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SOME CONSIDERATIONS ABOUT HYERS-ULAM
STABILITY OF THE INTERMEDIARY POINT
ARISING FROM THE MEAN VALUE THEOREMS

Mihai Monea

ABSTRACT. We present some results involving the Hyers—Ulam stability of
some intermediary point arising from the mean value theorems. First, we
make some considerations about the stability of Lagrange mean point and we
prove a stability result involving Cauchy mean point. Also, we establish some
conditions to the stability of the intermediary point defined by some recent
theorems due to Wachnichi or Tong. We investigate similar problems to the
integral version of these theorems. We complete with Hyers—Ulam stability of
the intermediary point arising from second integral mean value theorem. Also,
we present a new integral mean theorem and its stability.

1. Introduction

The starting point of a wide range of stability notions was the following ques-
tion:

“When is it true that the solution of an equation differing slightly from a given
one, must of necessity be close to the solution of the given equation?"

The author of the question was Ulam [12]. The first mathematician which gave
an important answer to Ulam’s question was Hyers [4]. In fact, he proved that,
for any € > 0 and for any function f : U — V between two Banach spaces and
satisfying || f(z + y) — f(x) — f(y)|| < ¢, for all x,y € U, there exists 6 > 0 and a
unique additive function A: U — V such that ||A(z) — f(x)| < 9, for all z € U.

This result opened a new research direction and a new mathematical con-
cept was born. Now it is said that the Cauchy additive functional equation,
flx+y) = f(z) + f(y), satisfies the Hyers—Ulam stability. This concept has in-
fluenced a number of mathematicians studying the stability problems of functional
equations (a large collection of results can be found in [5]). Today, the terminologies
Hyers—Ulam stability is also applicable to the case of other mathematical objects
as differential equation, dynamical equations, linear recurrences or convexity.
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Starting with the paper [1], a new direction was created. It is about the stability
of the intermediary point arising from the mean value theorems. For example, we
have papers [3L[6H9], where we can find some results involving Lagrange, Flett or
Cauchy mean theorems.

Our aim is to complete the work from these references. The first results are
reserved to the mean value theorems involving differential functions. We start with
some considerations about Lagrange mean point. Gavrutd [3] or Pawlikowska [§]
investigated its stability. The most recent result is represented by [7], Theorem 7]
and we present an example which shows that some restrictions from the hypothesis
of this theorem cannot be removed. Further, we proved a stability result about
Cauchy mean point, similar to [3, Theorem 2.3]. Also, the stability of the point
from Wachnichi theorem [13] will be investigated. Recently, Tong [10] proved a
new extension of Lagrange mean theorem involving two functions. The stability of
the intermediary point from Tong’s result will be investigated.

The second part of this paper contains results involving stability of the inter-
mediary points arising from integral mean theorems. We establish some conditions
to the Hyers—Ulam stability of the point defined by the integral version of Cauchy
or Wachnichi theorem. In the same mode, we obtain similar results for the second
mean value theorem for integral. We present a new integral mean value theorem and
we will investigate its stability. Finally, we study a recent mean integral theorem
due to Tong [11].

The main tools, which we will use to prove all the results from the following
sections are represented by the next two propositions [7, Theorem 2 and 4].

PROPOSITION 1.1. Let f: [a,b] — R be a continuous function that admits a
unique minimum (mazimum) point ¢ € (a,b). Then, for any € > 0, there exists
d > 0 with the following property: any continuous function g: [a,b] — R, satisfying
the relation |g(x) — f(z)| < 9, for any x € [a,b], admits a minimum (mazimum,)
point d € (a,b) such that |d — ¢| < e.

PROPOSITION 1.2. Let f: [a,b] — R be a continuous function with f(a)f(b) <O0.
We suppose that there exists a unique point ¢ € (a,b) such that f(c) = 0. Then,
for any € > 0, there exists 6 > 0 with the following property: for any continuous
function g: [a,b] — R, satisfying the relation |g(z) — f(x)| <, for any x € [a,b),
there exists d € (a,b) such that g(d) =0 and |d — ¢| < e.

We conclude this section with some notations that we will use in this paper.
Let a,b € R be such that a < b. Denote Cla,b] the set of the continuous func-
tions f: [a,b] — R and C*[a,b] the set of the functions f € Cfa,b], with property
f(z) £ 0, for any x € [a,b]. Also, denote Dla,d] the set of differentiable functions
f:]a,b] = R and D*[a, b] the set of functions f € Da, b], with property f'(x) # 0,
for any x € [a, b].

2. Mean value theorems and Hyers—Ulam stability

We start this section with Lagrange mean theorem. Recall that for any function
f € Cla, b], differentiable on (a, b), there exists an intermediary point ¢ € (a, b) such
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that
/ f(b) — f(a)
(2.1) 7o = =1

Further, any point ¢ satisfying ([Z)) is called a Lagrange point.

