Centrum voor Wiskunde en Informatica

REPORTRAPPORT

IMIAS

Modelling, Analysis and Simulation

Modelling, Analysis and Simulation

MAS Identifying minimal and dominant solutions for Kummer

recursions

A. Deafio, J. Segura, N.M. Temme

ReporT MAS-R0O709 NOVEMBER 2007



Centrum voor Wiskunde en Informatica (CWI) is the national research institute for Mathematics and
Computer Science. It is sponsored by the Netherlands Organisation for Scientific Research (NWO).
CWI is a founding member of ERCIM, the European Research Consortium for Informatics and Mathematics.

CWI's research has a theme-orienfed structure and is grouped into four clusters. Listed below are the names
of the clusters and in parentheses their acronyms.

Probability, Networks and Algorithms (PNA|
Software Engineering [SEN)

Modelling, Analysis and Simulation (MAS)

Information Systems (INS)

Copyright © 2007, Stichting Centrum voor Wiskunde en Informatica
P.O. Box 94079, 1090 GB Amsterdam (NL)

Kruislaan 413, 1098 S Amsterdam (NL)

Telephone +31 20 592 9333

Telefax +31 20 592 4199

ISSN 1386-3703



|dentifying minimal and dominant solutions for
Kummer recursions

Abstract

We identify minimal and dominant solutions of three-term recurrence
relations for the confluent hypergeometric functions 1 Fi(a + e1n;c +
ean; z) and U(a+e1n, c+ean, z), where €; = 0, £1 (not both equal to 0).
The results are obtained by applying Perron’s theorem, together with
uniform asymptotic estimates derived by T.M. Dunster for Whittaker
functions with large parameter values. The approximations are valid
for complex values of a, ¢ and z, with |phz| < 7.

2000 Mathematics Subject Classification: 33C15, 39A11, 41A60, 65D20

Keywords and Phrases: Kummer functions, Whittaker functions, confluent hypergeometric functions, recurrence
relations, difference equations, stability of recurrence relations, numerical evaluation of special functions, asymptotic
analysis

Note: Accepted for publication in Mathematics of Computation






Identifying minimal and dominant solutions for
Kummer recursions

Alfredo Deano
DAMTP, Centre for Mathematical Sciences,
University of Cambridge,
Wilberforce Road, CB3 OWA, UK.

Javier Segura
Departamento de Matematicas, Estadistica y Computacion,
Univ. de Cantabria, 39005 Santander, Spain.

Nico M. Temme
CWI, P.O. Box 94079, 1090 GB Amsterdam, The Netherlands.

e-mail: ad495@cam.ac.uk, javier.segura@unican.es, nicot@cwi.nl

November 26, 2007

Abstract

We identify minimal and dominant solutions of three-term recurrence
relations for the confluent hypergeometric functions 1 Fi(a + e1n;c +
ean; z) and U(a+e1n, c+egn, z), where ¢; = 0, +1 (not both equal to 0).
The results are obtained by applying Perron’s theorem, together with
uniform asymptotic estimates derived by T.M. Dunster for Whittaker
functions with large parameter values. The approximations are valid
for complex values of a, ¢ and z, with |ph z| < 7.

2000 Mathematics Subject Classification: 33C15, 39A11, 41A60, 65D20.
Keywords & Phrases: Kummer functions, Whittaker functions, confluent hyperge-
ometric functions, recurrence relations, difference equations, stability of recurrence
relations, numerical evaluation of special functions, asymptotic analysis.

1 Introduction

Hypergeometric functions of Gauss and Kummer type satisfy three-term
recurrence relations that connect three functions of the same family whose



parameters differ by integer numbers. These identities are an important
part of the theory of hypergeometric functions, and play an essential role in
some special subfamilies, like the classical orthogonal polynomials.

From a numerical and computational perspective, three-term recurrence
relations are a valuable tool, since in principle they allow us to compute
a hypergeometric function with given values of the parameters by using
two starting values and applying an appropriate recursion. However, as is
discussed in detail in [3] and [4, Ch. 4], great care is needed in order to use
these recursions numerically in a stable way.

We recall that given a three-term recurrence relation of the form

yn-i-l(z) + bnyn(z) + anyn—l(z) = 0, (1'1>

where n is an integer parameter, a solution f,(z) is said to be minimal (or
recessive) when n — o0 if

fn(2)

n—-+00 g (z)

—0, (1.2)

for any other solution g,(z) of (1.1) that is linearly independent of f,(2).
The solution g, (z) is said to be dominant. In some cases the recursion (1.1)
can also be used for n — —o0, and a different pair of dominant and minimal
solutions may arise.

