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determination using CSST
asteroid observations
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The objective of this study is to explore the potential of the Chinese Space
Station Telescope (CSST) in asteroid mass determination with asteroid-asteroid
close encounters. The CSST is expected to observe some asteroids with an
accuracy of several milliarcseconds and has a limiting magnitude of 26 (AB
mag) or higher in the g and r bands. By combining CSST observations with
existing ground-based observations, significant improvements in asteroid mass
precision can be achieved. To quantify the CSST's capability in asteroid mass
determination, three types of simulations are conducted. In Type A simulation,
58 close encounters with available Gaia DR2 observations were considered,
assuming CSST observes asteroids at a frequency similar to Gaia's. After using the
simulated CSST observations, asteroid mass precision is improved substantially.
In seven events, the determined precision are better than 5%. Type B simulation
is performed based on a tentative optical survey plan of CSST, but the limited
opportunities to observe asteroids involved in a close encounter with strong
perturbation from to-be-determined masses. As a result, the precision of mass
determination is low, though the improvement brought by CSST data is obvious.
This implies that the dedicated observations are necessary for CSST to contribute
masses with high precision. Type C simulation is performed with a small amount
of CSST observing time, to be specific for a strong encounter, 144 observations
spanning 3 years centered at the encounter time, totaling about 7.2 observation
hours. In this case, CSST can determine a number of asteroid masses, of which
10 asteroid’s precision are expected to be better than 10%.

KEYWORDS

astrometry, celestial mechanics, asteroids: general, methods: numerical, close
encounter

1 Introduction

Density is a fundamental physical parameter of asteroids, and it plays a crucial role in
understanding the composition and evolution of asteroids (Britt et al., 2002; Carry, 2012).
However, the number of asteroids with known densities is only about 400 so far (Carry,
2012; Kretlow, 2020). This is mainly due to the small number of asteroids with precisely
determined masses, which are essential for the density determination. Precisely determined
masses of asteroids can improve the modeling precision of the gravitational field of the solar
system, leading to an improved precision of the perturbations on the objects in the field
(Standish, 2000). Furthermore, the precision of the present Mars ephemeris is mainly affected
by the modeling precision of the main belt asteroids, and the continuous improvement
of asteroid mass determination can help improving the precision of the Mars ephemeris
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(Standish, 2000; Fiengaetal, 2009). At present, over 900
independent mass determinationshave been performed for more
than 158 asteroids using the dynamical method of analyzing
close encounters between asteroids (Carry, 2012; Goflin, 2014;
Kretlow, 2020). This approach involves inferring the mass of a
massive asteroid, usually referred to as a perturber, by analyzing the
perturbations it causes on a massless asteroid, which is referred to as
a test particle. One of the key scientific objectives of the Gaia mission
is to determine the masses of about 100 asteroids (Mouret et al.,
2008).

The Chinese Space Station Telescope (CSST), a major scientific
project of the Space Utilization System within the China Manned
Space Program, is scheduled to launch and fly with the Tiangong
Space Station in 2024 (Zhan, 2021). It is a 2 m reflecting telescope
that has a 1 deg? filed of view and 0.15 arcsec spatial resolution. It
has the potential to advance our understanding from solar system to
cosmology (Zhan, 2011; Gong et al., 2019; Cao et al., 2022; Gai et al.,
2022). CSST Optical Survey (CSST-OS) aims to conduct a wide-field

10.3389/fspas.2023.1230666

survey of over 17,500 square degrees and a deep-field survey of more
than 400 square degrees over the course of 10 years (Cao et al., 2018;
Zhan, 2018; Zhan, 2021). The typical exposure times for the wide-
field and deep-field surveys are 150 and 250 s, respectively. Due to
its large field of view and the capability to detect objects with a
magnitude limit of 26 in g-band, CSST-OS is expected to capture
numerous asteroids during its survey.

