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ABSTRACT

The first Appell's hypergeometric function Fi(a,b,c,d;x,y) is considered for large
values of its variables = and/or y. An integral representation of Fy(a,b,c,d;z,y)
is obtained in the form of a generalized Stieltjes transform. Distributional approach
is applied to this integral to derive four asymptotic expansions of this function in
increasing powers of 1/(1—x) and/or 1/(1—1y). For certain values of the parameters
a, b, c and d, two of these expansions involve also logarithmic terms in the asymptotic
variables 1 —x and/or 1 —y. Coefficients of these expansions are given in terms of the
Gauss hypergeometric function o F' (o, 3,; ) and its derivative with respect to the
parameter . All the expansions are accompanied by error bounds for the remainder
at any order of the approximation. These error bounds are obtained from the error
test and, as numerical experiments show, they are considerably accurate.
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1. Introduction

The Appell’s functions Fy, Fb, F3 and Fy are generalizations of the Gauss hyperge-
ometric function o Fy [[8], p. 224]. In particular, the first Appell’s function F} is defined



by means of the double series

S (a)k'H (b)k(c)]’ Ikyj
Fi(a,b.c.d;z,y) = T x| <1, Jyl <1
' | k?,jzzo (s k! ] |

Appell’s functions have physical applications in several problems of Quantum Mechanics.
For example, they appear in the computation of transition matrices in atomic and
molecular physics, such as the transitions that involve Coulombic continuum states [7]
or ion-atom collisions [6]. They are also representations of the generalized Slater’s and
Marvin’s integrals [24] and the solution of certain ordinary differential equations and
partial differential equations [26]. In fact, there is an extensive mathematical literature
devoted to the study of these functions: Sharma has obtained generating functions of
the Appell’s functions [23]. Some integral representations for F; and F, have been
derived by Manocha [15] and Mittal [17]. The Laplace transforms of these functions
have been obtained in [10]. Some reduction formulas for special values of the variables
and contiguous relations for Appell’s functions have been investigated by Buschman
[1], [2]. The Lie theory of the Appell’s function F; has been discussed in [16] and [18].
Carlson has investigated quadratic transformations of Appell’s functions [4] and their
role on multiple averages [3]. A numerical scheme to compute F; has been developed
in [7] for complex values of the parameters and real values of the variables.

Complete convergent expansions of Fj(a,b,c,d;x,y) for large values of x and/or
y may be obtained from the expansions of the R—function derived by Carlson [5].
Although these expansions have an attractively simple structure, explicit computation
of the terms of the expansions is not straightforward and the upper bound on the
truncation error is not quite satisfactory [[5], sec. 5]. On the other hand, series for
Fi(a,b,c,d;x,y), except in logarithmic cases, may be obtained from the connection
formulas given by Olsson [19]. The purpose of this paper is to obtain asymptotic
expansions (in the form of a simple series) of Fi(a,b,c,d;z,y) for large values of the
variables x and/or y and any (fixed) value of a, b, ¢, d. We face the challenge of obtaining
easy algorithms to compute the coefficients of these expansions as well as error bounds
at any order of the approximation.

The starting point is the integral representation [[8], p. 230]

I'(d) L d—a—1 —b —c
m /0 s77H1 — s) (1—sz) (1 —sy)~“ds (1)

where R(a) > 0, R(d—a) >0,z ¢ [1,00) if b > 1, and y ¢ [1,00) if ¢ > 1. This integral

defines the analytical continuation of F}(a,b, ¢, d; x,y) to the cut complex x or y—planes
¢\ [1,00) [[25], p. 30, theorem 2.3].

The first step is to write the above integral as a generalized Stieltjes transform. For
that purpose we perform the change of variable s = (1 +¢)~! in (1), obtaining;

Fi(a,b,c,d;z,y) =

0 F
Fi(a,b,e,d;z,y) = F(d)r(a) /0 i fyl (t>m)b dt, (2)
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Fula,b.e.diey) = 5= T ) /0 GF1— ot +i—gr (3)
where
fE@) =177 (1 4 t)ored, fre = R fl(t)y)c. (4)

Then, up to a factor, the Appell’s function Fj is a generalized Stieltjes transform of
JE@) or fE(t). For R(d —a) > 0, fF(t) is a locally integrable function on [0, cc) and
satisfies

F — A F
/ (t):Zm‘an (t), (5)
k=0
where

and fF(t) = O(t="tb+e=a=1) when t — co.
On the other hand, for R(d —a) > 0 and y — 1 ¢ RY U {0} if Re > 1, [/ (t) is a
locally integrable function on [0, 0c) and satisfies

n—1 F

B
fy @) :Ztk_b#_‘_fzfn(t)a (7)

k=0

where i
Bé’:ZAfj(j )(1—y>ﬂ ®)
j=0

and f?fn(t) = O(t—"*P=2=1) when t — oc.

Carlson obtained asymptotic expansions of the integrals (2) and (3) for large x
and/or y by using Mellin transform techniques. In this paper we use for the integral
(2) an alternative approach based on the theory of distributions introduced by Wong
[27] [[28], chaps. 5, 6], Estrada [9] and Pilipovi¢ et all [21]. This approach has been
generalized in [11] and [14] to be applied to integrals of the form (3). We go a little
bit forward in this paper and, in section 2, we extend the distributional asymptotic
methods for generalized Stieltjes transforms from the case of real parameters to the
case of complex parameters. We include in this section theorems about error bounds.
In section 3 we apply these methods to the integrals (2) and (3), obtaining asymptotic
expansions with error bounds for both: large x and fixed y and large = and y. Several
numerical examples are shown as illustrations. A brief summary and a few comments
are postponed to section 4.



2. Distributional approach with complex parameters

Let f(t) be a locally integrable function on [0, c0) which satisfies

n—1

[t =Y o+ fal), (9)

k=K

where K € 7, 0 < Rs < 1, {ax, k = K, K +1,K + 2,...} is a sequence of complex
numbers and f,(t) = O(t~""*) when t — oc.

Then, asymptotic expansions (including error bounds) of the generalized Stieltjes
transforms of f(t),

S¢(w; z) = /Ooo %dt, S(wr,we; 2) = /OOO 0 +IZ)51((tZ+yz)w2 dt, (10)

for large z and fixed x and y may be found in [[28], chap. 6], [[21], sec 4.4], [11], [13]
and [14] for real w, wi, we and s and complex z, y, z. The purpose of this section is to

generalize the theorems given there to the case of complex w, wy, we and s. Therefore,
in the following, we consider that the parameters w, wy, ws, x, y and z are complex and
that f(¢) is a locally integrable function on [0, co) which satisfies (9). In the following,
we use the notation introduced in [28].

2.1. Asymptotic expansion of S¢(w;z) and Sy(wi,ws; z) for large z

We denote by S the space of rapidly decreasing functions and by <A, ¢> the image
of a tempered distribution A acting over a function ¢ € S. Since f(¢) in (9)-(10) is a
locally integrable function on [0, c0), it defines a distribution f:

o ]
<f o= / Ft)ob)dt.
0
The distributions associated with t=%=*, k = 0,1,2,...,n — 1 are given by [[28], chap. 5]

1 oo
<t o >= —/ 7o) (t)dt if 0 <Rs <1, (11)
(8)k Jo

1 i
<t ks o>= —/ £ oD (1)t if 14s=1+iSs, 12
+ ' (Z%S)k_;'_l 0 ' ( ) 7& ( )
where (s);, denotes the Pochhammer’s symbol of s, and

1 o0
<t o>= “ul, log(t)F Y (t)dt. (13)

Mention must be made here to the fact that these definitions of the distributions t¢ are
different from the standard definition given by analytic continuation [12] or by using
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the Hadamard finite part concept [9]. By using these definitions, asymptotic expansions
of Stieltjes transforms (10)(a) for small z may be derived from the moment asymptotic
expansion [[9], p. 135]. In [[21], sec. 4.4] we can find asymptotic expansions of (10)(a)
for large and small z. In the remaining of the paper we use Wong’s definition (11)-(13)
and consider the method constructed from this definition [[28], chap. 6].

