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Abstract

Asteroids (2867) Steins and (21) Lutetia are two flyby targets of ESA’s cornerstone mission Rosetta. Since Rosetta is a cometary mission,
some of the instruments are designed to investigate the surroundings of small bodies. To prepare the operation of these instruments, in our case
the ROSINA instrument, for the asteroid flyby’s, we adapted a Monte Carlo simulation code, initially developed to simulate the exosphere of
Mercury. Modelled release processes are solar wind sputtering, micrometeorite impact vaporisation, photon stimulated desorption and in some
cases thermal release. Released species were derived from estimations of the asteroid composition. This was done for both asteroids by using
results from ground based observations and meteorite science. We used the estimated compositions and other known properties as input for the
simulation. Our results suggest that neutral sodium and oxygen might be the best species to investigate by the means of mass spectrometry: We
expect to be able to detect these species at least in the exosphere of (21) Lutetia.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Rosetta, a cornerstone mission of the European Space
Agency (ESA), will investigate the coma and the nucleus of
Comet 67P/Churyumov—Gerasimenko while the comet is ap-
proaching the Sun. On its long way to the comet, the Rosetta
spacecraft will flyby two main belt asteroids, (2867) Steins and
(21) Lutetia.

Rosetta, being above all a comet mission and equipped with
instruments for that purpose, may reveal some new information
about these asteroids: The Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis (ROSINA) will be used to investigate the
exospheres of these bodies.

Here we report on the results of a Monte Carlo code,
originally developed for Mercury (Wurz and Lammer, 2003;
Wurz et al., 2007), now being extended to the two flyby tar-
gets of Rosetta. Because of their relatively small size, asteroids
are not able to retain a thicker atmosphere than Mercury, which
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has a pressure at the surface of about 10~!% mbar, given from
the Mariner 10 investigations (Hunten et al., 1988). Because the
outgassing is very small for most asteroids, the atmospheres
will be free of collisions between released particles and the
exobase will coincide with the asteroid surface. Mercury shows
a similar behaviour and therefore the adaptation of the code is
reasonable and straight forward.

The initial goal of this work was to investigate if measure-
ments of asteroid exospheres are possible with in situ mass
spectrometers, namely ROSINA, and what species would yield
the best chances for a successful detection.

2. Simulation code

The two-dimensional Monte Carlo code assumes angular
and velocity distributions for each release process and then
tracks the trajectory of each released particle through the ex-
osphere until the particle either escapes or hits the surface of
the asteroid. Splitting up the velocity vector into a perpendicu-
lar (z axis) and two parallel components relative to the surface
plane, the elevation angle is given. The code uses an altitude
step in z direction to derive the flight time ¢ for each step. Af-
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ter the time ¢, the elevation angle and the velocity component
in z direction change due to the gravitation of the body. The
new values for these properties are calculated and used to de-
rive the next step. The model does not take radiation pressure
into account.

By counting how many particles reach a certain altitude,
a density profile for each species and release process is derived.
Scaling the calculated density profile with a column or surface
density gives the vertical density structure of the exosphere. Us-
ing known column or surface densities, the simulation showed
good results for the H, He and Ca contribution of Mercury’s
exosphere (Wurz and Lammer, 2003). Recently, the code was
extended to calculate the exospheric density of a species at the
surface from the surface density of the solid and the release
process (Wurz et al., 2007).

For the two asteroids, neither column nor surface densities
are known from observations. Therefore we have to calculate
the exospheric surface density, N;. The surface density N; for a
species i of one particular release process is

Ni=% (M
Ui

with ¢; the flux of this species released by the chosen process
and v; the average release velocity of particles by this process,
which can be derived from the velocity or energy distribution
used to simulate the initial conditions of each particle. ¢; de-
pends on the mechanism that effectively gives a particle enough
energy to escape from the surface.

To release particles from the asteroid surface, four different
release processes are simulated:

Thermal release: The surface temperature is the reason for
diffusion and release of volatiles to the exosphere. Although
not as important as on active comets, this process is responsi-
ble for the release of water or implanted solar wind ions (for
instance He) into an asteroid exosphere. A Maxwellian dis-
tribution is used to determine the mean velocity of thermally
released particles. The forcing temperature in this case is the
surface temperature, which follows roughly a T - cosl/* (@)
law, with Ty the temperature at the subsolar point at the dayside
and « the angular distance to the subsolar point. The subsolar
temperature T for asteroids can be calculated as

Ty = (“_ﬂ), )

neo

where Ay is the bolometric bond albedo, S the solar constant
scaled to the heliocentric distance at the encounter, 7 is the
beaming factor, ¢ the emissivity, and o the Stefan—-Boltzmann
constant.

The angular distribution of the velocity vectors are con-
structed by a set of three Gaussian deviates. The initial particle
velocity components are then given by the typical thermal ve-
locity scaled with the three deviates and an additional offset,
coming from the rotation of the asteroid. If thermal release oc-
curs at all for asteroids, the flux (p}hermal of a certain species is
dependent on the composition, in particular of the abundance of
volatiles at the surface and must therefore be estimated individ-
ually.

