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LARGE-PARAMETER ASYMPTOTIC EXPANSIONS
FOR THE LEGENDRE AND ALLIED FUNCTIONS

GERGO NEMES AND ADRI B. OLDE DAALHUIS

ABSTRACT. Surprisingly, apart from some special cases, simple asymptotic expansions for
the associated Legendre functions P}'(z) and Qb (z) for large degree v or large order u are
not available in the literature. The main purpose of the present paper is to fill this gap
by deriving simple (inverse) factorial expansions for these functions and provide sharp and
realistic bounds on their error terms. Analogous results for the Ferrers functions and the
closely related Gegenbauer function are also included. In the cases that v is an integer or 2u
is an odd integer, many of these new expansions terminate and provide finite representations
in terms of simple functions. Most of these representations appear to be new. It is well known
that the hypergeometric series can be regarded as a large-c asymptotic expansion for the
hypergeometric function F'(a,b;c;z). We also derive computable bounds for the remainder
term of this expansion. To our best knowledge, no such estimates have been given in the
literature prior to this paper.

1. INTRODUCTION AND MAIN RESULTS

In this paper, we derive asymptotic expansions for the associated Legendre functions P¥(z)
and Q*(z), and the Ferrers functions P#(x) and Q¥(x) in the case that either the degree v or
the order p becomes large. These functions are solutions of the associated Legendre differential
equation

d?w(z dw(z 2

(1.1) (122 dzg ) . di)+ (V(u+1)— leQ)w(z):o.

The equation (1.1) occurs in the theory of spherical harmonics, potential theory, quantum me-
chanics and in other branches of applied mathematics (see, for example, [4, Ch. 14]). Over the
past several decades, a great deal of effort has gone into deriving asymptotic expansions for
these functions. Most of these (uniform) expansions are in terms of non-elementary functions
(Airy functions, Bessel functions, parabolic cylinder functions, etc.) and often have complicated
coefficients (see the end of this section for a short summary). In contrast, the expansions we
present in this paper are just (inverse) factorial expansions, with simple, elementary coefficients.
In addition, we provide, in Sections 2-5, sharp and realistic error bounds for the new expan-
sions. Numerical examples demonstrating the sharpness of these bounds and the accuracy of the
asymptotic expansions are given in Section 11. Note, however, that unlike their uniform coun-
terparts, our expansions break down near the transition points z = +1 of the equation (1.1),
except for the large-p asymptotic expansions for the associated Legendre functions which require
z to be bounded instead. We find it surprising that, apart from some special cases, these simple
expansions have not been given in the literature before. The reason might be that previous
authors were mainly focusing on deriving asymptotic results that are uniform in character, and
hence, inevitably posses a rather complicated structure. Some of our results are special cases
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of the well-known large-c asymptotic expansion of the hypergeometric function F(a,b;c; z), for
which we also provide, for the first time, computable error bounds.

A common feature of our large-v expansions below is that they terminate when 2y equals an
odd integer, thereby giving simple, closed-form expressions for the associated Legendre functions
and the Ferrers functions. Most of these representations appear to be new. Similarly, the
large-;1 expansions terminate in the case that v is an integer and, again, yield simple, finite
representations.

We begin with the definition of the functions under consideration. The associated Legendre
functions of complex degree v and order u are defined in terms of the (regularised) hypergeometric
function as follows (cf. [4, §14.3(ii)]):

1\"/? L,—v 1—
Pﬁ(z): z+ F v+1, 1/; z
z—1 1—p 2

_ V2D (y 4 1+ 1) (22 — 1)M? [ vhpt2 viptl
(1_2) e—muQ;lj(Z) _ ™ ( H ) ( ) F 2 5 2 g
2u+1zu+,u+1 v+ 5 22

for z € C\ (—o0,1], and

for z € C\ (—o0,1] and v+ p € C\ Zo. For analytic continuation to other Riemann sheets, see
[4, §14.24]. The Ferrers functions of complex degree v and order u are defined as follows (cf. [4,

§14.3(1)]):

(1.3) P,;(x)<1+:c>”/2F<I/+1,V;12x>

1—a 1—p

for -1 <x <1, and

n/2
L _ T 14+ F v+l,-v 1—x
Q () 2sin(mp) (COS(ML) (1 -z 1—p 7 2
Fv4+pu+1) (1—2 “/QF v+l,—v 1-z
Fv—p+1) \1+z I+p 2
for -1 <z <land v+ p € C\ Z<o. When pu is an integer, the right-hand side is replaced by
its limiting value.

We shall also study the closely related Gegenbauer function. The Gegenbauer function of
complex degree v and order A may be defined as follows (cf. [1, Eq. 14.3.21] and [4, Eq. 14.3.22]):

VAL (v + 2))
A—1 U+)\,l(z)
LAD(v+1) (2v22—1)" 2 :

1
1

(1.4) M (z) =

for z € C\ (—o0,1], and
VTl (v 4+ 2X) 1-x
T)D(w+1) (2vT—22) % 77

(1.5) M (2) =

for -1 <ax<1.

Our initial focus is on the large-r asymptotics. In the case that v is large, Q#(z) is the
recessive solution of differential equation (1.1). Our main tools are the following convenient
representations for this function.
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(1) The associated Legendre function of the second kind can be represented in terms of the
modified Bessel function of the second kind as

o0
(1.6) e ™MHQH (cosh &) = ! ) / Ve teoshE | (tsinh €)dt,
0

IM'v—p+1

provided that £ > 0 and Rv > |Ru| — 1 (compare [6, Eq. (6.8.29)] and (1.2)). An immediate
consequence of the factor t¥ in the integrand in (1.6) is that when Rv is large and positive, the
main contribution to this integral comes from large values of ¢, and thus we can obtain a large-v
asymptotic expansion by expanding the Bessel function by its well-known large-t asymptotic
expansion. In this way it is also straightforward to obtain sharp and realistic error bounds.

(2) If combined with a quadratic transformation [4, Eq. 15.8.19] for the hypergeometric func-
tion, (1.2) yields the representation

1 1 _
— i T —(v+i tmg—p —et
1. Tip h _ (V+ )ér DF|( 2 2 .
17) Qo) = [ T e p( 2T ),
(cf. [7, Eq. (3.2.44)]) in which, again, v+ pu € C\ Z<o and we take £ € D; where
(1.8) Dy ={§:RE>0,[¢] <7p}, p>0.

Note that the function cosh¢ is a biholomorphic bijection between Dy and C\ (—oo, 1].
Any hypergeometric function for which a quadratic transformation exists can be expressed

in terms of the associated Legendre functions or the Ferrers functions (cf. [4, §15.9(iv)]). Con-
sequently, there are several representations in terms of hypergeometric functions. For large
parameter asymptotic approximations of hypergeometric functions see, e.g., [21] and [8]. These

results can be used to obtain asymptotic expansions for the associated Legendre functions or the
Ferrers functions. In general, the hypergeometric series

F(a;b;z> — P(C)F<“’Cb;z) _ g}mzn

(¢),,n!

converges only for |z| < 1, but it can be regarded as a large-c¢ asymptotic series in much larger
complex z-domains (cf. [4, §15.12(ii)]). Thus, the representation (1.7) is very convenient since it is
possible to obtain a large-v asymptotic expansion by replacing the hypergeometric function with
its hypergeometric series. This asymptotic expansion will be valid in the sector |argy| < 7 —§
(< 7) and for £ € Dy, |sinh¢| > e (> 0). Error bounds for this expansion will then follow from
the more general results we shall prove for the hypergeometric series (see Section 2).

Before stating our main results, we introduce some notation. We define, for any n > 0,

(4p2 —12)(4p2 —32) - (42 — (2n—1)2) (A —n), (3 +n),

and let

sin(rp) if £€>0, VvVl (B +1)
1.9 C(&, 1) = : =Y 2l s
(1.9) (& 1) {j:iejF’”“ fo<ise<n, W= TF c+h 0 ?

The main large parameter asymptotic expansions we prove in this paper are as follows.
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Legendre functions for large v and fixed p. Assume that & € Dy, [sinh&| > ¢ (> 0) and
1 € C is bounded. Then the associated Legendre functions have the inverse factorial expansions

y ( (v—n+3) (et
o Fy/(cosh &) ~ \/mzan(“) T —p+ 1) <sinh§)

C(§ p)e” "2~ Z V_”+><e§ )n
\/27‘(81111’1 I'(v—p+1) \sinh¢/) 7

as 'v — oo, with Sv being bounded. These results are direct consequences of Theorems
3.1 and 3.2, where we give sharp and realistic error bounds for the truncated versions of the
expansions. We remark that in the special case that & is positive, v is a positive integer and
p = 0, these expansions (without error estimates) were also given by Olver [16]. For more
information regarding inverse factorial expansions, see, e.g., [13].

Under the same assumptions, the associated Legendre function of the second kind has the
factorial expansion

oo —£ n
i N Fv+pu+1l) [ e
112 e Qeoshd) ~ [y i ()

as |v| = 400 in the sector |argr| < m— 4§ (< 7). This result is a direct consequence of Theorems
3.3 and 3.4, where we provide sharp and realistic error bounds for the truncated version of the
expansion. For more information regarding factorial series, see, e.g., [3]. Note that Theorem 3.4
implies (1.12) for bounded values of p satisfying —% < Rp. This restriction can be removed by
appealing to the connection formula (1.32).

We observe that when e?®¢ > 2cos (23¢), the infinite series on the right-hand side of (1.12)
converges to its left-hand side. This is no surprise because this infinite series is just the power
series for the hypergeometric function in (1.7). Note that when e 2%¢ > 2 cos (23¢) and v+ 3 ¢ Z,
the infinite series on the right-hand side of (1.11) is also convergent, however, its sum is not the
associated Legendre function on the left-hand side.

We mention that if 2u equals an odd integer, then the expansions (1.10), (1.11) and (1.12)
terminate and represent the corresponding function exactly. This generalises the cases 2y = £1
given in [4, §14.5(iii)]. The exact representations resulting from (1.12) were also found earlier by
Cohl et al. [2, Eq. (5.5)].

