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1. Introduction. In the last few years, there has been considerable interest in the
properties of orthogonal polynomials satisfying differential equations (DE) of order
greater than two, their connection to singular boundary value problems, their
generalizations, and their classification as solutions of second order DE (see for instance
[2-8]). In this last interesting problem, some known facts about the classical orthogonal
polynomials can be incorporated to connect these two sets of families and yield some
nontrivial results in a very simple way. In this paper we only work with the nonclassical
Jacobi type, Laguerre type and Legendre type polynomials, and we show how they can be
connected with the classical Jacobi, Laguerre and Legendre polynomials, respectively; at
the same time we obtain certain bounds for the zeros of the first ones by using a system of
nonlinear equations satisfied by the zeros of any polynomial solution of a second order
differential equation which, for the classical polynomials is known since Stieltjes
and concerns the electrostatic interpretation of the zeros [10, Section 6.7; 9,1]. We also
correct an expression for the second order differential equation of the Legendre type
polynomials that circulates through the literature.

2, Differential equations and zeros of polynomial solutions. In this section we
review some known and basic facts concerning the zeros of polynomial solutions of linear
operators.

For the sake of generality let us take a linear DE of nth order.

n

ProrosiTioN 1. Let f,(x)= II (x —x,) be a polynomial of degree n with distinct

k=1
(complex) zeros x,,Xa,. . . , X, satisfying the linear differential equation
n dk
—f(x)=0. 1
2 ad®) 7 h0) M
Then the zeros x;,j =1,2,...,n, satisfy the following system of nonlinear equations
n , 1 ]
na,(x;
( ])[iI#iﬁé...#iﬂ_l (.x]' - x,-l) e (xj - xi"_l)
n , 1
+(n—1)a,_1(x; [ ]
( ) " l(xj) i;#iﬁ;#i,,_z (x] —x,~1 e (x] _x,'n_z)

n , 1
...+ 2a2(x,.)[2 (—x}_—x)] +a;(x)=0, (2)
J=1,2,...,n. The symbol 3’ means the sum over i #j.

REMARK. If the order of the differential equation (1) is 2, we have the important
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case of the classical orthogonal polynomials and their zeros. All of these zeros satisfy an
equation of the form

S ) B S 3)

A =x) ) ot

where y(x) is a function related to the weight function of each family of polynomials; see
for instance [1]. The explicit form of this equation for the Jacobi case was known already
by Stieltjes; all the three cases have an electrostatic interpretation and are involved in a
problem of maximization [10, Section 6.7; 9].

Proof. This is a very easy matter and follows Laguerre [10, pp 117-120]. Define the
polynomial of degree n ~1 g(x) = fl (x — x,). Thus, f(x) = (x — x;)g(x), and therefore
k)

™) =mg" V(x), m=12,.... . 4)
Now, evaluate (1) at x; and divide by f'(x;) # 0 to yield

i ak( ])f(k)(x) 9

fx)
and then use (4) to obtain
$ ka8
a(x; =
k=1 <) g(x;)

Remember that g(x) is a polynomial of degree n — 1. The (k — 1)th derivative removes
from g(x) (k — 1) factors of the form (x —x;)(x — x;,)... (x —x,_,), all of them different,
and produces a sum over these indexes; thus, we have that

g(k_l)(X‘) _ n , 1
g(x;) it i (X =X)L (G — X

and therefore (2) holds.

Equation (3) plays an important role in obtaining the main results of this paper, so
we should spend a little more time on it.

As remarked above, the zeros of the classical orthogonal polynomials satisfy (3)
where

YO x)= (1 = x) D21 +x)6*D2  for Jacobi,
‘)’(X) = ')’Z(x) = x(a+l)lZe—x/2

yu(x)=e”

for Laguerre, 5)

2, .
x4 for Hermite.

Note that y(x) vanishes at the extremes of the intervals of orthogonality and In(y(x)) is
a concave function in each case. A theorem proved by Popoviciu [9] states sufficient
conditions on a function y(x) to give the unique solution of (3):
(i) y(x) should be in C(a, b), a, b finite,
(i) y(a) = y(b)=0,
(iii) In y(x) should be a concave function in [a, b].
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Such a solution consists in a set of (distinct) points contained entirely in (@, b). The part
of the proof corresponding to the existence makes use of the continuous and positive
function of n variablesa=z;<b,j=1,2,...,n,

n n
T@)=[lv@) I @-2z)
=1 i>j=1
that vanishes whenever z;=a, b or z, = z;, attaining a maximum inside that region. (3) is
the condition for extremum.

