the increasing nature of the function is replaced
by strictly increasing.

Let us sum up

* We have discussed if f is of bounded variation on [a, b] and V (z) = Vy(a,z), V(a) =

0, then continuity of f implies continuity of V.

e We have studied if function is continuous and bounded variation, then it can be

expressed as the difference of two increasing continuous functions.
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Check your progress
1. Give an example of continuous function which is of bounded variation.

2. If f can be expressed as the difference of two increasing continuous functions,

then show that f is of bounded variation.

1.9 Absolute and Conditional Convergence

Definition 1.9.1. A series ) _ ay, is said to converge absolutely if > |ax| converges. A series
> ay, is said to converge conditionally if > a; converges but »_ |ay| diverges.

Theorem 1.9.2. Absolute convergence of > a;, implies convergence.

Proof. Let > a; converges absolutely, i.e., the series ) |ax| converges.

Therefore, by Cauchy criterion, given ¢ > 0, there exists a positive integer N such

that
m
Z|ak\<e, form >n > N.
k=n
Now,
m m
Zak SZ\ak|<e, form >n > N.
k=n k=n

Hence, for every € > 0, there is a positive integer N such that

m

D

k=n

<e, form>n> N.

Hence ) a;, converges. O

Theorem 1.9.3. Let > a, be a given series with real-valued terms and define

:|an\——an (n=1,2,---).

Then
D) If Y a, is conditionally convergent, both > p, and > g, diverge.
i) If > |a,| converges, both > p, and > q,, converge and we have

00 00 00
D= P tn
n=1 n=1 n=1

Note : p, = a, and ¢, = 0, if a,, > 0,whereas ¢, = —a,, and p,, = 0, if a,, < 0.
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Proof. Note that if a,, > 0,

an| +an  an+ay

bn > 2 ™
0 = ]an|2—an _ an;an _0
and similarly if a,, < 0, we have ¢, = —a,, and p,, = 0.
Do+ Gn = |an|2+an |an|2_ an _ |an| + an ‘5 |an| — an _ 2|;n| = |an] (13)
S S Y8 WYL 2 R T ”

Assume that ) a, is conditionally convergent, i.e., ) a, converges but ) |a,| di-
verges.
To prove: > p, and ) _ ¢, diverge.

From (14), we see that p, = a,, + ¢,.

Hence, if > ¢, converges, then »_ p, also converges.

Similarly, if ) p,, converges then > ¢, also converges.

Hence, if either > p, or > ¢, converges, both must converge.

Hence Y |a,| converges, since |a,| = p, + ¢n-

This is a contradiction since »_ |a,| diverges. Hence both > p, and Y ¢, diverge.
ii) Assume that ) |a,| converges.

To prove: > p, and > ¢, converges and > a, = > . pp — Y Gn-

Since " a,, converges absolutely, > a,, also converges.

. an| +a
Therefore, > p,, converges, since p,, = ‘"‘—"

. . an| —a
Similarly, > ¢,, converges, since ¢, = ’"'T”

Hence, > (p, — ¢.) converges.
From (14), p, — ¢, = a,.

Therefore,

Zan = Z(pn _QTL) = an - an'

Hence the proof. O

Let us sum up

* We have provided some imporant results
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Check your progress

1. Given that Y a,, converge absolutely. Show that Y a2 converges absolutely.

1.10 Dirichlet’s Test and Abel’s Test

Theorem 1.10.1. If {a,} and {b,} are two sequences of complex numbers, define
Ay, =a1+ -+ ap.

Then we have the identity

n

Z arby, = Anbn—H - Z Ak(bk+1 - bk)-
k=1

k=1

Therefore, > a,by converges if both the series > Ay (byy1—0by) and the sequence { A, b, 11}
k=1 k=1
converge.

Proof. Assume A, = 0.

Now,

n

Z apby, = Z(Ak - Akq)bk
k=1

k=1

=D A= ) Avibe — Abuss + Aubuga

k=1 k=1
=D A= D Aibirt + Aubu
k=1 k=1
= Anbns1 — > Ap(brgr — by)
k=1
> arbe = Apbppr — Y Ap(bern — bi).
k=1 k=1

]

Theorem 1.10.2. (Dirichlet’s test). Let > a,, be a series of complex terms whose partial
sums form a bounded sequence. Let{b,} be a decreasing sequence which converges to 0.

Then " a,b, converges.

Proof. Let A, = a; + as + - - - + a, be the n-th partial sum of the series > a,,.
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Since the sequence of partial sums of the series > a, is bounded, there exists a

positive number M such that
|A,| < M, foralln.
Since {b,} is a decreasing sequence which converges to zero, we have

im Apbppr < M lim b,y =0
n—oo

n—oo

Now, by Theorem 1.9.3, we have

Z arby, = Anbn+1 - Z Ak(bk+1 - bk)-
k=1 k=1

To prove the convergence of > a,b,, we need only to show that) Ay (bxr1 — by) is

convergent. Consider,

| Ak(bres1 — bi)| = |Ag||bry1 — br|
< Mbgsr — bi| (JAx| < M)

= M (bgy1 — b)) ({b,} is increasing)

By the Telescoping series Theorem, “ Let {a,} and {b,} be two sequences such that

ap = bpy1 — b, for n = 1,2, ... Then > a, converges if and only if lim b, exists, in

n—oo
which case we have Y = lim b, — b;.
n=1 n—oo
> (bry1 — bx) is convergent.
By the comparison test, > Ax(br+1 — bi) is absolutely convergent.
Hence, ) a,b, converges. ]

Theorem 1.10.3. (Abel’s test). The series ) a,b, converges if > a, converges and if

{b,} is a monotonic convergent sequence.

Proof. Let ) a, be a convergent series, {b,} be a monotonic convergent sequence,
n
A, = > aandlet b = lim,,_, b,.
k=1
Since {a, } converges, {A,} converges.

Hence, {A,} is bounded.
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Case (1):

Suppose {b,} is an increasing sequence
i'e'7 bl §b2§ Sbngbn+1 <.
Let ¢, = b—b,. Then ¢, > 0 and

lim ¢, = lim (b—by,)

n—oo n—oo
=b— lim b,
n—o0
=b—0b=0.

Now,

Cn— Cap1=b—b, — (b—bpy1)
—b—by— b+ bt
=bpy1 — b, >0 (. {b,} isincreasing)
= ¢, —Chyr1 >0

= Cp = Cpya-

Therefore, {c,} is a decreasing sequence, and lim ¢, = 0.

n—oo

o]
By Dirichlet’s test, > a,c, converges.
n=1

Now, ¢, =b—b, — b, =0—c,.

- i anb, = ian(b —Cp)
n=1

n=1

o o

= Z anb — Z QnCr,
n=1 n=1
o0 o0

= Z anb — Z AnCn
n=1 n=1

Since ) a,, converges, > _ ba,, also converges.
Hence, > b,a, converges.
Case (ii):

Suppose {b,} is a decreasing sequence

B by > by > > by > by >



Let ¢, = b, — b, where b = lim,,_, b,,.
s lim e, =0

n—oo

Now,

Cn— Cpe1 =b, —b—0by1 +0

an—bn+120

Cn — Cnt1 >0 = ¢, > Cnt1-

Therefore, {c,} is a decreasing sequence and lim,, ., ¢, = 0.
Hence, by Dirichlet’s test, > a,c, converges.

c,=b,—b = b,=c,+0.

— Z apb, = Z AnCr + Z anpb.

Since > a,, converges, > _ ba,, also converges.

Hence, ) a,b, converges. ]

1.11 Rearrangement of Series

We recall that Z* denotes the set of positive integers,Z+ = {1,2,3,--- }.

Definition 1.11.1. Let f be a function whose domain is Z*+ and whose range is Z* and

assume that f is one-to-one on Z*. Let Y a,, and >_ b, be two series such that
by = apmy, forn=12 .. (15)
Then Y b, is said to be a rearrangement of > a,,.

Note : Equation (15) implies a,, = b;-1(,,) and hence ) a,, is also a rearrangement of

S b,

Theorem 1.11.2. Let > a, be an absolutely convergent series having sum s. Then every

rearrangement of > _ a,, also converges absolutely and has sum s.
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Proof. Let {b,} be defined by b,, = ay(,). Then, we have
[b1] + [ba] + -+ 4 [bal = lagy] + - + lagom] <D laxl,
k=1

Hence, the partial sums of the series > |b,| is bounded.
Hence ) b, converges absolutely.
To show that > b, =s,lett, =b;+by+ -+ by, Sp=a1+as+ -+ a,.
Since, {s,} converges, given e > 0, there exists NV so that |sy — s| < ¢/2
and ki lan x| < €/2 by Cauchy criterion. Now,

=1

€

|tn—s|2‘tn—SN+SN—S‘Sltn—8N|+|SN—S|<’tn—8N|+2.

Choose M so that {1,2,..., N}C {f(1), f(2),....., f(M)}.
Then n > M implies f(n) > N. For such n,

since all the terms ay, as, ..., ay cancel out in the subtraction. Hence, n > M implies

|t — s| < e.
Hence, {t¢,} converges to s.

i.e., the series ) b, converges.

1.12 Riemann’s Theorem on Conditionally Convergent

Series

Theorem 1.12.1. Let ) a,, be a conditionally convergent series with real valued terms.

Let x and y be given numbers in the closed interval [—oo,+oo], with x < y. Then there

exists a rearrangement » b, of > _ a,, such that
lim inft,=x and lim sup t, =y,

n—0o0 n—o0

where t,, = by + by + ..... + b,
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Proof. Let Y a, be a conditionally convergent series with real valued terms.

Let z and y be given numbers in the closed interval [—oo, +o0], with x < y.
Discarding those terms of a series which are zero does not affect its convergence or
divergence.

Hence, we can assume that no terms of ) a,, are zero.

Let p, denote the n'" positive term of > a,, and —¢, denote the n'* negative term of

> ln.
_ |an|+an _ ‘anl_an

Therefore, p, = =5~ and ¢, = " = P, — Gn = ay, and p, + g, = |a4|.

Now the series > p, and ) ¢, must both diverge.
Suppose both the series > p,, and > ¢, converge. Then,

Z(Pn +qn) = Z lan| converges.
n=1 n=1

which is contradiction since » a,, is conditionally convergent.

Suppose > p, diverges and > ¢,, converges.

Now,
N N N N
Zan - Z(pn - QH) = an - ZQn
n=1 n=1 n=1 n=1

Hence, > a, diverges.

which is contradiction since »  a,, is conditionally convergent.
Similarly, if ) p, converges and ) _ ¢, diverges, then > a,, diverges.
which is contradiction since > a,, is conditionally convergent.
Hence, the series > p, and > ¢, must both diverge.

Next, construct two sequences of real numbers, say {z,} and {y,}, such that
lim z, =2z, limy,=y

n—o0 n—o0

with z, < y,, y1 > 0.

We take k; (say) positive terms such that
Pr+ PR > Yt
Similarly, we take r (say) negative terms such that

Pit P — @ s — Gy < T
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Next, we take upto k. positive terms such that
Prtcc P — @ = Gy T Pl T DRy > Yoo
Similarly, we take upto r, negative terms such that
Prtc Pk — @ = Gy TPkt T Pl — Q1 Gy < T2

These steps are possible, since > p, and ) ¢, are both divergent series of positive
terms.

Continuing this process, we obviously obtain a rearrangement > b, of >_ a,, given by

Prtc AP G = =G F Pt P~ G~ ey (16)

Let «,, andf,, denote the partial sums of > b, whose last terms are py, and ¢,, respec-

tively.
Since p; + ...... + Pk, — Q1 — oo — @y + Dk + Py, > Yn
= 1t @ = Gyt Pk S Un
= Pt P @ = Gyt Py Dk S Yn t Dry

— oy < Yp + Dk,

= Op — Yn < Dk,

|05n - yn| S Pk, as Gy > Yn and Pk, > 0.
Similarly, we have

|/Bn - xn| S qr, -

Since »  a,, is convergent, a,, — 0 as n — oo.
— p, —~0and ¢, >0asn — oo = pg, — 0and ¢., — 0 asn — oc.

Since p;, — 0 as n — oo, for given € > 0, there exist a positive integer N; such that
P, < €/2, for n> Nj.
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Again, since y,, — y as n — oo, there exist a positive integer N, such that
lyn —y| < €/2, for m > Ns.
Choose N = Maz {Ny, No}. Then for n > N, we have

|an_y|:|an_yn+yn_y|
S |O~/n_yn|+|yn_y|

< Pr, +lYn —yl <€/2+€/2=c

= «, — yasn — oo.
Similarly, we can obtain g, — x as n — oc.
Finally, it is clear that no number less than x or no number greater then y can be

sub-sequential limit of the partial sums of (16).
lim inft,=x and lim sup t, =y,

n—oo n—oo

where t,, = b; + by + ..... + b, O

Let us sum up

We have discussed Absolute convergence.

Also discussed Conditional Convergence.

¢ We have studied Dirichlet’s Test and Abel’s Test.

We have discussed Rearrangement of Series.

We have discussed Riemann’s Theorem on Conditionally Convergent Series.

Check your progress

1. Define absolute and conditional convergence of a series.

2. Give an example of a series that converges absolutely and a series that converges

conditionally.

3. State Dirichlet’s Test.
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4. State Abel’s Test.
5. Define Rearrangement of Series.

6. State Riemann’s Theorem on Conditionally Convergent Series.

Check your progress

1. Which of the following statements is/are true?
a) If f : [a,b] — R is monotonic, then it is of bounded variation.
b) If f € C'[a, 1], then it is bounded variation.
c)If f:]a,b] - Rand g : [a,b] — R are of bounded variation, then f + ¢ is also
of bounded variation.

d) If f : [a,b] — R is monotonic, then it is not of bounded variation.

2. fo)= {0 )7

a) f is of bounded variation on [—1, 1]

then

b) f’ is of bounded variation on [—1, 1]
o [f<1
d) [f] <4

3. For non-negative integers k£ > 1 define

o
fr(z) = m‘v’x > 0.

Which of the following statements are true?

a) For each k, f; is a function of bounded variation on compact intervals

b) For every k, / fr(z)dr < 0o
0

1
c) lim / fr(x)dx exists
k—oo [

d) The sequence of functions f; converge uniformly on [0, 1] as k£ — oo

4. Which of the following is not function of bounded variation.
a)z?+x+1forz e (—1,1)
b) tan &F for z € (—1,1)
c) sin § forz € (—m, )

d) v1—a2forz e (—1,1)
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S.

_ Jacos(5), © £ 0
o) =0

a) f(z) is bounded variation on [0, 1] if o < .

Then

b) f(x) is bounded variation on [0, 1] if a > f.
c¢) f(z) is bounded variation on [0, 1] if o« > S.

d) All of the above.

~Jasin(}), v €(0,1]
J(@) = 0, z=0.

the following are true?

and g(z) = zf(z) for 0 < x < 1. Then which of

a) f is of bounded variation
b) f is not of bounded variation
c) g is of bounded variation

d) ¢ is not of bounded variation

Let [a,b] C R be a finite interval. Let f : [a,b] — R be a bounded and Riemann

integrable function. Define, for x € [a, b],

0= [t

which of the following statements is/are true?
a) The function F' is uniformly continuous.

b) The function F is of bounded variation.

c) The function F is differentiable on (a, b).

d) The function F' is not uniformly continuous.

2 +224 ... 4n’

8. The lim 3 equals
n—o0o n
a)l b) 5 ) : d) None of the above
Summary

Discussed the properties of Monotonic Functions.
Introduced the concept of function of bounded variation and total variation.
Proved some important properties of function of bounded variation.

Derived sufficient conditions for a function to be of bounded variation.
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Introduced the concept of absolute and conditional Convergence of a series.

Proved some important test for absolute and conditional Convergence of a series.

Discussed rearrangement of series.

* Discussed Riemann’s Theorem for conditionally convergent series.

Glossary

* Increasing function: A real-valued function f defined on a subset S of R is said

to be increasing (or decreasing) on S if

v<y = f(z) < fy)
for every z,y € S

* Monotonic function: A function f is said to be monotonic on S if it is increasing

or decreasing on S.

* Additive property of Total variation : Let f be of bounded variation on [a, b],
and assume that ¢ € (a,b).Then f is of bounded variation on [a, c] and on |[c, b]

and we have

Vf(a, b) = Vf(a, C) + Vf<C, b)

* Telescoping series Theorem: Let {a,} and {b,} be two sequences such that

ap = bpy1 — by, forn =1,2,.... Then > a, converges if and only if lim b, exists,

n—oo

in which case we have ) = lim b, — b;.

n=1 n—oo

e Cauchy Condition: The series ) a, converges if and only if, for every ¢ > 0

there exists an integer N such that
n>N = |ap41+ -+ anip| < e foreachp=1,2,...

(or)

m
m>n>N = \Zak\<e

k=n
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Self-Assessment Questions

Short-Answer Questions
1. State and prove Dirichlet’s test.
2. State and prove Abel’s test.
3. Absolute convergence of series implies convergence.

4. If f is of bounded variation on [a, b], say > |Afi| < M for all partitions of [a, b],

then f is bounded on [a, b]. In fact,

[f (@) < [f(a)l + M, for all x in [a,b].
5. If f is monotonic on [a, b], then f is of bounded variation on [a, b].

Long-Answer Questions
1. State and prove Riemann’s Theorem on Conditionally Convergent Series.

2. Let f be defined on [a,b].Then f is of bounded variation on [a,b] if and only if f

can be expressed as the difference of two increasing functions.

3. Assume that f and g are each of bounded variation on [a, b]. Then so are their

sum, difference and product. Also, we have
Vfig < Vf + Vg and Vf.g < AVf + B‘/g,

where A = sup {|g(x)| : « € [a,b]} and B = sup{|f(z)|: € [a,b]}.

Exercises
1. Determine which of the following functions are of bounded variation on [0, 1].
a) f(z)=a%sin(2)ifz #£0, f(0)=0.
b) f(z) = asin()ifz #0, f(0) = 0.

2. Show that a polynomial f is of bounded variation on every compact interval
la, b]. Describe a method for finding the total variation of f on [a, b] if the zeros

of the derivative f’ are known.
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3. Let f be a real-valued function defined on [0, 1] such that f(0) > 0, f(z) # «
for all z, and f(z) < f(y) whenever x < y. Let A = x: f(z) > . Prove that
sup A € A and that f(1) > 1.

4. Given that ) a, converges absolutely. Show that each of the following series

also converges absolutely:

a)Y a2, b)Y = (fnoa,=-1), oY 132;%.

5. Praove the following statements:

a) > a,b, converges if > a, converges and if > (b, — b, 1) converges abso-

lutely.

b) > a,b, converges if > a, has bounded partial sums and if > (b, — b,41)

converges absolutely, provided that b, — 0 as n — oc.
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Unit 2
THE RIEMANN-STIELTJES INTEGRAL

Objectives

After the successful completion of this unit; the students are expected

* To recall the basic concepts of bounded real-valued function, partition, upper

and lower Riemann integral.
* To analyze the properties of Riemann integral.
e To understand the fundamental concepts of Riemann-Stieltjes integral.
* To analyse and work with problems related to Riemann-Stieltjes integral func-

tion.

2.1 Introduction

First let us define the notion of Riemann integral of a function.
Let f be a bounded real-valued function defined on [a, b]. There exists a real number
M > 0 such that
[f(@) <M (a<z<b)

Let P = {xg, 1, -+ ,x,} be a partition of [a, b] such that
a=x9g<1T1<-+-<x, =0
Let us define the following:

ACL’/C = X — Tk—1-
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M, = sup{f(z):2 € [rg_1,2¢|} = sup f(x).

€[TR —1,Tk]

m = inf{f(x):x € rp_1,xx]} = inf f(z).

Ie[mk 1,%k]

UP, f) = ZMkAa:k and L(P,f) = kamk

Now let us define

b b
[ 1=sw ripp) ana [ f=igt viP),

where the sup and inf are taken over all possible partitions P € pa, b].

If / b f= / ’ f, then the common value is denoted by / ’ f or fab f(x)dx and the
functio?l f1is said to be Riemann integrable on [a, b]. '
Let R[a, b] denotes the set of all Riemann integrable functions on [a, b].