To obtain a large-v asymptotic expansion for the associated Legendre function P¥(z) that
holds in the sectors (0 <) § < Jargy| <7 —§ (< 7), we can combine (1.12) with the connection
formula

e ™M cos(mv) PH(cosh €) = :1%; (iozhf)l)_p?_u:(_cf)h :

(combine [4, Eq. 14.9.12] with [4, Eq. 14.3.10]).
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Legendre functions for large i and fixed v. To obtain large-y asymptotic expansions for
the associated Legendre functions, we can combine the results above with the identities

(1.13) P! (coth&) = 2 si;hf (sin(wu)F(u + 4 1)P;f;%(cosh €)
iefﬂ'iu y+%
_ F(V_M_’_l)Qué(coshf)> ,

(1.14) Qb (coth&) =1/ %ﬂhge”i“lﬂ(u +p+ 1)PH__VI% (cosh¢).

These identities follow from Whipple’s formulae [4, §14.9(iv)] and the equations [1, Eq. 14.3.10],
(1.30) and (1.31). For example, if { € Dy, [sinh¢| > & (> 0) and v € C is bounded, (1.10) and
(1.11) yield the inverse factorial expansions

P!(coth§) ~ %euﬁ ian(y YT (u—n) (—.e_f)
n=0

sinh &
(1.15) 1 sin(mv) _ ¢ = 1 )’
+CO(—p—g) ———e" ,;)an(wrz)r(ﬂ_n)(smhﬁ) 7
Qo) 15 o+ )T ) (55
(1.16) -

~ €\
+0 6= DA Lt DT ()

as Ry — +oo, with Su being bounded.

Examination of the remainder terms in the limiting case ¢ — 0, I # 0 (using Theorems
3.1 and 3.2), shows that these inverse factorial expansions are actually valid on the boundary
Fi€ € [arcsin g, %) as well. Bounds for the error terms of these expansions follow from Theorems
3.1 and 3.2, the details are left to the reader. Note that the function coth ¢ is a biholomorphic
bijection between the domains D, and {z : Rz > 0,z & (0,1]}, see Figure 1. In particular, the
domain {z: Rz < 0,3z # 0} is not covered by the expansions (1.15) and (1.16).

A
B, =T Ci = Titoo
z
A=0 Co = 400 B0 c=1 "
1
Bo=-3i C.=-Titoo
Ay

FIGURE 1. The mapping z = coth{ from Dy to {z:R2>0,2 ¢ (0,1]}. The
boundary Fi¢ € (0, 3) is mapped to the imaginary axis +iz > 0.
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In order to cover the whole Riemann sheet C\ (—oo, 1], we employ the analytic continuation
formulae

Pl (z0*™) = 2™V P (2) = Zsin(m(v + u)e ™ QU(2),
Qp (227) = T QY(2),

(see, e.g., [4, Eq. 14.3.10], [4, Eq. 14.24.1] and [4, Eq. 14.24.2]) together with the above inverse
factorial expansions, to obtain

) in(mv = —ef\"
Pl (eFcoth€) ~ — C (&, p+ 3) %e“g D vt 3)T (=) (si§h§>
(1.17) "~

sin(mp) e > 1 B ef \"
Jri7T e gan(erQ)F(u n) She)

. : > — 75 "
n=0

(1.18)

B o0 e§ n
£ 1Y a v+ )T (- m) (Sim) |
n=0

as Ry — +oo, with Su being bounded and £3¢ > 0. Again, construction of error bounds is
possible and we leave the details to the interested reader. It is seen from Figure 1, for example,
that in the case £ € D% and ¢ > 0, we have arg (e*’” coth{) € (g,m).

We note that if v is an integer, then the expansions (1.15)—(1.18) terminate and represent the
corresponding function exactly.

Ferrers functions for large v and fixed p. Suppose that (0 <) e < ( <7 —¢ (< 7) and
w € C is bounded, and let

(L19) G = =nt D4 (b n=DF B =t D 0= 1) F,

Then the Ferrers functions have the inverse factorial expansions

) o0 r —n+ 1 vn
(1.20) PH(cos () ~ \/;ZO%W) ng — Z+ 12)) COSS(izZ,C, ),

i I'(v—n+3)sin(aun
(1.21) Qp(cos ) ~ — \/EZOG”(“) FEZ —Z+ 12)) Sms(iig”c’ )’

as R — 400, with Sv being bounded. These results follow from Theorem 4.1, where we give
sharp and realistic error bounds for the truncated versions of the expansions.
Under the same assumptions, the Ferrers functions posses the factorial expansions

t 2§ oy Dt it D) cosBunn
(1.22) P (cos () ~ \/EZOQ”(M)F EZ+/5 +n)) Coss(ifzC )7

S r 1 i v,n
n=0

as |v| — 400 in the sector |argr| < m—d (< 7). These results follow from Theorems 4.2 and 4.3,
where we provide sharp and realistic error bounds for the truncated version of the expansions.
Note that Theorem 4.3 implies (1.22) and (1.23) for bounded values of y satisfying —3 < Rp.
This restriction can be removed by appealing to the connection formulae (1.33) and (1.34). We
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remark that the expansion (1.22) (without error estimates and conditions on ¢, p and v) is posed
as an exercise in the book of Whittaker and Watson [23, Exer. 38, p. 335] (see also [10, p. 169]).

In the case that § < ¢ < <, the infinite series on the right-hand sides of (1.22) and (1.23)
converge to the Ferrers functlons on the left-hand sides. Note that when § < ¢ < %” and
v+ % ¢ Z, the infinite series in (1.20) and (1.21) are also convergent, however, their sums are
not the Ferrers functions on the left-hand sides.

We mention that if 2u equals an odd integer, then the expansions (1.20)—(1.23) terminate and
represent the corresponding function exactly. This generalises the cases 2u = +1 given in [4,
§14.5(iii)).

Ferrers functions for large p and fixed v. Assume that (0 <) ¢ < ( <7 —¢ (< 7) and
v € C is bounded. Then the Ferrers functions have the inverse factorial expansions

P4 (cos () ~ % Zan v+ 3 —n) (2sin* (3¢))"
(1.24) o0
smsrm/) tan® (1¢) Za”(y + D) T(u—n) (2cos® (20))",
n=0
QY (cos () ~ w cot’ (5¢) Y an(v +5) P(u —n) (2sin® (5¢))"
(1.25) s
)t (3€) 3 an v+ 3) D — ) (2e05? (50)) "
n=0

as Ru — +oo, with Su being bounded. The proof of these results is given in Section 10. Bounds
for the error terms of these expansions follow from Theorems 3.1 and 3.2, we leave the details to
the reader.

We note that if v is an integer, then the expansions (1.24) and (1.25) terminate and represent
the corresponding function exactly.

If combined with Theorems 2.1 and 2.2, formula (1.3) yields the truncated version, together
with error bounds, of the known factorial expansion of the Ferrers function P, #(x) (see [1, Eq.
14.15.1]). The analogous expansions for P#(x) and Q#(x) may then be obtained by means of
connection formulae, see [4, §14.15(i)].

Gegenbauer function for large v and fixed \. Suppose that £ € Dy, |sinhé| > ¢ (> 0),
(0<)e<(¢<m—e(<m) and A € Cis bounded, and let

_ Jeos(mA) if £€>0, Yawn =@+A=—n){—(A—n)
(126) K(§7 )\) B {eiﬂ'i)‘ if 0< i%g <m, 6)\,1/,71 = (V + A + n)c - (>‘ - n)

3

INIEINTE

Then the Gegenbauer function has the inverse factorial expansions

(1.27) O (cosh ) ~ (2sinh &) AZG" ( )L(v+1) \sinhé
' —f<v+A> 0 v+ A—n) [ e \"
l
RGN 2s,1nhgAZ ) r(AT(v+1) (mhg) ’
(1.28) CP(eosC) ~ —2— 3 an(r— 3) D FA= 1) cosOavn)

(2sin¢)” =5 Py +1)  sin"¢
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as v — +oo, with Sv being bounded. These results are direct consequences of Corollaries
5.1 and 5.2, where we provide sharp and realistic error bounds for the truncated versions of
the expansions. If v is a positive integer, C,S’\)(cosh £) is a polynomial in cosh¢. Thus, we can
extend (1.27) to the larger set Dy = {£ : RE > 0, —7 < S¢ < 7} (provided [sinh&| > & (> 0)).
The function cosh € is a continuous bijection between Dy and C\ [-1,1]. We remark that in the
special case that v is a positive integer and A is real, the expansions (1.27) and (1.28) (without
error estimates) were also given by Szegd [18, Theorem 8.21.10, pp. 196-197]. If, in addition,
A= %, the expansions (1.27) and (1.28) reduce to the generalized Laplace—Heine asymptotic
expansion and Darboux’s asymptotic expansion for the Legendre polynomials [18, Theorems
8.21.3 and 8.21.4, pp. 194-195]. To our knowledge, no error bounds for these latter expansions
have been given in the literature prior to this paper.
Under the same assumptions, the Gegenbauer function has the factorial expansion

) N 2 > 1 I'(v+2)) cos(0x,un)
(1.29) G (cos¢) (QSinC)A T;)an(/\ 2) TN (v+A+n+1) sin"¢

as |v] — +oo in the sector |argr| < m —§ (< m). This result follows from (1.5) and (1.22).
In Corollaries 5.3 and 5.4, we give sharp and realistic error bounds for the truncated version of
the expansion. We remark that in the special case that v is a positive integer and 0 < A < 1,
the expansion (1.29) (together with the error estimate (5.4) below) was also given by Szegd [18,
Theorem 8.21.11, p. 197]. If; in addition, A\ = %, the expansion reduces to Stieltjes’ asymptotic
expansion for the Legendre polynomials [18, Theorem 8.21.5, p. 195].

In the case that § < ¢ < %”, the infinite series on the right-hand side of (1.29) converge to
the Gegenbauer function on the left-hand side. Note that when ¢ < ( < %’T and v+ X\ ¢ Z, the
infinite series in (1.28) is also convergent, however, its sum is not the Gegenbauer function on
the left-hand side.

We mention that if A is an integer, then the expansions (1.27)—(1.29) terminate and represent
the corresponding function exactly.

