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ABSTRACT

Context. Meteoroid impacts are an important source of neutral atoms in the exosphere of Mercury. Impacting particles of size smaller
than 1 cm have been proposed to be the major contribution to exospheric gases. However, our knowledge of the fluxes and impact
velocities of different sizes is based on old extrapolations of similar quantities on Earth.

Aims. We compute by means of N-body numerical integrations the orbital evolution of a large number of dust particles supposedly
produced in the Main Belt. They migrate inward under the effect of drag forces until they encounter a terrestrial planet or eventually
fall into the Sun. From our numerical simulations, we compute the flux of particles hitting Mercury’s surface and the corresponding
distribution of impact velocities.

Methods. The orbital evolution of dust particles of different sizes is computed with a numerical code based on a physical model
developed previously by Marzari & Vanzani (1994, A&A, 283, 275). It includes the effects of Poynting-Robertson drag, solar wind
drag, and planetary perturbations. A precise calibration of the particle flux on Mercury has been performed by comparing our model
predictions for dust infall on to Earth with observational data.

Results. We provide predictions of the flux to different size particles impacting Mercury and their collisional velocity distribution. We
compare our results with previous estimates and we find that these collisional velocities are lower but that the fluxes are significantly
higher.

Key words. methods: N-body simulations — methods: statistical — meteors, meteoroids — planets and satellites: individual: Mercury

1. Introduction

The major sources of the dust population in the inner
Solar System are asteroid collisions and debris released by
short-period comets. The comminution products of cratering
and fragmentation events in the asteroid belt are the ori-
gin of dust bands observed in IRAS data (Low et al. 1984;
Hauser et al. 1984). These bands were interpreted as dust pro-
duced by the continuous collisional activity of the asteroid,
which provides a constant supply of debris (Dermott et al. 1984;
Sykes & Greenberg 1986). The dust grains produced in the
asteroid belt slowly evolve under solar radiation forces and
the gravitational force of the Sun and planets. In particu-
lar, particles smaller than 1 cm are significantly perturbed by
Poynting-Robertson and solar wind drag and spiral towards
the Sun on timescales that depend on their size and compo-
sition. During their journey, they may be not only gravita-
tionally scattered by terrestrial planets but also trapped into
one or more mean motion resonances (Jackson & Zook 1992;
Marzari & Vanzani 1994; Marzari et al. 1996). Because of the
interplay between the gravitational perturbations of the planets
and the Poynting-Robertson drag, the orbital evolution can be
quite complex. As a consequence, models based on a uniform
and steady flux of dust grains from the Main Belt into the inner

regions of the Solar System may be inappropriate. A full numer-
ical approach is required to estimate how the grain population
evolves while approaching the Sun.

Meteoroid impacts have a very important role in the evolu-
tion of Mercury’s surface and exosphere. Since the exobase is
presently at the surface of the planet, the exosphere sources and
sinks are tightly linked to the composition and structure of the
planet surface. A significant fraction of volatiles released into the
exosphere is thought to be produced by impact vaporization of
meteoritic material on the surface (Cremonese et al. 2005). We
may be able to identify two population of meteoroids depend-
ing on their dynamical evolution: small particles (r < 1 cm)
dominated by the Poynting-Robertson drag, and large particles
(r > 1 cm) driven by gravity only.

In this paper, we study the long-term evolution of dust grains
(i.e., r < 1 cm) from the Main Belt to Mercury. By means of
numerical simulations, we estimate the flux of dust particles on
the surface of Mercury and their impact velocity distribution.
The overall flux is tuned on the basis of direct measurements of
the mass accretion rate of cosmic dust at Earth orbit from Long
Duration Exposure Facility (LDEF) satellite (Love & Brownlee
1993). According to Dermott et al. (2002), all the dust collected
from satellite LDEF (Love & Brownlee 1993) originates in typ-
ical asteroidal orbits. These authors show that they can explain
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the measured accretion mass rate with that coming from the zo-
diacal dust bands. The major contributions to these bands are
asteroidal collisions (about 48%) and short period comet dust
production. The grains produced by short period comets by the
time they reach the Earth may approach the planet with the low
velocities typical of asteroidal orbits (Liou & Zook 1996). These
grains are trapped in mean motion resonances with Jupiter and
their eccentricities and inclinations are damped by the time they
encounter the Earth. Following Dermott et al. (2002), about 34%
of the dust reaching Earth might be resonant cometary dust. As
a consequence, independently of the source, most of the inter-
planetary dust particles might indeed encounter the Earth on low
eccentricity and low inclination orbits.

