Icarus 221 (2012) 806-815

journal homepage: www.elsevier.com/locate/icarus

Contents lists available at SciVerse ScienceDirect

[carus

On the formation of the martian moons from a circum-martian accretion disk

Pascal Rosenblatt *, Sébastien Charnoz

b,c

2Royal Observatory of Belgium (ROB), Av. Circulaire 3, B-1180 Uccle, Belgium
b Laboratoire AIM, UMR 7158, Université Paris Diderot/CEA IRFU/CNRS, Centre de I'Orme les Merisiers, 91191 Gif sur Yvette Cedex, France
€ Institut Universitaire de France, 103 Boulevard Saint Michel, 75005 Paris, France

ARTICLE INFO

Article history:

Received 24 March 2012

Revised 8 September 2012
Accepted 11 September 2012
Available online 27 September 2012

Keywords:

Mars, Satellites
Satellites, formation
Accretion

ABSTRACT

We reconsider two scenarios for the formation of Phobos and Deimos from a circum-martian accretion
disk of debris: the strong tide regime for which accretion occurs close to the planet at the Roche limit
and the weak tide regime for which accretion occurs farther from the planet. We assume a disk with
an initial mass of 10'® kg (Craddock, R.A. [2011]. Icarus 211, 1150-1161). In the strong tide regime,
the disk loses its material by viscous spreading inward to and outward from the planet. When outward
moving material crosses the Roche limit, small-sized moonlets are accreted from gravitational instabili-
ties with a shape and density similar to Phobos and Deimos. Due to the gravitational torque exerted by
the disk, the moonlets migrate away from the planet, though they cannot reach the synchronous orbit
(lying at 6 Mars’ radii). After the disk has lost most of its mass they rapidly fall back onto Mars due to
the tidal decay of their orbits. Although, the total mass of moonlets is comparable to the mass of Phobos,
their survival time does not exceed 200 Ma, which is incompatible with the formation of Phobos and Dei-
mos early in Mars’ history. In the weak tide regime, moonlets can accrete near the synchronous orbit with
the mass of Deimos in a disk of up to 10'® kg (similarly to planetary embryos formation in the protoplan-
etary disk). A Phobos-mass embryo can also be formed in the same disk but closer to Mars (at 3-4 Mars’
radii) so that it rapidly falls back onto Mars by tidal decay of its orbit. However, several embryos may
accrete together in the disk (similarly to the final stage of terrestrial planet formation), and Phobos
and Deimos may be the last two remnants of those bodies formed near the synchronous distance to Mars.
Further investigations are still needed to understand such accretion mechanism within a circum-martian
disk primarily extending below the synchronous orbit.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The origin of the martian moons, Phobos and Deimos, is still an
open issue in spite of numerous spacecraft missions sent to the
martian system. It has been proposed that both moons are aster-
oids captured by Mars’ gravitational attraction (e.g. Burns, 1992)
or that they formed in situ from a disk of debris in Mars’ orbit
(e.g. Peale, 2007). The capture scenario is mainly based on similar-
ities between the physical characteristics of the surface of the
moons and those of some small-sized low-albedo carbonaceous
asteroids. Although this scenario has prevailed in the literature
for a long time, it has some weaknesses, in particular, the difficulty
to account for the current near-circular and near-equatorial orbits
of both moons, and the ambiguity in the identification of their true
composition from the remote-sensing observations of their
surfaces (e.g. Rosenblatt, 2011).

On the other hand, the martian moon orbits are consistent with
the expected orbits of objects accreted around Mars (Safronov
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et al,, 1986) that led several authors to propose some scenarios
where both moons were formed from material orbiting Mars (i.e.
in situ formation scenarios). Some of these scenarios are not incon-
sistent with a composition of Phobos and Deimos different from
the martian composition, since they involve the entering of an ob-
ject from the outer part of the Solar System (so, possibly of carbo-
naceous composition) into Mars orbit (e.g. Singer et al.,, 2007;
Craddock, 2011). Unlike the capture scenario, the in situ formation
scenarios have not been studied in detail so far, thus making them
somewhat ad hoc scenarios (e.g. Rosenblatt, 2011).

Recent observations of Phobos made by the Mars Express (MEX)
spacecraft have raised a renewed interest in these in situ scenarios.
In particular, the determination of the bulk density of Phobos has
been significantly improved, and has been interpreted as evidence
supporting a gravitational aggregate structure for the interior of
Phobos, which may result from its formation by accretion of debris
in Mars’ orbit (Andert et al., 2010; Rosenblatt, 2011). Moreover,
new remote-sensing observations of Phobos’ surface suggest that
its surface is composed of material similar to the material of Mars’
surface (Giuranna et al., 2011). Although these recent observations
cannot disprove the capture scenario, they have been interpreted
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as evidence supporting in situ formation for this moon (Rosenblatt,
2011).