Whenever a three term recursion admits a minimal solution, a numer-
ically satisfactory pair [4] is a pair of linearly independent solutions that
includes the minimal one. The importance of such a pair is due to the fact
that it can be used to compute numerically any other solution of the recur-
sion. On the other hand, as we will see for some of the Kummer recursions
discussed in this paper, it may happen that we can find two linearly inde-
pendent dominant solutions, that can be computed rather easily. Such a
pair cannot be used to compute the minimal solution, because of numerical
cancellation, and they do not constitute a numerically satisfactory pair.

It is not difficult to verify that the minimal solution of a three-term
recursion is unique up to a multiplicative constant, and that the behavior
of any other linearly independent solution of the recursion, say y,(z), is
essentially determined by the behavior of a dominant solution, in the sense
that |yn(2)/gn(2)| ~ B as n — oo, B # 0 and not depending on n. Because
of this property, a generic solution of (1.1), which can be written as y,(z) =
Afn(2) + Bgn(z), where A and B do not depend on n, will always behave
as a dominant solution, unless B = 0. Since this last condition is normally
not fulfilled in numerical computation (if only because of round-off errors),



then the error when trying to compute the minimal solution f,,(z) by using
the recursion in the forward direction (increasing n) becomes unacceptably
large.

The construction of numerically satisfactory pairs and the numerical be-
havior explained in the last paragraph underscore the importance of identi-
fying minimal solutions (in both directions, increasing and decreasing n) be-
fore using a recursion for computational purposes. In the case of recurrence
relations for special functions, several cases have already been analysed, see
for example the references [3] and [8]. More recently, Gauss hypergeometric
cases have been examined in detail in [5], [6], and [4, Ch. 4].

In this paper we analyse dominant and minimal solution of confluent hy-
pergeometric recursions, revising several cases already present in the litera-
ture, and also completing the simplest directions of recursion. The structure
of the paper is as follows. Firstly we briefly recall properties of Kummer and
Whittaker functions, including the notation that we will use for the recur-
sions and the connection formulas that will allow us to reduce the number
of cases to be analysed. In each of these situations we will give minimal and
dominant solutions (when they exist) for complex values of the variable z
in the principal sector in |ph z| < 7. For obtaining this information we will
make use of Perron’s theorem, in the formulation given in [8] and [4, §4.3],
together with asymptotic estimations for Whittaker functions with large val-
ues of the parameters from [2]. For the sake of clarity, these estimates are
grouped in the Appendix and are referred to when needed.

2 The Kummer and Whittaker functions

2.1 The Kummer functions

The Kummer differential equation, also called confluent hypergeometric dif-
ferential equation, is given by

d2

L) + (e = ) w(z) — aw(z) = 0 (2.1

i dz

One solution of this equation is the confluent hypergeometric function of the
first kind

—

Ea

> (a)y 2*
wi(z) = 1F1(a;¢;2) = g c)> —, (2.2)
k=0

!
where (a)j is the Pochhammer symbol, (a)r = I'(a + k)/T'(a), k =1,2,...,
with (a)o = 1. Another solution is the confluent hypergeometric function

—

=



of the second kind wq(z) = Ula,c,z). These two functions are linearly
independent when a # 0,—1,-2,... .
Other solutions of (2.1) are

w3(z) =211 F(a+1—¢2—cz2),
(2.3)
wE(z) = e Ule — a,c, ze*™).

These five solutions are related by the following connection formulas, see
[1, p. 504] and [7, §§1.9 and 2.2.2],

Ula,c,z) = % 1Fi(a;¢2) +
% A7 F(a+1-¢2-¢2),
:|:7ria1‘\ (24>
1Fi(a;c2) = ef‘(ci—ic)) Ula,c,z) +

etmi(a—c)+z (C)
I'(a)

Ulc — a,c, zeT™),

It is worth noticing that 1Fj(a;c;2) is in general not defined when
c = 0,—-1,-2,..., because of the definition of the Pochhammer symbol.
However, the function Ul(a,c, z) is well defined in the first relation of (2.4)
for any values of a and ¢, as can be verified taking limits ¢ — —m, m an
integer, when necessary.

Other functional identities that will be used later are [1]

1Fi(a;c;2) = e*1Fi(c — a;¢;—2),
Ula,c,z) = 2" U(a+1—¢,2—c,z),
(2.5)

AT R a4+ 1 -2 —c2) =27 Fi(1—a;2 - ¢;—2),

e*U (c —a,c, zeim) = lcerEmi(l-b)y; (1 —-a,2—c, zeim) .



