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1. INTRODUCTION

In this paper, we describe methods for the computation of the parabolic cylinder
functions (PCFs) U(a, ), V(a, ), and their derivatives, for real values of a and z.
Although parabolic cylinder functions appear in a vast number of applications in
mathematics, physics and engineering (see for instance [11]), there are no available
numerical algorithms with a verified accuracy for the evaluation of PCFs for real a
and z. This article and the accompanying paper and routines are intended to fill
this gap.

For an overview of properties of these functions we refer to [1, Chapter 19]. The
functions U(a,x), V(a,z) are the two standard linearly independent solutions of
the differential equation:
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with initial conditions

B VT y _ VT
U(a,0) = QI3 1 15y U'(a,0) = T IAr(I Y Iy

9a/2+1/4 sinﬂ'(% — %a) ) 90/2+3/4 sinﬂ'(i — %a)
V(a,0) = I‘(%—%a) , V'(a,0) = F(i—%a)
The Wronskian relation for U(a, z) and V(a, z) reads
WU (a,z),V(a,z)] = % (3)

They constitute a numerically satisfactory pair for > 0, in the sense described by
Miller [8] because

Ula,z) ~ 2~ 241+ 0@ %), Via,z)~ ﬁxa—l/%w?/‘*u +0(z72))
o

(4)
as & — 00.

Because equation (1) is invariant under the change of variable x — —z both
U(a,—x) and V(a,—z) are also solutions of (1). Given that {U(a,x),V(a,z)}
constitute a numerically satisfactory pair of independent solutions for z > 0, we
can compute U(a,x) and V(a,z) for © < 0 by writing them as linear combinations
of U(a,—z) and V(a, —x), z < 0.

The following relations can be applied if the values of U(a,x) and V(a,z) are
required for x < 0:

U(a,z) =T( —a)cos(ra)V (a, —z) — sin(ra)U(a, —x),

V(a,z) = sin(ma)V(a, —x) + %SO:—@CS)U(CL, —x), (5)

for a < 0, and

Ula,z) = V(a,—2) — sin(ma)U(a, —x),

) cos? 7£7ra) (©)

V(a,z) = sin(ma)V (a, —z) + '3 +a)U(a,—x),

when a > 0.
Notice, however, that U(a,z) and V(a, ) do not constitute a numerically satisfac-
tory pair for < 0 except when a = —(2k—1)/2, ke Nora==k, k € Z.

In the sequel we restrict the discussion to x > 0.

2. DEFINITION OF SCALED FUNCTIONS

For large values of the parameters ¢ and x the PCFs become very large or very
small. To avoid overflow or underflow in numerical computations [7] and to improve
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the condition of the function evaluation (see Section 10) it is important to define
scaled values with the dominant exponential behavior factored out. Appropriate
scaling factors can be deduced from the integral representations in Section 9 (see
also [6]), the scaling factor being related to the contribution at the saddle point;
this scaling factor can be also factored out from the uniform asymptotic expansions
of Section 6 (see also [12]).

The following quantity

2 2
faa)= |5+ T +a] e |51 T+e—3 (7)

plays a role as a dominant exponential factor. This function is real in the monotonic
region 22 /4 + a > 0 and gets an imaginary part in the oscillatory region.
As a function of
x

W ®

f(a,x) can be written as

fa,z) = f(a)e*"l® (9)

where (using the same notation as in [12] and [6])

=1tV +1+logt+VE2+1)] ,a>0
O=(0 =1tV —1—logt+V2—1)] , a<0,t>1 (10)

in:%[arccost—t 1—1¢2 ,a<0,0<t<1

In the oscillatory region x2/4 + a < 0 (that is, a < 0 and 0 < ¢ < 1), the values
for the square roots in Eq. (7) are taken in the principal branch. In this region, the
imaginary part indicates that the parabolic cylinder functions oscillate with a phase
function ¢(a,x) ~ 2an as a — —oo, as we will later see explicitly in the expressions
of the asymptotic expansions and integral representations in this region.

Because we are dealing with real parabolic cylinder functions, we will not include
in our scaling factor the exponential of imaginary argument. Instead, we define the
scaling factor as:

Fla,z) = |f(a,z)|. (11)

For the oscillatory domain the scaling factor will be also denoted by

f(a) = |f(a,z)| = |a|*/?e™*/2. (12)
The scaled PCFs for x > 0 are defined as follows

(a,z)U(a,z), U'(a,z) =F ;v)()]’(a,;v),

= a,
(a,z) = _ V'(a,

L Vi) (13)

Fla,x)
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3. METHODS OF COMPUTATION

Different strategies of computation should be considered depending on the range of
the variable and the order a. Namely:

(1) Maclaurin series for small z.
(2) Poincaré asymptotic expansions for large « and moderate a .

(3) Uniform asymptotic expansions in terms of elementary functions for large |al:
(a) Expansions in the monotonic region 2> > —4a
(b) Expansions in the oscillatory region z? < —4a

(4) Uniform Airy-type asymptotic expansions around the turning points 2 = —4a
and large —a

(5) Integral representations when the previous methods fail
(a) In the monotonic region 2% > —4a both for a > 0 and a < 0
(b) In the oscillatory region z? < —4a

(6) Recurrence relations when other methods become inefficient or when they fail.

In [7] we describe in detail the different regions where each method is preferable
for speed and accuracy considerations.

Figure 1 shows a sketch of the use of the different methods in the (x,a)-plane
for moderate values of @ and z. In particular, the figure shows the selection of
methods considered in the codes described in [7] (relative precision 510714). The
computations for U(a, x) and U’(a, z) are based on the same method in each region
in the (a, z)-plane and the same is true for V(a,z) and V'(a, ).

80

Figure 1. Regions where the different methods of computation are used. 1: Maclaurin series;

2: Poincaré asymptotic expansions; 3: uniform asymptotic expansions in terms of elementary
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functions; 4: uniform Airy-type asymptotic expansions; 5: integral representations; 6: recurrences

for U(a, z) (with starting values above region 6) and Maclaurin series for V(a, x).

These regions of computation can be chosen differently because the methods
have regions of overlapping validity; in this case, the fastest methods should be
considered. In particular, the integral representations we will develop cover the
whole plane with few exceptions (|a| small; |z| small and a positive semi-integer).
Therefore, quadrature can be used as a validation of other methods and it is a guard
method which can be used when all other methods become insufficient or fail.

In the following sections we describe these different methods of computation.

4. MACLAURIN SERIES

Maclaurin series are used for small = both for U(a,z), V(a,z). These series are
given in [1] pp. 686-687.

The even and odd series solutions of Eq. (1) are given by (19.2.5) and (19.2.6)
of [1]:

2> 2 z?
y(a,z) = 1—|—a7r+(a +1/2)Zr+"' ,
3 5 (14)
yo(a,x) = x+a%r+(a2+3/2)%r+...

The coefficients in front of x*/k! in (14), which we denote by ay, satisfy the
following recurrence relation

Uny2 = aan + n(n —1)an_s, n=2,3,4,..., (15)

with ag = a1 = 1.

In terms of the even and odd solutions, the functions U(a, z) and V(a,z) can be
written as:

Ula,z) = U(a,0)yi(a,z) + U'(a,0)y2(a, z),

Via,z) =V(a,0)yi(a,z) + V'(a,0)y2(a, z),

the initial conditions being given by Eq. (2). The derivatives are easily obtained
from Eq. (14).

