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ASYMPTOTIC BEHAVIOR OF INTERMEDIATE
POINTS IN CERTAIN MEAN VALUE THEOREMS

TIBERIU TRIF

(communicated by A. Cizmesija)

Abstract. The paper deals with asymptotic behavior of intermediate points in certain mean value
theorems: the Cauchy-Taylor mean value theorem, a generalization due to I. Pawlikowska of
Flett’s mean value theorem, and a Cauchy version of Pawlikowska’s mean value theorem.

1. Introduction

Let I be an open interval in R, let a be an arbitrary pointin 7, let n € N, and let
f : I — R be a function whose derivative f ") exists on I. Then for any other point x
in I one can expand f (x) about the point a up to nth power by the Lagrange-Taylor
formula to obtain
()

n!

f ) =T (f5a)(x) + (x —a)", (1)

where

f(n_l)(a) n—1
T

denotes the Taylor polynomial of degree n — 1 associated to f at a. In (1) the

intermediate point (or points) & lies (lie) strictly between a and x. In the special case
when n = 1, formula (1) becomes the classical (Lagrange) mean value theorem

fx) =fla)=f"(&)x - a). )

In the last three decades there was some interest in the asymptotic behavior of the
intermediate point £ = &(x) in (1), (2) and other mean value theorems, when x — a.
Thus, A. G. Azpeitia [4] proved that given p € N one has

To1(f3a)(x) :==f(a) +f (@) (x —a) + -+

n —1/p
§=§<x>=a+(+p) - toli—d) (—a) ()

n
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iff ("+P) exists on I and is continuous at @ with f"+)(a) =0 (1 < j < p) and
) (a) # 0. This result was generalized by U. Abel [1]. He derived for & a complete
asymptotic expansion of the form

E=E() = Zk—kxfa (x —a),

provided that f possesses derivatives of sufficiently high order at a.

A well-known generalization of (2) is the Cauchy mean value theorem: consider
two functions f, g : I — R such that the derivatives f’ and g’ exist both on I. If g’
does not vanish in I, then for every x # a in I one has

g () —f(@)] =r'(E)lglx) —gla)], 4)

with intermediate point (or points) & strictly between a and x. In a recent paper, D.
I. Duca and O. Pop [6] proved that given p € N, the point £ in (4) satisfies

1
E=E =at g

whenever the derivatives f?*!) and g?*! exist on I and are both continuous at a,
FO(a)g'(a) = f'(a)g¥ (@) (2 <j<p).and FO"V(a)g(a) £ £ (@)g” ) (a).

In the present paper we are concerned with the asymptotic behavior of the inter-
mediate points in other mean value theorems: the Cauchy—Taylor mean value theorem
(which is a common generalization of (1), (2) and (4)), a generalization due to I.
Pawlikowska [8] of Flett’s mean value theorem (see T. M. Flett [7] or P. K. Sahoo and
T. Riedel [10]), and a Cauchy version of Pawlikowska’s mean value theorem.

(x—a)+o(x—a) (x—a)

2. Asymptotic behavior of the intermediate point in the
Cauchy-Taylor mean value theorem

Let I be an open interval in R, let a be an arbitrary pointin /, and let n € N.
Further, let f,g : I — R be functions whose derivatives f ) and g exist both on
I. According to the Cauchy—Taylor mean value theorem, if g does not vanish in 1,
then for every x # a in I one has

g I () = T (Fr)@)] = "(E) [8(x) — Tu-1(g: @) )] (5)

with intermediate point (or points) & strictly between a and x.

The following theorem, pointing out the asymptotic behavior of £ in (5), is a
common generalization of the aforementioned results by A. G. Azpeitia on one hand
and by D. I. Duca and O. Pop on the other hand.

THEOREM 1. Under the above assumptions let p and q be positive integers and
suppose that f and g fulfil the following conditions:
(i) the derivatives f "+7+9) and g"+7+9) exist on I and they are both continuous
at a,

(ii) £ (a)g" (a) =f " (a)g"(a) for 1 <j<p,
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(iii) £ (a)g") (a) #f ") (a)g" P (a).
Then the point & in (5) satisfies (3).
Proof. Note first that, since g (a) # 0, by (ii) it follows immediately that

F" 0 (a)g ) (@) = ") (a)g™ (@) forall 0<j k< p. (6)

On the other hand, under the given assumptions, we may apply the Lagrange—Taylor
formulato expand f (x) —T,—1(f;a)(x) and g(x)—T,—1(g;a)(x) uptothe (n+p+gq)th
power and then, once more, to expand f " (&) and g (&) in (5) up to the (p + g)th
power. We get

PLal 2 (nth)
P =T = Y- LS

k=0

ntk J% (x — a)™trt

x—a) (n+p+q)

+q—1 n
P gt (@)

