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ASYMPTOTIC APPROXIMATIONS FOR THE JACOBI AND
ULTRASPHERICAL POLYNOMIALS, AND RELATED FUNCTIONS*

T. M. DUNSTER'

To Richard Askey on his 65th birthday

Abstract. Uniform asymptotic approximations are derived for three fundamental solutions of

Jacobi’s differential equation, one of which is the Jacobi polynomial P7(Lp D) (z) when the parameter
n is an integer. The case where the parameters p, ¢, and n appearing in the equation are real and
nonnegative is considered (with m not necessarily an integer), and where the argument z can lie
in unbounded complex domains. The results are obtained by an application of existing asymptotic
theories of a coalescing turning point and simple pole in the complex plane, and of a coalescing
turning point and double pole in the complex plane. The resulting approximations achieve a uniform
reduction of free variables from three to two, and involve either Whittaker’s confluent hypergeometric
functions or Bessel functions. Four cases are considered: (i) ¢ large, p fixed, and n taking any value in
the range 0 < n < O(gq), (ii) n large, p fixed, and ¢ taking any value in the range 0 < ¢ < O(n), (iii)
p and ¢ large and equal, with n taking any value in the range 0 < n < O(p), and (iv) n large, with p
and ¢ equal and taking any value in the range 0 < p = ¢ < O(n). In cases (i) and (ii), the roles of p
and ¢ can be interchanged via well-known connection formulas (which are provided), and cases (iii)
and (iv) provide asymptotic approximations for the ultraspherical (Gegenbauer) polynomials when
n is an integer. Explicit error bounds are available for all the approximations.

1. Introduction. In this paper, we shall examine the asymptotic behavior of
solutions of Jacobi’s differential equation

d’y dy
(1.1) (1 —1172)@ + [(¢—p) — (p+q+2):z:]% +nn+p+q+1)y=0,
which is characterized by having regular singularities at x = +1 and * = oco. We
seek asymptotic approximations for nonnegative values of the parameters for the case
where

(1.2) uzn—l—%(p—i—q—i—l)—mm,
with one or more of the parameters n, p, and ¢ being considered large.

We shall consider the following four cases. In §2, we obtain asymptotic approx-
imations for ¢ large, p fixed, and n taking any value in the range 0 < n < O(q). In
83, we obtain asymptotic expansions for the case n large, p fixed, and ¢ taking any
value in the range 0 < ¢ < O(n). In §84 and 5, we consider the case where p and ¢
are equal: in §4, we assume p and q are large, with n taking any value in the range
0 <n < O(p), and in §5 n is considered large with p and ¢ taking any value in the
range 0 < p = ¢ < O(n). With the aid of the connection formulas (1.23) and (1.24)
given below if necessary, the asymptotic approximations of §§2, 4, and 5 are valid for
all complex x, and the asymptotic expansions of §3 are valid for all = except at points
near the singularity at x = 1. The roles of p and ¢ can be interchanged in the results
of §§2 and 3 again by an appropriate use of the connection formulas (1.23) and (1.24).
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When n € N, the most important solution of (1.1) is the Jacobi polynomial, given
by

P.a . I'n+p+1 " \T(n+p+q+k+1)/z—1 k
(1.3)  P{ )(I)_n!l"(n—i—p—i—q—i—l)kz_o(k) Tt ki D) < . )

Jacobi polynomials are one of the class of classical orthogonal polynomials (which also
include Legendre, Laguerre, Hermite, Chebyshev, and Gegenbauer polynomials), and
satisfy the orthogonality condition

1

(1.4) / [(1—2)P(1+ x)q]P,gp’q) (z)PPD (z) dx = 0, m # n.
-1

Amongst their many important applications, we mention their role in the interactions

of special functions and group theory[2]. In addition to P""? (x), we shall consider,

in this paper, other solutions of (1.1), as well as the more general case when n is not

necessarily an integer.

There have been many investigations into the asymptotics of solutions of Jacobi’s
equation (1.1), although most have focused on the Jacobi polynomial (1.2) (see for
example [3], [5], [7], [9], and [12]). Frenzen and Wong [9] used an integral repre-
sentation to get an approximation (with error bounds) for the Jacobi polynomial in
terms of Bessel functions, for © — oo with p, ¢ fixed and —1 4+ 6§ < x < 1. These
approximations were used subsequently by Qu and Wong [13] to settle Szegd’s 1926
conjecture on the monotonicity of Lebesgue constants for Legendre series.

In 1989, Chen and Ismail derived approximations for piA+Bn.Cctbn) () asn — o0
with A, B, C, D, and z all remaining fixed. Asymptotic approximations for a second
solution of (1.1), which at infinity is recessive (see [10, Chap.5, 7]), have been obtained
by Elliot [7] and Nestor [12], and most recently by Wong and Zhang [16]. Also Wimp
et al. [15] considered the numerical computation of an associated function which is
real-valued on the interval (—1,1). Nestor’s [12] approximations are valid for real = in
the interval (1,00) and for a large range of the parameters, and include error bounds.
The results of §2 of the present paper are an extension of his results to all values
of x (real and complex). Most recently, Wong and Zhang [16] extended the results
of Elliot [7]; they employed an asymptotic theory of Olver [10, Chap.12], involving
differential equations having a simple pole, to derive an asymptotic expansion of a
second solution to the Jacobi differential equation, along with a two-term asymptotic
approximation for its zeros.

Returning to Jacobi’s equation (1.1), we note that for n € N and p = ¢ =
:I:%, we obtain, as a special case, the Chebyshev polynomials as solutions. More
generally, when n € N and p and ¢ are equal, solutions of (1.1) are the ultraspherical

(Gegenbauer) polynomials ct (x), which in terms of (1.3) are given by

I‘(r + %) r2r + n)P(P%,w%)(x)
r@2r)T(r+n+3) '

(1.5) C () =

n

Asymptotic approximations for these polynomials can be obtained directly from the
results of §4 below.

When n is not an integer, Pflp ) (x) is no longer a polynomial, and (1.3) generalizes
to
Fn+p+1)
Fn+1)T(p+1)

1
(1.6) PP (z) = F(—n,n+p+q+1;p+1;—(1—w))

2
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where F as usual denotes the hypergeometric function. Thus, in general, P\"*? (z)
has a branch point, or pole, at x = —1 and x = oco. Its principal branch is restricted
to the z plane having a cut along the negative real axis from z = —1 and z = oo,
with other branches obtainable by continuation across this cut.

As we remarked above, we shall consider real non-negative values of the three
parameters n, p, and ¢, and in this case, P,Sp ) (2) is uniquely characterized as being
recessive at © = 1 (arg(z) = 0). It is always dominant at infinity and is recessive at
x = —1 if and only if n € N.

We consider two companion solutions to P¥*?(z). The first, which is recessive
at infinity, is defined by Szego [14]

1 (1= )P (1 4 )t
17) Qi) = 27t (z — 1)P (2 4 1)9 /_1 ( (?r - 15()”*1 : dt, o ¢ [L1]
or, as an alternative representation (see [7], [8], and [12]),
1 L 1=-Hr(1 q
(1.8) QP9(z) = 2w D@ F 1) /_1 ( 2_(t+ 2 PPO(t)dt, x¢[-1,1].

The representation we find most useful is in terms of the hypergeometric function

2 n+p+q+1
19 o - kpo( L)
z—1
xFn+p+qg+ln+q+1;2n+p+q+22(1—2)""),
in which for later convenience we have defined,

'n+p+1)T(n+q+1)
1.10 KPD) =
(1.10) " 2T (2n+p+q+2)

The hypergeometric function in the representation (1.9) has branch points at © = +1
and, along with the factor (z — 1)"""P~9~1 takes its principal value in the x plane
having a cut along (—oo, 1].

We shall let y(xe™) (y(ze~™)) denote the branch of any solution y(z) of Jacobi’s
equation obtained from the principal branch by making a positive (negative) half-
circuit of the ellipse having +1 as foci and passing through z. Now, since Jacobi’s
equation (1.1) is unchanged when x is replaced by —z, with p and ¢ interchanged,

it follows that Pfﬂ"p ) (xe_”) is also a solution of the equation. We shall take this as
the third fundamental solution, and since it is recessive at x = —1 (arg(x) = 7), it

comes into play when n is not an integer. Note that Pfﬂ"p ) (re~™%) has its principal
branch taken in the z plane having a cut along [1, 00). We remark that when n € N,

the solutions P{%" (ze=™%) and P{*"?(z) are linearly dependent polynomials, and in
particular,

(1.11) PP (=a) = (<1)"P{9) (@),

We now record various results involving these three solutions which will be of use
later. First consider the asymptotic behavior of the solutions at the three singularities
of Jacobi’s equation (1.1). As z — 1 (arg(z) = 0)

F'n+p+1)
P(n+1)T(p+

(1.12) PP (1) = 1){1 +O0(z — 1)},
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and as x — 17 (arg(z) = 0)

(1.13)
vy LfT@T(n+q+1)( 2 \’ T(n+p+1)T(-p) .
< )(I)_2{I‘(n+p+q+1) <x—1> I(n+1) }{HO( b}

in the latter case provided p #0,1,2,... . If p=1,2,3,..., then from (1.9) and [1,
Eq. 15.3.14], we find as z — 17

p.q _T(Tn+q+1) 2 "
(L14) Qf )(x)_zr(n+p+q+1)(x—1)

sin{(n+p)r} T(n+p+1) 2 i1
2sin(nm) T(n+ 1) T(p+1) 1n<x_1)—|—0{(:1:—1) +}

where the limit is taken on the second term on the right-hand side when n is an integer
or zero. If p = 0, then