Now, we are ready to define Riemann-Stieltjes integral:

Let f : [a,b] — R and « be a monotonically increasing function on |a, b)].
Let f : [a,b] — R be a bounded function and let P = {x, x1, ....., ¥, } be any partition

of [a, b] such that
Aa=Tg<T1 < < Tp1 <xy=>0.
Define Aoy, = a(xg) — a(xk_1).
Let My = sup f(xr) and my= inf f(x).
OéE[LEk_l,mk] O‘G[xk—lvxk]

Let U(P, f) = Z MkACYk and L(P, f) = Z mkAak.
B k=1 k=1

b b
Deﬁne/ fda=infU(P, f,o) and / fda=sup L(P, f, )

b b b
If / fda = / fda = / fda(say), then f is said to be Riemann integrable on
[a’ b] . a a a

i.e.,f € R(a), where R(«) denotes the set of all Riemann integrable on [a, b].

Let us sum up
* We have discussed definition of Riemann integrable.
* Also discussed bounded function.

* We have defined Upper and Lower Riemann integrable.

42



2.2 Notation

1. Let f be a bounded function defined on [a, b]. Let « be also a bounded function

defined on [a, b].
2. A partition P = {zg,z1,--- ,z,} of [a, b] is a finite set of points such that

a=29g<T1 <+ <Tp_1<xy=0>o

3. A partition P* of [a, b] is said to be refinement of P if P C P*.
4. Aoy, = a(zy) — a(xk_1)
> Aoy = [a(a1) - afan)] + -+ [ala) - afa,1)]
- = a(z,) — axg)
= a(b) — a(a).
5. The set of all possible partitions of [a, b] is denoted by @la, b].

6. The norm of a partition P is the length of the largest subinterval of P is denoted

by || P||. Note that

PCP = |P|<|P].

7. If we need to subdivide [a, b] into n intervals, then the length of each sub-interval

is given by b—_a'
n

Let us sum up

* We have discussed basic notations for Riemann integable.

2.3 The Definition of the Riemann-Stieltjes Integral

Definition 2.3.1. Let P = {x¢, z1,--- ,x,} be a partition of [a, b] and let t;, be a point in

the sub-interval [ry_1, zg]. A sum of the form

n

S(Pv f7 O'/) = f(tk)Aak

k=1
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is called a Riemann-Stieltjes sum of f with respect to «. We say f is Riemann-integrable
with respect to « on [a,b], and we write f € R(«) on [a,b], if there exists a number A
having the following property: For every € > 0, there exists a partition P, of |a,b] such
that for every partition P finer than P, and for every choice of the points ty, in [x)_1, xy],
we have |S(P, f,a) — A| < e.

When such a number A exists, it is uniquely determined and it is denoted by | b fda or
f f(zx ). We also say that the Riemann-Stieltjes integral f fda exists. The functions
fand a are referred to as the integrand and the integrator, respectively. In the special case
when a(x) = x, we write S(P, f) instead of S(P, f,«), and f € R instead of f € R(«).

The integral is then called a Riemann integral and is denoted by ff fdx or fab f(x)dx

2.4 Linear Properties

Theorem 2.4.1. If f € R(«) and g € R(«a) on [a,b], then ¢if + cag € R(«) on [a,b],

where ¢, and c, are constants and we have
b b b
/ (crf + c9) da = ¢ fdoz+eg/ g dao.
Proof. Let h = ¢, f + c2¢g and P be a partition of [a, b], we have
P h CY Zh tk Aak
=0 Z f(te) Ao + ¢ Z g(tr) Aoy
k=1 k=1
= CIS(mevOé) +CQS<Pvg7a)'

Let ¢ > 0 and f,g € R(a), we can choose partitions P’ and P. such that for every

partition P with P/ C P and P, C P, we have

b
‘S(P,f,oz)—/ fda| <

2|eq

and

b
‘S(Pvg7a)_/ gda <

2|02|.

Take P, = P/ U P., then for every partition P finer than P, we have

b b
aS(P, f,a) + cS(P,g,a) —c; | fda — 02/ gda

b b
'S(P,h,a)—cl deé_CQ/ gdo
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b
S(Pvgva)_/ ng&

b
< el |S(P, £,0) - / fda| + |
€ Ga
< e 2er] + || |C—2|
€ €
iei-

Since e was arbitrary, we have

b b b
/ (erf + c2g9) da = ¢ fdcv—l—@/ g da.
]

Theorem 2.4.2. If f € R(a) and f € R(p) on [a,b], then f € R(ciae + co8) on [a,b],

where ¢, and c, are constants and we have

/abfd(cla—ircﬁ) = ¢ /ab fda + ¢ /ab fdg.

Proof. Letn = ¢+ cof3, and P be a partition of [a, b], we have
S(P, f.n) = }:fmAm
= Z f() e — ng—1]
k=1

= Z ft)lerar + 2By, — crag—1 — caBx-1]

k=1

— Z fte)er Aoy + Z f(tr)c2 APy
k=1 k=1

= Z flt)Aay + ¢ Z f(te) ABg
k=1 k=1

= clszP, f, Oé) + CQS(P, .;7 6)

Let e > 0, and f € R(a) and f € R(B) we can choose partitions P’ and P, such that

for every partition P/ C P and P, C P, we have

€
2|ea

b
’ﬂaﬁw—/ﬁM<

and

‘S(P,f,ﬁ) fdﬁ‘ ot
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Take P, = P/ U P, then for every partition P finer than P,, we have

b b b b
'S(P,f,n)—cl/ fda_CQ/ fdﬁ‘ = ClS(P,f,a)+CQS(P7g7OZ)_Cl/ fdoz—c2/ fdﬂ‘

b b
<l |S(P.f.0) = [ gao| + el [s(P1.5) — [ fdﬁ‘
<ler] =— + |ea| —

2|cq | |ca
CRP R

Since ¢ was arbitrary, we have

/abfd(cla+025) = cl/abfda%—@/abfd/@.
[

Theorem 2.4.3. Assume that ¢ € (a,b). If two of the three integrals in (17) exist, then

the third also exists and we have

/acfdoz+/cbfda:/abfda. (17)

Proof. Let P be a partition of [a, b] such that c € P and P’ = PN [a,c] and P' = PN
[, b], denote the corresponding partitions of [a, ] and [c, b], respectively. The Riemann-

Stieltjes sums for these partitions satisfy the equation
S(P, f,a) = S(P', f,a) + S(P", f,a).

Assume that [ fdo and [ fda exist.

Let € > 0 be given. Then we can choose a partition P! of [a, ¢| such that

€
<3

‘S(P’,f,a) —/ fdo 5

a

whenever P’ is finer than P’. Similarly, we can choose a partition P. of [c,b] such
that

€
<3

b
)S(P",f,a)—/fda 5

whenever P is finer than P.. Then, P. = P’ U P. is a partition of [a, b] such that P

finer than P, implies P/ C P' and P, C P".

Hence, if P is finer than P., we have

‘S(P,f,a)—/acfda—/cbfda = ‘S(P’,f,a)JrS(P”,f,a)—/acfda—/cbfda
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This proves that ff fda exists. Hence

/abfda:/acfda+/cbfda.

O

a b b
Definition 2.4.4. If a < b, we define / fda = — / fda whenever / fda exists. We
b a a

also define / fda = 0.

Let us sum up

* We have discussed the linear properties of Riemann-stieltjes integral.

2.5 Integration by Parts

Theorem 2.5.1. If f € R(«) on [a,b], then o € R(f) on [a,b] and we have
[ Hada@)+ [ a@ira) = f0)a) - fla)ala)

This equation is known as the formula for integration by parts.

Proof. Let e > 0, and ff fdx exists, there is a partition P, of [a, b] such that for every

partition P’ finer than P., we have

b
‘S(P', f,a) —/ fda| < e. (18)

Consider an arbitrary Riemann-Stieltjes sum for the integral fab adf, say

S<P7057 f) = Za(tk)Afk
k=1



Therefore, we have

A=S(Pa, f)= Z flrp)azy) = ) flopr)a(ze—) — ) alte) f(ze) + ) altr)f(vr—1)
= fla)laler) —alt)] + D fle)lo(t) — alzg)].

The two sums on the right can be combined into a single sum of the form S(F’, f, «),
where P’ is that partition of [a, b] obtained by taking the points z;, and ¢, together.
Then P’ is finer than P and P’ is also finer than P..

Now,
A—S(P7Oé,f) :S<P/,O[7f).
From (18), we have

b
’A— S(P,a, f) —/ fdo

<,

where P is finer than P..
This implies that « € R(f) and

b

/adf:A—/ fda = fb)alb) — f(a)aa) — [ fda.

a

Therefore, we get

/ab fdo + /b adf = f(b)a(b) — f(a)ala).

a

Let us sum up

* We have derived the formula for integration by parts.
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2.6 Change of Variable in a Riemann-Stieltjes Integral

Theorem 2.6.1. Let f € R(«a) on [a,b] and g be a strictly monotonic continuous function
defined on an interval S having endpoints ¢ and d. Assume that a = g(c),b = g(d). Let h

and [ be the composite functions defined as follows:
h(z) = f[g(x)], Blx) = alg(z)], if z el

d
Then h € R(5) on S and we have f da = / h dj. That is,

/fda /f ) d{alglx)]}

Proof. Assume that g is strictly increasing function on S. Also g is continuous.
Hence, ¢ is one to one and onto function from |[c, d] to [a, b].

Then ¢! exists, which is also strictly increasing function on |[a, b].

Therefore, for every partition P = {yo,v1, -, yn} of [c, d], there corresponds one and
only one partition P’ = {xq, - ,x,} of [a, b] such that
zr = g(Yr)-

We can write
P =g(P) and P=g'(P).
Lete > 0, and f € R(«) on [a, b], there is a partition P! of [a, b] with P/ C P’ such that

b
‘S(P',f, @) —/ f da

< e. (19)

Let P, = g~ '(P!) be the corresponding partition of [c,d|, and let P = {yo,--- ,y,} be a

partition of [c, d] finer than P.. Form a Riemann-Stieltjes sum
S(P,h, B) =Y hlur) AB,
k=1

where vy, € [yr-1,y] and Ay, = B(yx) — B(yr—1)-
Put ¢, = g(uy) and x, = g(yx). Then P’ = {xq,--- ,z,} is a partition of [a, b] finer than
P!. Now,

S(Ph, ) = > flg(ur)[ {Alg(yr)l}
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= flo(ue) {alg(u)] — alg(u—1)l}

= f(te) {oar) — alwpr)}

= Zf(tk)Aak

=S(P', f,a) (. tg € [zp—1,Tk]).
From (19), we have

<€

b
‘S(P, h, B) —/ f da

<€

d
— 'S(P,h,ﬁ)—/ hdg

Therefore, h € R(S) on [c, d]. Also

/bfda—/dhdﬁ
/(( 0= [ e a ety

Hence the proof. O

Let us sum up

* We have discussed the change of variable in a Riemann-Stieltjes integral.

2.7 Reduction to a Riemann Integral

The next theorem tells us that we are permitted to replace the symbol da(z) by o/ (z)dx

in the integral fab f(z)da(x) whenever « has a continuous derivative «’.

Theorem 2.7.1. Assume f € R(«) on [a, b] and assume that o has a continuous deriva-

tive o/ on [a,b]. Then the Riemann integral fab f(z)d! (x)dx exists and we have

/f ) daa /f
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Proof. Assume f € R(«) on [a,b] and assume that « has a continuous derivative o/
n [a,b]. Let g(z) = f(x)d/(z) and P = {xg, 21, ,z,} be the partition of [a,b] and
iy € ($k71,$k>.

Consider a Riemann sum

9) = Zg(tk)ﬁxk

_thk (ti)[re — T—1)-

For the same partition P and the same choice of the ¢, consider the Riemann-Stieltjes

sum
P f Oé Zf tk AO!]C

= 3 flt)laten) — al)
k=1
Since, « is continuous and differentiable on [a, b], by mean value theorem, we have
a(zy) — a(zg_1) = ' (vp)[xx — 23_1], where vy, € (vp_1, 7).

Therefore, we get

S(P, f,a) = thk k) [Tk — Tp_1]
(P f a Zf tk Uk AZEk — Zf tk tk)AZL‘k

= Zf tk Uk — (tk)]Al’k

Since f is bounded, there exist A/ > 0 such that |f(z)| < M, for all z in [a, b].
Since «' is continuous on [a, b, and [a, b] is closed and bounded, ' is uniformly
continuous on [a, b].

i.e., Given ¢ > 0, there exist a § > 0 such that

€

< _ / o - -
O<lr—yl<d = (@) W)l < gym s
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If we take a partition P/ with norm || P/|| < J, then for any finer partition P we have

€

o/ () — o' (k)| < oMb —a)

For such partition P, we have

|S(Pa fv Oé) - Z Uk — (tk)]A[L‘k

k=1

<D F)la (0g) — o ()| Az

k=1

< M.m(b —a)= 3

Since f € R(a) on [a, b], there exists a partition P such that P finer than P, implies
b
‘ﬂRﬂawi/fda

Let P.= P/ U P’ with P. C P. Consider,

€

b
’S(Pag)_/ deé

<e
2

_ )S(P,g) _S(P. f.a) + S(P, f.a) —/ f da

b
S‘S(P,g)—S(P,f,&) +‘S(P7faa)_/ fda

Therefore,g is Riemann integrable.
b

i.e.,/a f(x)d/dx exists and
[ o) = [ it

Let us sum up

* We have permitted to replace the symbol da(x) by o/(z)dz in the integral fab f(z)da(x)

whenever « has a continuous derivative «’.

2.8 Euler’s Summation Formula

Theorem 2.8.1. (Euler’s summation formula). If f has a continuous derivative f’ on

la, b], then we have

/f d:c+/ F(@)((@))de + F(a)((@)) — FOD)),

a<n<b
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where ((x)) = x — [x]. When a and b are integers, this becomes

=/abf(x) dm+/abf/(x)<x—[x]+%)dx ¢ 1270,

Note. >  means the sum from n = [a] + 1 to n = [b].
a<n<b

Proof. Using integration by parts rule, we have
/f Jda(a / 2)df(x) = F(Ba(b) - fla)ala)
Put a(x) = & — [x]]. ala) = [a — [a]]. a(b) = [b— [b]}, we have
(/f dlo— | /ﬁ — [elldf () = FO)b— B]] — f(@)a - [a]
/f m—/f / )f (@) = FB)((8)) — F(a)((a))

[ e s [(@ar) - 1000 + @ = [ @

Since, Z f(n / f(z , we get

a<n<b

/f d:v+/ df () = f(0)((b)) + f(a)((a)).

a<n<b

For every a and b are integers,
(@) =a—la)=a—a=0and ((b)) =b—[b] =b—b=0.

Substituting these values in (20), we get

/f dx+/ af(x)

a<n<b

Adding and subtracting — / f'(x)dx on RHS, we get

/f d:t:—l—/f (x — | dx——/ x)dr + = /f
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Adding f(a) on both sides, we have

b b r 7
> s+ f@) = [ s+ [ 7))o= = 5| dr 5100 5@+ f@

a<n<b

St = [ et [ 5w)]e - - 5| de+ 3500+ 3 5a)

b b b r 7
;f(n):/a f(x)dac+/a f(2) _a:—[m}—%_ dm—i—T.
Hence the proof. O

Let us sum up

e We have derived Euler’s Summation Formula.

2.9 Monotonically Increasing Integrators Upper and Lower
Integrals

Definition 2.9.1. Let P be a partition of |a, b] and let

My =sup{f(z): x € [x)_1,2x]} and

my =inf{f(x):x € [rr_1, x|} .

The numbers

n n

UP, f,a) =Y Mi(f)Aox  and  L(P, fa) =Y mi(f)Aay,

k=1 k=1
are called, respectively, the upper and lower Stieltjes sums of f with respect to « for the

partition P.

Note: We always have my(f) < My(f).

If o increasing on [a, b], then Ay, > 0. Therefore
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i.e., the lower sums do not exceed the upper sums.

Furthermore, if t; € [x;_1, 2], then

my(f) < f(te) < Mi(f)-
Therefore, when o, we have the inequalities
L(P, f,a) < S(P, f,a) <U(P, f,«)
relating the upper and lower sums to the Riemann-Stieltjes sums.

Theorem 2.9.2. Assume that « /" on [a,b]. Then
i) If P’ is finer than P, we have

U(P', f,a) U(P, f,e) and L(F', f,a) > L(P, f, ).
ii) For any two partitions P, and P,, we have
L(Plvfaa) S U(P%f?@)‘

Proof. (i) First we prove U(F', f,a) < U(P, f, ).

It suffices to prove this when P’ contains exactly one more point than P, say the point
x*.

Let z* is in the *" sub-interval of P.

ie.,z* € [r; 1,7, i=1,2,--- ,n we can write

n

UP, f,a)= > M(f)Aak+ Ma(z®) — alzi)] + M o) — o)),
k=1 ki

where

M' =sup{f(z) : @ € [w;—1,2"]}
and

M" =sup{f(z):z € [+",z]}.
Since, M’ < M;(f) and M" < M;(f), we have

UP', fa) < > Mp(f)Aay + Mi(f)|e(x*) — awim)] + M(f)[e(a:) — )]
k=1,k#i
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n

= > Mu(H)Aoy + Mi(f)la(z;) — ;1))
k=1,k#i

= Y Mi(f)Aoy + Mi(f)Aay

k=1,ki
=U(P, f,«).

Next, we prove L(P', f,a) > L(P, f,«).

It suffices to prove this when P’ contains exactly one more point than P, say the point

x*. Let 2* is in the i sub-interval of P.

ie., z* € [r;_1,x;], we can write

n

L(P' foa) = ) my(f)Aay + m'fa(e®) = alzi0)] +m[a(z;) — ala?)],

k=1,k+i

where
m' =inf{f(z): € [zi_1,2"]}
and
=inf{f(z):z €[z, z]}.
Since m’ > m;(f) and m” > m;(f), we have

L(P', f,a) >

||
=
S
Q
Ead
_.I_
3
=
S
5

To prove (ii). Let P = P; U P,. Then by (i), we have

L(th,Oé)SL(P,f,Oé)SU(P,f,Oé)SU(Pg,f,a).

Note: If M = sup f(z)and m = inf f(z), then

a<z<b a<z<b

mla(b) — a(a)] < L(Py, f.0) < U(Ps, f,a) < Mla(b) - a(a).

56



Definition 2.9.3. Assume that o /* on |[a, b]. The upper Stieltjes integral of f with respect

to « is defined as follows

/bfda =inf{U(P, f,a): P € pla,b]}.
The lower Stieltjes integral is similarly defined

[b fda=sup{L(P, f,«) : P € pla,b]}.

Note: I(f, a) = ff fdo.

I(f,0) = [} fda.
If a(z) = z, then U(P, f,o) = U(P, f) and L(P, f,a) = L(P, f).

Theorem 2.9.4. Assume that o /* on [a,b]. Then I(f,a) < I(f,a).

Proof. Lete > 0, then I(f, o)+ is not a lower bound to the set {U(P, f,«) : P € p[a, b}

and so there is a partition P, such that
UP, f,a) <I(f,a)+e
By Theorem 2.9.1 (ii), for any partition P of [a, b], we have
L(P, f,a) <U(P, f,a) < I(f,a)+e.

i.e., I(f,a) + e is an upper bound to all lower sums L(P, f, ).

Thus,

sup {L(P, f,a) : P € pla,b]} < I(f,a) +e

— l(f,Oé)ST(f,Of)"‘E
Since ¢ was arbitrary.

I(f,0) <I(f, ).

Example: Let a(z) = = and define a function f on [0, 1] as follows:
f(z) =1, if zisrational,  f(z)=0, if zisirrational.
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Let P be any partition of [0, 1], we have

My (f) =1 and my(f) = 0.

Therefore,
U(P, f,a) = zn:Mk(f)Axk = Zn: 1. Azy =1(1-0) = 1.
=1 =1
and
L(P, f,a) = 0.

Thus,

I(f,a) =sup{L(P, f,a) : P € p[0,1]} = 0,

I(f,a) =inf{U(P,f,a): P € p0,1]} = 1.
Hence,

I(f,a) < I(f.a).
Let us sum up

* We have discussed the definition of upper and lower Stieltjes sums of the function

with respect to « for the partition.