One of the in situ scenarios proposes that Phobos and Deimos
were formed early in the martian history from gravitational insta-
bilities within a circum-martian accretion disk, resulting from a
giant collision between Mars and a large object (Craddock, 2011,
see also Section 2). Recently, a physical model of accretion from
gravitational instabilities has been proposed to account for the for-
mation of the small irregular-shaped moons of Saturn from the
material of its main rings (Charnoz et al., 2010). However, no such
modeling has been done so far to study the formation of the mar-
tian moons, thus leaving unexplored the expected physical proper-
ties of the objects accreted in Mars’ orbit (i.e. shape, mass, density)
with regard to those of Phobos and Deimos as well as the required
compatibility with the current orbital configuration of the martian
system (Rosenblatt, 2011).

In this study, we rely on current theories of accretion to establish
a physical framework for the formation of Phobos and Deimos in a
circum-martian accretion disk. It is shown that two main regimes of
accretion can occur: the strong tide regime for which accretion oc-
curs close to the planet at the Roche limit and the weak tide regime
for which accretion occurs farther from the planet where tides do
not play a significant role in the accretion process. The former re-
gime has been shown to work for the formation of the Moon of
the Earth (e.g. Canup, 2004), and more recently for the formation
of Saturn’s icy moons (Charnoz et al., 2010, 2011), while the latter
regime has been shown to work for the formation of the big satel-
lites of Jupiter and Saturn, and is inspired from numerous works
about the formation of planetary embryos (e.g. Lissauer, 1987).

The in situ formation scenario proposed by Craddock (2011) is
summarized in Section 2, and will be used as a basis for exploring
the physics of accretion within a circum-martian disk. Section 3
and 4 describe the general properties of accretion in the strong tide
and the weak tide regimes, respectively, and explore their conse-
quences for the formation of the martian moons. The results ob-
tained in Section 3 and 4 are discussed in Section 5.

2. Formation of a martian accretion disk of debris from a giant
impact

One of the in situ formation scenarios proposes that Phobos and
Deimos were formed early in Mars’ history from a giant impact be-
tween Mars and a large body (1800 km in diameter, Craddock,
2011). In this scenario, the impact would have given to Mars its
current spin rate, and the debris inserted into orbit would have
formed a disk around Mars, which could extend slightly beyond
the current Mars’ synchronous orbit (lying at 6 Mars’ radii). Grav-
itational instabilities would have then occurred within this disk (at
distances beyond the Roche limit of Mars) from which small-sized
objects or moonlets would have been accreted. Once the disk dis-
sipated, most of these moonlets would have fallen back to Mars
due to the tidal decay of their orbits. These fallen moonlets would
have fed the elongated crater population at the martian surface
(e.g. Schultz and Lutz-Garihan, 1982; Buchenberger et al., 2011),
and Phobos and Deimos would be the last two remnants of this
population of moonlets.

In this scenario, the orbits of the moonlets are expected to be
near-equatorial and near-circular, and a carbonaceous composition
for Phobos and Deimos could be accounted for, if the impactor was
of carbonaceous composition. Indeed, the debris blasted into Mars’
orbit from such a collision could come mainly from the impactor,
depending on the velocity and the angle of the collision, as shown
in the Earth-Moon case (e.g. Cameron, 1986).

However, this scenario has not been studied in detail, yet it re-
lies on several assumptions. For instance, the mass of the impactor

has been computed by assuming that the current spin rate of Mars
has been acquired from one single collision, yielding an impactor
mass of 9.61 x 10?! kg (Craddock, 2011). In addition, the amount
of material ejected into orbit from this collision has been estimated
from the population of elongated craters on Mars, resulting in a
mass of the accretion disk of about 10'-10'° kg (or 0.01-0.4% of
the computed mass of the impactor). However, as emphasized in
Craddock (2011), this estimate is uncertain since crater scaling
laws can provide only a rough estimate of the amount of ejected
material by impact processes. Moreover, a significant fraction of
this elongated crater population may also result from asteroid imp-
actors and not from the orbital decay of former moonlets (Bottke
et al., 2000). The scenario also assumes that half of the disk mate-
rial has been used to form moonlets, and that gravitational insta-
bilities occurred within the whole disk.

In spite of these limitations, this scenario provides the most
precise framework so far for physical studies of the formation of
Phobos and Deimos in a circum-martian accretion disk. It implies
physical processes (i.e. gravitational instabilities) similar to the
ones occurring in a strong tide regime of accretion such as in the
model recently proposed to explain the formation of the small
moons of Saturn from its rings (Charnoz et al., 2010, 2011). That
model has shown that when Saturn’s rings spread beyond the
Roche limit, they become gravitationally unstable and give birth
to small-sized aggregates. Through subsequent mutual accretion
these aggregates grow, then they recede away from the planet
due to their tidal interaction with the planet and the rings. This
model accounts for the mass-distance distribution of the small
moons of Saturn (i.e. the more massive, the more distant to the
rings). In the next section, we propose to apply this model to the
evolution of a martian gravitationally unstable accretion disk and
the formation of aggregates from it by adapting the hybrid code
developed for Saturn’s moons to Mars.

