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PREFACE

This Project Report has been prepared in partial fulfilment of the requirement for the
Subject: MAT - 651 Discipline Specific Dissertation of the programme M.Sc. in Mathe-

matics in the academic year 2023-2024.

The topic assigned for the dissertation report is: " Generalization Of Mean Value
Theorem" This report is divided into six chapters. Each chapter describes a different

variant or generalizations of the Mean Value Theorem.

Chapter 1 is an introduction to this topic, it has some basic results related to mean
value theorem, it’s geometric interpretation and it’s application. In Chapter 2 we see
that The mean value theorem is motivation for many functional equations, some of which
are discussed in this chapter. Further, we briefly describe the mean value theorem for
divided differences and give some applications in defining the functional means. We also
examine the limiting behaviour of mean values.This chapter also deals with Pompeiu’s

mean value theorem and stamate type of functional equations.

In Chapter 3, we examine and extend Lagrange’s mean value theorem to functions
in two variables and Cauchy’s mean value theorem for the functions in two variables.
Chapter 4 examines the mean value theorem and it’s generalizations for functions with
symmetric derivative. Here, we introduce the notion of symmetric differentiation and

then derive the mean value theorem for symmetrically differentiable functions.
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Chapter 5 deals with the integral mean value theorem and its generalizations. Some
applications of it are given, such as finding the integral representations of the arithmetic ,
geometric, logarithmic, and identric means. In Chapter 6 we examine Flett’s theorem in
R its geometric interpretation as well as extension for Flett’s theorem in C. Lastly the

Chapter 7 deals with the conclusion of this project.
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ABSTRACT

Mean Value theorem is a very important result in analysis. It originated from Rolle’s
theorem, which was proved by the French mathematician Michel Rolle (1652-1719)
for polynomials in 1691. Rolle’s theorem got its recognition when Joseph Lagrange
(1736-1813) presented this mean value theorem in this book Theorie des functional ana-
lytiques in 1791. It recieved further recognition when agustin Luis Cauchy (1789-1857)
proved his mean value theorem in his book Equationnes differentielles ordinaires. Many

functional equations are studied motivated by various mean value theorems.

The main goal of my thesis is to study Mean value theorem and some related topics
such as, Mean value theorem and associated functional equations, Two dimensional
mean value theorem, Mean value theorem for some generalized derivatives, Integral
mean value theorems and related topics and extend variants of Mean value Theorems in

real variable case to holomorphic functions.

Keywords: Mean Value Theorem, functional Equations, holomorphic functions,
Divided difference, Symmetric derivative, functional mean, Flett’s theorem, Complex

Rolle’s theorem.
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Chapter 1

INTRODUCTION

Mean Value Theorem is a very important result in analysis. It was originated from Rolle’s
Theorem, which was proved by the French mathematician Michel Rolle (1652-1719)
for a polynomials in 1691. Rolle’s theorem got its recognition when Joseph Lagrange
(1736-1813) presented this mean value theorem in this book Theorie des functional
analytiques in 1791. It recieved further recognition when Agustin Luis Cauchy (1789-
1857) proved his mean value theorem in his book Equationnes differentielles ordinaires.

Many functional equations are studied motivated by various mean value theorems.

1.1 Basic results related to Mean Value Theorem

proposition 1.1.0.1. If a differentiable function f : R — R, attains an extreme value at a

point c in an open interval (a,b), then f'(c) = 0.

1



2 INTRODUCTION

Proof. Let us assume that f has a maximum at x = ¢, then there exists some positive &
such that
f(x) < f(c) forall 0 < |x—c| < & which implies f(x) — f(c) <Oforall0 < [x—c| < &

case 1: When x — ¢ > 0. Then JL{(C) <Oforall0< |x—c|< 8

xX—

which implies Y-/ < gifc <x <48
[R5 <

Thus, lim,_, .+ == —

implies Rf’(c) <O0.

Case 2: When x— ¢ < 0. Then 2= > 0 forall 0 < [x— ¢ < &

X—C

which implies Z-11) > gif e~ § < x < ¢

X

Thus lim,_,, L8019 > g,
implies Lf’(c) > 0.
But we also given that f'(c) exists. So

f'(e)=Lf(c) =Rf'(c) =0

Similarly, we can show that f’(c) = 0, if f has minimum at c. O

proposition 1.1.0.2. A continuous function f : R — R attains its extreme values on any

closed and bounded interval [a,b].

Proof. Let us prove this result by using the method of contradiction. We will prove that
f attains its maximum on the closed interval [a,b]. The proof that f attains its minimum
on [a,b] can be proved on the similar lines.

By hypothesis, f is continuous on [a,b], so f is bounded on [a,b] such that there exists m,
M such that we have m < f(x) < M using the boundedness theorem.

Assuming that M is the least upper bound, we need to prove that there exists ¢ in [a,b]
such that f(c) = M.

Now, assume that there is no such c in [a,b], then we have f(x) < M for all x in [a,b].



1.1 Basic results related to Mean Value Theorem 3

Define a function a(x) = m on [a,b]. Now, we know that 4(x) > 0 because f(x) <M
for all x in [a,b] and h is also continuous on [a,b]. So using the boundedness theorem, we
have h(x) is bounded on [a,b]. This implies that there exists k > o such that i(x) < k, for
all x in [a,b].

= ) Sk
=M-—f(x)> %
Adding f(x) — 1
> f(x)

:
= flx)<M—1

on both sides, we have

=M —

This contradicts the fact that M is the least upper bound of f(x). Hence, our assumption
that there exists no such c in [a,b] such that f(c) = M is wrong.
Therefore f attains its maximum on [a,b].

We can prove that f attains its minimum on [a,b] on similar lines.

]

Theorem 1.1.0.3. (Rolle’s Theorem): If f is continuous on |x1,x;] and differentiable on

(x1,x2), and f(x1) = f(x2), then there exists a point N € (x1,x2) such that f'(n) = 0.

Proof. Since f is continuous and [x;,x7] is a closed bounded interval, then by proposition
(1.1.0.2) f attains its maximum and minimum value on this interval. If both of these
occur at the end points xq, xp, then maximum and minimum value are equal and the
function is constant, hence f’(1n) = 0 for all 1 in (x1,x7). If this is not the case then one

of the extreme values occurs at a point 1] € (x,x,) and by proposition (1.1.0.1), we have

f'(m)=0. O
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b e He e,

Figure 1.1: Geometric Interpretation Of Rolle’s Theorem

Geometrically this means that If there is a horizontal secant line to the graph of f,
then there exists a horizontal tangent to the graph that is supported at a point between the

two points of intersection of the secant line.

Theorem 1.1.0.4. (Lagrange’s Mean Value Theorem): For every real valued function
f differentiable on an interval I and for all pairs x| # x; in I, there exists a point M

depending on x| and x, such that

f(x1) = f(x2)

X1 — X2

= f'(n(x1,x2)) (1.1)

Proof. The proof follows the idea that the mean value theorem is just a modified version

of Rolle’s theorem. We consider the function

f(x2) = f(x1)

X2 — X1

h(x) = (x—x1) + f(x1)
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This is the equation of the line intersecting the graph of f at (x, f(x;)) and (x2, f(x2)).

If we define

then g is the result of rotating f and shifting it down to the x-axis. Since f and h are
continuous on [x1,x;]| and differentiable on (x,x;) so is g and g(x;) = g(x2) = 0 and
thus g satisfies the hypothesis of Rolle’s theorem. Now we may apply Rolle’s theorem

which results in the existence of an 1 € (x1,x,), where

and thus

X2 — X1

=f'(m)

The proof of the theorem is now complete.

The mean value theorem(MVT) has the geometric interpretation as shown in the
figure 1.1. The tangent line to the graph of function f at 17(x},x,) is parallel to the secant

line joining the points (x1, f(x1)) and (xp, f(x2))
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k3 n T2

Figure 1.2: A Geometrical Interpretation of the Mean Value Theorem

1.2 Applications of the MVT

In this section we will see how Mean value theorem can be used in proving various other

results.

Lemma 1.2.0.1. If f'(x) = 0 for all x in (a,b), then f is a constant on [a,b].

Proof. Let x1,x; be any two points in (a,b),

and suppose f(x1) # f(x2), then by the mean value theorem there is a ¢ € (a,b)

such that

fla) = flx)

x2—Xj

fle)= #£0
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contradicting the hypothesis that f'(x) = 0 for all x € (a,b)

Lemma 1.2.0.2. If f'(x) = g'(x) for all x in (a,b), then f and g differ by a constant on
[a,b].

Proof. let h(x) = f(x) — g(x), then /'(x) = 0, so by lemma 1.1 h(x) = ¢, where c is a

constant. thus, f and g differ by a constant.

Lemma 1.2.0.3. If f'(x) > 0 (< 0) for all x in (a,b),then f is a strictly increasing

(decreasing) function on [a,b].

Proof. Let x| < x; be in [a,b], then by the mean value theorem there is a ¢ in (x1,x;)

such that

fx2) — f(x1)

X2 — X1

=f(c)>0
and since x, —x; > 0 we have f(xp) — f(x1) > 0 or f(x;) < f(x2).and f is increasing.

