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Abstract

In this paper we prove the sharp inequality

) ()| < P n,o -1 n>
PO < PO (Jal" + 570 = Jal),

where PT(LS) (x) is the classical ultraspherical polynomial of degree n and

order s > nHT‘/g. This inequality can be refined in [0, zJ] and [z}, 1],

where z; denotes the largest zero of P ().

1. Introduction

The Jacobi polynomials are amongst the classical orthogonal polynomials
which are most used in the applications. One of the many equivalent defini-
tion of P{®9(x), the Jacobi polynomial of degree n and order («, 3), with
a, B > —1, is:

PO = (= ar ot SO () 0ot 1)

They are a complete orthogonal system in L?([—1, 1], (1 — 2)%(1 + x)%dx).
When o = 3 the Jacobi polynomials take the name of ultraspherical, or
Gegenbauer polynomials. We will let

PO (z) = C3PSTE T (), (1.2)

I(s+3) [(n+2s)
I'(2s) D(n+s+3)
An explicit representation of P{*)(z) is the following:

where C?¥ = and s > —3.

I'(n—m+s)

(s)T'(m + 1)T'(n — 2m + 1) (22)"7%m. (1.3)

PO@) = 3 (-1)"

See [Sz] pg. 84.



In this paper we investigate the asymptotic behavior of the ultraspherical
polynomials P{*)(x) inside the orthogonality interval [—1, 1] for large values
of s.

The asymptotic properties of Jacobi polynomials are very important and
have been investigated since many decades, but, to the best of our knowledge,
the asymptotic formulas which are in the literature do not provide sharp
estimates of the remainders.

Consider for example the following well known identity, (see [Sz|, pg.
381).

lim M (s)( ) = a".
s—+oo  (25)n "

(1.4)

Here n fixed and z € [—1,1

multiply both sides of (1.3)

lim (25)"P)(z) = ——
The proof, however, does not give any insight on the remainder p? () =

r 1
" — LHP(S) (x). In particular, we do not know how fast pf(z) goes to

(2s) "
" r 2
zero when s — oo. Observe that (2" ~ P¥(1) = M, in the
1

]. The proof of (1.4) is very easy; indeed, we
by (2s)™™, and we let s go to infinity. We get

, and hence (1.4) follows.

I'(n+1) C(n+ 1)I'(2s)
r 2
sense that, by Stirling’s formula, lim Pn(s)(l)W = lim (2(57;(22 =1

Therefore, (1.4) is equivalent to

P
lim 75)(5”) =", (1.5)
= )
()
and, when n is fixed and s — oo, pf(z) ~ R (z) = 2™ — ?’ES)ET;-

The asymptotic behavior of ultraspherical polynomials P{*)(z) for large
values of the parameter s has been investigated by many Authors. We cite
for example [EL2], where the Authors express A~2 P (m)\’%) as a finite sum
of Hermite polynomials H, (x). However, to the best of our knowledge, sharp
estimates for R(*)(z) are not available in the literature.

We prove the following



Theorem 1.1 For every —1 <z <1,s>0 andn >0 we have

P (x)

n

P~ Y@, (1.6

s n 1+V5
where |[RY) (z)| < 14 |z|", and, for s > nttY2,

—1
R®) < (1-—|x” n . 1.7
RO@)] < (1 fa) 2 (1.7
Furthermore, the inequality (1.7) is sharp, since
R -1
T CORL (1.8)

e>1- 1 —an 2541

Numerical evidence suggests that the inequality (1.7) holds for every n > 0
and every s > 0. However, (1.7) is interesting for ultraspherical polynomials
of large order. Ultraspherical polynomials of large degree behave like Bessel
functions, in the sense that

lim ® s+ =
= B

2

. L (2). (1.9)

P{®) (cos 2 —s+3
Sl (e G

2
(1.9) easily follows from a well known Mehler-Heine type asymptotic formula
for general Jacobi polynomials, (see [Sz], pg. 167).

The plan of the paper is the following. In Section 2 we collect together
some preliminaries. We refer to [Sz] or to [AAR] for further reading. In
Section 3 we prove Theorem 1.1. In Section 4 we refine the inequality proved
in Section 3. We will show that we can obtain better estimate, which, in
some case, are valid for every positive integer n and for every s > 0, if we
restrict P{*)(x) to the intervals [0, z¢] and [22, 1], where 2% denotes the largest
zero of P9 (z).



Section 2.