To assign a distribution to the function f,(¢) introduced in (9), we first define
recursively the k—esim integral f,, x(¢) of f(t) by fn,0(t) = fn(t) and

o] _1\k+1 [ee]
fras®=— [ st~ S [T ot ay

For s # 1, it is trivial to show that f,, ,,(¢) is bounded on [0,T] for any 7" > 0 and is
O(t=%) ast — oo. For s = 1 we have f,, ,(t) = O(t 1) ast — oo and f, »(t) = O(log(t))
as t — 0. Therefore, for 0 < Rs < 1 we can define the distribution associated to f,(t)
by

<oy >=(—1)" < iy, o™ >= (—1)”/ Fan (@)™ (t)dt.
0

Once we have assigned a distribution to each function involved in the identity (9),
we are interested in finding an identity (if any) between these distributions. In fact,
this relation is established in the following two lemmas.

Lemma 1. For 0 < Rs <1, n> K + 1, and n € N, the identity

|
—

n—1 n
—k-s (_1)k
f= apti ™+ S MIfik 181 + £
k=K 0

£
I

holds for any rapidly decreasing function ¢ € S, where § is the delta distribution in the
origin and M[f; k+ 1] denotes de Mellin transform of f(t): fooo th f(t)dt, or its analytic
continuation.

Proof. It is a trivial generalization of [[28], chap 6, lemma 1] from real to complex
values of s. 0
Lemma 2. For Rs=1,n> K+ 1 and n € N, the identity

n—1 n—1 (_1)k
f= Z aktlkfs + Z o by 160 + £,
k=K k=0 ’

holds for any rapidly decreasing function ¢ € S, where, forn =0,1,2,...,
bpt1 =M f;n+ 1] if Is#0 or

bpy1 = lim [M[f;z—i—l] + a—n] +ap(y+¥(n+1)) if s=0,
z—n zZ—nNn

where vy is the Fuler constant and v the digamma function.



Proof. Let fo(t) = f(t) — 21::11( apt~*=5. Then, for n =0,1,2,...,

an,

fn—l—l(t) = fn(t) - fnts

and
a, 1

Forn(t) = fon(t) = (=1)" (8)n t®

From this, by integration, it follows that

t
/0 fn,n(u)du - fn+1,n+1(t> + (_1)nangn(5: t) + bn+1:

where (t)/
B log(t)/n! if Js=0
gn(s,t) = { _t—iSs/(Z‘%S)n+l if Ss=#£0

and where we have defined the integration constant
b1 = — i [fri1,n41(2) + (- 1)"angn(s, )]

From here, the proof is the same as the proofs of lemma 2 and theorem 2 in [[28], chapter
6] from formulas (2.21) and (2.35) respectively: just replace logt by nlgy(s,t) and dp4+1
by (—1)"by+1/n! in those proofs and use the formula

Z”: n+1-—ky 1
kZO(n—I—S—k—l)k_H 8—1’

which follows from [[22], p. 608, eq. 25]. O

To apply lemmas 1 and 2 to the first integral in (10) we choose a specific function
in S:

e~
(t+2)v
where n > 0 and z ¢ R~ U {0} if Rw > 1. We will need also the following lemma.

Lemma 3. Let f(t) verify (9). Then, for0 <Rs <1, k=0,1,2,... andn =1,2,3,...,
the following identities hold,

©n(t) €S,

. ~ )
| f = dt for R K>1
sy S T¥n = /0 (t+2)v or Rls +w)+ K >1,
. b o (CDEw),
lim < 6, i) >=

(—D)*C(k+w+s—1)I(1—s)
[(w)zktwts=1

lin% < tf,go%k) >= for R(s+w)+k>1, s#1,
T]—>



-1 k+1
%ii% < log(t+)’g07(7k:+1) S>—= %(w)k(log(z) —y—t¢(k+w)) for R(s+w) >0,
lim < fn, o™ >= (- 1)"(w)n/C>O Mdt for R(s+w)+n> 1.

Proof. It is a straightforward generalization of the proofs of [[13], lemma 2.6] and [[14],
lemma 3] from real to complex values of s and w. a

In order to apply lemmas 1 and 2 to the second integral in (10), we must choose
another particular function of S,

e M

€S
t+ xz) (t +yz)w?

@n(t) = (

where zz ¢ R~ U {0} if Rw; > 1, yz ¢ R~ U {0} if Rwe > 1 and n > 0. We will need
also the following lemma.

Lemma 4. Let f(t) verify (9). Then, for 0 < Rs <1, k=0,1,2,... and n =1,2,3, ...,
the following identities hold,

o]
. i} f(®)
Iim < f,p, >= dt for R K >1.
ol S e /0 (E+ 2)vr (¢ + yz) o or Rle+un +wn) +

ek
(k) —_ (—1) k M
hm <6, oy >= Sktwitws ZO J ) xwitiywatk—j’
‘7:

M1-sT(k+wi+wa+s—1)  (-D*
(k)
hm < t+ 1 Py >= F(w1 + w2>zk+w1+w2+sfl xw1+k+3*1yw2 X
P 1—5s—k,ws
w1 + wao

where F < a(s

1£> for R(s+wy +we)+k>1, s#1,
Y

z) =9F(a, B, 06; z) denotes the Gauss hypergeometric function,

hm < log(t4), gp(k'H) >=

(=D ]il (k + 1) (w1); (w2)k+1-;

(k _I_ w1 + w2)2k+wl+w2 j xw1+j_1yw2+k+1_j

1—5>+
y
x

1y>], for R(s+ wy + w2) > 0,

§=0
Lk+14+wy—j

[(log(xZ)—’Y—T/f(k‘f‘wl +w2))F( k414w + ws

o Lk+14+wy—j
E+1+4w; + we
/)

%F( z) and

e (w1); () fan(t)
hm <fy n,gon Z< >/0 (taz)ito(t —}—]yz)n el

=0

where F' ( azsﬁ




for R(s +wy +wse) +n > 1.

Proof. It is a straightforward generalization of the proofs of [[14], lemma 4] from real

to complex values of s, wy and ws. O
With these preparations, we are now able to obtain asymptotic expansions of the

integrals (10) for large z in the following theorems.

Theorem 1. Let f(t) be a locally integrable function on [0, 00) which satisfies (9) with

0<Rs<1,s#1. Then, for € C\R U{0}, R(s+w)+ K >1andn=1,2,3,...,

/°° [t 4 N _CDMmal(w+s 4k 1)
0

(t+ 2)w = T(s+ k) (w) sin(ms)zwtsth—1
~ (16)
n—1
(=D)* (w)e M[f; k +1]
DEMISES N 4 Ry,
k=0 )
The remainder term is defined by
 fan(t)dt

Rn ; = n ’77 17
(wi2)= ), [ o a7)

empty sums must be understood as zero and fy, ., (t) is defined in (14).

