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ABSTRACT

It has been shown in [1], [5], [7] that the three lower levels of the Askey table of hypergeometric
orthogonal polynomials are connected by means of asymptotic expansions. In this paper we continue
with that investigation and establish asymptotic connections between the fourth level and the two lower
levels: we derive twelve asymptotic expansions of the Hahn, dual Hahn, continuous Hahn and continuous
dual Hahn polynomials in terms of Hermite, Charlier and Laguerre polynomials. From these expansions,
several limits between polynomials are derived. Some numerical experiments give an idea about the
accuracy of the approximations and, in particular, about the accuracy in the approximation of the zeros
of the Hahn, dual Hahn, continuous Hahn and continuous dual Hahn polynomials in terms of the zeros

of the Hermite, Charlier and Laguerre polynomials.

2000 Mathematics Subject Classification: 33C25, 41A60, 30C15, 41A10.

Keywords & Phrases: Hahn, Dual Hahn, Continuous Hahn, Continuous Dual Hahn, Laguerre, Charlier,
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Limits between orthogonal polynomials.

1. Introduction

It is well known that there exist several asymptotic relations between polynomials of the Askey
scheme of hypergeometric orthogonal polynomials [1], [5], [7]. For example, the Meixner polynomials
can be expressed in terms of the Hermite polynomials as follows [1]:

My (i) = T ZB—k e, M
k=0
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where B and X are detailed in [1]. This expansion has asymptotic character for large 3. From the first
term of this expansion we can get the limit

. 2¢\ "2 cf — x\/2c[3
ﬁlgrolo(ﬁ)n (ﬁ) M, (1—_C,ﬂ,c) = Hpy(z),

which shows that, when the variable of the Meixner polynomials is properly scaled, the Meixner poly-
nomials become the Hermite polynomials for large values of 5. Moreover, this limit gives insight in the
location of the zeros of the Meixner polynomials for large values of (5 in terms of the zeros of H,,(z).

The asymptotic method from which expansions like (1) are obtained was introduced and developed
in [1], [5], [6] and [7]. More precisely, the method to approximate orthogonal polynomials in terms
of Hermite polynomials is described in [5], whereas [7] introduces the approximation in terms of La-
guerre polynomials and [1] in terms of Charlier polynomials. In these references, asymptotic expansions
of Laguerre and Charlier polynomials in terms of Hermite polynomials and asymptotic expansions of
Meixner-Pollaczek, Jacobi, Meixner and Krawtchouk polynomials in terms of Laguerre, Charlier and
Hermite polynomials are given. That is, [1], [5] and [7] contain the 14 possible asymptotic relations
between the three lower levels of the Askey table.

Those asymptotic methods are based on the availability of a generating function for the polynomials
and is different from the techniques described in [2], [3]. The techniques used in [2] and [3] are based
on a connection problem and gives deeper information on the limit relations between classical discrete
and classical continuous orthogonal polynomials. On the other hand, our method gives asymptotic
expansions of polynomials situated at any level of the table in terms of polynomials located at lower
levels. Our method is also different from the sophisticated uniform methods considered for example
in [8] or [9], where asymptotic expansions of the Meixner M, (nz,b,c) or Charlier C%(nx) polynomials
respectively are given for large values of n and fixed a, b, ¢, . In our method we keep the degree n fixed
and let some parameter(s) of the polynomial go to infinity. The purpose of this paper is the continuation
of the asymptotic program started in [1], [5], [7] and derive asymptotic expansions (and limits when it
is possible) between the fourth level and the two lower levels of the Askey tableau.

In the following section we summarize the asymptotic expansions and the limit relations obtained
in this paper. In Section 3 we briefly summarize the principles of the Hermite-type, Laguerre-type
and Charlier-type asymptotic approximations introduced in [1], [5] and [7]. In Section 4 we prove the
formulas of Section 2. Some numerical experiments illustrating the accuracy of the approximations are
given in Section 5.
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Figure 1. Thin arrows indicate known limits, whereas thick arrows indicate new (as far as we know) limits derived
in this paper.



