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Abstract

This paper provides with a generalization of the work by Wimp and Kiesel [Non-linear recurrence relations and
some derived orthogonal polynomials, Ann. Numer. Math. 2 (1995) 169—180] who generated some new orthogonal
polynomials from Chebyshev polynomials of second kind. We consider a class of polynomials P, (x) defined by:
13n(x) = (apx + b)) Py—1(x) + (1 —ay)Py(x), n=0,1,2,...,a0 # 1, where the P (x) are monic classical
orthogonal polynomials satisfying the well-known three-term recurrence relation: P,11(x) = (x — f,) Py (x) —
PaPa1(x), n=1, Pi(x) =x — py; Po(x) = 1. We explicitly derive the sequences a, and b, in general and
illustrate by some concrete relevant examples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently Wimp and Kiesel [5,4] have derived non-linear recurrence relations generating new orthogonal
polynomials. This work generalizes the results of these authors and enlarges the classes of orthogonal
polynomials.The problem we solve states as follows.
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Let {P,},,~ o be a family of monic orthogonal polynomials with respect to a weight w, satisfying the
three-term recurrence relations [1]

Poy1 () = (x = Bp) Pa(x) = pp Pr1(x),  n>1,
Po(x) =1,  Pi(x) =x — fo. (1
The coefficients y,, and f5, are complex numbers (with y, # 0). By convention, we set y, = 1. Let a,, and

by be two given sequences of complex numbers such that ag is different from one and consider the new
sequence { Py}, > defined by (2)

Po(x) = (@nX +bp) Pyr1(x) + (1 —ap) Py(x),  P1(x)=0, n=0,1,2,...,a9 # 1. (@)

Then, a question arises: how should one choose both sequences {a, } and {b,} so that the new polynomials
P, are orthogonal too?

The paper is organized as follows: In Section 2, we develop the general formalism giving the recurrence
relation for the new polynomials. In Section 3, we point out some relevant particular cases. In Section 4,
we construct concrete examples of new orthogonal polynomials based on known classical ones. Finally
in Section 5, we derive the second order differential equation satisfied by the new families of orthogonal
polynomials.

2. Construction of the new non-linear recurrence relations

Let us prove the following statement.

Theorem 1. Let {P,}, o be a family of monic orthogonal polynomials satisfying Eq. (1). Then the
sequence {P,) n>0- defined by (2), verifies the following recurrence relation:

P2 (x) = 182 (0) Byg1 (x) — 18D () By (), 3)

where

1 2
Ap+1 . k,(, )x+k,(1)

, a, 0, n>=0
ap wy (x)

1) =9,

3) 4
ky'x +k
’7512)()() =Ap — an+1P, — bn-i—l +x + L - *

’

wp (x)
Wy (x) = (apx + by)(x + Apt1) + Buyi, “4)
and
dan
k" = [(an+1An+z +bus1) =~ (g Ansr + m] : )
n
Q) _ dn+1
kn ="%n |:(An+2bn+l + Bn+2) - (An+1bn + Bn+1)] 5 (6)

kP = an(@nt2 — )ypsr — ans1(an — Dy — anfyAnta
- anAn—H(An—i-Z - an-}—lﬁn - bn+1),
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K =5, = ap) Anya + bul(ans2 — Dypgr — BpAntal
- (bnAn-H + Bn+1)(An+2 - an+1ﬂn - bn—i—l),

Apy1 = (@py1 — l)ﬂn + bn—i—lv Byy1= Vn(an - 1)(an+l —1). @)

Proof. From (2) and taking into account (1) it follows that

Puy1(x) = (x + Ay ) Pa(x) + (@1 — D)9, Paci (). )
Replacing n by n + 1 in (8) with the use of (1), we get:
ﬁn+2(x) =[x +Ap2)(x — B,) + Vn+1(an+2 — D]Py(x) — Tn (x + Apy2) Pr1(x). )

We thus form a set of three equations (2), (8), (9) with the two unknowns P,, P,_1. They will have a
solution if and only if the augmented determinant is equal to zero. The computation and the transformation
of this determinant give the required recurrence relation. [J

