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ABSTRACT

Context. Meteoroid impacts are an important source of neutral atoms for the exosphere of Mercury. We previously estimated the
contribution of meteoroids originating in the asteroid belt for vapor release. In this paper, we concentrate on the cometary component
of particles impacting the planet. Comets and asteroids are considered to be the two major sources of interplanetary dust particles in
the solar system. The debate about which source contributes most to dust populating the solar system is still ongoing.
Aims. In this work, we compute the orbital evolution of dust particles produced by Jupiter-family comets (JFC) via N-body numerical
integrations. From our numerical simulations, we compute the fraction of particles hitting Earth and Mercury’s surface and the
corresponding distribution of impact velocities. According to some authors more than 80% of all the incoming mass of meteoroids
entering the Earth’s atmosphere is concentrated in the mass range 10−7−10−3 g. In our model, we considered a slightly different range,
10−9 to 10−6 g, to include possible uncertainty.
Methods. The orbital evolution of dust particles of different sizes is computed with a numerical integration code, which includes the
effects of Poynting-Robertson drag, solar wind drag, and planetary perturbations.
Results. By comparing the impact frequency of grains evolving either from main belt asteroids or JFC we find that the cometary
component is significantly less efficient in releasing dust particles on Mercury than on the Earth. The opposite occurs in the case of
dust coming from the main belt with a flux higher at Mercury than on the Earth. This is mostly due to the different dynamical histories
of the grains from their release until impact. This may have important implications for the vapor production rate on Mercury. We
compare our results with previous estimates given by different authors.

Key words. methods: statistical – meteorites, meteors, meteoroids – comets: general – planets and satellites: individual: Mercury

1. Introduction

Comets and asteroids are considered to be the two major sources
of solar system interplanetary dust particles (IDP). There has
been a considerable debate whether comets or asteroids provide
the greatest amount of dust in the solar system (see Dermott et al.
1984, 2002; Sykes et al. 2004; Fulle 2004). The relative propor-
tions of asteroidal and cometary component in the zodiacal cloud
is still an open issue. The IDP abundances are given by zodiacal
light measurements, by meteoroid impacts onto spacecraft dust
sensors (Mann & Grün 1995; Mann et al. 1996; Mann 2004), and
by samples collected by high altitude aircraft in the stratosphere
(Love & Brownlee 1993; Zolesky et al. 1994; Flynn 2002). Dust
particles originating from comets generally have much higher
Earth approaching and atmospheric entry velocities than those
of asteroidal grains, but the number of Earth-crossing comets per
year are considerably fewer than near-Earth asteroids (Weissman
2007).

The total cometary impact rate on Earth, based on observed
comets is 1.4 × 10−7 per year, or one impact every 7.2 Myr.
About 48% of this total is due to Jupiter-family comets (JFC),
14% due to Halley-type comets, and 38% due to long-period
comets, although half of the long-period comets arrive in brief
cometary showers of 2−3 Myr duration (Weissman 2007). If
one takes into account the impact rate estimates for long period
comets, JFC and Encke type comets, then the total impact rate is

1.1×10−7 per year, or one impact every 9.1 Myr. If comet show-
ers are included, these numbers increase to 1.4 × 10−7 per year,
or one impact every 7.2 Myr. These represent only a few percent
of the impact rates of near-Earth asteroids (Weissman 2007).
Also, the orbital integration of JFC, asteroidal and cometary
dust particles under the gravitational influence of the planets,
the Poynting-Robertson drag, radiation pressure, and solar wind
drag support the previous estimates (Ipatov & Mather 2005,
2006). These integrations demonstrated that by varying the ratio
between the radiation pressure force and the gravitational force,
the collision probabilities of cometary dust particles are lower
than asteroidal dust particles. This is the case except for dust
particles coming from comets, such as 10P/Tempel 2, which are
closer to those particles coming from asteroids (Ipatov & Mather
2005).