2. Descending asymptotic expansions and limits

The orthogonality property of the polynomials of the Askey table only holds when the variable x and
other parameters which define the polynomials are restricted to certain real intervals [4]. The expansions
that we resume below are valid for larger domains of the variable and the parameters and for any n € IN.
Nevertheless, for the shake of simplicity, we restrict ourselves to the orthogonality intervals. All of the
square roots that appear in what follows assume real positive values for real positive argument. The
coefficients c¢; that appear below are the coefficients of the Taylor expansion at w = 0 of the given
functions f(w). The parameters o and  appearing in some formulas related to the continuous Hahn
polynomials read a = a + ic and 3 = b+ id with a, b, ¢, d € R.

2.1. Continuous Dual Hahn to Hermite

2.1.1. Asymptotic expansion for large c:

Sgl,b,c (132 n Can—k

B 2t +la(a+1)+b(b+1)+ (a+b)?]z® —abla(l +a) +b(1+Db) +ab] ¢
B 2(a +b)2(1 +a+b) 2’
a+b)+ab— 2?
2B(a+0b)

a-+ix,b+ix

c(
X = a+b
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w).

2.1.2. Asymptotic property:

Bn—Fk
O H, ,(X)=0 <c”+[§]_k) when ¢ — oo uniformly in a,b with 2 and b bounded. (3)
(n—k)! c c
2.1.8. Limait:
Sa-b.ac (\/ca2 — za/2a(1 + c)c)
lim 4 = Hp(z). (4)
e [a <£L‘+ \/a/2) \/c(l—i—c)]
2.2. Dual Hahn to Hermite
2.2.1. Asymptotic expansion for large N :
-N nRa,b,N A n Bn—k
(=) - Mo)) _g~eeB™ 2y LX), Me) =@ tatbr), (5)

prs (n —k)!
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H, ,(X)=0 (N"Jr[g]_k) when N — oo uniformly in a, b with % and N bounded.  (6)
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2.2.2. Asymptotic property:

Can—k
(n—k)!




2.2.3. Limat:

a— o0

lim [(—@)nRg»b’“N (g {\/1 +4N + 4Nz\/2]a — 1D] = Hy(2).

2.3. Continuous Hahn to Hermite

2.3.1. Asymptotic expansion for large a and b:

n
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a+b—1a+ba+i(c+x)
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2.8.2. Asymptotic property:

Can_k
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H, xy(X)=0 (anTJr[%]) when a,b — oo with a ~ b.

2.8.8. Limit:

lim _2 a1 +b) pﬁx,ﬁl,a,ﬁ T ab
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2.4. Hahn to Hermite

= H,(z), with [ =ab+id.

2.4.1. Asymptotic expansion for large a and N :

(~N)aQa"N(2) S B

b+ 1! = (- py =k (X),
with B and X given in (9) and
B 1 z(a+b+4+3) z(z—-1)(a+b+3)(a+b+4)
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2.4.2. Asymptotic property:
B _ o (Nl
(n_k)!Hn—k;(X)—O<N 5 ) (15)
when a, N — 0o with a ~ N uniformly in b with b/N bounded.
2.4.3. Limit:
i ( 2a >”< N(1+0b) )2 y
a—oo |\ 22 + /2a b(1+b+ N) 1)
16
QeabaN aN(1+0b) —x/2abN(1 +b)(1+b+N)\ | _ H, (2)
" (1+b)2 -
2.5. Continuous Dual Hahn to Laguerre
2.5.1. Asymptotic expansion for large a and b:
Sa,b,c(xQ) n X
L = L A 17
(a—}—b)nn' kz:%ck nfk( )7 ( )
A =pi(z) +pi(z) - 2p2(2), X =A+pi(z) -1, (18)
where
(0) = ot BT
b1 - a+b ’ (19)
(2) = clc+1)  abc  ab(l1+a)(1+b) —[c+2ab+ (1+c)(1+2(a+ b))]x? + 2*
P2l =775 a+b 2a—+b)(1+a+b) ’

_ JAw/(1-w) (1 _ X+11 —c+ix a+zx,b+m
flw)=¢e (1—w)* (1 —w) o Fy < 0t b w | .
2.5.2. Asymptotic property:

crLX L (A) =0 (a"ﬂg]_k) when a,b— oo with a ~ b. (20)

2.6. Dual Hahn to Laguerre

2.6.1. Asymptotic expansion for large a and N :

(_N)"Rf;’fwww) S L L (A), A#) = (et atbi) (21)
’ k=0
with A and X given in (18) and
-2
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2(a+1)(2+ a) ’
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el (A) =0 (N”_k_l) when N,a— oo with N ~ a.