3. Bounds and relationships. It is known [3-8] that the orthogonal polynomials
satisfying a fourth order DE can also be obtained as solutions of a second order DE of the
form

ax(x, n)f/(x) + ar(x, n)f(x) + ao(x, n)f.(x) = 0 (6)

where the coefficients depend not only on x, but also on n. However, as polynomial
solutions of a second order DE, their zeros satisfy (2) with a;(x)=0 for j>2. The
resulting equation plays the main role in the following.

For the sake of simplicity we separate each case and summarize the features we need
of the corresponding polynomial. The notation is that of [4].

Jacobi type polynomials. They are denoted by S,(x), n=0,1,...and can be
obtained through

n! 2") (—1)”"‘["](1 + @) psifk(n + a)(n + 1) + (k + DM]x*
k=0 k

Salx) = k+ D1 + a), ’

where the Pochhammer symbol (a), is defined by (a),=a(@+ 1)@ +2)...(a+n-1).
(The factor n! is missing in [4].) These polynomials are solutions of the Sturm-Liouville
DE

(M =x)*** =201 - x)*" + (1 - x)**2]S3)"
+([Qa+2+ M)A -x)**2=2(a +2+ M)(1-x)**S.) = A4(1 — x)°S,
where
MNo=2(a+2)(a+1+Mn+(a®+9 +14+2M)n(n - 1)
+2(a+4)n(n—1)(n—-2)+nn-1)(n-2)n-3)

and their squared norm is

.17 = J: S306) (1 = x)" dx +$S,2,(O) _[M+nn+ azl[’?M++a(:Lz -1f-)1)(n +a+ 1)]'
In this case we have an equation like (6) where
ax(x,n)=x[A;x* - (A; + M)x + M]
a1(x,n) = 2M(M? + a + 1+ X%) + aA, ¥ — (A, + Ma + 3M)x +2M

ao(x,n) = [(-22a +2M + 110)A%, — nl]x + A}
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and
Aj=M*+Ma+M+A,=Q2n+a+1)|S,%
nh=~(42a% + 342a% + 732a + 432 + 6M? + 438M + 309Ma + 3M%a + 45Ma*)n
— (18a® +270a* + 1188 + 1440 + 3M?* + 219M + 45Ma)n(n — 1)
+ (a® - 21a®—274a — 696)n(n — 1)(n - 2) + Ba®+ 15a — 12)n(n — 1)(n — 2)(n - 3)
+(18+3an(n—1)(n-2)(n=-3)n—4)+nn —1)(n—2)(n —3)(n - 4)(n -5).
For this case, (2) can be cast in the form (3) with y(x) given by

T;(x) = (A;x — My**x(1 - x)"*
where

p = (8a = 3)M* + (8a® - 2a — 3)M> + (—3a? + 8al, — 4a — 2X%, — 2)M?
— M(4a + 5)M — (A7),
v=2M+ (a + )M* + (=20 +2AL + DM + (a3 + o + 22 + 2)M?
+ A2(2a%+2a + )M + (a + 1)(AL)%,

p=2[M*+ Qa+ )M?+ (a®+ a + 2A)M? + X(2a + )M + (AL)Y].

Due to the relation between this function and y§(2x — 1) (see (5)), it is convenient
to work out these indices a bit more. As polynomials in M, they can be rewritten as

p=(8a —3)M*+[82n +1)a®+2(81% + 6n — 1)a — (4n? + 4n + 3)|M?
+[8n(n + 1)a® + (16n3 +22n% — 2n — 3)a? + 2(4n* + 6n° — 3n2 — 10n - 2)«
—2(n*+2n*+6n>+5n + DIM* —n(n+ a + D)[(n + 1)(n + @)(da +5) +2]M
—nn+1n+a)n+a+l),

v=[M+nn+a)]M+@+1)n+a+){2M - (a +1)M?
+[@2n + )a? +2n(n +2)a +2(n®>+n + HIM
+nn+1)(n+a)n+a+1)(a+1)},