2.2 The Whittaker functions

The Whittaker functions are denoted by M, ,(2) and W, ,(z) and are the
standard solutions of the Whittaker differential equation

2 K 2 1
L z) = (1 ~24 4) w(z). (2.6)

4 22

This equation is the transformation of the Kummer equation (2.1) to normal
form. The parameters x and p are related to the parameters a and ¢ of the
Kummer functions by the following formulas

k= 3(c—2a), = %(c—l). (2.7)

1
2

,u
The Whittaker functions M ,,(z) and Wy, ,,(2) can be expressed in terms
of the Kummer functions. We have

My y(2) = e #2220 By (5 4 = w14 2005 2),

(2.8)
Weu(z) = e~ #2120 U(% +pu—kK,142p,2).
Conversely,
1F1(a;62) = 62/22_6/2Mc/2—a,c/2—1/2(Z)a

(2.9)

U(CL, ) Z) = 62/2270/2Wc/27a,c/271/2(Z)'

Other solutions of the Whittaker equation are

M_,{,M(zeim') _ e:i:(,u+1/2)7riMmu(z>,

(2.10)

Wi, —u(2) = Wy u(2).

3 Confluent hypergeometric recursions

When considering three-term recursions for confluent hypergeometric func-
tions, we will take fixed values of the parameters a and ¢ and will introduce
a dependence on an integer parameter n. In other words, we will consider
confluent hypergeometric functions with the following notation

1Fi(a + ein; e+ ean; 2), U(a+ €en,c+ en, z), (3.1)

where €; = 0,41 (¢; and ez not being both equal to 0), that satisfy a three-
term recurrence relation of the form (1.1).



Naturally, the choice of €; and es will produce different directions of
recursion, that we will denote by pairs (sign(e),sign(e2)). For example,
when € = 1 and e = 0, the recursion is denoted by (+0). The different
choices of ¢; produce eight recursions. In the next sections we will give the
minimal solution in each case, together with the region of the complex plane
where it is minimal.

Remarks

1. It is worth noticing that in order to have a recursion satisfied by both
Kummer functions (3.1) it is necessary to include additional factors
(usually ratios of gamma functions), which can be obtained from the
connection formulas (2.4). In all cases (except €; = €2 = —1) we will
take as first solution of the recursions the function 1 Fi(a + €1n;c +
€an; z), and derive the rest from (2.4).

2. When selecting the gamma functions in front of the solutions of recur-
rence relations, we avoid gamma functions with negative n by using
the relation

(—1)"r
sin(mz)I'(n+1—2)’

I'(z—n)= (32)
and by neglecting those factors in this relation that do not depend
on n.

3. We will not insist on treating the case ¢ = 0,—1,—2,... and the prob-
lems in the definition of the function 1 F}(a;c;z) separately. In this
case one can take other solutions using (2.4), or if the 1 F} function is
the minimal solution then rescale everything and use 1 Fi(a;c; z)/T'(c).

4. In principle we could consider other values of ¢;, but the recursions
become increasingly more complicated. It is of interest to observe,
however, that for other specific cases simple and important recursions
arise. For example for 1 F}(a + n;c + 2n;z), with special values of a
and ¢, this Kummer function becomes a known special function. When
a= %c it reduces to a Bessel function, and when a = L—in and ¢ = 2L
it becomes a Coulomb wave function (see [1, Chapters 9 and 14]). The
functions 1F1(%a + %n,% + i; z) are related with parabolic cylinder
functions (see [1, Ch. 19]).



4  The (+ 0) recursion

The parameters of the three-term recursion (1.1) with respect to a are

a+n—c b 20 +2n —c+ 2z

= - = 4.1
n at+n =" a+mn (4.1)

These coefficients have the following asymptotic behavior
anp ~1, by~—-2, n— oo, (4.2)

and it follows from Perron’s theorem (see [8, Theorem 13.1, Case 2] and [4,
§4.3] that
lim sup [yn (2)| = 1, (4.3)

n—oo

for each non-trivial solution of the recursion.
Four different solutions of the recursion are

yD(2) = 1Fi(a +n;c; 2),

y () =T(a+1—c+n)Ula+n,cz), (4.4)
Bx), , _ (=1" o +rmi
Yn (Z) - F(a+n) U(C a n,c,ze )a

Using the Whittaker notation, the parameters are (see (2.7))
K:%(C—QG—Q’H), M:%(c—l). (4.5)

Since k < 0 for large n, the asymptotic relations in (9.3)—(9.6) cannot
be applied straightforwardly. However, we have several relations between
these functions that are useful when identifying the minimal and dominant
solutions of the recursion.

4.1 The solution y(z)

This solution is related to the Whittaker function M, ,(z). In order to
reverse the sign of kK we use the relation (see (2.10))

My, (z) = eTWHYImiN - (zeE™). (4.6)

It follows that we can use the asymptotic relation given in (9.3) for the

(

solution ynl)(z), when we replace z with ze™™. We will choose the plus sign



whenever —7 < phz < 0 and the minus sign when 0 < ph z < 7; hence, the
principal argument is always maintained.

