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NEW BOUNDS FOR A PERTURBED GENERALISED TAYLOR’S
FORMULA

P. CERONE AND S.S. DRAGOMIR

ABSTRACT. A generalised Taylor series with integral remainder involving a
convex combination of the end points of the interval under consideration is
investigated. Perturbed generalised Taylor series are bounded in terms of
Lebesgue p-norms on [a, b]? for fa : [a,b]?> — R with fa (t,5) = f (t) — f ().

1. INTRODUCTION

In the recent paper [1], Mati¢, Pecari¢ and Ujevié¢ proved the following generalised
Taylor’s formula.

Theorem 1. Let {P,}, y be a harmonic sequence of polynomials, that is

(1.1) P (#)=P,_1(t), b() =1, teR, neN, n > 1.

Further, let I C R be a closed interval and a € I. If f : I — R is any function such

that for some n € N, (") is absolutely continuous, then for any x € I

(12) [ (@)= (@) + 3 (-1 [Pe(@) /® (@) = Pi(@) /® (@)] + R (fr0,2).
k=1

where

RMﬁm@ztﬂf/Z%@ﬂ“”@ﬁ~

They also pointed out the following bounds for the remainder R, (f,,-).

Corollary 1. With the above assumptions, we have the estimations

(1.3)  |R,(f;a,)|
1Pulloo |£HD], provided  f"+Y € Ly [a, 2],

< Pl Hf(”H)Hp provided Y € L, [a,x], p > 1,

1Pally £V provided  f0D) € Lo [a, ],

where x > a and ||-||, (1 < s < o00) are the usual s—Lebesgue norms. That is,

MuF(mewMQasemm>
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2 P. CERONE AND S.S. DRAGOMIR

and

ll9llo :=ess sup |g(t)].

t€la,x

In this paper, the above results are evaluated for a specific polynomial P, (t)
which involves a convex combination of the end points. Further, a perturbed gen-
eralised Taylor’s formula is developed from which bounds are obtained in terms
of Lebesgue p—norms on [a,b]” for fa : [a,b]* — R with fa (t,s) = f(t) — f (s).
The results presented are an improvement on the pre-Griiss inequalities in [1] both
in terms of the sharpness of the bounds and also in terms of the wider variety of
norms. The results are applied to the polynomial involving a convex combination
of the end points.

2. A POLYNOMIAL INVOLVING A CONVEX COMBINATION OF THE END POINTS

If we choose

L — a1 N o),

(P) Palt) = -
then, by (1.2), we obtain the representation

k+1

k

El‘ — a)k [)\kf(k) (l‘)

@) f@) = fa+y Y
k=1
DR (- A B ()]

S / [t = Qa+ (1= a)" fF (1) dt,

+n!

which generalises the following result from [1] (obtained for A = 1)

k+1 ( k

02 1@ = @+ TSm0 ) 4 a0 o)
k=1 ’

+(—1)n /I (t— a—;aﬁ)nf(m-l) (t) dt.

n!

If we apply Corollary 1 to the polynomial defined by (P), we can state the following
theorem.

Theorem 2. Assume that f is as in Theorem 1. Then we have the inequality

(2.3) ‘f(x) ~fla)

S () - o)t

-3 EU I [ )+ ()M - 1 @)
k=1 ’




TAYLOR’S FORMULA

L a [ A= S, 0 € Ly oo

1 (ZE _ a)n—i-% [(1 . A)nq-i-l + )\nq+1:| a Hf(n+1) ||p

1
nl(ng+1)4

IN

if f("+1)6Lp[a,x],p>1, +==1;

D=
Q=

e (R S [ T

if fOtY e Lo [a,z].
Proof. We have

1 n
[Pallee = — sup |t —(Aa+(1=X)z)

" tefa,x)

- % [sup |t—(/\a+(1—>\)$)|]

t€la,z]

= %[max{)\a—l—(l—)\)x—a7$—()\a+(1_)\)$)}]n

1
= g(x—a)"[max{l—)\,)\}]"
1 I e
and so
1 1 1"
2.4 P, = (z—a)"|= _Z
(2.4) Pl = o= |5+ [r- 3]

and the first inequality in (2.3) is proved.
In addition, as

[/ It — ( )\a+(1—)\)x)|"th]q

Aa+(1-N)zx
/ (a+(1—A)z— )" dt

1Pally =

S|

3‘,_.

