
A&A 543, A133 (2012)
DOI: 10.1051/0004-6361/201219011
c© ESO 2012

Astronomy
&

Astrophysics

The solar system’s invariable plane

D. Souami1,2 and J. Souchay1

1 Observatoire de Paris, Systèmes de Référence Temps Espace (SYRTE), CNRS/UMR 8630, UPMC, Paris, France
e-mail: damya.souami@obspm.fr

2 Université Pierre et Marie Curie, 4 place Jussieu, 75005 Paris, France

Received 10 February 2012 / Accepted 9 April 2012

ABSTRACT

Context. The dynamics of solar system objects, such as dwarf planets and asteroids, has become a well-established field of celestial
mechanics in the past thirty years, owing to the improvements that have been made in observational techniques and numerical studies.
In general, the ecliptic is taken as the reference plane in these studies, although there is no dynamical reason for doing so. In contrast,
the invariable plane as originally defined by Laplace, seems to be a far more natural choice. In this context, the latest study of this
plane dates back to Burkhardt.
Aims. We define and determine the orientation of the invariable plane of the solar system with respect to both the ICRF and the
equinox-ecliptic of J2000.0, and evaluate the accuracy of our determination.
Methods. Using the long-term numerical ephemerides DE405, DE406, and INPOP10a over their entire available time span, we
computed the total angular momentum of the solar system, as well as the individual contribution to it made by each of the planets, the
dwarf planets Pluto and Ceres, and the two asteroids Pallas and Vesta. We then deduced the orientation of the invariable plane from
these ephemerides.
Results. We update the previous results on the determination of the orientation of the invariable plane with more accurate data,
and a more complete analysis of the problem, taking into account the effect of the dwarf planet (1) Ceres as well as two of the
biggest asteroids, (4) Vesta and (2) Pallas. We show that the inclusion of these last three bodies significantly improves the accuracy
of determination of the invariable plane, whose orientation over a 100 y interval does not vary more than 0.1 mas in inclination, and
0.3 mas in longitude of the ascending node. Moreover, we determine the individual contributions of each body to the total angular
momentum of the solar system, as well as the inclination and longitude of the node with respect to this latter plane.
Conclusions. Owing to the high accuracy of its determination and its fundamental dynamical meaning, the invariable plane provides
a permanent natural reference plane that should be used when studying solar system dynamics, instead of the ecliptic. Since it is fixed
in an isolated solar system, whereas the ecliptic alters with time, we recommend referring to it when working on long-term dynamics.

Key words. reference systems – planets and satellites: dynamical evolution and stability – methods: numerical – celestial mechanics

1. Introduction

Pierre Simon Laplace (1749–1827) in his Oeuvres Complètes
(De Laplace 1878) was one of the first scientists to mention the
notion of an invariable plane of the solar system. He introduced
what seemed to be a natural reference plane when studying the
motion of celestial bodies (comets, etc.). He showed that for any
isolated N-body system, subject to mutual gravitational interac-
tions, one can define an invariable plane that obeys a simple ge-
ometrical property and is the consequence of the dynamics of a
conservative system. Thus, it is the natural reference plane when
studying the system.

Over the past two centuries, a few astronomers (see for in-
stance, See 1904; Innes 1920; Clemence & Brouwer 1955) have
worked on determining the orientation of the invariable plane.
In (See 1904), prior to the discovery of Pluto, the position of this
plane was given with respect to the ecliptic of the epoch 1850.0.
Its inclination was set to 1◦35′7.′′745 and the longitude of its
ascending node to 106◦8′46.′′688. In Innes (1920), also prior to
the discovery of Pluto, the orientation of the invariable plane
was given with respect to both the ecliptic and the equator of
the epoch 1900.0. The inclination and the longitude of the as-
cending node of the invariable plane with respect to the eclip-
tic (the equator, respectively) are 1◦34′59.′′42 and 106◦35′1.′′08
(23◦2′51.′′40 and 3◦52′41.′′38, respectively).

The last known paper investigating the topic is (Burkhardt
1982). In this paper, the orientation of the invariable plane
was computed using the numerical Development Ephemeri-
des DE96, DE102, DE108, and DE110. The inclination and the
longitude of the ascending node of the invariable plane were
determined with respect to both the ecliptic-equinox and the
equator-equinox of the epoch B1950.0. The orientation was also
given with respect to the equator-equinox and ecliptic-equinox
of the epoch J2000.0, by applying the precession matrix given in
Lieske et al. (1977) and Lieske (1979). For other papers inves-
tigating the characteristics of the invariable plane with respect
to the mean ecliptic-equinox of the epoch B1950.0, we refer to
(Burkhardt 1982). These papers underline the principal difficulty
in determining its orientation, which lies in the uncertainties of
the masses of all the objects involved as well as in their positions
and velocities.

The aim of this paper is to deepen the investigation of the
notion of the invariable plane of the solar system and to de-
fine as accurately as possible its orientation with respect to the
ecliptic and the equator of the epoch J2000.0. There have been
no recent publications investigating the concept since (Burkhardt
1982), though it has been used recently, in the construction of the
INPOP ephemeris. Indeed, the ring modeling the perturbation of
the main-belt asteroids is assumed to be located in the invariable
plane of the ephemeris (Kuchynka et al. 2010; Kuchynka 2010).
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In this paper, we propose the use of the most recent long-term
numerical ephemeris data to determine the orientation of the in-
variable plane. In addition to the Sun and its eight planets (the
Earth being replaced by the Earth-Moon barycentre – EMB), we
show that it is necessary to take account of the motions of dwarf
planets such as (134340) Pluto and (1) Ceres, as well as the as-
teroids (2) Pallas and (4) Vesta in order to optimise this deter-
mination. In this paper, we also estimate the individual contribu-
tions of each body constituting the system. Our study provides a
non-negligible update on the topic as well as a non-standard test
of the numerical ephemerides. We note that the invariable plane
is examined by the IAU/IAG Working Group on Cartographic
Coordinates and Rotational Elements in 2006 (Seidelmann et al.
2007) and in the report of WGCCRE 2009 (Archinal et al. 2011)
as a reference plane to determine the obliquity of solar system
objects. For the planets, the primary pole is the one on the north
side of the invariable plane of the solar system.

2. Invariable plane

2.1. Definition of the invariable plane

Considering the solar system as isolated, its total angular mo-
mentum vector is constant with respect to both spatial and time
coordinates. Thus, the invariable plane1 is defined as the plane
perpendicular to the total angular momentum vector of the solar
system that passes through its barycentre. Being fixed, it pro-
vides a permanent natural reference plane, whereas the ecliptic
slightly moves with time.