3. The strong tide regime of accretion
3.1. Basic physics: shape and density of accreted objects

After the giant impact on the planet, the ejected debris form a
cloud of particles around Mars. The collisions between the particles
induce a net energy loss while the angular momentum is conserved.
As aresult, the cloud flattens into a disk in a time comparable to the
collisional timescale. This kind of flattening mechanism has been
first numerically investigated in Brahic and Henon (1977), and
clearly appears in N-body simulations of the Earth’s Moon formation
(e.g.Kokubo and Ida, 2000). Due to its own viscosity, the disk spreads
outward from the planet, at an increasing rate as the disk is gravita-
tionally unstable (see Salmon et al., 2010). When the disk material
crosses the Roche limit of the planet, the gravitational instabilities
set-in and aggregates are formed in a time comparable to the orbital
period of the disk particles (Kokubo and Ida, 2000; Karjalainen and
Salo, 2004; Karjalainen, 2007; Charnoz et al., 2010, 2011). Then,
these aggregates collide, accreting material inside their local sphere
of gravitational influence (the Hill sphere). As the accretion occurs
close to the planet, it is controlled by Mars’ tides and it stops when
the Hill sphere of the accreting body is filled up entirely by disk
material (e.g. Canup and Esposito, 1997). As a consequence, the ac-
creted body (or moonlet) has a shape and a density given by those
of the Hill sphere (Karjalainen, 2007; Porco et al., 2007). Due to the
proximity to the planet (large tidal forces), the shape of this Hill
sphere is a triaxial ellipsoid with a 3:2:2 axes ratio (the longest axis
being directed toward the planet, Porco et al., 2007). The Hill sphere
density, also called the critical density p,,;,, depends on the mass of
the planet M, and on the distance a of the accreted moonlet to the
planet center of mass, as follows (Porco et al., 2007):
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The critical density rapidly decreases as the distance to the planet is
increasing (Fig. 1). Depending on the density of the accreted mate-
rial, the accreted object is expected to have some amount of poros-
ity in its interior in order to fit the critical density of the Hill sphere.
Therefore, a gravitational aggregate structure for the interior of this
accreted object is expected, if the material density is significantly
larger than the critical density.

The bulk properties of the martian moons (shape and density)
are similar to those of moonlets accreted in the strong tide regime.
Indeed, the shape of the martian moons can be approximated by a
triaxial ellipsoid with aspect ratios corresponding roughly to the
expected 3:2:2 ratio of the Hill sphere of the objects formed near
the Roche limit (see Table 1). In addition, the density of the martian
moons corresponds to the Hill sphere critical density for a distance
to Mars of about 2.5 Mars’ radii (Fig. 1), which nearly corresponds
to the Roche limit of Mars. Therefore, both shape and density of
Phobos and Deimos are compatible with those expected for moon-
lets accreted near the Roche limit of Mars. Moreover, such an origin
would explain why the martian moons have a density lower than
the density of possible material analogs (Rosenblatt, 2011). How-
ever, Phobos and especially Deimos are currently orbiting at larger
distances to Mars than the Roche limit (at 2.5 Mars’ radii). Here we
investigate the orbital evolution of the moonlets accreted at the
Roche limit over long time-scales (a few billions years) as well as
the number that can be produced and the mass they can have.
To this goal, we have adapted a hybrid model initially developed
for the formation of Saturn’s moons from the rings of the planet
(Charnoz et al., 2010, 2011) to Mars.

3.2. Evolution of a gravitationally unstable accretion disk around Mars

3.2.1. Modeled physics
The long timescale evolution of a gravitationally unstable disk
around Mars and of the associated system of moonlets is governed

T
Perit
10000 - 4
m Phobos
E N _
"a-ﬁ Deimos
5 1000 - .
100 L L 9
0 2 4 6 8

Mars’' radii

Fig. 1. Critical density of an object accreted in a gravitationally unstable circum-
martian disk (strong tide regime) vs. the distance to the planet. Comparison with
the density of Phobos and Deimos (see also Table 1).

Table 1

Shape (best-fit ellipsoid), mass and density of Phobos and Deimos from (1) Willner
et al. (2010), (2) Thomas (1993), (3) Rosenblatt et al. (2008), (4) Jacobson (2010), (5)
Rosenblatt (2011), (6) this study.

Phobos Deimos
Radius (in km) 13.0 x 11.39 x 9.07 (1) 7.5 x 6.185.2 (2)
Axes ratio 2.86:2.5:2 (6) 2.88:2.34:2 (6)
Mass (in 106 kg) 1.06 (3) 0.151 (4)
density (in g/cm?) 1.85 (5) 1.48 (5)

by the evolution of the disk itself and of its gravitational interac-
tion with the moonlets as well as by the tidal interaction between
the planet and the moonlets. In order to take these two interac-
tions into account, we use the hybrid model described in Charnoz
et al. (2010, 2011) and in Salmon et al. (2010) for the rings of
Saturn. This model consists of coupling in a self-consistent manner
the evolution of the viscosity of a thin disk and the formation of
moonlets as well as the evolution of their orbits. The disk’s surface
density evolves under the action of both the viscous torque (pro-
portional to the local viscosity, which itself depends on the local
density at a distance r to the planet, see Daisaka et al., 2001) and
the moons’ gravitational torque exerted on the disk. The resulting
governing equation is (Charnoz et al., 2010):

do 30

o(v(r)ar'/?) 1
A P _ 1/2
dt  ror or reTn) )

31 (GM,)'"?

where ¢ and v(r) are the surface density and the viscosity of the
disk, respectively, G the universal constant of gravitation, and T (1)
is the sum over all the moonlets of the local Lindblad-resonance tor-
que densities. This torque is induced by the mean motion reso-
nances between the disk and the moonlets (see Charnoz et al.,
2010).

