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ABSTRACT

Context. Gaia Data Release 2 (DR2) includes milliarcsecond-accuracy astrometry for 14 099 asteroids. One of the main expected
scienti�c applications of these data is asteroid mass estimation via the modeling of perturbations during asteroid-asteroid encounters.
Aims. We explore the practical impact of theGaia astrometry of asteroids for the purpose of asteroid mass and orbit estimation
by estimating the masses individually for four large asteroids. We use various combinations ofGaia astrometry and/or Earth-based
astrometry so as to determine the impact ofGaiaon the estimated masses. By utilizing published information about estimated volumes
and meteorite analogs, we also derive estimates for bulk densities and macroporosities.
Methods. We apply a Markov chain Monte Carlo (MCMC) algorithm for asteroid mass and orbit estimation by modeling asteroid-
asteroid close encounters to four separate large asteroids in an attempt to estimate their masses based on multiple simultaneously studied
close encounters with multiple test asteroids. In order to validate our algorithm and data treatment, we apply the MCMC algorithm to
pure orbit determination for the main-belt asteroid (367) Amicitia and compare the residuals to previously published ones. In addition,
we attempt to estimate a mass for (445) Edna withGaiaastrometry alone based on its close encounter with (1764) Cogshall.
Results. In the case of the orbit of (367) Amicitia, we �nd a solution that improves on the previously published solution. The study of
(445) Edna reveals that mass estimation with DR2 astrometry alone is unfeasible and that it must be combined with astrometry from
other sources to achieve meaningful results. We �nd that a combination of DR2 and Earth-based astrometry results in dramatically
reduced uncertainties and, by extension, signi�cantly improved results in comparison to those computed based on less accurate Earth-
based astrometry alone.
Conclusions. Our mass estimation algorithm works well with a combination ofGaia DR2 and Earth-based astrometry and provides
very impressive results with signi�cantly reduced uncertainties. We note that the DR2 has a caveat in that many asteroids suitable for
mass-estimation purposes are not included in the relatively small sample. This limits the number of asteroids to which mass estimation
can be applied. However, this issue will largely be corrected with the forthcoming thirdGaia data release, which is expected to allow
for a wave of numerous accurate mass estimates for a wide range of asteroids.
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1. Introduction

We present and discuss the masses and densities of four large
asteroids – (15) Eunomia, (29) Amphitrite, (52) Europa, and
(445) Edna. For the �rst time ever,Gaia astrometry of aster-
oids (Gaia Collaboration 2018a,b) is used for estimating asteroid
masses, a long-anticipated contribution made possible by the
Gaia mission (Mignard et al. 2007; Mouret et al. 2008; Gaia
Collaboration 2016).

An asteroid's mass can be seen as a fundamental property
that, when combined with a volume estimate, allows for a triv-
ial computation of the asteroid's bulk density. Combining the
bulk density with, on one hand, compositional information of
the asteroid obtained primarily through spectroscopic observa-
tions and, on the other hand, spectra and densities of meteorites
found on the Earth allows the asteroid's bulk composition and
overall structure to be constrained (Britt et al. 2002; Carry 2012).
Hence, it is clear that knowledge of an asteroid's mass alongside
the volume is critical for essentially all detailed studies of the
interior characteristics of asteroids.

Asteroid mass estimation is traditionally performed via the
measurement and modeling of orbital perturbations caused by
a massive asteroid on a smaller test asteroid, which is usually
assumed to be massless, during a close encounter between the
two. In practice, this presents an at least 13-dimensional inverse
problem where the aim is to simultaneously �t a six-dimensional
Cartesian state vector (or another set of parameters that describe
the orbit) for each asteroid in addition to the mass of the per-
turber by accurately reproducing the astrometry for both objects
over a long time span, and including observations both before
and after the close encounter. Different close encounters with
multiple test asteroids may be used simultaneously, which signif-
icantly reduces the uncertainty on the resulting mass (see, e.g.,
Baer & Chesley 2017; Siltala & Granvik 2020) at the cost of
additional computational complexity.

We note that alternative approaches for mass estimation also
exist. It is possible to measure asteroidal perturbations upon the
orbits of the planets, Mars and the Earth in particular. Most
recently, this approach was used by Fienga et al. (2020) to esti-
mate the masses of 103 asteroids with uncertainties of less than
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