]

Example: 1.2.0.4. The mean value theorem can be used to prove Bernoulli’s inequality:
If x> —1, then

(I1+x)">1+4+nx

foralln e R
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Proof. First, we suppose x > 0 and let f(z) = (1+41¢)", for 7 € [0,x]. Thus f satisfies the

hypothesis of the mean value theorem and we have an 1 € (0,x) with

fx) = £(0) = (x—=0)f'(n)

Thus we have

(14+x)"—1=xn(1+n)""!>nx

and hence (1 +x)" > 1 +nx. The case when —1 < x < 0 can be handled similarly by
considering f(¢) = (1+1¢)" for ¢ € [x,0]
]

Theorem 1.2.0.5. (Cauchy’s Mean Value Theorem):Let f and g be two functions defined

on [a,b] such that

1. fand g are both continuous on [a, D)
2. fand g are both derivable (a,b)

3. g’(x) does not vanish at any point of (a,b)

Then there exists a number ¢ between a and b such that j’; EZ):

Proof. We prove this theorem by using Rolle’s theorem.

Now let’s take the auxillary function F(x) such that,

F(x) = f(x) + P(g(x)) (1.2)
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In the above equation, P is chosen such that F(x) always satisfies the Rolle’s Theorem in
[a,D], Now by definition of Rolle’s theorem,

F(a)=F(b)

= fla)+P(g(a)) = f(b) + P(g(b))

= f(b) — f(a) = P(g(b) — g(a))

_ [fb)—1(@)]
= P =)

In equation (1.2)

F/(0) = f(x) = gt € @)

AS, F(x) satisfies Rolle’s Theorem,
F'(C) =0 where, ¢ € (a,b)

= 1)~ fsia] £ (€) =0

f'le) _ [fb)—fla)]
= 70 ~ [e(b)—ga)]

Thus, Cauchy’s Theorem is proved.






Chapter 2

MVT AND RELATED FUNCTIONAL
EQUATIONS

In this section we illustrate a functional equation that arises from the mean value theorem
and then we present a systematic study of this functional equation and its various

generalizations. These functional equations characterize polynomials of various degrees.

2.1 Functional Equations

In Mathematics, a functional equation is an equation in which one or several functions
appear as unknowns. So, differential equations and integral equation are functional

equations.

11
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Definition 2.1.0.1. For distinct real numbers x1,x», ..., x,, the divided difference of the

function f: R — R is defined as

fal=ra)

and

f[X1,X2,.-,Xn_1] —f[XZ,X?,,--,Xn]

f[xl,xz,..,xn] =

For all n > 2 It is easy to see that

flx) = flx)

X1 —X2

f[xl 7x2] =

and
(x3 —x2) f(x1) + (x1 — x3) f(x2) + (%2 —x1) f(x3)

(x1 —x2) (x2 — x3)(x3 —x1)

flxt,x2,x3] =

In view of divided difference, equation (2.1) in the mean value theorem takes the form

fler,x2] = /(M (x1,x2)).

Theorem 2.1.0.2. The function f,g : R — R satisfy the functional equation

flyl=h(x+y), x#y, (2.1)

if and only if,
f(x) =ax* +bx+c and h(x)=ax+b (2.2)

where a,b,c are arbitrary constants.
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Proof. Equation (2.1), using the definition of the divided difference of f, can be rewritten

as

fx)=f(y)=@x—=yh(x+y) for x#y (2.3)

which is true for x = y. If f satisfies equation (2.3), so does f+b, where b is an arbitrary
constant. Therefore we may assume without loss of generality f(0) = 0. Putting y =0

in in equation (2.3), we see that

f(x) = xh(x) (2.4)

Hence by equation (2.4), equation (2.3) transforms into

xh(x) —yh(y) = (x = y)h(x+y) (2.5)

Again if h satisfies equation (2.5) so also &+ ¢, where c is an arbitrary constant. So we

may suppose i(0) = 0. Therefore, letting x = —y in equation (2.5), we obtain

—yh(=y) = yh(y) (2.6)

that is h is an odd function. Taking this into consideration and replacing y by —y in

equation (2.5),we get

xh(x) —yh(y) = (x +y)h(x—y) (2.7)
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comparing equation (2.7) with equation (2.5),we have

(x=y)h(x+y) = (x+y)h(x—y) (2.8)

and substituting

u=x+y and v=x—y (2.9)

in equation (2.8), we obtain

vh(u) = uh(v) (2.10)

for all u,v € R. Thus

h(u) = au (2.11)

If we do not assume 4(0) = 0, then we have in general

h(u) =au+b (2.12)

By equation (2.4) this gives f(x) = x(ax+ b) and, if we do not assume f(0) = 0, then

f(x)=ax*+bx+c

So we have indeed proved that all solutions of equation (2.1) are of the form

f(x) =ax®+bx+c

h(x) =ax+b
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where a,b,c are arbitrary constants, as asserted. The converse of this theorem is straight-
forward and the proof is now complete.

O

Theorem 2.1.0.3. If the quadratic polynomial f(x) = ax* +bx+c with a # 0, is a

solution of the functional equation
flx+y)—f(x)=hf'(x+6h) (0<06<1) (2.13)

assumed for all x € R and h € R\ {0}, then 6 = % Conversely, if a function f satisfies the
above functional differential equation with 0 = %, then the only solution is a polynomial

of degree at most two.

Proof. Suppose the polynomial
f(x) =ax*+bx+c (2.14)

is a solution of equation (2.13). Then inserting equation (2.14) into (2.13), we have

a(x+h)? 4+ b(x+h) +c — ax’ — bx — ¢ = h(2a(x+ Oh) +b) (2.15)

that is

ah*(1—-20)=0

Since a and h are nonzero, we have
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This proves the if part of the theorem. Next, we prove the converse of the theorem.

Letting 6 = % and h = y —x in equation (2.13), we see that

Xty

5 ), x#y

J) = f(y) = (x=y)f'(

Thus, by Corollary, f is a polynomial of degree at most two and the proof of theorem is

now complete.

2.2 Integral Representation Of Divided Difference

In this section, we prove the mean value theorem for divided difference and then present
some applications towards the study of means. We begin this section with an integral
representation of divided differences. In this section f (") will denote the n”* derivative of

a function f while f’ will represent the first derivative of f.

Theorem 2.2.0.1. Suppose f : R — R has a continuous n'* derivative in the interval

min{xo,x1,..,xp } <x <max{xp,x1,..,Xn}-

If all the points x¢,x1,..,x, are all distinct, then

1 t b n
/ dtl/ldlz.../ 1f(n) (x0+ Ztk(xk—xk,l))dtn (2.16)
0 0 0 =

= f[X(),Xl,...,Xn]

where n > 1.



2.2 Integral Representation Of Divided Difference 17

Proof. We prove this theorem by induction. If n = 1, the representation given in (2.18)

reduces to

1
f[xom]:/o f (11 (x1 — x0) +x0)dty

First we show that the integral on the right side of the equation is equal to divided

difference of f based on the two distinct points x¢ and xj. consider the integral

1
/0 £ (t1 (x1 — x0) +x0)dty

Since x| # xo, introducing a new variable z for 71 (x] — xo) + xo, we get
dz = (Xl —Xo)dtl
that is

dz

X1 — X0

dt) =

Since #; = 0, the new variable z = x( and similarly if #{ = 1, then z = x;. Hence, we have

1 X1
/0 f'(t1(x1 —x0) +x0)dty :/xo f’(Z)XId_ZxO
[ F(@)dz
- X1 — X0

_ f(x1) = f(xo)

a X1 — X0

Next, assuming that the integral representation in (2.18) holds for n — 1, that is

1 fn—2 n_l
/ dtl/ dty.. / X0+Zlk Xp = Xk—1))dtn—1 = flX0,%1, .+, Xn—1] (2.17)
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We will show that (2.18) holds for integer n. Let

W =ty (Xp — Xp—1 + .. + 11 (X1 — X0)) + X0

be the new variable. Hence

dt
dt, = i

Xn —Xn—1

for x, # x,_1. If t, = 0, then w = wg,where

wo = ty—1(Xp—1 —Xp—2) + .. +11(x1 —X0) + X0

Similarly, if ¢, =t,,_1, then w = wy, where

W1 = ty—1(X, —Xp—2) + .. + 11 (X1 —X0) +x0

Now applying the induction hypothesis, we have

1 1 tn—1 n
/ dl‘]/ dl‘z../ f(n)(xo+ Zl‘k(xk—xk_l)dl‘n
0 0 0 =

1 t two f(n—1) _ f(n=1)
:/ dty /ldl‘z../ 2/ (W1> f (WO)>dl‘n,1
0 0 0 X,

n — Xn—1

_ Slxo, X1, Xn—2,%n] — F1X0, X1, s Xn 2, Xn—1]
Xn —Xn—1

f[XO,X1,..,Xn]
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This completes the proof of the theorem.