* We also discussed the definition of upper and lower Stieltjes integral.

2.10 Additive and Linearity Properties of Upper and
Lower Integrals

Additive property:

/abfdoz = /acfda+/cbfdoz, for any ¢ € (a,b)

/abfdoz = /acfdoz—l—/cbfdoz, for any ¢ € (a,b)

Linearity property:

/ab(f+g)da:/abfda+/abgda.
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Let us sum up

* We have discussed the Additive and Linearity Properties of Upper and Lower

Integrals.

2.11 Riemann’s Condition

Definition 2.11.1. We say that f satisfies Riemann’s condition with respect to « on [a, b],

if for every e > 0, there exists a partition P. such that P finer than P, implies
0<U(P f,a) — L(P, f,a) <€
Theorem 2.11.2. Assume that o ,/* on |[a,b]. Then the following three statements are
equivalent:
) feR(a)onla,bl.

ii) f satisfies Riemann’s condition with respect to « on [a, b].

iii) I(f,0) = 1(f,a).
Proof. We will prove (i) = (ii) = (iii) = ().
To prove (i) = (ii):
Assume that f € R(«a) on [a, b].

If a(a) = a(b), then for given ¢ > 0 and for any partition P, € p|a, b], we have

U(P€7f7 ) P67f7 ZMk ACtk—ka(f)A@k

= Z (M (f ()] Ay
(M —m)Aay, (where M = sup f(x) and m = ir[1fb} f(x))
1 z€[a,b] z€la,
= (M —m) Z Aoy
k=1

Thus, for any partition P finer than P,, we have
UP, f,a) — L(P, f,a) < U(P., f,a) — L(P,, f,a) < ¢
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Hence, we can assume that a(a) < «a(b).
Given € > 0, there is a partition P. on |[a, b] such that for any partition P finer than P.

and all choices ¢, and ¢} € [x)_1, z%], we have

)Aak—/abfda

n b
ft)Aay — [ f da
i |

€
< — and
3

<€
3

Combining the above inequalities, we have

b b n
YAay, —/ [ da +/ fda— Zf(t;)Aak
a a k=1

; b b n
< Zf(tk)Aak—/ fda| + /fda—Zf(t;)Aak
k=1 “ a k=1

n

> [f(t) = ()] Aoy

k=1

;

33 3’

We know that M, (f) — my(f) =sup{f(z) — f(2') : z, 2/ € [wp_1, 7]} .
Hence, for any h > 0, My(f) — mx(f) — h is not an upper bound of
the set {f(z) — f(2') 1z, o’ € [xp_1, k] }.

Hence, we can choose ¢ and ¢} € [x;_1, zx] so that

<

My(f) = mu(f) = h < f(te) = f(t})-

Let h = ———————. Thus, for any partition P finer than P., we have
3[a(b) — a(a)]

n

U(P, f,0) — L(P, f.a) = 3 [Mi(f) — mi(f)|Aay

k=1

< Z tk tk + h]AOék

_Z (tr) — f(t}) Aak+hZAak

<§+@@£amm@—wm
2e €
3737 °
Hence,
(i) = (ii).
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To prove (ii) = (iii):
Assume that f satisfies Riemann’s condition with respect to a on [a, b].
Let € > 0, then there is a partition P. such that for any partition P finer than P, we

have

U(P,f,Ck)—L(P,f,Oé)<6

= U(P, f,a) < L(P, f,a) +e.
For such P we have

I(f,a) <U(P, f,a) < L(P, f,a) + e < I(f,a) +e¢

e, T(f,0) < I(f,0) + €.
Since € was arbitrary,

I(f,a) < I(f,a).
By Theorem 2.9.2, we have I(f,a) < I(f,«). Hence I(f,a) = I(f, ).
Hence (11) = (iii).
To prove (iii)) = (i):
Assume that I(f, o) = I(f,a) = A(say).
We shall prove that fab fda exists and is equal to A.

Given e > 0, choose P! such that

U(P, f,a) < I(f,a) +e¢, forall P finer than P'.
Also choose P, such that

L(P, f,a) > I(f,a) — ¢, for all P finer than P..
Let P, = P/ U P, we have

I(f,a) —e < L(P, f,a) < S(P, f,a) SU(P, f,a) < I(f,a) +e,

for every P finer than P..

Since, I(f,a) = I(f,a) = A, from the above inequality we have
A—e<S(P f,a) < A+e
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= —e<S(P f,a)—A<e

— [S(P, f,a) — A| < «q,

b
where A :/ fda.

b
This proves that / fda exists and is equal to A.
ie., f € R(a)on a,bl.

(i) = ().

Let us sum up

* We have discussed the equivalent conditions for the existence of Riemann inte-

gral.

2.12 Comparison Theorems

Theorem 2.12.1. Assume that o /" on [a,b]. If f € R(«) and g € R(«) on |a,b] and if

f(z) < g(x) for all x in [a, b], then we have

[ @ da) < [ ota) dote)

Proof. Given that f(z) < g(z) for all z € [a,b], let P be any partition of [a, b].
Since, a /* on [a, b], we have Aay > 0.

Now f(tx) < g(tx), for every t; € [zx_1, zx], we have

Aay, fty) < Aay, g(ty)

> Z f(tk)AOék S Zg(tk)Aak
k=1 k=1

The corresponding Riemann-Stieltjes sums satisfy

S(P, f,) = fte) Aok <> g(te)Aag = S(P, g, ).
k=1 k=1
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Therefore, we get

b b
[ 1) dat@) < [ gla) daa).

Hence the proof. O

Note: If g(z) > 0 and « " on [a, b], then fabg(a:) da(z) > 0.

Theorem 2.12.2. Assume that o /" on [a,b]. If f € R(«) on [a,b], then |f| € R(«) on

la, b] and we have the inequality

/abf(x) da(z)| < /ab!f(x)\ do(z).

Proof.
Let My =sup{f(x):x € [zp_1,xx]} and my =inf{f(x): x € [xr_1,zk]}.
We can write

My(f) —mi(f) =sup{f(z) — f(y) : 2, y € [mp—1, 7]} .

We know that |f(x)| — |f(y)| < |f(z) — f(y)|. Therefore, we have

sup {[f(2)] = [f ()] -z, y € [wr—r, 2]} < sup{[f(2) = F(W)| 2, y € [wrr, 2]}

= Mi(If) = ma(|f]) < Mi(f) — ma(f).

n

= Y M(|f)Aak = > mi(|f) Aok <Y Mi(f)Aag — > mi(f) A

k=1
Hence, U(P,|f|,a) — L(P,|f|, o) < U(P, f,a) — L(P, f, «), for any partition P of [a, b].

Since f € R(«), for given ¢ > 0 we can choose a partition P. of [a, b] such that
U(P, f,a) — L(P, f,a) < ¢, for P finer than P..
Thus, for all partition P finer than P,., we have
U(P7 ‘f|,0&) - L(P7 |f|,Oé) < €.
Hence,
] € R(e).

63



We know that f(z) < |f(z)|, for all z € [a, b)].
Hence, by using Theorem 2.12.1 with g = | f|, we have

/!f )| da(e

) da(x

Theorem 2.12.3. Assume that « / on [a,b]. If f € R(«) on [a,b], then f* € R(«a) on

la, b].

Proof. Lete > 0 and f € R(«a), by Theorem 2.12.2, | f| € R(«).

We can choose a partition P. of [a, b] such that for all P finer than P, we have

U(P7 |f|,O[) - L<P7 |f|,O./) < 25\/[' (Where M = Sl[lp]f(l'))
z€la,b
For this partition P,, we shall prove that

U(P, f,a) — L(P, f,a) < e forall P finer than P..

Now,

My(f) = sup f2<x>=( sup |f<x>|) — ML
]

TE[TK—1,Tk TE€[TK—1,Tk]

Similarly, we have

mi(f*) = [ (| £])]*.

Consider

Mi(f?) — mi(f?) = IMR(If1)]? = [me (1 £]))?
= [Mi(|f1) + m(|f DM £]) — mu(] £])]
< (M + M)[Mi(| f]) — m(] f])]

(
= IM M, (| f]) — muw(|f])],

where M = sup |f(x)| is an upper bound for |f| on [a, b]. Therefore,
z€[a,b]

Mk(fQ) —my,(f*) < 2]\4[1\/—’k:(|f|) — my(|f])]

k=1
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= PSR e) = UP £0) <20 (U(PIf].0) = RIS o)) <20 55 =«

= U(P,f*a)— L(P, f*,a) <,
Hence,
2 € R(a).
[

Theorem 2.12.4. Assume that « / on [a,b]. If f € R(«a) and g € R(«) on [a,b], then
the product f.g € R(«) on [a, b].

Proof. Consider
2f(2)g(x) = [f(z) + g(@)]* = [f(2)]* — [g(x)]*.

By using Linearity property of Riemann-Stieltjes integral, we have f + g € R(«).
Since f + ¢, f, g € R(«) on [a,b], by Theorem 2.12.3, we have
(f+9)% f? ¢* € R(a) on [a,b]. Therefore,

fg € R(«) on [a,b)].

Let us sum up

* We have discussed the product of two Riemann functions is also Riemann func-

tion.

e We have discussed the modulus function of Riemann function is also Riemann

function.

Check your progress

1. Give an example of a bounded function f and an increasing function « defined

on [a, b] such that |f| € R(«) but for which ff fda does not exist.
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Summary

Defined the notion of Riemann-Stieltjes integral of a bounded funcion f with

respect to an arbitrary «.
* Derived the formula for integration by parts.
» Discussed the change of variable in a Riemann-Stieltjes integral.

e Permitted to replace the symbol da(z) by o/(z)dz in the integral f; f(z)da(x)

whenever « has a continuous derivative «’.
e Derived Euler’s Summation Formula.

* Defined the notion of Riemann-Stieltjes integral of a bounded funcion f with

respect to an monotonic function a.

Exercises
b
1. Prove that/ do(z) = a(b) — ala).

2. If f € R(a) on [a,b] and if f: da = 0 for every f whichi is monotonic on [a, ],

prove that a must be constant on [a, b)].

3. Use Euler’s summation formula, or integration by parts in a Stieltjes integral, to

derive the following identities:
"1 1 " [z ,
a) ZE = —5 —|—s/1 xs+1dx if s £ 1.
k=1

"1 "r—|x
b) ZE:logn+s/l x5+[1]dx+1'
k=1

4. Assume f’ is continuous on [1,2n] and use Euler’s summation formula or inte-

gration by parts to prove that

2n

Z(_l)kf(k)Z/lnf'([x]—Q[x/Q])dx.

k=1
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5. Let gbl(x) =z — [z] — § if v # integer, and let ¢ (z) = 0 if = = integer. Also,
let ¢o(x fo ¢1(t)dt. If f” is continuous on [1,n] prove that Euler’s summation

formula 1mp11es that
0= [ eria— [ siarras + FOL0)

6. If & 1 on [a, b], prove that we have

a) ffdaszda—kffda, (a < c<b),
b) Z(f+g)da §dea+fgda
c) /ab(f+g)da2/abfda+/abgda
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Unit 3
THE RIEMANN-STIELTJES INTEGRAL

Objectives

After the successful completion of this unit; the students are expected to
* To recall the basic concepts of total variation, integral exist and integrators.
* To analyze the properties of Riemann-Stieltjes integral.
e To understand the fundamental concepts of Riemann-Stieltjes integral.

* To analyse and work with problems related to Riemann-Stieltjes integral func-

tion.

We have see that that every function « of bounded variation on [a, b] can be expressed
as the difference of two increasing functions. However, the converse is not always
true. If f € R(a) on [a,b], it is quite possible to choose increasing functions «; and
oy such that o = a; — ay, but such that neither integral fab f doy, fab f dos exists. The
difficulty, of course, is due to the nonuniqueness of the decomposition o = a; — as.
However, we can prove that there is at least one decomposition for which the converse

is true, namely, when «; is the total variation of o and as = a; — av.

3.1 Integrators of Bounded Variation

Theorem 3.1.1. Assume that « is of bounded variation on [a,b]. Let V(x) denote the
total variation of o on [a,z] if a < x < b, and let V(a) = 0. Let f be a bounded function
defined on [a,b]. If f € R(«) on [a,b], then f € R(V) on [a,b].
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Proof. If V(b) = 0, then V is constant and the result is trivial.

Assume that V(b) > 0 and f is bounded on [a, b], there is a number M > 0 such that

Since V is increasing, we need only to verify that f satisfies Riemann’s condition with
respect to V' on [a, b].

Since f € R(«) on [a,b], given ¢ > 0, and choose P. so that for any finer P and all
choices of points ¢, and ¢}, in [x;_1, zx], we have

n

> [ () = F(t)] Aoy

k=1

< €
1
Since, V is increasing on [a, b], we have
- €
V(b A —.
()< 32180l + g7

For P finer than P. we will establish the two inequalities

n

D IM(f) = mi(HIAV: = [Acy]) <

€
2
k=1

and

n

D IM(f) = mi( )] Ac| <

k=1

€

2

Adding the above two inequalities, we get

n

Z[Mk(f) —mi(f)|AV), <€

k=1
— U(P,f,V)—L(P, f,V) <e.

To prove the first inequality:
We know that AVj, — [Aag| >0

é[Mk(f) — m(D](AV: — [Aay]) < 2M é(AVk | Aay|) (where M = sup f(x))

z€[a,b]

- 2M(V(b) -y \Aak|) < QM(ﬁ) - %

k=1
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To prove the second inequality, let
A(P) ={k:Aay >0} and B(P) ={k:Aa, <0}.

Let h = ﬁ(b) If k € A(P), choose t; and ¢, so that

fte) = f(te) > My(f) —my(f) — h

and if k € B(P), choose ¢, and ¢}, so that

f(te) = f(te) > My(f) — me(f) — .

Then

n

D) = mi(DNlAew] < Y [F () = FE A+ Y (1) — f(t)]| Aay]

k=1 kEA(P) keB(P)
k=1
= 3 ) - FE)da+ D [t — FE(-Aax)+
ke A(P) keB(P)
+h> [Aay
k=1
=D () = ()] Ack + 1) Ay
k=1 k=1
€ € € €
It follows that f € R(V) on [a, b]. O

Theorem 3.1.2. Let « be of bounded variation on [a,b] and assume that f € R(«) on

la,b]. Then f € R(«) on every subinterval |c, d] of |a, b)].

Proof. Let V(x) denote the total variation of a on [a, z], with V(a) = 0.

Then o =V — (V — a), where both V' and V' — « are increasing on [a, b] (by Theorem
1.7.1).

By Theorem 3.1.1, f € R(«), and hence f € R(V — «) on [a, b].

Therefore, if the theorem is true for increasing integrators, it follows that f € R(V)
on [c,d] and f € R(V — «a) on [c,d]. Therefore, f € R(«) on [c,d].

It suffices to prove the theorem when «  on [a, b].
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By Theorem 2.4.3, it suffices to prove that each integral [ f do and fad f da exists.
Assume that ¢ < ¢ < b, and let P be a partition of [a,z] and A(P,x) denote the

difference of the upper and lower sums associated with the interval [a, z].
i‘e'a A(P,JZ) = U(P,f,()é) - L(P7f>a)‘

Since f € R(«) on [a,b], f satisfies Riemann’s condition.

Let € > 0, then there is a partition P. of [a, b] such that for all P finer than P,
A(Pab) = U(P,f,Oé) _L(Pvf7a) <€

We can assume that ¢ € P.. The points of F, in [a, ¢] form a partition P! of [a, ¢|. Let P’
be a partition of [a, ¢] finer than P/, then P = P' U P, is a partition of [a, b] composed
of the points of P’ along with those points of P. in [c, b].

Now the sum A(P’, c) contains only few terms in the sum A(P, b).

Since each term is nonnegative and P is finer than P., we have
A(P' c) < A(Pb) < e.

i.e., P’ finer than P/ implies A(F’,c) < e.
Hence, f satisfies Riemann’s condition on [a, ¢] and |7 f do exists.
In a similar way, we can prove that fad f da exists.

We know that
[P fda=[°fda+ [fda.
Hence, by Theorem 2.4.3, [ f da exists. O
Theorem 3.1.3. Assume f € R(a) and g € R(a) on [a,b], where a 7 on [a, b]. Define
Fla) = [ 5(0) datt

and

Glz) = /Ig(t) da(t), if z € [a,b].
Then f € R(G), g € R(F), and theaproduct f.g € R(a) on [a, ], and we have

[ te) dote) = [ 1) aci

_ / ' o) dF ()
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Proof. By Theorem 2.12.4, the integral fab f.g do exists and let P be a partition of [a, b],

we have
ﬁRﬁQ:éiﬂmA@
—thk Glwy-1)
—Zf(tk)/ 1gt da(t)
—Z/ (1) 9() da()
and

Let M, = sup {|g(z)| : = € [a, b]} . Now,

b
‘S(P, f,G) —/ f.g da

/ £(t) — FO)]9()] dat)

Z / () — £(8)] dalt)

3

<,y [ ") — mu(Pldat) ¢ 170 — £ < M(f) — mi(f)

k=1 -

= M,[U(P, f,a) = L(P, f,a)].

Since f € R(«), for every € > 0 there is a partition P, such that P finer than P. implies

U(Pafaoé)_L(Pafaa)<Mi

g

< M, = €.

b
‘S(P,f,G)—/ fgdo| < My
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This proves that f € R(G) on [a, b] and f f) f f(t)
To prove : g € R(F) on [a,b]

Let P be a partition of [a, b], we have

S(P,g, F Zg te) AF,

and

Let M; =sup{|f(z)|: = € [a,b]} . Now,

' (P.g, F / f.g dal - / " {olt) — 90} £() da<t>\
< / () — gIIF(0)] dat)
<33 [ o) - 9(0)] da

< My /xk [Mi.(g) = mu(g)]d(t) (. [g(te) — g(t)| < Mi(g) — mi(g))

= M;[U(P, g, ) = L(P, g, &)].
Since g € R(«), for every € > 0 there is a partition P, such that P finer than P, implies

U(P,g,O[)—L(P7g,O[) < Mif

'S(P,g, F) —/bf.g da

<Mf.Mif_€

This proves that g € R(F) on [a, b] and f () f g(t

Note: Theorem 3.1.3 is also valid if « is of bounded variation on [a, b].
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Let us sum up

* We have discussed « is of bounded variation on [a, b] and assume that f € R(«)

on [a,b]. Show that f € R(«) on every subinterval [c, d] of [a, b].

* We have discussed the integrators.

3.2 Sufficient Conditions for Existence of Riemann-Stieltjes
Integrals

Theorem 3.2.1. If f is continuous on |a, b] and if « is of bounded variation on [a, b], then

f € R(a) on [a,b].

Proof. It suffices to prove the theorem when o on [a, b] with a(a) < a(b).

To prove: f € R(«) on [a,b].

Since f is continuous on [a, b] and [a, b] is closed and bounded, f is uniformly continu-
ous on |[a, b|.

i.e., if e > 0 is given, there exist § > 0 such that |z — y| < ¢ implies |f(z) — f(y)| < §,
where A = 2[a(b) — a(a)].

Let P. be a partition of [a, b] such that
[Pl < 0.

We know that M, (f) — my(f) =sup{f(z) — f(y) : z,y € [xp_1,74]}.

Hence, for any partition P finer than P., we have

Mi(f) —mui(f) < 1

n n

— Z Mk(f)AOék — ka(f)AOék S % Z AOék
k=1 k=1

k=1
€

= U(P, f,a) — L(P, f,«a) < m(a(b) —afa)) =e.
Hence, f € R(«a) on [a, b]. O

Theorem 3.2.2. Each of the following conditions is sufficient for the existence of the
Riemann integral [* f(z) dx
a) f is continuous on [a, b].

b) f is of bounded variation on |a, b].
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Proof. Assume f is continuous on [a, b].

It suffices to prove the theorem when o ” on [a, b] with a(a) < a(b).

To prove: f € R(«) on [a, b].

Since f is continuous on [a, b] and [a, b] is closed and bounded, f is uniformly continu-
ous on [a, b|.

i.e., if e > 0 is given, there exist § > 0 such that |z — y| < ¢ implies |f(z) — f(y)] < .
where A = 2[a(b) — a(a)].

