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Approximation of fractional derivatives by
Brass-Stancu operators

Giilen Bascanbaz-Tunca, Aysegiil Erencin, A. Feza Giivenilir and
Radu Paltanea

Abstract

In this paper, we study uniform approximation of fractional deriva-
tives in Caputo sense by Brass-Stancu operators. For the rate of approx-
imation, we give some estimates in terms of the modulus of continuity.

1 Introduction

The fractional calculus knows a great extension in the last period due to the
multiple applications in many fields, like engineering systems, diffusion phe-
nomenon, dynamic systems, thermoelasticity and others, see for instance [8],
[11], [16]. The appearance of the Caputo variant of the fractional derivative [7]
greatly boosted the development of the field. As a general reference regarding
the Caputo differential calculus, we mention the work [9], but there are many
surveys on this subject.

Relatively recently the problem of approximation of the Caputo derivatives
with the aid of positive linear operators raised. This a natural extension of
the simultaneous approximation. We mention in this direction the papers [2],
3], (6], [14].

In the present paper we consider the approximation of Caputo derivatives
with the aid of Brass-Stancu operators and this way we generalize the approx-
imation by Bernstein operators.
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The paper is organized as follows. In Section 2 we present some general
definitions and results, in Section 3 we obtain certain results concerning the
Brass-Stancu operators and in Section 4 we give the main results.

2 Preliminaries

For f € C[0,1], a non-negative fixed integer s and n € N such that n > 2s,
Stancu [15] introduced the following Bernstein type positive linear operators

boai9) = X puean) [0 -1 () s (522)]

where z € [0,1] and p, x(z) = (Z)xk(l — )" *. The author examined

uniform approximation of these operators and computed the order of approxi-
mation in terms of f and its first derivative. He also obtained a Voronovskaja
type asymptotic formula for the remainder term in the approximation formula
of f and investigated spectral properties of L, ;. We note that, as stated
n [15], for s = 0 or s = 1 these operators become the classical Bernstein
operators.

We should note here that L,, » was constructed and studied earlier by Brass
[4]. The operators L, ; are usually called as Stancu operators in the litera-
ture. Gonska [10] referred them as Brass-Stancu operators. We will adopt
this name throughout the paper. Like Bernstein operators, Brass-Stancu op-
erators have nice shape results such as preservation of a Lipschitz’ constant
and order of a Lipschitz continuous function and monotonicity of the sequence
{Ln,s (f;2)},,~, under convexity [17], monotonicity in terms of divided differ-
ences [1] and variation detracting property [5].

It is quite natural to extend the simultaneous approximation by positive
linear operators to any fractional order. On the other hand, for the rate of
that approximation, some quantitative results need to be measured with some
convenient tools.

Khosravian-Arab and Torres [12] studied uniform approximation of frac-
tional derivatives by the classical Bernstein operators in the sense of Caputo
fractional derivatives and gave a history on the usage of Bernstein polynomi-
als to approximate fractional derivatives and integrals and to approximate the
solution of some fractional integro-differential equations and some other ap-
plications. Péaltanea [14] obtained some estimates in terms of the first and the
second order moduli of smoothness for the degree of approximation of Caputo
fractional derivatives by Bernstein operators.
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These papers have motivated us, by using similar techniques, to study
uniform approximation of fractional derivatives in Caputo sense by Brass-
Stancu operators and to give some quantitative estimates for the rate of the
approximation via first order modulus of smoothness.

Now, we recall some definitions and results used throughout the paper.
Suppose that [a,b], —00 < a < b < 00, be a finite interval. Let AC]a,b]
denote the space of functions f which are absolutely continuous on [a, b]. For
p € N, let ACP[a,b] denote the space of functions f with P~ ¢ AC[a,b]
and let CP[a,b] denote space of continuously differentiable functions on [a, b]
up to order p.

Throughout the paper ||.|| stands for the sup-norm taken over [0,1] and
[.] denotes the ceiling of a number.

From [17], we have the following simultaneous approximation result.

Theorem 2.1. ([17]) If f € C?[0,1], p € N and s is a non-negative fized
integer, then

lim L) (f) = f¥
uniformly on [0, 1].