The J—Bessel function in the asymptotic relation (9.3) has argument
2y/kz, since the quantity c(«) in (9.10) and (9.12) has the following behavior
(see also [2, Eq. (3.11)])

cla) =4— %aQ +0(a*), a—o. (4.7)

Therefore, the J—Bessel function has its argument in the right half-
plane (see (9.12)), and it can be written in terms of the modified I—Bessel
function, because of the relation

J, (wei%m) = exél’mly(w), —%71' < phw < %ﬂ', (4.8)

which follows from [1, Eq. 9.6.3]. Since the modified Bessel function I, (w)

is exponentially large as Rw — 400, we conclude that the solution ygl)(z)
is not a candidate for the minimal solution of the recursion.

The approximations for this solution can also be obtained from known
estimates in the literature. From [7, p. 80] it follows that

M_y(2) ~VzTQ2u+ 1)k "1y, (2Vkz), Kk — o0 (4.9)

in the sector —m < phz < 7, or in terms of the Kummer | F} —function,

\Fi(a+n;e2) ~T(c)(nz)179/2 22 I,_1(2v/nz), n — . (4.10)

4.2 The solution y(®(z)

This solution is the minimal solution for z inside the sector —7m < phz < .
This follows from the estimates given in the Appendix, but we can also use
the analogs of the estimates in (4.9)—(4.10). From [7, p. 81] it follows that
we have, in terms of the modified K —Bessel function,

2/ zkH

Wopp(z) v —

Ky, (2vVkz), k— o0 (4.11)

in the sector —m < phz < 7, or in terms of the Kummer U —function,

1—c

F(a+n+1—c)U(a+n,c,z) ~ 2(nz) 2

2 Ko_1(2v/nz), n— oo. (4.12)

The function K, (w) is exponentially small as Rw — +o00, and we conclude
that

D)

=0, —-7m<phz<m, (4.13)



from which follows that the solution yg)(z) is the minimal solution of this

recursion for all non-negative z.

5 The (— 0) recursion

In this case the coefficients can be obtained directly from the (4 0) recursion

n—a bn:2a—2n—c—|—z' (5‘1)

c—a+n’ c—a+n

ap =
These coefficients have the following asymptotic behavior
an~1, by,~—-2, n— oo, (5.2)

and it follows from Perron’s theorem (see [8, Theorem 13.1, Case 2] and [4,
§4.3] that
lim sup [yn (2)| = 1, (5:3)

n—oo

for each non-trivial solution of the recursion.
Four different solutions are

yn'(2) = 1F1(a — n; ¢ 2),

yg) (2) = % U(a —n,c,z), (5.4)

yﬁ{g’i)(z) =T(1—a+n)U(c—a+n,c,zet™),
which follow from the connection formula (2.4).

The information given by Perron’s theorem in (5.3) is not sufficient to
identify the minimal and dominant solutions. The asymptotic behavior for
n — +oo follows from the large x behavior of the Whittaker functions given
in (9.3)—(9.6), since the Whittaker parameters are

m:%(c—Za—l—Zn), M:%(c—l). (5.5)

In principle it is possible to analyse the behavior of the solutions yg) (2)

and yg)(z) by using these parameters, together with the approximations
(9.3) and (9.4), without any change of sign in the parameters. However,

there is a simpler way to identify the minimal solution: we use the known



asymptotic behavior of the Hankel functions in (9.5) and (9.6). When the
argument w is large we have (see [1, eqns. (9.2.3) and (9.2.4)])

2
(1) Y
Hy 7 (w) ~ -
(2) 2 )
H)Y (w) ~y/— e , —2m <phw <. (5.7)
W

As before, the argument of the Hankel functions in (9.5) and (9.6) is
2y/kz, now with positive k.

Noting that the J— and Y — Bessel functions in (9.3) and (9.4) are linear
combinations of the Hankel functions, we see that they are exponentially
large whenever 21/kz is not real. This exponential growth means that the
solutions yg)(z) and ygz)(z) are not minimal when 3z # 0, because, as we
discuss next, the minimal solution decreases exponentially.

Observe that when z belongs to the upper half plane, the Hankel function

S

¢lw=3vm=5m)  _p < phw < 2m, (5.6)
,i(wféyﬂ'fi

H,Sl)(Q\/@) present in (9.5) becomes exponentially small for large values
of kz, and when z belongs to the lower half plane, the Hankel function
Hl(,2)(2\/ﬁ) present in (9.6) becomes exponentially small for large values
of kz. Then, using the relations between the Whittaker functions and the
Kummer functions given in (2.8) and (2.9), together with (9.5) and (9.6),
we conclude that when z is in the upper half plane, the solution

Y3 (z) =T(L — a+n)U(e—atn,c ze ™) (58)

is the unique minimal solution of the recurrence relation, whereas if z is in
the lower half plane then

y§L3+)(z) =T(1—a+n)U(c—a+n,c ze™) (5.9)

is the minimal solution.
When z is not real both yg)(z) and y%z)(z) are dominant solutions. On

the negative real axis yg’_)(z) is the minimal solution when we take phz =

+m and yésﬂ(z) is minimal when phz = —m. The other solutions yg)(z)

and yg) (z) are dominant solutions on the negative real axis.

