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HERMITE INTERPOLATING SERIES

MARILENA JIANU

ABSTRACT. The paper introduces a new type of polynomial series (Hermite interpolating se-
ries). If f(x) represents the sum of such a series, then its full-Hermite interpolating polynomials
are partial sums of this series. We state and prove sufficient conditions for a function and its
derivatives to be representable as Hermite interpolating series.
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1. INTRODUCTION

Interpolating polynomials are a very useful tool in the approximation of functions and, as
Philip Davis remarks in [4], “the flame of interest in interpolation and approximation has burned
brighter” as the automatic calculation speed highly increased. When these polynomials represent
partial sums of some uniformly convergent series, they can be successfully used to approximate
the solution of ordinary differential equations. The Taylor polynomial (corresponding to Taylor
series) is often used for initial-value problems, when the solution is supposed to be analytic.
However, for boundary-value problems, the Newton polynomial (corresponding to Newton series)
is a more adequate instrument, either using an infinite sequence of distinct points (see [8, 9]) or
a periodic sequence on a finite set of points (see [7]).

Hermite interpolating polynomial generalizes both the Newton (Lagrange) polynomial and
the Taylor polynomial, as it makes use of the values of the function and its derivatives at
several points. When only the values of the first derivative are considered, we refer to this as
simple Hermite (or osculatory) interpolation; when the values of higher derivatives are involved,
the interpolating polynomial is known as full Hermite interpolating polynomial. If we want to
represent this polynomial as the partial sum of a series, we need to write it in a suitable form,
in a similar way that Lagrange polynomial must be written in the Newton form to reveal that
it is the partial sum of the Newton series.

Hermite interpolating polynomial was used for solving boundary value problems for differential
equations (see [2, 3, 12, 13]) and integral equation (in [11]), for approximating functions in
topological fields [6], or even the reliability polynomial of a network (in [5]).

Our work was inspired by [7], where the functions are expanded into Newton interpolating
series on p interpolation points and it is proved that some of the derivatives of the polynomial
represented by the partial sum, calculated at the interpolation points, are equal to the derivatives
of the function. This paper introduces the Hermite series, composed by p independent series and
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investigates sufficient conditions for their convergence. Particularly, any Hermite interpolating
polynomial is obtained by adding partial sums of the p series.

2. HERMITE INTERPOLATING POLYNOMIALS

Consider p distinct points, 1 < 22 < ... < xp in the interval [a, b] and p nonnegative integers,
1,02, .., Denote by a = (a1, a9,...,a,). Let f: [a,b] — R be a function of class C¥|a, b],
where k > «;,i = 1,2,...,p. The full Hermite interpolation problem ([10], [4]) is the problem
of finding a polynomial H,(z) of degree at most

N=oar+as+...+ap+p—1

such that

(2.1) HD (z) = fO(x), Vj=0,1,..., 05 Vi=1,2,...,p.

Theorem 2.1. [1, 14] Given the distinct points z1 < xg < ... < xp , the nonnegative integers
at,qs,...,qp, and the arbitrary real numbers fi(]), i=0,1,...,04, 1 =1,2,...,p, there exists

a unique polynomial Hy(x) of degree at most N = a1 +az+ ...+ ap +p — 1 such that
(2.2) HD(z) =9 Vj=0,1,... 05, Vi=1,2,...,p.
The expression of this polynomial (called full Hermite interpolating polynomial) is:

(2.3) Ha@) =33 11 (0),

i=1 j=0

where, for any j =0,1,...,05 andi=1,2,...,p,

(@ -2y S 1

(2.4 loi @) = i) I S L) )
g! = k!
(25 @) = [T - 207, tasla) = 2l (@)= —
: () = T — ;)Y Uai(T) = ——F—, Vqi(r) = ——.
« Pl 2 I L, (x . "E,L)O‘ZJ’»]' ) (e uaﬂ("l’:)
Theorem 2.2. Let 1 < x3 < ... < x;, be distinct points in the interval [a,b], a1, a0, ..., qp

be nonnegative integers and f : [a,b] — R be a function of class C*la,b], where k > a;,i =
1,2,...,p. Then the full Hermite interpolating polynomial, H,(x) of degree at most N = oy +
az + ...+ ap+p— 1 verifying (2.1) can be written in the following form:

P 2 (o — ;)R T (k)
(2:6) Hofo) = 3 uaste) - 00 (LB
=1

k=0 Uei(2) ) s,

Proof. By Theorem 2.1 we can write:

