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Abstract

We obtain an explicit expression for the Sobolev-type orthogonal polynomials @, (x) associated
with the inner product

1
<p,q>= / 1P($)Q(:v)p(:v)dr + Aip(1)q(1) + Bip(=1)q(=1) + A2p'(1)¢' (1) + Bzp'(=1)¢' (- 1),
where p(z) = (1—2)®(1+42)? is the Jacobi weight function, a, 3 > —1, Ay, By, Ay, B> > 0 and p, ¢
€ IP, the linear space of polynomials with real coefficients. The hypergeometric representation (g F%)
and the second order linear differential equation that such polynomials satisfy are also obtained.
The asymptotic behaviour of such polynomials in [-1, 1] is studied. Furthermore, we obtain some
estimates for the largest zero of @Q,(z). Such a zero is located outside the interval [-1, 1]. We
deduce his dependence of the masses. Finally, the WKB analysis for the distribution of zeros is
presented.

1 Introduction.

The study of some particular cases of orthogonal polynomials in Sobolev spaces has attracted
the interest of several authors [1], [9], [15], [20], [21] and [25]. Particular emphasis was given to the
so-called classical Sobolev polynomials of discrete type, i.e., polynomials orthogonal with respect to
an inner product

<p,q>—/ z)dy(z +Z/ () dpur. (),

where du(z) is a classical measure (Jacobi [1], Gegenbauer [8], Laguerre [16], Bessel [21]) and du(z)
are Dirac measures.
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In this paper we will consider polynomials which are orthogonal with respect to the inner product
1
<p,g>= / P)g(@)p(z)dr + Aip(1)q(1) + Bip(=1)q(=1) + Aop'(1)q' (1) + Bop'(—1)g' (1),

where p(z) = (1 — z)®(1 + z)? is the Jacobi weight function, o, 3 > —1, Ay, By, Ay, B, > 0 and p, ¢
€ IP, the linear space of polynomials with real coefficients. Some estimates concerning to this kind of
polynomials have been obtained in [3]. However, the explicit form of these polynomials in the general
case remains as an open question as well as the study of their zeros. We are trying in this paper to
cover this lack. Moreover, some of the usual properties of classical orthogonal polynomials — sym-
metry property, their representation as hypergeometric series and the second order linear differential
equation — are translated to the context of Sobolev-type ortogonality.

The structure of the paper is the following. In Section 2 we give some results concerning to classical
Jacobi polynomials. Using these results, in Section 3 we obtain an explicit formula for the Jacobi-
Sobolev-type orthogonal polynomials in terms of the classical ones and their first and second derivatives
which allows us to deduce a symmetry property. In Section 4 we establish the recurrence relation
that the Jacobi-Sobolev-type orthogonal polynomials satisfy, when the masses Ao and Bs are both
different from zero. In Section 5 a representation of our polynomials as a g F5 hypergeometric function
is deduced. Finally, in Section 6 a general algorithm in order to generate the second order linear
differential equations that such polynomials satisfy is given. This result is basic for the development
of the Section 8, more precisely for the WKB method, in order to obtain the distribution of their
zeros. In Section 7, some asymptotic formulas, useful in the study of the zeros, are presented. Finally,
in Section 8 we obtain the speed of convergence of those zeros located outside [-1, 1]. On the other
hand, we show some graphics concerning the WKB density as well as the analytic behaviour of the
distribution of zeros for Jacobi-Sobolev-type orthogonal polynomials.

2  Classical Jacobi polynomials.

In this section we have enclosed some formulas for the classical Jacobi polynomials which will be
useful to obtain some properties of the Sobolev-type orthogonal polynomials. All the formulas as
well as some special properties for the classical Jacobi polynomials can be found in the literature
[23, Chapter 1-2], [27]. In this work we will use monic polynomials, i.e., polynomials with leading
coefficient equal to 1.

The classical Jacobi polynomials P (z) satisfy the orthogonality relation
1
| Pet@ P @)1 = 01 + ) d = bund, (1)
-1
where
ntetBHpMn+a+ )I'(n+ G+ DT(n+a+ B +1)
T2n+a+B+1)I2n+a+H+2) '

They are the polynomial solution of the second order linear differential equation of hypergeometric
type

& = 1P (@) =

o(z)y"(z) + 7(z) y'(z) + Ao y(z) =0, (2)
where
o(z) = (1 —z?), T(x)=0—a—(a+ B+ 2)z, A =nn+a+p+1),
respectively. Notice that deg o =2 and deg 7 =1. Also they verify the symmetry property
PP (z) = (—1)" P (~x), (3)



the differentiation formula

dv !
T PB(z) = (P8 (z))) = " ﬁ V)!P,?j;”/””(x), withy <n andn=0,1,2,...,  (4)
as well as the three-term recurrence relation
wPy(z) = Poi) (z) + Bl P (m) + 7P P (), (5)
where ) )
Ba,ﬂ — pr-a
" Cn+a+B)2n+2+a+pB)’
(6)
s infn+ a)(n + B)(n+ o + )
AP =

Cn+a+p-1)2n+a+p)22n+a+p+1)
They are represented as the hypergeometric series
1—x
7
. ) , (7)

_ = (an)k(a2)k - - - (ap)r 2
x) - Zﬁ (b1)k(b2) -+ - (bg)r k!’ (8)

and (a)y is the Pochhammer symbol or shifted factorial (a)g := 1, (a); := a(a+1)(a+2)---(a+k—1) =

= F%a(l')k ), k=1,2,3,.... As a consequence of this representation we get

«, _ 2n(a+1)n
Fi(z) = (n+atpB+1) 2F1<

-n,n+a+pG+1
a+1

where

al,ag,...,Qa
qu ) 7b ) abp
1,02y .-y Yq

a _ 2"+ 1), a . (=D)"2™(B+ 1),
P"ﬁ(l)_(n+a+ﬂ+1)n’ P"ﬂ(_l)_(n+a+ﬁ+1)n' 9)