On the positive real axis there is no minimal solution. All Bessel and
Hankel functions have positive arguments, and none of the four solutions in
(5.4) is exponentially decreasing when z > 0.

We observe that for a = 0,—1,—2,... the solutions yg)(z) and yg)(z)
are linearly dependent, in fact they reduce to polynomials and are oscillating

10



for ¢ > 0 and z > 0. This known behavior also follows from the relation
with the Laguerre polynomials ([8, p. 190])

L) = T Cna 1,2 = (” j; O‘) Fi(=nia+1;2).  (5.10)

6 The (—+) and (4 —) recursions

6.1 The (— +) recursion

The coefficients of the recursion (1.1) are given by

ap, = (c+n—-1(c+n)(—a+n)(—n+a+z-1)/d,,
b = (c+n)(n®+ (3z+c—2a)n’*+
(32 +c—6az +a? — 522 +a—2ac— 1)n + 2>+ (6.1)
22(4a —c—1)+3az(a—1) +alac —c—a+1))/dy,
dy, = z(c+2n+1—-a)(c+2n—a)(—n+z+a).
We have n n
n ~ s bnw—ﬂ, n — oo. (6.2)

The application of Perron’s theorem, see [8, Theorem 13.1, Case 1] and
[4, §4.3] yields the following behavior of the solutions:

fnJrl(Z) -~ gnJrl(Z) ~ n

fn(2) ’ gn(2) 4z’

the solution f,, being minimal. If a—n # 0, —1,—2, ... then two independent
solutions of the recursion are the Kummer functions

v (2) = 1Fi(a — nje +n; 2),

n — 0o, (6.3)

(6.4)
(—1)"T(c+n)
B yr—— U(a—n,c+n,z).

Bearing in mind the connection between the Kummer and Whittaker
functions given in (2.8) and (2.9), we see that the corresponding Whittaker
functions have parameters

H:%(c—Qa—i-Sn), ,u:%(c—i-n—l), (6.5)

and it is clear that the shift n — n + 1 is equivalent to k — k + 3/2 and
p— p+1/2.

11



6.1.1 Asymptotic estimates

When n — oo both x and p tend to oo, so in order to describe the behavior of
the Whittaker functions when n — oo we will need asymptotic expansions
for large x that hold uniformly with respect to pu. Dunster’s expansions
summarized in (9.3)—(9.6) can also be used in the present case.

The parameter £ of (9.1) is again small for fixed z, and from (6.5) we
conclude that a — 2/3 when n is large. The quantity ¢ used in the asymp-
totic estimates is small because |£]| is small, and we have the behavior as in

(9.10):

(=c(@E+0(€%), £€—0, (6.6)
In the present case o does not tend to 0; using /i — 3 we obtain
32
cla) = 3 +0(n™), n— . (6.7)

Since £ = O(n~1) for fixed z, then

_ 32 2 .
4*3654“9@)’ £ —0. (6.8)

With this estimate, the argument of the Bessel functions that appear in the
asymptotic expansions (9.3)—(9.6) can be taken as

K/C ~ /-;\/32 G (6.9)

3ek

6.1.2 The solution y(M(2)

To assign the minimal solution of this recursion, we concentrate on the
asymptotic expansion for M, ,(z) given in (9.3). We will estimate the fol-
lowing ratio (see also (6.5))

M43/ 441/2(2)

My (2) (6.10)

Rn,u(z) =

for large values of k and u, using k/pu — 3. The relevant factor in the
asymptotic behavior of M, ,(z) is (see (9.3) and also (9.8) and (9.9))

Frop(2) Jop (n\/E) : (6.11)

where B
Feop(z) =e'T2u+ 1)V, ,, (6.12)

12



and W, , is given in (9.7).
A long but straightforward computation shows that

Foi3/2u11/2(2)
Feu(2)

~3vV/n, n— . (6.13)

In order to estimate the Bessel function in (6.11) we note that in this
case both the order and the argument are large, so we will use an asymptotic
estimation of this Bessel function for large order which holds uniformly with
respect to the argument. This can be accomplished by means of the Airy-
type approximation [1, Eq. 9.3.6]

Jy(uw>=( N >1/4

1 —w?

v1/3 1+ V1/6|X|1/4

(93 2. 3/2
A" °x) | ep(T5ox )O(u_4/3>], (6.14)

which holds for large values of v, uniformly for —m < phz < w. Here the
variable x is defined as in [1, Eq.9.3.38]:

1+ vV1—w?
%X3/2 :logu —V1—-w (6.15)
w

In the present situation, if we set 3 = 32/(3e), our Bessel function reads

Jou(V/ Brz) = Jou (2/;“?) : (6.16)