Farticle sputtering occurs when solar wind ions hit the sur-
face and act as sputter agents. All elements present at the sur-
face are introduced to the exosphere of an asteroid by sput-
tering. The released particle flux depends on the solar wind
flux @sw,, the total sputter yield Y, which gives the number
of released particles per incident ion (typically 0.1 for solar
wind ions), and the relative abundance F; of the investigated
species i in the asteroid regolith. Using estimated composi-
tions together with a TRIM.SP (Biersack and Eckstein, 1984;
Ziegler, 2004) simulation, we have sputter yields Y; for each
species
wisputter =psw¥ Fi = ¢sw¥i. 3
To obtain the sputter yields with the TRIM.SP software we fol-
low the procedure described in detail by Wurz et al. (2007).
The exosphere produced through sputtering represents more or
less the surface composition on an atomic level. Although as-
teroids may posses intrinsic magnetic fields (e.g. Richter et al.,
2001) and meteorites often show magnetisation, we assume that
a possible deflection of the solar wind ions is negligible and
sputtering occurs on the entire day side of the asteroid.

From the energy distribution (Wurz and Lammer, 2003 and
references therein)

f(Ee) =
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a mean release velocity for sputtered particles was derived. In
the energy distribution E, is the energy of the sputtered particle,
E}, the binding energy of the particle on the surface (typically
some eV) and E. the cut off energy, given by the maximum
energy that can be transferred from a solar wind ion to the sput-
tered particle.

For the azimuth angle a uniform distribution over 27 is used,
and for the polar angle § a cos”(8) function can be used in gen-
eral for sputtering. n depends on the structure of the surface and
equals 1 for a porous regolith (Cassidy and Johnson, 2005).

Photon stimulated desorption (PSD) occurs only for volatile
species like Na, K and maybe S and water. These species must
be replenished at the surface by some process from beneath.
Impacting micrometeorites or chemical sputtering induced by
solar wind protons, for instance, could be sources of these
volatiles. Diffusion to the surface would then expose the par-
ticles to the solar UV photons. PSD may be responsible for the
main Na exosphere of Mercury and there is no reason why this
process should not occur on asteroids as well. The dominant
ejecta of photon stimulated desorption are neutral Na and K
(Killen and Ip, 1999).

The flux of Na atoms <p§§D
(Wurz and Lammer, 2003)

released via PSD is given by

1
%}\ED ~ Z‘pphoton QNaFi NS s (5)

where On, is the PSD cross-section [(1-3) x 10720 cm2] for
wavelengths between 400 and 250 nm. @photon is the flux of
photons per unit area and time, which is, integrated over the
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wavelength range of 0.1-318.0 nm, in the orbit of Earth 3.31 x
105 ecm™25s~!. Ny is the regolith surface density, assumed to
be 7.5 x 10" cm—2, the same value Wurz and Lammer (2003)
used in their calculation.

F; is the fraction of species i in the regolith. We use the same
PSD cross section also for the other species released via PSD.
The energy distribution used for the simulation is (Wurz and
Lammer, 2003 and references therein)

EUF
(E+U)2E’

here E is the particle energy, U the characteristic energy for
PSD and B is a shape parameter of the distribution, which is
species dependent (8N, = 0.7, Bk = 0.25). For U we use, fol-
lowing Wurz and Lammer (2003), energies derived from tem-
peratures 600 and 400 K above the surface temperature for Na
and K, respectively. The angular distributions for PSD are the
same as for solar wind sputtering, except for the power factor n
for the polar angle distribution: For PSD we used n = 2.

fesp(E) = (1 +B) (6)

Micrometeorite impact vaporisation occurs when microme-
teorites hit a body’s surface and a certain volume of the regolith
is vaporised and released into the exosphere. The process is
simulated in exact analogy to thermally released particles: The
Maxwellian distribution in this case is driven by an average gas
vapour temperature of 4000 K (Wurz and Lammer, 2003 and
references therein).

Since the knowledge about velocity and size distributions
of the micrometeorite flux in the asteroid belt is limited, we
follow the procedure of Cintala (1992). He derived meteorite
fluxes (in the mass range of 10718 to 0.1 g) and vaporisation
rates for the Moon and Mercury by scaling the meteorite flux
on Earth. In general the amount of evaporated mass per unit
area and time due to micrometeorite impact vaporisation can be
found by (Bruno et al., 2006)

Umax Mmax

Myap = pr / @A () Vygp (v, n) dvdpu, (7)

Umin Mmin

where p, is the density of the surface, #(w) and f(v) are the
differential mass and velocity distribution, respectively, of the
incident meteorites. Vy,p describes the vaporised material of the
regolith by an impacting spherical object of mass u, velocity v
and density p, (Cintala, 1992),

Viap = (c + dv + ev?); (8)
Pp

here ¢ (—0.767), d (—0.0986 km~'s) and e (0.0215 km 2 s2)
are constants dependent on the target temperature and the com-
position (Cintala, 1992; Table 3). We chose the values for a
diabase projectile (o, = 3.012 gem™3) into a regolith target
(or = 1.800 gcm™3) of temperature 273 K for our calculation.
Cintala (1992) described the differential velocity distribution of
meteorites in free space at heliocentric distance r as

3
v _ 2
> e 0.247+/rv +UEe , (9)
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where vge is the escape velocity from Earth at 100 km alti-
tude (11.1 km s coming from the observations of meteors
on Earth). This velocity distribution can be corrected for gravi-
tational focusing by the escape velocity of the considered body,
which are in the case of asteroids, very small. Cintala (1992)
assumes the mass distribution to be independent of the velocity
distribution. Actually the function & (1) was assumed to be the
same for the Moon and Mercury. Since we do not know more
about the mass distribution, we use this assumption also for the
two asteroids. The function h(u) is a polynomial expression
and described in detail by Bruno et al. (2006); we do not repeat
it here.