Definition 2.1. (/9/)Let o > 0. The operator J& on L'[a,b] defined by

x

IO (fia) = ﬁ / (x— 0 £ (1) dt

a

for a < x < b is called the Riemann-Liouville fractional integral operator of

o0
order a. Here T' () = [t* te~tdt is Euler’s Gamma function.
0

For a = 0, we set JU := I, the identity operator.

Definition 2.2. (/9])Let « > 0, p = [a] and f € ACP[a,b]. The Caputo
fractional derivative is defined by

Diof = DGlf = Tpalf;al] = 77D f,

where D§ := DP JP~% s the Riemann-Liouville fractional differential operator
and Tp_1[f;a] denotes the Taylor polynomial of degree p — 1 of the function
f, centered at a. In particular, for p =0 we set Tp_1[f;a] =0 and if o € N,
then D¢, f = DPf.

Theorem 2.2. ([9))If f € CPa,b], then the Caputo fractional derivative
D¢, f is continuous on [a,b].
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Let, as usual, we denote e; (z) := 27 for € R and j > 0. Then we have
the following remarks.
Remark 2.1. For each j > 0, o > 0 and = € [0,1], we have J§ (ej;2) =
LU _pite (see [1/, Lemma 2)).

T'(a+j5+1)
Remark 2.2. Let a« > 0 and p = [a]. Then we have
De e () 0, j €Ny and j < p,
So€j () = ; e . . ,
0~1 %xﬂ , jeENyg andj>porjé¢Nandj>p—1

for some j >0 (see [9, p.193]).

3 Auxiliary results for Brass-Stancu operators

Let us consider the following p-dimensional sets

Qn.s = [0, s}x {0,1}«-«[0,1] and Q,, := [0,1]x[0,1]x--.x
n n n n n

1
bl
n
We denote the integrals over @, s and @, by

1 1
/ / // duidus - - - du, and /dﬂ::/-u//dulduQ---dup,
Qn,s 0 0 0

0 Qn 0

3l

3l

where du = duidus - - - duy, respectively. Let also (n)p denote the falling fac-
torial given by

_fnn=1)--(n-p+1), p>1,
(n)p—{ 1. b 2:0.

As in the case of approximation of the Caputo fractional derivatives by Bern-
stein operators [14], we need the following usual derivatives of order p of
L, s(f;x) which was obtained by Yun and Xiang [17].

L(p)(f;x)
p( n—s—p+1 k- P

= — » [ )
TL—S—p—|—1 Z Pn— sp+1k()/f n+;uz du

Qn,s

n—s—p

TL—S E pnsp,

x/[ux)f ( +Zul>+xf<p>< Zu,ﬂ a,

Q’Vl
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where s is a non-negative integer, n € N such that n > 2sand p<n-—s, f €
C0,1] and z € [0,1].

In order to investigate an approximation theorem for Lgf ) (f; ) the authors
in [17] defined the positive linear operators L, s, : C[0,1] — C[0,1] for
g € C[0,1] as follows:

Ln,s.p (95 7)

p( n—s—p+1 k p
_ _plzs), = i | da
R*S*p+1 Z pnsp+lk( /g<n+z_;u> u
Qn,s =

n—s—p

nfs E pnspk

></l(l—x)g<z+2ui>+a:g<kn+s—|—2ui>‘| du (3.1)

Qn
such that for f € CP[0,1] L, s, (fP52) = LSLPZ (f; ). Moreover,
Ln,07p = Ln,l,p = zn,;n

where the positive linear operators fn’p, obtained from the usual derivatives
of Bernstein operators, given in [14] by

p
oo o151
=1

Qn

We already have the first two moments and second central moment from the
paper of Yun and Xiang [17].

Lemma 3.1. ([17]) Let s € Ny, n,p € N such that n > 2s and p < n — s.
Then for x € [0,1], we have

(n—s), {1 N ps }

Lnsp (cosz) = np n—s—p+1

Lnsp(eryz) = m_s)”{{lﬂj(sn_l)}ﬁp [1+3(5+P_1)]}

np 2n n—s—p+1
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and

Ly.sp ((61 - xeo)2 ; x)

B (n—s)p{{m(ms)(z1)(p+1) ps(s+p—1) ]x(lx)

np n nn—s—p+1)
P 3p—|—1+s(p—|—1)(p—2) 5 (2s* 4 3sp—3s+4 —p)
n2 12 4(n—s—p+1) 6(n—s—p+1)

It might be necessary to mention here that while we were verifying the cal-
culations in Lemma 3.1, we encountered a sign misprint in the second central
moment L, s p ((61 - xeo)2 ;x). Here, the Lemma is reproduced by correct-

ing this misprint. Now, in terms of Lemma 3.1 we can introduce the following
Lemma.