From the above integral representation, we see that the integrand is a continuous
function of the variables x,x1, ..., X, and therefore the left side, f[xo,x1,..,X,], is also a
continuous function of these variables. If f(x) has a continuous n'" derivative, then the

above integral representation defines uniquely the continuous extension of f[xq,xy, .., xy].

Theorem 2.2.0.2. Let f : [a,b] — R be a real valued function with continuous n'* deriva-
tive and x¢,X1,..,Xn in [a,b]. Then there exists a point 1 in the interval [min{xo,x1,..,x, },

max{xo,x1,..,x, }| such that

)
AU (2.18)

f[x07x17-~7xn |
n:

Proof. Since f")(x) is continuous on [a, b], the function f")(x) has a maximum and a

minimum on |a, b]. Let
m=minf"(x) and M = maxf™ (x)

Then from the integral representation of f[xg,xp, .., X,], we have

Tk—1

mH/ dt, < flxo,x1, .-, <MH/

where 7y = 1. Using the fact that

n Tk—1 1 H ta1 1
H/ dtK:/ dtl/ dtz.../ dt, = —
k=170 0 0 0 n!
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we obtain from the above inequalities
m < flxo, X1, Xa)(n!) <M
Since ) (x) is continuous, by applying the intermediate value theorem to it, we have

fTosx1, %] (n1) = ) ()

7 m)

i and the proof of the theorem is

for some 1 € [minxg,x1, ., Xy, MAXXQ, X1, .., Xn| =

now complete.

We observe that Some of the nodes in the divided differences can coalesce if f is
suitably differentiable.

For this consider,

_ 1 [f[bvb]_f[bva]_f[b7a]_f[a7a]]
b—a b—a b—a
= e/t =2flbal + 0]
_F®)~2fbd +f(@)
b—a)

Here f[b,b,a,a] is denoted by f [bm,am]. Similarly, in general

f0",a") = fb,b,b, .b,a,a...a]
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In above divided difference a and b appear exactly n times each. Suppose f is (2n-1)
times continuously differentiable in the interval [a, b]. Further, we assume that (2"~ (x)
is strictly monotone in [a,b]. Then by the mean value theorem for divided differences,

there exists one point 1 € [a,b] such that

£@=D(n)

(1] My —
f[b yd ]_ (2]1—1)'

Strict monotonicity of f (2n—1) ( ) forces 7 to be a mean value, that is, a < 11 < b. Further,
since f (2n-1) ( ) is strictly monotone, such a 1) is also unique, and this defines a functional

mean M?}(a,b) in a and b. Hence

Mf(a,b) = (f2 D) {2n— 1)1 £p1al"]}.

Note that in the above formula (f2*~1))~! denotes the inverse function of f(2"—1)_ If

n =1, then m't(a, b) reduces
Ha.b)= (/)7 (———

Example: 2.2.0.3. If f(x) = x™, where m is a positive integer greater than or equal to n,

then M’(a,b) = #.

To see this, If f(x) = x™, then it can be shown by the definition of divided difference

on function f and using induction on n that

f[xo,x1,..,xm_1] =Xx0+xXx1+... +Xn-1 (2.19)
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Letting m = 2n and
X0=X|=..=Xp_1=a and X, =Xp+]=...=Xop_1=Db

in (8), we get

fp™,a"] = n(a+b)

Therefore,

M (a,b) = (F* D)~ {(2n—1)1f ", 0"}
= ﬁ (2n—1)!n(a+0b)}

_ a+b

2

Example: 2.2.0.4. If f(x) = {, then M}(a,b) = V/ab

To see this, If f(x) = L then by using definition of divided difference on f and by using

T x

induction on n, we can show that,

_1\n—1
f[-x()axlw'?xn] = L (220)
X0X1--Xn—1
Hence
2n—1
i g = (ZD"

arb’



2.2 Integral Representation Of Divided Difference 23

Since £ (x) = % thus we have,

M}(a,b) = (f2~) 1 {(2n— D)1 f[pl", o]}
= Vab

Conclusion: Let f(x) =x”, where p € R. The first example shows that, p is a positive
integer greater than or equal to n, then the functional mean M;ﬁ(a, b) is the arithmetic
mean of a and b. The second example illustrates that if p = —1, then the functional mean

M7(a,b) is the geometric mean of a and b.

Theorem 2.2.0.5. Suppose that f(x) = x!, for some nonnegative integer I then

0 forl<n—1

S, x] =<1 for l=n-1

x1+...4+x, forl=n
\

for all positive integers n.

Proof. Let f(x) = x!, where lis a natural number. We would like to evaluate f[x1,x2,..,X,].

First consider
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fo) = fn) _x -

f[x1,)€2] -
X1 — X2 X1 —X2
-1 I—1—k
o (Xl _XZ) Zk:Ox]fxz
X1 —X2
-1
= lefxlz_l_k — Z x1171x1272
k=0 p1+P=l-1
where p; and p; are nonnegative integers.
Next we consider
flx1,x3] = flx2, %3]
flxi,x0,x3) = = ’
X1 — X2
p1.,.D3 P2 .3
_ ZPH—Pzzl—lxl X3 _Zp2+p3:[_1x2 X3
X1 — X2

_1 1-2 2 2\.1-3 -2 -2
= [(X] —Xz)x3 + (.xl —XZ)XS + ..+ (Xl —_x2 )_x3]

X1 — X2
- xé_z + (x1 +X2)X13_3 + (x% + x1x2 —|—x%)xl3_4 + .+ Z xi’lxgz)%

pi+pa=I1-2

— P1.,.P2..P3
- Z X 4273

p1tp2t+p3=1-2

where pi, p> and p3 are non-negative integers. Similarly it can be shown that

flx1,x2,..,x%] = Z X xb? Xk,
p1+p2+..+pr=l—k+1

where p1, p2, .., pr are nonnegative integers. Hence

-1

P

flxt,x2,..,x1] = Z Xt = ij
prtp2t.+p=1 j=1
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f[xl,xz,..,xl_l] = Z xlflxgz...xffll =1
p1+.+p1=0

and

f[xlax27 ..,XZ,I] =0

This completes the proof. ]

The following theorem gives an alternate representation for the n-point divided

difference f[x;,x3,..,x,| of f.

Theorem 2.2.0.6. The n-points divided difference of f can be expressed as

[ S 1)

7 (2.21)
j=1 Hk;«é jk=1 (o) — x%)

for all positive integers n.

Proof. The proof will be based on induction on n. The epression is trivially true for
n =1 and is easy to establish for n = 2. Assuming it is true for n, we establish it for
(n+1), using the recursive form of the definition of divided difference as a starting point.

We have, by the definition
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1

flxr,x2, 00 X01] = ————(fx1,%2, .., Xa] — f[x2,X3, ., X0 11]).
X1 — Xn+1

By the induction hypothesis, the right side of the above expression yields

Separating the terms based on the left and right endpoints from the above expansion, we

get

fa) 1 i . 1

X1 = Xn+1 jZp X1 — Xk xl k 17k7gjxj_xk

X n n+1
_f( n+1) H 1 fo] H 1

X1 = Xn+1 jZp *n+1 — Xk xl Xntl j k=2 Y] Xk

Rearranging, we get

F) g )

X1 = Xn+1 o X1 =Xk Xl — Xk 2y Xnt1—x;

P SILCONIE S TR N

=2 M T X S et N T A k=0 gt N T Mk

Combining and factoring, we have
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n+1 n 1
X1 + f(xXp+1 e
f( )kljle T I (nt )kI:lenH T
1 X; 1 1 n 1
Rt

oM = X X =Xy X = X1 g0 X T Xk

The third term can be condensed, yielding

n+1 1 n 1
f(xl)]gle . +f(xn+1)kl;11x—n+1 T
I an f(x) = 1

This gives

n+1 1 n n+1 1 n

Fe ]

and we have established the relationship

n+1 n+1 1

fIxnxo,oxp1] = ) fxj)

j=1 k=1 X T Xk

k=21~ X = k=1Jtj i ) ] Xn+1 — Xk

27
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2.3 Limiting Behavior of mean values

If x is a number in the interval (a,b) then by applying Langrange’s mean value theorem
to the interval [a, x|, it is possible to choose a number 1)y in (a,x) as a function of x such

that

fla,x] = f'(nx)

In this section, we examine the behavior of the mean value 1), as x approaches the left

end point a of the interval [a,x].

Example: 2.3.0.1. Consider the function f(t) =t on the interval [1,2). Applying La-

grange’s mean value theorem to f on the interval [1,x], where x € (1,2), we obtain

fx) —f(1)

x—1

= f'(nx)

for some M in (1,x). Since f(t) = t>, the mean value 1y is given by

o= (4 1)

Now evaluating the limit of nx"T_ll as x approaches 1 from the right, we get

1
fim el g 26D 1
=1t x—1 x—1t x—1 2

Similarly,
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Example: 2.3.0.2. if we consider another function f(t) = €' on the interval [0,2], then

again we have

1 e —1
lim 7 = i [~in(E—)]
x—0t X — x—0t X X
1 x X2
= lim [~In(14 = + =
R UG Rl TR
1
2

These two examples indicate that as x approaches the left end point of the interval
from the right, the mean value 1, approaches the midpoint between x and the left end

point of the interval. This is true for many functions by the following theorem.