Solving the integral [Eq. (7)] with the given relationships, we
found vapour production rates from impacting micrometeorites
of masses between 107!8 and 0.1 g of 8.46 x 10718 gcm=2s~!
for (2867) Steins and 3.39 x 107! gem™2s~! for (21) Lute-
tia. The reason for the considerably lower rate at Lutetia is the
greater distance to the Sun and the therefore decreased mean
impact velocity of 7.80 kms~! compared to 8.79 kms™! for
Steins. Together with mean weights m of regolith atoms, it is
easily possible to derive flux rates from the surface into the ex-
osphere for each species. The flux ¢"*'°*" of released particles
of species i by impact vaporisation can then be calculated as

(pgneteor — Mvap Fi : (10)

! m

here My, is given from Eq. (7). Note that this approach con-
tains at least two uncertainties: First, the mass distribution was
measured at Earth’s orbit and is assumed to be the same in the
orbit of the two asteroids; and second, Cintala (1992) assumed
that the spatial density of particles varies with r—!3, as sug-
gested by Leinert et al. (1981) for heliocentric distances from
0.3 to 1 AU, when r is the distance to the Sun. However, dif-
ferent dependences are reported: e.g. Mann et al. (2004) state
that the distribution follows roughly »~!. We use the same ap-
proach for distances of 2.14 and 2.72 AU as Cintala (1992)
does. Since the asteroid belt may be a source of micromete-
orites and dust, the spatial density and the mass distribution of
the particles could vary substantially.

Together with the fluxes, described above [Eqgs. (3), (5), and
(10)], and Eq. (1), an exospheric surface density for each re-
lease process and species can be derived to scale the density
profile of the exosphere from the numerical simulation. This
procedure is implemented in the Monte Carlo code. The input
parameters used to simulate the exospheres are therefore the
relative abundance of each species F; (composition) and some
general parameters describing for example the orbital charac-
teristics or the solar wind circumstances of each asteroid.

The majority of released particles are neutrals and since col-
lisions can be neglected, the main process that can ionise the
neutral contribution of an exosphere is photo-ionisation: Hav-
ing photo ionisation rates and time steps, it is straight forward
to calculate the amount of ionised species (released as neutrals)
at every altitude above the exobase.
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Table 1

Physical and orbital properties of (2867) Steins

Property Value Reference
Semimajor axis (AU) 2.364 Barucci et al. (2005)
Eccentricity 0.146 Barucci et al. (2005)
Inclination (deg) 9.944 Barucci et al. (2005)

Rotation period (h) 6.048 +0.007 Weissman et al. (2007)
Geometric albedo 0.45+£0.1 Fornasier et al. (2006)
Absolute magnitude 12.561 Barucci et al. (2005)

Slope parameter G 0.15" Barucci et al. (2005)
Diameter (km) 4.6 Fornasier et al. (2006)

* Assumed by this authors for the calculation of the absolute magnitude
above. Weissman et al. (2007) suggest a value of 0.4 to be more typical for
E-type asteroids.

3. Properties and possible compositions
3.1. (2867) Steins

Discovered in 1969 by N. Chernykh, Asteroid (2867) Steins
was not investigated in detail before it was selected as Rosetta
flyby target in 2004. The main orbital and physical properties
of (2867) Steins are listed in Table 1.

Recent investigations have increased the knowledge of the
small asteroid: Based on the VIS and NIR spectrum (Barucci et
al., 2005) and the high geometric albedo (e.g. Fornasier et al.,
2006) it was classified as an E-type asteroid. This seems to be
the general opinion, although Weissman et al. (2007) claim that
the asteroid is unusually red for this taxonomic class.

E-type asteroids are thought to be differentiated bodies
which suffered substantial heating. Probably these asteroids are
the parent bodies of enstatite chondrites or enstatite achondrites
(aubrites).

Barucci et al. (2005) compared two spectra of these me-
teorite types to spectra of (2867) Steins. They found that the
enstatite chondrite Atlanta (EL6) presents a similar spectral
behaviour, except for the spectral feature at about 0.5 pm.
This feature could be produced by some sulfides. The aubrite
ALH78113 presents similar spectral features like Steins, but
with a flatter general behaviour at wavelengths larger than
0.6 um. For our composition estimation we concluded that the
aubrite would probably be a better choice to estimate the com-
position of Steins, because space weathering may make spectra
redder, but the diagnostic parameters, like e.g. the absorption
features, remain more or less unchanged, see e.g. Gaffey et al.
(2002).

Clark et al. (2004) investigated spectra of E-type objects and
used mixing models according to Hapke-theory to constrain
possible surface compositions. They found, that the E-class
may be divided into 3 smaller groups. (2867) Steins probably
belongs to the Angelina, or E(II) group, as has already been
suggested by Barucci et al. (2005). For our purpose we used the
best mixing model results of the two simulated E(II) asteroids,
(64) Angelina and (3103) Eger, from Clark et al. (2004) as vol-
umetric ratios of the chosen end-members. At that time (2867)
Steins was not yet classified as E-type asteroid. The reason for
our choice is that the mixing models simulate optical proper-
ties of area mixtures. Area-ratios fit better with volume than

Table 2

The elemental abundances (in wt%) for typical meteorites from the enstatite
chondrite and aubrite type and the simulated E-type asteroids (64) Angelina and
(3103) Eger, derived from Clark et al. (2004) and densities from the different
end-members

(64) (3103) Enstatite Aubrite (2867)