Proof. For Rs # 1 it follows from lemmas 1 and 3 using the reflection formula of the
gamma, function. For s = 1, from lemmas 2 and 3 we obtain immediately formula
(16). O
Theorem 2. Let f(t) be a locally integrable function on [0, 00) which satisfies (9) with
s =1. Then, for z € C\R~-U{0}, Rw+ K >0 and n=1,2,3,...,

[ax (lo g() v - ¢k+w)+bk+1]+Rn(w;z),

where, for k =0,1,2,..., the coefficients by are given by (15)(b). The remainder term
R, (w; 2) is given in (17).

Proof. From lemmas 2 and 3 we obtain immediately formulas (17) and (18) with by
given in formula (15)(b). O
Theorem 3. Let f(t) be as in theorem 1. Then, for zz,yz € C'\R™U{0}, Rwq, Rwy > 0,
R(s +wy +ws) + K >1andn=1,2,3, ...,

- I'w + k)l
ZK Zw—l—k Z lle—w (18)

> f(t) s S ,
o (tFzz)m(t+yz) k;; Z“’1+w2+s+k T Z zk+w1+w2 Bon,s (w1, w2; 2),

where the coefficients A, and By are defined by

F(l—s—k)I‘(w1+w2+s+k—1)F 1—s—k,ws 1
[(wy + wy)axwrtsth—lyws wy + wa

AkEak




C(CURMIf R S (R (wn); (wa)
By = k! ZO (j> xw11+;ykiuzjj’
]:

and empty sums must be understood as zero. The remainder term is defined by

~ (n > Fan(t)dt
Rn,s(wlv wa2; Z) = Z (] > (wl)j(u&)n*j /0 (t + l.z)j+w1 (t( i yz)n+wzfj’ (20)

=0
where fn, 5 (t) is defined in (14).

Proof. It is similar to the proof of theorem 1, but using lemma 4 instead of lemma, 3.
O

Theorem 4. Let f(t) be as in theorem 2. Then, for zz,yz € C'\R™U{0}, Rwq, Rwy > 0,
R(wy +wy)+ K >0 andn=1,2,3, ...,

—1 n—1
> f(t) Ak (=1)* [
dt=S —2k 4N B (log(zz)—
/0 (t + w2) 1 (t + yz)w2 k;{zwﬁwﬁk kzzok!zk+w1+wz k(log(w2) (21)

¥ — d)(/{ + wq +w2)) +B]/c + Ck:] +Rn,s(wlaw2;z)a

where empty sums must be understood as zero,

_ I(—k)'(w1 +ws + k) —k, wo
Ak = K w1 +kyw
[(wy + we)xwrtkyw: w1 + w2

1§>,
v

k+1
By, = - (k ) w1)j(Wa) k41 F(l,k—l—l—l—w2—]

(k + w1 +w2) + ws) Z::O $w1+3 Lywath+l=j k+1+w +ws

.

k+1

Sy
>
|||

k1 wi)j(Wo)iar—j oy (LE+T+we =gl
E+14+w; +ws

(k+w1+w2 Z l-w1+] 1yw2+k+1 j
Jj=

and
)i (w2)k—;
Ck = bk+1 Z ( ) l-wl—&—]yk—i-wz i’

where byt is given in (15)(b). The remainder term R, s(w1,ws; 2) is given in (20).
Proof. The proof is similar to the proof of theorem 2, but using lemma 4 instead of
lemma 3. O

2.2. Error bounds

In the following theorem we show that the expansions (16), (18), (19) and (21) given
in the above theorems are in fact asymptotic expansions for large z.
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Theorem 5. In the region of validity of the expansions (16), (18), (19) and (21),
the remainder terms Ry, s(w; z) and R, s(w1,ws; 2) in these expansions verify,

Ch

< Cn
‘ - ‘Z|n+%s+%w71’

‘ B |z|n+§R(s+w1+w2)71

|Rp,s(w; 2)

|Rn,s(w1; w2, Z)

if0<Rs <1 and

Cn log 2|

| Ry, s (w5 2)| < Wa

C, log |z]
| Ry, s (w1, wo; 2)| < M{m

if Rs = 1, where the constants C,, are independent of |z| (it may depend on the remaining
parameters of the problem).

Proof. It is a straightforward generalization of the proof of [[11], theorem 5] to the case
of complex parameters. O

The bounds given in theorem 5 are not useful for numerical computations unless we
are able to calculate the constants C,, in terms of the data of the problem (w, wq, wa,
x, y, Arg(z) and f(t)). The property f,(t) = O(t="~*®) as t — oo implies that 3¢5 > 0
and ¢, > 0, | fn(t)] < cnt "RV ¢ € [tg, 00). The following two propositions show that,
if the bound |f,,(t)] < ¢t~ % holds V ¢ € [0, 00) then, the constants C,, in theorem 5
can be calculated in terms of this constant c,.

Proposition 1. If, for 0 < Rs < 1, the remainder f,(t) in the expansion (9) of the
function f(t) satisfies the bound |f,(t)| < c,t ™ % V t € [0,00) for some positive
constant c,, then, the remainder R, s(w;z) in the expansion (16) satisfies

enm(Jw|)n'(n + Rw + Rs — 1)h(z, w)
: <
|Rn,s(wa Z)| _I‘(n + %S)F(n + §Rw)| Sin(,/rg%s)”dn-i—%w-l—?ﬁsfl X

r < 1§Rs,n+%s+§ﬁwl‘sinQ (Arg(z)))

(n+Rw+1)/2 2

and the remainder R, s(w1,wa;2) in the expansion (19) satisfies

sy ) < (3] 10D (o + R + 5+ 9) ~ Dz, = o)
n,s (W1, W2; = F(n—}—?}fs)f‘(n—l—?ﬁwl+%w2)|Sin(ﬂ'%Sﬂ|UZ|n+%(w1+w2+s)il

I L-Rs,n+R(s +wy +wp) — 1|1 1=
(n 4+ Rwy + Rwq +1)/2 2 lvz] ’
where
v = Min{|z|, |y|}, r = Min{R(zz2), R(yz)} (22)
and

_ 1 if  Arg(2)Sw >0
h(z,w) = {€|Arg(z)3w| if  Arg(z)Sw < 0.
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Proof. Introducing the bound |f,,(t)| < c,t ™" % in the definition (14) of f,..(t) we
obtain

| frn(t)] < F(C”F(%S) Y t e [0,00).

n + Rs)ths

Introducing this bound in the definition (17) of R,, s(w;z) and using the duplication
formula of the gamma function and [[22], p. 309, eq. 7] we obtain the first bound. The
second bound is obtained using the inequalities |t + z2|?, |t + yz|? > t? + 2rt + |vz|? in
the definition (20) of R, s(w1,ws; z), formula [[22], p. 309, eq. 7] and the equality

> () (oDe(iwabyn = (o + fwal 1)
k=0

O
Proposition 2. If, for s = 1, each remainder f,(t) in the expansion (9) of the func-
tion f(t) satisfies the bound |f,(t)| < c,t™""1 V t € [0,00) for some positive constant
¢ then, the remainder R, s(w;z) in the expansions (16) and (18) satisfies

enm(Jw|)nI'(n + Rw — 1/2)h(z, w)

