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Abstract In China’s asteroid mission to be launched around 2025, (7968) 133P/Elst-Pizarro (hereafter
133P) will be the second target, after a visit to asteroid (469219) Kamo’oalewa. This paper describes a
simulation of precise orbit determination for the spacecraft around comet 133P, as well as estimation of
its gravitational parameter (GM) value and the solar radiation pressure coefficientCr for the spacecraft.
Different cometocentric distances of 200, 150 and 100 km orbits are considered, as well as two tracking
modes: exclusive two-way range-rate mode (Earth station tospacecraft) and combinations of two-way
range-rate and local spacecraft onboard ranging to the comet. Compared to exclusive two-way range-rate,
the introduction of local ranging observables improves thefinal GM uncertainties by up to one order of
magnitude. An ephemeris error in the orbit of 133P is also considered, and we show that, to obtain a
reliable estimate of the GM for 133P, this error cannot exceed a one km range.
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statistical

1 INTRODUCTION

Main belt comets are defined as main belt small bodies
showing comet-like activity. 133P/Elst-Pizarro (hereafter
133P) is one of them, and has drawn people’s interest since
it was first observed in 1979. 133P was first identified
as an asteroid based on its orbital properties (Hsieh et al.
2004), but its cometary nature was discovered in 1996
(Elst et al. 1996). 133P has a semimajor axis of 3.16 AU,
an eccentricity of 0.15 and an inclination of 1.39◦ in the
J2000 frame. It is thought to be a member of the Themis
asteroid family (Toth 2000). Previous observations show
that the semi-axis of 133P’s nucleus is abouta ∼ 2.3 km
andb ∼ 1.6 km in the plane-of-sky (Hsieh et al. 2009).

A mission to 133P has already been considered by
several space agencies (Castalia mission,Snodgrass et al.
2018; Caroline mission,Jones et al. 2018). An asteroid
mission including 133P was approved in 2019 by
the Chinese Authorities and its launch is planned for
2025 (China National Space Administration 2019). The
objective of this mission is to explore the near-Earth
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asteroid (469219) Kamo’oalewa (Reddy et al. 2017), take
samples from it and then execute a rendezvous with 133P
around 2030.

The gravitational parameter (GM) value of an asteroid
and its rotation state can be determined from the orbit
perturbations of a spacecraft in sufficiently close prox-
imity (67P/Churyumov-Gerasimenko comet,Godard et al.
2017; Bennu asteroid,Scheeres et al. 2019; Ryugu aster-
oid, Watanabe et al. 2019; Toutatis asteroid,Huang et al.
2013). The orbit perturbations can be measured in several
ways that can be classified as measurements of relative
distances and velocities, from spacecraft to Earth or
spacecraft to a body. In addition, ancillary parameters
such as solar radiation pressure coefficient can have an
important influence for small bodies with a weak gravity
field like 133P. A recent study has also proposed a
method of estimating GM from line-of-sight accelerations
(Jian et al. 2019).

The following describes how this paper has been
arranged. In Section2, we introduce our orbit modeling
method, the force model, the characteristics of the
orbit of the spacecraft and the types of observables. In
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Section3, we give the results of estimations for different
cometocentric distances and different tracking modes. In
addition, we analyze the effect of different levels of errors
on the ephemeris of 133P. In Section4, conclusions are
drawn and recommendations are made for the planning of
the China’s asteroid mission.