1 2 1 1
(1.15) QD (z) = 3 11(1(1j — 1) —y— 51/1(n+q+1) — §w(n+1)+0{(x— 1)In(z—1)}
where 9(z) = I"(z)/T'(z) is the digamma function, and v = —(1) is Euler’s constant.
Next, as # — —17 (in the principal plane)

_sin(nm)I'(n+p+1) I'(q) ( 2
al(n+p+q+1) r+1

(1.16) PP (z) = )q{1 +0(z +1)},

provided that n is not an integer and ¢ > 0 and ¢ # 1; in the latter case, (1.16) still
holds, but the O(z + 1) term must be replaced by O{(z + 1) In(z +1)}. If ¢ = 0 (and
n is not an integer), then

_ sin(nm)

PPO) () - [ln{%(z—l—l)}—l—Z”y—l—w(n —|—p+1)+1/)(n+1)]

(1.17) + cos(nm) + O{(z + 1) In(z + 1)},
and finally, if n is an integer, then

o F'n+q+1)
I'n+1)T'(q+

(1.18) PP (z) = (-1 1){1+O(:v+1)}.

As z — —1+£40 (arg(z) = £7) and ¢ > 0,

Tn+p+1)T 2 \?
(1.19) Q$®u>=—ﬁmﬂwgggj;+;jﬂ(x+l){1+ou+1n,

except when ¢ = 1, in which case the O(z + 1) term must be replaced by O(z + 1)
In(x +1). If ¢ = 0, then
1 ; 1
QPO () = §e¢(n+p)m {m{g(:p + 1)} +2y+¢Y(n+p+1)+(n+1)Fmi
(1.20) +O{(z+1)In(z + 1)}.

Next, as x — 00,

{1+0G™}

2 n+p+q+1
x>

(1.21) @w@@>_Kym<_
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and

(1.22) PP (z) ~

'n+p+q+1) (w)"
2 )

T(n+p+q+1)T(n+1)\2

with principal branches applying in both cases.
We also shall find the following connection formulas very useful:

2eF (M HP) T gin (nr)

(1.23) pémz) (z) = e$n7rip7gq>;v) (xeztﬂi)+ Q,(f’q) ()
T
and
(1.24) Q%‘LP) (xeiﬂ'): _ejF("erJrq)TriQ%p,q) (z).
We also note the continuation of the solutions around the singularity x = —1.

Suppose that x lies on the upper part of a cut from [—1,1] with arg(x + 1) = 0 and
x # +1; we let —1 + (z + 1)e?™ denote the corresponding point on the lower part
of the cut where arg{—1+ (z + 1)e?™*} = 27 (i.e., the point obtained by encircling
the singularity = —1 once in the positive sense). Then from (1.6) and [10, Chap.5,
Eq.(10.12)], we find that

(1.25) pép#z)(_l t(z+ 1)627ri): e_zq”iP,(Lp’Q)(!E)
+ 2 sin{(n + gy} PLOP) (ze~™).

Hence, from this and (1.23), we obtain (assuming temporarily that n is not an integer)

1.26 (pa) (_q 1)e2™ me” (mipr2am P —n7i p(4,p) (o=
(126) QPP(-1+ (x + 1)) = Z5 s [ PP (@) — e "B (e,
noting that P{"") (ze~™%), being analytic at z = —1 for all values of the parameters,

is unchanged when = is continued to —1 + (z + 1)e*™. Thus we arrive at
(1.27) QP9 (=14 (z+1)e*™) = e~ 2mi QP9 (1) 4 mie~ (P20 pla.p) (ze™™)

where n again can be an integer.
Similarly, if (1 + (z — 1)e?™*) denotes the branch of a solution y(x) obtained by

encircling the singularity 2 = 1 (but not = —1) once in the positive sense, then
(1.28) QPD(1 + (x —1)e?™) = e~ 2PmQPD (1) — mwie P PP (z).

The plan of this paper is as follows. In §2, we obtain asymptotic approximations
for the case where ¢ is large, p is fixed, and n taking any value in the range 0 <
n < O(q). We shall show that, for this case, the resulting differential equation has a
turning point lying in the interval (—1,1) which is bounded away from a double pole
at © = —1, but which can coalesce with a simple pole (at = 1) when ¢ — oo with
n = o(q). We apply the theory of [6] which provides asymptotic approximations in
terms of Whittaker’s confluent hypergeometric functions, which are uniformly valid
for complex values of x, and in particular, in unbounded domains which contain the
singularities x = +1 as well as the turning point. We obtain approximations for all
three Jacobi functions PP% (x), pler) (re~ ™), and QP? (x) directly, but for the first
two only in restricted domains. However, we show how these approximations can
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be extended to all real or complex = values with the aid of appropriate connection
formulas. As we remarked above, Nestor [12] obtained similar approximations for

pipD (x) and QP9 (2), but only for real x lying in the interval (1,00). The results
of §2 are valid for all complex x (with the aid of appropriate connection formulas, if
necessary), and in particular, for the special case of = real for —oco < x < 0.

In §3, we obtain asymptotic approximations for the case where n is large, p is fixed,
and ¢ takes any value in the range 0 < ¢ < O(n). Again we find that the differential
equation has a turning point which lies in the interval (—1,1), but this time it is
bounded away from the simple pole (at 2 = 1) but can coalesce with the double pole
(at © = —1) when n — oo with ¢ = o(n). For this case, the theory of [4] is applicable
and provides asymptotic expansions in terms of Bessel functions, which are uniformly
valid for complex values of x in unbounded domains which contain the double pole
x = —1 and the coalescing turning point, with only a neighborhood of the simple pole
2 = 1 excluded. We obtain expansions for the Jacobi functions P{" (ze~™) and
Q7 (z) directly, with the corresponding expansion for P{*? (z) then coming either
from (1.11) (if n € IN) or from (1.23) otherwise. For approximations which are valid
in complex domains containing the simple pole at z = 1 for the case n large, with p
and ¢ fixed (so that there is no turning point), we refer the reader to [7] and [16].

In §4 and §5, we consider the case where p = ¢, which corresponds to the equation
satisfied by the ultraspherical (Gegenbauer) polynomials Cff)(x) defined by (1.5). In
84, we consider the case where p and ¢ are large, and the results are uniformly valid for
n taking any value (again not necessarily integer values) in the range 0 < n < O(p).
For these parameter ranges, we find that the equation has two turning points in
(—=1,1), which are symmetrically located about the origin and bounded away from
poles located at x = +1, but which coalesce with one another when p = ¢ — oo with
n = o(p). A general asymptotic theory of coalescing turning points is provided by [11],
but only for real values of the independent variable. However, since the differential
equation in question is even in z, we can apply a simple transformation ¢ = 2 so that
the resulting equation (in terms of ¢) is of the type considered in §2, namely one having
a coalescing turning point and simple pole. We, therefore, again are able to apply
the theory of [6], and the resulting asymptotic approximations involving Whittaker
functions are uniformly valid for complex values of ¢ in unbounded domains which
contain the turning point and simple pole. As in §2, we obtain approximations for
all three Jacobi functions P.**") (x), pir» (re~™), and QPP (x) directly, but for the

first two only in restricted domains. The approximation for Pflp 2 (x) is extended to
all real or complex ¢ (and corresponding x values) via a matching with a solution of
Jacobi’s equation which vanishes at x = 0.

Finally, in §5 we consider the case where n is large, and the results given are
uniformly valid for p and ¢ taking any value in the range 0 < p = ¢ < O(n). For
these parameter ranges we find, as in §4, that the equation has two turning points in
(—1,1) which are symmetrically located about the origin, but this time are bounded
away from one another, and which coalesce simultaneously with double poles located
at © = £1 when n — oo with p = ¢ = o(n). As in §3 the relevant general asymptotic
theory is provided by [4]. We consider the case |arg(z)| < 37 (i.e., focusing on the
turning point which can coalesce with the double pole at @ = 1), with extension to
other values of x obtainable from appropriate continuation formulas.

The general theories of [4] and [6] which are applied in this paper provide explicit
error bounds for all the approximations.
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2. g large, n small or large, and p fixed. For convenience we first define

. P ~_ 4
2.1 =£ -1
(2.1) p=  d=
where u is defined by (1.2). Since all parameters are to be non-negative, we observe
from (1.2) and (2.1) that 0 < p,¢ < 2 and 0 < u < oo. In this section, we suppose
that p is fixed (and hence p — 0 as u — o0) and allow ¢ to satisfy

(2.2) §<g<?2

where here and throughout 0 is used generically to denote an arbitrary small positive
constant. If p is large and ¢ is fixed, the results of this section are applicable via the
relations (1.23) and (1.24) above.

We begin by removing the first derivative in (1.1) by observing that if y(z) is any
solution of Jacobi’s differential equation, then w(x) = (z —1)P+1/2(z 4 1)(a+D/2¢(z)
satisfies

(2.3) w” = {u*f(gz) + g(z) jw
where

p2 -1 1
(24) 90) = S 1R A DT
(2.5) fdz) = —2 2D

(x—1)(z+1)%

and for convenience,

(2.6) (@) = 8 — L.