P a; ap—) ) (x o xi)jJrl W
Ha(l‘) = ;UQ{7Z’(ZL’) ; IZ:% f (:Ul)Tva’z(xz)
p ;o k
. ( — Z) k —9
- ; o () ;0 ;Zj 79 () 220 (]) o) ()
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P o k T — 1)k »
=D uasle) 23 1) L (M)oll e
i=1

k=0 j7=0 J
P X (— )k b ke
=Y Y Y () el
i=1 k=0 : j=0
p ai k
(x — i) k
= Z Z TZ [f(x)va,i(x)]g(p:)zi
k=0 '
and, since va () = uai(z) 71, the formula (2.6) is obtained. O
Theorem 2.3. [1,4] Let x1 < 2 < ... < xp be distinct points in the interval [a,b], a1, o9, ..., oy

nonnegative integers and f : [a,b] — R a function of class CN11[a,b], where N = a1 + ag +
..+ap,+p—1. If Hy(x) is the corresponding full Hermite interpolating polynomial then, for
any x € [a,b], there exists £ such that min{zy,z} < { < max{x,,z} and

FAD(E)
(2.7) f(@) = Ho(z) = mua x
In the particular case when a = (n,n,...,n), n = 0,1,..., we denote the full Hermite
polynomial by H,(z). Using the notations
u(x
(2.8) wz) = (r—z)(x—x2)...(x —xp), ux)= xig)c
(]

the expression (2.6) is written:

P " (x— )k "
(2.9) Hi(2) =D i)™ ) ( k! ) (u{ai)’z“)
i=1 k=0 ' !

Notice that H,(x) is actually a polynomial of degree at most np + p — 1.

(k)

r=x;

Corollary 2.4. Let f : [a,b] — R be an infinitely differentiable function and a = x1 < x93 <

. < xp = b be distinct points in the interval [a,b]. For each n = 0,1,..., we denote by

M, = m[a)i] ’f(”) . If there exists a positive constant X > 0 such that M, < \"*1, for every
€la

n=0,1,..., then the sequence of full Hermite interpolating polynomials (2.9) uniformly converge

to f(x) on [a, b|.
Proof. By applying Theorem 2.3 for a = (n,n,...,n), we can write, for any x € [a, b]:

(@) = Ho(@)] < P20 ) — ) (1 — )

(np + p)!
_ )|t
_ Po—arr
(np + p)!
hence the corollary follows. U

Remark 2.5. For p = 2, z; = 0, zo = 1 and a; = as = n, the full Hermite interpolating
polynomial can be written in the following form, called “Two-point Taylor formula” [2]:

n

(2.10) Ha(@) = 3 [F90)Cry(@) + (-1 19 (1)Cry(1 = )]

J=0
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where the polynomials Cy, ;(z), 7 =0,1,...,n, n=0,1,..., are defined by:

ﬂj‘k+j

Crj(2) = (1 - ﬂf)mlg <n _/g k> 5!

3. HERMITE INTERPOLATING SERIES

Given p distinct points, 21 < x2 < ... < x,, we consider the polynomials
(3.1 pin(@) = (@ = 2" (@)"™ = u(@)"s(z),
fori=1,2,....,p, n=0,1,..., and the series of the form
(32) Z ai,n,ufi,n(x)v

n>0

where a;, € R,2 = 1,...,p,n = 0,1,.... Using the Weierstrass M-test we can prove the
following sufficient condition of convergence for the series (3.2) and the series of k—derivatives,

k
(3.3) D ainmyl) ().
n>0
Theorem 3.1. Leta =21 <22 < ... <z, =0b. Denote by M the maximum absolute value of
the function u(xz) = (x — z1)(x —x2) ... (x — xp):

M = max |u(z)| = max |[(x —z1)(z — x2) ... (z —xp)].
z€|a,b| z€la,b]

If the sequences {a;n},~q verify, for anyi=1,2,...,p,
1
3.4 limsup {/|ain| < —,
(3.4 msup {fJoin] < 37
then the series (3.3) is absolutely and uniformly convergent on [a,b], for any k =0,1,....
Proof. We first study the case when k = 0. For any = € [a, b] we have:
@i nt(e) ()] < JagnlM™(b— @)L,
By (3.4) the series Z |a; | M™(b—a)P~! is convergent and the absolute and uniform conver-
n>0

gence of the series (3.2) follows by Weierstrass M-test.

