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1 Introduction
Given a non-negative weight function w over an interval [a, b], —00 < a < b < +00, denote
by 7%, k > 0, the orthogonal polynomials with respect to the scalar product

b
(f’g)wZ/ f(x)gx)w(x) dx.

Let the matrices U, = [ugl,")] and V, = [VE;I)] be defined by

Xi b
u@:/1¢WmM@m, v@zfzﬁwm@m% Bj=1,2...,n, (1.1)

g g
a

where x;, i = 1,...,n, are the zeros of the orthogonal polynomial 7, and E(l"), . ..,(5,"), are
the associated basic Lagrange interpolating polynomials of degree (n — 1), i.e.,

X —X;
6@ =[] L k=1,2...,n
o Xk T X

1<j<n,j#k

The following conjecture is stated in [1] and [2].

Extended Stenger Conjecture Given an almost everywhere positive weight function w on
la, b] such that —co < a < b < +00, or equivalently, the associated orthogonal polynomials
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T, the eigenvalues of each of the matrices U, and V,, defined in (1.1) lie in the open right
half of the complex plane.

The validity of the conjecture is established for Sinc interpolation in [3]. The conjecture
is shown to hold for Legendre polynomials in [4] and its equivalence to the A-stability
of the n-stage Gauss—Runge—Kutta method is proved. Moreover, in [4] the conjecture is
shown to hold for U, in the case of Jacobi orthogonal polynomials with parameters (1,0).
In [4], the authors provided a counter-example to the conjecture for some piecewise con-
stant weight functions. In this paper, we show the validity of the conjecture for a specific
family of weight functions, which enables us in particular to prove the conjecture for a
family of Jacobi, generalized Laguerre orthogonal polynomials and Jacobi—-Koonwinder
orthogonal polynomials.

In the restricted Stenger conjecture, the matrices U, (with « finite) and V,, (with b finite)
are defined by

X b
u(fq):/ Zj(-n)(x)dx, ) :/ Z;”)(x)dx, Lj=1,2,...,n, (1.2)

ij
Xi
and the conjecture states

Restricted Stenger Conjecture Given an almost everywhere positive weight function o
on |a, b] or equivalently the associated orthogonal polynomials m,, the eigenvalues of each
of the matrices U, and V,, defined in (1.2) lie on the open right half of the complex plane.

It has been shown in [4] that the restricted conjecture is wrong in general. For instance,
they showed, at least numerically, that the real part of some eigenvalues of the matrix U,
with # =5 and x;, i = 1,2,...,5, the zeros of Gegenbauer polynomial Cém), are negative.
However, several conjectures on the range of validity of the restricted Stenger conjecture
for Jacobi and generalized Laguerre orthogonal polynomials were advanced in [4]. In this
paper, we show the validity of the restricted Stenger conjecture for a family of classical
orthogonal polynomials.

2 Extended Stenger conjecture for a family of weight functions

In the following, we give a general result on the validity of the extended Stenger conjecture
for a specific family of weight functions. The theorem and its proof were inspired by the
methodology introduced in [4].

Theorem 2.1 Let w be weight function on [a, b], —0o0 < a < b < +00, supposed to be positive
on (a,b). Assume that, for any complex polynomial P of degree at most (n — 1), there exist
a complex polynomial Q of degree at most n and a real differentiable strictly increasing
positive function ® on (a, b] meeting the following three requirements:

fx P(t)w(t) dt = Qx)P(x) forallx € [a,b], (2.1)
lim ()| QW|* =0, QP L' ([a,b]). (2.2)

Then the extended Stenger conjecture associated with w is satisfied for the matrix U, de-
fined in (1.1).
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Proof Let A be an eigenvalue of the matrix U,. Thus, there exists a complex vector

(yI:yZ""’yn)7'/(0’0:“-’0) (23)

such that
/ S bl Oo(t)dt =y, i=1,...,n
4 k=1

Denote by y the unique complex polynomial of degree at most ( — 1) such that y(x;) = y;.
We have

/xi Bo@)dt —ry(x;) =0, i=12,...,n (2.4)

According to condition (2.1), there exists a complex polynomial Q of degree at most n
such that

/ y(Ow(t) dt = Q) D), 2.5)

where @ is a real differentiable strictly increasing positive function on («, b] and thus is
non-negative on [a,b]. Let w;, i = 1,2,...,n, be the weights of the Gaussian quadrature

with respect to the weight function w. Denote by y the conjugate of y. From (2.4), we have

xi)|2.

o x "
; MY(M)/“ y()w(t)dt = A ; o)

Thus, according to (2.5), we have

x)[".