In this Section we collect together some preliminaries.
We have defined the ultraspherical polynomials P(*)(z) in the Introduc-
tion. They are are either even or odd functions, that is
PP (—x) = (=1)" P (). (2.1)
The ultraspherical polynomials are related to the Tchebicheff polynomials
T,(x) = cos(ncos™!(x)) by the following limit relation.
. -1 p(s) . 2
1111(1)5 P (x) = =T, (x). (2.2)
5— n
The derivatives of ultraspherical polynomials are constant multiples of ultra-
spherical polynomials. Indeed, from the definition (1.1) easily follows that
(s

—P

i (z) = 2sP Y (). (2.3)

P®) (1) satisfies the following differential equation:
(1—2%)y" — (25 + Day +n(n +2s)y = 0. (2.4)

When s > 0 the maximum of of P{*)(z) in [~1, 1] can be explicitly computed.
We have:

I'(n + 2s)
P —pEy= T2 0. 2.5
s PP = PP) = s 6> (2.5)

The L2 norm of P{)(x) with respect to the measure (1 — 22)*"2dz in (-1, 1)
can be explicitly computed as well. It is

1-2s
/1 |PT(LS)(ZIZ)|2(1 - l,?)s—%da7 _ 72 F(n + 25)

. hr T TmLy 29

In what follows we will denote with P{®)(z) the normalized ultraspherical

) -
polynomials IIZ’}@ET;. We will also let R (z) = 2™ — P¥)(z). We state and

prove a few properties of P{*)(z) and R®)(x) that we will use in the following
Sections.




d ~. n(n +2s) ~
& Py = M2 pen g (2.7
b)
d? - nn—1)(n+2s)(n+2s+1) <512
—— P (z) = Pty 2.
Az " (z) (14 2s)(3+ 2s) w2 (%), (2:8)
c)
d (s) n (s+1) n—1
@) = g (4 2RIV @) — (=12 (29)
d)
d? +2
dTRﬁf) () = AfLRq(f,z )(ZL‘) + B 2%, where
T
n(n —1)(n+2s+ 1)(n + 2s)
AS = B =n(n—1)— A
" Q2@ tas) o onornm b=

n(n —1)(n +n? — 6s + 4ns — 3)
T (1+25)(3 + 2s) ' (2:10)

e) RY)(x) satisfies the differential equation

n

n(n+28)y(z) — (1+28)zy/(x) + (1 — 2°)y"(x) = n(n — 1)z"" % (2.11)

The proof of (2.7)- (2.11) is simple. To prove (2.7) we use (2.3) and (2.5);
we have

s4-1 5(s+1) I(n+2s+1)
P(S)(l‘) = QSM — SPnil (‘r)F(n)F(25+3) — n(n + 28) ~(8t1)<x)
" N (s) o I'(n+2s) - n— .
P (1) T(n+1)T'(2s) 1425

(2.8) follows from (2.7). (2.9) and (2.10) are a straightforward consequence
of (2.7) and (2.8). (2.11) follows from (2.4)



Section 3.
In this Section we prove Theorem 1.1.

Proof of Theorem 1.1. First of all we observe that we can prove the Theorem
for 0 < x < 1, since, by (2.1), P{*)(x) is either even or odd.

We also observe that, by (2.5), the inequality |R: (z)] < (14 2™) is trivial
because |P)(z)] < | P (1)].

We prove first (1.8).

We integrate both sides of (2.9) in the interval (z, 1); since R%)(1) = 0,
we obtain:

()(p) = LT (g g ”(”JFQS)/Q” (s+1) .

By the de I’'Hopital rule,

R®(z) n-—1 1 @ 1
lim — 2~/ — I / RET D (tyat
s L —— 2s+1+m£{1*1—x" 1 w ()

_n—-1 lim Rgfjll)(m) _n—1
2s +1 z—1— ngn1 2s + 1’

as required.

We prove (1.7) by induction on n. We observe first that P () =1 and
pY (z) = 2sz. Thus, R%)(z) = 0 in these cases, and (1.7) is satisfied.

We shall verify (1.7) also when n = 2 and n = 3. Observe that P (x) =
2s(s + 1)a2 — s, and RS (z) = ;s’fi, which is exactly the right-hand side of
(1.7) with n = 2.

When n = 3, we get P\V(z) = —2s (1+5)z + w, and
R (z) = %12) It is easy to verify that 3z(1 — 2?) < 2(1 — 2?), and
thus that RS (z) satisfies (1.7).

We now assume that (1.6) and (1.7) hold for every integer 1 <m <n—1,

1+V5
4

with n > 3, and for every s > m , and we prove that the same is also

1+v5

true for n and for every s > n="=.