The Christoffel-Darboux formula is

"z—:l Pel@Pe’y) _ 1 PRP@PYi) - PR@P W) (10)
m=0 d%l =y d%_l

Throughout the work we will denote

n Pﬁi”g P (g Pﬁ‘l’ﬂ (9) Yy grta
KPP0 (2, ) = 3 (Pw”) (d)Q( ) (y) _ axpayqu’ﬁ(Ly)’ (11)

m=0 m

the kernels of the Jacobi polynomials, as well as their derivatives with respect to x and y, respectively.
By using the symmetry property (3) and (11) it is straightforward to prove that the following symmetry
properties for the Jacobi kernels

Kgﬂ(l‘ay) = Kﬁ’a(_xa _y)a

n

Kg’ﬁ(o’l) (ilf,y) = _K/B’a(o’l)(_xa _y)7 (12)

Kg,,@(l,l)(x’y) = Kﬁ’a(lyl)(_Ia_y)a

hold. In our work we need the explicit expressions of the kernels Kf:’f’l (z,1), Kg’fl(o’l) (z,1), Kg’f}l (xz,—1)

and KSL’BI(O’D (z,—1), respectively. To obtain these kernels we can use the Christoffel-Darboux formula,
the structure relation, the three-term recurrence relation and the differentiation formula for classical
monic Jacobi polynomials, respectively. The detailed computation can be found in [5]. We will provide



here the results of such calculations. In the above formulas and throughout the paper we will use the
notation k%% = (2n 4+ a + B+ 1)y>F°

P2 (1)

KX0(2,1) = R (1 + 2)(PEF) (2) = nP2P ()], (13)
n—1"™n
a,3(0,1 (Pa’ﬁ)'(l) a a
K", 1) = 2 [+ ) (P2 (@) = ()] =
n—17n
(14)
A1)
— 1+ B) (P> (z) + (z + 1)(PY?)"(z)] .
T T (14 B)(P2PY (2) + (= + 1) (P2)" ()
From the two previous formulas and using the symmetry properties (12), we find
PEA(=1) [(1 = 2)(Pg?) () + P ()]
K2 (z,~1) = —
n—1\0 2 B ’
dnflfﬁ;”
o (P2) (=1) |(1 = 2)(PP) (z) + nPf (z)
anl(oyl)(Iv _1) == [ 9 a,f ] + (15)
dnfl’%n’
LB (1= 2)(P22Y" () — (@ + 1) (P ()]
a1 (B +1) '
Also the following values are needed [5]
Oé,ﬂ 2 ayﬁ / aaﬂ
d2_ k0 (a+1) d2_ k(@ +2)(n—1)"1
P8 (—1)P>P(1 o PoBY (1) PP (1)(1 —
Kg’f}l(l,—l) _ Ny (-1) TZ; ( ), Kn’,ﬁl(o’l)(].,—].): ( n )'(=1) n /g)( In’)’
dy ik’ dy_1kn’
(16)
o0 gy PR PR () + B) [(o+2)(n + o+ 6) = (+ 1)+ B +2)]
o 2021 (1) (o + 2) (o + 3) (n — 1)~ ’
o0y PR EDPRA()( =) [r? 4 notnf—a— 2]
=l ’ 2di_1ﬁ%’ﬁ(a +1)
3 Jacobi-Sobolev-type orthogonal polynomials.
Consider the inner product in the linear space of polynomials with real coefficients
<p,g >=<p,q>c +Aip(1)q(1) + Bip(—=1)q(—1) + Asp'(1)¢ (1) + Bap'(=1)¢' (1), (17)
where < p,q >, is the Jacobi inner product
1
<pa>e = [ paa@)1—a 0 +afds,  a>-1 p>-L (18)
~1



and Ay, Ay, By and By are nonnegative real numbers.

We will denote {Q%#41:B1:42,B2 (1)1 the monic orthogonal polynomial sequence with respect to
the inner product (17). They will be called Jacobi-Sobolev-type orthogonal polynomials. Let us now
to find an explicit representation of the polynomials Qf{’ﬁ’Al’Bl’A?’B2 (z) in terms of the classical ones.
To obtain this we write the Fourier expansion of the Jacobi-Sobolev-type polynomials in terms of the
Jacobi polynomials

n—1
QNn(x) = anﬁ,Al,Bl,Az,B2 (l‘) — Pﬁ’ﬁ(x) 4 Z an,kpk?’ﬁ(x), (19)
k=0

where P®P(z) is the classical Jacobi monic polynomial of degree n. To find the coefficients Qp ) We
can use the orthogonality of the polynomials Q%’ﬂ’Al’Bl’A%& () with respect to <,>, i.e.,

< QUPALBLALB2 (1) PB4 5= 0<k<n. (20)
Thus, according to (17) we find
< Qg,ﬂ,Al,Bl,A2,B2 (), Pko‘ﬂ@) >S=< Q%,ﬁ,Al,Bl,A2,B2 (z), P,?”B(:E) >+

_i_AlQ%ﬁaAlaBlaA%B?(1)P]§‘NB(1) T BlQ%wByAlaBlaA%BQ(_1)P1?ﬂ(_1)+ (21)

+A2(Q%aﬂaAl,BlyA2,B2)’(]_)(P]?‘*/B)’(]_) + BZ(Q?{:/B,AI,BI,A%B2)/(_]_) (P]?ﬂ)/(_l)’

If we use the decomposition (19) and taking into account (20) we find the following expression for the
coefficients a,

AngzﬁaAlyBlyAQaB2(1)Pk?é’/8(1) + BngzﬁaAlyBlaA2yB2(_1)Pk?576(_1)
ank = — d2 _
k

E<n (22
AQ(Q%aB,Al,Bl,A2,B2)/(1)(P]?!/B)/(l) _;’_BQ(anﬂyAl,Bl,A2,B2)/(_1)(P1?aﬂ)/(_1)
dz ’

where d2 denotes the square norm of the classical Jacobi polynomials (1). Finally, the equation (19)
becomes