;wly(m)Q(xl) )‘Zq)( 3

Applying Gaussian quadrature to the polynomial yQ of degree at most (21 — 1), we obtain

b n X
fa T Q)w(x) dx = A le % )|

or equivalently

b §(x)w(x)
/a () U vit)o! dt]dx AZ

The real part of the left-hand side of (2.6) is given by

b x x
% / ﬁ(y(x)w(x)[ / y(t)a)(t)dt]+y(x)a)(x)[ f y(t)w(t)dthx
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Moreover, using the product derivative formula, we note that

2

X x d
‘7<x>w(x>[ f Y(Do(?) dt} +y(®)o(x) [ f Yo (t) dt] -

/x y(t)w(t) dt

Thus, the real part of the left-hand side of (2.6) is given by

lbei
2 ), ©x)dx

while the real part of the right-hand side of (2.6) is equal to

2 11 d
dx= / o 4 (0@QE[) ds, (27)

/x y(t)w(t) dt

Re(x); LR

Thus, from (2.6), to prove that the real part of A is non-negative, it is sufficient to prove the
non-negativity of (2.7). Since the function ®'|Q|? € L!([a, b]), integration by parts shows
that (2.7) is equal to

Low|ew)* - L timow@|ow|* + / ’ o/ Q)| da 2.8
2 2 x—a 2 Ja ' )

Moreover, taking into consideration that lim,_, , ®(x)|Q(x)|? = 0 and @ is a strictly increas-
ing positive function on (a, b] shows that the quantity (2.8) is non-negative and thereby
Re(A) > 0. Let us assume that Re(A) = 0. Then necessarily (2.7) vanishes and hence

b
, 2
/ P (x)|Q(x)| dx=0.
Therefore, ®' Q = 0 on (a4, b]. On account of the assumption that @ is strictly increasing on
(a, b], this automatically implies that Q is identically zero on (a, b]. Hence, from (2.5) and
the positivity of @ on (a, b), we can conclude that y is identically zero, which contradicts
(2.3). O

Remark 2.1 Note that one can replace the condition lim,_,, ®(x)|Q(x)|> = 0 in Theorem
2.1 by the less restrictive conditions of the non-negativity of (2.8) or the non-negativity of
2 @(B)QD)I* ~ 5 limy o ()| Q).

Applying similar arguments, the matrices V), leads to the following theorem.

Theorem 2.2 Let w be weight function on [a, b], —00 < a < b < +00, supposed to be positive
on (a,b). Assume that, for any complex polynomial P of degree at most (n — 1), there exist
a complex polynomial Q of degree at most n and a real differentiable strictly decreasing
positive function ® on (a, b] meeting the following three requirements:

b
/ P(t)w(t) dt = Qx)P(x) forallx € [a,b],

lim ®@)|QW|" =0,  @IQ” € L' ({a, ).
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Then the extended Stenger conjecture associated with w is satisfied for the matrix V,, de-
fined in (1.1).

3 Application to Jacobi polynomials

In the following, we shall use Theorem 2.1 to prove the validity of the extended Stenger

conjecture for a family of Jacobi orthogonal polynomials. Jacobi polynomials P, @h) 3

orthogonal polynomials on [-1, 1] with respect to the weight function
o “Px)=1-x*Q+x)?, opB>-1 (3.1)

They admit the following explicit expressions
P@B)(x) = nta)(m+py 17 + 1)
e2w= 3 (") (et

Lemma 3.1 Let « > —1 be a real number and P a polynomial of degree m. Then,

/xP(t)(l +8)%dt = R(x)(1 +x)**,

1

where R is the polynomial

< (1P (x)(1 + x)*
Rix) = Z (+D)(a@+2)...(a+k+1)

Proof We proceed by induction of the degree of the polynomial P. For constant polyno-
mials, the claim is trivial. Let P be a polynomial of degree n. Integration by parts leads

to
x 1 ot+1P 1
/ PO+ 1) de = TFITPD / P(&)(1 + )" d.
1 o+1 a+1
We conclude the proof using the induction hypothesis. O

Corollary 3.1 The extended Stenger conjecture holds true in each of the following case:
— (a) for U, in the case of Jacobi polynomials Pﬁ,m’o‘)for alln>1,a>-1andm=0,1.
— (b) for V,, in the case of Jacobi polynomials P,(f‘m)for alln>1,a>-1andm=0,1.

