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Abstract

New asymptotic expansions are derived of the Kummer functions M (a, b, z) and U(a, b+1, z)
for large positive values of a and b, with z fixed. For both functions we consider b/a < 1
and b/a > 1, with special attention for the case a ~ b. We use a uniform method to handle
all cases of these parameters.
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1 Introduction

Many asymptotic expansions of the Kummer functions (or confluent hypergeometric functions)
M(a,b,z) and U(a,b, z) are available in the literature. With the results of this paper we fill a
gap regarding the case of large positive parameters a and b, with real or complex argument z
fixed or bounded.

For b — oo, with |z| < b and a < b, we can use the defining convergent power series given
in (@), which has an asymptotic character. An asymptotic expansion in negative powers of b
can be found in §13.8(i) of [1], together with other asymptotic forms. We can also refer to [2
Chapter 10], where several expansions of the Kummer functions for large a or b are considered.
Usually the available asymptotic relations are in terms of the argument z in combination with
one or both parameters.

In the present paper we derive new asymptotic expansions of the Kummer functions M (a, b, 2)
and U(a, b+1, z) for large values of a and b, with z fixed. Special attention is required when a ~ b,
in which case we derive expansions that are uniformly valid when the ratio a/b approaches 1. We
give new results for the following four cases, which are not considered earlier in the literature:

1. Mf(a,b,z), b> a; §2t expansion ([2.15)).
2. M(a,b,z), b < a; §3t expansion ([B.13)).
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3. Ula,b+1,2), b>a; §4t expansion (L14).
4. Ula,b+1,2), b<a; §8l expansion (512).

Throughout the paper we assume that both a and b are large, with 2 = O(1) and for the
U-functions Rz > 0. When a or b are of order O(1), the existing literature gives sufficient
information.

For the asymptotics we use a rather simple uniform method to derive the large-w asymptotic
expansion of the Laplace-type integral

Fy(w) = =— /0°° s lem s f(s) ds, (1.1)

which expansion is uniformly valid with respect to A > 0. A similar contour integral is also used.
We summarise this method in Appendix A, using details of [2, Chapter 25]. In Appendix B we
cite the most relevant formulas of the Kummer functions used in this paper.

2 M(a,b,2z), b>a

In this section we use the notation and condition

A b—
A=b—a, p=-—= a, z€C, |z| <z, (2.1)
a a

where zg is a fixed positive number. We use the Kummer relation for the M-function in (0.1
together with (@2)). This gives

o P(b)ez ! —zt _—adp(t dt
M(a,b,z) = W/O (& (& ¢(t) m, (22)
where
o(t) = —In(l —t) — plnt. (2.3)

The saddle point tg follows from the zero of ¢'(¢). We have

o () = L, - (24)

When the saddle point is properly inside the interval [0, 1] we can use the standard method for
obtaining an asymptotic expansion by using the substitution ¢(t) — ¢(to) = Fw?, sign(w) =
sign(t — to). However, when tg — 0, that is, when b | a, the standard method is no longer
applicable, and we use a uniform method in which b = a can be used.

The uniform method is based on a transformation of the integral in ([2.2]) into the standard

form in (1) by writing
o(t) — d(to) = ¥(s) —(so), sign(t —to) = sign(s — so), (2.5)

where
Y(s)=s—plns, so=p (2.6)
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Figure 1: Curves of the functions ¢(t) — ¢(to) (left) and ¥(s) — ¥(so) (right) that we use in the

transformation in (2.3)), displayed for p =

wi |

S¢ is the zero of ¥/ (s) = (s — p)/s.