The production of dust by comets can be deduced from ob-
servations of dust tails and coma. Variation of cometary activity
and uncertainties in determining the size distribution of ejected
particles make it difficult to estimate the total mass production
of a single comet (A’Hearn et al. 1995; Fernández 2009). There
is a significant difference in the dynamics of dust particles pro-
duced by comets and asteroids (Jackson & Zook 1992). Grains
produced by asteroidal collisions have initial orbital elements
that are similar to those of the parent body and then reflect the
orbital distribution of the asteroid belt with low values of both
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eccentricity and inclination. After being generated in the aster-
oid belt, this dust evolves towards the Sun under the Poynting-
Robertson drag, which further circularises the orbits that also re-
duce the inclination (Burns et al. 1979; Wyatt & Whipple 1950;
Sykes & Greenberg 1986). Dust coming from comets is expected
to move on trajectories with much higher eccentricity and incli-
nation (Jackson & Zook 1992). Since comets are much fewer in
number than asteroids, tracing their current orbits would produce
a relatively lumpy cloud. Whether a cometary component could
be smooth depends on the outcome of the race between differen-
tial precession of the ejected cometary particle orbits, collisional
lifetimes, and orbital decay timescales (Burns et al. 1979).

We study the long-term evolution of dust grains (i.e. r <
1 mm) originating from short period comets to Mercury as a
completion of the previous work on dust particles coming from
the main belt asteroid (Borin et al. 2009). By means of numeri-
cal simulations, we estimate the flux of dust particles on the sur-
face of Mercury and their impact velocity distribution. We focus
on dust particles produced by JFC, since Nesvorny et al. (2010)
claim that the 85%−95% of the observed mid-infrared emission
is produced by particles from JFCs and a quantity less than 10%
by dust from long-period comets.

2. Dynamical evolution model

To estimate the meteoritic flux at the heliocentric distance of
Mercury, we use the dynamical evolution model of dust particles
of Marzari & Vanzani (1994). This model numerically integrates
a (N+1)+M body problem (Sun + N planets + M body with neg-
ligible mass) with the high-precision integrator RA15. The ini-
tial orbital elements of all planets are taken from the JPL Horizon
site. Radiation and solar wind pressure and Poynting-Robertson
drag are included as perturbative forces together with the gravi-
tational attractions of all the planets in the solar system.

The gravitational term is given by:

Fgra = Fk + Fd + Find, (1)

where Fk is the Keplerian force, Fd is the direct force, and Find

is the indirect force. Equation (1) can be written as

Fgra =
Gm(MSun + m)rSun

r3
Sun

+
Gm

∑N
j=1 m jr j

r3
j

+
Gm

∑N
j=1 m jrSun, j

r3
Sun, j

, (2)

where rSun is the distance between the Sun and dust particles, r j
is the distance between planets and dust particles, m is the mass
of dust particles, and N is the number of planets.

The non-gravitational term is made up of two terms: the ra-
diation force, Frad and the force given by the solar wind, Fwnd,

Fngra = Frad + Fwnd

=
S
c

(
1 −

ṙ
c

)
AQpr p̂ +

∑
j

η ju2

2
ACD, jû = fr p̂ + fwû. (3)

In the previous equations p̂ = c−u
c , where c is the velocity of the

light (anti-solar direction) and u is the orbital velocity of the dust
particle; û = u

u with u = w − u, where w is the solar wind flow
bulk velocity in the average phase (Mukai et al. 1982; Marzari
& Vanzani 1994). The parameter η j = n jm j is the spatial mass
density of the component j of the solar wind flow, with mass
m j and number density n j; A is the geometrical cross section of

the grain; Qpr is the dimensionless radiation-pressure coefficient
averaged over the solar spectrum, and CD, j is the dimensionless
drag coefficient due to the j component of the wind flow. The
parameter S is the solar radiation flux density at heliocentric dis-
tance r, and we can write S = S 0( r0

r )2, w0 ' 4×102 km s−1 for w
at 1 AU, and ηp,0 +ηα,0 ' 1.2ηp,0 (Marzari & Vanzani 1994). The
parameters fr and fw are the magnitude of the radiation force and
solar wind force, respectively.

The efficiency of the radiation and corpuscular resistive
forces can be expressed by defining their ratio to the solar grav-
ity, i.e.,

βr =
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and
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, (5)

with κ = u
w

and ψ =
fw
fw0

, where fw0 is obtained from fw in the
limit of neglecting the velocity dispersion of wind particles and
taking no notice of the contribution of momentum carried away
by the sputtered molecules to Fwnd. The parameter fg is the mag-
nitude of the gravitational force.