(n+p+q)
8(x) = Tu1(g:a)(x) = (x —a)"t* gi(éz) (x — @),

— (n+k)! (n+p+q)!
with & and &, strictly between a and x, and
prg—1 i
f (ntd) (a) - flntrta) (&)
(e = (& —ay o LS ey,

, (n+p+q)

with & and & strictly between a and &, respectively. Replacing all these into (5) we
obtain

. p«flﬁ‘flf(;1+k) (a)g") (a) — £+ (a)g"H) (a) (& —aY(x —a)"™*

= = jt(n+k)!
(x _ a)n+[)+q I’JrlI*lf(nerJrq)(gl)g(nJrj) (a) 7f(n+j) (a)g(n+p+q>(§2) (5 - a)j
(n+p+a) = !
(x _ a)n(g _ a)”*q I’JFQ*lf(nJrk) (a)g(n+p+q)(§4) 7f(n+p+q)(53)g(n+k) (a)
(P +q)! — (n+k)!
X (x — a)k

f (n+p+q) (&) g(n+p+q> (&) —f (n+p+q) (&) g<n+p+q) (&)

- vra)l(itp+a)

X (x _ a)n+p+q(5 _ a)erq'

Taking into account that |§ — a| < |x — a|, from (i), (6) and the above equality we
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deduce that
o _ LU@g " (@) = 7 (@) (a)

(€ -a)flx—a)

p!n!
+f (n+p) (a)g(n) (a) 7f(n> (a)g(ﬂ‘H’) ((1) (x o a)n+[7
(n+p)!
+o (‘x_a‘ner) (x—>a).

!
(x _ a)n+p

(=) - (”:”)1 +o(1) (x—a).

whence (3) holds. O

Multiplying both sides by and taking (iii) into account, it follows that

3. Asymptotic behavior of the intermediate point in
Pawlikowska’s mean value theorem

T. M. Flett [7] established a mean value theorem which is similar to the classical
(Lagrange) mean value theorem: if f : [a,b] — R is differentiable on [a,b] and
f'(a) =f'(b), then there exists a point 1) € (a, b) such that

fn) —fa)=f'(mmn-a).

P. K. Sahoo and T. Riedel [10] removed the boundary hypothesis on the derivative.

They proved that if f : [a,b] — R is differentiable on [a, b], then there exists a point
N € (a,b) such that

L£'(b) — f'(a
1) 1@ =70 —a) — 57O g
2 b—a
A nice generalization of these results was obtained by I. Pawlikowska [8] (see also [3])
Namely, she proved that if f : [a,b] — R possesses a derivative of order n on [a, D]
then there exists a point 1 € (a, b) such that (compare with (1))

1 f(n)(b) _f(n>(a) n+
(n+1)! b—a (a—m™

Now let I be an open interval in R, let @ be a fixed pointin /,let n € N, and let
f : I — R be afunction whose derivative f ") exists on I. According to Pawlikowska’s
result, for any other point x in I/ one has

s

fla) =T,(f;m)(a) +

) (y) — £0)(g
Fl@) =T i@ + gy T )

with intermediate point (or points) 1 strictly between a and x. The main purpose
of this section is to derive for 17 a complete asymptotic expansion similar to that
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obtained by U. Abel for the intermediate point £ in the Taylor-Lagrange formula. This
asymptotic expansion is contained in the following theorem.

THEOREM 2. Let I be an open interval in R, let a be an arbitrary pointin I, let
n, p = 2 and q be positive integers, and let f : I — R be a function fulfilling the
following conditions:
(i) the derivative f"*P*9) exists on I and it is continuous at a,
(i) ) (a) =0 for 2<j<p,
(iti) £*7)(a) 0.

Then the intermediate point 1 = 1(x) in (7) admits the asymptotic expansion

S

nx)=a+ C—]:(x—a)k+0(|x—a\q) (x — a).

1

=~
Il

The coefficients cj are given by the recurrence formula

1/(p—1)
n+p
= —- =R k=1,...,g—1 8
C1 (p(n 1)> s Ck+1 k(cb 7Ck) ( , yqd )7 ()

with
koL
Reler, . a) = <k+1>cIZ(P,.l)ﬂBk,fvv] ©)

k 1 -
- Z(/ + 1) Besrjsi(er, ..o comjr) Z <pi1)i!Bj,i[fv]7

j=1 i=1
where By j[x,] = Bij(x1,...,X—j+1) denote the exponential partial Bell polynomials
in the variables xy,x,, . .., and
_ (p4i @)

=) e

~ ntp (p+j—1\"f0rH)(a) .

fi = —— . Py j=1...,9—L

n+p+j J [l (a)

Before passing to the proof, let us recall that the exponential partial Bell polyno-
mials are the polynomials B, x[x,] = By x(x1,X2,...) in an infinite number of variables
X1,X2, ..., defined by the formal series expansion

k
1 " = "
H Z-xmﬁ = ZBn,k [xv] E

m>1 : n=k

In fact, the polynomial B, [x,] depends only on xi,...,x,—44+1 and it has integral
coefficients. Its exact expression is

n!