Theorem 2.3.0.3. Suppose the function f is continuously differentiable on |a,b] and twice
differentiable at a with f”(a) # 0.If Ny denotes the mean value in fla,x] = f'(n,), then
nx —d 1

lim =
x—a+ X—a 2

Proof. To establish this theorem ,we evaluate

L F0) = f@) — (k= a)f'(a)

x—a+t (x—a)?

in two different ways. First, using the mean value theorem, we get
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(x—a)f'(n) = (x—a)f'(a)

x1—1>IcI¢l+ x—a)? N x1—1>r;l+ (x —a)?
/ o

i S0 1@

x—at  (x—a)

/ o i
_ limx_>a+f (rlx) f (Cl) lim rlx a )
Nx—a x—a+ X—a
— /(@ Jim T
S\ S Y —a
Then by applying L’Hospital rule, we get
_ _ _ / / _
i L0 @) (=) @) O f@) L
x—a+ (x — a)2 X—ra+t (X - a) 2
Since f”(a) # 0, we obtain

Nx—a 1

lim =—
x—a+ X—a 2

2.4 Pompeiu’s Mean Value Theorems

Pompeiu derived a variant of Lagrange’s mean value theorem, known as Pompeiu’s mean

value theorem.
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Theorem 2.4.0.1. For every real valued function f differentiable on an interval [a,b] not

containing 0 and for all pairs x| # x; in [a,b], there exists a point € in (x1,x3) such that

x1f (x2) —x2f(x1)

X1 —X2

= f(e)—ef'(e) 2.22)

Proof. Define a real valued function F on the interval [7, 1] by

F(x)=tf(-) (2.23)

Since f is differentiable on [a,b] and O is not in [a,b], we see that F is differentiable on

[%, é] and

Fi6)=f(2) =21 () (2.24)

Applying the mean value theorem to F on the interval [x,y] € [3, 1], we get

‘a

———2 =F'(n) (2.25)

for some 1 € (x,y).Let x; = )—lc, x| = %, and € = % Then since 1 € (x,y), we have

X1 <€ X

now using (2),(3),(4), we have

1,1
= f(=)——f'(= 2.26
FC) =5l G) (2.26)
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Y
4
secant line
tangent line /
/
- T > T
T ¢ I2

Figure 2.1: An Interpretation of Pompeiu’s Mean Value Theorem

that is
x1f(x2) —xf(x) /
=fl€)—€&J (€
22l fe)-ef'(e)
this completes the proof of the theorem. 0

Geometrical interpretation of above theorem. The equation of the secant line

joining the points (x1, f(x1)) and (x, f(x7)) is given by

fla) ~ )

X2 — X1

y=f(x1)+ (x—x1)
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This line intersects the y-axis at the point (0,y), where y is

fx2) = f(x1)

y=flx)+ o (0—x1)
~xf(x) —xif(x2) —x1f(x2) +x1f(x1)
N X2 — X1

_ xflx) —xaf(x)

a X1 — X2

The equation of the tangent line at the point (&, f(€)) is

y=(x—g)f'(e)+ f(e)

This tangent line intersects the y-axis at the point (0,y),where

y=—£f'(€)+f(e)

If this tangent line intersects the y-axis at the same point as the secant line joining the

points (x1, f(x1)) and (x, f(x2)), then we have

x1f (%) —x2f(x2)

X1 —X2

= f(e)—ef'(e)

Hence the geometric meaning of this is that the tangent at the point (&, f(€)) intersects

on the y-axis at the same point as the secant line connecting the points (xj, f(x;)) and

(x2, f(x2)).
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2.5 Stamate Type Equations

The algebraic expression (2.22) yields a functional equation.The right hand side of (2.22)
depends on € and not directly on x| and x;. Thus we have the following functional

equation

xf(y) —yf(x)

"y =h(e(x,y)) Vx,y€eR, x#y (2.27)

Similar to the divided difference, a variant of it was defined as

fx} = f(x)

and

X } — xnf{x17x27 "7xn71} _xlf{x27x37"7-xn}
" X1 — Xp

f{X1,X2, )

xaf(x1)—x1f(x2)

An easy computation shows that f{x;,x} = Fom—

and

fx,x, . x ) = i (ﬁ ol ) f (xi)

i=1 AN T



Chapter 3

TWO-DIMENSIONAL MEAN VALUE
THEOREM

Lagrange’s mean value theorem for functions in one variable can be extended to functions
in two variables or more. The main goal of this chapter is to present results regarding
the mean value theorem for functions in two variables and then discuss Cauchy’s mean

value theorem for functions in two variables.

3.1 MVT’s for Functions in Two Variables

The following result appeared in the book by Courant (1964).

Theorem 3.1.0.1. For every function f : R? — R with continuous partial derivatives f,

and fy and for all distinct pairs (x,y) and (u,v) in R?, there exists an intermediate point

35
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(1, €) on the line segment joining the points (x,y) and (u,v) such that

f(u7v) _f(xay) = (M—X)fx(na3> + (V—Y>fy(7778) (31)

Proof. Let (x,y) and (u,v) be any two points in the plane R?.
Leth=u—xand k =v—y. Let .Z be line-segment obtained by joining the points (X,y)
and (u,v). The co-ordinates of any point on this line-segment are given by (x+ ht,y + kt)

for some 7 € [0, 1]. We define a function F : [0,1] — R by

F(t) = f(x+ht,y+kt) (3.2)

keeping x,y,u,v fixed for the moment. The derivative of this function is given by

F'(t) = hfi(x+ht,y+kt)+kfy(x+ht,y+kt), (3.3)

where f; and f, are partial derivatives of f with respect to x and y, respectively. Applying

the mean value theorem to F yields,

F(1) = F(0) = F'(t) (3.4)

Where # € (0,1). The definition of F in (3.2) yields,

fluv) = f(x,y) = F'(t0))
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using (3.3) in the above equation, we get

flu,v) = f(x,y) = hfe(x+hto,y + kto) + k fy(x+ hto,y + kty),

which is

fu,v) = fley) = w=x)f(n,€)+ (v=y)f,(n,€),

Where (17, €) is the point on line-segment .’ whose co-ordinates are given by (x+ hty,y+

kty). This completes the proof of the theorem.

The geometric interpretation of this theorem is that the difference between the
values of the function at the points (u,v) and (x,y) is equal to the differential at an

intermediate point (7, €) on the line-segment joining the two points.

Example: 3.1.0.2. A function f : R?> — R whose partial derivatives f, and fy exists and
have the value 0 at every point on the plane is constant.

To see this,

Let (x,y) and (u,v) be any two arbitrary points on the plane and apply the above theorem

to f. Then we have

fuv) = floy) = (u=x)fr(n,€) + (v=y)f,(n,€)
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for some (1, €) on the line-segment joining the points (x,y) and (u,v). Since the partial

derivatives are zero at every point, we see that

fxy) = flu,v)

for all x,y,u,v € R. Therefore fis a constant function on R.

3.2 Cauchy’s MVT for Functionals in Two Variables
Theorem 3.2.0.1. For all real valued functions g and f in R? with continuous partial

derivatives fy, fy,8x, 8y and for all distinct pairs (x,y) and (u,v) in R?, there exists an

intermediate point (1,€) on the line segment joining the points (x,y) and (u,v) such that

[ (u,v) = FOe,)][( = x)gx(n,€) + (v =) gy (N, €)]

= [8(u,v) = 8(x,y)][(u —x) fx(n, €) + (v =) /(1 €)].

Proof. The proof is analogous to the one for the one variable case. We define an auxil-

liary function

W(s,2) = [f (u,v) = f (s, )] [g(u,v) = g (2, y)] = [f (w,v) = f (x,)][8 (u, v) — g(s,1)]

Then ¥ (u,v) = ¥(x,y) = 0, ¥ is differentiable wherever f and g are, hence by the mean
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value theorem for functions of two variables there is a point (7, €) on the line segment

joining (x,y) and (u,v), such that

(u—x)¥s(n,€) + (v—y)¥:(n,€) =0

carrying out the partial derivatives on ¥ yields

(e —x){gx(n,8)[f (u,v) = f(x,9)] = fe(n, &) [g(u,v) — g(x, )]}

+O =AM, 8)[g(w,v) — glx,y)] = &y(n,€)[f (u,v) = f(x,y)]} =0

which proves the results.






Chapter 4

MEAN VALUE THEOREM
FOR SOME GENERALISED
DERIVATIVES

In this chapter, we shall study some mean value theorems and their generalizations when

a function has generalized derivative such as symmetric derivative.

4.1 Symmetric Differentiaton of Real Function

The derivative of a real function f, that is a function from the real line R into itself, at a

point x is given by the limit
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z—h z z+h

Figure 4.1: A Geometric Interpretation of the symmetric Derivative

Definition 4.1.0.1. A real function f on an interval (a,b) is said to be symmetrically

differentiable at a point x in (a,b) if the limit

o SR — =)
h—0 2h

exists. we shall denote this as f*(x). If a function is symmetrically differentiable at every

point of an interval, then we say that it is symmetrically differentiable.