Angelina Eger chondrite Steins
(0) 46.65 45.24 31.00 46.31 44.04
Na 0.62 0.59 0.58 0.15 0.58
Mg 20.45 19.97 13.75 22.49 20.04
Al 1.39 1.34 1.00 0.48 1.00
Si 26.88 26.00 18.80 26.88 25.41
P 0.00 0.00 0.13 0.01 0.12
S 1.35 2.63 3.10 0.49 1.78
K 0.04 0.04 0.07 0.02 0.07
Ca 2.10 3.69 1.02 0.61 1.02
Ti 0.02 0.02 0.06 0.03 0.05
Cr 0.01 0.01 0.30 0.02 0.30
Mn 0.01 0.01 0.16 0.03 0.16
Fe 0.54 0.51 24.80 4.11 3.88
Ni 0.00 0.00 1.47 0.06 1.47
Co 0.00 0.00 0.07 0.01 0.07
Total 100.06 100.05 96.30 101.70 100.00

Notes. The estimated composition of Steins is more or less similar to that of
the aubrite and was derived by weighting the different possible compositions,
bearing in mind the differences from the discussion above. Data for the EL
Meteorite were taken from Lodders and Fegley (1998, Table 16.11). Data for
the aubrite are from Watters and Prinz (1979, Table 13).

Table 3

Physical and orbital properties of (21) Lutetia

Property Value Reference
Semimajor axis (AU) 2.435 Barucci et al. (2005)
Eccentricity 0.164 Barucci et al. (2005)
Inclination (deg) 3.064 Barucci et al. (2005)

Rotation period (h) 8.17+0.01 Barucci et al. (2005)
Geometric albedo 0.208 £+ 0.025 Mueller et al. (2006)
Absolute magnitude 7.294 Barucci et al. (2005)
Slope parameter G 0.110 Barucci et al. (2005)
Diameter (km) 98.3+5.9 Mueller et al. (2006)

with weight ratios. Elemental abundances can be obtained from
this procedure using adequate densities for each end-member.
Clark et al. (2004) were careful not to make any quantitative
statements about the composition of any asteroid. However, we
need elemental abundances as input for the model as they are
listed in Table 2, but one must be aware that these are estima-
tions and not exact determinations. Scaling the composition of
Steins to a known grain density from a meteorite composition,
a grain density (no voids) for the composition can be estimated.

3.2. (21) Lutetia

With a diameter of roughly 100 km, as confirmed by several
authors (see Mueller et al., 2006), (21) Lutetia is the largest
asteroid of the possible Rosetta flyby targets. Physical and or-
bital characteristics of (21) Lutetia are given in Table 3. Lute-
tia was classified as M-type asteroid by several authors in the
late 80s and early 90s (for a short overview see Barucci et al.,
2005). The reason for this classification was the high IRAS (In-
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Table 4
Elemental abundances (in wt%) for typical meteorites of the CO and CV type
Vigarano Cv CO (21) Lutetia

(0} 37.00 37.00 37.16
Na 0.34 0.42 0.34
Mg 13.79 14.30 14.50 14.36
Al 1.75 1.68 1.40 1.69
Si 14.99 15.70 15.80 15.77
P 0.11 0.11 0.12 0.11
N 2.20 2.20 2.21
Ca 1.86 1.84 1.58 1.85
Ti 0.09 0.09 0.07 0.09
Cr 0.33 0.35 0.35 0.35
Mn 0.14 0.15 0.16 0.15
Fe 21.81 23.50 25.00 23.60
Ni 1.44 1.32 1.42 1.33
H 0.28 0.07 0.28
C 0.53 0.44 0.53
H20 0.15 0.20 0.15
K 0.04 0.04 0.04
Total 56.30 99.58 100.77 100.00

Notes. The estimated composition for Lutetia is similar to that of the CV com-
position, since all three abundances are more or less the same. Data for the
Vigarano meteorite were taken from Wolf and Palme (2001, Table 9) and are
listed for comparison. Other abundances are from Lodders and Fegley (1998,
Table 16.11) and are comparable to other average compositions (e.g. Wolf and
Palme, 2001, Tables 9 and 10) for those elements listed in both publications.

frared Astronomical Satellite) albedo of 0.221 4+ 0.020 which
was confirmed by Mueller et al. (2006) who reported a value
of 0.208 £ 0.025. Already in the mid-90s observations showed
that the infrared spectrum was unusually flat for a parent body
of iron meteorites. Birlan et al. (2004) found a similarity with
the carbonaceous chondrites of the CV3 or CO3 type. They sug-
gested that these types of chondrites are characterised by low
carbon contents, which could explain the relative high albedo
compared to other types.

Meanwhile many other observational results are in agree-
ment with the assertion of a primitive surface composition of
(21) Lutetia: Polarimetric properties, lower radar albedo, and
an absorption feature at 3 um diagnostic of water of hydration
(Barucci et al., 2005 and references therein). A shallow water
band around 3 um was also reported by Birlan et al. (2006).

In conclusion no certain taxonomic classification of (21)
Lutetia is available, although most recent studies tend to be con-
sistent with the C-type classification. For the reasons mentioned
above, we assume for this simulation that Lutetia’s surface com-
position is similar to that of CO3 or CV3 meteorites, in partic-
ular to that of the Vigarano meteorite, as suggested in Barucci
et al. (2005). For comparison of the different compositions see
Table 4.

4. Input parameters

The encounter of Rosetta with (2867) Steins and (21) Lute-
tia will be at a heliocentric distance of 2.14 and 2.72 AU, re-
spectively. We used the solar constant of Sy = 1380 Wm™2,
integrated UV photon flux of 3.31 x 10 cm™2s~! (Wurz
and Lammer, 2003), and a typical solar wind ion flux of

4 x 102 m=2s~! in Earth’s orbit, which we scaled according
to r 2. The solar wind speed was assumed to be 400 kms~!.