Qg,ﬁ,Al,Bl,A2,B2 (z) = P;Ll,ﬂ(x) _ Ang’ﬂ’Al’Bl’A2’B2(I)Ks’fl (z,1)—

— By Qe AUBLALB (L) O (g 1) — Ay (QAANBIABy (1) g0 (5 1) (23)

n—1

=Ba(Qp BBy (- G (1),

n—

In Order to ﬁnd the unknowns Q%aﬂ:AlyBlyAQaB2(1)’ Q%aﬂ:AlaBlyAQaB2(_1)’ (Q%aﬂ:AlaBlaA2yB2)l(1) and
(QuPALBLAZ B2y (1) we can take derivatives in (23) and evaluate the resulting equation, as well
as (23), at z =1 and z = —1. This leads to a linear system of equations

K-Q, =Q,, (24)



where K is the coefficient matrix of the system defined by its columns ki, ko, k3 and ky4

14+ A K™ (1,1) BiKY%(1,-1)
A K2R (1, -1) 1+ B K> (-1, -1)

ki = , ky = ;
sl A S| BELMYEL
AP (, 1) BiK, A" (-1, -1)
A K0 (1,1) BoK (1, 1)
o | KLy | BEM (L)
L+ A K7D | BoK (1, -1y |
A KEPD (1, 1) 1+ BoKA D (<1, 1)
and Q,, and Q,, are the column vectors
Q%,B,Al,Bl,A2,B2(1) Pﬁ"ﬂ(l)
S Qg,ﬁ,Al,Bl,Az,B2(_1) _ P;Ll,ﬂ(_l)
Q, = (Q%,B,Al,Bl,A2,B2)/(1) ’ Q, = (Pﬁ"ﬂ)’(l) ’
(Qg,ﬁ,Al,Bl,Az,B2)/(_1) (P,?’ﬂ)'(—l)

respectively. Let us denote IK;(Q,,) the matrix obtained substituting the j column in K by Q,,. Then,
from the Cramer’s, rule the system (24) has a unique solution if and only if the determinant of IK does
not vanish. Moreover, the solution is given by

. det K1 (Q,,) B det IK»(Q,,)
o,08,A1,B1,A2,B2 (1) — 1\%n o,0,A1,B1,A2,B2 (1) — n

(25)
det K3(Q,,) det K4(Q,,)
a,3,A1,B1,A2,B2\1 (1) — ——" "3\ %n) a,B,A1,B1,A2,Ba\1 1y — 2 MUsn)

Here we want to remark that, since our polynomials are orthogonal with respect to (17), then the
polynomials Q%’ﬂ ALB1LA2,B2 (1) exist for all values of the nonnegative masses A;, By, Ay and By. In
particular this implies that det IK # 0. This situation is very different from one studied in [5] where
the polynomials are orthogonal with respect to a linear functional which is not positive definite (in
general it is not a quasi-definite linear fuctional).

Proposition 1 The following symmetry property for the Jacobi-Sobolev polynomials holds
A1,B1,A2,B B1,A1,B2,A
QA PLAB () = (—1)r QR APt (), (26)

Proof: Let us denote the determinant of K by A%%A1:B1,42.82 and the determinant of K;(Q,,) by
Azf ’Al’Bl’A2’BZ(Qn). If we interchange in IK2(Q,,) the first and second columns and the first and
second rows, the third and fourth columns and the third and fourth rows, respectively, and then we
use the symmetry property of Jacobi polynomials (9) and their kernels (12) we find the following
relation for the determinants

AzzgaBl,Al,B2,A2(Qn) = (=1)" Az:f,AlaBlaA21B2 (Q,).
If we handle with the same rows and columns but in K we get
ABALB1LA2 By A B,0,B1,A1,B2,A2
n n *
Then, from (25) we obtain

Qg’ﬂ’Al’Bl’A2’B2 (—1) = (_1)nQ£,a,Bl,A1,B2,A2 (1). (27)



In the same way, for the first derivatives we have
(@A APy (1) = (1)l (@A By (1), (28)

Now, if we provide the change of parameters « <+ 3, A; <> By and Ay <> Bs in (23) and then use the
symmetry properties for the Jacobi kernels (12) and (27)-(28) the proposition holds. [

Let us now to obtain an explicit formula of Q®%41:B1,42.B2(4) in terms of the classical Jacobi
polynomials and their first and second derivatives. We start from formula (23) where we substitute
the kernels by their explicit expressions (13)-(15) and use the formulas (25). This leads to the following.

Proposition 2 The Jacobi-Sobolev orthogonal polynomials Q2PA1:B1A2B2 (1) can be given in terms
of the classical Jacobi polynomials and their first and second derivatives

QA BAn B () = (14 gy +nnn) PP (@) + [Gu(1 = 2) — (1 + )+

(29)
+(B+ Dxn + (@ + Dl (PP () + [in (1 + 2) — wa(1 — 2)] (PP (2))",
where B1,A1,B2,A B1,A1,B3,A
Cn =Blcg,a, 1,41,B2, 2+BQD5,6¥, 1,A1LB, A2
(30)
Mn :Alcga51A1,Bl,A2,B2 —i—Ang”G’Al’Bl’A%B?,
Xn = AQE'gﬂ,Al,Bl,A2,B2, Wy = BQE'ﬁ,a,Bl,Al,B2,A2’ (31)
and A1,B1,A2,B
00 AL B, As By _ Q%ﬁ, 1,B1,Az, 2(1)pﬁé,/3(1)
n - d2 h:ayﬁ ’
n—1"n
08.A1.B1. A By (anﬂ:Al,Bl,A%B2)’(1)(PT?:/B)’(]_)
d2 h:ayﬁ
n—1"n

F0s8A1 By As By _ (Q%,ﬂ,Al,Bl,A2,B2)/(1)]37?,5(1).
" d%fln%’ﬂ (1+ )

Notice that the constants Cp,Mn, Xn and w, depend on n,«, B and the masses A1, By, As and B.