Proof (a) We shall consider the cases m = 0, 1 separately.

e Case m = 0: According to Lemma 3.1, the weight function w©¥(£) = (1 + ) satisfies
the conditions of Theorem 2.1, with ®(x) = (1 + x)**L.

e Case m = 1: According to Lemma 3.1, for any polynomial P of degree at most n— 1, we
have

/xP(t)(l — (1 +1)%dt = Q) (1 +x)**,

1

where Q is the polynomial of degree at most n given by

(-DF(P@)(1 - %) 0 (1 +x)k
Z (+D@+2)...(c+k+1)"
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Thus, the weight function w“®)(¢) = (1 —£)(1 + )* satisfies the conditions of Theorem 2.1,
with ®(x) = (1 + x)**!. The proof of (b) is a direct consequence of the fact that the eigen-
values of V,, for P*? coincide with the eigenvalues of U, for PP (see [4]). O

4 Application to generalized Laguerre polynomials
In the following, we shall use Theorem 2.2 to prove the validity of the extended Stenger
conjecture for a family of generalized Laguerre orthogonal polynomials.

Generalized Laguerre polynomials LY are orthogonal polynomials on [0, +00) with re-
spect to the weight function

0@ (x) =a%*, a>-1. (4.1)

They admit explicit expressions as

n+ o\ xF
(x)—Z( 1)k( >k‘

Lemma 4.1 Let P be a polynomial of degree m. Then,
+00
/ P(t)et dt = R(x)e™,

where R is the polynomial

Proof We proceed by induction of the degree of the polynomial P. For constant polyno-
mials, the claim is trivial. Let P be a polynomial of degree m. Integration by parts leads
to

/ P(t)e ' dt = P(x)e™ + / P (t)e " dt.

We conclude the proof using the induction hypothesis. O

Corollary 4.1 The extended Stenger conjecture holds true for V, in the case of generalized
Laguerre polynomials Lg,m)for alln>1and m=0,1.

Proof We shall consider the cases m = 0 and 1 separately.

e Case m = 0: According to Lemma 4.1, the weight function »©(£) = e satisfies the
conditions of Theorem 2.2 with ®(x) = e™

e Case m = 1: According to Lemma 3.1, for any polynomial of degree n — 1, we have

/ P®)te" dt = Qu)e™,
where Q is the polynomial of degree at most #

d*(xP(x))
Z .

dxk
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Thus, the weight function " (¢) = te* satisfies the conditions of Theorem 2.2 with ®(x) =

e

Remark 4.1 Similar arguments as in the proof of Theorem 2.1 can be applied to show that
the extended Stenger conjecture is valid for U, for the Legendre weight w = 1 and for V,,
for the Laguerre weight @ = e if, in the definition of the matrices U, and V,, we take
the real numbers x1,x,,...,%, as the nodes of a (2n, n) positive quadrature. Similarly, the
extended Stenger conjecture can be shown to hold when we take x1, x5, ...,x, as the zeros
of the othogonal polynomials with respect to the Sobolev inner product

b
f,g) = / fx)gx)w(x)dx + rof (a)g(a), ro>0,

for U, for Jacobi weights w”# with m = 0 or 1 and B > —1 (Jacobi—Koornwinder poly-
nomials [5]) and for V,, for the Laguerre weights x”e™ with m = 0 or 1 (Laguerre—
Koornwinder polynomials [6]) when we replace rof (a)g(a) by rof (b)g(b) in the Sobolev

inner product.

5 Restricted Stenger conjecture
For the rest of the paper, we shall study the restricted Stenger conjecture. It has been shown
in [4] that the conjecture is wrong in general. For instance, they showed, at least numeri-
cally, that the real part of some eigenvalues of the matrix U, withn =5and x;,i = 1,2,...,5,
the zeros of Gegenbauer polynomial Célo), are negative. The validity of the restricted
Stenger conjecture for Legendre polynomial is shown in [4] and its equivalence with the
A-stability of the n-stage Gauss—Runge—Kutta method is established. Several conjectures
on the range of validity of the restricted Stenger conjecture for Jacobi and generalized
Laguerre orthogonal polynomials were advanced in [4].

In the following, we use the techniques introduced in [4] to prove the validity of the
restricted Stenger conjecture for monotonous differentiable weight functions.