Eq. (2.3) has a turning point at z = x4(§) and regular singularities at © = £1.
The dominant term, f(g,x), has a simple pole at 2 = 1 and a double pole at 2z = —1.
From (2.2), we observe that the turning point lies in the interval

(2.7) 146 <a(d) < 1,

and as such can be arbitrarily close to the simple pole (which we term as “coalescing”),
but is bounded away from the double pole. Note that (2.7) incorporates the case
q — 0o with n = o(q) since ¢%/(2u?) — 2 in this case, and consequently from (1.2),
(2.1), and (2.6), we see that z:(q) — 1.

The theory of Dunster [6] is applicable here, and in the notation of that paper
a=2-— %(12. Following [6], we apply the following general Liouville transformation

(of new independent variable £(z) and dependent variable W (¢))

(25) vW@-(%)imx

which takes Eq. (2.3) to the form

>PW - . x — 2+(q) . 1 IR [
(2.9) e _{u2x2m+x2g(x)+x d§2(ar )}W
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where @ = dz/d¢. We now choose £(x) so that the coefficient of u? is simpler, but
retains the characteristic of a simple pole and a coalescing turning point. Thus, for
suitably chosen a = a(u, §) (see (2.18) below), we prescribe

.2 f—ft((j) o 5—04
(2.10) T D@ +102 €

Thus, from (2.8),

(2.11) W(¢) = (I_xt(a))z = 1)§ w(zx),
and the result is

(2.12)

de? 2§ —« p2—1 1/;(04,5) 3
d&?‘{“ e i T ¢ }

In this equation, 1/3(04, £) is given explicitly by

1R - -t ]) | s - 3a)
(218) o) = = 0 @ - w(@) | 166E —a)?
(€ —a)(@+ 1)1 —a¢(9){42® + Tz — 5+ 24(Q)(x — 7)}

16(z — 1)(z — 2:(q))?

and will be seen to be analytic at £ = 0 (which will correspond to = 1). For suitably
chosen «, it also will be analytic at ( = « (which will correspond to & = z:(q)).
Moreover, we shall show that £ becomes unbounded at both z = —1 and = = oo, and
that 1(av, £)/€ will be integrable at both these singularities. This in turn will establish
that the asymptotic results of this section will be valid at all three singularities of the
original equation (1.1).

Let us first suppose that = (and &) are real. Then, integration of relation (2.10)
yields for z4(q) <z <1 (0 < ¢ < a)

Sla-7? L(t—a (@) F dt
(2.14) / T = / 21(@)
where the arbitrary integration limits are chosen so that & = 0 corresponds to z = 1.
Hence, for z:(¢) < z < 1,

(2.15) /Ela —&) + % arcCOS{ a ;25 }: arcCOS{%‘;(Zt)((j)}

- (130 oo M

The branch of the inverse cosines are such that they are continuous and increase
montonically from 0 to 7 as x increases from 0 to « (respectively, x decreases from 1
to x4(¢)). Thus, for the turning points to correspond, i.e., z = x+(¢) to map to & = a,
we require

[} _ % 1 o ~ %
(2.16) / {o‘ T} dT:/ {t It@} *
0 T It(q) 1—t t+1

+
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or, equivalently,

1 1

(2.17) Ja= 1- 2(1+xt((j)).
Invoking (2.6) yields
(2.18) a=2-4g

and as such the restriction ¢ € [4, 2) corresponds to
(2.19) 0<a<2-0.

For —1 < x < 24(q) (o < € < 00), we have

§ 3 @¢(q) 5) — ¢ 3 dt
(2.20) / T2 gr = / 2:(@) = :
o T - 1-1¢ t+1

and hence
[e(c —a)]® - %oz In{2€ — o+ 2€(€ — )3} + %a In(a)
_pJ 12t ae(@) — 2[(A — 2)(2(q) — )]
221 =n{ - }

_( | )m{l_3x+xt<q~><3_x>—2[2<1+xt<q>><1—w><xt<a>—wﬂ%}.

f=pe 10— ()

Finally, for 1 < z < 0o (—o0 < £ < 0),

(2.22) /EO{T;O‘}%CZT_/lz{t;ft@}ifl,

and, hence,
[~sta - )" - 3anda 26— 2l-gta - )3 }+Jaln(a)
' 20 — 1 —24(q) + 2[(z — 1) (z — 24(9))] 2

(g 1\ [ L n@ e = 3) + 2020+ 5(@) @~ Do — (@)
(1-5){ @D i

For complex z and &, the relationship (2.21) relates the two variables. The branches
are chosen so that ¢ is real and positive for x real and lying in the interval —1 < = < 1,
and a continuous function of x elsewhere for x lying in the plane having a branch cut
along the real axis from x = —1 to z = —o0.

Figure 1(b) shows the £ domain corresponding to the cut z domain which is
depicted in Figure 1(a) (with neighborhoods of the singularities + = —1 and = = o
excluded). In Figure 1(b), the curve AC in the £ plane corresponds to the upper lip
of the cut from x = —1 to x = —oo and is given parametrically by

(2.24) /(j{T;a}édT—S—<l—%a)ﬂ'i (—00 < s < 00).
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EF G
7’°\'(1)

(@)

Figure 1(a): x plane

(@+1/(21)

Figure 1(b): ¢ plane
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This curve has horizontal asymptotes of Im§ = —xi and Im& = —(1— %oz)m' = —%(jm’
at Re £ = —oo and Re £ = oo, respectively. The curve A’C’, corresponding to the
lower lip of the cut from z = —1 to x = —o0, is the conjugate of AC.

Also, in Figure 1(b), three subdomains Sy ), j =1,2.3, of the z plane are depicted
(see [6, §4]). With respect to the singularity at £ = 0, the values of arg(§) in each
of these three domains will be chosen according to the solution being examined (see
below). We remark that the domain 5'&3) is the one in which Pflq"p ) (we~™?) is recessive
(for large u and considered as a function of ). The curve BEB’ which, along with
the interval (—oo, @ + 1/(2u)], separates the three domains is given by

3 N3
(2.25) Re/ (T O‘> dr =0
a+1/(2u) T

and emanates from £ = a + 1/(2u) at an angle of 7 with the positive real axis. If
this curve were to be continued to infinity, it would be asymptotic to the curve (when
a>0)

" 16u2 ua

(2.26) (Im £)? = i(l + b)? exp{ 2 (2uRe & — b)} — (Re &)?
where

(2.27) b=ua+ vV2ua+ 1.

When a = 0, the curve becomes the vertical line Re§ = 1/(2u). The corresponding
curve in the x plane envelops the singularity at z = —1, as shown in Figure 1(a), and
in this figure, the three x domains corresponding to S‘Ej’, 7 =1,2,3, are denoted by
Xéj), 7 =1,2,3, respectively.

We shall choose the arguments of both variables according to the solution that
we are studying. For the function Qslp ) (x), we introduce a cut along the real axis
from z = 1 to x = —oo and, correspondingly, from ¢ = 0 to ( = co. Then in these cut
domains, we specify that 0 < arg(¢) < 27 and —7 < arg(z—1) < 7. For P\ (ze=71),
we introduce a cut along the real axis from = 1 to z = oo and, correspondingly,
from ¢ =0 to { = —oo. Then in these cut domains, we specify that —7 < arg(¢) < =
and 0 < arg(x — 1) < 2w. For pipa (x), no further cut is required since this function
is analytic at * = 1. However, with regard to the cut from x = —1 to z = —o0, we
specify that —m < arg(x 4+ 1) < 7, and in the corresponding ¢ plane, arg({) takes its
principal value.

We next record the behavior of the two variables in the vicinity of the three
singularities. Firstly, from (2.23), we find that £ — 0 as  — 1 such that

8 8(24 — 7a)

(2.28) r=1- £+ 3 o)

2 3
S £ +0().

Thus, from (2.13), we find that

a(p?-1)

(2.29) D(a, €) = s +0(8), £€—0.