Lemma 3.2. Let s € Ny, n,p € N such that n > 2s and p <n—s. Then for
z € [0,1], we have

(i) Ly s p (€1 — zeg; x) = (”%)pﬁ [1 + fl(_sjif;ﬂ] (1—2x).

(1) || Ln,s,p (€0)|l < p0,5,ps
where

{ 1, s=0,1
Ho,s,p = +2+p(s—1)
T 2l s

(1i) || Ln.s.p (€0) — eol| < p(g;l) (1 i 2(\3—1Z\)+s_1)) .
(ZU) HLn,s,p (61 - '60)” S %#L&pﬂ

where
1, s=0,1
Hi,s,p = 24 p(s—1)+2
%, s>1
(U) Hansvp (61 - '60)2H = 4%””2737?7
where
1, s=0,1
(p+s)(s—1)(p+1)+ps(p+s—1) 3p2 4
H2,s,p = 1+ 2s+1 + 3(12)5-&-11))
3ps(p2717)+2p25(3871)+2ps(252735+1) s>1
+ 3(2s+1)2 ’

Proof. (i) It can be proved by direct computation.
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(ii) From Lemma 3.1, one has
(n—s) ps
L,.s = P11
g (el = 2 14— 2]
n—s — _
np—1 n

Since Ly sp = En’p for s =0,1 and En,p (eg) = (:Zf‘ <1 [14], it follows that

| Ln,s,p (e0)]] <1 for s=0,1.

On the other hand, using the fact n > 2s which implies that n > 2s 4+ 1 and

the inequality (n;i’}’l <1, from (3.2) we find

(s—=1)(p—1) s+2+4+p(s—1)
Lns Sl -
1 (el < 1+ =12 Lot

for s > 1.
(iii) From Lemma 3.1, we have

‘Lm&p (e0; ) — eo ()]

B <nnps>p[1+n_spjp+l}_1‘
[ D {H (s—1) <p—1>} _1‘
L .~ LU

Since

= () ()

for p > 1 and p < n — s, using the well-known inequality

k k
[[a-a)=1->a; foro<a;<1,j=1,2.. .k
J=1 j=1

we can write

n—s) _ 1 -2
=5y 1_<S+8+ +S+P>

Y

np—1
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(”*5);)_1

Noting that ——=%—+ =1 for p = 1, we obtain

(n—s), 4 < s(p—1)+(p—1)(p—2)

np~t = n 2n
for p € N. Hence, considering % <1 from (3.3) it follows that
sp=1)  (=D@=2) [s-1(p-1
Ln s - <
o e
O
2n p

(iv) Since Ly op = Lpip = En,p and we have HZW (e1 — ~60)H < 2 from

2n
[14], we find ||L, s p (€1 — -e0)|| < &= for s =0,1.
On the other hand, by (i), one gets

ool < B2 (1 2201
_ %(n;ps_)lp_1 (1+ (51)(;+p1)>
. ;(H(s—l)(wp—n)

In terms of the inequality n > 2s 4 1, we have

Lnop(er —-eo)| < 2 <1 L =D(+p- 1))

- 2n n
_ b s24+p(s—1)+2
2 2s+1
for s > 1. _
(v) Using the fact Lnop, = Lnip = Lnp and the inequality
||Zn’p (e1 — ~eo)2 | < ﬁ given in [14], we find ’Ln,s’p (e1 — ~€o)2H < ﬁ for

s=0,1.
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Now, we consider the case for s > 1. From Lemma 3.1, one has
[£res (te1 =)
(n=5), 1 (Int@+s)(s-—1p+1) ps(s+p—1)
- n?  4n n n—s—p+1
1
3p? —s—p+1)+3 1) (p—2
+3n(n_s_p+1)’(p +p)(n—s—p+1)+3ps(p+1)(p—2)
—|—2ps(232+3sp—35+4—p)‘}
(nfs)pi n+(p+s)(s—1)(p+1)+ps(s—|—p—1) (3.4)
- nP  4n n n—s—p+1 '