The cases in which —v or —u is large. The asymptotic expansions we gave in this section
are valid either in half-planes or in sectors not including the negative real axis. For the reader’s
convenience, we reproduce here a series of known connection relations satisfied by the Legendre
functions and the Ferrers functions. By combining the above asymptotic expansions with these
connection relations, it is possible to cover larger regions in the parameter spaces. According to
[4, §14.9(iii)] and [4, Eq. 14.3.10],

(18) Q) = e cos(mL (v + T~ v+ DB () + QUi (2,
PIE) = o) (PEe) = 2o sin(m QL ).

e—27riMF(V —pt 1)

(132) Q(a) = e

Qy(2).
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Similarly, according to [4, §14.9(i)],
Piy(x) = Pfj—l(‘r)7
sin(m(v — 1))QY, (z) = — cos(mv) cos(mp)P),_, (z) + sin(m (v + 1)) Q)1 (z),

I'v—pn+1) .
1.33 P, = P (cos(mp)PH(z) — 2 sin(rw QL(x)),
(1.33) (1) = oy ) (CostmmPL(x) = 2 sin(rn) QL))
_ 'v—p+1)

1.34 w — = (Z Py n .

(1.34) Q" () = For gy (5 sin(mn)PL() + cos(m)Qf ()

Earlier asymptotic results. We close this section by providing a brief summary of existing
asymptotic results in the literature. Thorne [19] obtained uniform asymptotic expansions for
P (z) and Q¥(z) with the assumptions that z is complex, p is a negative integer, v is a large
positive integer and 0 < —pu/ (v + ) < 1 is fixed. Olver [11] derived uniform expansions for

PH(x) and Q¥(x) under the conditions that 0 < x < 1, u is real and negative, v is a large positive
real number, and 0 < —pu/ (1/ + %) < 1 is fixed. He also treated the case when p and v + %

are both purely imaginary. Olver [15, §12 and §13] also gave uniform asymptotic expansions
with error bounds for P¥(z), Q¥(z), P¥(z) and Q¥(z) with the assumptions that z is complex,
—1 <z < 1, pis real and fixed and v is a large positive real number (see also [20]). Similar

results were obtained by Shivakumar and Wong [17] for P! (z) and by Frenzen [9] for Q¥ (z)
under the conditions that z > 1, u < % is bounded and v is a large positive real number. Their
expansions are also supplied with computable error bounds. Dunster [5] completed the works
of Thorne and Olver by deriving uniform asymptotic expansions for the Legendre and Ferrers
functions with the assumptions that v + % is real and positive, p is a large negative real number
and —p/ (v + 1) > 1. Recently, Cohl et al. [1] gave uniform asymptotic approximations for the
Legendre and Ferrers functions under the conditions that p is real and bounded, v is large and
is either real and positive or v + % is purely imaginary.

2. HYPERGEOMETRIC FUNCTION FOR LARGE ¢ AND FIXED a, b: ERROR BOUNDS

In the following two theorems, we provide computable error bounds for the hypergeometric
series. The results in Theorem 2.1 are especially useful when Re¢ — 400 and Sc¢ is bounded,
whereas that in Theorem 2.2 is useful when |¢| — +00 in the larger domain |arge| < 7—4¢ (< 7).

Theorem 2.1. Let N be an arbitrary non-negative integer. Let a, b and ¢ be complex numbers
satisfying N > max(—Ra, —Rb), Rc > RNb and ¢ ¢ Z<o. Then

) F(acb )_F( )F(a,b;z> :Nzl (a)§ (z)'n 4 B (2 a0b ),

c oy (©),,
where the remainder term satisfies the estimate
I'(Rb+ N)I'(c+ N)I'(Re — Rb) | | (a) 5 (b) 5 N
I'(b+ N)I'(Re+ N)I'(c —b) (c)y N!

provided Rz < 0 and with the convention |arg(—z)| < 5. With the extra assumption Ra < 1, we
also have

max(1, e(S9) arg(*z)),

(2.2) \REVF)(z,a,b, c)‘ < ‘

") - sin(ma) ( b (el (%C _ %b)
‘RN (27 a,b, C)‘ = s1n(7r§Ra F §RC)
1

if Rz> |27,



http://dlmf.nist.gov/14.9.i

10 G. NEMES AND A. B. OLDE DAALHUIS

provided z € C\ [1,400). If Ra is an integer or Nb is a non-positive integer, then the limiting

value has to be taken in this bound. In addition, the remainder term Rgf)(z,a,b, ¢) does not
exceed the corresponding first neglected term in absolute value and has the same sign provided
that z is negative, a, b and ¢ are real, and N > max(—a,—b), ¢ > b and ¢ ¢ Z<y.

Theorem 2.2. Let z be a complex number such that Rz < %, and N be an arbitrary non-negative

integer. Let a, b and ¢ be complex numbers satisfying Ra > 0, N > —Rb, |arg(c — b)| < 7 and
¢ ¢ Z<o. Then the expansion (2.1) holds with the remainder estimate

0 o] < a0 O |

(¢)y N!
Here
N L(Rb+ N)[(c + N) emlSal+lolIStl (14 ) e
A :A Z7a’ab7670 == | + a ,
N N( ) ’ a F(b+N)F(C—b) ((C_b) COS(Q—}—O’))%IH_N

in which 0 = arg(c —b), |0+ 0| < 5, |o| < § and

2
K =K(z,0) =min | —— max | 1,
cos o

In the case that |0 < T we take 0 + 0 = 0, that is, cos(§ + o) = 1. Note that Ay = O(1) as
|| = 4o0.
3. LEGENDRE FUNCTIONS FOR LARGE v AND FIXED n: ERROR BOUNDS

In the following two theorems, we provide computable error bounds for the inverse factorial
expansions (1.10) and (1.11) of the associated Legendre functions P¥(z) and Q% (z), respectively.
For the definition of the domain Dy, see (1.8).

Theorem 3.1. Let £ € Dy and N, M be arbitrary non-negative integers. Let u and v be complex
numbers satisfying |Rp| < min (N 4+ 2, M + 1) and Rv > max (N — 1, M — 1). Then

(3.1)

P (cosh ) = ol bS 3™ an(u)r o (Z5) 4 Ry
v (COS 5) - F(V—’U—F l)m TLX: CLn(/.L) (V —TL+ 5) (Slnhf) + N (57#? V)

=0
O, pye (F2)¢ - 1 o\ e
m r - 9 . R s )
* (v — pu+1)y/2rsinh € mz::Oa (1) (V mt 2) sinh & + Ry (6 )
where C(&, p) is defined in (1.9), and the remainder terms satisfy the estimates
—¢ N
(P1) < | cos(mn) vy e
RV (G| < | o |l R T (R = N+ 3) |
e if R(e¥) <1,
min (|1 —e 2| |esc(23¢)[, 1+ x(N + 1)) if R(e*) > 1,
and
(P2) cos(mp) 1 s M
< | AR _ 1
‘RM (f,u,V)‘ ~ |cos(mRu) lans (R)| T (e = M + 5) sinh &

If 2R is an odd integer, then the limiting values have to be taken in these bounds. The square

roots are defined to be positive for positive real & and are defined by continuity elsewhere. In

P
b

addition, the remainder term R &, 1, v) does not exceed the corresponding first neglected term
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in absolute value and has the same sign provided that £ is positive, u and v are real, and |p| <
M—i—% andu>M—%.

Theorem 3.2. Let £ € Dy and N be an arbitrary non-negative integer. Let p and v be complex

numbers satisfying |Rp| < N + 5 and Rv > N — % Then

(3.2)
o (vt3)¢ — n
el cosh ) = Y TE - S ar -t ) (<) RO e )
v 'v—p+1) = " 27\ sinh ¢ NS ’

where the remainder term satisfies the estimate

5 N
@) ’ < | _cos(mu) C(fy— N+ 1|8
(3.3) R (€ )| < | o | o (R IT (R = N+ )| 2o

If 2R is an odd integer, then the limiting value has to be taken in this bound. The square root is
defined to be positive for positive real & and is defined by continuity elsewhere. In addition, the
remainder term Rgg)(ﬁ,u,u) does not exceed the corresponding first neglected term in absolute
value and has the same sign provided that £ is positive, p and v are real, and |u| < N + % and
v>N— %

A combination of Theorems 2.1 and 2.2 with the representation (1.7) leads to error bounds for
the factorial expansion (1.12) of the associated Legendre function Q*(z) as given in the following
two theorems.

Theorem 3.3. Let N be an arbitrary non-negative integer. Let u and v be complexr numbers
satisfying [Rp| < N+ 1 and Rv > —Rp — 1. Then

(3.4)
e_ﬂi‘uQ‘u(COSh f) _ ™ e—(u—&-%)fr(y_'_ +1) Nz_:l an(,u) et \" + ﬁ(Q) (5 V)
v ~\/ 2sinh¢ K —T (v+ 2 +n) \sinh¢ NS ’

where the remainder term satisfies the estimate
P(3—Ru+N)T(Rv+Ru+1)
T(L—p+N)T(w+p+l)
—¢ N
e

sinh &

‘Eg\?) (gy I I/)‘ < max (1’ e(i‘su) arg(e® sinh E))

lan ()]
[ (Rv+35+N)

provided R(e**) > 1 and with the convention |arg(ef sinh¢)| < Z. With the extra assumption
Ry < L, we also have

¢ N
E(Q)(f i u)’ < cos(mp) || (% — Ru) T(Rv + Rp+ 1) lan (Fp)] e ¢
N \S Hy ~ | cos(mRu) F(%_N) Fv+p+1) 1—‘(§Ry—|—%+N) sinh &
1 if R(e*) =1,
X ¢ |1 —e % fesc(23€)|  if 0< R(e*) <1,
|1 —e % if V2| cosS¢| < 1,

provided & € Dy. If 2Ru is an odd integer, then the limiting value has to be taken in this bound.
The square root is defined to be positive for positive real & and is defined by continuity elsewhere.
In addition, the remainder term Es\?)(f,u, v) does not exceed the corresponding first neglected
term in absolute value and has the same sign provided that £ is positive, u and v are real, and
W <N+ 3 andv>—p—1.
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Theorem 3.4. Let & € D1 and N be an arbitrary non-negative integer. Let u and v be complex
numbers satisfying —% < R < N + 5 and |arg(v + p+ 1)| < 7. Then the ezpansion (3.4) holds

with the remainder estimate
—¢ N
an (1) < e >
F(V+%+N) sinh & ’

N ‘ DN L~ )T (v 34 ) oD (14
3t

(3.5) R (€ )| < B

Here

1
. )L2+§Ru
2 TH

P(N+5 =) T +p+1) (04 p+1)cos(d + o))V T2

N
+

By = Bn (&, p,v,0) =

9

in which 0 = arg(v+p+1), [0 +0| <%, [0l < F and

1+ (Scothé)?
R coth &

2
L=L(0)=min [ ——,max [ 1,
coso

The fractional powers are taking their principal values. In the case that |0] < 5 we take 0+o0 = 0,
that is, cos(6 + o) = 1. Note that By = O(1) as |v| — +o0.

