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Abstract

An algorithm and a MATLAB implementation for computing the Kummer function
U(a, b, x) and its derivative is given in this paper. The algorithm is efficient and
accurate. Numerical tests show that the MATLAB algorithm allows the computation
of the function with ~ 10~!4 relative accuracy in the parameter region (a, b, x) €
(0, 500) x (0, 500) x (0, 1000) in double-precision floating point arithmetic.
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1 Introduction

Many applications in physics and engineering involve the computation of confluent
hypergeometric functions or some of their particular cases (Airy and Bessel func-
tions, Laguerre polynomials, parabolic cylinder functions etc.) See [1, 2, 8, 12] or
[11, §13.28] for some examples of applications in physics. As an additional example,
in recent work we have obtained expansions for the relativistic Fermi-Dirac inte-
gral and its derivatives (of great importance in stellar astrophysics) where confluent
hypergeometric functions play a key role [3, 5].
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In spite of their importance, few algorithms are available in double-precision
floating point arithmetic for the computation of any of the standard solutions of
the Kummer’s equation in the case of real or complex parameters. For the function
M(a, b, x), some algorithms can be found in the literature (see [9, 10]); however,
for the second solution U (a, b, x), no double-precision algorithms with good uni-
form accuracy seem to be available, as far as we know. For example, the SLATEC
library [16] includes the Fortran 77 function dchu . £ which implements the conflu-
ent Kummer function U (a, b, x) for real parameters a, b and argument x. However,
one has to be careful when using dchu. £ to compute U(a, b, x) when a or b are
large in comparison to x because a significant loss of accuracy occurs in the com-
putations. Another example of a double-precision implementation for the Kummer
U (a, b, x) function which is not free of accuracy problems is the function hyperu
included in the SCIPY [7] module scipy.special. Having accurate efficient double-
precision implementations is of interest in, for example, applications where a large
number of function evaluations are needed (such as in the condensed matter or astro-
physical calculations). On the other hand, extended precision implementations are
given in Mathematica, Maple or Arb [6].

In this paper, we describe an efficient and accurate algorithm implemented in
MATLAB for computing the Kummer U (a, b, x) function and its derivative. The
function U (a, b, x) satisfies the following integral representation

1 /m e A+ P ar (1.1)
I'(a) Jo ’

Ua,b,x) =

valid for Ha > 0,5 € Cand x > 0.

In the algorithm, we consider real positive values of the function arguments
a, b, x. The algorithm uses series for small values of the parameters, asymptotic
expansions for large values of the parameters and a double-precision implementation
of the algorithm described in [14] in the rest of cases. Our numerical tests show that
the resulting algorithm is both accurate and efficient.

2 Computation for small values of the parameters

For0 < a, b < % and 0 < x < 1, we use the series given in [4] for the Kummer
function U (a, b, z) and its derivative

ra-» nbz > "
Ul bz = — 00 . D wn—,
Fl@a—-b+1)  sin@h)l(@l(@—b+1) = " m!
b > "
U'(a,b,2) = 4= 2.1
@53 = QP @ra—b+1) P Y @D
where the coefficients w¢ can be written in terms of the wy, coefficients

wd = (m + Dwy, + zw),. 2.2)
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The coefficients w,, satisfy

L (2.3)

Um
where
Uy = (Am - Bm)/bv
Uy = Tm+2)I'b+m+ DI'Q2 - b+ m). 2.4)
with Ay, = Tm+ DR —=b+mTa@a+m+1)and B, =z °Ta—-b+1+
m)I'(b + 14+ m)I'(m + 2).