When considering a stopping criterion for the evaluation of the series in Eq.
(14) it is important to take into account that the coefficients accompanying the
even (odd) powers of z in the yi(a,x) (y2(a,z)) series become zero at a = 0. A
common stopping criterion consists in adding terms until the last term adds a
contribution to the total sum smaller than the demanded relative accuracy. In
this case, this criterion is dangerous because some terms become zero as a — 0.
A way to circumvent this problem is by adding two terms in each iteration. It is
also worth noticing that the representation considered here ([1], formulas 19.2.5-
19.2.7) is preferable over the representation in terms of confluent hypergeometric
functions ([1], formulas 19.2.1-19.2.4). Indeed, the latter unavoidably suffers from
cancellation problems as a — 0.

Usually, scaled functions will not be needed in the region 1 of Figure 1 because
the values of |a| and x do not become very large and, for moderate values of a and z,

(16)
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scaled functions can be safely obtained by multiplying or dividing the functions by
F(a,z) (Eq. (13)). However, Maclaurin series are a useful method of computation
of the V-function for large positive a and x very close to 0 due to the cancellation
of V(a,0) and V’(a,0) for some values of a.

For positive a the initial conditions for the V-function can be written as

2(1/273/4 . 1 o
V(a,0) = =——(1 +sinma)l'( + ¢), 17
, ga/2-1/4 ) . (17)
V'(a,0) = F——(1 —sinma)'(} + §),

and therefore V(2k — 3,0) = 0, k € N and V'(2k — 4,0) = 0, k € N. This
corresponds to the case of Hermite polynomials. Of course, close to the points
(2k —1/2,0) and (2k — 3/2,0) we can expect loss of relative precision. This loss
of precision is better under control with Maclaurin series than with the rest of
available methods (integrals and uniform asymptotics). Indeed, these cancellations
are exact up to the usual rounding error limitations because they are caused by the
factors 1 &+ sinwa in Eq. (17); contrary, the cancellation in Eqgs. (34) and (107) is
approximate. For this reason, it is convenient to use Maclaurin series also for large
a > 0 and small z.

For computing series for large a > 0, it is necessary to scale the starting values
in order to avoid overflow /underflow problems. Namely, we have:

U(a,x) = wiyi(a, @) + uzya(a,z), as)
V(a,2) = viy(a,2) + vaya(a,z),

and the coefficients are

u; = F(a,z)U(a,0) = LH(a)ezag ,

2
uz = F(a,z)U'(a,0) = _\/g(Taga)e%g’
(19)
Vg = 7F(;, ) V'(a,0) = 1—sinma _j%”m%e*hé,
where ¢ is defined in Eq. (10),
()
H(6) = A7 (20)
(+3) ()]
A=A
V2rXe ~1as A — +00 (21)

BA) = m
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and
1
S(y):g(1+y)1/y~1asy—>0. (22)

For large a and in order to avoid overflows, asymptotic expansions for 3(4 + %)

and S((2a)~!) are a convenient way of computing these functions. Later, we give
details for the computation of 5.

5. POINCARE EXPANSIONS FOR X LARGE

The asymptotic formulas for & >> |a| for the U and V functions are given by Egs.
19.8.1 and 19.8.2 of [1]. Asymptotic expansions for the derivative can be obtained
by differentiating both formulas. We have

k=0 k=0 x (23)
= ¢ > d
Via,z) ~ /(e 2) Y e Via,2) ~ \foei(a,2) Y
k=0 % k=0 %
where
Y(a,z) = z%e” “/4 (24)

and the coefficients can be computed recursively in the following way:

(a+2k—3/2)(a+2k—1)

ap = — ok ap—1 ;3 a0:17
b = ar + (2a + 4k — 3)ag—1 ; bo=1,
(25)
(a—2k+3/2)(a—2k+3)
Cr = ok Ck—1 3 00:17
di = ¢k + (2a — 4k + 3)ck—1 ; do=1.

Regarding the evaluation of scaled functions care must be taken because, as
x — 00, Y(a,x)/F(a,z) — 1 and then a straightforward computation of this ratio
may cause cancellations. The scaled asymptotic expansions read

a,xr 71 Ooﬂ /\70113 \/E OOb—k
Uea) ~ Fgam 2w V@9~ 2¢><aw>,§%’

=0 . (26)
= Ck [z d,
V(CL, I) ~ %(b(avx) xgk ) V/ a .’,E d) a,x Z _k )
k=0 k=0
where ¢(a,z) = (a,z)/F(a,z) can be written as

@ 2
2 a
e = (W) =\ (m + W>>
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6. UNIFORM ASYMPTOTIC EXPANSIONS IN TERMS OF ELEMENTARY FUNC-
TIONS

We also consider asymptotic expansions for U(a, z) and V' (a, z) in terms of elemen-
tary functions. Additional details on these expansions can be found in [12].

2
6.1 Expansions for z >0, |a| + 2 >> 0, %— + a > 0 (monotonic region)

In the non-oscillating region, it is possible to derive unified expressions (for a > 0
and a < 0) from those given in [12] by restoring in these expressions the original
variables. The expansions are valid for |a| — oo uniformly with respect to x > 0
(when a — 400) and with respect to t = z/(2+/|al) € [1 + €,00) (when a — —00),
where € is a small positive number. These expansions have the double asymptotic
property of being valid for fixed ¢ and large |a| and for fixed a and large t.

The scaled U functions can be obtained from Eqgs. (2.29) and (2.33) of [12] for
a > 0 and (2.9) and (2.18) of [12] for a < 0. The expansions for ¢ > 0 and a < 0
are in fact the same and they follow from the representations:

—1/4
U(a,l‘):7§ —4—+a F,,

1/4
Uaz)=-L+ (2 +a) @
a,r) = 7T a @)

where F, and G, have the expansions

(28)

RS o G X g &Y
w2 1] _ ~a/2 |
Vri/ita 2?4+ a+ g\/m

The coefficients ¢4(7) are polynomials in 7 which follow from the recursion ([12],
Eq. (2.11))

1

dos 1 (7
b1 () = —472(T + 1)2—¢’d @) _ 1 / (207" + 207" 4+ 3)s(7)dr", (31
T 0
with ¢o(7) =1, ¢_1(7) = 0.
The coefficients ¢s(7) can be obtained from the relation ([12], Eq. (2.16))

Vs (1) = ¢s(1) + 27(7 + 1)(27 4+ 1) ps_1(7) + 87%(T + 1)26@27;(7) ) (32)

Asymptotic expansions for the V' —function and its derivative (or the correspond-
ing scaled functions) can be obtained from the expansions for U (a, ) and its deriva-
tive, together with the analogous expansions for U(a, —x), z > 0, and the formula

I'(a+ %)
V(a,2) = —— [sinma U(a,x) + U(a, —2)] . (33)
T
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In this way, combining the expansions of Eq. (28) and the expansions for

Ula,—z), > 0, a >0, a—x >> 0 ([12], Eq. (2.34)) we obtain the following
representations for the scaled V —functions when a > 0:

—1/4
Via,z) = ﬁ (%— + a) [P, + sinwaM (a,x)Fy] ,

N ) 1/4 (34)
V'(a,z) = ﬁ (%— + a) Qo —sinTaM (a,x)G,] ,
where
I(a+ %)
M(a,z) = ——— (35)

V2rF (a,z)?

and P, and @, have the expansions

- ¢s(7) - Ys(T)
P, ~ ) Qa ~ s 36
; (2a) ; (2a) (36)

with F'(a,z) as given in Eq. (11). For large a the ratio M (a, ) should be computed
with care because both the numerator and the denominator tend to overflow. The
factor M (a,x) can be written as

M(a,x) = 6_4“56((1)_1, (37)

where € is given by Eq. (10) and B(a) is given by Eq. (21); #(a) can be computed
by means of an asymptotic expansion when a is large. We give more details on this
expansion in the next section.