In the next Section we will establish the recurrence relation that the polynomials Q241814282 (7)
satisfy. Notice that, since the matrix of the moments of the inner product defined by (17) is not
of Hankel type because < z,x >#< 1,z> >, then the Sobolev-type orthogonal polynomials
QLAALBLA2B: (1) don’t satisfy a three-term recurrence relation. In fact they will satisfy a seven-
term recurrence relation (see [15]).

4 The seven-term recurrence relation for Q%4142 (g),

Here we will prove that the polynomials Q;‘{’ﬁ +A1,B1,42,B> (z) satisfy a seven-term recurrence relation.
In fact, it’s straightforward to prove that the multiplication operator by (z? — 1)? is symmetric with
respect to (17). The problem is to find a polynomial operator of the lowest degree which be symmetric
with respect to the Sobolev inner product (17).

CASES:

1. If A5 = By = 0 we have a standard inner product, hence the multiplication operator by z is
symmetric.



2. If A, = 0 and By # 0 then, the multiplication operator by (z 4 1)? is symmetric, hence we
obtain a five-term recurrence relation.

3. If Ay # 0 and By = 0 then the multiplication operator by (z — 1)? is symmetric. Hence we
obtain a five-term recurrence relation.

There is another interesting case, when the masses Ay and By are both different from zero. This
situation will be considered below.
We assume that Ay # 0 and By # 0. In particular, from (17) we get

< hp,qg >=<p,hqg> p,qclP, (33)
for some polynomial h(z) of degree less than or equal to four. This implies that
Az (hp) (1)q (1) + Ba(hp)' (—1)¢'(=1) = A2(hq)'(1)p'(1) + B2(hq)'(=1)p'(~1), Vp,qg €P.  (34)
Therefore
A>h'(1)p(1)¢' (1) + Boh' (=1)p(=1)¢'(=1) = A2h/(1)q(1)p' (1) + B2h'(—=1)q(=1)p'(-1), (35)
or, equivalently,
4B (1) [p(1)g (1) — ' (Dg(D)] + Bak (=1) [p(~1)g/(—1) — g(~1)p(—1)] =0, Vp,geP.  (36)
If p(x) =1 and ¢(x) = z the equation (36) yields
Aoh' (1) + Bah!(—1) = 0. (37)
If p(z) = 1 and q(z) = 2% the equation (36) leads
2450/ (1) — 2Boh/ (—1) = 0. (38)
Thus, from (37)-(38) we get

Aah! (1) — Byh/(—1) = 0. (39)

As Ay # 0 and By # 0 = h'(1) = h/(—1) = 0, hence h/(z) = (22 — 1)r(z). The minimal choice of
r(z) is, in this situation, r(z) = 1. Therefore

{ Ash/(1) + Boh/(—1) = 0,

h(:z:):%—x-l-a (40)
or, equivalently,
h(z) = 2* — 3z +b. (41)

In order to operate with h(z) we put b = 0. In such a way we can guarantee that h(r) = 23 — 3z
leads to the searched symmetric operator on P, when As # 0 and By # 0. This fact allows to write a
seven-term recurrence relation for Q2-A1:81:42,82 (1) 1 fact, from

n+3
($3 _ 3$)Qg,ﬂ,A1,B1,A2,Bz (I) _ Z aan?ﬂ,Al,Bl,A2,B2 (:l?) (42)
=0

and taking into account that

< (1;3 _ 3x)Q%”3,A1,Bl,A2,B2 (x)’ Q?,ﬁ,Al,Bl,A2,B2 (x) >

J < Q?,ﬁ,Al,Bl,Az,Bz (z), Q?,ﬂ,Al,Bl,Az,Bz (z) >

- < Q%’B’AI’Bl’AQ,BQ(Q:), (1,3 o 3x)Q;¥w3,A1,Bl,A2,BZ (x) > —0 i ] <n—3
< Q;v,,@,Al,BI,AZaB2 (l‘), Q?,ﬂ,Al,Bl,Az,Bg (l‘) > ’ ;




then
n+3

($3 _ 3$)Qa,ﬂ Al,Bl,AZ,BZ Z an]Q a/ByAlaBlaA27B2( )’ (44)
j=n—3

Where 3 «a,l,A1,B1,A2,Bs a,3,A1,B1,A2,B>
Y e 7 it o X ()>
n,n— - A1,B1,As,B: Aq1,B1,A5,B: -

<Q ,/3 1,B1,Az2, Z(Q:),Qgﬂ;’ 1,B1,A2, 2(1,) S

< Qa,ﬂ,Al,Bl,AmBz( ) (I _3513)@ ,/3,141,31,142,32( )>

) A9B 3A ’B ’A3B 3A ’B
< QU @), QR T ) >

_ < Q%,B,Al,Bl,A2,B2 (x)’ Q%,ﬁ,Al,Bl,A2,B2 (x) > .
< Q3f§A1,Bl,A2,B2 (I), széAl,Bl,A2,B2 (I) S

5 Representation as hypergeometric series.

Here we will prove the following proposition

Proposition 3 The orthogonal polynomial Qﬁ’ﬁ’Al’Bl’A%BQ (x) 18, up to a constant factor, a general-
ized hypergeometric series. More precisely,
)

where w4(0) is given in (52) and the coefficients — By, —B1, —F2 and — B3 are the zeros of a polynomial
of fourth degree at k (see formula (49) from below). In general, they are complex numbers. If for
some 1 = 0,1,2,3, —f; is a negative integer number we need to take the analytic continuation of the
hypergeometric series (46).

