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Abstract In a recent work, a generic differential operator on the vectorial space of polynomial functions was
presented and applied in the study of differential relations fulfilled by polynomial sequences either orthogonal or
2-orthogonal. Considering a third order differential operator that does not increase the degree of polynomials, we
search for polynomial eigenfunctions with the help of symbolic computations, assuming that those polynomials
constitute a 2-orthogonal polynomial sequence. Two examples are extensively described.
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1 Introduction

The families of classical orthogonal polynomials are known to fulfil a second order linear differential equation
of hypergeometric type [1,2]. Since the 1990’s, a significant amount of bibliography (e.g. [9]) allowed us to
understand the orthogonal polynomial eigenfunctions of ordinary differential equations. With regard to the notion
of d-orthogonal polynomials which generalises the standard orthogonality and itis defined by means of d functionals,
for any positive integer d, much is still unknown. The d-orthogonal polynomials are characterised by a recurrence
relation of order d + 1, naturally enlarging the well known recurrence relation of order two fulfilled by the classical
orthogonal polynomials. Moreover, the orthogonality conditions fulfilled by these polynomial sequences are also
associated with the step-line multiple orthogonal polynomials (e.g. [3,4]). Several contributions indicate that some
d-orthogonal polynomial sequences {P,(x)},>0 fulfil certain differential equations of order d 4 1 (e.g. [5,6]),
though in most cases the differential operator obtained depends on 7.

Focusing on the dimension d = 2, we define any 2-orthogonal polynomial sequence by three numerical
sequences, called the recurrence coefficients. In this paper we convey a procedure that aims to compute those
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numerical sequences corresponding to polynomial eigenfunctions of ordinary differential equations with prede-
fined coefficients, not depending on n. Some important results about a general differential operator were given in
[17] and are inhere used in order to deal with the computations required for the matter in hands.

This paper has the following structure: in Sect. 2 we provide the basic concepts and the most common notation.
Also in Sect. 2 the results given in [17] are listed and a new result proved. Section 3 is dedicated to a third-order
differential operator (that preserves the degree of polynomials) and the above mentioned symbolic approach is
depicted, step by step. In Sect. 4, we find the complete description of two 2-orthogonal polynomial sequences that
are sets of polynomial eigenfunctions of two given third-order differential operators. The procedure here presented
allowed us to establish, on one hand, additional differential identities fulfilled by the polynomial sequences obtained,
and on the other hand, a list of some impossible cases.

2 Notation and Fundamental Results

Let P be the vector space of polynomials with coefficients in C and let P’ be its topological dual space. We denote
by (u, p) the action of the form or linear functional u € P’ on p € P. In particular, (u, x") := (u), ,n > 0,
represent the moments of u. In the following, we will call polynomial sequence (PS) to any sequence { Py },,>( such
that deg P, = n, n > 0, that is, for all non-negative integer. We will also call monic polynomial sequence (MPS)
to a PS so that all polynomials have leading coefficient equal to one.

If { Py },>0 is a MPS, there exists a unique sequence {uy },>0, ttn € P’, called the dual sequence of { P, },>0, such

that,
<unva >= Sﬂ,mv nstO' (2.1)

On the other hand, given a MPS {P,},-, the expansion of x P, (x), defines sequences in C, {B,},>o and
{Xxn.v}o<v<n. n>0, such that

Po(x) =1, Pi(x) =x — po, 2.2)

n
X Py 1(X) = Poy2(6) + Bug1 Pur1 (¥) + ) xuw Pox), 1> 0. 2.3)
v=0
This relation is usually called the structure relation of { Py}, 0, and {B,},>¢ and {xu,v}o<v<n, n>0 are called the
structure coefficients (SCs) [11]. Another useful presentation is the following.

Pap2(x) = (x = Bur D) Puri () + Y xw Po(x), Po(x) =1, Pi(x) =x—po, n>0.
v=0

When the structure coefficients fulfil x, , =0, 0 <v <n —1, x,, # 0, identities (2.2)-(2.3) refer to the
well known three-term recurrence associated to an orthogonal MPS. More generally, identity (2.3) may furnish a
recurrence relation of a higher order corresponding to the following notion of orthogonality with respect to d given
functionals.

Definition 1 [8,13,20] Given I'', I'2,..., ' € P', d > 1, the polynomial sequence {P,},~¢ is called d-
orthogonal polynomial sequence (d-OPS) with respect to I" = (I'', ..., I'?) if it fulfils

(r'“, PyP,) =0, n>md+a, m=>0, (24)
(', PuPugya—1) #0, m=>0, (2.5)
for each integera =1, ...,d.

Lemma 1 [12] For each u € P’ and each m > 1, the two following statements are equivalent.
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a) (u, Pp—1) #0, (u, P,) =0, n>m.
b) I, €C, 0<v<m—1, hy_y # 0suchtharu = Y""0 »yu,.

The conditions (2.4) are called the d-orthogonality conditions and the conditions (2.5) are called the regularity
conditions. In this case, the d-dimensional functional I” is said to be regular.
The d-dimensional functional I" is not unique. Nevertheless, from Lemma 1, we have:

a—1
re=> 2%, 2%, #0 l<a<d
v=0

Therefore, since U = (u, ..., ug—1) is unique, we use to consider the canonical functional of dimension d, U =
(uo, ..., uq—1),saying that { P, },,~ is d-orthogonal (for any positive integer d) with respectto U = (uo, ..., ug—1)
if

(uy, PpPp) =0, n>=md+v+1, m >0,
(Uy, Py Ppasv) #0, m >0,

for each integerv =0, 1,...,d — 1.

Theorem 1 [13] Let {P,},>0 be a MPS. The following assertions are equivalent:

a) {Pn},>0 is d-orthogonal with respect to U = (uq, ..., ug—1).
b) {Py},>¢ satisfies a (d + 1)-order recurrence relation (d > 1):

d—1
Prsar1(¥) = (¢ = Buta) Puta(¥) = Y Vi v Pmta—1-v(x), m >0,
v=0

with initial conditions

Pyx)=1, Pi(x)=x—Bo andifd > 2:

n—2
Po(x) = (x = Bu-D) Puc10) = Dy [V Pia (), 20 <d,
v=0

and regularity conditions: V:2+1 #0, m>0.