Theorem 5.1 For differentiable non-increasing (resp. non-decreasing) weight functions o

over [a,b), all the eigenvalues of the matrices U, (resp. V,)) defined in (1.2) have positive
real part.

Proof Let A be an eigenvalue of the matrix U,. Thus there exists a non-zero complex vector
y=1,¥2...,¥s) such that

xXi n
/ Zyk(f;(")(X) dx=\y, i=1,...,n.
4 k=1

Denote by y the unique complex polynomial of degree at most (# — 1) such that y(x;) = y;.
Thus,

/ y(x)dx —Ay(x;) =0, i=1,2,...,n.
The polynomial

Q) - / ¥(0)dt - Ay()
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is of degree at most n such that Q(x;) = 0 for i = 1,2,..., n. Therefore, there exists a complex
constant K such that

X
/ y(&) dt — L y(x) = K, (x). (5.1)
Multiplying (5.1) by w(x)y(x) and integrating over [a, b], we obtain
b x b N
/ o(x)y(x) |:/ y(t) dt:| dx =\ / a)(x)‘y(x)‘ dx (5.2)
The real part of the left side of (5.2) is given by

%/abwm% /jy(t)dt

while the real part of right side of (5.2) is given by

2
dx, (5.3)

b 2
Re(k)/ w(x)\y(x)| dx.

Thus, to show the non-negativity of Re(1), we should prove the non-negativity of (5.3).
Integration by parts shows that (5.3) is equal to

fubyu)dtz—%/:w/(x) /:w)dt

Since the non-negative differentiable weight function w is a non-increasing function on

2

1 dx. (5.4)

[a, b], the expression (5.4) is non-negative and therefore the real part of X is non-negative.
To prove that Re(1) > 0, we should prove that (5.4) is strictly positive. We first note that
(5.4) is equal to zero only when the weight function is a constant function and that

b
/ y(®)dt = 0. (5.5)

In this case, one can use the methodology in [4] (page 5) to conclude that y is orthogonal
to all polynomials of degree at most (# — 1) and in particular fab y2(t)dt = 0 and thus y =
0. This contradiction shows that Re(A) > 0. Similar arguments can be used to prove the
theorem for the matrices V,,. g

As an application of Theorem 5.1, we give instances for which the restricted Stenger
conjecture holds for Jacobi and generalized Laguerre orthogonal polynomials.

The following is a direct consequence of Theorem 5.1.

Corollary 5.1 The restricted Stenger conjecture holds true in each of the following cases:
— (a) for U, in the case of Jacobi polynomials Pﬁ,a"g)for alln>1,0a>0and-1<pB <0.
— () for V, in the case of Jacobi polynomials Pﬁ,a’ﬂ)for alln>1,>0and -1<a <0.
— for U, in the case of generalized Laguerre polynomials LY foralln>1 and

-l<a<0.
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Proof The statement (a) is a direct consequence of the fact that fore >0and -1< 8 <0
the Jacobi weight function (3.1) is a non-increasing functionon [-1, 1] since
d

d—a)“'ﬁ(x) =—(1-x*'1+ x)ﬁ’l((a + B)x + (a — ,8)) <0, foranyxe[-1,1].

x
Statement (b) is a consequence of the fact proved in [4] that L[,(,“'ﬂ ) = V,Eﬂ ‘a), i.e.; the matrice
U, for the Jacobi polynomials with parameters («, 8) coincide with the matrix V/, for Jacobi
polynomials with parameters (8,«). To prove (c), we simply remark that, for -1 < o <0,
the generalized Laguerre weight function (4.1) is non-increasing on [0, +o0[, i.e.,

d
d_w(a)(x) =x*le™(a@-x) <0, foranyx e [0,+00].
x

This concludes the proof of the corollary. d

6 Restricted Stenger conjecture for Jacobi orthogonal polynomials

In this section, we show that the eigenvalues of the restricted matrices U, and V), defined
in (1.2) coincide with the zeros of certain polynomials with coefficients expressed in terms
of the value of the successive derivatives of the orthogonal polynomials at the endpoints of
the interval. This allows us to restate the restricted Stenger conjecture for Jacobi orthog-
onal polynomials as a result already proved in [7] and permits us to improve the results of
Corollary 5.1. To state the results in their full generality, we shall assume that in the def-
inition of the restricted matrices U, and V,,, the real numbers x1,%5,...,x, are arbitrary
distinct real numbers in the interval [a, b].