A model of dust originating in comets claims that a frac-
tion as high as 90% of the dust collected at the Earth surface
might be of cometary origin (Wiegert et al. 2009). However, this
result strongly depends on the size distribution adopted for the
dust particles ejected from comets. They calibrate the flux only
for high speed large meteroid impacts on Earth and propagate
the results to small dust sizes. We do not enter this debate in
this paper. Our approach is purely dynamical and we consider
dust reaching the Earth on asteroidal orbits, independently of its
source. As a consequence, we account for a significant contri-
bution of dust at the Earth. When future experiments are able
to measure the impact velocity on dust collection facilities, it
will be possible to discriminate between dust particles on low
velocity asteroidal orbits and those on high velocity cometary
trajectories. The flux of dust measured, such as that obtained
by LDEF (Love & Brownlee 1993), should then consist of two
components depending on the impact velocity: one that origi-
nated in low eccentricity and low inclination orbits (either com-
ing from the asteroid belt or from short period comets), and one
from cometary trajectories. A tuning coefficient can be derived
in this scenario that can be applied to our results concerning the
fraction of grains that approach the Earth at low relative velocity.
This fraction is propagated to Mercury in our model.

2. Dynamical evolution model

To estimate the meteoritic flux at the heliocentric distance of
Mercury, we utilize the dynamical evolution model of dust par-
ticles of Marzari & Vanzani (1994). It numerically integrates a
(N +1)+ M body problem (Sun + N planets + M body with neg-
ligible mass) with the high-precision integrator RA15. Radiation
and solar wind pressure and Poynting-Robertson drag are in-
cluded as perturbative forces together with the gravitational at-
tractions of all the planets in the Solar System.

Adopting the same formalism as Marzari & Vanzani (1994),
the gravitational term is given by
Foo = F* + F4 + F™| (1)
where FF is the Keplerian force, F' d is the direct force, and F™
is the indirect force. Equation (1) can be written as

Gm(Msu, + m)rsuy
3
rSun

Fgra =

. GmZ lmjrj GmZ 1 MjTsun,
3 3 3
J Sun,j

2

where rgy, is the distance between the Sun and dust particles, r;
is the distance between planets and dust particles, m is the mass
of dust particles, and N is the number of planets.
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The non-gravitational term consists of two terms: the radia-
tion force, F,g and the force given by the solar wind, Fyng,

anra = Frua + Fyng, 3
where
S s R R
Frg=— (1 - _)AQprp = fb, 4)
c c
and
1 N .
Wnd=ZT b.jit = fuil. )
J
Where, p = ¢ is the velocity of the light (in the anti-solar di-

rection) and UCIS the orbital velocity of the dust particle, and & =
* withu = w—v, where w is the solar wind flow bulk velocity in
the average phase (Mukai et al. 1982; Marzari & Vanzani 1994);
the spatial mass density of the component j of the solar wind
flow is given by n; = n;m; for mass m; and number density
nj; A is the geometrical cross section of the grain; Q; is the di-
mensionless radiation-pressure coefficient averaged over the so-
lar spectrum; Cp ; is the dimensionless drag coefficient due to
the j-component of the wind flow; S is the solar radiation flux
density at heliocentric distance r, and we can write S = So(r—f)z;
wo = 4 X 107 cm/s for w at 1 AU; and 7,0 + nao = 1.27,0
(Marzari & Vanzani 1994).

The efficiency of the radiation and corpuscolar resistive
forces can be expressed by defining their ratio with respect to
the solar gravity in the following manner:

s 5] () (5
and
w=t [l (f"f‘”) ()

fork = & and ¢ = s , where f,0 is obtained from f,, when
neglecting the velocity dispersion of wind particles and taking
no notice of the contribution of momentum carried away by the
sputtered molecules to Fyg.

Taking the reference-distance ry to be equal to 1 AU and as-
suming a dust particle of spherical shape of radius s, one obtains

38 r
) %0 Qo _ 594510752 (8)
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where o is the mass density of the dust particle measured, such s,
in cgs units (Marzari & Vanzani 1994).