Next, from (2.23), we see that Re { — —o0 as & — oo such that
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2

—(1—%a)m{3+x*®f;Ii%*ﬁ”@”}+0@fﬂ,

(2.30) —¢+ % aln(=€) + 2o + % aln(%)—i—O(S‘l) — In(z) — ln{l - xt((j)}

which on exponentiating and invoking (2.17) yields

(2.31) T = 2exp{%a + (2 - %a)ln(l - ia) }(—5)%%—5{1 +0(e™h},

as Re¢ — —o0.
Finally, from (2.21), we find that Re £ — oo as x — —17 such that

(2.32)
€= gam© —ga+gan(ja) o = (1- g0l rrty |

3+ 2(q) — 2¢/2(1 + 74(q))
—|—ln{ 1 —x4(q)

}—i—O(x +1),
and hence, again on exponentiating,

(2.33) z=—1+(2—a)2e 2/(ma)ga/2=a)

" exp{ a+(6—a) ln(22) : 24 —a)ln(4 — a)

b+ o),

Thus, from (2.13), (2.31), and (2.33), we see that, as & — oo,

“ 1—9p? 1
2.34 = O =
(2.34) da.6) = 5 +0( ).
regardless of the direction at which £ approaches infinity, i.e., (2.34) holds as z — o0
or as x — —1. From the error bounds supplied by [6, §4] this confirms that our
approximations will hold at all three singularities of Jacobi’s equation. If we neglect
the (a, &)/€ term in Eq. (2.12), we have the so-called comparison equation

dQVAVi E—a pP—1).
e _{” T }W’

which has exact solutions in terms of the Whittaker’s confluent hypergeometric func-
tions Mo, 1,(2u€), Wiy 1,(2u8) and Wfémy%p@u{e_’”'). Recall that p is fixed,
so these are functions of two free variables, and therefore, if they are used as ap-
proximants, they achieve a uniform reduction of free variables. In [6], it was proved
that these Whittaker functions are indeed asymptotic approximations for solutions of
(2.12), and in particular, Theorem 2 of [6] provides the following solutions of (2.12)
which are recessive at certain singularities of the £ plane

(2.35)

(2.36) WO (u,0,) =UY) \ (2u) +E9(u,0,€)
2 12
where
. D(k+m+ 1)
(2.37) UL () = 22 My (2),

~Y(E)T'(1 4 2m)
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(2.38) u

(2.39) U® (z) = © e Wim(2),
with
(2.40) (k) = kFe ",

Theorem 2 of [6] provides explicit bounds for the error terms gl) (u, @, &) appearing
in the asymptotic solutions (2.36), which are uniformly valid in certain unbounded
complex domains containing the pole and turning point, and for « € [0,2 — §] in the
present case.

Let us consider j = 0 first. It is well known that

(2.41) My m(z) ~ Plans z—0, —2m ¢ N,

and hence, W (u, , €) is uniquely characterized as being recessive at the singularity
£ =0 (ie., z = 1). The bound on £ (u, a, ) establishes that, except near the zeros

of Ul” | (2uf),
SUQ, 5D
(2.42) eO(u,a,6) =" 1p(2u§)0{(uoz + 1)§u1+5}
2 2

uniformly for all £ under consideration when n ¢ N, and in £ € S‘S) U 5'&2) otherwise
(see [6, Eq. (4.66)]). It is worth remarking that when n € N, the region S must

be excluded because in this case the approximant Z/A{iou)a (2u€) is recessive at both
Fua,

3P

¢ = 0 and at infinity in 5'((13) (i.e., at = £1); in essence the region of validity is the

union of a neighborhood of £ = 0 (the characterizing singularity of recessiveness of

Z/A{ga lp(2u§)) and adjacent regions in which Z/A{ga lp(2u§) is dominant. Therefore,
2 ’2 2 ’2

since Z]Sga lp(2u§) is recessive in 5'((13) when n € N, this domain must be excluded
2 )

from the region of asymptotic validity.

We are now in a position to make an identification of the asymptotic solution
(2.36) when j = 0 with a standard solution of Jacobi’s equation. In particular, we
can assert the existence of a constant D (u, o) such that
(2.43)

PO () = — DOwa) {§(Q_§ }{a@ 1<2u5>+é<0><u,a,5>},

(1—x)2Pti(1+ )21 z — x(a)) U,

Bl

since both sides of (2.43) are solutions of Eq. (2.12) which are recessive at x = 1
(£ =0). Using (1.12), (2.28), (2.37), (2.40) — (2.42), we can compare the behavior of
both solutions at x = 1, and from this, we find that

20 (2 4 q)H(2u — )" 2

Jul(n+1)

Next, for some constant D®) (u, ), we make the following identification of two
solutions which are recessive at z = —1 ({ = +00)

(2.44) DO (y, ) =
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(@) (po—T) — D (u, @) a—¢ 1
(2.45) Pn ( ) (1 _ x)2p+ (1 4 .’L‘)% {g(x _ xt(a))}

x {uﬁja () + 20w, a,@}.

By comparing both sides as * — —17 and invoking (1.12) (with p and ¢ interchanged
and z replaced by —x), (2.32), and [6, Eq. (4.24)], we arrive at

(2.46) DW(u,a) = ¢ 2:(WH30q1Y 3 (2u — )" 2 T(n+q+1)
Eq. (2.45) then provides a uniform asymptotic approximation which is valid for

¢ e 8% (but not for ¢ € S U SP).
Next, we have the relationship

(2.47)
(.9) () — ﬁ(l)(u,a) E—a (1) " NI
Qy ()_(:z:—1)5P+i(x+1)§q{5(96—:6,5((1))} {af), 200+ 00,6,

since both functions are solutions of the same equation which are recessive at x = co.
On letting * — oo (§ — —o0, arg(§) = 7), we find, from (1.21), (2.31), and [6, Eq.
(4.21)], that

(2.48) ﬁ(l)(u, ) = e%p”K,(lp’q)25"7"u2“(2u — q)%q7“(2u + q)féqfu

where K7 is defined by (1.10). This approximation is uniformly valid for all ¢ in
the domain depicted in Figure 1(b) where 0 < arg(¢) < 27 (i.e., for all values of z in
the principal plane of Q p’Q)( )).

In summary, (2.43), (2.45), and (2.47) provide asymptotic approximations for the
three standard solutions of Jacobi’s equation as u = n + = (p + ¢+ 1) — oo, which
are uniformly valid in the stated unbounded complex domalns Although the approx-
imations (2.43) and (2.45) do not hold in the full planes of the respective principal
branches, the required extension is easily achieved via appropriate connection formu-
las. In particular, when n € N, the approximation (2.43) does not hold for £ € S‘EE’)
(since Pflp ) (x) is recessive in this domain under these circumstances), but in this
case, we can simply use (1.11) and (2.45) to obtain the required approximation which
is valid in 8. Likewise, when n ¢ N, an approximation for pier) (re~™) which is
valid for ¢ € S5V U 882 is obtainable from (1.23), (2.43), and (2.47). Thus, taken
together, and with the aid of appropriate connection formulas if needed, the results
of this section are valid for all values of x in the planes of the principal branches for
the three Jacobi functions P"*? (2), AL (re™ ™), and Q p’Q)( ).

The results of this section hold for ¢ large, p fixed, and n small or large, under
the restriction (2.2), which is equivalent to

(2.49) O<—- 4+ <—— 2.

Therefore, since p is fixed, for large ¢, the parameter n, which does not necessarily
have to be an integer, is permitted to take any value in the range

(2.50) 0<n<Aq

where A is any fixed positive constant (independent of q).
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3. n large, ¢ small or large, and p fixed. We now consider the case where
the turning point can coalesce with the double pole, i.e., —1 < 24(¢) < 1 —§. Thus,
with the assumption that p is fixed, from the definition (2.6) of z.(§), we see that ¢
now will be allowed to lie in the interval [0,2 — §]. Hence from the definitions (1.2)
and (2.1), this is seen to be equivalent to

(3.1) 0<g<An

where A is any fixed positive constant (independent of n). Thus the results of this
section will be valid for p fixed, n large, and all ¢ lying in the (large) interval (3.1).
The singularities = —1 and x = oo will be included in the domain of validity, but
the singularity £ = 1 must be excluded this time.

From the definition (2.6), we see that the turning point coalesces with the double
pole when ¢ — 0. We shall use the general asymptotic theory of Boyd and Dunster [4]
which is applicable to differential equations having a coalescing turning point and
double pole in the complex plane. The approximations are asymptotic expansions,
and involve Bessel functions.

Firstly, from (2.5), we see that

(3.2) ﬂqu_ﬂi%ﬂg+o(gii>

In [4], it was assumed that if the double pole is located at & = 1z, say, then the
leading term of the Laurent expansion of f and g in the vicinity of the double pole
(at zo = —1 in our case) must be *a?(z — 2¢)~2 and —1(z — z¢) 2, respectively.
Thus, in the notation of [4], « = ¢, and from (2.4), we see that g has the appropriate
behavior at x = —1.

Now, from [4, Eq. (2.1)], we perceive that the required Liouville transformation

is given by

(53) wo = (S0) €

(—¢ (z—1)i(z+1)2
with
a2 [ a-w@ \*
o) R e et
The result of this is to transform (2.3) into the form
W ¢ 1 ¥(g,¢) 1
(3 U bread R 3 L
where in this case the Schwarzian is given by
(3.6)
03, 0) = -5+ a2 ¢ {(I + 1)1 — 2(q)(42® + 7w + 24(§)(x — 7) — 5)
B Gl LR TS (=)@ - (@)

8(p? —1)(z+1)
(I —2)(z —2(q) ]

+
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For large u, the new equation (3.5) has a double pole at ¢ = 0 and a turning point at
¢ = ¢, which will correspond to © = —1 and z = x4(q), respectively. The asymptotic
expansions for solutions of (3.5) furnished by [4] will be valid in certain unbounded
domains which will include both of these critical points. We emphasize that the results
will be uniformly valid for 0 < ¢ < 2 —J, and hence the turning point is permitted to
coalesce with the pole.

