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Structure of the dissertation

This dissertation is structured as follows: First an introduction to Mercury and
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Research Paper III
A. Stark, J. Oberst, F. Preusker, S. J. Peale, J.-L. Margot, R. J. Phillips, G. A.
Neumann, D. E. Smith, M. T. Zuber, S. C. Solomon.
First MESSENGER orbital observations of Mercury’s librations.
Geophysical Research Letters, 42, 7881-7889, 2015.

The results obtained in the papers are summarized in the Synthesis section. Fi-
nally, the dissertation includes a general discussion of all three papers and the
scientific questions addressed by the thesis. This incorporates calculations of a
simple interior-structure model for Mercury based on the obtained values for the
rotational parameters. At the end an outlook for further investigations is given.
The three papers are referenced in this thesis as Paper I-III hereinafter.
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Abstract

In this thesis observations of Mercury’s rotational state were carried out, using
orbital data from the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft.

First, a reference rotation model of Mercury was derived. New Solar Sys-
tem ephemerides were used to obtain updated values for the mean orbital period
and plane of Mercury as well as the instantaneous Laplace plane. With the help
of the obtained values the resonant rotation model was constructed and used
for interpretation of actual observations of the rotational state of the planet. For
the measurement of the rotational parameters of Mercury a novel approach con-
sisting of a combination of digital terrain models from stereo images and laser
altimeter data from MESSENGER was elaborated. The method was extensively
tested using simulated data and the uncertainty of the parameter estimation was
assessed.

By applying this method to three years of MESSENGER orbital observations
the rotational parameters, including the libration amplitude, the orientation of
the rotation axis, and the mean rotation rate of Mercury, were measured. The
libration amplitude was found to be 38.9± 1.3 arc seconds or 460 m at the equator.
The obliquity of the rotation axis was observed to be 2.029 ± 0.085 arc minutes,
which is very close to the orbital plane normal. The rotation period was measured
as 58.6460768 days with an accuracy on the level of one second. This is lower than
the resonant rotation value by 9.2 seconds, which is interpreted as the expression
of a long-term librational motion.

The measured rotational parameters define Mercury’s body-fixed frame and
are critical for the coordinate system of the planet as well as the planning of future
spacecraft missions. Additionally, the new rotational parameters combined with
the gravity field information allow to draw conclusions about Mercury’s interior
structure. The existence of Mercury’s large molten outer core could be confirmed
and further constraints on the depth of the core-mantle boundary as well as the
densities of mantle and core were derived.
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Zusammenfassung

Im Rahmen dieser Doktorarbeit wurde der Rotationszustand des Planeten Mer-
kur mit Hilfe der Daten der Raumsonde MESSENGER (MErcury Surface, Space
ENvironment, GEochemistry, and Ranging) bestimmt.

Zunächst wurde ein Referenzmodel für Merkurs Rotation ermittelt. Neue
Ephemeriden des Sonnensystems wurden verwendet um aktuelle Werte für die
mittlere Orbitdauer und -ebene, sowie die instantane Laplace-Ebene von Merkur
zu berechnen. Mit Hilfe der erhaltenen Werte wurde das resonante Rotations-
modell konstruiert, welches für die Interpretation des wahren Rotationszustan-
des des Planeten verwendet wurde. Für die Bestimmung der Rotationsparameter
wurde eine neue Methode entwickelt, die aus einer Kombination von digitalen
Geländemodellen aus Stereobildern und Laseraltimeterprofilen besteht. Die Me-
thode wurde unter Verwendung von simulierten Daten intensiv getestet und die
Unsicherheiten der Parameterbestimmung ermittelt.

Unter der Anwendung der entwickelten Methode auf drei Jahre von orbi-
talen Beobachtungen durch MESSENGER wurden Merkurs Rotationsparameter
bestimmt. Dazu gehören die Librationsamplitude, die Orientierung der Rotati-
onsachse und die mittlere Drehrate. Die Librationsamplitude wurde zu 38.9± 1.3
Bogensekunden oder 460 m am Äquator bestimmt. Die Neigung der Rotations-
achse weicht mit 2.029 ± 0.085 Bogenminuten nur geringfügig von der Orbitnor-
malen ab. Die Rotationsperiode wurde mit einer Genauigkeit von etwa einer Se-
kunde zu 58.6460768 Tagen gemessen. Dies ist um 9.2 Sekunden geringer als die
resonante Rotation, was als Auswirkung einer langperiodischen Libration inter-
pretiert wurde.

Die Bestimmung von Rotationsparametern erlaubt die Definition des mitro-
tierenden Bezugsystems und ist von grundlegender Bedeutung für Merkurs Ko-
ordinatensystem sowie die Planung von zukünftigen Raummissionen zu dem
Planeten. Zusätzlich erlauben die ermittelten Rotationsparameter, unter Berück-
sichtigung der Eigenschaften des Gravitationsfeldes, Rückschlüsse über den in-
neren Aufbau Merkurs. Die Existenz eines großen geschmolzenen äußeren Kerns
konnte bestätigt werden und weitere Randbedingungen für die Lage der Kern-
Mantel-Grenze sowie die Dichten von Kern und Mantel gesetzt werden.
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1 Motivation

The planet Mercury is the first planet of the Solar System. Although it is known
since ancient times it is the least explored among the telluric planets. The study
of the physical properties and evolution of rocky planets neighboring Earth is
fundamental to answer the question about the formation of planets around stars
and the availability of habitable environments. Important clues can be obtained
through determination of the interior structure of the planet and its present state
of matter. Mercury, with its unique spin-orbit resonance, allows the inference
of such information through measuring its geodetic parameters by an orbiting
spacecraft. This measurement procedure is known as the Peale experiment and
was devised almost a half-century ago by Stanton J. Peale. The experiment con-
sists of the measurement of the gravity field asymmetry and the rotation state of
Mercury. The motivation of this thesis is therefore to provide information on the
rotational state of Mercury by measuring its obliquity and libration amplitude.
From these measurements it can be inferred whether the mantle is decoupled
from the deep interior. The liquid state of the outer core can be confirmed and es-
timates for the core size can be gained. Both are important constraints for thermal
models of Mercury.

For correct interpretation of the rotational state of Mercury prerequisites for
measurements have to be defined. Description of Mercury’s expected rotation in
the 3:2 resonance has been re-assessed in Paper I of this thesis. The dynamical en-
vironment and the resulting rotational state are described in that paper and have
been improved compared to previous models. The method for the measurement
of rotational parameters is described in Paper II. It involves the analysis of digital
terrain models from stereo images (stereo DTMs) and laser altimeter data. It is
shown how the libration amplitude and other rotational parameters can be ob-
tained from orbital observations by spacecraft. Co-registration of stereo DTMs
with laser altimeter profiles enabled the measurement of parameters of the rota-
tion model, as described in Paper III. Thereby the topography derived from stereo
images served as reference for the laser altimeter profiles, which were acquired at
various observation times. Through co-registration of these complementary data
sets one obtains topographic information, referenced to the center of mass, and a
rotation model of the planet. A discussion and implications of the three papers
are given at the end of the thesis. The rotational state is also of great importance
for referencing spacecraft observations to body-fixed coordinates. This includes
not only image acquisition and laser altimeter measurements but also magnetic
field, gravity, and spectroscopic observations.
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2 Introduction

2.1 Mercury – The planet

Mercury is smallest and closest planet to the Sun. The planet moves on an el-
liptical orbit about the Sun with an average speed of 47 km/s. The percicenter
distance is 46 million km, the largest distance is reached at apocenter being 70
million km, and the average distance is 56.7 million km. Due to the proximity to
the Sun the orbit of Mercury is sensitive to effects related to general relativity, as
the anomalous advance of the longitude of pericenter (Einstein, 1915). One orbital
revolution lasts about 88 days and the rotation period is approximately 59 days
(Colombo, 1965). Due to the strong tidal torque of the Sun the rotation of Mercury
is coupled to the orbital motion in a 3:2 spin-orbit resonance. This means that it
rotates three times around its axis, while it revolves twice about the Sun. Further,
the strong tidal force of the Sun leads to solid body tides with expected amplitude
of around 1 m (Van Hoolst and Jacobs, 2003; Padovan et al., 2014).

The planet is relatively small, only little larger than Earth’s moon, and smaller
than the Jovian moon Ganymede. Mercury’s mean radius is 2439.36 ± 0.02 km
(Perry et al., 2015) and its global shape is best represented by an ellipsoid (Elgner
et al., 2014). Although the planet is quite small its mass is about 3.301 × 1023

kg (Mazarico et al., 2014), i.e. 4.5 times more than the mass of Earth’s moon.
The ratio of mass and volume is the bulk density of the planet, which is with
5425.2 ± 6.7 kg/m3 the highest among the planets in our Solar System. The high
uncompressed density of Mercury can be explained by a large fraction of iron
in the chemical composition of the planet. Gravity field (Anderson et al., 1987;
Mazarico et al., 2014) and rotation state (Margot et al., 2007, 2012, Paper III) mea-
surements revealed that Mercury has a large iron core of about 2000 km radius
(Hauck et al., 2013; Rivoldini and Van Hoolst, 2013). This core is dominated by iron,
but thermal evolution models (Grott et al., 2011; Peplowski et al., 2011; Michel et al.,
2013; Tosi et al., 2013) suggest that alloys of sulfur are necessary to prevent solidi-
fication of Mercury’s core until present days.

Mercury has a dipole magnetic field with a pronounced north-south asymme-
try (Anderson et al., 2011), which is generated by the fluid iron core. This mag-
netic dipole field operated early in Mercury’s history as was shown by remanent
magnetization in the crust of Mercury (Johnson et al., 2015). Unlike to its inte-
rior, the surface of Mercury is almost completely free of iron (Nittler et al., 2011).
The planet has no atmosphere, but a tenuous exosphere constituted by hydrogen,
helium, and varying concentrations of sodium, oxygen, and potassium (McClin-
tock et al., 2009). The surface temperature can reach up to 700 K and is dropping
to about 100 K within the day-night cycle. Due to its rotation locked to the or-
bital motion some regions on Mercury receive significantly more solar insolation

2



INTRODUCTION

Figure 1: Mosaic of images from Mercury obtained by MESSENGER at its first
flyby in 2008 (Image Credit: NASA/Johns Hopkins University Applied Physics Labo-
ratory/Carnegie Institution of Washington).

than others and form "hot poles" located at 0◦ and 180◦ longitude. The surface of
Mercury is heavily cratered and shows evidence of recent volcanism (Head et al.,
2011). Lobate scarps and wrinkle ridges suggest a contraction of Mercury’s radius
by as much as 7 km (Byrne et al., 2014). The Caloris basin (Oberst et al., 2010; Zuber
et al., 2012; Ernst et al., 2015) has a diameter of approx. 1550 km and is the largest
basin on Mercury (Fassett et al., 2012). The northern regions are dominated by
smooth, volcanic, contiguous plains (Head et al., 2011; Kreslavsky et al., 2014). Near
the north pole craters with permanent shadow contain a huge amount of water
ice (Neumann et al., 2013; Paige et al., 2013). Other small scale features known on
Mercury are shallow, rimless depressions, so called "hollows". They are found
within impact craters and are believed to be formed by loss of volatiles, triggered
by space weathering and other processes (Blewett et al., 2011; Thomas et al., 2014).

3



INTRODUCTION

Earth-based observations of Mercury are complicated because of its vicinity
to the Sun. Consequently, optical observations of Mercury are limited to dusk or
dawn and make reliable detection of surface features challenging. New develop-
ments in optics and image processing, however, show promising results of reli-
able Earth-based optical observations (Cremonese et al., 2010; Ksanfomality, 2011).
Radar observations (Harmon et al., 1994) are more easily to perform and have ac-
complished since the 1960s. Radar bright features were found at the North and
South poles and the rotation of Mercury was precisely measured (Margot et al.,
2007, 2012) by a radar-speckle correlation technique (Kholin, 1988).

Until present days Mercury was explored by two spacecraft. The Mariner 10
spacecraft performed three flybys about Mercury in 1974 and 1975. At that time
approximately 50% of the surface was imaged and a dipole magnetic field was
observed (Anderson et al., 1987). In 2011 the MESSENGER spacecraft (Solomon
et al., 2001) was the first to get in orbit about Mercury and performed more than
four years of orbital observations. Further investigations of Mercury are planned
to be carried out by the two-spacecraft mission BepiColombo arriving at Mercury
in 2024 (Benkhoff et al., 2010).

2.2 Mercury rotation and dynamics

Due to the lack of reliable Earth-based observations the rotation of Mercury was
for a long time assumed to be locked in a 1:1 spin-orbit resonance (Schiaparelli,
1890) likewise to Earth’s moon. Radar measurements by Pettengill and Dyce (1965)
demonstrated that Mercury is trapped in 3:2 resonance (Colombo, 1965; Peale and
Gold, 1965), which is unique in our Solar System. The origin of this specific reso-
nance is still under study (Goldreich and Peale, 1966; Wieczorek et al., 2012; Noyelles
et al., 2014), but is strongly connected to the evolution of Mercury and its orbit.
Figure 2 illustrates the rotation of Mercury along its orbit about the Sun.

Shortly after the discovery of the 3:2 spin-orbit resonance it was suggested
that Mercury performs physical longitudinal librations on its orbital period (Peale,
1972). Through measurements of the libration amplitude, as well as the obliquity
of the rotation axis and the low degree gravity field of Mercury, one can deter-
mine whether Mercury has a molten outer core and place constraints on its size
and the densities of the core and mantle. This procedure is known as Peale’s ex-
periment, named after Stanton J. Peale, who were the first to propose and discuss
the feasibility such kind of measurements (Peale, 1972, 1976, 1981). The crucial
advantage of Peale’s experiment compared to, e.g. seismic sounding, is that all
measurements can be performed from an orbiting spacecraft. Until present days
Peale’s experiment was performed twice: First, using gravity field information
from Mariner 10 and Earth-based radar measurements (Margot et al., 2007), and a

4
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Figure 2: Rotation of Mercury within two revolutions about the Sun. The red line
indicates the uniform rotation of Mercury’s core and the black line shows the ori-
entation of Mercury’s mantle with longitudinal librations. The libration angle in
the first and second orbit is indicated by the red and blue shaded areas, respec-
tively. For better visualization the libration amplitude was scaled by a factor of
1800. The spacing between the rotation states represents Mercury at equal time
intervals (7.33 days). The numbers nearby to Mercury indicate the time in days
since the start of the first orbit at periherm.
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INTRODUCTION

second time with MESSENGER data (Paper III). In particular Peale’s experiment
provides estimates for the moments of inertia of the core and the enclosing layer
formed by the mantle and crust. In combination with the mass and shape of Mer-
cury these quantities form first order constraints on the interior structure of the
planet (e.g. Hauck et al., 2013). In order to ensure correct interpretation of the rota-
tion state measurements, precise knowledge of the dynamics of Mercury’s orbit,
e.g. the orientation and precession of the orbital plane (Paper II), are mandatory.
In the following the rotational motion of Mercury will be described in more detail.

2.2.1 Longitudinal librations

In general, librations describe a periodic variation of the rotation rate compared
to a uniformly rotating body. Thereby, it is important to distinguish between op-
tical and physical librations. Optical librations are only apparent rotation rate
changes. They are caused by an eccentric orbit of a satellite when it is observed
from the central body. As the body moves on its orbit its velocity changes accord-
ing to Kepler’s second law. A body locked in a 1:1 spin-orbit resonance will then
be observable from the central body to more than 50%, depending on the eccen-
tricity. This phenomenon is well known in connection to our Moon. In contrast,
physical or forced librations are actual rotation rate changes in the rotation of the
satellite. The amplitude of these physical librations is dependent on the equa-
torial mass distribution within the satellite. Thus, by measuring this amplitude
one can infer information about the interior structure of the planet. When a satel-
lite is in a 1:1 spin-orbit resonance the libration amplitude is dependent on the
eccentricity of the orbit and vanishes for a circular orbit. In the case of Mercury
with its 3:2 spin-orbit resonance the librations are largest for a circular orbit and
are modulated due to the eccentric orbit with higher harmonics of the orbital fre-
quency (see Appendix 1 of this thesis for more details about forced longitudinal
librations).

Through the measurement of the libration amplitude of Mercury it is possible
to obtain the moment of inertia ratio (B − A)/Cm, where A < B are the equato-
rial moment of inertia of the planet and Cm is the polar moment of inertia of the
mantle and crust. Thereby it is assumed that Mercury’s core is decoupled from
the mantle and does not participate in the librational motion of the mantle and
crust. In Figure 3 the longitudinal libration angle and rate over one Mercury orbit
are visualized for (B − A)/Cm = 2.206 × 10−4 (Paper III). Note that the possible
contribution from the inner core was neglected here, but it can be important in
the case of a large inner core (e.g. Dumberry et al., 2013). The libration rate, i.e. the
rotation rate change due to the librations, is at maximum near pericenter where
the long-axis of Mercury is aligned to the Sun-Mercury line. The maximal lon-
gitudinal displacement in the orientation of Mercury due to the librations occurs
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Figure 3: Libration angle (red solid line) and libration rate (blue dashed line) of
Mercury as a function of time form the pericenter passage and the mean anomaly
of Mercury. The amplitude of the 88 days libration is 38.9 arc seconds (Paper III).

at mean anomaly values of about 100◦ and 260◦, and vanishes at pericenter and
apocenter (see Figure 2).

As Mercury’s orbit experiences perturbations by other planets the tidal torque
from the Sun varies accordingly to the variations in Mercury’s distance to the Sun
and its motion on its orbit (Peale et al., 2007; Dufey et al., 2008; Peale et al., 2009; Yse-
boodt et al., 2010). Although these perturbations are small compared to the vari-
ations of the tidal torque during one Mercury orbit, they are of great importance
when their frequency is close to the free libration frequency of Mercury. The free
libration can have arbitrary amplitude and phase, while the frequency depends
strongly on the interior structure (Dumberry et al., 2013; Yseboodt et al., 2013). An
exogenous trigger, like an impact of a large asteroid or comet for instance can ex-
cite free librations. As the free librations do not have a periodic forcing they are
damped through dissipation processes. However, a forcing close to the free libra-
tion frequency can lead to a resonant enhancement of the response of Mercury.
Then additional librations with amplitudes comparable to the one of the annual
librations can occur. As the period of the free libration in longitude is about 12
years, this effect on short timescales may only manifests as an apparent increase
or decrease in the mean rotation rate (Paper III).
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2.2.2 Orientation of the rotation axis

Due to the strong tidal torque of the Sun Mercury’s rotation axis is locked in a
Cassini state (Margot et al., 2007, 2012, Paper III). The Cassini laws, formulated
for Earth’s moon by Cassini (Cassini, 1693), were generalized to the rotation of
other celestial bodies (Colombo, 1966; Peale, 1969; Beletskii, 1972). A Cassini state is
characterized by the condition that the vector of the rotation axis lies in the plane
spanned by the orbital plane normal and the Laplace plane normal. Thereby,
the Laplace plane is a fictitious plane to which the orbital plane has a constant
inclination. The normal of the orbital plane precesses about the Laplace plane
normal and if the body is in a Cassini state the rotation axis follows the precession
of the orbital plane. Such a stable configuration corresponds to an extreme of the
Hamiltonian describing Mercury’s rotation in the gravity field of the Sun.