q

_|_

/ (t—Na+(1—Xax)"dt
Aa+(1-N)z

1 [ ra-Ne—a Az—a) i
= = / u”qdu+/ v dv
n. 0 0

(1— Nt 4 ynatt i
ng+1 ’

and so

1 1
(2.5) 1Pally = - (2 = a)"t

the second inequality in (2.3) is also proved.
For ¢ = 1, the assumptions are obvious and the theorem is thus proved. i
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Taking into account the fact that the mappings f1 (A) = [% + |)\ — %Hn s fa(A) =

1
[(1 — N At T and f5 (M) = (1= A)" T A" are convex and symmetrical

about %7 we may deduce that

inf fi(\) = £, (;) =123

A€0,1]

and then, the best inequality we can get from (2.3) is embodied in the following
corollary.

Corollary 2. Assume that f is as in Theorem 1. Then we have the inequality

- (x — a)k

(26)  |f@) = @) =D (0 I [0 @)+ (-1 ) ()] ‘

k=1

i (2 = )" [| £

1 ;

1 n+i || £(n+1)
———(x—a)""
. v sedCant AN Pl
if fnth €Lyla,x], p>1, %Jr%: 1;

Gy (@ =) [ if SO € Lo [aya].

Proof. Taking A = % in (2.3) readily produces the stated result (2.6). I

Corollary 3. Let f have the properties stated in Theorem 2. Then the inequality

n Nk
f (l‘) _f (a) _ Z (.T k'a) f(k) (a)
k=1 '
Lo | fea0),, 0D € Ly [a,al;

IN

n+l
@) || kD[ D) € 1, [, 7],
n!(ng+1)4 P 1,1

p > 1, P + q = 1;

% Hf(nH)HOO , fOt) € L [a,2].

holds.

Proof. Taking A = 0 recaptures the classical Taylor series expansion above in terms
of the Ly [a,z], p > 1 Lebesgue norms (see for example, Dragomir [4]). I

If we apply Theorem 2 for f (z) = f; g (u) du and then choose x = b, we obtain
the following trapezoid like inequality.
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Theorem 3. Assume that the mapping g : [a,b] — R is such that ¢V s abso-
lutely continuous on [a,b]. Then we have the inequality

b n 1 k+1 Nk
(2.7) / g(t)dt_z( ) ksx a)

“ k=1 :

X [/\kg(kﬂ) () + (=D (1 = N)F gD (a)} ‘

w0 5+ A= 3" ot

— 1 (0— +e _ y)natl ng+1 i (n)

e AU A G W G

<
if g™ € Lyla,b], p>1, %-F%:l;

ﬁl)! (b- a)"+1 {(1 - /\)TH_1 + /\"+1] ||g(") Hoo if g™ e Lo [a, ] .
The following corollary contains the best inequality we may obtain from (2.7).

Corollary 4. With the assumptions as in Theorem 3, we have the inequality:

b n k+1 h—
e8| [ a3 VO ey ) 4 ap oo <a>}|
a k=1 ’
o (0= @)™ g5
L (h—a)"Tu g™
_ ] i b= o,

if g™ € Lyla,b], p>1, %Jr%:l;
e 6= ™ g if o) € Lo la,a].

Remark 1. The results in Theorem & and Corollary 4 can also be obtained from
the 3 point quadrature formulae developed in the recent paper [3] by Cerone and
Dragomir. We omit the details. Further, taking A = 0 in Theorem 3 gives a

representation of an integral in terms of a polynomial expansion about the end
point a.

3. SOME PRELIMINARY RESULTS INVOLVING LEBESGUE NORMS ON [a, b]”

For f € L, [a,b] (p € [1,00)) we can define the functional

(3.1) LIS = ( / / £ |pdtds)é

and for f € L [a,b], we can define

(3.2) £ =ess sup |f(t)— f(s)].