From the vapour production rate due to impacts of mi-
crometeorites a mean particle release rate of 8.45 x 10® and
9.11 x 107 m—2s~! for Steins and Lutetia were derived, respec-
tively.

The bolometric bond albedo A, was derived from the geo-
metric albedo and the phase integral g, which is calculated with
the slope parameter G and the relation given from the H, G
magnitude system described by Bowell et al. (1989)

g =0.290 + 0.684G. (11)

For Steins we used a typical value of G = 0.4, as suggested by
Weissman et al. (2007).

For the emissivity ¢ a typical value of 0.9 was taken. We did
not take into account any possible correction of the beam factor
n to calculate the temperature of the subsolar point.

Probably the hardest thing to estimate are the masses of each
asteroid. Mass is important since it determines gravitational ac-
celeration, escape velocity and the Hill radius, which need to be
known to track a released particle. We derived possible densi-
ties by scaling known meteorite analogue grain densities to the
estimated compositions of each asteroid. The bulk density of as-
teroids can differ from grain densities since asteroid porosities
might be as high as 70%. For example, the NEAR Shoemaker
target (243) Mathilde, a C-type asteroid, showed an extremely
low density of only 1.3 + 0.2 gcm™3, which probably can be
explained with high porosity (Veverka et al., 1999).

Britt et al. (2002) estimated total porosities of asteroids with
known masses by scaling the bulk density of the asteroid by the
grain density of its best meteoritic spectral analogue. We as-
sumed for both Rosetta targets a total porosity of 40%: This
value seems to be a good average of all estimated asteroid
porosities, in particular of the C-type asteroids.

In this manner we derived bulk densities for (2867) Steins
and (21) Lutetia of 2.305 and 2.443 gcm™3, respectively. Note
that these values compare well with other asteroid densities
derived using different techniques (e.g. Britt et al., 2002). How-
ever, an exact determination of the densities of Steins or Lutetia
is not possible with the existing data. The slightly higher es-
timated bulk density for Lutetia comes from the higher abun-
dance of iron in the CV meteorites compared to the enstatite
types.

The total porosity includes both micro- and macroporosity,
and it is also used to reduce the surface density of e.g. the sput-
ter contribution of certain species. The surface of an asteroid
is not solid but covered by a layer of regolith. This is probably
also true for small asteroids like Steins, since the Hayabusa tar-
get Itokawa shows evidence of cm to mm sized regolith existing
on its surface (Fujiwara et al., 2006). Itokawa, with major axes
of 535 x 294 x 209 m, is clearly smaller than Steins, neverthe-
less it is able to retain small particles on its surface. However,
Itokawa may be a rubble pile and therefore (2867) Steins may
show different behaviour in some points. The exospheric sur-
face densities are reduced thus solar wind ions or UV photons
penetrate the surface and any ejected particles are not neces-
sarily introduced into the exosphere but may remain within the



Asteroid exosphere 679

Table 5

Species-independent input parameters used for the Monte Carlo simulation
(2867) Steins (21) Lutetia

Heliocentric distance r (AU) 2.14 2.72

Solar radiation flux (W m~2) 301 187

Solar wind ion flux (m=2 s~ 1) 8.73 x 10! 5.41 x 10!

Solar wind velocity (km s_l) 400 400

UV photonflux @photon (m~2s71) 7.23 x 1018 447 x 1018

Particle flux from meteorites (nf2 sfl) 8.45 x 108 9.11 x 107

Phase integral g 0.5636 0.3652

Bolometric bond albedo Ap, 0.2536 0.0760

Beam factor n 1 1

Emissivity & 0.9 0.9

Subsolar temperature Tss (K) 258 241

Grain density (kg m~3) 3227 3420

Bulk porosity 0.40 0.40

Bulk density (kg m™3) 2305 2443

Volume (m?) 5.10 x 1010 4.97 x 1014

Mass (kg) 1.17 x 1014 1.22 x 1018

Note. For more information see text.

regolith. Although the surface porosity may be higher than the
bulk porosity, we use the same value for both of these proper-
ties.

Together with the diameter, the density leads to a mass es-
timate for the two asteroids, which can be used to follow the
trajectory of each released particle. For both asteroids a spher-
ical shape was assumed and the calculations were done for the
subsolar point, where we expect the highest surface densities
of the exospheres. Table 5 summarises the input parameters for
the simulations.

We would like to point to the fact that the knowledge about
the two asteroids originates mainly from observations in the vis-
ible and near infrared wavelength range. These wavelengths can
only probe the uppermost layer of an asteroid’s regolith. Even
radar techniques are not able to investigate most of the inter-
nal structure of such bodies. The composition estimate and the
derived bulk densities, which are used to calculate parameters
such as the masses, underlie the constraining assumption, that
the asteroid surface is representative for the whole asteroid. On
the other hand, the mechanisms of sputtering and impact vapor-
isation will produce an exosphere which represents more or less
the surface composition. In conclusion, this assumption is only
necessary to estimate some physical parameters (like mass or
the escape velocity) of each asteroid.

5. Results
5.1. (2867) Steins

We let the model run with an appropriate resolution (mean-
ing in this case a small step size) for 100,000 released particles
per species to ensure good statistics. Figs. 1 and 2 show the
results for the smaller asteroid (2867) Steins and the different
release processes. Note that all calculations were done for the
subsolar point. For reasons of clarity only the most important
species were drawn.

Steins is obviously too small to hold back many particles:
Above a distance & of roughly 10 km all density profiles show a

h~? behaviour. Since all particle velocities exceed the estimated
escape velocity, this is not surprising.