The seconds terms in Eq. (34) should be dropped when the factor M (a, x) tends
to underflow. For fixed a the factor M (a,x) decreases when ¢ increases. For z ~ 0
the second terms are noticeable because, when z << 2v/a (t << 1)

M(a,) ~ exp(—vaz)B(a) " (38)

contrary, when a = 0, M(0,x) = %e*ﬁﬂ

and for moderately large x the second
terms can be neglected.

For negative a, we rewrite the expansions (2.14) and (2.19) in [12] as:

) ~1/4
(%— +a P,

N ) 1/4
V'(a,z) = 7T<£4—+a> Q.

These representations are the same as in Eq. (34) except that the second terms
have disappeared.

The unscaled functions can be obtained by multiplying (28) or dividing (34) and
(39) by F(a,z) (Eq. (13)).

Via,z) =
(39)

S S

6.2 Case a << 0, 0 < x < 2y/—a (oscillatory region)

In the oscillatory region, we use the asymptotic expansions given by Olver [10],
which are valid for large |a| uniformly with respect to |¢| < 1 — €, € being a small
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positive number. The expansions for the scaled functions are given by

Ua,) = 525G (a) os (0. ) + i (a.) sin o(a, )]
Ua,z) = V2A(x, a)G()[— S (a, ) sin ¢(a, z) + Ca(a, z) cos ¢(a, z)] ,
XN/(a, x) = mﬁ(kﬂ)G(u) [Ci(a,z)sin ¢(a, z) — S1(a,z) cos p(a,x)], (40)
V(a,z) = % (z,a)B(|a])G(1)[S2(a, ) cos #(a, x) + Ca(a, x) sin ¢(a, z)],
where

1/4
: (41)

.IQ
~ +a

Az, a) = 1

¢(a,x) = —pPn + §m = 2an + /4, (42)

7 is defined in Eq. (10), B(]a|) is given by Eq. (21) and G(u) is given later (Eq.
(49)) in the form of an asymptotic expansion.

Similarly as in the non-oscillatory case, when |a| is large both the numerator and
the denominator of 3(|a|) will overflow. In this case, the following expressions are
preferable for the V —functions [10]:

v = 1 a,x)sino(a,x) — Si(a,x)cos p(a,x
V(avx) - \/%)\(JI,UJ)G(M)S(N) [Cl( ) )S ¢( ) ) S ( ’ ) S¢( ) )]7
Vi(a,z) = —22:9) 16 (0. 2) cos ¢(a, ) + Ca(a, ) sin d(a, 2)] , (43)

VaG(u)S(n)

where ((]a|) in Eq. (40) can be written as
1

B(lal) = CPS ()

and the quantities G(u), S(u), Si(a,z) and C;(a,x), i = 1,2, are available in the
form of asymptotic expansions.
We have

& (a, ;L') ~ Z M ~ Z u2s+1 (t)

2\3s s ;
o (L=t) t2 3s+3/2‘u4s+2

(44)

(=1)v2511 () ) vas(t
Ca(a, x) ~ Z (1= 2)3+3/2 As¥2 ~ Z t2 3s 45 '
s=0 H s:O

The coefficients us(t) satisfy the relation
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(t? — Dl (t) — 3stus(t) = re_1(t), s=1,2,3..., (46)
where ug(t) =1, r_1 =0, and for s =0,1,2,...

87s(t) = (3% + 2)us(t) — 12(s + V)trs_q(t) +4(t* — 1)rl_1(2). (47)
The coefficients v,(t) are given by vo(t) = 1 and

vs(t) = us(t) + %tus,l(t) —rs_2(t), s=1,2,3,.... (48)

The asymptotic expansion for G(u) reads:

o -1
G(n) ~ (Z g) , (49)
s=0 H
where
1= /2lal (50)
and
gs = lim __ult) (51)

T oo (2 — 1)38/2 '

The even coefficients are zero and the first four odd g, coefficients are: gy =
1, 1 = 1/24, g3 = —2021/207360, g5 = 5149591/418037760.

oo Wi
S(p) ~ Ik (52)

k=0 M
The first four values of wy are wy = 1, w; = —1/576, we = 2021,/2488320,

ws = —337566547/300987187200.

6.3 Modulus and phase

Eq. (40) shows that when a << 0 and ¢t is fixed the functions U and V' become
highly oscillatory. Unavoidably, relative accuracy is lost near the zeros of the func-
tions U, U’, V and V'’ when fixed precision arithmetic is used. In addition, accuracy
degrades as larger values of |a| are considered. This loss of precision is related to
the fact that in Eq. (40) the argument of the trigonometric functions become large
as a gets larger for fixed t¢.

It is possible to define quantities which do not suffer from this degradation, if
computed in an stable way, and to confine the error caused to a simple function.
We define the moduli as:

M (a,z) = \/ﬁ(a’ z)? + 2m <%>2 ’
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and the phase functions as:

) (SEE1) )
B(la))U(a,x)
. (54)
!/
$a(a,z) = arctan (—W) - (a,),
B(la)U’(a,x)
where ¢(a, x) is given by Eq. (42). Notice that ¢ — —oo as a — —o0o, which causes
errors in the evaluation of trigonometric functions for large |al.
With these definitions we have

Q(a, x) = G(pu)Mi(a, z) cos(¥ (a,x)),

U'(a,x) = G(u)Mz(a, ) cos(¢z(a, )) ,
P(,2) = a0 M o, 2) sin(es a,2), 55)

Vi(a,z) = ﬁmancwwm,x) cos(ta(a, ).

The moduli M; and Ms do not suffer from error degradation for large |a| in the
oscillatory region when the expressions in Eq. (55) or Egs. (40) and (43) are used.
This is trivially true because cos? ¢)+sin 1) = 1 for any phase function ¢, no matter
if ¢ is very large and the sin ¢ and cos ) values are completely inaccurate (however,
it is not numerically true that cos? ¢ + cos?(1p — m/2) = 1 for large ).

7. AIRY-TYPE ASYMPTOTIC EXPANSIONS

When a << 0, > 0, Airy-type uniform asymptotic expansions are given in [10]
(see also Section 3 of ([12]). Here we provide expressions for the scaled functions.

For large a in the monotonic region a > —x2/4, and for computing scaled PCFs,
it is convenient to absorb the remaining exponential factor in the Airy-type asymp-
totic expansions for the scaled PCFs by using scaled Airy functions [5] instead of
plain Airy functions (when their argument is positive). Indeed, this exponential
factor tends to cancel the dominant exponential of the plain Airy functions, caus-
ing large rounding errors. Also overflow/underflow errors take place. Therefore, for
a stable computation, the accurate evaluation of scaled Airy functions of positive
argument is needed. In [7], a Fortran 90 version of the code by Fullerton [4] is used
(the Fortran 77 code is available at Netlib). Algorithm 819 [5], which computes
Airy functions in the complex plane is also available, although for real computations
an approach based on Chebyshev approximations is more efficient. Also, we find
that for fixed precision the Chebyshev approach is more efficient that the method
considered in [3], which is partly based on the integration of the defining second
order ODE (see also [2]).

