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Abstract

The nutations of Mars are about to be estimated to a few milliarcseconds accuracy with
the radioscience experiments onboard InSight and ExoMars 2022. The contribution to the
nutations due to the liquid core and tidal deformations will be detected, allowing to constrain
the interior of Mars. To avoid introducing systematic errors in the determination of the core
properties, an accurate precession and nutation model for a rigidly behaving Mars is needed.
Here, we develop such a model with adequate accuracy based on the Torque approach and
compare it to previous models. We include in the model the forcings by the Sun, Phobos,
Deimos, and the other planets of the solar system. We also include the geodetic precession
and nutations. We use semi-analytical developments for the solar and planetary torques, and
analytical solutions for the effect of Phobos and Deimos and for the geodetic precession and
nutations. With a truncation criterion of 0.025 milliarcseconds in prograde and/or retrograde
amplitude, we identify 43 nutation terms. The uncertainty on our solution mainly derives
from the observational uncertainty on the current determination of the precession rate of
Mars. Uncertainties related to our modeling choices are negligible in comparison. Given
the current determination of the precession rate (7608.3 4 2.1 mas/yr, Konopliv et al. in
Icarus 274:253-260, 2016. https://doi.org/10.1016/j.icarus.2016.02.052), our model predicts
a dynamical flattening Hp = 0.00538017 £ 0.00000148 and a normalized polar moment of
inertia C/MR? = 0.36367 % 0.00010 for Mars.
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1 Introduction

The geodesy experiments Rotation and Interior Structure Experiment (RISE, Folkner et al.
2018) and Lander Radioscience (LaRa, Dehant et al. 2020) on InSight and ExoMars 2022
measure the rotation of Mars by tracking the respective lander on its surface. From the
measurements, important orientation parameters of Mars are determined. These are the
length-of-day variations, the polar motion of the spin axis with respect to a crust-fixed frame,
and the precession/nutation of the spin axis in space.
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Fig. 1 Precession and nutations pole to
of the spin axis about the orbit orbit
pole. Adapted from Lowrie nutation

(2011)

The precession is the slow uniform circular retrograde motion of the spin axis about the
perpendicular to the orbital plane induced mainly by the gravitational torque exerted by the
Sun on Mars, which reacts as a spinning top (see Fig. 1). The aperture of the precession
cone is about 25° and the precession period is about 170,000 years, corresponding to the rate
of —7608.3 £ 2.1 mas/yr (milliarcsecond per year, Konopliv et al. 2016). The precession
rate is, on the one hand, proportional to the J, gravity coefficient (a spherical planet would
not precess) which is well known from gravity field measurements, and, on the other hand,
inversely proportional to the polar moment of inertia C which constrains interior models of
Mars (e.g., Rivoldini et al. 2011).

The nutations are short-period (e.g., the revolution period of Mars and its harmonics)
oscillations of the orientation of the spin axis with amplitudes reaching a few hundreds
milliarcseconds (mas). Note that 1 mas corresponds to a displacement of 1.6 cm at the surface
of Mars. The nutations are superimposed on the precession, so that the spin axis trajectory
in space appears wiggly. Nutations occur mainly because of periodical changes in the solar
torque during the orbital motion of Mars. Additionally, the torques exerted by the other
planets of the solar system and by Phobos and Deimos, the two natural satellites of Mars,
contribute to the nutations.

The tides raised on Mars by the Sun indicate that Mars has an internal liquid core (Yoder
et al. 2003), with a radius between about 1730 and 1860km (Rivoldini et al. 2011; Khan
et al. 2018). A planet with a liquid core is characterized by a rotational normal mode called
Free Core Nutation (FCN) that depends on its interior properties (core radius and shape,
capacity to deform) and that can resonantly amplify nutations (e.g., Hilton 1992; Groten et al.
1996; Folkner et al. 1997a). In the frequency domain, nutation amplitudes are conveniently
expressed by multiplying rigid nutation amplitudes with a transfer function (e.g., Folkner
etal. 1997a, after Sasao et al. 1980). The rigid nutations represent the nutations of an entirely
solid and rigid planet of given mass and moments of inertia. The transfer function depends
on the precise interior structure and allows to account for the effect of the fluid core as well
as for the tidal deformations. The effect of the transfer function on the prograde semi-annual
nutation (whose amplitude is often denoted p;), the largest nutation, ranges between 5 and
25 mas, depending on the free core nutation period. The retrograde ter-annual nutation (r3)
can be enhanced by a few tens of mas in the presence of a large liquid core (Dehant et al.
2000; Le Maistre et al. 2012, 2020).
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The model of Mars rotation used for radioscience data analysis usually includes preces-
sion and nutation (e.g., Folkner et al. 1997b; Kuchynka et al. 2014; Konopliv et al. 2016).
Whereas the precession rate can be estimated from the data, the main nutation terms are held
fixed to values obtained from a rigid nutation model and a transfer function, because they
cannot be determined with a satisfying accuracy from the data. For example, in the analysis
of the radio signals exchanged with Viking lander 1 by Borderies et al. (1980), the main
nutation terms have been determined with large uncertainties (50-100% level). Le Maistre
(2013) and Le Maistre et al. (2018) used historical data from several landed missions (Viking
lander 1, Pathfinder, the Mars Exploration Rovers Spirit and Opportunity) to determine the
amplitudes of the main nutation terms. However, the transfer function contribution was dif-
ficult to determine with a sufficient precision to constrain interior models of Mars. RISE
and LaRa will further improve the determination of the main nutation terms of Mars. The
expected precision on p; and r3 measurements with LaRa alone lies between 2 and 15 mas,
depending on the mission operational parameters (Le Maistre et al. 2020). The uncertainties
reduce by 2-3 mas when using both RISE and LaRa data together (Dehant et al. 2020; Péters
et al. 2020). The expected precision is sufficient to provide an independent assessment of
the state of the core as well as a constraint on the core radius that can be comparable to that
obtained by the Love number k3, depending on the period of the FCN. Additionally, nutation
can also constrain the shape of the core.

In order to infer reliable properties about the core from the forthcoming radioscience data,
an accurate model for the precession/nutation of a rigid Mars is needed. The first detailed
rigid precession/nutation model has been proposed during the operational period of the Viking
landers (Reasenberg and King 1979). The most recent rigid precession/nutation models date
from 20 years ago (Bouquillon and Souchay 1999; Roosbeek 1999). In this study, our aim is
twofold. As the differences between the existing models are large, we assess their accuracy.
At the same time, we determine the most efficient and accurate method to provide an up
to date rigid precession/nutation model consistent with the latest orbital ephemerides of the
bodies of the solar system, in order to prepare the analysis of the forthcoming radioscience
data.

The plan of the paper is as follows. In Sect. 2, we present the existing models for the
precession and nutations of a rigid Mars and we compare them to each other. In Sect. 3,
we introduce the governing equations and we derive approximated analytical solutions for
the precession and nutations due to the Sun, Phobos and Deimos, and the other planets.
This allows to better understand the strengths and weaknesses of the existing approaches,
but also what differentiates them. We chose the approach of Roosbeek (1999), simple to
implement and sufficiently accurate in comparison to the precision on future measurements,
to generate an up-to-date solution for the precession and nutations of a rigid Mars in Sect. 4.
But before that, we recompute the series of Roosbeek (1999), named RMANO99 for Roosbeek
Martian Analytical Nutations 1999, with modern computer performances and, as a result, find
significant differences with respect to the original series. The recomputed RMAN99 series is
necessary to correctly assess the changes introduced when updating the series. By analogy,
the updated version of the precession/nutations series will be called BMAN20 for Baland
Martian Analytical Nutations 2020. A simplified version more suited for the interpretation
of radioscience data (BMAN20RS) is also provided. In Sect. 5, we examine the definition
of the IAU standard for Mars right ascension and declination. We end with a discussion and
concluding remarks in Sect. 6.
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2 Current status of precession and nutations of a rigid Mars
2.1 Initial results

To provide the means for analyzing data from the Viking landers and future lander missions,
Reasenberg and King (1979) (RK79 hereafter) developed a rotation model of a rigid Mars
including both the precession and nutation terms. Their goal was to identify all the precession
terms down to 0.14 mas/yr, corresponding to a surface displacement of at least 1 cm in a 10-
year period, and the nutation terms with amplitudes down to about 0.7 mas in longitude and
0.3mas in obliquity, corresponding to peak-to-peak displacements of 1cm.

They considered the torque exerted by the Sun on an axisymmetric and flattened
Mars evolving on a precessing elliptic orbit. They found a theoretical precession rate of
— 7568 mas/yr and nutation terms with frequencies equal to harmonics of the mean motion
of Mars (the main solar terms hereafter). Given the considered truncation criterion, they
included terms up to the sixth harmonic in their solution (the same year, Lyttleton et al. 1979
published a solution with terms up to the fourth harmonic). The non-axial symmetry of Mars
leads to semi-diurnal nutation with an amplitude of the order of 0.1 mas, below the truncation
criterion. RK79 included in their model a geodetic precession of 6.70 mas/yr resulting from
general relativity. Regarding the direct torques by the other planets, the effect of Jupiter was
introduced as a small additional contribution of — 0.22 mas/yr to the precession rate.

The RK79 nutation series are elegantly written in a simple form using only two arguments.
The first argument, denoted M, is the mean anomaly of Mars. The second argument, denoted
q, is twice the pericenter longitude of the Sun measured from the node of the Body Frame
(BF) on the orbit of Mars. This argument is obtained as ¢ = 2w — 26, with w the argument
of perihelion of Mars measured from the node of Mars orbit on the ecliptic of the Earth
and 0 the angle between the two aforementioned nodes, see Fig. 4. The simplicity of RK79
nutations series explains why they are still considered nowadays for computing the rotation
model used to analyze radioscience data from recent missions (e.g., Kuchynka et al. 2014;
Konopliv et al. 2016), as well as for defining the IAU model for Mars orientation (Kuchynka
etal. 2014; Archinal et al. 2018). However, RK79 do not include the nutations induced by the
direct torques by Phobos and Deimos (the satellite terms hereafter). These nutations are large
(up to 10 mas in longitude, as demonstrated later) and should be included in Mars rotation
model. Several smaller and neglected effects will also have to be considered in view of the
precision expected with RISE and LaRa. In particular, we will consider the effect of the
modifications of the solar torque due to the perturbations of the orbit of Mars by the other
planets (the indirect planetary terms), as well as the effect of the direct torques by the other
planets (the direct planetary terms).

Over the next two decades, other authors (Borderies 1980; Borderies et al. 1980; Hilton
1991; Groten et al. 1996) proposed a solution for the precession and nutations of a rigid
Mars. A common feature of these studies is the computation of the main solar terms of the
nutations assuming that Mars is axisymmetric and evolves on a Keplerian orbit of a given
eccentricity. The series of Borderies (1980) are not directly comparable to those of RK79, due
to a different choice of reference plane (the Earth ecliptic versus Mars orbit). The series of
Borderies et al. (1980), Hilton (1991) and Groten et al. (1996) are comparable to RK79 series:
the orbit of Mars is chosen as the reference plane and the set of arguments are equivalent.!
Their truncation criterion was larger or similar, leading to less or about the same number

! The arguments 2w — 2h of Borderies (% is the same angle as the angle 6 defined above), 2A of Hilton,
and 2@ of Groten correspond by definition to the argument g of RK79. Note that a confusion between the
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of solar terms as in RK79. It results that none of those series is good enough to supersede
those of RK79. Yet, their authors explored other aspects of the problem that can impact
the interpretation of radioscience data, laying the foundations for subsequent studies. For
instance, Hilton (1991) was the first to recognize the importance of the effects of Phobos and
Deimos (see Sect. 3.5 for more details). He also investigated the direct effects of the other
planets (see Sect. 3.6). Groten et al. (1996) noticed that the nutation amplitudes may change
with time because of the secular variations in the eccentricity? and perihelion of the orbit of
Mars due to perturbations by the other planets (the reasoning is extended to the effect of the
other orbital elements in Sect. 3.4.2).

2.2 Roosheek, Bouquillon, and Souchay

To the best of our knowledge, Roosbeek (1999) and Bouquillon and Souchay (1999)
(RMAN99 and BS99 hereafter) published the most recent and detailed solutions for the
precession and nutation of a rigid Mars. These studies already date from 20 years ago. The
methodologies of the two studies differ from each other: BS99 is based on the Hamiltonian
approach (i.e., working with the Hamiltonian corresponding to the total energy of the system),
whereas RMAN99 considers the Torque approach (i.e., working with the gravitational torque
acting on Mars). Besides the solar terms (main solar terms and indirect planetary terms),
RMANO99 and BS99 also include the satellite terms in their solution. Some direct planetary
terms (induced by the Earth and Jupiter) are included in BS99, but not in RMAN99.

Their main improvement compared to previous studies lies in the modeling of the planets’
motion. RMANO99 abandoned the Keplerian representation of the orbit of Mars and the use
of mean orbital elements, and considered instead the rectangular coordinates and distance
to the Sun as given by a semi-analytical theory for planetary ephemerides called VSOP87
(Bretagnon and Francou 1988). The acronym VSOP stands for Variations Séculaires des
Orbites planétaires (Secular Variations of Planetary Orbits). As a consequence, the model
provides a semi-analytical description of the precession/nutations, instead of the analytical
description in terms of the mean orbital elements provided in RK79. Unlike RMAN99, BS99
considered an approach partially based on the VSOP87 ephemerides, and partially on the
assumption of osculating orbits.’

numerical values of w — 6 and w in Groten et al. (1996) (he wrongly uses g = —147° instead of ¢ = 142°)
renders his series incorrect.

2 Hilton (1991) also attempted to take into account the changes in eccentricity with time. He wrongly assumed
that the orbit perturbations change the J2000 mean eccentricity (eg), leading to incorrect changes in the
precession rate and mean values of the nutation amplitudes. The eccentricity is defined as e = v/h2 + k2
with & and k given in Bretagnon (1982) under the form ), h, and ), k,, see Eq. (57) of Hilton (1991).
When we follow his procedure to extract the J2000 mean eccentricity, we find eg = 0.0936037, whereas
eop = 0.0934006, see Simon et al. (1994). As a consequence, the term in sin M in his Table 1 with an
amplitude of — 634.4mas and which is proportional to eg is wrongly changed by 1.4mas, see his Table 2.

What is wrong in Hilton’s procedure? First, he constructs the eccentricity ase = ), ha + ki = donen

instead of \/ S hn)? + QO kn )2. Second, he expands each e, about 7 = 0 and keeps the zeroth-order
terms, which makes no sense for relatively short period terms (between 400 and 6000days for the principal

terms of 4 and k). The correct value of ey can be obtained by expanding \/ o hn)? + S ky)2 about

‘/h(% + k(z) with A and kg the constant parts of & and k.

3 For the gravitational action of the Sun, the factor 1 /r3 in their disturbing potential U; (their Eq. 7), with r
the distance of the Sun to Mars, is developed as a function of the eccentricity and mean longitude of Mars,
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The use of accurate planetary ephemerides, as VSOP87, which accounts for their mutual
perturbations,* affects the precession/nutation model in two ways. First, provided that the
truncation criterion is small enough, nutation terms with frequencies other than the harmonics
of the mean motion of Mars, the indirect planetary terms, appear in addition to the main solar
terms, as shown in RMAN99 and BS99. Second, they produce secular changes in the nutation
amplitudes,5 as demonstrated in BS99 (their mixed terms). The latter effect was overlooked
in RMAN99.

Both RMANO99 and BS99 provide series for the nutations in longitude and obliquity
choosing a truncation criterion of 0.1 mas in amplitude, below that of RK79. This truncation
level is not the level of precision on the amplitude of a given nutation term, which also depends
on the precision of the choice of ephemerides and parameter values, modeling assumptions,
and computer limitations.® As a matter of fact, the agreement between RMAN99 and BS99,
term by term, is at the mas level, an order of magnitude above the truncation level (up to 2 mas
for the semi-annual solar and Phobos terms in longitude, see Table 1). In the time domain,
the cumulated difference between the two series can reach 6 mas in longitude and 2 mas in
obliquity, as can be seen in panels (a, b) of Fig. 2. Such large differences are unexpected since
both series are based on the same ephemerides (VSOP87 for the planets and ESAPHO and
ESADE for Phobos and Deimos, see Chapront-Touze 1990) and are too large to be ignored,
as the effect of the fluid core on the nutation amplitude can be of that order.

