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Abstract

In a recent paper of Philcox, Goodman and Slepian, the solution of the elliptic Kepler’s
equation is given as a quotient of two contour integrals along a Jordan curve that contains in
its interior the unique real solution of the elliptic Kepler’s equation and does not include other
complex zeroes. In this paper, we show that a similar explicit integral solution can be given
for the hyperbolic Kepler’s equation. With this purpose, we carry out a study of the complex
zeros of the hyperbolic Kepler’s equation in order to define suitable Jordan contours in the
integrals. Even more, we show that appropriate elliptic Jordan contours can be defined for
such integrals, which reduces the computing time. Moreover, using the ideas behind the fast
Fourier transform (FFT) algorithm, these integrals can be approximated by the composite
trapezoidal rule which gives an algorithm with spectral convergence as a function of the
number of nodes. The results of some numerical experiments are presented to show that this
implementation is a reliable and very accurate algorithm for solving the hyperbolic Kepler’s
equation.

Keywords Two’ body problem - Hyperbolic Kepler’s equation - Numerical quadrature rule

1 Introduction

The hyperbolic Kepler’s equation (HKE)
esinhF—F =M, (€))

defines the hyperbolic eccentric anomaly F of a hyperbolic Keplerian orbit with eccentricity
e > 1 as a function of the hyperbolic mean anomaly M € R. Here the eccentricity will be
assumed e € (1, +00), and because M (F) = —M (—F), we consider the hyperbolic mean
anomaly M > 0.
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It is worth remarking that there are several alternative formulations of (1). Thus, putting
y =1/eand L = M /e, Eq. (1) can be written in the equivalent form

sinhF—y F=L, withy € (0,1), and L >0, 2)

which has been used for computational reasons by several authors, see, e.g., Gooding and
Odell (1988), Fukushima (1997), Raposo-Pulido and Peldez (2018). On the other hand,
introducing the new variable U = sinh F the equation (1) can be written as

eU —arcsinh U = M. 3)

Now if Uy = U (M, ep) is the solution of (3) corresponding to the values e = ep and
M = My, in view of (1) we have that

Fo = F(My, eg) = —Mgy + eo sinh Fy = —My + e Uy “4)

is the solution of (1) corresponding to the same values M = Mj and e = ¢y. This alternative
form (3) of HKE has been used by some authors (Gooding and Odell 1988) in some iterative
methods for solving the HKE obtaining better results than when using the form (1) because,
as it is known, the convergence of the iterations generally depends on the choice of the
variables.

Usually, the solution of (1) is carried out by an iterative method so that for an accurate
starting value of F = F 01 — FI91(M, ¢) and an iteration function @, a sequence {F L ]}ij
with FUH = @ (FU) is defined that converges to the unique exact solution of (1) for the
corresponding parameters M and e. In particular, for the well-known Newton’s method the
iteration function is

(e sinhU — U — M)

*W=v (ecoshU — 1)

’

which has quadratic convergence. An extensive study of starting values and iterative methods
for the HKE has been carried out in the references (Gooding and Odell 1988; Fukushima
1997; Farnocchia et al. 2013; Avendafio et al. 2015; Raposo-Pulido and Peldez 2018; Calvo
et al. 2019).

Moreover, several analytical solutions of HKE have been proposed. Thus, (Ebaid et al.
2017) gives a solution of HKE (3) written in the form

U = L + y arcsinh U, 5)

as a power seriesin y = 1/e € (0, 1)

ULiy)=L+Y yF Ui, (©)
k>1

where the coefficients Uy are computed recursively by substitution of (6) in (5). Then trun-
cating the series (6) at a certain term, one gets an approximate solution of HKE in the form
(5). Clearly, this solution provides good accuracy when y is small but for y close to one,
i.e., for almost rectilinear hyperbolic orbits the accuracy is not good even with many terms.
The radius of convergence of (6) is not well-understood, and we note that the same approach
for the elliptic Kepler equation provides a power series in terms of elliptic eccentricity that
is not convergent for all e € (0, 1); see, e.g., Battin (1999).

Recently, following a technique used by Ullisch (2020) for solving the classical geometric
goat problem, the solution of an analytic complex-valued equation f(z) = 0 that possess an
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isolated zero zp can be written as the quotient of two contour integrals in the form

zdz

@

along a Jordan curve C enclosing zg, and such that zg is the only zero in the interior of C.
This formula is derived directly from a theorem of Jackson (1916):

Theorem 1 Let U C C be an open simply connected subset and f : U —> C a nonzero
analytic function. For every simple zero zo € U of f, there is a closed curve C in U that
does not contain other zeros of f than zg, such that

?g (z—z0)dz _0
[ (@)

The proof of this theorem is easy, based on Cauchy’s integral theorem, and can be found
in Ullisch (2020).

