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Abstract  We apply the technique of astrometric mass determination to measure the masses
of 21 main-belt asteroids; the masses of 9 Metis (1.03 £ 0.24 x 10~1! Mg), 17 Thetis
(6.17 £0.64 x 10713 M), 19 Fortuna (5.41 & 0.76 x 10~'2 M), and 189 Phthia (1.87 £
0.64 x 10714 M) appear to be new. The resulting bulk porosities of 11 Parthenope (12 4+4%)
and 16 Psyche (46+16%) are smaller than previously-reported values. Empirical expressions
modeling bulk density as a function of mean radius are presented for the C and S taxonomic
classes. To accurately model the forces on these asteroids during the mass determination
process, we created an integrated ephemeris of the 300 large asteroids used in preparing the
DE-405 planetary ephemeris; this new BC-405 integrated asteroid ephemeris also appears
useful in other high-accuracy applications.

Keywords N-body - Asteroid - Ephemerides - Asteroid masses - Astrometric masses -
Asteroid porosity

1 Introduction

The technique of astrometric mass determination, in which the deflection of a small body’s
trajectory allows us to deduce the mass of a larger perturbing body, may be entering a partic-
ularly fruitful period, as near-Earth asteroid (NEA) surveys coincidentally produce a flood
of high-precision main-belt asteroid observations.

The mass of an asteroid, when combined with its volume, yields information on its
composition and structure. Additionally, the inability to accurately model asteroid pertur-
bations due to their unknown masses represents the single greatest source of error in plan-
etary ephemerides (Standish 2000). While indirect methods of mass calculation, such as
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assuming a given density based on taxonomic class, have proven extremely useful in
dynamical modeling, such assumptions must be calibrated against direct observation.

In this paper, we present the astrometric masses of 21 main-belt asteroids. Their derived
densities provide insight into the porosities of two asteroids, and suggest that density varia-
tions within taxonomic classes may be caused by variations in porosity. Finally, we present a
fully-integrated asteroid ephemeris, compatible with the JPL DE-405 planetary ephemeris,
that was developed as part of the mass determination process; and we discuss its utility for
other high-precision applications.

2 Calculations: overview

Astrometric mass determination is a modification of conventional least-squares orbit
determination, in which the mass of the perturbing body is added as a seventh solve-for
parameter. Ideally, the process is applied to relatively close encounters between a large sub-
Jject asteroid and a small fest asteroid, where precise observations of the test asteroid exist
before, during, and after the encounter.

Since the mass determination calculations are lengthy, it is first necessary to conduct a
survey for encounters likely to result in significant deflection of the test asteroid. Furthermore,
since the mass determination process is based upon perturbations in the trajectory of a test
asteroid, it is absolutely essential to employ an accurate force model that accounts for all other
known perturbations upon that test asteroid. And since newly-calculated asteroid masses and
orbits improve the accuracy of the force model, the processes of mass determination and
force model refinement are intertwined.

We will therefore begin with the selection of candidate encounters; later, we will describe
the iterative scheme that yielded both the asteroid masses and the asteroid ephemeris.

2.1 Selection of candidate encounters

As described by Michalak (2000), perhaps the most direct method of selecting suitable mass
determination encounters involves integrating the orbit of a small test asteroid through the
period of available observations, both with and without the influence of the large subject aster-
oid; cases in which the perturbed and unperturbed trajectories result in significant differences
in predicted right ascension and declination are obvious candidates for detailed analysis.

However, with over 120,000 numbered asteroids catalogued at the time of our analysis, we
felt that the integration required to test all of the possible encounters for even a limited num-
ber of large asteroids would be prohibitive. We therefore sought a computationally-efficient
alternative.

A two-body approximation of the deflection angle € in the trajectory of a small test
asteroid due to the gravitational perturbation of an encounter with a large subject asteroid is
given by

6 Gm+M)
tan - = ———
2 vZb
where m and M represent the masses of the test and subject asteroids, v is the unperturbed
relative velocity, and b is the unperturbed distance of closest approach.

However, there are limits to relying solely upon the deflection angle as the survey criterion.
First, itis unclear whether the direction of deflection will result in an easily-observable change
in trajectory; a deflection that largely impacts the inclination of the test asteroid’s orbit, for
instance, would not be as easily noted as a deflection that significantly alters its semi-major

@ Springer



Astrometric masses of 21 asteroids 29

axis. Second, even a relatively small change in the test asteroid’s semi-major axis may provide
useful data if several decades of observations exist both before and after the encounter.