4. FERRERS FUNCTIONS FOR LARGE v AND FIXED K1: ERROR BOUNDS

In the following theorem, we give computable error bounds for the inverse factorial expansions
(1.20) and (1.21) of the Ferrers functions.

Theorem 4.1. Let 0 < ( < m and N be an arbitrary non-negative integer. Let p and v be

complex numbers satisfying |Ru| < N + 3 and Rv > N — L. Then

2 N-1
(41)  Ph(cos¢) = m (Z an(p)T (v —n+3) (fjg) + R§5>(<,u7u>) :

n=0

(v—p+1) sin”™ ¢

o \/ 28?11( gy Sin(a l,n) Q)
(42) fo(COSC) = Fi (Z an(ﬂ)r (V —n+ %) — + RN (Cvﬂa V)) )
n=0

where o, . is defined in (1.19), and the remainder terms satisfy the estimate

®) @ < | cos(mp) _ Ny 1) b))
43) A0 G| BRG] < | SR o (Rl T (R — -+ ) S22
With the modified conditions |Ru| < N + 3 and Rv > N + 3, we also have
®) < | cos(mm)_ _ vy 1y Leos(@ue )l
" ’RN ¢ p, I/)’ < | cos(niy) lan (Rp)| T (%V N+ 2) sin® ¢
' cos(mp) _ v 1y eyl
cos(mRu) o1 (Rp)| T (%U N 2) sinV ¢
and
@ _ | costmn) _ N4 1y Bl
(4 5) ‘RN (Ca 122 V)‘ > COS(’/T%LL) ‘CUV(?R/J:” r (%V N+ 2) sinN C
' _cos(mu) _ v - 1y Leos(@nn)]
cos(mRu) lax1 (Ru) [T (v = N = 3) sinV 1 ¢

If 2R is an odd integer, then the limiting values have to be taken in these bounds.
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In the following two theorems, we give computable error bounds for the factorial expansions
(1.22) and (1.23) of the Ferrers functions. The results in Theorem 4.2 are especially useful when
Rv — 400 and Qv is bounded, whereas those in Theorem 4.3 are useful when |v| — 400 in the
larger domain |argr| <7 —§ (< 7).

Theorem 4.2. Let 0 < ( < 7 and N be an arbitrary non-negative integer. Let p and v be
complex numbers satisfying —N — % <Rup < % and Rv > —Ru — 1. Then
N—-1

F(y n u i 1) (Z Pan(.u) COS(ﬁu,l/.,n)L + j%g\';) (<7 I, l/)) ,

(4.6) PE(cos() =

msin ¢ —= (y+ % +n) sin”
(A7) QUeosO) = —y/so—T(v +p+1) Ni ) S Prin) RO (¢ )
’ v 2sin ¢ a n:OF(V+%+n)sin"§ N5 i ’

where By, ts defined in (1.19), and the remainder terms satisfy the estimates

(P) Q) cos(mp) | [T (% — §Ru) F(Rv+Ru+1)
s N (C7N7V)’7’RN (C’M’V)‘g cos(wéﬁu)’ F(2—p)T(v+p+1)
. |aN(§Ru)\ cosh(S(Bu,v,N)) y lsec¢| f 0<(<T or (<,
I (Rv+3 +N)sm ¢ 2sin¢  if F<(<3
(4.9)
~(P) cos(mp) ‘ (35— Rp) (%V +Rp+1) lan (Rp) cos(By,v,n)|
Ry (<7/1'7V)‘ < cos(mRp) 1‘(§Ry+%+N) sinNC

P(3—p)T(v+p+1)
(

lan+1(Rp) sin ﬁMVN)‘ % |sec (| if0<C§% or %TWSC<7T’
(%u—l— + N)sin¥*i¢ 2sin¢  if §<C<3f

and
(4.10)

ES)(CM,V)‘ <

cos(mp) ’
cos(mRp)

L(—Ru)T(Rv+Rp+1) lan (Rp) sin(B0,n)|

I'($—p)Tw+p+1) I'(Rv+ 3+ N)sin™ ¢
lan+1(Rp) cos(Bup,N)| » sec¢] if 0<(<F or B <(<m,
I'(Rv+ 5+ N)sinVt!¢ 2sin¢  if § <<<

If 2R is an odd integer, then the limiting values have to be taken in these bounds.

Theorem 4.3. Let 0 < ( < m and N be an arbitrary non-negative integer. Let p and v be
complex numbers satisfying —3 < Rp < N + 5 and |arg(v + p+ 1)| < 7. Then the ezpansions
(4.6) and (4.7) hold with the remainder estimates

D D h(cj(ﬂ VN))

4.11 ‘R(P) " ‘,‘R(Q) " ‘ <B aN(:u) COS WV,
( ) N(CHV) N(CMV)_ N F(y+%+N)sinNC

5 v i ﬁ VN)
vy || < By | G || v 9 sin(
( ) N(CMV) =N F(z/—i—%—i—N)sinNC N F(V—l—g—&—N)sinNJrlC
and

F i /BLI/N) aN+1(N)COS(BADN)
413 )R@ " ’ < By | (W) sin (B, B v, .
(4.13) n (G )| < By T(v+3+N)sinV¢| T (w42 +N)sinV ¢
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Here
1 >—%—%M
BN = BN(M; V,U) =

N ‘ T(N+L-Ru)T(v+24+N) el tlohISu (1+TIL) (3coso
SHul | TIN+E =T +u+1) (4 p+ 1) cos(d + o)V T2

in which 0 = arg(v+pu+1), |0+0| < 3, |o| < §. The fractional powers are taking their principal
values. In the case that || < T we take 0 + o0 = 0, that is, cos(§ +0) = 1. Note that By = O(1)
as |v] — +oo.

5. GEGENBAUER FUNCTION FOR LARGE v AND FIXED A: ERROR BOUNDS

As a corollary of Theorem 3.1 and the relation (1.4), we provide error bounds for the inverse
factorial expansion (1.27) of the Gegenbauer function as given in the following theorem.

Corollary 5.1. Let & € Dy and N, M be arbitrary non-negative integers. Let A\ and v be complex
numbers satisfying |§R)\ — %| < min (N + %, M+ %) and Rv > max (N — R\, M — R\). Then

(5.1)

E(v+X) Ry T(v+ \— —e=6\"
o) = 1 s (Z an(A=13) (;@ T 1>n) (sir?hf) RN AW))

n=0

e—§(w+A) ML Pv+A—m) et " (C2)
*K“”m)(zw(zw“b o (ge) +Aean).

where K (&, \) is defined in (1.26), and the remainder terms satisfy the estimates

m=0

) _ N
) _ M 1 TRv+RA-N) | e ¢
Ry (5,)\,1/)‘7 S () lan (RX = 3)| T(v+1)] sinh &
WE if R(e*) <1,
min (|1 — e 2] |esc(23)], 1+ x(N +3)) if R(e*) > 1,
and M
) B sin(mA) oy DO ARA-M) | ef
’RM (57/\,1/)’— Sin(71’§R>\) |aM(%/\ 2)| |F(V+1)| sinh & ’

If R\ is an integer, then the limiting values have to be taken in these bounds. The fractional
powers are defined to be positive for positive real £ and are defined by continuity elsewhere.
In addition, the remainder term REVC;Z) (&, \,v) does not exceed the corresponding first neglected
term in absolute value and has the same sign provided that € is positive, A and v are real, and

AN=3| <M+ 3 andv>M—\

Note that if v is a positive integer, Cl(,A)(coshg ) is a polynomial in cosh §. Thus, we can extend
this result to the larger set ﬁ ={£: RE>0,—71 < §E < w}. The function cosh € is a continuous
bijection between Dy and C\ [-1,1].

An immediate corollary of Theorem 4.1 and the relation (1.5) are the following error bounds
for the inverse factorial expansion (1.28) of the Gegenbauer function.

Corollary 5.2. Let 0 < ( < w and N be an arbitrary non-negative integer. Let A and v be
complex numbers satisfying |§R)\ — %‘ <N+ % and Rv > N — RA. Then

N-1
(V) CcOS = # a _ 1 F(V +A - n) COS<7>\7V,n) (@] v

n=0
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where yx . 15 defined in (1.26), and the remainder term satisfies the estimate

(©) < [ s _ 1y HO + RA =~ N) cosh@ ()
’RN (C’)\’V)‘ ~ |sin(7RA) o (RA = 5)| T(v +1)| sin’¥ ¢ .
With the modified conditions ‘?R)\ — %’ <N+ % and v > N —RA+ 1, we also have
© _ | sin(mx) 1y DRy + RX = N) [eos(van)|
‘RN <<’)\’U>‘ ~ |sin(7RN) ’aN (%A 2)‘ IT'(v+1)] sin® ¢
sin(mA) PRy +RX — N — 1) [sin(ya,,n)]
sin(7RA) jrv+1 (RA = 3)] IT(v +1)| sinV ¢

If R\ is an integer, then the limiting values have to be taken in these bounds.

An immediate corollary of Theorems 4.2, 4.3 and the relation (1.5) are the following error
bounds for the factorial expansion (1.29) of the Gegenbauer function.

Corollary 5.3. Let 0 < ( < m and N be an arbitrary non-negative integer. Let A and v be
complex numbers satisfying 0 < RA < N + 1 and ®v > —1. Then

(5.3)
N-1
2 T(v+2\)  cos(Brpn)  =(C
(N - _1 12 (%)
G0 C) = T @sm o <§0 an(d—3) Totasntl) smic o (GAV ]
where 0 ., is defined in (1.26), and the remainder term satisfies the estimates
5(0) < sin(m\) §R)\ JT(Rv +1) 1 IT(v + 2))]
Ry (C’)\’V)‘_ sin(7TRN) JT(v+1) jaxe (A 2>’F(§RV+§R)\+N+1)
5.4
(5.4) " cosh(\f(é,\MN)) “ lsec¢| if 0<(<T or < (<,
sinV ¢ 2sin¢  if T<(<3E
and
~©) sin(m ) m TRy +1) C(v +2))| | cos(0x,,)]
A < A— 3
Ry (G ’V)‘* blnwﬁ?)\H T(v+1) | N(% )‘F(%V+%>‘+N+1) sin ¢
1 IT'(v +2))| | sin(dxv,n)|
+‘aN+1(%/\ 2)|F(%V—|—%)\+N+2) sinNﬂ(

" lsec¢| if 0<(<T or < (<,
2sin ¢ sz<C<4

If R\ is an integer, then the limiting values have to be taken in these bounds.

