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Abstract

The two-fixed-centres problem describes the motion of a particle influenced by
the gravitational pull of two fixed particles. This is a well-known integrable
Hamiltonian system having three constants of motion. This paper presents
a discrete two-dimensional two-fixed-centres problem which conserves two
of these constants of motion. Moreover, this discrete system preserves the
discrete analogue of the third constant of motion. A canonical transformation
is introduced to separate the variables and remove singularities of the system.
A combination of this transformation and energy-preserving method plays an
important role in deriving the discrete system with a variable time step.

PACS numbers: 02.60.Jh, 02.70.Bf, 45.10.—b, 91.10.Sp

1. Introduction

To numerically solve a differential system, we must build a discrete model corresponding to
the original system. This process is called a discretization, among which Euler’s method and
the Runge—Kutta method are common. Generally, a discrete system given by a discretization
describes a system different from the original system. Global characteristics of the original
system, for example, existence of constants of motion, monotonicity, or boundedness,
generally disappear through discretization.

Geometric integrators concentrate on these qualitative properties, and they conserve one
or more of them exactly (up to round-off error). A number of books [6, 9] and review
papers [10, 11] have been written on the subject, and the recent advancements in this field
are remarkable. Symplectic integrators for Hamiltonian systems, symmetric integrators for
reversible systems and methods preserving energies or first integrals are well-known examples
of geometric integrators.

Symplectic integrators [6, 9, 20] are commonly used to simulate Hamiltonian systems
numerically. They conserve a global characteristic called the symplectic structure. As a result,
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these integrators have a constant of motion H = H+8H, +8*H, + - - - where § is a time
step. H is a discrete analogue of the Hamiltonian H. Moreover, symplectic integrators keep
the value of a discrete momentum derived through a discrete Noether’s theorem [19]. Because
of this characteristic, symplectic integrators tend to be numerically stable in the long-time
simulation.

Minesaki and Nakamura [12, 13] present discretizations of the Kepler problem which
conserve all constants of motion including the Runge-Lenz vectors. They also give a
discretization for the Stidckel system which conserves all constants of motion [14]. The
Stickel system is a class of separable Hamiltonian systems including the Kepler problem. The
discretization consists of separation of variables and the energy-preserving method [3, 4].

The two-fixed-centres problem (2FCP) expresses the motion of a particle affected by
gravitational pull of two fixed particles. The 2FCP is a separable Hamiltonian system, and an
instance of the Stickel system. Since the two-dimensional 2FCP has two constants of motion,
it is integrable in the sense of Liouville—Arnold. It was in 18th century when the analytical
expression of the solution was obtained by Euler. After that the 2FCP has been studied as an
important example of integrable dynamical systems [1, 18]. Varvoglis et al present a canonical
transformation that removes singularities of the canonical equation of the separated 2FCP [18].

The 2FCP is regarded as an addition of an integrable perturbation to the Kepler motion
[2]. It describes a wider range of motion including the Kepler motion. A discretization of the
2FCP which conserves its global characteristics will be a step to construct better discretizations
for more complicated dynamical systems such as the three-body problem.

In this paper we separate the variables of the two-dimensional 2FCP and remove its
singularities following the work of Varvoglis [18]. Then the discretization method presented
by Minesaki—Nakamura [14] is applied to obtain the discrete system. The discrete system
has the same two constants of motion as those of the original 2FCP. Furthermore, the discrete
system has an additional constant of motion. This is shown to be a discrete analogue of the
continuous system’s third constant of motion which has an integral form. Then we conduct
numerical experiments and observe that the discrete system remarkably approximates the
trajectory of the continuous system.

The paper is organized as follows. In section 2, separation of variables and removal of
singularities are done according to Varvoglis [18]. In section 3, the energy-preserving method
[3, 4] is applied to each term of the Hamiltonian of the separated system. As a result, the
discrete system has two constants of motion. In section 4, we discuss the constants of motion
of the discrete system in detail. In section 5, we argue a global characteristic which the discrete
system retains through discretization. This results from the existence of the two constants of
motion which have the same form as those of the continuous system. In section 6, we confirm
the effect of our discretization by a numerical experiment. Then we compare the discrete
system with a symplectic integrator.