1
3n(n—s—p+1)

+ ’(3p2+p)(n—8—p+1)+3p8(p+1)(p—2)

+2ps (252 +35p—3s+4—p) ‘}
Since (3p®> +p) (n —s —p+1) > 0 and
3ps(p+1) (P—Q)+2ps(252+3sp—3s—|—4—p)
= 3ps (p2 —p) + 2p%s (35 — 1) + 2ps (252 —3s+ 1) >0
for s > 1 and p € N, from (3.4) we have
[ (01 = o))

(n—s), 1 {1+(p+8)(8—1)(p+1)+p8(p+8—1)

n?  4n n n—s—p+1

32 +p  3ps(p® —p) +2p%s(3s — 1) + 2ps (25> —3s + 1)
+ +
3n In(n—s—p+1)

- 41n{<nnps>p [1+<p+s><s;1><p+1>+3p;n+p]

+

(n —pi)lpfl {ps (p+s—1)

+3ps (p? —p) +2p*s (3s — 1) + 2ps (25> —3s + 1)
3n2

1 (p+s)(s—1)(p+1)+ps(p+s—1) 3p>+p
mtt n + 3n

}

IN

4n

+3ps (p? — p) +2p*s (3s — 1) + 2ps (25> — 3s + 1) }
3n2 '
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Here we used the inequalities (= — (n=s)y <1 and (= p L < 1. Thus, taking into
consideration of the inequality n > 2s + 1, we obtaln

[

< 41n {1 L s (=1 (g:j)ﬁps (pts=1) 33(221%
3178(17 —p) +2p%s (3s — 1) + 2ps (2s? —33+1)}
3(2s+1)°
which completes the proof. |

For our future correspondences, we need the following lemma.

Lemma 3.3. Let s € Ny, n,p € N such that n > 2s and p < n—s. Then for
z € 10,1], we have

Lnsp(lex — weo|52) < \/2 (n_ss_ppH + 1) L sp ((61 — zeg)” x)
Proof. By (3.1)7 one has

p (Jer — zeg|;2))°

n—s—p+1

- Z pnsp+1k()l9(n—8)p,1/

Qn,s

k p
E-i—Zui—x du

i=1

n—s—p+1

k P
Z Pr—s—p+1,k (‘T) p (n - S)p-1 / ‘n + Z u; — x| du
k=0 i=1

n—s—p

Z pn—s—p,k (l‘) (n - S)p X
k=0

[l

Qn

IA
I\

k+5+2uz—x

—I—Zuz—m

+x

|-
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=:2(S1 + 52) (3.5)
Applying the Cauchy-Schwarz inequality to each sum we get

n—s—p+1 9 k P
Sl = Z pn—s—p+1,k (l‘) {p (n - 5)1,_1} / E + Zuz —z|du
kZO n,s 121
and
2
n—s—p 9
Z pnfsfp,k (‘T) |:(7’L - S)p} / ka,s,p (uiu (E) du )
k=0 .
where
k
C’n,k,s,p(uiw) (1—x) +Zul—x +x +S+Zul—x

Now, application of the Cauchy-Schwarz inequality to each iterated integral
gives

n—s—p+1 ) 9
51 Z Pr—s—p+1,5 (7) [p (n— 5)1]—1} = / ( + Zul - :17>
k=0

<
Q’Vl.
sp(n—s
_ sy (3.6)
npb
2
p( n—s—p+1 k P
X m Z pnsp+1k:( / E‘i‘;’uz—l‘ du
Qn,s =
and
n—s—p 2 1 ,
S <Y b @ [0 9),) — / (Contop (15, )]
h=0 Qn
(’I’L—S) n—s—p ,
= T n_s Z Pr—s—pk /[Cn,k,s,p (ui7x)] du
Qn

Moreover, since f (t) = t2, t € [0,00) is convex, using Jensen’s inequality for
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the term Cy, . s,p (4i, ) in the last formula, we obtain