To prove that |R®)(z)| < (1 — 2") =% we estimate the integral on the

right-hand side of (3.1), and we prove that

n—1 n(n+2s) [ (41
) 1—”<7/R £dt < 0, e [0, 1],
25—{—1( ") < 1+2s /1 no ()l < rel0, 1

or equivalently

“9(n — 1)(1 — ™) < n(n + 2s) / R Vydt <0,  wel0,1. (3.2)
Let T € [0,1) be a critical point for I (z) = / RETH(#)dt. Then,

d o (s+ H@) =R @) =o0. (3-3)

dl‘n n—1

We integrate the differential equation (2.11), with n — 1 in place of n and
s+ 1 in place of s, in the interval (1, Z|; we obtain:

(n—1D(n+2s+ DI (@) — (34 25) /fde;_l”(x)dx

+/ (1= %) R @)de = —(n = 1)1 = 7772). (3.4)
We integrate by parts the 1ntegral in (3.4). We gather

) d o d e
(n—1)(n+2s+1)I" 1)(T)—(3+25)/ =R (@)da+(1-7%) RO (@)

1

+2/ 1R (@)de = —(n - (1 - 777,
X

that is,
(s+1) — d (s+1) oy A (st1)
(n—1)(n+2s+1)1," (m)—(2s+1)/1 xd—R (x)dx+(1—-7 )%Rn_l (7)
—(n—1)(1 —z"7?%). (3.5)
By our assumption (3.3),
(s41) T d (s+1) (s4+1) /— T d (st
0=7R*"(z ):/1 (R (@) do = 180 @) + [ o2 RV (@)da



Therefore, / SH)(:v)dx = —],(LSH)(T), and from (3.5) follows that

I
—

n(n +2s) [T (T) = —(1 — g;Z);;RSjl”(x) —(n—1)(1-7z"?).
By (2.9), dd RETD(z) = 3 —I—_ZS ((n +25+ DR (2) — (n— 2)30”_2). Thus,
n(n + 2s) 150 (z)
- (1 —x2)§+_215 (n+2s+ DRI @) = (n—2)7"%) = (n—1)(1-7"?)

(3.6)
The identity (3.6) holds at every critical point of IV ( )in [0,1), and hence

also at the points where I (x) attains its maximum and minimum value.
Note that (3.6) is also satisfied when 7 = 1.

By assumption, R (z) > —2=3(1 — 2°~2). Hence,
n—1)(n—-3)(n+2s+1)

(34 2s)(5 + 2s)

23+5

n(n+2s) I8 (@) < (1—72)(1 - 7"2) (

N = i Y

We prove that the right-hand side of (3.7) is < 0 for every T < 1. This is
equivalent to prove that

(n—=3)(n+2s+1) n—2 2" 21— 27

1 — 72 <1 3.8
Q=) 9B 2s) 310 1w = (38)
n—2 1 — 2 2
We prove first that if n > 4, then v (1- ) < 22, or
1—an—2 n—2
" (1 — 2?) 2

< . 3.9
1—an2 —n-—2 (3.9)

Let f(x) be the function on the left-hand side of (3.9). When n = 4 then
f(z) = 1, which is the right-hand side of (3.6). When n > 4 it is easy to
verify that f(z) is increasing in [0, 1]. Thus,

" 41 — 2?) 2
< I =
f($> - zi»ql* 1— gn—2 n—2

8



as required. Thus, (3.8) follows if we prove that

(n—3)(n+2s+1) 2 2 <1
(34 2s)(5+ 2s) 3+2s

Y

(1-a?)
or equivalently that

mx{ 2 (n—3)(n—|—23+1)}_(n—3)(n+23+1)
13+2s (3+29)(6+25)

Gros)ras =1 (10

n—11+ 49 —30n + 5n2
4 )

It is easy to verify that (3.10) is satisfied if s >
and also that

s  on—114+vV49—-30n+5n2 1++/5
— < lim =
n ~ n—oo 4n 4

Y

as required.

We are left to prove that I,Ef_ll)(f) > —2n(:;és)(1 — ™). We go back to

(3.6), and we use RU)(z) < 72 (1 —7"%). We obtain

(n—1)(n—-3)(n+2s+1)
(34 2s)(5 + 2s)

nin+2s) I @) > —(1 -7 (1 —7"?)

