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1 Introduction

The present paper follows the accompanying Paper I, in which we investigate
different algorithms to compute the orbital perturbations of Oort cloud comets
caused by passing stars. In the present one, Paper II, we present several fast
integrators and mappings which modelize the effects of the galactic tide. The
results computed with these methods are compared with those obtained using
a numerical integration of the equations of motion.

To model the normal and radial components, with respect to the galactic
plane, of the Galactic tide different methods and mappings are developed in
Section 2. First of all in Section 2.1 we give the equations of motion of a comet
perturbed by the Galactic tide. Then the following models are described,
namely:

e a symplectic and regularised integrator (Section 2.2);

e some averaged Hamiltonian models using, according to the value of the or-
bital eccentricity e, either the Delaunay elements or the “Matese elements”
and, for each model, mappings based on the respective Taylor development
(Section 2.3);
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e a Lie-Poisson averaged model (Section 2.4).

In Section 3 the results of calculations performed using the different models
are compared to those obtained by numerical integrations. This comparison
allows us to build models which use a composition of two different kinds of
integrators in order to increase the velocity of the integrations minimising the
loss of accuracy (Section 4). Section 5 is devoted to the conclusions.

2 Models of Galactic tide effects on cometary orbits

2.1 The Cartesian model

To establish the equations of motion, we consider two different heliocentric
frames. The first one is a rotating frame with the #’—axis in the radial direction
pointing towards the Galactic center, the ¢’ axis pointing transversely along
the local circular velocity, and 2 completing a right-handed system. The fized
frame (Z,79, 2) is such that it coincides with the rotating frame (&',9’,2) at
time ¢ = 0 while keeping its axial directions fixed (see Fig. 1 of [g]).

Let us define {2y as the angular velocity about the Galactic center, assum-
ing the Sun to follow a circular orbit (since the motion of the Sun around
the Galaxy is clockwise in both our frames, (2 is negative, i.e., the vector is
directed along —2). If ¢, is an angle in the Galactic plane measured in the
rotating frame from ', and ¢ the corresponding angle measured in the fixed
frame from Z at time ¢, we have the relation: ¢ = ¢, + 2ot (see Fig. 1 of [8]).
All the final results will be presented in the fixed frame.

The force F per unit of mass acting on a test particle orbiting the Sun
under the influence of the Galactic tide is given by (see [10]):

_ pMe
3

—[drppe — 2(B? — A%))zz, (1)

F =

r+(A—B)(3A+ B)2'# — (A— B)%/y

where x’, Y/, z are the coordinates of the comet in the rotating frame, r is the
Sun-comet vector of length r, A and B are the Oort constants, and pg is the
local density of the Galactic disk in the solar neighbourhood. In the remaining
of the paper we will assume pg = 0.1Mg pc~3 [12] and an angular velocity
of the Sun around the Galactic Center 20 = B — A = —26kms ™ 'kpc ™', with
the approximation A = —B.

The unit of mass is the solar mass (Mg = 1), the unit of time is the year,
and the unit of length is the Astronomical Unit (AU). As a consequence, the
gravitational constant yu is equal to 472.

Let G1, G2 and G3 be defined by

G =—(A-B)(34+ B)
G = (A— B)? (2)
Gs = dmppe — 2(B* — A?).
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Then, with the chosen values of A, B and pg, one has:

Go = —G1 = 7.0706 x 10~ 16 y1—2,

Gs = 5.6530 x 10715 yr—2, (3)
20 = —v/Go.
One may note that the relation Go = —G; is a particular case which corre-

sponds to a flat rotation curve of the Galaxy, i.e., to a constant tangential
velocity of the stars around the galactic center whatever the star distance to
the galactic center. Numerical experiments have shown that another choice of
Oort constants A and B consistent with the observations does not affect the
long term dynamics of the Oort cloud comets [9]. Consequently, some of the
models presented here will use the relation Go = —G; in order to simplify the
equations.
The general equations of motion in Cartesian coordinates are:

d2z M, .

= = _ur?’@I — G12' cos(2ot) + Goy' sin(£20t)

d2 M, .

d—t:g = —ur?)@y — g1II Sln(Qot) - ng/ COS(Q()t) (4)
d?z  pMg

@ —— 3 2 G3z,

where z,y, z are the coordinates of the comet in the fixed frame [thus 2’ =
x cos(2ot) + ysin(2pt) and 3y’ = —z sin(2ot) + y cos(20t)]. Equations (4) will
be referred to as the Cartesian model, also denoted RADAU. The RADAU
integrator described by [7] is used at the 15th order, with LL=12, to integrate
Egs. (4). This integrator was chosen because it is fast, reliable and accurate
compared to other non-symplectic integrators.

2.2 Regularised symplectic integrator

This method was first introduced in [5]. For a detailed decription of the method
one should read the original paper, only the key points are presented here. In
the following we recall the key steps.