2 METHOD AND MODELS

The software for orbit determination and ancillary
parameter estimation employed in this work was developed
by Wuhan University (Ye et al. 2017), and uses a standard
weighted, linearized least squares approach. It makes use
of NAIF’s SPICE library (Acton 1996) and SOFA library
(Faure et al. 2012). This software has been successfully
applied to several planetary cases (Moon,Ye et al. 2018;
Mars, Yan et al. 2017; Mercury, Yan et al. 2019). As
already mentioned, the gravitational pull of 133P is weak,
so other small forces acting on the spacecraft must be
modeled with precision. The orbital motion equation of the
spacecraft is

d2r

dt2
= aSun + aNB + aSRP + aRel (1)

where r is the position vector of the spacecraft in
the inertial frame. The terms in the right hand side
represent central gravity of Sun, N-body perturbations,
solar radiation pressure, relativistic effect, respectively.
Figure1 summarizes the magnitude of these forces with
respect to the distance from 133P. We only consider the
perturbation of 133P as the point-mass gravity, because
in our simulation the closest distance of the spacecraft to
133P is 100 km, which makes the second degree gravity
field negligible (the effect ofC20 term to the spacecraft
orbit is only serval meters, which is much less than the
spacecraft orbital accuracy).

The solar radiation pressure force is the dominant
non-gravitational force in our simulation. According to
(Montenbruck & Gill 2000), this sun-pointing force may
be expressed as:

aSRP = −vP⊙CrAU
2 A

m

r⊙

|r⊙|
3

(2)

wherev is the shadow function,P⊙ = 4.56×10−6 N m−2,
AU=149597870.7 km,Cr and A are the reflectivity
and area of the spacecraft surface,m is the mass of
the spacecraft, andr⊙ is the position vector from the
spacecraft to Sun in the inertial frame. The unknown to
be determined isCr.

In this study, we only considered the central gravity
parameter of 133P. No orientation parameters are included
as the minimum distance of spacecraft to body considered
is 100 km. An assumed value of GM is required for the

Fig. 1 Acceleration acting on the spacecraft w.r.t.
distance to the center of 133P. The lines represent (1)
Central gravitational of Sun labelled as Sun, (2) N-Body
perturbation of 133P labelled as NB133P, (3) N-Body
perturbation of bodies other than 133P and the Sun labelled
as NBOthers, (4) Solar radiation pressure labelled as SRP,
and (5) Relativistic effect labelled as Rel (Gérard & Luzum
2010).

linearized equations of motion. If we suppose that the
nucleus of 133P is spherical with a radius of 2 km and
density of1300 kg m−3 (Jewitt et al. 2014), we obtain a
rough estimate of2.66972 × 10−6 km3 s−2. Using the
assumed GM, we estimate the Hill radius of 133P to be
892 km.

Two reference frames are used in this work. The first
one is Earth mean equator and equinox of J2000 frame,
which is called J2000 in SPICE. The J2000 frame is
assumed to be an inertial frame and is used in the whole
computation process of our software. The second one is the
so-called Home Position of 133P and was introduced for
the Hayabusa mission (Ikeda et al. 2003). Thez direction
is determined as the vector from 133P to Earth, and they

direction is defined as the cross product between the 133P-
Sun vector and the 133P-Earth vector. Thex direction
verifies the right-hand rule. This frame is used to generate
the spacecraft initial orbit.

We divided our simulation orbits into three classes:
altitudes of 200, 150 and 100 km with respect to the
comet center (z-component in the Home Position frame,
x and y components being set to zero). The initial
velocities were chosen to correspond to circular orbits
with their plane normal vector perpendicular to the Earth-
133P direction. The acceleration of the target body at
the above altitudes is about10−13 km s−2. This is in the
same order of magnitude as the preliminary orbits for the
Hayabusa mission to asteroid Itokawa (Ikeda et al. 2003)
and for the Rosetta mission to comet 67P/Churyumov-
Gerasimenko (Pätzold et al. 2016). The main reason for
choosing altitudes of this order of magnitude was to avoid
any outgassed debris floating free around these bodies.
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For each case, a 9-day orbit using the initial state is
generated and divided it into three equal arcs of 0–3 days,
3–6 days, and 6-9 days, and the initial states for each arc
are estimated. The global solve-for parameters were GM
andCr for these arcs (multi-arc strategy ofAlessi et al.
2012).