(D=2,
3+ 2s
We prove that the right-hand side of the inequality (3.11) is
> —2(n —1)(1 —2™) for every z € [0, 1], or equivalently, we prove that

(1_x2)(n—1)(n—3)(n—|—23—|—1)_(n—1)(n—2) ( 1—x >x”2+n—1

(1-7% —(n—1)(1—-3"2). (3.11)

(54 2s)(3 + 2s) 3+2s 1 —an2
1—2a"
Since 1 — 22 < 1, (ﬁ;ﬁz) 2" 2 >0, and f_;iiz > 1 whenever 0 < z < 1, it

is sufficient to prove that

(n—1)(n—3)(n+2s+1)
(54 2s)(3 + 2s)

+n—1<2(n—1),



o (n—3)(n+2s+1)

(54 25)(3 + 2s)

which is true whenever s > n%.

The proof of Theorem 1.1 is complete.

Section 4.

The following upper bound for the largest zero of P{*)(x) is an easy conse-
quence of Theorem 1.1.

Corollary 4.1 Let 2° be the largest zero of P*)(x). Let s > nHT‘@. Then

Zé(nﬂ)i. (4.1)

Proof. The proof is simple. Indeed, if z = 22, then P{¥(2) = 2" — R (z) = 0.
By (1.7),

n—1
n_— |RG) <
2= |RYE) < g

(1-2")

from which (4.1) follows.

Our upper bound is far from being optimal. There is a lot of literature
concerning the zeros of Jacobi polynomials and good asymptotic estimates
are known. See [I], [IS1], [IS2], [EL1], [EL2], [E], just to cite a few.

To the best of our knowledge, the best available upper bound for z; is in
[ADGR].

n+s—2)(n+s—1) n+1

ZZ<¢((n—1)(n+2s—2) cos( T ), n > 1. (4.2)

The inequality (4.2) improves the following inequality due to Elbert, (see

[E]).

. \/(n—l)(n—l—25+1)'
n—+ s

Z (4.3)

10



Let us recall the following inequality, which holds for every s > 0 and
n > 2.
25 > 5t (4.4)
d ~ 25) ~(s
Indeed, by (2.7) d—P,,SS) (x) = n(ln_:—Qs)P,Eﬁl)(x). Since the zeros of ultra-
x s
spherical polynomials are real and lie in the interval [—1, 1], (see [Sz]), and
between any two zeros of P(*)(z) there is at least a zero of its derivative, then
the largest zero of P*)(z) is larger than the largest zero of P(SH)( )

We prove that the asymptotic formula (1.6) can be refined in the intervals
0, 25] and [22, 1].

Theorem 4.2 a) Let n > 1 and s > 0. For every z5 < x <1 the following
sharp inequality holds. B
0 < P¥(z) < am (4.5)

b) For every 0 <z <z and n > 3,

(n—1)(n+2s+1)

PO < TR S - EIET )
Whenn =2 and 0 <x < 25 = L_ then
2(s+1)
= (s) 1

c)ForeveryOngsz,nZQandsanT‘/g,

(1— 2. (4.8)

Remark. The estimates (4.5) and (4.6) are valid without any restriction on

nand s. When 0 < z < zflfll, s > n”*f and n > 3, we can also prove the

following easy refinement of (4.6):

B ()] < (1= a™)(2370)" > (4.9)

n—1



(n—1)(n+2s+1)
(25 +1)(2s + 3)
1—2?2<1—a"if0<az <z,
By (4.2) or (4.3), the inequality (4.9) implies (4.8) when 0 < x < 251}
and n > 5, but in the interval [0, 23] a different proof is needed.

Indeed,

n—1

< 1 whenever s > n1+4‘/5, and 1 — (251])? <

Proof of Theorem 4.2. We prove (4.5) first. Since R®)(z) = 2" — P\¥(z),
(4.5) is equivalent to proving that
0 < R®(x) < 22" (4.10)

whenever x > 2.

When z > 25, P{®(x) does not vanish, and hence it is either positive
or negative. Since P{*)(1) = 1 > 0, then P®)(z) > 0 whenever z > 2.
Therefore, R (z) = 2™ — P®)(x) < 2", which is better than the inequality
on the right-hand side of (4.10).

We are left to prove that R (z) > 0 whenever x > z°. To this aim we
use induction on n. It is trivial to verify the cases n =1 and n = 2, (see the
previous Section). We now assume that R()(x) > 0 whenever z > 2{*) and

m >n — 1, with m > 3, and we prove that the same holds also for n.
-1
It is convenient to use the identity (3.1). Since R(¥ () :271 1 (1—2")
s

25) (s s s .
71(171_:_28)]7(1 +11 (), where Iy(z—tl (z) = / R( H)( t)dt, proving that
s

R®)(x) > 0 is equivalent to proving that

n—1

s+1) (s+1) > _

(1—a™). (4.11)

It is sufficient to prove that (4.11) holds at the critical points of I,S‘S_Jrll)(x) in
(25, 1]. We use the identity (3.6), which is satisfied at every critical point of

189 (z) in [0, 1].

n(n +2s) (s (mn—1)(n+2s+1) (s12),_
1_7#[71 +11)(35) = - 31 9s Rf:f)(x)
-2 —1 1—z" 2
(=D =1) ey L=
3+ 2s 1 —72

12



Observe that the largest zero of P(*)(z) is larger than the largest zero of

(542 By assumption, R(T) < %2 for every T > 2%, and

n(n+2s) I8N @) > —(n—1)7"2(1-7%) — (n—1)(1-7"2) = —(n—1)(1-7").