2.6.2. Asymptotic property:

2.7. Continuous Hahn to Laguerre

2.7.1. Asymptotic expansion for large a and b:

(2a 4 2b — 1), PP B (z)
(2a),(a+b+i(c—d))pim

Z leLa)z(—k (A)a
k=0

with A and X given in (18), p1(x) and p2(x) given in (10) and

1 .
— JAw/(1—w)( _ , \X+2(1—a—b) a+b—3,a+ba+i(c+wx)
f('w) e (1 w) 3F2 ( 2@, ot e+ Z(b B d)

2.7.2. Asymptotic property:

crLX L (A) =0 (b[nTik]H%]) when a,b— 0o with a ~ b.

2.8. Hahn to Laguerre

2.8.1. Asymptotic expansion for large a,b, N :

a,b,N "
(@bt Dn@u™7(0) _ 5= px (),
k=0

n!

with A and X given in (18), p1(x) and pa(z) given in (14) and

(a+b+1)/2,(a+b+2)/2,—x

_ JAw/(l-w) 1 _ ,,\X—a—b
flw)=e (1—w) SFQ( a+1,-N

2.8.2. Asymptotic property:

cxLi_(A) =0 (N"%) when a,b,N — oo with a~b~ N.

2.9. Continuous Dual Hahn to Charlier

2.9.1. Asymptotic expansion for large a and b:

Sa’b’c(l‘2) n CkAn—k
Zn \" ) (X, A),
(a+ b),n! Zo(n—k)!c b(XA)

A = pi(z) + pi(z) — 2p2(x), X = pi(z) — 2pa(x),

(23)

(24)

(25)

(26)

(27)



with p1(z) and po(x) given in (19) and

a+ix,b+ix

o) =1 )Xo (470

w).

2.9.2. Asymptotic property:

Anfk
A a0 ()
when a,b — oo uniformly in ¢ with a ~ b and ¢/a bounded.
2.9.8. Limat:
Sebe ()
s 0O Cnan(l + b)n - Cn(.T;C)a

where .

£=> [—a?(l +b2) + a1+ b)\/a2(1 — b)2 + dac(1 + b)] ,

1
¢ = 5 [20— 22 — a(1 — b) + v/a2(1 — b)2 —|—4ac(1—|—b)} .

2.10. Dual Hahn to Charlier

2.10.1 Asymptotic expansion for large a and N :

Cn—r(X,A), Mz)=z(x+a+b+1),

(=N)n RN (A(2)) Zn: cr A"
n! B — (n—k)!
with A and X given in (29), p1(z) and p2(x) given in (22) and

—x,—b—=x

Jw) = e A1 - w)y XN ( 0t

w).

2.10.2. Asymptotic property:

CkAn_k

(n—k)! k)!Cn—k(X, A)=0 (a"*k*Q) when a,N — oo with a~ N.

2.11. Continuous Hahn to Charlier

2.11.1. Asymptotic expansions for large a and b:

(2a 4 2b — 1), PP B(z)  In cpAmF
(2a),(a+b+i(c—d)),in — (n—k)!

Cn—k(X7 A)7

with A and X given in (29), p1(x) and p2(x) given in (10) and

1 .
_ —Aw(q _ . \—X+1-2(a+b) a+b—3,a+ba+i(c+x)
flw) = e A(1 = w) oy (Hh, Bt ha i

(33)



2.11.2. Asymptotic property:

ckAn—k

R k)!Cn—k(X; A)=0 (b[—"7§+1]+[§]> when a,b— oo with a ~ b. (36)

2.12. Hahn to Charlier

2.12.1. Asymptotic expansions for large a, b and N :

On—k(X7 A)7 (37>

(a+b+1),Qv"N (x) B i e Ak

n! poars (n—k)!

with A and X given in (29), p1(x) and pa(z) given in (14) and

_ —Awq —X—a—-b-1 ((I+b+ 1)/27(a+b+2)/27_x o 4w
flw) =e"""(1 —w) 3l < a+1,-N 1-w)?2)"
2.12.2. Asymptotic property:
CkAn_k n—k .
an_R(X, A)=0 (a ) when a,b,N — oo with a~b~ N. (38)