The angular distance between the rotation axis and the orbit plane normal
is the obliquity. For a body in a Cassini state the obliquity depends on its mo-
ments of inertia as well as the characteristics of the Laplace plane. The latter
can be inferred by an analysis of the ephemeris of Mercury (Yseboodt and Margot,
2006, Paper I). By considering the information on the moments of inertia from the
equatorial and polar asymmetry of the gravity field one can infer from the mea-
surement of the obliquity the polar moment of inertia of Mercury (Peale, 1974,
1981; Noyelles and Lhotka, 2013).

2.3 The MESSENGER mission

The National Aeronautics and Space Administration (NASA) spacecraft MES-
SENGER was launched in August 2004. After four years of journey with one
Earth and two Venus flybys the spacecraft had its first encounter with Mercury
in 2008. Two flybys about Mercury with closest distance of 200 km were per-
formed in January and October 2008. These were the first spacecraft observa-
tions of Mercury since Mariner 10, which collected data from Mercury in 1975. A
third Mercury flyby was performed in September 2009 and in March 2011 MES-
SENGER became the first spacecraft in orbit about Mercury. The MESSENGER
mission ended with a controlled impact on Mercury’s surface after four years of
orbital observations. Prior to that the spacecraft obtained unique data from very
low-altitude orbits.

The orbit of MESSENGER during the nominal mission phase was very eccen-
tric and had a period of 12 hours. The closest distance of 200 km was reached near
the North pole and the largest distance of about 15,200 km was over the southern
hemisphere. In the extended mission phase the orbital period was reduced to 8
hours and the largest distance reduced to 10,300 km. Due to the gravity field of
Mercury and the Sun MESSENGER’s near-polar orbit was prone to changes and
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Figure 4: Scheme of the MESSENGER spacecraft with its instruments (Image
Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Insti-
tution of Washington).

12 orbit-correction maneuvers were performed during the orbital phase in order
to keep the desired trajectory of the spacecraft.

To cope with the harsh thermal environment in orbit about Mercury the space-
craft was equipped with a heat shield (see Figure 4), which was always orientated
in the direction of the Sun and by that constrained the attitude changing perfor-
mance of the spacecraft. Additionally, in every Mercury orbit about the Sun,
the spacecraft had only limited operation capabilities during approximately two
weeks. At those times the periapsis of MESSENGER’s orbit was over the illumi-
nated hemisphere of Mercury and the thermal flux from the surface prohibited
full operation of many scientific instruments.
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MESSENGER was equipped with 7 scientific instruments (Figure 4). In the
following the Mercury Laser Altimeter (MLA) and the Mercury Dual Imaging
System (MDIS) as well as their data products are described in more detail.

2.3.1 The Mercury Laser Altimeter (MLA)

The MLA instrument performed laser altimeter measurements to Mercury’s sur-
face at a pulse repetition rate of 8 Hz. Thereby, the laser transmitter emitted 6-ns
(FWHM) pulses with 20 mJ of energy at a wavelength of 1,064 nm (Cavanaugh
et al., 2007). The emitted pulse started a counter with a time resolution of 2 GHz.
The pulse was reflected at the surface and a small portion of the reflected light
was collected by the receiver optics of the instrument. The light was then focused
to an avalanche photodiode and was detected through matched electronic filters.
At the detection of the return pulse the high-resolution counter was read and the
time of flight of the laser pulse was determined with a precision better than 5 ns
(Sun and Neumann, 2015). Per shot up to 15 return-pulse candidates were trans-
mitted to Earth for further processing. The pulse divergence of the emitted laser
pulse was 80 µrad (full angle at e−2), which resulted in a footprint diameter of 16
m at 200 km range. The minimal distance between subsequent footprints was 170
m and increased with the velocity of the spacecraft to about 440 m. The ranging
distance of the instrument was dependent on the off-nadir angle and reached up
to 1500 km in the nadir orientation.

Using the spacecraft position and attitude information the time of flight mea-
surement by the laser altimeter can be converted into a height measurement rep-
resenting the topography of Mercury. Consecutive altimeter measurements pro-
vide topography profiles and thereby a measurement of the global shape of the
planet. In total the MLA instrument obtained 3226 laser profiles. Due to the
spacecraft’s eccentric orbit the measurements by MLA were largely constrained
to the northern hemisphere (Figure 5). The profiles converged near the North
pole and only two equatorial profiles were obtained at the first and second Mer-
cury flybys.

The accuracy of the laser altimeter range measurement suffers at surfaces with
high slopes or large off-nadir pointing. The conversion of the range measurement
into a height measurement on the ground depends strongly on the knowledge in
the spacecraft attitude and position (see Paper II for a detailed discussion).

2.3.2 The Mercury Dual Imaging System (MDIS)

The MDIS instrument consisted of two frame cameras, the Narrow Angle Camera
(NAC) with a field of view of 1.5◦× 1.5◦ and the Wide Angle Camera (WAC) with
a field of view of 10.5◦ × 10.5◦. Each camera had a 1024 × 1024 CCD chip, which
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Figure 5: Orthographic projection of laser profiles obtained by the MLA from
March 2011 to March 2014. Underneath the laser profiles a mosaic from MDIS
images is shown (Image Credit: NASA/Johns Hopkins University Applied Physics
Laboratory/Carnegie Institution of Washington).
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Figure 6: Mosaics of Mercury in a simple cylindrical projection as obtained by
the Mercury Dual Imaging System on board the MESSENGER spacecraft. Top:
Monochrome mosaic composed of NAC and WAC images acquired in the filter
centered at 750 nm. Bottom: Enhanced color mosaic from WAC images (warm
and cold colors indicate high and low reflectance, respectively). Image Credit:
NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of
Washington.
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results in an image resolution of 5.1 m per pixel and 35.8 m per pixel at 200 km
altitude for the NAC and WAC, respectively (Hawkins et al., 2007). The WAC
had a filter wheel with 9 filters covering the spectral range from 395 to 1,040 nm
and the NAC had one filter with a range of 700 to 800 nm. In order to relax the
pointing constraints of the spacecraft the cameras were mounted on a pivoting
platform.

The NAC and WAC routinely obtained images of Mercury’s surface from var-
ious distances as well as illumination and emission angles. During the MESSEN-
GER mission the complete surface of Mercury was imaged and global mosaics
were obtained. Color information had also been obtained through the help of the
different filters of the WAC (Figure 6). Overlapping images under similar illu-
mination conditions but different viewing geometries form stereo images, which
can be processed to a digital terrain model by means of stereo photogrammetry
(stereo DTM).

Here the stereo DTM production steps are briefly summarized (see e.g. Oberst
et al. (2010); Gwinner et al. (2010); Preusker et al. (2011); Oberst et al. (2014) for more
details). First, conjugate or tie points in the overlapping area of the stereo im-
ages are derived using an area-based image correlation technique (multi-image
matching). Several ten thousands of those conjugate points are used to perform
a photogrammetric block-adjustment, which produces improved camera attitude
knowledge at the observation epochs. A combination of three stereo images pro-
vides greater accuracy on the block-adjustment results. Using the improved at-
titude the image correlation process is updated with a smaller search area. This
produces a large number of matched points, which are used for triangulation of
surface points. In order to generate a gridded DTM the surface points within one
grid element are averaged using neighborhood statistics.

The processing of a stereo DTM is usually performed in the Mercury body-
fixed frame, which requires knowledge of the rotation of the planet. However,
the rotation parameters do not have to be known precisely, because any image
coordinate errors caused by an incorrect rotation model can be fully compensated
by corrections in the camera attitude. Thanks to the block-adjustment and image-
matching all errors in image coordinates can be minimized and a terrain model
with high internal position accuracy and rigidity can be obtained. Nevertheless,
the absolute position of the DTM with respect to the Mercury center of mass is
not well constrained. As a consequence, the DTM may show small lateral and
vertical offsets as well as tilts with respect to the Mercury-fixed reference frame
(see Paper II).

13



INTRODUCTION

2.4 Mercury’s rotation from MESSENGER data

The MESSENGER spacecraft provided a large amount of data from observations
in Mercury orbit. By analyzing these data one can derive characteristics of the
planet, its rotation, as well as its orbit around the Sun. This task is performed
in the subsequent chapters presented in form of research articles. The first pa-
per discusses the most recent ephemeris of Mercury and the derivation of the
resonant rotation model based on the orbital motion of the planet. This forms
important prerequisites for the interpretation of the actual rotation of Mercury.
In the second paper a method for measurement of rotational parameters of Mer-
cury from MESSENGER image and altimeter data is presented. Thereby realistic
simulations of MESSENGER data acquisition are performed and used for the es-
timation of the uncertainty of the rotational parameter measurement. In the last
research paper observations of Mercury’s rotational state from MESSENGER data
are presented. The results are discussed in terms of the resonant rotation model
and implications on the knowledge about the interior of Mercury are assessed.
In the chapter following the three research articles the results are discussed alto-
gether and broader implications on the interior structure and the reference frame
of Mercury are performed. Finally, the main results of this thesis are summarized
in the synthesis chapter.
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Abstract

We used recently produced Solar System ephemerides, which incorpo-
rate two years of ranging observations to the MESSENGER spacecraft,
to extract the secular orbital elements for Mercury and associated uncer-
tainties. As Mercury is in a stable 3:2 spin-orbit resonance these values
constitute an important reference for the planet’s measured rotational pa-
rameters, which in turn strongly bear on physical interpretation of Mer-
cury’s interior structure. In particular, we derive a mean orbital period of
(87.96934962± 0.00000037) days and (assuming a perfect resonance) a spin
rate of (6.138506839 ± 0.000000028) ◦/day. The difference between this ro-
tation rate and the currently adopted rotation rate (Archinal et al., 2011)
corresponds to a longitudinal displacement of approx. 67 m per year at the
equator. Moreover, we present a basic approach for the calculation of the
orientation of the instantaneous Laplace and Cassini planes of Mercury.
The analysis allows us to assess the uncertainties in physical parameters
of the planet, when derived from observations of Mercury’s rotation.
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1 Introduction

Mercury’s orbit is not inertially stable but exposed to various perturbations which
over long time scales lead to a chaotic motion (Laskar, 1989). The short-term
(about few thousand years) evolution of the orbit can be approximated by a sec-
ular contribution to the orbital elements. Most prominent is the precession of
the pericenter of Mercury’s orbit, which was also an important test of Einstein’s
theory of general relativity (Einstein, 1915). Due to the Sun’s torque on the asym-
metric mass distribution of Mercury, the rotation of Mercury is strongly coupled
to its evolving orbit. Radar observations (Pettengill and Dyce, 1965) revealed that
Mercury’s rotation period is about 59 days and in a stable 3:2 resonance with its
orbital period (Peale and Gold, 1965; Colombo, 1965). More recently Margot et al.
(2007) have used an Earth-based radar-speckle correlation technique to precisely
measure the physical libration amplitude and the obliquity of Mercury. By inter-
pretation of these measurements in terms of physical parameters of the planet -
following the idea of the Peale experiment (Peale, 1976, 1981) - the authors con-
cluded that Mercury’s core is at least partially molten (Margot et al., 2007, 2012).

With the MESSENGER space probe (MErcury Surface, Space ENvironment,
GEochemistry, and Ranging) having entered orbit around Mercury in March
2011, the observational data of Mercury have greatly improved. Further, new
Solar System ephemerides which incorporate two years of ranging and Doppler
tracking observations to MESSENGER were produced. For the interpretation
of the observations of Mercury’s rotation performed by instruments on MES-
SENGER, precise knowledge of the resonant rotation parameters of Mercury is
mandatory. In fact, the resonant spin rate, currently adopted in the rotation model
of Mercury, dates back to the first IAU report (Davies et al., 1980).

In this work we provide updated reference values for Mercury’s rotation as-
suming the perfectly resonant rotation model based on the most recent planetary
ephemerides. These values serve as a basis for the interpretation of the rotational
parameters of Mercury, which are proposed to be measured with high precision
(Stark et al., 2015).

2 Secular orbital elements of Mercury

Recently, new Solar System ephemerides DE432 from the Jet Propulsion Labora-
tory (W. M. Folkner, personal communication, 2014) and INPOP13c from the In-
stitut de Mécanique Céleste et de Calcul des Éphémérides (Fienga et al., 2014) were
produced. Besides other improvements these ephemerides incorporate updates
to the orbit of Mercury. Both ephemerides although different in their production
process and covered time span led to identical results in our calculations. We

19



RESEARCH PAPER I – MERCURY’S RESONANT ROTATION

eX

eY

eZ
eo

ew

Ω

ecliptic

orbital plane

ω

pericenter

ι

es

I

Mercury

Figure 1: The unit vectors eX,Y,Z denote the International Celestial Reference
Frame (ICRF). Mercury’s orbital plane is illustrated by a dashed ellipse and its
orientation by the vector eo. The ecliptic and the eX-eY plane of the ICRF are
given by dotted and dash-dotted ellipses, respectively. The Laplace plane normal
is indicated by ew and Mercury’s spin axis by es. The figure is based on numbers
given in Tab. 1 at the J2000.0 epoch.

concentrate here on the DE432 ephemeris and give the orbital elements derived
from the INPOP13c ephemeris in appendix 4.

The DE432 ephemeris covers a time span of approximately 1,000 years (1 Jan-
uary 1550 to 1 January 2550). In this time span we derived the osculating Ke-
plerian orbital elements of Mercury from state vectors given with respect to the
Sun-centered International Celestial Reference Frame (ICRF). We used a time step
of 7 days and set the gravitational parameter of the Sun to

GM� = 132, 712, 440, 041.9394 km3/s2 (Folkner et al., 2014).

For the calculation of the osculating orbital elements standard techniques were
used (Bate et al., 1970). In order to obtain the secular parts of the elements we
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decomposed the osculating orbital elements in a quadratic polynomial and a sum
of periodic terms

x(t) = x0 + x1t/cy + x2(t/cy)2 + ∑
i

Ai cos(νi t + φi) , (1)

where x stands for a Keplerian orbital element a, e, I, Ω, ω, M, being semi-major
axis, eccentricity, inclination, longitude of ascending node, argument of pericen-
ter, and mean anomaly, respectively. The time t is measured in Julian centuries
(cy) from the J2000.0 epoch. Higher order terms in the polynomial were discarded
because their estimated uncertainty exceeded the actual value by many orders
of magnitude. The periodic terms are characterized by their amplitude Ai, fre-
quency νi, and phase φi. We list these values for ten highest amplitudes of each
orbital element in appendix 4.

The decomposition of the osculating orbital elements time series into the form
of Eq. 1 was performed with the help of the frequency mapping tool (FAMOUS1).
This is done because a simple least-squares fit may lead to biased results given
the fact that the variations of the orbital elements are in first order periodic and
not random. At least 50 frequencies were identified and subtracted from the vari-
ation of the orbital elements. The variance of the periodic variations σ2

x was used
to estimate an uncertainty for the coefficients. Thus, orbital elements with rela-
tively high periodic variations receive higher error bars. The uncertainties of the
secular coefficients x1 and x2 were derived by considering the maximal slope and
curvature of the polynomial within the interval [−σx, σx] and a time span of 1000
years. The resulting values are given in Table 1.

In order to demonstrate the convergence of the method we increased the num-
ber of frequencies to 100 and found only changes below 2% of the uncertainties
of the polynomial coefficients. For further verification of our approach we calcu-
lated orbital elements with respect to the ecliptic at J2000.0 (see appendix 4) and
compared our results with those published by Standish and Williams (2013). Beside
the secular parts of the inclination and longitude of ascending node our values
and their uncertainties are consistent with the published values. The discrepancy
we found in I1 and Ω1 may result from the fact that we consider the quadratic
term, which is significant for these elements. Comparison with other literature
values (Margot, 2009; Noyelles and D’Hoedt, 2012; Noyelles and Lhotka, 2013) shows
excellent agreement with our values for these orbital elements.

Additionally, we calculated the precession of the pericenter of Mercury. Note
that the secular rates are strongly dependent on the selected reference frame. We
used the mean orbital plane of Mercury at J2000.0 (see Sec. 2.2) as reference frame
and found a precession of 575.3± 1.5 arc sec/cy (see appendix 4). Again this is

1F. Mignard, OCA/CNRS, ftp://ftp.obs-nice.fr/pub/mignard/Famous
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x0 x1 x2

a/(106 km) 57.90909 0.002× 10−6 −0.002× 10−6

±0.00011 ±22.34× 10−6 ±4.45× 10−6

e 0.2056317 20.4× 10−6 −20× 10−6

±0.0000071 ±1.4× 10−6 ±290× 10−6

I/◦ 28.552197 0.0048464 −9.8× 10−6

±0.000036 ±0.0000073 ±1.5× 10−6

Ω/◦ 10.987971 −0.032808 −12.3× 10−6

±0.000099 ±0.000020 ±4.0× 10−6

ω/◦ 67.5642 0.18861 −3× 10−6

±0.0020 ±0.00040 ±80× 10−6

M/◦ 174.7948 149472.51579 8× 10−6

±0.0032 ±0.00063 ±126× 10−6

Table 1: Secular Keplerian orbital elements of Mercury as derived from the DE432
ephemeris at epoch J2000.0, given with respect to ICRF (see Fig. 1).

in a very good agreement to the literature value of (5600.73− 5025) arc sec/cy =

575.73± 0.41 arc sec/cy (computed from Weinberg, 1972, p.199).
Another method to obtain the secular orbital elements involve the usage of

a secular potential and integration of the averaged differential equation of Mer-
cury’s motion. However, such a method neglects the mutual interaction of the
perturbing planets and is not appropriate for precise interpretation of spacecraft
data (Yseboodt and Margot, 2006). More details on averaging methods can be found
in e.g., Sanders et al. (2007).