As for the elliptic Kepler equation (KE), based on the solution proposed by Slepian and
Philcox (2023) in an earlier paper on spherical homologous collapse (1 4-sinu = 1), Philcox
et al. (2021) give an explicit solution of it by taking as function f the analytic function
f(@) = z—e sinz — M, where e € (0, 1) is the eccentricity of the elliptic orbit and
M € (0, ) is the mean anomaly, with suitable circular contours C = C(M, e) around the
unique real solution. It is found that Eq. (7) not only is a beautiful mathematical expression
of the solution of KE, but also by using a suitable quadrature rule related to the fast Fourier
transform (FFT), provides an accurate and efficient procedure for solving the elliptic KE.
A detailed study of the complex zeroes of the elliptic KE and the suitable contours in Eq.
(7) as well as the efficient implementation of Eq. (7) has been considered by the authors by
Calvo et al. (2023) who give an algorithm even more accurate and faster than the method in
Philcox et al. (2021). We obtained in Calvo et al. (2022) similar results in using formula (7)
for solving a similar equation to the KE, emanating from the collapse’s radial evolution in
time (Slepian and Philcox 2023). We proved that the shorter the length of the Jordan curve the
better accuracy is attained, and that the speed in the computations depends on the numerical
quadrature formula used.

Motivated by the advantages of the algorithm given in Calvo et al. (2023) for the elliptic
Kepler’s equation, we propose to study the solution of the hyperbolic Kepler’s equation by
using the same approach. Now the corresponding function f with the formulation (1) is

f(z; M,e) =e sinhz —z — M, with(M,e) € D= (0,+00) x (1, 400). (8)

It is well known, see, e.g., Battin (1999), that for all (M, ¢) € D the HKE f(z; M,e) =0
has a unique real zero, but for the application of Eq. (7) it is necessary to define appropriate
contours C = C(M, e) that do not include other complex zeros in their interior. Thus, we will
study in Sect. 2 the complex zeros of the HKE for (M, ¢) € D.

Next we will see (Sect. 3) that elliptic contours

Co = Co(M, e) = {z:/L—i—p (cosO +i esin) ; 6 e[o,zn]}, ©)

with center u = u(M, e) and semi-axes p and p & with (p = p(M,e) and 0 < ¢ < 1) are
suitable for formula (7) for all (M, e) € D by taking the ellipticity parameter ¢ in Eq. (9)
sufficiently small.
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The numerical approximation of the contour integrals of Eq. (7) for the function f of Eq.
(8) and the contours (9) is considered. Taking into account the symmetries of the integrand,
an efficient integration with the composite trapezoidal rule is proposed. Such a rule has the
additional advantage that it exhibits spectral convergence behavior as a function of the number
of nodes of the quadrature rule. Finally, some numerical experiments are presented to show
the accuracy and efficiency of this numerical approximation of the integral expression of the
solution of the HKE.

2 The complex zeroes of HKE

In order to apply Eq. (7) to have the solution z( of the HKE (8) with (M, e) € D, itis necessary
to define a closed contour C that contains no other zero of Eq. (8) except the sought zg. Let
us recall that Theorem 1 works on the complex plane; hence, before defining a contour, we
should know where the possible complex zeroes of Eq. (8) are located so that the chosen
contour satisfies the conditions of Theorem 1.

Proceeding similarly as in Philcox et al. (2021), we put z = x + i y with x, y € R and
i € C; hence,

f(z; M,e) = (esinhxcosy —x — M) +i (ecoshxsiny — y),
then z = x 4+ y is a zero of the HKE (10) if and only if the real numbers x and y satisfy
esinhxcosy —x — M =0, ecoshxsiny —y=0. (10)

First of all, observe that if (x, y) is a solution of Eq. (10), (x, —y) is also a solution of these
equations, i.e., the complex solutions appear in conjugate pairs and then we may consider
only y > 0. Moreover, if (x, y) is a solution corresponding to some M and e, (—x, y) is also
solution corresponding to —M and e, then we may assume x > 0.

Furthermore, note that for all (M, e) € D there is a unique real x* = x*(M, e) such
that f(x*; M, e) = 0. Also x* is a monotonically increasing function of M and also is a
monotonically decreasing function of e.