From [7] Theorem 7] establishes some conditions for the Hyers—Ulam stability
of this point. It was proven that, for any function f € C|a,b], differentiable on
(a,b), having a unique Lagrange point ¢ € (a,b) and for every & > 0, there exists
d > 0 such that any function g € Cla,b], differentiable on (a,b), satisfying the
relation |g(z) — f(x)] < 6, for every x € [a,b], admits a Lagrange point d € (a,b)
such that |d — | < e.

The following example shows that the uniqueness condition of ¢ cannot be
removed, eventually can be replaced with its uniqueness on a neighbourhood. To
prove this, we consider the function f: [-2,2] — R defined by

(:L'+1)27 T € [72571]
f(.’L') = 07 T € (717 1)
(:L' - 1)27 T € [172]
It is a continuous and differentiable function on [—2, 2] and

2z +1), ze[-2,-1]
f(x) =<0, z € (—1,1)

2z —1), ze[l,2]

Applying Lagrange theorem, we find ¢ € (—2,2) such that
2) — f(—2
11D _

Since f(2) = f(—2) = 0, we have f’(¢) = 0. We obtain ¢ € [—1,1]. Then, the
Lagrange point of { is not unique.

Now, let ¢ = 5. For any 6 > 0, we choose v € (0,%) such that v < §. We

consider the function g: [-2,2] — R, defined by
(:L'+1)2, S [7277171/]
9(x) = pe° —v, ze(-1-v1+v)

(x —1)2, x €[l+v,2]

Hence,
z/‘h—nll—llg(x) - m\%l—n}—ug(l‘) - g(_l - V) - VQ’
li = i = 1+ = 25
Jm g(r) = lim g(z) =g(1+v)=v

we can conclude that the function g is continuous on [—2,2]. Also,

(~1-v)= lim 2(z+1)=-2
go(-1—v)= lim 2z+1)=-2,

2
vr o —2v.

(—1—v)= i
gd( V) z\lfnllfl/ 1+v
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We obtain that g is differentiable at x = —1—wv. A similar argument shows that g is
differentiable at = 1+wv. Then, ¢ is satisfying the hypothesis of Lagrange theorem.
Then there exists d € (—2,2) such that % = ¢'(d). Hence g(—2) = ¢(2),
we obtain ¢’(d) = 0. Since

20@+1), ze€[-2,—-1-1]

g/(l'): %a 1‘6(7171/,14»1/)

2x—-1), z€[l+v,2

we obtain that d = 0.

Now, we prove that |g(x) — f(z)| < 0, for any z € [-2,2]. If z € [-2,—1 — V]
or z € [1 4+ v,2], we have g(x) = f(z). If z € (=1 — v, —1], we obtain

lg(x) — f(z)| = 1iyx271/7(:c+1)2’ :’— 1iyz2—2z—lfv.
Let us define the function u: (=1 —v, —1] = R by u(z) = fﬁzQ —2x—1—w, for
any € (—1 —v,—1]. Since v/(z) = 7%1‘ -2= fH%(z +1+4+v) <0, for any
z € (=1 —v,—1], we obtain u(—1) = —#ZV <u(z) <u(—1—v)=0. Then
2
9@) — @) < 12 < v <
A similar conclusion is obtained if x € [1,1 4 v). For every € (—1,1), we have
lg(z) — f(z)| = 1j_yz2—y <v<d
Now, ¢ = —1 is a Lagrange point of f and the function g has no Lagrange point

on the interval (=1 — e, -1+ ¢).

A first extension of Lagrange theorem refers to the fact that to every pair of
functions f,g € Cla, ], differentiable on (a,b), we can associate an intermediary
point ¢ € (a,b) (called Cauchy point) such that

(f(b) = f(a)g'(c) = (9(b) = g(a)) f'(c).
The stability of this point was proven in [9] and, with more weaker conditions,

in [7]. Another type of Hyers—Ulam stability is presented in the following theorem.

THEOREM 2.1. Let f,g: [a,b] = R be two twice differentiable functions, with
f"9" € Cla,b], such that f"(x)(g(b) — g(a)) — g"(z)(f(b) — f(a)) # 0, for every
x € [a,b]. Let € >0 and d € (a,b) such that

(£ (b) = f(a))g'(d) = (g(b) — g(a)) f'(d)| <e.
Then, there exists a point ¢ € (a,b) such that (f(b)— f(a))g'(c) = (g(b) —g(a))f'(c)

and
€

mingefq,5) |f"(2)(g(b) — 9(a)) — ¢"(x)(f(b) — f(a))|
PROOF. We consider the function h: [a,b] — R, defined by

h(z) = (f(b) = f(a))g(x) — (9(b) — g(a)f(x),

|d—c|] <
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for any x € [a,b]. The hypotesis means that h”(x) # 0, for any = € [a,b]. Then,
either " (x) > 0 or h”(x) < 0, for any z € [a,b]. Let ¢ € (a,b) be a Cauchy point
of f and g. Then h/(c) = 0.