2. Separation of variables of 2FCP

We begin with the 2FCP [15] defined by the Hamiltonian

p2 p2 o o)
H.(x,y, px, py) = 7}“+7’ ————— he, (1)
r r

where r; = /(x + 1)2+ y2 and r, = /(x — 1) + y2. The fixed particles are at (—1, 0) and

(1, 0). We fix the value of constant /. so that

H.(x,y, px, py) =0. )
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Here (x, y) is the location of the moving particle with unit mass, and p, and p, are conjugate
momenta. The constants o and o, are expressed as «; = 2 and o, = 2(1 — ), n € [0, 1],
where the parameter © denotes the mass ratio of the two fixed particles.

The 2FCP (1) is a separable Hamiltonian system [15] which can be integrated by using

the elliptic coordinates
ri+ry r—rp
= , = . 3
§ 3 n 5 (3)
In the elliptic coordinates (£, ) and the corresponding canonical momenta pg, p,,, the original

canonical variables x, y, p,, p, are written as

x=£&n, y=(igny)v(E* -1 -n?),
21 1—
e = n(é )pze+%'( U )pn @
g2 —n?

(sign y)v/(E2 — D)(1 = (g”é ’”’"),

where (signy) is the sign of y. Through the canomca] transformation (4), the original
Hamiltonian (1) leads to the Hamiltonian

K¢ (&, pe) + Ky(n, py)

Dy

HE(Ev 77» p$7 pn) = 52—7]2 EO, (5)
where K¢ (&, pe) and K, (7, p,) are
Ke(&, pe) & 1€ — Dp} +at —h &2, ©

f
Ky p) € 11— 0P p2 + B + e,

respectively. Here we set the constants « = —«; — ap and 8 = o) — o3,
We can regard the time variable ¢ as a new canonical coordinate, so —/. conjugates to ¢
in an extended phase space (cf [17]). We introduce a canonical transformation

{Pg, Py _hws’ T),f} - {pév Pn> _kcv%-’ n, S}

such that
5 9 dt
hc — kc: kc = (E —-1n )hw t— s, ds = ——. (7)
£2 — 2
The original Hamiltonian system with the Hamiltonian (1) is changed to
dpe 2 dg 2
= — —a+ 2]’1‘ , = -1 , 8
o Ep; —«a § =€~ Dpe ®)
dpy 2 dn 2
—_— = — B —2h.n, —=(1- . 9
s =P B 1) s (I =n7)py ©))

Now the Hamiltonian system (8), (9) is separated. Each set of equations (8), (9) is considered
as the canonical equations given by the Hamiltonians K¢ and K, respectively. Then K¢, K,
are the constants of motion of the 2FCP.

Although a discretization is necessary to solve equations (8), (9) numerically, the
behaviour of the resulting discrete system is sometimes different from that of the original
Hamiltonian system because of possible overflow near singularities. The overflow occurs
near £ = 1 and n = %1 where the moving particle crosses the line connecting the two fixed
particles. This makes it difficult to compute the 2FCP with high accuracy.
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The Hamiltonian system (8), (9) gives the relationship
1 dg 1 dp
T2 _1ds =1 s
which suggests that the neighbourhood of £ = 1 and that of n = %1, where the overflow
occurs, are around the singularities of pg and p,. Therefore, numerical simulation becomes
inaccurate when the particle comes around the singularities of pg and p,,.

In order to remove such singularities, we introduce the following canonical

transformations (&, n, pe, p;) — (u, v, p,, py) following the study of Varvoglis and
Vozikis [18],

Ds (10)

& =coshu, n=-cosv, ng.PL, p,,:—_p—v. (1
sinh u sinv
Then the separated Hamiltonians K and K, lead to
def 1.2 2
Ky (u, pu) = Ke(§u), ps(u, pu)) = 5p, +ocoshu — h.cosh”u, (12)
def
Ky(v, py) = K,(n(), py(v, py)) = %pﬁ + B cosv + hecos’ v. (13)

As a result, the Hamiltonian system (8), (9) reduces to

du dp,

- = Pus = —a sinhu + 2h, coshu sinh u, (14)
ds ds

d d

v = Dy, Pv = Bsinv + 2h,cosvsinv. (15)
ds ds

Each set of equations (14) and (15) can be regarded as the Hamiltonian systems given by
K, and K, respectively. The singularities in the elliptic coordinate system (&, 1, pe, p,) are
removed in (14) and (15). The canonical transformation (x, y, px, p,) to (4, v, p,, py) is
expressed as a composition of two canonical transformations (4) and (11), that is

-1
cos™!n, =0,
u =cosh™'&, v = 1 o Yz
2w —cos!p, y <0,
Pu = pxsinhu cosv + p, coshusinv, (16)
Py = —pxcoshusinv + p, sinhu cos v.