Therefore, we use the parameters:

VKz
2u

v=2pu, w= , (6.17)

and we see that the argument of Airy function in (6.14) is large when p is
large, which allows to use an asymptotic estimate for this function. Using
[1, Eq. 10.4.59] we obtain

Ai(?3x) = L1210y~ 1= (14 0(v 1)) (6.18)

It follows that we can estimate (6.14) in the form

1
Jy(vw) ~ (1 —w?) VA ——— =X o, (6.19)
2mv

13



Since our objective is to estimate the ratio of two Whittaker functions,
with parameters k+3/2, u+1/2 and &, u respectively, we define the following
shifted variables:

12
__ /B(r+3/2)z 2%3/2:1%%_\/1_@2. (6.20)

W= 1 , 3

Thus the ratio of Bessel functions satisfies

Tt (Qut @) (1@ 1 YT iEes
Jgu(Quw) 1 — w2 20+ 1 6—%2%(3/2

(6.21)

The first two terms of this approximation tend to 1 when n — oo, and
it can be verified that

e_%(2M+1);3/2 z
673 HX n

Hence,

M, 15 2,u+1 2(2)
Riu(z) = +J\/}n ZZZ)/ ~VE

Taking into account the first relation in (2.8), that is,

n — 0o. (6.23)

M, . (2) = 672/221/2+“1F1(% +p— Ry 1+ 2u;2), (6.24)

it follows that

Ry u(2) My 32, 41/2(2) 1=+ = 52+ 205 2) (6.25)
z) = = z . .
o Mie,u(2) 1Fu(d + = k1425 2)
This finally gives
VFL(=% 4+ — 552+ 25 2)
1, n— oo, (6.26)

VFL(E A+ = ks 14205 2)

and expressing x and p in terms of a, ¢ and n it follows that the Kummer
function 1 Fi(a — n;c+ n; z) is the minimal solution of the (— +) recursion
(2)

when n — oo for all complex z. The solution yy, ' (z) related with the other
Kummer function in (6.4) is a dominant solution for all z.

14



6.2 The (4 —) recursion

In this case the coeflicients are

a, = —z2n4+a—-c)2n—14+a—c)(n+a+2)/d,,
b = (n—c)(—n+ (—2a+ 32+ c)n?
+(2ac — a? +1—a—c+ 522 + 6az — 32)n + 2>+ (6.27)
22(4a —c—1)+3az(a — 1) + alac —a — c+ 1)) /dp,
dy = (n—c+1)(—c+n)la+n)(n+a+z—-1),
and they satisfy
4
Gy~ ——. by~ =1, n— oo. (6.28)
n

The application of Perron’s theorem, see [8, Theorem 13.1, Case 1] and
[4, §4.3] yields the following behavior of the solutions:

fon(2) 42 gan(d)
O e

the solution f,, being minimal. Two independent solutions of (6.27) are the
Kummer functions

~1, n— o0, (6.29)

yn ' (2) =1Fi(a+n;c—n;z),

I'a+1—c+2n) (6:30)

I'(l—c+n)

U(a+n,c—n,z).

A third solution can be constructed using the connection formula (2.4)
and reads

FNa+1—c+2n)'(c—n—-1)
N Fa+n)I'(1—c+n)

A7 By (a4 1—c4-2n;2—c+n; 2).
(6.31)

If we use Whittaker notation, then we can rewrite this last solution as

MNu+r+1/2)I(p—rk+1)

on(?) = T2 (2u + 1)

e*/2 51172 M_y u(2), (6.32)

K= %(—c—l—2a+3n), o= %(—c—i—n—i— 1). (6.33)

15



We use the first line of (2.10), that is,
M_’W(@ — et (pt1/2)mi Mmu(zeim)v (6.34)

again choosing the plus or minus sign depending on the phase of z. Now the
asymptotic behavior of the function M,{,M(zeim’) can be analysed using the
results from the (—+) recursion, since both x and p are positive and show
the same dependence on n as in that case. Thus, using (6.23) we obtain

(3
Yut3/2,u+1/2 (2) 62

; (6.35)
3
uen(z) g
which, writing x and p in terms of n, gives:
)
z 4
bin®) 4z (6.36)

ui (2) "
Hence, the function y.” (z) is the minimal solution of the (+ —) recursion, in
accordance with (6.29). It can be written in terms of the other two solutions
ys)(z) and yg) (z), which are dominant:
I'a+1—c+2n)
~ T(1-c+n)

Ula+n,c—n,z)— 1Fi(a+n;c—n;z). (6.37)

7 The (4 +) and related recursions

7.1 The (+ +) recursion

In this case the coefficients of the recursion (1.1) read

_(e+n)(c+n—1) _(c—i—n)(c—i—n—l—z).