If ¢ = d, the proof is ready, else, we suppose ¢ < d. The relation

[(f(b) = f(a)g'(d) = (9(b) — g(a)) f'(d)| <e.
means |h/(d)| < e. Then |h/(d) — h'(c)| < e. Using Lagrange theorem, we find
u € (¢,d) such that h'(d) — h'(¢) = h”’(u)(d — ¢). Then |h"(u)(d — ¢)| < e, also
|d—c| < o and the conclusion follows now. O

Flett [2] proved that for any function f € Dla,b], with f'(a) = f'(b), there
exists an intermediary point ¢ € (a,b) such that f(c) — f(a) = (¢ —a)f'(¢). An
improvement by Cauchy type was natural. Wachnicki [13] proved that, for any

functions f € Dla,b] and g € D*[a,b], with g:gs; = Z;’/Eg;’ there exists an interme-
diary point ¢ € (a,b) such that % = %.
This point will be called Wachnicki point of the function f and g. The following

two theorems present some conditions for its Hyers—Ulam stability.

THEOREM 2.2. Let the functions f € Dla,b] and g € D*[a,b], with f' € C|a,b]
and ¢’ € Cla,b], such that g:gg; = ﬂﬁ;- We suppose that these functions admit
a unique Wachnicki point ¢ € (a,b). Then, for any € > 0, there exists v > 0
with the following property: for any functions F € Dla,b] and G € D*[a,b], with
F',G" € Cla,b], satisfying the relation

max {|F(z) — f(z)], |G'(z) — ¢'(2)]. |G(a) —g(a)[} <,

z€la,b]

there exists a Wachnicki point d € (a,b) such that |d — ¢| < €.

PRrOOF. Hence ¢'(x) # 0, for every x € [a, b], we can admit that ¢’ is positive.
Then, the differentiable function h: [a,b] — R, defined by

h(z) = (f(z) + f(a))(9(z) — g(a) — 2/ ft)g (t)dt,
has b'(z) = f'(z)(g(x) — g(a)) — ¢'(z)(f(z) — f(a)), for any = € [a,b]. More,
W(c)=0and h'(z) #0if x € (a,b) \ {c}.
We claim that ¢ is an extremum point of h. If not, then we can accept that
h(x) > 0, for any x € (a,b) \ {c}. Then, h/(b) > 0. We obtain
(2.2) f(0)(g(b) — g(a)) — g'(b)(f(b) — f(a)) = 0
Let us define the function u: [a,b] — R, by
u(x) = {;;,E(ij)_g((s))’ z € (a, 0]
g(a)’ -
The function w is continuous on [a, b] and differentiable on (a,b), with
oy - @) (g() —gla) — g'(2)(f(x) — f(a))
v = (90z) — gla))? /
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for any x € (a,b). We have u/(x ) > 0, for every z € (a,b) \ {c}, so u is increasing.
From u(a) < u(b), we obtain L, EZ; < J;Egg f((a)). From the hypothesis, we deduce

that ggg; < % or f'(b)(g(b) — g(a)) — ¢'(b)(f(z) — f(a)) < 0. This relation
contradicts (2:2) and proves our claim.
Further, for some v > 0, we consider two functions F' € Dla,b] and G € D*[a, b],

with F', G’ € Cla, b], satisfying the relation
;gﬁXb]ﬂF(x) - f@)], IG'(z) — ¢'(2)], |G(a) — g(a)l} <4,

for every z € [a,b]. We consider the differentiable function H: [a,b] — R, defined
by

H(z) = (F(z) + F(a))(G(z) - G(a)) — 2 /w F(t)G' (t)dt,
for every x € [a,b]. We have H'(x) = F'(2)(G(x) — G(a) — G' (x)(F(x) — F(a)), for

every z € [a, b].
Further, we have
xT

[ rwe o - sag o] = | [ 1o - 10160+ oo - g

<7/I|G’t|dt+7/m|ft|dt

/|G’ t)+4'(t |dt+7/ |f(t)]dt

/|G’ |dt+7/zg dt—i—v/ |f(t)|dt
(=)

<Y —a)+27 max |g(z)|+y max |f(2)|(b - a).

//\

For any z € [a,b], Lagrange theorem gives us a point s € (a, x) such that

(G(z) — g(x)) = (G(a) — g(a)) = (G'(s) = ¢'(s))(x — a).