Two types of observables were used. The first type
is a classical two-way range-rate observable between the
Earth and the spacecraft (Moyer 2000). The second one is
a generic onboard ranging observable (for example, using
stereo-photogrammetry, laser ranging, or radar ranging)
from the spacecraft to the body. They are illustrated in
Figure 2. As we are ignoring the shape of the body
in this simulation, we assume that this generic distance
measurement is the distance between the gravity center of
the body and the spacecraft’s gravity center. The simulated
observables are generated by adding Gaussian distribution
noise to the computed values. The standard deviation of
the noise in the two-way range-rate is assumed to be
0.1 mms−1 with an interval of 60 s. For the onboard
ranging observable, we take instantaneous measurements
separated by 60 s and use a noise level of 10 m. A full
description of the force models and the observables is
provided in Table1.

3 RESULTS

We first evaluated the relative contribution of our two
types of observables to the estimation of GM. We have to
stress at this stage that the onboard ranging observables
cannot be used alone, as they only contain the dynamics
of other Solar system bodies as second-order quantities
(tidal accelerations). To address this, we computed a
reference orbit at a 100 km altitude using the assumed
GM of 133P given in Section2. Thereafter, perturbed
orbits were integrated, with the same initial vector andCr

coefficient by adding a 1%, 0.1%, or 0.01% relative bias
to the assumed GM. The results of calculating residuals of
observables between the perturbed orbits and the reference
orbit are shown in Figure3.

The result in Figure3 shows the sensitivity of these
two observables to the GM in a 100 km orbit in 9 days.
We can have an understanding of how large the GM error
can be sensed in these two observables. By comparing the
orange areas of Figure3, we can see that, for the onboard
ranging data, the 0.1% GM error can cause a maximum
error about 70 m, which is significantly larger than its
noise (10 m). While for the two-way range-rate data, the
maximum error is about 0.2 mm s−1 with the 0.1% GM
error, which is hard to distinguish from the corresponding
noise (0.1 mm s−1). Generally speaking, Figure3 clearly
indicates that the inclusion of onboard ranging is crucial
for an estimation of GM under the error of 0.1%.

In a second step, we carried out modeling of the GM
andCr coefficient for three different comet distances: 100,
150 and 200 km. For each altitude, we considered three
arcs of 3 days, with determination of the initial vectors of
each arc. In our simulation, we used two tracking modes.
They are (I) two-way range-rate only and (II) two-way
range-rate plus onboard ranging. The results are shown in
Figure4.

We estimated local parameters (i.e. the initial state
vector of each arc) for each case, and the1σ uncertainties
in initial position are shown in Figure4. Their final
1σ uncertainties range from 20 m to 200 m. Under the
same observation conditions, an orbit close to 133P can
reduce the formal uncertainties in position. This happens
because the stronger gravitational attraction of 133P maps
to higher velocities with respect to the body and allows
greater observability of the spacecrafts initial state vector.
With respect to the 200 km orbit, the formal position
uncertainties in the 150 km orbit improve by 40% and
112% for tracking mode (I) and (II), respectively. With
respect to the 150 km orbit, the uncertainties in the 100 km
orbit improve by 109% and 228%, respectively. If tracking
mode (II) is used, the formal uncertainties improve by
160%, 326%, and 602% compared to tracking mode (I) for
the 200, 150 and 100 km orbit, respectively. In addition,
we computed the true error, which is defined as the
difference between the solved and the initial reference
position components. The formal uncertainty is a statistical
result and should agree with the true error because the
same force model was used in the construction of pseudo-
observables and in the least-squares inversion. The true
errors in position components for each case are almost
consistent with their formal uncertainties, with an average
true-to-formal ratio of about 0.86. The result of GM
estimations are presented in Figure5 and Table2.