(t,s)€[ab]?
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If we consider fa : [a,b]® — R,

(3-3) falt,s)=F(t) = f(s),

then, obviously
A
(3.4) 1A, = 7all,, pell o],

where ||-||, are the usual Lebesque p-norms on |a, b)°.
Using the properties of the Lebesque p—norms, we may deduce the following
semi-norm properties for ||H§ :
(1) ||f|\ﬁ‘ >0 for f € Ly|a,b] and ||fH§ = 0 implies that f = ¢ (¢ is a constant)
a.e. in [a,b];
(@) 1f +glly < 11y +laglly if f.g € Ly la,b];
(i) llaflly = lal 15 -

We note that if p = 2, then,

b b
I7s = (//(f(t)f(s))2dtds>
b 2
NG <b—a>||f||§—</ f(t)dt>

If f : [a,b] — R is absolutely continuous on [a, b], then we can point out the following
bounds for || f]|5 in terms of || ]|,

1
2

1
2

Theorem 4. Assume that f : [a,b] — R is absolutely continuous on [a,b].
(i) If p € [1,00), then we have the inequality

Qp(b a) P ||f/|| Zf fl c [ a b .
1 [e'e] o0 I )
[(p 1)(13 2)]

(26%)7 (=) 7
A Plb—a P / . /
3.5 < — /'l i [ € Lala,b],
(3.5) P Al ]

[
1 1 _ 1.
a>1,g+5—1,

(b-a)" £, if f'€Lifab),
(i) If p = oo, then we have the inequality
0—=a)|f'le if f € Lela,b];
36) %< 0-a)P |fl. i f€Lalab], a>1,

1
«

11, -
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Proof. As f : [a,b] — R is absolutely continuous, then f (t) — f(s) = f: 1 (u)du
for all t, s € [a,b], and then
3.7 1f @) =1 (s)l

t=sll[flle 1f f" € Loca,b];

t
= [ F@al < s I, f e ot as L=,
S
114 if f"€Lifa,b]
and so for p € [1,00), we may write
1f&) = ()
t=slPIf e if € Loo[a,b];
< Qlt=sFIFIL i feLalad], a>1, Erd =1
1£115 if f'€Lilab],

and then from (3.3), (3.4)

1le (S 16 = sl deds) it f" € Lo [a,]5

’ by, % b o reT
63 12 < 1 (21— sl duds)” it g€ oo,

1114 (f;fabdtdS)E if f'e Li[a,b].

Further, since

(/ab/abﬁslpdtdS); _ [/b (/at(t5)pd5+/tb(s—t)”d5>dtr
([ [y

25 (b—a)''7
[(p+1) (p+2)]7

([ [ st - et
a Ja [(p+8)(p+28)]”

(/ab/abdtds>;:(b—a) )

we obtain, from (3.8), the stated result (3.5).

)

giving

3=

and

ST
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Using (3.7) we have (for p = co) that

|F]lcess  sup |t —s|
(t,5)€[a,b]? (b—=a)llf'lls
A 1 1
I7los 4 1fllyess sup b]|t,s|za =1 0-a)7 |1,
,»$)€la,
- 1711,
1

and the inequality (3.6) is also proved. i

4. NEw BOUNDS FOR A PERTURBED GENERALISED TAYLOR’S FORMULA
Using the following pre-Griiss inequality (see [1, Lemma 1])

Lemma 1. Let a < x and let g,h : [a,x] — R be two integrable functions. If

(4.1) p<g(t) <P forae tE€la,zxl,
then
(42) T (9.1)| < 5 (@~ ) VT T 1),

where T (-,-) is the Chebychev functional on [a,x], that is, we recall

(4.3) T(g,h)::xla/:g(t)h(t)dt—(x_a/a dt/h

Matié, Pecari¢ and Ujevié proved the following generalised Taylor’s formula (see

[1, Theorem 3]).

Theorem 5. Let {P,}, .y

be a harmonic sequence of polynomials. Let I C R be

a closed interval and a € I. Suppose that f : I — R is such that f) is absolutely
continuous. Then for any x € I we have the generalised Taylor’s perturbed formula

(4.4) f(2) =To (f;a,2) + (=1)" [Pas1 (2) — Poss (a)] [f(”); a,x} + G (fra,2),

where

(45)  Tulfsaw) = f(@)+ Y (-1 [Pe(@) 1 (@) - Pi(a) fO ()]
k=1
and
(n). _ S (@) = M ()

[f @ m} o T —a ’
For x > a, the remainder G (f;a,z) satisfies the estimate
(4.6) G (Fr0,0)| < “ VT (P P T (@) = (2]
where