Some difference results from different values used for the mass of Phobos M pj, and the
scaling factor Hp. As demonstrated in Sect. 3.2, Eq. (11c), the scaling factor is defined as
the ratio of the difference between the polar and the mean equatorial moments of inertia
over the polar moment of inertia (C — A)/C and contributes to the amplitude of each term
in the nutations series. Hp is taken as 0.00535464 in RMAN997 and as 0.005363 in BS99.
The value of Phobos mass in BS99 is 22% larger than the one used in RMAN99, the latter
being closer to the recent determinations (e.g., Jacobson and Lainey 2014). By rescaling
BS99 series with the Hp value and Phobos mass of RMAN99, the differences in the time
domain between the two series are reduced to 1 mas in longitude and 0.1 mas in obliquity
(see panels ¢ and d of Fig. 2), and up to 0.4 mas term by term, still 4 times larger than the
truncation criterion. Note that by rescaling the RK79 time series with the Hp of RMAN99,
the differences between the RK79 series and the RMANO99 or the rescaled BS99 series can
reach up to 4 mas (see Table 1), ten times the differences between the RMANO99 and rescaled
BS99 series. It mainly results from the fact that the RK79 series concern the axis of figure of
Mars, whereas the other series are for the angular momentum axis of Mars (see Sect. 3.7).

It is necessary to elucidate the origin of the remaining differences between the RMAN99
and the rescaled BS99 series in order to avoid introducing bias in the interpretation of future
radioscience data in terms of interior structure. To that end, we recompute the RMAN99

that is to say as if Mars was evolving on an osculating orbit. The factor Pg(sin §8) is expressed as a function
of spherical coordinates which are converted from the rectangular coordinates of Mars in the VSOP87.

4 And therefore implicitly for all the secular variations of the mean orbital elements, not just for the secular
variations in eccentricity or inclination.

5 Under the “Keplerian assumption,” the modulations in nutation amplitude can be obtained by extracting the
long-period arguments (the orbital elements other than the mean anomaly, see Sect. 3.4.2) from the sine and
cosine developments through a linearization around their epoch values.

6 The solution is obtained after repeated trigonometric manipulations of a large amount of terms. When the
computation speed and random-access memory are too limited, as was the case 20 years ago, approximations
which alter the accuracy of the solution must be done during the computation. See details of the computation
procedure of the recomputed RMAN99 solution in Sect. 4.

7 The value 0.00536 reported in RMANO99 is in fact a wrong rounding of the value actually used, Fabian
Roosbeek, personal communication.
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Fig.2 Black curves: differences, as a function of time, between the nutations in longitude (left) and in obliquity
(right) computed from the series of BS99 (considering the main solar terms, the indirect planetary terms, and
the satellite terms, but not the mixed and direct planetary terms, which have no counterparts in RMAN99) and
the nutations computed from the series of RMAN99. Very long period terms are not included in the comparison,
since the computational procedure of RMAN99 can make them artificially large or small (and so wrongly
included or not in the final series), see Sect. 4.1.3. Blue, green, and red curves are for the differences between
the main solar terms, the indirect planetary terms, and the satellite terms, respectively. The time is measured
in years past J2000. The differences in solar terms are mainly related to the annual and semi-annual terms (see
also Table 1). The differences in satellites terms is mainly related to Phobos. Top panels: differences between
BS99 and RMAN99 original series. Middle panels: as in top panels, except that BS99 series are rescaled to
the scaling factor Hp and Phobos mass used in RMAN99. Bottom panels: as in middle panels, except that
RMANOO9 series are recomputed using modern computer capabilities (see Sect. 4.1)
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series, using the same ephemerides (VSOP87, ESAPHO, ESADE) as for the original series,
but taking advantage of modern computer performances. The assumptions made at the time
are also examined (see details in Sect. 4.1). We will show that the so obtained recomputed
series is in a better agreement with the rescaled BS99 series (< 0.1 mas term by term, the
difference being relatively smaller for the dominant terms: 0.01% on the semi-annual term
but 0.6% for the fifth term, for instance). The difference is at most 0.01% in the time domain
(see panels e and f of Fig. 2) and on the first three dominating terms, and can be seen as
modeling uncertainties resulting from the different physical assumptions considered in the
two approaches.

Compared to the expected precision on future nutation measurements (a few mas), the
choice between the two approaches (Hamiltonian versus Torque approach) can be seen as a
matter of convenience. The VSOP87 is about 30years old and itself adjusted to numerical
ephemerides (DE200, Standish 1982) 6years older. Using the Torque approach, we thus
determine an updated rigid nutation series (BMAN20), using the more recent ephemerides
VSOP2000 which has the advantage of being expressed in a similar format as VSOP87
(Moisson and Bretagnon 2001), see Sects. 4.2 and 4.3. In these sections, we also show that
the variations of the rigid nutation amplitudes that would be induced by the use of other
recent ephemerides (e.g., the numerical ephemerides DE431) would be small compared to
the difference between the recomputed RMANO99 and the updated BMAN?20 series.

3 Governing equations and analytical solutions

The variations in the rotation of Mars can be separated into the variations in rotation speed
around its spin axis (length-of-day variations, ALOD) and the variations in orientation of
the spin axis in space (precession/nutation) and with respect to the surface of the planet
(polar motion). In this section, we aim to set the theoretical grounds for the study of the
precession and nutations. As the differential motion between the angular momentum (AM)
and spin axes is negligible (BS99, RMAN99), we derive the governing equations for the
precession/nutation of the angular momentum (AM) axis of Mars in space. We follow the
Torque approach, starting from the definition of the Euler angles of the figure axis, since the
rotation of Mars can simply be described by the temporal evolution of the Euler angles from
an Inertial Frame (IF) to the rotating Body Frame (BF) of Mars. We make the connection
between the governing equations of RK79 for the motion of the figure axis and of RMAN99
for the motion of the angular momentum axis.

3.1 The Euler angles and the rotation matrix

The Euler angles for the figure axis are the node longitude v, the obliquity ¢, and the rotation
angle ¢ (see Fig. 3). We consider prograde angles and ascending nodes of moving planes
with respect to fixed planes. The IF is centered at the center of mass of Mars and chosen to
be associated with the mean orbital plane of Mars at a reference epoch (J1978.0 in RK79,3

8 As RK79 do not impose the epoch values of their arguments M and g, it is possible to consider values
referred to the mean orbit of Mars at epoch J2000 when using their series, as, e.g., in Konopliv et al. (2016)
and in Table 1.
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True Mars BF
Equator of date

Mean Mars Orbit
of epoch J2000 (IF)

True autumn
equinox

Fig.3 Euler angles (defined as prograde angles) between the rotating BF of Mars (axes XY Z, in red) and the
IF associated with the mean orbit of Mars at epoch J2000 (axes xyz in black, the x-axis is in the direction of
the ascending node of Mars orbit over the Earth ecliptic of epoch J2000). The X-axis of the BF is chosen as
the prime meridian defined in the IAU convention (Archinal et al. 2018). ¥ is measured from the x-axis to
the autumn equinox, ¢ is measured from the equinox to the X-axis, and ¢ is the angle from the z-axis to the
Z-axis, or the inclination of the BF equator over the IF xy plane. The term “true autumn equinox” is here an
abuse of terminology, as the true Autumn equinox is in principle the ascending node of the true equator over
the true orbit of date. The angular momentum axis does not coincide with the figure axis of Mars. They are
inclined by epyy to each other, and xpys is measured from the node of the AM equator over the BF equator to
the XAM-axis (the subscript PM stands for Polar Motion, the differential motion between the figure and spin
axes. We here consider that the AM and spin axes are aligned to each other, see BS99 and RMAN99). Beware
that throughout the text, the notations v, &, and ¢ are also used for the Euler angles of the AM axis

J2000 in RMAN99,° BS99, and in this paper). The BF is attached to the principal axes of
inertia of the planet, its X and Y axes define the equator of figure of Mars, and its Z axis
defines the figure axis.

The rotation matrix from the BF to the IF can be expressed in terms of the figure axis
Euler angles (v, ¢, ¢) as

M =Ry (=¥) - Rx(—¢) - Ry (—9). ey

9 Contrary to what is stated in RMAN99, his nutation series are referred to the mean orbit and equinox of
epoch J2000 and not of date, as he sets = 0 in his Eq. (3) (Roosbeek, personal communication).

10 The nutation series of BS99 are in fact referred to the non-inertial mean orbital plane of date. They introduce
a complementary term in their Hamiltonian to account for the motion of the reference frame with respect to
the mean orbital plane of epoch J2000, which results in complementary secular variations of the longitude and
obliquity of Mars BF (see their Sect. 5). Neglecting those complementary variations therefore approximately
amounts to consider the mean orbital plane of epoch J2000 as the reference plane, so that comparison between
the different nutation theories is possible, and done in Table 1 and Fig. 2.
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Alternatively, the transformation can be expressed as (Folkner et al. 1997a; Konopliv et al.
2006; Le Maistre et al. 2012)

M = R;(—V) - Rx(—¢) - Re(=9) - Ry(Xp) - Rx(Yp), (@)

where (¢, ¢, ¢) are the AM axis Euler angles. The projection of the unit vector along the
AM axis in the BF is often denoted (X p, —Yp) with the minus sign in front of ¥Yp coming
from the convention used for Earth polar motion, but can also be expressed as (—&pas sin xpy,
—epym €os xpym ), with xpys and epyy, the angles from the BF to the AM frame (see Fig. 3).

The advantage of the rotation matrix of Eq. (1), as used in RK79, is that it avoids the
need to introduce polar motion terms. The rotation matrix of Eq. (2) is more convenient for
interpreting Doppler data in terms of nutations and polar motion separately. Nutations are
usually associated with external gravitational torques and modeled in the IF, whereas polar
motion is usually associated with surface torques due to AM exchanges with the atmosphere
and modeled independently in the rotating BF. It should be kept in mind that it is not consistent
to introduce the nutations series of RK79 for the figure axis into a rotation matrix such as that
of Eq. (2). Yet, that is what is done in, e.g., Folkner et al. (1997b), Konopliv et al. (2006, 2016)
and Kuchynka et al. (2014). Such practice could lead to a significant bias in the interpretation
of future nutation measurements in terms of the core characteristics, as the difference of the
order of the mas between the AM and figure axes (Oppolzer terms, see Sect. 3.7) could be
wrongly interpreted as part of the amplification related to the fluid core. It is more appropriate
to introduce an AM nutations series, as done recently in Folkner et al. (2018) and Dehant
et al. (2020).

3.2 Angular momentum equation

In the rotating BF, the angular momentum equation can be written as
oH
ar +QAH=T. 3)

Here, 2 is the angular velocity vector of rotation (or rotation vector, see Eq. 5a), I' =
(I'x, I'v, I'z) is the total torque exerted on the planet, and H = I € is the angular momentum,
with the inertia tensor

A 0 O
I={0 B 0|. “
0 0 ¢C

The components of the rotation vector are customarily written as

w] mi
L=\ | =28 | m , (5a)
w3 1+ mj3

with £2g the mean rotation rate. The variation rates lﬁ, &, and ¢ of the Euler angles of the
figure axis describe successive rotations of the planet about the z-axis, the autumn equinox
axis, and the Z-axis, respectively, so that, as observed from the BF, the rotation vector writes
(e.g., Dehant and Mathews 2015):

@ Springer



The precession and nutations of a rigid Mars Page130f52 47

0 & 0
2 =R, Re(®)- |0 | +Ru@)- [0 |+ | 0],
14 0 ¢
{psingsin(p—l—écosqb
= | ¥sinecos¢ —ésing | . (5b)

(]5+COS£1/}

We include the gravitational torques by the Sun, Phobos, Deimos, and the planets. Here,
we neglect the torque produced by the atmosphere dynamics of Mars, as it can be shown that
its effect on the precession/nutation is negligible (see Sect. 3.7). We also consider the “rigid
nutations” in the sense of no fluid layer/atmosphere dynamics. We momentarily assume that
the planet is axisymmetric (A = B = A, with A = (A+ B)/2 the mean equatorial moment of
inertia), in order to retrieve the equations of RK79. We will introduce the effect of triaxiality
subsequently. We also assume that I'z = 0, as we do not study the variations in LOD. At
first order in small quantities (w; and @»), the three components of the angular momentum
equation (3) can then be written as

Ady + (C — Awswy = Ty, (6a)
Aan + (A — C)wsw = Iy, (6b)
Cas = 0. (6¢)

Equation (6¢) indicates that w3 is a constant, which is the mean rotation rate of the planet
2g. Note that the quantities X p and Yp introduced in Eq. (2) are equal to m| and —m>,
respectively. After substitution of Eq. (5b), Egs. (6a, 6b) can be written as

Aé+1/)sine(C.QR —A_g'bcose) = I'xcos¢ — I'ysing, (7a)
Avrsine — 6(CQ2g — 2Ayr cose) = Iy sing + I'y cos ¢, (7b)

which are second-order differential equations equivalent to Egs. (5-6) of RK79 derived from
the Lagrangian of the system that govern the nutations of the figure axis (Z-axis of the BF).
As explained by RK79, after Woolard (1953), by neglecting the square and products of v
and & and the second derivative terms ¥ and &, and by taking sin &g instead of sin ¢ in front
of ¥ in Eqs. (7a, 7b), one obtains equations governing the nutations of the AM axis. In the
triaxial case (A # B), we have, after similar manipulations as in the axisymmetric case,
Vrsingy 2 =

cos ¢ — sin¢, (8a)

I’y Ty
C+A-B C+B-A
. X . Y
—&Qp=——"-—— _— . 8b
PR =AMt A (8b)
The torque, in the coordinates of the rotating BF, can be written as (e.g., Murray and
Dermott 1999)

GMjg (C—=B)YpZp
[ =3—:; (A-O)XpZp |, ©
a3\ o

with rg = (f( 5. Ys, Z p) the position of the perturbating body, dp its distance to the center
of Mars, Mp its mass, and G the gravitational constant. We transform the (X, Y, Zp)
coordinates according to

@ Springer



47  Page 14 of 52 R.-M. Baland et al.

cos¢p Xp +sing Yp
g = R,(¢) -rg = tsinq&XB +cos¢pYp |, (10)
Zp

with rg = (Xp, Yp, Zp) the position in the coordinates of an alternative BF whose x-axis
is in the direction of the autumn equinox. This equinox BF precesses and nutates as the true
BF of date precesses and nutates with respect to the mean orbit of the chosen epoch.

Correct up to the first order in the differences (A — A)and (B — A), Eqgs. (8a, 8b) are now
written as

3HpGMp YpZp  38HYGMp XpZpsin2¢ — YpZp cos 2

= , 11
v sin g9 2g dg + 2sin g9 2R d153 (11a)
. 3HpGMp XpZp 38HSGMp XpZpcos2¢p + YpZpsin2¢
&= — + 5 . (11b)
2p dy 282r d3
with
Hp = (C—A)/C, (11c)
SHY = (B — A)/C. (11d)

Hp is the dynamical flattening of Mars, also called scaling factor, as the nutation series can
always be rescaled to a chosen value of Hp, as we did in Table 1.

Equations (11a, 11b) are first-order linear differential equations in ¢ and é. As Mars’
rotation is faster than its revolution, the response to the external torques is divided into two
distinct parts. The first part does not depend on the variations of the rotation angle ¢ and on
the triaxiality.!! If SHgi is neglected [or Egs. (11a, 11b) are averaged over the rotation angle
¢], the AM equations become

. 3HpGMp YpZp
j= 80 (12a)
sin g9 $2g dy

HpGMgp X
s MpGMp XpZp (12b)
2R d3

and are equivalent to the governing equations (15-16) of RMAN99 and Eq. (4) of Hilton
(1991), which are easier to integrate than Egs. (7a, 7b) and Eqs. (5—6) of RK79.

The part of the AM equations proportional to § Hgi is related to the triaxiality and induces
quasi semi-diurnal nutations of small amplitudes, since ¢ is a fast angle. In the BMAN20
solution, we will find only one term above our truncation criterion, with an amplitude in
longitude of the order of 0.1 mas (see also RK79, BS99, and Borderies 1980).

Hp and § Hgi are related to the second-degree gravity field coefficients (see Egs. 11c,
11d, 77). We neglected the effect of high-order gravity coefficients (e.g., J3) on the preces-
sion/nutation. The effect of J3 on the amplitude of the annual nutation is about 0.0006 mas,
as can be verified from the integration of Egs. (56-57) of Roosbeek and Dehant (1998).