With the usual notation p = /2|a| and t = x/(24/]al), for the scaled U-functions
the expansions in terms of the scaled Airy functions read:

_ . AV (A3
Ula,x) = 2472~ 5G (1) () Ai<u4/3<>Au(<>+%Bu(o , (56)
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Ai(‘ifocm+A7’(u4/3<)Du(<>] ST
o

7 _ol/4_1/2 1/6G(N)
Ula,z) =2""1""p 50

For the V —functions, an alternative expression for the front factors to that in
[10] and [12] can be used which is better suited for large a, similarly as done in
Section 6.2 for the expansions in terms of elementary functions. Namely:

BY (u*/3¢)

~ B _ () .
Va,z) =2"4p UGm [Bl(u4/SC)Au(C) + TBH(C) ; (58)

1
G(p)S(1)#(C)

where G(u) is given by Eq. (49), S(u) is given by Eq. (52). /A\I(ZE), Q(x), Bi(z),
Bi’(x) are scaled Airy functions [5] for positive z and plain Airy functions for
negative x. This means that, for z > 0

Bi(u"/%¢)

Vi(a,z) = 2740 T c#<<>+1?i’<u4/3<wu<<>], (59)

2.3

— x /2 — 213/2
Ai(z) =’ Ai(z), Ai'(z)=e’ Ai'(z),

~ 2.8/ —~ _2,3/2 (60)
Bi() = ¥ Bi(a), Bi(x)=¢ ** Bil(a),

while /A\1(x) = Ai(z) when x < 0 and the same is true for the derivative and for
Bi(z) and its derivative.

The parameter ¢ is defined as ( = %@2/3 with © as given in Eq. (10) and the
values are taken in the principal branch. As a function of ¢

%(_C)3/2 = %afccos(t) — %t\/l -2, —1<t< 17(C < 0)7
(61)
%)_(OB/Z _ %t\/ﬁf— %log(t—l—\/ﬁ), t>1,((>0).
In addition
¢\
P(¢) = (H) ; (62)
[e'S) . > bs
a0~ B~ Y
o M =0 N (63)
s ds
GO~ Do~y EY
s=0 H s=0 H

The coefficients as(¢) and bs({) are computed through the expansions

oo

as(C) = aln', b.(¢) =223 bint, (64)
t=0

t=0
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where n = 2-1/3¢.
The coefficients ¢;(¢) and d4({) are given by

cs(€) = x(Qas(€) + a5 (€) + Cbs(Q) s ds(C) = as(C) + x()bs-1(C) + b5 1(C) , (65)

where

_ 6
R )

When ¢ is close to 1 (¢ close to 0) it is better to compute the functions ¢(¢) and
x(¢) through the expansions

(66)

$(Q) =273 " fin®, () =273 (67)
k=0 k=0

8. RECURRENCE RELATIONS

PCFs verify the following recurrence relations

U(a—l,x)sz(a,x)—i—(a—i—%)U(a—i—l,x), (68)
and

Vie+1,2) =2V (a,z) + (a— %) Via—1,z). (69)

We also have the following relation for the derivatives:

U'la,z) = —izU(a,z) — (a—i—%) Ula+1,z),

V'(a,z) = 32V (a,z)+ (a _ %) Via—1.2). (70)

It is easy to check that the recurrence for the U function in Eq. (68) has as a
second solution the V' function multiplied by a factor not depending on x and a sim-
ilar situation happens for the recurrence for the V function, Eq. (69). Exceptions
are the negative semi-integer values for the U-recurrence and positive semi-integer
values for the V-recurrence, as we will later discuss.

We can take as linearly independent pair of solutions of (68):

{y1(a),y2(a)} = {U(a,2),e"™V (a,2)/T(a+ 3)} (71)
for positive a and for negative a but a # —k + 1/2, k € N. Let us notice that
in the case a = —k + 1/2, k € N, the recurrence has only one linearly indepen-
dent solution. Indeed, setting a = —1/2 in Eq. (68), we have the constraint

U(=3/2,z) = zU(—1/2,z) and then all the sequences verifying the recurrence are
necessarily of the form CU(—k+1/2,z) with C a constant. It is then advisable not
to use this recurrence for computing V(a,z)/T'(a + 1/2) values, particularly near
negative semi-integer values of a.

For this recurrence and for a — 400 it is easy to check from the asymp-
totic expansions previously discussed that U(a,x) is a minimal solution because
limg— 400 1(a@)/y2(a) = 0. Indeed, from (28) and (34) we see that
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ly1(a)/y2(a)| = [T(a+ 3)U(a, x)/V(a,2)| ~ mexp(~2V/az). (72)

Therefore, U(a, x) is minimal for > 0 as @ — +o00. This means that, for positive
a, recursion for U(a,x) (V(a,x)) is only stable in the backward (forward) direction,
that is, for decreasing (increasing) a.

As a — —oo for fixed = the situation is quite different. Let us, for instance,
consider the recurrence relation (69), which is satisfied by the following pair of
independent solutions for negative a:

{wi(a), w2(a)} = {V(a,2),U(a,2)/T(3 — a)}. (73)

This is also a linearly independent pair of solution of the recurrence for positive a
but a #—-1/2+k, ke N.
Considering Eq. (40) we see that, as a — —oc:

wa(a) = U(a,x)/T(1/2 — a) ~ %(_a)a/%l/‘*e*a/? cos pla, ), (74)
where ¢(a,z) ~ ar/2 + 7/4 and

wi(a) = V(a,z) ~ i(_a)a/H/‘*e*a/? sin ¢(a, ) . (75)

™

Therefore any solution of (69) has the asymptotic behavior

y(a) ~ C(=a)*?~ /1= sin(¢(a, 2) + @) (76)

for some constants C' and ®. Clearly, no minimal solution exists as a — —oo for
fixed . This means that recursion is well conditioned in both directions for negative
values of a in the oscillatory region x2/4 + a < 0 and for any solution of the three
term recurrence. Only the usual accumulation of rounding errors will take place in
this case.

However, it is important to note that the behavior of the solutions for negative
a in the non-oscillatory region x2/4 + a > 0 is similar to the behavior for positive
a, particularly for not too small x. Indeed, considering a large fixed value of x, we
have that for large enough |a| in the oscillatory region (a < —z%/4) the solutions
w1 (a) and wa(a) are of the same size, but, when |a| << z, wi(z) is much larger
(exponentially) than ws(a) (Eq. (4)); then, we infer that wy (a)/w2(a) will increase
for increasing values of a (a < 0) in the non-oscillatory region. This can also be
checked by considering the uniform asymptotic expansions in terms of elementary
functions. As a — —oo in the monotonic region we have

wi (a)

wa(a ~ 2, (77)

~—

with & as given in Eq. (10). The ratio r(a) shows a steep increase as a increases,
particularly when z is large; indeed dr/da = 4log(t + 12 —1)e™ %% > 0. As a
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consequence, only if the a-values are inside the oscillatory region, both solutions
can be safely computed in both directions.

In summary, the U-recurrence (68) can be used to compute values of U(a,x) in
the backward direction (a decreasing). It can also be used in the forward direction
for values of a such that a < —z%/4. On the other hand, the V-recurrence (69)
can always be used in the forward direction, while the backward direction is also
possible for values of a verifying a < —x2/4.

9. COMPUTATION THROUGH INTEGRAL REPRESENTATIONS

The algorithms are based on non-oscillating integral representations which are ob-
tained by using methods from asymptotic analysis. A detailed study of how these
stable integral representations are obtained can be found in [6]. Our algorithms
follow the main results given in this reference. In the next sections, we give details
on the paths used for computing the integrals in each parameter region and on the
selection of the quadrature rules. Following [9], we will consider the application of
the trapezoidal rule with a suitable change of the integration variable (in particular,
we will use the erf-rule).

9.1 Computing fora >0, £ >0

For a > 0 we compute V(a, z) from the Eq. (33). We evaluate U(a, z) and U(a, —z),
a > 0, from stable integral representations.