The inverse transformation of (16) is as follows:
x =coshucosv, y=sinhusinv,
pucosvsinhu — p, coshusinv

x = s 17
P cosh® u — cos? v {17

pu sinvcoshu + p, sinhu sinv
Py = .
cosh? u — cos2 v

3. Discrete two-fixed-centres problem

In the previous section, we have reduced 2FCP to two one-degree-of-freedom Hamiltonian
systems through the canonical transformation (7). One is the Hamiltonian system (14) with
the Hamiltonian K, and the time variable s. The other is the Hamiltonian system (15) with
the Hamiltonian K, and the time variable s.
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We apply the energy-preserving method [3, 4, 7] to the Hamiltonian system (14), (15).
The following discrete system results:

. 1 . .
Aﬂu(-’) — E(pliﬁl) + pt(‘J))’

coshuU*D — coshu)
20D — 0

Ay pY = (he(coshu*V + coshu') — )

)

, (18)

sO <0 ) j=0,1,2,...,

where 4" and p{ are the values of discrete canonical variables at the discrete time s%/).
A forward difference operator A, acting on a function f (xf’ ), xéj ) e x,,({ ) ) is defined as
follows:

G+ (+D (J+D o) () )
diff(xlj ,xzj ) )—f(xlj,xzj,...,xmj)

@ ()
Aﬂf(xl s Xy e Xy ) sU+D — g(D

(19)
Here x{j ), xéj ), el x,(,,j ), are functions of the discrete time s) The discrete system (18)
conserves the Hamiltonian K,,. It converges to the continuous canonical equations (14) at the
limit of sU*D —s() — 0, j =0, 1,2,.... Note that this method allows a variable step size.

Similarly, the Hamiltonian system (15) with the Hamiltonian K, can be discretized with
the energy-preserving method. By introducing discrete canonical variables v/, pf)j ), j =
0,1,2,..., we get the discrete Hamiltonian system

. 1 . .
Aﬂv(” — 5(p](JJH) + pl(}J))’

G+ _ €)]
A : ' cos v cos v
G) — _ (j+1) )
Ay p) = —(ho(cos v + cosv')) + B) 0 (20)
SO <O 01,2

This discrete system has K, as a constant of motion. It converges to the Hamiltonian
system (15) at the limit of sU*D — s() — 0,
We define a new discrete time variable ¢ by

tU*D — 19 = (cosh? u'¥) — cos? V) (sV*D — ), i=0,1,2,.... (21)

Ascoshu > 1and —1 < cos v < 1, the discrete time t ) satisfies 1@ < (D <@ -+ ..
The relationship (21) is a discrete analogue of the time transformation dr = (£ —?) ds which
is used to separate the variables of the 2FCP with continuous time variable. Through (21) the
discrete system (18) is transformed into
1 .
At =1 i .)+pl(’j) -,
2 cosh? u) — cos? v

he(coshu%*™D +coshu) —a  coshu*D — coshu

A-H‘p[ij) = a0 o o0 X D — 0 , (22)
1O < j=0,1,2,....
Similarly, the discrete system (20) is transformed into
2 cosh? u) — cos? v/
Aupl) = _ he(cos vU*D ycosv)+ B cosvUtD — cosp) ’ 23)

X - -
COSh2 u(j) — C052 v(j) v(}+1) — v(])

t(o)gt(l)g...’ J:O,l,z,
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We also define discrete canonical variables x, y, p/ and p’ derived from the
discrete canonical variables u), v), p{/ and p” through (17). This is a discrete analogue
of the canonical variables x (1Y), y (1), p,(t“) and p, (1) at the discrete time /).
. o, . o, . 0 0 O 0 . . 0 0 0