In this paper, we will focus our attention on 2-orthogonal MPSs, thus fulfilling the recurrence relation

Pui3(x) = (¢ = But2) Pap2(x) — Vo Pus1 () — ¥y 1 Pa(),
Po(x) =1, Pi(x) =x— o, Pa(x)=(x—B)PI(x)—y],n>0.

While working solely with 2-orthogonality it is usual to rename the gamma coefficients as follows (cf. [5])
Pry3(x) = (x — Bu2) Puia(X) — a2 Py 1 (X) — Va1 Pu (), (2.6)
Po(x) =1, Pi(x) =x —Bo, Pr(x)=(x—BPi(x)—a1, n=0. 2.7
2.1 Differential Operators on P and Technical Identities

In this subsection, we initially list the main results indicated in [17] that will be applied along the text, and secondly,

we prove new identities that are the fundamental tools for the strategy pursued. Namely, in Proposition 1 we establish
an identity, fulfilled by different types of operators, which has a crucial role in the procedure outlined.
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Given a sequence of polynomials {a, (x)},>0, let us consider the following linear mapping J : P — P (cf. [15],

[19D).

Jzza”—(x)D”, dega, <v, v=>0. (2.8)
= v!

Expanding a, (x) as follows:
v
a,(x) = Zai[v]xl,
i=0

and recalling that DV (§") (x) = (nf—!v)!x”_”, we get the next identities about J:

") (x) = Zav (x)( ) (2.9)
JE) 0 =3 (Z (n : v)flE”‘v”) ) (2.10)

=0 \v=0

In particular, a linear mapping J is an isomorphism if and only if

deg (J (5") (x)) =n, n>0, and J (1) (x) #0. 2.11)

The next result establishes that any operator that does not increase the degree admits an expansion as (2.8) for
certain polynomial coefficients.

Lemma 2 [17] For any linear mapping J, not increasing the degree, there exists a unique sequence of polynomials
{an}n>0, with dega, < n, so that J reads as in (2.8). Further, the linear mapping J is an isomorphism of P if and
only if
> (!

M)al[f‘] £0, n>0. (2.12)
n=0

The technique that we will implement in the next section requires the knowledge about the J-image of the
product of two polynomials fg. The polynomial J (fg) is then given by a Leibniz-type expansion as mentioned in
the next Lemma.

Lemma 3 [17] For any f, g € P, we have:

J(f@gm) )=y _J =Y J" (@@ L (") (2.13)

n>0 n>0

where the operator JM m >0 0nPis defined by

gom = 30 Gt ) (2.14)

n!
n>0

Let us suppose that J is an operator expressed as in (2.8), and acting as the derivative of order k, for some
non-negative integer k, that is, it fulfils the following conditions.

J (sk) (@) =al £0 and deg (J (s"“‘) (x)) —n, n>0; (2.15)
J(g")(x)zo, O<i<k—1,ifk>1. (2.16)
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Lemma 4 [17] An operator J fulfils (2.15)—(2.16) if and only if the next conditions hold.
a) ap(x) =---=ap-1(x) =0, ifk > 1;
b) deg(ay,(x)) <v—k,v>k;

k ko [ntk—
9 )“LJ]rk =2 b0 (ni: v)“ 0, 0.

Remark 1 Note that in the definition given in item c), we find A,Ek |- a([)k].

If k = 0, then it is assumed that ALO] # 0, n > 0, matching (2.12), so that J is an isomorphism.
If K = 1, then J imitates the usual derivative and is commonly called a lowering operator (e.g. [10,16]).

Applying Lemma 3 to different pairs of polynomials, we obtain immediately the next identities.

T (xp)) = xJ (p() + 7V (p(x)) 2.17)
7 (#p@) =527 (p() + 260D (p)) + 72 (p) 2.18)
J(¥p0) =27 () +3527 D (p(x)) +3xI D (p(x) + I (p(x)) (2.19)

Proposition 1 Given an operator J defined by (2.8), and taking into account the definition of the operator J™,
m > 0, (see (2.14)), the following identities hold.

JO xp) =T (p) +xJD (px)), i =0,1,2,.... (2.20)

Proof Reading i = 01in (2.20) we find the identity stated in (2.17). Let us now consider (2.17) with p(x) filled by
the product xp(x):

T (¥p)) = 7 (p(0) +xJ (ep()) -
The last term xJ (xp(x)) can be rephrased taking into account (2.17), yielding
J (x2p(x>) =T (p(0) +xJ D (p) + TP (xp(0)) . 221

Confronting (2.18) with (2.21), we conclude (2.20) with i = 1:
TV ep)) = TP (p) + 27V (p(x)) .

Let us assume as induction hypotheses over k > 2 that
JD xp)) = 7D (p() +xJ D (p(x)) . i =0,... k—1.
In view of Lemma 3, we learn that for any polynomial p = p(x)

k+l)(”)

( k+1 ) Zj(n)(p)

n>0
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and thus we may write:

J< k+1p) % J(M)( )<k—:1)xk+1—u :

n=0
k k
J (xkp) =310 <v)xk_” .
v=0

Let us now consider (2.23) with p filled by the product xp as follows:

( k+1 ) ZJ(U)(xp)< )

By means of the induction hypotheses, identity (2.24) yields the following.

J(xp) =3 (1 +xJ<”)(p))< ) 79 (xp)

v=0
k—1 1

:ZJ(V+])(p)< ) k U+ZJ(U)(p)< > k+1 U+J(k)(xp)+1(p)xk+1
v=0 =1
k—2 k

=> T (p) {(U) + ( N 1) } XU J(k)(p)< )x + 7O @p) + T(p)x*T!
v=0
k—2

In brief

k—1

J(¥p) =Y 1Yk )( )x"“” + 79 (pykx + T (xp).

v=0

Comparing (2.25) with (2.22), we get

k+1 B k+1
J“”(p)( L )x"“ k+1<k+1><p)(k+ 1) = kxJ® (p) + I P (xp)

hence xJ® (p) + J* D (p)y = IO (xp),

which ends the proof.