9.1.1 U(a,x) and U'(a,z) for a > 0, x > 0. The starting point is the integral
representation for U(a, x)
e 1.2
Ula,z) = —— [ e %528 g7a 2, 78
@.0) = = [ = (79)
where C is a vertical line on which Rs > 0.
The positive saddle point of the integrand is given by

T
=t+Vt2+1, t=—.
wo + + 5 2\/6 (79)

Let us integrate (78) along the vertical through wy. We obtain

~ G4 vy o1/
Ula,x) = — e awlv — = I(a,zx), 80
= L e s v =0

where
Y(v) = %02 + % In(1 + v*/wd) + i [(2t — wo)v + arctan(v/wo)] . (81)
By replacing v — vwy, we obtain
e dv

I(a,z) = wo —ar(v) , ]9
(a x) Wo Lme \/H—w ( )

where now

P(v) = %02(111(2) +1)+ % [ln(l +0?) — 02} + i [arctan(v) — ] . (83)
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Next we take v = op, where o = \/2/[a(w + 1)], to remove a and ¢ (or z) from
the dominant part in the exponential function. This gives

° d
I(a,z) = U\/’wo/ v 2L

NiE e (84)

where now
¥(p) = p* + za [In(1 +v*) — 0] +iafarctan(v) — v] = ¢, (p) + ithi(p).  (85)

We separate the real and imaginary parts:

o d
I{a,z) = o\/wg / e V(P [cos y + i sin x]ipl, (86)
—o0 (1 —+ ’UQ)Z
where the imaginary part of the integrand is odd (and vanishes), and
x = —;(p) — %arctan(v). (87)

The real part is even, and we reduce the domain of integration to [0, 00). To get a
finite integral, we replace the upper limit by pg. Next, in order to get an integral
suitable for application of the trapezoidal rule (as explained in [9]), we substitute
p = poerf(r), where erf is the error function defined by

2 S
erf z = —/ e ' dt. (88)
VT Jo

This gives
I(a,x) = 4pgoy/ ! /00 —rematr(p) cog dr (89)
a,xr) = o/ Wy ——= e eV —_—.
Po 0 NG X 1+ v2)%
For the derivative we have
~ a3/
Ula,z) = — Ii(a,x), 90
(0,5) =~ 2=Iifa.2) (90)
where
Iy(a,z) = 2poo /ﬂ/ e_rze_mm(zﬂezx[1 /12 + 1+ iwov]%. (91)
a —00 (1 +v )4

The imaginary part of the integrand is odd and vanishes, the real part is even,
and we have

Ii(a,x) = 8poa\/@/ efrzefawr(p)[\/ t2 4+ 1 cos x — wov sin X]Ll (92)
a Jo (14v%)1
We choose an upper limit (by) of the r—integrals in (89) and (92), which can be
estimated from the expression exp(—b3) = ¢/10.
On the other hand, the upper limit pg follows from neglecting the logarithm in
¥, (p). Then, we estimate pg from the equation

e PO/ (wit) — ¢ /10, (93)
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where ¢ is the precision demanded in the computation of the functions.

For the p—integral this value is quite realistic. In the r—integral the damping
factor of exp(—7?) makes this value too large. However, at several moments in the
implementation of the trapezoidal rule, a check is performed to avoid too many
evaluations.

9.1.2 U(a,—z) and U'(a,—z) for a > 0, z > 0. For computing the V(a,z)
function and its derivative for a > 0 and = > 0, we will use Eq. (33). For this, we
need to compute U(a, —z) and U’(a, —z) for a > 0, x > 0.

We define
Ula, —z) = % J(a,z), (94)
U'(a,—z) = _% Ja(a, z), (95)

and using Eqs. (2.21), (2.23) of [6] we have:

o du
J(a,z) = / e~ ¥ (w) ,
—1 V 1 +u (96)

0 d
Ja(a,z) = / e~ (w) (\/ 241+ wou) - i =
-1 V

where
P(u) = %w%uQ +u—In(1+u). (97)
If we write u = op, o = \/2/(aw?), we obtain
J(a,x) = 0/ e V) = 98

where now
Y(p) = p* + alu — In(1 + u)]. (99)
A finite interval is obtained by replacing the upper limit by a finite value by. Because
¥ (p) > p? we take for by the number that is used in the r—integrals (89) and (92).
Next the finite interval [—1/0, bo] is transformed into [—1, 1] by writing
_ q _ 1+0bg
w+ag P 2bp
This keeps the origin at the saddle point, and we obtain

! dp dg
J(a,z) =0 e~ 2 ) 101
(a,2) /4 dg/1+u (101)

Finally we substitute ¢ = erf(r), which gives

1-— O'bo
= . 100
o (100)

p q1

20 © 2 1 dr
J(a,z) = — e e v P )
(@,2) = 70 oo (90 + 119)° VI +u

(102)
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We proceed similarly with Jy(a, x):

20 o 2 1 dr
Ja(a,z) = —=qo e e V) — _[V/12 41+ woul . (103)
VT ) (g0 + 19)° VI+u

In the algorithm [7] the interval [—oo, 00] is reduced to [0, o] by combining odd
and even parts of2 the r—integrand. The upper limit is replaced by r¢ obtained from
the equation e~"0 = ¢/10.

9.1.3 Wronskian relation for the integrals. From the Wronskian relation between
U(a,z) and U(a, —x)

WU (a,z),U(a, —x)] = ﬂ (104)

we obtain the relation for the integrals:

I(a,x) Ja(a,z) + Iq(a,x) J(a,x) =

. 105
T (105)

It is convenient to combine the computation of U(a,z) with that of U(a, —2x)
because of two main reasons:

(1) When computing the four quantities I(a, ), J(a, z), I4(a, x), Ja(a, z) in one al-
gorithm the Wronskian relation (105) can be used for a stopping criterion.

(2) The time needed for the evaluation of the error function is cut down to a
minimum.

9.1.4 Scaled functions a > 0, x > 0. By considering Egs. (80), (90), (94), (95)
and (33) the computation of the scaled functions can be summarized as follows.
The scaled U-functions read
~ 1/4 —~ 3/4
Ua,z) = ?/2/_71_[(&,:1:), U'la,x) = —C\L/2/_ﬂ_
where I(a,z) and I4(a,z) are computed by means of Eqs. (89) and (92).
For the V —functions the scaling reads

Ii(a,x), (106)

~ 1/4
V(a,z) = — [woJ(a,z) + sinmaM (a,z)I(a,z)]

- 5/4 (107)
V'(a,z) = & [\/woJ4(a, z) — sinwaM (a,z)I4(a, z)] ,

where M (a,z), as defined in Eq. (35). The same precautions regarding underflow
described in section 6.1 should be considered now.
J(a,z) and J4(a,z) are computed by means of Egs. (102) and (103).

9.2 Computing fora <0, z >0

As before, we define ¢t = x/(24/]al]). We will consider separately the monotonic
case t > 1, the oscillatory case 0 <t < 1 and the oscillatory case near the turning
points ¢t < 1.
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9.2.1 Oscillatory region: a <0 and 0 <t < 1. Our starting point in this case is
the following integral representation for the function Y (—a,z), fa < 1/2:

o dw
Y(—a,x) = (—a)fa/2+1/4/ e w) — (108)
0 Vuw
where
d(w) = %wz — 2itw — lnw. (109)

The function Y (—a,z) is related to U(a,z) and V(a,z) through the following
equation

\/gei%(aJr%)e%x?Y(—a, ) = Ula,x) +iT (% - a) V(a,z). (110)

We see that U(a,z) and V(a,z), a < 0, can be obtained by considering the real
and imaginary parts of (108).