Hamiltonian in Cartesian variables

From Equation (1) the complete Hamiltonian is given by:

H = Ho+ Hy (5)
HO:%(X2+Y2+22)_§, (6)
Hi = 1 (Gia” + Gay* + G327) (7)

where (X,Y, Z)7 is the velocity vector of the comet in the fixed frame.
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Introducing the first equation of system (3) explicitly, we can rewrite H;
as
Hl(xvyazat) = %QQ [(yQ—x2)O—2xyS} + 59322, (8)
where
C = cos (2 ), S = sin (2 20t). (9)

It is well known that in cometary problems one cannot expect to meet
moderate eccentricities of orbits; some kind of regularisation will become un-
avoidable if a fixed step integrator is to be applied. One of the standard reg-
ularising tools is the application of the so-called Kuustanheimo-Stiefel (KS)
transformation that turns a Kepler problem into a harmonic oscillator at the
expense of increasing the number of degrees of freedom [16]. The approach
of [6] is used to set the KS variables in the canonical formalism.

KS variables

Leaving aside the in-depth quaternion interpretation of the KS transformation
given in [6], we restrict ourselves to the basic set of transformation formulae,
treating the KS variables as a formal column vector. In the phase space of the
KS coordinates u = (ug, u1,u2,u3)" and KS momenta U = (U, Uy, Us, Us) 7T,
the former are defined by means of the inverse transformation

T = (u% +u? —ul — ug)/a,
y = 2 (uug + uous)/a, (10)

z = 2 (ujus — upusg)/a,

where « is an arbitrary parameter with the dimension of a length. A dimension
raising transformation cannot be bijective, so the inverse of (10) is to some
extent arbitrary. Following [6] we adopt

a

T
u ) 0, r+z9, 2), (11)

for x > 0, and
« T
u=,/—— (—2,y,7r—z,0)", 12
otherwise. A remarkable property of this transformation is that the distance
r becomes a quadratic function of u;, namely

2

2 2 2 2
r=ViEttAe TR W (13)

« «

The momenta conjugate to u are defined as

upX +uzY —usZ
U—E n X +uY +us”Z
- 6 —’U,2X+’U,1Y—’U,0Z

—’ngX + U()Y —|— ulZ
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The inverse transformation, allowing the computation of R = (X,Y, Z)7T,

ugUp + u1Ur — uoUs — ugUs
R=— U3U0 + ’UQUl + u1U2 + uOUB ) (15)
—usUy + uzUy — ugUs + u1U3

can be supplemented with the identity
u1Ug — ugUy — ugUs 4+ uaUs = 0. (16)

In order to achieve the regularisation without leaving the canonical formalism,
we have to change the independent variable from ¢ to a fictitious time s and
consider the extended phase space of dimension 10, with a new pair of conju-
gate variables (u*, U*). Thus, in the extended set of canonical KS variables,
the motion of a comet is governed by the Hamiltonian function

4u? N
MZ?(/Co-l-U + K1) =0, (17)
where Ky and Ky stand for Hy and H; expressed in terms of the extended
KS variables set. The transformation just presented is univalent, hence the
respective Hamiltonians will have different functional forms, but equal values:
Ho = Ko, H1 = K1. Restricting the motion to the manifold of M = 0 is of
fundamental importance to the canonical change of independent variable; in

practical terms we achieve it by setting
Ur=-Kog— Ky, (18)

at the beginning of the numerical integration.
Splitting the Hamiltonian function M into the sum of the principal term
My and of a perturbation M1, we have

Mo = LU + (4U* fo?) . (19)
4 u?
Ml = 77'(1(%%2,15)- (20)

Although nothing prohibits v* and ¢ from differing by an additive constant,
we do not take advantage from this freedom and will therefore use the symbol
t in most instances instead of the formal u*. In the next Section we provide
equations of motion generated by My and M alone; the complete equations
of motion can be quickly obtained by adding the respective right-hand sides.

Keplerian motion

The principal virtue of the KS variables consists in their ability to trans-
form the Kepler problem into a four-dimensional oscillator with a constant
frequency
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w=2 VQQU*. (21)

In addition one gets the equation for the fictitious time s, that may be written

as:
ds «

Thanks to the introduction of «, the fictitious time s has the dimension of
time and if we assume
o= 2K (23)
U=’
orbital periods in s and ¢ will be equal.
For U* > 0, the map @ representing the solution of the Keplerian motion

can be directly quoted from [2]. If A is the fictitious time step, then

u wcoswA +Uw™ L sinwA
Po.A U |- | —uwsinwA+UcoswA | . (24)
U U

Moreover, if v = $g au and V = $y AU are the final values of variables,
2A U? uTU -0V
45074:t—>t+—2(u2+—2)+2T (25)

Q@ w a?w

One may easily check that the sum u? + U%w~2 is invariant under @, and
it can be replaced by v2 + V?w=2 in practical computations of the Kepler
equation (25).