Let us first consider real values of the independent variables. For z:(¢) < x <1,
integration of (3.4) yields (cf. [4, Eq. (2.2a)])

C(r—¢%)3 T (t—m(@)® dt
. [ [ i)

where the lower limits were chosen for the turning points to correspond. On explicit
integration, (3.7) gives the relationship

I—It

Lo 1 -3z +2:(9)(3 — z)
{ @+ {1 - 2:(q)) }

The branch of inverse tangent is such that it is continuous and increases montonically
from 0 as ¢ increases from ¢2. The branches of inverse cosines are such that they
are continuous and increase montonically from 0 to 7 as x increases from z;(g) to 1.
From (3.8), we observe that the simple pole at @ = 1 corresponds to the finite point
¢ = (1, say, where

{ ¢ — } { +1—2x}
v/ ¢ — @* — Garctan = arccos
q
1
9

1
(3.9) (G -3 - (jarctan{ (G - )%} (1 -3 cj)w
when ¢ # 0. When § = 0 (o = 2), this singularity is located at ¢; = 72. In this section,

the asymptotic expansions will not be valid in a neighborhood of this singularity.
Next, for —1 < 2 < x,(q) (or correspondingly, 0 < ¢ < §),

(P —1)t w@ (g (G) —t)? dt
(3.10) / 7&:/ { } ,
. eor : 1—t J t+1

which on integration yields

(311) an{(@ O} +3} — Zain(Q) — (@ - O}
:ln{l—2w+wt<q>—2{<1—w><wt<q>—w)}%}
1—24(q)
- L L3 06 =) 2 D)0 o)) =} )
@+ V(- 2(@) |

From this, we find that ¢ — 0 as x — —1 such that

Nl=

Qv

B 22 (2
(3.12) T= 14— <2+ ) C+0(¢%).
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Figure 2(a): x plane
Finally, for —co < < —1 (—00 < ¢ < 0), the relationship is found to be

(313) q{(@ ~O* +a} — 5an(~0) — (@ ~ O}
_ m{l — 22+ 2(@) = 2{(1 — 0)(@e(@) — 1)} }

1 —24(q)
1q {1 =32+ ()3 — @) — 2{2(1 + 24(9) (1 — 2)(2:(§) — 2)} 2 }
(—z — 1)1 —24(q)) .

For complex values of the variables, we shall introduce a cut along the real axis
from x = —1 to x = 400 (and correspondingly ( = 0 to ( = +00) and restrict the
arguments so that 0 < arg(x 4+ 1) < 27, and correspondingly, 0 < arg(¢) < 27. Then
in these cut planes, (3.13) defines the relationship between the variables, where the
branches of both sides are selected so that {(z) is real and negative when z is real and
lies in the interval (—oo, —1) (arg(z) = 7), and a continuous function of x elsewhere
in the cut plane.

Figure 2(b) depicts the ¢ domain, A say, corresponding to the cut x plane (in
which 0 < arg(x — 1) < 27), the latter being shown in Figure 2(a). The curves DE
and its conjugate DE’ in Figure 2(b) correspond, respectively, to the upper and lower
lips of the cut from z = 1 to x = co. These curves are given parametrically by

C(r—_a2)3

(3.14) /-Q—idezim 0<s< oo,
L 2T

and at infinity are asymptotic to the parabola Re ( = 72 — (Im ¢)?/(47?). Note that

arg(z — 1) = 0 on the upper lip DF of the cut from z = 1 to = oo, and hence both

pira (x) and QP (x) are real on DE.
With the above choices of branches, we find, from (3.13), that ( — —oco as
x — —oo such that

A—@ (243
3-15 ~N ——_—— _—
(3.15) ’ <2—d

. )gexp«—c)%}.
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Figure 2(b): ¢ plane

Having made the appropriate transformation, we apply Theorem 3 of [4] to obtain
the following two asymptotic solutions of (3.5)

o~ A4(G:€)
(3.16) Wi (,3,0) = 203 Jy(uct) 3o 22
s=0
N-1 -
2¢ 1 Bs(q,¢ ~
+ —Jg(ud?) 525 ) + e (4:.0),
s=0
and
o~ A4(4,€)
1 ~ 1 1 S I
(3.17) Win 1 (0,3,0) = CHP (u¢?) Y uZs
s=0
N-1 -
’ 1 Bs q, o
+ %H(l) (u<2) 1528 C) + Eglz\)]+1(uaq7<)
s=0

where Ag(¢,¢) =1, and for s =1,2,3,. ..,

1 C 1
(3.18) B0 = (-7 F [ (r-2) H{rAla )+ 4@ 0~ 0@ ) A far
and

¢
(319)  AJ3.0) = (B 1(3.0) + / $(§,7)Baes (3, 7)dr + A(@).
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Here {)\s(§)}2, are arbitrary integration constants, and we shall choose them for our
convenience later The error terms in (3.16) and (3 17) are bounded by Theorem 3
of [4] (with n replaced by N and « replaced by ). These bounds are valid for all
¢ € A except for a neighborhood of the singularity at ( = (3 and prove that both
error terms are (2CS (u¢)O(u=2¥1) as u — oo uniformly for 0 < § < 2 — 5, except
near the zeros of the Bessel functions C(g] ) (uC?).

The characterizing property of the two asymptotic solutions (3.16) and (3.17) is
their recessiveness at ( = 0 and ¢ = coe™, respectively. The corresponding recessive
solutions of Jacobi’s equation are P\ (ze=™) and QP (z), these being recessive
at x = —1 (arg(z) = 7) and & = oo, respectively. Now from the well-known behavior
of Bessel functions [10, Chap. 12], we find that as ¢ — 0,

) 9¢h(a+D) = i
(3.20) Wil 41 (,4,C) ~ m(—) [1+Z 25 Z u25+1 ]

s=1 s=0

Thus we have the relation

(0) 2\
(321) PP (o) = Do a () ( Sl ) Wi o1 (1, .0),

CGGl—w)ati(e+ 1) \z—m(g))

for some constant Dé?\), +1(u,G). We determine this by letting z — —1, and as a result

deduce from (1.12) (with p and ¢ interchanged and z replaced by —z), (3.12), (3.20),
and (3.21) that

23P+30-1e4(2y — ¢)"~ 290 (n 4 q + 1)
(2u + q)*t 290 (n + 1)

(3.22) Dgz)\)rﬂ(“v‘j) =

Next we can identify the two solutions of (3.5) which are recessive at infinity, and this
results in the relationship

Dy (u, ) - \*
(P@) () = 2N+1VD q (1) ~
(3:2%) qu“ﬂ—gal_@awax+uﬂ<x_xa®>‘%NHW”‘>

where again Dg\), +1(u, ) is some constant which is to be determined. One method
of finding this constant is to allow z — —1 + i0 (arg(x) = m) on both sides of
(3.23), assuming temporarily that ¢ > 0. Using the well-known identity Hél)(z) =
Jq(2) + 1Yy (%) in (3.17) with [10, Chap. 12, Egs. (1.07) and (1.08)], we find for the
right-hand side of (3.23) that

™ u

(3.24) W, (w,4,¢) ~ — 1) (E)q@(lq)

N N-1

As(@) . Bs(@,0) |

X {1 + Z u2s q Z w25+l + 551\)/-',-1 (u,q)
s=1 s=0

as ¢ — 0 with ¢ > 0 where

(3.25) o () = lim (LD (uch) | el (0.,0).
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Then from (1.19), (3.12), (3.23), and (3.24), we deduce that

(3.26)
DEY 41 (0, §) = —mie™ 40 226(;?; fp(i:ﬁ;) (2u+ g)"*39(2u — q) "+
N i) N— .
x { — )\ng go 2s+1 55\)#1(“75) .
By analytic continuation this representation holds for ¢ = 0 as well. The con-

stant 55\), +1(u,G), whose existence is guaranteed by the existence of the coefficient
DS\),H(U q), can be bounded via [4, Eq. (5.16)] and is O(u=2Y~1) as u — oo uni-
formly for 0 < § <2 —9.

We now show how both D§%+l(u, g) and D§2+1(u, G) can be computed more eas-
ily and, as a by product, give a scheme for easily calculating the constants {\s(q)}Y,
and {B (§,0)}-,!. Firstly, consider a circuit in the positive sense around the sin-
gularity « = —1. In the (-plane this corresponds to a circuit in the positive sense
around ¢ = 0, and hence C% — C%e” as ¥ — —1+ (x+1)e?™. Therefore, on inserting
(3.21) and (3.23) into (1.27), and using H,gl)(z) = Jy(2) + 1Y, (z) and the well-known
continuation H{" (ze™) = —e~1%{ ], (z) — i¥,(z)}, we find that all the ¥ terms can-

cel, and as a result the following relationship between the constants Dg])\), 4+1(u, ) and

Dg\)/-i-l(u’(j)
(3.27) m‘Dé?&H(u,q){JzNH(u,q:c)+e§3v+1( q~<)}— —etmipl (u,q)

x {jQNH(u, G,C) + Sy (u,d,¢) + el (u,q, <e2’”>}

where

N - N-— 1B -
(3.28) Jon41(u, 4,C) = J/ (uC?) Z

s=0 s=0

Since the left-hand side of (3.27) represents a solution of (3.5) which is recessive at
¢ =0, it follows of course that the function on the right-hand side is the same recessive
solution of (3.5) (to within a multiplicative factor). Hence, on dividing both sides by
Jan+1(u, G, ¢) and letting ¢ — 0, we can assert that

(329) w0 ) =~ T4 O N T EDR ()