Then, for every x € [a, b], we have

(G(x) — 9(x)) — (G(a) = g(a))| = |G'(s) = g'(s)|(x — a) <¥(b—a).

|
< 29|G(x) — G(a) — g(x) + g(a)| + 2v[g(x) — g(a)l+2v(b—a);gzx | f(2)]

< 29%(b - a) + 4y max [g(x)| + 2y(b — a) max |f(z)],
z€la,b] z€la,b]
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which goes to the relation

|H(z) — h(z)| < 37*(b — a) + 6y max g(x)| + 3y max |f(2)|(b— a),
for every = € [a, b].
Now, for any € > 0, we consider § > 0 defined by Proposition [T for f and e.
We choose v > 0 such that

3v%(b — a) + 6y max |g(x)| + 3y max |f(x)|(b—a) < 0.
z€[a,b] z€la,b]

Then |H (z)h(z)| < J, for every x € [a,b]. Proposition [T gives us an extremum
point d € (a,b) of H such that |d — ¢| < e. Using Fermat theorem, we obtain
H'(d) = 0 and the conclusion follows now. O

THEOREM 2.3. Let the functions f,g € D*[a,b], with f’,g" € C|a,b], such that

g:gzg = !f]:égg. We suppose that these functions admit a unique Wachnicki point

¢ € (a,b). Then, for any e > 0, there exists v > 0 with the following property: for
any functions F,G € D*[a,b], with F',G" € Cla,b], satisfying the relation

max {F'(a) — £'(@), |Fla) — @), 166) - 9@} <7
there exists a Wachnicki point d € (a,b) such that |d —c| < €.

PrOOF. Hence f/(z) # 0 and ¢'(z) # 0, for every = € [a,b], we can admit
that f’ and ¢’ are positive. Then, g is continuous and increasing. We sonsider the
differentiable function h: [a,b] — R, defined by

) = (£(@) — f@)g(e) + g(a)) — 2 " F (0l

for any 2 € [a,b]. We have h'(z) = ¢'(z)(f(z) — f(a)) = f'(x)(g9(x) — g(a)), for
every x € [a,b], h'(¢) =0 and h/(x) # 0, for any « € (a,b) \ {c}.
We claim that c is an extremum point of h. If not, then we can accept that
K (xz) >0, for any x € (a,b) \ {c}. Then, h'(b) > 0. We obtain
(2:3) g'®)(f () = f(a)) = f'(b)(g(b) — g(a)) = 0
Let us define the function w: [a,b] — R by
_ i we@d
u(*) =3 7 _
g(@)” r=a
Then, u is continuous on [a, b] and differentiable on (a,b), with
o (z) = f'(@)(g(x) — g(a)) = g'(x)(f(z) = f(a))
(9(x) — g(a))? ’
for any x € (a,b). We obtain v/(z) < 0, for every = € (a,b) \{c}, so u is decreasing.
From u(a) > u(b), we have
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From the hypothesis, we deduce that

f') _ fb) = f(a)
g'(b) = g(b) —g(a)

or
f0)(g(b) = ga)) = g'(0)(f(x) = f(a)) > 0.
This relation contradicts (2.3) and proves our claim.

Further, for some v > 0, we consider two functions F,G € D*[a,b], with
F' G" € Cla,b], satisfying the relation

II?[%?%]HF’(SE) — (@), |[F(a) = f(a)l, |G(z) — g()]} <9,

for every z € [a,b]. We consider the differentiable function H: [a,b] — R, defined
by

H(z) = (F(z) - F(a))(G(z) + G(a)) — 2 /z FI(H)G(t)dt,

for every z € [a,b]. We have H'(z) = G'(2)(F(z) — F(a)) — F'(2)(G(z) — G(a)),
for every x € [a,b]. Then

[ e - rosoa | [

6@+ [ 17 @lar
/ N
160 = atelat o [ latolar o [ o

<72 (b—a)+7(b—a) max [g(x)| + 2y max |f(z)],
z€[a,b] z€la,b]

<

F(t) - F0)G) + P0G - g<t>>>dt]
.
v [ 160 - gt + gkt + [ o

N

“((

N

N
Y

for any x € [a, b].
Lagrange theorem gives us a point s € (a,x) such that

(F(x) = f(2)) = (F(a) — f(a)) = (F'(s) = f/(s))(z — a).
Then, we have
[(F(z) = F(a))(G(z) + G(a)) — (f(z) — f(a))(g9(z) + g(a))
<|(F(x) = F(a))(G(z) + G(a) — (F(z) — F(a))(g(x)
+[(F(z) = F(a))(9(x) + g(a)) — (f(z) = f(a))(g(z) + g(a))]
|