2.1 Mean orbital period

The mean period of the orbit is defined as Torbit = 2π/n0, where n0 is the mean
motion of Mercury. We can derive n0 from the first order term of the mean
anomaly M = M0 + M1t = n0(t0 + t). The time t0 is the elapsed time at J2000.0
since the last pericenter passage. Using the values in Tab. 1 we derive

n0 = M1 = (4.092334450± 0.000000017)◦/day (2)

t0 = M0/M1 = (42.71274± 0.00077)day (3)

Torbit = 360◦/M1 = (87.96934962± 0.00000037)day . (4)

In order to check the derived value of n0 we used Kepler’s third law

n0 =
√

GM�/a3
0

and found 4.092343± 0.000083 ◦/day. This value is consistent with Eq. 2 but has
an error larger by two orders of magnitude.
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2.2 Mean orbital plane

From the secular parts of the orbital elements Ω and I we can calculate the mean
normal vector of the orbital plane by

eo = sin Ω sin I eX − cos Ω sin I eY + cos I eZ (5)

= cos αorbit cos δorbit eX + sin αorbit cos δorbit eY + sin δorbit eZ , (6)

where eX,Y,Z denote the orientation of the ICRF (see also Fig. 1). Comparing
Eq. 5 and 6 we find the right ascension and declination of the orbit pole to
be αorbit = Ω − π/2 and δorbit = π/2 − I. At J2000.0 the values are αorbit

0 =

(280.987971± 0.000099)◦ and δorbit
0 = (61.447803± 0.000036)◦, respectively. From

the secular components of Ω and I we can directly derive the first order pre-
cession rates of the orbit pole αorbit

1 = Ω1 = (−0.032808 ± 0.000020)◦/cy and
δorbit

1 = −I1 = (−0.0048464± 0.0000073)◦/cy. It should be noted that the preces-
sion of the orbit normal is treated here as a secular variation in inclination and
longitude of ascending node, which is justified by the long period of the preces-
sion. By that reason the given description of the mean orbital plane is strictly
valid only for the time span of the ephemeris, i.e. about ±500 years around the
J2000.0 epoch. The error bars on the orbit pole orientation and precession rates
were obtained through propagation of the uncertainties in the orbital elements.
Note that the derived values are in agreement with the findings of Margot (2009)
with αorbit = 280.9880◦ − 0.0328◦t/cy and δorbit = 61.4478◦ − 0.0049◦t/cy,
where DE408 ephemeris and a period of 200 year was used.

2.3 Laplace plane

The other planets of the Solar System exert a torque on the orbital plane of Mer-
cury, which leads to a quasi-periodic precession of the orbit normal. Further,
the plane to which the inclination of Mercury remains constant, i.e., the Laplace
plane, also undergoes slow variations (Noyelles and D’Hoedt, 2012). Several at-
tempts have been made to calculate the orientation of the Laplace plane normal
(Yseboodt and Margot, 2006; Peale, 2006; D’Hoedt et al., 2009), each of them leading
to different results in the Laplace pole position and the precession period (see Fig.
2).

The concept of the "instantaneous" Laplace plane was proposed for Mercury
by Yseboodt and Margot (2006) to derive an approximate Laplace plane valid for
several thousand years. Note that without additional assumptions the instanta-
neous precession vector w is only constrained to a line. In order to overcome the
ambiguity in the instantaneous Laplace plane either a fit to the ephemeris (Yse-
boodt and Margot, 2006) or some additional assumptions (Peale, 2006; D’Hoedt et al.,
2009) are used.
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Here we introduce a concept of an instantaneous Laplace plane, which re-
moves the ambiguity in its instantaneous orientation and precession frequency.
As the only assumption we require the instantaneous Laplace plane to be invari-
able, i.e. ẇ ≡ 0. Note that a similar concept was suggested by Yseboodt (2011).
When an instantaneous Laplace plane is considered it is also important to clarify
in which time period it should be instantaneous. The free precession period of
Mercury is in the order of 1000 years (Peale, 2005). This means that the rotation
axis will not be affected by the short period (on the order of decades) changes
in the orientation of the orbit normal, but will follow the changes at long peri-
ods due to adiabatic invariance (Peale, 2005). In order to obtain an instantaneous
Laplace plane, which is relevant for Mercury’s spin, we can neglect all periodic
variations and consider only the secular terms.

The general equation for the precession around an axis w is

w× eo = ėo . (7)

The precession vector w is given by w = −µ ew, where ew is the orientation of
the Laplace plane and µ the precession rate. First we multiply both sides of Eq. 7
with eo and obtain

w = (eo × ėo)− µ cos ι eo , (8)

where we used eo ·w = −µ cos ι and ι is the inclination of Mercury’s orbit with
respect to the Laplace plane. In order to constrain the instantaneous orientation
of the Laplace plane we have to find an instantaneous value for µ cos ι. By differ-
entiating Eq. 7 and the requirement ẇ ≡ 0 we obtain

ëo + µ2 eo = −µ cos ι w , (9)

where we make use of w× ėo = w× (w× eo) = −µ cos ιw− µ2eo. The differ-
ential equation Eq. 9 describes a regular (uniform) rotation of eo around ew with
the frequency µ. Following the concept of the instantaneous Laplace plane Eq. 9
is only fulfilled with a unique w for a specific time t. By multiplying Eq. 9 with
eo and using Eq. 7 we can find

µ cos ι =
ėo · (eo × ëo)

|ėo|2
. (10)

By using Eq. 5 for eo and ëo we can obtain the values of µ cos ι as it would be in a
regular form and by that an expression for the instantaneous Laplace plane. The
combination of Eq. 8 and 10 gives the instantaneous Laplace plane orientation

w = (eo × ėo)−
ėo · (eo × ëo)

|ėo|2
eo . (11)

24



RESEARCH PAPER I – MERCURY’S RESONANT ROTATION

270 272 274 276 278 280 282
60

62

64

66

68

70

right9ascension9[deg]

de
cl

in
at

io
n9

[d
eg

] ecliptic9pole

LP9ODCHoedt9et9al.,92009)

LP,9present9work
LP9OYseboodt9and9Margot,92006)

Cassini9plane

OP

Figure 2: Orientation of the orbit (OP) and the Laplace plane (LP, black disk with
error bars) normal at J2000.0 epoch with respect to the ICRF. The precession of
the orbit pole around the instantaneous Laplace pole is indicated by a dashed arc.
The Laplace plane orientation of Yseboodt and Margot (2006) (grey disk) overlaps
with the values derived in this work. Note that the longitude of the Laplace
pole is given incorrect in (D’Hoedt et al., 2009) and was corrected in (Noyelles and
D’Hoedt, 2012). The figure shows the corrected position (blue disk).

Following the formalism of Peale (2006) Eq. 11 can be expressed as

w =
(

İ cos Ω +
(
wz − Ω̇

)
tan I sin Ω

)
eX +

+
(

İ sin Ω−
(
wz − Ω̇

)
tan I cos Ω

)
eY + wzeZ (12)

and wz given by

wz = Ω̇ +
( ÏΩ̇− İΩ̈) sin I + Ω̇ İ2 cos I

İ2 + (Ω̇ sin I)2
cos I . (13)

The instantaneous Laplace pole given by Eq. 11 is practically equivalent to the fit
of the ephemeris to a cone, performed by Yseboodt and Margot (2006).

Using Eq. 11 we calculate the coordinates of the Laplace pole at J2000.0 to
αLP

0 = (273.8± 1.0)◦ and δLP
0 = (69.50± 0.77)◦ in the ICRF. It should be noted

that the covariance Cov(αLP
0 , δLP

0 ) = −(0.77◦)2 is very high, indicating a high
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correlation (−99.8%) of the right ascension and declination values. The instan-
taneous precession rate is µ = (0.00192± 0.00018)/cy, TLP = (327300± 32000)
years and ι = (8.58± 0.84)◦.

However, if Mercury is in a Cassini state (see Sec. 3.4) the determination of
the polar moment of inertia from the obliquity is not largely affected by the un-
certainties of the Laplace pole (Yseboodt and Margot, 2006; Peale, 2006). Using our
formalism we can derive the relevant quantities and their errors

µ sin ι = (2.8645± 0.0016)× 10−6/years (14)

µ cos ι = (18.98± 1.83)× 10−6/years . (15)

The correlation between µ sin ι and µ cos ι is very low

Corr(µ sin ι, µ cos ι) = −10−3 .

3 Mercury’s rotation

3.1 Rotation model

The rotation model of a celestial body consists of a set of values defining its ori-
entation as a function of time with respect to a reference frame. Here we recall
briefly the IAU convention of a rotation model for Mercury (e.g. Archinal et al.,
2011).

The orientation of Mercury’s spin axis is described by the right ascension α

and declination δ coordinates of the intercept of the spin axis vector es with the
celestial sphere. The spin axis vector es with respect to the ICRF is given by

es = cos α cos δ eX + sin α cos δ eY + sin δ eZ , (16)

where eX,Y,Z denotes the ICRF. The orientation at J2000.0 epoch is denoted by α0

and δ0 and the first order precession rates are α1 and δ1. The rotational axis is
consequently given by

α(t) = α0 + α1 t (17)

δ(t) = δ0 + δ1 t . (18)

The rotation of Mercury around its axis is described by the longitude of the prime
meridian ϕ0, the rotation rate ϕ1, and the physical longitudinal libration ϕlib

ϕ(t) = ϕ0 + ϕ1t + ϕlib(t) . (19)

The rotation model is of great importance, as it is used to derive body-fixed coor-
dinates of observations performed by spacecraft. The matrix R which transforms
coordinates from ICRF to body-fixed is composed from three rotations

R = RT
z(ϕ)RT

x(π/2− δ)RT
z(α + π/2) , (20)
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where Rx,z denote counter-clockwise rotations (right hand rule) around the x-
and z-axis, respectively. Note that the spin axis orientation can be computed by
es = Rz(α + π/2)Rx(π/2− δ)eZ.

3.2 Resonant rotation

Using the secular orbital elements in Tab. 1 we derive the resonant spin rate of
Mercury ϕ

(3/2)
1 for the case that the spin is in perfect 3:2 resonance to the motion

of the planet on its orbit. Using the mean motion value n0 = M1 derived from the
mean anomaly and the precession of the argument of pericenter ω1 we compute
the mean resonant spin rate to

ϕ
(3/2)
1 =

3
2

n0 + ω1 = (6.138506839± 0.000000028) ◦/day . (21)

The current value of Mercury’s rotation found in the literature is 6.1385025◦/day
(Archinal et al., 2011). The difference between these rates corresponds to a longi-
tudinal displacement of 5.7 arc sec per year (approx. 67 m per year at the equator
of Mercury), which should be noticeable during e.g. the MESSENGER mapping
mission (where typical image resolution vary from few kilometers to few meters).

We want to stress that the resonant spin rate ϕ
(3/2)
1 in the rotation model is

composed of the planet’s rotation around its spin axis and the precession of Mer-
cury’s orbit. Thereby, we have to consider the precession of the argument of
pericenter ω1 = (5.164± 0.011)× 10−6 ◦/day, and not the precession of the lon-
gitude of pericenter v1 = Ω1 + ω1 since the precession of the ascending node
Ω1 is already incorporated in the precession of the rotational axis. Note that the
spin rate ϕ

(3/2)
1 is defined with respect to a precessing frame and is not strictly

"sidereal" since the rotation axis changes slowly its orientation. Further, Mercury
has a small but non-zero obliquity of ic = 2.04 arc min (Margot et al., 2012). How-
ever, the correction arising from the obliquity is in the order of icΩ2

1/I1 and can
be neglected when comparing with the error of ω1 (see appendix 4).

If one of the sub-solar points at perihelion is used for the definition of the
prime meridian ϕ0, the orientation of Mercury’s long axis at J2000.0 with resonant
rotation would be

ϕ
(3/2)
0 =

3
2

M0 + ω0 = (329.7564± 0.0051)◦ . (22)

We find excellent agreement of this value with the findings of Margot (2009), who
stated a value of 329.75◦. Note that the actual prime meridian of Mercury ϕ0 is
defined with respect to the crater Hun Kal located at 20◦W (Archinal et al., 2011).
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3.3 Physical libration in longitude

The annual libration of Mercury is closely tied to the revolution of Mercury about
the Sun. Of particular importance is the mean anomaly M of Mercury since it
defines the period and the phase of the libration. The libration is modeled as
follows (Goldreich and Peale, 1966)

ϕlib(t) = ∑
k

g88/k sin (k n0(t + t0)) . (23)

The amplitudes g88/k follow a recursive relationship

g88/(k+1) = g88/k
G2 0 1(k + 1, e0)

G2 0 1(k, e0)
, (24)

where G2 0 1(k, e0) are given by Kaula’s eccentricity functions (Kaula, 2000)

G2 0 1(k, e) =
G2 0 1−k(e)− G2 0 1+k(e)

k2 . (25)

Using e0 = 0.2056317± 0.0000071 from Tab. 1 we calculate the first five terms to

G2 0 1(1, e0) = 0.569650 ±0.000027 (26)

G2 0 1(2, e0) = (−60.0733 ±0.0042)× 10−3 (27)

G2 0 1(3, e0) = (−5920.32 ±0.77)× 10−6 (28)

G2 0 1(4, e0) = (−1200.10 ±0.20)× 10−6 (29)

G2 0 1(5, e0) = (−267.691 ±0.053)× 10−6 . (30)

The main period of the annual libration is the mean orbital period Torbit (Eq.
4) with the phase given by M0 = n0t0. In addition, long-period variations of the
orbital elements can lead to forced librational motion of Mercury with periods
other than the orbital period (Peale et al., 2007; Yseboodt et al., 2010), but these are
not considered in this work.

The measurement of the libration amplitude provides important constraints
on the interior structure of Mercury. The amplitude of the annual libration g88 is
related by (Peale, 1981)

g88 =
3
2

B− A
Cm

G2 0 1(1, e0) (31)

to the ratio of moments of inertia (B− A)/Cm, where A ≤ B < C are the prin-
cipal axes of inertia of the planet and Cm is the polar moment of inertia of the
mantle and crust. Assuming the libration amplitude could be measured with a
negligible error, the uncertainty in (B − A)/Cm would be only at 6× 10−7, due
to the uncertainty in the eccentricity of Mercury’s orbit. Here we used a libration
amplitude of g88 = 38.5 arc sec (Margot et al., 2012).
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3.4 Cassini state

Mercury is assumed to occupy a Cassini state 1 (Peale, 1969), implying that the
spin vector of Mercury es lies in the plane defined by the Laplace plane normal
ew and the orbit normal eo with the latter being enclosed by the others. The spin
axis is consequently in a 1:1 resonance to the precession of the orbit normal, i.e.
α1 ≈ αorbit

1 and δ1 ≈ δorbit
1 . Note that the spin axis precesses with slightly higher

rates as described in appendix 4. The Cassini plane ec, which contains all Cassini
states can be expressed as a linear combination of the orbit and Laplace plane
normal

ec = r eo + s w . (32)

We can constrain r and s by |ec| = 1 and ec · eo = cos ic, where ic is the obliquity.
By using Eq. 8 for w and |eo × ėo| = |ėo| this results in

ec = cos iceo + sin ic
eo × ėo

|ėo|
, (33)

with

eo × ėo =
(

İ cos Ω− Ω̇ sin I cos I sin Ω
)

eX

+
(

İ sin Ω + Ω̇ sin I cos I cos Ω
)

eY + Ω̇(sin I)2eZ (34)

|ėo| = µ sin ι =
√

İ2 + (Ω̇ sin I)2 . (35)

From Eq. 33 it can be verified that the plane defining the Cassini state is in-
dependent from the exact form of the precession of the orbit around the Laplace
plane. Especially, it is not dependent on wz as recognized by Peale (2006) and
Yseboodt and Margot (2006). The Cassini plane is sufficiently defined by the ori-
entation of the orbit normal and its temporal change. In fact, the Cassini plane
normal is the vector ėo given by

ėo =
(
Ω̇ cos Ω sin I + İ sin Ω cos I

)
eX +

(
Ω̇ sin Ω sin I − İ cos Ω cos I

)
eY − (36)

İ sin I eZ .

With the uncertainty of the orbital elements we can estimate the "thickness"
of the Cassini plane, which results from uncertainties in the knowledge of the
secular variation of Mercury’s ephemeris. At ic = 2.04 arc min (Margot et al., 2012)
we find a 1σ thickness of 0.18 arc sec. This allows to interpret possible offsets of
Mercury’s spin orientation from the exact Cassini state (Margot et al., 2012; Peale
et al., 2014).

Using the obliquity ic the polar moment of inertia C/mR2 (scaled with the
mass m and radius R of Mercury) can be calculated by (Peale, 1981)

C
mR2 =

n0 sin ic((J2(1− e2)−3/2 cos ic + C22G201(e)(1 + cos ic))

µ sin ι cos ic − µ cos ι sin ic
, (37)
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where J2 = 5.03216× 10−5 and C22 = 0.80389× 10−5 (Mazarico et al., 2014) are
the second degree harmonic coefficients of Mercury’s gravity field. Assuming
perfect knowledge in the obliquity and the gravitational coefficients the error on
C/mR2 is only at 6.1× 10−5 due to the uncertainty of the orbital elements. Note
that our analysis does not include model uncertainties of Eq. 37, e.g., simplifying
assumptions which were made in the derivation of the equation. We only infer
the uncertainty of C/mR2 due to orbital elements if Eq. 37 holds exactly and all
other quantities are perfectly known. A more sophisticated analysis including
higher order gravity field and tides can be found in Noyelles and Lhotka (2013).

4 Discussion and conclusion

In this work we extract orbital elements for Mercury from ephemeris data and
predict a mean rotational model for Mercury in the view of a perfect resonance
to its orbit. In this case the rotation is, besides the obliquity and the libration am-
plitude, completely determined by the mean orbital elements and their rates. On
the basis of the uncertainties in the mean orbital elements, errors of the theoretical
perfectly resonant rotation model can be estimated. Note that ephemeris uncer-
tainties are estimated from the periodic variation of the orbital elements and do
not reflect any accuracy or "error" of the ephemeris. They can be rather under-
stood as model uncertainties, since the secular part of Mercury’s orbital elements
does not capture the full variation of the orbit. In this work we introduced a con-
sistent approach which allows us to estimate the uncertainties of the rotational
parameters resulting from the simplified secular orbital elements. The findings
are of great importance for interpretation of the current and future observations
of Mercury’s rotation by MESSENGER and BepiColombo spacecraft.

Appendix 1

The Keplerian orbital elements derived from the INPOP13c ephemeris (Fienga
et al., 2014) are given in Tab. 2. We find very little difference of the values when
comparing to the DE432 ephemeris (see Tab. 1). The deviation for the trend a1 of
the semi-major axis is about 1.7 meter per century.

In Tab. 3 we give values for reference frame dependent orbital elements with
respect to the ecliptic (ECLIP, inclination 23.439291◦), Mercury orbital plane (OP),
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x0 x1 x2

a/(106 km) 57.90909 −44× 10−12 420× 10−12

e 0.2056317 20.4× 10−6 −0.027× 10−6

I/◦ 28.552197 0.0048473 −9.8× 10−6

Ω/◦ 10.987969 −0.032808 −11.9× 10−6

ω/◦ 67.5642 0.18862 −4× 10−6

M/◦ 174.7948 149472.51578 7× 10−6

Table 2: The same as Tab. 1 but derived from the INPOP13c ephemeris and a time
span of 2000 years (09.06.973 AD - 23.06.2973).

and Mercury Laplace plane (LP) at J2000.0. The rotation matrices for the transfor-
mation to the these reference frames from the ICRF are given by

RECLIP =




1 0 0
0 0.91748206 0.39777716
0 −0.39777716 0.91748206


 , (38)

ROP =




0.98166722 0.19060290 0
−0.16742216 0.86227887 0.47795918

0.09110040 −0.46919686 0.87838205


 , (39)

RLP =




0.88845611 0.43672271 0.14113473
−0.45838720 0.82896828 0.32045711

0.02295468 −0.34940643 0.93669004


 . (40)

The precession of the pericenter of Mercury is given by vOP
1 = ΩOP

1 + ωOP
1 =

575.3 arc sec/cy. The inclination of the orbital plane with respect to the Laplace
plane ILP

0 = ι = 8.58◦ remains constant ILP
1 = ILP

2 ≈ 0. The precession of the orbit
around the Laplace plane is |ΩLP

1 | = µ = 0.109981◦/cy.

