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Asymptotic expressions for the remainder term in the
quadrature formula of Gauss-Jacobi type

ANA MARIA ACU and DANIEL FLORIN SOFONEA

ABSTRACT. In this paper we have considered error analysis for a quadrature formula which is obtained by
integration of linear positive operator. The asymptotic expressions for remainder term of Gauss-Jacobi type
quadrature formula are also given.

1. INTRODUCTION

Many authors have considered error analysis for known and new quadrature rule. In
[12] N. Ujevi¢, N. Bili¢ obtained the following asymptotic expressions for error terms of
the mid-point, trapezoid and Simpson’s quadrature rule:

(n)
Denoteby]-'{fGCoc[a,b] f{"—l()lzzl) §M<oo}.

sup
neN

Theorem 1.1. [12] If f € F, then

a © ok—1 _
/f t)dt = (+b)(b—a)+222klk!kf(k—1)(a)(b—a)k.
k=3

Theorem 1.2. [12] If f € F, then

/f nar = 1T f()(b a)—QZk 2

k=3

“V(a)(b-a)*.

Theorem 1.3. [12] If f € F, then

/abf(t)dt—b;a{f() 4f< >+f( )] Z%ﬂ’“*”(a)(b—a)k,

k=5

In this paper we will consider a class of quadrature formulas which are obtained by
integration of linear positive operator. The asymptotic expressions for remainder term of
these quadrature formulas are given. The above representations for remainder term of the
mid-point and trapezoid rules are particular cases of our results.

The error analysis for quadrature formulas of Gauss type has occupied the attention
of many authors ( [5],[6]). An interesting asymptotical expansion of the remainder from
Gauss type quadrature formulas was given by I. Gavrea in [7]. These results motivated us
to give an asymptotical expansion of the remainder term from Gauss-Jacobi type quadra-
ture formula.

In the next two sections we will recall some properties of Schurer-Stancu, respectively
Gauss-Jacobi type quadrature formulas, which will be essentially used in the present pa-
per and we will consider error analysis of these kind of quadrature formulas.
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2. THE REMAINDER TERM IN THE QUADRATURE FORMULA OF SCHURER-STANCU TYPE

Let p be a given non-negative integer and let «, 3 be real parameters satisfying condi-
tions 0 < a < .

The Schurer-Stancu operators ([1]) Sm o). ¢ [0,1+ p] — C]0, 1] are defined by

m+p
(S((x,ﬁ)f) Z D, & ( (:L—:—aﬂ) , (2.1)

where m is an positive integer and

Pmp(T) = <m;rp> 2k (1 — g)mtpk

are the fundamental Schurer’s polynomials.
Note that many approximation properties of operators (2.1) were investigated by D.
Béarbosu in [3].
By integration the Schurer-Stancu approximation formula ([2], [3]),
F=8G) f+ R,
was obtained the following quadrature formula

m—+p
1 k+ «
d — + ﬁ’ﬂ) ,
/f e kom—l—p—i—lf(m—l-B) T ()

which it’s called the Schurer-Stancu quadrature formula. Can be noted that the above
quadrature formula ([9], [10]), in the case & = 8 = 0 and p # 0 is the Schurer’s quadrature
formula, while for a« = 5 = p = 0 is the Bernstein’s quadrature formula.

In what follows, we are dealing with the Schurer-Stancu quadrature fomula ([4]):

m“’ 1 k+a
)dz = (o 2atp) 2.2
/ flw)yde = m—|—p—|—1f(m—|—p+2a)+ rmp () 22)

having the degree of exactness 1.
In [4] was proved that the remainder term of quadrature formula (2.2) has the following

representation

(2 — 1)m + 202 + (2 — 1)p

e G

rigam () =

where f € C%[0,1]and 0 < £ < 1.

Lemma 2.1. [8] If —o0 < e < 8 < 400 and w is a weight function on (o, 5) and

[3 m
/ fOwtydt =" Aif(z:) + rmlf], € Ly(,B),
« i=0

then

W(w):w(aJr(ﬁ—a)gbc_Z) , x € (a,b), —0o < a<b< o0,

is a weight function on (a,b) and

/ F(z E:ZiAiF(a+(b—a)?:j>+Rm[F]7
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where F € L. (a,b) and

Rmuqzb‘“nAFLF@y:F(a+w—af_“>.