Then, on inserting (3.22) and (3.26) into (3.29), we find that

(3.30)
N - N—1 . N - N—1 - -1
As(@) | - B;s(q,0) As(@) Bs(q,0) —2N-—
(1+Z u2s ta w2s+l 1+Z w4 w25+l +0(™"h
s=1 s=0 s=1 s=0
- 22e%12u — ) (n+p+q+ )T (n+q+1)
(2u+q)?vt'(n+p+1)I'(n+1)
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Recall that the integration constants {\s(¢)}_; are at our disposal. Let us now
choose these so that

= . N o\ (- N-1 1 (=
As (q) ~ BS (q7 O)
(3:31) < Z 2s+1 > < wzs > s+
s=1

This is achieved by selecting each constant As(¢) (s = 1,2,...,N) in turn so that
the coefficient of u=2¢ in the expanded series on the left-hand side of (3.31) vanishes:
note that the coefficients of the odd powers u=2*~! are zero regardless of the choice
of {\s(q)}Y_;. Then, on multiplying the corresponding sides of (3.30) and (3.31), and
then taking square roots, we arrive at

N ~ N— ~

_ 29e9(2u — q)v 24
3.32) 1 =
( + Z U2S go 28+1 (2u_|_ q)u+%q

T(n+p+q+DI(n+q+1) oo 12
[ T p F DO 1) {”O“‘ . )H

)

and hence from (3.30) or (3.31)

(2u + q)" 2
20e4(2u — q)4~ 24

(@)
s ~ 1 ~
(333) 1+ —0Y i O () =

1

D(n+p+1)(n+1) VRESE
* [F(n+p+q+1>F(n+q+1){1+0(u . 1)H '

From (3.22), (3.26), (3.32), and (3.33), we consequently arrive at the following repre-
sentations

© (0 d) = gbera-1 [ L tp+ DI+ g+ D)2 ~2N-1
(3.34)  Dyniqi(u,q) =2 [F(n+p+q+ DT+ 1) 14+0(u ) e,

and
(3.35) DS\),H(u, q) = _rie—(ntp)migg (p+g)—1

I‘(n—l—p—i—l)l"(n—i—q—i—l)% _aN—
X [F(n+p+q+1)1“(n—|—1)} {HO(“ - 1)}'

These are simple formulas for the coefficients, but they only provide an approx-
imation since they involve a small but unknown constant. However, the coefficient

D;?\), 41 (u G) can be computed to arbitrary accuracy by first computing the constants
{As(@) 1Y, and {B4(,0)}Y5,! via the formal expansion (see (2.1) and (3.32))

(3.36)
uq ~\ U ~ ~ 1
(%) q(4_qz)-;uq(2—Q> F(u(l—%Q>+%p+%>F(u(1—%q>—%p+%)r
B 244/ [Du(l+30) + 59+ 3)0(u(l +50) - 59+ 3)
(@) o Ba(.0)
MY SRR Y s



42 T. M. DUNSTER

Then, after computing the first N such terms of each set, their insertion into (3.22)
yields an exact representation for Dé?\), +1(u, @) as required.

On using Stirling’s formula for the asymptotic expansion of the Gamma function,
and With the aid of a symbolic software package such as MAPLE, the constants
{A(@)IN., and {By(q,0)}Y5" can readily be computed via an expansion of the left-
hand 31de of (3.36) in inverse powers of u. For instance, we find the first two of each
set to be

(3.37) Bo(d,0) = 61@—7_322),
(3.38) M) = %7

=2 _ 2\3 __ 4 2
I N e
and

G (1 — 3p?)[5¢%(1 — 3p?)3 — 144(¢2 + 12)(15p* — 30p? + 7)]
155520(4 — ¢2)* '

(3.40) A2(q) =

Turning to the coefficient DS\), +1(u, @), we now have two representations, namely

(3.26) and (3.35), but neither provide a means of calculating this coefficient to ar-

bitrary accuracy. However, an alternative method of determining DS\), +1(u,G) is to
allow ¢ — —oo (arg(¢) = m) in the relation (3.23). To this end we see from [10,
Chap. 7, Eq. (4.03)] and (3.17) that as { — —c0

1) - 2 1 1 1 1
(3.41) W2N+1( ,q,C) ~ <7ru> (1 exp{ (u( - ng— Zﬂ')}
~ N-1 ba(
|:1 + Z U2S + Z 25+1 :|
s=0
where

(342) As(‘ju OO) = lim A (q <) bs(‘ja OO) =1 lim C%BS(Qa <)

{——o00 (——o0

Hence we find, from (1.21), (3.15), (3.23), and (3.41), that
(3.43) DS (u,§) = —ie~ (TP (P0) /%zsuw(2 _pybeu(g g g)-heu

ey 2, 3 e

This gives the exact representation for DS\), +1(u, G) that we were seeking. Rather than
calculating the limits (3.42) directly (which can be difficult), we instead use (3.29),
(3.34), and (3.43). From these we arrive at the relation

(3.44)

\/@(2—@)5“‘7( 16 )“[r(u(1+§q)+%p+%)F(u(1+%q)—§p+§)]
T\2+¢ 4- ¢ I'(2u+1)

N|=
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) : } o~ As(@:00) | 5= bs ()
* [Pl =30+ 3+ DM@ =30 =3+ ~ 143 = 5=+ =5
s=1

s=0

and by expanding the left-hand side in a similar manner to (3.36), we can compute
{As(g,00) N, and {bs(g,00) 5" quite readily. For instance, we find that the first
four terms are

N e

(3.45) bo(q, 0) = Toad—)
2, 52 10\2

(3.46) Ay(g,00) = BT 1)

1152(4 — §2)2
(2p? — 3)(4p* + 16p? — 5) + p2¢*(25p* — 49)

b q =
(3.47) e BA- PP
' +_@2(360p262——139§4+—1548§24—92016)
414720(4 — §2)3 :
and

4p? + 58p? — 125)

(348) As(do0) = (4 — F)H(24p? + ¢ — 12) [ 2L

2304
P (2328p + % — 4632)  571¢° — 67324 — 361584¢> — 544320
110592 39813120 '

Finally, to obtain an asymptotic expansion for the Jacobi function PP (x), we
insert (3.21) and (3.23) into the right-hand side of (1.23), and invoke (3.29), and as a
result, we obtain the relation

(3.49)
Pl (g) = —__ Donaa(wd) ( ¢~ >Z{2<;Cq<u<;)i A4(2.€)

(1— )34 (z+ 1)30 \ @ — 24(q) = U

Iy
N

2 = Ba(d.0) -
+ =, <u<2) Z Su#; + enmfg\)/ﬂ(ua q,¢) —2i Sin(nﬂ')sg\)ﬂrl(u’ q, C)]
s=0

where
(3.50) c, (ucé) _ cos(nm)J, (ugé) ¢ s, (u<;> |

This expansion is valid for the same values of the variable and parameters as the
expansions (3.21) and (3.23), i.e., for all z in the cut plane 0 < arg(x + 1) < 27
except points at or near the singularity = 1, uniformly for large n, fixed p, and all
q satisfying (3.1).

Recall that PP? (x) is the Jacobi polynomial, and hence is recessive at © = —1,
when n € N, and indeed in this case the right-hand side of (3.49) reduces to (—1)"
times the right-hand side of (3.21), (as expected from (1.11)). This confirms that
(3.49) holds for all non-negative values of n (integer and non-integer).
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4. p and ¢ large and equal, and n small or large: the ultraspherical
polynomials. In this and the following section, we consider the case where both p
and g are large. We first rewrite (2.3) in the form

Pw (x —x1)(x — 22) 3+ a?
(0 = - )
where
(42) va= @ ) F V- G aPHA- G- 9P,

and therefore we perceive that there now are two turning points. We shall focus on
the case where p = ¢, which when n € N leads to the ultraspherical polynomials as
solutions of Jacobi’s equation (1.1) (see (1.5)). As in the previous two sections, we do
not insist that n € N, and we also provide asymptotic approximations for companion
(non-polynomial) solutions.

When p = ¢, (4.1) becomes

d?w 22— f 3+ 22
4. _— = 2 p—
(4.3) dx? {u (22 —=1)2  4(x2 —1)2 }w
where
(44) 6 = - ﬁza

and now from (1.2)
1
(4.5) u:n+p+§—>oo.

Note that our general assumptions 0 < p < oo and 0 < n < oo now imply that
0 <p < 1, where p is defined by (2.1). Hence 0 < 8 < 1.

The differential equation (4.3) is characterized by having two turning points at
x = 44/, which coalesce with one another when 8 — 0 (p — 1), and coalesce with
the poles at * = £1 when § — 1 (p — 0). In this section, we allow the turning
points to coalesce with one another, but not with the poles. Thus we shall assume
that 6 < p < 1 or equivalently p — oo, and for all n satisfying

(4.6) 0<n<Ap

where A is an arbitrary positive constant (which is independent of p).

Although a general theory of coalescing turning points exists [11], it only holds
for real values of the independent variable. However, since (4.3) is an even equation
in x, we can make the following simple preliminary Liouville transformation

(4.7) t=22,  y(t)=tiw(z),

to recast it in the form

d?y , t—p 42 — 3t +3
4.8 -2 = - .
(48) a2 {” Mt —1)2  16£2(¢— 1) } Y
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In what follows, we assume that 0 < arg(z) < =, and hence, 0 < arg(t) < 2.
Extension of the following asymptotic results to the range —m < arg(z) < 0 can be
achieved via the analytic continuation formulas

2eP™ sin(n)

(4.9) PP (we™™) = e PP (@) Q" (=),
™

and

(4.10) QPP (we ™) = —eMITQID (z).