In hopes of optimizing our selection of candidate encounters, we therefore applied Opik’s
two-body analysis of planetary encounters, as developed by Carusi etal. (1990) and Valsecchi
etal. (2003). This two-body analysis allowed us to estimate the change in the inclination and
semi-major axis of a test asteroid’s orbit due to an encounter with a larger subject asteroid.
Thus, for each large subject asteroid, we tested every other possible numbered test asteroid in
the Minor Planet Center orbital database (MPCORB) with a relative Minimum Orbital Inter-
section Distance (MOID) of 0.1 AU or less, conservatively selecting those encounters within
the period of observation of the test asteroid resulting in a predicted deflection angle, pre-
dicted change in inclination, or predicted change in sky position, exceeding 0.002 arcseconds
In total, over 2,500 candidate events were identified.

2.2 The force model

The main asteroid belt is a chaotic system in which each asteroid is gravitationally perturbing
every other asteroid; to make an analogy with radio, successful mass determination therefore
requires isolating a very weak signal from a very noisy background environment. Clearly,
we needed to account for every other significant perturbation on a test asteroid, so that the
perturbations due to the subject asteroid could be isolated by the least-squares algorithm.

The software used for the mass determinations was a modified version of the CODES
application (Baer 2004), whose integration force model accounts for gravitational perturba-
tions (including first-order relativistic terms), the oblateness of the Sun, Earth, and Jupiter,
and solar radiation pressure. In calculating gravitational perturbations due to the Sun, plan-
ets, and Earth’s Moon, CODES uses the JPL DE-405 ephemeris, which provides precise
positions of these bodies for the period 1800-2200.

Standish explains that, in accounting for perturbations due to the 300 most important
perturbing asteroids, the DE-403 ephemeris calculated positions of these asteroids using
their mean orbital elements (Standish etal. 1995). The masses of these perturbing asteroids
were modeled using IRAS diameters, assuming a uniform density for asteroids of each taxo-
nomic class (the respective class densities were adjusted as part of the least-squares solution).
In refining this process for DE-405, the orbits of Ceres, Pallas, and Vesta (CPV) were inte-
grated accounting for perturbations from the Sun, planets, and Moon, while the orbits of
the other 297 asteroids were integrated accounting for perturbations from the Sun, planets,
Moon, Ceres, Pallas, and Vesta (Standish 1998).

The baseline CODES application used an approach similar to DE-403, accounting for
gravitational perturbations from the 300 asteroids based on positions from mean orbital
elements. Clearly, such an approximation would not suffice here.

To enhance the CODES force model for mass determination, we therefore resolved to
create a fully-integrated ephemeris of the 300 asteroids, in which the orbit of each asteroid
would account for perturbations from the Sun, planets, Earth’s Moon, and the other 299
asteroids. Since this ephemeris, covering the timeframe 18002200, would be derived from
(and fully consistent with) DE-405, we termed it the BC-405 asteroid ephemeris.

2.3 The iterative process
Clearly, the masses of the 300 asteroids would be required to model their perturbations; but

since the entire purpose of the BC-405 ephemeris was to facilitate the determination of those
very same masses, we decided to pursue an iterative approach.
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First, we applied the mass determination algorithm to the 2,500+ candidate encounters,
using a simplified “CPV-only” asteroid ephemeris, with the CPV masses taken from DE-405
and the CPV orbits based on mean elements. Measured masses were considered valid if they
yielded a density of between 0.5 and 8.0 g/cm?, and if the significance (defined as the ratio of
the measured mass to its formal uncertainty) exceeded two. Only those 102 candidate events
(involving 21 asteroids) resulting in valid masses, or in mass uncertainties less than one-half
of the a priori mass (estimated using a density of 2 g/cm® and the known IRAS diameter),
were retained for further study.

An initial draft zero version of the BC-405 ephemeris was then created, using MPCORB
state vectors (Marsden 2005) of the 300 asteroids at epoch, the best available published
masses (see Table 1) for some of the largest asteroids, and estimates based on DE-403 taxo-
nomic class densities (see Table 2) and IRAS diameters (Tedesco et al. 2002) for the masses of
all other asteroids. This draft zero ephemeris was used by the mass determination algorithm
to analyze the remaining 102 candidate events, using all available observations of the test
asteroids in the AstDyS database (Milani and Chesley 1999). The draft zero ephemeris, with
the draft zero asteroid masses, was also used in a conventional orbit determination algorithm
to refine the epoch state vectors of the 300 asteroids in the ephemeris, using all available
observations of each ephemeris asteroid in the AstDyS database.