In [6] it was shown that an approximation to the steepest descent path for the
integral (108) is given by w = u + iv with

(1
L ) Yy S S S (111)
utug 2¢/lal

The path of steepest descent follows from solving the equation

S¢(w) = Sp(wy), (112)
where wy = it + /1 — t2? is a saddle point and

¢(w+)=%+t2+2i(n—i7r), nz%(arccost—t 1—t2). (113)

The path (111) runs through the saddle point w4 = u4 +iwy, and has the same
slope at this point as the exact steepest descent path.

As remarked in Section 3.1 of [6], this path becomes non-smooth when ¢ ap-
proaches 1. A reasonable interval range for the application of the integral represen-
tations considered in this section is 0 < ¢ < 0.9. Specific integral representations
for the case t ~ 1 will be considered in a later section.

We integrate (108) with respect to u, using (111) for the corresponding values of
v. We write p =u — u4,q = v — vy and integrate with respect to p. This gives

Y(—a,x) = j(a—,x) /Oo e (p) (1 —i—z@) dp 7 (114)
VU Sy dp 1+ C

where

jla, ) = (—a)~ 21/ 4gad(ws) (115)

P(p) = s(p+iq)* — In(1+¢) — (], (116)

N | =
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and

p+ig Pop 2 dg PoP1

CZ y 4= y PO = U4V, p1:u++u y 3 T 7T o (117)
wy p+p Tdp o (p+p)?

We use an auxiliary algorithm for the evaluation of In(1 4 z) — z for small complex

z. This can be done by using a Taylor series, or by using auxiliary functions for

the real case. In the latter approach one has, with z = k + i1, Kk > —1,

In(1+42) —z = [In(1 + &) — & + (x> + 7°) + i {[arctann — n] — K},  (118)

where
-

14+ K

Take p = or, 0 = \/2/|a|, and take ro as the upper limit in the new integral. A
first estimate of ry is obtained from the equation e~ = £/10. This gives

jla,x) /”’ aw(p) < .dq) dr
Y(—a,z) ~ o——= e 1+i— | —. 120
( ) VU+ Jou, fo dp V1 C ( )

The finite interval [—uy /o, 7] is transformed to [—1, 1] by writing

E=2%k+Kr2+72, n=

(119)

s Uy + orp Uy — 0T dr S0
r=—" gm0 TR T 0 (121)
S0 + 818 2uro 2urg ds  (so+ s18)

Finally, this integral is transformed by using s = erfp, and we obtain, writing

Y(p) = ¥r(p) + i0i(p),

20 j(a,x) /OO 2 dr
Y(— ~ 2 p°+apr(p) 20 d 1929
(—a,z) vl 259(0) dp, (122)
where
.dq) 1 1
=(14+71— ) ———. 123
o) = (1+1%) o= = (123)

The interval [—oo, oo] can be reduced to [0, 00] by combining odd and even parts
of t?e p—integrand. The upper limit is replaced by py obtained from the equation
e~ "o =¢/10. By analogy with (3.14) and (3.23) of [6] we have

U(a,z) + il (% — a) V(a,x) =~

(124)
2\/§U|a|1/4 ei(2an+%7r) /PO e—;ﬁ-ﬁ-ad@(p)ﬁg(p) dp
7 f(a) “po ds ’
U'(a,z) + il (% — a) V'(a,z) ~
(125)

5/4
2v20]al”/ ei(2an+3m) /pU e*f“%(?)ﬁh(p) dp,
7f(a) o ds

where f(a) = (—a)*/?e~*/? and
h(p) = (t +iw)g(p) = [=q +i(p + u4)]g(p). (126)
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We write (cf. (3.17) and (3.24) of [6])
9(p) = 91(p) = iga(p), N(p) = hi(p) = iha(p). (127)

To obtain expressions for g;(p), we write ¢ = sin §, which gives w; = e¥. Further
we write In(1+¢) — ( = a+i8, and { = k + iT. Then

11+< 1 — o~ 3li0+In(1+0)] _ —5(sta)—3i(0+7+8) (128)

5

Hence,

d d
gi(p) = e 2t [costrsinxd—Zq)} , g2(p) = e 20 {Sinx - cosxd—f)] :

(129)
where y = —ay;(p) + 3(0 + 7+ 3).
The expressions for U(a,x), V(a,x), U'(a,z) and V'(a,z) functions written in
real form are

Ula,z) = \/g|a|‘11 [G1(a,x)cos ¢(a,z) + G2(a,x) sin p(a, )], (130)

U'la,z) = \/§|a|Z [Hi(a,z)cos ¢(a, x) + Ha(a,x) sin ¢(a, z)|, (131)
V(a,2) = ~Jal () [Ga(a,2) sin b(a,2) — Ga(a,2) cosgla,x)],  (132)
V(a,2) = Lol 5(1al) 1 (0,2) sin 6(0,2) — Hao,2)cos 6(a,2)), (139

with ¢(a,z) as given in Eq.(42) and §(|a|]) was defined in Eq. (21). The integrals
Gj(a,x) and Hj(a,x) can be computed by means of the following approximations

2 po d
Gj(a,z) ~ _0/ e—p2+awq~(p)_rgj(p) dp,

T J_po ds

(134)

20 [P° 2 dr
. ~ 22 p tar(p) 2 g
H](a,x)_ \/_/poe Sh](p)dp.

During the computations, these four integrals can be used in the Wronskian relation

H\Go — G1Hy = m - ﬁ [1 +0 <i>} (135)

|al
to verify if the requested precision has been obtained.

9.2.1.1 Computing ¥ (p). Using the quantities introduced earlier we have for the
function ¥ (p) of (116):

¥(p) = 5(0° — %) +ipg — (a +if), (136)
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a:%[ln(l—i—{)—{]—i—%(m?—i—TQ), £ =2k + k> + 72, (137)
3 = arctan(n) — n — & S (138)
= m ==K 0=
K=puy+quy, T=quy —pog. (139)

For small values of p the real part of ¥(p) is of order p?, unless t — 1, which
we exclude. For the imaginary part we have order p? when p is small. This is
not evident from the above quantities, and some extra care is needed to obtain the
correct order in a numerical computation. We have

KT
1+ k

The first two terms are O(p?), the last term is O(p*). So we need to combine the
first two terms. We write

SY(p) = pg + [arctan(n) — 7). (140)

Po 2 RT 3
q p1p+up, T = AT+ AP (141)
Then
1 2(ppupr —
p1(p+p1) (I+ug)(1+ k)
Because
@p + kT =0, (143)
P1
we obtain
SY(p) = P (2upp + A+ uyvyp®p) — [arctan(n) — 1], (144)

and this representation shows the correct behavior for small p.

9.2.2 Oscillatory region near the transition points: a < 0, ¢ < 1. For values of ¢
close or equal to 1 the approach of the previous section is not efficient. For ¢t <1
it is better to modify the method of computation, by choosing a path that remains
smooth when ¢ — 1. In the algorithm [7] we use the approach described in this
subsection for 0.9 < ¢ < 1.