It is now clear that we again can apply the theory of a coalescing turning point
and simple pole of [6] to (4.8). To this end, let us now make a second Liouville
transformation

dn\* n(t = 5)
4.11 — | =
ey () =5
1
dn\ 2
(112) v = (%) o
to transform (4.8) into the desired form
*U { Lt SR CAY)))
4.13 — =<u’ + L+ ’ }U
@13) dn? U n? U

where, in the notation of [6, §4], @ has been replaced by a*, ¥ by ¥*, W by U, and ¢
by 7, (to avoid confusion with §2 above). Thus from [6, Eq. (4.6)]

™ S

B(g_ 12
(4.14) a*:l/o {5 S} 1d_85:1—\/1—ﬁ:1—15.

It turns out that, with the choice m = i, the function ¥*(a*,n) is given by

(o 31+ 2a” —a*)(1—t)(t —4p*t +p* — 1
(4.15) w(a,n):m?ﬁta*y (n —a*)( 4(1(—6)5 +p' 1)

and is analytic at n = 0 (see (4.27) below).
Therefore, the transformed equation takes the form

d*U n—a* 3 v*(a*,m)
11 S 2 - ’
(£16) dn? {u U G Ty }U’

and the corresponding Liouville transformation is explicitly given by

_ 1 n(t—p)\*
(1.17) U0 = = { ey | 0

with

" (r—a*)? 1ts—ﬁ%ds
s [yt [ =)
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H' G' F'fE' D'\\ (0)/‘DETF G H
D B (B O

Figure 3(a): x plane

Explicit integration of (4.18) yields the relationship (for complex values of the
variables)

[N

(419) n*(n—a*)

ot - 2

cvimm{ () evimabebm(4)enfi- (S2))

As mentioned above, we choose arg(n) to lie in the interval [0,27]. The branches in
(4.19) are chosen so that 7n(t) is real and negative (arg(n) = ) when ¢ is negative
(arg(t) = 7 ), with n(¢) then being a continuous function of ¢ elsewhere in the cut
plane 0 < arg(t) < 2. In particular () lies above or below the cut along the positive
real axis when ¢ lies, respectively, above or below the cut from 0 to 1.

The map of the upper half 2 plane to the ¢ plane is depicted in Figures 3(a) and
3(b), and the corresponding domain in the n plane is depicted in Figure 3(c). In
Figure 3(c), the curve F'H in the 7 plane corresponds to the upper lip of the cut from
t =1 tot =00 and is given parametrically by

Lo [tk et VISP, [t
2 B0

1
n —_a*) 2 1
(4.20) /{T a } dr=s+Z(1—a")mi, —0o<s<oo.

T

*

This curve has horizontal asymptotes of Im n = %m' and Imn = %(1 —a*)mi = %ﬁm'
at Ren = —oo and Renp = oo, respectively. The curve F'H’, corresponding to the
lower lip of the cut from ¢t = 1 to ¢t = oo is the conjugate of FH.

Also in Figure 3(c) three subdomains, S él*), S’;, S~ of the n plane, are depicted.

(e

The domain S’S) is an extension of that given by [6, §4] to 0 < arg(n) < 27 (where

a has been replaced by a*). The cut [0,00) separates the domain S’gi)described in

[6, §4] into two components, which we have labelled 5';2 and S’;*, and we note that

0 < arg(n) < 3w forn € St and Sm < arg(n) < 2 for n € S,.. The curves DG
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A —‘ll(lj) B

“ ©

Figure 3(b): ¢ plane

Sio
(@"+1/(2u)+i0)

S

____________ O (-7 /2)

Figure 3(c): n plane
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and D'G’ depicted in Figure 3(c), which along with the interval (—oo, a* + 1/(2u)]
separate the three domains, are given, respectively, by (cf. (2.25))

1
n ¥\ 2
(4.21) Re/ <t a ) dt = 0.
a*41/(2u)+i0 t

(D 8+ and 5’;* are labelled as XV, X7

o* ) a*s o* a*

respectively, in Figure 3(a), and the corresponding ¢ domains are labelled

The 2 domains corresponding to S
and X .

a*)

as To(ﬁ), T(j , and TO}, respectively, in Figure 3(b).
Next, from (4.19), we infer that Ren — —oo as t — oo such that

o 14 5\?
(4.22) t~e”“(1+ﬁ)<¥) ntPem
e

and n — oo +i0 as t — 1 +40 (x — £1) such that

2 [ de \7 2
(4.23) R p— ~( e~> n%_lexp{—fn—l}.
(1+p)\1+p jZ

In the special case when 1 and t are real with 0 < 7 < a* (0 < t < () the
relationship between the variables can be expressed as

=

"a*—ré 1 Y (B—s)? ds
(4.24) /o{ - }dT—g/O{ S } T

which on integration yields

* *_ 9
(4.25) n%(a* - 77)% + % arccos<a 77)
a*

o (25 R (25}

The branches of the inverse cosines are such that they are continuous in 0 < n < o*
(0 < t < B), with the one on the left-hand side increasing montonically from 0 to
7 when 7 increases from 0 to o*, and the ones on the right-hand side increasing
montonically from 0 to 37 as t increases from 0 to 3.

2
From (4.25), we find as t — 0 that

4 A5+ T7P)

4.26 t= - o(n®
(4.26) 55" 30357 " +O0(n°),
and hence from (4.15)

* * _ a*

We again can apply Theorem 2 of [6], with the above changes in notation of the
variables. The identification of the Jacobi functions then follows in a similar manner
to §2. Firstly, for the solutions which are recessive at z = 1 (n = oo 4 40), we find
that for some constant Dy (u, a™)

(4.28)

N

n—a*

PPP)(z) = Dy(u, o)1 — x2)_5p{m

} {ugffm,i (2un) + & (u, o, n>}.
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The asymptotic solution on the right-hand side of this equation is W(4), as given by
Theorem 2 of [6], where the so-called reference point is chosen at n = oo + i0. The
71 region of validity of this approximation is S’;r, i.e., the domain in which the error
term, which we have denoted by €J (u,a*,n), satisfies the bound [6, Eq. (4.80)] for
j=4.

By comparing both sides of (4.28) at x = 1 (n = co +40), we find, on employing
(4.23), that

(4.29) Dy(u,a”) = —iefénm'r(n +p+ 1)2;Dpp+% (u+ p)i%(uﬁn) (u— p)%(uip)
' ’ Vul'(n+ 1DI'(p+1) '

In a similar manner, we find that for the solutions which are recessive at x = —1
(n = o0 —0)
(4.30)
1
(PP) (o) — (1 — g2yl e 1M e (0
PP ae=) = Do) - 22 P LA )+ 25 (w0 )

where the asymptotic solution on the right-hand side is again WW, as given by
Theorem 2 of [6], but this time where the reference point is chosen at n = oo —i0 (with
the corresponding error term denoted as é; (u,a*,n) to distinguish it from the error
term &7 (u, a*,n) given in(4.28) above). The 7 region of validity of this approximation
is 5... Note that even though the right-hand sides of (4.28) and (4.30) are seemingly
identical, the error terms differ when n ¢ N, and as such the two asymptotic solutions
are linearly independent in this case, with the domains of asymptotic validity being
disjoint.
Our third identification, of recessive solutions at infinity, yields

(4.31)

Q) = Dafuaa? = 0 S A )+ it

where, from a comparison at z = co (Ren = —o0) and use of (4.22), we have

K7(1P7Q) 22u+p+ % uu

(4.32) Dy (u, ™) = e~ 3 (ntp)mi

This approximation is valid for all n and x under consideration.
It remains to obtain an approximation for P (z) which is valid for points

excluded from the region of validity of (4.28), i.e., for n € S(il*) US... We shall do this
by identifying the asymptotic solution WO of Theorem 2 of [6] which is recessive at
17 = 0 with the Jacobi functions. With regard to the original equation (4.3), the point
1 = 0 corresponds to = 0, which actually is just an ordinary point of the equation.
The appearance of ¢ = 0 and, correspondingly, n = 0, as a pole in the differential
equations (4.8) and (4.13), respectively, comes from the fact that the preliminary
transformation (4.7) is not regular at that point. Thus in order to match WO we
seek a solution of (4.3) which vanishes at = 0, i.e., one which is O(z) as z — 0.