In Figure [[l we show the curves of the functions ¢(t) — ¢(to) (left) and 9 (s) — 1 (sg) (right)
that we use in the transformation in (ZH); we use u = 1. The convex curves touch the real
axes at to = i, = 1 and so = p = 5. The condition sign(t — to) = sign(s — so) means that
the function values at the left of ¢y and sy correspond to each other, and the same holds true
for those at the right of these points. Clearly, in this way, the transformation is one-to-one for

€ (0,1) and s > 0.
The transformation gives

M(a,b,z) = %ezaAFA(a), Fy(a) = %}\) /000 e~ s 1 f(s)ds, (2.7)
where .
A= 9lto) = lso) = (L4 L+ p0) =i f(8) = T 7= (28)
because

s dtdt (s) s—p t(1—1)

_ ozt - = . 2.9
fs)=e t(l—t)ds” ds ¢'(t) s tl+p)—p 29)
Using the expansion given in (87, we obtain
T(b) f
M(a,b e aA a b>a. 2.10
(0.0, ~ AL Z ao0, b>a (2.10)

The coeficients f, () are linear combinations of the derivatives of f(s) at the saddle point s = p.
To find fo(u) we observe that in the definition of f(s), see (Z8)) and (29), we need the
derivative dt/ds at s = p. Because s = u corresponds with ¢ = to, we need to evaluate dt/ds by



using I’Hopital’s rule. We have

dt

dt ,(Z)// (SO)
ds '

s=sg ¢N( ) ds (211)

S§=S80

This gives

2
_ ) :155”2:3)):(1ju)3 = folw) =T+ p. (2.12)

ﬁ
ds|,

We take the coefficient fo(u) in front of the expansion and write

AFb a> r _fn(,u) a 0 a
Flay® fol Z R =TS aboee bza (213)

We evaluate the front factors by using the definition of A in ([Z8]) and the scaled gamma functions
defined in ([@.I0), and obtain

M(a,b,z) ~ e~

—aaD(b) I'*(b)
z—aA A — o2/(1+p) . 2.14
€ F(CL) a fO(M) € T* (a) ( )
This gives the final result
I'*(b) f
M (a,b Z/<1+M> § b b> a. 2.15
(a,b,z) ~ @ , a,b— oo, >a ( )

If we wish we can expand the ratio of scaled gamma functions in front of this expansion in powers
of a=!, using b = a(1 + u) (see |2, §6.5]).
The first few coeflicients of this expansion are fo(u) =1,

o pn((p+1)?+627)
(4 )% +12( — 12) (1 + 1)%2% + 96(u? — 1)2° + 3612 )
288(p +1)6

(2.16)

fa(p) =

These follow from the scheme given in Appendix A. For the analytical evaluation of these co-
efficients we refer to §6l where also numerical details of the performance of the expansion are
given.

Remark 2.1. To obtain a qualitative bound of the remainder Ex of the expansion shown in
B4, we observe that the function f(s) defined in ([Z8]) behaves as f(s) = O(s) as s — oo,
because t € [0,1] and z is assumed to be fixed. From the representation in terms of rational
functions in (813), and because Ry, (o, s, ) = O(1/s) for large 4] we conclude that fa(s) =0(1)
for large s. We infer that the remainder Ex in the finite expansion in (8.6]) for the present case
is O(1) with respect to the large parameter a. The rational functions are also bounded functions
as ft — oo.

IThis follows from the first functions given in (814) and induction with respect to n.



2.1 Details about the transformation

We give details about the transformation used in (Z1]), the singularities of the function f(s),
and the uniform character of the expansion for p > 0.
The nonlinear transformation (2.5) can be inverted by using the Lambert W function that
satisfies the equation
W(z)e" ) = 2. (2.17)