Figure 5 gives the relative GM formal uncertainties
over 9 days. Table2 shows the true error in the final
estimated GM. From Figure5, we can see that in tracking
mode (I), the final1σ uncertainty is about 0.159% of the
assumed GM value for an orbital height of 200 km, and that
there is no apparent decrease when lower orbits are used
(uncertainties of 0.199% and 0.196% for orbital height
of 150 km and 100 km, respectively). While in tracking
mode (II), the lower-altitude orbit produces a much better
GM result than the higher-altitude orbit. The uncertainty
decreases from 0.031% to 0.008% with a decrease in
orbital height from 200 km to 100 km. The improvement
can be also seen in the final relative true errors presented in
Table2. Compared to the results for using tracking mode
(I), tracking mode (II) improves the uncertainties in GM
estimation by about 4, 10, and 23 times for the 200, 150
and 100 km cases, respectively. The true-to-formal ratio of
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Fig. 2 Illustration of the two types of observable used in our simulation.

Fig. 3 Evolution of observable errors over 9 days, between the GM-perturbed orbits and the 100 km reference orbit for
the two kinds of observable: range-rate (top) and onboard ranging (bottom). The black dotted lines in each sub-plot are
the respective noise levels of the observables. Onboard ranging is more sensitive to GM-perturbations with respect to
range-rate from the Earth by nearly one order of magnitude.

Table 1 Details of the Force Models and Observables Used in Our Simulation

Model Description

Force models Central gravitational of Sun, from JPL ephemeris DE431 (Folkner et al. 2014).
Perturbations of 133P, all planetary bodies in solar system, Ceres, Vesta, and Pallas from DE431 and JPL
Small-Body Database (Jet Propulsion Laboratory 2016).
Cannonball model of solar radiation pressure, mass to area ratio 50 kg m−2 and Cr=1.5
(Montenbruck & Gill 2000).
Relativistic effect of Sun (Gérard & Luzum 2010).

Observable models Two-way range-rate, interval of 60 s, noise level of 0.1mm s−1

Onboard ranging to 133P, 60 s, noise level of 10 m
Earth tracking station: Kashi station and JMS station
Uplink frequency: 7168883696.0 Hz
Transponder ratio: 880/749
Cutoff angle: 10◦
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Fig. 4 1σ uncertainty in spacecraft initial positions w.r.t. observation time in 200 km (left columns), 150 km (middle
columns) and 100 km (right columns) orbits using tracking modes of (I) two-way range-rate only(top row) and (II)
two-way range-rate + onboard ranging (bottom row).

Fig. 5 Relative1σ uncertainties in 133P GM estimation w.r.t. observation time, for 200 km (left column), 150 km (middle
column), 100 km (right columns) orbits using tracking modes of (I) two-way range-rate only(blue lines) and (II) two-way
range-rate + onboard ranging (orange lines).

Fig. 6 Relative1σ uncertainty for estimatedCr w.r.t. observation time, 200 km (left column), 150 km (middle column),
100 km (right column) orbits using tracking modes of (I) two-way range-rate only(blue lines) and (II) two-way range-rate
+ onboard ranging (orange lines).

Table 2 Final Relative True Error of 133P’s GM over 9 Days Observation

Tracking mode 200 km orbit 150 km orbit 100 km orbit

(I) two-way range-rate only 0.145% 0.247% 0.055%
(II) two-way range-rate + onboard ranging 0.111% 0.086% 0.014%
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Fig. 7 True errors in initial position, GM andCr and their corresponding1σ uncertainties (shaded areas) in 200, 150 and
100 km orbits, by including an ephemeris error ranging from 1km to 10 km.

Table 3 Final Relative True Error ofCr over 9 Days Observations

Tracking mode 200 km orbit 150 km orbit 100 km orbit

(I) two-way range-rate only 0.222% 1.352% 0.717%
(II) two-way range-rate + onboard ranging 0.348% 0.487% 0.172%

the final GM is from 0.07 to 1.23 in these cases, which
means that the deviations in GM results are all less than
their corresponding3σ uncertainties.