In this paper, we propose to evaluate the potential of the
CSST in asteroid mass determination. On one hand, the high-
precision observations provided by CSST-OS at the milliarcsecond
level can extend the time span for observations. On the other
hand, CSST-OS can also detect numerous faint asteroids, thereby
increasing the sample of close encounters. Furthermore, CSST can
improve the asteroid mass at a small cost by observing some specific
asteroids.

The paper is organized as follows: Section 2 presents the
algorithm used to determine asteroid masses with close encounters;
Section 3 describes observable close encounter events with
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FIGURE 1
Asteroid mass determination algorithm flow.

TABLE 1 Close encounters used to determine the mass of (532) Herculina.

Deflection (mas)

Test particle

T enc (year-month-day)

50864 2007-04-30 421912.97 3.19 40.19
48160 2001-12-21 552200.60 6.07 8.47
71027 2004-10-26 661836.24 7.86 4.22
191878 2005-04-12 521105.03 9.12 3.97
204515 2006-08-24 392007.61 6.51 10.38
281538 2004-11-04 368542.28 6.43 11.33
Frontiers in Astronomy and Space Sciences 02 frontiersin.org
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TABLE 2 Determination of (532) Herculina mass using Gaia observations with (50,864) 2000 GM2.

M (x10" kg)

oy (x10" kg) Oq cos slarcsec)

ops(arcsec) oppc (arcsec) opp (@rcsec)

1.46 0.13 0.42

0.41 0.0016 0.12

TABLE 3 Determination of (532) Herculina mass using only ground-based
observations.

TABLE 4 (532) Herculina masses given by previous authors.

Test particle M (x10'° kg) oy (x10'° kg) M/oy,
50864 117 0.14 83
48160 0.06 107 0.1
71027 0.41 0.74 0.5
191878 1.88 120 1.6
204515 159 0.72 22
281538 1.88 133 14

the CSST; Section4 details the simulation experiments; and
Section 5 presents the results and discussion; Section6 is
conclusion.

2 The mass determination method

Asteroid mass determination with close encounters involves
three steps (Lietal., 2019). Firstly, selecting suitable close
encounters (see Section 3). Secondly, obtaining observational
data, including simulated and actual data used in this study (see
Section 4). Lastly, fitting a properly determined dynamical model to
the observational data.

In the context of asteroid mass determination, the free
parameters to be determined are the initial state s, = s(t;) of the test
particle at the epoch ¢, and the mass M of the perturber (Li et al.,
2019). Figure 1 illustrates the main process flow of the algorithm for
asteroid mass determination.

In the simulations, the dynamical model for the test particles
accounts for the point-mass gravitational effects of the Sun, the eight
planets, Pluto, the three biggest asteroids in main belt (Ceres, Pallas,
Vesta), and the perturber. Parameterized post-Newtonian general
relativity corrections of the Sun, the eight planets, and Pluto are also
considered. DE440 provides the positions and masses of the Sun and
the eight planets as well as Pluto and the masses of three asteroids
(Park et al., 2021). The Horizons system provides the positions of the
asteroids. Least squares method is used to determine s, and M. The
objective function is given by

=8wg, (1)
where & represents the residual (ie., the difference between the

observed and calculated values), W =T"! is the weight matrix, and
T is the error matrix.
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M(x10"°kg) | oy (x10" kg) Moy, References ‘
3.340 0.557 6.0 Kochetova (2004)
1.090 0.020 54.8 Fienga et al. (2009)
1.330 0.133 10.0 Folkner et al. (2009)
0.576 0.151 3.8 Fienga et al. (2011b)
1.460 0.692 2.1 Somenzi et al. (2010)
0.989 0.559 1.8 Konopliv et al. (2011)
1.250 0.631 2.0 Zielenbach (2011)
1.810 0.446 4.1 Zielenbach (2011)
1.750 0.433 4.0 Zielenbach (2011)
2.260 0.876 2.6 Zielenbach (2011)
0.575 0.191 3.0 Fienga et al. (2011a)
2.070 0.080 26.0 Goffin (2014)
3.600 0.732 4.9 Baer and Chesley (2017)
2.980 1.150 2.6 Baer and Chesley (2017)
3.420 0.618 55 Baer and Chesley (2017)
0.816 0.102 8.0 Fienga et al. (2019)
1.186 - - Park et al. (2021)