Let P. be a partition of [a, b] such that

[Pell <o

We know that My (f) — my(f) =sup{f(z) — f(y) : z,y € [vp_1,Tk]}.

Hence, for any partition P finer than P,, we have

My(f) = mi(f) < 3

k=1 k=1 k=1
— U(P,f.a) ~ L(P, f,a) < mW)) —afa) =
Hence, f € R(a) on [a, b].
Assume f is of bounded variation on [a, b]. O

Let us sum up

* We have discussed sufficient conditions for existence of Riemann-Stieltjes inte-

grals.

3.3 Necessary Conditions for Existence of Riemann-Stieltjes
Integrals

Theorem 3.3.1. Assume that o /* on [a,b] and let a < ¢ < b. Assume further that both «
and f are discontinuous from the right at x = c that is, assume that there exists an ¢ > 0

such that for every § > 0 there are values x and y in the interval (c, c + ) for which

|f(x) = fle)] > e and |a(y) —alc)| >
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Then the integral f: f(x) da(x) cannot exist. The integral also fails to exist if « and f are

discontinuous from the left at c.

Proof. Let P be a partition of [a, b] containing ¢ as a point of subdivision.

Consider

n

U(P’ fv a) - L(Pv f’ Oé) = Z[Mk(f) - mk:(f)]Aak

k=1

If the ** subinterval has c as its left endpoint (i.e.,c < x;), then

n

> IM(f) = mu( Ak = [Mi(f) = mi(Hl[alz:) = al)], (- alz) > alc) (21)

k=1

If ¢ is a common point of discontinuity from the right, we can assume that the point z;
is chosen so that a(z;) — a(c) > e.
Since M;(f) — m;(f) > f(x;) — f(c), by our assumption we have M;(f) — m;(f) > e.
Hence, from (21) we have

U(P7f7a) —L(P,f,()é) > 62
Riemann’s condition cannot be satisfied.

Hence the integral f; f(z) da(zx) cannot exist. O

Note: If ¢ is a common discontinuity from the left, the argument is similar.

Let us sum up

* We derived the necessary condition for the existence of Riemann-Stieltjes inte-

grals.

3.4 Mean-Value Theorems for Riemann-Stieltjes Inte-
grals

Theorem 3.4.1. (First Mean-Value Theorem for Riemann-Stieltjes integrals). As-
sume that o /" and let f € R(«) on [a,b]. Let M and m denote, respectively, the sup and
inf of the set { f(z) : « € [a, b]} . Then there exists a real number ¢ satisfying m < ¢ < M

such that

/abf (x) da(z) = c / b da(z) = c[a(b) — afa)].

In particular, if f is continuous on |a, b, then ¢ = f(x¢) for some x, in [a, b].
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Proof. 1If a(a) = a(b), then fab f(z) da(z) = 0 and the theorem holds trivially.
Assume that o(a) < «(b) and let P be a partition of [a, b].
Given that M = sup{f(z) : z € [a,b]} and m = inf {f(z) : x € [a,b]} . Therefore, we

have
LPfi) = miha > m> Ao, = mla(t) — afa).
=1 =1
similarly
U(P, f,a) = iMiAai < MiAai = M(«a(b) — a(a)).
i=1 i=1
All upper and lower sums satisfy
mla(b) — afa)] < L(P, f,a) < U(P, f,a) < M[a(b) — a(a)].
Since f € R(«), the integral fab f do exists and

b
mla(b) —ala)] < L(P, f,a) < / fda<U(P, f,a) < Ma(b) — a(a)]

b
— mla(b) - afa)) < [ fda < Mla(b) - a(a)

b
Jofde .

= m < = <
[, da

b
Therefore, the quotient ¢ = f“bf—daa satisfies m < ¢ < M and

Ji @

/abf do = ¢ /ab do = cla(b) — a(a)].

If f is continuous on [a, b], then by intermediate value theorem there is a point z, €

la, b] such that ¢ = f(xg). O

Theorem 3.4.2. (Second Mean-Value Theorem for Riemann-Stieltjes integrals). As-
sume that « is continuous and that f " on [a,b]. Then there exists a point z, in |a, b

such that
b o) b
[ 1) datw) = f@) [ dato) + 10) [ dafe)
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Proof. By Theorem 2.5.1, we have
/ab f(@)da(z) = f(b)a(b) — f(a)a(a) - /aboz(m)df(x),
By Theorem 3.4.1, for some z, € [a, b], we have
/a ba(x)dﬂ:v) = a(z0)[f(b) — f(a)].

Therefore,

Let us sum up
* We have proved the first and second Mean-Value Theorems of Riemann-Stieltjes

integrals.

3.5 The Integral as a Function of The Interval

Theorem 3.5.1. Let « be of bounded variation on [a,b] and assume that f € R(«) on

la, b]. Define F' by the equation

F(x)—/xfda, if x € la,b].

Then we have te following

i) F is of bounded variation on [a, b].

ii) Every point of continuity of « is also a point of continuity of F.

iii) If & /" on [a, b], the derivative F'(x) exists at each point x in (a,b) where o/(x) exists

and where f is continuous. For such x, we have
FPrime(x) = f(z)d/(z).
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Proof. Without loss of generality, we may assume that «  on [a, b].
To prove (i):

By Theorem 3.4.1, for a < x < y < b we have
Yy
[ 1 dalt) = claty) - a(a)

where m <c< M, m = ir[lfb] f(z)and M = sup f(x).
z€la, z€[a,b)
Now,

Fly) — Flz) = / "F) ar

T

- /:f(t) da(t).

Therefore, we have

For any subdivision of [a, b], we have

Y IAR] = |F(wx) — Flax))|

=lc| ) lazi) — alzr)l-

Since « is of bounded variation on [a, b}, there is a number A/; > 0 such that

> Aay| < M,

k=1
Hence, >  |AFy| < |c|M; = M(say).
k=1

Hence F' is of bounded variation on [a, b].
To prove (ii):

Let a be continuous at z € [a, b].

Claim: F' is continuous at z.

Let € > 0 be given. Then there is a 6 > 0 such that

z— 2ol <6 = |a(z) —al@)| < — V€ lab

el
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Hence, if |z — x| < 6, then by (i), we have

€

|F(2) = F(xo)| = [el|e(z) — a(o)] < |C|’|c\

= €.

Hence, I’ is continuous at x.
To prove (iii):

Consider

Dividing y — x on both sides, we get

Fly) = F(x) _ [oly) — a(@)] (22)
y—x y—z

Since f is continuous on [a, b], then ¢ = f(z,) for some x, € [a, b].

lim f(z) = f(zo) = c= f(wo).

Tr—x0

Letting y — = in (22), we have

o PO —F@) L la(y) — a(@)
y—x Yy—x y—x y—x

= F'(z) = f(zo)d (z).

Theorem 3.5.2. If f € R and g € R on [a, V], let

F(z) = /m f(t)dt, G(z)= /Ig(t) dt, if x € [a,b].

Then F and G are continuous functions of bounded variation on [a,b]. Also, f € R(G)

and g € R(F') on [a,b], and we have

/abf(x)g(x) dr = /abf(x) dG(z) = /abg(x) dF (z).

Proof. Assume that o /" on [a, b].
Let f € Rand g € R on [a, b].

By parts (i) and (ii) of Theorem 3.5.1, F' and G are continuous functions of bounded
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variation on |a, b].
Hence, by Theorem 3.1.3, we have f € R(G) and g € R(F) on |a, b].
Also

/ f(@)g(z) dofz) = [ f(z) dG(x)

- / g(x) dF (z).

a

Putting a(x) = x, we have

[ sty o= [ 1) dcie)

- / b g(z) dF (2).
O

Note: When a(x) = z, part (iii) of Theorem 3.5.1 is sometimes called the first fundamental

theorem of integral calculus. It states that " (x) = f(x) at each point of continuity of
f.
Let us sum up

* We have discussed the sufficient conditions for the existence of Riemann-Stieltjes

Integrals.

3.6 Second Fundamental Theorem of Integral Calculus

Theorem 3.6.1. (Second fundamental theorem of integral calculus). Assume that
f € R on [a,b]. Let g be a function defined on [a, b] such that the derivative ¢’ exists in

(a,b) and has the value

g (x) = f(x), Ve (a,b).

At the endpoints assume that g(a+) and g(b—) exist and satisfy

g(a) —gla+) = g(b) — g(b—).

Then we have
[ #ayde= [ gt) do = g(6) - gta).
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Proof. For any partition of [a, b], we have

9(b) = g(a)

n) — 9(wo)

g(x
9(wn) — g(Tn1) + g(Tn1) — ..o — g(x1) + g(w1) — g(x0)

l9(zr) — g(zr-1)]-

el
—

By mean value theorem, there is a point ¢, € (xj_1,x)) such that

g(wr) — g(xp—1) = g'(t) (wp — Tp-1)

a) = Zg'(tk)Axk

Let ¢ > 0 be given. Since f € R on [a,b], there is a partition P. of [a, b] such that P

'Pf, /f ) dz

finer than P, implies

<€

éf(tk)Al’k - fff(x) dr| < e.
b
— ‘g(b)—g(a)—/ f(z) dz| < e

Since € was arbitrary,

/ f(x) de = g(b) — g(a).

]

Theorem 3.6.2. Assume f € R on [a,b]. Let « be a function which is continuous on [a, b]

and whose derivative o' is Riemann integrable on |a, b|. Then the following integrals exist

/f ) daa /f

Proof. By the second fundamental theorem of calculus we have, for each x in [a, b],

and are equal:



By Theorem 3.5.2, we have

[ ey ae= [ ) acie)

where G(z) = [7 g(¢) dt.

[ e = [ sl [ o)

— /abf(a:) o/(x)dx:/abf(x)g(x) dz.

Putting g = o/, we get

Let us sum up

* We have prove the second fundamental theorem of integral calculus.

3.7 Change of Variable in a Riemann Integral

The formula f; [ da = fcdh dp of Theorem 2.6.1 for changing the variable in an

integral assumes the form

9(d) d ,
fla) dz = [ fla0)g @) .
9(c) ¢
when a(z) = x and when ¢ is a strictly monotonic function with a continuous deriva-
tive ¢’. It is valid if f € R on [a, b]. When f is continuous, we can use Theorem 3.5.1 to

remove the restriction that ¢ be monotonic. In fact, we have the following theorem:

Theorem 3.7.1. (Change of variable in a Riemann integral). Assume that g has a
continuous derivative g’ on an interval [c,d]. Let f be continuous on ¢([c,d]) and define

F' by the equation

F(z) = / f) 1) dt, if 2 € g(le.d).

Then, for each x in [c, d] the integral [* flg(t)]g'(t) dt exists and has the value F[g(x)]. In
particular, we have

g(d

g(c)

) d
f(x) d = / Flo(®lg'(¢) dt.
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Proof. Assume that g has a continuous derivative ¢’ on an interval [c,d]. Let f be

continuous on ¢([c, d]).

Since both ¢’ and the composite function f o g are continuous on [c, d|, the product
g'.(f o g) is also continuous on [c,d]. Therefore, [* f[g(t)]g'(t) dt exists for each z in
e, d].

Define G on |[c, d] as follows:

Ga) = [ flalg (0 dr

Claim: G(z) = Flg(x)], for all z in [, d].
By Theorem 3.5.1, we have

By chain rule, we have

= G(z) — F(g(x))=constant.

But, when = = ¢, we get G(¢) = 0 and F[g(c)] = 0, so this constant must be 0.
Hence G(x) = Flg(z)], for all z in [, d].
In particular, when x = d, we get G(d) = F[g(d)]. Therefore,

d 9(d)
/f(g(t))g'(t) dt:/ f(t) dt.

(c)

Let us sum up

* We have discussed the change of variable in a Riemann integral.
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3.8 Second Mean-Value Theorem for Riemann Integrals

Theorem 3.8.1. Let g be continuous and assume that f / on [a,b]. Let A and B be two

real numbers satisfying the inequalities
A< f(a+)and B > f(b—).
Then there exists a point x, in [a, b] such that

/f Jdz = A /axog(x)d:c—l—B/I:g(x)dw.

In particular, if f(x) > 0 for all x in |a, b], we have

i) [ @ =5 | jg<x> .

where z € [a, b].

Proof. To prove (i):
Let o(x fg ) dt. Then o/ = g.
Since ¢ is continuous, « is continuous.

Since f is increasing on [a, b], by Theorem 3.4.2, there exists a point z, in [a, b] such

/ ' (x) da(x) = f(a) [ a1 [ da(z)

/abf(:c) o/ (z)dx = f(a) /axo o (z)dz + f(b) /xj o (z)dx

that

/abf(x)g(qz)dw = f(a) /axog(ﬂﬂ)da: + f(b) /x:) g(z)dx

x0 b
:A/ g(x)dx+B/ g(x)dz,

where A = f(a) and B = f(b).
Now let A and B be any two real numbers satisfying A < f(a+) and f(b—) < B.

Then, we can redefine f at the endpoints a and b to have the values f(a) = A and

£(b) = B.
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The modified f is still increasing on [a, b].

Also we know that changing the value of f at a finite number of points does not affect
the value of a Riemann integral.

To prove (ii):

Consider

/ab F@)g(x)dz = A/:O o(z)dz + B/xj o(x)dz.

Putting A = 0, we have

Note: Part (ii) is known as Bonnet’s Theorem.
Let us sum up
* We have discussed the second Mean-Value Theorem for Riemann Integrals.

3.9 Riemann-Stieltjes Integrals Depending on a Param-
eter

Theorem 3.9.1. Let f be continuous at each point (x,y) of a rectangle
Q={(z,y):a<r<b c<y<d}.

Assume that « is of bounded variation on [a, b] and let F be the function defined on [c, d|

by the equation

F@:/fmwmm.

Then F' is continuous on [c, d]. In other words, if yo € [c, d], we have
b

lim [ f(z,y) da(x) :/ lim f(z,y) do(zx)

Y=Yo S, Y—Yo

- [ s dato)
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Proof. Let f be continuous at each point (z,y) of a rectangle

Assume that « " on [a, b].
Since f is continuous and () is compact, f is uniformly continuous on Q).
i.e., given € > 0, there exists a 0 > 0 such that for every pair of points z = (x,y) and

2 = (2/,y) in Q with |z — 2’| < J, we have

|f(z,y) — f(2,y)] <e

Let [y — /| < &, we have |(z,y) — (z,¢)] = V(@ —2?+@y—y)? = Vy—v)? =
ly —y'| <. Now,

|F(y) — F(y)| =

f95yd04 /fxy ) do(x

[f(l“ y) — f(x,y)|da(x)

/|fxy F(2,9)] da(z)
/ da(z) = ela(s) — a(a)].

This shows that F' is continuous on |[c, d].
Hence, lim F(y) = F(yo) (23)
Y—Yo
Since f is continuous, lim f(x,y) = f(z,yo).
Y—Yo

Therefore, (23) —

b
lim f(z,y) do(z /f:zcyodoz

Y—=Yo J,

_ / lim f(z,y) da(x),

Y—Yo

where y, € [c, d]. O

Theorem 3.9.2. If f is continuous on the rectangle [a, b] x [c,d], and g € R on [a, b], then

the function F’ defined by the equation

b
Fy) = / g(x)f(x,y) dr,

is continuous on [c,d]. That is, if yo € [c, d], we have
b

im [ g@)f(z,y) do = / 9(2)f (. 0) do.

Y—=Yo J,
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Proof. Let G(z) = [ g(t) dt, then, by Theorem 3.1.3 we have

= [ 1w dce)

Now applying Theorem 3.9.1, it follows that F' is continuous on [c, d] and we have

lim fxde /fmyOdG

Yy—=yo S,

b

. lim fmwammz/ﬂmmamm

Yy—=Yo J,

— lim f(:py dm—/fxyo

Y=Y J,

Let us sum up

* We have derived the Riemann-Stieltjes integrals depending on a parameter.

3.10 Differentiation Under the Integral Sign

Theorem 3.10.1. Let Q = {(x,y) : a < x < b, ¢ <y < d}.Assume that « is of bounded

variation on [a, b], and for each fixed y in [c, d|, assume that the integral

= [ 1w oo

exists. If the partial derivative D, f is continuous on @, the derivative F’(y) exists for each

y in (¢, d) and is given by

b
szfpﬁmwmw.

Proof. Let yo € (¢,d) and y # yo.

Consider




— /ab Dy f(,9) do(z),

where 7 is between y and y,.

Since D, f is continuous on (), by using Theorem 3.9.1, we have

F(y)—F b
lim LW = FW0) _ w0 [ D, g) doga)
Y=o Y — Yo y—=vo J,

_ / Dof(z,9) do(z)
F(y) = / Daf(z,5) do(z).

Let us sum up
* We have discussed differentiation under the integral sign.
3.11 Interchanging the Order of Integration

Theorem 3.11.1. Let Q = {(x,y) : a < x < b, ¢ <y < d}.Assume that « is of bounded

variation on [a, b], § is of bounded variation on [c, d], and f is continuous on Q. If (z,y) €

Q, define
/ffr:y ) da(z /f:cy dB(y

Then F' € R(f) on [¢,d], G € R(«a) on [a, b], and we have

/ ") daly) = / G(e) da).

In other words, we may interchange the order of integration as follows:

”/f”dmﬂda( /[/fwda()]dﬁ()

Proof. Let Q = {(z,y) :a <2 <b, ¢ <y <d} and assume that « is of bounded varia-
tion on [a, b], £ is of bounded variation on [c, d], and f is continuous on ().

For (z,y) € @, define
/fmydoz( ) and G(z /fa:ydﬁ
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Hence, by Theorem 3.9.1, F' is continuous on [c¢, d] and hence F' € R(f) on [c, d].
Similarly, G € R(«) on [a, b].

To prove: [* F(y) d3(y) = [ G(z) da(z

Assume o ' on [a,b] and 5 on [c, d].

Since f is continuous on () and @ is compact, f is uniformly continuous on Q).

i.e., Given ¢ > 0, there is a § > 0 such that for every pair of points z = (z,y) and

2 = (2/,y) in Q, with |z — 2/| < §, we have

[f(z,y) = @) <e

Let us now subdivide @ into n* equal rectangles by subdividing [a,b] and [c, d] each

into n equal parts, where n is chosen so that

b—a ) d—rc
<

)
—, < —.
Let
k(b — k(d —
Tp=a-+ (na)’ Yp = C+ (n C),(k:O,l,Z,....,n).

For k =0,1,2,....,n, we have
b d n—1 n—1 Thp1 Vi1
/ (/ f(x,y) dBly ) da(z) = ZZ/ </ f(z,y) dﬂ(y)) da(x).
¢ ¢ k=0 j=0 YTk Yj

We apply Theorem 3.4.1 twice on the right, we have

n—1 n—1 Tpt1
/Uﬁmﬂ?) =YX [ s B - Bldala),
k=0 j=0 v Tk
where ¥ € [y;, yj1]-
n—1 n—1

F @y, v5) [B(yi+1) — By)l[e(@nra) — o)),

e
I
Il
<)

0
where (z},,9;) € Qr,; having (zy,y;) and (zx41,y;41) as opposite vertices.

Similarly, we have

[ ([ s o))t :i&mu%WwMMMﬂ

J J
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We apply Theorem 3.4.1 twice on the right, we have

/ (/ f(z,y) da(z )dﬁ :Zlnzzf T Y BWj1) — Byp)la(@is) — ala)],

where (7, y;) € Q-

By uniform continuity of f, we have

Put F(y) = [ f(a () and G(z) = [ f(2,y) dB(y). Consider
/:G(x)da(x) / () - /a/Cfxydoz 0ot~ [ [ vyiate) asty !
= ZZf( U B(y5+1) = By)lla(zre) — alz)
- ZZﬂ y ) B1) = Byy)lamri) — alw)]

n—1 n—1

(@) = @ gl Bs1) = Blys)lla(@ie) — alay)]

< SOSTFhil) — £ty Bs1) — Bl l[ales) — alzy)]
k=0 j5=0
< EZW(%H

) = B S o) — alz)]
~ ofa)]

Since ¢ was arbitrary, we have

[ 6 date) = [ Fiw) aso)

”/f”dm)}dﬂ /{/fxydau]dﬁ()

Theorem 3.11.2. Let f be continuous on the rectangle [a,b] X [c,d]. If g € R on [a,b]

]

and if h € R on [c, d], then we have

/ab [/Cdg(x)h(y)f(x,y) dy} de = /Cd {/abg(x)h(y)f(:c,y) dx] .
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Proof. Let a(z) = [ g(u) du and B(y) = [’ h(v) dv. Apply Theorem 3.1.3 and 3.11.1,

/ab [/Cdg(x)h(y)f(%y) dy} dx = /Cd {/abg(x)h(y)f(x,y) dr | dy.

we have

Let us sum up

* We have derived the interchanging the order of integration.