With the first iteration complete, the newly-recalculated masses and refined state vectors
were used to create the second version of the ephemeris; as before, this version of the ephem-
eris was then used to recalculate the masses and refine the ephemeris state vectors. The entire
process was repeated four times, by which point 1,792 of the 1,800 state vector components
in successive versions of the ephemeris agreed to within 0.10, and the other eight state vector
components agreed to within lo.

The final result was an internally-consistent set of measured masses and ephemeris state
vectors.

This iterative approach does not reveal pathologies such as high correlations among the
solve-for parameters; and it does not immediately guarantee convergence to a global mini-
mum solution. However, aside from the CPV perturbations (which are well-determined from
a variety of sources), the force model modifications associated with the masses of the other
297 asteroids have a relatively slight effect on the global solution; and no convergence issues
were apparent. Moreover, the selected initial mass values are unlikely to be off by more than
a factor of three, which argues a priori for only modest corrections to both state and mass
parameter values. Still, errors in the assumed masses of the 279 asteroid masses for which
we did not solve could bias the 21 estimated masses. Future revisions to this work may allow
more insight into the significance of such concerns.

Note: Radar observations exist for only 11 of the 300 ephemeris asteroids, comprising
26 total observations. Thus, while such observations are highly-precise, no attempt was
made to analyze their relative impact on the state vector solutions.

2.4 The mass determination algorithm

As noted above, the mass determination algorithm consists of calculating a precise orbit
of the test asteroid, and solving for the perturbing mass of the subject asteroid. To provide
context for what follows, we will briefly review the orbit determination process.

The conventional least-squares orbit determination algorithm relies upon finding the
minimum of the cost function

0x)=b"A"1p
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Table 1 Recent asteroid mass determinations

Asteroid Mass (in M) References

1 Ceres 47403 x 10710 Goffin (1991)
4.796 £ 0.085 x 10710 Sitarski and Todorovic-Juchniewicz (1992)
4.804+0.22 x 10710 Williams (1992)

4.622 4+0.071 x 10710
5.0+£0.2x 10710
4.67+0.09 x 10710
4.16 £0.19 x 10710
4.785 £+ 0.039 x 10~10
4.759 4 0.023 x 10~10
4.3940.04 x 10710
4.70 £0.04 x 10710
4.762 £0.015 x 10710
4.81+£0.01 x 10710
4.749 £ 0.020 x 10710
4.753 £+ 0.007 x 10710
4.699 & 0.028 x 1010
4.7540.03 x 10710

2 Pallas 1.59 4 0.05 x 10710
1.21+£0.26 x 10710
1.17 £0.03 x 10710
1.078 +£0.038 x 10710
1.00 4 0.01 x 10~10
1.036 £ 0.02 x 10710
1.027 £ 0.003 x 10~10
1.026 & 0.028 x 10~10
1.06 +0.13 x 10710

3 Juno 2.09+£0.35 x 10~
1.42 £0.06 x 10~ 11
1.51 £0.03 x 1071
1.49 +£0.15 x 10~ 11

4 Vesta 1.396 & 0.043 x 10~10
1.69 4 0.05 x 10710
1.36 4 0.05 x 10710
1.306 & 0.016 x 10710
1.341 £ 0.015 x 10710
1.36 £0.01 x 10710
1.38 +0.03 x 10710
1.358 £0.02 x 10710
1.344 £ 0.001 x 10~10
1.358 £0.016 x 10~10
1.34 4+0.01 x 10710

6 Hebe 6.9+22x 10712
7.59 +1.42 x 10712
7 Iris 1.41+£0.14 x 10~

52408 x 10712
6.3+0.1 x 10712
6.81 +1.93 x 10712
9 Metis 1.03+£0.24 x 10~
10 Hygiea 5.57+0.70 x 10711
5.01 £0.41 x 10~
4.5440.13 x 10711
4.5440.15 x 1011

Sitarski and Todororovic-Juchniewicz (1995)
Viateau and Rapaport (1995)
Carpino and Knezevic (1996)
Kuzmanoski (1996)

Viateau and Rapaport (1997a)
Viateau and Rapaport (1998)
Hilton (1999)

Michalak (2000)

Standish (2001)

Pitjeva (2001)

Pitjeva (2004)

Pitjeva (2005)

Konopliv etal. (2006)

Table 3

Hilton (1999)

Michalak (2000)

Goffin (2001)

Standish (2001)

Pitjeva (2001)

Pitjeva (2004)

Pitjeva (2005)

Konopliv etal. (2006)

Table 3

Chernetenko and Kochetova (2002)
Pitjeva (2004)

Pitjeva (2005)

Konopliv etal. (2006)

Sitarski and Todororovic-Juchniewicz (1995)
Hilton (1999)

Michalak (2000)