2.1 Selecting appropriate model
parameters

Carpino etal. (2003) noted the issue of selecting model
parameters in the process described above. Varying initial epoch ¢,
leads to different model parameters, and changes the relationship
between observables and parameters. Lietal. (2019) addressed
this issue, selecting three specific epochs and studying the trend
of A*(M) as a function of mass M. Here, A>(M) represents the
average angular distance between the calculated and nominal
orbits of the test particle at different values of M. Notably, this
approach was developed without the consideration of differences
in precision for the case that only ground-based observations were
available.

However, after introducing observations from Gaia and CSST,
the precision can vary significantly, ranging from milliarcseconds
to arcseconds. To address this issue, we propose the utilization of
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dotted dashed line gives the 30 boundaries.

0] Sl
1: _____ - __‘@____i_ _T ______________ é_Qt
T4 3 ¢
0k 4
1Lk |
_2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
& DD N DD oD DD D N OUALALA LD
R O A S N AN N A I A S A A S A A A N RS
B R NN NN
» SN B g R O g SOt
& xS, @0‘5‘?\&. S QAP AP AT AT S QPP R
S R ~<§o\§x S O FF T © >
P e
& ERRINRITRIS

Comparison of the masses given in the present paper for (532) Herculina with those given by previous authors. The red boxes with 1o error bars denote
our results, the blue circles with 1o error bars denote the previous results, the red solid line is the average value given in the present paper, and the

TABLE 5 Simulation types.

Ground-based Gaia DR2 Number of events
A Y Y Every Gaia DR2 observation 58
time plus 3 years
B Y N CSST tentative survey plan 18
C Y N 3 years with total 288 (144) 73

TABLE 6 Precision statistics of Type A simulation.

Type A (with CSST)  Type A (without CSST)
o(M)/M < 5% 7 2
o(M)IM < 10% 10 6
o(M)/M < 20% 19 9
o(M)IM < 50% 34 23

Fisher information I(M), which captures the information that the
observations contain about the mass parameter. The aim is to employ
this information to select the appropriate model parameters. In this
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context, I(M) can be formally expressed as the expectation of the
second-order derivative of the objective function XZ, ie, (Lyetal,
2017),

z

1
I(My,t,) = EE[

oM? M=M,
T
_ laz(cMo_cM) (CMO_CM) (2)
2 oM?
1%
2 a2’

where C,; represents the calculated value of the observables, i.e.,
the right ascension and declination of the test particles, for a given
mass M. The problem of selecting appropriate model parameters

frontiersin.org
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is transformed into an optimization problem that find the optimal

value of t,:
argmax I(t;M). (3)
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FIGURE 3
Precision statistics of Type A simulation.

TABLE 7 Events with gain greater than 2 in Type A simulation.

10.3389/fspas.2023.1230666

In this paper, a second-order central difference approximation is
2

0
used to compute a_MA?’ and a grid method is employed to find the
maximum for Eq. 3.

2.2 Real case study with (532) Herculina

(532) Herculina is an S-type main-belt asteroid (Bus and
Binzel, 2002; Carry, 2012). In Tang et al. (2017), a total of six close
encounters listed in Table 1 are useful to determine the mass of (532)
Herculina, and one of the encountering test particles, (50,864) 2000
GM2, has Gaia observations.

Table 2 gives the determined masses using Gaia and ground-
based observations, as well as the root mean square of the residuals
of the ground-based observations in the right ascension o, s
and declination 0,5, and Gaia observations in the AC o, and AL
o1 directions, respectively. The results using only ground-based
observations are given in Table 3.