Summary

* Discussed « is of bounded variation on [a, b] and assume that f € R(«) on [a, b].

Then f € R(«) on every subinterval [c, d] of [a, b].
* Necessary and sufficient conditions for existence of Riemann-Stieltjes Integrals.
* Derived first and second Mean-Value Theorem for Riemann-Stieltjes integrals.
* Discussed the first and second fundamental theorem of integral calculus.
* Discussed the change of variable in a Riemann integral.
* Discussed Second Mean-Value Theorem for Riemann Integrals.
* Derived Riemann-Stieltjes integrals Depending on a Parameter.
* Discussed differentiation Under the integral sign.

* Derived interchanging the order of integration.

Exercises

1. Give an example of a bounded function f and an increasing function « defined

on [a, b] such that | f| € R(«) but for which f: fda does not exist.

2. Let z,, be a sequence of functions of bounded variation on [a, b]. Suppose there

exists a function « defined on [q, b] such that the total variation of o — «,, on [a, b]
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tends to 0 as n — oco. Assume also that a(a) = a,(a) = 0 foreachn =1,2,---. If

f is continuous on [a, b], prove that

lim f / f(x)do(x
3. Assume g € R on [a,b] and define f(z) = [7 g(t)dt if € [a,b]. Prove that the

integral [ |g(t)|dt gives the total variation of f on [a, z].

4. Let f be a positive continuous function in [a,b]. Let M denote the maximum

value of f on [a, b]. Show that

1/n
nh—glo (/b f(x)"dx) = M.

5. Use Lebesgue’s theorem to prove that if f € R and g € R on [a,b] and if f(z) >
m > 0 for all z in[a, b], then the function A defined by h(z) = f(z)® is Riemann-
integrable on [a, b].
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Unit 4

INFINITE SERIES AND INFINITE
PRODUCTS

Objectives

After the successful completion of this unit; the students are expected

To recall the basic concepts of limit property, series and products.

» To analyse a given infinite series converge (or) diverge.

To understand the fundamental concepts of infinite series and infinite products.

To analyse and work problem related to double sequence and double series.

4.1 Double Sequences

Definition 4.1.1. A function f whose domain is Z" x Z™ is called a double sequence.

Definition 4.1.2. If a € C, we write lim f(p,q) = a and we say that the double
P,gq— 00
sequence f converges to a, provided that the following condition is satisfied. For every

e > 0, there exists an N such that |f(p,q) — a| < €, whenever both p > N and ¢ > N.

Theorem 4.1.3. Assume that lim f(p,q) = a. For each fixed p, assume that the limit
p,q—>00

lim f(p,q) exists. Then the limit lim ( lim f(p, q)) also exists and has the value a.
q—00 q—00

pP—00
Proof. For each fixed p, assume that the limit lim f(p, q) exists.
q—00

Let F(p) = lim f(p,q).
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Given € > 0, choose N; such that

€ .
|f(p7q)_a| < 57 pr>N1 and C]>N1- (CL)

Since, lim f(p,q) = F(p), V¥ p we can choose N, such that
q—00

Fp) = fp.a)l <5, if 4> Mo, (b)

where N, depends on p as well as on ¢. For each p > Ny, choose N; and then choose a
fixed ¢ such that ¢ = max {Ny, N>} .

For such p and ¢

|[F'(p) —al = |F(p)— f(p,q)+ f(p,q) — a
< |F(p) = f(p, )| + | f(p.q) — al
< f.°_

2 T
Thus, we have
|F(p)_a|<67 p>N1
which implies that
Jim F(p) = a.

]

Note : To distinguish lim f(p,q) from lim ( lim f(p, q)), the first is called a double
p,q—0 p—r00 q—00
limit, the second an iterated limit.

The following example shows that the converse of the above theorem is not true .

Example. Let

prq
f<p7q>_p2+q27 (p_1727 7q:1727 )
_ pq
i
lim f(p,q) = lim b =0
q q—00 2
q 2—2+1>



If p = ¢, then

_r _ 2

If p = 2¢, then
2¢> 2
f(p,q) 525

Hence, lim f(p,q) does not exist.
P,q—00

Let us sum up

The existence of the double limit lim f(p,¢q) and of lim f(p,q) implies the existence
p,q—0 q—00

of the iterated limit lim ( lim f(p, q)).

p—00 \ gq—0o0

Check your progress

1. Let f(m,n) =

, myn=1,2,.... Show that lim f(m,n) does not exist.
m-+n m,n—00

4.2 Double Series

Definition 4.2.1. Let f be a double sequence and let s be the double sequence defined by

the equation

s(poa) =) ) flm.n).

m=1n=1
The pair (f, s) is called a double series and is denoted by the symbol >  f(m,n) or, more

m,n

briefly, by > f(m,n). The double series is said to converge to the sum a if

lim s(p,q) = a.

p,g—00

Note : Each pair f(m,n) is called a term of the double series and each s(p,q) is a
partial sum.
If Y f(m,n) has only positive terms, it is easy to show that it converges if and only if

the set of partial sums is bounded.

Definition 4.2.2. We say that >, f(m,n) converges absolutely if > | f(m,n)| converges.
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Let us sum up

* We introduced the concept of double series and its convergence.

4.3 Rearrangement Theorem for Double Series

Definition 4.3.1. Let f be a double sequence and let g be a one-to-one function defined
on Z* with range 7" x Z*. Let G be the sequence defined by

G(n)=flgn)] ifnelZ".
Then g is said to be an arrangement of the double sequence f into the sequence G.

Note : Let {fi, f,....} be a countable collection of functions, each defined on Z¥,

having the following properties:
a) Each f, is one-to-one on Z*.
b) The range f,,(Z7") is a subset @,, of Z™.
c) {Q1,Qo,...} is a collection of disjoint sets whose union is Z™.

Let > a, be an absolutely convergent series and define
bk(n) = Qg (n), if ne Z+, keZ".

Then:
i) For each k, )7, by(n) is an absolutely convergent subseries of 3 a,,.

[e.e]

ii) If s, = > .~ br(n), the series > s, converges absolutely and has the same sum as
k=

- 1

Z Qg.

k=1

Theorem 4.3.2. Let > f(m,n) be a given double series and let g be an arrangement of

the double sequence f into a sequence GG. Then

a) > G(n) converges absolutely if and only if > f(m,n) converges absolutely. Assum-

ing that > f(m,n) does converge absolutely, with sum S, we have further:

b) f;l G(n) = S.
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c) Z f(m,n) and Z f(m,n) both converge absolutely.

n= m=1

d If A, Z f(m,n) and B, i f(m,n), both series A,, and B,, converge abso-

m=1

lutely and both have sum S. That is,

ZZf(m’n):ZZf(m7n):S

m=1n=1 n=1 m=1

Proof. To prove (a): Assume > G(n) converges absolutely.
Claim : ) f(m,n) converges absolutely.

Let T, = |G(1)| + .... +|G(k)| and let

=> > If(mn)l.

m=1 n=1
We know that, a double series of positive terms converges if and only if the set of
partial sums is bounded.
Hence, for each k there exists a pair (p, ¢) such that 7, < S(p, q).
Hence, > |G(n)| has bounded partial sums.
Hence ) f(m,n) converges absolutely.
Conversely, assume » . f(m,n) converges absolutely.
Claim : ) G(n) converges absolutely.
For each pair (p, q), there exists an integer r such that S(p,q) < T,.
Hence, Y |f(m,n)| has bounded partial sums.
Hence ) G(n) converges absolutely.
To prove (b): Now assume that »_ | f(m,n)| converges.
Before we prove (b), we will show that the sum of the series >  G(n) is independent
of the function ¢ used to construct G from f, where ¢ is an arrangement of the double
sequence f into the sequence G.
Let h be another arrangement of the double sequence f into a sequence H.

Then we have

G(n) = flg(n)] and H(n) = fh(n)].

= G(n) = H[k(n)], where k(n) = h™[g(n)].

Since k is a one-to-one mapping of Z* onto Z™", the series Y H(n) is a rearrangement
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of Y G(n).
Hence, > H(n) and ) _ G(n) has the same sum.
Let us denote this common sum by 5’.
To prove : S = 5.
Let 7= lim S(p,q).
P00

Given € > 0, choose N such that

\T—S(p,q)]<§ if p>N and q¢> N.

Now write
k p q
tk:ZG(n)a S(p,Q) = Zz.f(m7n)
n=1 m=1 n=1

Choose M such that ¢), includes all terms f(m, n) with
1<m< N+1, 1<n<N+1.

Then ¢, — s(N + 1, N + 1) is a sum of terms f(m, n) with either m > N orn > N.

If n > M, we have

ltar —s(N+ 1L, N+ 1) < |t, —s(N +1,N +1)|

<T-S(N+1,N+1)<

N ™

Similarly,

S—s(N+1,N+1)|<T-S(N+1,N+1)<

DO | ™

lt, =S| =1|th —s(N+1,N+1)+s(N+1,N+1)— 9]
<|th —=s(N+1L,N+1)|+|S—=s(N+1,N+1)

<z + 5 =€

€
2 2
Hence, |t, — S| < ¢ whenever n > M.

Hence, t,, — S as n — oc.

Since lim ¢, = 5,
n—oo

S'=28.
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To prove (c):

Now the series i f(m,n) and i f(m,n) are subseries of > G(n).

By (a), we haven:1 "

i f(m,n) and i f(m,n) both converge absolutely.

ZLl"?)lprove (d): "

Let A, = i f(m,n)and B,, = i f(m,n).

By note, V\;le: 1have "

The series A,, = §1 f(m,n)and B, = §1 f(m,n) both converge absolutely,

and both have the same sum S.

i.e., ZZf(m,n) = ZZf(mm) =S.

m=1n=1 n=1 m=1

]

Note : The series > > f(m,n)and > > f(m,n) are called iterated series. Con-

m=1n=1 n=1m=1

vergence of both iterated series does not imply their equality. For example, suppose

1, ifm=n+1 n=12 ..,
f(m,n) =< —1, ifm=n—1,n=12,..,
0, otherwise.

Then

ZZf(m,n)z—l, but ZZf(m,n)zl.

m=1n=1 n=1m=1
Let us sum up

* We have derived the necessary and sufficient conditions for the rearrangement

of a double series.

4.4 A Sufficient Condition for Equality of Iterated Se-
ries
Theorem 4.4.1. Let f be a complex-valued double sequence. Assume that i f(m,n)

n=1

converges absolutely for each fixed m and that

> Iftmn),

m=1 n=1
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converges. Then:

a) The double series Y f(m,n) converges absolutely.

m,n

b) The series i f(m,n) converges absolutely for each n.

m=1

c¢) Both iterated series io: i f(m,n) and i i f(m,n) converge absolutely and we

have n=1m=1 m=1n=1
YooY fmn) =YY flmn) =Y f(m,n).

Proof. To prove (a):

Let g be an arrangement of the double sequence f into a sequence G.
All the partial sums of ) |G(n)| are bounded by i i |f(m,n)|.
Hence, > G(n) is absolutely convergent. e

By Theorem 4.3.1(a), the double series ) f(m,n) converges absolutely.
To prove (b): o

The series i f(m,n) is a subseries of > G(n).

m=1

By (a), we have i f(m,n) converges absolutely for each n.
m=1
To prove (c):
By Theorem 4.3.1(d), we have i i f(m,n) and ioj i f(m,n)both converge abso-

n=1m=1 m=1n=1

lutely, and

ZZf(mvn) = ZZf(mvn):Zf<mvn)

n=1 m=1 m=1n=1

]

Theorem 4.4.2. Let > a,, and > _ b, be two absolutely convergent series with sums A

and B, respectively. Let f be the double sequence defined by the equation
f(m,n) = apb,, if (m,n) € Z* x Z+.
Then Y f(m,n) converges absolutely and has the sum AB.

m,n

Proof. Let f be the double sequence defined by the equation
f(m,n) = a,by, if (m,n) € Z* xZ".
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Consider,

(10013 0

n=1

I
WE

0o 00
> lam| 3 [bal
m=1 n=1

3
1§

o0

(Z )

iimmub |

m

= Z Z A .

m=1

[
HMS

Therefore,

= Z Z |G |-

m=1 n=1
By Theorem 4.4.1, the double series ) a,,b, converges absolutely and has the sum

AB.

m,n

Hence, >  f(m,n) converges absolutely and has the sum AB. O

m,n

Let us sum up

* A sufficient condition for the equality of iterated series has been derived.

4.5 Multiplication of Series

Definition 4.5.1. Given two series > a, and > b,, define

n=0 n=0

Co =Y bk, ifn=0,12, .

k=0

The series Y . ¢, is called the Cauchy product of > a,, and > b,,.

n=0
Note : This definition may be motivated as follows. If we take two power series » _ a,, 2"
and ) b, 2", multiply them term by term, and collect terms containing the same power

of z, we get

Zanzn anz ao+a12’+a2z + - )<b0+b12+b222—|—)

n=0 n=0

= aob() + ((lobl + Cblbo)Z + .-
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2
=cyt+Ccr1z+coz” + -

Setting z = 1, we arrive at the above definition.
Absolute convergence of both > a,, and } b, implies convergence of the Cauchy prod-
uct to the value
iC” = (ian) (ib")
n=0 n=0 n=0
This equation may fail to hold if both > a, and " b, are conditionally convergent. It

is valid if at least one of > a,,, > b, is absolutely convergent.

Theorem 4.5.2. (Mertens). Assume that > a, converges absolutely and has sum A,

n=0

and suppose > b, converges with sum B. Then the Cauchy product of these two series
n=0

converges and has the sum AB.

Proof. Define

A

I

)
=
o
3

I
S
F
Qo
o]
o,
3

|
o
3

k=0 k=0 k=0

where ¢, = agb,_p, if n=0,1,2,---.

Let
d, =B — B, and e, = Zakdn_k.
k=0
Then
p p n p p
Co=) &= Wbk =Y Y fulk), (25)
k=0 n=0 k=0 n=0 k=0
where

akbn—k7 n > ku
n k) =
fa(k) {O, n <k.

Then (25) becomes

G =33 ful®)

k=0 n=0

p p
= Z Z b

k=0 n=k
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k=0 m=0
p n
=Y aBpi (Bu= b
k=0 k=0

p
k;o )
= Z arB — Z ardp—r,
k=0 k=0
p p
=B Zak — Z akdp_k
k=0

k=0
n

= ApB —€p ( e, = Z akdn_k).
k=0

It suffices to show that e, — 0 as p — 0.

We know that if } a, is convergent then a,, — 0 as n — oc.
Hence, the sequence {d,,} converges to 0, since B = ) _ b,.
Since every converges sequence is bounded, {d,, } is bounded.
Hence, We can choose M > 0 such that |d,| < M for all n.
Let K = 3 |ay).

By our asnszomption, > a, converges absolutely.

Hence, given ¢ > 0, choose N such that n > N implies
|dn| < 5% €. {d,} converges to 0)

and also

> |an| < 55;-(by Cauchy criterion)
n=N+1

Then, for p > 2N, we can write

p

leol = | D ardy i

k=0

N p
= Zakdp_k+ Z akdp_k
k=0

k=N+1
p

Z akdp_k

N
k=N+1

Z akdp—k:
p

k=0
N

< lawlldpil + > larlldy—]
k=0

k=N+1

IN

+

105



N p
€
Sﬁ;|@k|+M >l

k=N+1

S lad + M7
k=0

k=N+1

IA

€ €
— K4+ M—
2K + 2M
<E+E:e
2 2 '

IN

— e, —0 as p—oo.
Now C, = A,B — ¢,

— lim C, = lim A,B — lim e,.

p—o0 p—o0 p—00

— (' = AB.

Hence the proof. O

Let us sum up

* In this section, we have defined the notion of Cauchy product of two series and

discussed the possibility of finding the sum of such series.

4.6 Cesaro Summability

Definition 4.6.1. Let s, denote the n'" partial sum of the series >_ a,,, and let {0, } be

the sequence of arithmetic means defined by

The series Y a, is said to be Cesaro summable (or(C, 1)summable) if {0, } converges. If

lim o, = S, then S is called the Cesaro sum (or(C, 1)sum) of > a,, and we write

Y an=5 (C, ).

Example 1. Leta, = 2", 2| =1, 2 # 1.



Let s, be the n'* partial sum of 3" a,,.

1., Sp,=a1+as+....+a,

= Zn+1
R S
Putn =1,2,...,n. We have
2 22 z 23 2
T T T T I,

nz z
= - 1 2!
e 1+z4+...+2z )]
1 nz 22 [1—2"
T nll—z 1-2\1-2
2 _an
o = z 2*(1—2™)
1—2z n(l-2)2
21_n
lim o, = —1mz( )
n—00 — 2 nooo n(l — z)2
We know that lim + = 0.
n—oo
z
li =
ol

If a,, = 2"!, then

1—=z
n=1
Putting z = —1, we have
- n—1 1
Y=o (G
n=1




Example 2. Let a,, = (—1)""!n.

s1+ -+ 5n
—

Op =

Let s, = a; + as + - - - + a,, be the n'" partial sum of 3" a,,.

Forn=1,2,---, we have
ap=(-)"1=1a=(-1)*"2=-2a3=3, -
Then

s1=1, so=a1+ay=1—-2=—-1, s3=a1+ay+a3=1—-2+3=2,---

{—% if niseven
Sp =

ntl 1f nis odd

0 if nis even

n+1 ; ;
= if nis odd

0 if niseven
o if nis odd
1+ 1
Confl n( +") 1
lim —— = lim ——% = —.
. ) 1
Solimanf o, =0 and lim sup o, = —.
n—00 n—00 2

Hence > (—1)""'n is not (C, 1) summable.

Theorem 4.6.2. If a series is convergent with sum S, then it is also (C, 1) summable

with Cesaro sum S.

Proof. Given ) a,, convergent with sum S.
Let s, denote the nth partial sum of the series > a,,.
ie., lim s, = 5.

n—o0

Define




and introduce
th=58,—95 and 7, =0, — 5.

To prove : lim o, = S.

n—o0

It is sufficient to prove that sequence 7,, — 0 as n — oc.

Now,

Tn=0p— S
s1+8g+ -+ 8y ( $1+SQ+"'—|—Sn)
—S oy, =
n
b+S+b+S5S+--+t+5

n

_nS+t1+t2+-~~+tn_S

n
_+ —_
n n

ti+tot -+,
=S5+ -5
n

ittt

n .

S

tt by + o+t
oAttt (26)

n

Since {s, } converges to S and ¢,, = s,, — S.

lim t, = lim (s, —S5) = lim s, —S=5—-5=0.

n—oo n—oo n—oo

Solimt,=0
n—oo

i.e., {t,} is converges to zero.
Hence, ¢,, is bounded and there exist a constant A > 0 such that |¢,,| < A.
Since t,, — 0 as n — oo, given € > 0, choose N such that n > N implies |¢,| < e.

Taking n > N in (26), we obtain

t1+ta+....+t,
70| =
n
B t1+to+ ... FIn+ing + ...+ s
n
< t1+to+ ...+ tn n INg1 + ... F 1y
n n

109



< [t1| + [to] + ... +[tN] N [tns1| + oo+ |t

n n
N.A ne N.A
= —_— - = + €
n n n
Therefore,
|Th| < —— + €
Since e was arbitrary, we have
N.A
70| < ——
We know that £ — 0 as n — oo.
oo lim 7, = 0.
n—oo

Twn=0,—S — lim7,=limo,— S5
n—o0 n—oo

— 0=1lmo,—S = limo,=25.
n—o0 n—o0

Hence > a, =5 (C, 1). O

Note : We have really proved that if a sequence {s,} converges, then the sequence

{o,} of arithmetic means also converges and, in fact, to the same limit.