' To the best of our knowledge, Groten et al. (1996) are the only one to find an effect of the triaxiality on
the scaling factor Hp, and therefore on the precession rate and the main nutation terms. However, it has been
shown that triaxiality does not change the main precession/nutation behavior of Mars (e.g., Newman 2013),
but induces only small semi-diurnal nutations (e.g., BS99), as we find in this paper.
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3.3 Different precession/nutation representations

The orientation of the spin axis is usually described by two angles: the node longitude and
the obliquity with respect to the orbital plane, whose periodic variations can be expressed
with periodic series. Alternatively, the wiggly trajectory of the spin axis in space can also
be expressed as series of prograde and retrograde circular motions, or as variations in right
ascension and declination with respect to the ICRF J2000, as in the IAU conventions.

3.3.1 Longitude/obliquity representation

Usually (e.g., RK79, RMANO99, BS99), the solution for the Euler angles v and € of the AM
or figure axis is expressed in the form of

=Yoo+ Wit+ Ay, (13a)
e=¢y+ Et+ Ae. (13b)

The angles yrg and &g are integration constants for i and e, respectively, which can be obtained
from the observed spin orientation at the reference epoch. Some authors do not include
the longitude integration constant in the solution (e.g., RK79). Apart from the integration
constant, ¥ is decomposed into a slow uniform precession around the z-axis at rate ¥ and
periodic nutations in longitude Avyr. The obliquity is the sum of gg, of a very slow secular
variation (see BS99), and of periodic nutations Ae. The BMAN20 solution (Sect. 4.3) includes
quadratic terms:

1/f=1/f0+‘1’t+5t2+A1/f, (14a)
) E ,
s:eo—l—Et—i-Et + Ae. (14b)

We introduced the notation ¥ and E for the secular variation rates, to avoid confusion with
Y and &, the time derivatives of ¥ and ¢, as used in Eqs. (12a, 12b).
In the following, as in RMAN99, the nutations series in longitude and in obliquity will be

written as . )
{if}=Z<{if]cos<pj+{ij}sinrpj>, (15)
i

J J

withy/ aj/ * the amplitudes and ¢ i=f jt—f-(p? alinear combination of fundamental arguments
(here, the mean longitude of Mars, the Earth, Venus, Jupiter, and Saturn, and the nodes of
Phobos and Deimos). In RMAN99, the nutation amplitudes are constant with time. In BS99
and in BMAN20 solutions (Sect. 4.3), the nutation amplitudes change with time.

For later use, we define the mean node longitude and obliquity (using the notations 6y
and gy of Eq. (3) of RMANY99):

Oy =vo+¥t="0+0t, (16a)
em=¢eo+ Et. (16b)

In this paper, as in RMAN99, the notations i and ¢ are preferably used for the output of
the computation (the solution), whereas the notations 0y and €,y are used for the input (the
torque computation). We now return to the definition of the equinox BF given earlier after
Egs. (9, 10) for the torque. The x-axis of the equinox BF lies in the xy plane of the IF
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(the mean Mars orbit of epoch J2000), at the angular distance v from the x-axis of the IF.
Similarly, the angles 63y and 6y define the x-axes of the mean equinox BF of date and of the
J2000 mean equinox BF, respectively. The mean (equinox) BF is defined so that it follows
the precession but not the nutations.

3.3.2 Prograde/retrograde representation

The nutations of the angles ¥ and ¢ for the AM axis (or figure axis) are often related to the
corresponding periodic variations in the projection of the trajectory of a unit vector along the
AM (figure) axis onto the equator of the J2000 mean equinox BF (Defraigne et al. 1995),
denoted (6x, §y). Omitting the linear and quadratic terms in Egs. (14a, 14b), the components
of the unit vector along the figure axis (AM axis) in the J2000 mean equinox BF are given
around J2000, at first order in small variations, by

ox 0 sin g9 Ay
8y | =Rx(e0) Re(o —¥) -Rx(—8)- | 0 | = | —Ae . (17)
1 1 1

The projection can be expressed as series of prograde and retrograde circular motions
dx cos cos
{Sy} = Z(Pj {Sin }(fjt—i-ﬂj)-i-Rj {sin } (—fjt—pj)> , (18)
J

with amplitudes 7P; and R ; and phases 7; and p; at J2000 that are related to those of the
series for the longitude and obliquity nutations by:

sin &g ch. — 8§ z sin &g 1//5 + z-:? 2
Pj= f + f ) (19a)
sin gg ¢ s\ 2 i s _ g\
()I/Ij-‘r-é‘j SlnS()I//j Y
Ri=\7 = ) \——= | (196)

sin &g wj. — &

cos(j — ¢}) = 5 L, (19¢)
J

) 0 — singg w; —8;

sin(m; — (pj) = —p, (19d)
J

singg ¢ + &%

cos(pj — Sﬂj) = #7 (19e)
J

) —singg Y + &€

sin(p; — go?) = # (191)
J

3.3.3 Right ascension and declination

The angles ¥ and ¢ for the AM axis (figure axis) can also be related to («, &), the equatorial
coordinates of a unit vector along the AM axis (figure axis) in the ICRF (see, e.g., Fig. 1 of
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Phobos Laplace
plane of date

Orbit
Mean Mars Phobos 5
Equator of date
(Mean BF)

Mean Mars
orbit of date

Mean Mars
Orbit J2000 (IF)

mean autumn equinox

Fig.4 Angles defining the positions of the Sun and of Phobos for the simple case of precessing Mars (the Sun
orbit, as seen from Mars) and Phobos orbits. The angles (£2¢, ig) = (2p1, ip)|i=0 and By, €p7) allow the
transformation from the ecliptic reference frame to the mean equinox BF of date [see Fig. 1 of RMAN99 and
Eq. (16a)]. The origin y of the ecliptic is the ascending node on the J2000 Earth equator. £2p and i p are the
ascending node and inclination, respectively, of the orbit of Phobos with respect to the local Laplace plane. wyy
and wp are the arguments of the pericenters of the orbit of Mars and of Phobos, respectively. wy; — 7 — 0y
is the longitude of the pericenter of the Sun with respect to the mean autumn equinox for a non-precessing
orbit (see argument ¢ = 2(w — 0) in RK79). 7 is the tilt between Mars equator and the local Laplace plane
of Phobos. The Laplace plane and the equator share their node on the mean orbit. vy, and vp are the true
anomalies. Numerical values for the angles are given in Table 2

Archinal et al. 2018). The coordinates of the unit vector along the AM axis (figure axis) in
the coordinate system of the IF are given by

Xy COS 8 cos o
Yy | = Rx(io) - Rz(820) - Rx(€garn) - | cosdsina |, (20)
Zf sin §

with ip and £2¢9 the mean orbital inclination and node longitude of Mars (see Fig. 4). The
angles (1, ) can then be related to («, §) by using the trigonometric relations

& = arccos Zy, (21a)
v Yf

= — tan —. 21b

v > + arctan X; (21b)

There, Yo = 6y =~ 35°, measured from the intersection of the mean Mars orbit of epoch on
the ecliptic of epoch (see Fig. 4), as in, e.g., Folkner et al. (1997b).
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Alternatively, (X 7, Yy, Z¢) can also be defined as

Xy coSd cosa
Yr | =Rx(J) - Ry(N)- | cosésina |, (22)
Zys sin 8

with J and N the inclination and node longitude of the mean Mars orbit of epoch with respect
to the ICRF equator. In that case, g = 6p =~ 82° is measured from the intersection of the
mean Mars orbit of epoch on the ICRF equator, as in, e.g., Konopliv et al. (2016).

If we assume a solution in obliquity/longitude of the form (14a, 14b), then the equatorial
coordinates can be written as

o = oo+ at + %tz + Aa, (23a)

8 =80+t + ?2 + AS. (23b)

The integration constants «g and 8o derive directly from observations. The integration
constants in obliquity (go) and longitude (1o = 6p) can then be determined from (g, d0) and
(820, i, €Earth) Or (J, N). To express the recomputed RMAN99 series in Sect. 4.1 in terms
of right ascension and declination, we will use the values og = 317°.681 and §p = 52°.886
of Davies et al. (1989), consistent with the obliquity and longitude integration constants used
by Roosbeek (1999) [see their Eq. (3)]. In Sects. 4.2 and 4.3, to update the nutation series,
we will consider the values (g, o) = (317°.6811155, 52°.8863525) of Konopliv et al.
(2016).12

The variations in right ascension and declination are obtained as

{6, &, Aa} = TuelE, E, Ae} + Tyy ¥, ¥, Ay}, (24a)
(8,8, A8} = I5e{E, E, Ae} + Tyy (W, ¥, Ayr). (24b)

The values of the I" coefficients, obtained from (g, 80, £20, i0, €Earth), can easily be esti-
mated, assuming that the variations in & and § are small quantities:

Ty = 1.135458 (1.135478), (25a)
Ty = 0.513838 (0.513834), (25b)
Tye = —0.728413 (—0.728407), (25¢)
Isy = 0.291631(0.291632). (25d)

The first set of values will be used for the recomputation of the RMANO99 precession/nutation
solution, whereas the values in parentheses will be used for the computation of the updated
BMAN20 solution.

3.3.4 Cautions

Potential users of the nutation series should proceed with care. The chosen orientation of the
equatorial plane of the IF, here the J2000 Mars mean orbit derived from a VSOP theory, affects
the values obtained for the angles 6y and &g (Fig. 4), which intervene in the computation of

12 Note that they give the values of the integration constants in obliquity and longitude, but referred to the 1980
mean orbit. With their values for the angles J and N, orienting the 1980 orbit with respect to ICRF, we retrieve
the observed values for oy and ¢, from which we will obtain again the integration constant in obliquity and
longitude, but this time referred to the J2000 mean orbit (g = 25°.191819740 and 6y = 35°.497525780).

@ Springer



The precession and nutations of a rigid Mars Page190f52 47

the nutation amplitudes. For consistency, the fundamental arguments to be used with the
nutation series must be those of the orbital theory used to obtain 6y and €q. As an illustration
of the potential error, we consider the different values for the mean longitude Ma of Mars in
VSOPS87:

Mavsopg7 = 355°.433 + 191402°.9930T, (26)
and in the JPL Keplerian Elements for Approximate Positions of the Major Planets'3:
Maypr, = 355°.447 + 191403°.0268T, 27

with T the time measured in thousands of Julian years from J2000. Using Majpr, instead of
Mavsopg7 to compute the semi-annual term in Table 1 produces differences up to 0.5 mas in
the time domain, due to the 0°.014 difference in the epoch value of Ma; and up to 0.03 mas
after 20 years, due to the 0.03° difference in mean motion per thousand of years.

Depending on the users’ preferences, the representation for Ay and Ae can be modified.
The J2000 values @0 of the arguments can be extracted from the cosine and sine functions,
affecting the definition of the amplitudes:

Bl e[ o
J

J

1}}‘ = ¥ cos <p? + ¥ sin (p?, (28b)
1}; = —y¢sin (p? + ¥} cos w?, (28¢)
& = ¢&jcos go? + &} sin (,09, (28d)
&) = —esin go? + &} cos <p3-). (28¢)

This alternative representation can be rewritten as a pure sine (or cosine) representation, with
phase values for the arguments depending not only on the chosen orbital theory but also on
the rotation response of Mars itself:

AV _ 5 [ Oy sin(ie+ 60 29
{Ae} ;{gjsin(fjt—i-é)jj) } %

Ui = JOO? + G2 (290)
§j =[G+ @2, (29¢)

¢! = arctan /9, (29d)
(f)j = arctan £§/&;. (29%¢)
Alternative representations can also be obtained for the pro/retro and right ascen-
sion/declination representations. For instance, Kuchynka et al. (2014) provide nutations series
in («, §) in the pure sine form.

An advantage of those alternative representations is that their use is less prone to errors
since the epoch values of the fundamental arguments are implicitly taken into account, even
though care must be taken in using the correct frequencies of the arguments. This being
said, for the sake of continuity with respect to RMAN99, we continue here with the first
representation, as in Eq. (15).

13 https://ssd.jpl.nasa.gov/?planet_pos.
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3.4 Precession and nutations induced by the solar torque

The precession and nutations induced by the solar torque, assuming Mars on a Keplerian orbit
of given orbital elements, can be expressed in analytical form to high order in eccentricity
(RK79, Hilton 1991). Because of the mutual perturbations of the planets, the orbit of Mars is
better described as an osculating orbit. Some efforts have been made to introduce the effects of
the secular variations of the osculating elements in an analytical precession/nutation model.
For instance, RK79 discussed the effect of the mean precession of Mars pericenter on the
semi-annual nutation (see the end of the section “Principal Solar Terms” in their Appendix
B). Hilton (1991) considered the effects of the secular variations in eccentricity, but used an
incorrect procedure (see Sect. 2). He also tried to take into account the secular variations
of the orbital inclination and node longitude. However, he used for this a different set of
governing equations, taken from Ward (1974) and intended for study the climate of Mars,
not for interpretation of lander data.'*

It is possible to introduce in a consistent way the effects of the secular variations of
all osculating elements in an analytical precession/nutation model, as we explain below. In
reality, osculating elements are also varying periodically and a semi-analytical solution in the
form of series (e.g., RMAN99 and BMAN?20, see Sects. 4.1, 4.3) based on a semi-analytical
orbital theory for the position of Mars is definitely more accurate than an analytical solution.
Despite its limited accuracy, an analytical solution is still useful though to better understand
the semi-analytical solution and assess the order of magnitude of individual effects. We here
explain the basics of how precession and nutation terms can be obtained assuming Mars on
an osculating orbit with secularly varying elements, without giving the full expression of the
solution. We start from the expression for the coordinates of the Sun in the equinox BF, to
be introduced in the AM Egs. (12a, 12b):

Xs rs

Ys = Rx(em) Rz (0n) -Rx(i0) Ry (20— $2p1) - Ry (—ipg) Ry (—wopy +m —vpg)- | O ,

Zs 0
(30)

with angles as defined in Fig. 4. The distance between the mass centers of Mars and the Sun,
rg, and the true anomaly of Mars, vy, can be expressed as

rs = ay —aMeMcosMM—l—O(e]zw), (31a)

vy = My + 2ep sin My + O(ed)), (31b)

with the mean anomaly My, = Ma — §2); — wyy in which Ma is the mean longitude of Mars,
and the argument we chose to express the solution.

3.4.1 Zero-order solution (main solar terms)

The solution is obtained iteratively. We first neglect the variations of €7, O, ipr, 2, @M,
ay and ey in the right-hand members of the AM equations, and use their epoch values &,
6o, 1o, 20, wo, ap and e, to obtain the zero-order solution. Under this assumption, we get

Xs —cos (Bp — wo — var)
Y | >~ rg | cosegsin (g — wy — vy) , (32)
Zs —singg sin (0yp — wo — V)

14 In Ward’s model, nutations are expressed with respect to the orbit of the date (see also the complementary
term in the Hamiltonian of BS99 to account for the motion of the orbit of date, resulting in additional secular
variations of the longitude and obliquity of Mars BF), and not to the orbit of a chosen epoch.
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with rg = ag —aopeo cos My +(’)(e(2)) and vy = My +2eq sin My, +O(e%). Equations (12a,
12b) then show that v and ¢ are proportional to 1 —cos 2(6p—wo—vys) and sin 2(6p—wo—Vvar),
respectively.

For ¢9 = 0, the constant term in w leads, after integration, to a precession in lon-
gitude, whereas the cosine and sine terms in v/ and ¢ lead to the semi-annual nutation
(~ 200 cos 2Ma — 1100 sin 2Ma, with amplitudes in mas). For e¢g # 0, the precession rate
in longitude due to the solar torque is given by (RK79):

2
ds = —2 (1 = )32 Hp cos eo, (33)
2 Q2p
and nutations at other periods (annual, ter-annual, ...) are obtained after trigonometric manip-
ulations of the terms in w and ¢&, besides the semi-annual nutations. The zero-order solution
does not lead to secular variations in obliquity (the secular variation rate in obliquity due to
the solar torque Egs = 0).

3.4.2 First-order solution (planetary perturbations)

The first-order solution is obtained by introducing the secular variations E, éM =
178 iM, 2wy, o, ay and éy of the quantities €y, Oy, iy, 2y, oy, ay and ey, respec-
tively, in the right-hand members of the AM equations'> (12a, 12b). Linearizing the AM
equations around the epoch values of these quantities, we identify two effects of the plane-
tary perturbations: (1) quadratic terms in longitude and obliquity, and (2) secular variations
of the nutation amplitudes.