We then deduce the following relations:

an+1

(Apg2an41 + bpy1) — (Apy1an +b,y) =0, (10)

n

dp+1

[(An+2bn+l + Bn+2) - (An—i-lbn + Bn+l):| =0, (11)

n

an(an42 — l)yn+1 —apy1(an — Dy, — anfpAnio

- anAn-i—l(An—l—Z - an-{—lﬁn - bn-i—l) =0, (12)
Vn(l - an)An+2 + bn[(an-i-Z - 1)7n+1 - ﬁnAn-i-Z]
— (bpAny1 + Bur1)(Apgo — an1Py, — byy1) =0, (13)

where ag, ai, by and b; are given arbitrary numbers. Furthermore, the following holds:
Corollary 1. Let a, # 0, a, # 1 for all n. Then Egs. (10) and (11) imply Egs. (12) and (13).
Proof. One can follow step by step [5,4]. O

Corollary 2. Let{a,}, {b,} be the sequences satisfying Eqs. (10) and (11). Then the following non-linear
recurrence relations hold:

b
bn+1=C—a—"—(an+1—1)ﬁn, n=1,2,3,4,..., (14)
n
a’M — Capb, + b2
anyl = 2 "4+1, n=1,2,3,..., (15)
Vnan(an - 1)
where

AL+ b boA1 + B
C,::ao 1+ o’ M= 0A1 + 1'

ao ao

(16)
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Proof. Using Eq. (10) we deduce forn =0,1,2...

(Ang2an41 + byy1) _ (Apng1an + by)

; a7
an+1 an
which implies
A b
niitn £00) _ ¢ (18)
an
C being a constant (independent of n) so that (14) is achieved. Equivalently, k,(12) =0 yields
(Ap42bn41+ Buy2)
P = (Aniba + Bui), (19)
n
Apy1b, + B
( n+1bn + n—H) — M, (20)
dn

where M is now a constant given by

M= [(a1 — 1)Bobo + boby + (ag — 1)(a; — 1)]
aop

Using (14) and (20), we obtain relation (15). O

Corollary 3. Let { Py}, >0, {an} and {b,} be the sequences satisfying Egs. (1), (10) and (11), respectively.
Then the sequence {15,,}” > verifies the following recurrence relation:

Puia(x) =[x + Aps2 — but1 — ans1 Bpl Pug1 (x)

a ~
_VnZ_—HPn(x)a an?&O, n=0,1,2,...,

n

Py(x)=1—ap, Pi(x)=x+by+ fyla —1). 1)

3. Particular case of b,, = 0

Let us summarize the results of the previous section when b,, = 0.
Theorem 2. Let b, =0, 5, # 0, a0 # 1 and a,, # 0. Then the sequences {15,1},120 and {ay} satisfy the
following recurrence relations:

a ~
LB (),

P2 (x) = (x — B) Pup1(x) — 7,
n=0,1,2,...; Pyx)=1—ap; Pi(x)=x+4pyla; — 1), (22)

Y apg— 1
a, = —-+—, = .
Tn — ﬂnK BOaO

(23)



478 C. Hounga et al. / Journal of Computational and Applied Mathematics 193 (2006) 474—483

Proof. If b, =0, ,, # 0 Egs. (10), (11) and (21) become, respectively,

(an+2 — DBpy1 = (@nt1 — DB, (24)
and
i @ns2 = 1) _ nlan = 1) 03)
an+1 dp
~ ~ an+1 5
Ppio(x) =[x + (ant2 — DByg1 — ant1B,1Putr1(x) — v, Py (x),
n
n=0,1,2,..., Pyx)=1—ag, Pi(x)=x+Bylar—1). (26)
Using (24), Eq. (26) rewrites
~ ~ an+1 5
Puia(x) = (x — B) Pry1(x) — P Py (x),
n
n=0,1,2,...; Py(x)=1—ay; Pi(x)=x++Byla; —1).
Combining (24) and (25) with 8, # 0, we obtain a first order non-linear difference equation:
Vn—i—l(an—l-l -1 _ Tn(an — 1), @7
ﬂn-l—lan-f—l ﬁnan
which implies
—1 —1
Wl =D g i g = 01 28)
ﬁnan ﬁan

Using Eq. (28), we obtain (23). O

Theorem 3. Let b, =0, 5, =0, a, # 0, and a, # 1. Then the sequences {};n }n>0 and {ay} satisfy the
following recurrence relations:

~ ~ ap+1 ~
Pria(x) = X Pyt (x) = 9~ Py (x),
n
n=0,1,2,...; Pyx)=1—ap; Pi(x)=nx, (29)
a,L a; — D(ag — 1
oy = —L L:(l )(ao )' (30)
Tn(a@n — 1) ao
Proof. If b, =0, ,=0,a, # 0, and a, # 1 Egs. (10), (11) and (21) become, respectively,
Vn+1(an+2 -1 _ Tn(an — 1), G1)
an+1 dp
ap+1