Corollary 5.4. Let 0 < ( < 7 and N be an arbitrary non-negative integer. Let A\ and v be
complex numbers satisfying —N < RA < 1 and |arg(v +1)| < 7. Then the expansion (5.3) holds
with the remainder estimates

(A = 1) T'(v+2X) cosh(S(0x,,,N))
N YTw+A+N+1)  sin¥¢

and

‘}%g\?)(Q)\,V)’ <Kylan(A—3

) (v +2)\) cos(dxu,N) ’
Fv+A+N+1) sin™¢
an (A= 7) T(v+2)) sin(dx, N) ’

K
T Avn T(v+A+N+2) sin¥ri¢
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Here
(m+oDISAl (1 4 N (l . )ERA—l
N TRA+N)T(v+A+N+1)¢ ) (L coso

v =En(A o) ‘1/\ T(A+ N)T(v + 1) (v + 1) cos(0 + o)) AN
in which § = arg(v + 1), |0 + 0| < T, |o| < 5. The fractional powers are taking their principal
values. In the case that |0] < 5 we take 0 +o0 = 0, that is, cos(f+o0) = 1. Note that Kn = O(1)
as |v| = +oo.

6. PROOF OF THEOREMS 2.1 AND 2.2

In this section, we prove the bounds for the large-c expansion of the hypergeometric function
given in Theorems 2.1-2.2. Throughout the section, we will assume that ¢ is not zero or a
negative integer. We begin with the proof of the estimate (2.2). Starting with the standard
integral representation [4, Eq. 15.6.1] and using Taylor’s formula with integral remainder for
(1 — 2t)~“, we obtain the truncated expansion (2.1) with

(@n(By v NT(etN)
(c)nyN! I'b+ N)I'(c—b)

1 1 N-1
1—
x/ tb“v’l(l—t)c’b’l/ B CalC) i dudt,
0 o (1—ztu)etN
provided that Re > Rb, N > —Rb, |arg(—z)| < w. With the added conditions N > —Ra,

larg(—z)| < 5, we find

1 N-1 1 N-1
(1 — ’LL) dul < (1 — ’LL) e(%a) arg(lfztu)du
o (I—=2tw)atN 0= Jo |1 — gt
(Sa) arg(1+re' 218(=2)) max(l e(i‘sa) arg(—z))

1
< 1—w)VNtdusupe® < .
/O ( ) >0 N

Rg\f)(a, b,c,z) =
(6.1)

Thus

NT(c+ N) ! -1 P o ()
‘F(b—&-N)F(c—b)/ N =) /0 (1= ztuyery dudt

IN

‘ (b+N b ‘/ t%bwLN 1 t)%cfifibfldtmax(:l?e(%a)arg(fz))
c J—

L(Rb+ N)I'(c + N)I'(Re — Rb)
I'(b+ N)I'(Re+ N)I'(c — b)
In arriving at the penultimate expression, use has been made of the standard integral represen-
tation of the beta function [4, Eq. 5.12.1]. This completes the proof of (2.2).

Now suppose that z < 0, a, b and ¢ are real, and N > max(—a, —b) and ¢ > b. From (6.1)
and the mean value theorem of integration, we can assert that
(a)N(b)NZN NT(¢c+ N)
(¢)nN! I'b+ N)I'(c—b)

1 1
X / AN — 1) N (¢, 2, a) / (1 —w)N = dudt
0 0

a c 1
= ((2;\[1\[(?\)71'\7 SN G i(N;rFJ(\;)— 5 /0 N1 eG4, 2, a)dt

:((Z);VN(?\)]?V NOn(z,a,b,c)

max(1, e(S9) arg(_z)).

Rg\f) (a,b,c,z) =
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where 0 < On(t,z,a) < 1 and 0 < Op(z,a,b,¢) < 1. Thus, under these assumptions, the
remainder term Rg\f) (a,b,c, z) does not exceed the corresponding first neglected term in absolute
value and has the same sign.

We continue with the proof of the inequality (2.3). An integral representation for the beta
function [4, Eq. 5.12.2] gives

2 - 71'/2
(6.2) (@)n = sin(ma) / tan®*~ !y sin®" udu,
0

n! T

provided n > —¥Ra and Ra < 1. Hence, by summation and analytic continuation, we have

2sin(ma) (™2 tan22 L ysin?Y o
(1—2t)" Z g 4 N (W)/ S du
s T 0 1 — ztsin“u

provided that z € C\ [1,4+00), N > —Ra and Ra < 1. Substitution into the standard integral
representation [1, Eq. 15.6.1] followed by term-by-term integration, yields (2.1) with

2sin(mwa) T'(c) ! _ oy [ tan2e 1 ysin®Y
R b, N/ tb+N11_tcb1/ dudt,
N (2 abc) = m  TOT(c— b)z 0 ( ) 0 1—ztsinZa

under the assumptions that z € C\ [1,4+00), N > max(—Ra, —$b), Ra < 1 and Re > Rb. Note
that for 0 < s < 1,

1 if Rz <0,
1=z =272 —2(R2)s +1> ¢ L if 0< Rz < |2,
I1—z> if Rz > |2|°.

Consequently,

2 |sin(7a)
™ ’F(b)F(c -

1
R (z,a,b,¢)| < N‘/ ROFN L] gReRo-1gy
0

/o 1 if Rz <0,
X / tan2®e—1 g 6in?N ydu x ‘é‘ if 0<Rz< |z\2,
The t-integral can be computed using the standard formula for the beta function [4, Eq. 5.12.1],
and the explicit form of the u-integral follows from (6.2). This completes the proof of the bound
(2.3).
We conclude this section with the proof of Theorem 2.2. We will focus on the closed half-plane
Rz < 1. Combining formula (6.1) with the identity

Rg\f)(a,b, ¢, z) = m\[ N Rg@_l(a,b, ¢ z)

and the standard integral representation [, Eq. 15.6.1], we obtain the truncated expansion (2.1),
in which we present the remainder term as

a I'(c) (a 2N+ 1 o a
R (z,a,b,0) = (<2NN(b)NZN+r(b§r)<(cEN&M1);/ (1—)°" tb+NF< +]\][V++21 g )dt



https://dlmf.nist.gov/5.12.E2
https://dlmf.nist.gov/15.6.E1
https://dlmf.nist.gov/5.12.E1
https://dlmf.nist.gov/15.6.E1

18 G. NEMES AND A. B. OLDE DAALHUIS

provided that N > —Rb — 1 and Rc > Rb. Using the identities
F(a +Z\]7V++217 1;zt> =(1—2t)" F<1 _]37’4]—\[2—'_ 1;215)
e () (3
_ ]\;;1 ((1—zt)_“F<N+1 ) 1

we decompose the remainder Rgf)(z, a, b, c) as follows:

b 1)y ( ~
R(F)(z,a,b,c) _ (a)y ( )NZN_ (a+1)y( >NzN—|—R§5)(z,a,b,c)

N () N! (¢)y N!
_ —N(a)y () (F)
= On va N+ R (20,0, 0),

with

() _ T (a+1) PN (e N
R;(zab,c)—W_b)]I\\an/O 1= (N+1,zt>dt.

The integral on the right-hand side is convergent provided that N > —Rb and ¢ > Rb. Now,
by employing the substitution t =1 — e™", we deduce

~(F) _ T()(a+1) o= (1 — )" N .
R o e e e CR R B

With this integral representation one can show that Rgf)(z, a,b,c) = O (le| ™) as [¢] = 400
in the sector |argc| < §. To extend this result to the larger sector |argc| < 7, we deform the
contour of integration by rotating it through an angle o, |o| < 7. Thus, by writing 7 = tel?, we
arrive at

=(F) _ Dl)(a+1)y N/+oo (b—c)te'® bt N—1
Ry’ (z,a,b,¢c) = TN (c— )N b)N!Z ; e t f(e)de

with

_ o 1—ete” e e\ \ T a, N teic
= () ) e (3 ()

Let 0 = arg(c — b) € (—m,m), |0 + 0| < . Since |o| < T, we have

i t
e'? _aio
7/ e dr
t Jo

<1,
; <

1— eiteid |

and hence

o\ b+N-1
1-— eite el
— < exp (f(%b) arg (1 —e ))

< exp (\%b| }arg (1 - e_teia) ’) <exp (|| |o]) .
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The last inequality may be proved as follows. Assume that |0 < 7 and ¢ > 0. Then

sin(¢sin |o|)

arg (1 — e_tcin)‘ = arctan

sin(t sin|a|)‘

< arctan oo
etcoslo| _ ]

etcoslo| _ COS(t sin |0'|)

tsin |o| t cos |o|

<arctan | ————— ) = arctan | —————tan|o| ] < arctan(tan|o|) = |o].
etcosla| _ 1 etcoslo| _ 1

The case |o| = 7 follows by continuity. For the hypergeometric function, we use the integral

representation

(6.3) Ll
(1_z(1_e—tew))“‘p(;vaﬁ;z(1_e—tew)):N /OZN—l i‘_fff_‘j__;)) ar.

Since |o| < §, we have

io a o\ |Ra i
1—72(1—e_te ) 1—7’2’(1—e_te ) 1—Tz(l—e_te )
, = . e —(Sa) ar .
1—z(1—et) 1—2z(1—et) xp | ~(Sa)arg 1—z(1—ete)
i\ |Ra
1—72 (1 — e te ) Sl
< . elSalm,
1=z (1 - e—te”)

We continue bounding the last expression under the assumption that $ta > 0. For fixed complex
w and 0 < 7 < 1, the function 7 — |1 — 7w| has only one critical point, a local minimum. Hence,
maxo<-<1 |1 — 7w| = max(1,]|1 — w|). Consequently,

1—72 (1 — e’tcw)
1—2 (1 - e*tci“)

< max (1,

io\ [—1
1—,7:<1—e_te )‘ )

Since t > 0 and |o| < T, we have for w =1 — e~ that |w— 1] < 1. Taking Rz < =, it follows

1
2

that 1 — zw = 0 can only happen in the two extreme cases, fz = % and |o| = 5. We consider

these two cases separately.