Viateau and Rapaport (2001)
Standish (2001)

Pitjeva (2001)

Konopliv (personal communication)
Pitjeva (2004)

Pitjeva (2005)

Konopliv etal. (2006)

Table 3

Michalak (2001)

Table 3

Chernetenko and Kochetova (2002)
Pitjeva (2004)

Pitjeva (2005)

Table 3

Table 3

Michalak (2001)

Chernetenko and Kochetova (2002)
Chesley etal. (2005)

Table 3
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Table 1 continued

Asteroid

Mass (in M)

References

11 Parthenope

15 Eunomia

16 Psyche

17 Thetis
19 Fortuna
20 Massalia
24 Themis

29 Amphitrite

45 Eugenia
46 Hestia
52 Europa

65 Cybele
87 Sylvia
88 Thisbe

90 Antiope
121 Hermione
189 Phthia
243 Ida

253 Mathilde
324 Bamberga

433 Eros
444 Gyptis
511 Davida

704 Interamnia

762 Pulcova
804 Hispania

1999 KW4
2000 DP107
2000 UG11
2002 CE26

2.58+£0.10 x 10712
2.56 £0.07 x 10712
3.16 £0.06 x 10~12
1.26 £ 0.30 x 1011
1.22+0.16 x 10~ 11
1.64 +0.06 x 10~ 11
1.68 £0.08 x 10~ 11
0.87 £0.26 x 10711
3.384+0.28 x 1011
1.2940.17 x 10~ 1
6.17 £0.64 x 10713
5.41+0.76 x 10712
2424041 x 10712
2.89 £1.26 x 10712
5.67 +2.15 x 10712
0.77 £0.12 x 10711
1.00 £+ 0.35 x 107!
3.0+0.1 x 10712
1.09 +0.68 x 10711
2.61+0.88 x 1011
1.28 £0.25 x 10~ 11
9.76 £2.21 x 10~12
5.8+ 1.5x 10712
7.59+1.82 x 10712
7.6+0.8 x 10712
7.4314+0.030 x 10712
74413 x 10712
5.72+1.76 x 10712
4.14+0.05 x 10713
47408 x 10712
1.87 £0.64 x 10~ 14
1.92 +£0.09 x 10~ 14
5.194+0.22 x 1014
5.14+0.8 x 10712
554+0.1x 10712
47407 x 10712
3.362 £0.002 x 10715
3.6+£1.6x 10712
3.344+0.28 x 10711
2.40+0.24 x 10711
2.98 +0.30 x 10~
3.7+1.7x 1071
3.524+0.93 x 10711
0.81+0.42 x 10711
3.58+£0.42 x 10711
13402 x 10712
54+4x 10712
4.69+1.85 x 10712
1.1£0.1x 10718
23+04x 10719
4740.8 x 10721
9.8+13x 10718

Viateau and Rapaport (1997b)
Viateau and Rapaport (2001)

Table 3

Michalak (2001)

Chernetenko and Kochetova (2002)
Vitagliano and Stoss (2006)

Table 3

Viateau (2000)

Kuzmanoski and Kovacevi¢ (2002)
Table 3

Table 3

Table 3

Bange (1998)

Lopez Garcia etal. (1997)

Table 3

Chernetenko and Kochetova (2002)
Table 3

Merline etal. (1999)

Bange and Bec-Borsenberger (1997)
Michalak (2001)

Chernetenko and Kochetova (2002)
Table 3

Chernetenko and Kochetova (2002)
Table 3

Margot and Brown (2001)

Marchis etal. (2005)

Michalak (2001)

Table 3

Merline etal. (2002)

Viateau (2000)

Table 3

Petit etal. (1997)

Yeomans etal. (1997)

Pitjeva (2004)

Pitjeva (2005)

Konopliv etal. (2006)

Yeomans etal. (2000)

Michalak (2001)

Michalak (2001)

Chernetenko and Kochetova (2002)
Table 3

Landgraff (1992)

Michalak (2001)

Chernetenko and Kochetova (2002)
Table 3

Merline etal. (2002)

Landgraff (1992)

Table 3

Margot etal. (2002)

Margot etal. (2002)

Margot etal. (2002)

Shepard etal. (2006)
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Table 2 Bulk densities for

taxonomic classes Taxonomic Bulk density (g/cm”)

class
This DE-403 Standish (2001) Krasinsky etal. (2002)
paper

C 2.09 1.80 1.29 1.38

S 275 240 2.71 2.71

M 4.02  5.00 5.29 5.32

In this equation, x is the state vector, b = b(x) is a vector containing the “observed-computed”
residuals for each observation, and A is the observational covariance matrix, with

Aij =Tij0i0j

where o; is the square root of the covariance of the ith observation, and 7;; is the correlation
between the ith and jth observations. We would find the minimum by seeking stationary
points of Q(x):

If we define A = %, then the equation to be solved reduces to

0=AaTA""p

If we assume a total of N data points, where N =2(number of optical observations)+
(number of radar delay observations) + (number of radar doppler observations), then b is an
N x 1 vector, and A is an N x 6 matrix.