To this end we first utilize (1.6), (1.9), and [1, Egs. 15.1.24 and 15.2.1], and from
these it can be shown that

cos(inm)T(n+p+ 1I'(dn+ 1)
VAL(n+ 1) (3n+p+1)

(4.33) PPP)(g) =
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sin(3nm)l(n+p+1)T

(3
VEIL(n)L(5n+p+ 3)

as z — 0, and

ie= @tz T (n+p+ D (An + 1)
2L(n+ 1 (An+p+1)
~(p+in)mi /T 1
e 2 mI'n+p+ 1DI'(sn
2 (n)l'(n+p+3)

as x — 0+ 40. From (4.33) and (4.34), we see that as  — 0 + 0

(434) QPP (x) = -

Pt cos(Inr)

(4.35) PP (z) -2 QPP (1)
7T
T nre
_ jepom L EPHDTGN) 2y

VaL(n)L(5n+p+ 3)

and consequently our required “recessive” solution at x = 0 is given by the combina-
tion on the left-hand side of (4.35). Therefore, the left-hand side of (4.35) is equivalent
to

(4.36) Do(u, a*)(1 —w2)‘%p{%}i{“¥a*

for some constant Dy(u, a*). The error bound for éy(u, a*,n) given by Theorem 2 of

(%m+QWa,m}

1
4

[6] holds for all n (and z) under consideration when n ¢ N, and for n € 5'((11*) when
n € N. The constant Do (u, o) is found by comparing the behavior of (4.36) at x =0
(n = 0) with (4.35), and invoking (4.26). As a result, we find that

S — )\ 2(P) r 1
(4.37) Do(u,a”) = —iednm <u) 1 (n+p+1) _
‘ 2/l + p) T n + DL (Gn + 9+ 1)

Thus, on equating the right-hand side of (4.35) with (4.36) and referring to (4.31), we
arrive at our desired approximation

1

(4.38) P@P)(z) = (x2—1)—%17{77z7x;7f;)}i {Do(u,a )ezP {u<

(p+3n)mi gog(L
etz cos(znm
- (3n7) {L{ilu)a* 1 (2un) + é1(u, ,n)H

(2un)

»M»—‘

+édmaﬂm}+%deaU

which is valid for n € S’(l*) when n € N, and for n € gél*) US.. when n ¢ N. An

approximation for P{P"” )( ) which holds for n € S,. when n € N comes directly from

(4.30) and the relation (1.11). Thus an approximation for pir» (x) is available for all
7 and all n under consideration.

As a final remark both asymptotic solutions appearing in (4.38) are actually valid
for n € S*. as well as when n ¢ N, but (4.38) should not be used for € SF. when
n ¢ N since there is severe cancellation in the dominant terms on the right-hand side

(since the left-hand side is recessive). However, this is not a problem since (4.28)
provides the required approximation for P,Sp P )( ) when 7 € S+, which is valid for all

non-negative n.

a*)
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5. p and ¢ small or large and equal, and n large: the ultraspherical
polynomials. As we noted at the beginning of the previous section, when p = ¢
Jacobi’s equation takes the form (4.3), and when v — oo, has two turning points
located at = +/3 where 3 is defined by (4.4). In this section, we consider the
complementary case where these turning points can coalesce (simultaneously) with
the double poles at © = +1, respectively, but now are bounded away from one another
(i.e., bounded away from the origin). Thus the results of this section are valid for
0 < B <1, or equivalently, for 0 < p < 1 — 4. Thus we will construct asymptotic
expansions which are valid for n — oo and all p (equal to ¢) satisfying

(5.1) 0<p<An

where A is an arbitrary positive constant (which is independent of n).
The analysis for the present case follows similarly to that of §3. We first observe
that the coefficient of u? in equation (4.3) has the behavior

-5 P 1
(5.2) (22 —1)2 _4(:17—1)2+O<117—1)

as x — 1, and hence the role of « of the general theory given by [4] is played this
time by p. Thus, if we denote the new independent Liouville variable by p and the

corresponding dependent variable by W (p), then the appropriate transformation is
given by

(5.3) (o) = <@>%w<x>,

d 2 2_p8\*
o) s e

which results in our new equation

(5.5) dQW_{u2<f’2 1>+J’(Z~”p)—i}ﬁ/

dp? 47 dp

where

= 4p? 2 — p)(1 — 22){(48 — 3)2? 2-2

Integration of (5.4) yields

(5.7) /jz Mdr_/z E-0,

where the integration limits are chosen so that the turning point x = /B of the
original equation (4.4) is mapped to the turning point p = p? of the new equation
(5.5). Note also that the double pole x = 1 of the original equation (4.4) is mapped
to the double pole p = 0 of the new equation (5.5).

Explicit integration of (5.7) gives the following relationship:

(58) P+ @ — )}~ 5pinlo) — (7~ )}
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_ gln{ (2 - p)a? ;g - iff(x2 ok }_ ln{x + (@ - B} }% In(B).

For simplicity, we shall consider only the right-half plane |arg(z)| < 4, with exten-
sion beyond this easily obtained from the continuation formulas (4.9) and (4.10). The
branches in (5.7) and (5.8) are taken so that p is negative when z lies in the interval
(1,00) and is a continuous function of x for all other values of z in the half-plane
|arg(z)| < 3m. With regard to the branch cut associated with Q") (z) along the
real z axis from 0 to 1, the corresponding (finite) cut in the p plane runs along the
positive real axis. With this cut, we specify, for definiteness, that 0 < arg(p) < 27 .

The following limiting behaviors are deducible from (5.8) and will be required
later:

(5.9) x—él—ﬁ{gf}ﬁmm@mﬂﬂ+0@%» (o — o)
and
62 1_ 1/p

The asymptotic expansions furnished by Theorem 3 of [4] now will be written in
the form

7 D i 1 AS D, P
WQ(]OV)-l—l(uvpv P) - 2p2 Jp(upz)z /5128 )
s=0
(5.11) § N g
(0 -
J/ 21\)[-‘1-1(” 'z p)u
. Zz
1 s
) = ) 5 L2
(5.12) e
p 1)/ N1 B ( ) (1)
+ EH;é (Up ) +€2N+1(u P, p)
s=0

where flo(ﬁ, p)=1,and for s =1,2,3,...,

(5.13)
~ Y _ s _
&mm:@—ﬁra/v— 2L A5, 7) + AL 7) — D, T Au (B 7)Y,

(5.14) As(p,p) = —pBL_1(p,p) / D(p ,7)dT + As (D).

As in §3, we shall select the integration constants {As(p)}., to simplify certain
connection coeflicients.

The solutions (5.11) and (5.12) should be compared to (3.16) and (3.17), which
have the same forms. For the solution (5.11), which is recessive at z =1 (p = 0), we
find in a similar manner to the determination of (3.21) and (3.22), that

(5.15) PwP) (1) = 2N+1( D) (P*—p W(O) (u, B, p)
' n (1—a2)2Ppz |22 — 0 2N+ (P P

:
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where, with the aid of (5.10),

(5.16)
- Lu N 5 - N-1 7 o ova-1
- . 2 lePT(n+p+1) <u—p)2 { As(P) Bs(p,0)
DY 41 (u5) = 1+ ==+ o
an+1(4P) T(n+ 1)(u2 — p2) 52 \u+p s; ws P s

This asymptotic expansion is valid for all z in the half-plane |arg(z)| < %
Likewise, for the solution (5.12) which is recessive at x = 0o (p = —00

Dg}\)/+l(u7f)) ]52 —p % = (1) 5
(1172 _ 1)%7’/)% {1'2 _ ﬁ} W2N+1(uap7 P)

(5.17) QPP (z) =

where, by a matching at z =1 (p = 0), it is found that

. $pmigp=1p 1 Fu
(5.18) Dy (u,5) = i rr e -y (422

erT'(n+2p+1) u—p
3[ES 9E 2EN) pE R IO I
s=1 s=0
in which
(5.19) 0541 (u ) = gij%{P%H;(;l)(UP%)}_15;2+1(U,]5, 0).

Again the expansion (5.17) is valid for all z in the half-plane |arg(z)| < 17 .

As an alternative representation for 132\), +1(u,p), which does not involve an un-
known constant, we compare both sides of (5.17) as p — oo; with the aid of (1.21)
and (5.9), we then find that

1 1y
(5 20) Dg\)] 1(’[1, ﬁ) _ ﬂ.ie%pm F(U + %) {4(’(}, —p)}zp{ u2 }2
. n ,

2y/ul(u) | u+p u? — p?
N s N-17 ,. -1
As(p,00) bs(p, 00)
X |:1 + Z u2s + U2S+1
s=1 s=0
where
(5.21) Ay(p,00) = lim A, (p,p),  bs(p,o0) =i lim p2 By(p, p).

p——00 p——00
Next, using (1.28) (with ¢ = p), (5.15), and (5.17), we find, by following the
procedure which yielded (3.29), that

(5.22) DSy 1 (u, ) = m‘eép’”{1 + O(uQNl)}f)é%H(u,ﬁ).

We then choose the constants {\s(p)}Y_; in turn so that
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=1+ O(uiQN*l),

(cf. (3.31)). Therefore, from (5.16), (5.18), (5.22), and (5.23), we arrive at our desired
simplified forms

O (u 2" 'T(n+p+1) y—2N-1
(5.24) Doy (w9) = [T(n+2p+ 1)T(n+1))2 {HO( )}’

and

(1) i 22" 'T(n+p+1) { —2N-1 }
5.25 D U Tie2? —¢1+O(u .
( ) 2 (1 P) = [Cn+2p+1)T'(n+1)]2 ( )

Finally, if exact representations for Dg;\), 41(u,p) and 13%), H(u p) are desired,
we can return to (5.16) and (5. 20) with the coefficients { X, ()}, {Bs(p,0)} 41,

{As(p,00) 1Y, and {bs(p,00)} " being computed via the formal expansions (cf.
(3.36) and (3.44))

1oy (LB (e Du(l+7) +3)]*
(")
1+Z 25 + Z 25+1
(17 %“ﬁ[r<u<1+ﬁ>+%>r<u<1—ﬁ>+%>ﬁ
ooy (i) frw) ~

bs(
~ 1+ Z u25 Z 25+1
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