See [3] for details. For a proper description of W (z) for z € R and z € C, several branches of
this function have to be considered. Write s = —po. Then for > 0 the transformation (2.35])
can be written in the form
oe” = —%(1 — 1) /reAW /1 (2.18)
where A(p) is given in ([2.8). We need to solve this equation for ¢ < 0, with the condition
sign(o 4+ 1) = sign(tg —t). For ¢ = —1 and ¢ = ¢ both functions in (ZI8) have the value —1/e.
In [4] we have shown that an expansion as the one obtained in ([ZI5]) is uniformly valid with
respect to > 0 when f(s) can be bounded by an algebraic function. Also, the singularities of
f(s) should be bounded away from the positive axis, and the distance of the singularities from
the saddle point so = p is larger than d,/u, for some d > 0. The singularities of the present
function f(s) satisfy these conditions. In some other sections we cannot give an algebraic bound.
We can find the singularities by observing that these are generated by the multivalued loga-
rithmic term — In(1 —¢) of ¢(t). The derivative dt/ds, which is part of f(s), has singularities for
t-values toe?™* k€ Z\ {0} outside the standard domain of the logarithm; dt/ds is well defined
for k= 0.

The singularities in the s-plane follow from the equation

—1In ((1 = to)e*™™*) — uln(to) — ¢(to) = s — pln(s) — p+plnp, k#0, (2.19)
or
—2mik =s—pln(s) —p+plny, k#0. (2.20)

There is no need to consider the logarithm —u In¢ in the transformation, because we have chosen
the logarithm in ¢ (s) with the same pre factor p. This gives an analytic relation between ¢ and
s at the origins.

The solutions sy (u) of (220) with & = £1 are closest to the domain of integration. We have

s41(0) = F2mi, sx1(p) ~ p+ 2/mp eFim s 0. (2.21)

A graph given in [4] shows that indeed |s11(p) —p| > dy/ for some d > 0. For the loop integrals
in the s-plane in later sections it is good to know that there are no singularities in the left half
plane Rs < 0.

3 Mf(a,b,2z), b<a
In this section we use the notation and conditions

A —-b
)\:a’_bu M:E:a/b 9

p<po, 2€C, |2l <, (3.1)



Figure 2: Left: the steepest descent path of the integral in (32]) described by equation (B.5). Right:
the steepest descent path of the integral in (3.8). In both cases we take p = 3.

where po and zg are fixed positive numbers. The condition on p means that a/(14 po) < b < a,
and that, say, b = o(a) is not allowed.
We use the integral representation given in ([@.3) and write it in the form

PONAEA) 1 0D
M(a,b,z) = T%/o e*teb?! )m, (3.2)
where
o) =1+ p)Int — pln(t —1). (3.3)

The saddle point ¢y follows from ¢’(t) = 0, where

t—pu—1
't)= —"—+ = to=1 . 3.4
§(0)= o=1+p (3.49)
The path of steepest descent of the integral in (8:2) through ¢y follows from the equation ¢ (t) =
0. Using polar coordinates t = r - ¢’ we find that it is given by

_sin(@+pwb/p) o
sin(6/p) 1+p = T 14p

T. (3.5)

In Figure 2] (left) we show this path for pu = 3.
The standard saddle point method is not valid when b T ¢ and we use a uniform method
transforming the integral in ([B2]) into the standard form (82). We use the transformation

B(t) — d(to) = (s) —b(s0), sign(t —to) = sign(s — so), (3.6)

where

P(s)=s—plns, sg=p (3.7)



S¢ is the zero of ¥/ (s) = (s — p)/s.

We obtain
(0+)
M(a,b,z) = %ebAG,\(b), GA(b) = %/7 s A 1g(s) ds, (3.8)
where
dt  '(s)  t(t—1)(s—s0) st dt L s—s
ds — ¢(t)  st—to) = 96) = = as € t—t(())’ (3:9)
and
A =o(to) = ¥(so) = (1 + ) In(1 + p) — p. (3.10)

The saddle point contour of the integral in (B8] is the image of the contour in the t-plane
described in (B). It runs through so = p and is defined by Sv(s) = 0. With polar coordinates
s = p-e'T, we see that the contour is given by p = pr/sin7, with —7 < 7 < 7. In Figure
(right) we show this path for u = 3.