The solution of this equation is

dr = —(ATA7TA)TATA D

Conventionally, it is assumed that o; is 3 arcseconds for optical observations prior to 1,890,
2 arcseconds for observations from 1890 to 1950, and 1 arcsecond thereafter. The additional
assumption that observations are uncorrelated, i.e.,

P 1 wheni = j,
Y710 wheni # j

leads to A being a diagonal matrix. The validity and consequences of these assumptions will
be addressed in the final section of this paper.

The CODES least squares algorithm uses an outlier rejection strategy similar to that
described by Carpino etal. (2003). In the initial stages, all available optical and radar obser-
vations of the test asteroid are used, until successive state vector solutions converge. Then
observations with x 2 values exceeding a user-defined threshold Xlzim are excluded, and a new
solution is calculated, with the process being repeated until successive state vector solutions
again converge; in each successive solution, every observation is considered for inclusion,
even if it had been excluded in the prior solution.

In modifying this algorithm for astrometric mass determination, the mass of the perturbing
subject asteroid was added as a seventh solve-for parameter in Ax; determining the orbit of
the test asteroid in each encounter therefore also determined the mass of the subject asteroid.

Since no manual editing of observations would be used, we decided to attempt to duplicate
the effect of such editing through control of the Xlzirn threshold. First, the masses were cal-
culated using a threshold of Xlzim = 25. The resulting subject asteroid mass and test asteroid
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state vector were then used to initialize a second mass determination using a threshold of
Xl%m = 9. Finally, the resulting subject asteroid mass and test asteroid state vector were used
to initialize a third mass determination using a threshold of X]Zim = 2.25. The solution with
the highest significance was selected.

In addition to the 300 asteroids in the BC-405 ephemeris, the mass determination force
model also accounted for perturbations from any other asteroids that our survey predicted
might deflect the test asteroid. The trajectories of these additional perturbers were integrated
using CPV propagation, beginning with the MPCORB epoch state vector; and since pub-
lished masses for these additional perturbers were not available, their masses were estimated
using taxonomic class-based densities and IRAS diameters.

For asteroids 10 Hygiea, 15 Eunomia, 16 Psyche, 52 Europa, 87 Sylvia, 511 Davida, and
704 Interamnia, parallel mass determinations were made by an independent software set
(Chesley etal. 2005); agreement between the two algorithms was excellent, and the results
with the largest significance were used.

3 Results

In all, 56 of the candidate events yielded valid masses. Any measured masses differing from
the weighted average for that asteroid by more than 60 were discarded. In the cases of aster-
oids 1 Ceres, 4 Vesta, and 10 Hygiea, literally dozens of valid masses were obtained; but to
optimize the quality of the results, only those events where the significance exceeded a given
threshold (50 for Ceres and Vesta, 30 for Hygiea) were used.

Our resulting individual mass determination events and weighted averages are listed in
Table 3; the weighted averages are also listed in Table 1 alongside other recently published
values.

Of the 21 asteroids for which valid masses were measured, 4 masses appear to be new, 16
agree to within 1o with previously published values, and 1 agrees to within 20 of previously
published values.

Using the best available dimensions for each asteroid, Table 3 also lists the derived bulk
densities; note that the uncertainties in bulk density account for uncertainties in both mass
and volume.

Table 3 Mass/density determinations and weighted averages

Subject Test Mass Significance Bulk density Tax Dimensions Ar
ast ast Mp) (g/cm3 ) class (km) (km)
1 348 4.7640.06 x 10710 86.1 209+£0.05 G 975 x 975 x 909*  3.6%
1 5303 4.76+£0.05 x 10710 95.2 2.10+£0.05 GI 975 x 975 x 909*  3.62
1 91 4.7040.07 x 10710 70.0 207+£0.05 G 975 x 975 x 909 3.62
Weighted avg.  4.75+0.03 x 10710 2.09 £ 0.05

2 5930 1.28+0.40 x 10710 3.2 325+1.02 B 570 x 525 x 500 3P
2 3131 8.35+3.75 x 10~ 22 2124096 B 570 x 525 x 500> 3P
2 4971 1.784+0.68 x 10710 2.6 453+175 B 570 x 525 x 500b 3P
2 582 1.034£0.15 x 10710 6.8 262+039 B 570 x 525 x 500 3P
Weighted avg.  1.06+£0.13 x 10710 2.70 +0.34