Proposition 6.1 The eigenvalues of the restricted matrices U, and V, coincide with the
zeros of the polynomials

0,2) =Y 7@, W)=Y 7Pb)(-2), 6.1)

k=0 k=0

respectively, where 1, (x) = (x —x1)(x — x3) ... (x — x,,) and rr,ik) refer to the kth derivative of
the polynomial m,,.

Proof Let A be an eigenvalue of the matrix U,. Thus, from (5.1), there exists a non-zero
complex vector y = (y1,¥2,...,¥,) and a complex number C such that

/ i y(#)dt - ry(x) = Cru(x), (6.2)

where y the unique complex polynomial of degree n — 1 such that y(x;) = y;. Writing the
polynomial y and the polynomial r, as

n-1 n (k)
k . T (@)
y@) =Y blx-a),  m) =) arlx—a) withe = o
k=0 k=0 ’

and solving (6.2), we obtain the system

by
%—)\bk:CO{k, k=0,1,...,n,
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with the convention that b_; = b, = 0. Solving for by leads to

k-1

(m=N"
bn—k:Ckakllamp k=1,...,n-1
j=0

Moreover, using the fact that by = Ab; + Car;, we obtain

n-1

bo=CY (n—k)" o,y

k=0

Inserting this equation into the relation —Aby = Carp, we obtain

n
Z Klog)k = 0.
k=0

This proves that X is a zero of the polynomial ®,. We shall now show that the eigen-
values of U, are simple, so that the spectrum of U, coincides with the zeros of ®,,. Let
y=01Y2...,y,) and z = (21,2, . .., 2,) be two eigenvectors associated with the eigenvalue
A. Then, there exist two non-zero constants C;, C, such that

fxy(t) dt — Ay(x) = Cy,(x), /x z(t) dt — Mz(x) = Cymr, (%),

where y (resp. z) is the unique complex polynomial of degree (n — 1) such that y(x;) = y;
(resp. z(x;) = z;). Thus, denoting F(x) = (y(x)/C1) — (z(x)/C,), we have

/xF(t) dt —\F(x) =0 forallx € [a,b]. (6.3)

Since F is a polynomial, this implies that F = 0 and thus the vectors y and z are linearly
dependent. The proof for V,, follows similar arguments. g

Proposition 6.2 An eigenvector (y1,¥2,...,y,) of the matrix U, (resp. V,)) associated with
the eigenvalue M is given by y; = y(x;), where

Y@ =Y 2*aP), (6.4)
k=1

where A is a zero of Y, (resp. V).

Proof We should simply show that there is a constant C such that (6.2) holds. We have
n n
y(x) = Ay (x) = Z 2o 8 (x) — Z Atz KD ) = ! (x).
k=1 k=1

Integrating, we obtain

/ ¥(O) dt = 2(y(x) = y(@) = 2(7 () = 7.(a).
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Since A is a zero of ®,, we have y(a) = —,(a) and therefore

f YO dt - 2y (x) = Am(x). 65)

This concludes the proof. d

In connection with the tau approximation for an eigenvalue problem, Csordas et al. [7]

proved the Hurwitz stability of the polynomials

n k

d
WP (z) = Z<ﬂP§f"ﬁ)(x)) 2, n=2.
x=1

More precisely, they showed thatif -1 < « < 1and B > —1, then the zeros of the polynomial
%P Jie in the half-plane Re(z) < 0; and thus by virtue of Proposition 6.1, the eigenvalues
of V, for Jacobi polynomials lie in the half-plane Re(z) > 0. Moreover, since for Jacobi

polynomials, we have U@P) — B9 e conclude

Theorem 6.1 The restricted Stenger conjecture holds true in each of the following cases:
o for U, in the case of Jacobi polynomials PLa’ﬁ)for alln>1,a>-1land -1<B <1.
o for V, in the case of Jacobi polynomials Pﬁ,a’ﬂ)for alln>1,8>-1land -1<a <1.

In particular, the previous theorem shows that restricted Stenger conjecture holds for

Chebyshev polynomials of the first and second kind 7, and S,, with

) (2:2)

(%), Su(x) = Py % (x).