Sy < (”;ps){n_s nippnsn (3.7)
2 2
x/ (1—-2x) ( Zulm) (k‘—i—s Zuzaz> du
Qn

Making use of (3.6) and (3.7) in (3.5) gives

(Ln,s,p (lex — weo ;x))2

sp(n—s
< Q{MX
np
p( n—s—p+1 2
m Z Prseprin (@ /( +Zul—x> du
Qn,s
(n—s) n—s—p
P\ o ek @
) 2
x/ (1-2) ( +Zul_1"> +37< +S+Zuz—x> du
Qn
sp(n—s), 4 +(n—s
< 2|:p( )pn; ( )p:| Ln,s,p ((61—$€0)2;$>
sp (n—s), (n—s) .
- 2<n—s—p+1 np ok np ’ L”’s”’<(el_meo) ;JJ)
(n—s) s
= 2 npP p(n_s_pp+1+1>Lnﬁs’p((el_x€0)2§$)

sp 2
T O ) L (CRE

Hence, we arrive at

Lo (le1 = weo]32) < \/ 2 (T 1) Dy (60 - 000)?s2)

which completes the proof. O
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4 Approximation of Caputo fractional derivatives

In this part, we study approximation of the Caputo fractional derivatives of
Brass-Stancu operators. Using the binomial expansions of (1 — x)”_s_k and
(1- :c)n*s*kJr1 Brass-Stancu operators can be expressed as

Lys(fix) = gn_§+l (n ; S) <n - ; k+ 1>f (i) (—1)7 gt
Sy () (7Y (B oy,

k=0 ;=0 J

According to Definition 2.2, for a = 0 we have DY, = I, the identity operator.
So we consider the Caputo fractional derivatives of Brass-Stancu operators
only for a > 0. Applying the operator DS to L, s(f;x) and by taking account
of Remark 2.2 the Caputo fractional derivative of L, s (f;x) can be obtained
explicitly as

D:fOLn,s(f; (,C)

S SIS () | (G T ()

k=0 j=max{0,[a]—k}

(o e

where a > 0, s € Ny n € N, such that n > 2s.
Now we prove the following uniform approximation theorem of the Caputo

fractional derivatives by Brass-Stancu operators by using similar technique in
[12].

Theorem 4.1. If a > 0, s is a nonnegative fived integer and p = [«], then
for f € CP[0,1] we have

lim DfOLn,s (f) = D%

n—oo
uniformly on [0, 1].
Proof. Let € > 0 be a given number. By Theorem 2.1, for f € CP?[0, 1] there
exists an ng € N such that for all n > ng it holds n > 2s, n > p+ s and

<eE.

[ANEYL
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By Definition 2.2, we can write
|D$0Ln,s (f7 x) - Dfof (x)|
g (L () = f032))|

< B (e e - )
< (e - 19 eosa)
= e - @) 5 (o). (4.1)
From Remark 2.1, we get
—a
|5~ (eo; )| = HF(pxpaJr ) H < T 71a+ ok (4.2)
Thus, (4.1) yields the desired result. O

Note that for the case o € N the above theorem reduces to Theorem 2.1.

Now, we present some quantitative estimates for the degree of the uni-
form approximation of the Caputo fractional derivatives by the Brass-Stancu
operators Ly, .

Recall the first order modulus of continuity of g € C[0,1] given by

w1 (g,0) = sup lg (t) =g ()], 6 >0.
z,t€[0,1], [t—=z|<S

In [14], by using the following result of Mond [13], Paltanea obtained the
subsequent result concerning quantitative estimate for the degree of approxi-

mation of Caputo fractional derivatives by Bernstein operators in terms of the
first order modulus of continuity.

Theorem 4.2. ([13])Let I be an arbitrary interval and V- .C C (I) be a linear
subspace such thate; € V, j =0,1,2. If L:V = F () :={f| f: I =R} is
a positive linear operator, then

IL(f;z) = f(x)] < [f(@)]|L(eo;z) — 1]
+ <L (eo; ) + %L ((61 — xeo)2 ,x)) w1 (f,9)

forany f €V, anyx €l and 6 > 0.
Theorem 4.3. ([14]) For o > 0, p = [«a], f € CP[0,1], 6 > 0 and n € N,

we have
1
(p)
+<1+4n52)”1 (19.5).

1D%B, (1) ~ D% < P10
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For § = ﬁ, we have

158, () ~ Do fl) < L&D || 0

5 w L
*4“‘”(“%)'

For § = ﬁ and 0 < a < 1, we have
1D%Ba ()~ D3l < e (1.
n — Ly S W y—— -
Below, we extend this result to Brass-Stancu operators in a similar way
that of [14].