From the first equation of (10), it follows that

x4+ M

e sinhx’

cosy=g(x;M,e) = (11)

Note thatforall (M, ¢) € Dandx > 0, thereal function g(x; M, e¢) > 0;itis amonotonically
decreasing function of x; and

lim g(x; M, e) = 400, lim g(x;M,e)=0;
x—0 X——+00
hence, there exists a unique value x* such that g(x*; M,e) = 1, and therefore, 0 <

gx; M,e) < 1ifand only if x > x* = x*(M, e). Consequently, formula (11) defines
y > 0 as a multivalued function of x by

y = yr(x; M, e) = arccos [g(x; M, e)] + 2k, Vx > x*and k =0, 1, ...
Hence, for all (M, e¢) € D, the solutions of the first equation of (10) are
(x, yk(x; M,e)) withx >x*and k=0,1,... (12)
Next, we study whether or not Eq. (12) satisfies the second equation of (10). We make the

analysis separately for k = 0 and for k > 0.

@ Springer



On the integral solution... Page50f14 13

a)

b)

For k = 0 the solution of Eq. (11), yp = arccos[g(x; M, e¢)] when substituted in the
second equation of (10) gives the function

h(x) = ecoshx sin (arccos [g(x; M, e)]) — arccos [g(x; M, ¢)].

Let us put the function /(x) in the form

h(x) = ecoshx /1 — g(x)? — arccos g(x).
Its derivative is

Wx) = esinhxm_,_ a- ecoshx)\/%,
.

and since

(M + x) , _ # ~
esint)” £ = e (1~ M+ 3 cothx),

glx) =

we find that
-1+ th x)2
h'(x) = esinhx /1 — g(x)2 + (=1 + (M + x) cothx)?) ol
esinh(x)y/1 — g(x)2

Thus, this function & (x) is monotonically increasing and vanishes at x = x* (recall that
for x = x*, yo = 0). In consequence, if k = 0 for all (M, ¢) € D there exists only one
solution of the system (10), namely x = x*(M, e), y = yo = arccos g(x™; M, e) = 0,
and it is real.

For k > 0, yx(x; M,e) > 0, and the second equation of (10) can be written in the
equivalent form
s M, .
ecoshx = MEGk(x;M,e), with x > x* (13)

sin [yg (x; M, e)]
and
arccos [g(x; M, e)] + 2km
sin (arccos [g(x; M, e)])

Gr(x; M, e) =
Now the left-hand side, e cosh(x), of (13) is a monotonically increasing function of x for
all x > x™ with

lim ecoshx = ecosx®, lim ecoshx = +4o00.
X—x* X—>—+00

On the other hand, the function G (x; M, e) of (13) is a monotonically decreasing func-
tion of x for all x > x™* with

T
lim Gy(x; M,e) =400, lim Gp(x; M,e) = — + 2km.
xX—x* X—>+00 2
Hence, for all (M,e) € D and k = 1,2, ... the equation (13) has a unique solution
x =xx(M, e) > x*(M, e), namely the intersection of two functions, one (e cosh x) that

is increasing and the other that decreases (G (x; M, e)). In conclusion for all (M, e) € D
and k =1, 2, .. ., the equations (10) have a unique solution

7k = x; +1i yr with y; = arccos[g(xx; M, e)] + 2km. (14)
Finally, observe that all these complex solutions have

Imzx = yx > 2kn, forallk=1,2,...

@ Springer



13 Page6of 14 M. Calvo et al.

Im(z)
30 * k=0
25 . k=1
20 e - k=2
15 * k=3
&
10 * k=4
h_
5 — y=2rx
0 e e e seeee Re(z)
1 2 3 4 5
Fig. 1 Complex zeroes z; = x; + i yx (for k = 0, ..., 4) of the HKE given in Eq. (14) for e = 1.1, and
several valuesof M = j/2 (j =1, ..., 100). For k = 0 all zeroes z( are real numbers, whereas for k > 0 all

the zeroes have imaginary part. Note that the complex zero with smallest positive imaginary part is z1, with
Im z1 > 2m; hence, it is a sufficient condition that the Jordan curve C does not cross this horizontal line to
guarantee that there is no other complex zero on its interior

In Fig. 1 we display the real (for k = 0) and complex solutions of the HKE for e = 1.1
and the values of M = j/2, with j = 1,...,100 and k = 1,2, 3,4. As can be seen for
k =1, 2,3, 4 the imaginary parts y; of the solutions z; exceed 2kr.