Assuming the reference-distance r0 equal to 1 AU and the
dust particle with a spherical shape of radius s, we obtain

βr =
3S 0r2

0

4GM�c
Qpr

%s
= 5.74 × 10−5 Qpr

%s
, (6)

and

βw =
3(ηp,0 + ηα,0)r2

0w
2
0

4GM�

ψκ

%s
' 3.27 × 10−8ψκ

%s
, (7)

where % is the mass density of the dust particle measured, like s,
in cgs units. The parameter S is the solar radiation flux density
at heliocentric distance r, and we can write S = S 0( r0

r )2, w0 '

4 × 107 cm/s for w at 1 AU, and ηp,0 + ηα,0 ' 1.2ηp,0 (Marzari &
Vanzani 1994).

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

γ =
βw
βr
' 5.7 × 10−4 ψκ

Qpr
· (8)

In terms of the parameters βr and γ the sum of the radiation and
solar resistive forces takes the form

Fngra = βr fg
[
(1 + γ cosϕ)r̂ ∓ γ(sinϕ)ϑ̂

]
−βr fg

[(
2 + γ

c
w

) ṙ
c

r̂ +

(
1 + γ

c
w

) rϑ̇
c
ϑ̂

]
, (9)

where the terms dependent and independent on a dust grain’s
velocity appear separated. Here ϑ̂ is the unit vector normal to r̂ in
the orbital plane (positive in the direction of the grain’s motion),
ϕ = arccos(w · r̂)/w is the angle that the average solar wind flow
direction forms with the grain’s velocity. The first part of Eq. (9)
is the sum of radiation pressure force βr fg r̂ with the corpuscular
pressure force βw fgŵ = fww/u split into its radial and transverse
component. The latter part of Eq. (9) is the sum of the classical
PR drag with the solar wind drag (Marzari & Vanzani 1994).

The adopted numerical algorithm for solving the equa-
tions of motion is the RA15 version of the RADAU integrator
(Everhart 1985).
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3. Initial conditions for asteroidal dust
and cometary dust particles

To compute the flux of dust particles released in the main
belt through asteroidal collisions and reaching the Earth and
Mercury, we adopted an initial distribution of orbital elements
with the following characteristics (Borin et al. 2009; Marzari
et al. 1996; Dohnanyi 1969). The initial semimajor axis is ran-
domly selected in between 2.1 and 3.3 AU, the initial eccen-
tricity varies in the range 0.0−0.4 and the inclination is in the
range 0−20◦. This choice reflects the typical orbital elements of
the asteroid belt (Gradie et al. 1989; Zappalá & Cellino 1993;
Zappalá et al. 1994; Milani & Knezevic 1994). We assume a
grain density of 2.5 g cm−3, which is a reasonable value for dust
particles coming from the main belt asteroids (Grün et al. 1985).
Spherical particles are considered in the approximation of Mie’s
theory for which Qpr, the dimensionless, radiation-pressure co-
efficient averaged over the solar spectrum, is 0.53 (Marzari &
Vanzani 1994; Mukai et al. 1982).

For the JFC dust particles we considered orbits with an ini-
tial semimajor axis in a range between 2.5 and 26.7 AU with
the majority of dust grains in the range between 2.5 and 8 AU,
eccentricity in a range interval between 0.3 and 0.9, and orbit
inclination in the range between 0−81◦ with a large concentra-
tion of particles in the range between 0−45◦. In this case, we as-
sume a density of % = 1.0 g

cm3 , the radiation pressure coefficient
Qpr = 0.53, following the asteroids grain simulations (Marzari
& Vanzani 1994; Mukai et al. 1982). The initial orbital elements
of comets are taken from Nesvorny et al. (2010) and Levison &
Duncan (1997), who followed the evolution of bodies originat-
ing in the Kuiper Belt as they are scattered by planets and evolve
into the inner solar system. In their input list of source objects,
Nesvorny et al. (2010) consider a JFC to become active at the
time when the perihelion distance, q first drops below 2.5 AU
in the Levison & Duncan (1997) simulations. The orbital distri-
bution of visible JFCs obtained with this model by Levison &
Duncan (1997) well approximates the observed distribution.

Defining tflt = 12 000 yr as the fading lifetime of JFCs, which
is the time range between their first and last appearance (Levison
& Duncan 1997; Nesvorny et al. 2010), we considered both the
initial time t = 0 and the final time (t < 12 000) for each comet
with perihelion distance q < 2.5 AU. However, the outcome in
terms of close encounters and impact speed was not significantly
different, so we used the set with the final time. In Fig. 1 we
illustrate the orbital distributions of JFC comets at the final time.
This orbital distribution is used for the initial trajectories of the
dust particles in our numerical integrations. We take particles
with radii of 10, 50, and 100 µm into account.