( (
< 29|F(z) — F(a)| +2v(b— a)mrg[%] lg(z)]
(z) ) —

f(@) + fla)| + 291 f(x) — fa)| +27(b - a) max lg(@)l

<293 (b - )+47£[%x |f(z)] +27(b—a) max lg(z)],

< 29|F(x) — F(a
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which goes to the relation

|H(z) — h(z)| < 3v*(b—a) + 67 max, |f ()] + 3~ max lg(2)|(b - a),

for any « € [a, b].
Now, for any £ > 0, we consider § > 0 defined by Proposition [[.T] for ~ and e.
We choose v > 0 such that

V(b — a) + 6y max |f(z)| + 3y max |g(x)|(b—a) <.
z€[a,b] z€[a,b]

Then |H (z) — h(x)| < §, for every = € [a,b]. Proposition [Tl gives us an extremum
point d € (a,b) of H such that |d — ¢| < e. Fermat theorem shows that H'(d) =0
and the conclusion follows now. g

Another type of Lagrange extension is due to Tong [10]. He posed a problem
to obtain a mean value theorem, involving a pair of differentiable functions, but
by other type than Cauhy theorem. He proposed a new result, such that for any
f,yg € Dla,b], there exists an intermediary point ¢ € (a,b) such that

(2.4) fe)(b—c)+g'(c)(c—a)=(g(b) — glc)) + (f(c) — f(a)).
We propose the following stability theorem that concludes this section.

THEOREM 2.4. Let the functions f,g € D[a,b]. We suppose that there exists a
unique point ¢ € (a,b) that satisfies relation 24). Then, for any e > 0, there exists
~v > 0 with the following property: for any functions F,G € Dla,b], satisfying the
relations |F(z) — f(z)| < v and |G(x) — g(x)| < 7, for any x € [a,b], there exists a
point d € (a,b) such that

F'(d)(b—d)+G'(d)(d —a) = (G(b) — G(d)) + (F(c) — F(a)) and |d — c| < .

PROOF. The differentiable function h: [a,b] — R, defined by relation

h(z) = (f(z) = f(a))(z = b) = (9(x) — g(b))(z — a),
has H(z) = f/(x)(@ — b) + (f(z) — £(@)) — ¢'(@)(z — a) — (g(z) — g(b)), for any
x € [a,b]. Hence h(a) = h(b), there exists an extremum point «, of h, on the
interval (a,b). Fermat theorem gives us h'(a)) = 0. Then « is satisfying the relation
[24). The hypothesis goes to a = c.

Furthermore, let v > 0 and F,G € Dja,b], such that |F(z) — f(z)| < v and
|G(z) — g(z)| < 7, for any = € [a,b]. We consider the function H: [a,b] — R,
defined by

H(z) = (F(z) — F(a))(z = b) = (G(z) = G(b))(z — a),
for any z € [a,b]. Hence
H'(z) = F'(z)(z = b) + (F(z) — F(a)) = G'(z)(z — a) — (G(z) — G(b));

we obtain
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for any x € [a, b].

Now, we con51der 0 > 0 defined by Proposition [Tl for the function h and € > 0.
We choose v < ( 27+ Then |H(x) — h(z)| < 6, for any = € [a,b]. Proposition [[1]
gives us an extremum point d € (a,b) of H such that |d — ¢| < e. Fermat theorem
goes to H'(d) = 0 and the conclusion follows now. O

3. The Hyers—Ulam stability of some integral mean points

In this section we investigate the Hyers—Ulam stability of the point arising from
some integral mean theorems. First, 1et f € Cla,b] and g € C*[a b]. Then, the
functions F,G: [a,b] — R, defined by F(z) = [ f(t)dt and G(x) = [ g(t)dt, for
any z € [a,b], are differentiable on (a, b) If g(x) # 0, for any x 6 (a,b), then G is
a monotone function and G(b) # 0 = G(a). Under these assumptions, the integral
form of Cauchy theorem said there exists ¢ € (a,b) such that

b
[, f(t)dt _ fo)
12 gtyat 9
The following theorem establishes some conditions to the stability of the point
¢ from the relation (B.1)).

(3.1)

THEOREM 3.1. Let the functions f € Cla,b] and g € C*[a,b]. We suppose
that there exist a unique point ¢ € (a,b) satisfying relation BI). Then, for any
e > 0, there exists v > 0 with the following property: any functions F € C[a,b] and
G € C*[a,b], satisfying the relations |F(x) — f(x)] < v and |G(x) — g(x)| < v, for
any x € [a,b], admit a point d € (a,b) such that

JPF@tdt  F(d)
Pawa G

PROOF. We consider the continuous function h: [a,b] — R, defined by

h(w)f(z)/ab Bt — g /f

for any x € [a,b]. We claim that there exists o € (a,b) such that h(a) = 0. We
assume by contradiction that h(z) # 0, for any = € (a,b). Then, the function
u: [a,b] — R defined by u(z) = [ h(t)dt, for every x € [a, b], is monotone. Hence,
u(a) = 0 and u(b) = 0, then w is constant. Then h = 0 and we obtain a contradic-
tion, also our claim is true. Previous reasoning proved that the function h changes
its sign in o.