(2.22)

(2.23)

(2.24)

(2.25)
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3 An Isomorphism Applied to a 2-Orthogonal Sequence
In the sequel, we consider that J is an isomorphism and a,(x) = 0, v > 4, thus
J=ag(x)] +a;(x)D + a(x) D’ + @3 (x) D3 , where

2 3!
ap(x) = a([)o] , aj(x) = a([)l] + agl]x , ax(x) = a([)Z] + aEZ]X + a£2]x2

az(x) = a([)3] + aP]x + a£3]x2 + a?]x3 , 3.1

’

and we suppose that the MPS {P,}, >0 is 2-orthogonal and fulfils
J (Py(x)) = AP, (x), with A% 20,7 >0, (3.2)

where

o ()t (Y (.

In view of a,(x) =0, v > 4, the operators J1, J® and J® are (see (2.14)):

1
JD(p) = (al(X)I +ax(x)D + Eastz) (p) (3.3)
JP(p) = (a2(x)I + az(x) D) (p) (3.4)
JO(p) = a3(x)p
JM(p)y=0, m > 4. (3.5)

Broadly speaking, in this section we will intertwine the action of operators J®, for initial values of k, with the
simple multiplication by the monomial x, herein called 7 :

T.: p— xp,

in order to obtain the expansions of polynomials J D (P, (x)), JP (P,(x)) and J® (P,(x)) in the basis formed
by the 2-orthogonal MPS { P, (x)},>0.

Most importantly, we review (2.6)-(2.7) by establishing the following definition, considering henceforth
P_i(x)=0,i=1,2,....

Ty (Py(x)) = Ppy1(x) + B Pa(x) +ay Pu1(X) + Y1 Pr—2(x), n > 0. (3.6)

Additionally, we can use the knowledge provided by Proposition 1, valid for all operators not decreasing the degree
(2.8), that asserts

JOAT (p) = T (p) + Ty (J“) (p)) ,i=0,1,2,.... (3.7)

First step:applyingJ to the four-term recurrence
Let us apply the operator J to the recurrence relation (2.6), using both (3.7), with i = 0, and (3.2):

0 0
WL Ty (Paia(0) + TV (Paga(x) = AV Pays ()
+ B2 ms Paia(0) + el Pa1 (0) + v AP () (3.8)
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Next, by (3.6) we get J (P, 2(x)) in the basis { P, (x)},>0:

0 0
IO Pria@) = (W = 4L Paa @)

0 0
i (A2 = 2L) Prin 00+ v (47 = 2120, Pa) on = 0. (3.9)

Taking into account the information retained in identities J (Po(x)) = A([)O] Py(x), J (P1(x)) = A[lo] P1(x), itis easy
to verify that

a1 =10 (Rote) = (1 = 2") i)

a1 P(x) +ax() = 1O (P = (357 = 4) o) +en (34 = 4) o).
and thus we may define the image of every P, (x) through the operator J ! as follows:

IO ) = (M) = 4) Prsa )

ot (AL =20 Pt () + vt (A2, = ) Paa) oz 0 (3.10)

Second step: applying JO to the four-term recurrence
Let us now apply operator J (! to the recurrence relation (2.6) fulfilled by { P, (X)}n=0:

JD Ty (P2 (x))) = TV (Pyss(x))
+ B2 d D (Pusa () + g2 V (Pug1 (0)) + yus1 IV (Pa(x)) (3.11)

We may then perform the following transformations:

i)+ IV (T (P2 () = I D (P2 @) + T (IO (Pasa(x)))

1o s T (P > (A0 =) P

0 0
+ ap ()”r[zll - )"LO]) Pp_1(x) + Yu—1 ()\,[112 - )ME,O]) Pyp2(x),

M) : Ty (Py(x)) = Py (x) + B Pu(x) +ay Py—1(x) + Yu—1 Pr—2(x) .

These transformations are defined in a suitable computer software, allowing a symbolic implementation that executes
the adequate positive increments on the variable n. In this manner, it is possible for us to obtain the expansion of
the image of P, (x) by operator J®), in the basis { P, (x)},=o. This procedure is expedite and provides a fourth
definition also suitable for a subsequent symbolic application where the significant amount of terms involved is not
a problem.

As a result of these computations, (3.11) corresponds to the next identity.

JP (Pysa(x)) = AptaPrya(x) + By Pus3(x) + Coya Paga(x)
+ Dn+1 Pn+1 (x) + F, Pn(x) + anl P, (x) + Hn72Pn72(x) , (3-12)
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where

Ap =20 =250 01
Bu= (Bt — ) (M =210, )
Co = 20t (W0 = AL, ) + 20, (30 = Al )
D = s (Bt = o) (1 =20 )
e (M0 =20, + %) o (0 = 20, 000 ) ¢

0 0 0
Fy = tnio0iny1 (AL‘” -2 4 AHZ) + Yat1 (Bus2 — Bn) (A[O = )\Hz) ;

Gn = ap43¥n+1 (A,B 2)¥E10_|]_2 + )‘n+3) + Unt1Vn+2 ( - 2)\[4_1 + )tn+3)
Hy = Yat3Vn+1 (A,[, — a0+ /\,,+4) . (.13)

Once more, taking into account that J (P;(x)) = AEO] P;i(x),i = 0,1, and also (3.10) forn = 0, 1, 2, we are able
to confirm that the following initial identities hold:

JP (Py(x)) = Ay P2 (x) + B1 Pi(x) + CoPo(x)
JP (P1(x)) = A3P3(x) + B2 P2(x) 4 C1 Py (x) + Do Po(x)

and, hence :

TP (Py(x)) = Apt2Pay2(x) + Bugi Py 1 (x) + Gy Py (x)
+ Dyt Pyt (x) + Fy2Py2(x) + Gp—3Py—3(x) + Hy—aPy4(x), n > 0. (3.14)
Third step: applying J@ to the four-term recurrence

Let us now apply operator J @) to the recurrence relation (2.6) fulfilled by { P, (x)}n>0:

JO Ty (Prg2(x)) = J @ (Pyi3(x))
+ Bur2d P (Pus2 () + g2 d @ (Pug1 (X)) + yus1J @ (Pa(x)) .