Finally, the relative importance of the radiation and corpus-
colar forces can be estimated by the parameter

Buw

SPe L5102
Br Qpr

The adopted numerical algorithm for solving the equations
of motion is the RA15 version of the RADAU integrator by

Everhart (1985). The choice of this integrator is dictated by the
frequent occurrence of close encounters between dust particles

(10)
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and planets. In this case, RA15 is very precise since it uses a
variable stepsize.

Our simulations start with a ring of 1000 particles. The initial
semi-major axis is randomly selected to be in between 2.1 and
3.3 AU, the initial eccentricity varies in the range 0.0-0.4, and
the inclination in the range 0-20°. This choice reflects the aver-
age orbital elements of asteroids assumed to be the sources of
the dust ring. For the grains, we assume a density of 2.5 g cm™3,
a reasonable value for dust particles originating in the Main Belt
(Griin et al. 1985). Spherical particles are considered in terms of
the approximation of Mie’s theory for which Qy, the dimension-
less radiation-pressure coefficient averaged over the solar spec-
trum, is 0.53 (Marzari & Vanzani 1994; Mukai et al. 1982).

3. Flux estimate from numerical integration

We compute the orbital evolution of the dust ring until all the
particles move well inside the orbit of Mercury. To estimate the
flux of impacting grains, we use a statistical approach since the
number of computed impacts is negligible. Any time a dust grain
falls within ten times the influence sphere of Mercury, we record
the minimum approach distance and the grain-planet relative ve-
locity. At the end of the run, we have a list of close encoun-
ters that we can statistically analyse. We divide the encounters
in bins of radial distance from the planet centre and we perform
a least squares fit to the data with a parabola function as PyR.
The least squares fit, performed by assuming a standard devia-
tion for each data bin of VN; (where N; is the number of close
encounters in each bin), allows us to compute the parameter Py
(Marzari et al. 1996). At this point, if we use R to represent the
radius of Mercury, we derive the fractional number of impacts
on the surface of the planet ny;. We take proper account of the
gravitational focusing factor caused by Mercury’s attraction. The
relative velocity distribution is instead well approximated by that
computed for each close encounter properly corrected for the
gravitational focusing factor. With 1000 particles, we can study
reasonably well the dynamical behaviour of the real grains as
they approach the planet. From the number of impacts ny;, we
can estimate the flux gy by dividing ny by an effective time
interval AT over which the impacts occur. In our simulations,
the distribution of close encounters versus time exhibits a rapid
growth as the first grains of the ring begin to approach the planet.
The distribution reaches a plateau where the rate of encounters is
approximately constant, and finally it rapidly declines. We define
an effective time interval AT by inspecting the distribution of
encounters with time, where AT represents the timespan during
which the encounter rate is approximately constant. The flux gy
on the planet is then estimated to be the number of impacts nj,
(rescaled to account for encounters occurring only during AT)
divided by AT.

In our simulations, we do not consider particles of radius
smaller than 1 um because, in general, solar radiation pressure
reduces solar gravity sufficiently to drive these particles out of
the Solar System (they become beta meteoroids). In other words,
the Poynting-Robertson and the solar gravity no longer dominate
(Burns et al. 1979; Sykes et al. 2004).

4. Calibration of flux

To calibrate our flux, i.e., to compute the true number of grains
represented by our 1000 test particles, we need to know the den-
sity of particles within our initial ring. In the literature, the par-
ticle density in the Main Belt for different particle sizes is not
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clearly defined. It is given by a relation between the number of
particles and their size only for the IRAS dust band, which is not
applicable to the entire Main Belt (Mann et al. 1996).

A more robust way is to calibrate the density of our ini-
tial dust ring by means of the observed flux of grains on the
Earth. For this purpose, during each simulation we record the
close encounters between test particles and the Earth. As for
Mercury, we then extrapolate the flux gg(r) of particles of a
given size r on the Earth surface. We then derive a set of
calibration coeflicients C(r) for all the sizes we considered in
our simulations given by C(r) = gm(r)/ge(r). These coefhi-
cients represent the change in the flux of equal size particles
as they move from the Earth to Mercury and they account for
the dynamical behaviour of the dust grains (e.g., resonances,
close encounters with the planets, and acceleration of migra-
tion due to eccentricity stirring). These coefficients are used
to “transport” the curve of the Earth meteoroid flux given by
Love & Brownlee (1993), which was obtained from experimen-
tal data taken by the satellite LDEF, to Mercury. The flux on
Mercury is calculated by interpolating a curve for the mass flux,
similar to that of Love & Brownlee (1993), that is constrained
to reproduce the scaled points computed by multiplying the
Love & Brownlee (1993) curve by the C(7)s.