-3
QuBALBLAL B () = 2 (@ F Dnsma(0) o nnbast a1 Bt B+ k1 51
n (n+a+B+1), 5 at3, Bo, f1, B2, fs

The representation (46) can be considered as a generalization of the representation as hypergeometric
series of the Jacobi polynomials.
Proof: Using (4)-(5) we can rewrite (29) as follows

Qg,,@,Al,Bl,Az,Bg(l_) ZAnP,?’ﬂ( )_|_ nB, Pa+1 ,8+1( )-I-nCnPﬁ‘H”BH( )+ nD,, Pa+1 ,8+1( )+

+n(n — 1) E, PT272(2) + n(n — 1) F, PO 22 (1) 4 n(n — 1)G POT2012 (),
where

An=1-nCp, Bn="C(o—nn+ CoBot )T Co=—(Co+m0), = Cpy2 o,
En—Xn_wn+F/3a+26+2a Fo=xn+wn, Gn=F, 7?+22,3+2
Substituting the hypergeometric representation of the Jacobi polynomials (7) in (47) we find

Qutnmotn () = 2 (04 Iy i Ann+ )k + o+ 1)(k + -+ 2)—
" (n+a+pB+1),

—4By(n+a)(k—n)(k+n+a+ B+ 1)(k+ a+2)+

8nC (n-l—oz)(n-l-oz-l-l)(k-l—n-l—a-l-ﬁ-l-1)(k+n+a+ﬁ+2)(k+a+2)+
Cn+a+B+1)2n+a+L+2)




_ﬁDﬂk—m%—n+D%+a+%@n+a+ﬂ—”@n+a+m

n—1

+2nEp(n+a)(k—n)(k—n+1)(k+n+a+B+1)(k+n+a+5+2)—

_|_

_AnFy(n—Ln+a)(k—n)(k+n+a+B+)(k+n+a+B+2)(k+n+ta+B+3)
Cn+a+p+1)2n+a+B+2)(n+a+1)""!

Gu(k—n)(k—n+ D)k —n+2)(k+tn+a+f+)2n+a+fn+a+p-1]
n—2

>J—MMn+a+ﬂ+lm<l—xY

E! (o + 3)g 2 '

Taking into account that the expression inside the quadratic brackets is a polynomial in k& of degree
4, denoted m4(k), we can write

B 2" 3 (o + 3)p_3vp
 (n+a+f+1),

Qg:ﬁaAlzBlaAzzBQ (:L')

(32 (et ot B4 Dl + fo) o+ Bk + Bo) (b + ) (- x)k (49)
=0 E! (o + 3)g 2 ’
where v, is the leading coefficient of 74 (k)
o = 20(n+ @)y — amtn = Dint o) tot DE - @niatfEntatf-1G g

Cn+a+p+1)2n+a+p+2) n—2

and —3; = —Bi(n,a, B, A1, Ay, By, By) with ¢ = 0,1,2,3, are the zeros of my(k). Since (k + ;) =
(i + Vi
m, i=0,1,2,3, then (49) becomes
(Bi)x
273 (a4 3),_3m4(0)
 (nta+pB+1),

QO"B:AlthA2aB2 (x)
n

o i (—n)kn+a+ 06+ D1+ Bo)e(1 4+ B)i(1 + B2)r(1 + B3)k (1 — $>k
it k! (o + 3)k (Bo)k (BU)k (B2)k (B3)k 2 )7

where

14(0) =8A,(n+a)(a+1)(a+2)+4B,(n+a)(n +a+ [+ 1)(a+2)n+

+80n(n+a)(n+oz+1)(n+a+ﬁ+1)(n+o¢+ﬁ+2)(a+2)n+
Cn+a+B+1)2n+a+F+2)

+2Dp(ax +2)n+2E,(n+a)n+a+ L+ 1)(n+a+ B+2)n(n—1)+

+4Fn(n+a)(n+a+1)(n—|—o¢—|—ﬁ—i—1)(n+a+ﬁ+2)(n+a+ﬁ+3)n(n—1)+
Cn+a+p+1)2n+a+p+2)

+Gpn+a+p+1)2n+a+B—-1)2n+a+ B)n(n —1),
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which is nothing else that the hypergeometric representation (46). [

It is straightforward to see that in the case As, By equal to zero, from (46) we recover the monic
Jacobi-Koornwinder polynomials [17], and when A; = Ay = B; = By = 0, (46) becomes the represen-
tation (8), i.e., we recover the classical Jacobi polynomials.

6 Second order differential equation.

In this section we will show that the Jacobi-Sobolev polynomials satisfy a second order linear dif-
ferential equation (SODE). We want to remark here that the main result that allows us to obtain the
SODE is, as in the case considered in [5], the fact that the polynomials Q2-41:B1.42.B2(1) admit a
representation in terms of the classical Jacobi polynomials and their first and second derivatives of
the form (29).

First of all, we will rewrite (29) in terms of the polynomials and their first derivatives. In order to
do this we will use the SODE for the Jacobi polynomials (2). Then, if we multiply (29) by o(z) and
use the SODE (2) we find the following equivalent representation formula

d
o(2)Qp AP A2 () = a(a;n) P (z) + bz;n)—— P (), (53)

where a(z;n),b(x;n) are polynomials of bounded degree in z with coefficients depending on n

a(z;n) = (1 4+ nly +nnp)o(z) — Ap [xn(1 +2) —wp(1 — )],

(54)
b(z;n) = [Gn(l —2) =nn(1 +2) + (B4 Dxn + (@ + Dwn]o(z) = 7(z) [Xn(1 + 7) —wn(l —2)].
Taking derivatives in the above expression and using (2) and (53)
d d
07 (€)= Qu A PLALP2 (1) = (a5 n) PP () + d(@;n) — PP (x), (55)
dz dx
where
c(zsn) = o(z)d(z;n) — o' (z)a(z;n) — Apb(z;n),
(56)
d(z;n) = o(z)la(z;n) + ' (z;n)] — o' (2)b(w;n) — 7(2)b(z;n).
Analogously, if we take derivatives in (55) and use (2) and (53), we obtain
3 d? o,B3,A1,B1,A2,B: a, d o,
0*(z) 5 Q"2 (1) = e(z;n) PP (z) + f(z;n) —— PP (z), (57)
dz dz
where
e(z;n) =o(z)d(z;n) — 20" (x)c(x;n) — N\pd(x;n),
(58)
flzin) = o(z)le(zsn) + d'(z;n)] - 20" (z)d(z;n) — 7(z)d(2; 7).
The above expressions (53), (55) and (57) lead to
QuAABA () a(mn) b(zin)
o () (Qp A PLAzB2 () e(zsn)  d(zin) | =0. (59)
o?(z)(QP AL PLARE ()" e(zin)  f(3n)
This yields
d? d -
() g QA PAP2 1) 1 () QAP (3) 4 5, () QA PIANP () =0, (60)
z z