As a conclusion of the above study, we may state the following:

Proposition 1 The complex solutions of the HKE have the properties:

1. If z = x + iy is a solution, then its conjugate 7 = x — iy is also a solution.

2. Forall (M, e) € D, there is a countable infinite set of zeroes given by (14).

3. Forall (M, e) € D, the complex zero with smallest positive imaginary part is z1 and Im
71 > 2.

Remark The complex zeroes wy = wi(M,e) of the equivalent form (3) of HKE f =
(w; M, e) = ew — sinh~'(w) — M = 0 can be derived from the transformation z — w
given by w = sinh z, i.e., wy = cos y sinh x; + i sin y; cosh x;.

3 The Jordan contours for the integral solution of HKE

In a recent work (Calvo et al. 2023), we proved that the use of elliptical contours instead of
circles as Jordan curves was more convenient, because as its length is smaller, it provides
more accuracy and the numerical computation is faster. Then, here we will consider elliptical
contours

C£=[z=z£=,u+,0(0059+i£ sin6) : ee[o,zn]], (15)

of center 1 and semi-axes p and p € where ¢ € (0, 1] is a parameter to be chosen sufficiently
small so that for each (M, e) € D, the ellipse C, contains the unique real solution of HKE
corresponding to these parameters.
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To define the center w and the semimajor axis p, we need to give some upper (x*) and
lower (x ) bounds for the exact real solution of HKE for (M, ¢) € D.
By expanding e sinh x — x in a power series in x, we have

M — esinh B XX l X
=esinhx —x =e x+§+§+... —x > max { (e — )x,ei,eg,... s
leading to the upper bound
x<xt =min[M/(e— 1), 3!M/e)'/3, (5!M/e)1/5,...}. (16)

Taking into account that on a logarithmic scale the functions of M = (M /e) in the right-
hand side of (23), (3!M/e)'/3, (5!M /e)'/3, ... are straight lines with slopes 1/(2k — 1),
k = 2,3, ... that cut each other, by putting

fe() = [@k — D]/

, k=2,3,...
it is easy to check that the unique M such that fi (M) = fip1(M) is

[2k(2k + 1)]*—1/2

M = Gy =, k=2,3,...
Moreover, since
_ T@k+2)2k+3)] 2
Nk+1 = Nk 2%k + 1) ,

the real sequence {ni}x>2 is monotonically increasing with limy— 4oc Nk+1/Mc = exp[2].
The first few values of this sequence are

n2 =14.9071..., n3 =95.2669..., n4y = 628.3960..., ns =4231.5946...

Therefore, we can bound x by the piecewise function:

M 6(e — 1 3/2
it < Yoe=D"

e— Ve
_ 132

yH (M. ey =1 31 M/e)' 3 it “@(6\[)

e

S'M/) S if e < M < e,
(7'M if ng3e < M < nge,

<M <ne, 17

Thus, depending on the values of M and e we can take x* to be the smallest value on the
right-hand side of (17). See Fig.2 as an illustration of the interval limits.
On the other hand, M = e sinh x — x < e sinh x, recalling that x > 0, which implies

x > sinh™! (M/e) = x~ (M, e). (18)
From (16) and (18), it follows that x* > x > x~ for all (M, ¢) € D and then

_x++x_ _x+—x_
n= ) , P = ) s

and the contour will be admissible for the integral expression (7) if € p < 27; just as follows
from Proposition 1, this guarantees that no complex zero is inside the contour C.

19)
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Fig.2 Functions M /(e — 1) xt (M e)
(blue) f>(M /e) (orange), and ’
f3(M/e) (green) fore = 1.5.
Hence, there will be different 4 [
Jordan ellipses for

0<M< V0.5 (intersection of

blue and orange lines), and for 3 t
V0.5 < M < +/500 (intersection
of orange and green lines), and so )

on. The center and semi-major
axis of the ellipses are given by
Eq. (19) 1

0 5 10 15 20 25 30

For the contour (15) the integral solution (7) becomes
2
(ecosO +isinf)(cosf +iesinf)G(H) dI
_ 0
F=p+p 27
(cosO +iesinf)G(H) d

0

2
/ (ecos20 +i ((1+¢&%)/2)sin20) G(0) do
0

=u+p , (20)

2
/ (cosO +iesinf) G(O) db
0

where
GO) =[f(z:)]"" = [esinh(ze) — 2, — M]7", 1)

with z. = u + p(cos +i esin6).