We may perform the following transformations:

Go() i D (Tx (Pasa @) = D (Pasa(0) + T (V2 (P2 (x))
L(n): TP (Py(x) = Ans2 Prsa(X) + Bug1 Pus1(x) + C Py (x)
+ Dn—IPn—l(x) + Fn—ZPn—Z(x) + Gn—3Pn—3(x) + Hn—4Pn—4(x) ,
M) : T, (Pn(x)) g Pn+l(x) + ,Bnpn(x) + oy Pro1(x) + Vn71Pn72(x) .
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As before, these transformations and consequent simplifications, enhanced by the symbolic computations, permit
to express J® (Py4+2(x)) as follows.

T (P2 (1)) = af Poys(x)
+ (An+aBn+2 — AntaBnta — Buts + Bnta) Prya(x)
+ (An30n42 — Aptadnia + Bni3Puta — ButaButs — Cuz2 + Cpy3) Prys(x)
+ (Ant2Vn+1 — AntaVn+3 + Bpyo@ni2 — Bug30n43 — Dyg1 + Dpy2) Prya(x)
+ (But+1Vnt+1 — Bui3vnt2 + Cug10n2 — Cpiattng2
—Dpy1Bn+1 + Dnt1Bnt2 — Fn + Fug1) Poy1(x)

+ (CoVnt1 — Cpg2Vn+1 — Dpy1@ny1 + Dpani2

—FuBn + FuPn2 — Gn—1 + Gn) Pr(x)
+ (=Dnt1Vn + Dn—1Vn+1 — Fnttn + Fp—1042

—Gn-1Pn—1+ Gun-1Bnt+2 — Hp—2 + Hy—1) Pu—1(x)
+ (—FaVn—1+ Fo—2Vn+1

—Gp_1an-1+ Gn20n+2 — Hy—2Bpn—2 + Hy—2Pn+2) Pn—2(x)
+ (=Gn-1Vn-2 + Gn=3Vn+1 — Hy—p0n—2 + Hy—30n42) Ppr—3(x)
+ (Hp—4Yn+1 — Hyp—2Yn—3) Pp—a(x) , n >0, (3.15)

with initial conditions:
I (o)) = af P30 + ((Bo+ B+ B b + V) )
+ (al (e + a2 + 3 + B+ B1) + (Bo+ Bl +al) o)

+ (a£3] (011 QBo+ B1) + B3 + }/1) + a1a£3] + Bo (ﬂou?] + aP]) + a([)3]) ;

IO () = a5 P) + (B + o+ B a4+ ) Pa)
+ (@ (@ + a2 + a3+ B+ BB+ B) + B + Bl +al) Po)
+ (ag‘ﬂ (2 (a1 4+ @2) B1 + 2o+ B} + 11 + )/2) +a1fody’! + (o1 + o) ab’
+A (ﬁlag” + aPJ) + a}fj) Pi(x)
+ (e (o (o2 + B3 + Bro+ B7) + B+ By a5 + ) + el

+71 ((Bo+ 1 + B af + b))

Recalling that J® (p) =az(x)p = <a£3]x3 + ag]x2 + aP]x + a([)3]) p, identity (3.15) enables the computation

of the recurrence coefficients (8,),>0, (@n),>1 and (¥x),>; of a 2-orthogonal {P,},>o that is the solution of
J(P,) = )»,BO] P,(x), n > 0, for a third-order J. We will pursuit with such computations in the next section for
particular cases.

4 Finding the 2-Orthogonal Solution of Some Third-Order Differential Equations

Let us now assume that the 2-orthogonal MPS { P, },>0 fulfils J (P,) = )\,[10] P,(x), n > 0, where J is defined by
(2.8) with a,(x) =0, v > 4.
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Initially, we consider that deg (a3(x)) = 0, though a3 (x) # 0, deg (a2(x)) < 1 and deg (a;(x))=1. In other words:

[3]
as(x) a
=D+ - D3> (Pa(x)) = 2 Py ()

with ap(x) = af)’ . a1(x) = af! +a'lx . a}"! £ 0,

ar(x) = al +afx

(ao(x)l +aj(x)D +

3
a3(x) =ag) #£0. 4.1
Consequently, X,[,()] = na%” + a([)o], which we are assuming as nonzero for all non-negative integer n. Taking into

account this set of hypotheses, identity (3.15) provides several difference equations due to the linear independence
of {P,},>0. In particular, the coefficient of P,;4(x) on the right hand of (3.15) is expressed by

—a (Buia — 28043 + Buta)

and thus we get the equation

Bnta —2Bn+3 + B2 =0,n>0. 4.2)

Also, the coefficients of P,43(x) and P,4>(x) on the right hand of (3.15) provide the following two identities

! (2032 + 4nss = 204 + (Brsz — fnin)?) =0, 43)

_3a51] (Vn+1 = 2Vn42 + Vu43) = a([)3] . 4.4)

Before we head for the final result that describes the 2-orthogonal polynomial sequence that is formed by
polynomial eigenfunctions of (4.1), let us list three identities, valid in general, that will take part in the demonstration
of Propositions 2 and 4.

Lemma 5 Given an operator J defined by (2.8), and supposing that {P,(x)},>0 is a 2-orthogonal MPS, the
following identities hold.