It may happen, however, that U* < 0 (when the motion is hyperbolic for
instance). A simple modification of @ in that case amounts to take

w= 27”2[]*, (26)

«

and replacing equations (24) and (25) by

u wcoshwA + Uw ™! sinhwA
Po.A U | - | uwsinhwA+UcoshwA |, (27)
U* U*

and

Do A t—>t+—2
«

w? o2w?

2A<2 U2) uw'U — 0"V
wo =) 20

Similarly to the elliptic case, u? — U? Jw? is invariant under ®y.
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Galactic tide

The Hamiltonian M has the nice property of being independent from the
momenta. Thus a half of the equations of motion have right-hand sides equal
to zero, and the remaining right-hand sides are constant.

Accordingly, all KS coordinates are constant, the physical time ¢ does not
flow, and the momenta are subjected to a linear ‘kick’:

u u
t t

Pai g | 7| U-aFw |- (29)
U U* — AF*(u,1)

Mixing Cartesian and KS variables for the sake of brevity, we can represent
F and F* as

_8H, 4u® OH,

F = 012 u 012 a—u (30)

. 4u?
F = ? QQ g2§3, (31)

where
OH1 ox dy 0z

W—_92€2%+g2§1%+g32% (32)

51 = yc - ISv
&2 = 2C +y5s, (33)

& = (22— ) S - 2ayC.

Symplectic corrector

One of the advantages offered by the integrators introduced in [11] is a simple
definition of a symplectic corrector — an extra stage that improves the accu-
racy in perturbed motion problems. The symplectic corrector is defined as a
solution of the equations of motion generated by

MC = {{M07 Ml}a Ml}v (34)

where {, } is the canonical (or ‘symplectic’) Poisson bracket in the phase space
spanned by w,t,U,U*. Observing that M is quadratic in U and linear in
U*, we easily obtain

Me(u,t) = 23: (%‘;1)2 = F2. (35)

=0

The solution of the equations of motion derived from M, results in:
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u u
t
t
P o oF\ | ) 36
cai g, || v-2a(8E)F (36)
U*

J
oF
vi—24 (9F) . F
In spite of a formally simple form, equations (36) involve rather complicated
expressions for the second derivatives of My, because

OF 2L 92My OM,
%-F(u,t) ; T (37)
OF 2L P My oM,
E'F(“’)_ga Ot Bu; (38)

One may find a detailed method to compute the Hessian matrix of M1 in [5].

Laskar-Robutel integrators

The composition methods of [11] differ from usual recipes because, regardless
of the number of ‘stages’ involved in one step, they all remain second-order
integrators according to the formal estimates. However, if the Hamiltonian has
been split into a leading term and a perturbation having a small parameter
e as a factor, the truncation error of the integrator is max(e? h3, e h™) where
m is the number of stages involved in one step. The second term of this sum
is similar to classical composition methods errors, and the first can be quite
small for weakly perturbed problems. At the expense of the €2 A% term in the
error estimate, the authors were able to avoid backward stages that degrade
numerical properties of usual composition methods. The use of a corrector
improves the integrator by reducing the truncation error: its first term drops
to €2 hS.

Following the recommendation of [11], and after having performed numer-
ical tests (see [5]), the best integrator is obtained using the following compo-
sition for each single step of size h:

éh = gpc,q o (pl,dl o ¢0,02 o (pl,dg o (150703 o
o¢17d2 o ¢0,C2 o Ql,dl o ¢C,q7 (39)
where
di = h/12, dy = (5/12) h

= (1/2—=/5/10) h, es = h/VE, (40)
q = —h3(3861 — 791/21) /576.

This integrator will be referred as LARKS.
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LARKS step size choice

The Hamiltonian error of LARKS, based on the above composition, is propor-
tional to e2h* (see [5]). Observing that ¢ < ar?, where a is the semi-major axis
of a comet, and r is the Sun-comet distance, we look for the step size selection
rule that gives a similar precision for a wide range of initial conditions. This
can be achieved if the product

K =¢&?h?, (41)

has similar values for all comets to be studied. Thus, finding some optimum
step size h, for a given semi-axis a,, and then launching the integration for a
different semi-axis a;, we adjust the step size and use

a \3/?
hy = he (—> , (42)

when the orbit is elliptic (a1 > 0) and using a; instead of 7. For a hyperbolic
orbit the step size is adjusted through:

a3/2
o
h1 = he (W) . (43)

In the test described in this Section, we set h, as 1/20 of the Keplerian period
implied by a, = 50000 AU and adjusted the step according to (42) or (43) for
other orbits. For elliptical orbits, in order to avoid numerical resonance be-
tween the step size and the orbital period [19], we do not use a step size larger
than 1/20 of the Keplerian period, even if it might be allowed by Eq. (42).

Stop time for LARKS

The fact that the fictitious time s is the independent variable is an inevitable
issue associated with the use of the KS variables regularisation. What happens
if one wants to obtain the state of a comet at some particular final epoch of
the physical time ¢? This problem appears if one wants to stop the integration
as close as possible to a precise value Ty of the real time.