Table 4 gives the previously determined masses of (532)
Herculina, and Figure2 compares the masses determined
in the present paper and the masses given by the previous
authors.

As can be seen from Figure 2, the weighted average value
of 1.43+0.12x 10" kg given in the present paper is within 30
boundaries of the masses determined for each independent close

Perturber Test particle Encounter date GM km?3s~2 oy/M With oy/M Without CSST
Year-month-day CSST
324 (Bamberga) 5766 2017-10-10 0.62 0.01 0.16 15.4
52 (Europa) 8660 2019-10-18 2.68 0.02 0.20 11.2
74 (Galatea) 23051 2020-01-05 0.09 0.66 7.34 11.1
79 (Eurynome) 1419 2016-12-20 0.02 0.10 0.83 8.7
111 (Ate) 18105 2016-06-08 0.06 0.11 0.53 4.7
8 (Flora) 2200 2018-04-12 0.26 0.26 0.96 3.6
114 (Kassandra) 17001 2018-09-08 0.11 0.50 1.50 3.0
12 (Victoria) 1110 2013-11-03 0.15 0.06 0.16 2.8
455 (Bruchsalia) 5103 2017-04-26 0.05 0.26 0.68 2.6
505 (Cava) 6769 2018-08-04 0.05 1.35 3.48 2.6
385 (Ilmatar) 8447 2018-10-22 0.04 0.23 0.54 24
203 (Pompeja) 908 2014-06-15 0.23 0.03 0.08 23
11 (Parthenope) 20862 2015-10-24 0.46 0.11 0.26 2.3
48 (Doris) 4469 2013-11-23 0.86 0.15 0.34 23
354 (Eleonora) 684 2010-04-11 0.31 0.51 1.14 2.2
445 (Edna) 1764 2014-10-31 0.04 0.02 0.05 22
42 (Isis) 7070 2016-03-29 0.08 0.50 1.07 2.1
Frontiers in Astronomy and Space Sciences 05 frontiersin.org


https://doi.org/10.3389/fspas.2023.1230666
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Lietal.

TABLE 8 Precision statistics of Type C simulation.

Type G, Type G,
o(M)IM < 6% 7 6
o(M)IM < 20% 20 17
o(M)IM < 30% 37 32
o(M)IM < 50% 48 46
18 — ; ; ; : ;
[ Type C1
16 [ Type C2| 4

Count

0.4
Relative precision

0.6 0.8 1

FIGURE 4
Precision statistics of Type C simulation.

encounter, and four of them are within 1o boundaries. Our
determined masses are in good agreement with most of the previous
results, and the precision is the highest among those determined
with the similar method.

Based on the mass we determined and a diameter of 204 + 3 km
given by Hanusetal. (2017), the density of (532) Herculina is
3.91+0.41 g- cm™, which is much higher than the density of S-type
asteroids [2to 3 g- cm™ from Carry (2012)]. According to Gehrels
and Drummond (1986), (532) Herculina may have undergone a
process of differentiated melting. As a consequence, low-density,
high-reflectivity silicate material cooled and covered its surface,
which is responsible for observed characteristics of S-type. On the
other hand, the presence of dark areas on its surface is due to
collisions that broke the inner high-density material through to
the surface. The high density we obtained support this point of
view.

3 The selection of close encounters
This study uses Tang’s 2017 database (Tang et al., 2017) of close
encounters that occurred between 2000 and 2030. To focus on the

potential of the upcoming CSST, we selected encounters after 1
January 2010.
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From the screened 1,667 events, involving 237 perturbers and
968 test particles, there are 148 events with predicted precisions
better than 10%, 310 events better than 20%, and 720 events better
than 50%. There are three events with minimum distances less than
0.0001 AU and 175 events less than 0.001 AU. Among those events,
160 occur between 2024 and 2030, which can be observed by CSST
for 3 years before and after the encounters and may improve the
asteroid mass precision significantly.