The quadratic terms, at first order in ip, are given by

s
t 3HpGM 3 . .
vs b 5 ( 1y sin2eg — apy E cos 2eg + apgiy cos 2¢&q cos Oy

2 4.(.?Ra‘s1 singg \ 2
+ apio$2p cos 2& sin ) 12, (34a)
Egt? 3HpGM . .
Sz - 049 Sa 20 (—iag sin 6 + ioS2u cos 60)1>, (34b)
Rtg

They amount to about — 13000 T2 mas and 2000 72 mas, respectively, with 7, the time
measured in thousands of Julian years from J2000. The contributions from a; and E are
negligible compared to the contributions from £2); and iy to the quadratic variations in
longitude. Those quadratic variations due to £2)7 and iy are found in RK79 with similar
numerical values (see their equation B41 for ¥¢2/2 and the value for E after their equation
Co).

The largest nutation amplitude variations are caused by the effect of the BF precession
éM [about —80 7 mas on the cosine term and +15 7 mas on the sine term of the semi-annual
nutation, to be compared with the effect obtained in BMAN20 solution (Table 10)]. The
cumulated effects of the secular variations of the osculating elements on the semi-annual
nutation is about one order of magnitude smaller. This evaluation depends on the arguments
chosen to express the solution (Ma here but M), in RK79, explaining why we reach different
conclusion regarding the importance of the effect of the orbit precession).

15 The direct torque by the planets leads to a secular variation in obliquity Epy, see Eq. 48b. This is why we
do not necessarily assume here that £ = 0.
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3.4.3 Geodetic precession and nutations

The planetocentric IF cannot be regarded as inertial from the relativistic point of view, as its
origin is accelerated with respect to a solar system barycentric reference frame (Fukushima
1991, 2003). This effect generates a small but significant additional precession/nutation
motion of the spin axis in space, called geodetic or geodesic precession/nutation. For the
Earth, the precession rate in space is about + 50.288 as/year, of which —0.019 as/year is
attributed to geodetic precession rate (remember that for the Earth, the usual convention is
to measure the longitude of the spin axis in the retrograde sense). Note that the sign of the
geodetic precession rate is opposite to the sign of the lunisolar precession.

As the geodetic precession and nutations of Mars are expected to be small, it is sufficient
to consider the orbit of Mars as Keplerian to estimate them. The geodetic contribution to the
nutation in longitude, Avr,, measured as a prograde angle can then be expressed as

3 GMsg

AYg= ————>_
Ve 2¢2ag (1 —€})

(vm + egsinvyy), (35)

with ¢ the speed of light (Fukushima 1991, see also Eq. 69 of Roosbeek and Dehant (1998)).
By expressing the true anomaly at third order in eccentricity as

1 5 13
vy = My + 2eosin My — Zeg sin My + Ze(% sin2Mpy + Eeg sin3My,  (36)

we get a geodetic precession rate lf/g of +6.754mas/yr (with a sign opposite to that of
Vg ~ —7600mas/yr), and geodetic nutations (in mas)

Ayrg = 0.229 cos Ma + 0.029 cos 2Ma + 0.003 cos 3Ma
4+ 0.516 sin Ma + 0.026 sin 2Ma + 0.001 sin 3Ma. 37

Our estimated value for lI'/g is consistent in magnitude with that estimated by RK79 (their
Eq. B38) and BS99 (their Eq. 41). However, the sign of lf/g in RK79 is wrongly assumed
to be negative in their text after their Eq. (8) where the total rate of precession is described.
This sign error has propagated to Folkner et al. (1997b) and Konopliv et al. (2006), affecting
the estimate of the polar moment of inertia from the observed precession rate, but not in
Konopliv et al. (2011).

To the geodetic precession rate correspond the variations rates in right ascension and
declination &g = 3.470 mas/yr and Sg = 1.970 mas/yr. In Sect. 4.3, we choose a truncation
level of 0.025 mas in pro/retro amplitude. Therefore, only the annual term will be retained
for the final solution BMAN20 and is included in Table 9.

3.5 Precession and nutations induced by Phobos and Deimos

Unlike for solar nutations terms, a simple analytical solution can be used to obtain the main
nutations induced by Phobos and Deimos with a sufficient accuracy because they are smaller.
BS99 considered a simple precessing orbitin their analytical solution, whereas RMAN99 used
series for rectangular coordinates before integrating the AM equations. When the series are
rescaled to the same satellite masses and scaling factor, both approaches are consistent within
0.01 mas (see Table 1) in nutation amplitudes. Hilton (1991) concluded that considering a
simple circular precessing orbit is sufficient to obtain the satellite nutations terms.
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Below, we derive an analytical solution in the Torque approach and demonstrate that,
except for a secular term in longitude, it is equivalent to the solution of BS99 derived in the
Hamiltonian approach.

The definition of the position vector rp of Phobos involves different angles that are
defined in Fig. 4. Phobos’ orbit is precessing about the local Laplace plane, defined in order
to minimize the variations in inclination ip that is therefore considered as constant. With
respect to the Laplace plane, the rate of variation of the ascending node longitude, Q2p, is
also considered as constant. The precession of Phobos’ orbit is mainly driven by Mars and
by the Sun so that the Laplace plane is lying between the orbital plane and equator of Mars,
and follows the precession of the equator with respect to the orbit (Jacobson and Lainey
2014; Sinclair 1972). The constant inclination t between the Laplace plane of Phobos and
the equator of Mars (denoted ¢ in Jacobson and Lainey 2014) is 0°.009 for Phobos and 0°.889
for Deimos. We consider a circular orbit (ep = 0,7p = ap and vp = Mp) and measure 2p
from the common node of the Laplace plane and Mars equator on Mars orbit (from the node
of the Laplace plane on the ICRF equator in Jacobson and Lainey (2014)). We also write the
mean longitude .p = 2p +wp + Mp = npt + A%.

Correct up to the first order in inclination i p and tilt 7, the coordinates of Phobos in the
mean equinox BF'® are then given by

Xp ap
Yp | = Rx(7) - Rg(—2p) - Rx(—ip) - Rg(—wp — Mp) - | O
Zp 0
CosSAp
=dap sin Ap . (38)

—tsinAp +ipsin(Ap — 2p)

After integration of the AM equations (12a, 12b), the solution for the precession/nutation in
longitude and in obliquity can be written as:
—3HpGMpt 3HpGMpi
Ay = 3D .Pt—i— 3D.P.lP sin £2,,
2ap$2R sin gg 2a,$2RS2p singg

3HpGMpi 3HHLGM
Chaal 433 sin 2hp — 2p) 4+ —PTHPT

sin2Ap, (39a)

 2a32r(Q2np — 2p)singg 4a3, 2gnp singg
3HpGMpi 3HpGMpi

Ae = 13)71)”) cos §2, — 3 b PZP. cos 2Ap — 2p)
2aP.QR.Qp ZaP.QR(an —.QP)

3HDGMPT

———————— c0S2Ap. 39b
4a?3.QRnp sin &g P (390)

This solution also applies to the nutations induced by Deimos after changing the coordinates
of Phobos to Deimos.

The first periodic term in the solution (39a, 39b) is related to the period of nodal preces-
sion of the satellite (825.641 and 19998.9 days for Phobos and Deimos, respectively). Using
the parameters’ values from Table 2, we obtain nutation amplitudes of 9.882/4.388 mas in
longitude and of —4.206/ — 1.868 mas in obliquity for Phobos/Deimos, very close to the val-
ues obtained in the RMAN99 recomputed series using ESAPHO and ESADE ephemerides

16 The mean equinox BF is defined in Sect. 3.3, after Eqs. (16a, 16b). The transformation in Eq. 38 does not
go to the mean equinox BF strictly speaking, but to a mean BF whose x-axis is in the direction of the node of
the mean BF of date over the mean orbit of date (and not of epoch). Additional rotations can be introduced to
account for this, but without noticeable effect on the solution.
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Table 2 Parameter values used for recomputing RMAN99 series in Sect. 4.1, and meant to be consistent with
VSOP87, ESAPHO, and ESADE theories

Parameter Symbol (unit) Value References

Scaling factor® Hp 0.00535464 RMAN99

Solar standard gravitational parameter GMg (m3 /52) 1.3271224 x 1029 Table (1) of RMAN99, from
McCarthy (1996)

Astronomical unit? au (m) 149597870691 McCarthy (1996)

Constant of gravitation® G mkg~1s72) 6.67259 x 1071 Ibid

Mean rotation rate of Mars g (rad/s) 7.0882181 x 10™5 Table (1) of RMAND99, from
Chapront-Touze (1990),
Davies et al. (1989)

Node longitude of Mars 20 (°) 49.55809321 Eq. (3) of RMANO99, with
t = 0, from Simon et al.
(1994)

Inclination of Mars i (°) 1.84972648 Ibid

Epoch node angle 0o (°) 35.496817571 Eq. (3) of RMANY99, with
t = 0, from
Chapront-Touze (1990)

Obliquity of Mars g0 (°) 25.192028020 Ibid

Obliquity of the Earth EEarth (°) 23.439280306 Bretagnon and Francou
(1988)

Mass of Phobos Mp (kg) 1.05 x 1016 Table (1) of RMAN99, from
Chapront-Touze (1990)

Mass of Deimos Mp (kg) 1.80 x 1013 Ibid

Longitude mean motion of Phobos np (°/day) 1128.84476 Page 289-290 of BS99, from
Chapront-Touze (1990)

Node longitude rate of Phobos 2p (°/day) —0.436025 ibid

Inclination of Phobos ip(°) 1.067639 Ibid

Semi-major axis of Phobos ap (km) 9373.713 Ibid

Longitude mean motion of Deimos ~ np (°/day) 285.161875 Ibid

Node longitude rate of Deimos 22p (°/day) —0.018001 Ibid

Inclination of Deimos ip (°) 1.78896 Ibid

Semi-major axis of Deimos ap (km) 23457.060 Ibid

The mean orbital elements of Phobos and Deimos are used to estimate the nutations induced by the satellites
with an analytical solution (Egs. 39a, 39b), and to compare them with the nutations obtained directly from the
ESAPHO and ESADE ephemerides (Chapront-Touze 1990). The numerical values of the parameters for the
computation of the BMAN20 series in Sect. 4.3 are given in Table 7
The value of Hp used in Roosbeek (1999) was tuned to obtain the mean precession rate ¥ = —7576 mas/yr
of Folkner et al. (1997b), given the fact that using ephemerides instead of mean orbital elements alters the
Erediction made with the classical relation of Eq. (33) (Fabian Roosbeek, personal communication)

Used to multiply the rectangular coordinates of the VSOP87
€Used to multiply the mass of Phobos and Deimos in Egs. (39a, 39b)

(9.877/4.390 mas in longitude and —4.204 / —1.863 mas in obliquity), confirming that an ana-
lytical theory is sufficiently accurate. The second and third periodic terms are at short period
(approximately half the revolution period of the satellite, 0.16 days for Phobos, 0.63 days for
Deimos) and have very small amplitudes (< 0.002 mas).
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With 7 = 0, the analytical expressions of Egs. (39a, 39b) are consistent with the analytical
solution of BS99 (see their Eqs. 27.1-27.2). The terms proportional to T are missing in
Bouquillon and Souchay (1999) and Hilton (1991), because they assimilated the local Laplace
plane with the equator of Mars. Though the nutation terms caused by t are negligible, the
secular term in precession (— 0.232 mas/yr for Phobos and — 0.250 mas/yr for Deimos) are
of the same order as the direct effect of Jupiter as estimated in RK79, and should therefore
intervene in the expression for the longitude precession. Note that we retrieve similar secular
precession terms in RMAN99 recomputed series using ESAPHO and ESADE ephemerides
(— 0.232mas/yr and — 0.251 mas/y, see Sect. 4.1.2).

3.6 Precession and nutations induced by the planets (direct effect)

An analytical solution for the precession and nutations induced by the direct torque exerted by
the other planets on Mars is discussed in Hilton (1991) for the case of circular orbits (e = 0)
in a common plane (i = 0). Just as for the solar torque, it is possible to derive an analytical
solution for the general Keplerian case. Although it is more accurate to consider series from
semi-analytical orbital theories for the position of perturbating bodies before integrating the
AM equations, we here provide the analytical solution in the case of Keplerian orbits, correct
up to the first order in eccentricities and inclination. This will allow us to better understand
the differences between the series solution of BS99, our series solution BMAN20 derived in
Sect. 4.3.3, and the conclusions of RK79 regarding the direct effects of the planets.

By considering Keplerian orbits, the planet coordinates (subscript P/) in the mean equinox
BF are written as

Xpi Xs
Yp | =| ¥s
Zpi Zs
+Rx(g0) - Rz(6p) - Rx(ip) - Ry (£20 — 2p)
rpi
‘Rx(—ip;) - Ry(—wp; —vpy) - | O , (40)
0

with (Xg, Ys, Zs) the Sun coordinates as given in Eq. (30). Considering that the mean
longitudes of the planet and Mars (and therefore the argument of the series to be built) are
defined as

Api = Qp; +wp; + Mpy, (41a)
Am(= Ma) = Qy + oy + My, (41b)

and that, to first order in eccentricities,

rs = ay —apep cos My, (4221)
rp; = ap; —apiep;cos Mpy, (42b)
vy = My + 2ep sin My, (42c)
vp; = Mp; + 2ep;sin Mp;, (42d)

then the coordinates to first order in inclinations and eccentricities simplify to the form

Xpi Xpio 35X ple X pii
Ypr | = | Yrio | + | 8YpPe | + | 8YrPu |, (43a)
Zpi Zpio 8Zpie 3Z pii
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Xpio

YPlo =

ZPlo
5XPle
8Ypre | =
8Zpie

with

apycos(Ap; — 2y — 60p) — ay cos(Ay — 2y — 6p)
cos go(—ap; sin(Ap; — 2y — ) + ap sin(hy — 2y — 6p)) ., (43b)
sineg(ap; sin(hp; — 2pr — 6p) — apy singg sin(Ayr — 2y — 6p))

Tayen coseg(sin(@o — 2 + wy +22y) — 3sin(y — wp))

—Sapen sineo(sin(o — 2hn + wy + 22y) — 3sin(6) — wu))

( %aplepl cos(fp — 2Ap; +wp; + 2p; + 2u) )
_l’_

e S

—Yamen (cos(By — 2hy + wpr +224) — 3cos(B0 — wur)) )

—Sapiep; coseqsin(@y — 22p; + wpr + 2p1 + 2u)
Yapep sinegsin(@ — 2ap; + wpy + 2p; + 2u)

—3apepicos(@o — wpr — 2p1 + 2y1)
+ (+*aplepl cosgg sin(@p — wpr — 2p; + .QM)) R (43c¢)
—5apieprsingg sin(fy — wpr — 2p; + 2m)
38X pii 0
(5YP1i ) = (aPl sineo(ip; sin(Ap; — $2p;) — iy sin(Ap; — $2p1)) ) . (43d)
8Zpii apicoseg(iprsin(hp; — 2p;) — iy sin(hp; — 2u))

Before substituting these expressions in Eqgs. (12a, 12b), we first note that the squared
distance between Mars and the planet does not depend on the inclinations at first order, and
simplifies to:

by = dpio + 8(dpip), (44a)
dpimo = \/a%[ + a3 — 2apiag cos(hy — Apy), (44b)
8(d3y) = —2a3ey cos(hp; — wp; — 2p1) — 2ar,en cos(Ay — oy — 2u),

—apjapmepi(cosQhpr — Ay — wpp — $2pp)

—3cos(Ay — wp; — £2p1))

—apiapep (cos(Ap; — 2hy + oy + 2um)

—3cos(Ap; —wy — 2m)), (44¢)

where & (d,z, 1») 18 @ quantity of first order in eccentricities. As a result the factor d;[sM in Egs.
(12a, 12b) simplifies to:

s P 2 =52 _ =52 O o ~72
dpiye = ppage + 8Wpiy)) ™% = dppiy, — EB(dPlM) dpipo (45)
so that
: GMp; [ YpioZp 5YpioZpi Yp
¥ =3Hp— T — =8 (d ) + —5—— (8Zpie + 8 Zpii)
sin 082k \  dpyy, 2dpy, dpinto
Zpi
+— - (8Ypre + 8YPZi)) . (46a)
dPlMa
. GMp; [ XpioZpi 5XpioZpi Xpi
¢=3Hp Q ( 50 - - (; Ua(dIZJIM) + %(SZPle
R dpimo 2dpy, dpimo
Zpi
+8Zpii) + — ~(8X pre + 5XP1i)) . (46b)
PIMo
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The quantities d>>. anddy],, canbe computed from Eq. (94) of Hilton, using Laplace

PIMo PIMo
coefficients By () (see also Eq. 22 of Laskar and Robutel 1995):
Aol = a5’ (2 B> (@) + Y B/ (@) cos(k(hp, — m») (472)
k>0
(s+k—=D! 4 2
s — . .
Bi(a) =2 G DIl o F(s,s +k; k+1;a%), (47b)

with a, = max(ap;, ay), « = min(ap;/ay, ay/apr), and F the Gaussian hypergeometric
function. The expansion converges slowly for the Earth, because Mars and the Earth are
relatively close to each other.