Observe that G () is a complex 2m-periodic function of 6 that depends also on e > 1,
M > 0, and ¢ € (0, 1]; these last can be considered as real parameters independent of 6. A
straightforward calculation shows that the real and imaginary parts of G (0) satisfy

Re[G(0)] = Re[G(—0)], Im[G(0)] = —Im[G(-06)], (22)

and therefore, the integrals in the numerator and denominator of (20) are real and this integral
expression can be written in the equivalent form

2
/ Re[(s 0820 +i ((1+ 2)/2) sin 260) G(O)] d6
0

F=u+p (23)

2
/ Re[(cose +iesind) G(G)] o
0

Another important remark is that the integral expression (23) can be written in terms of
the Fourier coefficients of the function G = G(0) defined by

2
a(k) = —/ exp(—ik0) G() db. (24)
0
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As a matter of fact, from 6(—1) and 6(1) we get
2w

. > 1 2 N . .
G(-1)+G(() = —/ cos(@) G(0) d9, G(—1)—G(l) = l—/ sin(0) G(0) do,
T Jo 7 Jo
and from both, it follows that the denominator of (20) is
(1+8)G(=1) = (1= &)G(D),
and similarly the numerator
1 9~ 1 5 A~
§a+w GFD—EU—S)G@L
which gives the alternative integral expression
p (1482 G(=2)—(1-2)2GQ)
2 (148G —-(1-eG1)

This is the exact solution of the HKE in terms of the Fourier coefficients G k), k = £1, £2,
of the function G. In particular, for the circular contour (¢ = 1) Eq. (25) reduces to

(25)

F=nu+ 6(_2)
=HTp el -1 ,
that only involves the Fourier coefficients for k = —2, —1.

An obvious approximation of F' is to substitute in its expression (25) the Fourier coeffi-
cients G (k) by their discrete counterparts G (k) computed by an standard solver of the FFT.
This solution is simple in the sense that uses well-known solvers but they compute not only
the 6;, (k) for k = {£2, =1} but all coefficients 6,,(k) for |[k| < N with some N, which
will result in extra computing time. To overcome this inconvenience, we propose a specific
calculation of 6;, (k) for k = {£2, =1} with some additional simplifications that take into
account the symmetries of G (6).

To approximate the integrals in (23), we use the composite trapezoidal rule because it is
well known (Trefethen 2000; Johnson 2021) that for such a rule, the errors in the approxi-
mations of numerator and denominator of (23) with N = 2K nodes behave as exp [—-aN],
N — +oo with some positive constante = o (M, e). Recall that in the composite trapezoidal
rule given an (even) positive integer K the integral

1[g]=/O g(0) do,

is approximated by
K—1
b4

Ixlg) = (3) [ 860 +2 )" 8@ +50x) | 26)
j=I

with6; = jn/K, j=0,1,...,K.
Note that Eq. (26) is equivalent to the approximation provided by the FFT with N = 2K
and the symmetry of g reduces the computational cost by a factor of 1/2.

Remark For the sake of completeness, we also consider another alternative method to numer-
ically compute the quadratures, namely the mid-point quadrature formula, given by

K—1
Iplgl = = Y g (6; + /2K —2)). @7
j=0
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1751 .
01751 o Trapezoidal
0.150{ —*— Trapezoidal optimized /.‘,v'
0.1251 FF-T i ,..r‘f'
0" —— Midpoint /’J
£ 0100 "
|_
-]
T 0.075
O
0.050 1
0.025 1
0.000 1
0 10 20 30 40 50 60

Fig. 3 CPU time (in sec) for the Jordan curve C; for 2 < K < 64 and the different methods considered.
For each K we compute ten times the solution for a vector with 10 000 components, and then, we plot the
arithmetic mean of the computing time used

which is also easy to program, with similar results as the composite trapezoidal formula and
that also has spectral convergence.

To compare the computational cost of the different procedures, in Fig.3 we present a
comparison of the computing time between the FFT, the trapezoidal rule in the interval
[0, 27], and the optimized trapezoidal rule in [0, 7 ] using the symmetry of the integrand. For
each K we compute ten times the solution for a vector with 10000 components, and then, we
plot the arithmetic mean of the computing time used. We can observe that although the four
considered methods are very fast, the optimized trapezoidal and midpoint rules are faster
than the other two, and that the FFT has the worst behavior, especially when K is a prime
integer, the fact that is well known for the FFT algorithm. Computations have been carried
out in double-precision arithmetic on a single 2.4 GHz PC Intel i7-5500U running on Linux.