We integrate (108) with respect to v, using p = u — u4,q = v — v4 and the path
defined by

1+ U4 1

P=qq+qd, o= . 2= (145)
V4 1}+

This path has the correct slope at the saddle point, except when ¢ = 1. We have
(again we assume in this notation that a > 0)

Y(—a,x) = j(a—,x) /OO 2% (9) (@ —l—i) dp 7 (146)
VWt Sy dq 1 +<

where now

¥a) = 3o+ iaf ~ [ (1+0) ~ . (147)
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Again, the computation of 3¢(q) needs some care for small values of ¢. This time
we have

$0(q) = pg + Ty~ farctann — ), (148)
and
3 2 2
KT q 9  1+ug+ul Utpq
= 1 . 149
pq+1+l€ v (14 k) Ut vy 7t vl (149)

9.3 Monotonic region: a < 0,t>1

The saddle points are now purely imaginary:

wo =it —i/t2 -1, wy =it+ivVi2 -1 (150)

The path of steepest descent starts at w = 0, runs through w_ and w4 on the
positive imaginary axis, and from w4 to +o0.

We consider the expressions (3.40) and (3.46) of [6] (but, as before, we consider
a < 0 in our notation)

U(a,x)+ il (% - a) V(a,x) =

. 1
2 e | €™ /Eﬂ () Fla,2) /T+ —ad(v) W
—la - e? 0)do +1 e P\
\/;" Flad) Jy 90 b+ ), 7o

where f(a) is as in Eq. (12).

] (151)

U'(a,z) + T (% - a) V'(a,z) =

1 L 152
2 eami T Fla,z) [ = dv (152)
Zlaft | =—— / e~ On(9)do + i (a,2) / e (t —v)—
™ F(a,x) Jo f(a)? Jo v|’
where £ is given in Eq. (10),
P(0) = %72 c0s20 + 2trsinf — Inr — t2 — %, (153)
h(0) = (t + iw)g(6), (154)
e1'0/2 dr .

and

o(v) = %’U2 —2tv+1Inv — %r% +2tr_ —Inr_, rp=t+\t?-1. (156)
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If we write

eimig(0) = g1(0) + iga(0),

ei™h(0) = hy(0) 4 ihy(0), (157)

where ¢;(0) and h;(0), i = 1,2, are real, we find that the scaled functions can be
written:

Ula,z) = \/§|a|1/4c;1, (158)

—~ 2
ww@—J]W“m, (159)
iy

~ 1
V(a,x) = —lal'/* (8(a))G5 + N(a, 2)G), (160)
= 1
V'(a,z) = ;Ialg/4 (B(la[)Hs + N(a,z)Hz), (161)
where
Nao)= —— V2T (162)
(5 —a)F(a,z)
B(|al) is given by Eq. (21),
G, :/2 e ©)g.(9)dh, for j=1,2, (163)
0
T+ 7\ dv
G :/ e—0¢(v) — 164
3=/ 7 (164)
Hj=/2 O p;(6)do for j = 1,2, (165)
0
and
T4+ -
H3:/ e—“d’(U)(t—u)@. (166)
0 v

The second term for the V-function and the derivative is always noticeable close
to the turning points, that is close to 2/4+a = 0, because if t = 1 then N(a,z) =
B(lal). For larger ¢, N(a,z) may become very small; in particular, for a = 0
we have that N(a,z) = \/56‘””2/2 which becomes negligible for large x. In these
circumstances, the second term should be neglected in order to avoid underflow
problems. Writing

N(a,z) = B(jal)e'* (167)

it is easy to avoid underflow problems by controlling the size of the argument in
the exponential.

In the algorithm [5], the 6—integrals in (151) and (152) are replaced by integrals
along the half-line Sw = Sw4, Rw > 0. The slope at the saddle point w4 is correct,
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except when t = 1. Taking real and imaginary parts and considering the integrals
for the derivatives, this results in the computation of four integrals.

The v—integrals in (151) and (152) are split up into integrals over the intervals
[0,v_] and [v_,v4]. So, together with the corresponding integrals for the deriva-
tives, we again have to compute four integrals for the V —integrals.

We exploit common properties of these integrals and we compute the eight in-
tegrals in one algorithm, using the following Wronskian relation to verify if the
numerical precision has been obtained:

N(a,x)

T
G1H3—H1G3+ (GlHQ —GQHl) = ——. (168)
B(lal) lal5(lal)
Let (see (150)) wy = ivy, ve =t £ +/t? — 1. The f—integral in (151) equals
o du
G = W) — 169
/0 ¢ VuF vy (169)
where
P(u) = %uQ - %ln (14 u*v?) +i[arctanuv_ — uv_]. (170)
We scale by writing v = op, 0 = /2/|a|, and obtain, using v_vy =1,
.
oge~ 1Tt [ o dp
oo e (p) —it6i (1) _ 171
VUr /0 ‘ VI—iuv_’ (171)

where

0r(p) = (po-)? |20 /E=T = Lo 20 (172

A = -2 =E = w2 (173)
2
¥i(p) = —a[arctanuv_ — uv_]. (174)

We replace the p—interval [0,00) by [0, po], substitute p = rpg, and finally r =
%erfc(— p), where erfc z = 1 — erf z is the complementary error function. This gives

G~ ge 1T [ e P2 —¥r(p)—iti(p) 7dp (175)

VT Jos VI —duv_’
The value of pg is obtained by solving for p the equation

e 20 VEE=T(pv-)?— L (pv-)* _ £/10. (176)
This value is too small, but one Newton iteration using v, (p) gives a value that is

too large, but which is accepted.
For the corresponding #—integral for the derivatives in (151), we have

.
— 1 o] ) d
o \/50% LR (/s ﬁ, (177)
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In the representations of 1, (p) and 1);(p) we can control the precision by using
special algorithms for In(1 + x) — 2 and arctanz — « for small z. Small values of
u, p and r correspond with large negative values of p, where small values of the
p—integrals happen, because of the factor e . Hence, very accurate values of
¥, (p) and 1;(p) are not needed for small values of p.

Next we have to consider (see (163))

ks =\ dv
G31 = —ad(v) 178
" / omeF 2, (178)

where (;(’U) is given in (156) with r_— = v_. Put v = 0¢ + v_ to obtain

Gz = U/q1 e V(@ da vy —ve 2V~
0

S - = 1
/70_(] T ’U,7 q1 p p ) ( 79)

where
o) = —a{o- VP =1 = [m(L+p) —p+ 32|}, p=ovia.  (180)

For large ¢t we have

av_\/t2 — 1p* ~ 4dat?o?, (181)
and we take

1 1
o= — =~ (182)
2ty/la] ®

The next steps are: ¢ = qir,7 = gerfc(—p). This gives

Gy = 22 ~ ) dp

—_. 183
NZ - N (183)
For the integral
U= Ty dv
G32 = / efaqb(v)_’ (184)
0 v

we put v = v_ — oq, again with o = 1/z. For the integral Hs of (165) we proceed
in the same manner.

10. COMPUTATIONAL ASPECTS.

In this last section, we provide some additional details on the numerical implemen-
tation of the different approximations given in this article.

10.1 Attainable accuracy: condition numbers.

The first important aspect to be considered is the impossibility of building an
algorithm, based on fixed precision arithmetic, with uniform relative accuracy for
any range of the parameters of the parabolic cylinder functions. The attainable
relative accuracy is limited by the condition numbers of the functions with respect
to their parameters. We can estimate the condition numbers by taking into account
that the asymptotic behaviour of PCF is governed by the factor f(a,z) (7).