Additional effort is needed before rescaling the flux of
Love & Brownlee (1993) to Mercury. In their paper, Love and
Brownlee adopted an average meteoroid speed of 16.9 kms™' to
compute the flux values, while in our dynamical model we ob-
tain a mean velocity of 18.6 kms™! for grains coming from the
Main Belt and impacting the Earth. Following the same method
as Love & Brownlee (1993), we computed a new value of flux
with our average velocity. Figure 1 shows the fluxes calculated
with the two different average velocities. A slightly lower value
of flux is obtained with the higher impact velocity.

It is important to note that Love and Brownlee determined
the mass flux and size distribution of micrometeoroids in the
submillimiter size range, in particular the mass range 10~ to
10~* grams, by measuring hypervelocity impact craters found
on the space-facing end of the gravity-gradient-stabilized LDEF
satellite. They found that the total mass accreted by the Earth
per year across the size range sampled in their work is (40 =
20) x 10° kg/year. The major source of uncertainty is the value
of the encounter velocity. Dermott et al. (2002) interpreted the
mass accretion rate on the Earth as being caused by particles
in the zodiacal cloud on typical asteroidal orbits. The possibil-
ity that in the flux there is a consistent component on cometary
highly eccentric and inclined orbits (Wiegert et al. 2009) can be
taken into account in our model with an additional tuning factor
that indicates the fraction of dust coming from the two different
types of orbits.

5. Impact velocity

An important aspect of the model of Cintala (1992) for comput-
ing the flux of meteoroids on Mercury is the velocity distribution
of impacting particles. The differential flux is written as

D, m) = f(v) - h(m), (11)

where f(v) is the velocity distribution of dust particles (s/km),
and A(m) is the mass distribution function of the impacting par-
ticles (g~! cm™2s71).
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Fig. 1. Terrestrial flux calculated following the Love and Brownlee pro-
cedure using the two differen average velocities of 16.9 kms™! and
18.6 kms™!.

The velocity distribution function is given by the following
equation

v e(_§
(02 — 2 2
r(v® — vMe) + Ug,

where k = 3.81, & = 0.247 are constant, r = 0.387 AU is the
mean distance of Mercury from the Sun, v is the impact velocity
of dust particles on Mercury, vg. = 11.1 kms™ is the escape ve-
locity for the Earth at 100 km altitude, and vype = 4.25 km s7lis
the escape velocity at the surface of Mercury. This velocity dis-
tribution is derived based on the assumption that the dust density
is constant between the Earth and Mercury. However, according
to Leinert et al. (1981), the dust density of the grains increases

as r~'3 and Eq. (12) at Mercury becomes

22 3
r(v vMe)+vEe)

f) =kr'?

12)

v e(_.g
(2 — 2 2
r(v* = vy) + Vg,

With our approach, the distribution of impact velocities is a di-
rect outcome of the code. It is directly related to the dynamical
behavior of the particles as they approach Mercury and accounts
for the interplay between non-gravitational forces, resonances,
and planet scattering.

In Fig. 2, we compare the velocity distribution for parti-
cles of 5 um and 100 um, respectively. There is no substan-
tial difference between the two curves and this is also true for
all the other particle sizes that we considered in our simula-
tions (5, 10,20, 30, 40, 50, 60, 70, 80, 90, 100 um). As a conse-
quence, we combine all the data for the relative velocity in a
single normalized distribution that can be compared to that of
Cintala (1992). This is shown in Fig. 3. It is noteworthy that the
analytic velocity distribution of Cintala (1992) is shifted towards
the high velocity tail and its peak is slightly higher than that ob-
tained from our numerical distribution. Our average impact ve-
locity at Mercury is 16.81 kms™!, while that predicted by the
Cintala (1992) model is 20.50 kms~!, about 18.0% higher.

2_2 2
r(v vMe)+vEe)

f) = kr*? (13)
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Fig. 2. Velocity distribution function of particles with radius of 5 yum
and 100 um.
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Fig.3. Comparison of velocity distribution given by our model and
Cintala’s model.