Nl
ST
[T

(-3~
Tn(x) = Pn

Also, Theorem 6.1 shows that the restricted Stenger conjecture holds for Legendre poly-
nomials P}(qo,o) and for Gegenbauer (or ultra-spherical) polynomials Cﬁ,“ ) when —% <u < %,

where
1.1
CW () = PV "D (),
7 Restricted Stenger conjecture for generalized Laguerre polynomials
In the following, we show that the restricted Stenger conjecture for U, holds for gener-

alized Laguerre polynomials LY when the parameter « is restricted to lie in the interval

(=1,1]. An explicit expression of generalized Laguerre polynomials LY s given by

106 - Y i)

k!
k=0

Thus, the associated polynomials @, according to Proposition 6.1 are given by

P, (2) = D—l)k(Z iz)zk.

k=0
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To study the restricted Stenger conjecture for Laguerre polynomials, we shall study instead
the zeros of the degree n truncation of the binomial function (1 + z)"*¢, i.e.,

B@)=Y" (” Za>zk — 2D, (~1/2). (7.1)
k=0

We shall need the following Enestrom—Kakeya theorem [8].

Theorem 7.1 LetP,(z) =Y ;_, axz" be any polynomial with ay > 0 for all 0 < k < n. Setting

. Ak ak
Y = min ’ M = max »
0<k<n Ajyq 0<k<n Aj41

then all the zeros of P, are contained in the annulus
y =lzl =
We introduce the polynomials
" (a-1+k
o - k
H| )(z)=2( ' )z. (7.2)
k=0
The connection between the polynomials B and H™ is given by the following.

Lemma 7.1 For any z # -1, we have

B9(2) = (1 + 2)"H <1L+Z) (7.3)

Proof We proceed by induction on # > 1. The claim is trivial for # = 1. Let us assume that
(7.3) holds for n. We have

z

» a+n .
(L+2)"* ) (“—1) =(1+2)B @) + (n . 1)z"“ =B (@)
This concludes the proof. O

Proposition 7.1 For 0 < « < 1, all the zeros of the polynomial B lie in the half-plane
Re(z) < 0.

Proof The condition 0 < o < 1 guarantees that the coefficients of the polynomial H.*
defined in (7.2) are positive. The successive ratios of the coefficients of H,(,a) are

£ = (“7,1”() _k+1
TR ek

0<k<n-1,

which, for 0 < @ < 1, are non-increasing as k runs from 0 to # — 1. Thus by the Enestrom—
Kakeya Theorem 7.1, the zeros of Hffo are contained in the annulus

n 1
sn—l = §|Z| 550:_'
n+o-—1 o



Ait-Haddou and Alselami Journal of Inequalities and Applications (2023) 2023:107 Page 13 0f 18

Since —1 is not a zero of BE,“) and in view of Lemma 7.1, the zeros of Bffl) satisfy

n z 1
< <=, (7.4)
n+a-1 1+z o
Thus, we have
1 n+o-1
a<|-+1| < (7.5)
z n

and for each zero z of BY, 1/z lies in a ring with center (-1,0) and radii smaller than 1.
Thus, each zero z of BY satisfies Re(z) < 0. O

Propositions 6.1, 7.1, and (7.1) clearly prove the following.

Corollary 7.1 The restricted Stenger conjecture holds for U, for Laguerre polynomials LY
when 0 <o < 1.

Remark 7.1 One can improve Corollary 7.1 by using the results in [6], where it is shown
that for n > 2 and -1 < o < 1, the polynomial

. dk (o, M) k
Z(d—kan (x))m(_z)

k=0

is Hurwitz stable, where L is the Laguerre—Koornwinder polynomials defined by

Ly = (14 (")) e00 e (") L0, Mo,
n-1 n )dx

Thus, in virtue of Proposition 6.1, the restricted Stenger conjecture for U, holds for
Laguerre—Koornwinder polynomials when -1 < o < 1. The advantage of the proof of
Corollary 7.1 we have provided is that it can be applied to other orthogonal polynomi-
als using Enestrom—Kakeya theorem or the many existing variants of it.

8 Restricted Stenger conjecture and blossoming
The notion of polar form (or blossom) (Ramshaw, 1989) associated with a polynomial P of
degree # is defined as follows:

Definition 8.1 Let P be a complex polynomial of degree less or equal to n. There exists
a unique multi-affine, symmetric function in # variables p: C" — C such that for each z
in C we have p(z,z,...,z) = P(z). The function p is called the polar form or the blossom of
the polynomial P.