3. Principles of the asymptotic approximations

3.1. Expansions in terms of Hermite polynomials

To prove the results of Sections 2.1, 2.2, 2.3 and 2.4 we need the following formulas derived in [5]. If
F(w) is the generating function of the polynomials p, (z), then:

n

Ck Hn_k(X)

n(r) = B" = 7 39
k=0
where the coeflicients ¢;. follow from
flw) =" e, flw) = P 2 BX W p (),
k=0

The choice of X and B is based on our requirement that ¢; = ¢o = 0. This happens if we take

1 p1()
B =\ [inie) —ma(o) x =0l
and we assume that F'(0) = po(z) = 1 (which implies ¢y = 1).
The quantities X and B may depend on x, and if B happens to be zero for a special x—value z,
say, we write p,(z9) = > 1_, ﬁp’f‘k(l‘o).



3.2. Expansions in terms of Laguerre polynomials

To prove the results of Sections 2.5, 2.6, 2.7 and 2.8 we need the following formulas derived in [7]. If
F(w) is the generating function of the polynomials p,,(x), then

n

pa(@) = 3" L, (4), (40)

k=0
where the coefficients ¢; follow from
flw) =3 e, flw) = (1= w)**H eAe/0=0) py).
k=0

The choice of A and X is based on our requirement that ¢; = ¢ = 0. This happens if we take

A =pi(z) + pi(x) — 2pa (), X=A+pi(z)-1 (41)
and we assume that F'(0) = pg(x) = 1 (which implies ¢ = 1).
3.3. Expansions in terms of Charlier polynomials

To prove the results of Sections 2.9, 2.10, 2.11 and 2.12 we need the following formulas derived in
[7]. If F'(w) is the generating function of the polynomials p,(x), then

- C_kCn_k(X, A)

pal(z) = A" ) 5% T (42)
k=0 ’
where the coefficients ¢ follow from
flw)=>" flw) =1 —w)" "~ e 4" F(w).
k=0
The choice of A and X is based on our requirement that ¢; = ¢o = 0. This happens if we take
A =pi(x) +pi(z) — 2pa(), X =pi(z) - 2p2() (43)

and we assume that F'(0) = po(z) = 1 (which implies ¢g = 1). If A happens to be zero for a special

z—value zg, then we write p,(zo) = Y p_, cp(—1)"F (n)—( k)

3.4. Asymptotic properties of the coefficients ¢

The asymptotic nature of the expansions (39), (40) and (42) for large values of some of the parameters
of the polynomial p,, (z) depends on the asymptotic behaviour of the coefficients c;. The following lemma
is proved in [7]:

Lemma 1. Let ¢(w) be an analytic function at w = 0, with Maclaurin expansion of the form

p(w) = p*w™ (ag + ayw + agw® + azw® + ...),
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where m is a positive integer, s is an integer number, and ay, are complex numbers that satisfy a, = O(1)
when p — 00, ag # 0. Let ¢i denote the coefficients of the power series of f(w) = e?W) | that is,

flw) = (W) — Z crw”.
k=0

Thenco =1, ¢ =0, k=1,2,....m—1, ¢xp = O(/L[Sk/m]) if s >0 and ¢, = O (p®) if s < 0 when
L — 00.

4. Proofs of the formulae of Section 2

4.1. Proofs of the formulae of Section 2.1

Substitute:

B Sg’b’c(.fQ)

a-+ix,b+ix
w)] and py(x) = (@t bl

Flow) = (- w) =+ (07000

in the formulae of Section 3.1 to obtain (2).

The function ¢(w) = log f(w) verifies Lemma 1 with © = ¢, s = 1 and m = 3. Therefore, we
have ¢, = O(cl¥/31). On the other hand, we trivially have B = O(y/c), X = O(y/c) and H, _,(X) =
O(c"=*)/2) and we obtain the asymptotic behaviour 2.1.2. The limit (4) follows from the first term of
the expansion (2) after obtaining z(X).

4.2. Proofs of the formulae of Section 2.2

Substitute:

(=N)n BN (M)

n!

—z,—b—=x
a+1

F(z,w)=(1—-w)N "% <

w) and py(z) =

in the formulae of Section 3.1 to obtain (5).

