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To apply the incomplete Galerkin method to the problem of the scattering of
electromagnetic waves by lenses, it is necessary to study the differential equations for
the field amplitudes. These equations belong to the class of linear ordinary differential
equations with Fuchsian singularities and, in the case of the Liineburg lens, are
integrated in special functions of mathematical physics, namely, the Whittaker and
Heun functions.

The Maple computer algebra system has tools for working with Whittaker and Heun
functions, but in some cases this system gives very large values for these functions,
and their plots contain various kinds of artifacts. Therefore, the results of calculations
in the Maple’11 and Maple’2019 systems of special functions related to the problem
of scattering by a Liineburg lens need additional verification. For this purpose, an
algorithm for finding solutions to linear ordinary differential equations with Fuchsian
singular points by the method of Frobenius series was implemented, designed as
a software package Fucsh for Sage. The problem of scattering by a Liineburg lens
is used as a test case. The calculation results are compared with similar results
obtained in different versions of CAS Maple.

Fuchs for Sage allows computing solutions to other linear differential equations
that cannot be expressed in terms of known special functions.

Key words and phrases: linear differential equations, Whittaker functions, Heun
functions

1. Introduction

The problem of diffraction of a plane electromagnetic wave by a ball with
an arbitrary radially symmetric filling allows the construction of an analytical
solution by the incomplete Galerkin method [1]. Let us make use of a spherical
coordinate system and assume that the dielectric constant of the ball € depends
only on r, and the permeability u is constant. Let us expand the Borgnis
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potentials u, v for electric- and magnetic-type fields in terms of the system of
spherical functions:

u = i U, (7")P7g1> (0)sing, v= i v, (T)Pél) (0) sin ¢.
n=1

n=1

Functions u,, (1), v, (r) satisfy linear differential equations of the second
order: for TE-polarized wave

d 1du n(n+1)

Bl I % P — 1

dr dr+{ ‘ pr? ]u” 0 L)
and for TM-polarized wave

d 1dv, 5 n(n+1)

dredr T [’“ S } vn =0 .

Not only in the classical case of a ball with constant filling, but also in the
case of a Liineburg lens, when

{2 —r? r<l,

€ =

1, r>1,

these equations are integrated in special functions of mathematical physics.
In the classical case, the cylindrical functions are obtained [2]-[4]. For
a Liineburg lens, (1) was integrated in the paper by Lock [5] in terms of
Whittaker functions. In the Maple system [6] both equations (1) and (2) for

a Liineburg lens are integrable: the solution to Eq. (1) is expressed in terms
of Whittaker functions and the solution to Eq. (2) in terms of Heun functions.

When working with these functions in the Maple system, we faced the fact
that they take on huge values that grow indefinitely with an increase in n, and
all sorts of artifacts (gaps and ripples) appear in the plots. This observation
raised doubts about the adequacy of the algorithms used in Maple.

However, it is easy to see that both equations (1) and (2) are linear
differential equations of the 2nd order that have a Fuchsian singular point [7]
at r = 0. Therefore, their solutions upon the analytic dependence of € on r can
be expanded in the Frobenius series [7]. The coefficients of the equations (1)
and (2) have finite nonzero singular points only where the functions € and 1/¢
have them, respectively. In particular, if € is a polynomial, then the Frobenius
series for the solution to Eq. (1) converges for all r, and the Frobenius series
for the solution of Eq. (2) converges in a circle, on the boundary of which
the complex zero with the least modulus lies [7]. For example, in the case of
the Liineburg lens, the Frobenius series for the solution to Eq. (1) converges
for all r, and for the solution of Eq. (2), the radius of convergence is v/2.
Therefore, to find the field in the lens, it is quite sufficient to calculate the
coefficients of the Frobenius series for the solutions of Egs. (1) and (2).
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2. Fuchs for Sage package

In general, the problem of finding Frobenius series can be formulated as
follows: for a linear differential equation

z2y” + zpy’ + qy =0, (3)

with meromorphic functions p, ¢, construct a solution in the form of a series
y=2"(1+uz+uyz? +...),

where 7 is a root of characteristic equation
r(r—1) +p(0)r+¢(0) = 0. (4)

Usually, both roots of this equation correspond to solutions, but in some
cases, when choosing a root with a smaller real part, a solution in the
form of a series does not exist. In this case, there is one solution in the
form of a Frobenius series, and the second solution is obtained from the
Liouville formulas connecting two solutions of a second-order linear differential
equation |7]. The solution to this problem was implemented in CAS Sage [§],
as the Fuchs for Sage software package.