Note that the density profiles of solar wind sputtering are
not highly stoichiometric on a short time scale: The introduced
binding energy differs for the different species. As an exam-
ple, in our model Mg is sputtered clearly more efficiently than
Si due to a lower surface binding energy. This procedure will
lead to a depletion of elements with lower surface binding en-
ergies in the top-most surface layers and, on the other hand,
in an enrichment of those with higher binding energies. This
process continues until an equilibrium is achieved where the
sputter yields represent the bulk composition of the solid. This
process is well understood from laboratory experiments (Betz
and Wehner, 1983) but we do not simulate that effect.

In contrast, micrometeorite impact vaporisation releases a
certain volume at once and this volume might represent the sur-
face composition better. In our model, we find that the contri-
bution of solar wind sputtering is about one order of magnitude
higher than impact vaporisation at the subsolar point.

If one assumes a constant sputter yield, that means a reduc-
tion of the released particle flux only due to the cosine depen-
dence of solar wind ion flux with lower zenith angle, the aver-
age exospheric surface density of the hemisphere facing the Sun
is a factor of 2 smaller than the density at the subsolar point. On
the other hand, micrometeorite impact vaporisation is not cou-
pled to the Sun direction and the resulting surface densities are
more or less the same at every location. Since the average sur-
face densities from sputtering are higher than those from impact
vaporisation, our model suggests that on the sunlit hemisphere
sputtering is the process that releases most of the refractory
elements. From the average surface density and the release ve-
locity we estimated a global release rate of 6.84 x 10!7 s~!
for sputtered oxygen compared to 3.27 x 106 s~! for oxy-
gen released by impact vaporisation. On the night side, impact
vaporisation is clearly dominant because Sun-driven processes
cease. However, we want to stress again that the vapour produc-
tion rate due to micrometeorites contains uncertainties which
could influence the contribution of impact vaporisation on the
Sun side.

Quantitatively the sodium released by photon stimulated
desorption seems, according to this model, to exceed all the
other species by about one order of magnitude. Although PSD
is not an easily simulated release process, the resulting density
profile of sodium can be viewed as a reliable estimate since
Wurz and Lammer (2003) were able to reproduce some obser-
vations of Mercury’s sodium exosphere quite well. However,
uncertainties in the abundance of sodium in the surface regolith
of any asteroid remain. Since neutral sodium exhibits strong
transition lines in the visible wavelength range it is therefore
well observable even in rather small abundances the column
density might be of interest. We found a total zenith column
density of 5.64 x 1019 m—2, which is clearly exceeded in the
sodium exospheres of Mercury (2 x 101! cm~2) and the Moon
(0.5-2 x 10° cm™2), see Killen and Ip (1999).

Only solar wind species, He and H, might have higher den-
sities than Na. For the calculation of these species we assumed
an input—output equilibrium, which is not very realistic for the
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Fig. 1. Calculated density profiles for (2867) Steins from solar wind sputtering (left panel) and micrometeorite impact vaporisation (right panel). The density profile
of sulfur from sputtering lies behind the one of sodium. The vertical black lines show the range of Rosetta’s closest approach (between 800 and 1800 km). For

details see text.

subsolar point, but for the whole asteroid. The surface densities
of He and H therefore probably have to be reduced. Further-
more, solar wind protons are reactive and may cause chemical
sputtering as soon as they are implanted in the surface regolith.
Chemical sputtering of solar wind H on silicates could be a
source of HyO molecules, which could be bound by the surface
or be released into the exosphere too (e.g. Potter, 1995). Other
possible exogenous sources of HyO are impacting meteorites
and dust. Some E-type asteroid may show water-of-hydration
absorption features (Clark et al., 2004 and references therein)
in their spectra, but since, to our knowledge, nothing is reported
about a similar behaviour of (2867) Steins, we are careful in
assuming these species in the exosphere. In conclusion, the den-
sity profile of He and H have to be viewed as an upper limit.
During closest approach, we expect particle densities of the
most abundant sputtered species in the range of 10-100 parti-
cles per m?3, which is somewhat lower than for sodium, released
by PSD. Most of the particles are neutrals, since the ionisation
rate is low: For potassium released by PSD, which is according
to this model the most ionised species, of all released neutral
K only 8.1% were ionised on their way to 5000 km altitude.
For sodium the ionised fraction of the neutrals are for sput-

tering 0.9%, for PSD 5.0% and for impact vaporisation 5.4%.
These numbers make clear which processes are more energetic
than others: Fast particles are ionised less likely than slow par-
ticles. For most of the other species shown in Figs. 1 and 2, the
ionised fraction of neutrals is less than 1%.

5.2. (21) Lutetia

The results for the bigger asteroid (21) Lutetia, shown in
Figs. 3 and 4, are in general similar to those of (2867) Steins.

It is obvious that Lutetia has by far a larger exospheric den-
sity than Steins: The density profiles have a flatter trend up
to roughly one asteroid radius above the surface. Then again,
a spherical decrease of the density becomes visible. How-
ever, Lutetia is still not heavy enough to discriminate differ-
ent masses: Heavier species are not bound much stronger than
lighter species. A slight, but not overwhelming difference can
be seen when looking at the numerical results in detail.