Py (x) = X Py (x) — 7y ——— Py (x),

n

n=0,1,2,...; Pyx)=1—agp; Pi(x)=nx. (32)
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Multiplying Eq. (31) by (a,+1 — 1), we obtain

Vnt1(@ni2 — Dany1 — 1) y,(ang1r — Dian — 1)
an+1 an

(33)

which implies

@1 = D@ =) _ @ = D~ 1) i

dan ag

Using Eq. (34), we obtain (30). O

4. Examples of new families of orthogonal polynomials

In this section, let us provide data for some new families of orthogonal polynomials obtained from the
classical Hermite, Laguerre and Jacobi orthogonal polynomials.
(1) Data for the modified Laguerre polynomials P, (x)

b
= (a) —1>(a+1)+b1+a—°,
0
(a1 — D)bo(o + 1) + bob1 + (ag — D(a; — 1)

ao

b
bus1 =C — (@nt1 — 1)2n + o+ 1) — a—",

n

M =

Ma? — Caub, + b2
dpt1 = L ann+"+1.
nn+ a)a,(a, — 1)

(i1) Data for the modified Jacobi polynomials 15n (x)

(@ —D(f—a)
€= B+ a+2) +h + ao’
(a1 = D(B—=o)bo | bobi(ap — 1)(a; — 1)
(B a+2ag ap ’
B )
byat = C — (@ny1 — DB~ — o) _ b_n

BH+o+2n+2)(+a+2n) ay
(Ma — Cayub, +b2)(ﬁ+oc+2n) ([3+a+2n—1)([3+a+2n+1)
dnay(an — (e +n)(f+n)(f+ «+n)

an+1 =

(iii) Data for the modified Hermite polynomials P, (x)

b bob —1 —1
C— b1+—0, IV 1+ (ap — D(ay )’
ap ap

b 2(Ma? — Capb, + b>
bp+1 :C__n’ ap+1 = (Ma, anbn + by) + 1.
ap nay(a, — 1)
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5. Second order differential equation

To derive the second order differential equation for the new orthogonal polynomials, we start with the
following lemma.

Lemma 1. Let p be a classical weight function satisfying the Pearson equation (a(x)p(x)) = 1(x)p(x),
where 6(x) = 62x2 + 61x + 00, t1(x) = 11x + 10, (|T1])(l02] + |o1| + |o0]) # 0. Then, the monic classical
orthogonal polynomial family { P,}, - o satisfies the following structure relations:

a(x) Py (x) = Iy Py—1(x) + (na2x + Jy) Py (x), (35)
o(X) Py_1(x) = (Cpx + D) Pa—1(x) + Ep Py(x),n=0,1,2,..., (36)
where
n—1
Li=—(@Qn=Dor 4117, Ju=noi+o2)y  f 37)
i=0

Ch=—((n=2)o2+11), Dup=(2n—=3)o2+11)p,—1
n—2

+(n—Dor+0) B, Ey=(2n—3or+1). (38)
i=0

Proof. The monic classical orthogonal polynomial family {P,}, - satisfies the following structure re-
lation [2,3]:

G(X)P,;(x) = Cn,n-HPn—H(x) + Cn,nPn(x) + Cn,n—lpn—l(x)a (39)

where the C; ; are constants. Using the relation [3] P, (x) = x" + (—Z;‘:_OI ﬁi)x”_l + - - - and the orthog-
onality property, we obtain the following:

Cn,n-i—l =noy, Cn,n—l =—[t1+ - 1)02])1",

n—1
Cn,n =noj + (I’lﬁn + Z ﬂl) ag).

i=0

Using the recurrence relation (1), we get the structure relations (35) and (36). O
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Theorem 4. The monic orthogonal polynomial family { P} n >0 satisfies the following second order linear
differential equation:

o* () [(@nx + bu)ks(x; n) — (1 — aw)ky (x; M1 P, (x)
— o()[(@nx + bp)((no2x + Jp — ' (X)k3(x; n) + Epki(x; n)
+a(x)(anEy +n(l — ay)a2))
— (1 —ap)((Cpx + Dy — o’ (x)k1(x; n)
+ o ()ka (x: n) + ks (x; )1 Py (x)
+ [(noox + J, — Cpyx — Dy)ki(x; n)k3(x; n) + Enk%(x; n)
+o(x)(anEy +n(1 — ay)o2)ki(x; n)
— ()2 (x; n)k3 (x; n) — 1,k3 (x5 )1 By (x) = 0, (40)

where

kl(X; n) = ang(x) + (anx + bn)(Cnx +Dy)+ (11— an)ln,
ka(x; n) = and’ (x) + an(Cpx + Dy) + Cylanx + by),
k3(x;n) = Ey(apx + by) + (1 — ay)(no2x + Jp). 41)