Ry s 5 <
s (w3 2)| ST 1/2)T(n + Rw)|z|[n+Rw-172

(25)
1/2,n+Rw—1/2| . o (Arg(2) \\ _ n),.
F( (n + Rw +1)/2 sin ( 5 =R, (w;2),
where ¢, =Max{cy, cn—1 + |an—1|} and
(lwhn [elen—1+lan-1]) +cn  cn €|n—Rw
c2)| < — 14+ - 1
[ B, (w3 2)| < |z|ntRw | (n — 1)1O(z, €)ntRw * n! * z og |2+
(n + Rw)[(2e + Rz + [R2])(|z| 7L — 1) + (|Rz] — RN2) log|z]] Hit (26)
2(n+Rw + 1)|z + €
de + Rz + |Rz| — 2¢|z| 2le + z|H_4 9
h(z,w) = RP (w;
2t Ret+ D2l 0T (ot wwE =D W) = Rl (w5 2),
where € is an arbitrary positive number,
B 2—m,n+Rw+m| . o (Arg(z+e)
H,=F ( (n+ Rw +3)/2 sin <72 (27)
and
1 if Kz>0
O(z,€) =< |sin(Arg(z)| if e>-Rz>0. (28)
[1+¢€/z| if —Rz>e>0.
For large z and fixed n, the optimum value for € is given approximately by
62 _ Cn 2H_1 4 (%Z + |§RZ|)H0 (29)

n(cn—1+|an-1|) [(n+Rw)2 -1 2(n+ Rw+1)|z]]
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The remainder R, s(w1,ws;2) in expansions (19) and (21) satisfies
| R, s (w1, w2 2)| < R (wn + wa;z2) + R (w1 +wa; y2), (30)

With eitheri=1 ori=2. If x, y, z, w, w1 and wa are positive real numbers, then

|Rp,s(w; 2)| < [ne(cn_l + |an-1]) + cn (S’n(z, e,w) + T, (z, e,w))] ngﬂ%, (31)

where € is again an arbitrary positive number,

nz [(6 + Z)n+1u—1 _ Zn+1u—1]
Sn 2 = M‘ Y 1
(z,€,w) 1n{ cntw—TD)(ctzyiod Y(n+1) +v
and
T ( ) G Flntwlintw+l;—
n(z,6,w) = n+w,l;n+w — -
(n+w)(e + z)ntw e+ 2z

For large z and fized n, the optimum value for € is given by
Cn

n(cp—1 + |an—1|). (32)

€ =

The remainder R, s(wi,ws;2) in expansions (19) and (21) satisfies the bound (31)
replacing w by wy + wa and z by vz, with v =Min{|z|, |y|}.

Proof. From |f,—1(t)| < cp—1t™ and f(t) = fr-1(t) —an—1t™" ¥V t € [0,00), n € N,
we obtain | f,,(¢)| < (cp_1+]|an—1])t™™ V¢t € [0,00). In order to obtain the bound (26) we
divide the integral defining f, ,(¢) in (14) by a fixed point u = € > t and use the bound
|fn(®)| < (cn_1+|an_1|)t™™ in the integral over [t, ] and the bound |f,(t)| < ¢, t7"~!
in the integral over [, 00). Using u — ¢ < u in the integral over [t, €] we obtain

fn®] < - [(en 1 +lan aDlog ($) +2] Vield, >0 (33)

(n—1)!
On the other hand, V ¢ € [0, 00) we introduce the bound | f,,(¢)| < ¢, =" in the integral
definition of f, ,(t) and perform the change of variable v = tv. We obtain

cn 1

o Vo tel,00). (34)

[frn(®)] <

We divide the integral in the right hand side of (17) at the point ¢ = € and use the
bound (34) in the integral over [e, 00) and the bound (33) in the integral over [0,¢]. We
obtain

' (Jw)n ! dt > dt
|Rn,8(w’z)| < n! Nep, 0 ‘6t+z|n+§Rw +cn 1 t|€t+z|n+§}%w+

1 -1
log(t—*)dt
ot + |an _oslt )t 1y w),
ne(cp—1 + |a 1|)/0 |et+z\"+%w] (z,w)

(35)
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Removing a factor |z|*t®% from the denominator in the integrand of the first and third
integrals in the right hand side of (35) and using the bound |et/z+1| > O(z, €) we easily
obtain that those two integrals are bounded by (|z|©(z,¢€))~"~%. On the other hand,
we perform the change of variable ¢ — |z|t in the second integral in the right hand side
of (35) and integrate by parts to obtain

|Z|n+%w/°° dt _ log |z|
L tlet + 2P tRe 1 4 e/ 2| R

* (et + cos(Arg(z))) log tdt
el ) /w [(ct + cos(Arg(2)))? + sin® (Arg(z)) ("R /2H1

Now, with the change of variable ¢t — t/e+|z|~! and using — log |z| < log(t/e+|z|71) <
t/e+ 2|7t — 1Vt e[0,00) and [[22], p. 309, eq. 7] we obtain (26).

To obtain (25) we use |f,(t)] < cpt " Pand |fo(t)] < (cn_1+ |an—_1|)t~ ™. Then, we
have f,,(t) < cot™"" Y2 if t > 1 and f,,(t) < (cp_1 + |an_1|)t™"" /2 if t < 1. Therefore,
fn(t) < ent~™"Y2 Y t € [0,00). Then, f,(t) satisfies the bound required in proposition
1 with s = 1/2 and ¢,, replaced by &,. Repeating now the calculations of the proof of
proposition 1 we obtain (25).

If we get rid of irrelevant terms for large z, the right hand side of (26), as function
of €, has a minimum for e given in (29).

Bounds (30) are obtained using the inequality |t + zz| " R%i|t 4+ yz|~Rwz < |t +
wz| 7RO Rz gy gz |~ Rwi=Re2 iy the definition (20) of R, s(wy,ws; 2) and formulas
(24), (25) and (26).

Bounds (31)-(32) and the bound for R,, 1 (w1, ws; z) for real positive z, y, w, wy, w
and z have been obtained in [[14], propositions 2 and 4]. 0

The following two lemmas introduce two families of functions f(¢) which verify the
bound | £, (t)| < c,t™" "%V ¢ € [0,00). Moreover, for these functions f(t), the constants
¢n, can be easily obtained from f(t).

Lemma 5. Suppose f(t) verifies (9) with Rs > 0 and consider the function g(u) =
u™sTE f(umY). If g(2) is a bounded analytic function in the region W of the complex
z—plane comprised by the points situated at a distance < o from the positive real axis

(see fig. 1), then,
[fa(t)] < Crmren =%,

where C' is a bound of |g(z)| in W and 0 <1 < 0.

Proof. From the asymptotic expansion (9) and the Lagrange formula for the remainder
in the Taylor expansion of g(u) at u = 0, we have

n—1
o) = 3" aput + R (u),
k=0

where

R, (u) = I u”, €€ (0,u).
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Using the Cauchy formula for the derivative of an analytic function,

o) ok [ o),
¢

du 2mi z = Ent1

where C is a circle of radius r around £ contained into the region W. Then, for fixed &
and r, performing the change of variable z = ¢ 4 re?, and using |g(¢ + re'®)| < C for
0 € [0,27) with C independent of 0, r and &, we obtain the wished result. O

Im(z)

Figure 1. Analyticity region W for the function g(z) considered in lemma 5. The integration
variable u in (14) is real and unbounded and therefore, the analyticity region for g(z) must contain
the positive real axis. The circle of radius r centered at {(u), with 0 < &(u) < u, used in the
proof of lemma 5 must be contained in this region and therefore, 1 < o.