The function ¢(w) = log f(w) verifies Lemma 1 with 4 = N, s = 1 and m = 3. Therefore we have
¢, = O(N/3) On the other hand, we trivially have B = O(v/N), X = O(V'N) and H,,_(X) =
O(N™=*)/2) and we obtain the asymptotic behaviour 2.2.2. The limit (7) follows from the first term of
(5) after obtaining z(X).

4.3. Proofs of the formulae of Section 2.3

Substitute:

a+b—31a+ba+ib+x)

— _ 1—2(a+b)
Flow) = (1= )20 (et bo i

2 +2b—1),, =
B PO ()

2a)p(a+b+i(c—0b))n

and pn(gj) = (

in the formulae of Section 3.1 to obtain (8).

In Section 4.7 we will show that the Taylor coefficients at w = 0 of the logarithm of the above 3F5
function are of the order O(a). Therefore, the function ¢(w) = log f(w) verifies Lemma 1 with pu = a,
s =1 and m = 3 and we have ¢, = O(a*/3l). On the other hand, we have B = O(y/a), X = O(1/\/a)
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and H,,_(X) = O(a’) and we obtain the asymptotic behaviour 2.3.2. The limit (12) follows from the
first term of (8) after obtaining x(X).

4.4. Proofs of the formulae of Section 2.4

Substitute:

Fla,w) = (1—w)~* "1, F, ( (a+b+ 1)C/l2+,(1ciir]lif+ 2)/2, —

(—N)n Q"™ (@)

and pn(x) = bt 1)

in the formulae of Section 3.1 to obtain (13).

The function ¢(w) = log f(w) verifies Lemma 1 with 4 = N, s = 1 and m = 3. Therefore we have
¢ = O(N/3)) On the other hand, we trivially have B = O(v/N), X = O(V/'N) and H,,_(X) =
O(N(=k)/2) and we obtain the asymptotic behaviour 2.4.2. The limit (16) follows from the first term
of (13) after obtaining z(X).

4.5. Proofs of the formulae of Section 2.5

Substitute:
. . a,b,c(,.2
— _ —c+iT a+m,b+m _ Sn7 7 (.’L‘ )
F(z,w)=(1—w) oy ( atb w) and p,(z) = CEDR
in the formulae of Section 3.2 to obtain (17).
a—+ix,b+ix

The function y(w) = logoFy <

4t b w) satisfies the following differential equation in the

variable w:
w1l —w)(y+y7°) + (@a+b— (a+b+2iz+ Dw)y — (a+iz)(b+iz) = 0.

Substituting the Maclaurin series of y(w) = >"7° byw” into this differential equation, we obtain

(a+iz)(b+ix) _ (a+b)(a+b+2ix+1)— (a+ix)(b+ix)
1 P , by =(a+ix)(b+ix) @t b2 tbt D)
and
bry1 = k(k + a + b+ 2ix)b, — kbiby

(k+1) k:+a+b

W‘

EG Dy (05— = Dy — (k- j>bk_j]}.

<.
I
=

Then, by = O(a), bo = O(a) and using the above recurrence we can show by induction over k that
b, = O(a) for k > 2. Therefore, the function ¢(w) = log f(w) verifies Lemma 1 with y = a, s =1 and
m = 3. Therefore we have ¢, = O(al*/?l). On the other hand we trivially have A = O(a), X = O(a) and,
taking into account that lim,—,o, A/X # 1, we have LX , (4) = O(a™*) and we obtain the asymptotic
behaviour 2.5.2.
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4.6. Proofs of the formulae of Section 2.6
Substitute:

—x,—b—=x
a+1

F(.CE,ZU) = (1 — w)N_mgFl (

in the formulae of Section 3.2 to obtain (21).

The function ¢(w) = log f(w) verifies Lemma 1 with 4 = N, s = —1 and m = 3. Therefore we have
c = O(N71). On the other hand, we trivially have A = O(N~!), X = O(N) and L ,(A) = O(N"~F)
and we obtain the asymptotic behaviour 2.6.2.

4.7. Proofs of the formulae of Section 2.7
Substitute:

1 .
_ . 1—2(a+b) a+b—§,a+b,a+z(b+x)
Fz,w) = (1-w) 35( o 20 b io

(2a4+2b—1), 7
2a),(a+b+i(c—0b)), "

and Pn (37) = (

in the formulae of Section 3.2 to obtain (24).