In our model, the total mass of the disk is assumed to be initially
10'8 kg accordingly to Craddock (2011), and the disk material is as-
sumed to have a density of 3300 kg/m®. The thermodynamical evo-
lution of the disk (i.e. viscous heating, radiative cooling) is not taken
into account, and the disk is assumed to be thin implying the disk’s
flattening is achieved. The initial surface density decreases as r >,
and is set equal to zero at a distance of 90% of the Roche limit.
The disk initially extends below the Roche limit in order to accu-
rately study when it crosses the Roche limit since it is when moon-
lets form. The disk surface density reaches a maximal value of about
10* kg/m? (see Section 3.2.2), which is much closer to the density of
the Saturn’s A ring (about 400 kg/m?) than the one of the protolunar
disk (about 108 kg/m?) close to the Earth. As the viscosity is propor-
tional to 02/, (where Q is the Keplerian orbital frequency) for a
marginally gravitationally unstable disk (Craddock, 2011), the vis-
cosity of this circum-martian disk is of the same order of magnitude
as the one of Saturn’s A ring. So, the circum-martian disk would
spread slowly as for Saturn’s rings, thus creating many small moons
(Charnoz et al., 2010) and the disk’s viscous heating should be much
less efficient than it is in the protolunar disk. The formation of
moonlets is done via a simple algorithm: at each time-step of the
numerical integration of Eq. (2), all disk material having crossed
the Roche limit is removed from the hydrodynamical simulations
(i.e. from Eq. (2)) and converted into a new moonlet. This algorithm
was successfully used to account for the formation of Saturn’s small
moons (Charnoz et al., 2010, 2011).

Once formed, the moonlets are assumed to orbit Mars on near-
circular orbits, which evolve due to gravitational interaction with
both the planet (tidal decay due to Mars tides raised by the moon-
lets) and the disk (mean motion resonant interaction between the
moonlets and the disk). Indeed, the gravitational torque exerted by
the moonlets pushes disk material inward to the planet at the loca-
tion of the resonances, and in order to balance the angular momen-
tum of the system, a torque is exerted on the moonlet orbits, which
pushes them outward from the planet. The evolution of the semi-
major axis of the orbit of the moonlet is given by the following
relationship (Charnoz et al., 2010):

2a°T,
m. (GM,)"”

da  3knmiR) {1 51e§} 3

dt— Qd’M, 4

with ng, as, e, the mean motion, semi-major axis, and eccentricity of
the moonlet orbit, respectively, ms, its mass, M,,R,,k, and Q, the
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Table 2
Mars’ physical constants taken into account in this study. (1)
Konopliv et al. (2006), (2) Lainey et al. (2007), (3) Jacobson (2010).

0.15 (1)
80 (2,3)
6.42 102 kg (1)

Tidal potential Love number k;
Tidal quality factor Q
Mass

mass, radius, tidal potential Love number and tidal quality factor of
Mars (see Table 2), respectively, and I'; the gravitational torque ex-
erted by the disk on the moonlets. The contribution of the dissipa-
tion, due to tides raised by Mars inside the moonlets, to their orbital
evolution is not taken into account since it is negligible with respect
to the contribution of the dissipation inside the planet for near-
circular orbits (e.g. Lambeck, 1979; Mignard, 1981). Moreover,
eccentricity changes related to moonlet encounters are negligible,
and do not have influence on the evolution of the system (Charnoz
et al., 2010).

As the Roche limit (2.5 Mars’ radii), where the moonlets formed,
is well below the synchronous orbit (6 Mars’ radii), the tidal inter-
action (first term of Eq. (3)) pushes the moonlets inward to the pla-
net whereas the resonant interaction with the disk (second term of
Eq. (3)) pushes the moonlet away from the planet. Therefore, two
regimes of orbital evolution exist: outward and inward migration
of the moonlets depending on the respective strength of the tidal
and disk gravitational interaction. As the torque I's is proportional
to the disk’s surface density and to the square of the moonlet mass
(Charnoz et al., 2010), the ratio between the inward and the out-
ward migration rates (i.e., the ratio between the first and second
terms of Eq. (3)) is proportional to the disk’s surface density (see
Appendix A). Therefore, the transition from outward to inward
migration regime is expected to take place when the disk’s surface
density drops below a threshold value (see Appendix A). This is a
situation different from the case of Saturn where both tidal and
disk gravitational interactions push the moonlets away from the
planet because the outer edge of the rings, where gravitational
instability takes place, is beyond the synchronous limit (Charnoz
et al,, 2010, 2011).

As in the case of Saturn’s moons, the mutual accretion of
moonlets is taken into account in the following way: when the
semi-major axis of the orbit of two different moonlets differs by
less than 2.5 times their Hill radii (given as R, = a(m,/3M,)"?),
they are considered as perfectly accreting, i.e. they assemble into
one single larger body as in a low velocity two-body encounter
(see Karjalainen, 2007).