Now, let us suppose that £ > 1. For any x € [a, b] we have:

(pn+p—1)(pn+p—2)...(pn+p—k)(b— a1

i [u(2)"0i(@)] | < Jai
ifn=0,1,...,k, and
i [U(:r)"uv;(w)]('“)’ < lainl(pn+p—=1)(pn+p—2)...(pn+p = F)M"F(b — a)PPHP~+1

ifn > k.
Since

lim sup T\L/\ai,n\(pn +p—1)(pn+p—2)...(pn+p — k)Mn=F(b — a)rkt+p—k-1

n—oo

= limsup {/|a;n|M < 1,

n—o0
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it follows that the series Z lainl(pn+p—1)(pn+p—2)...(pn +p— k)M F(b — a)PFPk-1
n>0
converges, hence the series (3.3) is uniformly and absolutely convergent on [a, b]. O

Remark 3.2. If the condition (3.4) is fulfilled for any ¢ = 1,2,...,p, then one can write:
P

Z Z Qi nlin (:U) = Z Z i nlin (1;)

i=1 n>0 n>0 i=1

Theorem 3.3. Let a = z1 < 22 < ... < xp = b be p distinct points and f(x) be a function
infinitely differentiable on [a,b] which can be written as the sum of the uniformly convergent
series:

(3.5) F@) =33 ainpin(2).

n>0 i=1

Then, for anyi=1,2,...,p and n > 0, the coefficients a; , verify the formulas:

69 o= | <uf<(§>)>() +ZE o e :m)(n_l) ’

- -
form=1,2,..., and
f ()
3.7 i0 = .
(3.7) 00 = )

Proof. The formula (3.7) follows by simply observing that
f(xi) = aioui(x;).

We can also remark that the partial sum of (3.5),

(3.8) Hy(2) =Y > aipl(e — i) ui(x)F,

k=0 i=1
is the full Hermite interpolating polynomial of the function f(x): it is a polynomial of degree
at most np + p — 1 such that Hék)(asz) = f(k)(azi), foranyi=1,2,...,pand £k =0,1,...,n. For
anyn>1andi=1,...,p, one can write

f(@) = Hoo1(z) = apn(z — 2)"ui (@) + (z — 25)" M gin(2),

where g¢; () is a continuous function, infinitely differentiable in the intervals (z; — e, x;) and
(z;,7; + €). Then, since there exists the n-th derivative of the function (z — x;)"g; ,(z) at x;
and its value is 0, it follows that

) - B ()
(39) in = n! w;(x;)n

We use the formula (2.9) to calculate H,(ln_)1 (x;). Since

p n—1 T — k x (k)
Hyi(z) = Z“i(x)nz ( k! ) (u{((l‘))”> ’

i=1 k=0
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it follows that

Since

we obtain:

H™ () = £ (2;) — ()" ( f(z) >(”) +nzp:<f($)><n—1)

wilzi)") oy S\ @ 2w (@) )y
i#]j
and by replacing in equation (3.9), the formula (3.6) follows at once. O

Let a =z < 22 < ... <z, = b be p distinct points in the interval [a, b]. If the series

(3.10) Z Z @i flin (T)

n>01=1

converges absolutely and uniformly to f(x), then we say that the function f(z) can be repre-
sented as a Hermite interpolating series. Based on Corollary 2.4, we present in Theorem 3.5
a sufficient condition such that an infinitely differentiable function and its derivatives can be
represented as Hermite interpolating series.

Remark 3.4. There exist functions that can be represented as Hermite interpolating series,
but are not differentiable. One such example is the function f(z) = |z| which can be expanded
in Hermite series on the interval [—1,1] taking as interpolation points ;7 = —1 and 2 = 1 as
follows:
oo

1)t /on
3.11 By ey S o Gt
(3.11) fa) = VI—T-P =Y o (%

n=0

JEERIREEEI
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and, denoting 1 ,(z) = (x +1)"(z — 1) and pg,n(z) = (x — 1)"(z + 1)"*, one can write

> _1\n—1 n
10) =3 s () (e2nle) ~ a(e).

n=0
We notice that the series (3.11) is absolutely and uniformly convergent, by Weierstrass test,

because |z? — 1} <1 for all x € [-1,1], and the series E m(%) converges.

Theorem 3.5. Let f : [a,b] — R be an infinitely differentiable function for which there exists a
positive constant X > 0 such that

(3.12) 10 ()

Then, for any p distinct points a < x1 < x3 < ... < z, < b in the interval [a,b], the functions
f(z) and f'(x) can be represented as full Hermite interpolating series,

(3.13) F@) =YY ainpin(@)

n>0 i=1

(3.14) F2)=3"3"alpin(x)

n>0 =1

< XL for all z € [a,b],n =0,1,....

and the coefficients of the derivative series are given by the formula:

p p
(1) 1 1 uj(z;)
3.15 )= (2n+ 1)a; o 1-n""3
( ) %in (2n + )a“”z — T + Zamxi —Zj <n+ nuz‘(%)
j=1 j=1
j#i JFi

+(n + 1)a,~7n+1ui(xz-),
foranyi=1,2,... . pandn=0,1,....
Proof. By applying Corollary 2.4 to the functions f(z) and f’(z) we obtain that the correspond-

ing sequences of full Hermite interpolating polynomials (which are partial sums of the Hermite
series (3.13), (3.14)) uniformly converge to f(z), respectively f’(x).