When an initial condition (x©@, y©@, p©, p; )) is given, we can compute (1@, v©@, p©,
@+ and
u
@+
X

p?) from the transformation (16). After determining the values of ut*, vU*D p

pY*V by the discrete systems (22) and (23), we can derive the values of xU+D | yU+D p
and p_&i D through the canonical transformation (17). Therefore, the system (22), (23) turns
out to be a discrete analogue of the 2FCP. We name the discrete system (22), (23) the discrete
2FCP. The discrete 2FCP is a first-order scheme; the energy-preserving method [3, 7] applied
to the separated system (18) and (20) is of second order, while the discrete time-variable
transformation (21) is a first-order approximation.

Note that the set of discrete equations (22) and (23) is an implicit numerical scheme.
They do not, therefore, form one-to-one maps from ¢) to tU*D_ In order to solve the implicit
scheme (22) and (23), we need a relaxation method. The computational cost of solving (22)
and (23) is determined by the number of iterations of the relaxation method, which depends
on how to set an initial guess for a relaxation method. In the numerical experiment of this
paper, we use the following method to calculate the values u+D, pU+D pU*D HU*D 5
sU*D, i =0,1,2,.... First, we compute approximate values of ut* ypU+h pU*h pL+h
by using the Euler approximation of the Hamiltonian system (14), (15). Then we set these
approximate values as initial values and calculate uU+D U+h pb(,j +1), pf,'i D 50 as to satisfy
(18) and (20) by using a relaxation method, such as Newton’s method.

By using higher order energy-preserving methods (e.g., see [8]), implicit higher order
discrete 2FCPs are obtained. However, we do not argue higher order discrete 2FCPs in this
paper because the order does not affect qualitative behaviour of the discrete 2FCP, which will
be discussed in sections 4 and 5.

4. Constants of motion

The 2FCP with the Hamiltonian (1) has the following two constants of motion [15].

(i) Hamiltonian in (1)
2

2
Py P (03] as
Hc(xsy,vaPy):_+_y_____hc- (24)
2 2 r r
(ii) A constant of motion
1 P? o] (2%]
I(x,y, pe.py) = s(px —xpy)° + ZF+x | —— = ). (25)
2 2 r )

These constants are expressed by u, v, p,, p, as follows:

K, (u, py) + Ky(v, py)
H(‘ ) s = > 2
(.X' Yo Px py) |: COShZM — cos2v {u:’l(x» ¥)s Pu = Pu(X, Y, Px, Py) ( 6)
v =v(x, ), pv = pv(x, ¥, Px, Py)
I()C, Vs Px> py) = _[Ku(u’ Pu)]u=u(x,y).pu=m(x,y,17x-,ﬁy)
= [Ky (v, Pv)]v:v(x.y),pv:pu(x,y,m,py)' @7

Therefore, the conservation of H, and / in Cartesian coordinates (x, y, px, p,) is equivalent
to that of K, and K, in the separated coordinates (u, v, p,, p,) along with the condition
K, + K, = 0. Since the 2FCP is a Hamiltonian system with two degrees of freedom having
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two involutive integrals of motion, the system is integrable in the sense of Liouville—Arnold.
The third constant of motion, which uniquely determines a trajectory in the four-dimensional
phase space, can be obtained by quadrature.

Let us get the third constant J of motion in the coordinate system (u, v, p,, p,). By
choosing two involutive constants of motion K, + K, and K,, the following canonical
transformation can be formed:

u v s — 8o J
(pu m) ~ (Ku +K, K) 28

After the transformation (28), K, + K, and K, correspond to canonical momenta, where s is
the time variable and sy, J are constants. The constant J is the third constant of motion, and
is written as

Ukto) gy WKetKa) g
J(u, v, pu, pv) = / W EAK) KD ; (29)
0(puspv)
where
I(K, + Ko K) aer ("5
o = det WK AK) oK. | (30)
a(pLu pv) # #
By calculating (30), the constant J leads to
du dv
J(u7v’ DPu> pv)z - - (31)
Pu DPv
From the definition of K,,, K, p, and p, are rewritten by u and v as
pi =2(K, —acoshu+h, cosh? u), (32)
plz) =2(K, — Bcosv — h, cos? v). (33)

Then each term in J (u, v, p,, p,) is an indefinite integral with respect to u or v, respectively.
However, the result of the integration is a multivalued function. Unlike other integrals H, and
I, J does not have an explicit form.