Lemma 6. If the expansion (9) verifies the error test, then
()] < lanlt=" "% and | (8)] < |ap_q [t~ D—Rs

Proof. A proof of the first inequality can be found in [[20], p. 68]. The second inequality
follows from the first one, from sign(f,(t)) # sign(f,—1(t)) and

Fult) = faa(t) — 222

B tn—1+s :

O

Corollary 1. If f(t) wverifies the hypotheses of lemma 5, then R, s(w;z) and
Ry, s (w1, wa; 2) satisfy the bounds given in propositions 1 and 2 with ¢, = Cr="™. More-
over, the expansions given in theorems 1 and 2 are convergent when the parameter |z|
is longer than the inverse of the width of the region considered in lemma 5 (see figure
1): when olz| > 1 if Rw < 1 or o|z| > 1 if Rw > 1. The expansions given in theorems
3 and 4 are convergent when the parameter |vz|, with v =Min{|z|,|y|}, is longer than
the inverse of the width of that region: when olvz| > 1 if Rwi + Rwy < 1 or olvz| > 1
if Rwy + Rwy > 1.



For Rs = 1, the convergence of these expansions requires also that lim,,_ . n* " la,z " =

0 or lim, oo n"1T¥2 g, (v2) ™™ = 0 respectively.

Corollary 2. If the expansion (9) of f(t) verifies the error test, then R,(w;z) and
R, s(w1,ws; 2) satisfy the bounds given in propositions 1 and 2 replacing ¢, by |a,| and
cn—1 by 0. Moreover, the expansions given in theorems 1 and 2 are convergent when
the coefficients ay, in the asymptotic expansion (9) verify lim, .o n* " ta,z=" = 0. The
expansions given in theorems 3 and 4 are convergent when lim,_ o, n¥1t¥2=1q, (v2)™" =
0, v =Min{|z|, |y| }.

3. Asymptotic expansions of the Appell’s function F

In order to obtain asymptotic expansions of F(a,b,c,d;x,y) for |z| — oo and/or
ly| — oo we just apply theorems 1-4 to the integrals (2) or (3). Error bounds for the
remainders are obtained from corollaries 1 and 2.

Corollary 3. For Ra >0, R(d—a) >0, 1+a—b ¢ Z, |Arg(z)| < 7 andy—1 ¢ RTU{0}
if Re > 1,

T'(d) CAT(b+k) (—1) By
a) {Z +

I'(d—a)l( P ['(b)  klzktt
nE "E (4 kr_k BF (30
M (_ ) ( +a) k +Rn(a7b7 Ca d;z,y) )
I'(b) sin(7s) prs I'k—b+a+1)zkte

where K = Int(R(1 — b+ a)) (Int(x) means the integer part of x) and the coefficients
BF are defined in (8). Coefficients By, are given by

_I'(k+d—a)l'(a—k—0) c,k+d—a
Be= N (M

L) . (37)

y—1
IfR(1+a—0) ¢ Zand n >0, a bound for the remainder is given by

< enm (b)) T(n + R(b + s) — 1)h(2,b)
“I'(n+ Rs)I'(n + RNb)| sin(7Rs)||z|n+R(b+s)~1

7 ( 1—Rs,n+R(s+0b) — 1’81112 (Arg(z))) ’

|Rn(a’ ba ¢, d; Z, y)
(38)

(n+Rb+1)/2 2

where s =1+ a —b— K and h(z,b) was defined in (23). We can take ¢, = |BE_,| if
the following conditions over the parameters hold:

a,be,deR, b+¢c—d<0, ¢>0, R(1—-y)>0. (39)

n

In any case, we can take c, = Cyr=", where

Oy > Supyer |(L+ e (14 (1= y)u) <], (40)
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W is the region considered in lemma 5 for g(u) = ubfaflfj(ufl) with

0<T<Min{1,|1*y|_1€(c)}v f(c):{ji)o g cch?_LLJJJi{(())}} (41)

On the other hand, if R(1+a —b) € Zand n > 0, n € N, two bounds for the
remainder are given by

en(|b))nl (n + Rb — 1/2)h(2,b)
T(n+ 1/2)T(n + Rb)|z|n+Rb-1/2

|Rn(a,b,c,d;2,y)| <

12,4+ Rb— 1/2 Arg(z) (42)
T - .2 rgiz _ )/ nF .
F( (n+ Rb+1)/2 ‘sm ( 5 ))Rn (B,, ,b; 2)
" () o
n Cn €| n-
‘Rn(aa b,c, d; Zay)‘ < ‘Z|n+§nb {m ‘1 + ; |:10g‘2‘—|—
(n+ Rb)[(2¢ + Rz + |Rz|)(|2| 71 — 1) + (|Rz| — R2) log |2]]
Hi+
2(n+ RNb+1)|z + ¢
de + Rz + |Rz| — 22| 2e + 2] (43)
Hy + 5 H_1|+
2¢(n + Rb+ 1)|z| e((n+RNb)2 —1)|2|
e(cn—1 +|BY g 1]) +en -
g h(z,b) = R " B, b;z).
(n =10, grm [ 20 = Ra(Cr, By biz)
In these formulas, ¢, =Maz{|BY |, |BEY . ||} with ¢, = |BE | and ¢y = 0 if

conditions (39) hold. In any case, we can take &, =Maz{cn,cn_1 + |BLY 4, ||}, with
cn = Cyr™™ given above. In (43), € is an arbitrary positive number, O(z,¢€) is given
in (28) and Hy is given in (27) setling w = b. For large z and fized n, the optimum
value for e is given approzimately by (29) setting w = b. Moreover, the expansion (36)
is convergent when Maz{|1 — y|é(c)™1,1} < |z].

Proof. To obtain the expansion (36), just apply theorem 1 to the integral (2) with
ft) = f;(t) given in (4), ap = BE - given in (8), w = b and s and K given above.
After the change of variable ¢ = u(1 — u) ', the mellin transform of f (t) reads

P e 1 uk-}-dfafl y —c
MIf, sk +1]=(1—-y) /o (1= w)fi—ati <1+1_yu> du.

Then, the first term in (37) follows from [[22], p. 306, eq. 5].

If (39) holds, then, by [[13], lemmas 3 and 4], the function f}'(¢) verifies the error
test. Therefore, by corollary 2, the remainder in the expansion (36) verifies the bounds
given in propositions 1 and 2 with ¢, = |BY |, ¢,—1 = 0. In any case, by lemma 5 and
corollary 1, the remainder in the expansion (36) verifies the bounds given in propositions
1 and 2 with ¢, = Cyr~", Cy and r verifying (40) and (41) respectively. Therefore, the
bounds (38), (42) and (43) hold.
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Using (41) and introducing in (38) and (42) the bound

|Bfk§ﬂ4(b;d>’@hxﬂ|l—ym 11",

where M is a constant independent of n, we obtain that lim, .. R,(a,b,c,d;z,y) =0

if Max{|1 —y|é(c)~ 1,1} < |z|. O
Corollary 4. For Ra, R(d —a) >0,y —1¢R"U{0} if Re>1,1+a— b€ Zand
[Arg(2)| <,
P! rk+@ (b—k—a)
. — F v
Fl(a,b,c,d,l—z,y)—r(di{ Z By T (b)2F+a +

(44)
S CD O o o |

Z ! k+b [Bk+b—a(10g(z) v 7/}(k+b))+3k]+Rn(a,b,c,d,z,y) ,
k=0

where the coefficients By are given in (8) and the coefficients By, are given by

(_1)k+bfaflr(k; + d— a)
Td -0 k+b_al(l_gy°

ck+d—al vy
y—1>+ (45)