Hence h(o) = 0, the point « satisfies relation [BI)). Due to uniqueness, we
obtain o = c.

Now, let v > 0. For any function F € Cla,b] and G € C*[a,b], satisfying
|F(z) — f(z)] <~ and |G(z) — g(z)| <+, we consider H: [a,b] — R, defined by

and |d —c| < e.

b b
H(z) = F(x) / G(t)dt — G(z) / F(t)dt,
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for any x € [a,b]. We have

|H(z) — h ] /G £)dt — >/ Ft)dt — f()/b(dt+g /f dt]
|/ G(b)ldt + | f(x |/ G(t) — g(t)ldt

1 16() - gla |/|F Jldt + |g(z |/|F (b)),

for any x € [a,b]. We put A = max,c[q f(7) and B = max,¢[q,5 9(«). Then

b b b
/ F (b))t < / F(t) — f()ldt + / FOldt < A(b—a) + A — a).

In the same mode, we have fab |G(t)|dt < ~(b—a)+ B(b—a). Then

|H (x) = h(z)| <v(B(b—a)+~(b—a)+ By(b—a)
+ Avy(b—a)+ (A —a)+~(b—a)
=27%(b—a) +2v(A + B)(b — a),
for any x € [a, b].

Now, we consider § > 0 defined by Proposition [[.2] for A and ¢ > 0. We choose
v > 0 such that 29%(b — a) + 2v(A + B)(b — a) < §, Then, for every z € [a, ], we
have |H(z) — h(z)| < 0. Then, there exists d € (a,b) such that |d — ¢| < € and
H(d) = 0. The last equality concludes the proof. O

The second integral mean value theorem said that, for any f € C|a,b] and
g € C*[a, b, there exists an intermediary point ¢ € (a,b) such that

b b
(3.2) / F(Hg(tydt = £(c) / g(t)dt.

Some conditions for the Hyers—Ulam stability of point ¢, defined by the previous
equality, will be presented in the following theorem.

THEOREM 3.2. Let the functions f € Cla,b] and g € C*[a,b]. We assume that
there exists a unique point ¢ € (a,b) satisfying the relation [B2). Then, for any
e > 0, there exists v > 0 with the following property: any functions F € C|a,b] and
G € C*[a,b], satisfying the relations |F(z) — f(x)| < v and |G(z) — g(x)| < v, for
any x € [a,b], admit a point d € (a,b) such that

b b
/ F(t)G(t)dt:F(d)/ G(t)dt and |d— | < e.

PROOF. We consider the function h: [a,b] — R, defined by h(z) = f(x) - g(z),
for any x € [a,b]. Cauchy mean integral theorem gives us a point « € (a,b) such
that

[P )t h(a)
[Pgtyar  9la)’
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Then g(a) f; f)gt)dt = g(a)f(a) f;g(t)dt, Hence g(a) # 0, we obtain that the
point « is satisfying the relation (2, so & = ¢ due to uniqueness.

Now, let v > 0 and F € Cla,b],G € C*[a,b], such that |F(x) — f(z)| < v and
|G(z) — g(z)] < v, for any = € [a,b]. We define the function H: [a,b] — R, by
relation H(z) = F(x) - G(z), for any = € [a,b]. We have

[H(z) = h(z)| = [F(2)G(z) - f(z)g(2)|
[F(@)]|G(2) — g(x)] + [g(2)[|F(z) = ()]
(1F ()] + [g(x)])
Sw(|F(x) = f@)] + [f ()] +1g9(2)])
<v?+ (| f(@)] +lg(2))),
for any x € [a, b].

Further, we consider v > 0 defined by Theorem B for the functions h and g.
We choose v > 0 such that v <~y and

V2 +v(max |f(z)| + max |g(z)|) < 7.
z€[a,b] z€[a,b]

Then |H(z) — h(z)| < v and |G(x) — g(z)| < v, for any x € [a, b]. Theorem Bl give
us a point d € (a,b) such that |d — ¢| < ¢ and

J Hndt _ H(d)

[rawdr  Gld)

The proof is complete if we replace the function H with the product F - G. O

Similar to the integral version of Cauchy mean theorem, we can obtain an
integral version of Wachnicki theorem. It said that, for any f € Cla.b] and g €
C*|a, b], with Ha) — FO) there exists an intermediary point ¢ € (a,b) such that

g(a) — g(b)
f@) _ s
glc)  [Tg(t)dt’

We investigate the stability of the point ¢ from (B3] and we propose the fol-
lowing result.