Appendix 2

In Tab. 4 we list the first ten periodic terms, which were identified in the osculat-
ing orbital elements time series. Some of the periods can be assigned to planetary
perturbations, e.g., Venus: (λV) 0.62 years; (2λV) 0.31 years; (2λM − 5λV) 5.66
years; (λM − 3λV) 1.38 years; (λM − 2λV) 1.11 years; (2λM − 4λV) 0.55 years;
Earth: (λM − 4λE) 6.58 years; Jupiter: (λJ) 11.86 years; (2λJ) 5.93 years; (3λJ)

3.95 years; Saturn: (2λS) 14.73 years, where λ = M + v = M + Ω + ω denotes
the mean longitude of the planet, respectively.
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x0 x1 x2

Ecliptic
I/◦ 7.004975 0.0059524 0.7× 10−6

Ω/◦ 48.330908 −0.125416 −89.2× 10−6

ω/◦ 29.1252 0.28428 80× 10−6

v/◦ 77.4561 0.15886 −13× 10−6

Mercury orbital plane
I/◦ 0.0 −0.016413 −3.9× 10−6

Ω/◦ 68.735669 −0.054375 337.0× 10−6

ω/◦ 320.3895 0.21417 −350× 10−6

v/◦ 29.1252 0.15980 −13× 10−6

Mercury Laplace plane
I/◦ 8.582338 1× 10−18 5× 10−21

Ω/◦ 0.0 −0.109981 −25.9× 10−6

ω/◦ 50.3895 0.26855 13× 10−6

v/◦ 50.3895 0.15857 −13× 10−6

Table 3: Orbital elements of Mercury as derived from the DE432 ephemeris at
epoch J2000.0 with respect to the following reference frames: Ecliptic and Earth
equinox of J2000; Mercury orbital plane of J2000.0 and ascending node with re-
spect to the ecliptic; Mercury Laplace plane and ascending node with respect to
the Mercury orbital plane of J2000.0.

Appendix 3

The obliquity of the spin axis ic introduces small changes in the precession and
resonant rotation rates. To stay within the Cassini plane the spin axis has to pre-
cess slightly faster than the orbital plane normal. In order to compute the correc-
tions we expand equation Eq. 33 to first order in the obliquity ic. The declination
δ and right ascension α of the spin axis are then given by

δ(t) =
π

2
− I +

Ω̇ sin I√
İ2 + (Ω̇ sin I)2

ic = δ0 + δ1t (41)

and

α(t) = Ω− π

2
+

İ/ sin I√
İ2 + (Ω̇ sin I)2

ic = α0 + α1t . (42)

By deriving the series in t we obtain the precession rates at J2000.0

δ1 = I1


−1 +

Ω1 I2
1 cos I0 + 2(Ω2 I1 − I2Ω1)√
(I2

1 + (Ω1 sin I0)2)3
ic


 (43)
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a [km] e [10−6]
i Ai Ti φi Ai Ti φi
1 109.56 1.11 145.25 7.23 5.93 272.97
2 56.37 0.20 140.65 4.63 1.11 326.10
3 54.55 5.66 356.60 3.53 5.66 181.05
4 35.31 0.29 213.41 2.53 1.38 141.21
5 31.01 0.12 76.038 1.52 11.86 123.83
6 29.41 1.38 325.51 0.89 0.25 261.39
7 21.92 0.13 211.50 0.88 0.55 109.00
8 21.19 0.25 81.45 0.86 14.73 304.98
9 20.27 0.55 285.27 0.81 0.46 128.90

10 19.46 0.40 70.013 0.78 0.29 36.27
I [10−3 arc sec] Ω [10−3 arc sec]

i Ai Ti φi Ai Ti φi
1 167.3 5.93 15.01 399.8 5.93 292.75
2 52.5 5.66 71.86 165.8 5.66 135.33
3 31.9 1.38 250.97 145.2 11.86 145.14
4 22.1 11.86 267.19 116.6 1.11 249.76
5 20.1 14.73 58.16 107.3 1.38 189.18
6 17.5 6.58 343.74 57.5 0.62 356.75
7 17.2 3.95 51.01 52.3 0.40 155.89
8 11.8 0.31 326.19 48.3 14.73 336.52
9 9.9 0.24 112.99 44.0 6.56 59.20

10 9.6 0.12 99.47 42.6 0.24 45.75
ω [arc sec] M [arc sec]

i Ai Ti φi Ai Ti φi
1 7.36 5.93 180.64 10.71 5.66 87.97
2 4.57 1.11 55.93 8.04 1.11 235.40
3 3.49 5.66 272.57 7.70 5.93 3.50
4 2.55 1.38 50.09 1.92 1.38 230.24
5 1.62 11.86 17.21 1.90 11.86 186.46
6 0.89 14.73 212.80 1.31 6.57 334.16
7 0.84 0.25 351.58 1.22 0.55 17.86
8 0.84 0.55 200.04 1.10 0.46 38.25
9 0.78 0.46 219.04 1.10 0.29 305.42

10 0.78 0.62 194.46 1.09 0.25 171.25

Table 4: Ten leading terms of the decomposition of the time series of the oscu-
lating orbital elements in ∑i Ai cos(νi t + φi) with νi = 2π/Ti. The unit of the
amplitude Ai is given in the brackets beside each orbital elements symbol, re-
spectively. The periods Ti are given in years and the phases φi in degrees. The
values are given for orbital elements in the ICRF and derived from the DE432
ephemeris.
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and

α1 = Ω1 −
(I2

1 cot I0 + Ω2
1 sin 2I0)I2

1 / sin I0√
(I2

1 + (Ω1 sin I0)2)3
ic . (44)

For ic = 2.04 arc min (Margot et al., 2012) this results in

δ1 = −0.00486◦/cy and α1 = −0.03291◦/cy . (45)

The rotation rate is also slightly modified due to the obliquity. For small ic we get

ϕ(t) =
3
2

M + ω− İ cot I√
İ2 + (Ω̇ sin I)2

ic = ϕ
(3/2)
0 + ϕ

(3/2)
1 t . (46)

The resonant rotation rate is consequently

ϕ
(3/2)
1 =

3
2

n0 + ω1+

+
(I1Ω1)

2(3 + cos 2I0)/2 + (Ω2 I1 − I2Ω1)Ω1 sin 2I0 + I4
1 /(sin I0)

2
√
(I2

1 + (Ω1 sin I0)2)3
ic

(47)

and with ic = 2.04 arc min this amounts to 6.138506841◦/day. The introduced
correction is not significant when compared to the error of the resonant rotation
rate in Eq. 21.
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Abstract

A novel method has been developed to determine the rotational parameters
of Mercury from data acquired by the MESSENGER spacecraft. We exploit
the complementarity of laser altimeter tracks taken at different rotational
phases and rigid stereo terrain models to determine a Mercury rotational
model. In particular, we solve for the orientation of the spin axis, the rota-
tion rate, and the amplitude of the forced libration. In this paper, we verify
the proposed method and carry out an extensive simulation of MESSENGER
data acquisition with assumed rotational parameters. To assess the uncer-
tainty in the rotational parameters we use mission-typical assumptions for
spacecraft attitude and position knowledge as well as for small-scale terrain
morphology. We find that the orientation of the spin axis and the libration
amplitude can be recovered with an accuracy of a few arc seconds from three
years of MESSENGER orbital observations. The rotation rate can be deter-
mined to within 5 arc seconds per year. The method developed here serves as
a framework for the ongoing analysis of data from the MESSENGER space-
craft. The rotational parameters of Mercury hold important constraints on
the internal structure and evolution of the planet.
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1 Introduction

Mercury, located deep in the gravity well of the Sun, displays distinctive dynam-
ics. The rotation and orbital motion of the planet are tidally coupled, and Mercury
rotates precisely three times for every two revolutions about the Sun. In addition
to its mean rotation, the planet displays small forced librations in longitude, i.e.,
oscillations about the average rotation rate. Measurements of rotational parame-
ters are of considerable interest, as the amplitude of the forced libration and the
planet’s obliquity provide (when combined with gravity field parameters) impor-
tant constraints on the planet’s interior structure (Peale, 1976, 1988; Margot et al.,
2012; Smith et al., 2012; Hauck et al., 2013). This situation thus offers an opportu-
nity to derive information about a planet’s interior, particularly the size and state
of the planetary core, not easily accessible for other planets of the Solar System
family.

Measurements of Mercury’s librations and obliquity with Earth-based radar
revealed a large libration amplitude (approximately 450 m at the equator), sug-
gesting that Mercury’s core is at least partially molten (Margot et al., 2007, 2012).
With this method, instantaneous spin rate values are obtained from radar time-
lag measurements, which have provided the most accurate measurements of the
spin rate variations to date. However, the precision remains somewhat limited
and prevents the detection of small variations, such as those expected from long-
period librations (Peale et al., 2007; Yseboodt et al., 2010).

Several other techniques have been proposed to measure the rotational pa-
rameters of Mercury. An obvious approach is to use images from different ro-
tation phases and apply image correlation techniques to constrain the unknown
rotation parameters (Wu et al., 1997; Jehn et al., 2004; Pfyffer et al., 2011). However,
precise camera attitude and spacecraft position information must be available for
this approach to be feasible. Alternative methods make use of laser altimetric
cross-over points (Rosat et al., 2008) or employ a separation of the dynamic and
static topography by spherical harmonic expansion of the latter (Koch et al., 2008,
2010). Observations of Mercury’s gravitational field can also be used to determine
the rotational parameters (Cicalò and Milani, 2012; Mazarico et al., 2014). This tech-
nique requires precise radio tracking and modeling of non-conservative forces
acting on the spacecraft. However, as the dynamics of the gravity field can be
influenced by differential rotation of the core, the combination of shape and core
rotation could provide more information about the interior structure than either
quantity alone.

Here we investigate the quality of measurements obtained by the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) space-
craft. Precise measurements of a planet’s rotation rate from an orbiting platform
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are far from straightforward, as, for example, a fixed reference against which the
rotation can be observed is not readily available. Knowledge of a spacecraft’s or-
bit and instrument pointing data suffer from errors that make the accurate mea-
surement of small libration effects challenging. The application of these methods
to MESSENGER data is complicated by the spacecraft’s highly eccentric orbit and
observational constraints for the instruments set by that orbit as well as by limi-
tations on spacecraft attitude relative to the planet-Sun line. Our new approach
combines the benefits of both laser altimetry and stereo imaging to overcome
their individual drawbacks. In particular, we discuss the combination of time-
dependent, high-accuracy range measurements by the laser altimeter with the
static terrain data obtained from stereo images.

In order to assess the potential as well as the limitations of our approach we
carry out an extensive simulation of MESSENGER data. We adopt a given to-
pographic model, derived from MESSENGER stereo images, and we perform a
simulation of laser altimeter observations given an assumed rotational model for
Mercury (see Fig. 1). Then, an attempt is made to recover the rotational parame-
ters by analysis of the simulated data. This simulation serves as a basis for future
analysis of actual data acquired by MESSENGER’s instruments and the estima-
tion of the rotational parameters of Mercury from those data.

The paper is structured as follows. First we describe the available data from
MESSENGER, concentrating specifically on laser altimeter profiles and topogra-
phic models generated from stereo images. In the subsequent section we report
on forward modeling to generate synthetic laser altimeter profiles. Finally, we
describe our method for the measurement of rotational parameters and the results
obtained with the simulation.

2 MESSENGER data

MESSENGER was inserted into orbit about Mercury in March 2011. Its initial
orbit was highly eccentric and near-polar, with a 12 h period. In April 2012, the
orbit period was shortened in two propulsive maneuvers to 8 h. For our study,
we use data from the Mercury Laser Altimeter (MLA) (Cavanaugh et al., 2007) and
the Mercury Dual Imaging System (MDIS) (Hawkins et al., 2007). We next describe
the data obtained by these instruments.

2.1 Laser altimeter

MLA carries out its measurements along approximately great-circle profiles, as
the spacecraft moves along its orbit track. With a pulse energy of 20 mJ, the in-
strument can range from altitudes as great as 1500 km in the nadir orientation
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Figure 1: Scheme of the simulation of observational data and determination of ro-
tational parameters (s/c denotes spacecraft, and 3D denotes three-dimensional).
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and to distances as great as 1000 km at an off-nadir angle of 40◦ (Zuber et al., 2008,
2012). The along-track resolution of the measurements is determined by the size
and spacing of the laser footprints on the surface. The distance between foot-
prints at the 8 Hz pulse repetition rate varies with the velocity of the spacecraft
between 170 m and 440 m. Depending on the ranging distance, the laser footprint
diameters vary from 16 m to 134 m. As of August 2013, after an observation time
of 850 days, MLA had acquired 1768 laser profiles that span the latitude range
from 90◦ N to 20◦ S.

In our simulation, we used laser profiles over a small area of Mercury’s sur-
face, for which a digital terrain model (DTM) derived from stereo images is avail-
able. The area extends in latitude from 25 to 65◦ N and in longitude from 190 to
270◦ E. Clearly, the final accuracy of the rotational parameters will depend on the
size of the DTM area considered and the number of laser altimeter observations
within that area.

2.2 Stereo photogrammetry

We define the topography represented by the stereo DTM as the length of the
local planetary radius from the center of mass of Mercury to the surface, relative
to the radius of a reference sphere, here taken as 2440 km.

The production of a DTM from stereo images follows established procedures
(Gwinner et al., 2010; Preusker et al., 2011). With the benefit of image correlation
and least-squares block adjustment techniques, we concatenated large numbers
of images, and we obtained a terrain model with high internal geometric accuracy
and rigidity. On the other hand, the absolute position of a local DTM with respect
to Mercury’s center of mass is uncertain, and the DTM may show small lateral
and vertical offsets as well as tilts with respect to the Mercury-fixed reference
frame.

For our study we used a DTM reconstructed from more than 2500 individual
MDIS images. Fig. 2 shows a part of the DTM along with the coverage of the same
area by MLA. To minimize distortion by the map projection, in our calculations
we used a Lambert conic conformal projection with two standard parallels. The
DTM is available as a structured map grid with a lateral resolution of 222 m.
Although the size of an individual grid element is typically determined by the
resolution of the images that were used to generate the terrain model, the effective
resolution (i.e., the size of the smallest topographic feature resolved by the DTM)
may be larger (see 4.2 below). The vertical resolution of the DTM is about 60 m.
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40°	N

65°	N

255°	E225°	E255°	E225°	E
40°	N

65°	N

Figure 2: (Left) MLA coverage as of August 2013 of a part (20%) of the area con-
sidered in this study. (Right) The same area reconstructed in a stereo DTM. Both
maps share the same color bar. The inset shows detailed views of an unnamed
crater (centered at 56.6◦ N, 24◦ E and enclosed in a white box on both panels)
along with an MDIS image (EW0226964842G).

3 Rotational model of Mercury

The rotational parameters consist of a set of values defining the orientation of
Mercury with respect to a given reference frame at a given epoch. In this study
we determined the rotational elements at J2000.0 with respect to the International
Celestial Reference Frame (ICRF). The ICRF is approximately (within 0.1 arc sec)
the reference frame of the mean Earth equator and equinox of the J2000 epoch
(Archinal et al., 2011). The orientation of Mercury’s spin axis is described by the
right ascension α0 and declination δ0 of the intercept of the rotational axis vector
with the celestial sphere. The precession of the spin axis is predicted to have a
period of around 300,000 years (Yseboodt and Margot, 2006; Stark et al., 2015) and
is described by α1 and δ1 (expressed in degrees per unit time). The coordinates of
Mercury’s north pole with respect to the ICRF at a given time t are given by the
angles

α(t) = α0 + α1t and δ(t) = δ0 + δ1t , (1)

where the time is measured with respect to the J2000.0 epoch. The rotation of the
planet around its spin axis is described by

ω(t) = ω0 + ω1t + ∑
k

g(88/k) sin(kn0(t + t0)) , (2)
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where ω0 is the prime meridian constant, ω1 is the rotation rate, and the last term
is the physical libration in longitude (Margot, 2009; Yseboodt et al., 2010). The latter
is composed from the superposition of k harmonics of the orbital frequency. The
libration is parameterized by the amplitude of the kth harmonic g(88/k), the mean
motion n0 = 4.09233445◦/day, and the time offset that ties the libration phase
to the J2000.0 epoch, t0 = 42.71182 days. The amplitudes of the harmonics are
related by

g(88/(k+1)) = g(88/k)
G(2 0 1)(k + 1, e)

G(2 0 1)(k, e)
, (3)

where G(2 0 1)(k, e) = (G(2 0 1−k)(e) − G(2 0 1+k)(e))/k2 is the difference between
two Kaula eccentricity functions (Kaula, 2000) and e = 0.2056317 is Mercury’s
orbital eccentricity (Stark et al., 2015). Given the amplitude of the fundamental
frequency g88, the amplitudes of the higher harmonics can be derived with Eq. 3.
The sum in Eq. 2 is truncated at k = 5, neglecting libration terms with amplitudes
below 10−3 arc sec.

In our treatment of the rotation of the planet we neglected any long-term
(more than 88 days) longitudinal librations. It is expected that because of a reso-
nance effect the perturbation of Mercury’s orbit by Jupiter can lead to an 11.86-yr
libration with an amplitude comparable to that of the annual libration (Peale et al.,
2007; Yseboodt et al., 2010). However, during the observation time considered in
this work any long-term libration will appear only as an increase or decrease of
the mean spin rate ω1, which is already a parameter of the model. The same
holds for the precession rates, which we do not attempt to determine but assume
to be fixed at α1 = −0.032808◦ per century and δ1 = −0.0048464◦ per century
(Stark et al., 2015). Any changes in the value of the prime meridian constant ω0

are equivalent to a rotation around the polar axis. This rotation will be treated
elsewhere, and the prime meridian constant is fixed at ω0 = 329.5469◦.