In addition, practically all released particles escape from the
asteroid: e.g. 99.87% of all thermally released HoO molecules
escape from the asteroid. For all other species, the rate is even
higher. With a surface density of roughly 107 m™3, desorbed
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sodium is again about one order of magnitude higher than oxy-
gen from solar wind sputtering. This is equivalent to a zenith
column density of 4.51 x 10! m~2 or roughly 2% of the ob-
served zenith column density of sodium in the lunar exosphere
(Killen and Ip, 1999). The total release rate for sputtered oxy-
gen on the sunlit hemisphere is about 1.64 x 102 s~! and for
impact vaporisation the global loss is 1.44 x 10'8 s~

In Fig. 4, the difference of the slope of the density pro-
file from sodium and e.g. He close to the asteroid’s surface,
has its origin in the different release processes: The angular
distribution of thermally released particles is modelled with
a 3-dimensional Gaussian distribution, which is broader than
the cosine squared distribution we assumed for the polar an-
gle of photon stimulated desorption. In other words the released
sodium is pointed in a narrower solid angle and the density falls
off less rapidly.

During the Rosetta encounter, Lutetia is further away from
the Sun than Steins. Therefore, the ionisation rate is even
smaller: The most ionised species in an altitude of 5000 km
is calcium from impact vaporisation with an ionised fraction of
roughly 11.6%. A similar behaviour can also be expected for Ca
in Steins’ exosphere, but the estimated calcium abundance there

is almost a factor of 2 lower than in Lutetia’s regolith (Table 2).
However, the exospheric Ca densities are rather low compared
to other species.

Since Lutetia may be a carbonaceous chondrite parent body,
it supports the hope of bearing more volatiles than (2867)
Steins. Table 4 shows that CO and CV meteorites contain a
small amount of water. We let the model run for this species
and estimated a exospheric surface density of 10> m~3. The re-
lease rate of water is of course somehow speculative, but recent
work revealed that some main belt asteroids show comet-like
behaviour: Hsieh and Jewitt (2006) observed that some aster-
oids with semimajor axis around 3.2 AU exhibit outbursts due
to subsurface ice.

Although most exospheric surface densities are lower (due
to the increased heliocentric distance), at the closest approach
we expect densities of about one order of magnitude higher than
for (2867) Steins.

6. Conclusions

Our results suggest that solar wind sputtering is the most
important exospheric supply process on the sunlit side of an as-
teroid. The most abundant species in the asteroidal exosphere
are the most abundant refractory elements in the surface re-
golith. Exceptions might be the sodium released very efficiently
by PSD and implanted solar wind ions. The majority of released
particles are neutrals, since the dominant release processes are
ion sputtering and photon stimulated desorption.

We found that for Lutetia and Steins, photo-ionisation is too
weak to ionise a reasonable quantity of released atoms until
they reach the altitude of closest encounter from Rosetta.

For (2867) Steins volatiles are probably not a good oppor-
tunity for an investigation by mass spectrometers, since recent
observations point to a thermally active history. Neutral oxygen
or sodium may present the best chances for a successful mea-
surement at this small asteroid, although the expected densities
at the distance of closest encounter are very low.

(21) Lutetia is considered to be a more primitive asteroid,
where thermal release could also play an important role. How-
ever, the discussion about the meteorite analogue, on which this
work is based, is probably not yet finished. In particular, there
is still the unusual high albedo that is not typical for carbona-
ceous chondrites. Other candidates are, in analogy to (2867)
Steins, neutral oxygen or sodium, where ROSINA has clearly
better chances to make a successful measurement than in the
surrounding of the first Rosetta flyby target.

The major advantage of the adaptation of this model for
asteroids is that no assumptions about the exospheres are neces-
sary. The model includes all the surface-processes and therefore
necessary estimations can at least be compared to some ob-
servational or experimental data (e.g. the surface composition
with meteorites, the bulk density with known masses of other
asteroids, etc.). Furthermore it is obvious that the simple as-
sumption of a spherical decreasing density profile would lead
to significant lower densities than our model suggests. Since
our primary goal was to determine quantitative densities, and
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little is known about exospheres of asteroids, the adaptation of
an existing model has to be preferred to any other approach.

In this simulation we did not take into account several
species, which are very likely existent in an asteroid’s regolith
and therefore may also be present in the exosphere. One ex-
ample are noble gases: Typical abundances of noble gases in
meteorites are in the order of ppb to ppm weight fraction. Since
the asteroid belt may be the main source of meteorites, we
do not see a reason, why asteroids should contain more noble
gases. These, probably trapped noble gases, would have to be
released by for instance significant heating.

One way to estimate such noble gas fluxes from an asteroid’s
surface is to apply the processes of sputtering and impact vapor-
isation stoichiometrically to the noble gas species. This yields
surface densities which are lower than those shown in Figs. 1-4
by several orders of magnitudes. We therefore doubt that no-
ble gases may be measurable species in the exosphere of any
asteroid.

For impact vaporisation of micrometeorites, we did not take
into account the contribution of the projectiles to the vapour
production rate. Since meteorite impact velocities in our model
are small, the mass of vaporised regolith is roughly in the same

order of magnitude like the projectile itself (for comparison see
Cintala, 1992; Fig. 5). Since the exospheric supply from im-
pact vaporisation is highly uncertain due to the unknown flux
of meteorites, the contribution of the projectiles seems to be
unimportant at the moment. The uncertainty of the impact va-
porisation contribution to the exosphere does not matter for our
purposes, because impact vaporisation and solar wind sputter-
ing release the same species.

Refractory elements, which are also existent in the solar
wind in very small amounts, are also not included in the cal-
culation of the sputtering contribution described above. These
refractory elements may be implanted in an asteroids surface
and may induce a compositional change. Heavy ions make up
roughly 0.1% (Wurz et al., 2007) of the solar wind flux, which
in case for Lutetia corresponds to an incident ion flux of about
5.4 x 108 m=2s~!. Since a typical sputter yield is 0.1, the re-
moved particles exceed this flux by a factor of about 100. This
is enough to get rid of solar wind implanted heavy ions.