Consider the following bilinear de Boor—Fix operator on the space of polynomials of
degree less than or equal to # defined as follows: for two given polynomials P, Q of degree
less than or equal to 7, we define

i (_l)k k n—k
P,Ql =) —=PY(®)Q" (2. (8.1)

!
k=0
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The expression [P, Q], is independent of T and for any complex numbers u3, us, ..., u, and
any degree n polynomial P, we have

[P(2), (z - u1)(z—u2)...(z - u,,)]n =pur, ty, ..., uy,), (8.2)

where p is the polar form of the polynomial P.
In the following, for generality, we assume that the x;,x5,...,x, in the definition of the
resticted matrices U, and V,, are arbitrary distinct real numbers in the interval [, b].

Theorem 8.1 The eigenvalues of the restricted matrices U, and V, coincide with the zeros
of the polynomials

a—x1 a—=x a-x
@n(z):n!z"fn< , yeees "),
z z z

and

-b x%,-b -b
v, (2) = n'Z"f, (x1 ’xz ,...,x” )
z z z
respectively, where f,, is the polar form of F,; the degree n truncation of the exponential

function, i.e.,
n tk
F(t)=)_ o (8.3)

k=0

Proof Denote by R, the polynomial

n k
R,(t) = Z (a ;'t) 2
k=0 ’

We have Rﬁ,k)(a) = (=1)¥z"k. Thus, the polynomial ®,, defined in (6.1) can be written as
D,(2) = Y (-1 RP(a)7" P (a) = nl[Ry, 7] -
k=0

Therefore, from (8.2), we have ®,(z) = n!r,(x1,%9,...,%,), where r, is the blossom of the
polynomial R,,. Moreover, from the definition of blossom, it is clear that

a—x1 a-xy a—x,
z z z )

r,,(xl,xg,...,xn)zz”ﬁ,( s ees

This concludes the proof for U,. Similar arguments provide a proof for V,. d

We need the well-known coincidence theorem of Walsh and thus the need to define
circular regions in the complex planes.

A circular region of the complex plane is defined as the image of either the closed or the
open unit disc under a non-singular Moebius maps y (z) of the form

az+b

V(Z)—m,
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where a, b, ¢, and d are complex numbers such that ad — bc # 0. Moebius maps are 1 — 1
mapping of the extended plane into itself with the property of mapping every circle to
either a circle or a line, and every line to either a circle or a line. A circular region is one of
the following: an open disk, a closed disk, an open half-plane, a closed half-plane including

00, the open exterior of a circle including oo, or a closed exterior of a circle including co.

Theorem 8.2 (Walsh coincidence theorem [9)). Let f be a symmetric multi-affine func-
tion of n complex variables and total degree n. Let uy,us,...,u, be n complex numbers

which lie in a circular region C. Then, there exists a ¢ in C such that

f(ulyub“wun) :f(é-;;n-«’é-)'
From the previous theorem, we deduce the following.

Corollary 8.1 The restricted Stenger conjecture holds for U, and V,, with 1 < n < 4, for
any weight function .

Proof One can verify that the truncation polynomial of the exponential; F,,; for 1 <n <
4 has all its zeros in the circular region H~ = {z € C|Re(z) < 0}. Let us assume that the
polynomial ®, has a zero n with Re(n) < 0. Then, we have

a—X; a—X a—Xx
fn< L, ”):0.
n o n

Since the complex numbers (@ —x;)/n,i=1,2,...,n, belong to the circular region H* = {z €
C|Re(z) > 0}, by Walsh coincidence theorem, there exists § € H* such thatf,(§,§,...,§) =
F,(£§) = 0. This leads to a contradiction when 1 <z < 4. Similar arguments can be applied
to prove the theorem for V,, with 1 <n <4. O

Remark 8.1 In the proof of Corollary 8.1, the only used property of the zeros of the or-
thogonal polynomials is that they are real distinct and lie in the interval [a, b]. Thus, the
conclusion of Corollary 8.1 remains true if we define the restricted matrices U, and V,

with arbitrary distinct real numbers x;, i = 1,2,...,n, in the interval ]a, b[ with 1 <n <4.