While for asteroidal dust particles the initial mean anomaly
is randomly sampled between 0◦ and 360◦, for JFC grains the
particles are started at the perihelion when the mean anomaly
M = 0. This second sampling procedure for the mean anomaly
is dictated by the relation between dust emission and cometary
activity. Dust emission starts with comet outgassing, which has
its peak at the perihelion where the comet is closer to the Sun.
It is then reasonable to assume that dust reaching the Earth and
Mercury was mostly produced during the perihelion passage.

4. Estimates of the impact efficiency of grains
on Mercury

We compute the dynamical evolution of cometary and asteroidal
dust grains until they cross the orbit of Mercury. We record every
time a dust particle falls within ten times the sphere of influence
of the planet as a close encounter, then we withdraw the particle

Fig. 1. Initial orbital distribution of JFCs. Figures show the inclination
and perihelion distance as function of the semimajor axis.

from the sample (this is the same method used in Borin et al.
2009). During its evolution a grain may have close encounters
with other planets, but in this case we do not eliminate the grain
from the sample since this is part of its dynamical evolution. At
the end of the run we know how many particles approached the
planet with respect to those that did not have close encounters
and flew inside. By comparing the fluxes of particles encounter-
ing the planet, we can evaluate the relative efficiency of the two
sources of dust grains impacting Mercury, i.e. asteroids or JFCs.
We run the same model for the Earth to estimate the two fluxes
in a different dynamical environment. It is manifestly impossi-
ble to numerically integrate a number of particles large enough
to record actual impacts. As a consequence, this methodology
is the only feasible way to estimate the relative impact flux on
Mercury from different sources and to compare it to that on the
Earth. The outcomes of the four different numerical simulations,
two for the Earth (asteroidal or cometary source) and two for
Mercury (same sources), are summarised in Table 1. The simu-
lations for Mercury, and, in particular, those for the asteroidal
dust grains, required more time since the particles have to evolve
past Mars, Earth, and Venus before reaching Mercury.

The percentages reported in Table 1 are divided into two
groups and computed for different particle sizes. The two
columns under the title “Asteroids” give the fraction of particles
of asteroidal origin entering ten times the sphere of influence of
Mercury and the Earth in the two runs, respectively. While nE

A
is the number of particles encountering the Earth in the run that
only considers the close approaches with the Earth, nM

A is the
number of particles encountering Mercury in the run in which
the particles are allowed to evolve inside Mercury’s orbit. The
percentage pA of asteroidal grains from the same initial source
impacting either Earth or Mercury is pE

A = nE
A/(n

E
A + nM

A ) and
pM

A = nM
A /(n

E
A + nM

A ), respectively. The same applies to grains of
cometary origin. In this computation, we assume that the number
of dust grains that impact the terrestrial planets is not a signifi-
cant fraction of the whole dust grain population moving towards
the Sun. This allows us to separate the computation of encoun-
ters with the Earth and Mercury in two separate runs with the
same initial conditions.

Table 1 shows that the number of impacts on Mercury for
grains of asteroidal origin is higher compared to that on Earth.
This is possibly a dynamical effect related to the increasing
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Table 1. Percentage of particles arriving on Earth and Mercury consid-
ering cometary and asteroidal sources.

Particle’s size (µm) Asteroids Comets

Earth Mercury Earth Mercury

10 40% 60% 53% 47%
50 42% 58% 61% 39%

100 43% 57% 68% 32%

Fig. 2. Eccentricity and inclination of cometary dust particles at Earth
and Mercury for particles of 50 µm.

density of the grains as they approach Mercury because of the
smaller semimajor axis.

For cometary dust grains the situation is reversed. Compared
to Mercury, the Earth is much more efficient in capturing parti-
cles within its sphere of influence, therefore, the number of im-
pacts is expected to be lower on Mercury. According to Table 1,
this effect is more pronounced in larger dust grains, and in effect
there is a factor two of reduction in the number of encounters
with Mercury for 100 µm size particles. In Fig. 2 the distribution
of the orbital elements of 50 µm cometary grains is shown at
the step before they have a close encounter with the planet. The
eccentricities and inclinations of the dust grains as they reach
Mercury are lower and this would possibly increase the proba-
bility of impact. However, as shown in Fig. 1 the initial orbits of
the dust grains do not immediately cross Mercury’s orbit. During
the time that it takes the grains to move close to the planet under
the effect of the PR-drag, a significant fraction of particles, more
than 60% of our initial sample depending on their size, is ejected
out of the system by close encounters with the other planets.
Cometary dust particles are on high eccentric orbit from the start
and, as a consequence, they are more easily thrown out by close
approaches. This explains the trend observed as a function of the
particle size. Smaller particles migrate inside faster and have a
higher chance of reaching Mercury than larger grains, which are
subject to close encounters with other planets for a longer time.
In conclusion, dust particles of asteroidal origin are expected to
be more relevant in the flux of grains impacting Mercury com-
pared to cometary grains. This is the case at least when compared
to what happens on Earth.