Using the expansion given in (8I8]), we obtain

r'(b - n
M(a, b, z) ~ %&AV ;(—1)"9 b&“), a,b— 00, a>b. (3.11)
To find go(p) we evaluate (see the explanation as given for obtaining fo(p) in [212))
2
dt " (sg) e (1+1)
at _ 14y — = . 3.12
(ds S_SO> @ (to) 2 go(p) T4 ( )

We take the coefficient go(p) in front of the expansion and write

M(a,b,z) ~ ebA%b’\go(u) i(—l) %, In(p) = gn(m, a,b— 00, a>b (3.13)

We evaluate the front factors by using the definition of A in (BI0) and the scaled gamma
functions defined in ([@3]), and obtain

n=0

bal'(b) (14 L7 (0)
b = W 14
© ['(a) o(u) =e ['*(a) (3.14)
This gives the final result
*(b) gn(p)
o IT0) e <
M(a,b,z) ~e ) nE:O( 1) @ b—oo, b<a. (3.15)

If we wish, we can expand the ratio of scaled gamma functions in front of this expansion in
powers of b=! by using a = b(1 + u).
The first few coefficients of this expansion are go(p) = 1,

(62207 + 1)

q = , v=1+
g1(p) 2077 1
44 3,3 22 (3.16)
ol )7/1(362 i+ 962%03 (2 + 1) 4+ 122%02(13v — 1) — 1)
J2H) = 288(1 + 11)° '



The coefficients g, (i) are linear combinations of the derivatives of g(s) at the saddle point s = u
and follow from the scheme given in Appendix A.

The function g(s) defined in ([B3) behaves as g(s) = O(se! T2} as 5 1 — 0o, because
to = 1+ p and the path of integration in ¢-plane extends to t-values of O(u). Although the
expansion in (3.I5) is scaled by putting the exponential e(**#)* in front of the expansion, it
is not possible to give a uniform bound for all © > 0 of the iterates of g(s) in the remainder.
Therefore we have given the condition in (8]) on u to be bounded. From the shown coefficients
in (3I6) we also see that p should be bounded, except when z = 0.

4 U(a,b+1,2), b>a

For the U-function we consider U(a, b+ 1, z) because this yields similar results as for M (a, b, z).
We have the special value U(a,a+ 1,2) = 27
In this section we use the notation and condition

A b—
A=b—a, p=-—= a, Rz >0, |z]< 20, (4.1)
a a

where zg is a fixed positive number.
We use the contour integral in (@.6) and the Kummer relation for the U-function. This gives

(A +1) [OD
U(a,b4—1,z)__z———i—;t—ll/1 A1 — )7 dt. (4.2)
211 o
We write this in the form
(A +1) [OD dt
Ula,b+1,2) = w/ ezt — (4.3)
2m oo t
where
o(t) = —In(l —t) — plnt. (4.4)
The saddle point ¢ty follows from
L+ p)t—p p
/(1) = ( -0 t) = —— . 4.5
¢'(t) t1—1) — T IL (4.5)

The saddle point contour is the curve through to defined by I¢(t) = 0. We write t = 7 - €'
and it follows that the contour is given by

sin(uh) T T
= , - <0< .
"Tsn((+ 0 1+n T+u

(4.6)

We use the transformation

(b(t) - (b(tO) = w(s) - w(SO)v w(s) =s—plns, (47)

where so = 1 is the zero of ¢'(s). This gives the representation

(0+)
Ula,b+1,2) = 2 %" Gx(a), Gala) = M / e®s A 1p(s)ds, (4.8)

2mi oo



_ ztSdt_ zt(l_t)(s_u)
M= T T

The saddle point contour in the s-plane is the same as the one for the integral in (38)); see the
right figure in Figure
We have the expansion

A=(to) —(so) = (L +p)In(L +p) —p. (49)

Gi(a) ~ a* Z(_m"p"(“), a,b— 00, b>a. (4.10)
n=0 a
The first coefficient is
ezh/(1+p) L1l
pop) = ﬁ (4.11)
The first-order asymptotic approximation is

Ula,b+1,2) ~ 2 a4 po (1) (4.12)

Using the definition of A(u) given in (@3] this becomes
Ua,b+1,2) ~ 27 %a=%b e Ppo (). (4.13)

a

When a = b, that is, p = 0, we obtain the value z~
The full expansion can be written as

, which is the special value given in ([O.8]).