Thus,
n(n+28) 150 (@) > —(n —1)(1 —7"),

as required.

We now prove (4.6). It is well known, (see e.g. [Sz]), that the local
maxima of | P{*)(z)| are increasing. The critical points of P{*)(x) are the zeros
of Pfjl)(w), and hence |P{*)(z)|, restricted to the interval [0, z¢], attains its
maximum at 25},

To estimate P(*)(2571) we use the differential equation (2.4). Since

]’5(54-1) (ZS+1 g

21 (2057) = 0, we obtain

~ d2 ~
n(n + QS)PT(Ls)(Zs—&-l) — _(1 . (ZS+1)2)7P(8)(28+1).

n—1 n—1 2r " n—1

d? - nn—1)(n+2s)(n+2s+1) ~ (440
By (2.8), &~ PY(25th) = PP (1), and
Y( )7 d2r " (Zn71> (1+28)(3+28) n—2 (anl)a an

-1 2 1) ~
(n )(n—l— s + >P7(LS—52)( s+1

PP (5t) = —(1— (255))?) (25 +n 4+ 1)(3 + 2s) "2 ool

n n—1 n—1

).

Since z5t] > 2572 by (4.5) we gather

(n—1)(n+2s+ 1>( sHlyn-2

ﬁ(s) s+1 < 1 _ s+1\2 412
| n (Zn—1)| —( (Zn—l) ) (1+28)<3+2$) n—1 ) ( )
from which (4.6) follows.
~ 1-2(1 2
Let us prove (4.8) for n = 2. Recall that, st) (x) = — 2( ++13) ’ :
s
and 25 = ———. The maximum of |P{”(z)| in the interval [0, 23] is at

2(s+1)
x = 0. Therefore, |]52(S)(x)| is decreasing in [0, z5], and one can see that

13



h(z) = (1—22)"|P{?(2)| is decreasing too. The maximum of h(z) in [0, 23]
1— 22
2s+1

is then h(0) = (25 + 1)~!. Consequently, |152(8) ()] < , as required.

To prove (4.8) when n > 3 we start from (4.6), and we prove that

n+28+1 S S n— S\n
“?i;jgfi‘*(l — () () < 1= () (4.13)

n—1 n
This is sufficient to prove (4.8).
It is easy to prove that the function f(z) = 2" 2(1 — z?) is increasing

n—2 n—2
n

whenever 0 < z < and is decreasing when x > Ve Therefore,

flz) < f(y/ "7_2) = ﬁ (1 — %) 2 and we can reduce matters to proving that

2(n+2s+1) 2\ 2
= 1——] <1-—(2)".

We prove that g(n, s) is a decreasing function of n, and hence that g(n, s) <

4 (2
g(3, s) = &; indeed,

3v3 (34 25)

0 1 1 n—2

7 - S| .

Sron9) =g, ) (1o + 5 loa(" )

It is easy to see that %g(n, s) is negative for every s > 0 and n > 3, which
implies that n — g(n, s) is decreasing. (4.13) follows if we prove that

4(2+s)

I =B B

1— ()" (4.14)

n

2 ¥ ons—s—1 2 1
By(4.2),z;<*/"+”3 i :Jl_HH

n+s (n+s)?
s2+s+1

(n+s)? ) . Clearly, h(n, s) is a decreasing func-

Let h(n, s) = (1
tion of s, and hence

1 +4\/5> _ (5 +2\/3)"(2(3 +v5)n? —n;l — (14 \/3)n>

h(n,s) < h(n,n
(4.15)

14



It is not too difficult to see that function on the right-hand side of (4.15) is
a decreasing function of n. Thus,

3
2

1+\/3)§h(3’31+\/3 :8<47+15\/52 |
4 4 27 (5 + V/5)

h(n, n

Therefore, (4.14) follows if we prove that

1+5 4(2+5) +8(47+15\/5)2<

O T T A G2 m(savE)

9
which is certainly true for every s > 3”7‘/5.
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