5. Comparison between impact velocities for grains
with different origins

A by-product of our calculations of dust particle orbital evo-
lution is a robust estimate of the impact velocity at Mercury.

Fig. 3. Eccentricity and inclination of asteroidal dust particles at Earth
and Mercury for particles of 50 µm.

Fig. 4. Velocity distribution of asteroidal and cometary dust particles at
Mercury.

Figure 4 illustrates the velocity distribution of dust particles
when they encounter the planet. For asteroidal dust particles
the mean velocity is 16.81 km s−1, while the cometary com-
ponent has a mean velocity value of 17.59 km s−1. Figures 2
and 3 show the distribution of eccentricity and inclination of
cometary and asteroidal dust grains at Earth and Mercury for
particles of 50 µm before the encounter. As expected, the eccen-
tricity at Mercury shifts to lower values than Earth because of the
PR drag. The shift is comparable for both cometary and aster-
oidal grains and there is little difference in the two distributions
prior to the encounters. The inclination distribution is instead
broader for cometary dust as a result of the initial distribution
and this explains the higher relative velocity between the grains
and the planet. The asteroidal dust particles are stirred in incli-
nation by encounters with the planets and temporary resonance
trapping, but the effect is not comparable to the initial inclination
distribution of JFCs.
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6. Conclusions

We have used a dynamical model to estimate the flux of dust
grains of cometary origin on Mercury. We calculate the orbital
evolution of the grains under gravitational and non-gravitational
forces and evaluate the efficiency of delivery on the planet. Our
results show that the impact efficiency of particles from JFCs
is reduced when moving from the Earth to Mercury by almost a
factor two, depending on the grain size. The dynamical evolution
of the dust produced in the asteroid belt increases the impact-
ing flux from the Earth to Mercury since the inside migration
induced by the PR drag causes an increase in the local dust den-
sity. On the other hand, cometary dust particles may be ejected
out from the system before reaching Mercury’s orbit and this
leads to a decrease of cometary dust flux compared to that on
Earth.

If we assume that the flux of grains impacting Earth is a mix-
ture of asteroidal and cometary grains in different proportions,
than we would expect that on Mercury the asteroidal component
is reinforced with respect to the cometary component. According
to Wiegert et al. (2009) and Nesvorny et al. (2010), the flux on
Earth is dominated by cometary grains but on Mercury the situ-
ation might be more balanced.

This work could have interesting implications for the com-
putation of atoms released in the exosphere of Mercury (Cintala
1992; Cremonese et al. 2005). The sources of Mercury’s tenu-
ous exosphere have been hypothesised to be photon-stimulated
desorption, vaporisation by impact of meteoroids and microme-
teoroids, and sputtering by the solar wind (Killen et al. 2007;
Domingue et al. 2007). Mercury’s surface is constantly bom-
barded by dust particles from the interplanetary medium that
mix the surface regolith and create a vapor cloud at high energy
that is representative of the surface composition. The amount of
material produced by impact vaporisation depends on the im-
pactor and surface compositions and the micrometeoroid flux to
the surface. The ratio between the volume of melt and volume
of vapor depends on the impact velocity as well as other im-
pactor, surface, and impact-related parameters. At the moment,
the impact vaporisation rate at Mercury is highly uncertain be-
cause of uncertainties in the density and velocity distribution of
the interplanetary dust and the vapor production rate of the im-
pacting dust particles (Burger et al. 2010). Recent works sug-
gest that the enhancement in Ca at 25◦ ± 5◦ after perihelion can
be attributed to the crossing of Mercury’s orbital plane and a
Comet 2P/Encke stream (Killen & Hahn 2015; Christou et al.
2015). Also, Sun-grazing comets should be further investigated
as a possible source (Sprague et al. 2007). With this work, we in-
tend to distinguish between the potential fluxes due to cometary
and asteroidal sources to better understand the contribution of
the two components.
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