11



where
& (;n) = 0*(z) [a(z;n)d(z;n) — c(z;n)b(z;n)]

7(z;n) = o(x)le(z; n)b(z;n) — a(w;n) f(z;n)], (61)

A(x;n) = c(z;n) f(z;n) — e(z;n)d(z;n).

The explicit formulas for the coefficients (61) of the SODE (60) are cumbersome and we will not
provide it here. We have obtained explicitly the coefficients & (z;n), 7(x;n) and A(z;n) by using the
algorithm described in [6] and implemented in Mathematica [28]. From (61) one can see that the
coefficients &, T, \ are polinomials on z. Some straightforward calculations with Mathematica show
that the degree of polynomials &(z;n), 7(z;n) and S\(x, n) is, at most, 6, 5 and 4, respectively.

7 Asymptotic formulas.

Some general asymptotic formulas for Sobolev-type orthogonal polynomials have been obtained in
[18]. In order to complete the present work we will provide some of them. We will use them later on
when we analyze the distribution of their zeros.

Using the asymptotic formula for the Gamma function [26, formula 8.16 page 88]
T(2) ~ V2me %2772, z>>1,zcR, (62)

we can find the following estimates

+3 ot2
o, ~ ﬁna 2 a,B\! -~ \/7_”7’ 2 2 ~ m
P” (1) F(a 4 1)2n+a+,3’ (P” ) (1) F(a + 2)2n+a+,3+1 ’ dnfl 22n+a+p-2" (63)

From these formulas and (16) we can deduce

o8 n2a+2 0.8 (_1)n+1na+,8+1
Bn D)~ e rer e oGV~ rooprgrnes
Ka’ﬁ(o’l)(l 1) ~ n2otid Kaﬁ(o’l)(l . (_1)n+1na+,3+3 (65)
et ) Y PG T DD (a + gyzerarey Snot T(B 1 )l (a1 1)20 572"
2y 2046 —1)ntlpot8+5
KOO (1 1) ~ (@ +2)n KOBAD (1 1) (=D)""'n (66)

[(a+2)0 (o + 4)20+5+37 ~n= (a4 2)0(B + 2)20+6+37

where z, ~ y, means lim, o =,/y, = 1. Using the above estimates and doing some straightfor-

ward calculations in (25) we find the following asymptotic expressions for Q%41.B1:42:82(1) and
Q/Oéﬂ,Al,Bl,A2,B2(1)
n

QOL,,B,A],Bl,AQ,BQ (1) ~ \/7_1-]‘—1(0[ + 3) (Qa,ﬂ,Al,Bl,AQ,BQ)I(l) ﬁr(a + 4) (67)

3
2"_1A1n°‘+5

~N —

2"_2A2n°‘+% ’
as well as for the constants defined by (30)-(32)

Cg,ﬂ,Al,Bl,A2,B2 ~ _%’ D%,ﬁ,Al,Bl,A2,B2 ~ %, Eg,ﬁ,Al,Bl,A2,B2 ~ %’

(68)

CB,B1,A1,B2, Ay _ (B+1)(8+2) DBB1,A1LB2 Ay (B+2)(8+3) EB-,B1,A1,B2,As _2(B+2)(8+3)
n Bin? ’ n Bon? ’ n Aint :
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(o ~ 2(ﬁn42- 2)7 o~ 2(047:2r 2)7 o~ 2(a+i)§a+3), o~ _2(ﬁ+i)4(6+3)_ (69)

Using (29), (63) and the following asymptotic formula for the Jacobi polynomials

(re) " W~

(Oé +k+ ]_) 2n+a+/3+k’

1
no+t2k+3

k> 2,

from (67)-(69), we can give the asymptotic behaviour for (Q%#41B1.A42,B2) (1)

9
(QaaﬂzAlaBl,AQ,Bg)Il(l) ~ \/Ena+2 (70)
n 2n+a+ﬂ+1r(a T 5) .

Taking into account the Darboux formula for the asymptotics of the Jacobi polynomials on the
interval 0 € [e,m —¢],0 < e << 1 [27, equation 8.21.10 page 196]

AN 9) 72

af _ (sm§) (COS 5) [ 1 _1 1 ] 3

an PP (cos ) N cos n6‘+2(a+ﬁ+1)0 2(a+2)7r +O(n z),
(nta+p+1)

where a,, = swar—» and the explicit expression (29), we can find an explicit expression for the
difference between the new polynomials and the classical ones. Thus, we have the following asymptotics
on [-1, 1]

n ontotp
2

1 9\ "3 9\ 43
[Qg’ﬂ’Al’Bl’A2’B2 (cos 0) — P (cos 9)] = <sin —) ’ (cos 5) *
NZTD
(71)

X [%(a—l—ﬁ—l—Z) sinfcos(NO +T') + ((ﬁ—i—Z) sin? % — cos? %(a—l—Z)

N——

cos(NO + Fg)] +0 (%) ,
n2
where N =n+ 2(a+8+1),T1 =—(a+1)Z and Iy = —(a + 3)Z.