Let us sum up

* In this section, we have defined the notion of Cesaro summability of a given

series and we have proved that every convergent series is Cesaro summabale.

Check your progress

1. Show the series cos z + cos 3z + cosbx + - -+ (x real,  # mm) has (¢, 1) sum 0.

4.7 Infinite Products

This section gives a brief introduction to the theory of infinite products.
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Definition 4.7.1. Given a sequence {u,} of real or complex numbers, let

Plzul, P2:U1U2, Pn:u1u2--~un:Huk. (27)
k=1

The ordered pair of sequences ({u,},{F,}) is called an infinite product (or simply, a
product). The P, is called the nth partial product and u, is called the nth factor of the

product. The following symbols are used to denote the product defined by (27):

o0
wty -y, [ un (28)
n=1
o o0
Note : The symbol [[ wu, means [] uy.,,. We also write || when there is no danger
n=N+1 n=1
of misunderstanding.

By analogy with infinite series, it would seem natural to call the product (28) conver-
gent if {P,} converges. However, this definition would be inconvenient since every
product having one factor equal to zero would converge, regardless of the behavior of

the remaining factors. The following definition turns out to be more useful:

Definition 4.7.2. Given an infinite product [ uy,, let P, = ] us.
n=1 k=1

a) If infinitely many factors u,, are zero, we say the product diverges to zero.

b) If no factor u,, is zero, we say the product converges if there exists a number P # 0
such that {P, } converges to P. In this case, P is called the value of the product and

o0
we write [[ u,. If {P,} converges to zero, we say the product diverges to zero.

n=1

c) If there exists an N such that n > N implies u, # 0, we say [] w, converges,

n=1
provided that [] w, converges as described in (b). In this case, the value of the
n=N+1

oo
product [] u, is

n=1

d) lo_o[ u., is called divergent if it does not converge as described in (b) or (c).

n=1

o0 1 o0 1

Example : [] (1 + —) and [] <1 — —) are both divergent.
n=1 n n=2 n

In the first case, P, = n + 1, and in the second case, P, = .

[y
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Theorem 4.7.3. (Cauchy condition for product). The infinite product [ [ u,, converges

if and only if for every ¢ > 0 there exists an N such that n > N implies
|Unt1Unto. i — 1| <€, fork=1,2,3--- (29)

Proof. Assume that the product [ ] u,, converges.

To prove : For every ¢ > 0 there exist an /N such that n > N implies
[Uns1Ungetpip — 1| <€, fork =123, ..

We can assume that u,, # 0 for all n.

Let P, = wjus.....u, and nh—{& P, =P

Since u,, # 0 for all n, P, # 0.

Then P # 0 and there exists a M > 0 such that |P,| > M.

Now {P,} satisfies the Cauchy condition for sequences.

Hence, given ¢ > 0, there is an N such that n > N implies
|Poik — Pl < eM,  for k=1,2,---

Now dividing by | P, | on both sides, we get
\Posr — Pu|  Me

<
| Pl | Pl
Pn-l—k_Pn <M€
P, M
P,
— ‘ mE ] <€
P,
U1U2"'Un+k_1 <€
ULU * * * Uy,

’un+1un+2"'un+k_1‘ < € fork: 1,2,"'
Conversely, assume that for every ¢ > 0 there exists an N such that n > N implies
[Up1Unso - Unip — 1| <€,  fork=1,23,---

To prove : [] u, converges.
Now n > N implies u,, # 0.
Suppose u,, = 0 when n > N.

By our assumption
[Upy1Ungo - Upip — 1] <€ = |0 —1| <,
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i.e., ¢ > 1 which is impossible.

Up, # 0.

For e = 5, by (29), there exists NV, such that

1

29
1

[Una1Unan -+ Upag — 1] < 5 fork=1,23....

From (29), we have

—_

UNy+1UNp42 ** Up — 1] < =

1
= |q, — 1| < =
|40 =1 < 3

(]

— 1
= — <q - 1<=
g =1 2

:>1< <3
g S5

Hence, if {¢,} converges it cannot converge to zero.
To show that {¢,} converges.
Let € > 0 be arbitrary.

From (29), we have

UNo+15 UNg+25 -+ Uny Up41yoeeey Untk 1l <.
UNo+15 UNy+25 ----Un
Gn+k
—1| <e€
dn
Gn+k — Qdn
— | <€
an
|Qn+k - in
— — < €
|Gn]

3€
- ’qn+k - Qn‘ < 6’Qn| < 3

Hence, {q¢,} satisfies the Cauchy condition for sequences.
Hence, {¢,} is convergent.

Hence the product [ [ u,, converges.
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Note : Taking & = 1 in (29), we find that convergence of [ [ u,, implies lim w, = 1. For
n—oo
this reason, the factors of a product are written as u,, = 1 + a,,. Thus convergence of
[1(1 + a,) implies lim a, = 0.
n—oo
Theorem 4.7.4. Assume that each a,, > 0. Then the product [[(1 + a,) converges if and

only if the series > a,, converges.

Proof. Assume that each a,, > 0 and the series ) a,, converges.
Consider e® =1+ x + 3—? + ...
= e*>1+ux. forallz e R

It is enough to consider
14+ a2 <e* forall z > 0. (30)

Putting = = a, in (30), we get

14+a; <e*
Putting x = ay in (30), we get

14+ ay <e*?
Putting x = a,, in (30), we get

1+a, <e*

Multiplying above inequalities, we get

(14 a)(1 4+ ag).....(1 + a,) < e .e®..... e’

= (]- + a1)<]— + CLQ) ...... (]_ -+ an) < ea1+a2+ ..... +an
But
a; +as+ ... +ap, < (I+a)(1+as).... (1+ay,)
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sartagt o ta, < (T+a)(1+ag)...(1+a,) < ettt
Putting s, = a; + az + ..... + a, and P, = (1 4+ a1)(1 + ag)......(1 + a,), we get
oSy < P, <e™ Vn (31)

Since a,, > 0, the sequences {s, } and {P,} are monotonically increasing.
We need only show that {s,} is bounded if and only if { P,,} is bounded.
If i a, is convergent to S, then nll—{Eo Sp =95,
Fr?;rll (31), we have P, < ¢° for all n.
Hence, {P,} is bounded above by e°.
— {P,} is convergent.
Hence the infinite product [[(1 + a,,) converges.
Conversely, assume that [[(1 + a,,) converges.
To prove : the series ) a,, converges.
[1(1 + a,) converges —> the sequence { P, } is convergent.
ie., lim P, = P(say).
n—yoo
s, < P, s, < P forall n.

Therefore, s,, is bounded above and hence convergent.

Hence the series ) a,, converges.

]

Definition 4.7.5. The product [[(1 + a,) is said to converge absolutely if [[(1 + |a,|)

converges.
Theorem 4.7.6. Absolute convergence of [[(1 + a,,) implies convergence.

Proof. Assume that [[(1 + a,) is absolutely convergent.
i.e., [[(1+ |ay|) is convergent.
To prove : [[(1 + a,) is convergent.

Let P, = (1 +a1)(1 +ag).....(1 + ayp).

Poir 4

Let € > 0 be given. Choose n > N such that | %

<e V k>1,

— 1| <e

= (14 ans1)(1 4 any2)eeeeec (1 + apyp) — 1] < e
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But

|(1+an+1)<1+an+2> ...... (1+a,n+k) — ].‘ S (1+ |an+1|)(1+|an+2|) ...... (]."‘ |an+k|) — 1.

Hence, by Cauchy’s general principle of convergence, the infinite product [] (1 + a,)
n=1

is convergent.

]

Theorem 4.7.7. Assume that each a,, > 0. Then the product [[(1 — a,,) converges if and

only if the series > a,, converges.

Proof. Assume > a,, converges and a,, > 0.

Let s, = a; + as + .... + a, be the nth partial sum of the series > a,,.
Since ) a,, converges, nll_}I{.IO s, = S(say).

Let P, = (1 —aq).....(1 — ayp).

To prove : P, converges.

Now

— P, <8S.

Hence, P, is bounded by S, P, converges.

Hence the product [[(1 — a,,) converges.

Conversely, assume that the product [[(1 — a,,) converges.

To prove : ) a,, converges.

Suppose > a, diverges.

If {a,} does not converge to zero, then [[(1 — a,,) also diverges.
Therefore, we can assume that a,, — 0 as n — oc.

Discarding a few terms if necessary, we can assume that each a,, < 3.
Hence,1—a, > 1 = 1—a, #0foralln.

Let

P,=01-a)(l—-ag).....1—a,) and ¢,=(14+a1)(1+as)....(1+ay).
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Now

(1—ap)(1+ap)=1—a <1
— (l—ak)(l—f—ak)gl

1

If g, — +o00 as n — oo, then P, — 0 as n — oo.
By the part (b) of Definition 4.7.2, it follows that [[(1 — a,,) diverges to 0.
This is a contradiction to our assumption that [[(1 — a, ) converges.

Hence ) a,, converges. O

4.8 Power Series
An infinite series of the form
ag + ian (2 — 20)"
n=1
written more briefly as
i an (2 — 2)" (32)
n=0

is called a power series in z — z,. Here z, 2, and a,(n = 0,1,2,...) are complex
numbers. With every power series (32) there is associated a disk, called the disk of
convergence, such that the series converges absolutely for every z interior to this disk
and diverges for every z outside this disk. The center of the disk is at z, and its radius
is called the radius of convergence of the power series. (The radius may be 0 or +cc in
extreme cases.) The next theorem establishes the existence of the disk of convergence

and provides us with a way of calculating its radius.

Theorem 4.8.1. Given a power series Y a, (2 — zo)", let
n=0

1
A =limsup /|a,|, r= T

n— oo
(Where r = 0 if A = +oo and r = +oo if A = 0). Then the series converges absolutely if
|z — 29| < r and diverges if |z — zo| > r. Furthermore, the series converges uniformly on

every compact subset interior to the disk of convergence.
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Proof. Now

limsup {/|a, (z — 20)"| = limsup V/|a.|1/]z — 20|"
n—oo

n—oo

= limsup {/|a,||z — 20

n—oo

1

= ;|z — 2.
Hence, by root test the series Y a, (z — 29)" converges absolutely if |z — 25| < r and
diverges
if |z — 29| > 7.
Next we prove the series converges uniformly on every compact subset interior to the
disk of convergence.
Let T' be a compact subset of the disk of convergence. Then there is a point p in 7" such

that z € T implies

|z — 20| <|p— 20| <r

= |z — 2" < |p—2|" <"

Hence, |a, (z — 20)"| < |an (p — 20)"| for each z in T.

o
By Weierstrass M -test, the series >_ a, (2 — z0)" converges uniformly. O

n=0

an

Note : If the limit lim
n—oo
of (32).

exists, its value is also equal to the radius of convergence

Example 1. Find the radius of convergence of ) z".
n=0

(o) o0
Z an(z — 29)" = Z 2"
n=0 n=0

here a,, = 1 and 2, = 0. Now

r = lim r=1

n—oo n—0o0

. 1
= lim |-
an+1

r=1.



If |z| = 1, the series diverges, since {2"} does not tend to 0 as n — oo.

Example 2. Find the radius of convergence of  2;.
n=0
here a,, = .
1 2
— lim _1/n"
(n+1)2

r = lim
n—oo

Qp41

It converges for all z with |z| = 1, by the comparison test, since |2"/n?| = 1/n?.

Example 3. Find the radius of convergence of ) =
n=0
here a, = 1

gﬁ%ﬁﬁ

r = lim
n—oo

an+1

The series diverges if z = 1. It converges for all other z with |z| = 1.

o0
Theorem 4.8.2. Assume that the power series ) a,(z — zy)" converges for each z in
=0

B(zp; 7). Then the function f defined by the equaTtLlon
F(2)=> an(z—2)", if z € Blao;r), (32)
n=0

is continuous on B(zp;r).

oo
Proof. Assume that the power series > a,(z — zp)" converges for each z in B(z;r).
n=0

It is clear that each point in B(zy; ) belongs to some compact subset of B(zy;r).
Let 29 € B(zo;7).

e}

B ) = ) = i, S =

n=0
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= lim f(2) — f(20) =0 = lim f(2) = f(20).

Z—20 Z—r20

Hence, f is continuous at z.

Since z, is arbitrary, we have f is continuous on B(zp; 7). O

Note : The series in (32) is said to represent f in B(zo;r). It is also called a power

series expansion of f about z.

Theorem 4.8.3. Assume that > a,(z — zy)" converges if z € B(zg;r). Suppose that the

equation
f(2) = an(z—2)",
n=0

is known to be valid for each z in some open subset S of B(zy;r). Then, for each point z;
in S, there exists a neighborhood B(z; R) C S in which f has a power series expansion

of the form

F(z) =) b(z— 2k, (33)
where
by, = 2 (Z) an(z — 20)" % (k=0,1,2,....). (34)

Proof. Letz € S.

Now

f(z) = Z%(Z —2z)" = Z an(z— 21+ 21 — 2)"

where
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Now choose R such that B(z; R) C S and assume that z € B(zy; R).
z€ B(z1;R) = |z — 21| < R.

Then the iterated series > > ¢,(k) converges absolutely, since

n=0 k=0
S lenl®) =D lanl(lz = 21| + |21 — z])"
n=0 k=0 n=0

NE

lan|(z0 + |2 — 21| + |21 — 20| — 20)"™

3
Il
o

NE

|an(z2 — 20)" (35)

i
o

where

z=z0+|z—21|+|z1— 20 = z2—20=|2—21|+ |21 — 20

- |22—20’<R+’21—Zo|§7“,

and hence the series in (35) converges.

Hence, by theorem 4.4.1, we can interchange the order of summation to obtain

P =323 et =33 (Joue =)' — 0
- be(z — 21)",
k=0

where

Note : For any R > 0 that satisfies the condition
B(z;R) C S.

Theorem 4.8.4. Assume that > a,(z — z)" converges for each z in B(zy;r). Then the

function f defined by the equation
f2) = aulz—20)" if =€ Blar), (36)
n=0
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has a derivative f'(z) for each z in B(zo;r), given by

f'(z)= Z na,(z — z)" . (37)

Proof. Assume that z; € B(zg; 7).

Hence, by theorem 4.8.3, f has a power series expansion of the form
f(z) = bz —20)",
k=0
where

by, = i (Z) an(z1 — 20)" % (k=0,1,2,..) (38)

n=~k
Let z € B(z; R) and z # z,, we have
f(z) = f(z1) = bi(z — 21) + Z Dy (z — 20)H
k=1

= bl + Z bk+1(2 — Zl)k.
k=1

f(z) = f(=1)

Z— 21
By theorem 4.8.2, f is continuous on B(zy; 7).

- lim f(z) = f(z1)

221 Z—2

_ . L \k
= bl + zh—>I£l1 ; bk+1 (Z 21)

= f'(z1) =

To find b;:
Putting k£ = 1 in (38), we get

by = i (T) (21 — 20)"!

n=1

o0
= Znan(zl — )" L
n=1

Since 2z, is an arbitrary point of B(zy;r),

) =) nan(z— z)"
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Note : The series in (36) and (37) have the same radius of convergence.
By repeated application of (37), we find that for each k = 1,2, ..., the derivative f*)(z)

exists in B(zp;r) and is given by the series

F9) = 3 = ) (59

If we put z = 2z in (39), we obtain the important formula
f®(2) =Klap, (E=1,2,...).

This equation tells us that if two series  _ a,(z — z9)" and > b, (z — zo)" both represent
the same function in a neighborhood B(z;r), then a,, = b, for every n.
i.e., the power series expansion of a function f about a given point z, is uniquely

determined, and it is given by the formula

s =3 L8y,

n

valid for each z in the disk of convergence.

Let us sum up
* We have discussed the concept of power series.
* We have discussed radius of convergence.

* We have solved example of radius of convergence.

4.8.1 Multiplication of Power Series

Theorem 4.8.5. Given two power series expansion about the origin, say
f(z) = ianz”, if z € B(0;r),
n=0
and
g(z) = ibnz”, if z € B(0; R).
n=0
Then the product f(z)g(z) is given by the power series

F(2)g(z) = 3" 0", if = € B(0;r) N B(O: R),
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where
cn:Zakbn_k (n=0,1,2,...).
k=0

Proof. The Cauchy product of the two given series is

F(2)9() = a0z 3 b
n=0 n=0

= (ag + a1z +agz® + - )(bo + brz + by2® + -+ )
= aobo + (aobl + albo)z + (aobg + (llbl + a2b0)22 +

2
=ctcz+coz” + -

o n
= E cp2", where ¢, = E bp_t.
n=0 k=0

Note : If the two series are identical, we get

n
where ¢, = > apan_ = Y. Gy Gm,-
k=0

mi1+meo=n

The symbol >  indicates that the summation is to be extended over all nonnega-
mi1+meo=n

tive integers m; and my whose sum is n.

Similarly, for any integer p > 0, we have

where

mi1+meo+..... +mp=n

4.8.2 The Taylor’s Series Generated By a Function

Definition 4.8.6. Let f be a real-valued function defined on an interval I in R. If f has
derivatives of every order at each point of I, we write f € C* on .
If f € C* on some neighborhood of a point c, the power series

4 (e
Zf '()(‘T—C)nv

n
n=0

is called the Taylor’s series about c generated by f.
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Note : Taylor’s formula states that if f € C* on the closed interval [a, b] and if ¢ € [a, b],

then for every x in [a, b] and for every n, we have

Z f(k) (o o f(n) (x1) (z— ",

n!

where x; is some point between x and c. The point x; depends on z, ¢ and on n.

A necessary and sufficient condition for the Taylor’s series to converge to f(z) is that

lim f(")(xl)

n—oo n!

(x —c)" =0.

Theorem 4.8.7. Assume that f € C* on [a,b] and let ¢ € [a,b]. Assume that there is a
neighborhood B(c) and a constant M (which might depend on c) such that |f™(z)| <
M?™ for every z in B(c) N [a,b] and every n = 1,2, .... Then, for each z in B(c) N [a, b], we

have

.CE—C

4.8.3 Bernstein’s Theorem

Theorem 4.8.8. Assume f has a continuous derivative of order n + 1 in some open

interval I containing ¢, and define E(x) for x in I by the equation

e,
f(z) = Z / k:!( )(x —o)f + B, (2). (40)

Then E,(x) is also given by the integral

E,(z) = % / (= ) O (1)t (41)

Proof. The proof is by induction on n.

Putting n = 1 in (40), we have




where u(t) = f'(t) — f'(c) and v(t) =t — x.
Integration by parts gives

T

/9«“ u(t) dv(t) = u(x)v(x) — u(c)v(c) — / v(t) du(t)

C

-/ “(— ) ()

. Bu(z) - / @ — 0 (.

The result is true for n = 1.

Now we assume that the result is true for n.

To prove the result is true for n + 1:

From (40) we have

=0
n+l c
=0
n k c N (n+1) c .
=f<x>—;fk(! oo = £ -
f(n+1)(c) .
Bl = Gy
(n+1) (¢
L B () = Eu(x) - Jznjr 1()') (x — )"

Now

(n+1)/cm(x—t)"dt= (”+1>{(w_t)n+l(_l>I - [_ (x_t)nHI

n+1
= —(z—2)"" + (z — )"
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Hence, putting E,(z) = & [*(z — )" f"*(¢)dt and using (z — ¢)"*' = (n+ 1) ["(2 —
t)"dt in (42), we get

Bu@) = 5 [[e e wa - O [ aya

n!
X

=~ [ [ - o) a

e

where u(t) = fO+D(t) — fOFD(c) and v(t) = —(z — t)"*!/(n + 1).

Integration by parts gives us

Byor(n) = — & / " o(t)du(t)

n!

L[ (=t
:H/C (n+1) Fr) di
1

BNCES [ oo a

(n+1)!
This proves (41). l

Note : The change of variable ¢t = x + (¢ — x)u transforms the integral in (41) to the

form

1
E,(z) = T/o u" fO [z 4 (¢ — z)u)du.

Theorem 4.8.9. (Bernstein). Assume f and all its derivatives are nonnegative on a
compact interval [b,b+ r|. Then, if b < x < b+ r, the Taylor’s series

>, fk)

k=0

converges to f(x).

Proof. By a translation we can assume b = 0.
The result is trivial if z = 0.
Hence, we assume 0 < x < r.