Given symbolic expressions p and ¢, the function fuchs_order (p,q) returns
the roots of Eq. (4) as elements of the algebraic number field.

sage: load('fuchs.sage')

None
sage: fuchs_order(1,x~2-3"2)
[-3, 3]

sage: fuchs_order(1,x~2-8)
[-2.8284271247461907, 2.8284271247461907]

Function fuchs_order(p,q,r,N) returns symbolic expression
y=a"(1+uz + uyz? + - + upyzl),

given symbolic expressions p and ¢, order r, and number N of the sought
series terms.
This function supports operation with non-rational roots:

sage: R=fuchs_order(1,x"2-8)

sage: fuchs_series(1,x~2-8,R[1],10)
(-(1.413013038055007e-9)*x~10 + (2.2123339189459477e-7)*x"8
- 0.000024170817505802477*xx"6 + 0.0016905341805373107*x"4

- 0.065300968740935367*xx~2 + 1)*x~2.8284271247461907

Let us give an example of calculating the solution of Eq. (1) for the case of
a Liineburg lens with numerical values of the parameters k, n:

sage: k=4
sage: n=3
sage: p=0

sage: q=k~2*x"2x(2-x"2) -n*x(n+1)
sage: fuchs_order(p,q)

[_3; 4]

sage: expand(fuchs_series(p,q,4,10))
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-3712/19305%x"~14 + 1928/3861*x~12 - 448/429%*x~10
+ 164/99*%x~8 - 16/9*x"6 + x~4

The terms of this series do not form a monotonic sequence (see figure 1),
therefore, when summing the series, it is important to take a sufficient number
of terms.

unx" +r
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Figure 1. Solution for the Liineburg lens: distribution of the values of the terms of the series
over n — the summand number of the Frobenius series. Calculations are performed
for the point x = 4

3. Calculation of special functions in the Liineburg case

Fuchs for Sage allows describing the partial solutions of Egs. (1) and (2),
bounded at zero, in the form of the first IV terms of the Frobenius series. In
our experiments, a moment was revealed after which a further increase in
the number of terms did not lead to a noticeable change in the sum at the
reference points. Of course, it would be very convenient to get not greatly
overstated theoretical estimates for the number of terms that must be kept in
the series in order to preserve the chosen accuracy.

In order to exclude the influence of round-off errors, calculations are carried
out in the field of rational numbers, the summation of the series was carried out
at rational points of the real axis. For visibility, the rational values obtained
without round-off errors are presented in the plots below in logarithmic scale.

Let us compare the results of computer experiments in Sage and Maple
for the case of a Liineburg lens. As noted above, in this case, solutions in
the form of a series can be compared with solutions in special functions of
mathematical physics that are used in the Maple system.
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3.1. TE field

In the case of the Liineburg lens, the coefficients of Eq. (1) have only two
singular points (r = 0 and r = oo) and therefore this series can be expressed
in terms of the degenerate hypergeometric function or the Whittaker function
[9, §13.14] [10]. The Maple system uses the expression

1 k 2 1
u, = — WhittakerM (-, nt ,kr2> .
NG 27 4
This solution to Eq. (1) differs from those obtained using the Frobenius

method by the multiplicative constant, which can be found in symbolic form
using the Taylor series expansion.
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Figure 2. Function In |u,, (z)| in case 3, k = 40, n = 25, plotted in Sage (left)
and Maple’2019 (right). In Fuchs for Sage we took 400 terms and the calculations were
performed at 221 points

We compared the results of calculating the solution by the Frobenius method
and by means of Maple’2019 for 3 representative cases: 1) k =4, n = 3, 2)
k=10, n =3, 3) k = 40, n = 25. Despite some difficulties associated with
the difference in the automatic selection of proportions of the plots, in all
cases the calculation using our package leads to the same results as using
Maple, at least with graphic accuracy, see, e.g., figure 2. For a more accurate
analysis, we calculated the values at the reference points, see Table 1. It is
clearly seen that the values found in Sage and Maple match up to a round-off
error. Thus, the numbers to which the Frobenius series converge coincide
with the results of the built-in Maple algorithms with high accuracy. Thus,
both the algorithm for calculating the Frobenius series and the high orders
of magnitude of the sought functions observed in numerical experiments are
verified.
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3.2. TM field