p=2M+n(n+a)]M+(n+1)n+a+)|][M+n(n+a+1)[[M+{@n+1)n+a)l

A simple analysis shows that u and p are relatively prime for all n and @ > —1. Some
numerical trials reveal the existence of curves within some regions of the M — « plane (n
fixed) on which u = 0. For example, if « >3/8 and n is fixed, four real values of M are
obtained for which u =0. For such curves, the functions I',(x) and y§*(2x — 1) (with a
proper selection of the parameters of the latter) generate the same polynomials through
(3). This result can also be obtained by considering the values for which the factor
(A;x — M) becomes a constant different from zero (whether positive or negative is
immaterial because of the logarithmic derivative in (3)), ie., for A;=[M +n(n + )]
[M+(@n+1)n+a+1)]=0; but some caution is necessary because the power of
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such a factor diverges at these points and, on the other hand, S,(x) collapses to a
polynomial of degree n — 1 if M = ~n(n + a).
Let M >0 and o > —1. Thus

M M

A, Cn+a+1)|S,2

is a positive number less than 1 that approaches zero as one of the parameters M, o or n
is increased. In this region of the M — « plane, p is positive. If we exclude the points at
which u =0, we have that the function I',(x) vanishes or diverges at x = £, as u is positive
or negative, and the continuity of the zeros on its parameters (referred to u =0)
guarantees that they must be contained in (£,1). On the other hand, if £€—0, I',(x)
approaches (except for a constant)

.yj((Zv/p)—l.(Zu/p)H)(zx — 1) = x(“/p)+1(1 _ x)v/p'

Thus, we have proved the following result.

ProrosiTiON 2. Let S,(x) and P$*)(x) be the Jacobi type and classical Jacobi
polynomials, respectively.
Q) If M>0and a> -1,
_ M
M+n(n+a))M+@n+1)n+a+1)

3

is a lower bound for the zeros of S,(x).

(i) If p=0,
3 (n+a+1),[M+nn+a) @vip)-1.0) o
S.(x)= (Zn +2V/p> PRER=ID(2x 1),
n

(ili) Furthermore, if ¢ — 0,
(n+a+1),[M+n(n+ a)

(Zrl +2(n + v)/p)
n

P'(1(2v/p)—1.(2#/p)+l)(2x -1 )

Su(x)—

In these formulas we have taken into account the proper standardization of each
polynomial.

Laguerre type polynomials. These polynomials are denoted by R,(x), n=
0,1,... and have the form

o (-1)* n!
Rx)= Zo(k +1)! (n - k)lk!

They satisfy the Sturm-Liouville DE
[x2e*Ra(X)]" ~ {[2(R + 1)x + 2Je *R,(x)} = Ake "R, (x),

[k(R +n+1)+R]x"
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where R is a real parameter different from zero and A; =2(R +1)n +n(n —1). Their
norm is given by

= 1
IR, 1% = fo R2(x)e " dx + ER,Z,(O) =(R+n)R+n+1)

These polynomials are also solutions of an equation like (6) where
a)(x,n)=(R*+ R + Ab)x* - Rx
ay(x,n)=—(R*+ R+ AbHx*+ (R*+ 2R + AbH)x - 2R
ao(x,n) = (2RAL + 22ALk — nbx — AL
and
nk=(3R?*+ 45R + 42)n + n(n - 1)(10 — n).
In this case, (2) can be written in the form (3) with y(x) given by
T (x)=(ALx — R) ""xe™™",
where A, turns out to be the squared norm of R,,:
AL=R*+R+A;=|R,|~
I'; (x) vanishes at the extremes of the interval [0, ), but diverges at

_ R
T (R+n)R+n+1)

£

whenever (R +n)(R +n+1)#0. If R>0, £ is an interior point on the interval and T, (x)
takes imaginary values for 0 <x < £ Therefore, £ must be a lower bound for the real
solutions of (3), and in particular for the zeros of R,(x). Besides this, if we let £—0,
I';(x) approaches

'Y?_(x) — xl/‘ze—x/Z

3

except for a constant, and according to (5) this y(x) generates the zeros of Laguerre
polynomials LS(x). Similarly, if R=—-n—1, or R =—n, I',(x) is proportional to v} (x),
but now (5) generates the zeros of L}(x) for the first choice of R and of L. _,(x) for the
latter (note that R,(x) collapses to a polynomial of degree n —1 if R = —n). Thus, we
have proved the following

ProrosiTiION 3. Let R,(x) and Lj(x) be the Laguerre type and classical Laguerre
polynomials, respectively.
(i) IfR>0,
_ R
_(R+n)(R +n+1)

£

is a lower bound for the zeros of R, (x).