Substituting the Maclaurin series of the logarithm of the above 3F5 function into its differential
equation [10], and following a similar argument as in subsection 4.5 we find that the Taylor coefficients
at w = 0 of the logarithm of the above 3F, function are of the order O(b). Therefore, the function
d(w) = log f(w) verifies Lemma 1 with = b, s = 1 and m = 3. Then we have ¢; = O(b!*/3]). On the
other hand, A = O(b), X = O(b) and LF(A) = O(Y), L (A) = X +1— A =p1(z) = O(Y), and using
the recurrence relation [4]

(n+ 1)Ly (A) —2n+ X +1—A)L; (A) + (n+ X)L, (A) =0,

we can show by induction over n that LX , (A) = O(b("~*)/2) and we obtain the asymptotic behaviour
2.7.2.

4.8. Proofs of the formulae of Section 2.8
Substitute:

(a+b+1)/2,(a+b+2)/2,—x

meozu—wrwwaa( /2t

(=N @i "N (2)

and pn(x) = b+ 1)

in the formulae of Section 3.2 to obtain (26).

The function ¢(w) = log f(w) verifies Lemma 1 with 4 = N, s = 0 and m = 3. Then we have
cr = O(N?). On the other hand, we trivially have A = O(N°), X = O(N) and LX ,(A) = O(N"*)
and we obtain the asymptotic behaviour 2.8.2.
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4.9. Proofs of the formulae of Section 2.9
Substitute:

_ sphea?)

a-+ixr,b+ix w and ()
Pni) = (a+b),n!

Fle,w) = (- w) =+ (01000

in the formulae of Section 3.3 to obtain (28).

From Section 4.5 we have that the coeflicients of the Taylor expansion at w = 0 of the logarithm of
the above o Fy function are of the order O(a). Then, the function ¢(w) = log f(w) verifies Lemma 1 with
p=a,s=1and m = 3. Then we have ¢, = O(al*/?!). On the other hand, A = O(a), X = O(a) and,
taking into account that lim, .., A/X # 1, we have C,,_x(X, A) = O(a®) and we obtain the asymptotic
behaviour 2.9.2. The limit (31) follows from the first term of (28) after obtaining 2%(X, A) and ¢(X, A).

4.10. Proofs of the formulae of Section 2.10
Substitute:

(=N RN (A(2))

n!

—z,—b—=x
a—+1

F(z,w)=(1—-w)N "% <

w) and pp(z) =

in the formulae of Section 3.3 to obtain (33).

The function ¢(w) = log f(w) verifies Lemma 1 with u = a, s = —2 and m = 3. Then we have
cr = O(a=2). On the other hand, we trivially have A = O(a™!), X = O(a) and C,,_x(X, A) = O(a?"~2F)
and we obtain the asymptotic behaviour 2.10.2.

4.11. Proofs of the formulae of Section 2.11
Substitute:

a+b—1a+ba+ib+x)

— . 1—-2(a+bd)
F(z,w) = (1 —w) sk ( 2a,a+c+i(b+d)

(2a4+2b—1), ’
2a),(a+b+i(c—=0b)), "

and pn(z) = (

in the formulae of Section 3.3 to obtain (35).

From Section 4.7, the coefficients of the Taylor expansion at w = 0 of the logarithm of the above
3 Fy function are of the order O(b). Then, the function ¢(w) = log f(w) verifies Lemma 1 with u = b,
s = 1 and m = 3. Therefore we have ¢, = O(b*/3]). On the other hand, A = O(b), X = O(b) and
Co(X,A)=1=01), C1(X,A) = (A—- X)/A=pi(z)/A = 0O(b~1), and using the recurrence relation
4
AC, 11 (X, A)+ (X —A—n)Cp(X,A) + nCph_1(X, A) =0,

we can show by induction over n that C,_p(X,A) = O(b~[("+k)/2) and we obtain the asymptotic
behaviour 2.11.2.

4.12. Proofs of the formulae of Section 2.12
Substitute:

(a+b+1)/2,(a+b+2)/2,—x

Fle,w) = (1= w) o math
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(=N)n @ "N (2)

pn(z) =

in the formulae of Section 3.3 to obtain (37).