A method which turns out to be effective, whatever the dynamics, is the
following. Let f be the function defined by f(s) = ¢ — Ty. Thus the problem
is to solve f(s) = 0. Let f, and s, be the values of f and s before some step,
and f, and s, be the values after this step. The integration stops as soon as
fa > 0. From this point, the method is built according to an iterative process
which evaluates fp, s, and fq, Sq, such that the solution s, is always between
sp and s,.

For each step, one computes the derivatives df,, and df,, of f in s, and s,
respectively, using Eqgs. (22) and (13). Consequently, one can easily compute
the equation of the tangent to f in s, and s,. Let s,, be the value of s for
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which the two tangents intersects. If s,, is not between s, and s, the next
guess s, of the solution s, is computed using a linear approximation of f or
a bisection method between s, and s,. The choice is made according to the
method which makes the most important reduction of the interval [sp, s4].
Otherwise, if s, is between s, and s,, then the next guess s, is given by the
intersection of the tangent at f in s, (resp. in s,) with the abscissa axis if it
lies between s, and s,, (resp. between s, and s,).

One stops the iterative process as soon as f(sg4) is close enough to 0, that
is ty — Tt =~ 0, where t4 is the value of the real time obtained for s,.

Stop at perihelion for LARKS

In the framework of Oort cloud comets dynamics, it may be necessary to sus-
pend the integration of a comet at its perihelion. When an integrator like
RADAU is used, then the step size is very small when the comet passes
through its perihelion, thus it is quite easy to stop at the cometary perihelion
only by checking the evolution of the Sun-comet distance. This is not the case
for LARKS, which may have a large step size even when the comets is at its
perihelion, hence the evolution of the Sun-comet distance is not sufficient.

However, when a comet is near its perihelion, one may neglect the per-
turbative part due to the galactic tide. Consequently, as it has been already
noted, the motion in the KS variables is simply a harmonic oscillator. Using
this property it is very easy to stop the integration exactly at the cometary
perihelion. Indeed, if (u,U) are the KS variables of a comet, then w - U = 0
when the comet is at its perihelion. Thus, let (u,, U,) be the KS variables be-
fore some step, and (u,, U,) after this step. When u,-U, < 0 and u,-U, >0
it means that the comet went through its perihelion during the step. When
U* > 0, using Eq. 24, the step length h which should be performed from
(up, Up) to the exact perihelion is given by:

1 2wu, - U
h=—tan™' | S—2—21). 44
2w (uﬂug—UpQ) (44)
When U* < 0, using Eq. 25, the step length is given by:
1 1+ X
h= o loe (ﬂ) : (45)
where 5 U
wy, - Up
=P —P 46
w?u2 + U2 (46)

2.3 The Hamiltonian models

In this section we will give the Hamiltonian equations of motion derived from
the average Hamiltonian, using two sets of variables according to the value of
the orbital eccentricity e (see [9]).
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The Hamiltonian model with Delaunay variables

The complete Hamiltonian given by:

12 12 2

o T Y z
" z A z 4
+O05 TG + 07 (47)

2a

may be written using the Delaunay’s variables: L = \/ua, G = \/pa(l — e?),
H = Gcosi, £ = M, g = w and h = {2, where a, €, i, M, w, {2 are the
cometary semi-major axis, eccentricity, inclination, mean anomaly, argument
of perihelion and longitude of node (all the angles being measured in the fixed
Galactic frame). The mean anomaly being a fast variable with respect to the
other ones, the Hamiltonian is averaged over /.

Then, one writes the averaged Hamiltonian equations of motion, which
gives:

dL
()
() =5 (=) {omomslo1- )

H2
+ (gl sin® h, + Gs cos? hr) o2

H:

0 (48)

— Gy cos® hy (49)

—Gs sin? hT} - (g1 - gg) (6082 g — sin? g) cos h, sin th}

() =50 -0) o1 ) Gemsna( o )

+ sin h,. cos h, (50)

.{GQ—H2+5(L2—GQ)(COSQg—Sinzgg—j)}} (51)
<%> - 22762;{% [1-5sin?g(1- %)]

+ (gl cos® h, + Go sin? hr) (1 — 5cos? g) (52)

L?H?
-5 (Ql sin? h, + Go cos? hT) a1 sin’ g

+5 (g1 - gz) cos g sin g cos ;. sin h,. (G2 + LQ) %}

dh L? .
(8- of e s

[G2 n 5(L2 - GQ) sin? g] g - 5(g1 - gz) (53)

(L2 — G2) cos g sin g cos h,. sin hT},
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where h,. = h — (2ot at time t.

The quantity L, i.e. the semi-major axis, is obviously conserved since the
mean anomaly does not appear in the averaged Hamiltonian. Furthermore, one
may note that, when the radial component of the tide is neglected, i.e. when
G1 = Go = 0, then H is conserved. In this case the dynamics is completely
integrable. Many papers were devoted to this peculiar case: for instance [3,
10,14, 15] and [1].