6. Micrometeoroid flux on Mercury

According to the approach described in Cintala (1992), the im-
pact flux depends on both the velocity distribution of dust parti-
cles and their mass distribution function.

The Cintala’s mass distribution reported in Eq. (11) is

i ¢ ln(m)i) .

i=0

11

Zﬁciln(m)i"}, (14)

i=1

1
h(m) = _m_ﬂ exXp

where m is the projectile mass, F; = 0.364, ¢; are constants
(Cintala 1992; Cremonese et al. 2005).

The advantage of our numerical approach is that we do not
need to make any assumption about the density or velocity distri-
bution since they are computed directly from the particle dynam-
ics. After the calibration at the Earth’s orbit, we follow the evo-
lution of the particle ring as it reaches Mercury. Both the particle
density and velocity distributions are derived properly from the
numerical data once statistically interpreted. We directly com-
pute the flux gy for any particle size without any a priori as-
sumption about the density evolution.
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Fig. 4. Flux on Mercury obtained with our numerical simulations (blue
points) and the cubic spline curve (green line).

Table 1. Flux obtained by Cintala and our model in the range 5-100 um.

Model A 8

year cm--s
Cintala’s model  4.073 x 10" 1.402 x 10'°
Our’s model 3.104 x 10" 2.382x 10714

The data for the flux gy of each particle size were interpo-
lated to obtain an analytical curve. In Fig. 4, we show an in-
terpolation of the numerical fluxes gy;. By integrating the an-
alytical function, we estimate the total flux in the size range
that we considered, which can be compared with that given by
Cintala (1992) (see Table 1).

Table 1 shows that the total number of impacts given by
Cintala, measured in N/year, is about 76 times lower than our
estimate, and that our mass flux estimate given in ¢g/(cm?” X s) is
170 times higher.

7. Lifetime and resonances

Before impacting Mercury the lifetime of dust particle strongly
depends on their radius and mass. In our simulations, we find
that the lifetime of dust grains increases with their radius and
this is a consequence of both a slower drift rate caused by P-R
drag and resonance trapping. However, the lifetime is not a triv-
ial linear function of the size since the interplay between planet
scattering and resonances strongly affect the eccentricity, which
is relevant in determining the drift rate produced by the P-R drag.
In Figs. 5 and 6, we show some examples of resonance trapping
for different size particles. During the resonant evolution it is
noteworthy that the eccentricity of the particle increases leading
to a much faster orbital decay once out of the resonance. Large
particles are trapped more frequently and their eccentricity is,
as a consequence, often increased accelerating their migration
towards Mercury. Accounting for all these dynamical effects is
possible only with a full numerical approach.

8. Conclusions

In this paper, we have analysed the dynamical evolution of mi-
crometeoroids from the Main Belt to Mercury to compute the
flux of meteoroids on the surface of the planet. In our numeri-
cal model, we include the gravitational perturbations of all the
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Fig. 5. Semimajor axis and eccentricity for a particle of 5 um of radius.
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Fig. 6. Semimajor axis and eccentricity for a particle of 90 um of radius.

planets and the Poynting-Robertson drag. From the data of
the simulations, we extrapolate the ratios of dust grain fluxes
on Earth and Mercury for different particle sizes. These
ratios are used to “transport” the experimental curve of
Love & Brownlee (1993) for the mass flux on the Earth to
Mercury accounting for all the dynamical effects such as reso-
nance trapping, planet scattering, and eccentricity excitation.

Our results for the flux of micrometeoroids in terms of mass
is about 170 times higher than previous estimates (Cintala 1992).
The flux computation depends on the calibration of the dust flux
at the Earth orbit. This is performed on the basis of the LDEF
satellite data that are interpreted as being determined mostly by
dust grains on asteroidal orbits. This accounts for particles either
coming from asteroids or short period comets (Dermott et al.
2002). The possibility that a significant fraction of dust comes
from typical cometary orbits can be accounted for with an addi-
tional tuning coefficient. This will be possible when data on the
dust impact velocities become available.

The flux estimate is a relevant parameter for calcu-
lating the contribution of neutral atoms to the exosphere
(Cremonese et al. 2005) and for the definition of the environ-
ment of Mercury in view of future space missions such as the
ESA-JAXA BepiColombo.
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