JD (Pyi2(x)) = IO (Pys1 (1)) + xJ P (Pry1 (1))

= Bt P (Pug1 (0)) — apy1 JD (Po(x0)) — 7 I P (P () (4.5)
I (Pyga(x)) = TP (Pry1 (0)) + xJ D (Pyy1 (1))
= Bt IV (Pug1 (0)) — a1 IV (Py(x)) — 1 J V(P (0)) (4.6)
J (Pag3(x)) = J D (P2 () + xJ (Pry2 (%)) = Busad (Puga(x))
— tpg2d (Pas1 (%)) = Yus1J (Pa(x)) 4.7

Proof Let us recall the content of Proposition (1) which says
T () + 2D (p(x) = 7 (xp(0)) -

Let us consider /@ (p(x)) + xJP (p(x)) = J@ (xp(x)) with p(x) replaced by P, (x). If the right-hand term
J@ (x P,41(x)) is expanded by the recurrence relation

XPui1(x) = Pogo(X) + Bug1 Pup1 () + g1 Po(x) + yu Pro1(x), n=0,1,2,...,
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the identity (4.5) is obtained. Using the same argument and identity

J® Py (0)) + 2V (Prg1 (0)) = TV (xPyr ()

we get (4.6). Finally, from

JW (Puia(0)) 4 xJ (Puy2(x)) = J (x Paga (X))

we deduce (4.7). O

Proposition 2 Let us consider a 2-orthogonal polynomial sequence { P, },>¢ fulfilling
J (Py(x)) = 1Py ()

where J is deﬁned by (2.8) with au(x) =0, v >4, and such that ap(x) = ao , a1(x) = ao Iy a%”x a%” #0,
ar(x) = ao —l—al x a3(x) = “0 ;é 0.

Then the coefficient a of polynomial ay(x) is zero and the recurrence coefficients of the sequence { P, },>0 are
the following.

__%
ﬂn - ) n Z Oa (4'8)
a[ll
a[2]
Oyt = =1+ 1), n =0, (4.9)
2a
1
a([)31<1+1 + 1 2) a‘[’3]( Y1) (m+2).n>0 (4.10)
Yo+l =——F5\ = - = — n n ,n>0. .
! AT\3 727 "6 6al"

Conversely, the 2-orthogonal polynomial sequence {P,},>¢ defined by the recurrence coefficients (4.8)-(4.10)
fulfils the third order differential equation J (P,(x)) = )»LO] P,(x), n >0, where ap(x) = a([)o] ,a1(x) = a([)“ +
a%l X, a{” #0, ax(x) = a([)z], az(x) = a([)3] #0,anda,(x) =0, v >4

Proof Analysing the following polynomials, that are assumed to be trivial

ax(x) a([)SJ 3 [0]
D* 4+ —5-D7 | (Pi(x)) = A; " Pi(x),

(ao(x)l +ai(x)D + 3 Al

fori =0,1,2,3,4,5, we deduce the next list of conditions
aF] =0,

a[l]
0 .

/312 ﬁal=0711273a
a

[2] [2] [2] [2]
2all QT 03T T m 2all
[3] a([)3] 2a([)3]
Y1 = - —1 VW=—"—F7: V3= 7 -
30l all ol

Equation (4.2) points to a general solution of the form B, 42 = ¢ + c2n that in view of the initial data of 8; , i =

[1]
0,1,2,3,yields g, = =%, n > 0.
a1
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Looking at (4.3) updating the information of {8,},>0, and using the initial data regarding o; , i = 1, 2, 3, 4, we
2]

conclude that ;41 = —%(n + 1), n > 0. Finally, (4.4) and the initial conditions provide the global definition
a4

[3]
_ _% (1 1 1.2
Vn+1——m(§+§n+gn),n20-

It is important to stress that having defined these three sets of constants as the recurrence coefficients of the
sequence {P,},>0, all the remaining terms of the right hand of relation (3.15) vanish, namely the coefficients of
Poi1(x), Py(x), P,—1(x), Py—2(x), P,—3(x) and P,_4(x), and the entire identity (3.15) is fulfilled without the need
of further restrictions.

Conversely, let us assume that the 2-orthogonal MPS is defined by the recurrence coefficients (4.8)-(4.10) and
let us consider the operator

J = ap(x)] + a1 (x)D + azéx) D* + a33(f) D3,
with ag(x) = a([)o] ,ap(x) = a([)l] + a%”x, a%“ #£0, a(x) = a([)z] ,and a3(x) = a([)3] #0.
It is easy to confirm that the following identities are true, for the initial values of i, like i = 0, ..., nmax with

nmax equal to 4 or 5, using for that matter the definitions of the operator J, J M and J@, as indicated in (3.3)-(3.4).

J(Pix) =P (x),i=0,...5.
IO Py = (WY = A7) P @)
ai (M = 4N Py @)+ i (A = A) Pan i =0, 4
J® (Pi(x)) = Ai12Piya(x) + Biy1 Pip1(x) + Ci Py (x)
+Di 1 Pioi(X) + Fi 2P 2(x) + Gi 3P 3(x) + Hi 4P _4(x),i=0,...4,

with A;, B;, Ci, D;, F;, G; and H; defined as read in (3.13).

As induction hypotheses over n, we consider to be true the following set of identities.
J Py =Py, i=0,....n+2.

0 0

IO Py = (WY = A7) P @)

+ o ()»,['0,]1 - )‘l[o]) Pi—1(x) + yi-1 ()»l[(ﬂz - ’\,[0]) Pio(x),i=0,....n+1.
J2 (Pi(x) = A2 P2 () + Big1 Pi1 (%) + Ci P (x)

+Di1Pi1(x) + Fi2Pi2(x) + Gi—3Pi3(x) + Hi—4P;—4(x), i =0,...,n+1,

where A;, B;, C;, D;, F;, G; and H; are the coefficients defined in (3.13).
In view of the precise definitions of the recurrence coefficients of {P,},>0 and the description of polynomials
az(x), ax(x) and aj (x), this set of identities may be rewritten as follows.
J(Px) =Py, i =0, n+2, with A = ol +ial"! £ 0. (@.11)
1.
IO (Pi(0)) = ay Py @) + i ag” Py ()

1
+§i(i—1)a([)3]P,-_2(x),i=0,...,n+1. (4.12)

JP(Pi(x) =ay Pi(x) +ial P_j(x), i =0,...,n+1. (4.13)
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Looking at (4.5) knowing that J & (Ppy1(x)) = a([)3] P,+1(x), and using the four-term recurrence relation and the
induction hypotheses (4.13), we conclude:

J@ (Prya(0)) = al Prya(x) + (n 4 2)al Po1 (x).