Theorem 4.1.0.2. Every differentiable function is symmetrically differentiable.



4.1 Symmetric Differentiaton of Real Function 43

Proof. Let x be an arbitrary point. We would like to show that the symmetric derivative

£ (x) exists. Since

) = Jim 2h
. flx+h)—f(x) . fx)—flx—h)
= jim 2 + lm 2
1 / 1 /
= WA

However ,the converse is not true as seen in following example

Example: 4.1.0.3. The function f(x) = |x| is symmetrically differentiable at zero but it

is not differentiable at zero. To see this evaluate the limits

lim
h—0

flxth) = fx)
h

and

. flx+h)—f(x—nh)
Jim o
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at the point x = 0. Evaluating the first limit, we get

hi% h
[ —10]
= lim ——"1
hl—>r% h
b ifh>0
= lim
h—0 —h .
- ifh<0
1 ifh>0
—1 ifh<O

Hence the limit does not exist at 0. Therefore f is not differentiable at 0. Now we

examine the symmetric differentiablity of f. for this, we compute

fS(O) — lim f(0+h)_f(0_h)

h—0 2h

U
=0 2h

=1lim0
h—0

=0
Hence the limit exists and is equal to 0. Therefore f is symmetrically differentiable at O.

The symmetric derivative of f(x) = |x| is

2]
X

if x £ 0
fix) =
0 ifx=0
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4 f(z) ==l

O—1

Figure 4.2: Graph of Ixl| and its symmetric derivative

4.2 A Quasi- Mean Value Theorem

In this section we establish a Quasi-mean value theorem for functions with symmetric
derivatives. Further we will show that every continuous function whose symmetric

derivative has the Darboux property obeys the ordinary mean value theorem of Lagrange.

Lemma 4.2.0.1. Let f be continuous on the interval [a,b] and let f be symmetrically

diffrentiable on (a,b).If f(b) > f(a), then there exists a point N € (a,b) such that

fi(n)=0

Further, if f(b) < f(a), then there exists a point 1 in (a,b) such that

f(&) <0
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Proof. Suppose f(b) > f(a). Let k be a real number such that f(a) < k < f(b), The set

{x € la,b]/f(x) >k}

is bounded from below by a. Since it is a subset of R it has a greatest lower bound , say,
1. Since f is continuous and k satisfies f(a) < k < f(b), therefore 1 is different from
aand b. Let (7 —h,n + h) be an arbitrary neighborhood of 7 in [a,b]. Since 1 is the

greatest lower bound of the set x € [a,b]/f(x) > k there are points in (1 —h, 1 + h) such

that
fx+h) >k
and
flx—h) <k
Therefore,
fs(n) — lim f(n +h) _f<n _h) >0

h—0 2h -

Similarly, it can be shown that if f(a) > f(b), then there exists € € (a,b) such that

£(e) <o0.

The proof is now complete 0

Theorem 4.2.0.2. Let f be continuous on [a,b] and symmetrically differentiable on (a,b).

Suppose f(a) = f(b) = 0. Then there exists N and € in (a,b) such that
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and

Proof. 1If f =0, then the theorem is obviously true. Since f is continuous and f(a) =

f(b) =0, there are points x; and x, such that

f(x1) > and f(x;) <0 (+)
or
f(x1) <0and f(x;) >0 (')
or
f(x1) >0and f(x) >0 (+)
f(x1) <0and f(x;) <0 (")

if the inequalities in (¥) are true, then we apply (Lemma 4.2.0.1) to f on the interval
[a,x1] to obtain

ffm)=0
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for some 1 € (a,x;) C (a,b).Again by applying (Lemma 4.2.0.1) to f on the interval|a, x;],

we obtain

f(e)<0

for some € € (a,x) C (a,b). The other cases can be handled in a similar manner and the

proof of the theorem is now complete.

Theorem 4.2.0.3. Let f be continuous on [a,b] and symmetrically differentiable on (a,b).

Then there exist 1 and € in (a,b) such that

Proof. Define g by

Then g(a) = g(b) = 0 Applying the above theorem to g on the interval [a,b],we get

gs(n) SOanng<8> >0 (*////)

From (*””) and the definition of g, we obtain

The proof is now complete.

Definition 4.2.0.4. A real valued function f defined on the interval [a, b] is said to have a

Darboux property if whenever 1 and € in [a,b], and y is any number between f (1) and

f(€), then there exists a number y between 1 and € such that y = f(7)

O

]
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Theorem 4.2.0.5. Let f be continuous on |a,b] and symmetrically differentiable on (a,b).
If the symmetric derivative of f has the Darboux property, then there exits 'y in (a,b) such

that

Proof. By the above theorem ,we obtain 1 and € in (a,b) such that

(b) — f(a)
b

S f B
fin)s——

< f'(e)

since f*(x) has the Darboux property, there exists ¥ in (a,b) such that

This completes the proof. ]

4.3 An Application

Since symmetrically differentiable functions are not necessarily differentiable, some
additional conditions should be imposed on the function to make it differentiable. We
have seen that continuity of the function along with symmetric differentiability does not
imply differentiability. In this section, we show that if f(x) and f*(x) are both continuous,

then f is differentiable.
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Theorem 4.3.0.1. Let f(x) be continuous and symmetrically differentiable on (a,b), If

the symmetric derivative of f is continuous on (a,b) then f'(x) exists and

Fx)=f(x) 4.1)

Proof. Choose h to be sufficiently small so that a < x+h < b. Since f* is continuous, it

has the Darboux property. Applying the mean value theorem to f on [x,x + 4], we have

(4.2)

fS(n) — f<x+hl)l_f(X)

for some 1 € (x,x+ h). Taking limit on both sides as 4 — 0 and knowing that the limit

of the right side exists, one obtains

This completes the proof. 0



Chapter 5

INTEGRAL MEAN VALUE
THEOREMS AND RELATED TOPICS

As we have seen that the Mean value theorem of differential calculus is very important
theorem another important theorem in calculus is the integral mean value theorem.
The main goal of this chapter is to present the integral mean value theorem and some
generalizations of this theorem. Also by using the integral mean value theorem we present
integral representations of several means such as arithmetic, geometric,logarithmic and

identric.

51
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5.1 The Integral MVT and Generalizations

The mean value theorem for integrals is established using the second fundamental
theorem of calculus, which states that if f(X) is continuous on an interval [a,b] and

F(x) = [ f(r)dt for x € [a,b], then F'(x) = f(x) for all x € (a,b).

Theorem 5.1.0.1. Iff(x) is continuous on [x,y|, then there exists a point € in (x,y) de-

pending on x and y such that

et = 00 5.

Proof. Let us define

F(z)= /azf(t)dt

where ’a’ is a constant in (x,y) and z € (x,y). Since f is continuous on the interval [x,y],
the function F is also continuous on [x,y] and F is also differentiable on the open (x,y).

By the second fundamental theorem of calculus, we have F’(x) = f(x).

Now we apply the mean value theorem of differentiable calculus to the function F.

Then there exists a point € in the interval (x,y) depending on x and y such that

that is
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[ @)t — [ Foyde _

T f(e(x,)).
Hence, we have the asserted statement
_ i f@)ar
fletey) ==

The proof is now complete.

]

Theorem 5.1.0.2. If f and g are continuous on [a,b] and g is never zero on (a,b), then

there exists a number € in (a,b) depending on a and b such that

e f(0)di
St ==

Proof. We define two functions H(x) and G(x) in [a,b] by

HE) = [ f0glodr

consider the function
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Since G(a) = 0= H(a), We get

D(x)=| 0 0 1

Note that D(a) = 0 = H(a). Applying Rolle’s theorem to D(x) on the interval [a,b], we

get

for some € € (a,b) that is

Hence
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Figure 5.1: A Geometrical Illustration of the Integral Mean Value Theorem

that is

This completes the proof.

Definition 5.1.0.3. Let f : [a,b] € R be a continuous function. If a = xp < x; < xp <
.. < x, = b, then the set

P, = {x0,x1, ..., %, }
is called a partition of the interval [a, D]
Definition 5.1.0.4. Given a partition P, = {xo,x1,

..,xn } of [a,b], the norm of P,, denoted
by ||P,]|, is defined as the length of the subinterval of maximum length

55
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Definition 5.1.0.5. Given a partition P, = {xg,x1,..,x,} of [a,b], let ¢; € [x;_1,x;] for

i=1,2,..,n. The Riemann sum for f over [a,b] is defined as

R, = if (ci)Ax;

i=1
where Ax; = x; — x;—1 In the above Reimann sum, there are many ways of choosing the
sample points ¢y, 2, ..,c,. We will choose these sample points in such a way that they
divide the corresponding subintervals in a fixed proportion. In other words, for a partition

P, = x9,X1, .., X, there is a fixed number t in [0, 1] such that
ci = Xj—1 +1Ax;

for i =1,2..,n. If we choose the sample points cy, 2, ..,c, in this manner then the above

Reimann sum becomes a function of t for a fixed partition and we denote this by

=
P
I
-
\
=
E

N
I
—_

I

~
I
—_

fxim1 +1A)Ax;

Theorem 5.1.0.6. Suppose f : [a,b] — R is a continuous function. Let p, = {xo,X1,..,Xn }
be a fixed partition of [a,b]. Fort € [0,1], let the points be given by c¢; = x;_1 +tAx;

where Ax; = x; — x;—1. Then there exists a point 1 € (0, 1) such that

Proof. 1If n = 1, then this is just the integral mean value theorem. Suppose n > 1.