In this paper, we determine the orientation of the invariable
plane by setting its inclination and the longitude of its ascending
node with respect to both the ICRF (origin and equator) and the
ecliptic-equinox of the epoch J2000.0.

2.2. Determining the orientation of the invariable plane

In Newtonian mechanics, the total angular momentum vector
of an N-body system (here, we disregard the rotation of all the
bodies) is given by

Ltot =

N∑

j=1

m jr j × ṙ j, (1)

where m j, r j, and ṙ j are the mass, barycentric position vector,
and barycentric velocity vector of the jth body, respectively. The
norm of the total angular momentum vector is given by

Ltot =
√

L2
1 + L2

2 + L2
3, (2)

with

L1 =

N∑

j=1

m j(y jż j − z jẏ j),

L2 =

N∑

j=1

m j(z j ẋ j − x jż j),

L3 =

N∑

j=1

m j(x jẏ j − y j ẋ j),

(3)

1 As pointed out by (Tremaine et al. 2009), many people tend to con-
fuse the Laplace plane2 with the invariable plane.
2 A plane about a planet upon which a satellite’s orbital plane pre-
cesses because of the perturbations. In the usual case where the satel-
lite’s orbit is perturbed by both the oblateness of the planet and the
Sun, the Laplacian plane lies between the planet’s equatorial plane and
the planet’s orbital plane about the Sun. It is named after the French
mathematician P. S. de Laplace.

where x j, y j, z j (ẋ j, ẏ j, ż j, respectively) are the components
of the barycentric position (velocity, respectively) vector of the
jth body.

From Brouwer & Clemence (1961, Chap. I), we have

L1 = Ltot sinΩ sin i,

L2 = −Ltot cosΩ sin i,

L3 = Ltot cos i,

(4)

where L1, L2, L3 are the cartesian barycentric components of
the total barycentric angular momentum vector Ltot given by (1)
and Ω, i are, respectively, the longitude of the ascending node
and the inclination of the invariable plane with respect to the ref-
erence frame in which are given the position and velocity vec-
tors of the N bodies of the system. In our case, the positions and
velocities vectors provided by the numerical ephemerides, are
given with respect to the ICRF.

Using Eqs. (1) to (4), we compute the values of i

i = arccos
L3

Ltot
(5)

and Ω

Ω = arctan
−L1

L2
· (6)

The relativistic effects being taken into account up to first or-
der in the post-Newtonian approximation in the compilation
of the numerical ephemerides DE405/DE406 (Standish 1998)
and INPOP10a (Fienga et al. 2010), (Kuchynka 2010), the total
angular momentum vector initially given by (1) becomes

Ltot =

N∑

j=1

m∗j r j × ṙ j, (7)

where m j is the mass of the jth body being replaced by a
corresponding effective mass m∗j (the so-called Tolmann-Mass)

m∗j = m j.

⎡⎢⎢⎢⎢⎢⎢⎢⎣1 +
ṙ2

j

2c2
− 1

2c2

⎛⎜⎜⎜⎜⎜⎜⎝
∑

k� j

Gmk

|rk − r j|

⎞⎟⎟⎟⎟⎟⎟⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎦ , (8)

c = 2.99792458 × 108 m s−1 is the velocity of light in vac-
uum (Luzum et al. 2011) and G is the gravitational constant (see
Standish et al. 1976, for more details about (7); a proof can also
be found in Brumberg 1991).

2.3. Method

To determine the position of the invariable plane, we use two
different long-term numerical ephemerides:

– The Development Ephemerides DE 405/406 (Standish
1998).

– The INPOP10a Ephemeris (Fienga et al. 2010; Kuchynka
2010).

The Development Ephemerides DE405/DE406 (Standish 1998)
are not the most recent ephemerides provided by the JPL,
but are the ones with the longer available time span (about
6000 y for DE406). The orientation of the inner planetary
system of DE405 is accurate to about 0.001 arcsec. The
position ephemerides of the outer planets provided by the
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Table 1. Time coverage of the adopted numerical ephemerides.

Numerical ephemeris Times span (JD) Time-span Number of days Number of years
INPOP10a 2 076 569.0–2 826 520.0 03 May 973 to 25 Aug. 3026 749 951 2053.25
DE405 2 305 424.5–2 524 624.5 09 Dec. 1599 to 31 Jan. 2200 219 200 600.13
DE4061 625 360.50–2 816 848.5 23 Feb. –3001 to 2 March 3000 2 191 488 5999.96

References. (1) From (Standish 1998): “only the interval, 1600 AD to 2200 AD, has been fit with full precision Chebyshev polynomials, this set
of polynomials is referred to as DE405”.

Table 2. Primary constants used for the compilation of the DE405/DE406 (Standish 1998) and the INPOP10a long-term numerical ephemerides.

Constant Description DE405/406 Values INPOP10a Values

AU (km) astronomical unit 149 597 870.691 1 149 597 870.6910
GM� (km3 s−2) Heliocentric gravitational constant 1 327 124 40017.987 1 1 327 124 40055
GME (m3 s−2) Geocentric gravitational constant 1 3.986004414 × 1014

EMRAT Ratio of the mass of the Earth to the Moon 81.30056 2 81.3005700
M�/MMe Ratio of the mass of the Sun to Mercury 6 023 600. 2 6 023 600.
M�/MVe Ratio of the mass of the Sun to Venus 408 523.71 2 408 523.719
M�/ME Ratio of the mass of the Sun to the Earth 332 946.050895
M�/MMa Ratio of the mass of the Sun to Mars 3 098 708. 2 3 098 703.59
M�/MJ Ratio of the mass of the Sun to Jupiter 1047.3486 2 1047.348644
M�/MSa Ratio of the mass of the Sun to Saturn 3497.888 2 3497.9018
M�/MU Ratio of the mass of the Sun to Uranus 22 902.98 2 22 902.98
M�/MN Ratio of the mass of the Sun to Neptune 19 142.24 2 19 412.26
M�/MP Ratio of the mass of the Sun to (134340) Pluto 135 200 000. 2 136 566 000.

MCeres/M� Ratio of the mass of (1) Ceres to the Sun 4.7 × 10−10 1 4.75836 × 10−10

MPallas/M� Ratio of the mass of (2) Pallas to the Sun 1.0 × 10−10 1 1.11394 × 10−10

MVesta/M� Ratio of the mass of (4) Vesta to the Sun 1.3 × 10−10 1 1.33137 × 10−10

References. (1) From (Fienga et al. 2010). (2) From (Luzum et al. 2011) .