The Hamiltonian model with Matese elements

When e ~ 1, Equations (49-53) become singular. In order to remove this
singularity, we adopt the variables: L, ©® = Hy, H, M, 6 = b and A = [,
with: Hy, = —y/pa(l —e?)cosa and H = /pa(l — e?)cosi. Here b and [
are the latitude and longitude of perihelion of the comet, and « is the angle
between the orbital plane and the plane orthogonal to the Galactic plane and
passing through the perihelion and the Galactic poles, measured from the
south Galactic pole to the cometary velocity (see Fig. 1 of [9]).

This set of elements will be referred to as Matese elements since it first
appeared in [15]. Similar elements have been used elsewhere in the literature
in order to remove the singularity at e = 1: see [18] for elliptic collision
orbits, and [17] for hyperbolic collision orbits. The Matese elements are slightly
different from those used in the quoted papers, but the procedure to define
them is similar. The can be shown to be canonical.

One substitutes 2/, ¥’ and z by the Matese elements in Eq. (47), and
averages with respect to the mean anomaly. Then, the Hamiltonian equations
of motion are:

dL
(ar) =
2
<§> - % [cos §5inO(—46° + 5L?)(G1 cos® A, + G sin® ;)
1

in 0
—G1 | ©cosbcos N\, + Hsin /\TSIL
cos? 6

. <(9sin900s A+ Hsin/\ri)
cos 6

in 6
—Go | ©cosbsin \,. — H cos )\T&
cos2 6

. (8 sin @ sin A\, — H cos )\Ti)
cos

sin 6

+0s cos3 b

dH L*(Gy —
<¥> = 2;310708592) [(—4(92 cos? @ — 4H? + 517 cos? 0) cos® 6 cos A, sin \,.

(5((92 — L?)cos* 0 + 4H2)]
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+(O© cosfsinfsin A, — H cos A\, )(O cosfsinf cos A\, + H sin A,)]

de L? 4 9 .9
<a> = m {-4@(}08 0 (gl COS )\T + g2 S )\T)

+G1(O cosfsinf cos A\, + H sin \,.) cos 0 sin 6 cos A,

+G2(O cosfsinfsin A, — H cos \,-) cos 0 sin 6 sin A,

+G36 cos® (1 — 5sin® 0) }
dA L? 2 2 . 92
<E> = W {—4Hcos 0 (g1 cos® A\, + Go sin )\T)

+G1sin A\ (@ cosOsinf cos A, + H sin \,.)

—Gocos A (O cosfsinfsin \,. — H cos \,.) — 4GsH sin? 9}

The singularity at cos@ = 0 is evident, but these equations show that the
singularity at e = 1 has indeed disappeared.

The Mappings

The two above averaged models are already faster than the Cartesian model
(see [8]). However, in order to enhance their efficiency, on may consider the
truncated Taylor development of their solution. More precisely, one writes any
of the averaged models in the form:

dx

T f(x,), (54)
where x is the vector defined by the Delaunay or the Matese elements, and
the subscript r means that the longitude is measured in the rotating frame.
Then, the truncated Taylor development at order N of the solution of this
equation is:

N
x(T + AT) =x(T) +

n=1

d"x

AT™
den

— + O(ATN Y, (55)
S

where the subscript T indicates that the quantities are computed at time T'.

Taking AT equal to one orbital period of the comet (which is consistent
with having averaged the Hamiltonian) this development provides us an easy
way to derive mappings of different orders.

Experiments have shown (see [8]) that the mappings of order 3 give the
best compromise between precision and velocity. However, one should be very
careful in using these mappings, due to the singularities of the two averaged
models. Indeed, the effects of the singularity when e = 1 for the model using
the Delaunay variables and the singularity when cosb = 0 for the model
using the Matese variables are enhanced when one uses the truncated Taylor
development of their solution.
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It turns out that the mapping using the Delaunay elements may be safely
used for eccentricity smaller than 0.999, otherwise the mapping using the

Matese elements is more precise. The composition of this two mappings will
be referred as the MAPP model.

2.4 The Lie-Poisson model

This model is described in detail in [5]. One should refer to this paper for a
full description of the method.

Equations of motion

The integrators presented in the previous Sections solve the equations of mo-
tion in the fixed reference frame, where the radial component of the Galactic
tide is explicitly time-dependent. Our second method can be more conve-
niently discussed in the rotating heliocentric reference frame (2/, 9, 2). The
present model uses also the first equation of (3) explicitly, which simplifies
drastically the results.

The Hamiltonian function for a comet subjected to the Galactic tide in
the rotating frame is given by:

H = Ho + M, (56)
1 1%

Ho= = (X?+Y"?+ 2% - - 57

0 2 ( ) (117/2 + y/2 + 22)5 ( )

Hi=2 @y X' —2'Y') + % (gz (y’2 - 33/2) +G3 2’2) ) (58)

where (2/,y’, z) and (X', Y’, Z) are the position and velocity of the comet in
the rotating frame.