By =By (v +9(k+1)) +

{[¢(k+d—a)—¢(k+b—a+1)]F< P

P ck+d—al vy
y—1/) |

d—>b
Forn € N, two bounds for the remainder are given by (42) and (43) in corollary 3
replacing BEY . by Bf_a+b. And again, the expansion (44) is convergent if Max{|1 —
yl€(e)™1, 1} < |z|, where &(c) is defined in (41).
Proof. To obtain the expansion (44), just apply theorem 2 to the integral (2) with
f(t) = fL(t) givenin (4), s =1, K =a—b, a, = Bf,_, and w = b.
On the other hand, the coefficients By in the expansion (7) of f,"(t) may be written

BF‘ 1dk [tbalf ( )]
k™ Rl dtk t=0"

Using the Cauchy formula for the derivative of an analytic function, we obtain

dk+b a tk(l o t)b a—1 t
Bl , .= , ' !
kb0 = giRto—e | (E+b—a)! Ty (1 - t>:|t—1 1o

The coefficient, B, in (44) is just by41 given by (15)(b) with a, = B}, ,_,. The Mellin
transform in formula (15)(b) is given by (37). When z — n, there are two singular
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terms in this limit: Bf,  /(z —n) and B(z +d — a,a — z — b). Setting z = n + 7,
expanding these terms at 7 = 0 and using (46) we obtain (45).

The bounds (42) and (43) are obtained as in corollary 3 (but using only proposition 2).
(|

Corollary 5. For ®a > 0, R(d —a) > 0, 1 +a —b—c ¢ Z, |Arg(zz)| < m and
|[Arg(yz)| <,

I(d) = (=1)*By
1(a7 ,C, a3 Tz, yZ) F(d—a)F(a) {kzo k!zk+b+c+
nil (b+c—a—k)T(a+k) Fp(bte-a—kel, =z N (47)
U(b+ c)xath—cycyk+a =k b+c Yy

(a b,c,d;xz,yz)},

where K = Int(R(14+a—b—c)) and the coefficients AL are defined in (6). Coefficients
By, are given by

T(k+d—al(a—k—b—c) e~ (k) (b):(c)r_s
By, = — o] 4
’“ b0 2\ )
IfR(1+a—-b—c)¢ Zandn >0, a bound for the remainder is given by
enm(|b] + |e))nI'(n + RO+ c+ s) — 1)h(zz,b)h(yz,c)
Rn ,b, ad; ’ S 1
|Fn(a,, ¢, d; 22, yz)| T(n + %s)T(n + R(b + ¢))[sin(7Rs)|[vz|[FRbFets)—T 49)

7 I-Rs,n+R(s+b+c)—1]1 1
(n+RO+)+1)/2 |27 Joz| )
where s =1+a —b—c— K, h(z,w) was defined in (23) and r and v where defined in
(22).

In formula (49) we can take ¢, = |AY_ | if a,b,e,d €R and b+c—d < 0. In any
case, we can take ¢, = C, where

C > Sup,cp ‘(1 + u)b+c_d’ (50)

and W is the region considered in lemma 5 for g(u) = ub+e=a=1 fF(y=1),

On the other hand, if R(1+a—b—c) € Z and n > 0, the remainder in the expansion
(47) satisfies

|Rn(a,b,c,d;z2,y2)| <RW(AL b4 ;1 — 22) + RO(AF b+ ;1 — y2) (51)
or

|Ru(a,b.c,d;zz,yz)| <RP(C AL b+ ;1 —22) + RO (CLAL b+ 1 —yz)  (52)
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where RS and RP are given in (42) and (43). Moreover, the expansion (47) is
convergent if v|z| > 1.

Proof. To obtain the expansion (47), just apply theorem 3 to the 1ntegral (3) with
f(t) = f¥(t) given in (4), ap = Af ;- given in (6), w; = b, wy = ¢ and s and K
given above. The calculation of coefficient C} in formula (19) of theorem 3 requires the
calculation of the Mellin transform M [fF; k+1]. After trivial manipulations, and using
the integral representation of the Beta function, we obtain M[f¥;k + 1] = B(k +d —
a,a —k —b—c) and (48) follows.

If a,b,c,d € Rand b+ ¢ —d < 0 holds, then, by [[13], lemmas 3 and 4], the function
fE(t) verifies the error test. Therefore, by corollary 2, the remainder in the expansion
(47) verifies the bounds given in propositions 1 and 2 with ¢, = |[AL_ .|, c,—1 = 0. In
any case, by lemma 5 and corollary 1, the remainder in the expansion (47) verifies the
bounds given in formula (30) of proposition 2 with wy = b, we = ¢, 7 =1 and ¢, = C,
C verifying (50). Therefore, the bound (51) holds.

Finally, using the same argument that we used at the end of the proof of the corollary
3, we obtain that, if |zz| > 1 and |yz| > 1, then lim, . ¥ = 0 and therefore,
lim,, .o R,(a,b,c,d;zz,yz) = 0. O
Corollary 6. For Ra > 0, R(d—a) > 0, 1 +a—b—c € Z, |Arg(zz)| < m and
| Arg(yz)| <,

n—1
I'(d) (—1)*Cria
F b,c,d;1 — 1-— = g
1(a, » G, 43 zz, yz) F(d—a)F(a) {k:() k!zk+b+c +
b+C*a71I’b—|—cfafk) [(a+ k)AF b+c—a—kc x
S F 1- =)+
b + C .Tk+a’ Cycza+k b +c Yy (53)

k=0

n—1 kAF
k+b+c—a
Z A k—{—b—|—+ :k+b+c [Bk(log(xz) *7*¢(k+b+c)) +B,’J +

Rn(aa ba c, d; ZTz, yz)} )

where coefficients A} are given in (6) and coefficients By, B}, and Ci41 are given by

k+1 .
BkEZ<k+1) (b?J(C)k+1—] ‘F<1,k+1+0] 1_§>’

= j ) abti-lyctktl—j k+1+b+c

k+1 .
1 . s 1 1 _
B;C EZ <k + ) (b?g(C)k+1 j ,F/ < ,k +1+c ] 1

=\ gbHi—Tycth+l=j kE+1+b+c

and
o _ F(k +d— a)(_l)k+b+c—a—1
MUl k+b+c—a)l(d—b—c)

k
k
Alibtema (Y H Yk +1) }XZ< >Wk+ja

J=

(Y(k+d—a)—¢(k+b+c—a+1))+

(54)
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respectively.

The remainder in the expansion (53) satisfies the bounds (51) and (52). Moreover,
the expansion (53) is convergent if |xz| > 1 and |yz| > 1.
Proof. To obtain the expansion (53), just apply theorem 4 to the integral (3) with
ft) = fF(t) givenin (4), s=1, K=a—-b—c, a = AkF+b+c_a, wy = b and wy = c.
On the other hand, the coefficients Af in the expansion (5) of f () may be written

s 1 d*

F= H% [tb+c_a_1fF(t_1)]t:0 )

Using the Cauchy formula for the derivative of an analytic function, we obtain

Jktbte—a tk(l _ 75)b+cfafl t
r _ F . 59
Ftbte—a ™ giktbte—a | (k+b+c—a)! / <1 - t>] t=1 ()

Coefficients Cr41 in (53) are given by b1 in (15)(b) with a,, = AZ . .. The Mellin
transform in formula (15)(b) is given by (48). When z — n, there are two singular
terms in the limit in (15)(b): AL, /(z—n)and B(z+d—a,a—z—b—c). Setting
z = n + 1, expanding these terms at n = 0 and using (55) we obtain (54).