B —« f—a
Using Lemma 2.1 the quadrature formula (2.2) can be written in the following form
m+P
b—a k+ a
where

Rlf] = (b= o’ (6) - ot 2o L=

In this section we will give an asymptotic expressions for remainder term of Schurer-
Stancu type quadrature formula (2.3).

Theorem 2.4. Let f € C[a,b] and { fV)(a)};>3 is a bounded and monotonic sequence, then the
remainder term of quadrature (2.3) has the following representation

La<¢<b. (2.4)

Rulf] = Z Cif(iil)(a)a where (2.5)
i=3
i m+p i—1
== () pp— < ko > .
7! k:Om+p+1 m+2a+p

Proof. We define the function
m+P
T—a k+ o
t)dt — —a)———— |.
/ 1t m+p+1f(a+(x a)m+2a+p>

By induction to show that for i € N, 1 > 1 we have

m—+p

4 , 1 k+a "' k+a
R® — =1y, (i—1) —q)—0T=
() = f ()= kZ:o m4+p+1 \m+2a+p ! at(z a)m+2oz—|—p

m+p i
_ k . k
-y r—a ( to )f(l)(a—i—(x—a)—’—a).
k:0m+p+1 m-+2a+p m-+2a+p

We have
=0
m+p
1-— =0
( _Om+p+1>f()
m
1 k+a
R (a 1— (@) =0
( m+p+1 m+2a+p>f(a)

i—1
RO() = [1- ! ( ’”“) 1), i 23,
kZOm—&—p—l—l m+2a+p
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with the above data, we obtain

oo

R(z) = Zcif(i’l)(a), where

=3

; m+p i—1
—a) 1 k
P k) 1) ta .
1! k:Om+p+1 m+2a+p

If we substitute z = b in the above series then we get formula (2.5).
Now, we will prove that the series in (2.5) converges. In formula (2.2) we take f(z) =
21, i >3, and we find

(2a — 1)m + 202 + (2a— 1)p
12(m + p + 2a)?

1—imz+:p 1 < k4«
P m+p+1 \ m+2a+p

where 0 < & < 1, i > 3.
Using the above relation, the series (2.5) can be written

)“:iu—l)(z‘—a) ~ &,

(20— 1)m +20% + 20— 1)p <= (b —a)’ gi- 1
Rlf] = =
/] 12(m + p + 2a)? ; —-3)! @),
: 1 j i3 1 = P s
Since 0 < (b—a)'& < — —a)" is a convergent
(i—3)! (i — :3
series, it follows that Z m(b — a)'¢/™% is a convergent series. Using the bellow
i=3

theorem, it follows that the series in (2.5) converges.
Abel’ s Theorem. If Y a,, is a convergent series and (by,) is a monotonic and bounded sequence,
then " a,by, is a convergent series. O

Remark 2.1. For m = p = 0, a = 1, respectively m = 1 p = 0, o = 0, we obtain the
asymptotic expressions for the remainder term of the mid-point and trapezoid quadrature
rule from Theorem 1.1, respectively Theorem 1.2.

3. THE REMAINDER TERM IN THE QUADRATURE FORMULA
OF GAUSS-JACOBI TYPE

By J,(,? & ), where m is a nonnegative whole number and «, 8 > —1, we denote the mth
Jacobi polynomial. It is known that Jacobi polynomials with the same parameters a and
j3 are orthogonal on [—1, 1] with respect to the weight function p(z) = (1 — z)*(1 + z)".