We use Taylor’s formula with remainder and write




We will prove that the error term satisfies the inequalities

0< B < (5)" 50 (14)

r

This implies that E, (z) — 0 as n — oo, since (z/r)"* — 0if 0 <z < r.
To prove (44):

Consider

E,(z) = —)n+1/0 u" f" I [z + (¢ — x)uldu. (45)

xn—&—l 1
E.(x) = / u f ) (@ — zu)du,
n! Jo
for each z in [0, 7].
If £ 0, let
G Lo (n+1)
F.(x) = e E/o u™f (x — zu)du.

The function f™*Y is monotonic increasing on [0, r] since its derivative is nonnegative.

Therefore we have

FO (2 —zu) = fFOD (1 —w)] < fOI 1 —w)], if 0<u<1.

— F,(x) < F,(r) if 0<az<r

E,(x) < En(r)

$n+1 — rnJrl

— 5@ < (5)" B

Putting = = r in (43), we get E,(r) < f(r) since each term in the sum is nonnegative.

Hence the proof. O
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4.8.4 Abel’s Limit Theorem

If —1 < z < 1, integration of the geometric series

o0
=2 "

n=0

gives us the series expansion

o0
"

log(1—z) = —
n’

also valid for -1 < = < 1.

Theorem 4.8.10. (Abel’s limit theorem). Assume that we have

o0

f(x):Zan:L‘”, if —r<z<r. (46)

n=0

If the series also converges at x = r, then the limit lim f(x) exists and we have

T—r—

lim f(r) = ian'r”.

T—r

Proof. Assume that r =1 and _ a,, converges.

Let f(z) = ) aya™ for —1 <z < 1.
n=0

Ifx=11let f(1)= > ay.
n=0
To prove : lim f(z) = f(1).
T—r
i.e., we prove f is continuous from the left at z = 1.

Consider

oo
= g anx"
n=0

Multiply the series for f(z) by the geometric series, and by theorem 4.8.5, we have

where



Hence we have
f@)—fO)=0-2)) [en— fD]2", if —1<z <1 (47)
n=0

By hypothesis, lim ¢, = f(1).
n—oo
Hence, given ¢ > 0, we can find that N such that n > N implies |c, — f(1)| < §.

If we split the sum (46) into two parts, we get

flx) = f(1) = (1 —x) Z_[cn — fOla" + (L =2) Y [ea — f(D)]2". (48)

Let M denote the largest of the N numbers |¢, — f(1)|,n =0,1,2,....,. N — 1.
If0<x <1, (41) gives

|f(x) = f(1)] < (1—x)NM+(1_g;)§an

n=N
:(1—:E)NM+(1—x)§(mN+xN+l+---)

:(1—x)NM+(1—x)%xN(1+x+x2+---)
e oV
21 —=x

=1—-2)NM + (1 —z)=

< (1—x)NM—I—§.

Now let us choose § =

sa7- Then 0 < 1 — o < § implies | f(x) — f(1)| < e. Therefore,

lim f(z) = ().

r—1—

]

Theorem 4.8.11. Let ) a, and ) b, be two convergent series and let ) c, denote
n=0 n=0 n=0

their Cauchy product. If > ¢, converges, we have
n=0
> (B (30)
n=0 n=0

Proof. The two power series > a,z™ and ) b,z" both converge for = 1.
n=0 n=0
Hence, they converge in the neighborhood B(0;1).

Assume |z| < 1, Then by using theorem 4.8.5 we have

i e = ( i anx”> ( i bnx”) )
n=0 n=0 n=0
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Now let z — 1— and apply Abel’s theorem, we get

S (S4)(50)

Let us sum up

* We have proved the Abel limit theorem.

4.8.5 Tauber’s Theorem

The converse of Abel’s limit theorem is false in general. That is, if [ is given by (46),
the limit f(r—) may exist but yet the series > _ a,7" may fail to converge.

Example. Let a,, = (—1)". Then
fla) =) (=)™ if —1<z<1
n=0
1

= flz) =

f —l<z<l
1+ i v

1
:>f(x)—>§ as r—1—.
However, the series > (—1)" diverges.

Theorem 4.8.12. (Tauber). Let f(x) = > a,a™ for —1 < x < 1, and assume that

n=0
lim na, = 0. If f(x) - S as © — 1—, then ) a, converges and has sum S.
n—00 n=0
Proof. Let
non =3 k] = o0 = 3 kla.
n
k=0 k=0
Then
o, — 0 as n — oo.
Also,
. , 1
lim f(z,) =95 if x,=1——
n—o00 n
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Hence, given ¢ > 0, we can choose N so that n > N implies

€ € €
n) — S| < =, n < =, nl < =.
Fa) = 81< 5 o< s, nlal<:
Now let s, = > ay.
k=0
Then, for —1 < x < 1, we can write
sn—S:f(m)—S+Zak(1—xk)— Z apx®

k=0 k=n+1

Now let z € (0, 1). Then for each £,
(1-2"=010-2)Q+z+-+2"") <k(l-2)

Therefore, if n > N and 0 < z < 1, we have

o= 51 )= S|+ = ) Yl +
Taking = = x,, = 1 — 1/n, we get
s, =S| <e/3+¢/3+¢/3=¢.
Hence the proof. O

Let us sum up

* We have studied about multiplication of power series.

We have discussed the Taylor’s series generated by a function.

We have derived Bernstein’s Theorem.

We have proved the Abel limit theorem and the Tauber theorem.

We have discussed Cauchy product of the series.

Summary

* Introduced the concept of double sequence and series discussed their conver-

gence with some examples.

* Discuss the rearrangement theorem for Double series.
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* Discussed the Cesaro Summability and some examples

* Discussed about infinite products.

* Derived Cauchy condition for product.

* Discussed Absolute convergence of infinite product implies convergence.

* Introduced the concept of power series and radius of convergence with its prop-

erties
* Discussed the Taylor’s series generated by a function.
* Derived Bernstein’s Theorem.

e Derived Abel’s limit theorem.

Discussed Cauchy product of the series.

Exercises

1. Investigate the existence of the two iterated limits and the double lint of the

double sequence f defined by
_ cosp

a) f(p,q)zzfq b) f(p,q) =

2. Prove that a double series of positive terms converges if and only if the set of

partial sums is bounded.
3. Show that a double series converges if it converges absolutely.

4. Show that the sum of the series1 -1 —-1+14+1—-1—-1+1+1--- has (C,1)

sum 0.
5. Prove the following statements:

a) A double series of positive terms converges if and only if the set of partial
sums is bounded.

b) A double series converges if it converges absolutely.

2 2
Q) >, e ™+ converges.
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6. A series of the form )~ a,/n° is called a Dirichlet series. Given two ab-
solutely convergent Dirichlet series, say > -, a,/n® and ) °, b,/n°, having
sums A(s) and B(s), respectively. Show that > 7 ¢,/n® = A(s)B(s) where

Cn = Zd\n adbn/d-

7. Given a series ) a,, let

n
Sy = E ay t, = kay, oy = E Sk.
k=1

3
3

Prove that

a) t, = (n+1)s, — noy,.

b) If > a, is (C,1) summable, then > a, converges if and only if ¢,, = o(n) as

n — oQ.

¢) > a,is (C,1) summable if and only if > ° | #,,/n(n + 1) converges.

8. a) Leta,=(-1)"/y/nforn=1,2,--- . Show that [[(1 + a,) diverges but that

> a, converges.

b) Letay, 1 = —1/y/n,as, =1/\/n+1/nforn=1,2,---.Sow that [[(1 + a,)

converges but that > a,, diverges.
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Unit 5

Sequences of Functions

Objectives

After the successful completion of this unit, the learners are expected to
* recall the basic concepts of sequence of functions and series of functions.

 analyse whether a given sequence or series of functions converge pointwise (or)

uniformly.

* derive necessary conditions under which the continuity, differentiability or inte-

grability may be transferred to the limit function.

5.1 Introduction

In mathematical analysis, sequences and series of functions are important concepts,
particularly when exploring the behavior of functions as they approach certain limits.
They finds applications in Fourier series and power series. Understanding sequences
and series of functions is crucial in areas such as functional analysis, partial differential
equations, and approximation theory.

In this chapter, we will introduce two different notion of convergence of sequence
of functions namely, pointwise convergence and uniform convergence. We will see
that uniform convergence is a stronger form of convergence for sequences of functions

compared to pointwise convergence.
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5.2 Pointwise Convergence of Sequence of Functions

Let {f,} be a sequence whose terms are real or complex-valued functions defined on
the same domain on the real line R or in the complex plane C.

For each z in the domain, we see that the sequence {f,(z)} is a sequence of real
numbers whose terms are the corresponding function values. Let S denote the set of
x for which this second sequence converges.

The function f defined by the equation

f(z) = lim f,(x), if z €5,

n—o0
is called the limit function of the sequence {f,}, and we say that {f,} converges
pointwise to f on the set S.
If { f,} converges pointwise on F, then there exists a function f such that, for every

¢ > 0 and for every x € FE, there is an integer N (depending on ¢ and x) such that

n>N = |f.(x) — f(z)] <e

5.3 Examples of Sequences of Real-Valued Functions

We will provide an example of a sequence of continuous functions with a discontinuous
limit function.

Example 1. Let

1,271

—, if R, n=12,...
(1+I’2n)’ YIS y T ) <y

fn(x) =

In this case, lim f,(x) exists for every real x, and the limit function f is given by
n—oo

0 if|z] <1,
fl@)=1<3 iflel=1,
1 if |z > L

We see that each f,, is continuous on R, but the limit function f is discontinuous at
r=1land z = —1.

Next, we provide an example of a sequence of functions for which
1

1
lim fn(x)dx#/ lim f,(z)dx.
0 0 n—oo

n—oo
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Example 2. Let
fulx) =n*zr(1—2)", if e R, n=12,...

If 0 <z <1thelimit f(z) = lim f,(z) exists and equals 0.
n—00

/Olf(x) dz = 0.

/01 £.(x) da :nQ/le(l ey dx:n2/01(1 e dt

n? n? n?

n+tl n+2 (n+1)(n+2)

1

n—oo 0
We will provide an example of a sequence of differentiable functions {f,} with limit
as 0 for which {f/} diverges.
Example 3. Let

fulz) = S‘%”””, ifreR n=12,...
Then
lim f,(x) =0 V.
n—oo
But

falx) = V/n cos nz,

o) nlggo f!(z) does not exist for any z.

Example 4. Let f,(z) = 2™ for z € (0,1) and n € N. Then we see that f,(x) — 0 for
every x € (0,1). Thus, (f,) converges pointwise to the zero function on (0,1). Note
that if there exists N € N such that |2"| < € for all n > N and for all x € (0, 1), then,
letting = — 1, we would get 1 < ¢, which is not possible, had we chosen ¢ < 1. Thus,
the convergence is not uniform.

In fact, for a given € > 0,

lfu(z) — f@)| <es 2" <es % < (i)n en > 11;1((11?;))

Hence, we are not in a position find an integer N independent of x such that

|fu(z)] < eforall z € (0,1) and for all n > N.
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Let us sum up

* We have defined the concept of pointwise convergence of a sequence of functions

* We have seen several examples of sequence of functions that converge pointwise.

5.4 Definition of Uniform Convergence

Definition 5.4.1. A sequence of functions {f,} is said to converge uniformly to f on a

set S if, for every € > 0, there exists an N (depending only on €) such that n > N implies
|fu(z) — f(2)| < ¢, for every z in S.
We symbolically write this as
fn — f uniformly on S.

Definition 5.4.2. A sequence {f,} is said to be uniformly bounded on S if there exists
a constant M > 0 such that |f,(z)| < M for all x in S and for all n. The number M is
called a uniform bound for {f,} .

Let us sum up

* We have defined the notion of uniform convergence of a sequence of functions.

Check your progress

1. If {f,} and {g,} converge uniformly on a set S, prove that {f, + ¢,} converges
uniformly on S. If, in addition, {f,}, and {g,}, are sequences of bounded func-

tions, prove that { f,,g,,} converges uniformly on S.

5.5 Uniform Convergence and Continuity

Theorem 5.5.1. Assume that {f,} — f uniformly on S. If each {f,} is continuous at a

point c of S, then the limit function f is also continuous at c.

Proof. Assume that f,, — f uniformly on S.

If c is an isolated point of S, then f is automatically continuous at c.
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Assume that ¢ is an accumulation point of S.

By our assumption, for every ¢ > 0 there is an NV such that n > N implies
|fu(z) — f(2)] < g, for every z in S.
Since fy is continuous at ¢, there is a neighborhood B(c) such that x € B(c) N S

= |/v(@) = fu(0)] < 5.

Consider
[f(@) = fle)l = |f(2) = fn (@) + fn(x) = fn(e) + fa(c)]
< [f(2) = fn(@)] + () = I ()l + | (e) = (o)
<s+ztz=e
L f) = flo)] <e
Hence f is continuous at c. ]

Let us sum up

We have seen that the limit function of a uniformly convergent sequence of continuous
functions is continuous.
Check your progress

1. Let {f,} be a sequence of continuous functions which converges uniformly to a
function f on a set E. Prove that lim f,(z,) = f(x) for every sequence of points
n—oo

x, € E such that z,, — z, and = € E.

5.6 The Cauchy Condition for Uniform Convergence

Theorem 5.6.1. Let {f,} be a sequence of functions defined on a set S. There exists a
function f such that {f,} — f uniformly on S if and only if the following condition
(called the Cauchy condition) is satisfied: For every ¢ > 0 there exists an N such that

m > N and n > N implies
|fm(z) = fu(z)| <€, ¥V z €S
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Proof. Assume that f,, — f uniformly on S.

Then, for given ¢ > 0, there exists NV such that n > N implies
|falz) — f2)] < g, forallz € S.
Letm > N.
co () = f2)] < g, forallx € S.
Consider

() = fn ()] = |fu(2) = f(2) + f(2) = fm ()]

SUM@—f®N+V@%zM@M<§+

Conversely, suppose the Cauchy condition is satisfied.
Hence, for each z in S, the sequence {f,(z)} converges.
Let f(z) = WlLL)II(l)O folz)ifx e S.

To prove : f, — f uniformly on S.

Let € > 0 be given. Then by Cauchy condition

|fo(@) = fru(2)] <€ if n, m> N.

Keeping n fixed and letting m — oo, we have

T |fu(2) — fa)] = | fule) — F(@)] < e

co | fa(x) = f(x)] <€ if n> N.

This proves that f,, — f uniformly on S.

Note : If {f,,} and [ are functions from a nonempty set S to a metric space (7, dr), we

say that f,, — f uniformly on S, if, for every ¢ > 0, there is an N (depending only on ¢)

such that n > N implies

dr(fo(z), f(z)) <€, V z€S.

Let us sum up

* We have proved the Cauchy criterion for uniform convergence of a sequence of

functions. It is a test for uniform convergence of a given sequence of functions.
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5.7 Uniform Convergence of Infinite Series of Functions

Definition 5.7.1. Given a sequence { f,,} of functions defined on a set S. For each z in S,

let
sn() =Y fulx) (n=1,2,...). (49)

If there exists a function f such that s, — f uniformly on S, we say the series Y f.(z)

converges uniformly on S and we write

il fn(x) = f(x) (uniformly on S).

Theorem 5.7.2. (Cauchy condition for uniform convergence of series). The infinite
series > fn(x) converges uniformly on S if and only if for every ¢ > 0 there is an N such

that n > N implies

n+p

> el

k=n+1

< €,

foreachp=1,2,... and every x in S.

Proof. Assume that ) f,(z) converges uniformly on S.

Let s,(z) = i fr(xz) (n=1,2,...) be the partial sum of the series > f,,(x).
Hence, sn(xgczclonverges uniformly on S.

By theorem 5.5.1, for given € > 0, there is an N such that n > N, m > N implies

|sn(z) —sm(z)| <e Vazels.

Form >n,letm=n+p, p=1,2,...

n n+p
S hule) = Y fula)| < e
k=1 k=1
n+p
. j{: j%(x) <:67
k=n+1

foreachp =1,2,--- and every z in S.
Conversely, assume the Cauchy condition for uniform convergence of series is satisfied.

i.e., for every € > 0 there is an N such that n > N implies

n+p

> el

k=n+1

< €,
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foreachp=1,2,... and every z in S.
= |s,(2) — Spgp(z)| < eforallp=1,2,... and forall x € S.
This implies the partial sum s,(z) of the series > f,,(x) converges uniformly on S.

Hence, ) f,.(x) converges uniformly on S. O

Theorem 5.7.3. (Weierstrass M-test). Let {M, } be a sequence of nonnegative numbers

such that
0<|fu(@)| <M, forn=1,2,---and VzxeS.
Then Y f.(z) converges uniformly on S if > M,, converges.

Proof. Assume ) M, converges.

To prove : > f,.(x) converges uniformly on S.

Let ¢ > 0 be given.

Let s,(x) = fi(z) + fa(z) + -+ -+ fu(z) and P, = My + My + -+ - + M,
Since {P,,} converges in R, we have { P, } is a Cauchy sequence in R.

Hence, there exists NV € N such that

|P, — P| < eforalln,m > N.

ie., |[Mys1+ Mpyo+ -+ M,| <eforalln,m > N withn >m

ie, M1+ Myio+ -+ M, <eforalln,m > N withn >m (M, >0V n).

Now for n > m we have

[5n(2) = $m(2)| = | frns1 () + frns2(@) + - - + [ul)]
< fmr1 (@) 4 [ fnga (@) + -+ | ()]

SMm+1+Mm+2+"'+Mn<E-

co |sn(x) —sm(z)] <€ Yn,m >N and V€ S.

By theorem 5.5.1, {s,,} converges uniformly on S.
Hence, ) f,.(x) converges uniformly on S.

Hence the proof. O
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Theorem 5.7.4. Assume that >, f,(x) = f(z) (uniformly on S). If each f, is continuous

at a point xo of S, then f is also continuous at x.

Proof. Assume that ) f,,(z) = f(z) uniformly on S, and each f,, is continuous at a
point z, of S.
Define
n
sn() =) frlx) (n=1,2,---).
k=1
For each n, since each f,, is continuous at z, s,, is also continuous at .
By our assumption s,, — f uniformly on S.

Hence, by using theorem 5.4.1, we have f is continuous at x. H

Let us sum up
* Introduced the notion of uniform convergence of series of functions

* Developed a test for uniform convergence, namely Weierstrass M-test.

5.8 Uniform Convergence and Riemann-Stieltjes Inte-
gration

Theorem 5.8.1. Let « be of bounded variation on [a,b]. Assume that each term of the
sequence { f,} is a real-valued function such that f, € R(a) on [a,b] foreachn = 1,2, ....
Assume that f, — f uniformly on [a,b] and define g, (z) = [ fu(t)d(t) if © € [a,b],
n =1,2,... Then we have

a) f € R(«) on [a, b].

b) g, — g uniformly on [a,b], where g(z) = [ f(t)

Proof. Assume that « is increasing on [a, b] and «a(a) < «(b).

Assume that each term of the sequence {f,} is a real-valued function such that
fn € R(a) on [a,b] foralln =1,2,...

Assume that f,, — f uniformly on |[a, b].

Define
:/xfn(t)da(t) if v € la,b].

144



To prove : f € R(«) on [a, b].
We show that f satisfies Riemann’s condition with respect to « on [a, b].

Since f,, — f uniformly on [a, b], for given ¢ > 0, we can choose N such that

|f(x) = [n(2)] < V oz € la,b].

3la(b) — ala)]
Let P be a partition of [a, b].

Now

€
UP,f = f. )l < 5.
Similarly, we have

L(P.f = fw.0)| < 5.

For this NV, choose P. be a partition of [a, b] such that P finer than P, implies

U(P,fN7OZ)—L(P7fN,Oé) <

W ™

For such P, we have

U(P, f,a) — L(P, f,a) <U(P, f — fv,@) = L(P, f — fx,a) + U(P, fx,a) — L(P, fv, @)
<|UP, f = fx, )|+ |L(P, [ = fn, )] +§

e+e+e
=—4+ -4+ -=c¢
3 3 3

U(P, f,a) — L(P, f,a) < e.