Ua,b+1,2) ~ 27 ba=%e*Ppy (1) Z(—l)"pr;(f), a,b— o0, b>a, (4.14)

n=0
where py, (1) = pn(p)/po(p). We have po(p) = 1 and

p(V? +62(z2 — 2 —2p))

pi() = 1203 s (4.15)
- o (pvt —24(p — 12)132 + 12(25p — 36)v%22 — 48(5pu — 2)vz® + 36pu2*)
Palp) = 28818 '

The function p(s) defined in ([49) behaves like O(s) as s, — oo, the exponential function
not being relevant in this case. By using the rational function representations as mentioned
in Remark 211 we can find a uniform bound of the remainder in the expansion. The shown
coefficients in (T3] indicate that large values of p are allowed.

5 U(a,b+1,2z), b<a
In this section we use the notation and conditions

A —-b
)\:G/—b, M:E:a/b 9

n< o, Re>0, |2 <z, (5.1)



where pp and zg are fixed positive numbers. The condition on p means that b > a/(1 4 po), and
that, say, b = o(a) is not allowed.
We use the Kummer relation in (@7)) and the integral representation in ([@3]). This gives

—b o0
Ua,b+1,2) = 27/ e L), R(a—b) >0, Rz>0,  (5.2)
F(a — b) 0
which we write in the form
27 [ dt
b 1 -~ —zt ,—bo(t) ©¥ '
U(a,b+1,2) 1_‘()\)/0 e *e ) (5.3)
where
o) =1+ p)In(1+¢t) — plnt. (5.4)
We calculate the saddle point %y:
/ t—p
SO =g =0 = to=n (55)

We use the function ¥ (s) = s — pln s and transform

B(t) — d(to) = ¥(s) —Y(s0), so=p, sign(t—to)=sign(s— so), (5.6)

and write the result in the standard form

Ula,b+1,2) =272 P F\(b), F\(b) = %}\) /OOO e P52 g (s) ds, (5.7)
where
o(s) = e S0t UEDE 21 g h0) (o) = (L )L +p) — g (58)

t ds t—p

We have the expansion
FA(b)Nb*AZq"—(“), a,b— o0, a>b. (5.9)
n=0 bn

The first-order asymptotic approximation is
Ula,b+1,2) ~ 270" % 24 Wag (1),  qo(p) = e **/1+ p. (5.10)
Using the definition of A(u) given in (B.9) this becomes
Ula,b+1,2) ~ 2 2a= b Pqo (). (5.11)

a

When a = b, that is, p = 0, we obtain the value z~
The full expansion can be written as

, which is the special value given in ([O.F]).

— n (1)

Ua,b+1,2) ~ 270" g (1) pr

a,b =00, b<a, (5.12)

n=0

10



where gn (1) = gn(1)/q0(n). We have go(p) = 1 and

7 (6221/2 —12z2v + 1)

gl (:u) = , v=p+1,

12w (5.13)
~ (36244 — 482303 (Tv — 5) + 122202 (61v — 25) — 2420(13v — 1) + u)
a2(1) = 28812

Again, as in §3] we see that the coefficients grow with large values of i, and that we need
to use the condition as shown in (5.I). Although the exponential function e=** can be bounded
uniformly for ¢ > 0, this function has its influence in the s-variable. For large ¢ and s, the
transformation in (B.0) takes the form Int ~ s, or t ~ e®. Because for the evaluation of the
coefficients we need values of the derivatives of the function ¢(s) at s = p, the exponential
function has much influence on computing a uniform bound. When we take z = 0 in the
coefficients, we notice the influence of the exponential function: the coefficients are bounded
functions of p. Recall that z = 0 is not allowed in this section.