The quadrature formula of Gauss-Jacobi type generalized has the form ([10])

b m
[ 0= =0 s =Y Buafon) + Rl 36)
e k=0
The nodes v, , k = 0, m , which appear in (3.6) are given by

b—a b+a
a
g kT T

T =
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where ay, , k = 0, m are the zeros of the Jacobi polynomial, Jﬁffl) and

B L(b—a) P 2m+a+B+2)T(m+a+ 1)I(m+ B+ 1)
mk — & .

o d «

=ay

For f € C?™2[q, b] the remainder term is given by

R [.ﬂ:(b_a)2m+o<+/3+3 f(2m+2)(£) . (m+1)!F(m+a+2)F<m+ﬁ+2)F(m+a+ﬁ+2)
" (2m+2)! L2m+a+B+3)L(2m+a+8+4) ’

a<&<b.

Letaw =8 =0. Then

/abf(x)dw: (b—a)i 1 .f<b—aak+b+a>+7€mm7 37)

m+1 4= 00, 4,00 2 2
=0 70 ) g [T 0]

where

(=) B m+ ) (2m+2)

Rl f] = (2m + 3)(2m + 2)!3 / (©)-
Ifa = —1 and b = 1 we obtain
/1f( Jr= 23" ! fan) + Rulfl, (38
z)dx = - f(ag mlf], .
. m+14~ (00 d [ ,(0,0)

k=0 i an) [‘Im“(t)} t—an

where

22m+3 (1 4 1)1

Ronlf] = (2m + 3)(2m + 2)

FfEPE), 1< <L

Remark 3.2. The quadrature formula (3.6 ) has the algebric degree of exactness 2m + 1.

If f € Papmy1, then from (3.8) we have:

1 & flax) e
2 jwar. (3.9)
+1 2 : d , 2 /,
m k=0 JO 0)(ak)% [J,(,Sfl) (t)L:ak !
If f € C?*™*2[a,b], then for any x € (a , b] there is &, € (a, x) such that
1 (x—a) & 1 z—a x+a
/ f(t)dt = > - f ar + + Rl f],
1 d 2 2
a m+1 = ,]7(7?,0>(a,€)a [Jf,?f} (t)Lzak
(3.10)
where
r—a)™ 3 m+ 1)1,
Roulf) = AT e e,),

(2m +3)(2m +2)13
Theorem 3.5. If f € C*[a,b] and {f O] (@) }i>2m+2 is a bounded and monotonic sequence, then

the remainder term of quadrature formula (3.7) has the following representation

oo

Rmlfl= D> af ) (3.11)

1=2m+3
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where
b—a)t T ast 1yl
0=t il ) R Py s )<oo>
- = 200 @) (o)

Proof. We define the function

z - i 1 r—a r+a
= [ fya— E=Y .f< ay, + )
I o SHETIN ’ ’

By induction to show that for i € N, ¢ > 1 we have

()
(1) _ r(i—1) i . 2 (i—1) r—a r+a
RE@)=] (w)_m+1z (0,0) d [ (0,0 g Ty
k=0 700 () 3 [T 0]
ar + 1>i
T — 0 — 2 r—a T+a
_ @
m+1 Z 0,0, 4 [ (0,0 2 2
=0 700 () g [T 0]
Fori=T1,2m + 2, R((a) is given by
(ak + 1)7,1
(D) (q) = £G-1) 1"
R (a) = 0V (a) [1- =

=0 00 () 5 [ 190 0)]

t=ay

r+1
2

a Jrl ot
S = 0 () 5 [Jﬂf()}

For i = 2m + 3 we have

i—1
In formula (3.8) we take f(z) = ( ) ,1=1,2m + 2 and we find

= 0,namely R (a) =0, =T1,2m + 2.

t=ay

<ak + 1)2m+2

2
&[0 m]

REME) (q) = fem+2) () 1 = 2m +3 Z
k=0 J,

m+1 753’0)( §) )
t=ay
41 2m+-2
In formula (3.8) we take f(x) = ( 5 > and we find

(a,k + 1>2m +2

- 1

- 2m:13 3 3 _ ((27;‘1—:_ 2))|2 = 0, namely
m 0,0 0,0 !
=0 00 (a) 5 [0 0]
t=ay
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(m+ 1)1

REM ) = (2m +2)12

f(2m+2) (a) )