n - b bn -
(a+mn)z (a+n)z

(7.1)

Therefore,
Qp ™~ —E, by, = E, n — 0o, (7.2)
z z

and Perron’s theorem establishes the following behavior of the solutions

fo1(2) gnt1(z)  n " — o0 (7.3)

fa(2) ’ gn(2) z’

the solution f,,(z) being minimal.
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Four solutions of this recursion are

y(2) = 1Fi(a+nse+n;2),

u(2) = (=1)"T(c+n) Ula+n,c+n, 2), (7.4)
Y9 ) = DM g e tom, zetm,

- T'(a+n)

which follows from (2.4).
In order to determine the asymptotic behavior of these solutions we first

(

observe that the solution ynl) (z) reduces to the exponential function e* when
a = c¢ and all complex z. Also, by using the first line in (2.5) it follows that

y MV (2) = e 1Fi(c — a;c+n;—2), (7.5)
and using the series expansions in (2.2) we see that
yD(z) =e*[1+0(1/n)], n— oo, (7.6)

uniformly for all bounded z. Therefore, in view of (7.3) we infer that ys) (2)

of (7.4) is the minimal solution.

The asymptotic analysis of yg) (z) is also quite simple in this case. From

the integral representation (see [1, p. 505])

1 o0
Ul@a+n,c+n,z)= Tlatn) /0 e Ftatn=l(1 ppyemata, (7.7)

where Ra > 0, Rz > 0. This type of Laplace integrals is discussed in [9],
and it follows from that paper that
Ula+n,c+n,z)=2"""[14+0(1/n)], n— oco. (7.8)

From [9, §3.3] it follows that this estimate holds for bounded complex values
of z with [phz| < 7. The second relation in (2.4) can be used for extending

(7.8) to the sector |[phz| < m. This shows that yg)(z) corresponds to the
function g¢,(z) in (7.3), which is a dominant solution.

7.2 The (0+) recursion
In this case the coefficients of the recursion are (see [1, Eq. 13.4.2])

(c+n)(c+n—1)

(c+n)(l—c—n—2)
z(c+n—a) ’

Z(c+n—a)

QAp —

by, =

(7.9)
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Therefore,
n n

Ay ~ —, b, = ——, 7.10
n » n ~ ( )
and according to Perron’s theorem the solutions satisfy

fonn(2) 1 gen(2) m (7.11)

fn(2) , gn(2) z

the solution f,,(z) being minimal.
Four solutions of this recursion are

y(z) = 1Fi(asc+m;2),

I'(c+n)

= Toqrn—d Ua,c+n,z), (7.12)

y$39)(2) = (=1)"T(c+n) Ulc+n — a,c + n, ze=™),

The asymptotic analysis of this case follows from the first connection
formula in (2.5)

ygl)(z) = 1Fi(a;c+n;z) =€ 1Fi(c+n—a;c+n;—z), (7.13)

and by using the results of the (4 +) recursion. It follows that

y(2)

y (2)

~1, n — 0o, (7.14)

and the solution yg)(z) is minimal in |ph z| < 7, in accordance with (7.11),

whereas yg) (z) and yﬁ{g’i)(z) are dominant.

7.3 The (0 —) recursion

The coefficients of this recursion can be obtained from (7.9)

z(c—n—a) l—c+n—=z
. (c—=n)(c—=n-—-1) c—n—1 (7.15)
Therefore .
G~ —2, by =—1, (7.16)
n

and Perron’s theorem establishes the following behavior of the solutions

fr41(2) L _Z In+1(2) ~1

fn(2) n’ gn(z)

(7.17)
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the solution f,,(z) being minimal.
Three solutions of this recursion are

yn ' (2) = 1F1(a;c—n;2),

INa4+1—c+n)
- F(n—i—l—c) U(CL,C—TL,Z),

(=)"T(a+1—c+n)

3)(2) = " F(a+1— 29—  2).

Yn (2) F(l—c—i—n)f‘(—c—l—n)z 1Fila+1—-c+n c+mn,z)
(7.18)

The reason for using the first connection formula in (2.4) instead of the
second one is that we can now use again the results from the (+ +) recursion

to analyse the solution yés) (z). Tt follows directly that

(3)
yn(g)l((z)) ~ —%, n — 00, (7.19)
Yn (2

and the solution yés) (z) is minimal in |ph z| < 7, in accordance with (7.17),

(1) (2)

whereas yp, ' (z) and yp, ' (z) are dominant.