4 17 1.334£0.01 x 10710 94.0 3424020 V578 x 560 x 458¢  5¢
4 197 1.3440.03 x 10710 46.1 343+021 V578 x 560 x 458¢  5¢
Weighted avg.  1.34+0.01 x 1010 3.42+£0.20

6 5295 11.74+4.44 x 10712 2.6 6.92+330 S 205 x 185 x 170%¢ 9¢
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Table 3 continued

Subject Test Mass Significance Bulk density =~ Tax Dimensions Ar
ast ast Mp) (g/cm3) class (km) (km)
6 4497  7.874+2.01 x 10712 3.9 464+1.79 S 205 x 185 x 170%¢  o¢
6 1150  6.134£2.27 x 10712 2.7 3.62+£1.70 S 205 x 185 x 170%¢  o¢
Weighted avg. 7.5941.42x 10712 4.47 4+ 1.55

7 17186  6.814+1.93 x 10712 3.5 3.18+131 S 225x 190 x 190&F  10¢
9 43432 1.10+0.37 x 1071 3.0 6.51+£333 S 235 x 195 x 140d-&h 12¢
9 20 0.98+0.31 x 10711 3.1 581+£292 S 235 x 195 x 140d.&h 12¢
Weighted avg. 1.03£0.24x 10711 6.11 £2.76

10 3946 4.5440.15 x 1071 30.3 256+0.76 C 500 x 385 x 350%f  20¢
11 17 3.16£0.06 x 10712 56.2 333+1.04 S 153 x 153 x 153¢ 8¢
15 1284  1.8840.35 x 107! 5.4 4304154 S 330 x 245 x 205 13¢
15 50278  1.6740.09 x 10~ 18.9 381+1.18 S 330 x 245 x 205%F  13¢
Weighted avg. 1.68+0.08 x 107! 3.85+1.19

16 13206 1.364+0.20 x 10~ 6.9 4234146 M 280 x 230 x 190 12¢
16 94 1.0840.35 x 10711 3.1 335+£151 M 280 x 230 x 190&f  2¢
Weighted avg. 1.2940.17 x 10~ 11 4.02+1.36

17 11 6.17+£0.64 x 10713 9.6 321+£092 S 90 x 90 x 90¢ 4¢
19 3486 4464132 x 10712 3.4 1494+0.62 G 225x225x225¢  11¢
19 135 5.884£0.93 x 10712 6.3 1.964£0.65 G 225x225x225¢  11°
Weighted avg. 5.4140.76 x 10712 1.80 £0.59

24 2296  5.67+2.15 x 10712 2.6 278+135 C 198 x 198 x 198¢  10°
29 48464  1.00+0.35 x 10~ 2.9 399+£1.85 S 212x212x212¢  11¢
52 124 10.04+£3.74 x 10712 2.7 140+£0.67 CF 360 x 315 x 24051 15¢
52 306 9.61+£2.73 x 10712 3.5 1344+0.56 CF 360 x 315 x 24051 15¢
Weighted avg. 9.76+£2.21x 10712 1.36 £0.51

65 526 7.59+£1.82 x 10712 42 216+0.83 P 237 x237x237¢  12¢
88 7 5.09+1.87 x 10712 2.7 240+ 1.14 CF 201 x 201 x 201¢ 108
388 7629  10.56+5.20 x 10712 2.0 497+287 CF 201 x 201 x 201¢  10¢
Weighted avg. 5.72+1.76 x 1012 2.69+1.16

189 6224  1.87+0.64 x 10714 2.9 1334062 S 38 x 38 x 38¢ 2e
511 532 2.90+£0.35 x 101! 8.2 3.18+£1.03 C 326 x 326 x 326°  16°
511 1550  3.18+0.56 x 10~ !! 5.6 348+121 C 326 %326 x326° 16
Weighted avg. 2.9840.30 x 10711 3.27+1.02

704 95 3.36+£0.66 x 10711 5.1 4034+145 F 316 x 316 x 316° 16
704 7461  1.84+£0.77 x 101! 2.4 2204+1.13 F 316 x 316 x 316° 16
704 10034 5.79+1.00 x 107! 5.8 6.93+242 F 316 x 316 x 316° 16
704 37 535+1.18 x 10711 45 6.41+£240 F 316 x 316 x 316° 16
Weighted avg. 3.58+0.42x 10711 4294 1.39