9 Restricted Stenger conjecture and collocation Runge-Kutta methods
Let ¢1,¢p,...,¢y, be a set of n distinct collocation points in the interval [0, 1]. The collo-
cation method of degree n based on the points ¢; gives as a solution of the differential

equation

YO =f(ty®),  ylto) = yo,

in each integration interval [ty, £y + /], as y1 = P(to + /1), where the collocation polynomial
P is defined by

P(tO) =%0,
P/(to + Cl'h) :f(t() + Cl'h,P(t() + Cih)).
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Given b = (b)), A = (a;)) (i,j = 1,...,5) with b; and a;; real numbers and let c; = Z;Zl a;j. An

s-stage Runge—Kutta method for solving the initial-value problem is given by

kiZf(Ifo+Cih,y0+hZﬂi,jkj), i=1,...,S,

j=1

s
_)/1 :y() + h Zblkl

i=1

In [10], it is shown that a collocation method based on ¢y, ¢y, ..., ¢, is equivalent to the

Runge—Kutta method with matrix A and coefficient b given by

ci 1
ail«:/o Ef(r)dr and b,:/o (t)dr, i,j=1,2,...,n (9.1)

where ¢/ (1) are the elementary Lagrange interpolation polynomials based on ¢;. Moreover,
the order of the collocation method coincides with the order of the underlying quadrature
formula. The stability function of the Runge-Kutta method is given by

det(I — zA + zeb™)
Riz) = det(l — zA)

and the stability region of the method is defined by
S={zeC,|R@)| <1}.

A Runge—Kautta is said to be A-stable if its stability region satisfies
H™CS.

Theorem 9.1 The stability function of the collocation Runge—Kutta method with data
(9.1) is given by

(1 =c1)z,(1-)z,...,(1 - cy)z)
N ful-c1z, -2z, ..., —cy2)

R(2) (9.2)

where f,, is the blossom of the degree n truncation of the exponential function F,,.

Proof One should note that the matrix A is nothing but the matrix U, with x; = ¢;,
i=1,2,...,n and [a,b] = [0,1] and similarly the matrix A — eb” is the matrix —V,,. Thus,
according to Theorem 8.1, we have

1 " 1
det(I — zA) = (-1)"Z" det(LI,, - —1) = Z—|<I>,,(—) = fu(—-c12z,—¢22, ..., —C,2).
z n! z

Similarly, we have

det(l —zZA + zebT) =f,,((1 —-c1)z,(1-¢)z,...,(1— c,,)z).

This concludes the proof. d
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Figure 1 Order-star configuration of Legendre (top left), Chebyshev first kind (top right), Chebyshev second
kind (bottom left), and Gegenbauer with u = 1.4 (bottom right) collocation Runge-Kutta methods for n = 5.
The configurations show the A-stability of the methods

Corollary 9.1 For symmetric weight functions o over the interval [0, 1], the A-stability of
the collocation Runge—Kutta method with ¢y, ¢y, . . ., ¢y, as the zeros of the associated orthog-
onal polynomial 7, is equivalent to the validity of the restricted Stenger conjecture for w.

Proof If the method is A-stable, then necessarily the poles of R belongs to the complex
right half-plane and therefore the restricted Stenger conjecture holds for w. Let us now
assume that the restricted Stenger conjecture holds for w. Since the weight function is
symmetric over the interval [0, 1], the zeros c1,¢y,...,c,, are symmetric with respect to
the interval [0, 1]. Thus

fu(—cric, —coic, . .., —cyict) =f,,((1 —cy)ia, (1 - cp)iat,...,(1— cy,)ia)
for any real number «. Therefore, |R(z)| = 1 for z in the imaginary axis. Moreover, since

lim R(z) = (-1)"
z— 00
and R has no poles in the complex left half-plane, we conclude that #~ C S. This concludes
the proof. O

From the previous corollary and Theorem 6.1, we conclude the following.

Corollary 9.2 The collocation Runge-Kutta methods based on the zeros of the shifted Ja-
cobi polynomials f’i,“’“)(x) with -1 < a < 1 are A-stable. In particular, this is true for (see
Fig. 1)

« Shifted Chebyshev polynomials P>~ ()

« Shifted Gegenbauer polynomials P#=121=112)(x); ~1/2 < 1 < 3/2
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Similarly, from Corollary 8.1, we conclude that any collocation Runge—Kutta method
based on collocation points c3, ¢y, . .., ¢, symmetric with respect to the interval [0, 1], with
1 <n <4,is A-stable.

10 Conclusion

In this paper, we have shown the validity of the extended and restricted Stenger conjec-
tures for a family of weight functions with specific properties. As applications, we proved
the validity of the conjecture for a family of Jacobi and generalized Laguerre orthogonal
polynomials. We related the restricted Stenger conjecture to the A-stability of collocation
Runge-Kutta method when the collocation points are symmetric with respect to the inter-
val [0, 1]. This enabled us to prove the A-stability of a large family of collocation methods.
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