(b+1),n!

The function ¢(w) = log f(w) verifies Lemma 1 with © = a, s = 0 and m = 3. Then we have
cr = O(a®). On the other hand, we trivially have A = O(a®), X = O(a) and C,,_1(X, A) = O(a"~¥)
and we obtain the asymptotic behaviour 2.12.2.

5. Numerical experiments

The following graphics illustrate the approximation supplied by the expansions given in Section 2.
It is worthwhile to note the accuracy obtained in the approximation of the zeros of the polynomials. In
all of the graphics, the degree of the polynomials is n = 6, dashed lines represent the exact polynomial
and continuous lines represent the first order approximation given by the corresponding expansion.

a=c=100 a=c=1000
35102 10 4 i 3:0%
29 .
o 5410
. h - - 10%
21 gyﬁ?\fm 120 \\130 | T4 75 10002025 105
10
5102 -10%
21 2#10%
-3%10
10 30

a=c=5000

Figure 2. Expansion (2) for b = 8. S’g’b’c(m2)/(a +b)g versus BOHg(X).
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0.0002

-0.0001

-0.0003

a=N=1000
07 2%10"°
10_7 10-10
s AN\
580/ 600 <620 64 680
] 510

a=N=10000

Figure 3. Expansion (5) for b = 8. —(N)GRg’b’N()\(x)) versus B Hg(X).

LN\ N\
050 6400 6150~6200 6250\6300

a=10+i p=10-i =50 +i B=50-i =100 +i (=100 - i
“ 6 '.\‘-. * 109
Nz BT -7 % 1 BT G710 1
-5%109 £x10°
5%10° 5410
q -10"
1 -15:10°

Figure 4. Expansion (5).

—(2a + 2b — 1) PEPP (2) /[(2a)6(a + b + i(c — d))s] versus BS Hg(X) /6.
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a=b=N=10 a=b=N=100 a=b=N=1000
6+107

2+107

i 4N N
_. 460 480 508~ 520 540 56
NS} -2+107

Figure 5. Approximation (13). (—N)GQg’b’c(m)/(b +1)¢ versus B¢ Hg(X).
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a=b=50 a=b=100
100 10000 110000
50 5§00 | {| 5000
2550 =" 50 — 60 80 9'% K
-50 -5000 -5000
-100L -10000 v il a0000l  F
Figure 6. Expansion (17) for ¢ = 3/2. S&"°(22)/[6!(a + b)g] versus L (A).
a=N=100 a=N=1000 a=N=10000
300000} i '
2*10° b 10t
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100000 10
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Figure 7. Expansion (21) for b = 1. —(N)GRg’b’N()\(a:))/ﬁl versus L (A).
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Figure 8. Expansion (24). —(2a + 2b — l)GPg’B’&’B(I)/[(Za)g(a +b+i(c—d))g) versus L (A).
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Figure 9. Expansion (26). (a + b+ 1)6Qg """ () /6! versus L (A).
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Figure 10. Expansion (28) for ¢ = 1. Sg’b’c(a:Q)/(a + b)g versus ASCs(X, A).

3007 4

100}

-100

-300

a=N=20 a =N=100 a=N=1000
8
24105 2*10
" 108
AN A e P TN
%\1/510\3%,515‘ 20 25 501?'h>?ﬁF‘° i 8p # 600 6200 640 %
L i -10°
¥ d -2%10° .
\ 5 -2*10
; -3%10

Figure 11. Expansion (33) forb=1. —(N)gR>"™ (\(x)) versus ASCs(X, A).

Figure 12. Expansion (35). —(2a + 2b — 1)6Pg’ﬁ’d’ﬁ(m)/[(2a)6(a +b+i(c—d))g] versus A°Cg(X, A).

0=10+  p=10-i 0=50+i  p=50-i 0=100+i  B=100 - i
10000
108 8+10°
5000
500000 4%10°
-M _____ /\ /\
10 5 N 5 /10 1
-5000 \\\,/// \{\’/ﬁ( \\\\,// T
-500000 -4%0°

16



17

a=b=N=10 a=b =N =100 a=b = N=1000
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Figure 13. Expansion (37). (a + b+ 1)6Qg’b’N(x) versus ASC (X, A).
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