804 1002  4.69+1.85 x 10712 25 4554227 P 158 x 158 x 158¢  §°

References:? Thomas etal. (2005); > Dunham etal. (1990); € Thomas etal. (1997); dTorppa' etal. (2003);
€ Tedesco etal. (2002); f Kaasalainen etal. (2002); & Kissling etal. (1991); h Storrs etal. (2005); ' Michatowski
etal. (2004); ) Neese (2005)

4 Discussion

While the asteroid masses and ephemeris are of obvious interest in astrodynamics, the derived
bulk densities can provide information on porosity, which also leads to results relevant to
astrodynamical modeling. Note, for instance, that the densities in Table 3 of 189 Phthia and
29 Amphitrite differ by a factor of three, despite the fact that they are both S-class asteroids.
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Similarly, the densities of 52 Europa and 88 Thisbe differ by a factor of two, despite both being
C-class asteroids. Such variations in density within a single taxonomic class are inconsistent
with the typical assumption that class densities are uniform.

4.1 Porosity

As explained by Britt etal. (2002), most asteroids are not solid rock; instead, they contain
macroscopic voids. Thus, the calculated bulk density (total mass divided by total volume)
may be lower than the grain density of the constituent minerals. This has significant implica-
tions for disrupting a threatening near-Earth asteroid, since highly-porous asteroids attenuate
impact shocks more efficiently than solid asteroids, with much of the impact energy being
expended in collapsing the voids.

If we can determine the primary constituent minerals from spectroscopic analysis, the
bulk porosity n of an asteroid can be calculated as

n:l—ﬁ

Pg
where p is the bulk density, and p, is the grain density, or the density of a solid mineral with
no voids.

For instance, 16 Psyche is an M-class asteroid believed to be composed of nickel-iron
(Ni/Fe), for which the grain density is approximately 7.4 g/cm>. Given a calculated bulk
density from Table 3 of 4.02 & 1.36 g/lcm?, the bulk porosity is 46 & 16%. Note that this
is less than the 73% bulk porosity calculated by Britt etal. (2002), based on a previous
mass estimate. Similarly, 11 Parthenope is an S-class asteroid believed composed of silicates
such as pyroxene and olivine, for which the grain density is approximately 3.8 g/cm>. Given a
calculated bulk density from Table 3 of 3.33 + 1.04g/cm>, the bulk porosity is
12 + 4%, again smaller than the 28% calculated by Britt etal. (2002) based on a previous
mass estimate.

4.2 Asteroid mean radius vs. bulk density

Table 2 indicates that the mean C- and S-class densities obtained from our 21 mass estimates
of large asteroids were significantly higher than the class densities derived in ephemeris
development, where all asteroids of a given class are assumed to have a uniform bulk density.
Since our mass determination survey was intentionally centered on the largest asteroids, and
since we observed non-uniform densities within taxonomic classes, we investigated whether
there might be a relationship between asteroid radius and bulk density.

Figures 1 and 2 include all of the C- and S-class asteroids from Table 1; the correlation
coefficients of 0.55 for the data in Fig. 1 and 0.68 for the data in Fig. 2 suggest a fairly strong
relationship between mean radius and bulk density. The best-fit line for C-class is

p = 1.3866 + 0.0065 x r
while the best-fit line for S-class is
p =2.0310 4+ 0.0205 x r

where the bulk density p is expressed in g/cm?, and the mean radius r is expressed in km.
Note that the best-fit line in Fig. 1 predicts that large C-class asteroids should have

bulk densities of approximately 3 g/cm?, while the best-fit line in Fig. 2 predicts that large

S-class asteroids should have bulk densities of approximately 4 g/cm?. These are similar to
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Fig. 1 Mean radius versus bulk density for C-class asteroids
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Fig. 2 Mean radius versus bulk density for S-class asteroids

the grain densities of analogous meteorites (Britt etal. 2002). In each figure, however, as the
mean radius is reduced, corresponding reductions in bulk density suggest increasing levels
of porosity.

One possible explanation might be that, while most asteroids began as relatively solid
objects with low porosity, subsequent collisions have resulted in varying degrees of struc-
tural change. We would expect the largest asteroids to survive most impacts with little damage;
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their bulk densities should therefore remain similar to the grain densities of their constitu-
ent minerals. But medium-sized asteroids might develop fractures; and the resulting voids
would result in a moderate degree of porosity, and a reduced bulk density. The smaller aster-
oids might suffer catastrophic damage, even to the point of disruption; the fragments would
subsequently collapse under their own weak gravitational attraction, leaving extensive voids
between them. Such “rubble piles”” would have high porosity, and low bulk density.