DE405/406 rely mainly upon optical observations. For in-
stance, Jupiter’s observations are fit by DE405 to an accuracy
of 0.01 arcsec. The perturbations of the 300 asteroids that have
the strongest influence on the Earth, Moon, and Mars were
introduced, in two steps:

1. The three largest main belt asteroid objects (1) Ceres,
(2) Pallas, and (4) Vesta were integrated as massive par-
ticles under the gravitational perturbation of the Sun, the
eight planets, the Moon, and Pluto. The results were fit by
temporary Chebyshev polynomials.

2. The 297 remaining main belt asteroids, considered as mass-
less, were integrated under the gravitational influence of
the Sun, the eight planets, the Moon, Pluto, Ceres, Pallas,
and Vesta. The final results were then fit with Chebyshev
polynomials, providing us with a full planetary and lunar
integration.

INPOP10a (Fienga et al. 2010; Kuchynka 2010) is the most re-
cent available numerical ephemeris provided by the IMCCE.
Thus, it exploits the most recent observational constraints pro-
vided by the MEX and VEX missions for Mars and Venus,
the Cassini mission for Saturn, several sets of flybys data of
Jupiter, Uranus, and Neptune (Pionner 10 and 11, Viking 1 and 2,
Ulysses and Cassini), and stellar occultations in the case of
Pluto. INPOP10a is fitted over the time interval [1914.2:2009.7],
the results are then extrapolated over a longer time interval
(Table 1). In addition to the 300 most strongly perturbing main
belt asteroids, the perturbations of 24635 asteroids are aver-
aged over a ring, of an analytically estimated radius of 2.8 AU
(Kuchynka et al. 2010; Kuchynka 2010). The initial inclination

of this ring, with respect to the invariable plane3, was chosen to
be equal to zero.

Table 1 illustrates the available time span for each numer-
ical ephemeris. Moreover, the primary constants for both the
DE(405/406) and INPOP10a ephemerides are given in Table 2.

Using Eqs. (2) to (8), we computed from each ephemeris
over its entire time span, with a 1 d time step, the values of i
and Ω (the inclination (Eq. (5)) and the longitude of the ascend-
ing node (Eq. (6)), respectively) of the invariable plane with re-
spect to the origin-equator of the ICRF. For this purpose, we
considered two physical systems, one basic and the other more
complete. This is described in detail in Sect. 3.

The ephemerides being given with respect to the ICRF, the
resulting Ω and i of the invariable plane give its orientation with
respect to this reference frame, where the origin of the longitude
of the ascending node is the ICRF’s one (intersection of the orbit
with the x-axis of the ICRF, Fig. 1), and the inclination is given
with respect to the equator of the ICRF given by the x − y axes.

To obtain the position of the invariable plane with respect to
the equinox-ecliptic of the epoch J2000.0, we proceed to a coor-
dinate transformation for the total angular momentum vector L
(see Fig. 1).

Noting Lecl (LICRF, respectively), the total angular momen-
tum of the solar system computed with respect to the equinox-
ecliptic J2000.0 (the ICRF, respectively), this transformation
involving two matrices is given by the equation

Lecl = Rx(ε)Rz(ϕ)LICRF (9)

3 Of an inclination of 23◦00′32′′ and a longitude of the ascending node
of 3◦51′9′′ with respect to the ICRF.
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Fig. 1. Figure showing the coordinate transformation from the origin-
equator of the ICRF (xyz axis in the figure) into the equinox-ecliptic
(x′y′′z′′ in the figure) of the epoch. First, we proceed with the rotation
Rz(ϕ) (ϕ being the bias between the x-axis of the ICRF, and the equinox
of the epoch, located at the vernal point γ). To obtain the ecliptic coordi-
nates, we proceed with a second rotation Rx′ (ε) (ε being the obliquity).

Table 3. Conversion parameters from the equatorial plane to the ecliptic
J2000 (Simon 2011, priv. comm.).

Parameter DE405/DE406 INPOP10a

ϕ −0.′′05028 −0.′′0518785
ε 23◦26′21.′′40960 23◦26′21.′′411361

with:

Rz(ϕ) =

⎛⎜⎜⎜⎜⎜⎜⎝
cosϕ sin ϕ 0
− sinϕ cosϕ 0

0 0 1

⎞⎟⎟⎟⎟⎟⎟⎠

and

Rx(ε) =

⎛⎜⎜⎜⎜⎜⎜⎝
1 0 0
0 cos ε sin ε
0 − sin ε cos ε

⎞⎟⎟⎟⎟⎟⎟⎠ ,

where ε is the obliquity, that is to say the angle between the
Earth’s equator and the ecliptic also known as the Earth’s axial
tilt, and ϕ is a longitude bias, since the origin of the ICRF does
not correspond to the equinox of the epoch J2000.0.

The values of the parameters ε and ϕ, for the DE405/406
and INPOP10a ephemerides are given in Table 3 (Simon 2011,
priv. comm.).

3. Results

For each ephemeris data set, we computed the inclination i and
the longitude of the ascending node Ω of the invariable plane,
with a time step of 1d, with respect to both:

– the ICRF, by using Eqs. (1) to (8);
– the equinox-ecliptic of the epoch J2000.0, after applying the

rotation given by Eq. (9).

We have distinguished two cases:

– A basic physical system including the Sun, the dwarf planet
(134340) Pluto, and the eight planets (Souami & Souchay
2011). This system was the one considered by (Burkhardt
1982).

– The previous system, to which we added the dwarf planet
(1) Ceres as well as the two asteroids (4) Vesta and (2) Pallas.
This allows us to evaluate the effects of these three additional
small bodies.

3.1. The basic system: the Sun, the eight planets, and Pluto

Our N-body system (N = 10) is defined as follows: the Sun,
(134340) Pluto, and the eight planets, the Earth being replaced
by the EMB. This N-body system is identical to the one consid-
ered in previous studies, hence, we investigate it and compare
our results to (Burkhardt 1982).

3.1.1. Results at epoch J2000.0

In Table 4, we present our two sets of measurements of the ori-
entation of the invariable plane at the epoch J2000.0, obtained by
using both the DE405/DE406 and INPOP10a ephemerides, find-
ing good agreement between thems. In particular, when com-
paring the results obtained by using DE405 and INPOP10a, we
find an agreement of up to 3 mas (milliarcseconds) for i and
37 mas forΩ with respect to the ICRF (origin-equator). The dif-
ferences are probably due to the different values of the primary
parameters used in the two numerical ephemerides (see Table 2).