Equation (2) has 4 singular points in the complex plane: r =0, r = +v2,
and r = co. Therefore, its solutions are expressed in terms of the Heun
confluent function [9, §31.12] [11]. In Maple the expression

v, = " 2HeunC(2k, n + 1/2, —2, k2, —k? + 3/4,r2/2)r"+1 (5)
is used. To find the multiplicative constant, by analogy with above, we tried
to find the first non-vanishing term of the Taylor series of this function in
the vicinity of the point » = 0. Unfortunately, the standard function taylor
cannot be applied to the v, function for expansion in Taylor series.

Remark. An attempt of using taylor to find the first three partial
sums of the Taylor series at the point 7 = 0 leads to the result O(r*). An
attempt to find the fourth partial sum at the point r = 0 leads to an
error Error, (in series/function) unable to compute series. We
observed this kind of failure in all test examples without exception. When
choosing a point other than zero as the center of the expansion, the function
taylor works without errors.

Nevertheless, computer experiments show that the function (5), calculated
in Maple, coincides with a high accuracy with the sum of the Frobenius series,
see Table 2. This makes us to assume that the desired constant is 1.
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Figure 3. Plot of function In |v,,(z)| at k = 18, n = 1; on the right — Frobenius series with
N = 200 terms, calculated at 41 points, on the left — plot from Maple’2019

Unlike Eq. (1), Eq. (2) has a finite singular point, namely x = v/2. We will
now show that for x > /2 the Maple system produces incorrect results for
representing the function v,, ().

The Frobenius exponents in the vicinity of the Fuchsian singular point
x = /2 of Eq. (2) are equal to 0 and 2, and do not depend on the parameters
n and k. In the first case, the application of our function leads to division by
zero, which indicates the presence of a logarithmic singularity in the expression
of the desired function [7], [11]. In this case, the solution corresponding to the

Frobenius exponent equal to 0 is bounded at the singular point = /2. In
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the second case, according to Fuchs theorem [7] we obtain a Frobenius series
with a nonzero radius of convergence. Therefore, the function v,,(z) continues

analytically beyond the point & = v/2, having a removable singularity at this
point for real values of x. The plot of the Frobenius series sum (figure 3) fully

confirms that v,, has a finite limit at the point x = V/2; it cannot give more,
since it diverges at x > V2.

A numerical experiment in Fuchs for Sage indicates the convergence of the

Frobenius series for the function v, (x) at the point # = v/2 in the field of real
numbers, see Table 3. However, this convergence is noticeably slower than at

rational points z < V2.

The situation in Maple looks much less clear. Substitution

of the value z = /2 in the Maple system yields the result
Float (infinity)+Float (infinity)*I for all the values of k,n we checked.
In this case, the plot of v,,(z), obtained by means of Maple’2019, is cut off at

this point. Substitution of values z > /2 results in complex numbers of astro-
nomical orders of magnitude, for example evalf (eval(V, r = 3/2)) yields
-5.630587096*10~12 + (1.389900117%10~15)*I, for the parameter values
k=10,n = 3.

Moreover, when calculating the Heun function in Maple, problems appear
that are characteristic of the accumulation of round-off errors when summing
a power series. In older versions of Maple, these problems were encountered
for all considered parameters, and their first appearance took place already at
k = 10, see figure 4. In new versions, the same shortcomings in the display of
plots appear in a different range of parameters: the highest harmonic n =1
is displayed incorrectly at k > 18 (see figure 3, left, and 5). At the same
time, even a relatively small number of terms of the Frobenius series makes it
possible to obtain a smooth curve without artifacts, see figure 3, right.
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Figure 4. Heun functions v,, for values Figure 5. Calculation of functions

k=10,n=1,2,3 in Maple’ll In|v,, (x)|. Case 3, k=40, n =25
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Figure 6. Plot of function In|v,, (z)| at k = 40, n = 25, left — plot from Maple’2019,
right — Frobenius series with 250 terms and 82 values of x used

4. Conclusion

In this paper, we present the Fuchs for Sage package , which allows calcu-
lating the solutions of second-order equations having the Fuchsian singularity
with high accuracy and, in particular, looking for the potentials of the fields
scattered by a ball with a wide class of dielectric constant radial dependences.
This is confirmed by a comparison with the case of a Liineburg lens, when
the solution is expressed in terms of the known functions of mathematical
physics.