Proof. If we first differentiate (2), then multiply it by o(x) and use the above structure relations (35) and
(36), we obtain:

o(x)Isn/(x) =ki(x;n)Py_1(x) + ks(x;n)P,(x), n=0,1,2,.... 42)
In a similar way, we obtain:

o> (¥) B/ (x) = [(Cpx + Dy — ' (0))k1(x; n) + 0(x)ka (x; n)
+ Ink3 (x; )1 Py—1 (x) + [(no2x + Ju — o/ ())k3 (x5 n) + Egki (x5 n)
+ 0(x)(@nEn +n(1 — ay)o2)1Py(x), n=0,1,2,... . 43)

Egs. (2), (42) and (43) are three equations with two unknowns P,_1(x) and P, (x). A solution will exist
if and only if the augmented determinant is equal to zero.The expansion of this determinant gives the
required equation. [

For the Chebyshev polynomials of the second kind U, (x), (o(x) =1 — x2, t(x) = —3x, V= 411’ p,=0),
using Lemma 1, (41) and (40), we recover the results obtained in [5].

It is straightforward to apply the above formalism to derive new families of orthogonal polynomials
{P,} from (2) for any usual classical orthogonal polynomials P, like Laguerre, Jacobi and Hermite
polynomials. For example, in the case of the modified Laguerre orthogonal polynomials, using (21), we
obtain the following recurrence relation:

Pui2(x) =[x + byt — bug1 + (ansa — D@+ 2+ 3) — a1 2n + o+ 1)]Pypy (x)
4+ B (), n=0,1,2,..., a, £0,

n

Po(x)=1—ap, Pi(x)=x+b;+ (a4 D(a; —1). (44)
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The corresponding second order linear differential equation reads:

x*[drx® + di1x + do] P! (x) — x[e3x> + eax? + e1x + eg] P (x)
(357 + fox® + fix + fol Pa(x) =0, (45)
where
dy=ay, di=Q2n+ao—1)(ay— Day + (an + by,
do = (n* + no)(ay — >+ Qn + o — 2)(a, + Db, + by,

€3 = —dy,

er = (1 —2n—oc)a,%—(2—6n—2a+bn)an—b,,,

el =n2+noc+(7n2+5noc—8n+oc2—30c+2)(a,2l—an)
+ 2nanb, — (4 — 6n — 2a)b, — b?,

eo = (=7n> + 6n% — In’u — no + 6ne — 2ne?)ay
+ (3n® — 3n% 4+ 4n’a + nPa — 3na + nocz)ag

— (—4n® + 3n% — 5n%0 — no® + 3n0) + (4n + o — 3)b,zl
+ (8n% — 14n — 50+ 6no + %) (apby — by),

Hh= (6n° 4 3n0 — n)a, + (=2n> +3n 4+ o — no + l)aﬁ,

fi= — nz(n +a) + (4n2 — 6n° + no — 6n’a — 2na® — n)a
+ (7n3 —4n® 4+ n + Tn’a + 2no’ — noc)a,zl + (1 — n)b,%
+ (612 + 3na — 3n)b, + 3n + no+ o — 3 + 2n%)auby,

fo=(n+x)@dn> + 2n%x — 2n®) + (4n® + 2na — 2n)b>
+ dn? — 8n* + 4n’u — 1200 — 4n*0?)a,
+ (4n* — 203 — 2120 + 2n2%0% + 6n3oc)aﬁ
+ (—8n + 12n% — 4n — 8n’0 + 6n0 — 2n>)b,
+ (12n3 —12n% + 4n + 12n°%0 + 2ne® — 6no + o0)a,by.
To conclude this paper, let us note that the complete analysis of the new orthogonal polynomials

including their orthogonality measure, the location of the zeros with respect to the initial set of polynomials
requires further more cumbersome work and will be thoroughly discussed in a forthcoming paper.
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