Bkt Xnkp1) = Z ilial - (L) (207 - Xy
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where the summation extends over all nonnegative integers i, i, . .. satisfying
i +i+iz+---=k, i1 +2i+3i3+---=n

We note that Boo[x,] = 1, B,olxy] = 0, Bui[xy] = x4, Byuufxy] = x| for every
positive integer n (see the book by L. Comtet [5, pp. 133-137]).

Proof of Theorem 2. Remark first thatif f is a polynomial of degree at most n+1,
then every point 7 in [ satisfies

f(n>(x) _f(n)(a) :f(nJrl)(n)7
xX—a
so (7) may be rewritten in the equivalent form f (a) = T,+1(f; 1)(a) . But this equality
is nothing else but Taylor’s formula and it holds for every point 1 in 7. Thus, if f is
a polynomial of degree at most n + 1, then every point 1 in I satisfies (7). By an
eventual substraction from f of a polynomial of degree n + 1, we may assume without
losing the generality that, in addition to (ii), f fulfils the condition

(") fDa)=0for 0<j<n+1.

Consequently, we may put (7) in the equivalent form

)

(=D)"(n+ D! & (=D (k) k
—_— = . 1
=y ; Y- o) = — (10)
By virtue of the Lagrange—Taylor formula, we have
=L plntpti) o plripre) (g
£ () :Zf (a) (x — a)yt +fi(§n)(xfa)p+q’ (11)

= P+ (p+aq)!

with &* strictly between a and x. Using again the Lagrange-Taylor formula, for each
ke {0,1,...,n} we have

a— 1 n n
Z +p+J (n— a)n+p+j_k N f( +p+q)(§k) (n— a)n+p+q—k7
= n+p+]—k) (n+p+q—k)!

(12)
with & strictly between a and 1. Letting S := > ;_, % , from (12) we
deduce that

n 1 .
(_l)k (k) 4 f n+p+j _ a)n+p+j
Sn in T —da n+p+qS7
> G = A 0
where

Therefore, it holds

n (_l)k . (=1 qa— lf n+p-+j) ( )(n_a)n+p+j vt
; oY —a)f = — ; CETES T e TR U A
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Replacing (11) and the left hand side of the last equality into (10) we obtain

q 1 n+p+])( ) i1 pra-1g
,0”+P+JP+J—1) (n—a) +(n—a)
q-1 n j n *

_ f( +p+j) (a) (x— a)p+j71 Jrf( +p+q)(§n) (x— a)p+q71'

(p+aq)!

Using f; and f; and taking into account that |1 — a| < |x — a/, by (i) we conclude that

! (x —ay Nn—a p_lpn
1+¥fj j - (xa) n+p 1+Zf]
=

J!

+0 (|x — a|?) (x—>a).

By proceeding like U. Abel [1] in his proof of Theorem 1, from this equality one can
deduce that

m—1 x—ak“ k 1
Z ( kv) Z <pi1)”Bk7i[fV] (13)

k=0 ) i=0
C@+ny“§fmw“§:(L -
- (2 mear Pﬂ)ﬂ&ﬁw
n+p pars J! o\ i
+0 (|x o a|m+1)

as x — a. The rest of the proof coincides with that of Theorem 1 in [1] (see also the
proof of Theorem 1 in [2]) and we omit it. [J

If the function f is analytic at a, then 1(x) can be expanded in a power series
around a.

THEOREM 3. Let I be an open interval in R, let a be an arbitrary point in I,
let n and p > 2 be positive integers, and let f : I — R be a function fulfilling the
following conditions:

(i) f is analytic at a,

(ii) f<"+f>( )=0for2<j<p,

(iii) ) (a) # 0.

Then there exists a real interval J around a such that the intermediate point
N = n(x) in (7) can be represented as the sum of a power series around a,

¢
x):a—&-zk—]:(x—a)k
=1 "

The coefficients are given by (8) and (9).

Proof. Reasoning as in the proof of Theorem 2, we arrive at

f ) ; = [ (a) ) (n —a)Pt1.

—ay i =(n
§: o D S TR PES
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Instead of (13) we have now F(x,n) = g(x) — h(n) = 0, where

glx) = i (x_kﬁ Zk: (%>Z'Bkl[f\/]
k=0 li:(lo N j
h(n) = ([)(:Tij)) ~ ; % ; (%)imj,i[fv].

l
Since Fj(a,a) = —h'(a) = — (” (:J;l)) , by applying the implicit function theorem
and following the method used in the proof of Theorem 2 in [1] (see also the proof of

Theorem 5 in [2]) we obtain the conclusion. [

4. A Cauchy version of Pawlikowska’s mean value theorem and
asymptotic behavior of its intermediate point

Pawlikowska’s mean value theorem possesses a Cauchy version.