The bound (51) are obtained as in corollary 5. O

3.1. Numerical experiments

The following tables show numerical experiments performed with the program math-
ematica about the approximation and the accuracy of the error bounds supplied by corol-
laries 3-6. In these tables, the second column represents the integral Fi(a,b,c,d;x,y).
The third and sixth columns represent the approximation given by corollaries 3, 4, 5 or
6 for n = 2 and n = 3 respectively. Fourth and seventh columns represent the respective
relative errors, and fifth and last columns are the respective relative error bounds given
in those corollaries. The c.p.u. time used by mathematica to compute a “correct” value
of F; (by an undisclosed method) is of the order of 1 second, whereas the time used by
mathematica to compute an approximation, including its error bound, is of the order
of 1072 seconds.

Parameter values: a =1.5, b=2.05, c=1, d=3.25, y=-0.9

Second or. Relative | Relative | Third or. Relative | Relative
T F approx. error er. bound | approx. error er. bound
-10 0.0192501 0.01395848 0.275 0.39 | 0.01790552 0.07 0.097
-20 0.00870325 0.00810254 0.069 0.09| 0.00862363 | 0.0091 0.0117
-50 0.00274596 | 0.00271654 0.0107 0.012 | 0.00274436 5.8e-4 6.84e-4
-100| 0.00108523 0.00108241 | 0.0026 0.0029 | 0.00108515| 7.13e-5 8.e-5
-200 | 0.000414904 | 0.000414641 6.35e-4 6.93e-4 | 0.0004149 | 8.73e-6 9.46e-6

Table 1: Approximation supplied by (36) and error bounds given by (38).
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First or. Relative | Relative | Second or. Relative | Relative
|z] I approx. error er. bound | approx. error er. bound
20 0.00080787 - 0.000831 - 0.012 0.068 0.00081234 - | 0.0022 0.007
0.0019668i 0.0019555i1 0.001968i
50 0.00020672 - 0.0002077 - 0.002 0.029 0.00020679 - 1.4e-4 0.001
0.000498i 0.0004976i 0.000498i
100 | 7.31557e-5 -| 7.324337e-5 - 5.e-4 0.01| 7.315886e-5 - 1.78e-5 3.2e-4
1.76271e-4i 1.76234e-4i 1.762723e-4i
200 | 2.58616e-5 - | 2.586926e-5 - 1.2e-4 0.007| 2.58616e-5 - l.e-6 8.e-5
6.23597e-51 6.235645e-51 6.23597e-51
300 1.40754e-5 - | 1.407729e-5 - 5.5e-5 0.005 1.40754e-5 - 3.3e-7 3.7e-5
3.39519e-5i1 3.395107e-51 3.395186e-51
Table 2: Approximation supplied by (36) and error bounds given by (38).
Parameter values: a =1-0.5i, b=3+14i, c=3, d=3, y=-0.5
Second or. Relative | Relative | Third or. Relative | Relative
T P approx. error er. bound | approx. error er. bound
-10 0.00395015 + | 0.00393933 + 0.0083 0.083| 0.00392435 + | 0.0023 0.0236
0.0241468i 0.024349i 0.0241975i
-20 | -0.00150212 + -0.0015046 +| 0.0011 0.0087| -0.00150328 + 1.6e-4 1.29¢-3
0.0126451 0.012659i 0.01264661
-50 | -0.00263747 + -0.0026376 + | 6.97e-5 3.95e-4 | -0.00263748 + 4.e-6 2.41e-5
0.004480261 0.004486i 0.004480271
-100| -0.00198698 + | -0.00198699 + 8.5e-6 3.6e-5 | -0.00198698 + | 2.48e-7 1.12e-6
0.00169895i1 0.00169896i 0.00169895i1
-200| -0.00122261 + | -0.00122261 + 1.06e-6 3.27e-6 | -0.0012226 + | 1.58e-8 5.1e-8
4.71985e-4i 4.71986e-4i 4.71985e-4i

Table 3: Approximation supplied by (36) and error bounds given by Min{(42),(43)}.

Parameter values: a =2, b=3, c=3, d=2.5, y=-0.9

Second or. Relative | Relative | Third or. Relative | Relative
T F1 approx. error er. bound | approx. error er. bound
-10 0.00289672 | 0.00376548 0.3 0.885 0.00324391 0.12 0.3
-20 8.73402e-4 | 9.17957e-4 0.051 0.16 8.826362e-4 0.01 0.029
-50 1.64142e-4 1.6486e-4 0.0044 0.016 1.64202e-4 0.0004 0.0012
-100| 4.42497e-5| 4.42786e-5 6.52e-4 0.0027 4.42509e-5 2.76e-5 l.e-4
-200 1.1611e-5 1.1612e-5 9.5e-5 4.6e-4 | 1.1610998e-5 2.01e-6 8.7e-6

Table 4: Approximation supplied by (44) and error bounds given by Min{(42),(43)}.

4. Conclusions

Asymptotic expansions of generalized Stieltjes transforms for complex values of the

parameters have been derived in section 2, including error bounds. They extend to
the complex case the known methods given in [27], [[28], chap. 6], [13], [14] for real
parameters. Using these methods we have derived four expansions of the first Appell’s

hypergeometric function Fj in corollaries 3-6, including error bounds for the remainder.

Moreover, these expansions are convergent when the asymptotic variable is large enough.
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Second or. Relative | Relative | Third or. Relative | Relative
|z] I approx. error er. bound | approx. error er. bound
10 | -0.00313761 -| -0.00182859 - 0.4 1.8 | -0.00335547 - 0.18 0.7
0.001558351 0.00215644i 0.00214796i1

20 -9.57456e-4 - | -9.127204e-4 - 0.06 0.29 | -9.66098e-4 - 0.013 0.058
3.17093e-4i 3.58223e-4i 3.2702761

50 -1.77437e-4 - | -1.76966e-4 - 0.0047 0.027| -1.77498e-4 - 4.e-4 0.0022
3.31918e-5i 3.39021e-5i 3.323225e-5i

100 | -4.69382e-4 - | -4.692343e-4 - 6.8¢e-4 0.0047 | -4.69394e-4 - 2.9e-5 1.9e-4
5.51933e-61 5.548144e-61 5.519946e-61

200 | -1.20975e-5 -| -1.20971e-5 - 9.9e-5 8.12e-4 | -1.20976e-5 - 2.08e-6 1.6e-5
8.70185e-T7i 8.712899e-7i 8.701947e-Ti

Table 5: Approximation supplied by (44) and error bounds given by Min{(42),(43)}.

Parameter values: a =1.5, b=0.05, c=2, d=4

Second or. Relative | Relative | Third or. Relative | Relative
T,y B approx. error er. bound | approx. error er. bound
-10,-25 0.00669952 | 0.00646809 0.034 0.78 0.00668157 0.0027 0.13
-20,-40 0.00370763 | 0.00365988 0.013 0.15 0.00370534 0.0006 0.013
-50,-65 0.00194611 | 0.00193718 0.0046 0.012 0.00194585 1.3e-4 4.6e-4
-100,-200 | 4.232485e-4 | 4.230478e-4 4.7e-4 0.005 | 4.232466e-4 4.62e-6 9.8e-5
-200,-350 | 1.908408e-4 | 1.908122¢-4 1.5e-4 0.001| 1.908406e-4| 8.26e-7 9.86e-6

Table 6: Approximation supplied by (47) and error bounds given by (49).