(3.3)

THEOREM 3.3. Let the functions f € C[a,b] and g € C*[a,b] with gf;EZ; = %.
We assume that there exists a unique point ¢ € (a,b) satisfying relation ([B3).
Then, for any € > 0, there exists v > 0 with the following property: for any
functions F € Cla,b] and G € C*[a,b], satisfying the relations |F(x) — f(x)| < v
and |G(x) — g(x)| <, for every x € [a,b], there exists a point d € (a,b) such that

F(d) [TF(t)dt

Gld) = fd cydr and |d —¢| < e.
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PROOF. From the hypotesis, we can assume that g is positive. We consider
the functions u, h: [a,b] — R, defined by

*M an ) = f(x ’ —
ue) =25 and hw) = 1) [ ottt —gta) [ siori

for every z € [a, b].
If w is constant, then the point ¢ is not unique. Then
i < ma .
N
Hence u(a) = u(b), then at least one of min,¢[q,p) u(x) or max,e[q5 u(z) is on the
interval (a,b). Suppose that min,¢[q u(x) € (a,b). Denote

—inf {y € a,8] | u(y) = min, u(x) }

From u(t) > u(p), we have ggg ggp;, equwalent with f(t)g(p) = f(p)g(t), for any

t € [a,b]. Then g(p f Pf)dt > f(p f P g(t)dt, the inequality being strictly due to
the choosing of p. We obtaln h(p) <
Further, denote ¢ = inf {y € [p, b] | u(y) = maxyepqp w(z) }. From u(t) < u(q),

we obtain % < 583, equivalent with f(t)g(q) < f(q)g(t), for any ¢ € [a,b]. Then

f Trydt < f(q f ?g(t)dt, the inequality being strictly due to the choosing
of qg. We obtam h(q) > 0. Then, there exists @ € (p, q) such that h(a) = 0. From
the hypothesis, we have a = ¢. More, the function h changes its sign in c.

Now, let v > 0 and the functions F € Cla,b] and G € C*[a,b] such that
|F(z) — f(z)] < v and |G(z) — g(x )| < 'y, for any x E [a b] We consider the

function H: [a,b] — R, defined by H z) [TG(t G(z) [T F(t)dt, for
any x € [a,b]. Then, we have
|H () — h(x)

_ ‘F(:z:) /;G(t)dt—G(:c) /;F(t)dt—f(x) /;g(t)dt—f—g(:c) /;f(t)dt’
<'F(z>LIG<t>th<z>ng< )dt\ ' @ [ aa— s [ ()dt\

+‘G(z)/:F(t)dtG(z)/:f ‘ ‘ /f t)dt — g x)/ f(t)dt‘

<y(b-a)|F(z |+7]/ dt’+7(b—a)|G( 4ol [ st

Further, we have |F(x)| < [F(x) — f(z)| +|f(2)| < v+ max,e[qp |f(z)] and similar
for g. Then

[H(@) ~ h(x)| < 1= a)(y + max [£(z)]) +7(b - a) max |F(a)

+y(b—a)(y + Joax, lg(x)] + (b~ a) Jnax lg()]

)

=7%(b —a) +2v(b — a)( max_|f(z)| + max |g(z)]).
z€[a,b] z€a,b]



206 MONEA

For & > 0, we choose § > 0 defined by Proposition[[.2 for h and . Now, we choose
~ > 0 such that

7?(b—a) +2y(b— a)( max |f(x)| + max |g(z)]) <.
z€[a,b] z€[a,b]

Then |H(z)—h(z)| < 7, for any x € [a, b]. Proposition[.2 gives us a point d € (a, b)
such that |d — ¢| < e and H(d) = 0. The last equality concludes our proof. O

Further, we obtain a new integral mean value theorem by applying the integral
version of Wachnichi theorem. This result is a combination between this theorem
and the second integral mean value theorem. It is following.

THEOREM 3.4. Let the functions f € Cla,b], with f(a) = f(b), and g € C*[a,b].
Then there exists a point ¢ € (a,b) such that

(3.4) / fogteyde = 1(c) [ gt

PROOF. The point ¢ € (a,b) from equality (3.4 is obtained from relation (3.3))
applied to the functions f - ¢ and g. O

In some conditions, the point ¢ € (a, b) from equality (3.4)) is stable in the sense
of Hyers—Ulam. The following result shows this.