As in Section 2.3, one may average the Hamiltonian H with respect to the
mean anomaly ¢. The averaged Hamiltonian (H;) is now expressed in terms
of the Laplace vector e and a scaled angular momentum vector h instead of
canonical elements as the Delaunay or the Matese ones. Their components are
related to the Keplerian orbit elements

e1 cosw cos §2, — csinw sin §2,.
e=|e | =e | coswsinf2, +csinwcos 2, |, (59)
es s sinw
h1 s sin (2,
h=|hy | =vV1—-e2 | —scosf2 |, (60)
h,g C

where e is the eccentricity, s = sint, ¢ = cost. Recalling that in the rotating
frame the momenta X’ and Y’ are not equal to velocities dd—”il and ddit (this fact
that can be immediately deduced from the canonical equations ‘h—ﬁ, =0H/0X'
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and dd‘—1{ = 0H/JY’), we assume that the usual transformation rules between

Keplerian elements and position/velocity are used with the velocities directly
substituted by the momenta. With this approach the Keplerian motion in the

rotating frame is described by means of orbital elements that are all constant
except for (2, which reflects the frame rotation (dd(? = —QO).

Using the ‘vectorial elements’ h and e, letting n stand for

and changing the independent variable from time ¢ to 71, such that

drn G
—_— == 62
dt n (62)
one obtains the averaged Hamiltonian (H), given by
(H) = na? [% eg + ih% + ih§+
+v (=3el+ 33+ 1hi — th3 —n 0yt hs)], (63)
where, all the constant terms have been dropped and, using the usual approx-
imation 29 = —v/G2, we introduced a dimensionless parameter
22 Gy
V=—- = . 64
gs U3 (64)
The vectorial elements can be used to create a Lie-Poisson bracket
af\" ., . 9g
9)=1=] Jw) = 65
9= () 3032, (63)

with the structure matrix

> O

J(v) = (zh) (66)

The ‘hat map’ of any vector & = (x1, 72, 23)T is defined as

0 —I3 X2
x3 0 —zp |. (67)

—T2 X1 0

>
I

This matrix is known as the vector product matrix, because
Xy=x xy. (68)

Using the Lie-Poisson bracket (65) we can write equations of motion for the
vectorial elements

v = (h1, ha, hs,e1,e2,e3)", (69)



16 Fouchard et al.

in the non-canonical Hamiltonian form
v = (v; K), (70)

where derivatives with respect to 7 are marked by the ‘prime’ symbol and the
scaled Hamiltonian

= (71)

na?’

Writing equations (70) explicitly, we obtain

5 1—-v nv
hll:—5(1—1/)6263—}—Th2h3+?0h27 (72)
5 1+v nv
h’2:§(1+u)e163— 5 hth_?Ohla (73)
h/3 =V (hl h2 — 561 62), (74)
4
el =— —;theg—i-gl/hseri-%zez, (75)
4—v 5 nv
r_ 2 _ 27
¢ = — h1€3+21/h3€1 9061, (76)
1-4 1+4
ey = 2 " hyes — ki “ haer. (77)

Substituting v = 0, the readers may recover the correct form of the Galactic
disc tide equations published in [3,4]. Equations (72)-(77) admit three inte-
grals of motion: apart from the usual conservation of the time-independent
Hamiltonian K = const, two geometrical constraints

h-e=0, h*+e*=1, (78)

are respected thanks to the properties of the Lie-Poisson bracket (65). Indeed,
both quadratic forms are the Casimir functions of our bracket, i.e.

(h-e; f)=(h*+¢e% f) =0, (79)

for any function f, hence in particular for f = K.

Lie-Poisson splitting method

The Hamiltonian I can be split into a sum of three non-commuting terms

K=K+ K+ Ks, (80)
5 1+v
ICl = ZVG%—T}'L%, (81)
) 1-—
ICQZ—Zl/e%—TI/h%, (82)
5 nv
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Each of the terms /C; is in turn a sum of two components that commute,
because it can be easily verified that (e;; h;) = 0 for all j € {1,2,3}. In these
circumstances, we can approximate the real solution

v(7) = exp (7 L) v(0), (84)

where L f = (f; K), using a composition of maps
;- v(0) — v(r) =exp (7 L;) v(0), (85)
where L; f = (f; K;) for i = 1,2,3. Each &, , is in turn a composition of two

maps
!pi,‘l' - Ei,‘r o Hi,‘r = Hi,T o Ei,7'7 (86)

generated by the e; and h; related terms of ;.