For ¢ > 2m + 3 we have

RD(a) = £0-D(q) ' Zm: <ak H)

m+1 (0,0) (0,0)
D T8 (0 5 [0 0)

t=ay
If we now write the Taylor series
— R (a) ;
R( ) = Z ’i' xr — ) )
i=0 ’
with the above data we have
) |
=  — - (x —a)
Rix)= Y, FED ()T =Y
Pl m+1 0,0 (0,0) 7!
=2m+3 k=0 Jpm )dt [Jmﬂ(t)} s

If we substitute « = b in the above series then we get the formula (3.11). Now, we want

1 i—1
to show that the series in (3.11) converges. In formula (3.8) we take f(x) = (:c i >

2
ap + 1 i—1
- TR 2

1 d
S I @) 3 [ 0]

_ (m+ 1)1 i &+1
C(2m+3)2m+2)13 (i —2m — 3)! 2
Using the above relations, the series (3.11) can be written

and we find

t=ay

1—2m—3
) , where — 1 < & < 1.

_ (m+ 1M - 1 &1\ i p(i—1)
R = (2m + 3)(2m + 2)B i:;+3 (i—2m—3)1\ 2 (b—a)'f*(a).
. fi +1 i—2m—3 . 1 .
_ < _
Since i —om—3) ( 5 (b—a) < (z‘—2m—3)!(b a)', and
- 1 i o
' Z G —am_a) (b — a)' is a convergent series, it follows that
1=2m—+3
00 1 fz +1 i—2m—3 . . . )
Z = 2m—3) 5 (b — @)’ is a convergent series. Using Abel’ s Theo-
i=2m+3 '
rem, it follows that the series in (3.11) converges. |

Theorem 3.6. If f € C™[a,b] and {f@ (b)}i>om.2 is a bounded and monotonic sequence, then
the remainder term of quadrature formula (3.7) has the following representation
Rlfl= Y aft=Dw), (3.12)

1=2m—+3
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where
i—1
h— i m l—ay
¢ =(-1) 1 Z|a> 1 milz 0.,0) (d2 )(oo)
k=0 Jm" (ar) g [Jmh(t)L w

Proof. We define the function
— ) — 1 b—ux b+
/ £(1) 3 f an+ .
m-+1 , d i 2 2
=0 750 ) o [H )]

By induction to show that for i € N, ¢ > 1 we have

t=ay

1— ak b
RO () = — | 1) () = — i 6D (Haﬁbﬂf)
m+1 =0 (o 0) J(o,o) " 2 2
@) Zpeao]
1— i
z—b d 2 ) O <b—xak+x—|—b>
m+1 0,0 0,0) 2 2
k=0 Jr(n ) (ak) o |:JT(7L+1 }
If we now write the Taylor series
> R() ;
R) =Y Oy
i=0 ’
with the above data we have
(]. — Qg > i
_ 5 v (-1 @ =b)°
Rlz) = Z m+1 (0,0) (0,0) F) il
i=2m+3 k=0 Jm " (ak )dt [Jm’ﬂ(t)}
t=ay
If we substitute z = a in the above series then we get the formula (3.12). O

Theorem 3.7. Let f € C""a,b]. Then for n > 2m + 3 the remainder term has the following
representation

n

Rmlfl= > afa / ROHD (1) (b — t)"dt, (3.13)

1=2m+3

m
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and
n

Rulfl= Y artm) + / " RO (1) (0 — (3.14)

i=2m+3
where

1ak)2—1
RO (1= {5 -— 3 ( 2 f<z'—1><b—tak+b+t)

1 d , 2 2
"SI @) [0 @)]
i r=ay
(%)

t—b & 2 N [(b—t t+b -
- 12 d - f® (2ak ;) , fori=1,n+1.