6 Numerical evaluations

We give details on the numerical implementation of the expansions, and we consider the case of
§2 for M(a,b,z), b > a.
The transformation in (Z5]) can be written in the form

oo

Z ¢(" (to)(t —to)" Z Uln) (s0)(s — s0)", (6.1)

n= 2

where the series converge in certain neighbourhoods of ty and sy. To invert the transforma-
tion near the saddle points, that is, to find ¢ when s is given, we use the expansion ¢t =

to + Ztk s — 80)", and find #; by standard inversion methods for formal series. We have

w”(so)/qﬁ”(to) = (14 p)~ 2, where the square root has to be positive, in agreement with
the condition sign(t — to) = sign(s — s¢) imposed on the transformation in (Z35). The next terms
are

. VR T(p -1 +p+1 ; CVp T (e —4p+8) +8u* -8 (6.2)
’ Bu(p+1)3 C 36p2(p + 1)3 ' '

These are analytic at 4 = 0, and we have
t2:—%+§ﬂ+0(ﬂ2), t;;z%—%u—i—(?(/f), w— 0. (6.3)

The next step is to find the coefficients a,(p) in the expansion (8BS, with f(s) defined in
23), and finally we compute the coefficients f,,(p) by using the relations in (8I1). The first
scaled versions of these coefficients of the expansion in [2.I5]) are given in [2.16]).

For a numerical verification of the expansion we have used the expansion (2.I8) with terms
up to n = 5 and we have used a stable recursion relation (see (@) in the form

zM(a+1,b+1,2)+bM(a,b, 2)
bM(a+1,b,2)

—1=0 (6.4)

11



Table 1: Relative errors in the computation of M(a,b, z) for b = 1010.2, z = 2.5, several values
of a by using expansion(Z.I5]) with terms up to n = 5. The errors are computed by using the
recurrence relation in (64)).

a n=20 n=1 n=2 n=3 n=4 n=>5
51 0.27¢e—02 0.32¢—04 0.83e—05 0.39¢e—07 0.13e—06 0.19¢ — 08
205.1 0.15¢—06 0.18¢—08 0.12¢—11 0.13e—13 0.00e — 00 0.10e — 14
405.1 0.96e — 07 0.27e—08 0.25e—11 0.08¢e—14 0.00e —00 0.00e — 00
605.1 0.84¢e—06 0.23¢e—08 0.79e—11 0.17e—13 0.00e —00 0.20e — 15
805.1 0.20e—05 0.94e—09 0.39¢e—11 0.28¢—13 0.00e —00 0.00e — 00
1005.1 0.31le—05 0.78 —08 0.26e—10 0.10e —12 0.25¢ —14 0.80e — 15

to verify the relative error in the approximations. In Table [l we show these errors for b = 1010.2,
z=25;n=0,1,2,3,4,5means that we have used terms up to and including index n. We notice,
for each n, a rather uniform error for all values of a, except for a = 5.1. Computations are done
with Maple, with Digits = 16.

7 Concluding remarks

In Section 2 and 4 we have given expansions in negative powers of a, although in both sections
b > a. In Sections 3 and 5, the expansions are in negative powers of b, although a > b. For
the asymptotics it is not relevant which parameter to choose, because both a and b are assumed
to be large. In Sections 3 and 5 the representation of the coefficients is more attractive with
negative powers of b than with negative powers of a. This choice has no influence on whether
or not we can take large values of p, which is only possible in Sections 2 and 4, where b > a.
It appears that b > a gives a better asymptotic condition for this type of asymptotic expansion
for the Kummer functions. The starting point of these investigations was to obtain expansions
valid for a ~ b, which always corresponds with u ~ 0, and it is an extra bonus when we have
expansions that are valid for larger values of u as well.