The function R, (¢) is continuous on the interval [0, 1] since the function f(x;_; + tAx;)
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are composites of the continuous function f(x) with the continuous function x;_1 +tAx;.

Hence, the function R, (¢) is integrable, and

where ¢; = x;_1 +tAx;. Now applying the integral mean value theorem to continuous

function R, (¢) on the interval [0, 1], we get

Ra(m) = [ Rifo)a

for some 1 € (0, 1). Since the right hand integral is equal to | ab f(x)dx, we obtain

and the proof of the theorem is now complete.

Theorem 5.1.0.7. (Bonnet’s mean value theorem) Let f be integrable and g be nonnega-
tive, increasing function on the closed interval [a,b]. Then there exists at least one point

n in (a,b) such that
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Figure 5.2: An Illustration of Theorem 5.1.0.6.

Proof. Let P = a =1ty,t,..,t, = b be an arbitrary partition of the interval [a,b]. The

integral [ f f(t)g(t)dt can be approximated by the right sum

s(P) = i‘, f(t)g(t) (e — te—1) (5.2)
=1
Let
Sm(P) = i f(te) (t —tr—1) (5.3)
k=m+1

The partial sum S,, approximates the integral fxljn f(t)dt. Let A and B be the upper and
lower bounds of the integral fxb f(t)dt for each x in [a, b],

that is

b
A< / f(t)dt <B (5.4)
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for each x in [a,b].Let A(P) and B(P) be the lower and upper bounds of S,,(P) for all
m=1,2,..,n. Hence

A(P) < S,,(P) < B(P) (5.5)

for each m. From (5.3), We see that

()t —tr—1) = Sk—1(P) — Sk(P) (5.6)

Using (5.6) in (5.2) and simplifying, we get

S(P) = g(t1)So(P)+[g(t2) —g(t1)]S1(P) + ..+ [g(ta—1) — &(tn—2)]Sn—2(P) +g(b)Sn—1(P)
(5.7)

Since, g is nonnegative and increasing on [a,b], We obtain from (5.7)

S(P) < g(t1)B(P) +[g(t2) —g(t1)|B(P) + ..+ [g(tn—1) — g(ta—2]B(P) +g(b)B(P) (5.8)

which is

S(P) < g(b)B(P)

Similarly, from (5.7),we also have

S(P) = g(11)A(P) +[g(t2) — g(11)JA(P) + ..+ [8(ta—1) — &(1n—2)]A(P) + 8(D)A(P) (5.9)

that is
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Therefore, we obtain
g(b)A(P) < S(P) < g(b)B(P)

As the partition becomes finer, the sum S(P) tends to the integral |, f f(t)g(t)dt, that is

lim S(P) = / ? f0)e(0)dr

[|Pu]|—0
and
lim A(P)=A
[| Pu]|—0
and
lim B(P) =
[| Pu]|—0

Hence, we have

g(b) lim A(P) < lim S(P) < lim g(b)B(P)
|P]—0 P[0 P[0

that is

b
As(b) < [ 7(0)s(0)dr < Be(®)

Now for x € [a,b], we define @ : [a,b] — R by

o) =g(0) [ s
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Then, clearly ¢ is continuous on [a,b] and Ag(b) < ¢ (x) < Bg(b). Applying the interme-

diate value theorem to ¢, we have

for some 1 € (a,b). This implies that there exists a point 1 in (a,b) such that

o) [ g0ai= [ geoar

and the proof of the theorem is now complete.

5.2 Integral Representation of Means

As we have seen that Lagrange’s mean value theorem of differential calculus can be used
for generating various means between two positive real numbers a and b. In this section
we illustrate how the mean value theorem of integral calculus can be used for finding the

integral representation of various means.

Definition 5.2.0.1. A continuous function M : R%r — R is said to be a mean of two

numbers a and b if and only if

1. min{a,b} < M(a,b) < max{a,b}
2. M(a,b) =M(b,a)

3. M(Aa,Ab) = AM(a,b)
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forall a,b € Ry

The property (1) is called internality while (2) and (3) are called symmetry and
homogeneity, respectively. The condition (1) is the absolutely essential part of definition.
The condition (2) and (3) are often unnecessary. However, we will treat them to be
equally important in defining a mean. Recall that the mean value theorem of the integral
calculus says that if f : [@,b] — R is a continous function, then there exists an intermediate

value 7 in (a,b) depending on a and b such that

1
b—a

F(n(a,b)) = /  fwd (5.10)

It is easy to see that 1) (a,b) satisfies the property (1) and (2). Now by selecting an
appropriate function f, which ensures the homogeneity condition on 1, it is possible to
generate various existing means. To construct the arithmetic mean between two positive
numbers a and b consider the function f(x) = x. Then using the integral mean value

theorem, we obtain

b
nab) = fn(ap) = 57— [ r(ds

1 /bd 1 b>—d*> a+b
= xax = =
b—alg b—a 2 2

Thus, the arithmetic mean A(a,b) of two positive numbers a and b has following integral

representation

1 b
A(a,b) = b_a/a xdx (5.11)
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Likewise an integral representation of the geometric mean can be obtained as follows.

Let f(x) = é and compute

1
n2(a,b)

= f(n(a;b))

1 b
:b—a/a f(x)dx
1 b1

-~ [ a4
b—a/a 2

_ 1 [_1]1)
b—a'x
1 1 1

“p—ala B
_ 1
~ab

Thus, we have

n*(a,b) = ab

or

n(a,b) = Vab

This shows that the geometric mean, G(a,b), has the following integral representation

1 1 b1
= / —dx
G2((l, b) b—als x*

Selecting f(x) = Inx, we can find an integral representation for the identric mean, /(a,b),

between two positive numbers a and b. To see this compute
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1H77(aab) = f(n(aab))

1 b
b—a/a f(x)dx

1 b
- /a Inxdx

b

:b_a[xlnx—x]a
:b_a[blnb—alna—(b—a)]
B blnb—alna_1
- b—a

o
= ln(a—a)b—a —Ine

1.b°

([ ;]7%)
Therefore
1.2

b) = —[—]Fa

n(a,b) = -]

which is identric mean. Thus, the identric mean can be represented as follows

1 b
In (I(a,5)) = — / Inxdx

Note that the identric mean like other means is symmetric and homogenous of degree
one. The identric mean, arithmetic mean and the geometric mean satisfy the following
ordering

min{a,b} < G(a,b) <I(a,b) <A(a,b) < max{a,b}



Chapter 6

GENERALIZATIONS OF FLETT’S
THEOREM

In this chapter we prove generalization of Flett’s theorem and note its geometric interpre-
tations. Several other mean value theorems extending further the result, which involves

both real and complex functions, are also proved.

6.1 Flett’s Theorem in R

proposition 6.1.0.1. If f(x) is differentiable in a < x < b and f'(a) = f'(b) then there

exists a point | a < 1 < b such that

fi(n) =——"—"=. 6.1)
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Proof. Without loss of generality, we shall assume that f’(a) = f’(b) = 0. If this is not
the case we work with f(x) —xf’(a). Consider the function g : [a,b] — R defined by

SN it x  (a,b]

xX—

gx) = (6.2)
f'(a) ifx=a

Evidently g is continuous on [a,b] and differentiable on (a, b]. Further, from (6.2) we have

10~ f@) , /')

g1 == (x—a)? xX—a

which is

for all x € (a,b].In view of (6.2), to establish the theorem we have to show that there
exists a point 1) € (a,b) such that g'(n) = 0. From (6.2), we see that g(a) = 0. If
g(b) = 0, then by Rolle’s theorem there exists 1 € (a,b) such that g'(n) = 0 and the
theorem is established. If g’(b) # 0, then either g(b) > 0 or g(b) < 0. Suppose g(b) > 0.

Then from (6.3), we see that

Since g is continuous and g’(b) < 0,there exists a point x; € (a,b) such that

g(x1) > g(b)

Hence, we have g(a) < g(b) < g(x1) and by intermediate value theorem there exits a

X0 € (a,x1) such that g(xo) = g(b). Now applying the Rolle’s theorem to the function g
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y= f(a) + f'(n)(z — a)

>

Figure 6.1: A Geometrical Illustration of Flett’s Theorem

on the interval [xo,b] we have g’(1) = 0 for some 7] € (a,b).
A similar argument applies if g(b) < 0, and now the proof of the theorem is complete.