As for the differences found between the results observed
with respect to the ecliptic-equinox of J2000.0, the differences
that we found here were amplified by the change in the determi-
nation of the parameters ϕ and ε. They are respectively 12 mas
for i and 295 mas for Ω.

When comparing the results obtained by using the DE405
and DE406 ephemerides, we observe an agreement between
them up to 0.1 mas and 0.01 mas for i with respect to both the
ICRF and the ecliptic-equinox of the epoch J2000.0. For Ω, the
agreement is as close as 0.02 mas and 0.16 mas.

The last two columns in Table 4 show the results obtained by
(Burkhardt 1982), given with respect to the equator-equinox sys-
tem of J2000.0, by using the precession matrix between B1950.0
and J2000.0. When comparing these results to ours, obtained
with respect to the ICRF, we get large differences of 9.′′8 for i,
and 1′14′′ for Ω. This can still be explained by the use of dif-
ferent ephemerides data sets with different values of the primary
constants, but the large part of the difference is undoubtedly due
to the use of a different reference plane used in the computa-
tions. In other words, the origin and equator of the ICRF do not
coincide exactly with the equinox-equator.

3.1.2. Long-term accuracy of the determination
of the invariable plane

The position and velocity vectors of each body, provided by the
adopted numerical ephemerides, are subject to a limited preci-
sion. Moreover, neglecting bodies such as the largest asteroids
induces some variations in the orientation of the invariable plane
with respect to time, when ideally it should remain fixed as stated
in Sect. 2. By studying the temporal variations in the invari-
able plane’s orientation, we check the accuracy of its determi-
nation in the case of the basic system, with respect to both the
ICRF and the ecliptic-equinox of the epoch J2000.0, over the
entire available time span (Table 1) of each of the numerical
ephemerides DE405, DE406, and INPOP10a, using a time step
of 1d. We show the results in Table 5. In particular, we give the
maximum and minimum values of i and Ω, with respect to both
the ICRF and the equinox-ecliptic of the epoch J2000.0. We also
provide the value of the maximal variations in Δi and ΔΩ in all
cases. Here again, our results show a good agreement between
INPOP10a and DE405/406.

Moreover, the amplitude of the temporal variations Δi (re-
spectivelyΔΩ) does not exceed 1.22 mas (503 mas, respectively)
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Table 4. Inclination (i) and longitude of the ascending node (Ω) of the invariable plane with respect to the ICRF and the ecliptic-equinox of
J2000.0, at the epoch J2000.0, in the case of the basic system.

DE405 / DE406 INPOP10a Burkhardt, 1982
Ecliptic-equinox ICRF Ecliptic-equinox ICRF Ecliptic-equinox Equator-equinox

i 1◦34′43.′′{33124/33124 } 23◦0′31.′′{98231/98232} 1◦34′43.′′31903 23◦0′31.′′97914 1◦35′13.′′86 23◦0′22.′′11
i (◦) 1.◦{57870312/57870312} 23.◦{00888397/00888398} 1.◦57869973 23.◦00888309
Ω 107◦34′56.′′{17914/17898} 3◦51′9.′′{45913/45911} 107◦34′56.′′47403 3◦51′9.′′42191 107◦36′30.′′8 3◦52′23.′′7
Ω(◦) 107.◦{58227198/58227193} 3.◦{85262753/85262754} 107.◦58235389 3.◦85261719

Table 5. Minimum and maximum values of the inclination i and longitude of the ascending node of the invariable plane, and the corresponding
peak-to-peak temporal variations Δi and ΔΩ.

DE405 DE406 INPOP10a
Ecliptic-equinox ICRF Ecliptic-equinox ICRF Ecliptic-equinox ICRF

Minimal i 1◦34′43.′′33115 23◦0′31.′′98185 1◦34′43.′′33064 23◦0′31.′′97992 1◦34′43.′′31883 23◦0′31.′′97657
Minimal i(◦) 1.◦57870309 23.◦00888384 1.◦57870295 23.◦00888331 1.◦57869967 23.◦00888238
Maximal i 1◦34′43.′′33129 23◦0′31.′′98321 1◦34′43.′′33148 23◦0′31.′′99351 1◦34′43.′′32005 23◦0′31.′′98120
Maximal i(◦) 1.◦57870313 23.◦00888422 1.◦57870319 23.◦00888708 1.◦57870001 23.◦00888366
Δi (mas) 0.1419459 1.3645984 0.8424548 13.5924536 1.2217759 4.6309134
Minimal Ω 107◦34′56.′′14530 3◦51′9.′′45884 107◦34′55.′′76351 3◦51′9.′′45769 107◦34′56.′′38804 3◦51′9.′′41993
Minimal Ω(◦) 107.◦58226 3.◦85262745 107.◦58215653 3.◦85262713 107.◦58233001 3.◦85261664
Maximal Ω 107◦34′56.′′19574 3◦51′9.′′45968 107◦34′56.′′26643 3◦51′9.′′46523 107◦34′56.′′57119 3◦51′9.′′42587
Maximal Ω(◦) 107.◦58227 3.◦85262769 107.◦58229623 3.◦85262923 107.◦58238088 3.◦85261829
ΔΩ (mas) 50.4331802 0.8459849 502.9163810 7.5364930 183.1441989 5.9418886

Notes. Results computed with respect to both the ICRF and the ecliptic-equinox of J2000.0.

with respect to the ecliptic-equinox J2000.0. The maximum am-
plitude of these variations with respect to the ICRF does not
exceed 13.59 mas (7.53 mas, respectively).

With respect to the ICRF, we clearly observe a linear trend
of i as a function of time, at a rate of −2.′′365252 × 10−6/y
(−2.′′255406 × 10−6/y, respectively) over the entire available
time span of the ephemeris DE405 (Fig. 2(a)) and INPOP10a
(Fig. 2(b)). Nevertheless, in the second case, a quadratic com-
ponent is necessary to determine the closest fit to the curve. We
note that the two slopes are of a negative sign and values very
close to each other.

These linear behaviours can still be discerned with respect
to the ecliptic-equinox of J2000.0 (Figs. 3(a), b), with slopes of
positive sign and values close to each other, namerly 8.′′4037 ×
10−5/y for the DE405 ephemeris (Fig. 3(a)) and 8.′′9197×10−5/y
for the INPOP10a ephemeris (Fig. 3(b)).