4 Simulation of topographic observations

The simulation, outlined in Fig. 1, was conducted as follows. First, from a user-
defined rotation model (Table 1), body-fixed coordinates of the MLA footprints
were obtained. At these positions we determined the corresponding heights from
the stereo DTM derived from MDIS images. We then performed a simulation of
MLA measurements across this DTM. To obtain a realistic simulation, we started
with the known spacecraft position and attitude and applied typical errors to
both quantities (see Section 4.1). To account for the higher spatial resolution of
the MLA measurements, we simulated short-wavelength topography by signal
synthesis from a random but appropriately distributed power spectrum for to-
pography (see Section 4.2). Finally, as the DTM is also part of the simulation,
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we applied a similarity transformation to the DTM, leading to different reference
systems for the laser footprints and the DTM. From the simulation we obtained
a set of simulated laser profiles and a stereo DTM, which were used for the co-
registration and the recovery of rotational parameters (see Section 5).

4.1 Errors in spacecraft position and attitude

The conditions on spacecraft navigation and instrument operation in orbit about
Mercury are challenging. The spacecraft is affected by strong and variable so-
lar radiation and planetary thermal flux. The spacecraft must keep its sunshade
pointed toward the Sun to within a tolerance of ±10◦ in pitch and yaw, and a se-
ries of attitude changes, many of which result in off-nadir pointing for the MLA,
must be performed on every orbit. These off-nadir observations have greater un-
certainties in the laser footprint positions. Further, precise orbit information is
mandatory to transform laser range measurements to heights on the planet. The
reconstruction of MESSENGER’s orbit position is complicated by the spacecraft’s
eccentric orbit and limitations to radio-tracking observations arising from prox-
imity to the Sun. All of these systematic errors can influence the estimation of the
rotational parameters.

Typically, cross- and along-track orbit errors are higher than the radial errors.
We conservatively assume that radial errors are smaller than 10 m and lateral
position errors are smaller than 250 m (Srinivasan et al., 2007). The uncertainty
in the spacecraft attitude over an observation time of 0.1 s (pointing jitter) is as-
sumed to be smaller than 15 µrad, and the attitude knowledge error is assumed
to be smaller than 250 µrad (Santo et al., 2001). The post-launch alignment of MLA
with respect to a spacecraft-fixed coordinate system was determined with passive
scans during MESSENGER’s Earth flyby in 2005 (Smith et al., 2006). We assume
that the remaining alignment error is approximately 500 µrad. Because attitude
knowledge and alignment error can compensate each other, a conservative esti-
mate of the total MLA boresight error is given by

√
(250 µrad)2 + (500 µrad)2 =

560 µrad. All errors are given by one standard deviation (1σ), i.e., a 68% confi-
dence level, and are assumed to follow a Gaussian distribution.

The spacecraft position and attitude errors are presumed to remain fixed with-
in the short (< 11 min) acquisition time of an individual laser altimeter profile
over the stereo DTM. The consideration of measurement conditions allows us to
simulate possible correlations between the observational uncertainties and the
rotational parameters.
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4.2 High-resolution topography

Because MLA measurements typically are superior in height resolution to the
stereo-derived DTM, we generated artificial high-resolution topography (on the
scale of the laser footprint) beyond the resolution of the DTM. Following meth-
ods described by Preusker et al. (2011), we first derived the "effective resolution"
of the stereo DTM by comparing it with the laser profiles. For the DTM under
study with its grid size of 222 m we obtained an effective horizontal resolution of
3.8 km. For further insight, we co-registered actual MLA profiles and the stereo
DTM (see Section 5) and performed a Fourier analysis of the residuals. In the fre-
quency spectrum we can observe two regimes (Fig. 3, top) that are separated by
the effective DTM resolution. Short-wavelength topography, not realized in the
DTM, follows a power-law relation between wavelength and amplitude, whereas
residuals at longer wavelengths produce approximately white noise in the spec-
trum.

We generated synthetic laser altimeter measurements for each MLA profile
from randomly generated power spectra having variances that obey the power-
wavelength relationship we found from actual data (see Fig. 3, top). After signal
synthesis from the spectrum, we obtained simulated height residuals for each
MLA "measurement". By adding these residuals to the DTM heights, we pro-
duced a laser profile that follows the DTM heights but has an additional synthetic
topography with a much finer artificial resolution than the effective resolution of
the DTM (Fig. 3, bottom).

4.3 Stereo model

We applied offsets to the stereo DTM, as they are typically observed in stereo im-
age processing. In particular, we carried out a seven-parameter similarity trans-
formation, and we shifted the DTM by a three-dimensional offset vector and
applied a rotation and scaling (see Section 5). The offset vector is (tx, ty, tz) =

(400 m, 200 m,−700 m). The quaternion forming the similarity transformation is
(q0, q1, q2, q3) = (1.0002, 0.00004, 0.00005, 0.0006). This quaternion corresponds
to a scaling factor of 1.0004 and a sequential rotation of about 16.5 arc sec, 20.6
arc sec, and 24.7 arc sec around the x-, y-, and z-axes of the body-fixed Mercury
frame, respectively, where the x-, y-, and z-axes are in the direction 0◦N, 0◦E;
0◦N, 90◦E; and 90◦N from the planet center, respectively. This transformation
accounts for the different observational and instrumental errors of the MDIS and
MLA instruments. The effect of this assumed deformation on height residuals is
visualized in Fig. 4 (left panels).
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Figure 3: (Top) Averaged power spectrum of the height residuals of MLA profiles
along the stereo DTM obtained by a discrete Fourier transform. The red line
marks the position of the "effective resolution" of the DTM at 3.8 km. (Bottom)
Simulated laser altimeter profile (green) along with actual MLA measurements
(red) and stereo DTM heights (black). The inset shows a zoomed view of a portion
of the profile; the arrow indicates the "effective resolution" of the DTM.
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5 Determination of rotational parameters

In the next step, we used the generated synthetic data and attempted to recover
the rotational parameters. The key to this step is the co-registration of laser al-
timeter tracks to the stereo DTM. Thereby we relate a time-dependent, spatially
distributed set of laser altimeter footprints to a static and rigid stereo DTM.

Several techniques for co-registration or comparison of laser altimetry and
photogrammetrically derived topography have been proposed (e.g., Habib and
Schenk (1999); Baltsavias (1999); Postolov et al. (1999)). Such techniques have been
successfully applied to laser altimeter data and stereo topographic models for
Mars and the Moon (Lin et al., 2010; Wu et al., 2013; Gläser et al., 2013). In this
work we generalized and extended the method developed by Gläser et al. (2013)
to the determination of dynamical parameters of a rotating body.

The goal of the co-registration is to find a transformation that relates the refer-
ence system of the laser altimeter tracks to the reference system of the stereo DTM.
Our approach is to co-register points in three dimensions to a quasi-continuous
representation of the surface. For this reason we prefer to solve for the trans-
formation from the laser altimeter points, rLA, to the stereo DTM points, rDTM, al-
though it is the laser altimetry that provides a reliable absolute reference. After
the co-registration is performed, it is straightforward to transform the stereo DTM
points to the reference frame of the laser altimeter points.

In order to perform the co-registration we assume that the data sets are re-
lated by a three-dimensional similarity transformation with seven parameters: a
scaling factor, three rotations, and a translation vector t = (tx, ty, tz). The scal-
ing and the rotations are performed by the matrix Rq , which is parameterized
by a quaternion q = (q0, q1, q2, q3). The seven parameters of the transformation
are pDTM = (q0, q1, q2, q3, tx, ty, tz). The transformed laser altimeter points ri

tLA are
given by

ri
tLA = Rq

(
ri

LA + t
)

, (4)

where i is the index for each of the n laser altimeter points used in the co-registra-
tion. The body-fixed coordinates of the laser altimeter points ri

LA are calculated
via a rotation matrix R from the inertial points ri

iLA by ri
LA = R ri

iLA. The rotation
matrix R, i.e., a unitary transformation from inertial to body-fixed coordinates, is
a composite of three rotations

R = Rz(ω(ti))Rx(δ(ti))Rz(α(ti)) , (5)

where Rx and Rz are rotations around the X- and Z-axes of the ICRF inertial
frame, respectively. The time-dependent angles α, δ, and ω define a rotation
model (Eqs. 1 and 2) and are evaluated at the time ti when the laser pulse
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hits the surface. The rotation parameters are prot = (α0, δ0, ω1, g88). Conse-
quently, the transformed points are related to the inertial laser altimeter points
by ri

tLA = Rq(R ri
iLA + t).

When an optimal set of parameters is found, the radial component of the
transformed points

∣∣ri
tLA

∣∣ should be identical to the DTM heights, ri
DTM =

∣∣ri
DTM

∣∣.
We use radial differences as residuals to be minimized. Hence, the functional
model g(p) for the co-registration is given by

gi(p) = ri
DTM(λ

i(p), φi(p))−
∣∣∣ri

tLA(p)
∣∣∣ , (6)

where p = (prot, pDTM) is the parameter vector containing the transformation pDTM

and the rotation parameters prot. The DTM heights ri
DTM are obtained at the coor-

dinates of the transformed points, ri
tLA, i.e., the latitude λi and longitude φi. These

coordinates are obtained from the inertial coordinates ri
iLA and the rotation param-

eters prot.
The optimal parameters of this heavily overdetermined problem are obtained

iteratively from (Tarantola and Valette, 1982)

pk+1 = pk −
(

GkC−1
g GT

k

)−1
GT

kC−1
g g(pk) , (7)

where Cg is the weighting matrix of the observations (see Section 6), and T de-
notes transpose. The matrix of partial derivatives G is built from the gradients of
the stereo DTM heights

Gij =
∂gi(p)

∂pj
=

(
∂ri

DTM

∂λ

)
∂λ

∂pj
+

(
∂ri

DTM

∂φ

)
∂φ

∂pj
− ∂

∣∣ri
tLA

∣∣
∂pj

(8)

and is recalculated every iteration. By using ri
tLA = (x, y, z), r =

∣∣ri
tLA

∣∣, ρ =√
x2 + y2, λ = arcsin(z/r), and, φ = arctan(y, x) we obtain

Gij =



(

∂ri
DTM

∂λ

)
1

r2ρ




−zx

−zy

ρ2


+

(
∂ri

DTM

∂φ

)
1
ρ2




−y

x

0


− 1

r




x

y

z





 · ∂ ri

tLA

∂pj
. (9)

In order to compute the sub-pixel DTM heights ri
DTM(λ, φ) and the height gra-

dients ∂ri
DTM/∂λ and ∂ri

DTM/∂φ, an interpolation technique is applied. The nearest
DTM grid element to the coordinates of the laser footprint (λ, φ) is treated as
the central grid element. The eight neighboring pixels surrounding the central
pixel are used for interpolation. Height differences on the edge of the DTM or
in the vicinity of data gaps that do not have eight neighbors are discarded. As
described in Section 4.2, the effective resolution of the DTM is approximately an
order of magnitude larger than the size of the DTM grid elements. Thus, the to-
pography within the 3 × 3 patch is sufficiently described by a sloped plane, the
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parameters of which are determined by a least-squares estimation. From the fit-
ted plane, sub-pixel DTM heights can be extracted at any coordinate pair, and the
normal vector of the plane gives the required gradient.

The height differences g(p) = (g1(p), . . . , gn(p)) may contain extreme out-
liers, caused, for example, by false detections of laser pulses, or small-scale to-
pographic features (e.g., craters) not seen in the stereo DTM. These points can
substantially bias the co-registration procedure. Thus, we exclude all observa-
tions that are predicted to occur with a probability of less than 1% (3σ threshold).
For the initial iteration, the threshold is set to 5 km. At each subsequent itera-
tion step, the threshold criterion is reevaluated to see if measurements that were
excluded at the beginning could be incorporated into subsequent co-registration
steps.

Because the co-registration is a non-linear method, and thus requires an initial
guess of the solution parameters, we initialized the parameters with the assumed
(current best estimates) values and performed five iterations to let the parameters
evolve to their final values. Given that the improvement in the root mean square
(RMS) residual for the subsequent iteration was under the centimeter level, we
found five iterations to be sufficient. Starting from different initial values did not
change the results but increased the number of iterations needed.

6 Data weighting and error estimation

The data used in the co-registration can be weighted in a variety of ways to ac-
count for the quality of the measurements. Laser altimeter measurements per-
formed on sloped surfaces, for instance, or at off-nadir orientations are prone
to higher errors in the range estimation. These uncertainties can be considered
through the covariance of the height differences Cg. Our observations are the in-
ertial laser altimeter footprint coordinates and DTM heights, and we must prop-
agate the uncertainties in the observations to the height differences. The observa-
tions vector h is composed of

h =
(

λ1
iLA, . . . , λn

iLA, φ1
iLA, . . . , φn

iLA, r1
iLA, . . . , rn

iLA, r1
DTM, . . . , rm

DTM

)
, (10)

where (λiLA, φiLA, riLA) are the coordinates and height of the laser footprint in the
inertial frame and ri

DTM are the DTM heights used in the interpolation of the sub-
pixel DTM heights. Individual DTM heights can be used to compute more than
one observation as a result of the interpolation technique applied to the DTM.
Thus, the number of DTM pixels m is different from the number of laser footprints
n. This situation leads to a block structure of the weighting matrix and reflects
correlations among the observations. To calculate the weighting matrix Cg we
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have to propagate the errors in the observed quantities to the height differences
by means of

Cg = TT
hChTh , (11)

where Th is the matrix of partial derivatives [Th]ij = ∂gi/∂hj of the height differ-
ences with respect to the observations h, and Ch is the covariance of the observa-
tions. The variances of the observations are

σ2(λi
iLA) =

(ri
s/cσp)2 + (σoλ)

2

R2 , (12)

σ2(φi
iLA) =

(ri
s/cσp)2 + (σ2

oφ)
2

(R cos λi)2 , (13)

σ2(ri
iLA) = (σor)

2 + (σi
h)

2 , (14)

where ri
s/c is the range distance from the spacecraft (s/c) to the laser footprint,

and R = 2440 km is Mercury’s mean radius. We set the uncertainties in the
observations according to the simulation (see Section 4). The pointing error is
σp = 560 µrad, the lateral orbit error is σoλ = σoφ = 250 m, and the radial orbital
error is σor = 10 m. σi

h = ri
s/cσp sin ϕi for an off-nadir angle ϕi. The DTM pixel

error is σ(ri
DTM) = 60 m.

The quantity Cp = (GTC−1
g G)−1 gives the precision achievable with the given

data but provides no information on the accuracy of the solved parameters. How-
ever, we can estimate the accuracy of the proposed method and the underlying
data by performing several simulations and calculating the differences between
the estimated and the assumed rotational parameters.

We performed 100 different simulations of laser altimeter measurements and
estimated the covariance from

[
Ĉp
]

ij =
1

99

100

∑
n=1

(pn
i − p∗i )(pn

j − p∗j ) , (15)

where pn
i is the value of the ith parameter of the nth simulation, and p∗j is the jth

assumed parameter. The expected value p̂ of the parameters from the simulations
is obtained from p̂ = 1/100 ∑100

n=1 pn. Comparison of the error estimates derived
from Ĉp with the errors derived from the formal covariance Cp shows that the
formal errors underestimate the actual errors by a factor of 20.

7 Results

A comparison of the "assumed" parameters p∗ with the parameters "estimated"
from the simulations p̂ as well as the parameter errors obtained with Eq. 15 are
shown in Table 1. The results indicate that the rotational parameters were deter-
mined with high accuracy. The orientation of the spin axis was estimated with an
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Table 1: Simulated and estimated values for the rotational parameters.

simulated estimated error (1σ)

α0 [
◦] 281.001030 281.0101 0.0012

δ0 [
◦] 61.41550 61.41578 0.00072

ω1 [
◦/day] 6.1385025 6.1385025 0.0000038

g88 [arc sec] 38.5 38.1 4.6

Notes: α0 and δ0 define the orientation of the spin axis at J2000.0, ω1 is the spin rate, and g88

is the libration amplitude. The assumed values are taken from the most recent observations by
Earth-based radar (Margot et al., 2012). The estimated 1σ errors were calculated from Eq. 15. The
precession rates α1 and δ1 as well as the prime meridian ω0 were treated as constants.

accuracy of approximately 3 arc sec. Converting the coordinates of the rotation
axis to the obliquity, we obtain (2.024± 0.042) arc min, a value in agreement with
the simulated value of 2.041 arc min.

The spin rate parameter ω1 contains the highest number of significant figures
among the parameters and again shows very good agreement between simulated
and assumed values. The estimated 1σ uncertainty is only 5 arc sec per year. Thus
with the stable body-fixed reference provided through the stereo DTM, it is possi-
ble to measure precisely the spin rate and even track its small variation with time,
i.e., the libration in longitude. The libration amplitude g88 has an estimated un-
certainty of 4.6 arc sec, which corresponds to only 54 m at the equator. Hence, we
can confirm that our method and the given data set lead to accurate estimations.

The co-registration involves 11 parameters (four rotational and seven similar-
ity transformation parameters) determined from about 2.16 million of observed
height differences. To study the performance of the co-registration we show the
height differences before and after co-registration (Fig. 4). The RMS height dif-
ference was initially 205 m and decreased to 96 m after co-registration. This final
height difference RMS is consistent with the RMS value for simulated heights
of 92 m. Furthermore, it can be observed in Fig. 4 that tilts and vertical offsets
are minimized during the co-registration process. The lateral offsets between the
data sets, which cause relief-like signatures in the height residuals, are removed
as well. It is worthwhile to determine the number of observations required to
obtain a given accuracy for the parameter estimates. The significance of a param-

eter in a regression is determined by its t − statistic = ∆pi/
√
[Ĉp]ii, where ∆pi

is a defined significance of the ith parameter and [Ĉp]ii the corresponding esti-
mated variance. We define the significance levels (95%) as follows: 30 arc sec for
the right ascension α0, 15 arc sec for the declination δ0, 15 arc sec for the libration
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Figure 4: Histogram and map of height residuals before (left) and after (right)
co-registration. The map shows the same region as in Fig. 2.

52



RESEARCH PAPER II – CO-REGISTRATION METHOD

g

Figure 5: t-statistic of rotational parameters as a function of observation time
(dashed: α0; dotted: δ0 solid: ω1; dot-dashed: g88). The parameter significance
values are defined in the text. The gray shaded area indicates significance levels
less than 95%.

amplitude g88, and 30 arc sec per year (0.000023◦/ day) for the spin rate ω1. Fig. 5
visualizes the t-statistic as a function of observation time for the several rotational
parameters. The error estimates were obtained with Eq. 15 and appropriately
shortened versions of the 100 simulations of laser altimeter measurements. The
step size was thereby 50 days (almost one Mercury rotation period). A correction
of 15 arc sec (177 m) in the pole position reaches a 95% level of significance after
an observing time of approximately 150 (Earth) days. The spin rate and the libra-
tion amplitude require the longest observing times (approximately 400 and 250
days, respectively) to become significant at the defined levels. Thus, observation
times of several Mercury sidereal days are mandatory to determine precisely the
rotation rate and its small oscillations. Whereas the significance of the libration
amplitude parameter increases only slowly over time, the spin rate estimation
improves quickly, benefiting from any included observations. Note that the sig-
nificance of the rotational parameters is not only a function of the observing time
but also of DTM quality. A stereo DTM with a higher resolution or higher spatial
coverage would lead to more accurate estimates within a given observation time.
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8 Discussion and conclusion

We have demonstrated that it is feasible to determine Mercury’s rotational pa-
rameters from image and laser altimeter data acquired by the MESSENGER
spacecraft. An extensive simulation of observational data verified that the pa-
rameters are estimated correctly by our method.