]

Flett’s theorem is in reallity a statement about the existence of two points: under the

aforementioned assumptions, there exist €, 1 € (a,b) for which
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Saho and Riedel developed further Flett’s result by removing the boundary condition

on the derivatives, proving the following:

proposition 6.1.0.2. (Generalized Flett’s mean value theorem )

Suppose that f : [a,b] — R is differentiable. Then 3 € € (a,b), such that

fl(e)= + = (€—a). (6.4)

Proof. Defining an auxillary function v : [a,b] — R as

O @

V() = fx) 5

We see that y is differentiable on [a,b] and

)~ (@

p— (x—a)

v'(x) = f'(x)

here note that,

Applying Flett’s mean value theorem to y, we get.



6.1 Flett’s Theorem in R 69

for some € € (a,b). Using the definition of auxillary function we get the asserted result.

O

proposition 6.1.0.3. Let f, g : [a,b] — R be two differentiable functions. Suppose that
g'(x) # 0 for x € [a,b], and

Then e € (a,b), such that

= 6.5
«(@)—sla) £ @
Theorem 6.1.0.4. (A Cauchy-type of Flett’s theorem):
Let f,g: 1D [a,b] — R be differentiable, and suppose that
f(a)g'(b) = f'(b)g'(a) (6.6)
then 3 € € (a,b),such that
¢@lf(e) - LI i)y e) - 88181, 67

Proof. consider the function ¢ (x) = g'(a) f(x) — f'(a)g(x). Suppose first that f’(a) and

g’(a) are not both zero.Then (6.4) becomes
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and

A direct calculation shows that

¢'(a) =0=9¢"(b),

and so by Flett’s theorem, there exists € € (a,b) such that

or

as desired.

In the case when f’(a) = 1 = g’(a),(6.6) becomes g’ (b)=f"(b),and ¢ (x) = f(x) — g(x).
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Again we have ¢'(a) =0 @'(b) = 0,and Flett’s theorem applies:there exists € € (a,b),

such that

which now is

f'(e)—g(e) = -~
ey LE L@ _ o sle) =@
re)— BELE _ g - EEE

O

Example: 6.1.0.5. Take f(x) = sinx and g(x) = cosx on [F, %] Standard calculations

show that (6.4) is met, and (6.5) becomes

v/
sin€ + cose€ — /2 = (cose — sine) (e — Z)

or

T, . T -
(1+8—Z)sm8—|—(1—8+z) _\/§
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Consider the function Q(x) = (1+x— Z)sinx+ (1 —x+ ¥ )cosx — /2
Since Q(2)=1+% —v2>0and Q(7) = 3E — 1 — /2 < 0, there is a zero € between

% and 1, which is the point guaranteed by the Theorem 1.

Theorem 6.1.0.6. Let f,g: 1 D [a,b] — R be differentiable. Then 3¢ € (a,b), such that

J@)f(e) LE L@ ey 8E) 8@, _17(B)g'(a) ~ f'(a)g'(b)

€—a €—a 2 b—a

(e—a)
(6.8)

Proof. As in the proof of theorem 1,consider the function
¢(x) = g'(a)f(x) — f'(a)g(x), and apply the generalized Flett’s mean value theorem
(proposition 6.1.0.2) J¢ € (a,b),such that

this gives

g'(a)f(e) — f(a)g(e) +&'(a)f(a) + f'(a)g(a)

E—a

—g(a)f'(e)+ [ (a)g'(e)




6.1 Flett’s Theorem in R 73

theorem (6.1.0.4) does not hold true for complex functions.

Example: 6.1.0.7. Let f(s) = ¢*, g(s) = s> — 3mis> — 3s,0n [0,27i]. condition (6.4) is

met, and we need to show that the equation

S —1 3 —37is? -3
£ o) =TT (32 6ris—3) (6.9)
S S

(-3)]

has no solution in (0,2mi). The last equation simplifies to

2
se* —e* +1 :—§s3+7ris2, (6.10)
and since s = iy, it is reduced to

2
1 — cosy — ysiny + i(ycosy — siny) = i [§y3 — ﬂyz} (6.11)

thus, we must consider the system

2
1 —cosy —ysiny =0, ycosy—siny = §y3 — 7ry2. (6.12)
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The first of these gives

1—
y= A :tan(%).

siny

A standard analysis of the functiony — y —tan(% ), defined on (0,27), shows that it

has a single zero T € (%, 37”).(1'1?5 approximate numerical value is T = 2.33112) on the

other hand, substituting y = 1%,:;” on the left-hand side of the second equation in (4)
gives
1 __Cosycosy _ siny = (1— cosy)f‘osy — sin’y _ cos?z —1 — 6.13)
siny siny siny

so the equation becomes %y3 — 1wy 4y = 0. Its solutions are as follows:

_ 3mEVon?-24
- 4

y

none of which is in (%, %) Thus, the system (4) has no solution in (0,27).

Theorem 6.1.0.8. (Complex Rolle’s Theorem) Let f be a holomorphic function defined
on an open convex subset 9y of C.Let a,b € Py be such that f(a) = f(b) =0 and a # b.
Then there exists z1,22 € (a,b) such that R(f'(z1)) = 0 and 3(f'(z2)) = 0.

Proof. Leta; = %(a), ay = F(a), by = Z(b), by = . (b) and let u(z) = Z(f(z)) and
v(z) = F(f(z)) for z € . We define ¢ : [0,1] — R by

o(t) = (b1 —ayu(a+t(b—a))+ (by —az)v(a+t(b—a))

for every ¢ € [0, 1]. Since f(a) = f(b), we get
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Consequently, ¢(0) = 0= ¢(1). Applying Rolle’s theorem to ¢ on [0,1], we obtain

¢'(11) =0

for some 71 € (0,1). Letting z; = a+1#,(b — a), we get from the above equation

(by —ay)[(by —ay) 8u&(§1 + (b —ay) 8%(;1)]
+(by —az)[(b1 —ay) a‘;(il + (by —az) 8‘:9(;1)] =0

and

it follows that

0
Lfy()il) (b1 —a1)* + (by—a2)’] =0
Thus
du(z1)
ox =0
which is
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By applying this first part of the theorem to the function g = —if we see that there exists

az € (a,b) such that

0=2(¢ (@) = 252 = -2 ()

This completes the proof of the theorem.

]

Theorem 6.1.0.9. (Complex Mean Value Theorem) Let f be a holomorphic function
defined on an open convex subset 9y of C. Let a and b be two distinct points in 9y of

C.Then there exists 71,22 € (a,b) such that

R(r') = (L)
and
3(f () = 310219
Proof. Let
¢ = 1)~ fla) - LT o)

for every z € . Obviously g(a) = g(b) = 0. By the above theorem, there exists

21,22 € (a,b) such that

and
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Using the definition of g, we get

for every z € Zy. Therefore

0= (¢ (2) = (7' (z1)) - (L1
and
0=5(¢(e) = £ (1 () - # (O =11,
The proof of the theorem is now complete. 0

Corollary 6.1.0.10. Let f be a holomorphic function defined on an open connected subset

D¢ of C such that f'(z) = 0 for every z € 9. Then f is constant.

Proof. Let f(z) = u(x,y) +iv(x,y) Then

f/(Z):ux(xvy)+ivx(xay)7 Ze‘@f

=0+4i(0), z€ %y

Coux(x,y) =0and vi(x,y) =0, Vz€ %y ..uandv are independent of x in &y Also,
since f is differentiable in &, hence C-R equations are satisfied.
Souy=vy=0anduy,=—-vy,=0 Vze %y

.. uand v are independent of y in &
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.. uand v are constant in ¥y

. f(2) is constant in O

Example: 6.1.0.11. Ler f(z) = ¢°— 1 and note that f(z) = 0 for z = 2ki for every integer
k. Since f'(z) = ¢* = e*cosy+ie*siny, R(f'(z)) =0if y= (2k+1)F and 3(f'(z)) =0
if y = km.Therefore the zeros of the real and imaginary parts of f’ are straight lines both

separating the zeros of f.

6.2 A Cauchy type of extension for Flett’s theorem in C

Theorem 6.2.0.1. (A complex Cauchy-type extension of Flett’s theorem) Let s = x + iy
be a complex variable and let f(s) and g(s) be two holomorphic functions defined on
the open convex set 9 € C. Suppose A = aj +iay € 9, B= by +ib, € & and denote by

(A, B) the open segment connecting A and B.Suppose that

f'(A)g'(B) = f'(B)g'(A) (6.14)

then 321,25 € (A, B) such that
R [F ) - T HAy i o) - LAy 6y
S{¢ 1 ) - T sy ) - EZED )

Proof. Let ¢(s) = g'(A)f(s) — f'(A)g(s). As mentioned earlier, the condition (6.14)
means that ¢ (s) = g'(A)f(s) — f'(A)g(s) if £7(A) and g’(A) are not both zero, and
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o(s) = f(s) —g(s) if f/(A) =1 =g'(A) as in Real case. we have ¢’'(A) = ¢'(B). there

exist z1,22 € (A,B)

such that,

or

3{g(A) [ (z2) — f(A)g'(z2)}

_ a8 A)f(22) — ['(A)g(z2) —&'(A)f(A) + f'(A)g(A)
=3 A }

since R{ioo £ B} =R{a} +R{P} and S{a £ B} =T{a} £3{P} forany o, B € C,the
last two relations can be rearranged, obtaining (6.15) and (6.16)

]

Example: 6.2.0.2. (revisited complex case) Returning to our example and setting s = iy

in (6.10), we get
ey —1

iy

+i(

— &) = —2(iy)? + 3mi(iy)

(=3)(

siny cosy — 1

3[cosy — + siny)] = 2y* — 37y.

siny

equating the real and imaginary parts, respectively,gives

cosy — Ty = -y~ —Ty (6.17)
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and
cosy—1 )
siny +siny =0 (6.18)
For (9),we consider the function R(y) = cosy — % — %yz + 1y and note that R(%) > 0,

while R(21) < 0.Thus, R has a zero in (37”,27r).1ts numerical value is approximately
4.806302. The solution to (10) as mentioned earlier is approximately 2.33112.Thus, the

two complex solutions assured by theorem 3 are 7; = 4.806302i and zp = 2.33112i.