In the case of the discrete 2FCP (22) and (23), an argument about the constants of motion
parallels the continuous case. As the discrete equations (22) and (23) are derived by the
energy-preserving method, they clearly conserve two constants of motion K, (u(f ), p,ﬁj ) ) and

K, (v(j ), p,()j )) for j =0,1,2,....Because of this conservation and the relationship (27), the
discrete 2FCP (22), (23) preserves the following constants of motion.

(i) A discrete analogue of Hamiltonian
Héf)c = H(xD,y0, p0, p;j))' (34)
(i1) A discrete analogue of the constant of motion /
1 = 1(x, y9, p, pii). (35)
Moreover, the discrete 2FCP (22), (23) keeps the value of
w3, ® p+h @

j
(j) def L
Ji" = Z<1( 04 p0) - l(p<i+‘)+p<f)))’ J=0.12.... (36)
2 v

i=0 \2\Pu + Pu v
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Actually, the difference of J;j ) leads to

) . 0 )
Jd(j) _ Jd(J—l) — ( Aut _ A oY ) (s(j+1) _ S(j)) =0 37)

%(pb(t.iﬂ) + plg.i)) %(pl().iﬂ) + Pl(ji))

by applying the discrete 2FCP (22), (23) to (36). Equation (36) converges to the third constant
of motion (31) of the 2FCP as the time step s('j *D — s() approaches 0. Since the discrete 2FCP
has three constants of motion Héi )C, I é’ ), J(;j ) its trajectory is uniquely determined, as in the
2FCP.

5. Trajectories of discrete 2FCP

The 2FCP has various types of trajectories according to its initial condition. Cordani [2]
classified these trajectories according to values of the constants of motion 4. and /. When
the Hamiltonian /. is negative, the motion of the moving particle is confined within a closed
bounded region in the xy-plane. The region is determined by the values of /. and I.

As we have seen in the previous section, the discrete 2FCP has the same two constants
of motion HCU ) and 1) as the continuous 2FCP. Because of this property, the trajectories of
the discrete 2FCP are restricted within the same region in the xy-plane as those of the 2FCP
in the case i, < 0. This is advantageous to long-time numerical simulations in the sense that
the discrete 2FCP conserves a global characteristic of the original problem.

To begin with, we describe a classification of trajectories in the 2FCP. We assume 4. < 0.
The 2FCP (8), (9) expressed by the elliptic coordinates (&, n, pg, p,) are regarded as the
Hamiltonian system with the time variable s and the following Hamiltonian:

K(E, 1, pe, py) = Ke(&, pe) + K, (0, py), (38)

where K:(§, pg) and K, (n, p,) are given in (6). Set y as the value of K¢. Using the initial
values £(0) and pg (0) at t = 0, the following relationship is satisfied:

y = 3((€0)* — D(pe(0))* + a£(0) — he(£(0)). (39)
From (10), (6) reduces as follows:
dg
T @ Dk —akty)
V(E ; y “0)
dn
dr =

VA=) (hap? =B —y)
where 7(= \/is) is a new time parameter.
By integrating both sides, we can write & and n as elliptic functions of r. The trajectories
of 2FCP (8), (9) can be classified by the quartic polynomials under the radical sign. We set
two quadratic polynomials, M (§) and Z (), as

ME) EhE —ak +y, (41)

def
Z®) = hen’ +Bn+y. (42)
Note that = —a; —an , B = o1 — &z, @1 = 0 and @y > 0 by definition. In (40) the quartic

polynomial must be positive under the time evolution. Since § > 1 and —1 < n < 1 by
definition (3), the relationship

M) >0, Z(m) <0 (43)
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Table 1. Classification of trajectories by /. and y .