8 Appendix A: The vanishing saddle point

The asymptotic methods that we consider in this paper are for integrals of Laplace-type of the
form

1 oo
Fy(w) = —/ s le s f(s) ds, (8.1)
I'(A) Jo
with w as a large parameter. The method is also for loop integrals of the form
NG o)
Gi(w) = %/ sTATLews f(s) ds, (8.2)
™ — 00

12



where the contour runs from —oo with ph s = —, encircles the origin in anti-clockwise direction,
and returns to —oo with phs = . The negative axis is a branch cut and we assume that s=*~!
has real values for s > 0 (when A is real). In this paper we assume that w > 0 and A > 0.

When Watson’s lemma is used for the integral in (8.1]), with w as the large parameter, the
parameter A is assumed to be fixed. On the other hand, when, say A = O(w), Watson’s lemma
cannot be used. When w and X are large, the dominant part of the integral in (8] is

A
e =WV yh(s) =5 —plns, p= . (8.3)
w

The function ¢ has a saddle point at s = . When w is large and X is fixed u tends to zero, and
the saddle point vanishes. When p is bounded away from zero, we can transform the integral by
using Laplace’s method. To describe an alternative method, we summarise the treatment given
n [4]; see also [2, Chapter 25], where the method is called the vanishing saddle point.

Consider (8] and write f(s) = (f(s) — f(,u)) + f(). Then we have

Fy(w) = w™ f(u) / F(8) = F) gowuis)
STH (8.4)
- A—1 e ws
vhere 4 £(s) = ()
— L J8) T\
fi(s) = S r— (8.5)
Continuing this procedure we obtain for K =0,1,2,...
K—1
fk(u
w Fy(w ; o Ex(w,\),
_ o d fia(s) - fk 1( ) _ _ (8.6)
fk(S)— dS s—p ’ k_1527"'5 fO(S)_f(S)v
1 o0
w, A —/ sAlemwsy ds
Eventually we obtain the complete asymptotic expansion
- - Jn(1t)
Fy(w) ~w Z W oo (8.7)

The coefficients f, (1) can be expressed in terms of the coefficients a,(p), which are defined
by

oo

= an(u)(s — )" (88)
n=0
To verify this, we write

= (s — ™. (8.9)

m=0
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Then a, (1) = 0, () = cén) and we have from (80)

Fara(s) =D e (s —p)m =5 el (m—1)(s —p)™ . (8.10)
m=0 m=1
This gives the recursion
D = me™ | p(m 4 1)) =0,1,2 11
m - m—+1 :um+ )Cm+27 m,n==u,1,2,..., (8 )

and the few first relations are@
fo(w) =ao(p), fi(n) = paz(p), fa(p) = p(2as3(p) + 3pas(p)),
f3(p) = p (6aa(p) + 20pas (i) + 15p2ag () , (8.12)

fa(u) = p (24as(p) + 130pae(p) + 210p%a7 (p) + 10547 as (1)) -

The functions f,(s) can be written as Cauchy-type integrals. Write Rg(o,s,p) = 1/(0 — s).
Then

fuls) = 1 /c Ry (o,s,p)f(0)do, Rnyi(o,s,p) =

T o

-1 d

o — /LE (UR"(U7 S, /1')) ) (813)

where C is a simple closed contour in the domain where f(s) is analytic, and encircles the points

s and p. For large values of s and p it is not needed to take a large contour around the points

o = s and s = u, because the contour C can be split up into two circles around these points.
The next rational functions are

Ri(o,s, 1) = ( i slus o —20) (8.14)

e A T K R

Under mild conditions on a,(p), that is, on f, the expansion in ([87]) is uniformly valid with
respect to A € [0,00), and in a larger domain in the complex plane. The main condition on f
is that its singularities are not too close to the point ¢ = p and that |f(s)| is bounded by an
algebraic factor.