The temporal variations in Ω determined from the DE405
ephemeris over its 600 y time span, with respect to the origin-
equator of the ICRF and the ecliptic-equinox of J2000.0 are
plotted in Figs. 2(c), 3(c), respectively. In the first case, we ob-
serve that, the linear slope has a much lower absolute value
(1.′′4096694 × 10−6/y ) with an opposite sign, than in the sec-
ond case (8.′′40370 × 10−5/y).

Moreover, when studying these temporal variations by us-
ing INPOP10a, we find that the signals are clearly dominated by
a quadratic drift with respect to both the origin-equator of the
ICRF (Fig. 2(d)) and the ecliptic-equinox of J2000.0 (Fig. 3(d)).

Finally, we study Δi and ΔΩ, when using the long-
term Development Ephemeris DE406 (Standish 1998) over its
6000-year time span (Table 1), with respect to the ICRF. Results
are plotted in Figs. 4 and 5, respectively. A linear behaviour is
observed in both cases. With respect to the ICRF, the rate of Δi
is evaluated to be −2.′′265424036×10−6/yr, which is close to the

value found above with the INPOP10a ephemeris over its 2053 y
time interval.

We confirm the linear behaviour of ΔΩ, already observed in
Fig. 2(c) for DE405, but do not indentify a quadratic component
similar to that found for INPOP10a Fig. 2(d).

We note that (Burkhardt 1982), using the DE102 ephemeris
over the time interval [1497, 2249], also identified a linear be-
haviour of the temporal variations of i and Ω of the invariable
plane.

3.1.3. Short-term accuracy of the determination

In addition to the linear and quadratic components, we note in
Figs. 2(a)–d and 3(a)–d the small temporal variations, at high
frequencies, in the orientation of the invariable plane.

In Figs. 6 and 7, we show these variations over the 100 y
time interval [1950.0, 2050.0], with respect to the ICRF. We note
the very good agreement between the results obtained by using
the DE405 and the INPOP10a ephemerides, for both Δi (Fig. 6)
and ΔΩ (Fig. 7).

Since the variations in i and Ω have the same profile, even
when derived from two independent ephemerides, we deduce
that they are probably induced by an imperfection in the com-
putation of the total angular momentum, rather than in the
ephemerides themselves. This is investigated in Sect.3.2.

3.2. A more complete system

If our ten-body system were an isolated system, its total momen-
tum would be conserved and the values of the longitude of the
ascending node Ω and the inclination i of the invariable plane
would be constant over time. This is not the case as can be seen
in Figs. 2(a)–d with respect to the ICRF, and Figs. 3(a)–d with
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(a) Δi = 0 corresponds to i = 23◦0′31.′′98185 (b) Δi = 0 corresponds to i = 23◦0′31.′′97657

(c) ΔΩ = 0 corresponds to Ω = 3◦51′9.′′45913 (d) ΔΩ = 0 corresponds to Ω = 3◦51′9.′′41993

Fig. 2. Temporal variations Δi and ΔΩ in the orientation of the invariable plane with respect to the ICRF, where Δi is given with respect to the
equator of the ICRF by using DE405 a) and INPOP10a b), where ΔΩ is given with respect to the origin-equator of the ICRF by using of DE405 c)
and INPOP10a d).

(a) Δi = 0 corresponds to i = 1◦34′43.′′33115 (b) Δi = 0 corresponds to i = 1◦34′43.′′31883

(c) ΔΩ = 0 corresponds to Ω = 107◦34′56.′′14530 (d) ΔΩ = 0 corresponds to Ω = 107◦34′56.′′38804

Fig. 3. Temporal variations Δi and ΔΩ in the orientation of the invariable plane with respect to the equinox-ecliptic of the epoch J2000.0, where Δi
is given with respect to the ecliptic of the epoch J2000.0 by using DE405 a) and INPOP10a b), where ΔΩ is given with respect to the ecliptic-
equinox of the epoch J2000.0 by using of DE405 c) and INPOP10a d).
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Table 6. Minimum and maximum values of the inclination i and longitude of the ascending node of the invariable plane, and the corresponding
peak-to-peak temporal variations Δi and ΔΩ.

Ephemeris DE405 INPOP10a
Ecliptic-equinox ICRF Ecliptic-equinox ICRF

Minimal i 1◦34′43.′′34057 23◦0′31.′′97900 1◦34′43.′′32868 23◦0′31.′′97526
Minimal i(◦) 1.◦57870571 23.◦00888305 1.◦57870241 23.◦00888201
Maximal i 1◦34′43.′′34061 23◦0′31.′′97904 1◦34′43.′′32877 23◦0′31.′′97531
Maximal i(◦) 1.◦57870572 23.◦00888306 1.◦57870243 23.◦00888203
Δi (mas) 3.8791 × 10−2 3.86817 × 10−2 8.71123 × 10−2 5.1558 × 10−2

Minimal Ω 107◦34′56.′′21622 3◦51′9.′′48165 107◦34′56.′′52916 3◦51′9.′′44489
Minimal Ω(◦) 107.◦58228228 3.◦85263379 107.◦58236921 3.◦85262358
Maximal Ω 107◦34′56.′′21762 3◦51′9.′′48174 107◦34′56.′′53142 3◦51′9.′′44512
Maximal Ω(◦) 107.◦58228267 3.◦85263381 107.◦58236983 3.◦85262364
ΔΩ (mas) 1.40935 9.4064 × 10−2 2.25413 2.28396 × 10−1

Notes. Results computed with respect to both the ICRF and the ecliptic-equinox of J2000.0, over the time interval [1950.0,2050.0].

Fig. 4. Temporal variations in the inclination Δi of the invariable plane
determined by using the DE406 ephemeris, with respect to the ICRF.
Δi = 0 corresponds to i = 23◦0′31.′′97992.

Fig. 5. Temporal variations in the longitude of the ascending node ΔΩ
of the invariable plane determined by using the DE406 ephemeris, with
respect to the ICRF. ΔΩ = 0 corresponds to Ω = 3◦51′9.′′45769.

respect to the ecliptic-equinox of the epoch J2000.0. This is par-
tially due to the uncertainties in the positions, velocities, and the
masses of these bodies. This is also probably because, by con-
sidering only the planets, we have ignored the effect of smaller
bodies, in particular the larger ones of the asteroid main belt. As
previously stated in Sect. 2.3, (1) Ceres, (2) Pallas, and (4) Vesta
were taken into account, being massive bodies, in the compila-
tion of the numerical ephemerides DE405/406 (Standish 1998)
and INPOP10a (Fienga et al. 2010; Kuchynka 2010). Thus, they
should also be included in the computation of the total angular
momentum of the system. The effect of these three bodies on the
orientation of the invariable plane is investigated here.