Rangeof& (A) (A) @A) @A) B B B @B
Rangeofn (@ (b (© @ @ ® @© @
Trajectory I 1 - - I I I v

is satisfied. The discriminants of M(£) = 0 and Z(n) = 0 are (o, + an)> — 4yh, and
(oy — a2)*> — 4y h,, respectively. If M (&) had complex roots, Z (1) would also have complex
roots. In this case, the condition (43) cannot be satisfied because the highest degree coefficients
of M (&) and Z(n) have the same sign. Therefore, M () always has two real roots. We write

them as
def O+ /a2 —4yh, def & — /a2 —4yh,
& = B Y S &= B S— (44)

As we assumed . < 0, £_ is greater than or equal to £,. On the other hand, the root of Z(n)
can be complex. When Z(n) has the real roots 7, and n_, they are

det =B ++/B? —4yh, det =B — /B> —4yh,

n- = . ; N = . 45
and n_ > n,. The variable £ is in the range where £ > 1 and &, < § < &_. According to the
values of &, and &_ there are two cases:

A T<E<ELE,

B)é <1 <E<E.
Similarly, the variable 7 is in the range where —1 < n < land ‘n < nyorn = n-’. According
to the values of 1, and »n_ there are four cases:

(a) —1 < n < 1 (complex roots),

G -1<n<I<n<n,

©-T<n<n<1l<n,

d-l<n<norn-<n<L
The variable £ indicates the sum of distances from the two fixed particles, and 7 indicates
their difference. The curves & = const. are ellipses with foci at (1, 0) and (—1, 0), and the
curves = const. are hyperbolas with the same foci. £ > 1 and —1 < n < 1 cover the whole
xy-plane.

Table 1 shows the classification of the trajectories according to the ranges of & and 7.
Four types of trajectories, from case I to case I-.1emV, exist. The pairs (A)—(c) and (A)—(d)
cannot be satisfied for any combination of 4, and y.

Case I. In the areas (A)—(a) and (A)—(b), we have &, < &€ < &_and —1 < n < 1. The
particle moves in the closed region bounded by the two ellipses § =&, and & = &_.

Case Il. In the areas (B)—(a) and (B)—(b), we have 1 < & < &_and —1 < n < 1. The
particle moves in the closed region bounded by the ellipse & = £_.

Case II1. In the areas (B)—(c), we have 1 < & < &_ and —1 < 5 < n4. The particle moves
in the closed region bounded by the ellipse & = £_ and the hyperbola n = n..

Case IV. In the areas (B)—(d), wehave 1 < &£ < &_and ‘-1 <n<nyornp_ <n< 1.
The particle moves in the closed region bounded by the ellipse & = &_ and one of the
hyperbolas n = n, or n = n_. Although the two possibilities exist, the initial condition
determines which motion appears.

In the next place, we discuss the discrete 2FCP. We set the same initial discrete time
s© = 0 and initial condition (x(o), y(o), p)(co), p;o)) = (x(0), y(0), px(0), py(0)) as the 2FCP
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Figure 1. Case I (the ellipses are £ = &,,&_).

has. We define the discrete canonical variables £/, n/), péj ) and p\’ by the following

relationship:
) )
) = coshu, ) = cos v, U - P y=—-L"
5 7 Pe sinh u() Pn(j) sinv()
(46)
which parallels the canonical transformation (11) of the 2FCP. Naturally, EU ) > 1,
-1 <Y <1,j=0,1,2,.... The discrete 2FCP preserves the same constants of motion

K, (u?, p,sj)) and K, (v, p,()j)) as the 2FCP. Set y as the value of K, (u"/, pb(,j)). The
following identities are satisfied:

he(69)? — 0t +y

i)\ 2

(p) =2 OV = >0, A7)
2 he)* + Bn +y

(Pf/)) =-2 1 — (n)? (48)

As both (£€9)2 — 1 and 1 — (y”)? are positive, the two inequalities M (£)) > 0 and
Z(n) < 0 are given. Using these inequalities, we get the same classification of the
trajectories of the discrete 2FCP as those of the 2FCP.

The above discussion shows that, when &, < 0, the trajectories of the discrete 2FCP are
restricted within the same region as those of the 2FCP. In the case where /. > 0, we can study
the time evolution of the discrete 2FCP in a similar way.