At the same time, we made sure in an independent way that the solutions
of the equations (1) and (2) in the case of a Liineburg lens can change by
many orders, as it happened in Maple.

The results of our research can be useful for analyzing the electromagnetic
field in the vicinity of the focus of the Liineburg lens [5].

It should be especially noted that the symbolic expression for TM fields in
terms of Heun confluent functions found in Maple is dangerous for use, since
it gives results that are not completely correct from a theoretical point of
view. At the same time, even a small number of terms of the Frobenius series
allows good approximations to the values of the sought functions, see figure 6.
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O BBIYHUCJIEHUU CIIEMUAIBHBIX (DYHKITUM, BO3SHUKAIOMIAX
OpU UCCJEJOBAHUN 331a49U NP PAKITAN
Ha JIN3JIEKTPUYECKOM IHIape

K. FO. MaJsIimes

Hayuno-uceaedosamenveruti uncmumym adeproti gusury umeny . B. Crobeaviyvina
Mockosckuti 2ocydapemeennoti yrusepcumem umeny M.B. Jlomonocosa
Jlenuncrxue 2opw, 0. 1, emp. 2, Mockea, I'CII-1, 119991, Poccus

JLst npuMeHeHns HETOJIHOTO MeToa ['alépkuHa K 3a/1a4e O pacCessHUN JIEKTPOMAr-
HUATHBIX BOJIH HA JIMH3aX HEOOXO/IMMO MCCJIEIOBATh AuddepeHnraibHbie YPaBHEHUsT
JIJIsI aMILIATY/T TToJiefi. DTU ypaBHEHUs TPUHAJJIEXKAT K KJIACCY JIMHEHHBIX OOBIKHO-
BeHHBIX nuddepeHnraabHbIX YPaBHEHUH ¢ (PYKCOBBIMU OCOOEHHOCTSIME U, B CJIydae
JsimH3bI JI1oHebepra, MHTErpuUpPyIOTCHA B CIHEIUAJIBHBIX (PYHKIUIX MATEeMATUIECKON
duszuku — pyHKIugax Yurrekepa u loitna.

B cucreme komubioTepnoit anrebpsr Maple uMeroTcs nHCTPYMEHTBI 1715t PabOThI
¢ dyuknusamu Yurrekepa u loiiHa, 0JHAKO B psijie CIIy9aeB 9Ta CUCTEMA BBIIAET
O4€eHb DOOJIbIINE 3HAYEHUS /It 9TUX (DYHKIINN, & UX rpaUKy COIEPKAT PA3HOTO POja
apredaxTol. [losToMy pe3ynbrarsl Beruuciaenuit B cuctemax Maple’ll u Maple’2019
CIIEIUAIBHBIX (DYHKIINN, CBI3aHHBIX C 3a/1a49ell paccednns Ha juH3e JItonebepra, HyxK-
JAIOTCA B JIONOJHUTEIbHON mpoBepke. C 3To# 11eJ1bI0 ObLI PEAIM30BaH AJITOPUTM
HAXOXKJICHUs PEIIeHUH JTUHEHHBIX OOBIKHOBEHHBIX Tu(MdEPEHIINAILHBIX YPaBHEHUN
¢ PYKCOBBIMU OCOOBIMU TOUYKAMEU MeTOA0M panoB Ppoberunyca, opOpMICHHBIH B BUIE
makera nporpamm Fuchs for Sage. 3amaua paccesnus ma jsmnse Jlonebepra wuc-
MOJIL3YEeTCs B KAUYeCTBE TECTOBOTO IMpuMepa. Pe3ybTaThl pacuéToB COMOCTABIISIIOTCS
¢ aHAJIOTUYHBIMU pe3yabratamu paborsl B CAS Maple pa3ubix Bepcuii.

ITaker Fucsh for Sage mospoJisier BBIYUCIATD PEIIEHUs U APYyTUX JAHEHHBIX Tu-
depeHInaIbHBIX YPABHEHUN, PEIIEHUs KOTOPBIX HE BBIPAXKAIOTCS YePe3 U3BECTHBIE
crienuasibHbie (PyHKITUN.

KunaroueBbie ciaoBa: juHelnbie nuddepennuaibibie ypaBHeHus, (GYHKIUU Y UTTEKe-
pa, pyskiuu [oitHa