"SI @) [100@)]

T=ag

Proof. Let R(z) defined in the proof of Theorem 3.5. Using Taylor formula, we obtain
" RO (a ; ¢ RMAD (¢ N
R(z) = E%Z'()(x —a) +/a T()(x — t)"dt.
If we substitute x = b in the above relation, we obtain the representation (3.13) of the

remainder term. In a similar way we can obtain the relation (3.14). d

Theorem 3.8. If f € C™®[a,b] and { £ (a)}i>2m 12 is a bounded and monotonic sequence, then
the remainder term of quadrature formula (3.7) has the following representation

(b= (m+ D) (2m+2) b—a (omqs)
Rmlf] = @m+3)!  (2m+2)2 ! () + ——1 (a)

+ > affV(a), (3.15)

1=2m+5
where
b—a) ; m ap+1)i—1
Ci:( z"a) lfmiuz (0,0) (d2 )<o,o>
! 200 Ao

Proof. Using the relation (3.11) we can write

Rf] = comrsf P (@) + compaf P @)+ D eif ), (316
i=2m+5
where
C (b—apms | 2m+3 i ()™
2m+3 = Ty Ty Y 00 o |
(2m + 3)! mAL = I ) 5 {J;"“)(t)}t:ak
) (b— q)2m+s L 2mtd i (ak’TH)?er?,
N D 00 or
(2m + 4)! mt 1= g )(ak)% {‘]T(n“)(t)} t=ay,
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From the proof of Theorem 3.5 we have

2m+32 (a‘“TH)Qm+2  (m+ 1)
a 0,0 0,0 - 12
m+1 — J( )( )jt |:J7(n+1) (t)} - (2m + 2)!

Therefore
(b—a)*™*3  (m+1)

mts = : . 3.17
M3 = T om 4 3l (2m + 2)P2 (317)
We will use the following properties of Jacobi polynomials (see [11]):
a,a) Fv+a+ 1) +1) (a,-1),, o
e T (22 1),
@) = S e Ty 1) (207 —1) (3.18)
Sl (2) = F'2v+a+2)I'(v+1) J(a,2)( —1) '
AT T+ a+ )20 + 2) '
Also, for Jacobi polynomials the following formula holds
d 1
_ (a,B) (a+1,8+1)
d(E {‘]'m (J))} 2(m—|—o¢+ﬁ—|—l) m—1 ( ) (319)
Let ax, k = 0,m the zeros of Jﬁ?fl) , the Jacobi polynomial. From [11] for ay,
k = 0, m we have the relation:
ap + am_p =0. (3.20)
From (3.18) and (3.19) we have:
d 0,—1 1,-3
I @) = ev e )at T ee - )L P ea -, G2
0,% L3
et [%@)]  =aer+nitPed - naPed -y, 622
From (3.20), (3.21) and (3.22) we obtain
m a2m+3
Z oo dk oo =0, therefore
0,0 0,0
=0 20 g IR0
ap+1) 23
“ 2 1 i 2m+3 ap"t?
— 0,0, 4,00 S 2243 1L\ 2m+3 ) 0,0, 4 [,(00)
60 70 aw) W) = T ) o]
m 2m—+2 :
2m + 3 ay,
S ()
=0 10 00 () 2 [ @]
m dt m+l t=ap
2m—+2 m .
2m +3 al
22m+3 Z < > kz() J(O*O)( oL d {J(O 0)( )}
B m dt m+l t=ay
From (3.8) with f(z) = 2*, i = 0,2m + 1 we obtain
S i 1 1+ (-1)
(0.0) dak< ) :m; ' 4;11) (3.23)
0,0 0,0
=0 200 () g [T 0]
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and for f(z) = 2?™*2 we have

m 2m—+2 2m+2 4
1 2 1!
Z (0,0) Zk (0,0) - 27:7,—:— 3 l: B (Qm(:rf;;m) (3.24)
0,0 0,0 !

=0 70 g [T 0]

By using (3.23) and (3.24) follows
ay + 1 2m+3
Zm: 2
700,y 4T 500
=0 70 g [ O]
m 2m-+2 14
_m+1 Z 2m+3 ) 1 +172 (m+1)!
22mH3 | & 2k 2k+1 (2m +2)12
Com 12222 4 I (m 4 1) 1 (m+t
- 22mA3 | 2m 44 (2m + 2)!2 N 2m+4  2(2m +2)12
Therefore ( jomts \( i
b—a)™ m+2)(m—+1)!
AT T om+ 4 2m+2)2 (3.25)
From relations (3.16), (3.17), (3.25) we obtain the relation (3.15). O
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