Let us first study the condition numbers for F(a,x) = |f(a, z)| and leave for later
the condition numbers caused by the phase of f(a,z). With this approximation,
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the condition number for the V-function with respect to a with fixed t = x/(21/a)
can be estimated as follows
oV (a,z)/0a

Co(V)=a——— ~Cy(F) =

OF/0a
a2
V(a,x)

= log(e?/?F) . (185)
This means that for large |a| a relative error in a, €.(a), is amplified by a fac-

tor |Cq| ~ |—g—| log(|a]) when computing the V' function. The same is true for the

derivative and the U function and its derivative. Then, for instance, with a typi-
cal double precision machine-epsilon of € = 2.2107'6, the best attainable relative
accuracy when |a| = 100 is €|Cy| ~ 10713,

The condition number with respect to x and a fixed reads

C,(V) = xw ~ C.(F)=

w(’“)F/@:C . z?
V(a,x)

F 4

which is the same as the condition with respect to t.
The next figure shows the regions determined by the conditions that both |C, (F)]
and |Cy(F)| are smaller than a given number (100 and 500).

60 - T - T - - 200 - T - T - T -
a0 -
100 \ |
201 — [ \ |
\ \
\ ] o \ i
\ \
a o \\ — a A
\
\
\ 1 -100~ \ N
20— AN B v
\ \\
L Y 1 \
N 200 ———
a0k N i
N
\
2
60 . | . I . I | 300 . I . I . I .
0 5 10 15 20 0 10 20 30 40
X X

Figure 2. Regions where both condition numbers, |Cy(F)| and |Co(F)| are smaller than
100 (left) and 500 (right). The dashed lines correspond to the condition with varying = and fixed

a while the solid lines correspond to the condition for varying |a| and fixed t.

The problem of bad conditioning can be circumvented by considering variable
precision arithmetic with an increasing number of significant digits when the con-
dition numbers become large. With fixed precision arithmetic, the best solution
consists in scaling out the dominant exponential factor. This is also convenient for
variable precision because the bad conditioning is isolated in the computation of
an elementary function.

For scaled functions, the condition of the exponential of imaginary argument (os-
cillatory region) is the main concern. This is related to the evaluation of trigono-
metric functions for large arguments, which limits on the attainable accuracy, par-
ticularly in the oscillatory region. Considering the representation in Egs. (55) and
(130)-(133) we get that, for instance, the condition number for V with respect to
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a for fixed t can be estimated to be

C,(V) = aaVéaa 681;;2)/8@ = 2|aln/tan; . (187)

The condition number may get large for two reasons: first, because for large
|a| the argument of the trigonometric functions becomes large (factor |a| in Eq.
(187)); second because the function has zeros and at the zeros relative accuracy
loses meaning (factor tan;). The first effect becomes noticeable for large |a| while
the second one takes place also for small a. Notice that for x = 0 the zeros are
U(—2k+1/2,0) = V'(=2k +1/2,0) = 0, V(-2k + 3/2,0) = U'(—2k + 3/2,0) =
0, k € N (Eq. (2)). This loss of precision is unavoidable with fixed precision
arithmetic.

The moduli functions defined in Eq. (53) are not affected by the loss of precision
caused by trigonometric function evaluations. In this sense, the routines in [7] can
be considered satisfactory because they provide accurate values for V and U for
moderate values of the parameters (not very close to zeros of the functlons) and

the moduli functions can be computed with uniform accuracy from the V V’ U
and U’ values.

For positive a, the scaled V' functions may also show large condition numbers
when z is small. In particular, using Eq. (17) we see that, when z =0

cosTa

Co(V) ~ 7a = ma/tanm(a/2 — 3/4). (188)

1+ sinma

This loss of precision is higher as larger a is considered and as values closer to
the zeros of V' (or V') are considered. The loss of precision due to these zeros is
only noticeable in a very restricted region close to = 0. Considering Eqs.(34), we
see that the loss of precision by cancellation will take place for z << y/a, when the
two terms are of similar size (see Eqs. (37) and (38)). As commented before, for
very small ¢ it is preferable to use Maclaurin series instead of uniform asymptotic
expansions or integrals because the cancellations are explicit at x = 0 with series
(Eq. (17)).

It is important to stress that the Wronskian relations are insensitive to error
degradation caused by the bad condition of the exponential and trigonometric func-
tions. These errors are exactly canceled out in the Wronskian.

10.2 Applicability of the different methods

As commented before, when building an algorithm which is able to produce results
which are well-conditioned, it is important to consider methods for which the dom-
inant exponential factor can be factored out. This is also important in order to
enlarge the range of computation of the functions. Among the different methods
of computation considered, in all the asymptotic expansions, except the Poincaré-
type expansion, the scaling factor F'(a,z) can be factored out exactly. The same is
true for the integral representations considered. For both the Poincaré-type asymp-
totic expansion and Maclaurin series, the scaling factor F'(a,x) can not be factored
out exactly and an exponential term remains. In both cases, the remaining factor
does not overflow or underflow in the natural region of application of each of these
methods (,T\/m small for series and = >> \/m for Poincaré asymptotics).
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The regions in the (z,a)-plane where the different methods can be applied are
very similar for the U and V functions, except for Maclaurin series and the re-
currence relations. The integral representations can be used almost without re-
strictions, except when |a| is small, as can be understood by noticing that the
Wronskian-type relations satisfied by the integrals are singular at a = 0; addition-
ally, the paths of integration and the saddle points become singular as a — 0 for
fixed = (because t = x/(24/|a] — 00). Uniform asymptotic expansions in terms of
elementary functions when 22 /4+a > 0 have the double asymptotic property of be-
ing valid for fixed ¢ and large a and for fixed |a| and large ¢. This means that these
expansions can also be used for quite small |a| when z is large. Uniform asymptotic
expansions in terms of Airy functions can be used in large regions of negative a and
they are particularly useful around the curve of turning points 22/4 + a = 0.

Maclaurin series are (as happens with recurrence relations) a method of compu-
tation for which the regions of application for U and V are quite different. Notice
that both U and V are built from the combination of the same two series y; and
y2 (Eq. (14) but that U decreases exponentially as a becomes large for fixed z > 0
and when © >> a while V increases exponentially. Therefore, for large a and/or
large x cancellations are expected in the computation of U.

Recurrence relations are the only method considered for which it is not possible to
factor out satisfactorily the scaling factor. For this reason, they can only be applied
for plain PCFs (not scaled). The application of recurrences starting from pre-
calculated function values can be considered with the following restrictions: first, a
method to compute accurately the starting values should be available; second (and
related) the parameters should not be too large in order to avoid a bad conditioning
for the computation of the starting values (also overflow/underflow problems, which
are a less limiting condition); third, the recurrences should be applied in the stable
direction for the solution under consideration.

The last condition implies that, when z2/4 + a > 0, the V(a, z) function should
be computed in the direction of increasing a while the U(a, z) has to be computed in
the direction of decreasing a. For 22 /4+a < 0 there is no preferred direction for the
application of the recurrence and both directions are possible for both functions, but
recurrence in this region has the problem of the bad condition of the function values
(particularly near the zeros of the functions). In addition, using the recurrences
when there is a preferred direction of application is a more stable process (when
the right direction is chosen) than applying the recurrence when all the directions
have the same condition.

For the U, we can consider starting values for positive a and then apply backward
recurrence; the starting values can be, for instance, computed by means of the
uniform asymptotic expansions of Eqs (28), (34). The starting a values should be
large enough so that the asymptotic expansion is accurate enough but not too large
in order to avoid bad conditioning. For the V' the direction of application of the
recurrence is the opposite and, if asymptotic expansions for computing the starting
values are to be used, one should consider negative values of a of large enough
modulus, but again not too large in order to avoid bad conditioning.

In the accompanying paper [7], we provide a detailed description of the selection
of the regions in the (x,a)-plane where each method can be applied in order to
compute the scaled functions for an aimed relative accuracy of 51071* (except
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close to the zeros of the functions).
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