The contribution of ICq

The two terms of K; generate equations of motion

0Y
v'=(v;2ve]) =3ev <Y1 Ol)v, (87)
and
2 0Y,
v'=(v;—1(1+v)hi)=—Fhi (1+v) (Y1 R (88)
where
00 0
Y= [o00-1]. (89)
010
The composition of these two maps results in
) M; Ny
U, v — <N1 M1> v, (90)
where
1 0 0 0 0 0
M; = | Ociici2 —ciis12 |, Ni= |0 s11812 s1ic12 |- (91)
0 c11812 cricio 0 —s11€12 S11512
1/)11:%611/7', and U)lgz%(l—i—V)th, (92)
introducing

Cij = COS 1/)Z'j, Sij = sin 1/)” (93)
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The contribution of ICo

The equations of motion derived from the two terms of Ky are

0 Y,
v'=(v; —3vel) =2ve, (Y2 0 ) v, (94)
and
0Y,
v =(v;—t1-v)h3)=L(1-v)ho (Y2 0 ) v, (95)
where
001
Yo=|( 000]. (96)
-100

Composing the two maps we obtain:

) M, N
!p27‘r U= (N2 M2> v, (97)
where

c21¢22 0 —c21522 521522 0 c22521
Moo= 0 1 0 |, No= 0o 0 0 |, (9

c21522 0 co1C02 —c22521 0 521522

ho (1 —

o1 = %Vez 7, and o = — % T. (99)

The contribution of IC3

The equations of motion derived from the two terms of K3 are

. 2 0 Y3
v =(v;—2€}) =3Ses <Y3 L (100)
and
_ nv 0 Y3
v' = (v; hanv §2 1):—?0 <Y3 0 ) v, (101)
where
0-10
Ys=[100]. (102)
000

Composing the two maps we obtain

Ms; N
Us . v — (N; Mi,) v, (103)
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where
c31€32 31532 0 831532 —C32531 0
M3 = | —cs1832 c31c32 0 |, N3 = | c325831 S31832 0 |, (104)
0 0 1 0 0 0
o = 2 d gy = 2 (105)
=_¢ an = —T
81 =537, 82 = o T

2.5 The Lie-Poisson method of order 2

The composition methods of [11] cannot be used for our Lie-Poisson splitting
method, because the Hamiltonian function has been partitioned into three
terms. Moreover, none of the terms can be qualified as a small perturbation.
In these circumstances, the principal building block can be a ‘generalised
leapfrog’

Up = ![’1,A/2 o !I’Q,A/z © WS,A © !172.,A/2 o !pl,A/Q- (106)

This Lie-Poisson method, called LPV2, is a second order method with a local
truncation error proportional to the cube of the step-size A3. Although we
use LPV?2 as a final product in this paper, it can be used as a building block
for higher-order methods. A collection of appropriate composition rules can
be found in [13].

In practice, the step size A will be set equal to one orbital period.

3 Comparisons between the different models

In order to compare the reliability and speed of the integrators we performed
the following experiment: 400000 sets of initial orbital elements were ran-
domly chosen in a specified range, under the condition that their respective
distribution is uniform, i.e.:

e the initial semi-major axes in the range 3000 < a¢ < 10° AU, with distri-
bution uniform in log;, ao;

e the initial eccentricity in the range 0 < eg < 0.9999, with a uniform
distribution;

e the initial inclination iy such that —1 < cosig < 1, with a uniform distri-
bution;

e the initial argument of the perihelion, the longitude of the ascending node,
and the initial mean anomaly (where needed) in the range from 0 to 2,
with a uniform distribution.

Using this set of elements, we integrated the equations over one cometary
period using LARKS, LPV2, MAPP and compared the results with those
obtained with the Cartesian model.
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For the stopping time in LARKS, the method described at the end of

Section 2.2 until [T —t| < 1073 yr was used.
The relative error in the comet position £, was defined as

gmod — ¢R
q0

E, = (107)

)

where ¢modq, and gr denote the value of the perihelion distance at the end of
the integration of one period computed by the tested integrator and by the
RADAU respectively, and ¢q is the initial value of the perihelion distance.
Then, the ep-log;yap plane is divided into 60 x 70 cells. In each cell we
record the maximum value Ep,,x reached by the error E, for the initial con-

ditions belonging to the cell.

0 0.5 17 0 0.5 1
€ o
o
i ©
|
Q
=
5‘
ke
©
|
R T
0 0.5 7
€

Fig. 1. Maximium error E, (see Eq. 107) in each cell of the ep-ao plane for the
models MAPP (top left), LPV2 (top right), and LARKS (bottom). The solid line
curves correspond to E, = 0.01 and the dotted curves are the best fits of the level

curves.
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The results obtained for the three models are shown in Fig. 1. The MAPP
and the LPV2 models, both used with a step size equal to the unperturbed
Keplerian period, are equivalent as far as the accuracy is concerned. Indeed,
the best analytical fit of the level curve E, = 0.01 is given by:

ae = 104.748:|:0.004(1 _ 6)0'182i0'006, (108)

for the MAPP model and,

(e = 10%751£0.003(1 _ £)0.18540.005 (109)
for the LPV2 model. These two equations may be considered as identical
within the error bounds of the exponents.

For both models the error is essentially due to the averaging of the equa-
tions of motion with respect to the mean anomaly. Conversely, the LARKS
method is highly reliable in the whole phase space domain under study, since
the error never exceed 0.01. The effect of the time step selection rule (42)
is clearly visible above ag = 50000 AU; the reliability of LARKS is almost
conserved when aq increases.