On the basis of this model, we then study the evolution of both
accreted moonlets and disk surface density, and we track the
amount of disk material falling back to Mars.

Mass falling onto the planet
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3.2.2. Results

Due to its viscosity, the disk is radially spreading, and besides
expanding begins to lose material through its inner edge. This
material falls onto Mars, and its amount is about 5% of the disk ini-
tial mass after about 400 ka (Fig. 2), when the disk crosses the
Roche limit and begins to lose additional material through its outer
edge by forming moonlets (Fig. 3). Each moonlet has a mass rang-
ing between about 10'° kg and 10! kg, corresponding to Phobos-
density bodies between 100 m and 1 km size, respectively. Within
this population, individual moonlets continue to grow by accreting
material from the outer edge of the disk or by mutual accretion,
and can reach a mass of up to a few 10!° kg after about 14 Ma
(Fig. 3), which is compatible with Deimos’ mass but is lower than
Phobos’ mass (see Table 1).

Due to the gravitational interaction between the disk and the
moonlets, the moonlets migrate away from the planet with a rate
proportional to their mass (see Eq. (3)), resulting in a sorting
among the moonlet population with the more massive moonlets
at larger distances from Mars (Fig. 3), similarly to the case of
Saturn’s small moons (Charnoz et al., 2010, 2011). However, this
orbital architecture is not the one of the current martian moon
system, since the least massive moon, Deimos, orbits the farthest
from the planet.

At about 70 Ma, the disk has lost almost 75% of its mass (Fig. 2),
and its surface density has decreased by a factor of about 1/4 to 1/3
(Fig. 3). As a consequence, the viscosity (proportional to the square
of the density, Charnoz et al., 2010) has also decreased, and the vis-
cous torque can be overcome by the moonlet gravitational torque
at the location of the strongest Lindbald resonances. When such
a resonance is near the outer edge of the disk, the resulting moon-
let gravitational torque stops the viscous spreading of the disk
through the Roche limit, and eventually stops the production of
moonlets (in our model after about 70 Ma, Fig. 3). The total mass
of accreted moonlets is then 10'® kg, or 1% of the initial mass of
the disk (Fig. 2), which corresponds to the mass of Phobos (see
Table 1). However, at 70 Ma, the biggest moonlet has a mass still
lower than Phobos’ mass (Fig. 3).

The moonlet system continues its outward migration till about
100 Ma (Fig. 3). The disk has then lost about 90% of its initial mass
(Fig. 2), and its surface density becomes too small to maintain a
disk gravitational torque able to compensate for the tidal torque
of the planet (see Appendix A). As a consequence, the moonlet or-
bits start to recede back to the planet (Fig. 3). As the more massive
moonlets recede faster than the smaller ones, they accrete the less
massive moonlets orbiting closer to Mars. As the mass of individual
moonlets increase, their gravitational torques on the disk increase
too, and stop outward spreading of disk’s material at location of the
lindblad resonances, and material accumulate just interior to these

SMA history of last surviving satellite
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Fig. 2. History of (a) the disk’s mass falling onto the planet and (b) the semi-major axis (SMA) of the orbit of the last surviving moonlet formed in the strong tide regime of

accretion.
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Fig. 3. Model of evolution of a gravitationally unstable circum-martian accretion disk (strong tide regime of accretion, see text for details).

resonances forming step-like features in the density profile (Fig. 3).
Then, the entire disk is pushed inward to the planet by the inward
migration of the moonlets, and the balance of the angular momen-
tum of the system is now dominated by the moonlet-planet grav-
itational interaction. All the moonlets eventually accrete into one
single massive object, which has thus accreted all the material pre-
viously extracted from the outer edge of the disk (i.e. 10!® kg,
Fig. 3). This single massive object initiates the collapse of the disk
onto Mars at about 200 Ma after the beginning of its evolution
(Fig. 3), given the dissipation rate in Mars considered in our model
(see Table 2).

The removal of whole the moonlet system in about 200 Ma is
incompatible with the age estimate of the surfaces of the martian
moons of at least 1 Ga (Pollack, 1977; Thomas and Veverka ]J.,
1980). Moreover, in our model, the largest distance to Mars that
the moonlets can reach is about 3 Mars’ radii (or 10% km from Mars’
center, Fig. 3). This distance results from the lowest order Lindblad
resonances located at the outer edge of the disk, which can

counterbalance the tidal torque of the planet. For a disk with a
mass of 10'® kg, the 6:5 resonance can maintain a moonlet with
a mass of a few 10'° kg at the 2.82 Mars’ radii distance as long as
the disk’s surface density is above the threshold surface density
(see Fig. 2, and Appendix A). Therefore, none of the moonlets
formed at the Roche limit can reach the current location of Deimos
beyond the synchronous orbit.

Our simulations have thus shown that the current martian
moon system cannot result from accretion in a strong tide regime
(i.e. at the Roche limit) in a disk of 10'® kg resulting from a giant
impact having occurred early in Mars’ history. Modifications of
the model will be discussed in Section 5, especially the initial mass
of the disk.