As an additional benefit, our approach allows the establishment of a global
control for individual stereo topographic models by connection through laser al-
timeter profiles or sparse topographic data, e.g., limb profiles (Elgner et al., 2014)
in the southern hemisphere, where MLA data are not generally available. Al-
though the co-registration method transforms the control points (laser or limb
profiles) into the reference frame of the DTM, it is straightforward to compute the
inverse transformation that transforms the DTM to the control points. Once co-
registration is performed, it is easy to detect outliers and achieve improvements
in either of the two data sets. Additional observations, e.g., height differences at
intersecting laser profiles (cross-overs), in combination with the co-registration to
the stereo DTM, can lead to a substantial increase in the accuracy of the rotational
parameters.

The actual data collected by the MESSENGER spacecraft corresponds to a sin-
gle run of the simulation performed in this study. Thus, the measurements once
obtained by the spacecraft cannot be repeated, and any systematic errors may
not be evident. We do not correct for systematic errors, but rather we assume
that over a long time span the effect of the systematic errors on the rotational
parameters can be approximated as random. With the method of this paper we
could learn how these errors translate into uncertainties in the rotational param-
eters and verify that the estimated parameters are unbiased. Usage of additional
stereo DTMs (Preusker et al., 2014) at different locations on Mercury can substan-
tially increase the precision of the estimation. The determination of the orienta-
tion of the spin axis can benefit in particular from the extensive MLA coverage at
high northern latitudes. Furthermore, a detailed study of the quality of the ob-
servational data can be expected to improve the results of parameter estimation.
Visual inspection of the height residuals may help to identify systematic errors or
outliers.

We see great potential for the method presented here for determining rota-
tional parameters of Mercury from MESSENGER data. Moreover, the formalism
developed here is also suitable for other celestial bodies, for which laser altime-
try data in combination with stereo topographic models are available or will be
in the near future.
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Abstract

We have co-registered laser altimeter profiles from three years of MESSEN-
GER orbital observations with stereo digital terrain models to infer the rota-
tion parameters for the planet Mercury. In particular, we provide the first
observations of Mercury’s librations from orbit. We have also confirmed
available estimates for the orientation of the spin axis and the mean rota-
tion rate of the planet. We find a large libration amplitude of 38.9± 1.3 arc
seconds and an obliquity of the spin axis of 2.029 ± 0.085 arc minutes, re-
sults confirming that Mercury possesses a liquid outer core. The mean rota-
tion rate is observed to be (6.13851804± 9.4× 10−7)◦/ day (a spin period of
58.6460768 days± 0.78 s), significantly higher than the expected resonant ro-
tation rate. As a possible explanation we suggest that Mercury is undergoing
long-period librational motion, related to planetary perturbations of its orbit.
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1 Introduction

Mercury, moving deep in the gravitational field of the Sun, exhibits a distinctive
rotation state. Its rotation is locked in a 3:2 spin-orbit resonance. Both the spin
axis and the orbit-plane normal precess around the instantaneous Laplace-plane
normal with a period near 330,000 years. In addition, action of the tidal torque
of the Sun on the asymmetric mass distribution of the planet forces a physical
libration in longitude, i.e., a small oscillation about the mean rotation. Measure-
ment of the rotational state of Mercury, in combination with gravity field data,
allows a determination of the size and state of Mercury’s core (Peale, 1972, 1988;
Margot et al., 2007, 2012; Smith et al., 2012; Hauck et al., 2013; Rivoldini et al., 2009;
Smith et al., 2012; Hauck et al., 2013; Rivoldini and Van Hoolst, 2013; Dumberry and
Rivoldini, 2015).

The first accurate observations of Mercury’s rotation (Pettengill and Dyce, 1965)
demonstrated the distinctive resonance of the planet. On the basis of Mariner
10 images the rotation period was constrained to 58.6461± 0.005 days (Klaasen,
1976). More recently, Earth-based radar measurements of Mercury’s obliquity
and the amplitude of its forced libration (Margot et al., 2007) indicated that Mer-
cury possesses a liquid core that is decoupled from the mantle on the 88-day
timescale of the librations. However, the implications for the interior of Mer-
cury from those radar observations were limited by uncertainties in the long-
wavelength gravity field of the planet derived from Mariner 10 tracking observa-
tions. After the insertion of the MESSENGER spacecraft into orbit about Mercury
in 2011, spacecraft Doppler and ranging measurements yielded precise estimates
of Mercury’s gravity field, particularly the coefficients of the terms of low degree
and order in a spherical harmonic expansion of that field (Mazarico et al., 2014).

In this paper, we make use of orbital image and laser altimeter data acquired
by MESSENGER to take a fresh look at the rotational state of Mercury. In partic-
ular, we report on the first determination of Mercury’s librations from orbital ob-
servations. Our results validate those from Earth-based radar measurements by
Margot et al. (2012). We also update Mercury’s spin axis orientation and rotation
rate parameters. The estimation of Mercury’s obliquity and libration amplitude
is performed using a novel approach (Stark et al., 2015a) by which we co-register
laser altimeter profiles acquired over the three years of MESSENGER orbital op-
erations to large-area topographic models derived from images by stereo pho-
togrammetry.
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2 Data preparation

The Mercury Dual Imaging System (MDIS) (Hawkins et al., 2007) acquired more
than 200,000 images during three years of observations, providing multiple cov-
erage for nearly the entire surface at high resolution (better than 250 m/pixel). In
contrast, data from the Mercury Laser Altimeter (MLA) (Cavanaugh et al., 2007)
are largely confined to the northern hemisphere, as a result of limits on ranging
distance and MESSENGER’s highly eccentric, near-polar orbit.

We computed digital terrain models (DTMs) from stereo images following es-
tablished procedures (Gwinner et al., 2010; Preusker et al., 2011; Oberst et al., 2014)
that included image correlation and least-squares block adjustment techniques.
We combined at least three overlapping images to overcome uncertainties in
spacecraft orbit, camera pointing direction, and calibration parameters, and con-
sequently we obtained terrain models with very high internal robustness. De-
spite that geometric consistency, the stereo terrain models may have lateral and
vertical offsets with respect to Mercury’s center of mass. These global offsets are
caused by residual uncertainties in spacecraft position and attitude (including
camera pointing for individual images), as well as intrinsic camera calibration
parameters. We produced 165 individual gridded DTMs (all at a grid size of
222 m/pixel) that cover approximately 50% of the northern hemisphere (Figure
1) with an average height error of 60 m. There are gaps in the image coverage
because several geometric constraints (e.g., image resolution, incidence angle of
sunlight, and stereo angle) must be satisfied in order to assemble stereo images.
The topography in each DTM is expressed as height above a reference sphere of
radius 2440 km.

The laser profiles acquired by the MLA instrument are highly complementary
to the stereo DTMs. We used three years of MLA observations (29 March 2011 to
31 March 2014), including 2325 laser profiles across the northern hemisphere of
Mercury (Figure 1). The highest density of data is in the north polar area, where
the altimeter profiles converge. The nominal ranging accuracy is on the order
of 1 m (Cavanaugh et al., 2007) and increases with ranging distance and off-nadir
pointing. The profiles were obtained continuously, except for approximately two
weeks in each Mercury orbit cycle. During those two weeks the spacecraft pe-
riapsis was over the dayside of Mercury, and the MLA was turned off to limit
instrument temperature. At least two laser profiles per 24-h period (three profiles
per day after the first year in orbit) were obtained, and observations covering
more than 12 Mercury libration cycles (every ≈ 88 days) and 18 Mercury rotation
cycles (every ≈ 59 days) are available for the analysis.
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The comparison between laser altimeter observations acquired over a wide
range of times and robust stereo DTMs with broad coverage and high spatial
resolution is highly sensitive to rotational parameters for the planet.

3 Method

Our approach is to co-register the time-dependent spatially distributed network
of laser altimeter profiles to the static topography of the stereo models. We com-
pute the coordinates of the laser footprints in an inertial frame, i.e., the Interna-
tional Celestial Reference Frame (ICRF). The ICRF is approximately (to within
0.1 arc sec) the reference frame of the mean Earth equator and equinox of the
J2000.0 epoch (Archinal et al., 2011). Coverage by laser profiles at a variety of ro-
tation phases for Mercury allows us to determine all relevant parameters of the
rotational model. We may thereby determine parameters that minimize height
differences between laser altimeter measurements and the stereo DTMs. At the
same time, we determine the static transformation parameters for each of the 165
DTMs, i.e., offsets, rotation angles, and scaling factors. We use a non-linear least-
squares inversion to solve for the unknown parameters. Our observations are the
radial height differences between the two data sets. The functional model g(p) is
given by

g(p) = rDTM(λ(p), φ(p))− |rMLA(p)| , (1)

where rDTM(λ(p), φ(p)) is the height of the stereo DTM at the body-fixed latitude
λ and longitude φ of the laser footprint, and |rMLA(p)| is the height of the corre-
sponding laser footprint (see (Stark et al., 2015a) for more details). The parameter
vector p includes the set of rotation parameters and the DTM transformation pa-
rameters for each of the available 165 DTM tiles. In total, 1161 parameters are
determined from the co-registration.

The unknowns in the rotational model include the orientation of the rotational
axis with respect to the ICRF, the rotation rate, and the amplitude of the forced
libration at an 88 day period. In addition, we introduce two parameters to correct
the coordinates of Mercury’s center of mass within the planet’s equatorial plane,
a step needed because of small uncertainties in the ephemeris of Mercury.

For practical reasons the reference epoch for the rotational parameters is set
to a mid-term point of the MESSENGER orbital mission phase at MJD56353.5,
or 2 March 2013, 12:00:00 barycentric dynamical time (TDB), 4809 days after the
J2000.0 epoch. The precession of Mercury’s spin axis, not resolvable within the
duration of the MESSENGER orbital mission phase, is held fixed at

α1 = −0.032808◦/ century and δ1 = −0.0048464◦/ century
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for the right ascension and declination of the spin axis, respectively (Margot, 2009;
Stark et al., 2015b). Because Mercury is in a Cassini state (Peale, 1969), the spin
axis is fixed in the orbit frame of reference and precesses at the same rate as the
orbit. The precession of the spin axis is important, as during the three years of
MESSENGER observations considered here the spin axis precessed by 1.8 arcsec.
Given the precession rates, the spin axis orientation at the J2000.0 epoch can be
calculated for comparison.

We adopt a model for the annual longitudinal librations ϕlib, which follows
from the solution of the differential equation for tidal torque (Goldreich and Peale,
1966; Margot et al., 2007; Margot, 2009)

ϕlib = ∑
k

g88 sin(kn0(t + t0)) , (2)

where n0 = 4.09233445◦/ day is the mean motion of Mercury, t0 = (4809 +

42.71182)days defines the libration phase at the reference epoch, and g(88/k) de-
notes the amplitude of the kth harmonic of the libration. The amplitudes follow
a recursive relation

g(88/(k+1)) = g(88/k)
G(2 0 1)(k + 1, e)

G(2 0 1)(k, e)
(3)

where

G(2 0 1)(k, e) = [G(2 0 1−k)(e)− G(2 0 1+k)(e)]/k2 and G(2 0 1±k)(e)

are Kaula’s eccentricity functions (Kaula, 2000), and e = 0.2056317 is the orbital
eccentricity of Mercury (Stark et al., 2015b). We limit the libration model to five
harmonics, as we observed that the amplitudes of the higher-frequency terms (on
the order of 0.0001g88) are negligible.

In addition to the annual libration, there could be long-period librations with
periods of several years, resulting from periodic perturbations to Mercury’s orbit
by other planets or other mechanisms (see below). Although planetary pertur-
bations to Mercury’s orbit are relatively small, their effect can be enhanced when
their frequency is close to the free libration frequency of Mercury. However, con-
sidering the limited observational period of about 3 years, we are unable to track
these long-period librations. Instead, we have searched for small deviations of
Mercury’s spin rate from the resonant spin rate.

Other entries in the parameter vector p describe adjustments to the DTM tiles,
which include three rotation angles, three components of a translation vector,
and a scaling factor (Stark et al., 2015a) for each DTM tile. The static transforma-
tions allow for the co-registration of the data sets in the spatial domain, whereas
the adjustment of the rotational parameters ensures a proper alignment of the
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laser altimetry footprints at their observation time. Note that because the small
DTM tiles include regional topography the similarity transformation can be non-
unique, but with the inclusion of all seven transformation parameters we allow
maximal flexibility in the spatial co-registration. Because of the gaps in the stereo
coverage mentioned above, only 50% of the full set of MLA measurements can be
used in the estimation process. To obtain sub-pixel heights of the gridded DTMs
at the coordinates of the laser footprints we perform a bi-linear interpolation of
the DTM heights, whereby an area of 3× 3 pixels is approximated by an inclined
plane. This step is not a limitation given that the "effective resolution" of the
DTMs was determined to be as large as 3.8 km (Stark et al., 2015a).

In contrast to the stereo DTM data, which are coarse but fairly uniform in
height precision, the MLA data, although more precise, suffer from individual
uncertainties introduced by variations in ranging distance and occasional off-
nadir pointing. We therefore introduced a weighting scheme for each individ-
ual observation (see Stark et al. (2015a)). In addition, we introduced a threshold
to identify and remove extreme outliers (such as false detected laser pulses, or
small-scale topographic features not seen in the stereo DTM); the threshold is es-
timated from the standard deviation of the residuals from the preceding iteration
step.

We initiated the iterations with the rotational axis aligned with the orbit nor-
mal, the rotation rate set precisely to the resonant rotation rate of 6.138506839◦

per day, and the libration amplitude set to zero. The DTM transformation param-
eters were initialized under the assumption of perfect alignment of DTMs and
MLA data.

Although the parameter estimation procedure yields formal uncertainties
from the covariance matrix, we also derive more robust uncertainty estimations.
We performed 100 Monte Carlo simulations of artificial MLA observations over
the complete time span of three years treated here, and we derived uncertainties
in the unknowns from their distribution in the simulation results. To account for
the different resolution of the data sets we performed a synthesis of artificial laser
altimeter measurements derived from the topography of the stereo DTMs. Each
simulation was performed as follows. We started with the inertial spacecraft co-
ordinates immediately before the transmission of the laser pulse. With the nom-
inal information on spacecraft position and attitude, as well as laser pulse time
of flight, we obtained the height information from the DTM at the laser footprint
coordinates. Then, we added random errors to the nominal spacecraft position
and attitude and generated high-resolution topography from the DTM heights at
the nominal laser footprint locations. Thus, we obtained synthetic laser altime-
ter topography at perturbed laser footprint locations. The simulated observables
were then co-registered and led to slightly different best-fit parameters. More de-
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Table 1: Rotational parameters (observed) and corresponding in-
terior structural parameters (derived) for Mercury.

Quantity Value

Observed rotational parameters

Annual libration amplitude 38.9± 1.3 arc seconds

Mean rotation ratea (6.13851804± 9.4× 10−7)◦/day

Mean rotation perioda 58.6460768± 0.0000090 days

Right ascension of spin axisb 281.00980± 0.00088◦

Declination of spin axisb 61.4156± 0.0016◦

Obliquity of the spin axis 2.029± 0.085 arc minutes

Derived interior structure parametersc

(B− A)/Cm (2.206± 0.074)× 10−4

C/MR2 0.346± 0.011

Cm/C 0.421± 0.021

Cm/MR2 0.1458± 0.0049

Note: Gravitational parameters are from (Mazarico et al., 2014).
a

Mean value during the time between 29 March 2011 and 31 March
2014.

b
At J2000.0 with respect to the ICRF.

c
Under the assumption that there is no or at most a small solid inner
core.

tails on the simulation of topographic observables have been given by Stark et al.
(2015a). The covariance of the unknown parameters Ĉp is finally given by

[Ĉp]ij =
1

99

100

∑
k=1

(pk
i − p∗i )(pk

j − p∗j ) , (4)

where p∗i and pk
i denote the i-th best-fit parameters from the actual data and from

the k-th simulation of observations, respectively. The covariance matrix Ĉp is
used to calculate uncertainties for all derived quantities, such as the moment of
inertia values presented below.

4 Results

Following the inversion, we obtained a parameter set for the rotational model of
Mercury (Table 1). We performed 15 iterations and stopped the calculation when
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Figure 2: Right ascension (RA) and declination (DEC) of Mercury’s spin axis
in the ICRF (filled circle) and one- and two-standard deviation uncertainties
(shaded ellipses). The ground-based estimates of Margot et al. (2007) and Mar-
got et al. (2012) are shown by the triangle and square, respectively; one- and
two-standard-deviation errors are shown for the latter determination (dashed el-
lipses). The estimate inferred from the gravity field rotation (Mazarico et al., 2014)
is denoted by a diamond, and the errors shown are at one standard deviation.
The oblique line shows the predicted locations of Cassini state 1 from the val-
ues of Stark et al. (2015b), which are consistent with those of Yseboodt and Margot
(2006). All spin axis orientations correspond to the J2000.0 epoch.
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the improvement in the root mean squared residual was less than the centimeter
level. We determined an annual libration amplitude of g88 = 38.9± 1.3 arc sec-
onds, corresponding approximately to (460± 15)m at the equator. These values
are in agreement with the results from Earth-based radar observations (Margot
et al., 2012), cited as (38.5± 1.6) arc seconds. The absolute difference between the
two values is 0.4 arc seconds, well within the respective one-standard-deviation
errors. This high libration amplitude indicates that the rotation of Mercury’s crust
and mantle is decoupled from that of the fluid core (see below).

The mean rotation rate of Mercury was determined as (6.13851804 ± 9.4 ×
10−7)◦/day, higher by 14.72 arc seconds per year (or ≈ 2 ppm) than the expected
resonant rate of 6.1385068◦/day (Stark et al., 2015b). The estimated rotation rate
corresponds to a rotation period of (58.6460768± 0.0000090)days and is lower by
9.24 s than the resonant rotation period. The value obtained for the rotation rate
is also significantly higher than the value of 6.1385025◦/day currently adopted
by the International Astronomical Union (IAU) (Archinal et al., 2011), but it is
in agreement with the value estimated from Mariner 10 imaging of (6.13852 ±
0.00052)◦/day (Klaasen, 1976). Recent estimates derived from the rotation of the
gravity field of Mercury indicate a rotation rate of (6.13851079± 1.2× 10−6)◦/day
(Mazarico et al., 2014), also greater than the IAU value and the resonant rotation
value but not in agreement with our estimate.