We get the trajectory of the discrete 2FCP in every case from I to IV. Figures 1-4 give
the trajectories in the xy-plane. In these figures the solid curves are ellipses or hyperbolas
that define the region in which the moving particle is confined. Two black circles indicate the
position of the fixed particles. We give 1 = 0.6 and sU*) — sU) =0.05,j =0, 1,.... The
number of iterations is N = 500. In each figure we set the initial condition as follows:

Figure 1: case I (x(o), y©, p@, p;o)) = (=3.0,3.0, —0.5, —0.2),
Figure 2: case I (x©@, y @, p©, p;o)) = (0.0, 1.0, 0.5, 0.0),
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1.5

154

Figure 2. Case II (the ellipse is § = &_).

Figure 3. Case III (the ellipse is £ = £_ and the hyperbola is n = n_).

Figure 3: case I (x©@, y @, p©®, p§,0)) = (=3.0,1.0,0.5,0.1),
Figure 4: case IV (x(o), y O, pO, p;O)) = (-1.0, 1.0, —0.5, 0.0).

We observe that the trajectory of the discrete 2FCP lies within the regions determined by the
values i, and y.

Since the discrete system (18) has no singularities, the values of u/) and p,(lj ) do not
overflow. However, the discrete fictitious time step s*) — sU) includes a singularity because
(21) is rewritten as

G+D _ 40 G+D _ 40
SUHD _ 0) — ! ! _! .

- — = 49
(cosh? u) — cos? vM) riry @9

If tU*D — ¢\ is constant, sU+D — () becomes greater as the moving particle approaches a
fixed particle. This increases discretization error. Actually, in cases I, III and IV, the distance
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Figure 4. Case IV (the ellipse is £ = &£_ and the hyperbolas are n = n,, n_).

between the moving and the fixed particles can become infinitesimally small [18]. This causes
an overflow of the value sU*D — s() and then a loss of accuracy. By setting sU*D — §()
constant, we can avoid such overflow near the fixed particles. This introduces a variable time
step tYU*D — ) for the discrete 2FCP (23), (22).

6. Numerical results

In this section we compare the discrete 2FCP (18) and (20) with a symplectic integrator
(cf [5, 16]). Symplectic integrators are generally used to simulate Hamiltonian systems
numerically. The symplectic integrator of order 1 is applied to the Hamiltonian system (14)
and (15). Then the following discrete system is given:

Ayu? = pi), Awsp = —asinhu*) — 24 coshu*V sinh u*,
Ao = p,()j), Aﬂpf)j) = BsinvY* — 24 cos vV sin v, j=0,1,....
(50
Here the relationship between the fictitious discrete time s/ and the discrete time ¢/ is given
by (21). We set sU*D — s constant for every j = 0, 1, .... The discrete system (50) is an
explicit scheme, and is regarded as a discrete analogue of the 2FCP.

Although symplectic integrators do not conserve the Hamiltonian, they are known to

conserve an approximate Hamiltonian [5, 16]. The system (50) keeps the values of the
following K, R$:

» s (KN [k, N\
ng):K;JuE(—a ) (3 ) +0(8%)
u Pu

0 | | |
=K+ pT(a sinhu” + 24 coshu'?) sinh u?) + 0/(8), (51)

- s (aK, N\ oK, \ V)
KV =K+~ +0(8%)
2\ dv apy
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' new integrator
symplectic integrator -------

new integrator
plectic integr

relative errors of Hy+h,
relative errors of |

Figure 5. Relative errors of H. + h. and /.

()
. ) . . .
= Klff) + _pzv (—Bsinv"Y +24 cos v sinv¥) + 0(8?),

PECIRTEINNGY j=0,1,2,..., (52)

where K and K are discrete analogues of K, and K, respectively. Equation (27) shows
that the constant — K, is the very constant / of the 2FCP. Consequently, —K ,Sj ) is seen as the
discrete analogue 1) which goes to the constant / of the 2FCP as s+ —s() — 0. Moreover,
the Hamiltonian H, of 2FCP is expressed as a function of K, and K, in (26). We define /)
as

) det kfi]) + IZI()])

HY : —.
cosh? u) — cos2 v

(53)

Here H'/ is a discrete analogue of H, of the 2FCP. As the time step sU*D — s is constant
and the following relationship holds

Igy) + va}j)

_ D (G _ ()
sGHD) — g Ha £, (54)

HP (tU*D — (1)) leads to a constant. So the symplectic integrator has a constant of motion
HD U*D — (1), which is a discrete analogue of Hdt of the 2FCP.