4. The weak tide regime of accretion

If the accretion of the martian moons occurred at distances lar-
ger than several times the Roche limit distance, then the effect of
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tides on the accretion process may have been very limited. In that
case, accretion occurs in a somewhat classical accretion process in
a disk, or in a somewhat similar way as for planet formation.

4.1. Basic physics

In this regime, we assume that the debris disk around Mars is
gravitationally stable and can extend to the current orbit of
Deimos. These assumptions could be reached if the disk has a rel-
atively low density and/or is hot. Indeed, gravitational instabilities
develop in a disk with relatively high viscosity (so, high density,
see Salmon et al., 2010) and a hot disk can extend farther from
the planet before cooling. If the disk is initially gaseous (because
it is presumably very hot), one would expect at the beginning a
strong pressure gradient (so that the disk is in thermal expansion
after the impact). Therefore, a strong radial density gradient is very
possible, for example when considering papers on protolunar disks
formation (e.g. Canup, 2008). In this case the disk may expand rap-
idly through thermal expansion.

In addition, the disk may cool down on timescale much longer
than the collisional timescale if the disk is initially hot and gaseous
(for a pressure supported disk, the cooling mechanism is through
black-body emission and not through collisional cooling). Indeed,
in a recent paper by Ward (2012) about the protolunar disk, which
is pressure supported, it is found that this protolunar disk cools
down in about 40 years, which is about 1000 orbits because the
disk photosphere is at a temperature of 2000 K. Whereas it is still
unclear if a circum-martian disk may be wide and hot (rather than
compact and cool), we consider both cases in the present papers.

In this regime material accumulation is similar to the accretion
of planetary embryos from a disk of planetesimals as described in
an abundant literature (e.g. Lissauer, 1987; Wetherill and Stewart,
1993 and references therein). For this kind of disk, a good approx-
imation of the surface density o(r) is given as a power law function
of the distance to the planet’s center of mass as:

a(r) = gort 4)

with q between —0.5 and —5. In such a disk, accretion occurs via
successive two-bodies low-velocity encounters (e.g. Greenberg
et al.,, 1978; Lissauer, 1987; Spaute et al., 1991; Wetherill and Stew-
art, 1993 and references therein). In this regime of accretion, objects
are formed with different sizes, and if the disk is cold enough (in
terms of encounter velocities), a few big bodies can rapidly grow
via the so-called runaway growth mechanism (e.g. Greenberg
et al., 1978; Lissauer, 1987; Wetherill and Stewart, 1989; Spaute
et al., 1991) since the larger a body becomes, the larger its gravita-

tional cross section C,; will be (given as C, ~ ma? <1 + (Vesc/Vre,)2>,

with a and V., the radius and the escape velocity of the body,
respectively, and V,, the relative or encounter velocity between
the two accreting bodies). Due to the combination of dynamical
friction and cooling from dissipative collisions, these encounter
velocities are mostly comparable to the escape velocity of the
bodies in which most of the mass is locally distributed (i.e. small
bodies at the beginning of the disk evolution and bigger bodies at
the end). As a result, the accretion by larger bodies is favored (since
these bodies have escape velocities larger than relative velocities)
and a finite number of bodies grow very rapidly, corresponding to
runaway growth of big bodies, outlying from the size distribution
of the system of accreted objects. These bodies are called “em-
bryos”. As the mass of the disk is progressively transferred into
these embryos, the system progressively ‘“heats-up” (Ida and
Makino, 1993), and the relative velocity V., increases. Thus, this
mechanism is a self-terminating process as embryos stir their
environment and accrete all the material inside their gravitational
reach. Lissauer (1987) has shown that there is a theoretical
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Fig. 4. Maximum growth mass (isolation mass) of an object (embryo) accreted in
the weak tide regime near the current location of Deimos (6 Mars’ radii) vs. the
surface density of the accretion disk. Comparison with Deimos’ mass (see Table 1).

asymptotic mass, the isolation mass (M;), which is reached when
the embryo has cleaned up all the disk material in the neighborhood
of its distance to the planet (i.e. inside a volume corresponding to a
couple of its Hill sphere volume). The isolation mass depends on the
mass of the planet, M,, and on the amount of disk material available
at the distance, r, to the planet according to (e.g. Lissauer, 1987):

32
M, — (16nr20(]r/)2) 5)
(3M;)

If one assumes that Deimos formed in such a regime of accretion,
Eq. (5) shows that the surface density of the disk needed for an iso-
lation mass matching the mass of Deimos must be about 80 kg/m?
at 6 Mars’ radii (Fig. 4), which corresponds to a total mass of the
disk between 10'” kg and 10'® kg, depending on the q value of the
disk’s surface density profile (see Appendix B). This mass range just
overlaps the lower threshold of the 10'8-10'° kg range estimated in
Craddock (2011).