THEOREM 3.5. Let the functions f € Cla,b] with f(a) = f(b), and g € C*[a, b].
We assume that there exists a unique point ¢ € (a,b) satisfying relation (BA).
Then, for any € > 0, there exists v > 0 with the following property: for any
functions F € Cla,b] and G € C*[a,b], satisfying the relations |F(x) — f(z)] < v
and |G(x) — g(x)| < v, for every x € [a,b], there exists a point d € (a,b) such that

d d
”/FmG@ﬁ:F@/ﬁmmﬁmdwfd<a

PROOF. We consider the function h: [a,b] — R, defined by h(z) = f(x) - g(z),
for any = € [a,b]. The integral version of Wachnichi theorem gives us a point
B € (a,b) such that

ﬁh@m_hw)

ﬁ dt 98
Then g(3 fB tydt = g(B fﬂ t)dt. Hence g(3) # 0, we obtain that the
point 3 is sat1sfy1ng the relatlon (BZI) SO ﬂ =c.

Now, let ¥ > 0 and the functions F' € Cla,b] and G € C*[a,b], such that
|F(z) — f(z)| < v and |G(z) — g(z)|] < v, for any € [a,b]. We consider the
function H: [a,b] — R, defined by H(z) = F(x) - G(x), for any x € [a,b]. We have

[H(z) = h(z)| = [F(2)G(z) - f(z)g(2)|
< |F@)|G(x) = g(2)] + [g(@)[|[F(z) — f ()]
<V(|F )| +1g(z)])
Sv(|F(z) = f@)] + [ (@)] + |g(=)])

/—\A\/\./
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<V +u(|f(@)] +g(=)]),

for any = € [a,b]. Now, we consider v > 0 defined by Theorem for h and g. We
choose v > 0 such that v < v and v? 4+ v(max,e[qp) | f(@)| + max,e(q [9(2)]) < 7.
Then |H(z) — h(z)| < v and |G(z) — g(x)| < 7, for any x € [a,b]. Theorem
gives a point d € (a, b) such that |d — ¢| < € and

J{ H@dt _ H(d)

Jfawdt  Gld)
Since H(z) = F(z) - G(x), we obtain the conclusion. O

We conclude this paper with a result involving an integral mean value theorem
due to Tong [11]. It is an integral version of the result described in the previous
section. It said that, for any functions f,g € C|[a,b], there exists an intermediary
point ¢ € (a,b) such that

c b
(3.5) [ e+ [ o= 116 - 0+ g(e)e - .
Then the following stability result holds.

THEOREM 3.6. Let the functions f,g € Cla,b]. We suppose that there exists a
unique point ¢ € (a,b) satisfying relation B.B). Then, for any € > 0, there exists
~v > 0 with the following property: for any functions F,G € Cla,b], satisfying the
relations |F(z) — f(x)| < v and |G(z) — g(x)| < v, for every x € [a,b], there exists
a point d € (a,b) such that

d b
/ F(t)dt + / G(t)dt = F(d)(b—d)+ G(d)(d — a) and |d — ¢| < e.
a d
PROOF. We consider the continuous function h: [a,b] — R, defined by
T b
nw) = [ s+ [ gt - @)~ ) - gla)(o - a)
for any « € [a,b]. Then h(c) =0 and h(x) # 0 if z € (a,b) \ {c}.
We claim that h changes its sign in ¢. We assume by contradiction that
h(z) >0, for any = € (a,b) ~ {c}. Then, the function u: [a,b] — R, defined

by u(z) = [ h(y)dy, for any € [a, b], is increasing.
Further, we have

ut) = [ " hy)dy = / b ( | f(t)dt) i+ [ b < / bg(t)dt) dy

b ‘ b
- / fy)(b—y)dy — / 9(y)(y — a)dy.

Since

/abf(y)(by)dy (b—vy) /ayf(t)dt]z+/ab</ayf(t)dt>dy/ab (/ayf(t)dt)dy,
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/abg(y)(y —a)dy =—(y—a) /ybg(t)dt Z + /ab( /ybg(t)dt> dy = /ab( /ybg(t)dt) dy,

then u(b) = 0 and w is a constant function. This contradicts the monotonicity of u.
Now, let v > 0 and the functions F,G € Cla,b] such that |F(z) — f(z)| <
and |G(z) — g(z)| < 4, for any x € [a,b]. We define H: [a,b] — R, by relation

T b
H(x):/ F(t)dtJr/ G(t)dt — F(z)(b — z) — G(z)(x — a),

for any € [a,b]. Then
b

|H () — h(z)| </Z IF(t)*f(t)ldH/ |G(t) —g(t)|dt

a x

+|F(z) = f(@0)|(b - 2) +[G(z) — g(2)|(z — a) <4y(b—a),

for any x € [a, b].

Further, we consider § > 0 defined by Proposition [[2 for h and . We choose

v < ﬁ. Then |H(z) — h(z)| < 6, for any = € [a,b]. The same proposition gives

a point d € (a, b) such that |d — ¢| < e and H(d) = 0. The last equality completes
the proof. 0
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