Theorem 4.4. If a > 0, s is a nonnegative fized integer and n,p € N such
that n > 2s and p = [a] < n —s, then for f € CP[0,1] we have

HDSOLn,s (f) - Dfof”

. {p(p%: 1) (1+ 2(|3—IL—|—8—1)> Hf(p)H

(s + st (19.0)} oy 69

where 19,5 and pio s, are defined as in Lemma 3.2.
For 6 = ﬁ we have

D% Ln,s (f) = D% Sl

¢ {2l (1) 2emtieast) o)

H2,s,p 1 1
(o + 252) o (59, ) ey 49

Proof. Since L%p)s (f) =Lnsp (f(p)), from Theorem 4.2 and Lemma 3.2, one
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gets

|E22 - 19|

‘Lw’p (f(,,)) _ f(mH

| #2155 (e0) = eol

+ (IILn,s,p (eo)|| + 5% ‘ Lnsn ((e1 _ .60)2) H) ol (f(P)’(g)

p(pQT—L 1) <1+ 2(|S—1L+8—1)> Hf(m

IN

IN

1
+ (;uO,s,p + 4177,(52#2’54)) w1 (f(p)a 5) . (45)

Using (4.5) in (4.1) and passing to sup-norm over [0, 1], we reach to (4.3) with

(4.2). Finally, choosing § = ﬁ in (4.3) we find (4.4). This completes the
proof. O

With the help of Lemmas 3.2 and 3.3, we get the following result.

Theorem 4.5. If s is a nonnegative fived integer and n,p € N such that
n > 2s and p <n —s, then for f € CP[0,1] we have

EAGEFE] (46)

S <u0787p+\/2 (’I’L—Ss—pp—i—1+1>> <1+@> w1 (f(P)7\}ﬁ>

N p@—w)<1+2b—1r+s—1)Hﬂm
p

b

2n
where (195, and po s, are defined as in Lemma 3.2.

Proof. Using the facts L) (f) = Lysp (fP) and Ly, (fP) (z)eosz) =
f® () L,.sp (e0; ) the following well-known property of modulus of conti-
nuity of a function g € Cla,b]

|t — 2|

|mw—g@n<wm%u—xn<(1+ )wugathemm,
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where § > 0 is arbitrarily chosen, we can write

LY (i) = 1) ()]

< |Lnen (FP32) = Lue (e052) £ (@) 4 Lo (e0i) £2 (&) = 19 (@)
< Ly (|19 = 19 @) 0| i) + | Loy (e0:) = co(@)] |17 (@)
< Loy (14 15700 ) (791.6) + Ly i) - olo)] [ 1) )

1
|:Ln,s,p (eo; ) + SL"’s’p (ler — zeo| ,x)} w1 (f(p)’ 5)

Lo (e0:2) = eo(@)] [ £ (@) (4.7)

Using Lemma 3.3 and choosing § = \/Lms,p ((61 — zeg)?; x), from (4.7) one

has

LE) (f32) = FP (@)] < | Lo (e0:) = co(@)] [ £ (@)
Ln,s,p (60; x) + \/2 <’]’L—Ss—pp—|—1 + 1)

X w1 (f(p), \/Ln,s,p ((e1 — o:eo)2 ,x)) .

Passing to sup-norm over [0,1] in the above inequality, from Lemma 3.2 it
follows that

XA

+ X

sp () VH2:5p 1
< . 2 ——— +1 p) VIZSP -
< (uo,,er\/ (n_s_p+1+ >>w1<f > Jn
L opp=1) (1+2|s—1|+s—1)Hf<p>

2n P
<

VH2,s 1
(ﬂo,s,p+\/2 <n—58—pp—i-1+1>> <]_+ N’; ,p>w1 (f(P)7\/ﬁ>

-1 2ls—1 -1
Lopl ><1+ s =1l +s )Hme_
p

2n

Thus the proof is completed. O
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Below, we present the Caputo fractional derivative extension of Theorem
4.5, which improves the direct application result obtained in Theorem 4.4.

Theorem 4.6. If a > 0, s is a nonnegative fized integer and n,p € N such
that n > 2s and p = [a] <n—s, then for f e CP[0,1] we have

”DfOLn,s (f) - Dgof“

< {(Mo,s,p+ \/2 (n—ss—pp—&—l—i_l>> <1+V'u22’s’p> w1 (f(p)’\}ﬁ)

L1 <1+2ls—1l+s—1> |
2n P

1
} F(p—a+1)
where pos.p and po s p are defined as in Lemma 3.2.