In order to accrete a Phobos in the same disk, the embryo has to
be formed below the synchronous orbit in order to be compatible
with the current location of Phobos around Mars, which requires
q < -2 for the density profile of the disk and for distances to Mars
of 3—-4 Mars radii (Fig. B.1 in Appendix B). However, a Phobos-mass
body at such close distances to Mars is expected to fall back onto
Mars in less than 1 Ga due to the tidal decay of its orbit. In order
to maintain such an embryo in Mars’ orbit over 4.5 Gy, it is re-
quired to form it just below the synchronous orbit. In turn, a disk’s
surface density of about 290 kg/m?> is needed, which is still com-
patible with a disk’s mass of the order of 10'® kg. However, in such
a denser disk, the embryos formed just beyond the synchronous
orbit will have a mass larger than Deimos itself.

It is worthwhile to note that in the post-runaway growth stage
(or oligarchic growth stage), slightly larger embryos are formed
with an orbital separation of about 10 times their mutual Hill radii
(Kokubo and Ida, 1998; Thommes et al., 2003). Although, the mass
of these embryos is slightly larger than the isolation mass given in
Eq. (5), it does not significantly change the results of this study (see
Appendix B).

5. Discussion

In the strong tide accretion regime, several tens of moonlets can
be formed from the viscous spreading of the accretion disk through
the Roche limit. Although these moonlets have a shape and a den-
sity comparable to those of Phobos and Deimos, they cannot be
maintained in Mars’ orbit over billions of years. This is due to the
fact that the disk is almost emptied in about 100 Ma, which then
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permits to remove whole the moonlets by tidal decay of their or-
bits in comparable timescales.

One may assume a denser (i.e. more massive) disk, which would
dissipate more slowly and make the survival time of the moonlet
system longer. For example, a disk 40 times more massive would
have a survival time of 4 Ga (40 times 100 Ma), if one assumes
the disk loses its material at the same rate as for an initial mass
of 10'® kg. However, the mass fluxes, @, through the edges of a vis-
cous spreading disk are larger for larger disk masses (e.g. & Mjisc,
see Salmon et al., 2010), and the disk could not be maintained over
billions of years. In addition, a more massive disk would produce
more massive moonlets (as the mass of the more massive moonlets
increases with the initial mass of the disk, Charnoz et al., 2010,
2011), which will recede back to Mars faster since the rate of the
tidal decay of their orbits is proportional to their mass. On the
other hand, a less massive disk will evolve more slowly (Salmon
et al., 2010), but will produce less massive moonlets, which could
not reach the mass of Phobos.

In a denser (more massive) disk, lower order resonances could
maintain moonlets at larger distances to Mars, but the maximal
distance cannot be larger than the distance given by the 2:1 (low-
est order) resonance located at the outer edge of the disk (corre-
sponding to a distance of 4 Mars’ radii for a disk outer edge
located near the Roche limit at 2.5 Mars’ radii). This is still below
the synchronous orbit distance to Mars, thus the current location
of Deimos cannot be reached by any moonlet formed in the strong
tide regime of accretion whatever the initial mass of the disk. In or-
der to try to account for the formation of Deimos in such a regime
of accretion, we assume that the synchronous orbit was at closer
distance to Mars at the time of formation of the moonlets. The syn-
chronous limit should be at a distance of less than about 4 Mars’
radii since this distance is the maximal distance that moonlets
can reach when migrating outward from the planet (according to
Craddock (2011), this may require a more massive impactor, which
would have spun up Mars at a rate of about 13 h). In such a sce-
nario, when the moonlets cross this closer-to-Mars synchronous
orbit, both tidal interactions with Mars and the disk make their or-
bits migrating away from Mars (similarly to the Saturn’s case,
Charnoz et al., 2010, 2011), thus getting farther from Mars. How-
ever, since the most massive moonlets are at the largest distance
from Mars (since the outward migration rate is proportional to
the mass of the moonlet), and the disk must be massive because
of the required massive impactor, the outer moonlets will have
much larger masses than Deimos. In addition, a second collision
with a suitable mass-impactor would be required in order to slow
down Mars’ spin rate from 13 h to its current value, since the tides
raised by the Sun will not change Mars’ rotation by about a factor
of 2 in 4.5 Gy (Goldreich and Soter, 1966).

Although the strong tide regime of accretion cannot account for
the current martian moon system, it does not mean that moonlets
cannot have been formed in such a regime of accretion in Mars’
early history. If Mars has had in the past a circumplanetary disk,
our work simply implies that such an accretion process actually
took place, and had produced one or more moonlets, which would
have then crashed onto Mars, and fed the elongated crater popula-
tion. To account for all of this population, the total mass of moon-
lets must be between 8.3 x 107 kg and 1.5 x 10'°kg (see
Section 3.1 in Craddock, 2011). Since our simulations show that
only 1% of the disk material is used to produce moonlets, the disk
must have had a mass between 8.3 x 10'° kg and 1.5 x 10%! kg (or
about 0.86-15.6% of the mass of the Mars impactor). Although the
lower bound of this range is about twice the upper bound of the
0.01-0.4% range estimated in Craddock (2011), it seems to be plau-
sible given the large uncertainty in the mass ejected in orbit.
Therefore, the total mass of moonlets, formed in a strong tide re-
gime in a disk with a mass of about 10%° kg, can reach the total

mass of impactors required to account for the elongated crater
population. However, our study also shows that moonlets eventu-
ally accrete together when falling back onto Mars, thus it seems
difficult to explain the 102-176 elongated craters observed at the
martian surface from one or a few falling moonlets, unless the
moonlets would have been broken into smaller pieces when cross-
ing the Roche limit before impacting Mars. Such a fragmentation is
not unplausible if the moonlet contains a significant amount of
porosity in its interior (Movshovitz and Asphaug, 2011), which is
particularly the case in our model if the disk material has a density
of silicate rock (3300 kg/m?).