Figure 5 shows the relative errors of H. + h. and [ given by the discrete 2FCP
and the symplectic integrator, respectively. The solid lines indicate the discrete 2FCP,
and the dotted lines indicate the symplectic integrator. We set the initial condition as
(x @, y© pO, pﬁo)) = (-3.0,3.0, —0.5, —0.2) and ;. = 0.6, which corresponds to case I

. . . def (; ;
of the previous section. We put the constant time step § = sU*D —s() = 0.01 and the number
of iteration N = 3000. We use Maple to implement floating point operations of the numerical

schemes. We set ten significant digits in the decimal system. The greatest possible round

. . .. def . .
error caused by one floating point operation is € = % x 107%. The discrete 2FCP gives the

relative error of H,. + h. and I smaller than 3000 = % x 1079 after 3000 steps. This confirms
that the discrete 2FCP conserves H, and /. On the other hand, the symplectic integrator does
not exactly conserve H, and /.

Figure 6 presents the trajectory given by the symplectic integrator (50) in the xy-plane.
We set the same initial condition (x@, y©@, p©@_ p©®y = (-3.0,3.0, —0.5, —0.2), u = 0.6,
sUtD — ¢ = 0.05 and N = 500 as figure 1 in the previous section. Since the symplectic
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Figure 6. Time evolution by the symplectic integrator (the ellipses are § = &,, £_).

delta=0.01
————  delta=0.1
77777777777777 delta=0.2

Figure 7. Time evolution by a new integrator (step sizes § = 0.01, 0.1, 0.2).

integrator does not conserve H, and I, the trajectory does not stay in the bounded region
framed by the two solid-line ellipses.

Figure 7 presents the trajectories of the discrete 2FCP with different step sizes . The bold,
solid and dotted lines are the trajectories with the time step § = 0.01, 0.1 and 0.2, respectively.
The time interval in the separated system § x N = 1000 is kept constant. The case § = 0.01
is closest to the trajectory of the 2FCP. As the time step-size becomes greater, the deviation
from the trajectory of 2FCP increases. This drift seems to stem from a characteristic of the
discrete 2FCP that it conserves only two constants of motion H, and / while the 2FCP has
three constants of motion H,, I and J. However, the trajectories of the discrete 2FCP stay in
the closed region bounded by two ellipses.
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7. Conclusion

In this paper we have proposed a numerical integrator for the 2FCP which conserves two
constants of motion. The canonical variables in [18] are introduced to separate the variables,
and then the singularities are removed. Then we discretize the system by applying the energy-
preserving method to each part of the separated Hamiltonian system. As a result, the discrete
2FCP has two constants of motion which have the same form as those of the continuous
system. It is also shown that the discrete 2FCP has an additional constant of motion. This is
a discrete analogue of the 2FCP’s third constant of motion which has an integral form.

Since the discrete 2FCP conserves two constants of motion of the continuous system, the
trajectories of the discrete 2FCP are confined in the same closed bounded region as those of
the 2FCP. As a result, the discrete and continuous 2FCP can be classified in the same way.
This is advantageous to a long-time numerical simulation in the sense that the discrete 2FCP
conserves a global characteristic of the 2FCP. We have conducted a numerical experiment
and have compared the result with that of a symplectic integrator. Time evolution by the
symplectic integrator shows drift from the closed region of the continuous 2FCP. While this
drift can be reduced by introducing higher order symplectic integrators, the discrete 2FCP
is still advantageous when an initial condition is set close to a boundary of two qualitatively
different orbits.

In the last few decades, geometric integration of dynamical systems have become popular
and various properties such as first integrals, symplecticness, reversibility, symmetry or group
structure are utilized to develop novel numerical methods. Conserving several properties
simultaneously is usually costly, or sometimes even impossible. Therefore, one has to choose
an appropriate method to meet his needs. This paper concentrates on the constants of motion of
the two-fixed-centres problem, and the proposed method conserves unique geometric property
that the continuous system has.
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