Fig. 6. Variation in the inclination Δi, over 100 y, with respect to the
ICRF, in the case of the basic ten-body system (Sect. 3.1). Results
for DE405 (in black) and INPOP10a (in red).

Fig. 7. Variation in the longitude of the ascending node ΔΩ, over 100 y,
with respect to the ICRF, in the case of the basic ten-body system
(Sect. 3.1). Results for DE405 (in black) and INPOP10a (in red).

For this purpose, we add to our previous basic system the
three largest bodies of the asteroid main belt mentioned above
and assess their effect on the orientation of the invariable plane.
Thus, our 10-body system defined in Sect.3.1 becomes the
following 13-body system: the Sun, the eight planets (the Earth
being replaced by the Earth-Moon barycentre), the two dwarf
planets (134340) Pluto and (1) Ceres, and the two asteroids (2)
Pallas and (4) Vesta. Nevertheless, their positions and velocities
are not directly available from the ephemerides.

Therefore, unlike the planetary ephemerides that were re-
trieved through the Access Direct files of Chebyshev polyno-
mial fits to the cartesian positions and velocities of the planets,
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Table 7. Inclination (i) and longitude of the ascending node (Ω) of the invariable plane with respect to the ICRF and ecliptic-equinox of J2000.0,
at the epoch J2000.0, in the case of the more complete system.

DE405 INPOP10a
Ecliptic-equinox ICRF Ecliptic-equinox ICRF

i at J2000 1◦34′43.′′34038 23◦0′31.′′97893 1◦34′.43.′′32849 23◦0′31.′′97519
i (◦) at J2000 1.◦57870566 23.◦00888303 1.◦57870235 23.◦00888199
Ω at J2000 107◦34′56.′′22262 3◦51′9.′′48107 107◦34′56.′′53619 3◦51′9.′′44433
Ω(◦) at J2000 107.◦58228062 3.◦85263363 107.◦58237116 3.◦85262342

the Sun and the Moon, those of (1) Ceres, (2) Pallas, and
(4) Vesta were collected from the IMCCE Ephemeris Web
Server (IMCCE 2011).

This web server provides position ephemerides for the small
bodies of the solar system by numerical integration, using the
numerical planetary ephemerides mentioned above for the ini-
tial conditions of the massive bodies: the Sun, the planets (the
Earth being replaced by the EMB), as well as the dwarf planet
(134340) Pluto.

3.2.1. Results at the epoch J2000.0

Here, as in Sect. 3.1.1, we present the values of the ori-
entation parameters i and Ω of the invariable plane at the
epoch J2000.0, by taking into account the additional effects of
(1) Ceres, (2) Pallas, and (4) Vesta, thus in the context of the
more complete system.

The results obtained by using the DE405 and the INPOP10a
ephemerides, with respect to both the origin-equator of the ICRF
and the ecliptic-equinox of the epoch J2000.0 are given in
Table 7.

Results with respect to the ICRF show the close agree-
ment between the two ephemerides at the level of 4 mas for i,
and 37 mas for Ω. As stated in Sect. 3.1.1, different primary
body masses (see Table 2) were used in the compilation of the
ephemerides. For instance, the masses of (1) Ceres, (2) Pallas,
and (4) Vesta in 10−10 × M� unit are given to the first decimal
in the case of DE405 ephemeris, whereas they are given to the
fifth decimal in the case of the INPOP10a. This might explain
the small differences found in the orientation, between the two
ephemerides.

With respect to the ecliptic-equinox of the epoch J2000.0,
these differences are larger: 12 mas for i and 314 mas for Ω.
This was already the case for the basic planetary system seen in
Sect. 3.1.1. The ICRF (origin-equator) to equinox-ecliptic trans-
formation in Eq. (9) with the parameters given in Table 3 (Simon
2011, priv. comm.), is most likely the origin of these amplifica-
tions. We note that the four values above showing the differences
between the DE405 and INPOP10a results, are quasi-identical to
those found with the basic system (Sect. 3.1.1).

Finally, we compare the results of the orientation of the in-
variable plane obtained at the epoch J2000.0, when consider-
ing the basic system (Table 4), to those obtained when con-
sidering the more complete system (Table 7). The effect of
the three additional bodies is of the order of 4 mas on i and
22 mas on Ω with respect to the ICRF, for both the DE405 and
INPOP10a ephemerides; with respect to the equinox-ecliptic of
the epoch J2000.0, this effect is instead found to be 9 mas for i
for both ephemerides, and 43 mas (62 mas) for Ω with DE405
(INPOP10a, respectively).

3.2.2. Results over 100 years

We have studied in Sect. 3.1.3 small temporal variations in the
orientation of the invariable plane over the 100 y time interval
[1950.0, 2050.0], in the case of the basic system.

The purpose of this subsection is to study the specific influ-
ence of the three largest Main Belt Asteroid objects, over the
100 y considered, and evaluate the possible improvements in the
conservation of the angular momentum vector when taking them
into account.

We introduce (1) Ceres, (4) Vesta, and (2) Pallas, one af-
ter the other in this order, the most massive to the least massive
(see Table 2), into our previous 10-body system. In each case, we
evaluate the peak-to-peak variations in both i andΩ of the invari-
able plane, with respect to the ICRF, using both the DE405 and
INPOP10a ephemerides, over the time interval [1950.0, 2050.0].
We report these values in Table 10.

In the case of the basic system, these variations are 2.′′14 ×
10−4 and 3.′′77× 10−4 for i in the case of DE405 and INPOP10a,
respectively. After introducing the dwarf planet (1) Ceres we ob-
serve, over the same 100 y time interval, a considerable reduc-
tion to 0.′′75×10−4 and 0.′′84×10−4, that is to say an improvement
by a factor of 2.85 for DE405 and 4.48 for INPOP10a.

In contrast, for Ω, we note a small increase in the varia-
tions for both DE405 and INPOP10a. This is shown in Figs. 9(a)
and b, respectively.

Nevertheless, after introducing the asteroid (4) Vesta in ad-
dition to (1) Ceres (Table 10), we note a significant improve-
ment for Ω. In the case of the DE405 (INPOP10a, respec-
tively) ephemeris, the peak-to-peak value goes from 2.′′33×10−4

(2.′′43× 10−4, respectively ) for the basic system, to 3.′′44 × 10−4

(5.′′15 × 10−4, respectively) after introducing only (1) Ceres and
decreases to 1.′′10 × 10−4 (2.′′41 × 10−4, respectively) after intro-
ducing both Ceres and Vesta. As reported in (Laskar et al. 2011),
the mutual interactions between Ceres and Vesta are so strong
that the bodies cannot be considered individually when comput-
ing their orbits as well as their specific angular momentum.