In our computation, we consider the influence of solar
radiation because the magnitude of this perturbation force
is close to that of 133P’s gravitational force, and the
modeling of solar radiation pressure will affect solution of
133P’s GM. The relative1σ uncertainties and true errors
in the estimated radiation pressure coefficient are shown in
Figure6 and Table3.

As Figure 6 shows, there is an increase in both
the uncertainties and the true errors inCr in the lower
orbits compared to the higher orbits. This is probably
because the gravitational of 133P tends to dominate the
acceleration on the spacecraft in the lower orbits, and
makes the solar radiation pressure less apparent in the
observables. Similar to the GM estimation results, tracking
mode (II) improves theCr uncertainties by 2, 3, and 3
times compared to tracking mode (I) for the 200, 150 and
100 km orbits, respectively. The final true-to-formal ratios
of Cr in these cases range from 0.28 to 2.05 and the a
posteriori residuals of observables also follow a Gaussian
distribution. The 133P ephemeris is also a prerequisite in
orbit determination and parameter estimation. In the above
computation, it is assumed that there is no systematic error
in the ephemeris of 133P. However, there is of course an
uncertainty in the 133P ephemeris, mainly along its orbit.
We can simulate this error by adding a time bias to the
ephemeris. A time error of 0.05 s in the ephemeris of 133P
from the JPL small body database causes a position error
of about 1 km. By adding a time error from 0.05 s to 0.5
s with a step of 0.05 s, we produced a list of perturbed
ephemerides with a position error ranging from 1 km to
10 km. We set the a priori errors as 10 km for the initial

position and 100 % with respect to their assumed value
for the GM andCr estimates. Tracking mode (I) fails to
achieve convergent results for the three different orbital
altitudes. The errors in initial position, GM andCr with
respect to different ephemeris errors using tracking mode
(II) are shown in Figure7.

The 133P’s systematic ephemeris error affects more
GM and Cr estimates for low altitude orbits, with
position determination errors larger than the corresponding
ephemeris error. The absolute true-to-formal ratios for the
GM estimates are large (6–39, 7–44 and 8-50 for 200,
150, 100 km orbit, respectively). This is similar to a
previous simulation that was performed for the case of
asteroid Kamo’oalewa (Jin et al. 2020), in which the true-
to-formal ratio of the GM estimation was about 20 after
introducing comparable ephemeris errors. An ephemeris
error of more than 4 km in a 100 km altitude orbit produces
a significantly misleadingCr estimate (with a relative error
of more than 60%). This shows that the ephemeris error is
a critical point.

4 CONCLUSIONS

We can draw the following conclusions from our
simulation. Firstly, by reducing the altitude of spacecraft
orbit we obtain better spacecraft initial state and GM
estimates, but worseCr estimates. Secondly, introducing
onboard ranging to 133P can significantly improve the
result of orbit determination, as well as the estimation of
GM andCr. The closer the orbit to 133P, the greater the
improvement. Finally, the impact of the ephemeris error
for 133P is not negligible. For the 100 km altitude orbit
solution, a 4 km ephemeris error for 133P produces a 14
km initial position error, a 10% GM error and 75%Cr

error.
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In the force model for 133P, only point-mass gravi-
tational force is considered. For the further investigation
of a closer orbit to 133P, a detailed, high degree and
order gravitational force model would be included. The
onboard camera could model the shape of 133P at a
close distance, which would help to improve spacecraft
orbit determination. In addition, in China’s 2025 asteroid
mission, it would be possible to put a transponder on the
133P surface to carry out range-rate measurement using
an Earth station-spacecraft-transponder link. Combining
data from these tracking modes with Earth station range-
rate tracking data and image data will enable gravity
field and rotational dynamics estimations to be carried out
with higher resolution, including a possible modeling of
rotation-rate and precession. A highly precise ephemeris
of 133P is also a requirement. This ephemeris error
estimation can be conducted as a by-product of the GM
estimation, as the relative positioning of the spacecraft
with respect to the gravity center of 133P gives an indirect
constraint to the ephemeris error (Konopliv et al. 2002).
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