(4.7)  T(x):= sup fOTV (1) < o0, v (z):= i[nf]f<”+1> (t) > —o0.
t€(a,x] tela,r
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In the recent paper [2], by the use of the following representation

(4.8) (f,a x)
- (z —a) / / P (s)) (f(n+1) (t) — fnty (S)) dtds,

S.S. Dragomir improved the inequality (4.6) as follows
1
- 1 2 2]2
. _ B | 1G5 S D | (n)
(49) |G (f10,2)] < (= a) VT (P Py) [x_a ||| = ([r,a,a]) ] :

provided that f™) € Ly [a, x].
If f(V) € L [a z] C La[a, 2] (and the inclusion is strict), then indeed

T —a Hf(nH HQ ({f(n)’a’ 1:})2 S l(r () —v (33))2

and so (4.9) is a refinement of (4.6).
In this paper, we point out some other bounds for the remainder G (f;a,z) in

terms of the seminorms HPanA , Hf(”“)Hj where p, ¢ € [1, 00].
The following theorem holds.

Theorem 6. Let f : I — R be such that f) is absolutely continuous. Then for
any x € I we have the representation (4.4) and for x > a we have an estimate for
the remainder given by:

s BT [[FOONS i FOFD € Lo [a,a]

i N
(410)  |Gu (Fia.2)| <8 s IRl SIS if £ € Lyla,al;

A n
sty 1Pl [ FDNTif fOF) € Ly [a, 2]
Moreover,
1 142
L‘l)z Hf(n-‘r?)”oo if f(n+2) € Lo, [mﬂ ;
[(p+1)(p+2)]7
A 5+2
Hf<n+1> < [C LI 1F 2. i 0 € Lo fa, ]
P [(p+8) (p+20)] L
ZL'—CL Hf (n+2) ||17 @f f(n+2) 6Ll [a,x],

where p € [1,00) and
(@—a) /2| if fO € Lo fasal;

Hf(n-‘rl)HA < (x —a)% Hf("+2)Ha if 0 e L, [a,q],
o0 .

1702 if f0t? € Lyfa,a],
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Ei——fwaln
[(g+1)(g+2)] 9

|Pocalls if 70>1, L4+1=1;

(4.11) IBI7 <9 ()i E—a)r"i 1
1 9
q Y

[(g+7)(g+27)]

(z — )7 ||Pacally if D € Lyfa,a],
where q € [1,00) and

(@ —a)[[Po-1llo s
(4.12) 1P <{ (@=a)7 |Pacally if7,0>1, L+ 1 =1,

1Pty -

Proof. Use the representation (4.8) to get

’Gn (f;a,a:)\ < M/m / P, (t) = Py (5)| ‘f("“) (t) — ftD) (s)‘dtds.

It is obvious that if f(**1) € L [a, ], then

Mo = [ [P = Pl £ ) - 10 ()| eds
< ess sup | fOFD (1) — fOFD (s)‘ / / |P, (t) — Py (s)| dtds
(tvs)e[aab]Q a a

A
A n
= 1Pl |10

Using Holder’s integral inequality for double integrals, we have

([ f - morss) ([ f

A
A n
= Pl <+%h

M

IN

f<n+1) _ f+D) (s)‘p dtds) ’

and, similarly,
A
A n
M <R3 [0

For the second part of the theorem, we apply Theorem 4 for f("*1) and P,, taking
into account the fact that P/ (t) = Pp,_1 (t). Il

Corollary 5. Let I C R be a closed interval and a € I. Moreover, suppose that
f I — R is such that f™ is absolutely continuous. Then for x € I and \ € [0,1]



TAYLOR’S FORMULA 11

we have

n k
(4.13) |f )= (- k“;ﬂ_!a)

k=1

X [NEFO () 4+ ()M (1= A 7O (a)]

# e ST et 1 -0 [0 - 1) @]

B, Hf(nH)HOAO if ft) € Ly [a,z];

By | £V if f0Y € Ly fa,a],
p>1, % + % =1;