Similarly, when we apply hypotheses (4.12) and (4.13) into (4.6), along with the four-term recurrence relation, we
deduce:

1
I (Pria) =al Prys ) + 5 +2) al Pyy1(x)

1
+3 Do+ 2)al P (x) . (4.14)
Finally, using the hypotheses (4.11), the four-term recurrence relation and (4.14) , we infer from (4.7):
T (Poss@) = W05 Pasa ) = (a4 4 3)al) Psa),

which completes the induction argument and allow us to assert that J (P, (x)) = )L,[lo I P, (x) for all non-negative
values of n. O

Concerning the assumptions of this last Propostion, it is worth mention that, later on, it is clarified in Proposition
3 that if deg (a3(x)) = 0, though a3(x) # 0, and deg (a2(x)) = 0, then al'! £ 0.

It is also important to remark that the 2-orthogonal sequence described in Proposition 2 corresponds to a case,
called E, of page 82 of [8]. We then conclude that the single 2-orthogonal polynomial sequence fulfilling the
differential identity described in Proposition 2 is classical in Hahn’s sense, which means that the sequence of the
derivatives Q,(x) = ﬁDP,,_H(x) , n >0, is also a 2-orthogonal polynomial sequence.

The classical character can be expressed by means of a vectorial functional equation fulfilled by the pair of
forms (ug, u1) that in this particular case can be read in page 292 of [6], for the case o = 0, or a([)l] = 0,
taking into account that it is established in [8] (p. 104) that this sequence is an Appell sequence, in other words,
0,(x) = P,(x), n > 0. Wereview this detail while working with the intermediate relations (3.9) and (3.12) along
with the proof of Proposition 2, and based on those two identities we may indicate as corollary the following two
differential identities.

Corollary 1 Let us consider the 2-orthogonal polynomial sequence { P, },>0 described in Proposition 2 that fulfils
J (Py(x)) = 1Py ()

where J is defined by (2.8) with a,(x) = 0, v > 4, and such that ag(x) = a([)O] ,ai(x) = a([)l] + a{”x , a{u #0,

ar(x) = a([)z] , az(x) = aé3] # 0. The sequence { P, },>0 also fulfils the following two identities

1
<a1 W1 +aP'D + Ea([ﬁ]nz) (Pu(x) = aj Py ()

L) 1 3]
+ zn ag Pp1(x) + g(n — Dnay Py-2(x),

DPy(x) =nP,_1(x) ,n>0,P_1(x)=0.

In the next proposition, we sum up a list of further conclusions pointed out by the application of the symbolic
approach detailed in Sect. 3 .
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Proposition 3 Let us consider a 2-orthogonal polynomial sequence { P, },>o fulfilling
J(Pa(x)) = Py (x)

where J is defined by (2.8) with a,(x) =0, v > 4.

a) Ifar(x) = “0 21 (constant) and deg (a3(x)) < 2, though az(x) # 0, then a[” # 0.

b) If ax(x) = 0 and deg (a3(x)) = 1, then there isn’t a 2-orthogonal polynomial sequence {Py},>0 such that
J (Pa(x)) = 2 Pu(x) 0 > 0.

¢) Ifaz(x) = 0, then the only solution of J (P,(x)) = )»50] P, (x) corresponds to J = a([)I]D + a([)o]l.

Proof Inserting the hypotheses a>(x) = aO (constant) and a3 = 0 into (3.15), we obtain a3(x)Py42(x) =
1 Tn (x), for a given linear combination 7 (x) of elements of {P,},>0. Thus, if we consider aE” = 0, we get
a3 (x) P,42(x) = 0 which is impossible.
With respect to item b), we proceed with the analysis of (3.15) under the assumptions a3z (x) = aP]x + a?] and
az(x) = 0, which allows the definition of the sequences (81),>0 » (@n)y=0 and (¥,), ¢ by this order, as follows.
(1]

a,
Firstly, identity (3.15) establishes the equation 8, +4 —28,+3+Bn+2 = O withinitial data 8, = — ([) = 0,1,2,3,
q

a[ll
yielding: 8, = [1] ,n>0.

Secondly, from the knowledge of (Bu)>0, (3.15) indicates

[3]
a
Aptd — 2043 + Qpg2 = -1 >
at!!
1
[3]
and taking into account the initial data obtained, the sequence (), ~¢ is defined by o, = — [1 nn—1),
- 4a

Finally, the equation about (y;),>( reads

1 o PIEIAE
Yn+3 = 2Vn42 + Vo1 = —S % ! |1]0 )
3a
1 a

yielding, in view of y| and y»: y,, = —;2 (agl] ([f] a([)”a1 ) nn+1),n>1.

o (at")
Nevertheless, (3.15) furnishes more than the three equations mentioned previously and the remaining equations are
not fulfilled when the above three definitions are taken. In fact, both looking at (3.15) and to the initial computations

J(Pix) = 2P (x),i =0, , 10,

[3]

we conclude that a;™ must be zero in which case we meet a particular setup of the case described in Proposition 2.

Thus, we may assert that the identity J (P, (x)) = )»,[10] P,(x), n > 0, does not admit 2-orthogonal solutions when
deg(az(x)) = 1 and ax(x) = 0.