(1) In the case that Rz < %, it follows from the maximum modulus principle that the minimum
of |1 — zw| occurs when |o| = 5. We consider the case ¢ = 7 and take

. 2
Gl = 1 o+ i9)(1 )" =2(1 — cont) ((é o)+ (v ) ) |

1 —cost

The minimum occurs at y = Q(_Lnt that is, 1 — cost =

Tocost)’ Hence,

2
4y2+1°

(-2’
Gz, ,t227
(z,y,t) e

~—

ST

Thus
2

’1 (1 7teio‘> ‘71 = (gz/) + %
—z(l—e —
T 1R

which holds for [¢| < 7 and tends to infinity when z approaches the boundary Rz = %
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(2) In the case that |o| < 7, it follows from maximum modulus principle that the minimum
of |1 — zw| occurs when Rz = 3. We take z = 1 + iy and
io 2
H(y,t,0) = ‘1 — iy (1 —e )

We expand the right-hand side, obtain a quadratic expression in y and, hence, the minimum

(1 _ e—2tcosa)2
H(y,t > .
(v.t.0) > 4 (1 —2cos(tsing)e—tcoso 4 g—2tcoso)

Note that (1 — 6’2“05")2 =(1- e*tcosc')2 (1+ e’t‘x’s")2 >(1- e*tcos")Z. Thus

tcoso —tcoso
e —2+e
4H (y,t,0) > > cos? o,

T eteso —2cos(tsing) + eteose —

where the second inequality can be proved as follows. The inequality is equivalent to

cos? o cos(tsin o) — 1 + sin® o cosh(t cos o) > 0.

2

Using 1 = cos? o + sin® o we can re-write this inequality as

sin? o sinh? (%t cos 0') > cos? o sin? (%t sin 0) ,

which holds since for all positive A and B we have Sirj‘j A4>1> Sijg?B. Thus 4H (y,t,0) > cos? o,

that is,
io\ |1 2
‘1—2(1—6_’5e )‘ < )
coso

which holds for Rz < % and tends to infinity when o approaches the boundary |o| = 7.
Therefore, in summary, the absolute value of the left-hand side of (6.3) is at most K®elSel™,
in which we can take

or K=—.
— Rz coso

Consequently,

+oo
I(c)(a+ 1)y ZN‘/ o lembltcos(O o) ROEN =1 | ¢4 it

L(e)a+ Dy N| [T —le=b|t cos(0+0) R+ N—1 ,w|Fa|+|o||Sb| 7R
N\ TN (& COs g TT|sa ag||s K a
‘F(b)l‘(c BN /0 ¢ ' ‘ «

T(Rb+ N)T(c)(a+1)n
L(b)T(c — b)N!((c — b) cos(f + o)) R0+N

_ omISal+o]|SY|

ZN’ K§Ra’

and therefore,

N (a)N<b)NzN’ 4 onISal+HolISb)

‘Rg)(z,a,b,c)‘ <

T(Rb+ N)T(c)(a+ 1)y
L(b)T(c — b)N!((c — b) cos(f + o))Rb+N

(a)N(b)NZN‘
(C)NN! '

a (c)yN!

g

ZN’ K§Ra

N

a

T(Rb + N)I(c + N) eSal+aliSvl (1 4 Ny feia
T'(b+ N)T(c—b) ((c—b)cos(d+ o))Rb+N
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7. PROOF OF THEOREMS 3.1 AND 3.2

In this section, we prove the error bounds stated in Theorems 3.1-3.2. To this end, we require
an estimate for the remainder term of the well-known asymptotic expansion of the modified
Bessel function of the second kind given in the following lemma.

Lemma 7.1. Let N be a non-negative integer and let yn be an arbitrary complex number such
that |Ru| < N + 1. Then

N—1
K an(p) | (K)
(7.1) Kiy(w) = 2 (7120 o +ry (w,p) |,
where the remainder term satisfies the estimate

cos(mp) | lan(Rp)| {1 if |arguw| < 3,

cos(mRu)

09 (w, )| <

lw|™ min ([esc(argw)|, 1+ x(N+3)) if Z <|argw| < .
If 2Rp is an odd integer, then the limiting value has to be taken in this bound. In addition,
the remainder term TE\,K)(w,/J) does not exceed the corresponding first neglected term in absolute

value and has the same sign provided that w is positive, p is real, and |pu| < N + %

Proof. The statement for complex variables follows from Theorem 1.8 and Propositions B.1 and
B.3 of the paper [11]. For the real case, see, e.g., [22, pp. 206-207]. O

We continue with the proof of Theorem 3.1. The associated Legendre function of the first
kind can be represented in terms of the modified Bessel function of the first kind as

1 +o00
m/(; tue_tCOS}lglfu(t Slnhf)dt,
provided £ > 0 and v > Ru — 1 [12, p. 214, Ent. 6.52]. The growth rate of the modified Bessel

function of the first kind at infinity (see, e.g., [4, Eq. 10.30.4]) and analytic continuation show
that this representation is actually valid in the larger domain D 1

(7.2) P#(cosh§) =

Now, suppose that |argw| < 27. Under this assumption, we have the following relations
between the modified Bessel functions:
i . i .
I, (w)=F=K_,(we™™)+ —eT™K_,(w),
s 7r
when 0 < +argw < 2w, and
i

I_,(w)= o (K_, (we™) — K_,, (we™™)) + K_,(w),

when argw = 0 (cf. [4, Eq. 10.34.3]). The combination of these functional equations with the
expression (7.1) yields

sin(mp)
T

(7.3)
; (w) B i Jg(_l)nan(u) +?(K)(w ) —‘ré(ar w ) e W MEI am(u) +r(K)(w )
—u o \/m n=0 wn N H s \/ﬁ m=0 w " ” |
with
~ sin(rp) if argw =0,
7.4 Clargw, ) = '
(7.4) (argw, ) {:I:ie:':m“ if 0<Zdargw < 2m,
and

K i K —i .
75) 700y = [ 3N e ) 4o we ™)) argw =0,
N 7 TEVK) (weF™, ) if 0 < targw < 2m.
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Here N and M are arbitrary non-negative integers. Assuming that Rv > max (N — %, M — %),

the substitution of (7.3) (with w = tsinh &) into (7.2) gives (3.1) with C(¢, ) = C(arg(sinh &), i)
and

400 _
RV (e, ) :e-(u+%)5/ =371 5 (tsinh £, p)dt,
0

+oo
B o) =o€ [ e D asinn g
0

We perform a change of integration variable from ¢ to s by t = sef in the case of the first integral
and by ¢t = se~¢ in the case of the second integral. By an application of Cauchy’s theorem, the
contours of integration can then be deformed back into the positive real axis and we arrive at
the representations

“+o0
) NTRAES sv e E) se® sinh &, p) ds
7.6 RYV( ¥
0
and
(P2) Tt e ()
. s V) = s’ 2e se >sinh &, p) ds,
7.7 Ry (& v riy Ssinh &, p) d
0

respectively. Now observe that the function ef sinh ¢ can be regarded as an analytic function from
the domain D; to the sector {z : |arg z| < 2w and |z + %| > %} It maps the part of D; lying
in the upper half-plane into the sector {z :0 < argz < 27 and ‘z + %{ > %}, and it maps the
part of Dy lying in the lower half-plane into the sector {z :—2m < argz < 0 and |z + %| > %}
Similarly, the function e~¢sinh& can be viewed as an analytic function from the domain D;
to the disk {z : ’z — %| < %} Thus, we can employ analytic continuation in £ to extend our
results into the domain Dy. The formula (1.9) for C(¢, u) follows immediately from (7.4) and
the properties of the hyperbolic sine function.
By Lemma 7.1 and the properties of the function e~¢ sinh &, we can assert that

—+o0
‘35\52)(57%1/)‘ < / stems
0

cos(mp)
cos(mRu)

7“5\2{) (se"*sinh &, u)‘ ds

Jans (Rp) [T (R — M+ 3)

M
eé
)

sinh &

provided that £ € Dy, [Ru| < M+ and Rv > M — L. If 2Ry is an odd integer, then the limiting
value has to be taken in this bound. Similarly, by Lemma 7.1 and the properties of the function
e sinh &, we can infer that

—¢ N
(P1) < cos(mu) T N+ [E
RV )| < | e s law Gl T (R = N+ 3) | S
1 if 7 <|[¥mod 27| <m,
min ([escd], 14+ x(N +3)) if [¢Jmod 27| < %,

with ¢ = arg(esinh&) € (—2m,2n), provided that £ € Dy, [Ru| < N + 5 and Rv > N — 1.
Again, if 2Ru is an odd integer, then the limiting value has to be taken in this bound. Since
J(ef sinh €) e?R¢ 5in (25¢)

R(ef sinh &) e2Me cos(23¢) — 1|7

[tan | = ‘
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whenever €% cos(23¢) # 1 (ie., ¥ # % mod ), and

V1 + tan? ¢

o] =
Josc 9] [tand|

it follows that |cscd| = |1 —e™%|[csc(23¢)|. Finally, 7 < ¢ mod 27| < 7 occurs whenever
R(eSsinh§) < 0, ie., R(e*) < 1, and [¢¥ mod 27| < F occurs whenever R(e® sinh ) > 0, i.e.,
R(e2) > 1.

Now assume that £ > 0, u and v are real, and |u| < M—i—% and v > M — % From Lemma 7.1
and the mean value theorem of integration, we can infer that

+oo
(P2) _ vtg-s_ am(v)
RM (5, 12 V) - A S € (867‘5 sinh f)M 9]\/[ (g? /”')ds

e

=ay(W) (v—M+13) (mhg)M O (&, p,v),

where 0 < 03,(&, 1) <1 and 0 < Opr(&, 1, v) < 1. This completes the proof of Theorem 3.1.

We conclude this section with the proof of Theorem 3.2. Let N be an arbitrary non-negative
integer. Assuming that ®v > N — 1, the substitution of (7.3) (with w = ¢sinh¢) into (1.6) gives
(3.2) with

“+o0
R (&, 1 v) =e(”+f)f/ e (O (tsinh €, )t
0

Hence, RS\?) & p,v) = RE\]?) (&, pu,v) and the estimates for RE\[Q)(&M?V) follow from those for
R (& pov).