To compute w,,, for m = 1,2, ... using (2.4), it is convenient to obtain a stable
recursion for u,, when b is small. It is possible to verify that

Umt1 = (@mAm — bnBp) /b = apuy + dy By,
dm = (@m — bm) /b, (2.5)
where
Ay = Cpy — <m2+(a+2)m+a+1>b,

bn = ¢+ (m+2)(a — b)b,
cm = (m+1m+2)(m+a+1),

dy = —<m2+2m(a+1)+3a—|—1)+(m+2)b. 2.6)
The starting uq value of the recursion given in (2.5) is computed as ug = vowo,
where vy = (;igzg)h and for calculating wg, we use
80 -
wo = o (1+7rg2— g3 —rg08581 + 2586) » (2.7)
wherer =b — 1,7, = —e4 logzw with g = —glogz and
g3 =G(0,-b), ga=1—bgogi, g5 =1+bgs, g6 =1—Dbgs. '
with
G(a, b) ! ! (2.9)
a,b) = - - . .
b\T'a+1+b) T(a+1)
For computing G(a, b), we use the series
> 1
Gla.b) = Y ctd®.  dk) = 4 ((a +h)k! - a’H) , (2.10)
k=2

where the first three c(k) coefficients are c(2) = 0.57721566490153286, c¢(3) =
—0.65587807152025388 and c(4) = —0.04200263503409523. More c(k) coeffi-
cients are given in Table 1 of [4].
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3 Algorithm based on the use of recurrences

One of the key ingredients in the algorithm described in [14] to evaluate U (a, b, x)
is the use of three-term recurrence relations satisfied by the function with respect to
the parameters a and b.

With respect to the a parameter, we have

U@a—-1,b,x)+ b —2a—x)U(a,b,x)+a(l+a—-b)U(a+1,b,x) =0, (3.1)
and with respect to the b parameter,
b—a-1DU(@,b-1,x)+10—-b—x)U(a,b,x)+xU(a,b+1,x) =0. (3.2)

As discussed for example in [13], the Kummer function U (a, b, x) is the minimal
solution of the three-term recurrence relation (3.1). Therefore, the forward compu-
tation of the recursion is ill-conditioned and backward recursion should be applied.
On the contrary, U (a, b, x) is a dominant solution of (3.2) and forward recursion is
possible.

Briefly, the algorithm described in [14] uses a sophisticated version of the back-
ward a-recursion to compute U (a, b, x) for 0 < b < 1. This recursion is computed
using starting values given by asymptotic expansions in terms of Bessel functions (for
small x) or Miller algorithm’s when x is not small. For » > 1, backward recursion
(3.1) is first applied to a value b=b— [p] in the interval [0, 1]; then, the forward b-
recursion (3.2) is applied. Technical details can be seen in [14]. This algorithm works
very well in extended precision; however, in double-precision floating point arith-
metic, some loss of accuracy could appear when using the recursions for large values
of the parameter a. This is the reason why it is better to use an alternative method of
computation for large values of the parameters, such as the expansions described in
the next section.

4 Asymptotic expansions for large values of the parameters

We consider the recent expansion given in [15]

Ula,b+1,7) ~ ez _“po(/,L)Z( 1)"""(“), z — oo, @.1)
n=0 <
where
1 —
po(u) = i , A=p(@E —-Int—1)—aln(l — ut),
But? —2ut + 1
2
fo = K 4.2)

BH1+VB+1D>—du

witht =fy/u, B =b/zand u = (b — a)/z.
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The first coefficients of the expansion (4.1) are

po(w) =1,
ut3(l — 1) (,u2r4 —utd +8ut? -9t + 1)

pi(n) = 2 — e — 1) ,
4
- uti(t —1) 59 538 4.8 4.7 4_6
= — -2 18 — 304
p2(1) 3880ir? — Dot — 102 (M TRt wtt 4+ 18u't w'T

+u3t7 = 35370 + 1396310 — 9303 ct + 1827 — 18924 %%

+2610p%73 — 3041272 + 801t — 240372 + 595t — 1

+7207 — 288). (4.3)
4.1 ExpansionforU’(a,b + 1, 2)

For obtaining the asymptotic expansion of U’(a, b + 1, z) we consider the relation
U'a,b,z) = —aU(a+1,b+1,72), 4.4
and use the integral (see (4.3) of [15])
PIT( 4+ 1) (0+) et

Ula,b+1,2) = A=0"tdr,  (45)
2mwi
where A = b — a. We write this in the form
—b—1
'a+1 dt
U'la,b+1,2) = ﬁ/ PO (4.6)
t(1—1)’
where, with © = A/z,
2
1“ — 1)t
o) =t —aln(l —1) —plnt, ¢'@) =— §€1+ t)) + M. 4.7