IN

Boo |[f V)T i f*D € Ly [a,a],

where, for 1 < g < oo

n,

b e B+ -3

Sl

_ r—a n—1-4 1= )\)(=D8+1 4 3 (n=1)5+1
(4.14) B, by.q (n)—l)! {( : (n—1)511 ] cyts =Ly
boc,g T [(1 = A)" + A",
with
D A
P = [(1 g?:g I
q—v)\q )9
(4.15) und
2_1q
boo g % (x—a): ",
and
1(z—a)"7' 11 1n—1
e st =gl
1
4.16 Boo _ 1 (z—a)"! (1_)\)(nfl)5+1+>\(n71)6+1 5 1
(4.16) R oy [ (n—1)8+1 sy ts=Lv0>1,

e e (RS R

nl
Proof. Rearranging identity (4.4) and taking the modulus gives the remainder for
the perturbed generalised Taylor series ’é (f;a, x)\ bounded by expression (4.10).
Taking P, (t) as given by (P) readily produces the left hand side of (4.13).
Now for the bound. From (4.10) with P, (¢) as given by (P), we have ||Pn||qA and
||Pn||oAO defined in terms of ||P,_1||; and ||P,—1||,, in equations (4.11) and (4.12)
which are as defined in (2.4) and (2.5) respectively. Thus, substitution of (2.4) and

(2.5) into (4.11) gives, on utilizing (4.10), the first two inequalities in (4.13) with
B, being defined by (4.14) for 1 < ¢ < co. Substitution of (2.4) and (2.5) into
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(4.12) gives, on substitution into (4.10), the last inequality in (4.13) where By is
as given by (4.16). I

Corollary 6. Let the assumptions of Corollary 5 hold. Then the following inequal-
ity is valid. Namely, for f™*tY) in the obvious Lebesgue norm on |a, z]

n

k
(4.17) ’f () = f(a) — Z (—1)Ft % [f(k) (@) + (~1)FL £®) ()
k=1 :

[(—1)"+1 + 1]

T 1)

(2= a)" [£) (@) = £™ (a)]

By [l70+0)12 s
A.
D ?

IN

By [l £V

Boo |71

where, for 1 < g < oo,

z—a)*!

bl,qm

~ n—1+1
B, = b (z—a) v
a T 91 ((n—1)541)3 (n—1)!’

+%:1,775>1

2=

b (x—a)”

00,q gn—1p]

b., are as defined by (4.15)

and
(z—a)" ',
27 (n—1)T

- (z—a)"~1

1
2 [(n—1)6+1]5 (n—1)!" 7

+i=1,76>1;

(z—a)"}
2nn!

Proof. Trivial. Taking A = % in Corollary 5 readily gives the desired results. i

Remark 2. [t should be re-emphasised here as stated after Theorem 2 that the
sharpest bound that can be obtained by restricting A in (4.13) is to take A = %
That is, the results of Corollary 6. Furthermore, for n even it may be noticed from
(4.17) that there is no perturbation in the Taylor series.

In addition, note that coarser bounds may be obtained by using the results of The-

orem 4 or 6 and so Hf("“)Hﬁ < K,p3 ||f(”+2)”a, where p > 1 and a > 1 with
1,1 _ 1,1 _

Corollary 7. Let I C R be a closed interval and a € I. Further, suppose that
f:I— R and is such that f™ is absolutely continuous. Then we have for f™+1)
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in the obvious Lebesgue norm on [a, x]

! (x — a)k -
(4.18) f@)=fa)=> Tf(k) (@) + (-1 ——x

k=1

By £ 0125

IN

B! f(n+1)H§;

B |1
where, for 1 < g < oo

n—1

qu%;

B — (e—a)"'*3

14,1 _9q 1:
b1q (n—=D)!((n—1)5+1)5 7 T » 10> 15

p @—a)"

0,4 nl
with by q and be,q as given by (4.15). Further,
(z—a)” !

2(n—1)1 °

% (;C—(l)"71 l
B 2n—1)![(n—1)541]3 = 7Y

+5=170>1

(z—a)?

2n!
Proof. Taking A = 0 in Corollary 5 produces the results as stated after some minor
manipulation.

Remark 3. The result (4.18) represents a perturbed Taylor series expansion about
a point x = a together with the evaluation of f(*+1) (x) involved in the perturbation.
The bounds are given in terms of the Lebesque p-norms on [a, b]2 for fa : a, b]2 —R
where fa (t,8) = f (t) — f(s), as introduced in the current work.
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