8. PROOF OF THEOREM 4.1

In this section, we prove the error bounds stated in Theorem 4.1. The Ferrers function of the
first kind is related to the associated Legendre function of the first kind via the limit

(8.1) PE(x) = lim e2#PH(z + i),
e—0+

where —1 <z < 1 [4, Eq. 14.23.1]. Suppose that 0 < { < 7. Since

(8.2) cosh(e +i¢) = coshecos +isinhesin(,

we obtain, using (8.1), that

(8.3) PH(cos¢) = lim eZ*P*(cosh(e + i¢)).
e—0+

Assuming that Rv > Rp — 1 and Rv > N — L, and taking into account (7.5), (7.6) and (7.7),

the substitution of (3.1) (with M = N) into the right-hand side of (8.3) yields (4.1) with
O, ) = Bl H DD gy BED (e 1 oF1
B (G o) = gel TSR g BT (e 031G )
1 7((1/+l)(+(plfl)ﬂ)i . (P2) s
+ 3e 2 2)2 52151+RN (s+e2 C,u,y)

8.4 . ftee =\
( ) = %e((”"'%)c—i_(”_%)%)l/ Sl’féefsrgvK) (Se(c_f)lsinchu)ds
0

400
+ %ef((”Jr%)G(“*%)%)i / 5”_%6_57"%{)(se*(cfg)i sin ¢, p)ds.


http://dlmf.nist.gov/14.23.E1
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It follows from Lemma 7.1 that
+oo
’R(P) ¢, M,V)’ < %e’s(““*"’N)/ sr—ggs
0

+oo
(8.5) 1 LeS(@nw) / JEVRE .
0

rgvK) (56(57%) sin ¢, p) ‘

TEVK) (sef(cfg) sin ¢, p) ‘

cos 7w cosh( (apvN))
sin?v ¢

provided that 0 < ¢ < , |8?,u| < N+ 3 and Rv > N — . If 2Ry is an odd integer, then the

limiting value has to be taken in this bound. This proves (4.3) for RE\F;) (¢, p,v). To prove (4.4),

we first re-write (8.4) in the form

)

+oo . o\
R (G v) = § cos(u.) / s~ dem (N (i) Ve (selc~E)sin g, p)
0
Jre*iaviNrj(\,K)(sef(cfg)i sin ¢, u)) ds
~ T i (5) 5);
+ 5 sin(ay,N) /0 s'72e " (e‘CN(—i)NTN (se(cff)1 sinC, p)
fe*iCNiNrJ(VK)(sef(G%)i sin ¢, u)) ds

Suppose that R > N + 1. Next, we employ the relation rgvK)(w, w) = ay(p)w=N + () (w, )

N+1
inside the second integral, to obtain

1

+oo . .
RO (G pv) = § cos(an,n) / s hem (N (=) V(D (sel T E ) sin ¢, )

0

+efiCNiNr§VK)(se_(<_%)i sin ¢, ,u)) ds
) +oo . . (K) N
+ §sin(@.n) / s~ 3em (N (=) Vo) (sel~Eising, )
0

e*iCNiNrgvKﬁl(se_(C_%)i sin ¢, u)) ds

It follows from Lemma 7.1 that

cos(mp) | cos(ovv )|
(8 6) C M,V ‘ = | cos 7T§R,u) |GN(%/J,)‘ r ( N + ) bll’lNC
| cos(np) oy Isin(au)]
cos(mRu) lan1(R) [T (R = N = 3) sinV ¢ 7

provided that 0 < ¢ <, |Ru| < N + 3 and Rv > N + 3. Again, if 2Ry is an odd integer, then
the limiting value has to be taken in this bound.

The Ferrers function of the second kind is related to the associated Legendre function of the
second kind via the limit

(8.7) Qi) = tim 3o~ (" FHQU(r + i) + T QU —ie))

where —1 < & < 1 (combine [1, Eq. 14.23.5] with [1, Eq. 14.3.10]). Suppose that 0 < ¢ < .
From (8.2) and (8.7), we can assert that

(88)  Qffcos¢) = lim Le™™ (e~ T QY (cosh(e +i()) + T QY (cosh(s — () -


http://dlmf.nist.gov/14.23.E5
http://dlmf.nist.gov/14.3.E10
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Assuming that Rv > Ru — 1 and Rv > N — =, and taking into account (7.7), the substitution of
(3.2) into the right-hand side of (8.8) yields (4 2) with

RV (o) == g (AR ID) 1 RID (e e p)

=

_ %C((y+%)C+(#+%)%)i 6]3)%1+ REVQ)(Q + Cfgic’ Iy y)
(8.9) N o );
== e (LDl D7 [ armdeer (0 (e 8isin s
. +(X1 T
- %e(( 3)¢+(nt3)3)i /0 sl’*%efsrgvK)(Se(Cif) sinC, p)ds

=

Now, a procedure analogous to (8.5) yields the estimate (4.3) for R (C u,v). To prove (4.5),
we first re-write (8.9) in the form

+o0o . O\
R (¢, pv) = %Sin(au,u,w)/ s e (e_lNCiNrgvK)(Se_(C_f)lSinC,u)
0
+eiN<(—i)Nr§VK)(se(<7%)i sin ¢, N)> ds
+oo . 7\
+ & cos(ap,u,N) /0 i (e_‘NCiNrEVK)(se_(C_f)‘ sin¢, p)
—eiNC(—i)NrEVK)(se(G%) sin ¢, u))

Suppose that ®v > N + 1. Next, we employ the relation TJ(VK)(U}, w) = an(p)w=N + 7“5\[]?1(107 1)

inside the second integral, to obtain

+o0 L NCN (K) N\

V(¢ v) = §sin(ag) / s 7hem (VN (s (i sing, )
0
—i—eiNC(—i)N7“§\,K)(se(c_g)i sin ¢, u)) ds
. +oo ) NCN (K) .
+ %cos(a,W,N)/O s"_ie_s< —INGN . Ni1(se” (C—i)‘smc,u)
—e V¢ (i) rgvli_)l(se(c )isinc,u)) ds.

Now, a procedure analogous to (8.6) gives the bound (4.5) for RE\(,Q)((, V).

9. PROOF OF THEOREMS 4.2 AND 4.3

In this section, we prove the error bounds stated in Theorems 4.2 and 4.3. The associated
Legendre function of the first kind can be expressed in terms of the hypergeometric function as
follows:

. ‘ S
\/W P”(Coshf) — ei(%*}t)ﬂ'l*(V%*%)EF 2 +M7 2 /'L’ e
Mp+v+1) " v+3 2sinh &

L &
L elrHi)ep| 2 33 po_e ’
v+ 5 2sinh &

(9.1)

for £ € Dy \ (0, +00). The upper or lower sign is taken in (9.1) according as £ is in the upper or
lower half-plane (combine [4, Eq. 14.9.12] with (1.7) and connection formula [4, Eq. 15.10.21]).


http://dlmf.nist.gov/14.9.E12
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Assume that 0 < ¢ < 7. From (9.1) and (8.3), we deduce

Tw+p+1) [ (irt)er(pt)2)ig( 3T M5 — 4 de™
Pr(cos () = — L THT D) [ ~((v+3)¢t+(-3)3)ip | 2 2
v(c0s¢) V27 sin (e v+3 7 2sing

el )G%hQMﬁF<%+%éu,—EM>>

v+3  72sin(

(cf. [10, p. 168]). We now substitute the hypergeometric functions by means of the truncated
expansion (2.1). In this way, we obtain (4.6) with
_ l,+l)c+(”,l)l)i s —iC
A(P) _ el g (e 2 1 3
RN (C’/va)* 2F(U—|—%) N <2$in§’2+u’2 ,LL,V+2>
(9.2) ) NN _
e((”+§)<+(“7§)5)1R(F) —iel¢ 3
* 21"(1/—1—%) N 25111(724_'“77_%”—'_§ '
Consequently,
~ \Y(:Bu v,N) ie*'C
R (¢ < R s
’ N (G, v ST+ 25m§’2+“’2 v+ 3
(9.3)

ef\g(ﬂ“’”’N ) [ —ie'C 1 3
+ﬂr@+gﬂ‘ <%mcz+%2“”+2ﬂ'

Now, under the assumptions of Theorem 4.2, we can apply (2.3) of Theorem 2.1 to the right-hand
side of this inequality to obtain

’R « ’ cos(mp) ‘ I'(2—Ru) TRy + Ry + 1)
P = | cos (mRw) F(A—p)r(v+p+1)
y lan (Rpe)| cosh(S(By,u,n)) " lsec¢| if 2sin®( <1,
I'(Rv+ 2+ N)sin ¢ 2sin¢ if 2sin®¢ > 1.
Noting that 2sin2C < 1 occurs whenever 0 < ¢ < 7§ or %” < C < 7, and 2sin? ¢ > 1 occurs

whenever 7 < ¢ < °F, the proof of the estimate (4.8) for R (C 1, v) is complete. With the
assumptlons of Theorem 4.3, Theorem 2. 2 1s applicable to the right-hand side of the inequality
(9.3), and yields the estimate (4.11) for R (C V).

To prove (4.9) and (4.12), we first re- wrlte (9.2) in the form

~ 3 —i¢
R® _ cos(Bu,v,n) SN NR(F) 1 3
N(gaﬂvy) 2F(V+%) 21 C72+M72 May+2
i¢
—iCN N p(F) 1 1 3
+e N ()N Ry <251n( 2"':“72_”’”""2))
_isin(BupN) [ icnin pe) (1€ 1 3
or (v + 2) (e PRN Ggmer2 T2 VTR

_jeiC
—i¢(N [ \N p(F) ie! 3
—€ i< (71) RN <2$1HC72+#72 u,y+2)>.