To prove : (b)
Let € > 0 be given.
Since f, — f uniformly on [a, b], for given ¢ > 0 we can choose N such thatn > N

implies

[fn(t) = f(B)] <



for all n > N and every ¢ in [a, b].

[ oo [ s

Let z € [a, b], we have

|gn(7) — g(2)| =
=| [ 10 - s0aate)
< [ 150~ f)ldat
< S —a@ J, 0
- T e ), O
= be_ @ — a(@)] < S<e (a@)<a®)
9u(2) — g(2)] < e
This proves that g, — ¢ uniformly on [a, b]. 0

Note : The conclusion implies that, for each x in [a, b], we can write

iin [ £u(0da(t) = [ i £, (o)

n—o0

This property is often described by saying that a uniformly convergent sequence can

be integrated term by term.

Theorem 5.8.2. Let « be of bounded variation on [a, b] and assume that »_, f,(x) = f(x)
(uniformly on |a,b]), where each f, is a real-valued function such that f, € R(a) on
la, b]. Then we have

a) f € R(o) on [a b]

b) [* nil fn(t)da Z [ fu(t)da(t) (uniformly on [a, b]).

Proof. Assume that « is increasing on [a, b] and «(a) < a(b).

Assume that } f,,(z) = f(z) uniformly on [a, b], where each f, is a real-valued function
such that f,, € R(«) on [a, b].

To prove : f € R(«).

Define



Since ) f,(x) = f(x) uniformly on [a, 8], s,, — f uniformly on [a, b].
By theorem 5.7.1. part (a), we have f € R(«).

To prove : (b)

By theorem 5.7.1. part (b), we have

lim ’ sp(z) da(x) = /w f(z) da(x)

= lim xz frlz) do(z) = / ’ f(x) da(x)
— Jin 3" [ o) dae) = [ @) data)
— > [ h)date) = [ 3 fulw) date) 3 fule) = fa)

]

5.9 Nonuniformly Convergent Sequences that can be
Integrated Term by Term

Uniform convergence is a sufficient but not a necessary condition for term by term
integration.

Example. Let
fulg)=2a", if 0<wz<l.

The limit function of the sequence { f,,} is given by

0 0L 1,
J(x) = {1 m;f<

1

s } ! 1

ﬁ@M:[ﬂM:{

0 n+1], n+1
! 1
lim [ f,(z)dz = lim =
n—oo n—oo 1, + 1

and



Definition 5.9.1. A sequence of functions {f,} is said to be boundedly convergent on T

if {f.} is pointwise convergent and uniformly bounded on T

Theorem 5.9.2. Let { f,,} be a boundedly convergent sequence on [a, b]. Assume that each
fn € R on [a,b], and that the limit function f € R on [a,b]. Assume also that there is a

partition P of [a,b], say
P=Axqg,z1,...,2,},

such that, on every subinterval [c, d] not containing any of the points xy, the sequence

{fn} converges uniformly to f. Then we have

Tim abfn(t)dt:/a lim f(t)dt = /f

Proof. Assume that {f,,} be a boundedly convergent sequence on [a, b].
Assume that each f,, € R on [q, b], and that the limit function f € R on [a, b].

Assume also that there is a partition P of [a, b], say
P=A{xqg,z1,...,2,},

such that, on every subinterval [c, d| not containing any of the points z;, the sequence
{f.} converges uniformly to f.
By our assumption f is bounded and {f,} is uniformly bounded, there is a positive

number M such that
lf(x)| <M and |fo(x)|<M Y z€lab], ¥V n>1.

Let € > 0 be given such that 2¢ < ||P||, let h = 3, where m is the number of subinter-
vals of P.

Consider a new partition P’ of [a, b] given by
P ' ={xg,z0+ hyx1 —h,x1 4+ hy ooy Ton1 — by 1 + hy iy — by
Now V z € [a, b],

[f(@) = ful)| < [f(2)] + [fn(2)] < M + M = 2M.

(@) = fulz)] < 2M.
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Since f, € Ron [a,b] and f € R on [a,b], f — f, € R on [a,b].

Hence, |f — f,| is integrable on [a, b].

/ab|f—fn!dx:/mo+h\f—fn]dx+/xl+h|f—fn|dg;+...+/xm f = fulde

xo z1—h Tm—h
zo+h x1+h T
<2M dx +2M de +---+2M dx
To x1—h Tm—h

= 2M[2h + 2h + - - - 4+ 2h(m times)]

= 2M(2mh).
Hence, the sum of the integrals of |f — f,,| taken over the intervals
[1)0,1’0 + h]7 [xl - h7x1 + h]? R ['xmfl - h,l’m,1 + h]7 [xm - h‘axrrw]

is at most 2M (2mh) = 2Me.
The remaining portion of [, b|(say S) is the union of a finite number of closed intervals,
in each of which {f,,} is uniformly convergent to f.

Hence, there is an integer NV (depending only on €) such that for all  in S we have

|f(z) — fn(z)] <€ ifn>N.

Hence the sum of the integrals of |f — f,,| over the intervals of S is at most ¢(b — a).
b
/ F(2) — fu(@)| dz < M +b—a)e if n> N,

This proves that

b b
/fn($)d3:—>/ f(x) dxr asn — oo.
[

Theorem 5.9.3. (Arzela). Assume that { f,,} is boundedly convergent on |a, b] and sup-
pose each {f,} is Riemann-integrable on [a,b]. Assume also that the limit function f is

Riemann-integrable on [a,b]. Then
b

b b
Jggo fn(z) dx :/ TLan;lO fu(z) dx :/ f(x) dx.

Proof. Assume that { f,,} is boundedly convergent on [a, b] and { f,,} is Riemann-integrable

on [a,b).
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i.e., {f.} is uniformly convergent to f, where f is is Riemann-integrable on [a, b].
Hence, [ f, dr and [* f dz exist.

Since f,, — f uniformly, there exists N such that

\fo — fl<e ¥Yn>N.

fon—e< f<fat+te forn>N.

b b b
:>/fndx—e(b—a)g/fdxg/fndx+e(b—a) forn > N.

= —e(b—a)g/bfndx—/bfdxge(b—a) forn > N.

a

/abfndx—/abfdx
.'./abfndx%/abfdx.

—

< €(b—a)

5.10 Uniform Convergence and Differentiation

Let us recall the following example from the previous section.

Example. If f,(z) = M, forr e R, n=1,2,..., then

Vn
lim f,(z) =0 Vaz.

n—oo

But
f1(z) = V/ncosnz.

So lim f/(x) does not exist for any x.

n—oo

From the above example, we see that the uniform convergence of a sequence f,, de-
fined on R does not even imply guarantee the pointwise convergence of the sequence

{f/}. Thus we state the result in the following way:
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Theorem 5.10.1. Assume that each term of { f,,} is a real-valued function having a finite
derivative at each point of an open interval (a, b). Assume that for at least one point x, in
(a, b) the sequence { f,(xq)} converges. Assume further that there exists a function g such

that f/ — g uniformly on (a,b). Then :
a) There exists a function f such that f, — f uniformly on (a,b).
b) For each x in (a,b) the derivative f'(x) exists and equals g(x).

Proof. To prove :(a)
Assume that ¢ € (a, ) and define a new sequence {g,} as follows:
fn(@)=fn(c) if v # ¢,
gn(x) - / e .
file)  ifr=e
Note that the sequence {g,(c)} converges, since g,(c) = f!(c) and the sequence f/(c)
converges.

Let x # c. Then,
fn(‘r) — fn(c) - fm<x> — fm(c>

(1) = gm(z) =

@) = Fnl@)) = [ale) = fin(©)]
Putting h(x) = f.(x) — fi(x), we get
() — h(e)

90(2) = gunle) = T2

Since each f, is differentiable in (a,b), h'(x) exists for each z in (a, b) and

By Mean-Value Theorem, there is a point z; € (x, ¢) such that

h(x) — h(c) = W (z1)(z — ¢)

= gn(®) = gm(x) = frl1) = fr (1),

since the sequence {f/} converges uniformly on (a,b) and by using Cauchy criterion,

for given € > 0, there is an N such that n, m > N implies
|fi(x1) — [l (z1)| <€ if n>N, m>N, z; € (z,c)
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= |gu(7) — gm(z)| <€ Vz € (a,b).

Hence, the sequence {g,} converges uniformly on (a,b).
Now, we show that {f,,} converges uniformly on (a, b).
Let ¢ = . Then

fn(@) = fnl20)

r — Xy

gu(T) =

= fu(z) = fulzo) + (2 — 20)gn(T)

For n > N, m > N, we have

fu(®) = fr(2) = ful@0) = fin(20) + (2 — 20)[gn () — gim(0)].

By Cauchy criterion, we have

(@) = fin(@)] < (o) = fin(20)| + |2 = 2ollgn () — gm(20)]

< e+ (b—a)e.

which implies that { f,,} satisfies the Cauchy criterion.

Hence, { f,} converges uniformly on (a,b).

To prove (b): Let ¢ € (a,b) be arbitrary.

Claim: f’(c) = g(c).

Since {g,} converges uniformly on (a, b), let lim g,(z) = G(z).

n—oo

By hypothesis, f/ exists. Therefore,

lim g,,(2) = gn(c)

Tr—C

i.e.,g, is continuous at c.
Since g, — G uniformly on (a, b), the limit function G is also continuous at c. There-
fore,

G(c) = lim G(x).

For = # c,
G(z) = lim go(z) = lim 28 =0 _ J@) = J¢)

n—00 n—o00 r—cC r—cC
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and

z—c s T —cC
But
G(c) = lim g,(c) = lim f;(c) = g(c)
n—00 n—00
Therefore,

O

Theorem 5.10.2. Assume that each f, is a real-valued function defined on (a,b) such
that the derivative f) (x) exists for each x in (a,b). Assume that, for at least one point x,
in (a,b), the series > f,(xo) converges. Assume further that there exists a function g such

that > f!(x) = g(x) (uniformly on (a,b)). Then
(a) There exists a function f such that >’ f,(x) = f(x) (uniformly on (a,b)).

(b) If x € (a,b), the derivative f'(z) exists and equals >, f/ (x).

Let us sum up

* We have derived sufficient condition for the uniform convergence of the differ-

entiable functions.

Check your progress

cosnx

1. The sequence f,(x) = Tn
(A) converges uniformly on R

B) fI = ffonR

(rreal,n=1,2,3,...)

(©) {f/} does not converge on R

(D) converges uniformly on [0, 1] only

5.11 Sufficient Conditions for Uniform Convergence of
a Series

Theorem 5.11.1. (Dirichlet’s test for uniform convergence). Let F,(x) denote the nth

partial sum of the series Y f,(z), where each f, is a complex-valued function defined on
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a set S. Assume that {F,} is uniformly bounded on S. Let {g,} be a sequence of real-
valued functions such that g, 1(x) < g,(z) for each x in S and for every n = 1,2, ..., and
assume that g, — 0 uniformly on S. Then the series > f,(x)gn(x) converges uniformly

on S.

Proof. Let

su(@) =) fulx)gi(z)

denote the nth partial sum of the series >_ f,,g,-

By partial summation formula, we have
sn(@) =Y Ful(@) [9() = gea ()] + g (2) Fo().
k=1

Hence, if n > m, we have

n

su(@) = sm(@) = Y Fil@) [95(2) = g1 (2)] + g (2) Fa(2)

k=1
m

— Y Ful@) [90(2) = g1 (2)] + g () Fu(2)

For n > m, we have
su(@) = sm(@) = Y Fi(@) (96(2) = g1 (2)) + g1 (2) Fo(2) = Gonia () Fr ().
Since the sequence {F},} is uniformly bounded, there is M > 0 such that
|Fo(x)] < M.
Therefore,

[50(2) = sm(@)] = | Y Fiul@) (9(2) = g1 (2)) + g1 (2) F() = g () Fr ()]

< > @) (@) = grr1(2)) + Gna ()| Fu(@)] + G ()| Fr ()|
k=m+1

< M(gmi1(z) = gni1(2)) + M gny1 (7) + MGy ()
= Mgm+1 (JJ) + Mngrl(:U)

= 2Mgm+1<x>
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Since g,, — 0 uniformly on S, for given € > 0, there is N > 0 such that
€
- — > N.
|gn(@) =0l < 577 ¥V 0 2
Therefore,

150(2) — $m(2)] < 2M.—— 2M _— (5.1)

Thus, {s,(z)} satisfies the Cauchy criterion and so {s, } converges uniformly.
This implies that > f,,g,, converges uniformly on S.

Hence the proof. O

Let us sum up

* Derived sufficient conditions for the uniform convergence of a given series.

5.12 Mean Convergence

Definition 5.12.1. Let (f,} be a sequence of Riemann-integrable functions defined on
la, b]. Assume that f € R on [a,b]. The sequence { f,} is said to converge in the mean to f

n [a, b], and we write

Limpysoofn = on a, b],
if

hm/\fn («)[? dz = 0.

n—oo

If the inequality | f(z) — fo(x)| < € holds for every x in [a, b], then we have

/\f D) de < E(b— a).

Therefore, uniform convergence of { f,,} to f on [a, b] implies mean convergence, pro-
vided that each f, is Riemann-integrable on [a, b].

Remark: Mean convergence need not imply pointwise convergence at any point of the
interval.

For example, for each integer n > 0, subdivide the interval [0, 1] into 2" equal

(k+1)

5, where

subintervals and let /5., denote that subinterval whose right endpoint is

k=0,1,2,...,2" — 1.
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This yields a collection {I3, I, ...} of subintervals of [0. 1], of which the first few

are:

1 1 1 11 1 3
I =00,1], I, = [0,5}, I3 = [5,1}7 I, = [O7Z:|a Is = [175]7 Is = [571]7

and so on.

Define f, on [0, 1] as follows :

1 afxel,,
f”(x)_{o if ze0,1] - I

Then {f,} converges in the mean to 0, since fol |fn(z)|? dz is the length of I,,, and
1
/ |fu(@)]* dz — 0 as n — oo.
0
On the other hand, for each z in [0, 1], we have

limsup f,(z) =1 and liminf f,(z) =0.
n—00 n—0o0

Hence { f,,} does not converge for any x in [0, 1].

Theorem 5.12.2. Assume that lim f,, = f on [a,b]. If g € R on [a, b], define
n—oo

= [ swgwar, m@ = [ s

if v € [a,b]. Then h,, — h uniformly on |a, b].

Proof. By Cauchy-schwarz inequality, we have

o< ([ 170~ nwls ) ([ 1700= opar) ([l (@

Since lim f,, = f, for given € > 0, we can choose N such that
n—oo

2
n>N:/|f ()|2dt<z (b)
Since g € R, we have ¢ € R.
/ lg(t)]2dt < oo. (c)

Substituting (b) and (c) in (a), we have

([ 1= sonite )_A/mrw< [ oo



where A =1+ [7|g(t)|*dt.

For n > N, we have
|h(z) — hy(z)| <€ Ya€lab],
which implises that h,, — h uniformly on [a, b]. O

Theorem 5.12.3. Assume that lim f, = f and lim g, = g on [a, b]. Define
n—oo n—oo

= [“sgwa n@ = [ roeoa

if v € [a,b]. Then h,, — h uniformly on |a, b].

Proof. We have
ho(z) — h(x )=/ [fn(t)gn(t) — f(t)g(t)]dt
= /x[fngn — fng + fog = fon + fon — fg + fg— fgldt

:/:(f—fn)(g—gn)dt—f—(/;fngdt /fgdt) (/ Fan dt — /fgdt).

Applying the Cauchy-Schwarz inequality, we have

x 2 x T
0 < (/ |f_fn‘|g_gn|dt> < </ |f_fn|2dt> (/ |g_gn|2dt>'

z 1/2 z 1/2
i) =) < ([ 1= o) [Clo-gufar)
+ /:fngdt—/axfgdt‘—{—’/:fgndt—/;fgdt‘.

Since lim f, = f and lim g, = g on [a, b], we have
n—oo n—oo

Hence,

lim |h,(z) — h(z)| =0,

n—oo

which implies that #,, — h uniformly on [a, b]. Hence the proof. O

Let us sum up
1. Introduced the notion of mean convergence.
2. We have seen that uniform convergence implies mean convergence.

3. We also discussed some important properties of mean convergence.
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Check your progress

1. If f,(x) = 2" on [0,1] and f = lim f,, then

(A) f is constant (C) f is monotonic.
(B) f. — f uniformly. (D) Both (A) and (B) are true.
o0 2
2. The sum of the series nZ% O—iin—x?)’l forz € Ris
(A) continuous on R (C) discontinuous at z = 0
B) f(x)=1+2*forallz € R (D) f(z)=0forallz e R

3. Forn > 1, let f,(z) = ze~™", 2 € R. Then the sequence {f,} is
(A) uniformly convergent on R
(B) uniformly convergent only on compact subsets of R
(C) bounded and not uniformly convergent on R

(D) a sequence of unbounded functions

4. For the sequence f,(z) = 0 <z <1, which one is true?

14 zn’
(A) converges uniformly (B) Converges to 1 pointwise

(C) The limit function is continuous (D) The limit function is not continuous

5. If f is non-negative and f,(z) = { 7]2(90) g jﬁgg iz , then lim f,, =

(A) f(z) (B) 1 @0 (D)
1 T ) .
6. For sequences f,(z) = e and g,(z) = e defined on (0, 1), which of the

following is true?.

(A) {f.} converges pointwise and {g,} converges uniformly on (0, 1)
(B) Both {f,} and {g,} converge uniformly on (0, 1)

(C©) {f.} converges uniformly and {g,} converges pointwise on (0, 1)

(D) Both {f,} and {g,,} converge pointwise on (0, 1)

n

7. Which of the following is true for the series (1) Z Sm(ﬂé 7) and (2) Z M?
n
n=1 n=1

(A) The series (1) converges uniformly on R

(B) The series (2) converges uniformly on R
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(C) Both (1) and (2) converges uniformly on R
(D) Both (1) and (2) converge pointwise on R

If f, — f uniformly and g, — ¢ uniformly on F, then which of the following is
not true ?

(A) fu+ gn — [+ g uniformly on E.

(B) fugn — fg uniformly on FE.

(C) fugn — fg uniformly on E if {f,} and {g,} are bounded functions

(D) fugn — fg uniformly on F if {f,} and {g,,} are uniformly bounded

Summary

Discussed the notion of pointwise and uniform convergence of sequence of func-

tions and their limit functions.

Solved several examples of sequences of functions that converge either pointwise

or uniformly.
Studied certain test for uniform convergence.

Analysed the conditions for which continuity, differentiability and integrability

can be transferred to limit functions.

Discussed certain test for convergence of series of functions like Weierstrass M-

test.

Introduced the notion of mean convergence.

Self-Assessment Questions

1.

2.

State and prove the Dirichlet’s test for uniform convergence.

Let € BV]a,b]. Assume that each term of the sequence {f,} is such that
fn € R(a) on [a,b] for each n = 1,2,.... Assume that f, — f uniformly on [a, b]
and define g,(z) = / fo®)da(t) if z € [a,b], n=1,2,.... Prove that f € R(«a)

on [a,b] and g, — ¢ uniformly on [a, b], where g(z) = / f(t)da(t).
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3. Assume that {f,} is sequence of differential functions defined on (a,b). Assume
that { f,,(zo)} converges at x( in (a,b). Assume that there exists a function g such
that f/ — ¢ uniformly on (a,b). Prove that there exists a function f such that

fn — f uniformly on (a,b) and f’(x) = g(x) for each x in (a, b).

Exercises

1. Assume that f,, — f uniformly on S and each f,, is bounded on S. Prove that f,

is uniformly bounded on S.

1
2. folx) = 1 if0 <z <1, n=1,2,... Prove that {f,} converges pointwise
na
but not uniformly on (0, 1).
3. gu(z) = 3:_1 if0 <z <1, n=12...Prove that {f,} — 0 uniformly on
nx
(0,1).

4. Assume that f, — f uniformly on S, and that each f, is continuous on S. If
z € S, let {z,} be a sequence of points in S such that z,, — s. Prove that

1
5. Let fn(x) = Tt if0 <z <1 n=12,.... Prove that {f,} converges

pointwise but not uniformly on [0, 1]. Is term-by-term integration possible?

o0 o0

6. Prove that Z a, sinnz and Z a, cos nx are uniformly convergent on R if > |a,,|
n=1 n=1
converges.
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