Therefore, we believe this might explain the increase in
the temporal variations of the longitude of the ascending node
when considering only Ceres and neglecting Vesta in our
computations.

After introducing the three bodies Ceres, Vesta, and Pallas
together, the peak-to-peak temporal variations inΩ over the time
interval [1950.0,2050.0] continues to decrease significantly with
values of 0.′′94×10−4 for DE405 and, 2.′′28×10−4 for INPOP10a.

The improvement achieved by the introduction of the
three additional bodies can be easily observed in Table 10,
Figs. 8(a), b for i and Figs. 9(a), b for Ω. In particular, the linear
drift decreases significantly. Moreover, we note that there is a
systematic oscillation with a period of 18.6 y, which should cor-
respond to the precession period of the lunar ascending node.
This residual signal is probably a consequence of the use of

A133, page 8 of 11



D. Souami and J. Souchay: The solar system’s invariable plane

Table 8. Maximal and minimal contributions (in percentage) of each of the 13 bodies to the norm of the total angular momentum vector, evaluated
over the 100 y time interval [1950,2050] for both of the DE405 and the INPOP10a ephemeris.

DE405 INPOP10a
Bodies min max min max
Sun 3.413946 × 10−4 1.390732 × 10−1 3.413967 × 10−4 1.390732 × 10−1

Mercury 2.784889 × 10−3 2.949411 × 10−3 2.784890 × 10−3 2.949413 × 10−3

Venus 5.806344 × 10−2 5.970013 × 10−2 5.806347 × 10−2 5.970016 × 10−2

Earth-Moon barycentre 8.510962 × 10−2 8.686849 × 10−2 8.510967 × 10−2 8.686853 × 10−2

Mars 1.113641 × 10−2 1.129740 × 10−2 1.113643 × 10−2 1.129742 × 10−2

Jupiter 61.368898 61.515754 61.368928 61.515784
Saturn 24.925657 24.957143 24.925643 24.957129
Uranus 5.406210 5.407393 5.406213 5.407396
Neptune 7.993727 7.994472 7.993719 7.994465
(134340) Pluto 1.273950 × 10−3 1.274015 × 10−3 1.261215 × 10−3 1.261279 × 10−3

(1) Ceres 2.195344 × 10−5 2.213711 × 10−5 2.222605 × 10−5 2.241200 × 10−5

(2) Pallas 4.562694 × 10−6 4.599860 × 10−6 5.082570 × 10−6 5.123970 × 10−6

(4) Vesta 5.600394 × 10−6 5.653883 × 10−6 5.735539 × 10−6 5.790319 × 10−6

Table 9. Inclinations and longitudes of the ascending nodes of the considered solar system bodies with respect to the invariable plane and
ecliptic-equinox of J2000.0.

i(◦) Ω(◦)
Invariable plane Ecliptic-equinox Invariable plane Ecliptic-equinox

DE405 INPOP10a DE405 INPOP10a DE405 INPOP10a DE405 INPOP10a
Mercury 6.3472858 6.3472876 7.0138861 7.0138846 32.2196517 32.2196761 48.1237505 48.1237432
Venus 2.1545441 2.1545480 3.3816623 3.3816620 52.3081499 52.3081811 76.6326812 76.6326727
The Earth 1.5717094 1.5717062 0.0118008 0.0118012 284.5053506 284.5054480 10.6180385 10.6166892
Mars 1.6311858 1.6311871 1.8474386 1.8474388 352.9528964 352.9530452 49.4741336 49.4741195
Jupiter 0.3219652 0.3219657 1.3042508 1.3042472 306.9167004 306.9169730 100.4850212 100.4850283
Saturn 0.9254704 0.9254848 2.4859253 2.4859357 122.2651836 122.2652654 113.6519989 113.6521532
Uranus 0.9946692 0.9946743 0.7722317 0.7722266 308.4427476 308.4428683 73.9992219 73.9988116
Neptune 0.7354155 0.7354109 1.7701940 1.7701783 189.2848872 189.2858832 131.7830269 131.7832001
(134340) Pluto 15.5541473 15.5540987 17.1405780 17.1405259 107.0600642 107.0601401 110.3012095 110.3012757
(1) Ceres 9.1974873 9.1974921 10.6166581 10.6166586 73.5541236 73.5541321 81.2542096 81.2542086
(2) Pallas 34.4340071 34.4340066 35.0629114 35.0629112 172.5129883 172.5129914 173.9695929 173.9695925
(4) Vesta 5.5831363 5.5831401 7.1313625 7.1313627 100.1146622 100.1146572 104.3314594 104.3314629

Table 10. Maximal temporal variations (peak-to-peak) in both Δi
and ΔΩ of the invariable plane, with respect to the ICRF, over the time
interval [1950.0, 2050.0].

INPOP10a DE405
M.B.O Ω(′′10−4) i(′′10−4) Ω(′′10−4) i(′′10−4)
none 2.43 3.77 2.33 2.14
C 5.15 0.84 3.44 0.75
CV 2.41 0.67 1.10 0.58
CVP 2.28 0.51 0.94 0.38

Notes. We consider the following cases: none, of a basic system with
no MBO (Main Belt Object); C where we add Ceres; CV where we add
Ceres and Vesta; and CVP representing the more complete system.

the EMB instead of taking into account the Earth and the Moon
separately in the ephemerides.

We note that despite this oscillation, the peak-to-peak vari-
ations, with the values given above, are smaller than 1 mas for
Δi and 3 mas for ΔΩ. This proves the remarkable accuracy of
determination of the invariable plane.

3.2.3. Analysis of the individual contributions

We continue our analysis by evaluating the individual contribu-
tions (in terms of percentage) of each of the bodies involved in
the computation of the norm of the total angular momentum. For
each ephemeris and each body, we give the minimum and maxi-
mum values of this contribution, evaluated over the time interval
[1950.0, 2050.0]. Results are presented in Table 8 for each of the
13 bodies of the complete system.

The contribution of Jupiter with mass M�/1047.3486 and
M�/1047.348644, respectively, for DE405 and INPOP10a in
Table 2, varies between 61.368% and 61.515% with an
agreement up to the third decimal between the two ephemerides
used. For Saturn of mass M�/3497.888 (M�/3497.9018, respec-
tively), for the DE405 (respectively INPOP10a), the contribu-
tion varies between 24.925% and 24.957% with agreement to
the fourth decimal.