On the other hand, using the well known result

L(P0)(x) 1
n PPz 22 —1

+o(1),

which is a simple consequence of the Darboux formula (see [27, Eq. 8.21.10 page 196]), the relative

asymptotics of the new polynomials is
z—1 1
1 —4 — . 72
z+1 ° (n) (72)

QA1 B1,A2.B2 () 208 +2)
which holds uniformly outside any closed contour containing the interval [-1, 1].

r+1
r—1

2(a+ 2
, 2a+2)
n

P;Zl’ﬁ (Z) n

8 The zeros of Q41428 (),

In this section we will study the properties of the zeros of the Jacobi-Sobolev-type orthogonal
polynomials when the masses Ay, Bi, Ay and By are positive. It is known that for polynomials which
are orthogonal on an interval with respect to a positive weight function their zeros are real and simple
and lie inside the interval (see [11], [27] and [24]). The study of zeros for Sobolev-type orthogonal
polynomials in the non diagonal case was presented in [2]. Since the situation here is very different
from one studied in [2] — the polynomials that we have investigated are orthogonal with respect to the
inner product (17), i.e., a diagonal case — we need to search their algebraic properties. In fact, we will
prove the following theorem.

13



Theorem 1 For n large enough, the orthogonal polynomial Q%’B’Al’Bl’A%BQ (z) has exactly n — 2
different, real and simple zeros belonging to the interval (-1,1). For n large enough the two remainder
zeros are outside of the interval being one positive and the other one negative.

Proof: Let z1, 29,23, ..., 2 be the different real zeros of odd multiplicity of Q%% 41:B1:42,82 (1) on the
interval (—1,1) and ¢(z) be a polynomial such that

q(z) = (z — 1) (z — x3)...(x — x), hence Q¥FHALBIA2B (10 (x) >0, Ve e [-1,1].  (73)
Now define h(z)
h(z) = (z + a)(x + b)q(z) = (z + a)(z + b)(x — z1)(x — z2)...(x — xp), (74)
in such a way that h'(1) = h'(—1) = 0. Then

l(l

~—

[}

a+b+2+(a+1)(b+1) =0,
7 (79
a+b—24(a—1)(b—-1 =0,
@-1 k-1 L=
where " . .
¢ _ + bt >0,
q(1) 1—x1 1—x9 1 —xg (76)
ql(_l)——< SN S ><0
q(—1) l+z1 14z 14z )
From (75)-(76) between all the choices of a and b
—-1<a<l, a>1, a < —1,
-1<b<1, b>1, b<—1,
(77)
“1<a<l, a> 1,
{ b<—1, or b>1 (a <) and { b<—1, (e b)
only the last one holds.
Hence, from
< h(z), Q¥PALBLALB2 (1) S (), then degh(z) >n, ie., k>n—2. (78)

To obtain the above one writes in (78) the inner product (17) and makes use of (77).

To prove that Qf{’ﬁ’Al’Bl’A%& () has one real simple negative zero and one real simple positive zero
outside [-1, 1] we use the fact that for n large enough Q®:#41:B1.42.B2 (1) < 0, (Q2-F41.B1:42,82)/ (1) > ()
(see formula (67)) and the polynomial Q¥2A1B1A2B2(1) = 274 lower degree terms is a continuous
convex upward function for £ > 1, then in some positive value £ > 1 the polynomial changes its
sign. Using the symmetry property (26) and the same argument we prove that the polynomial has
one simple real negative zero outside [-1, 1]. This immediately implies that & = n — 2, hence the
proposition holds. [ |

We will denote the zeros of Q%5 A1:B1,42:B2(g) a5 Tp1 < —1<xpo<...<Tpp2<1< Ty, Let
us study the zeros z,,; and x,, in more detail.
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Theorem 2 For n large enough zpp —1 =0 (n=*73) and ZTp1+1=0 (n*5*3). More precisely

\/2a+ﬂ+3r(a +3)T(a+5) 2046437 (o + 4)T(ax + 5)
’]’La+3\/14_1 - A2n2a+8

1< Tpp < 1+ +0 (n*?)ozfl?)) :

(79)
3
—1>zp; >—1— \/2a+,8+ LG+ 9T +5) + 200731 (6 + 4)0(B + 5) +0 (n*3,8713)
n,l n/B-|—3 /Bl BQTLQ/B+8 .
Proof: Using Taylor’s Theorem we have for z > 1,
Qg,ﬂ,Al,Bl,AmBz (:l?) = Q%aﬂ,Al,BlyA%Bz(l) + (Qg,,@,Al,Bl,Ag,Bz)/(l)(x i 1)+
(80)

2 3
_i_(Qg,ﬂ,Al,Bl,AmBz)”(l) (‘T _2 1) + (Qg,ﬂ,Al,Bl,AmBz)”/(g) (‘T _6 1) ’

where 1 < ¢ < 2. From (67) for n large enough, Q%%A1:B1:42,82 (1) ig negative while (QX2A1,B1,42:B2)/ (1)
is positive. Moreover, Qf{’ﬁ’Al’Bl’A%BQ (z) is a convex upward function for z > 1 and has its first in-

flection point (from the right) somewhere at © < 1. Then for all z > 1, (QX2A1BrAzB2)1 (1) >
Hence

(anﬂzAlaBlaAz,Bg )”(].)