4 Simulations

The theoretical orbits of the test particles are obtained by
numerical integration, with initial conditions sourced from JPLs
orbital elements database'. We use the real observation moments for
the ground-based MPC? and sapced-based Gaia observations as the
reference for the simulated observations. To minimize the precision
difference between the simulated and real observations, we use the
real observation errors for ground-based and Gaia observations. For
CSST observations, by referring to Fu et al. (2023), we estimate the
error to be four times that of Gaia’s (Mouret et al., 2007), as shown
in the following equation:

1.2

4% 100.147V—2.71

mas forV<15

)

o=

mas forV > 15.

In order to investigate the ability of CSST in asteroid mass
determination more specifically, we design simulations with three
types of simulations, denoted as A, B, C, respectively. Type A
simulation is designed for exploring the limiting capability of CSST
in asteroid mass determination in the case of combing with Gaia
observations. Type B and C simulations are designed to investigate
the effects that could be achieved by using CSST in the current
situation. Type B uses only observations from the tentative survey
plan, while Type C will request a small amount of observation
time.

We conduct Type A simulation with test particles that have Gaia
observations available. We conducted a cross-matching between
the close encounter database and asteroid observation data from
Gaia DR2, resulting in a total of 58 events. The impact of adding
CSST observations to the current ground-based and Gaia DR2
data was assessed. Specifically, the simulated CSST observations
are obtained 3 years after the Gaia DR2 observations. Type B
simulation focus on those test particles that could be observed by
the CSST tentative survey plan. We searched for test particles in the
database based on the tentative CSST survey plan and obtained 18
events with more than 10 observations. We evaluate the impact of
incorporating CSST with the existing ground-based observations.
In Type C simulation, the main focus is to identify specific events
where the combination of CSST observations is expected to yield
significant improvements. We selected 73 test events with predicted
precision better than 20% and encountering after 2023. We assess
the effect of combining CSST observations with existing ground-
based observations. The simulation assumed a 3-year observation

1 See here https://ssd.jpl.nasa.gov/sb/elem_tables.html

2 See here https://minorplanetcenter.net/
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period before and after the close encounter, with a frequency of one
observation every half month and four or two observations each
time, denoting as C1 and C2, resulting in a total of 288 or 144
observations. Please refer to Table 5 for the relevant descriptions
of all three simulation types. For each type, we utilized the mass
determination algorithm described in Section 2. The algorithm
initially calculate the Fisher information of the observations
to determine the appropriate model parameters, followed by
a least squares fit to obtain the mass and its corresponding
uncertainty.

5 Results and discussion

This section presents the results of the three types of simulations,
including statistical analyses of the relative precision, 0);/M,
and comparison analysis. Here, o), represents the I1-sigma
uncertainty in the mass, while M denotes the reference mass of
the perturber.

5.1 Type A simulation

Table 6 presents the cumulative numbers within several
precision ranges for both cases: using CSST data and not using
it. Meanwhile, Figure 3 illustrates the precision distributions. As
depicted in Figure 3 and summarized in Table 6, the inclusion of
CSST observations significantly improve the precision of asteroid
mass determinations. Notably, the number of determinations with
precision better than 5% increases from 2 to 7. We quantitatively
measure this improvement using a metric called “gain,” which
represents the ratio of precision achieved with CSST observations
to that achieved without them. Our results reveal an average

TABLE 9 Events with precision better than 10% in Type C simulation.

10.3389/fspas.2023.1230666

gain of 2.4 across 57 events, with 17 events exhibiting a gain
greater than 2. Further analysis of the relationship between the
encounter moment and the gain for these 57 events indicates
that the addition of CSST observations yields a more significant
improvement for events occurring near the CSST survey period. For
a concise summary of events with a gain exceeding 2, please refer to
Table 7.

It is crucial to note that our Type A simulation assumes
an equivalent frequency of asteroid observations for CSST
and Gaia. However, this assumption does not align with the
current tentative survey plan, which excludes the ecliptic,
resulting in a significant reduction in the frequency of asteroid
observations. Nevertheless, it is worth emphasizing that future
adjustments to the survey plan could potentially align CSST’s
observation frequency with that of Gaia. Combining these
observations could greatly improve the precision of asteroid mass
determination.