After 1n§ert1ng Egs. (43b—43d) and (47a, 47b), (46a, 46b) for 1// /€& are seen to contain
constant terms lllpl and E pi1, which give rise to secular variations after integration, and
periodic terms (nutations).

The rates of secular variations are given by

3Hp cosegGMp; ( ap; +aM) BS/Z(a) n 3Hp cos SOGMplaPlaMBls/z(O[)
4a5.QR ZagQR

5/2
— (ariBY @ — awBY @)
3Hpap;GMpjcos2eq (ipg cosby — ipycos(Bg — 2p; + 2u))

Wpr = —

, 48
4a? sineg 2R (48a)
Ep =~ (aszS/z(a) — aMBS/Z(Ol)>
3HpapiGMpjcoseo(iy siny — ip;sin(6g — 2p; + .QM)) (48b)

4(,15.QR

Those equations can be compared to previously published results. Ep; and the third part
of lf/pz are proportional to the orbital inclinations i p; and iy, and are therefore not part of
Hilton’s solution. The second term in ¥p;, proportional to the Laplace coefficients Bls/ 2,
results from the multiplication of terms proportional to cos(Ap; — Aps) in d;lso and in the
product Yy Zp, since cos? (Ap; —Ap) = (1 +cos2(Ap; — Apy))/2. Such a term can be found
in Hilton’s solution (his Eq. 95), but is not included in his Eq. (24) for the precession in
longitude, which contains only the first term proportional to BO/ 2,

RK79 provides estimates for ¥p; only, approximately obtained by a rescaling of the
precession rate induced by the Sun, which is proportional to the solar mass and inversely
proportional to the cube of the mean solar distance, to the mass and mean distance of the
considered planet. This approximation can be found by neglecting the orbital inclinations,

replacing a, by ap;, and expanding to the order zero in « (so that BS/ 2 ~2and BS/ 2~ 0):
.M 3
Wy~ gL (25 49)
Ms \ap;

The direct contributions of Jupiter, the Earth, Saturn, and Venus to the rates of secular
variation are given in Table 3, and compared to the approximate solution of Eq. (49), the
series solution of BS99, the series solution of Sect. 4.3.3, and Hilton’s solution. Hilton’s
values are very different from the other values, and likely wrong for an unknown reason.
RK79’s approximation works very well for Saturn and fairly well for Jupiter, which are far
enough from Mars so that the order O approximation in « is justified. The approximation
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Table 3 Longitude and obliquity secular variations rates (in mas/yr) due to the direct torques by Jupiter,

Saturn, the Earth, and Venus, obtained from an analytical solution, divided into the contributions from Laplace

coefficients Bg/z and Bf/z (with ij; = ip; = 0) and from the inclinations ij; and i p; (columns 2-5)

Planet ~ B)>  B)> iyandip; Total  ApproxRK79 BMAN20 BS99 Hilton
@pp)
Jupiter —0323 0.114 —0.002  —0221 —0.179 ~0223  —0222  —0.198
Saturn  —0.010 0001  0.000  —0.009 —0.009 —0010 - -
Eath  —0.618 0540  0.004  —0.074 —0.080 —0.074  —0082 —0.363
Venus  —0.094 0.062 —0.001 0033 —0.171 —0.034 - -
(Epp)
Jupiter — - ~0.006  —0.006 - ~0.0063  —0.0060 -
Saturn - - ~0.0004  —0.0004 - ~0.0002 - -
Earth - - 0.0018 0.0018 - 0.0035  0.0025 -
Venus - - 0.00014  0.00014 — 00002 - -

The rates obtained with the approximation of RK79 (Eq. 49), the series solution of Sect. 4.3.3, the series
solution of BS99, and Hilton’s solution are given in columns (6-9)

seems to work for the Earth, but it is by chance, as the approximation does not make sense in
the first place for a planet closer to the Sun than Mars (it can be verified that it does not work
at all for Venus). The agreement between the analytical solution and the BMAN20 solution
is good, especially for the secular rate in longitude. For the smaller secular rate in obliquity,
agreement is more difficult to reach, likely because of the approximations made in order to
get the analytical solution.

The main nutations due to the planets are given in Table 4, and compared to the series
solution of BS99 and the series solution BMAN20 of Sect. 4.3.3. For a truncation level of
0.025 mas in prograde/retrograde motion, as applied in Sects. 4.1 and 4.3, we find two terms
for Jupiter, two terms for the Earth, and one term for Venus. For Jupiter, the agreement
between the analytical solution and the series solution is again excellent. The agreement is
good for the Earth and Venus. It is interesting to note that the Jupiter solution corresponds to
BS99 solution only when we neglect the orbital inclination of the planets.

3.7 Oppolzer terms and polar motion

In the context of rotation studies, three axis are of interest: the figure, angular momentum
(AM), and spin axes. The separation between the spin and figure axes is classically called
polar motion. RK79 noticed that the misalignment between the figure and spin axes induced
by the solar torque is small (about 5Scm at the surface of Mars, or 3 mas). The amplitude
of the offset between the spin and AM axes is about'” m Hp with m the amplitude of polar
motion and Hp the scaling factor of Eq. (11c), and is two to three orders of magnitude
smaller than the polar motion, so that the AM and spin axes can be assimilated to each other
(BS99, RMAND99). In the following, by abuse of terminology, we will call polar motion
the differential motion of the AM/spin axis with respect to the figure axis, as seen from
the rotating Body Frame. We will call Oppolzer terms the differential motion of the figure

17 Consider Egs. (41) and (45) of Roosbeek and Dehant (1998), and the relation Ny = Ny — m, to get
N,g =mHp/(14+ Hp) ~mHp.
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Table4 Main nutations raised by the planets (direct effect) as obtained with an analytical solution, compared
with the series solution of BS99 and the series solution of Sect. 4.3.3 (BMAN20)

j Solution Ju Ma Te Ve 2m/f;(d) 1,0;3 (mas) 10; (mas) 85 (mas) sj. (mas)
Jupiter
1 BS99 2 0 0 0 2166.29 —0.03 —-0.19 —0.09 0.02
Analytical —0.042 —-0.187 —0.088 0.021
(withipy =ip; =0 —0.033 —0.187  —0.088 0.015
BMAN20 —0.042 —-0.187 —0.088 0.022
2 Analytical -3 1 0 0 1310.24 0.018 —0.080 0.038 0.009
BMAN20 0.018 —0.079 0.037 0.009
Earth
1 BS99 0 2 -1 0 5764.01 —0.08 —0.14 0.00 0.00
Analytical —-0.072 —0.127 0.000 0.000
BMAN20 —-0.076  —0.129 0.006 0.001
2 Analytical 0 4 =2 0 2882.00 —0.010 —0.080 —0.037 0.004
BMAN20 —-0.012 -0.078 —0.029 0.006
Venus
1 Analytical 0 -3 0 1 11987.20 0.024 —0.146 0.069 0.011
BMAN20 0.034 —0.150 0.066 0.012

axis with respect to the AM/spin axis, as seen from the Inertial Frame. Here, polar motion
and Oppolzer terms have therefore opposite amplitudes, and different frequencies (a polar
motion at frequency w in the rotating BF corresponds to an Oppolzer term at frequency
f = w + $2p in the IF), but they represent in fact the same motion and have the same
physical causes. The polar motion of Mars is mainly due to the atmospheric dynamics and
the condensation/sublimation cycles of the atmosphere and polar ice caps. The amplitudes
of the seasonal terms are expected to range between 0 and 15mas (Defraigne et al. 2000;
Van den Acker et al. 2002). The atmosphere can also excite the Chandler wobble, a normal
mode for the motion of the spin axis with respect to the figure axis. The period of the Martian
Chandler wobble is expected to be around 200 days, and its amplitude can be of the order of
10 to 100 mas (Dehant et al. 2006). The modeling of the atmospheric polar motion and of
the Chandler wobble is beyond the scope of this study. As in RK79 and BS99, we consider
that the polar motion/Oppolzer terms here are only due to the external gravitational torque.
It is possible to express the Oppolzer terms in terms of the nutations, since the motion
of the figure axis in space and the motion of the spin axis in the BF are linked by the Euler
kinematic equation
&+ 1y sine = () + lwp)e!?, (50)

with I = +/—1, which can be derived from Eq. (5b), and where (v, 6, ¢) are the Euler
angles of the figure axis. This equation can be rewritten in an alternative form using the
prograde/retrograde formulation of the nutation series, as we show now. First, we use the
simple fact that the motion of the unit vector p along the perpendicular to the inertial 72000
mean BF equator is not subject to any torque:

dp

— 4+Q@Ap=0. 51
dt+ AD (5D
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Second, we find that, at first order in small variations,

0 —&x
P =Rz(9) -Rx(e) - Ry (¥ — o) -Rx(—€0) - | 0 | =Ry(®) - | =8y |, (52)
1 1

for the component of p in the coordinates of Mars rotating BF, with (8, 8,) the projection
of the trajectory of a unit vector along the figure axis on the J2000 mean BF equator (see
Eq. 17). Finally, assuming that the projectionsp = p— (0,0, 1) andm = /2 —(0,0, 1) =
(w1, w2, 0)/$2k on the BF equator are circular motions at a common frequency w = f — g
in the BF, that is to say that p, +Ipy, = pe!*" andm, + Im, = me!® with p the amplitude
of the inertial pole motion, and m the amplitude of the polar motion, Eq. (51) becomes

(Mathews et al. 1991):
m

T 1+w/2r

From Egs. (18) and (52), p = — Ay with A the prograde (P ) or retrograde (R ) amplitude
of the figure axis nutation, and Eq. (53) becomes

p (53)

f
=Ar—, 54
Mo =Af o0 (54
with m, = —m the amplitude of the Oppolzer terms (here the offset between the figure

and spin axes, assimilated to the offset between the figure and AM axes). If we note Ag
the amplitude of the spin axis nutation at frequency f in the IF, which is by definition the
difference of the figure axis nutation and Oppolzer term amplitudes (A — m,) at the same
frequency, we alternatively have that

f
my,=A . (55)
Sor— 7
From Egs. (5§3-55), it follows that
w
- — 6
As =m o r o (56a)
Ay Ag
— = . 56b
Qr  KQr-f (500)

From Eq. (55), it is possible to find the amplitude of the Oppolzer terms corresponding
to any nutation term for the AM axis, by switching between the longitude/obliquity and
prograde/retrograde circular formulations. Since i < $2g, it is reasonable to consider that
the precession has no polar motion/Oppolzer term counterparts (m, >~ 0 and Ay >~ Ag). The
Oppolzer terms, in longitude/obliquity, corresponding to the main terms of our recomputed
RMANO99 nutations series are given in Table 5, along with the Oppolzer terms obtained
by BS99, and the differences between the “RK79 rescaled” and “RMAN99 recomputed”
series of Table 1. For the semi-annual nutation, the Oppolzer terms can reach up to 4 mas.
In general, the Oppolzer terms correspond well to the difference between the RK79 rescaled
series for the figure axis and the RMAN99 recomputed series for the AM axis. The remaining
differences can be attributed to the differences in the treatment of the orbital configuration
of Mars (unperturbed Keplerian orbit of given orbital elements for RK79, orbit taken from
the VSOP87 ephemerides for RMAN99).

Conversely, from Eq. (56a) and a model of the atmospheric polar motion, it is in principle
possible to compute the amplitude of the corresponding (non-rigid) nutation of the AM axis
in space. Let us consider a polar motion with an amplitude of 10 mas at annual period. The
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Table 5 Differences (in mas) between the RK79 (rescaled) and RMAN99 (recomputed) series for the main
solar terms of Table 1 (columns 2-3)

RK79-RMAN99 RMAN99 Oppolzer BS99 Oppolzer

Arg. cos sin cos sin cos sin
(Av)

1Ma —0.04 0.19 -0.04 0.17 -0.04 0.16
2Ma —0.64 —3.66 -0.62 -3.57 -0.62 -3.55
3Ma —0.61 —0.96 -0.66 -0.99 -0.66 -0.99
4 Ma 0.18 —0.19 -0.23 -0.14 -0.23 -0.14
5Ma —0.18 —0.05 -0.05 -0.01 0. 0.
6 Ma —0.07 0.02 -0.01 0. 0. 0.
(Ae)

1Ma —0.33 0.19 -0.30 0.18 -0.37 0.16
2Ma —1.40 0.24 -1.41 0.28 -1.37 0.24
3Ma —0.34 0.23 -0.38 0.26 -0.38 0.26
4 Ma —0.05 0.08 -0.06 0.09 -0.05 0.08
5Ma —0.00 0.04 0. 0.02 0. 0.
6Ma —0.01 —-0.03 0. 0. 0. 0.

Oppolzer terms (mas), in longitude/obliquity of the recomputed RMAN99 (columns 4-5) and the rescaled
BS99 (columns 6-7) nutation series

corresponding AM nutations would have quasi diurnal periods in the IF, much shorter than
the harmonics of the annual period related to the solar torque, and an amplitude of 0.015 mas.

4 Semi-analytical solution

In this section, we first recompute the nutation series of the AM axis of Roosbeek (1999)
(RMAN99), considering the same original calculation settings since the computer perfor-
mances available at the time of the computation of RMAN99 made the semi-analytical
treatment tedious and less accurate than intended. As we will see below, the computational
error on the semi-annual term was of about 0.3 mas, above the chosen truncation criterion of
0.1 mas. The recomputed series (RMAN99 recomputed) presents a negligible computational
error, as demonstrated by a comparison with a numerical integration of the AM equations
(RMAN99num).
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In a second step, we use the planetary ephemerides from VSOP2000, VSOP2013, DE431,
and INPOP17a to assess the effect of a change in ephemerides on the precession/nutation
solution. We also evaluate the effect of the chosen values for the constants (e.g., Hp) involved
in the computations. To update the nutations induced by Phobos and Deimos, we use the mean
orbital elements of Jacobson and Lainey (2014) and the analytical solution of Sect. 3.5. We
also consider the direct effects of the Earth, Jupiter, Saturn, Venus, and Mercury on the
precession/nutation of Mars. The full solution (solar, satellites, and direct planetary terms)
defines the BMAN20 solution.

Finally, as not all terms of BMAN20 will be above the detection capabilities of the RISE
and LaRa experiments, we provide a restricted version (BMAN20 for Radio-Science, or
BMANZ20RS) of the solution which includes only main solar terms (possibly merged with
indirect planetary terms) and satellite terms. We also estimate the uncertainty on the individual
terms of the solution, which mainly results from the uncertainty on the scaling factor Hp.

4.1 Recomputation of RMAN99

To estimate the nutations induced by the solar torque, Roosbeek (1999) integrates over time
the AM Egs. (12a, 12b). The distance dp is directly taken from the VSOP87 as equal to
dy, the distance of Mars to the Sun. The position (X g, Y, Zp) of the Sun is expressed in a
reference frame attached to the J2000 mean equinox BF'3 after the following transformation
(see Fig. 4)

Xp XM
Yp | = —Rx(e0) - Ry(6p) - Rx(io) - Ry (§20) - | ymr | » (57)
Zs MT M

with (xp, Yamr, zm) as given in VSOP87 (Bretagnon and Francou 1988) for the position of
Mars in a reference frame attached to the ecliptic (Earth orbit) and equinox (ascending node
of the Earth orbit on the Earth equator) at the J2000 epoch. (xus, yamr, zm), (XB, YB, ZB),
and dj; are written as series of the form

Z(Cjcosqoj+Sjsin<pj), (58a)
J

Cj= ZT“CQ,,', (58b)
S; = ZTaSa,j, (58¢)

where Cy, j and Sy, ; are amplitudes and T is the time measured in thousands of Julian years
from J2000. ¢; are linear combinations of fundamental arguments. After integration of Eqs.
(12a, 12b), the fundamental arguments of the nutation series of Eq. (15) are the same as the
VSOP87 arguments, by construction (see also Sect. 4.1.1). The arguments needed to express
the truncated solution will be the mean longitudes of Saturn (S), Jupiter (Ju), Mars (Ma),
the Earth (Te), and Venus (Ve), see Table 2 of Bretagnon and Francou (1988):

Sa = 0.87401675650 + 213.2990954380 T, (59a)
Ju = 0.59954649739 + 529.6909650946 T, (59b)
Ma = 6.20347611291 + 3340.6124266998 T, (59¢)

18 Roosbeek (1999) took ¢ = 0 in his Eq. (3) (Roosbeek, personal communication). Therefore, the transfor-
mation from the IF goes to the J2000 BF and not the BF of date.
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Te = 1.75347045953 + 6283.0758499914 T, (594d)
Ve = 3.17614669689 + 10213.2855462110T . (59e)

The power « is an integer in-between 0 and 5. For o« = 0, the series are periodic, like the
periodic nutations series of Roosbeek (1999). For « > 1, the series are pseudo-periodic
(Poisson series) and were not computed in Roosbeek (1999). Therefore, we consider only
o = 0 to recompute RMANO9 series.