The ROSINA instrumentation package consists of two com-
plementary mass spectrometers, the Double Focusing Mass
Spectrometer (DFMS) and the Reflectron Time of Flight in-
strument (RTOF), and a pressure sensor (COPS). DFMS is de-
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signed for high mass resolution (3000 at 1% peak height) in the
mass range of 12 to 150 amu. RTOF has high sensitivity for the
mass range of 1 to >300 amu. The mass resolution is 500 at 1%
peak height. For a detailed description see Balsiger et al. (2007).
The primary scientific goal of the ROSINA instrument is to
determine the composition of the ionosphere and atmosphere
of the final ROSETTA target 67P/Churyumov—Gerasimenko.
However, during the asteroid flyby’s, the exospheres of these
bodies will be investigated for the first time by means of mass
spectrometry.

Although the detailed flyby scenarios are not known at
present, we tried to calculate how many counts we expect dur-
ing the two asteroid flybys. We assumed that the closest ap-
proach will be above the subsolar point and that the flight direc-
tion is perpendicular to the asteroid—Sun axis. Having number
densities at the closest approach [800 km and 3000 km above
surface for (2867) Steins and (21) Lutetia] and relative flyby ve-
locities [8.6 kms™! at (2867) Steins and 15 kms™~! at Lutetia,
see Barucci et al., 2005] we can calculate the particle density
profile along the ROSETTA trajectory. We expect that the num-
ber density within the sources of the sensor will be increased

Expected counts during asteroid flybys
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Fig. 5. Expected counts per recording cycle (120 s) of the DFMS sensor during
the assumed flyby-scenarios. Time 0.0 min corresponds to the moment of clos-
est approach. The numbers of expected counts are rather low for oxygen and
sodium during the (2867) Steins flyby. However, during the (21) Lutetia flyby,
the detected events should exceed the variations of a baseline measurement ob-
tained prior or after the encounter. The abbreviation PSD refers to densities
obtained by the photon stimulated desorption process, SP to particle sputtering.

by roughly one order of magnitude since the neutrals are piled
up due to the high flyby velocities. We estimate that for DFMS
the number of events detected during the asteroid flyby is about
110 for sodium and 20 for oxygen at (21) Lutetia with the ex-
osphere densities derived from our model. For (2867) Steins the
numbers are about a factor 25 lower. These numbers are rather
low but still within the capabilities of ROSINA (see Fig. 5), at
least for Lutetia. However, there is enough time prior to the
encounter as well as after the encounter to establish a good
baseline and the performance of ROSINA is very stable as long
as the thermal environment does not change drastically. This
should allow us to detect single counts.

The time-dependence of the expected counts for the two fly-
bys is shown in Fig. 5. The integration time was assumed to
be 120 s for this calculation, as is typical for the ROSINA sen-
sors. According to our model, it should be possible to detect the
oxygen and sodium exosphere of (21) Lutetia, while a detection
during the (2867) Steins flyby, where the integrated counts do
not exceed 1 count per 120 s, is in question.

Under these circumstances it might look attractive to mea-
sure ions, since the sensitivity for ions is in general increased
compared to neutrals. However, due to the high relative flyby
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velocity the energy of the ions is about 20 eV whereas the
ROSINA instruments are optimised for thermal ion energies
(<10 eV). This reduces the sensitivity of the sensors consid-
erably. Furthermore, it is expected that the boresight axis will
be pointed to the asteroid during the flyby because of the cam-
era operations. The ions would therefore enter the sensor with a
non-negligible angle away from the ion-optical axis which will
further decrease the instrument sensitivity. This effect is much
less pronounced for neutrals for geometrical reasons.

With the many uncertainties of our model and the many un-
knowns of the asteroids it is certainly worthwhile to operate the
ROSINA sensors during the asteroid flybys. In the best case we
can derive a density profile (with limited space resolution), in
the worst case we get a sensitive upper limit of the exosphere
densities of the two asteroids.

The exospheres of asteroids are in particular interesting in
respect of possible asteroid comet transitions: Observations
showed that (1) Ceres exhibits escaping water (A’Hearn and
Feldman, 1992) and, as mentioned above, several smaller as-
teroid’s show comet-like outbursts (Hsieh and Jewitt, 2006). It
may now be interesting to investigate if more primitive objects,
which show (so far) no evidence for sublimation of ice, con-
tain a significant endogenous water source. Furthermore, the
observation of a possible sodium exosphere could be good ev-
idence for the suggestions that an asteroids exosphere can be
viewed as a transition between a thin planetary exosphere (like
on Mercury) and a cometary coma, where the escape velocity
is exceeded by practically all released particles. In both cases,
Mercury and comets, the existence of either a sodium exosphere
or tail is established. Moreover, even if a body is altered since
its formation and there is little or no outgassing of volatiles, the
investigation of the exosphere may reveal useful information
about the surface composition.

The upcoming asteroid flyby’s of the ROSETTA spacecraft
will be the next possibility to investigate asteroids and their
exospheres: In September 2008 the first E-type asteroid flyby
will take place. Two years later the possibly more primitive ob-
ject (21) Lutetia can be investigated. Finally, just about now
the DAWN mission is in its starting blocks: This spacecraft
will be sent to the Asteroids (4) Vesta and (1) Ceres, where
it is also expected to detect possible exospheres (Russel et al.,
2004).
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