5.2 Type B simulation

Type B simulation comprise 18 events. Although the test
particles involved in this simulation are expected to be observed
an average of 20.7 times during the tentative CSST survey, the
perturbation caused by their respective perturbers is relatively weak.
Consequently, the expected precision of mass determination is
not high. Even with the incorporation of CSST observations, only
two events yield mass determinations with precision better than
50%.

Conversely, the addition of CSST observations does make a
significant contribution to improving the precision of these events.
On average, there is a gain of 4.2 across all 18 events, with 7 events
displaying a gain of more than 2. Generally, these results suggest

Perturber Test particle Encounter date Deflection Angle GM km3s~2
year-month-day arcsec

10 (Hygiea) 215484 2028-04-28 1,526.4 5.63 0.01
87 (Sylvia) 333785 2029-12-27 85.0 2.17 0.07
7 (Iris) 193411 2027-07-04 170.9 1.14 0.06
22 (Kalliope) 238236 2026-06-19 1,272.5 0.39 0.02
88 (Thisbe) 224543 2024-02-29 679.3 119 0.05
14 (Irene) 340857 2030-07-06 184.0 053 0.09
9 (Metis) 158296 2023-11-27 2219 0.65 0.06
173 (Ino) 315580 2023-03-19 218.0 0.16 0.10
412 (Elisabetha) 314868 2023-01-22 134.7 0.06 0.08
209 (Dido) 14077 2030-03-08 131.7 0.88 0.05
423 (Diotima) 329080 2030-07-31 534.4 0.52 0.08
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that the CSST tentative survey plan would not contribute much to
asteroid mass determination.

5.3 Type C simulation

Type C simulation explores the option of requesting a small
fraction of CSST observation time for selected test particles. This
strategy has the potential to significantly enhance asteroid mass
determination with minimal expenditure. In Table 8, we present
the cumulative number of events for which the determined mass
falls within specific precision ranges, and Figure 4 visualizes the
precision distribution. C1 and C2 denote different observation
strategies, and overall, C1 takes double the time of C2, and the
specific strategies will be described below. The figure demonstrates
the high effectiveness of adding CSST observations in asteroid mass
determination. There are 6 events achieving precision better than
6%, and 17 events better than 20%. However, it'’s important to note
that doubling the number of observations (from C2 to C1) doesn’t
result in a proportionate increase in gain. On average, the gain is only
1.25, with a maximum gain of 1.8 across the 65 events.

These findings suggest the potential for a specific observation
strategy involving semi-monthly observations, each consisting of
two 3-min exposures, over a total of 144 observations during the
3-year period before and after each encounter. This strategy would
require approximately 7.2 h of CSST observation time. As a result,
CSST could determine the masses of several asteroids, with 10 of
them expected to achieve precision better than 10%, as detailed in
Table 9. A proposal will be given for utilizing CSST observation
time and coordinating with ground-based observations in the
future.

6 Conclusion

This paper assess the ability of CSST for asteroid mass
determination. Based on the assumption that the frequency of CSST
and Gaia observations of asteroids is equivalent, simulation results
demonstrate that integrating CSST observations can considerably
improve the precision of asteroid mass determination. The average
precision gain reaches 2.4, and this effect is particularly notable for
those encounter events that happen at times inside or close to the
CSST observation time span. Due to the limited opportunities to
observe asteroids with CSST tentative survey plan, the survey data
are not as efficient as one would hope in increasing the number of
asteroids with high precision mass. On the other hand, however, a
small amount of dedicated observations would be efficient enough.
Indeed, for each 10 close encounters, 144 observations (requiring
only 7.2 observing hours) distributed over a period of 3 years
centered at the encounter time would be enough to determine the
mass with precision better than 10%.
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