7.4 The (— —) recursion

In this case, the recursion for the Kummer ;F; function [1, Eq. 13.4.14]
leads to a inconclusive result when applying Perron’s theorem. However, if
we use the recursion corresponding to the U function [1, Eq. 13.4.27] then
the coefficients are

anp =—2(a—n), by=c—n—1-—z (7.20)

Therefore
Ap ~ —2N, b, = —n, (7.21)

and Perron’s theorem establishes the following behavior of the solutions:

fonr(2) 0 geni(3) (7.22)

fn(2) In(2)

the solution f,,(z) being minimal.
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Three solutions of this recursion are

ygl)(z) =T(1-c+mn)1Fi(a —n;c—mn;z),

Yn (Z)ZU((I—R,C—R,Z), (7.23)
y’,(’bg)( ): wzn 1F1(a+1_c,2_c+n’z>.

['(2—c+n)

Now we can use the results from the (0 +) recursion to analyse the solu-

tion yés) (z), and it follows that

3/5321 (Z)
v (2)
(3)

Hence the solution yp’(z) is minimal in |phz| < 7, in accordance with

~ z, n — 00, (7.24)

(7.22), whereas yg)(z) and yg) (z) are dominant.

8 Concluding remarks

Minimal and dominant solutions of confluent hypergeometric three-term re-
currence relations have been presented. The cases studied correspond to
the functions 1 F1(a + €1n,c + ean, z) and U(a + €1n,c + ean, z), where n is
an integer parameter and ¢; = 0,+1 (not both equal to 0). This produces
eight different recursions, whose solutions can be analysed by applying Per-
ron’s theorem together with asymptotic estimates obtained for Whittaker
functions with large values of the parameters. Some cases are related with
each other, but for the sake of completeness we have considered each case
separately. However, by using connection formulas, the analysis for related
cases could be simplified. The results hold for complex values of a and ¢
and complex values of z in |[phz| < 7.

9 Appendix: Asymptotic estimates of Whittaker
functions

We summarize the asymptotic estimates of the Whittaker functions as given
in [2]. From these estimates the asymptotic estimates of the Kummer func-
tions follow by using the relations in (2.9).
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2
g:f, a:%, G =2—-V4—-a? &=2+V4—a? (9.1)
Then the differential equation (2.6) can be written in the form

? o [aE-8)E-8) 1
g (©) = | — g | w(©) (92)

We consider large positive values of k, with u/k € [-1+0,1—6], 0 <0 < 1,
0 being fixed. The differential equation has turning points at £; and & when
k is large. For ¢ in complex domains containing &; it is possible to derive
asymptotic expansions in terms of Bessel functions, and in complex domains
containing &, expansions in terms of Airy functions, see [2].

We give the relevant details on the Bessel case, because the Kummer
recursions in this paper are considered for fixed z; hence if K — o0, the
variable & is small, and we need approximations that are valid for £ in
domains near the origin.!

We have the following asymptotic representations (see [2, §6])

M, (2) = Fre y(2)e'T2u+ 1)¥, , %
(9.3)
e (+V/2) Aul) + Lo, (+/C) B(a)]

Weu(2) = Gepu(2)e"s™ "W, I (Fc + o+ %) r (/i —u+ %) X
[{Jgu (/{ﬁ) sin(k — p)m — Yo, (/{ﬁ) cos(k — ,u)7r} A u(2)

Y {3 () it~ i~ 3y () st 7} B
(9.4)

W_pu(ze™™) = Hy u(2)e"s "0, , x
(9.5)
1) (1/C) Aupe) + ) (1E) ()]

'The factor e* on the right-hand sides of (9.4)-(9.6) is included after private commu-
nications with Mark Dunster.
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W_yu(2e™) = L u(2)e" k"0, x
JT (9.6)
15 (+VC) Au(e) + LB (5VC) Bol2)]
Here
(k — p)F=m)/2 0.7

T (k)2

and Fy; ,(2), G u(2), Hi p(2), and I ,,(2) are quantities that are not relevant
in the present discussion, because

lim sup |F,4,u(z)|1/“ =1, limsup

K— 00 K— 00

Fn,u(z>

where k and m are fixed numbers. Similarly for Gy ,(2), Hyu(2), and
I, (2). The functions A, ,(z) and B, ,(2) have the asymptotic expansions

A~ 32 B B e 09)

g K2s g K28
uniformly with respect to z in a bounded complex domain that contains the
origin, with —7 < phz < 7. Details on the coefficients in these expansions
are not needed in our analysis because A ,(z) and B, ,(z) have the same
limsup behavior as in (9.8).
The quantity ¢ is defined in [2, Eq. (6.2)]?> In the present discussion,
because || is small (see (9.1)), we use (]2, Eq. (3.9)])

(=cl@)+0(2), £—0, (9.10)
where /o)
w/(2u

cla) = i K2 — p? (:jg) , (9.11)

which follows from operating in [2, Eq. (3.10)]).
Combining these two relations, we decide to use the following argument
for the Bessel and Hankel functions that are needed:

K/ C ~ k()€ = \/e(a)kz. (9.12)

20n the left-hand side of that equation & should be replaced by x> (3 times).
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