This rough model cannot precisely account for the structural evolution of every C- or
S-class asteroid. Some medium-sized asteroids, such as 52 Europa, 90 Antiope and 189
Phthia, may also have suffered particularly severe collisions, resulting in high levels of
porosity that leave them below the trend lines.

Nevertheless, in modeling the masses of C- and S-class asteroids in ephemerides and
astrodynamical simulations, we would suggest that these linear “mean radius versus bulk
density” relations may yield a better approximation than the current uniform class densities.

4.3 Asteroid ephemeris applications

The BC-405 ephemeris has been integrated into the most recent version of CODES, and
is freely available for download from the CODES website (Baer 2004). Explanation of the
structure of the ephemeris is provided, so it could easily be adapted for use in other software
packages.

Table 4 illustrates that the BC-405 epoch state vector for 1 Ceres appears to offer a signifi-
cant improvement in accuracy, compared to the state vector on Horizons (Giorgini etal. 1999).
These improvements are consistent for the other asteroids in the ephemeris, and presumably
reflect the use of a more accurate force model in the orbit determination process.

Such benefits are not restricted to the 300 asteroids in the ephemeris itself. Table 5 illus-
trates similar improvements in trajectory propagation for a hypothetical intercept of NEA

Table4 Comparisonof 1 Ceres orbital elements (Epoch=JD 2453775.0, heliocentric ecliptic reference frame)

CODES & BC-405 JPL horizons & CPV

Value Uncertainty Uncertainty Difference
a (AU) 2.7653923855 2.7 %1077 3.5%x 1077 7.8 x 1079(1.760)
e 0.080018087 29x 1078 3.5% 1078 1.7 x 1078(0.370)
i (deg) 10.5869052 3.4 %1070 3.9x 1076 2.4 x 1070(0.460)
Q (deg) 80.409725 1.9 x 107 22 %107 4.9 x 1075(1.690)
o (deg) 73.235114 28 x 107 3.4 %1070 1.6 x 1075(0.360)
M (deg) 124.513574 2.1x 1073 2.6 x 1079 2.6 x 1075(0.780)

Table 5 Accumulated |BC-405-CPV]| state vector differences for NEA 2002 AT4

epoch + 0.5 year epoch + 1 year epoch + 2 year epoch + 5 year
x (m) 3.0 45 360 3600
y (m) 3.7 10 99 2500
z (m) 24 11 36 1100
* (m/s) 5.7 %1077 52 %1070 24 %1070 1.4 x 1074
y (m/s) 52x 1078 1.5x 1070 1.0 x 107 5.0 x 1074
Z (m/s) 1.5 %1077 2.9 x 1077 12x107° 24 %1074
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2002 AT4 (estimated asteroid radius=130m, epoch=JD 2452315.5, barycentric equatorial
reference frame).

Thus, while the BC-405 ephemeris was developed solely for this project, we suggest it
may prove useful in other high-precision dynamical applications.

5 Future work

Among the limiting factors in astrometric mass determination is the precision of available
observations.

For asteroid encounters that occur in the future, the introduction of systems like the
Panoramic Survey Telescope & Rapid Response System (PanSTARRS) will help address
this concern, with projected observational uncertainties at the 0.1 arcsecond level (Jedicke
and The Pan-Starrs Collaboration 2004). Indeed, PanSTARRS could result in the discovery
of several million main-belt bodies, providing a wealth of potential test asteroids.

For asteroid encounters that occurred in the past, we must necessarily use whatever
observations were made; obtaining the most accurate and precise possible masses therefore
requires realistically accounting for observational precision, bias, and correlation. As noted in
Sect. 2.4, orbital analysts currently assume that all observations of a given minor planet
are uncorrelated. But Carpino etal. (2003) have demonstrated that closely-spaced observa-
tions of an asteroid made by the same observatory are significantly correlated; ignoring this
correlation has the effect of inaccurately weighting many observations in the least-squares
algorithm. Additionally, the current assumption that all observatories in a given era have
the same observational uncertainty is clearly unsatisfactory. Addressing these issues would
require development of time-based error models for all contributing observatories, including
models for the bias and RMS errors of each observatory, and a model for the correlation of
observations. A first step in this direction has been taken by Carpino et al.; extension of this
concept to all available optical asteroid observations will be our next task.

Finally, as noted in Sect. 2.4, each of the 56 valid mass determinations was made indepen-
dently, with the determination of the orbit of a single test asteroid also yielding the mass of
the perturbing subject asteroid. Ideally, we would like to simultaneously solve for all of the
masses, as this would reveal correlations impacting the reliability of each result. Given the
experience gained here, we plan to attempt this simultaneous solution, once the observational
error models have been developed.
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