With respect to item c), when we aim for solutions of a second degree differential equation, we may look at
(3.12) because if az(x) = 0 then the operator J @) defined in (3.4) is free of derivatives, since J @ (p) = a2 (x)p,
for all p € P. Let us proceed by analysing identity (3.12), in particular, we apply the recurrence relation fulfilled
by {Pa(¥)}nz0:

xPy(x) = Pyi1(x) + B Pa(x) + ap Py—1(x) + Y1 Pu2(x),
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on the left-hand of (3.12), that is, in as (x) Py+3.
On one hand, the coefficient of P,_»(x) of the expression

a2 (X)Ppy2 — (Apga Poga(x) + Buy3 Pz (x) + Cpi2 Prga(x)
+Dn+an+l(x) + FpPy(x)+ Gpo1 Pu—1(x) + Hy—2 Py—2(x)) (415)

is —3a£2] Vn+1Yn—1 yielding aéz] = 0, due to the regularity of {P,(x)},>0.
On the other hand, the computation of the first recurrence coefficients through

J(Pi(x))—)»Z[O]P,-(x):O,i =0,---,3,

imply a{” =0.
When we insert these two conditions a%l] = 0 and a 21 — 0 into (4.15), we gradually infer that aF] = 0 and

a(l)zl = 0 putting us on the trivial situation J = a 1]D + aIO]I that corresponds to a known case. O

In the final Proposition 4, we find the description of the 2-orthogonal sequence that is the solution of the problem
posed with respect to the third order operator J defined by the conditions az (x) = 0 and deg (a3(x)) < 2. Taking
into consideration Proposition 3, we have assured that deg (a;(x)) = 1, or al 1 75 0.

Proposition 4 Let us consider a 2-orthogonal polynomial sequence { P, },>¢ fulfilling
J (Py(x)) = M Py() n 2 0,

where J is defined by (2 8) wzth ay(x) =0, v >4, and such that ag(x) = ao ,ap(x) = ao —i—a{l]x aEI] #0,
ar(x) =0, az(x) = a —l—al Iy +ay 312
Then the recurrence coeﬁiczents of the sequence { P, },,>0 are the following and the coefficients of the polynomial

az(x) = a[3]x2 + al I+ a([)3] fulfil

3 3] 3
@™? —4allag’ = 0.
131 1

(l
b=~ m o= b= —py. n 20, (4.16)
1
[3] [1] [3]
d¥ g 3 4 (9a0 +a; )
==t oy =D gt il
2a; (a;)? 4a; 6(aj)?
+01 = 2% (bo+b1(1 =2+ ba(n =2)?) = 1, (4.17)
P ab (-l ]aP] +aflal")
Yn==rm |9 Tt
3a; (Cl )
) (all])z [3] a([) ]agllal (QOI])Z a£3]
2(a}'h)3

+01= D (fo+ il =D+ foon = D>+ fstn = P+ fatn = D*) 0= 1 (4.18)
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where
8a (@l + 6aPal" (30l + oY) + ! (<18l - 12a8afl! + (@)?)
fO = [1] 3 b
108(a}'))?
; (661%”(11 —G—az ( £3] — 12a([)1]))
1 = 9
72(a}'h)3
aE] (aE] (12(1([)1] + aE]) — 6a£1]a£3])
=~ ,
216(al'")3
31,3
@h’ )
3= ST e
72(a ly
31,3
(ay”)
fo=——m
216(a )3
, 1 < 053] a([)l]aé ] 10 (a?])Z)
0o=5\|—
) 2agl] (a£11)2 12 (agll)z
B (a£3])2
3@al'y?”
(@5h?
by =13
12 @"y2

Conversely, the 2-orthogonal polynomial sequence {P,},>0 defined by the recurrence coeﬁ‘icients (4.16)-(4.18),
under the assumption y, # 0, n > 1, fulfils the differential equation J (P, (x)) = A ]Pn(x), n > 0, where
ap(x) = a([)o] ,ar(x) = a([)”—i-agl]x, a{” #0, ar(x) =0,a3(x) =a, 31,2 —l—al x+a([)3] with (a£3])2—4a£3]a([)3] =

0,anda,(x) =0, v > 4.

Proof The demonstration follows the same reasoning applied in the proof of Proposition 2, based on the symbolic
implementation of Sect. 3.
We compute the initial data for 8; , fori =0, 1,2, 3, «;, fori = 1,2,3 and y;, fori = 1, 2, using the equations
J(Pj) =Py =0, j=1,....4.
In the equation (3.15) we have on the left-hand a linear combination of the set of polynomials { P,_>(x), P,—1(x),
.., Pyya(x)} in view of the recurrence relation fulfilled by a 2-orthogonal polynomial sequence:

X (Pr(x)) = Ppp1(x) + B Pa(x) + ay Py1(x) + v—1 P2 (x).

Comparing both members of (3.15) we identify several equations, in particular, three of those allow the definition
of the sequences (B,),>0 » (@n)n>0 and (¥u),>o by this order, as follows.

(3] [1] (3]
. . . . . a N as” +a
Firstly, identity (3.15) establishes the equation 8,44 — 28,43 + Bn+2 = — % with initial data 8, = —%,
a a
al! + 3a}! all
B3 = —# and Bop = B = —u yielding (4.16).
a

ap
Secondly, from the knowledge of (/3,1)”>0, (3.15) indicates

3 3 3
a{l a([) ag] (a [])2

(n+1)72.
2051] (all])Z (agl])Z

Apya — 2043 +0pgn = —
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Using the values of the initial «’s we conclude that the solution of this difference equation is given by (4.17).
Finally, the equation for (y;),>( reads

1
Ynt3 = 2Vn+2 + Vnt1 = 30 (a([)3] + But2 ( +a; ]ﬂn+2) + a2 V@gs + Otn+2)>
a;

yielding (4.18), in view of y; and y».

Itis important to stress that having defined these three sets of constants as the recurrence coefficients of the sequence
2

{ P, }n>0, all the remaining equations defined by (3.15) are fulfilled if and only if (aF]) = 4a£3]a([)3].

Conversely, let us assume a 2-orthogonal MPS defined by the recurrence coefficients (4.16)-(4.18) and let us
consider the operator

ax(x) o, as(x)

J=a W +a 0D+ —==D*+ = D3,
with ag(x) = a[o], aj(x) = a“] + al x a{” #0, a(x) =0, and a3(x) = a 3]x2 + a Iy + a ! such that
@™? - 4a5al = 0.