Initially we have assumed for the integral in (8I]) that A > 0. However, the reciprocal gamma
function 1/T'(A) in front of the integral makes the integral regular when A | 0. This can be seen
by using integration by parts (writing s*~*ds = (1/A)d (s*)), and in this way it can be shown
that analytic continuation of F)(w) of (81]) is possible into the domain RA > 0. We will see that
the asymptotic expansion of F)(w) allows taking A = 0. In fact the obtained expansion will be
valid for w — oo, uniformly with respect to A > 0.

A similar integration by parts procedure gives the expansion of the loop integral in (82]). We
use the integral of the reciprocal gamma function

A

w 1 ) —A—=1_ws
m :%/ S A 16 dS, (815)

— 00

2The reviewer observed: It seems that the numerical coefficients are the same as the sequence A269940 in the
OEIS. It would be worth investigating this in the future. See also https://oeis.org/A269940 .
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where the contour is a Hankel loop as in (82]). Writing 11 = A\/w and g(s) = g(u) + (g(s) — g(1)),
we obtain

Gr(w) = whg(p) + N /(Oﬂ 9(s) 9w d

i P (eww(s)) , W(s)=s—pulns. (8.16)

Performing integration by parts, and repeating the procedure gives

K-1

1
v Gy = O (0 ),
k=0 (8.17)
r(A+1) [
Er(w, ) = T/ s e gk (s) ds,

where the coefficients g (1) can be obtained by the same recursive scheme as for fi(u) shown in
(B.4). Eventually this gives the expansion

G(w) ~ w i(—l)kgzgf), w — 00, (8.18)
k=0

Under conditions on g(s), this expansion holds uniformly with respect to A > 0.

9 Appendix B

The defining power series is

M(a,b, =) = ;) EZ)): Z—T (@) =~ 9.1)

with the usual condition that b is not a nonpositive integer. The standard integral is

1
M(a,b,z) = %/O e*te1(1 — )b Lar, (9.2)

where a > 0, R(b—a) > 0. A contour integral is

_ F(b)l—‘(l +a— b) 1 /(1+) zs a—1 b—a—1
M(a,b,z) = T(a) 571 /. s (s — 1) ds, Ra >0, (9.3)

where the contour starts at s = 0, encircles the point s = 1 in the anti-clockwise direction, and
returns to s = 0. Also,

(b 1-b 7a
Mab,z) = 02 / €57t (1—1/5)7% ds, (9.4)
27 c
where the contour C starts at —oo, with ph s = —m, encircles the points 0 and 1 in anti-clockwise

direction, and returns to —oo, where phs = +7. At the point where the contour crosses the
interval (1,00) the functions s~% and (1 — 1/s)~% assume their principal values.
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The standard integral for U(a, b, 2) is

1 oo
Ul(a,b,z) = —/ e 1+ b, Ra>0, Rz >0, (9.5)
I'(a) Jo
and a loop integral is
(- 0+
U(a,b, z) = (7@/ e*s77 (1 —s)b7  ds, Rz >0, (9.6)
2m oo

where a # 1,2,3,.... The contour cuts the real axis between 0 and 1. At this point the fractional

powers are determined by ph (1 — s) = 0 and phs = 0.
The Kummer relations are

M(a,b,z) =e*M(b—a,b,—z), Ula,b,z)=2""U(a—b+1,2-0,2). (9.7)

Special values are
M(a,a,z) =¢€*, Ula,a+1,2)=2z""7 (9.8)

In numerical computations we have used the relation
zM(a+1,b+1,2)+bM(a,b,2z) =bM(a+1,b,2) (9.9)

to check the relative accuracy.
We use also the scaled gamma function

* Z,.,—z < 1 1
I'(z) =e*z 2ﬂ_1"(2) 1—1—122—}—288224—..., z = 0. (9.10)
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