Parameter values: a = 2.5, b = 4.05,

c=1, d=3,Arg(x) = —3n/4, Arg(y) =0

Second or. Relative | Relative | Third or. Relative | Relative

x|, y Py approx. error er. bound | approx. error er. bound

10, -15 -1.1346201e-6 - | -1.322963e-6 - | 9.25e-4 1.8e-3 | -1.1455236e-6 - 7.e-5 1.5e-4
0.000204246i 0.00020423i 0.000204237i

20, -20 -1.42374e-6 - -1.43107e-6 - 1.7e-4 2.4e-4 -1.42395e-6 - 7.2e-6 l.e-5
4.316887e-51 4.316743e-51 4.316865e-51

50, -55 -6.266874e-9 - | -6.313751e-9 - 1.2e-5 1.8e-5 -6.267419¢-9 - 2.e-7 3.4e-T
4.072453e-41 4.07244e-4i 4.072453e-41

100, -110 2.791197e-9 -| 2.790133e-9 -| 1.56e-6 2.45e-6 2.79119e-9 - | 1.46e-8 2.23e-8
7.151052e-7i 7.151048e-7i 7.151051e-7i

150, -200 7.346265e-9 - 7.346172e-9 - | 4.23e-7 8.e-7 7.346265e-9 - 2.8e-9 5.e-9
2.337076e-Ti 2.3374e-Ti 2.3374e-Ti

Table 7: Approximation supplied by (47) and error bounds

given by (49).

When the parameters defining the function f(t) or f,(t) in the integral representation
of the Appell’s function F; (equations (2) and (3) respectively) verify the conditions
given in (39) then, f(t) or f,(t) belong to a special kind of functions: the remainder
term in their asymptotic expansion in inverse powers of ¢ satisfies the error test. This

fundamental property allows us to use corollary 2 to derive a more accurate error bound

for the remainder in the asymptotic expansions of Fj given in corollaries 3-6. These
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Parameter values: a =244, b=2—-1.5i, c=1, d=3
Second or. Relative | Relative | Third or. Relative | Relative
z, Y Fy approx. error er. bound | approx. error er. bound
-10, -15 0.0001248 - 0.0001224 - 0.009 0.2 0.0001246 - | 0.0008 0.006
0.0003i 0.000298i 0.0002999i
-20, -40 -3.04309e-5 - -3.04379e-5 - 0.002 0.04 -3.04308e-5 - 9.8e-5 7.e-4
7.e-5i 7.e-51 6.9838e-51
-50, -65 -1.357482e-5 - | -1.357084e-5 - 4.8e-4 0.005| -1.357474e-5 - 9.5e-6 3.16e-5
7.414746e-61 7.408461e-61 7.414624e-61
-100, -130| -3.78267e-6 + | -3.78222e-6 + 1.2e-4 9.3e-4| -3.78266e-6 + 1.2e-6 2.9¢-6
7.694256e-Ti 7.69585e-Ti 7.694369e-T7i
-200, -250 | -6.362044e-7 + | -6.361753e-7 + 3.e-5 1.7e-4| -6.362043e-7 + 1.6e-7 2.7e-7
7.622805e-7i 7.6227e-Ti 7.622805e-7i
Table 8: Approximation supplied by (47) and error bounds given by Min{(51), (52)}.
Parameter values: a =244, b=3—-1.5¢, c=1, d=4,Arg(z) = —7n/2,Arg(y) =7
Second or. Relative | Relative | Third or. Relative | Relative
x|, |y| Fy approx. error er. bound | approx. error er. bound
10, 15 -0.0004909 + -0.0004903 + 0.001 0.3 -0.0004908 +| 0.0001 0.06
0.00079287i 0.000793641 0.00079279i1
20, 40 3.774639¢-5 + 3.7774e-5 + | 0.0001 0.03| 3.774621e-5 + 7.4e-6 0.003
2.095e-4i 2.094998-4i 2.094987-4i
50, 65 3.78677223-5 + | 3.78679583-5 + 9.4e-6 1.e-3|3.78677137-5 + | 2.12e-7 5.e-5
2.0116287e-5i 2.0115959¢e-51 2.0116282¢e-51
100, 130 1.058444e-5 - 1.058444e-5 - | 1.18e-6 l.e-4 1.058444e-5 - 1.3e-8 2.2e-6
2.2504918e-6i 2.250504e-61 2.2504917¢-61
200, 250 1.7122688e-6 - 1.7122686e-6 - 1.5e-7 9.4e-6| 1.7122688e-6 - 9.e-10 9.89¢-8
2.169836e-6i 2.169836e-61 2.169836e-6i
Table 9: Approximation supplied by (47) and error bounds given by Min{(51), (52)}.
Parameter values: a =2, b=1, c=1, d=3.2
Second or. Relative | Relative | Third or. Relative | Relative
T,y F approx. error er. bound | approx. error er. bound
-50, -70 0.0055576 | 0.005437717 0.02 0.1 0.00554541 0.002 0.004
-100, -200 0.0001827 | 0.000182648 2.7e-4 0.0017 0.0001827 3.2e-6 6.e-6
-500, -650 1.5569377e-5 | 1.55691513e-5 1.4e-5 9.7e-5 | 1.55693768e-5 3.7e-8 6.6e-8
-1000, -1100 | 5.1555639e-6 | 5.1555424e-6 4.1e-6 3.2e-5| 5.1555638e-6 5.8e-9 1.1e-8
-1500, -2000 | 2.0549834e-6 | 2.05498025e-6 1.5e-6 1.5e-5| 2.0549834e-6 1.3e-9 3.5e-9

Table 10: Approximation

supplied by (53) and error bounds given by Min{(51),(52)}.

bounds have been obtained from the error test and, as numerical computations show
(see tables 1-11), they exhibit a remarkable accuracy.




Parameter values: a =2, b=1, c=1, d =3.3,Arg(z) = —4x/5,Arg(y) =0
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1.396248e-61

1.39624e-61

1.3962485e-61

Second or. Relative | Relative | Third or. Relative | Relative

lz], |yl £y approx. error er. bound | approx. error er. bound

100, 150 1.998863e-4 - | 1.99866499e-4 - 3.5e-4 0.0018 | 1.998865e-4 - 4.e-6 6.26e-6
1.16859e-4i 1.167804e-4i 1.1685818e-4i

200, 250 6.9458999e-5 - | 6.94566577e-5 - | 9-87e-5 5.3e-4 | 6.9459004e-5 - | 5.99e-7 9.3e-7
4.2285549e-5i 4.227787e-51 4.22855e-51

500, 565 1.473406e-5 - 1.4733969e-5 - | 1.68e-5 l.e-4 1.473406e-5 - 4.2e-8 8.e-8
9.28714e-6i 9.28686e-6i 9.28714e-6i

1000, 1060 | 4.4257489e-6 - | 4.42574127e-6 - 4.4e-6 4.e-5| 4.4257489¢e-6 - | 5.65e-9 1.34e-8
2.8438858e-61 2.843864e-6i 2.8438858e-61

1500, 1550 2.153354e-6 - 2.1533524e-6 - 2.e-6 1.9e-5 2.153354e-6 - 1.7e-9 4.67e-9

Table 11: Approximation

supplied by (53) and error bounds given by Min{(51),(52)}.
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