Forn=0and ¢ =1,2,...,p we have:
/
: - ~ T (@ —w) — (2 — x))
Hipo(®) = H(x—fﬁj) :Z H T — x) PR
j=1 j=1 k=1 J !
i J#i kFLg
H3,0 — Hi0 -
D DO
= Tj — Ty ZT; €4
J#i 75 J#Z

=1
For n > 1 we apply the formulas (3.6)-(3.7) for the function f(z) = p; ,,(7)

P P
Hig () = (2 — 23)"" 1H A D)) (@ - 2)" (@ —ap)" [ (@ - 2™

3_1 k=1
]7&@ jF#i k#i,j
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=3 ajrnine)

k=0 j=1
We remark that, if F'(x) is an infinitely differentiable function in a neighborhood of x;, then
n (k) 0 if k<n
(3.16) (517 - «Tz) F(IL’)} o - { n|(7/2)F(k—n) ($z) if k>n

We can also notice that p; () can be written:

p n+1
1 / — _ infl i TL+1 1 — ( )
(3.17) pin () = n(x — 2)" ui(z) (n+ ]Z:;x x;) x—:cj
JF
as well as
(z—x ,)n+1u,(x)n+1 P (z — x,)n+1u,(x)n+1
3.18 L) =n 2 J +(n+1 1 J
(3.18) e o D) Y
k#i,j
+(n + 1) (.%' B xj)nuj(x)nJrl
T — T ’
for j # i.

It follows that a;jp = 0 for any k <n—1and j=1,2,...,p
For k =n — 1, using (3.16)-(3.18), we have a;,—1 = 0 for j # ¢ and

1 1 < i () )(”‘”
Ajn—1 = : =n- Ul(ﬂfl)

ul(xz) (n—l)! ui(‘r)nil r=x;

For &k = n we have:

N O R e (n=1)
= g [ () (e )

T=T T=T;
Jaﬁ
(n)
1 _— - u;(z)
= et | @ — @) @) + (4 1) > (=) p
i -
p p
- ui(;)n‘ n! <T> (i) + (n+ DY Z(xij (2n + 1) Z - i o
T pot
and, for j # i,
o =1 |1 (ué,n(w)>(”) . z”: 1 < Hin (@) >("_1)
P (zy) [ !\ uj(z)n _— ﬁ;l (n =D \up(z)"(@ —25) ) o,
J
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1

uj(z;)

n+1 ((:Ex]) u](x))(”) n | <(a:—:vl)” L 1(@)(”—1)]

+
] o _ .
n! T — x; — (n—1)! r—x; _—

_ 1 {(nJrl)_ wi(ry) | Uz’(fi)}

uj(;) Tj— Ty T — Ty
= ! (n+1nul(x2)>
Tj— X uj(x;)
We denote by
P
; T — x5
J#
We proved that
(3.19) Lo(x) = (2n 4+ 1)Siuin(z) + i nal— nUz(SUz) (@)
. i m, ilin — i — 7 u; (ZEJ) Hin
J#i
+nu (@) pin—1(2)
and, since
S i) = 30 o)
n>0 i=1 n>0 1=1
the formula (3.15) follows. O

Corollary 3.6. Let U = diag(ui(21), u2(22),...,up(zp)). For n = 0,1,..., we denote by

an = (a1m, a2, - - -, apm)T, (1) _ (ag r)u g?)l, . ,a&%)T and
1 uz(w2) 1 up(zp)
(2n+1)5; . T (n—i—l—nuf(wf)) e (1 =ng E ;
1 uy(x 1 x
P (n+1 —nii) (2n+1)5; e (n+ 1 - el
1 nY (z1) 1 o ua(w2)
P (n +1-— w )> pr— (n +1 nup(xp)) .. (2n+1)S,
Then, for anyn =0,1,..., we have:

agzl) = Anan + (n+ DUap1,

foranyn=0,1,....
Moreover, if

5 S (o)

n>0 i=1
then
aﬂ”l) = Anaff) + (n+ 1)Ua£lk_g1,
foranyn=0,1,..., k=1,2,....
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