At the reference epoch of MJD56353.5 the orientation of the spin axis of Mer-
cury’s mantle is obtained at α0(MJD56353.5) = 281.00548± 0.00088◦ in right as-
cension and δ0(MJD56353.5) = 61.4150± 0.0016◦ in declination with respect to
the ICRF. With precession as discussed above, we find α0 = 281.00980± 0.00088◦

and δ0 = 61.4156± 0.0016◦ at the J2000.0 epoch (Figure 4). The obliquity of the
spin axis with respect to the mean orbit normal (αOP

0 = 280.98797◦; δOP
0 = 61.4478◦)

is 2.029± 0.085 arc minutes. We find that the spin axis orientation is slightly off-
set by 1.7 arc seconds, but well within the error bounds, from the precise Cassini
state 1 position, known to within 0.3 arc seconds (Stark et al., 2015b). Again, all
data are in excellent agreement with Earth-based radar results (Margot et al., 2007,
2012) (Figure 4). The absolute angular deviation from the most recent Earth-based
result (Margot et al., 2012) is only 1 arc second. We observe somewhat larger val-
ues for the right ascension and declination of the spin axis than the gravity-based
estimates of Mazarico et al. (2014). However, given the large error in the gravity-
based estimate, further discussion of this difference in spin axis position is not
warranted.
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5 Implications and Discussion

The amplitude of the annual libration provides information on the coupling be-
tween the mantle and the core of the planet. For a molten outer core, the ro-
tation of outer core and mantle will be nearly fully decoupled, and a large li-
bration amplitude is possible. On the other hand, if the entire core is solid,
the mantle and core will have a common rotation, in which case a smaller li-
bration amplitude is expected. The observed large libration amplitude value of
g88 = (38.9± 1.3) arc seconds suggests at most limited coupling between mantle
and outer core, and we can compute the corresponding asymmetry of the mass
distribution within the planet from (Peale, 1972; Dumberry et al., 2013; Dumberry
and Rivoldini, 2015)

B− A
Cm

=
2g88

3G(2 0 1)(1, e)
(1 + ξ) , (5)

where A < B are the moments of inertia of the planet about the principal equato-
rial axes and Cm is the polar moment of inertia of the mantle and crust. The pa-
rameter ξ is a small correction that depends on the size of the solid inner core and
interior density structure (Veasey and Dumberry, 2011; Van Hoolst et al., 2012; Dumb-
erry et al., 2013; Dumberry and Rivoldini, 2015). The correction factor in equation
(5) is below the uncertainty in the libration amplitude g88 even for a large inner
core with a radius of about 1500 km (Van Hoolst et al., 2012; Dumberry et al., 2013).
Hence, we assume that the equatorial asymmetry is due to the mantle alone, and
we thereby neglect the coupling to a possible solid inner core, so ξ ≈ 0. From
our estimate of g88 we find a value of (B− A)/Cm = (2.206± 0.074)× 10−4. This
value provides an important constraint on the interior structure of the planet.

One possible explanation for the observation of a greater rotation rate than
the expected resonant rotation value is that the planet is undergoing forced long-
period librations, which modulate the mean rotation rate on timescales of several
years (Peale et al., 2007; Yseboodt et al., 2010, 2013). The amplitude of the long-
period libration is strongly related to the free libration frequency ω0 of the planet
(Yseboodt et al., 2010; Dumberry et al., 2013)

ω0 = n0

√
3G(2 0 1)(e)

B− A
Cm

, (6)

where G(2 0 1)(e) = 7/2e + 123/16e3 + O(e5) ≈ 0.654259. A large inner core can
significantly change the free libration frequency given in equation (6). Here we
discuss the case where Mercury has no or only a small solid inner core. The
observed value of the mass-distribution asymmetry (B− A)/Cm = (2.206 ±
0.074) × 10−4 indicates that the free libration frequency of Mercury is 0.5428±
0.0091 radians per year, corresponding to a period of 11.58± 0.19 years, close to
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the period of the orbital perturbations of Mercury’s orbit by Jupiter (11.864 years).
With the analytical model of Yseboodt et al. (2010) and given a damping time of the
free libration of about 2× 105 years (Peale, 2005), we searched for the free libration
frequency that would be consistent with the observed rotation rate. We find that
such high deviations from the resonant rate are possible only when they are reso-
nantly enhanced, i.e., when the free libration frequency of Mercury is close to the
frequency of the orbital perturbation. Because of its proximity to Jupiter’s orbital
frequency, a free libration frequency of 0.536 radians per year (11.725 years) could
lead to a sufficient enhancement of the effect of the small orbital perturbations of
Mercury’s orbit to be in agreement with the observed mean rotation rate. The
libration frequency inferred from long-period libration considerations (see sup-
plementary online material for more details) corresponds to a mass-distribution
asymmetry of (B− A)/Cm = 2.1498× 10−4. Note that this value is consistent
with our estimate from the annual libration amplitude g88 and the estimate by
Margot et al. (2012) to within the one-standard-deviation uncertainty. In addition
to forced longitudinal librations, free librations with large amplitudes are also
theoretically possible under the condition of small internal dissipation or recent
excitation. This discussion, of course, was of only one possible explanation for an
increased rotation rate. Other mechanisms such as contributions from the solid
inner core (Dumberry, 2011; Van Hoolst et al., 2012; Dumberry et al., 2013; Yseboodt
et al., 2013) or turbulent convection in the fluid core (Koning and Dumberry, 2013)
can also affect the rotation rate.

Peale et al. (2014) considered several coupling mechanisms between the core
and the mantle, any of which could lead to a mantle spin orientation that lags the
precise Cassini state 1. Further, the small offset from the precise Cassini state 1
may represent the signature of a free precession. Nonetheless, the parameters of
Cassini state 1 fall within the uncertainties in our estimate of the spin axis orien-
tation. Further work is needed to understand the interplay of different torques
acting on the mantle and the core, as well as the Cassini state 1 position (see (Peale
et al., 2015) for a discussion of the consequences of a solid inner core on Mercury’s
spin axis orientation).

From the observed obliquity of 2.029± 0.085 arc minutes we can compute the
normalized polar moment of inertia of the planet C/MR2, where M is the mass of
the planet and R its mean radius. We use equation (4) of Peale (1981) and µ sin ι =

2.8645× 10−6/ year and µ cos ι = 18.9× 10−6/ year (Stark et al., 2015b), where µ is
the precession rate of the mean orbital plane and ι is the angle between the orbital
plane and the Laplace plane. Further, we use the most recent estimates for the
gravitational coefficients J2 = (5.03216± 0.00093)× 10−6 and C22 = (0.80389±
0.00019)× 10−6 (Mazarico et al., 2014). We obtain a polar moment of inertia of the
planet of C/MR2 = 0.346± 0.011.
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Figure 3: Mercury’s normalized polar moment of inertia C/MR2 and the frac-
tional moment of inertia of the mantle and crust Cm/C as inferred from mea-
sured values for libration amplitude and obliquity (filled circle). The ellipses
denote one- and two-standard-deviation uncertainties. The square and the di-
amond with dashed one-standard deviation uncertainties show the estimates of
Margot et al. (2012) and Mazarico et al. (2014), respectively.

From the identity relation (Peale, 1972; Margot et al., 2012)

Cm

C
= 4C22

MR2

C
Cm

B− A
, (7)

and our value for C/MR2 and (B − A)/Cm, we can compute the ratio Cm/C
between the polar moment of inertia of the outer rigid shell Cm and that of
the entire planet C. We find a value Cm/C = 0.421 ± 0.021 and consequently
Cm/MR2 = 0.1458 ± 0.0049 (Figure 5). The covariance between C/MR2 and
Cm/C is −8.04 × 10−5. These results are again in very good agreement with
those derived from Earth-based estimates of obliquity and libration amplitude
by (Margot et al., 2012) and the gravity field of Mazarico et al. (2014).

The derived values for the moment of inertia form first-order constraints for
the interior structure of Mercury. Given the total mass and shape of Mercury
(Perry et al., 2015) one can constrain the densities of the core and the mantle, as
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well as the location of the core-mantle boundary. Models for the interior struc-
ture of Mercury treat distinct crustal and mantle layers, the possibility of compo-
sitional layering in the mantle, the ellipticity of layer boundaries, and the effects
of a possible solid inner core (Smith et al., 2012; Hauck et al., 2013; Rivoldini and
Van Hoolst, 2013; Dumberry and Rivoldini, 2015). The tidal Love number k2, re-
cently determined from MESSENGER’s radio science data (Mazarico et al., 2014),
can provide an additional constraint on the structure and rheology of the plane-
tary interior (Padovan et al., 2014).

For our analysis we used only three years of MLA observations and a small
fraction of processed images. Expanding the data sets and elaborating the co-
registration method (Stark et al., 2015a) by the use of crossover points on laser
profiles are warranted in future applications of the methods applied here. Use
of crossovers may provide additional constraints, which could further reduce the
uncertainties in the rotational parameters. Our estimates of the uncertainties in
the rotational parameters are based on a pessimistic scenario with a relatively
poor knowledge of the position and attitude of the spacecraft and its alignment
to MLA. Nonetheless, because of the combination of data from varying observa-
tion conditions in our analysis, e.g., variations in the distance of MESSENGER
to Mercury’s surface from 200 km to 1790 km, we expect that the estimation of
rotational parameters presented here is robust.

6 Conclusion

With laser altimetry and imaging data from the MESSENGER spacecraft we pro-
vide the first orbital measurement of the amplitude of the annual libration of Mer-
cury. Further, we obtain values for the mean rotation rate and the orientation of
the spin axis. The results are in excellent agreement with existing estimates from
ground-based radar observations (Margot et al., 2007, 2012) and measurements of
the rotation of the gravity field (Mazarico et al., 2014). Considering that the MES-
SENGER spacecraft operated for more than an additional year beyond the data
treated in this paper, further refinement of Mercury’s rotational parameters can
be expected from future analysis with the full set of orbital observations.

Supplementary Material

Introduction

We provide further details here on the interpretation of the measured rotation rate
of Mercury. We also give a rotation model with long-period libration components.
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Figure 4: Plot of equation (12) (red line) as a function of (B − A)/Cm. The un-
certainties in the measured spin rate φ1 are denoted by dashed red lines. Shown,
in addition, are the (B − A)/Cm values from the amplitude of the annual libra-
tion (blue vertical line), from Margot et al. (2012) (green vertical line), and from
the long-period libration (red vertical line) and their corresponding uncertainties
(one standard deviation, horizontal bands).

Text S1

In order to obtain a model-independent estimate of the spin of Mercury we con-
sidered only a deviation of the spin rate from the resonant spin rate value. In
particular, the rotation angle φ(t) around the spin axis is modelled as

φ(t) = φ∗
0 + φ1t + φlib(t), (8)

where φ∗
0 is the effective prime meridian constant, φ1 the mean spin rate during

the period of observations, and φlib the annual libration model given by equation
(2). We can consider a long-period libration model, which can treat the deviation
of the measured spin rate φ1 from the resonant spin rate φ

(3/2)
1 by means of the

simple analytical model given by Yseboodt et al. (2010)

φ(t) = φ0 + φ
(3/2)
1 t + φlib(t) + φlong-lib(t) . (9)
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The long-period libration term is given by

φlong-lib(t) =
5

∑
i=1

ψi cos (wit + ϕψi), (10)

where wi is the frequency, ψi the amplitude, and ϕψi the amplitude-dependent
phase angle of the i-th long-period libration component. The amplitude ψi is a
function of the free libration frequency (see Yseboodt et al. (2010) for more details).
The sum is truncated to five forcing terms associated with perturbations of Mer-
cury’s orbit by Jupiter, Venus, Saturn, and Earth. To establish the comparison
with our rotation model we calculate a Taylor series of φlong-lib(t) at the reference
epoch t0 = 4809 days (MJD56353.5)

φlong-lib(t) =
∞

∑
j=0

∂jφlong-lib(t)
∂tj

∣∣∣∣∣
t=t0

(t− t0)
j . (11)

With this expansion we perform the comparison of terms in equations 8 and 9,
which are linear in t, and we obtain

φ1 = φ
(3/2)
1 −

5

∑
i=1

ψiwi sin(wit + ϕψi) . (12)

As the amplitudes ψi are functions of (B− A)/Cm, the roots of equation 12 can
be determined with the measured value φ1 = (6.13851804± 9.4× 10−7)◦/ day
and the resonant rotation rate φ

(3/2)
1 = 6.138506839◦/ day (Stark et al., 2015b).

We can identify two roots of equation (12) in the vicinity of the measured an-
nual libration value of (B − A)/Cm = 2.206× 10−4 (Figure 4). The first root at
2.104× 10−4 can be discarded, as it corresponds to a free libration frequency al-
most equal to the perturbation frequency by Jupiter. This value corresponds to
a high amplitude for the long-period libration, which should be observable by
Earth-based measurements (Margot et al., 2012). The second root of equation 12
corresponds to (B− A)/Cm = (2.1498± 0.0045)× 10−4, where the error estima-
tion is derived from the error in the spin rate φ1. This value is in agreement with
the estimate of the annual libration amplitude and the measurements of Margot
et al. (2012). Moreover, the existence of such a long-period libration amplitude
is fully consistent with the instantaneous spin-rate measurement of Margot et al.
(2012) within the given accuracy (Figure 5). A rotation model that includes both
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short-period and long-period librations can be given as (the annual libration har-
monics are truncated at the 0.5-arc-second level)

φ(t) = 329.6268◦ +6.138506839◦ t/ day

+0.01080◦ sin(174.7911◦ +4.092334◦ t/ day)

−0.00114◦ sin(349.5821◦ +8.184669◦ t/ day)

+0.01697◦ cos(168.2910◦ +0.083095◦ t/ day)

+0.00107◦ cos(92.6366◦ −0.174041◦ t/ day) (13)

+0.00041◦ cos(175.9814◦ −0.166163◦ t/ day)

+0.00040◦ cos(35.4939◦ +0.066952◦ t/ day)

+0.00017◦ cos(152.4469◦ +0.149917◦ t/ day).

Note that the given prime meridian constant φ0 = 329.6268◦ was simply adapted
to the updated rotation rate value from the current value of 329.5469◦ (Archinal
et al., 2011). The actual value will be subject to change, as it is related to the
location of the impact crater Hun Kal.
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6 Discussion and Outlook

In this chapter the results of the research papers are discussed and further re-
search directions are highlighted. Implications on Mercury’s interiour are de-
rived based on a spherical two-layer model. The chapter ends with an outlook to
future exploration of Mercury.

6.1 Resonant rotation model of Mercury

In the case of Mercury, with its 3:2 spin-orbit resonance, predictions about the
rotational state can be made on the basis of the planet’s epheremis. The orbit of
the planet is exposed to perturbations by the other planets as well as relativis-
tic effects. Before the MESSENGER spacecraft got in orbit about the planet, the
ephemeris of Mercury was the most uncertain among the terrestrial planets. In
the derivation of the resonant rotation model an ephemeris based on two years
of MESSENGER radio tracking was used and improvements to the orbital mo-
tion of Mercury were incorporated. However, the long-term orbital characteris-
tics like secular variations, which were used for the derivation of the resonant
rotation model, were not significantly changed by the MESSENGER data. A pos-
sible explanation for this is the fact, that the long-term behavior of the orbit is
more constrained by observations over a larger temporal distribution. Moreover,
the Solar System ephemerides are built through combination of different types
of observations with large heterogeneity in their accuracy. Therefore it is diffi-
cult to provide an uncertainty estimation for the long-term evolution of the orbit.
An additional problem arises from the available time coverage of the Mercury
ephemeris. On the one hand the extrapolation error done by the forward inte-
gration of the ephemeris increases with time. While on the other hand relevant
changes of the orbit happen on larger time scales than covered by documented
observation in past decades. The approach chosen in Paper I was to use the fluc-
tuations of the osculating orbital elements for a rough accuracy estimation. This
approach is more conservative than a least-squares based error estimation (e.g.,
Noyelles and D’Hoedt (2012)). Nonetheless, the derived uncertainties for the secu-
lar orbital elements are much smaller than current observation accuracies for the
rotational parameters.

One possible extension of the work presented in the research paper is to study
in more detail the forcing terms for the longitudinal librations (Yseboodt et al.,
2010). Latitudinal librations (Dufey et al., 2009) and the tidal potential (Van Hoolst
and Jacobs, 2003) can be also updated using the most recent ephemeris data.
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6.2 Method for measurement of rotational parameters

The method presented in Paper II for the measurement of rotational parameters
has great potential for further improvements. The mathematical description for
the global offsets of the DTM is based on a simple similarity transformation. This
is motivated by the high internal geometric accuracy of the DTM, where several
images control one object point and the DTM pixel is formed by several object
points. However, in cases of bad stereo conditions, illumination, or coverage, the
DTM may show high-order deformations, like stretching or bending. This may
also be the case when the images, that control one DTM pixel, are obtained under
similar conditions and that way are affected by the same systematic effect. The
accuracy of the DTM may also degrade due to surface characteristics. Areas like
the volcanic plains at high northern latitudes of Mercury are very smooth, with
few craters and other types of relief. The cross-correlation of images of such ar-
eas provide less tight constraints on the object points and the DTM may show
artifacts. To overcome these issues one can solve for additional parameters of
a high-order deformation in the co-registration process. However, given the di-
verse peculiarity of such deformations an efficient parametrization is challenging.
As the deformations of the DTM are over long-wavelengths (typically more than
thousand kilometers) an other approach is to apply the similarity transformation
to regional sets with a much smaller extent than the deformation. Such a solution
was implemented in Paper III.

An other point for improvements of the method is the treatment of the laser
profiles. The cross-over observable, i.e. the height difference at the intersection
point of two crossing laser profiles, can provide additional constraints for the in-
version of the rotational and DTM transformation parameters. The cross-overs
establish a connection of laser profiles from several epochs and can be also used
for inversion of the tidal amplitude (Steinbrügge et al., 2015). In application to
MESSENGER altimeter data the cross-over observables are deteriorated by the
large lateral spacing between consecutive laser footprints. The interpolation er-
ror, i.e the error one makes in the determination of the height between two laser
footprints, may cause the cross-over observable to have a large uncertainty and
reduces its benefit.

The laser profiles are strongly affected by the uncertainty in the knowledge
of the position and attitude of the spacecraft as well as the alignment of the in-
strument to the spacecraft reference frame. The co-registration method provides
capabilities for improvements to this knowledge. The uncertainty in the orbit and
attitude reconstruction typically exceeds the uncertainty in the co-registration of
an individual laser profile to the stereo DTM (see Gläser et al., 2013). Thus, orbit
and attitude information of the spacecraft may be corrected by combining image
and laser altimeter data.
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It should be also noted that the method for measurement of rotational param-
eters described in Paper II is applicable to other Solar System objects, where im-
age and laser altimeter data are available or will be available in the future. Earth’s
moon, for instance, was observed by several spacecraft with laser altimeters (Ping
et al., 2009; Smith et al., 2010; Araki et al., 2013). A high-resolution topography re-
constructed from stereo images is as well available (Scholten et al., 2012). This is
also the case for Mars, which was observed by the Mars Orbiter Laser Altime-
ter (MOLA) and stereo images were obtained, e.g. by the cameras on board the
MarsExpress spacecraft (Gwinner et al., 2010, 2015).