To estimate the nutations induced by Phobos and Deimos, Roosbeek (1999) integrates
the AM Egs. (12a, 12b) with the positions (Xp, Yp, Zp) and (Xp, Yp, Zp) of the natural
satellites obtained directly in the mean equinox BF from the ephemerides ESAPHO and
ESADE of Chapront-Touze (1990) without transformations (MT = I3 is an identity matrix).
Their squared distances d%, and d%) can be obtained as (X%, + YI% + Z%,) and (X2D + le) +
Z%), respectively. In ESAPHO and ESADE, the positions of the natural satellites are also
defined as periodic series under the form (58a), considering a specific set of fundamental
arguments. After integration, the arguments of the main terms related to Phobos and Deimos
in the nutation series are the orbital nodes of the satellites (constructed from the argument
combination D — F + [’ 4+ w'* of Roosbeek 1999):

Npjp = 125°.8759 — 159257°.97707018 T, (60a)
Npe = 11°.1971 — 6574°.96623684° T . (60b)

The values of the transformation angles (g¢, 6o, io, §20) in Eq. (57) are taken from Eq. (3) of
Roosbeek (1999). Besides the transformation angles, the integration of the AM equations also
requires values for GMs, p p, the Solar/Phobos/Deimos standard gravitational parameters,
for 2, the mean rotation rate of Mars, and for Hp, the scaling factor. Here, for consistency,
we use the same values as Roosbeek (1999) (see Table 2).

4.1.1 Computational procedure

To obtain nutation series in the form of Eq. (15), it is preferable to express the right-hand
members of the AM Eqgs. (12a, 12b) in a similar form first. We now describe briefly this
computational procedure.

Since djy, the Sun—Mars distance, is the sum of a constant term d, (1.53033 AU in
VSOP87) and of series §d with terms of amplitudes < d,,, the ratio 1/djs can be expanded
about 1/d, as follows

k
1 1 1 e Sd)*
- —k ) 61
dy ~ (d,+8d)  d, + Z( ) dkt! b

k>1

The maximal value k;,,,» = 11 is chosen such as to ensure that the computational uncertainty
on the solution is negligible, as can be checked with a numerical integration of the AM
equations (see Sect. 4.1.4). This expansion is then raised to the fifth power, before being
multiplied by YpZp or XpZp.

The squared Mars—Phobos distance d%, is the sum of a constant term d123 , and of periodic
terms § (d%,), so we use the following expansion about d%, o

5/2

1\’ 1 / 1 58(d3)  35(5(d3))?

e Ay e Y A g T (62
P dp, +8(dp) dp,  2dp, 8dp,

1 /dISJ is then multiplied by YpZp or X p Zp. The same procedure applies to Deimos.
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At each calculation step, trigonometric manipulations are used to express quantities in
a form similar to that of Eq. (58a), and we neglect the smallest terms, considering a rela-
tive tolerance which ensures the accuracy of the solution. In the end of this computational
procedure, the AM equations are in the form

dAy 14 14
g [ P 0 R
G ~\[ ¢ 5)

J

4.1.2 Secular solution

For j = 0, the secular part of the solution of Eqs. (14a, 14b) is given by

‘j’l‘:‘jfsl-i-‘j/pt-‘r'jll)l, (64a)
Et=Est+Ept+Ept, (64b)
with
¥y = —7578.132 mas/yr ; ES = —0.002 mas/yr, (64¢)
Wp = —0.232mas/yr ; Ep = 0 mas/yr, (64d)
¥p = —0.251 mas/yr ; Ep = 0 mas/yr. (64e)

The rate of variations of the right ascension and declination, see Eqgs. (24a, 24b), are therefore
given by

& = —3894.186 mas/yr = —1°.082 /kyr, (652)
§ = —2210.160 mas/yr = —0°.614 /kyr. (65b)

Contrary to the analytical solution (see Sect. 3.4.1), the secular rate in obliquity Es # 0,
but is very small, and there are no quadratic terms in the recomputed RMAN99 solution,
as we consider only @ = 0 in Eq. (58a). The difference between the recomputed and old
values for ¥s (—7578.132 vs. —7576 mas/yr) is about 2 mas/year. The difference between
the recomputed value and the precession rate (— 7578.09 mas/yr) obtained with the analytical
solution [Eq. (33)] is 0.04 mas/yr, one order of magnitude smaller than the expected precision
(=~ 0.3 mas/yr) on the precession rate from RISE and LaRa (Dehant et al. 2020). This shows
that using an analytical method to infer Hp from the measured precession rate does not
introduce a significant bias. We find a very small but nonzero secular variation rate in obliquity
E, due to the mutual perturbations of the planets. The effect of Phobos and Deimos on the
precession rate of Mars (— 0.232 mas/year and — 0.251 mas/year) differ from the old values
by less than 0.0005 mas/year (Fabian Roosbeek, personal communication) and compare very
well with those obtained with the analytical solution (—0.232 mas/year and — 0.250 mas/year,
see Sect. 3.5).

4.1.3 Periodic series

For j > 1, the nutations in longitude and obliquity have amplitudes given by

v
j o
== | (66)
N Il
& Cj
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with C/S}///f coming from Eq. 63.

For practical reasons (we find several tens of thousands of terms in the solution for the
periodic series, most of them are not relevant in practice), a truncation criterion needs to be
defined for presenting the recomputed RMANO99 series. Originally, RMAN99 considered the
same truncation criterion of 0.1 mas in both longitude and in obliquity. A truncation criterion
in obliquity of singp x 0.1mas = 0.4mas could be considered more consistent with the
truncation criterion in longitude, as it would correspond to similar surface displacements
(note that RK79 chose 0.7 and 0.3 mas as the truncation criterion in longitude and obliquity,
respectively). Here, we keep the terms which have prograde and/or retrograde amplitudes
larger than 0.025 mas. In this way, we provide the obliquity terms corresponding to all the
longitude terms retained, which was not the case in the original series RMAN99 in which
there are 24 terms in longitude and 10 terms in obliquity. We end up with 34 solar terms, one
term for Phobos, and one term for Deimos. The recomputed RMANO99 solution, using the
three representations of the solution (longitude/obliquity, prograde/retrograde, right ascen-
sion/declination) defined in Sect. 3.2, is available at https://doi.org/10.24414/h5pn-7n71. In
Table 6, we present the amplitudes in longitude and obliquity, as well as the prograde and
retrograde amplitudes, of selected terms.

We recover all the terms of the original series, with the exception of the 24th term in
longitude in Table II of Roosbeek (1999), whose amplitudes was artificially high because
of the lack of accuracy of the computational procedure applied by RMAN99 for very long
period terms (lower maximal value for k£ and larger relative tolerance than ours). We also find
several new terms with amplitudes below the truncation criterion of Roosbeek (1999) and two
long period terms (lines 35-36 in Table 6) with amplitudes larger that Roosbeek (1999) failed
to identify. The differences between the original and recomputed RMAN99 series amounts to
0.3 mas in amplitude for the semi-annual term in longitude (see line 15 in Table 6 and line 10in
Table II of Roosbeek 1999). The difference between the recomputed and original Phobos and
Deimos terms is only 0.02 mas at most (9.86 mas versus 9.88 in longitude, for the nutation
due to Phobos). The last reason for the differences between the original and recomputed
RMANO0 series results from the application of the truncation criterion in Roosbeek (1999),
not only both in longitude and obliquity, but also both in cosine and sine terms. As Roosbeek
(1999) writes the amplitude down to the second decimal, 40% of the solar terms in longitude
and 12.5% of the solar terms in obliquity of RMAN99 are written down as 0.00 mas, and the
reader cannot know which terms are really zero up to the second digit, and which terms are
below the truncation criterion. As a consequence, terms with amplitudes as large as 0.085 mas
(the sine amplitude of the seventh solar term, line 1 in Table 6 and in Table II of Roosbeek
(1999)) were neglected.

4.1.4 Solution accuracy: effect of the computational procedure

To assess the accuracy of the series solution (we mean here the entire RMAN99 recomputed
series, not the truncated series), we numerically integrate Eqgs. (12a, 12b) over time, with-
out applying the computational procedure presented in Sect. 4.1.1. The numerical solution
RMAN99num is obtained as follows

t
AY(t) = AW(to)Jr/ d(Atw)dt, (67a)
o
t
As(t) = Ae(t,) + / d(dAtg)dt, (67b)
to
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Table 6 Selected periodic terms (main solar terms, satellite terms, and long periods terms) of the RMAN99
recomputed series, using the longitude/obliquity and prograde/retrograde representations defined in Sect. 3.2

Sa Ju Ma Te Ve Npp, Npe 27/ fj(d) ¥j(mas) ¥ (mas) e} (mas) £} (mas) P;(mas) R;(mas)

<.

1 00 7 00 O 0 98.140 -0.102 0.085 0.040 0.048 0.059 0.003
2 00 6 00 O 0 114.497 -0.893 0.253 0.117 0.419 0.415 0.020
3 00 5 00 O 0 137.396 —6.262 -0.885 -0.427 2.928 2.825 0.133
4 00 4 00 O 0 171.745 -34.832 -21.661 —10.209 16.193 18.301 0.843
7 00 3 00 O 0 228.993 ~137.078 -200.058 -93.513 62.673 107.898 4.705
22 00 1 00 O 0 686.980 —282.484 -477.765 47.671 11.912 102.108 136.705
25(P) 0 0 0O OO -1 O 825.642 0.000 9.877 -4.204 0.000 0.000 4.204
32(D)o o0 0 00 0 -1 19998.582 0.000 4.390 -1.863 0.000 0.000 1.866
33 52 0 00 O 0 322614.503 -0.363 0.104 -0.143 0.075 0.125 0.101
34 038 40 0 0 651392.660 0.996 0.290 -0.0B  0.013 0.214 0.227
35 5 4-168 0 0 0 3.40948x107 0.137 0.189  0.028 -0.095 0.094 0.032
36 -6 8 -7 0 2 0 0 1.33011x10%®  0.080 0.455 -0.130 -0.132  0.086 0.179

The full solution is available at https://doi.org/10.24414/h5pn-7n71. The arguments S, ..., Np, are given
in Egs. (59a—60b). The table contains terms which have prograde and/or retrograde amplitudes larger than
0.025 mas. The first seven main solar terms and the satellites terms are highlighted in blue and gray, respectively.
They are used in Table 1 where RMANO99 recomputed series are compared with the main terms of RK79 and
BS99 series

considering ¢, = J2018 and ¢ between J2018 and J2023. We set Ay (t,) and Ae(t,) to the
values obtained with the recomputed RMAN99 series, so that at ¢, the differences are zero.
The differences between the RMAN99num and the RMANO99 recomputed series result from
the computational procedure applied to find a solution in the form of a series, and can be
seen as a computational contribution to the uncertainty on the solution. As the differences in
the time domain are very small (of the order of 10~ mas at most within the 2018-2025 time
period), this contribution can be safely neglected when the nutation amplitudes are written
down to the third digit, as in Table 6.

4.2 How to update the nutations series?

We have already established in Sect. 3.5 that the use of an analytical solution and recent mean
orbital elements is sufficient to update the nutations induced by Phobos and Deimos. In this
section, we explore the three following components of the computation, that can affect the
nutation series induced by the Sun:

1. The choice of ephemerides (VSOP87, VSOP2000, ...),
2. The value of the transformation angles (£2o, ig, Oy and &),
3. The value of the other constants involved in the AM equations (in particular Hp).

4.2.1 The choice of ephemerides

The VSOP ephemerides are analytical planetary theories, fitted to numerical integrations,
themselves fitted to observations. VSOP87, VSOP2000 and VSOP2013 are fitted to DE200
(Standish 1982), DE403 (Standish et al. 1995), and INPOP10a (Fienga et al. 2011), respec-
tively. In the VSOP2000 ephemerides, the Mars coordinates (xus, yu, Zp) are expressed
in the same form as in VSOPS87 (see Eq. 58a) and dy, can be computed as their norm. In
VSOP2013, the rectangular coordinates (xps, ypm, zar) are given in the form of Tchebychev
polynomials, from which time series can be produced, before computing numerically the
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corresponding nutation time series. Nutation time series can also be obtained from DE431
and INPOP17a, the most recent American and European ephemerides.

VSOP2000 and VSOP87 ephemerides can be used with or without the Poisson terms of
Eq. (58a). The difference in nutation time series obtained with and without the Poisson terms
represents the effect of the mutual perturbations between the planets on the nutation series,
which is of the order of the mas (between — 3 and 2 mas in longitude and — 0.3 and 0.7 mas in
obliquity within the 2018-2025 time period), and should be included in an updated nutation
solution. The nutation time series obtained with VSOP2013, DE431, or INPOP17a include
the effect of the mutual perturbations between the planets.

Considering Poisson terms, and all other things (the values of the transformation angles
and of the other constants) being unchanged, the differences in nutations time series obtained
from VSOP2000 versus VSOP87 are small (e.g., about —0.0003 mas/yr in the precession
rate and 0.0002 mas in amplitude for the semi-annual nutation), and therefore negligible. The
differences in nutations times series obtained numerically from VSOP2000 versus VSOP2013
are even smaller. We also verified that the nutation time series based on VSOP2000 differ
negligibly from numerical nutation solutions obtained from DE431 or INPOP17a (about
—0.0016 mas/yr on the precession rate and 0.0004 mas in amplitude for the semi-annual
nutation).

As is apparent from the above, we could in principle use indifferently VSOP87 or
VSOP2000 periodic and Poisson series for the solar coordinates to update the nutation semi-
analytical solution. However, the choice of the VSOP theory influences the definition of the
mean orbital elements involved in the definition of the transformation angles which, as we will
see below, have a significant effect on the solution. Mean orbital elements are not provided for
VSOP2000, while series for the rectangular coordinates (x s, ya, Zp) are not provided for
VSOP2013. Since the difference between VSOP2000 and VSOP2013 ephemerides is negli-
gible for our purpose, we will update the nutations series in Sect. 4.3 by using transformation
angles consistent with VSOP2013 and rectangular coordinates from VSOP2000.

4.2.2 The value of the transformation angles

Four angles (£2o, io, 6o, and &¢) are involved in the transformation of Eq. (57) from the J2000
Earth ecliptic reference frame to the J2000 mean Equinox BF. Ideally, as the BF is precessing
and nutating, the solar coordinates should be expressed in the true BF of date, instead of the
J2000 mean equinox BF, and expressions for € and ¢ taking into account the precession
and nutations should be used in the transformation. But since the precession/nutation is the
motion we want to determine from the integration of the AM equation, those expressions are
a priori unknown. A compromise is to express the solar torque in the mean equinox BF of
date (that is to say still neglecting the nutation, see Sect. 3.4.1), assuming that we know a
priori the precession rate in longitude of the BF with respect to the chosen reference plane, or
6 v . We do not introduce E , the secular variation rate in obliquity, as its effect on the solution
is negligible. The transformation of Eq. (57) is therefore replaced by

MT = —Rx(e0) - Rz(0m) - Rx(io) - Ry (£20). (68)

The values of §2p and iy used by Roosbeek (1999) come from Simon et al. (1994). They are
mean orbital elements consistent with VSOP87. To update the nutation series, we consider
the mean orbital elements of Simon et al. (2013) that correspond to the VSOP2013, and
in good approximation, to VSOP2000 (— 0.08 arcsec for £29 and —0.001 arcsec for i,
compared to the values of Simon et al. 1994). The expression for 6y, and &) reported in

@ Springer



47  Page 38 0of 52 R.-M. Baland et al.

Table 7 Values of the parameters used to compute the solution BMAN20

Parameter Symbol (Unit)  Value Uncertainties References

Scaling factor Hp 0.00538017 0.00000148 Sect. 4.2.3

Solar standard GMg (m3/s2)  1.3271244002 x 1020 0.0000000010 x 1020  Konopliv et al.

gravitational (2016)

parameter

Astronomical unit  au (m) 149597870700 3 Ibid

Mean rotation rate 2 (rad/s) 7.08822 x 1072 24 x 10715 Ibid, or Archinal

of Mars etal. (2018)

Node longitude of ~ §2¢ (°) 49.55807197 Unknown Simon et al.