The function ¢ (¢) is the same as used in [15, §3], and the saddle point 79 and the
coefficients are the same as used in that section, up to a factor (—1)". We obtain the
expansion

U'la,b+1,2) ~ —ae*z7% ! fy(w) Z( n" f"(u) 7 — 00, (4.8)
n=0 -
where
n ()
A=¢t)) —p+plnpg,  fuu) = 4.9)
o(n)’
and
w o
= = . 4.10
folw) \/ﬁt& —2uto + \/(1 —10) (u—13) 10

The saddle point #( is given by

2u
11 By = L@
S A Sy s o vl
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with expansion
2

1 W 3
fo = (9( ) 0. 4.12
0 ﬁ+1+(ﬁ+1)3+ jz w—> (4.12)
The first few f,; coefficients are ﬁ) = 1land
~ 1 5 (127 = 1B3pPtt — prt 4 21ped 4+ 4pur? — 912 — 27 — 1)
T (ue? — Dd(ur — 1) ’
z 1 prt 5_10 5.9 5.8 4_9
= — — 26 313 -2
= R e = PG — 172 (”“ ¢ R

+68u*t® — 16904 t7 + mut® + 10484 % — 60u3 <7

+325537% — 3958137 + 18216 + 186314 — 26781277

+5462u% 7% — 490273 + 801t — 8212 — 32761

454072 + dut + 72072 4 — 1441:) . (4.13)

5 Numerical testing and algorithm

The set of MATLAB functions implementing the methods used are:

1. Uabxsmall (a, b, x). Implementation of the method given in Section 2.
2. Uabxrec(a,b,x). Implementation of the method given in Section 3.
3. Uabxexpan (a,b,x). Implementation of the method given in Section 4.

For testing the computation of U(a, b, x) and U’(a, b, x) using the different
methods, we consider the recurrence relations
aU(a+ 1,b,x)+U(a,b—1,x)
Ula, b, x)
(a— DU (a,b—1,x)+U'(a—1,b—2,x)
U—-1,b—1,x)
Also, for testing the method in Section 2, we consider the following alternative
relation

= 1. 5.1

(a—b+x)U(a,b,x) —xU'(a, b, x)
U(a —1,b,x) o
When using this relation, values @ ~ b should not be included to avoid the loss
of significant digits by cancellation. We have randomly generated 10° values in the
parameter region (a, b, x) € (0, 0.5) x (0, 0.5) x (0, 1) for testing (5.2) using
Uabxsmall (a, b, x). The results obtained show that for more of the ~ 98% of
the points, the obtained accuracy was better than 10~'4. Also, for the same param-
eter region, this method is more than a 20% faster than the method implemented in
Uabxrec (a,b, x).
In Figs. 1 and 2, we show the accuracy obtained when using the expansion
(4.1) and (4.8) implemented in the MATLAB function Uabxexpan (a,b, x) to
approximate the values of U(a, b, x) and U’(a, b, x). We take n = 5 terms in both

1. (5.2)
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x=0.8 x=15.3

Fig. 1 Test for the expansion (4.1). The blue (green) points indicate the region where the function values
are close or under (above) the underflow (overflow) limit in double-precision floating point arithmetics.
The red crosses indicate points where the error obtained when testing the first of the recurrence relations
in (5.1) is greater than 10712

expansions. We check the recurrence relations (5.1) for few fixed values of x in the
region (a, b) = (0, 500) x (0, 1000) with 20,000 random points. The red crosses
indicate points where the error obtained when testing the recurrence relations (5.1)
is greater than 10~ !2. The blue points correspond to function values very close or
under the underflow limit in double precision. The green points correspond to func-
tion values very close or above the overflow limit in double precision. As can be
seen, the expansions are not accurate, in general for @ small or when x is small,
for all values of @ when the b-values are not large. As we have shown, the function
Uabxsmall (a, b, x) works very well (a, b, x) € (0, 0.5) x (0, 0.5) x (0, 1).
For other small parameter values, the algorithm implemented in Uabxrec (a, b, x)
can be used. For x small, we have made a slight modification in the original algo-
rithm and we use a scaled version of the a-recursion in order to avoid the loss of
significant digits for large values of a when computed in double-precision floating
point arithmetics.