6.3 Rotational parameters of Mercury

In the third research paper the results for the rotational parameters of Mercury
from three years of MESSENGER observations were given. The orientation of
the rotation axis with respect to the inertial reference frame, the amplitude of the
annual librations, and the mean rotation rate over three years could be obtained.
The uncertainty estimation for these parameters was derived using forward sim-
ulation of laser altimeter data with typical uncertainties for spacecraft position
and attitude as well as the alignment of the instrument to the reference frame of
the spacecraft.

At the time of the analysis in Paper III not all MESSENGER data, which is now
available, were used. Additional laser altimeter profiles were collected by MLA
during the fourth year in orbit. This corresponds to an increase of about 33%
in the data used in Paper III. A more dramatic increase in the data available for
analysis, however, can be gained from additional coverage by the stereo DTMs.
In Paper III only 50% of the available MLA data could be used due to large gaps
in the coverage by the stereo DTMs. When all images, which are suitable for a
stereo photogrammetric analysis, are processed the global coverage is expected
to be almost free of gaps and only with small gaps in areas near the poles with
permanent shadow. Consequently one can expect a remarkable increase in the ac-
curacy of rotational parameter measurement by processing the full data available
from MESSENGER.

The results of the paper confirmed previous Earth-based measurements of the
orientation of the rotation axis and the libration amplitude of Mercury (Margot
et al., 2007, 2012). However, the obtained value for the mean rotation rate of Mer-
cury disagrees with the value adopted by the Working Group on Cartographic
Coordinates and Rotational Elements of the Planets and Satellites (WGCCRE) of
the International Astronomical Union (IAU, Archinal et al., 2011). It also dis-
agrees with the updated resonant rotation value obtained from ephemeris (Paper
I). While the former disagreement can be attributed to the outdated value dating
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back to the 1980s (Davies et al., 1980), the latter disagreement can have an actual
physical reasoning. This can be a long-period libration cycle, as discussed in Pa-
per III, but other mechanisms are also possible, specifically when Mercury has a
large solid inner core.

Further, the difference between the measured rotation rate value and the one
obtained from rotation of the gravity field is of particular interest (Mazarico et al.,
2014). This could hint at a differential rotation of the core and mantle. Since
the core forms about 75% of the mass of the planet, the measured value from
gravity field rotation could be a mixture of the rotation of core and mantle. The
closeness of the gravity based rotation rate value to the resonant rotation rate
becomes reasonable, as the core would not participate in the cycle of the long-
period librations.

6.4 Implications on Mercury’s interior

Based on the values for the polar moment of inertia of the crust plus mantle Cm

and the polar moment of inertia of the planet C obtained in Paper III, one can
construct spherical two-layer models of Mercury’s interior with uniform densi-
ties. For this simple case the ratio σc = Rc/R between the radius of the core Rc

and that of the planet R is given by an implicit equation

5
2

C
MR2

[
1 − Cm

C

(
1 − σ2

c
1 − σ5

c

)]
= σ2

c , (1)

where M is the mass of Mercury. The density contrast ηc = ρc/ρm, i.e. the ratio
of the mean density of the core ρc to the mean density of the mantle and crust ρm,
can be expressed by

ηc =
1 − Cm/C

Cm/C

(
1
σ5

c
− 1

)
. (2)

Given the recent estimate for the gravitational parameter of Mercury GM =

22031.870799 ± 0.00086 km3/s2 (Mazarico et al., 2014) and the mean radius R =

2439.36± 0.02 km (Perry et al., 2015), the mean density of the planet is ρ̄ = 5425.2±
6.7 kg/m3. The ratios of densities and radii for core and mantle must satisfy the
relationship ρ̄ = ρm[1 + (ηc − 1)σ3

c ], which allows the conversion of the ratios ηc

and σc to absolute values ρm, ρc, and Rc.
On the basis of this interior structure model one can conclude that the core-

mantle boundary is at a radius of Rc = 2008 ± 52 km. The density of the core is
ρc = 7214 ± 488 kg/m3, and the density of the mantle and crust is ρm = 3175 ±
245 kg/m3. A robust uncertainty estimate for these interior structure parameters
can be obtained by examination of 1,000,000 Monte-Carlo simulations with values
for Cm/C, C/MR2, GM, and R consistent with their mean values, variances, and
covariances. The one- and two-standard-deviation Bayesian confidence regions
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Figure 1: Interior structure parameters for a spherical two-layer model as derived
from the observed rotational parameters (filled circle and one- and two-standard-
deviation Bayesian confidence regions). The estimates of Margot et al. (2012) are
denoted by a square.
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(Figure 1) indicate high correlations among model parameters and delineate the
parameter space.

More sophisticated models treat distinct crustal and mantle layers, the possi-
bility of compositional layering in the mantle, the ellipticity of layer boundaries,
and the effects of a possible solid inner core (Smith et al., 2012; Hauck et al., 2013;
Rivoldini and Van Hoolst, 2013; Peale et al., 2015). Nonetheless, the values for the
spherical two-layer model are in agreement with values for more complicated
models (Hauck et al., 2013; Rivoldini and Van Hoolst, 2013), but have larger confi-
dence regions.

Further research could discuss the reasons for the observation of the non-
resonant rotation rate and the possible displacement of the rotation axis from
the Cassini state. One possible explanation for the increased rotation rate with
respect to the resonant rotation rate was discussed in Paper III and involves a
long-period libration with a period of about 12 years. However, if other types of
observations, e.g. of the magnetic field, would favor a large solid inner core, the
coupling between mantle and inner core can also lead to variations of the rotation
rate and explain the observed values.

6.5 Implications for cartography and base maps

The rotation state of a planet is of fundamental importance for cartography and
the preparation of base maps. The body-fixed reference frame is defined by the
rotation state, consisting of the orientation of rotation axis, including precession
and nutation effects, and the rotation about this axis. The latter includes the mean
rotation rate and its oscillations, i.e. librations, and the prime meridian constant,
which defines the orientation of the prime meridian at the reference epoch (see
Appendix 2 of this thesis). Thus, with a correct description of the rotational state
observations of Mercury can be correctly referenced. Images and topography in-
formation can be then compiled to a large map, which is suitable for geological
studies and determination of coordinates for places of interest for further obser-
vations.

With the results obtained in Paper III the rotational parameters of Mercury
can be updated and used for preparation of base maps. However, the impact on
the location of features is on the sub-kilometer scale. For instance, the accumu-
lated effect over four years of the difference between the measured rotation rate
and the resonant rotation rate amounts to approximately 700 m. Likewise, the
improvements in the orientation of the rotation axis and the libration amplitude
are affecting locations on scales below 100 m. Nevertheless, these improvements
are of great importance, as the imaging system on board MESSENGER obtained
images up to a ground resolution of a few meters and the laser altimeter foot-
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print had a diameter of less than 150 m. A cross-over analysis, which uses the
differential height observation of two crossing laser profiles, would be strongly
affected by such corrections, due to the displacement of the intersection point of
the profiles.

6.6 Future exploration of Mercury: BepiColombo mission

The upcoming mission to Mercury BepiColombo will perform further investi-
gations of the planet (Benkhoff et al., 2010). This joint-mission of the European
Space Agency (ESA) and Japan Aerospace eXploration Agency (JAXA) includes
two spacecraft, the Mercury Planetary Orbiter (MPO) and the Mercury Magne-
tospheric Orbiter (MPO). The MPO will revolve about Mercury on an elliptical
orbit in surface distances between 480 and 1500 km. While the MMO will have
an elongated elliptical orbit reaching distances up to 11,800 km. Likewise to
the MESSENGER spacecraft the MPO will be equipped by an imaging system
(Spectrometer and Imagers for MPO BepiColombo-Integrated Observatory SYS-
tem (SYMBIO-SYS), Flamini et al., 2010) and a laser altimeter (BepiColombo Laser
Altimeter (BELA), Thomas et al., 2007).

Observations by BepiColombo could confirm the long-period librations and
further constrain the size and the structure of Mercury’s core. Data that will be
obtained by the laser altimeter and imaging system can be analyzed by means
of the method presented in the thesis (Paper II & III). A combined analysis of
MESSENGER and BepiColombo data is also possible. The synergy of all data
will finally allow a more complete description of Mercury’s characteristics and
that way contribute to a better understanding of its formation and evolution.
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7 Synthesis

The goal of this thesis was to study the rotational state of the planet Mercury.
In the first research paper the parameters of a resonant rotation model were de-
rived from the most recent planetary ephemeris of the planet. These values form
a reference for the actual rotational parameters of Mercury and are important for
the interpretation of the measurements. Furthermore, the instantaneous Laplace
plane of Mercury’s orbit was determined and the location of possible Cassini
states for Mercury was reassessed. An advantage of this work compared to val-
ues published in existing literature was the estimation of the uncertainty of the
reference values. With the help of this uncertainty estimation the significance of
deviations between measured and reference values could be evaluated. Therefore
the results obtained in this paper formed the basis for the discussion in Paper III.

In the second research paper a method for the measurement of rotational pa-
rameters using image and laser altimeter data was developed. It is a generaliza-
tion of the co-registration method and presents a novel approach in measurement
of the rotation state of a celestial body. The method was evaluated with simulated
data and a procedure for the estimation of the uncertainty of the rotational param-
eters was provided. The simulation included the computation of high-resolution
topography for laser profiles, based on a low resolution stereo DTM and a power
spectrum from actual laser profiles of Mercury. Uncertainties in spacecraft posi-
tion and attitude were also simulated and their impact on the uncertainty of the
rotational parameter measurement were assessed.

In the third research paper the method described in Paper II was applied to
actual data from MESSENGER and measurements for the libration amplitude, the
orientation of the rotation axis, and the mean rotation rate were provided. The
implications of these measurements on the interior structure of Mercury were
discussed. This included the computation of the polar moment of inertia and
the difference of the equatorial moments of inertia values. The effects from a
solid inner core were discussed, but not considered in the computation of the
moments of inertia. A possible explanation for the increased rotation rate was
provided and other mechanisms were briefly discussed.

The results obtained in this thesis had widened the understanding of the ro-
tation and interior structure of Mercury. In particular first orbital observations of
Mercury’s libration were provided and previous Earth-based observations could
be confirmed.
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Appendix 1 – Mercury’s libration model

The mathematical description of the longitudinal librations is given by the solu-
tion of the torque equation, which is a second-order differential equation in the
orientation of Mercury

Cmθ̈ = T , (1)

where T is the tidal torque, C is the polar moment of inertia of Mercury’s mantle,
and θ its orientation. In Eq. 1 the small obliquity of Mercury and variations in the
orbital inclination were neglected (Peale et al., 2009). The gravitational potential
of Mercury in the gravitational field of the Sun up to second degree is given by

V = −GM☼MM

r

[
1 +

R2

r2

(
1
2

J2 + 3C22 cos 2ψ

)]
, (2)

where GM☼ is the gravitational parameter of the Sun, MM is Mercury’s mass,
R the mean radius of Mercury, r is the distance between Sun and Mercury, and
ψ measures the orientation of the axis of minimum moment of inertia relative
to the solar direction. The coefficients J2 and C22 are the second degree and or-
der coefficients of the spherical harmonic expansion of Mercury’s gravity field.
Consequently the tidal torque is given by

T =
∂V
∂ψ

=
3
2

GM☼
r3

(
4C22MMR2

)
sin 2φ . (3)

The coefficient C22 represents the mass asymetry in the equatorial plane of Mer-
cury and is given by C22 = (B− A)/(4MMR2), where A < B are the equatorial
moment of inertia. The angle φ is connected to the orbital motion and can be ex-
pressed as φ = θ − ( f + ω), where f is the true anomaly and ω is the argument
of pericenter of Mercury’s orbit. The orientation of Mercury is a superposition of
an uniform rotation and the librations

θ(t) = θ0 + θ1t + ψm(t) , (4)

where θ0 is the prime meridian constant, θ1 the mean rotation rate, and ψm the
libration angle. Since Mercury is in a 3:2 resonance we can write θ1 = 3/2n0 +ω1,
where n0 is the mean motion and ω1 the precession of the argument of pericenter.
One can set the prime meridian constant θ0 such that the subsolar point lies on
Mercury’s long axis at the time of the perihelion passage, thus θ0 = 3/2n0t0 +ω0.
Consequently, one obtains θ̈ = ψ̈m and

sin 2φ = sin(2ψm + 3n0(t + t0)− 2(ω−ω0 −ω1t)− 2 f ). (5)

Neglecting small oscillations of the argument of pericenter ω−ω0−ω1t ≈ 0 and
assuming that ψm << 1 leads to

sin 2φ ≈ sin(3n0(t + t0)− 2 f ) = sin(3M− 2 f ) . (6)
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With the semi-major axis a0 = (GM☼/n2
0)

1/3 and the expression for C22 the tidal
torque in Eq. 3 is now given by

T =
3
2

n2
0 (B− A)

( a0

r

)3
sin(3n0(t + t0)− 2 f ) . (7)

In order to obtain an analytical solution the last two terms (a0/r)3 sin(3n0(t +
t0)− 2 f ) can be expanded in a series in the eccentricity e. Subsequent averaging
over one orbit results in

〈T〉 = 3
2

n2
0 (B− A)

∞

∑
k=1

G(2 0 1)(k, e) sin(kn0(t + t0)) (8)

where G(2 0 1)(k, e) = [G(2 0 1−k)(e)−G(2 0 1+k)(e)]/k2 is the difference between two
Kaula’s eccentricity functions (Kaula, 2000) and 〈T〉 denote the averaging over one
orbit.

Now the solution to equation 1 is straightforward and reads

ψm =
3
2

B− A
Cm

∞

∑
k=1

G(2 0 1)(k, e) sin(kn0(t + t0)) (9)

and the libration amplitude is given by

g88/k =
3
2

B− A
Cm

G(2 0 1)(k, e) . (10)

Appendix 2 – Prime meridian constant of Mercury

The prime meridian of Mercury is defined by the impact crater Hun Kal (twenty
in the Mayan mathematical system). The angle between the prime meridian and
the intersection point of the planet’s equator and the equator of the International
Celestial Reference Frame (ICRF) at J2000.0 is the prime meridian constant, W0.
The value of W0 should ensure that the center of the crater Hun Kal is at planeto-
graphic longitude 20◦ W or planetocentric longitude 340◦ E.

An early value of W0 was calculated by Davies et al. (1980) from a control point
network derived from Mariner 10 images. A value of W0 = 329.71◦ (184.74◦ with
respect to the equinox B1950, epoch J1950) was adopted by the International As-
tronomical Union Working Group on Cartographic Coordinates and Rotational
Elements of the Planets and Satellites (IAU WGCCRE). The value was refined
by Davies et al. (1995) to W0 = 329.69◦ on the basis of a new control network
computation that included a determination of the focal lengths of the Mariner 10
cameras. More recently the prime meridian was further refined by an improved
control net to W0 = 329.548◦ (Robinson et al., 1999). In 2007, longitudinal librations
of Mercury were observed (Margot et al., 2007) and led to a redefinition of the W0
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Figure 1: Measured longitude (left) and latitude (right) of the center of the crater
Hun Kal in 12 MDIS images acquired from orbit about Mercury. The longitudes
obtained with the current IAU rotation model (Archinal et al., 2011) are depicted in
blue, and the adjusted longitudes (with the rotation rate of Paper III and updated
W0 value) are shown in red.

value, as the libration angle is not 0.0 at J2000.0. The new value W0 = 329.5469◦

was adopted by the IAU in 2011 (Archinal et al., 2011).
Observations by the MESSENGER spacecraft during orbital operations sug-

gest a rotation rate of Mercury somewhat higher than the resonant value (Mazarico
et al., 2014, Paper III), a situation that demands a correction to the prime meridian
value. The resonant mean spin rate of Mercury obtained in Paper I differs from
the value often quoted as the resonant mean spin rate and adopted for Mercury
by the IAU since 1980. The spin rates derived from MESSENGER data (Mazarico
et al., 2014, Paper III) are significantly different from both the current IAU spin
rate and the resonant spin rate.

Given the latest value for the spin rate, a new value for W0 is required. Such a
new value in turn requires observations of the location of Hun Kal with respect to
the inertial frame, i.e., the ICRF. Topography measurements have been acquired
by the Mercury Laser Altimeter (MLA) and the Mercury Dual Imaging System
(MDIS). As of 2014, MDIS had acquired about 12 images as resolutions less than
1 km in which the crater Hun Kal is identifiable. However, errors in the attitude
of the imaging system as well as the calibration of the imaging system result
in uncertainties in the coordinates of the image pixels when projected onto the
spherical grid of Mercury (orthorectification). The nearest MLA observation (data
up to April 2014) to Hun Kal is located at 0.455◦ S, 338.536◦ E, i.e., more than 60
km from the crater. Since no MLA profiles cross Hun Kal, an update to the W0

value is not easily obtained from MLA data alone.
MDIS images available up to April 2014 that include Hun Kal were orthorec-

tified using the rotation rate of W1 = 6.1385025◦/day (Archinal et al., 2011). The
location of the center of Hun Kal was then determined visually by reading the co-
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Table 1: List of MDIS images used for measurement of the prime meridian value
W0.

1 EN1005053163M 5 EN0223616660M 9 EN1004678277M

2 EN1002521325M 6 EN0251340756M 10 EN1018134317M

3 EN1015451668M 7 EN0251369558M 11 EN0251369585M

4 EN1007130467M 8 EN1004678315M 12 EN0210498522M

20°W

Figure 2: MDIS image showing Hun Kal (indicated by an arrow). The ground
resolution of this NAC image is 73 m (EN1007130467M).

ordinates of a crosshair. From the image resolution and the visibility conditions
of the crater, a positioning error was assigned. Figure 1 shows the coordinates
of Hun Kal so obtained. With the IAU rotational model (Archinal et al., 2011) the
crater was found to be offset by approximately 0.09◦ (3.9 km) from −20◦ E. The
latitude of Hun Kal was found to be at 0.4631◦ S. Least-squares fits to the data
with updated rotation rates yield the following values for W0 with an uncertainty
of 0.0037◦.

Retaining the IAU rotation rate of W1 = 6.1385025◦/day (Archinal et al., 2011)
leads to an updated value of W0 = 329.6369◦. When the rotation rate W1 =

(6.13851804± 0.00000094)◦/day (Paper III) is adopted, the value for W0 should
be 329.5648◦. For the resonant rotation rate W1 = 6.1385068◦/day (Paper I) and
with the introduction of additional long-period librations, the prime meridian
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constant is W0 = 329.6268◦ and long-period librations must be included in the
rotation model (see supplementary online material of Paper III). Mazarico et al.
(2014) calculated a rotation period of 58.646146± 0.000011 days, which is equiv-
alent to a rotation rate of (6.13851079± 0.0000012)◦/day. The corresponding W0

value should be then W0 = 329.5988◦.
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