It is easy to conﬁrm that the following identities are true, for the initial values of i, like i = 0, ..., nmax with

nmax equal to 4 or 5, using for that matter the definitions of the operator J, J M and J@ | as indicated in (3.3)-(3.4).

J(Pi) =2"P(x), i =0,...5.
IV (P (x) = ( i+1 Am]) Pit1(x)
+o; ()»5'0_]1 - )»5-0]) Pi—1(x) + vi-1 ()»5@2 — )»E-O]) P o(x),i=0,...4.

T (P;(x)) = Aiy2Piia(x) + Big1 Piy1(x) + Ci Pi(x)
+D;i 1 Pi1(X) + Fi 2P 2(x) +Gi 3P 3(x) + Hi 4P 4(x),i=0,...4,

with A;, B;, C;, D;, F;, G; and H; defined as read in (3.13).
As induction hypotheses over n, we consider to be true the following set of identities.

J(Pi) =Py, i=0,...,n+2. (4.19)
70 (P = (W =) P
o (M =) P+ e (M, = A) Pa) i =0, T (4.20)
JP (P;(x)) = Aj42Pipa(x) + Biy1 P () + G Py (x)
+Di 1 Pii(x)+ Fi 2P 2(x)+Gi3Pi3(x) + Hi 4P _4(x),i=0,...,n+1, 4.21)

where A;, B;, C;, D;, F;, G; and H; are the coefficients defined in (3.13).
Looking at (4.5) knowing that J® (Pr+1(x)) = (a x2 + amx + a([)3]> P,4+1(x), and using the four-term
recurrence relation and the induction hypotheses (4.13), we conclude:

JP (Pys2(x)) = AptaPrya(x) + By Pus3(x) + Coya Paga(x)
+ Dn+1 Pn+1 (x) + FnPn(x) + anl P, (x) + Hn72Pn72(x)~



Symbolic Approach to 2-Orthogonal Polynomial Solutions... Page 190of21 6

Similarly, when we apply hypotheses (4.20) and (4.21) into (4.6), along with the four-term recurrence relation, we
deduce:

IO P20 = (AL = 20L) Pasato)

etz (A = 25) Pt 00 + et (10 = AL, Paco). (4.22)
Finally, using the hypotheses (4.11), the four-term recurrence relation and (4.14) , we infer from (4.7):
_ ol
J (Ppy3(x)) = )\n+3Pn+3(x) )

which completes the induction argument and allow us to assert that J (P,(x)) = A,[10] P, (x) for all non-negative
values of n. O

The content of Proposition 4 provides an entire solution written in terms of the polynomial coefficients of the
operator J. In the next Corollary we read a specific case endowed with Hahn’s property, as we may confirm
computationally, for the first elements of the sequence, or prove analytically using the functionals of the dual
sequence. The computational confirmation, for n = 0, ..., nmax, for a given positive integer nmax, was done
using the recursive definition of the sequence P,El](x) =+ l)_lDPn_H(x) , n > 0, as indicated in [18] and
through the application of the routine SC; that computes the structure coefficients of any given MPS {¢;,},>0 (cf.
Step 3 of the symbolic computation of [18]). The analytical proof is out of the scope of this paper, since it requires
a somehow extensive work with the dual sequence along with some results of [14] and [17], regarding further
knowledge on 2-orthogonality and on the transpose operator of J.

Corollary 2 Let us consider the 2-orthogonal polynomial sequence { P,},>0 fulfilling
J (Pa(x)) = M Py() = 0,

where J is defined by (2.8) with a,(x) = 0, v > 4, and such that ap(x) = a([)O], ay(x) = ﬁx, a(x) =0,
a3(x) = (x = .
Then the recurrence coefficients of the sequence { P,},>0 are the following.

Bn=—12(n —n,n >0, (4.23)
o =121 — Dn@n—3)%, n>1, (4.24)
Yu=—4n(n+1DQ2n—3>2n—17%,n> 1. (4.25)

Conversely, the 2-orthogonal polynomial sequence {P,},>0 defined by the recurrence coefficients (4.23)-(4.25)
fulfils the differential equation

1 1
<3(x ~?D* + xD + a5°]1> (Pa(x)) =Py (x), n >0,

where ALOI = %n + a(l)ol ,n>0.
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Furthermore, we remark that the polynomial sequence {P,},>¢ defined by (4.23)-(4.25), fulfils the following two
differential relations obtained by (3.9) and (3.12).

Lol 020?) (roy = 41
S5 X1+ 500 = 12D ) (Py(0) = 57 P ()
G220~ P10+ %(n — Dn(15 = 161+ 4n>)2 P, 2 (x), (4-26)

(x = D2D(Py(x)) = nPyy1(x) — 20(5 + 4n(2n — 3)) Py (x)
+ (3 —=2n)2n4(n — 2)n + 25) Py_1(x) — 8(5 — 2n)%(n — Dn(2n — 3)> Py_s (x)
+43 =2n)%(5 = 2n)* (7 - 2n)*(n — 2)(n — DnPy_3(x), n >0, P_;j(x) =0. (4.27)

5 Conclusions

The symbolic approach here presented aims to find 2-orthogonal eigenfunctions of a third order differential operator
of the form p3(x) D3 + p2(x)D? + p1(x)D + po(x)1 , deg (pi(x)) < i, and provides a research scheme that led
us to the results of Sect. 4; in particular, it has brought to light the 2-orthogonal sequence defined in Corollary 2.
In addition, the steps of the procedure proposed brings up other differential identities fulfilled by a 2-orthogonal
solution besides the prefixed one J (P, (x)) = )»LO] P,(x),n>0.

An ongoing work around the functionals (u¢, u1) demonstrates the Hahn classical feature of the sequences
found so far and possibly others. Therefore, this implementation is a suitable instrument either in finding complete
descriptions of such 2-orthogonal sequences or establishing the non-existence of solutions, and it is a relevant
tool in the pursuit of polynomial sequences characterised as eigenfunctions of given differential operators, defined
independently of 7.
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