THEOREM 4. Let n € N and let f, g [a, b — R be functions whose derivatives
f and g™ exist both on [a,b]. If §")(a) # g™ (b), then there exists a point
N € (a,b) such that
100) )
g (b) — g (a)

S

f(@) = Tu(fsm)(a) =

Proof. Let A := % and let & : [a,b] — R be the function defined by

h(x) := f (x) — Ag(x). Since A" (a) = h")(b), by virtue of a result established by I.
Pawlikowska [8, Lemma 2.2] it follows that there exists a point 1 € (a,b) such that
h(a) — T,(h;n)(a) = 0, whence the conclusion. [J

Now let I be an openintervalin R, let a be an arbitrary pointin /,andlet n € N.
Further, let f,g : I — R be functions whose derivatives f " and g**!) exist both
on I. If, in addition, g") does not vanish in 7, then for every x # a in I one has

g™ (a) # g™ (x), whence

[£0) ~8"(@] I (@ ~ (73 M) (@) (14)
= [0) = (@] [gl@) ~ Tu(gs (@)

with intermediate point (or points) 1 strictly between a and x. The following theorem

is similar to Theorem 1 and it provides the asymptotic behavior of 7 in (14) when the
interval whose endpoints are a and x shrinks to zero.
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THEOREM 5. Under the above assumptions let p and q be positive integers and
suppose that f and g fulfil the following conditions:
(i) the derivatives f "+7+9) and g"+7+9) exist on I and they are both continuous
at a,

(ii) £ (a)g" V) (a) ="V (a )g("ﬂ (a) for 2 <j<p,
(iii) £ (a)g" V(@) # f " (a)g" ) (a).
Then the point 1 in (14) satisfies

n=nw=at (L) @ oli-a) oo 05)

Proof. Since g1 (a) # 0, by (ii) it follows that
U (@)g" (@) = f" 9 (@)g" M (@) forall 1 <jik < p. (16)
Using (i), by virtue of the Lagrange-Taylor formula we have

ptq—1 (n+k) a
100 @ =3 T o af o (e -apy. ()

k=1
pra”l (ntk)
n n g a
g (x) —g"(a) = ) 7}(!( )(xfa)k+0(\xfa\p+q), (18)
k=1

as x — a. On the other hand, we have

n+p+q— 1

£(m) Z

—ay +0(|n—a|"7")

and
n+p+qk1fk+j() '
IO Z 7 (m—ay +0(n- a|n+17+q*k)
as x — a, forevery k € { 1,...,n}. From these equalities we deduce that

noo Nk
1@ =1 m@ = £a) ~ () > S O -

k=1
n+p+q—1 n ntp+q—k—1 ;
fa ) (=D 9 (a) <
L Ty ey g

o(

n+p+q—1f(]v>( ) n+p+q—1

- _ ,:Zl (n—ay — Z

n— a‘n+p+q)

J a)r +0 (‘n _ a|n+p+q)
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as x — a, with S, :=>" (—l)k(]‘%ﬂ)! , where the summation extends for all integers &
and j satisfying

1 <k<n, I1<j<n+p+qg—k—1 and j+k=r

It is easily seen that

min{n,r} ,
Sy = Z (71)]( (k) = Sr,min{n,r} -1

k=1
(see the notation used in the proof of Theorem 2). Therefore

; —1 -1 if r<n
Sr — _1 mln{n,r} r _ 1 — _ . ~
(=1) (min{n,r} (="~ -1 if rea+l

n

Thus, we conclude that

f(a) = T,(f;m)(a) (19)
:HZqSl (_l)nﬂ((;z;)){(”j)(a) (n—a)"™ + 0 (jn — a7+
- !
as x —a. Analog;usly, one has
g(a) = Tu(g:n)(a) (20)
- qufl (—1)"“((:2;))!8("”) (a) (n—a)"™ + 0 (In — a7+
j=1

as x — a. Substituting (17), (18), (19) and (20) into (14) and taking into account (16)
aswell as |n — a| < |x — a|, we deduce that

(=) 7(n — !

7 (@)g" Va) D (a)g " @)

pl(n+1)!
— (x — a)n+l(n — a)n+p (n+p) (n+1) (n+1) (n+p)
o ST @@ D @g P @)
+o (|x—a|"“|nfa\"+p) (x — a).
Dividing both sides by
FP(a)g" (@) = f T @)™ P a)
(x—a)"" (n—a)""?,
pl(n+1)!
we get
_ \P!
()C a) :p(n+1)+0(1) (x—>a),
n—a n—+p

hence (15) holds. O
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