(ii) If €0, then R,(x)— (R + n)L%(x).

(i) If R=-n-1, or R=-n, then R,(x)=-L.x) or R,(x)=-L._(x)
respectively.
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In these formulas we have taken into account the proper standardization of each
polynomial.

Legendre type polynomials. These polynomials denoted by Pi(x), n=
0,1,2,...,have the form
Pa(x) = [izl (—1)"(2n"— 2k)[a +3n(n - 1)+ 2k]xn_2k’
k=0 27k (n — k)!(n — 2k)!
where [v] denotes the greatest integer <v. This family satisfies the Sturm-Liouville DE

[(x* = 1)°Py"(x)]" + 4{[a(x* = 1) = 2]P5" (x)}' = A[P3(x),

where
AM=n(n+1)(n’+n+4a-2).

In this case the norm is
! a 1 1
1P3I= | (Pa)P S v +3 (PR(-1)P +5 (PQ)Y
-1 2 2 2
-1 + +2
= a[a +U][a +M]/(2n + 1)
2 2
For these polynomials we have an equation like (6) where
ay(x,n) = (x* — 1)[(4a* + 4a + AD)x? — (4’ — 4a + AD)]
ay(x,n)=2x[(4a® + da + AD)x* — (42> — 12a + X))

ao(x, n) = —mux* + (07 = 4A7)
and
nE=n(n+ 1[4’ +4(n*+n+Da+ (n—Dn(n + 1)(n +2)].

(We have found in the literature an incorrect expression for the aq(x,n) term in such a
differential equation.)
We have now that (2) can be written in the form (3) with y(x) given by

Tp(x) = (A - Bx*)""*(1-x%),
where A and B come out to be related to the norm square of Pj;(x):

42n +1)
a

A=Ra+nn+D]2a+@n-1)(n+2)]= | P22 - 8a,

B=[2a+n(n—-1)2a+(n+1)(n+2)]=

42n+1
42n+1) )||P§||2-
a

T'p(x) vanishes at the extremes of the interval [—1, 1], and diverges at

g—:t\/_‘é—:t\/l__%g_z—
“NB @n+1) P2

whenever B#0. If >0, &, and £_ are interior points of the interval and I'p(x) takes
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imaginary values for 0 < ¢, <|x|. Therefore, £.(£-) must be an upper (Jower) bound for
the real solutions of (3), and in particular for the zeros of P3(x). Besides this, if we let
£, —1, T'p(x) approaches

¥ ) = (1 - 27",

except for a constant, and according to (5), this y(x) generates the zeros of Jacobi
(Legendre) polynomials P®%(x). Similarly, if @ = —(n + 1)(n +2)/2 or a = —n(n — 1)/2,
T'p(x) is proportional to ¥§"(x), and now (5) generates the zeros of P{"(x) for the first
choice of a and of P{-3(x) for the latter (P5(x) collapses to a polynomial of degree n — 2
if @ = —n(n —1)/2). Thus, we have proved the following

ProrosiTioN 4. Let PX(x), P,(x) and PY®(x) be the Legendre type, classical
Legendre and classical Jacobi polynomials, respectively. Here, P,(x) = P %(x).
(i) If a >0, the zeros of P;(x) are contained in (—§&, ), where

[2a + n(n + D]2a + (n — 1)(n +2)]
Qa +n(n —1D]2a+ @n +1)(n +2)]
(i) If € > 1, then P;(x)— [a + n(n — 1)/2]P,(x).

(i) If a = —(n+1)(n +2)/2 or a = —n(n —1)/2, then P2(x) = —[(n + 2)/2]P{ " (x),
or P2(x) = —(n/2)P{-Y(x), respectively.

§=

Again, in these formulas we have taken into account the proper standardization of each
polynomial.

To conclude this paper, we remark that some of the preceding results can also be
obtained by a simple and direct comparison of both DE. This is true for some cases but
not for all of them. Most of the limit cases are not so obvious, and the obtainment of the
bounds can not be worked out in such a way.
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