Proof. Taking into consideration the fact L;’fl (f) = Lnsyp (f(p)) if we use
the estimate (4.6) in the inequality (4.1) and take to sup-norm over [0, 1], we
arrive at the desired result with (4.2). O

Again, with the help of Lemmas 3.2 and 3.3, we get the following result..

Theorem 4.7. If s is a nonnegative fized integer and n,p € N such that
n>2s andp <n — s, then for f € CP+1[0,1] we have

s )

—1 2 —1l+s-1
plp—1) <1+ (Is=1]+s )) Hf(p)H + P,
p 2n

- 2n
1 sp
= 2] ———+1
2+\/ <n5p+1+>

where p11,sp and o s, are defined as in Lemma 3.2.

f(p+1) H

w1 (f(p+1)’ \1[) (4.8)

n

+mﬂ2,s,p

Proof. Let f € CP*1[0,1]. Then for any z,t € [0, 1] we have

t

@ (t) = f® (z) + (t —x) fotD) (z) +/ {f(erl) (u) — fltD) (z)| du.

T
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Applying the operator L, s, on both sides of the above equality, we get

Lnsp (f(p);x> _ f(p) (z)

= [Lms,p (603 x) — €0 (37)] f(p) (x) + Lnsp (el — weg; ) f(p+1) (x)

A Lnop / [f(p+1) (u) — f+D) (x)} dusz | . (4.9)

T

Therefore, using the fact Lgﬁ ) (f) =Lnsp (f (p)) and the following inequality

t

[ 150 ) = 500 @) | < (lt —ol+ (5 mf) r (100.8). 6> 0.

26

x

in (4.9) and taking account of Lemma 3.3 in the obtained result, we have

LY (f;z) — fP) (2)

< |Lns (e0i2) = €0 (@) [£) (@)| + | Lo (e1 — weos )| |10 (@)

+ { \/2 <n—ss—pp—|—l + 1) \/Ln,s,p ((61 — zeg)? ;m>

+2%Ln,s,p ((61 ~ 2eo)’ ;51”) } Wy (f(p+1)7§> .

Choosing 6 = \/Ln,s’p ((el — a:eo)2 ;x) in the above inequality, one gets

LY (fi2) = [ (@)

< |Lnsp (c0i@) = €0 @) [£7) (@)| + Lo (e1 = wes )| |19 (@)
1 sp 2.

2" \/ (=) s (@ —zeos2)

X w1 <f(1)+1)7 \/Ln’&p ((el — xeo)2 ; x)) .

+
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Here, passing to the sup-norm over [0, 1] and using Lemma 3.2, we obtain

IXRGEr

-1 2(ls—1|+s—1
< ple=D () 20s= 1] >‘V@H+£ﬂmpfmmH
2n p 2n
1 sp M2 s,p (p+1 H2,s
il 2 1 ) p+1) 25,
+ 2+\/ (nsp+1+ )] V' 4n W1(f ’ 4dn
-1 2(s=1|+s—-1
< =1 (), 20— )‘V@H+£ﬂumemH
2n p 2n

S 1 S
_1_\//‘27 L I O Sp 11 14 VH2sp )
2vn |2 n—s—p+1 2

Xw1 (f(erl), ;ﬁ) .

Now, making use of the fact 1 < , /12 5 , in the last line of the above inequality,
we reach to (4.8) which completes the proof. O

Caputo fractional extension of the above result is presented below.

Theorem 4.8. If « > 0, s is a nonnegative fived integer and n,p € N such
that n > 2s and p = [a] < n — s, then for f € CP*[0,1] we have

HDfOLms (f) - Dfof”

< {ple=1 () 2(0s—1+s—1) Hf<p)H+£M7s,pr<p+1>H
2n P 2n
1 sp 1
s - 2 1 (p+1) _~
+4\/77“2”” 2+\/ (n—s—erlJr ) w1<f )"
1

Xi?
F'p—a+1)

where p11,sp and o s, are defined as in Lemma 3.2.

Proof. Using the estimate (4.8) in the inequality (4.1) and passing to sup-norm
over [0, 1], we find the required result with (4.2). O
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