We just see that the method is very fast, but still we know little on the accuracy and how the
eccentricity of the Jordan ellipses affects it. Next, we present the results of some numerical
experiments to show the accuracy of the numerical solution given by the Trapezoidal rule (26)
for several integer values of K and the Jordan curves C, for e = {1, 1/2,1/4,1/8, 1/128}.
For the sake of illustrating the shape of the Jordan curves used, we plot them in Fig. 4 for these
values of €. Note that ¢ = 1 corresponds to a circle, whereas the last used value, ¢ = 1/128,
is almost a rectilinear segment.

Let us note that using elliptical contours instead of circular ones does not speed up the
computation, but it improves the accuracy.

In Figs. 5 and 6 we present the numerical results of the absolute error near the singularity
located at (M, e) = (0, 1) taking K = 4 and K = 8 points for a fixed value e = 1.1 and
0 < M < 0.2. Due to the proximity to the singularity (M, e) = (0, 1) of the HKE, one
expects that the results will be no good; however, we see that even for only K = 4 points,
we always reach more than 6 digits of precision, which improves in the case of K = 8.

Besides, in Figs.7 and 8 we present absolute errors obtained in the interval (0, 10] for
the hyperbolic mean anomaly 0 < M < 10, and eccentricity e = 1.1 for the same Jordan
ellipses and for same number of points used in the trapezoidal rule (K = 4 and K = 8§). In
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r
éF
— e=1
— — e=1/2
— e=1/4
= — €=1/8
2 I
— €=1/128
-r
-r 0 r

X

Fig. 4 Plots of the Jordan curves C; for € = {1,1/2,1/4,1/8,1/128}, the values used in the numerical
experiments. Note that for ¢ = 1 the curve is a circle, whereas for the smallest used value, ¢ = 1/128, is a
very eccentric ellipse, almost a rectilinear segment

eccentricity=1.1, K=4

1078 1
= — e=1
=}
E 10100 J — e=1/2
g — e=1/4
=14}
S 107144 1 —e=1/8

— e=1/128
10-18, i
0.00 0.05 0.10 0.15 0.20

M

Fig.5 Absolute errors of the approximate solution with K = 4 for the elliptical contours C; near the singularity
(M, e) = (0, 1). Note that the value ¢ = 1 corresponds to a circle and that ¢ = 1/128 gives a very eccentric
Jordan contour

eccentricity=1.1, K=8

1.x 10714}
= — e=1
=]
E 1x10-2) ez
= — e=1/4
¥ 1/8
fos} - €=

1.x10734}

— e=1/128
1.x 10744} i
0.00 0.05 0.10 0.15 0.20

M

Fig.6 Absolute errors of the approximate solution with K = 8 for the elliptical contours C¢ near the singularity
(M,e) =(0,1)
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eccentricity=1.1, K=4

10734 1
1075} 1
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Fig. 7 Absolute errors of the approximate solution for e = 1.1 and M € (0, 10] for five Jordan contours Ce,
by using only four points (K = 4) in the trapezoidal rule

eccentricity=1.1, K=8
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Fig. 8 Absolute errors of the approximate solution for ¢ = 1.1 and M € (0, 10] for five Jordan contours Ce,

but using now eight points (K = 8) in the trapezoidal rule

this case, because M is far from the singularity the obtained precision dramatically increases;
we reach 10 significant digits with only K = 4 points and 20 digits with K = 8. Even more,
as expected, the precision increases with the eccentricity of the Jordan curves with a gain of
5 digits, and the same computational cost.

4 Conclusions

The numerical implementation of an integral solution of the HKE is considered. First of all,
we give a complete study of the location of the complex zeroes of this equation in order to
define appropriate contours in the integrals of this solution. Next, we define elliptic contours
that are computationally much more efficient than the circular contours.

We show that with these elliptic contours the integral solution can be approximated in
function of the wavenumbers k = £1, £2 of a 2r—periodic function and therefore an elegant
form of the approximate solution is presented. In addition, we show that a direct approach
by the trapezoidal rule allows us to introduce some simplifications in this particular problem
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and leads to a faster implementation and retains the spectral convergence with the number
of nodes.

Finally, the results of some numerical tests are presented to show the above properties.
These examples show that this integral form of the solution of HKE is not only a theoretical
beautiful expression but also can be used to get high accuracy solutions with a reasonable
computational cost.
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