0 100 200 300 400 500 0 100 200 300 400 500
a a
x=82.4 x=190.6

a a

Fig.2 Test for the expansion (4.8). The blue (green) points indicate the region where the function values
are close or under (above) the underflow (overflow) limit in double-precision floating point arithmetics.
The red crosses indicate points where the error obtained when testing the second of the recurrence relations
in (5.1) is greater than 10712
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Taking into account the results obtained in the different tests of the methods, the
resulting computational scheme is given in Algorithm 1. This algorithm is imple-
mented in the MATLAB function Uabxcomp.! The front factors in the expansions
(4.1) and (4.8) are used in the full algorithm as an estimation of the function value to
avoid possible overflow/underflow problems.

For testing the accuracy of the full algorithm for computing U (a, b, x), we have
considered 10® random values in the parameter region (a, b, x) € (0, 500) x
(0, 500) x (0, 1000). Of all the randomly generated points, 2.64 x 107 were points
not in the underflow or overflow regions. The results show that at approximately
54% of these points, the accuracy is better than 10~14, while at around 43% of the
points the accuracy is between 10~'% and 10~!3. The maximum error obtained was
~ 1071, at a point for which the function value was close to the underflow limit.
See also Fig. 3. Similar results were obtained for the derivative.

Require: x > 0,a > 0,b >0
Ensure: U(a, b, x), U'(a, b, x) and iov (overflow flag)
Set huge= 10739 and dwarf= 107310,
ifa <05&b<05&x <1 then
Use the function Uabxsmall (a, b, x)
elseif x < 1.4 & b < 30 then
Use the function Uabxrec (a, b, x)
else
Compute F = e Ax~4 in Section 4 to decide whether (iov = 1)ornot (iov =
0) the function value surpass the overflow limit.
if iov = 1 then
Return U (a, b, x) = huge and U’(a, b, x) = huge.
else
Compute F = ¢*Ax~9 for b = 10719,
Set logical p = (a > 50)&(b > 50).
if F > dwarf & not p then
Use the function Uabxrec (a, b, x)
else
Use the function Uabxexpan (a, b, x)
end if
end if
end if

Algorithm 1 Computation of the Kummer function U (a, b, x) and its derivative.

As an additional test, we have compared our function Uabxcomp against the
intrinsic MATLAB function to evaluate the Kummer U (a.b, x) function which is
called kummexrU. This function, included in the symbolic math toolbox, provides

I'This function is available at http://personales.unican.es/gila/KummerUeval.zip
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0 100 200 300 400 500

Fig. 3 Test for the combined algorithm. The blue (green) points indicate the region where the function
values are close or under (above) the underflow (overflow) limit in double-precision floating point arith-
metics. The red crosses indicate points where the error obtained when testing the first of the recurrence
relations in (5.1) is greater than 10712

also floating-point results for numeric arguments. When checking the accuracy
obtained in comparison to our function, the tests reveal that for some parameters, the
computations obtained with kummerU are not accurate. For example, in Fig. 4, we
show that the calculation of U (a, b, x) using kummerU in MATLAB R2022b gives a
negative number for certain values of the parameters (U (a, b, x) is non-negative for
x >0, a >0, b € N). With respect to computational efficiency, the computations
with kummerU take much more time than those obtained with our algorithm, but
this is expected since kummerU is part of a symbolic package. As an example, the
computation of 500 function values with random arguments in the parameter region
(a, b, x) € (0, 500) x (0, 500) x (0, 1000) took 9.4 10~ 2 s using Uabxcomp and
199 s using kummerU. The results have been obtained using MATLAB R2022b in a
PC with 8 GB RAM and Intel Core i5-4310U processor.

x=10.1

70 " ;

T T T

C [=ule o H ORa N &
40 60 80 100 120 140 160
a

Fig. 4 Example of points in the (a, b)-plane where the calculation of U(a, b, x) using the intrinsic
function in MATLAB R2022b gives a negative number
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