Next, we employ the relation

04) R (0, d+md— v+ ) = (<2 2y R w0k -+ )
(V+§)N
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inside the second large parenthesis, to deduce

»(P) _ cos(Buw,N) GICNGN p(F) ¢
Ry (Ca%”)—m N "Ry 28m<72+ua%—lhu+%
2

ei¢
—i¢N N p(F) 3
+e ¢ ( ) RN (261ncvz+ﬂa_ﬂvlj+2>>

_ isin(B,,.,n) GCNGN p(F) ie 16
2F(V+%) N+1 2sin¢’

_ieiC
—i(N N p(F) 1e 1 1 3
—e N () RN+1<2Sin<,2+u72—%”+2>)-

SR —/L,V+§)

Thus,
~ ie~i¢
/P ‘ |cos(Bu,w,n)| R ([ 2€ 1 1_ 3
N(CaM7V) _2|F(V+ )| Ry 281HC’2+M72 v+ 5
—iel¢
e  at)]),
(9.5)

(Gl ([, (Je
2‘F(V—|—%)} N+1\ 25sin ¢

_jel€
(F) e 1 3
+‘RN+1(QSIHC2+M,2,[L,I/+2)‘>.

Under the assumptions of Theorem 4.2, we can apply (2.3) of Theorem 2.1 to the right-hand side
of this inequality to obtain the bound (4.9). With the assumptions of Theorem 4.3, Theorem 2.2
is applicable to the right-hand side of the inequality (9.5), leading to the estimate (4.12).

Rt i — uﬂ/+§>’

We conclude this section with the proof of the estimates for the reminder term ﬁg\(?)(g“, V).
From (1.7) and (8.8), we deduce

1 1 je—i¢
’ T bt 1) (o (CrRere)yp( 3 g e
Q(e0s€) = =5 g T+ 1) v+ 3 2sing
1 1 _ 4l
_e(( )(Jr( )%)IF 2 + H, 23 /J/; l'e
v+ 3 2sin(
(cf. [10, p. 168]). We now substitute the hypergeometric functions by means of the truncated

expansion (2.1). In this way, we obtain (4.7) with

o (v 43)cH(r—2) %)k f i€
RQ _ e (3 2 pE) (1 1 1_ 3
Ry (G ) = 2F(V—|—%) Ry QSinC72+M’2 B+ 5
3 ie((""‘%)c‘*‘(“_%)%)iR(F) —iet¢
2T (v + 3) N\ 2sin¢

7%""‘/”"%_:“71/—"_2)'
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We can now proceed analogously to the case of ]?255)(( , 1, v) and derive the bounds (4.8) and
(4.11) for ]:25\?)((,#,1/). To prove (4.10) and (4.13), we first re-write (9.6) in the form

D sin ﬂ WV, N iCN- F ie™i¢
RE\?)(Caﬂay)U)(eCNINRSV)( 1+u,éu,v+§>

BENCEE) 25in(’ 2
+e N ()N R (2;1(;2 st~y §>)
-%*wbﬂNﬁp(;£2é+u&—uw+§>)

Next, we employ the relation (9.4) inside the second large parenthesis, to deduce

~ i je—i¢
RQ _ sin(By,v,n) iCNGN p(E) (1€ 1 1_ 3
N (Cvﬂay) 2F(l/+%) el N 281HC72+M,2 v+ 3

_jelC
—i¢N/_ \N p(F) " 1 3
+e ¢ (_1) RN (2Sin<’2+M72_M7V+2)>

icos(Buu.N) WGV {N R(F) je—i¢ f
T (v + 3) NFL 2sin(’ 2

JF%;#:VJFg)

—jel¢
—i(N (_\N p(F) 1”1 3

—¢€ < (_1) RN+1 (QSiDC’ 2 + 1, % — v+ 2)) .
We can now proceed similarly to the case of Eg\f) (¢, p, v) and derive the bounds (4.10) and (4.13)
for ﬁg\?)(C, V).

10. FERRERS FUNCTIONS FOR LARGE 1 AND FIXED v: PROOF

To obtain large-p asymptotic expansions for the Ferrers functions, we can combine the expan-
sions (1.10) and (1.11) with the identities
2p—4v—3 i
(§] 4 2 z/+% .
—1cot
Fv—p+1) WsinCQ*N*%( N

. 2u—1_. 2 vkl
= ﬂ—lF — P 2(—
sin(mp)e” 1 (L—v)y/ msinc -t (—icot ()

sin(m(v + p)) 2u—dv-s_, 2 vl
[ S S A 7"11_‘ _ 2 (__ t
™ ¢ (=) WsingQ#*%( icot (),

Pl (cos() =

2p

1 N
(e_ 2MAIH’”PM_VL Z(—icot¢) +e 4+1’”P#_Vl 2 (icot ())
2 2

™
” =T 1
Q(cos Q) =T+ i+ 1)y [ 5o
™ _2ptl gyt L . 2p+1 g v d
=T(u—v) Ssinc (e E Pujg(—lcotCH—e 1 Pﬂjg(lcot(»

—(v+)mi o _
+T'(p—v) cos(wu)e - (e3 : B

T TV (i miAVS )
V27 sin ¢ ! Qu—%( icot() +e 7 QN_%(mot() )

These identities follow by combining (8.1) and (8.7) with Whipple’s formulae (1.13) and (1.14)
and then using the connection formulae [4, Eq. 14.9.12] and [4, Eq. 14.9.15].
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Let € be an arbitrary fixed positive number. Since +icot{ = cosh (log (cot (%C)) + gi), it

follows from the expansions (1.10) and (1.11) that for ¢ < ¢ < 7, the asymptotic expansions
(1.24) and (1.25) hold as Ry — 400, with Su being bounded. Examination of the remainder
terms in the limiting case ¢ — 7 (using Theorems 3.1 and 3.2), shows that these inverse factorial
expansions are actually valid for ¢ < ¢ < 7. To extend these expansions to the larger interval

e < ( <7 —e¢, wecan proceed as follows. The Ferrers functions satisfy the connection relations

PU(—) = cos(m(v + u)Pl(z) — Zsin(r(v + p)) Q) (2),

QY (=) = —cos(m(v + p))Qy(x) — 5 sin(w(v + )Py (z),

for 0 < x < 1 (see, for example, [1, Eq. 14.9.8] and [1, Eq. 14.9.10]). We employ these relations
with = —cos(¢ = cos(m — (), § < ¢ < 7 —¢, and use the previously established asymptotic
expansions for the right-hand sides of the resulting equalities. After simplification, we find that
Pt(cos() and Q¥ (cos(), 5 < ¢ < 7 — ¢, possess the same asymptotic expansions as they do for
e<(< 3.

11. NUMERICAL EXAMPLES

In this section, we provide some numerical examples to demonstrate the sharpness of our
error bounds and the accuracy of our asymptotic approximations. Taking v = 10, u = g and
¢ = 2, we obtain e ™#Q!(cosh&) ~ 0.00168049. If we take N = 2 terms on the right-hand
side (RHS) of (1.11), we obtain the approximation 0.00169164, that is, in Theorem 3.2 we
have Rg\?)(f,u,l/) ~ 8642.4139, and the RHS of (3.3) is approximately 10618.854. Note that
8642/10619 =~ 0.81, which is close to 1, demonstrating the sharpness of the error bound (3.3).

14

-1 -0.5 0 0.5 1
t

FIGURE 2. (LHS of (3.3))/(RHS of (3.3)) for the cases v = 10 + 5it, u = g,
&= % and N =1 (black) and N =5 (grey).

In Figure 2, we take v = 10 + 5it, p = ¢ and { = %, and plot (LHS of (3.3))/(RHS of (3.3))
in the cases that N =1 (black) and N = 5 (grey), respectively. The graph illustrates that our
error bound (3.3) is sharp, and that the result in Theorem 3.2 is indeed useful when v — +oco.

In Figure 3, we take v = 10", y = ¢ and £ = 2, and plot (LHS of (3.5))/(RHS of (3.5))
in the cases that N = 1 (black) and N = 5 (grey), respectively. The graph illustrates that our
error bound (3.5) is reasonably sharp, and that the result in Theorem 3.4 holds when |v| — 400
in large sectors of the form |argy| <7 — 4§ (< 7).

In Figure 4, we take pn = £, £ = 0.01 +it and N = 1, and plot (LHS of (3.5))/(RHS of (3.5))
in the cases that v = 10 (black) and v = 10e? (grey). These are extreme cases. We observe that
when v = 10, the error bound is still sharp. Even in the case that v = 10e%, we see that the
bound is realistic near the endpoints & = 0, £i.

In Figure 5, we illustrate how the accuracy of the large-v approximations (3.1) and (3.2)

for the associated Legendre functions P¥(z) and Q#(z) diminishes as z approaches 1, but they


http://dlmf.nist.gov/14.9.E8
http://dlmf.nist.gov/14.9.E10
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FIGURE 3. (LHS of (3.5))/(RHS of (3.5)) for the cases v = 10", =2, £ =
and N =1 (black) and N =5 (grey).

Uil

FIGURE 4. (LHS of (3.5))/(RHS of (3.5)) for the cases u = ¢, & = 0.01 +it,
N =1 and v = 10 (black) and v = 10e? (grey).

are uniformly valid for z > 1 + ¢ (> 1). Likewise, in Figure 6, we illustrate how the accuracy
of the large-u approximation (1.16) for the associated Legendre function Q#(z) decreases as z
approaches +oo, but is uniformly valid for z € (1, Z]. Similarly, in Table 1, we illustrate how
the accuracy of the large-v approximations (4.1) and (4.2) for the Ferrers functions P#(z) and
Q¥(z) diminishes as x approaches 1.

10° . . . . , 10°

10714

10744

10-64

10-84

10714

FIGURE 5. Relative errors of the approximations (3.1) (black) and (3.2) (grey)
for the cases v = 10, p = ¢, N = M = 2, z = cosh{ € (1,2) (left) and
z = cosh¢ € (1,50) (right).
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FIGURE 6. Relative error of the approximation (1.16) for the case v = %, w =10,

z = coth& € (1,10) and taking 2 terms in both sums on the right-hand side of
(1.16).

x =cos( | P#(cos() | RHS of (4.1) | relative error | Q¥(cos() | RHS of (4.2) | relative error
0.9 | —5.58976 —5.57356 0.00291 | 13.1050 13.1067 0.00013

0.95| 1.86065 1.82948 0.01704 | —18.4721 —18.4407 0.00170

0.99 | —8.96386 —8.72156 0.02778 | 24.8288 24.7007 0.00519
0.999 | —31.5013 —32.1480 0.02012 | —35.7525 —30.3175 0.17927

TABLE 1. Relative errors of the approximations (4.1) and (4.2) for the case
I/:QO,u:gandN:Q.
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