A1,B1,A2,B
Qgﬂ, 1,B1,Az2, Q(I) > 5

22+ [(Qg,B,Al,Bl,A2,B2)/(1) _ (Qg,B,Al,Bl,A2,B2)”(1)] T+

} aA 7B aA‘ 9B‘
+(Q7c1v,8 ! 12 ? 2)”(1) _(Qg,B,Al,Bl,A2,B2)/(1)+Q761¥,5,A1,31,A2,B2(1)’

and the zero z, , is located between the zeros of the quadratic polynomial on the right hand of the
previous expression. If we denote

. (Q%,B,Al,Bl,A2,B2)/(1) N (Q%ﬁ,Al,Bl,A2,B2)’(1) 2 Q%,,@,Al,Bl,A2,B2(1) (81)
T2 =1— (Q%,B,A1,B1,A2,B2)//(1) (Q%,ﬁ,A1,Bl,A2,B2)//(1) o (Q%,ﬁ,Al,BhALB2)//(1)
and taking into account (67) and (70) we get
(QPALBL A2 B2y (1) 20030 (o + 4)T(a + 5)
(Q%aﬁaAlyBlyA%Bz)l/(l) ~ Agn2at8 ’
(82)
QPALBLA2B: (1) 208420 (o + 3)['(a + 5)
(Q%,ﬁ,A1,Bl,A2,B2)//(1) -~ Ayn20+6 :
Thus, when (n — 00) 22 behaves asymptotically as follows
2053 (v + 3) T (w + 5 a+p3+3
v 14 v (@+3)(a+5) 2 Ma+4P(a+5) (n_ga_lg). (83)
nOL+3 /Al A2n2a+8

In the same way, using the symmetry property (26) we find the speed of convergence for z,, ;, then
(79) holds. [
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8.1 WKB approximation of the distribution of zeros.

In this section we will apply the so-called semiclassical or WKB approximation (see [7], [29] and
references therein) to find the WKB density of zeros of the polynomials Q%%A1:B1:42:82 (1) Let us
denote these zeros by {z,;}:_ . Then the corresponding distribution function of zeros is given by

n

vn(x) = % Z 0z — ). (84)

=1

Here we will use the method presented in [29] in order to obtain the WKB density of zeros, which
gives an approximate analytic expression for the density of zeros of the solutions of any linear second
order differential equation with polynomial coefficients. In particular we will consider (60)

&(z)y" + 7(z)y + Mz)y = 0. (85)
The key step is the following
Theorem 3 ([29])

Let S(z) and €(z) be the functions

S(z) = ﬁ [25(2) (2A(2) - #(2)) + 7(x) (26 () — 7(x))] (86)

1 [SS@R g ) Pl
6<$)‘4[S(x)12{4[8(x)1 s ”}‘Q(:c,n)’ 0

where P(x,n) and Q(z,n) are polynomials in x as well as in n. If the condition sup |e(x)| << 1 holds,

zeX
then the semiclassical or WKB density of zeros of the solutions of (85) is given by
1
pWKB(zl?) = ; S(I), r e X C |R, (88)

in every interval X where the function S(z) is positive.

Using the above algorithm, the computations have been performed by using the symbolic com-
puter algebra package Mathematica [28]. First of all we check the conditions of the Theorem finding
that in the considered case € ~ n~!, so the Theorem can be applied for n large enough. The explicit
expression for py xp(z) given by (88) is extremely large and we will omit it here. It is straightforward
to see that if we take the limit Ay, As, By, B, — 0 in the resulting expression for pyw i p(z) we recover
the classical expression for the Jacobi polynomials [29]. We will provide here some graphics for the
normalized pw i p(z) function. In Figure 1 the WKB density of zeros for the Jacobi-Sobolev-type
orthogonal polynomials appears. We have used the formulas (60), (69), (86) and (88) and plotted the
normalized Density function for n = 10* in four different cases with several values of the parameters
aand f (a=0=0,a=0= —%, a = 8 =5 and nonsymmetric case « = 0 and § = 1). In Figure
2 appears the WKB density of zeros for the same values of & and 8 and n = 10°. In Figure 3 we
represent the WKB density of zeros for n = 10° and the same values of the parameters o and f3.
Finally, in Figure 4 is shown pwxp(z), for n = 107 with the above values of & and 3. Clear, in each
Figure from the bottom to the top, is distinguishible the case @ = 8 = 0, while the remaining cases
behave almost equal. Some numerical tests based on the computation of the number N of zeros in

the interval (— 4, {5) by using the expression N ~ fi{}?o pw k B(x) dz for both families of orthogonal

polynomials P28 (z) and Q%% 41:B1.42.82(1) show that their global spectral properties are the same.
This result is in accordance with the next one.
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Theorem 4 Let v, be the discrete unit measure defined on the Borel sets in € having mass - at each
zero of QAALBLAZB2 (1) - Then

in the weak star topology.

Proof: From (6) and (69), we get

4 1 1 2_58—32 1
Anzl_%_ﬂ)(_), B, = +5a+a’*—53-p +O<H>’

n n nt

26—a) 2(@(194+a(T+a))+20(5+a)f—582 -3 +3(4+0)) 1
Bn: 2 + 4 +o0 3
n n n
2 1 1 1
anﬁ(a+ﬁ+4)+o 3 Dn=2—nQ(a+ﬁ+6)+o 3
po_12+a(+a)+B06+p) o<i>,Gn:2(12+0‘(5+0‘)+ﬁ(5+ﬁ))+0<i>-
2n4 n4 n4 n4
Using (47),
||QuAALBLALE: (1) 1) < A | PSP ()] 10y + nBal [ PeH P @)1
+nCy| [PV () ||y 1y + nDp || PeF 7T (@) |11y + i — D E||PEY 2 (@) )y (89)

+n(n— DF || B2 @)L + nin — DGl Pty ()]

where || - ||[_1,;) denotes the sup-norm in the interval [-1, 1].

Because of ||P7‘;“”3(:1:)||[_1 i < 1 (see [27]), we deduce

3 L 1
- ,8,A1,B1,A2,B n z
T QBB )| < (90)
Thus, from Theorem 2.1 in [10]
% 1
Up — ————. 91
" V1 —z? (1)
[
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Figure 1: WKB Density of zeros for n = 10* of
Qo-8-ALBLA2B2 (1) with o € [—0.99,0.99].

Figure 2: WKB Density of zeros for n = 10° of
Qo-8-ALBL AL Bz () with o € [-0.99,0.99)].

Figure 3: WKB Density of zeros for n = 10° of
QBALBLAB2 (1) with - € [—0.986,0.986].
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Figure 4: WKB Density of zeros for n = 107 of
QFALBLALB: (1) with o € [—0.986,0.986].

Figure 5: Comparison of the numerical computation results.
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