Theorem 6.2.0.3. (A cauchy-type extension of the generalised Flett’s theorem) Let
s = x+ iy be a complex variable and let f{(s) and g(s) be two holomorphic functions
defined on the open convex set 9 € C. Suppose A =a+iay € 9, B=b1+iby € .

and denote by (A, B) the open segment connecting A and B.then 371,72, € (A, B) such that

R A )~ LA g ) g (e - EEL =8y
_ISUBI0-SWB)
(*)
S(¢ )17 () - LT 5 g o) - £y
_ISUGEW- e m)

(*%)
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Proof. 1f a holomorphic function ¢ (s) satisfies the assumptions then there exists 71,2, €

(A,B) such that

_|_

R/ ()} = LA SO

—9'(4)
—A

(z1—A)} (6.19)

3{0'(22)} = S{¢(Z§) —f(A)  19%(B)~¢'(4) (r—A)} (6.20)

2—A 2 B—A
The method of proof goes back to the paper by Edvard and Jaffari who discovered the

true form of complex Rolle’s theorem. The idea is to consider the real functions

0(t) = (b1 —a1)R[P(A+1(B—A))| + (b2 — a2)3[¢(A +1(B - A))]

y(t) = (b1 —a1)3[¢(A+1(B—A))] — (br —a2)R[$(A +1(B—A))]

t € [0,1] and to differentiate them, making use of the Cauchy-Riemann equations. Ap-
plying the generaliized Flett’s theorem to ¢ and y guarantees the existence of two real

numbers #1,7, € (0, 1) such that

Wl(tZ) _ W(tz - W(O))

YO WOy O

Then the required equations (*) and (**) follow up setting z; = A +;(B—A) and

73 =A+1t(B—A). Note that (6.19) and (6.20) can be rewritten as follows:

¢(z1) —9(A)

| 1R B) - 0'(4))
71 —A

R{g'(z1) - S

(Zl _A)7
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—¢(A 1 "(B)—¢'(A
- 20, ISEE-Wh
now we set ¢(s) = g’(A)f(s) — f/(A)g(s) and apply the aforementioned, from re-

quired equation (*) and (**) are straight-forward manupulations.

]

With Reference to the equation ¢ (x) = g’(a)f(x) — f'(a)g(x) mentioned in theorem

discussed earlier, we see the following result

Theorem 6.2.0.4. Let f,g: I C [a,b] — R be differentiable. Then 3 € € (a,b), such that

_ 1/ (b)g'(a) — f(a)g'(b)

2 b—a (e-a)

and by applying a result of Pawlikowska to above theorem

Theorem 6.2.0.5. (Pawlikowska Result) Let f : [a,b] — R be an n times differentiable

function. Then there exists a point 1 € (a,b) such that




6.2 A Cauchy type of extension for Flett’s theorem in C 83

Theorem 6.2.0.6. Theorem 5 Let f,g : I € [a,b] — R be n-times differentiable. then 3

€ € (a,b) such that







Chapter 7

ANALYSIS AND CONCLUSIONS

The Mean value theorem was originated from Rolle’s theorem. The only difference is
the condition on the end points. i.e. in Mean value theorem for a function defined and
continuous on [a,b] and differentiable on (a,b), the condition f(a) = f(b) is not required

which is necessary for Rolle’s theorem.

Geometrically the Mean value theorem means that, the tangent line to the graph of
function f at 1(x},x;) is parallel to the secant line joining the points (x, f(x1)). This

important result is further applied to further obtain small results like:
1. If f(x) = 0 for all x in (a,b), then f is a constant on [a, b]

2. If f(x) = ¢'(x) for all x in (a,b), then f and g differ by a constant on [a,b].

3. If f/(x) > 0(< 0) for all x in (a,b), then f is a strictly increasing (decreasing)

function on [a,b]

85



86 ANALYSIS AND CONCLUSIONS

Further it can also be used to prove Bernoulli’s inequality etc.

Mean value theorem and related functional equations
In this section we illustrated functional equations arising from Mean value theorem. and
then we presented systematic study of functional equations and its various generaliza-
tions.

1.) In view of divided difference the mean value theorem takes the form

fler,x2] = /(M (x1,x2))

By using the equation of divided difference we learnt how various results of functional
equations were obtained.

2.) The integral Representation of divided difference is given by

1 f th_1 n
/dtl/ iy [ f™ (xo+ Y i —xe1))d
0 0 0 k=1

= flx0,x1, ..., Xy]

where n > 1

and

min{xp, X1, ..,xn} < x < max{xo,x1,..,X,}

If all the points xg, X, .., X, are all distinct.
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3.) By the mean value theorem for divided differences, there exists one point 1 € [a, b]

such that,

(2n-1) (n )

plil gy — L)
S a =T
Strict monotonicity of f (2n—1) (x) forces M to be a mean value, that is, a < 1 < b. Further,
since f(21—1) (x) is strictly monotone, such a 7 is also unique, and this defines a functional

mean M} (a,b) in a and b. Hence

Mf(a,b) = (f2V) 7 {@n—1)1fp1 0]}

Note that in the above formula ( f (2"_1))_1 denotes the inverse function of £~ If
n =1, then M}(a,b) reduces

f(b)—f(a)

Mj(a) = () FZ1D,

If f(x) = x™, where m is a positive integer greater than or equal to n, then M} (a, b) =

a+b
-

and

If f(x) = 1, then M}(a,b) = Vab

Hence we can conclude that if f(x) = x”, where p € R. The first example shows that,
p is a positive integer greater than or equal to n, then the functional mean M]’i(a, D) is

the arithmetic mean of a and b. The second example illustrates that if p = —1, then the
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functional mean M J’E(a, D) is the geometric mean of a and b.

4.) Under Limiting Behavior of mean values we have learnt that, If x is a number in
the interval (a,b) then by applying Langrange’s mean value theorem to the interval [a, x|,

it is possible to choose a number 1, in (a,x) as a function of x such that

fla,x] = f'(nx)

In this section, we examine the behavior of the mean value 7, as x approaches the left
end point a of the interval [a,x].

Further with the help of two examples we have seen that as x approaches the left end
point of the interval from the right, the mean value 1), approaches the midpoint between
x and the left end point of the interval.

5.) Pompeiu’s mean value theorem is variant of Lagrange’s mean value theorem. Which
geometrically means that the tangent at the point (€, f(€)) intersects on the y-axis at the
same point as the secant line connecting the points (x1, f(x1)) and (x2, f(x2)). Pompeiu’s

mean value theorem attains a functional equation of the form

xf(y) —yf(x)

TR = hle(y)

Vx,y e R

X#y

Two Dimensional Mean Value Theorem

1.) The difference between the values of the function at thpoints («,v) and (x,y) is equal
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to the differential at an intermediate point (17, €) on the line-segment joining the two

points.

Mean Value Theorem For Some Generalized Derivative
1.) If f is continuous on [a,b] and symmetrically differentiable on (a,b) and if the sym-

metric derivative of f has Darboux property, then there exists ¥ in (a,b) such that

Integral Mean Value Theorem
1.) If f(x) is continuous on [x,y],then there exists a point € in (x,y) depending on x and y
such that
JL f(t)at

fle(x,y)) = ox

2.) Using Integral Mean value theorem we further obtained arithmetic mean, geomet-
ric mean and the identric mean.

The ordering for the same is given by

mina,b < G(a,b) < I(a,b) < A(a,b) < maxa,b

Cauchy Type Of Generalization Of Flett’s Theorem
1.) Geometrically Flett’s Theorem means that if f(x) is defined and differentiable on

an open interval I, such that I contains [a, )] and if f has the property that the slopes of
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the tangents at two points (a, f(a)) and (b, f(b)) are equal, then there is some point €
between a and b such that the tangent to the curve y = f(x) at (g, f(€)) passes through
(a, f(a)). There is nothing special about the left end point (a, f(a)) and that the symmet-
ric result holds at the right endpoint; thus, Flett’s theorem in reality a statement about
existence of two points: under the aforementioned assumptions, there exists €, 1 € (a,b)

for which

ey K1
| R )
fm)== - .
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