Mars (2013)

Inclination of io (°) 1.84972607 Unknown Ibid

Mars

Obliquity of the eEarth (°) 23.439280933 Unknown Ibid

Earth

Epoch node angle  6g (°) 35.497525780 0°.0000026 Sect. 3.4.3 and
Konopliv et al.
(2016)

Obliquity of Mars &g (°) 25.191819740 0°.0000043 Ibid

The values of the parameters specific to Phobos and Deimos are given in Table 8

Roosbeek (1999) come from Chapront Touze (1990). We now use g9 = 25°.191819740 and
6y = 35°.497525780, and OM =¥ = —7608. 3 mas/yr, which are consistent with the latest
determination of the spin axis orientation by Konopliv et al. (2016), see Sect. 3.4.3.

In the time domain, the differences related to the update of the J2000 values of the trans-
formation angles are larger (up to 0.15 mas in longitude and 0.02 mas in obliquity within the
2018-2025 time period) than the differences related to the choice of ephemerides, and are
mainly due to the update of 6y (which differs by 2.5 arcsec from the value consistent with
VSOP87). The effect of 6y is of the same order (the mas) than the effect of the Poisson terms
of the ephemerides.

4.2.3 The value of the other constants involved in the AM equations

The updated values for G Mg and §2 (Table 7) are very close to the previous values (Table 2)
and the changes do not affect significantly the solution. On the contrary, updating the value of
the scaling factor is needed for several reasons. Roosbeek (1999) chose the value for Hp in
order to retrieve the measured ¥ of Folkner et al. (1997b) considering only the solar torque.
‘We need to choose the value for Hp to be consistent with the most recent measurement of 17
by Konopliv et al. (2016), considering not only the solar torque, but also the direct torques
by the other planet, by Phobos and Deimos, the geodetic precession, and the effect of long
period terms. Only the geodetic precession is not proportional to Hp, therefore:

Wopservea = Vg + (Ws +Wrp +Wp +¥p + Wp)lHp=000535864. (69)

Hp
0.00535464
As

- '1:/S|HD=0400535464 = —7578.144 mas/yr (see Sect. 4.3.1),
— Y plHp=0.00535464 = —0.002 mas/yr (see Sect. 4.3.1),
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— Wp|H,=000535464 = —0.234 mas/yr (see Sect. 4.3.2),
- 'I'ID|HD=0.00535464 = —0.200 mas/yr (see Sect. 4.3.2),
— Wpi|Hp=0.00535464 = —0.340 mas/yr (see Sect. 4.3.3),
— W, = +6.754mas/yr (see Sect. 3.4.3),

we find that Hp = 0.00538017 (+0.5% with respect to the value of Roosbeek 1999) ensures
that ¥ = —7608.3 mas/yr, the measured precession rate of Konopliv et al. (2016). The
current uncertainty on Hp is directly related to the uncertainty of 2.1 mas/yr on ¥, so that
oup = 0.00000148, or 0.03%. The resulting uncertainty on the precession/nutation solution
(e.g., 0.30mas in semi-annual amplitude with the current measurement precision, 0.04 mas
with the expected measurement precision of RISE and LaRa) is larger than the modeling
uncertainties resulting from the choice of the ephemerides.

The 0.5% change in Hp affects the nutation amplitude (5 mas for the semi-annual term,
1 mas for the annual term, ..., in longitude) well above the expected measurement accuracy.
The precession rate will be re-estimated by RISE and LaRa. For consistency, it will be
appropriate to re-update the value of Hp from the observed 17 by RISE/LaRa, and therefore
the amplitude of the rigid nutation terms, before determining Mars interior properties from
the observed nutations.

From Eq. (11c) and the unnormalized gravity coefficient J, = (C — A)/MR? =
0.00195661 + 2.82 x 1010 (MRO120D gravity field, Konopliv et al. 2016), we determine
the normalized polar moment of inertia of Mars

C J

— = —= =0.36367 £ 0.00010. (70)
MR Hp

The uncertainty on C /MR? results almost entirely from o p.

4.3 BMAN20 solution

We now build an up-to-date semi-analytical solution for the precession and nutations of a
rigid Mars. The total precession/nutation is the sum of different terms that are computed
in the following subsections. We first compute the solar terms, including the geodetic and
semi-diurnal nutations. Then, we compute the satellite and the direct planetary terms.

4.3.1 Solar terms

We now use VSOP2000 ephemerides to update the solar terms of RMAN99 solution.
The semi-analytical computational procedure is pretty much the same as with VSOP87
ephemerides. We integrate the AM Egs. (12a, 12b). The position (X, Yp, Zp) of the Sun
in the J2000 mean equinox BF is given by

XB XM
Yp | =MT | yu |. (71
Zp iM

with MT given by Eq. (68), and the values of the transformation angles are taken as explained
in Sect. 4.2.2. In particular, 6y, varies with time, and éM is taken as the measured rate of the
precession in longitude. For the semi-analytical resolution, the transformation of Eq. (71) is
expressed as series of 6.

In VSOP2000, Mars coordinates (xps, yy, zp) are expressed in the same form as in
VSOP87, with periodic and Poisson series (see Eq. 58a), but with a slightly different set
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of fundamental arguments. The values of the five arguments used in the truncated nutation
series are:

Sa = 0.87401678345 + 213.2990797783 T, (72a)
Ju = 0.59954667809 + 529.6909721118 T, (72b)
Ma = 6.20349959869 + 3340.6124347175 T, (72¢)
Te = 1.75346994632 + 6283.0758504457 T, (724d)
Ve = 3.17613445715 + 10213.2855473855 T . (72e)

Here, we also consider Poisson series (we take @ = 0 and 1 in Eq. 58a) in the solution.
Contrary to VSOP87, VSOP2000 does not include a series for the distance dj; between
Mars and the Sun. We therefore create such a series for d,%/, from the rectangular coordinates
series, and use an expansion similar to Eq. (62).

After trigonometric manipulations, the AM equations can be written in the form of Eq.
(63), with

v/ v/
el =S e, (732)
o

vie _ /e
sYE =18, (73b)
o

Together with the mean precession rate 6y, the Poisson series in (xm, ym, zm) lead to
quadratic variations and to Poisson nutation series, also called mixed terms in BS99, but also
to a very small alteration of the periodic nutation series (largest effect smaller than 0.02 mas
on the amplitude of the annual nutation in longitude).

For j = 0, the secular part of the solution is given by (in mas, and 7 is the time measured
in thousands of years from J2000)

Tot+]
V=2 Coo= 761428 x 10°T — 143537 7% + .-, (T42)
o
7o+l 5
=3 iy =—242138T +2007.5T% + - -- 74b
& ; o+ 1 @,0 + + ( )

Terms with o« > 3 are negligible, in the sense that they are below 0.01 mas at 50years
from J2000. Note, as in Sect. 4.2.3, that we first computed the solution for the value of Hp
of Roosbeek (1999), and updated the value of Hp so that the total precession rate of the
full solution (solar, satellite and planet torques + geodetic precession) is consistent with the
measured precession rate. For the solution expressed in terms of the right ascension and
declination, we have, see Eqs. (24a, 24b):

—3.91248 x 10°T — 5096.0 T2 + ... (in mas),

o =

= —1°.08680 T — 0°.00142 7% + ..., (752)
§ = —2.22056 x 10° T — 5648.2 T% + ... (in mas),

= —0°616827T —0°.00157T% + ... (75b)

For j > 1, the solution for the longitude and obliquity nutations has amplitudes given
by (terms with « > 2 are fully negligible, in the sense that they do not alter the amplitude
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nutations before the third decimal)

Wj/s _ Z T ‘/’é/j (76a)
o
e =Yy Tl (76b)
o
with
¥ ¥
v ; _]‘ZO,j C&j
s
‘pco/ :‘i Co’é +% Sléj 4o, (76¢)
0.5 ei| =So; | @i |Ci;
€0, Co.j St
. v
wlL,j _il,j
N
U0 R S (76d)
£
€1,j @i | =51
el Cij

The first term in Eq. (76¢) corresponds to the periodic nutation series as computed in
Roosbeek (1999). The second term represents small alterations of the periodic nutation series.
Equation (76d) is the nutation Poisson series. The series solution, for the updated value of Hp
(0.00538017), is available at https://doi.org/10.24414/h5pn-7n71, for the three representa-
tions of the solution (longitude/obliquity, prograde/retrograde, right ascension/declination)
defined in Sect. 3.2. Selected terms are presented in Tables 9 (periodic series) and 10 (Poisson
series).

The periodic solution includes four terms of long period (> 800years, lines 4043 of
Table 9). About J2000, they would be perceived as secular terms with Y p = —0.002 mas/yr
and E; p = —0.0006 mas/yr by radioscience experiments spread between the seventies (e.g.,
Viking) and the coming years (e.g., LaRa). Compared to ¥s = —7578.28 mas/yr and the
future expected precision on the precession rate measurement (+0.03 mas/yr), ¥y p is small.
Er p is small, but only four times smaller than Es = —0.0024 mas/yr. The other periodic
terms have period < 50years and can be observed, if they are of detectable amplitude.

We add the geodetic precession and annual nutation (line 23 of Table 9) defined in
Sect. 3.4.3 to the solar terms obtained above. We also add a semi-diurnal term (line 1 of
Table 9), obtained after integration of the last terms of Eqgs. (11a, 11b). We use

. MR?
SHM —4./C2 S22 — 0.000694106, 77
H v+ 5% C (an

with the unnormalized gravity coefficients Co» = —0.0000546304 and S>> = 0.0000315903
(Konopliv et al. 2016) and C/ MR? from Eq. (70). The argument ¢ is defined as

¢ = 208°.3654777 + 2gt. (78)

The J2000 value of ¢ is the sum of ¢g and §¢pg. po = 133°.3848958 is the rotation angle of the
prime meridian measured from the node of Mars equator over the mean Mars orbit of J2000
(our IF), and obtained after transformation of the angle ¢o of Konopliv et al. (2016) measured
from the node of Mars equator over the mean Mars orbit of J980. §¢pg = 74°.9805819 is the
angle from the prime meridian to the axis of least inertia, obtained as % arctan Sy;/C2.
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Table 8 Mean orbital elements of Phobos and Deimos adapted from Jacobson et al. (2018) and Jacobson and
Lainey (2014), to be used in the analytical solution of Egs. (39a, 39b)

Parameter Symbol (Unit) Phobos Deimos

G xMass GMp (km3/s2) (7.092 £ 0.004) x 10~* (0.962 £ 0.028) x 10~4
Semi-major axis ap (km) 9375 23458

Tilt between Mars 7(°) 0.009 0.889

equator and the local
Laplace plane

Inclination with ip (°) 1.076 1.789
respect to the Laplace

plane

Node longitude J2000 2p1 72000 (°) 122.079 11.614

with respect to the
Laplace plane

Node longitude rate 2p (°/day) —0.436 —0.018

The node longitude is expressed here with respect to the common node of the Laplace plane and mean equator
of Mars over the orbit of Mars

4.3.2 Satellite terms

We inject the mean orbital elements of Phobos and Deimos from Jacobson and Lainey (2014),
as given in Table 8, in the main terms of the analytical solution of Eqs. (39a, 39b) for the
precession/nutations induced by the satellites. We obtain (in mas)

AY = —0.235 x 10° T — 10.125 sin 2p, (79a)
Ae = —4.310cos 2p, (79b)

(¢ = —0.121 mas/yr and § = —0.069 mas/yr) for the motion induced by Phobos, and

Ay = —0.201 x 103 T — 3.532sin 2p, (80a)
Ae = —1.503 cos 2p, (80b)

(& = —0.103 mas/yr and § = —0.059 mas/yr) for the motion induced by Deimos. The node
longitudes £2p and £2p, are the arguments Npj, and Np, of the updated series:

Npjp = 2.13055663363 — 2779.4193805084T, (81a)
Np. = 0.20283841509 — 114.7466716724T . (81b)

The updated solution is close (+3%) to the RMAN99 solution for Phobos torque. However,
the updated solution for Deimos torque is significantly different (—20%), because the Deimos
mass has been significantly revised by Jacobson and Lainey (2014). Note, as in Sect. 4.2.3,
that we first computed the satellite terms for the value of Hp of Roosbeek (1999), and updated
the value of Hp so that the total precession rate of the full solution is consistent with the
measured precession rate.
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4.3.3 Planetary terms

We integrate the AM Eqs. (12a, 12b). The planet coordinates in the equinox BF are given by

Xpi Xpl— XM
Ypi | =Rx(€0) - Rz(60) - Rx(i0) - Re(820). | ypr —ym |, (82)
Zp; Pl —IM

with (xpr, yar, zm) and (xpy, yp1, 2p;) as given in the VSOP2000 for the position of Mars
and of the other planet in a reference frame attached to the ecliptic (Earth orbit) and equinox
(ascending node of the Earth orbit on the Earth equator) at the J2000 epoch. They are given
under the form of Eq. (58a), and we consider only « = 0 here (no Poisson terms).

The distance dp;); between Mars and another planet varies greatly with time, especially if
their semi-major axes are close to each other. Therefore, it is difficult to obtain a convergent
development for 1/ d;lsM such as in Eq. (62) from the VSOP2000 series for the rectangular
coordinates. To obtain a workable expression for 1/d 15,, 13+ We therefore assume that the orbits
of Mars and of the other planets are Keplerian and not inclined with respect to each other,
and we use the mean orbital elements of Simon et al. (2013). We are entitled to neglect the
mutual inclination, as we have seen that d%, 1 1s independent from iy, and ip; at first order
(Eq. 44a). Under those approximations, we have

Ay = diy + db; — 2dydp; cos(@p + vpi — @y + vu), (83)

with ® = £ + w, and we develop agd;lsM, with a, = max(dy, dp;), to order 30 about
a =min(dp;/dpy, dy /dp;). Then, we replace dyy/p; and vy, p; by developments correct up
to the third order in ey, p;. This procedure, which can be seen as a more accurate extension
of Eq. (45), ensures a good (for Saturn and Jupiter) or fair (for the Earth and Venus) accuracy
of the semi-analytical solution obtained, compared to a numerical integration of the solution
using the VSOP2000 series for 1 /d;lsM (absolute differences smaller than 0.001 mas for
Jupiter and Saturn, relative differences smaller than 10% for the Earth and Venus).

After integration of the AM equations, the contributions of Jupiter, Saturn, Earth, Venus
and Mercury to the variations rates in longitude and in obliquity can be expressed as:

Wp; = —0.2223 — 0.0743 — 0.0097 — 0.0341 — 0.0015 = —0.342 mas/yr, (84a)
Ep; = —0.0063 —0.0002 +0.0035 + 0.0002 +0.0000 = —0.003 mas/yr, ~ (84b)
S N ——

Jupiter Saturn Earth Venus Mercury

corresponding to ¢ = —0.179 mas/yr and 5 = —0.098 mas/yr. In addition, the direct effect
of the planets causes 5 nutations terms (2 induced by Jupiter, 2 induced by the Earth, and one
induced by Venus) above the chosen truncation level of 0.025 mas in amplitude (Table 9).

The planetary induced precession rate is larger in magnitude (4+-55%) than the one retained
in RK79 (—0.22 mas/yr) and used in Konopliv et al. (2016), because we consider not only
Jupiter, but also other planets of the solar system. Note, as in Sect. 4.2.3, that we first computed
the planetary terms for the value of Hp of Roosbeek (1999), and updated the value of Hp so
that the total precession rate of the full solution is consistent with the measured precession
rate.