For the other planets, the masses used in DE405 and
INPOP10a are close to each other up to the seventh digit as can
be seen in Table 2. As a consequence, we find good agreement
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(a)

(b)

Fig. 8. Temporal variations Δi in the invariable plane with respect to the
equator of the ICRF. a) For DE405. b) For INPOP10a. In blue, the basic
system; in black, the basic system + Ceres; in red, the basic system +
Ceres and Vesta; in green, the more complete system.

(a)

(b)

Fig. 9. Temporal variations ΔΩ with respect to the ICRF. a) For DE405.
b) For INPOP10a. In blue: the basic system; in black: the basic system +
Ceres; in red: the basic system + Ceres and Vesta in red; in green: the
more complete system.

in their respective contributions to the norm of the total angu-
lar momentum (see Table 10). As for the EMB its contribution
varies between 8.5109× 10−2% and 8.6868× 10−2%. The Sun’s
contribution varies between 3.4139×10−4% and 1.3907×10−1%
with a good agreement between INPOP10a and DE405, up to the
fifth decimal for the EMB, and the fourth decimal for the Sun.

We also investigated the contributions of the other bodies
of the system, i.e. the two dwarf planets (134340) Pluto and
(1) Ceres, as well as the two asteroids (2) Pallas and (4) Vesta.
For these bodies, the masses used by the INPOP10a ephemeris
are greater than those used by the DE405 ephemeris: 1% for
(134430) Pluto, 1.2% for (1) Ceres, 11.3% for (2) Pallas, and
2.4% for (4) Vesta. Ceres’s contribution is about 2× 10−5%, and
Vesta’s 5 × 10−6% for both ephemerides, which are roughly 130
and 520 times smaller than Mercury’s contribution, respectively.

3.3. Inclinations and longitudes of the ascending nodes
of the planets with respect to the invariable plane

As the fruit of a long tradition dating back to the 18th cen-
tury, the ecliptic is nearly systematically chosen as the refer-
ence plane to determine the orbital elements i, Ω, ω̃, and λ of
a planet or any other moving object in the solar system (dwarf
planet, asteroid, comet). Nevertheless, as we have pointed out
in previous sections, the choice of adopting the ecliptic is not
motivated by any physical reason, when globally studying the
dynamical evolution of the solar system: it only concerns the
Earth’s motion (or the EMB’s) around the Sun. We have seen
in Sect. 3.2.3 that the EMB’s contribution to the total angular
momentum of the solar system oscillates between 0.085% and
0.087%. Moreover, the ecliptic is a slightly moving plane and
using it to define orbital parameters suggests that we choose this
plane at a given epoch, i.e. J2000.0 as has it has commomly been
used for approximately three decades.

In contrast, the invariable plane has two fundamental ad-
vantages inherent to its definition: first, it is fixed with respect
to an inertial reference frame, as the ICRF in its more re-
cent ICRF2 version (Ma et al. 2009). Thus, we have shown
in the previous sections that its orientation with respect to the
ICRF is very accurate, at least over the considered time inter-
val [1950,2050]. Second, from its proper definition, the invari-
able plane represents dynamically the ideal reference plane to
which one should refer to, for the orbit positioning of moving ob-
jects. In particular, it corresponds a priori to the plane for which
statistically the orbital planes of moving objects are the clos-
est, even when taking into account long-term resonant problems
which should lead to high inclinations. To illustrate this property,
we show in Table 8 the inclinations of the 12 bodies (planets,
(134340) Pluto, (1) Ceres, (2) Pallas, and (4) Vesta) taken into
account in our study when using either DE405 or INPOP10a. We
note that for all the bodies (except for the Earth, of course), the
inclination with respect to the invariable plane is smaller than
the inclination with respect to the ecliptic. This is in particular
the case for Jupiter and Saturn, for which the inclinations are
0.◦3219 and 0.◦9254 instead of 1.◦3042 and 2.◦4859, respectively.

4. Conclusions

The invariable plane of the solar system is defined as the plane
perpendicular to its total angular momentum vector and pass-
ing through its barycentre. Thus, it seems to be the natural ref-
erence plane for the study of solar system bodies. It has not
been the subject of any detailed studies since (Burkhardt 1982).
With the adoption of a new International Celestial Reference
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System (ICRS) and Frame (ICRF) (see Ma et al. 1998, 2009),
as well as the most recent planetary ephemerides, it seems judi-
cious to redetermine the orientation of the invariable plane.

1. We have improved the determination of the orientation of
the solar system’s invariable plane with respect to both the
origin-equator of the ICRF and the equinox-ecliptic of the
epoch J2000.0, relative to previous studies (Burkhardt 1982).
To achieve this, we have used the two different long-term nu-
merical ephemerides DE405 (Standish 1998) and INPOP10a
(Fienga et al. 2010). Results obtained in both cases show
quite a good agreement between the two ephemerides.

2. We have studied the influence of the dwarf planets
((134340) Pluto and (1) Ceres) and the large asteroids
((2) Pallas and (4) Vesta) on the orientation and the accu-
racy of the determination of the invariable plane, showing a
clear improvement when they are taken into account.

3. We have also computed the individual contributions of the
13 bodies considered, namely the Sun, the eight planets (the
Earth being replaced by the Earth-Moon barycentre), the two
dwarf planets (134340) Pluto and (1) Ceres as well the two
asteroids (2) Pallas and (4) Vesta, when evaluating the total
angular momentum.

4. Moreover, we have computed the inclination and the lon-
gitude of the ascending node of the planetary orbits at the
epoch J2000.0, with respect to both the invariable plane and
the mean ecliptic-equinox of the epoch J2000.0. In particu-
lar, we have shown that all the inclinations are smaller in the
first case, except of course for the Earth.

5. Finally, our most accurate estimate of the orientation of the
invariable plane with respect to the ICRF is given by an
inclination of 23◦0′31.′′9 and a longitude of the ascending
node of 3◦51′9.′′4. In contrast, with respect to the ecliptic-
equinox of J2000.0, the orientation is given by an inclina-
tion of 1◦34′43.′′3 and a longitude of the ascending node of
107◦34′56′′.

We assert that this determination of the invariable plane is of
fundamental interest to solar system studies, in particular in the
improvement of the determination of planet’s and satellites’
rotational elements as suggested by the IAU/IAG Working Group

on Cartographic Coordinates and Rotational Elements in 2006
(Seidelmann et al. 2007) and in the report of WGCCRE 2009
(Archinal et al. 2011).
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