Speaking about the computation times required to perform all the integra-
tions, the MAPP, LPV2 and LARKS needed 5.5, 1.8 and 99 seconds, whereas
the RA15 integration took 1820 seconds. That is, LPV2 is 3 times faster than
MAPP, and almost 40 times faster than LARKS, and LARKS is almost 20
times faster than RA15.

4 Hybrid integrators
4.1 Definition

In order to have the best compromise between velocity and precision, one can
consider hybrid models which use the fastest accurate model according to the
values of the cometary eccentricity and semi-major axis.

In [9] the hybrid model MAPP + RADAU, was introduced and applied to
reproduce the effects of the galactic tide on the dynamics of 10® comets over
5 Gyr. This hybrid model was such that MAPP was used below the analytical
fit of the E, = 0.01 level curve given by Eq. (108), otherwise RADAU was
used.

This hybrid model became obsolete since [5] where LPV2 and LARKS have
been introduced. Indeed, the hybrid model LPV2 4+ LARKS, where LPV2 is
used below the analytical fit of the E, = 0.01 level curve given by Eq. (109),
is much faster than MAPP + RADAU, and has the same accuracy. In the
special case of a galactic potential such that A # —B, i.e. Go # —G;, LARKS
is easily generalisable whereas LPV2 is not. Thus in such a case the hybrid
model MAPP + LARKS may be used.
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Let us consider the integration of a comet with a hybrid model, say LARKS
+ LPV2. The oscillation of the eccentricity with time may lead to repeating
shifts between the use of LARKS and the use of LPV2. However, when LARKS
is used the semi-major axis oscillates with a period equal to the orbital period
of the comet (this may be easily understood from the fact that in the Hamilto-
nian formalism, the mean anomaly and L = ,/ua are conjugate coordinates),
whereas it is a constant of motion when LPV2 is used. Indeed, for the LPV2
model the mean-anomaly cancels out.

Since LPV2 is applied for an integer number of orbital periods, one may
just record the value of the mean-anomaly at the beginning of a sequence
where LPV2 is used, and restore the mean-anomaly value at the end of the
sequence. Consequently, when one shifts from LPV2 to LARKS, the memory
of the orginal orbit is conserved, as far as the averaging is neglected.

However, a shift from LARKS to LPV2 occurs for an arbitrary value of
the mean anomaly, thus it occurs for an arbitrary value of the semi-major axis
in the interval of its oscillations. Consequently, from one such shift to another
one, the LPV2 model will be applied to different averaged orbits since the
semi-major axis is different. After many shifts, a drift on the semi-major axis
value may be observed.

An easy way to remove this drift is to allow the shift between LARKS and
LPV2 only when the comet is exactly at its perihelion. Indeed, in this way,
the shift occurs always at a precise time of the semi-major axis oscillation,
thus the memory of the real orbit may be conserved when many shifts from
LARKS to LPV2 are performed.

5 Conclusion

Different models of the galactic tide have been presented. The first one, called
LARKS, is a symplectic integrator which uses the Kuustanheimo-Stiefel (KS)
transformation to regularise the equations of motion. This model turns out to
be reliable over the whole phase space and almost 20 times faster than a non
symplectic integrator using Cartesian coordinates (RADAU). The two other
models are based on the averaging of the equations of motion with respect to
the mean anomaly. One, which is called MAPP, uses the Taylor development
at order three of the solutions of the averaged equations of motion. In this
case the equations are written using the Hamiltonian formalism with two
different sets of canonical variables according to the value of the eccentricity.
The second averaged model, called LPV2, considers the equations of motion
using the normalised Laplace and angular momentum vectors. Then a Lie-
Poisson integrator of order 2 is used by splitting the Hamiltonian in three
parts.

As regards the accuracy, these two models are equivalent, but they are
reliable only in a limited domain of the phase space. These models are both
faster than LARKS, but LPV2 is 3 times faster than MAPP, and 40 times
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faster than LARKS. The main advantage of MAPP is that it is more didactic.
MAPP is also more general since it may consider any kind of radial component
of the tide - but with the assumption that the tide is axi-symmetric -, whereas
LPV2 requires Go = —Gj.

The best hybrid model can be defined as a combination between the use
of LPV2 and LARKS according to the value of the cometary eccentricity
and semi-major axis. For instance, if one wants a confidence level of 1% on
the perihelion distance variation over one cometary period, one may use the
analytical equation given by

Qe = 104.751(1 _ 6)0.1857 (110)

to define the upper frontier of the domain where LPV2 may be used.
If one wants a confidence level of 0.1% one may consider the value:

a, = 104.570(1 _ e)0.1767 (111)

as the upper limit of the domain where LPV2 may be used. However, the
use of Eq. (111) will slow down the integrations since it reduces the domain
of application of LPV2. The above hybrid model may be used for any long
term simulations of the Oort cloud comets dynamics under the effects of the
galactic tide.
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