4.3.4 BMAN20RS: practical solution for Planetary Science

The BMAN?20 solution for the orientation of Mars angular momentum axis in space includes
secular and quadratic terms in longitude and obliquity, as well as 43 nutations terms with

@ Springer



47  Page44of 52 R.-M. Baland et al.

Table9 Selected periodic terms (main solar terms, satellite terms, ...) of the BMAN20 nutations series, using
the longitude/obliquity and prograde/retrograde representations defined in Sect. 3.2

j Sa Ju Ma Te Ve Np, Npe ¢ 27/f5(d) $§(mas) ¢§(mas) £§(mas) 5 (mas) P;(mas) R;(mas)
1(SD) 0 0 0 0 0 © 0 2 0.513  0.000 0.110  -0.047  0.000 0.000 0.047
2 0o o 7 0o 0 0 0 0 98.140 -0.102 0.085 0.040 0.048 0.059 0.003
3 00 6 0 0 0 0o o 114.497 0.898 0.255  0.118  0.421 0.417 0.020
4 0o o 5 0o 0 0 0] 0 137.396 —6.292 —0.889 —0.429 2.942 2.839 0.134
5 0o o 4 0o 0 0 0 0 171.745 34.998 21.766 10.258 16.269 18.388 0.847
7 0 3 11 4 0 0 4] 0 228.913 0.095 —0.031 -0.014 —0.044 0.044 0.002
8 0o o 3 0o 0 0 0 0 228.993 -137.727 -201.016 -93.959 62.969 108.412 4.727
9 0 3 5 4 0 0 0 0 229.074 0.063 -0.07 —0.036 -0.030 0.045 0.002
14 0 3 10 4 0 0 0 0 343.309 0.309 0.028 0.016 —0.140 0.137 0.005
15 6 8 5 0 2 0 0o o 343.489  0.075 0.077  -0.034 -0.035  0.047 0.002
16 0o o 2 0o 0 0 0 0 343.490 -221.944 -1113.768 -509.879 88.885 500.446 18.118
17 6 8 9 0 2 0 0o o 343.491 0.099 0.042  0.020 -0.045  0.047 0.002
18 0o 3 6 4 0 0 0 0 343.671 0.274 —-0.14 —0.063 —0.127 0.137 0.005
23 (G) 0 0 1 0o 0 0 0 0 686.980 0.229 0.516 0.000 0.000 0.120 0.120
24 0o o 1 0o 0 0 0 0 686.980 —283.834 —480.044 47.897 11.969 102.595 137.356
27 (P) 0 O 0 0 0 -1 0 0 825.688 0.000 10.127 —4.310 0.000 0.000 4.310
30(J) 0 3 1 0 0 0 0o o 1310.238  0.018  -0.079  0.037  0.009  0.002 0.036
31 (J) 0 2 0 0o 0 0 0 0 2166.295 —0.042 -0.187 —0.088 0.022 0.086 0.005
33(E) 0 0 4 -2 0 0 0o o 2882.003  -0.012  -0.078 -0.029  0.006  0.032 0.002
35 (E) 0 O 2 -1 0 0 0 0 5764.006 -0.076 -0.129 0.006 0.001 0.030 0.034
37 (V) 0 0 -3 0 1 0 0 0 11987.226 0.034 -0.150 0.066 0.012 0.002 0.066
39 (D) 0 O 0 0 0 0 -1 0 20000.000 0.000 3.532 —1.503 0.000 0.000 1.503
40 5 2 0 0o 0 0 0 0 322618.691 —-0.373 0.112 —0.143 0.076 0.127 0.104
41 0 38 8 40 o0 0 0 651385.029 1.003 0.284 -0.002  0.015 0.215 0.229
42 5 4 -16 8 0 0 0 0 3.4183G><107 0.131 0.052 —0.008 -0.015 0.036 0.025
43 6 8 7 0 2 0 0 0 1.32273x108 0.278 0.212 0.029  -0.024 0.093 0.056

The full solution is available at https://doi.org/10.24414/hSpn-7n71. The arguments S, ..., Ve are given in
Eqs. (72a-72e), ¢ is given in Eq. (78), and N pj, and Np, are given in Egs. (81a—81b). The table contains terms
which have prograde and/or retrograde amplitudes larger than 0.025 mas. The first seven main solar terms,
satellites terms (Phobos, Deimos), and direct planetary terms (Jupiter, Earth, and Venus) are highlighted in
blue, gray, and pink, respectively. The geodetic annual term is included in line 23. One semi-diurnal term
related to triaxiality is also included (line 1)

pro and or retrograde amplitude larger than 0.025 mas (36 induced by the Sun, one of them
being the geodetic annual nutation, 1 by Phobos, 1 by Deimos, 2 by Jupiter, 2 by the Earth,
and 1 by Venus), of which 4 terms (the first main solar terms) have amplitudes varying with
time (see Tables 9, 10). This truncation criterion is sufficient for the interpretation of the
RISE and LaRa radioscience experiment. Recent simulations (Dehant et al. 2020; Péters
et al. 2020; Le Maistre et al. 2020) suggest that only the secular variation in longitude, the
secular variations in obliquity (if as large as about —0.2 mas/yr, which is not the case in the
BMAN?20 solution, where £ ~ —0.006 mas/yr due to the Sun and the planets, including the
long period nutation terms), and the largest nutations terms can influence the transponders’
radio signal in a detectable way.

A higher accuracy of the theoretical rigid precession/nutation model than the accuracy of
the observation is needed since terms that can observationally not be identified separately can
contaminate other signals. Over short times scales such as the duration of the RISE and LaRa
mission, the quadratic terms in longitude and obliquity (see Eqs. 74a, 74b) will be perceived
as secular variations (— 0.632 mas/yr and + 0.088 mas/yr, in longitude and obliquity, about
J2022), introducing a bias on the determination of Hp. Similarly, the Poisson nutation terms
will be perceived as part of the periodic nutation terms (with a periodic contribution of
1.245mas from the Poisson cosine annual term in longitude in J2022, for instance), and
some terms with periods very close to the period of the main nutation terms will be perceived
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as contribution to those main terms, introducing bias in the determination of Mars’ interior.
By using in combination the data from older missions (e.g., the Viking missions in the late
seventies) with the RISE/LaRa data, the ambiguity between the secular and quadratic terms
could be alleviated, and the quadratic terms detected, but only the recent data will bear
information about nutations, since the accuracy of the older missions in the determination of
nutation amplitudes is weak. If only recent data are used, a correction for the “secular” effect
of the quadratic term in longitude should be introduced in Eq. (69) before determining Hp.
We therefore provide a modified version of the solution (named hereafter BMAN?20 for
Radio-Science, or BMAN20RS) which reproduces at best the behavior of the BMAN20
solution, but groups different terms (main periodic terms, Poisson terms, and periodic terms
of period close to the period of the main periodic terms) into a more limited subset of nutation
terms that can be observed and identified by RISE and LaRa. Discarding £, BMAN20RS
solution writes (in mas, and 7 is the time measured in thousands of years from J2000)

¥ = Yo — (7.6083 & 0.0021)10° T — (14353.7 £ 4.0)T> + Ay, (852)
& = &0+ (2007.5 £0.6) T? + As, (85b)
o = ap — (3.90940 + 0.0011)10° T — (5096.0 & 1.4) T? + Aa, (85¢)
8 = 80 — (2.21882 £ 0.0006)10° T — (5648.2 + 1.6) T2 + AS. (85d)

The periodic terms Ay, Ae, Aa, Ad are given in Table 11. Table 11 also includes the
pro/retrograde representation of the periodic terms. The J2000 epoch values are

Yo = 35°.4975258 £ 0°.0000043, (86a)
go = 25°.1918197 £ 0°.0000026, (86b)
ap = 317°.6811155 £ 0°.0000037, (86¢)
8o = 52°.8863525 £ 0°.0000023, (86d)

see Sect. 3.4.3. The uncertainties on g and §g are obtained as in Eqgs. (24a, 24b) from the
uncertainties on &9 and 8y taken from Konopliv et al. (2016). The uncertainty on the other
terms of the solution is £0.03% and mainly results from the uncertainty on the scaling factor
Hp, which results itself from the uncertainty of £0.03% on the measured precession rate
by Konopliv et al. (2016). The uncertainties are not indicated in Table 11, for the sake of
conciseness. Only the geodetic term is not affected by this uncertainty, as it does not depend
on Hp.

The periodic terms have been constructed as follows. Since the expected precision on the

nutation amplitude measurements with RISE and LaRa is a few mas (Dehant et al. 2020;
Péters et al. 2020; Le Maistre et al. 2020), only the satellite terms and the largest main
solar terms are selected. The selected term with the smallest amplitude is the 6th-annual
term (0.9mas in longitude, likely just below the detection limit). The satellite terms are
taken without modification in the modified solution. The period of the main solar terms
are harmonics of the revolution period of Mars. The Sth-annual and 6th-annual terms are
taken from BMAN20 without modification. For the quarter, ter, semi, and annual terms,
the corresponding BMAN20 terms are modified to take into account the Poisson series and
other terms of very close periods which cannot be distinguished from the main terms by the
radioscience experiments.
The annual term In the longitude/obliquity representation, we take the main annual solar
term (line 24 in Table 9) to which we add the Poisson annual term (Table 10) evaluated at
J2022 (JD2459581.0), the average epoch of the RISE and LaRa mission duration, to obtain
the modified annual term (in mas):
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Ay = —282.589 cos Ma — 480.543 sin Ma, (87a)
Ag = 47.955cos Ma + 11.822 sin Ma. (87b)

The difference with the main annual term of BMAN20 is 1 mas in longitude and 0.1 mas in
obliquity. We keep the geodetic annual nutation separated from the modified annual term in
the BMAN20RS solution, as it is not proportional to Hp, does not depend on the internal
structure of Mars and therefore must not be multiplied by transfer functions in order to
interpret radioscience data.

The semi-annual term We consider the main semi-annual solar term (line 16 in Table 9) and
the Poisson semi-annual term (Table 10) evaluated at J2022, but also the 4 small solar terms
of similar periods (lines 14, 15, 17, and 18 in Table 9). We first rewrite these four terms so that
their sine and cosine phases vanish for + =J2022 (this ensures the best match between the
exact and approximated terms). For instance, for line 15 in Table 9, in longitude, we obtain
(amplitudes in mas, phases in radian)

Ay

0.075cos(—25.113 + 6.68124¢) — 0.077 sin(—25.113 + 6.68124¢) (88a)
= —0.106 cos(6.68124(t — 22.0014)) + 0.017 sin(6.68124(t — 22.0014)), (88b)

with 7, the time in years from J2000. Then, we approximate the frequency by the semi-annual
frequency (2n, with n = Ma):

AYr >~ —0.106 cos(2n(r — 22.0014)) 4 0.017 sin(2n(r — 22.0014)). (88c)
After some trigonometric manipulation, we then obtain
Ay >~ 0.038 cos 2Ma + 0.101 sin 2Ma. (88d)

We proceed in the same way for the four terms, both in longitude and obliquity, and add
them to the main and Poisson terms, to obtain the modified term presented in Table 11. The
difference with the main semi-annual term of BMAN20 is 2mas in longitude and 1 mas in
obliquity.

The ter-annual term The procedure is similar to the one used for the semi-annual term. We
consider the main term (line 8 of Table 9), the Poisson term (Table 10), and the two terms
of similar periods (lines 7 and 9 in Table 9). The difference with the main ter-annual term of
BMAN?20 is of 0.20 mas in longitude and 0.04 mas in obliquity.

The quarter-annual term We only need to consider the main term (line 5 of Table 9) and the
Poisson term (Table 10), just as we did for the annual term. The difference with the main
quarter-annual term of BMAN20 is of 0.07 mas in longitude and 0.03 mas in obliquity.

5 IAU standard model for Mars spin axis position

Differently from previous reports, the latest IAU standard model for the right ascension (o)
and the declination (§) of Mars spin axis includes the periodic variations of the angles along
with the traditional secular terms (Archinal et al. 2018). In this section, we explain why we
consider that the current IAU standard model has no added practical relevance compared to
the previous standard model.

First, the current IAU model is a Fourier series fitted by Kuchynka et al. (2014) to an «/§
time series derived from the /¢ nutation model of Konopliv et al. (2006) (see also Jacobson
2010; Jacobson et al. 2018). Inherently to their methods, such solutions obtained from the
fits include a long period (about 70, 000 years) terms in « and in § that have no physical
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significance and that alter the definition of the epoch & (317°.269 instead of 317°.681) and
above all of the epoch § (54°.432 instead of 52°.886). In addition, the periods of the terms
in /8 obtained with the FFT approach are not exactly the same. These differences have
no physical origin. It is easier and more accurate to derive an «/§ model from a given /e
nutation model by considering the geometrical transformation as described in Sect. 3.4.3.

Second, the /& nutation model of Konopliv et al. (2006) is derived from the /¢ rigid
nutation model of RK79, which was built for the figure axis and not for the spin axis (see
Sect. 3.7), introducing errors of the order of a few mas. Besides, RK79 and Konopliv et al.
(2006) models do not include the nutation terms induced by Phobos and Deimos, which
have amplitudes between 1 and 10mas. They also do not take into account the complex
orbital dynamics of Mars, perturbed by the other planets of the solar system. The solution
BMAN20RS for a rigid Mars defined above would be a more relevant basis to define a «/$
standard model including periodic terms, assuming that Mars behaves rigidly.

Third, IAU practice is to provide «/6 models without giving uncertainties, assuming that
the provided angle values are representative of their “true” values. Kuchynka’s «/§ and
Konopliv’s /e models are based on measurements for the epoch values of the angles and
their secular variations and on models for the periodic part. This computed periodic part
is based on a rigid nutation model (RK79) altered by the action of a liquid core, which is
modeled by transfer functions depending on the liquid core amplification factor F' and on
the free core nutation period Trcy (see Eq. 16 of Konopliv et al. 2006 or Eq. 12 of Dehant
et al. 2020). The nutation model so obtained by Konopliv et al. (2006) considers unique
values for the nutation parameters (i.e., F = 0.07 and Trcny = —240days). However, the
uncertainties in nutation amplitudes (either in ¥ /¢ or in «/§) brought by the uncertainties on
F and Trcy are so large that it is currently pointless to propose one specific value for the
nutation amplitudes that the users would mistakenly assume realistic/representative.

This being said, a IAU model with relevant periodic terms shall be proposed after RISE and
LaRa experiments, which will determine the nutation amplitudes and the core parameters.

6 Discussion and conclusions

The precession and nutations of Mars spin axis will be estimated to an unprecedented accuracy
with the radioscience experiments RISE and LaRa (Folkner et al. 2018; Dehant et al. 2020),
allowing to confirm the presence of a liquid core and to constrain Mars’ interior.

Given the expected precision on the determination of the nutation amplitudes (a few mas,
Dehant et al. 2020; Péters et al. 2020; Le Maistre et al. 2020) and the modifications of the
amplitudes due to the liquid core and tidal deformations (from a few mas to a few tens of mas,
depending on the core dimensions, Le Maistre et al. 2012, 2020), the existing models for the
nutation of a rigid Mars are not suitable for the interpretation of radioscience measurements,
due to a lack of accuracy and/or inappropriate modeling approximations. For instance, we
have seen that the solution RMAN99 (Roosbeek Martian Analytical Nutations 1999) of
Roosbeek (1999) lacks of internal accuracy due to a too loose computational procedure,
whereas the solution of Reasenberg and King (1979) does not include the effect of Phobos
and Deimos and concerns the axis of figure and not the spin axis.

As the use of those existing models can introduce systematic errors in the determination
of the core properties, we have developed a new model, based on the method of Roosbeek
(1999) and an adequate computational procedure. We have included the effect of different
forcings (by the Sun, Phobos and Deimos, and the other planets of the solar system). We
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have also included the geodetic precession and nutations in the solution. This new model,
called BMAN20 (Baland Martian Analytical Nutations 2020), is based on semi-analytical
developments for the solar and planetary torques, and on analytical solutions for the effect
of Phobos and Deimos and the geodetic precession/nutations. The uncertainty on BMAN20
solution derives in a one to one way from the uncertainty in Hp, except for the geodetic
contribution. A modified version of the solution, more suited for interpretation of radioscience
data, has been derived alongside. Using our new precession/nutation model, we have updated
the values of the scaling factor Hp (0.0053801740.00000148) determined from the measured
rate of precession in longitude rate (@ = —7608.3 £ 2.1 mas/yr, Konopliv et al. 2016), and
of the normalized polar moment of inertia ﬁ (= 0.36367 &+ 0.00010). Finally, we have
questioned the relevance of the current IAU standard for the orientation of the spin axis of
Mars which is partially based on assumptions about the unknown characteristics of the core
of Mars.

The RMANO99 recomputed (Table 6), BMAN20 (Tables 9, 10), and BMAN20RS
(Table 11) series are available at https://doi.org/10.24414/h5pn-7n71.
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