In the weak tide regime, the embryos or moonlets, accreted be-
tween the Roche limit and the synchronous orbit, also offer a pop-
ulation of impactor-candidates for the elongated crater population
at the martian surface. It is thus worthwhile to see whether the
bulk characteristics of the expected embryo population is consis-
tent with those of the elongated crater population. For a disk where
a Deimos-mass body is accreted at the synchronous distance from
Mars, the mass of the moonlets is between 10'* kg and 107 kg
depending on the g value of the disk’s surface density profile (see
Appendix B), which is well in agreement with the estimated range
of the mass of the impactors having formed the elongated craters
(see Appendices A and B in Craddock, 2011). Moreover, the more
massive embryos are expected to orbit closer to Mars (for
q < —2, see Fig. B.1 in Appendix B), and are therefore expected to
fall back onto Mars before the less massive, more distant ones
(since the orbital tidal decay rate is proportional to the moonlet
mass). As a consequence, larger elongated craters would be formed
first, which is consistent with the observations (i.e. the largest
elongated craters are the oldest ones, Schultz and Lutz-Garihan,
1982; Buchenberger et al., 2011). However, the expected number
of embryos formed in the disk is about 45-110 (depending on
the g value considered for the surface density profile of the disk,
see Fig. B.2 in Appendix B), which is less than the 102-176 elon-
gated craters identified at the martian surface. This discrepancy be-
tween the number of moonlets and the number of elongated
craters may be removed if one assumes that moonlets are broken
in some pieces before impacting the surface. Alternatively, only a
part of the elongated craters may result from decaying moonlets
(Bottke et al., 2000; Herrick et al., 2012).

On the other hand, it may also be possible that neither Phobos
nor Deimos are embryos but originate from merging of embryos.
Indeed, numerous works on planetary formation have shown that
the final stage of planetary growth is by mutual accretion of em-
bryos. In the martian case, we can expect that embryos formed be-
low and beyond the synchronous orbit may migrate inward to and
outward from the planet, respectively, because of tidal effects, and
form larger objects by mutual accretion. Moreover, it is likely to
find enough embryos just below the synchronous orbit with a total
mass corresponding to Phobos’ mass. Indeed, in a disk with a mass
of 10!17-10'® kg, the embryos near the synchronous orbit will have
a mass close to the mass of Deimos, so that the accretion of only a
few of them would permit reaching the mass of Phobos. However,
it is not possible to conclude on the viability of such a scenario in
the absence of detailed study with numerical simulations.

6. Conclusion

This study has investigated, for the first time, a physical basis
for the formation of Phobos and Deimos from a circum-martian
disk of accretion. In the light of current theories of accretion, two
regimes of accretion have been explored: the strong tide and the
weak tide regime.

In the strong tide regime, moonlets can be formed close to the
planet by gravitational instabilities, when the viscous disk is
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spreading through the Roche limit (at about 2.5 Mars’ radii). The
shape and the density of Phobos and Deimos are consistent with
those expected for these moonlets. For an initial mass of the disk
of 10'® kg (Craddock, 2011), the total mass of all moonlets is
106 kg, corresponding to the mass of Phobos. However, all martian
moonlets orbit Mars below the synchronous orbit (lying at 6 Mars’
radii), so that they recede back to Mars in less than 200 Ma. It is
inconsistent with both the crater retention age of the surfaces of
Phobos and Deimos, with the current position of Deimos around
Mars, and with the scenario proposed in Craddock (2011). This
evolution of the moonlet system is driven by the loss of disk mate-
rial through its inner edge, which decreases its surface density. In
turn, the strength of the gravitational torque exerted on the moon-
let orbits by the disk decreases, and cannot permit to compensate
for the tidal torque of the planet, making these orbits receding back
to the planet. This is a different situation from the one of Saturn’s
small moons for which the Roche limit is beyond the synchronous
orbit, which makes both disk and planet gravitational torques
pushing moonlets away from the planet, and maintaining them
in orbit for billions of years (Charnoz et al., 2010, 2011).

While the strong tide regime does not allow for the formation of
martian moonlets beyond the synchronous orbit, the weak tide re-
gime allows for the accretion of a Deimos-mass moonlet (as an em-
bryo resulting from a runaway growth from smaller planetesimals)
near the current distance of Deimos to Mars, given an initial mass
of the accretion disk of up to 10'® kg. Within such a disk, a Phobos-
mass moonlet can also be formed but at closer distance to Mars (3-
4 Mars’ radii), due to its larger mass than that of Deimos. However,
at such distances to Mars, this accreted body is expected to fall
back rapidly onto Mars due to the tidal decay of its orbit, and so
not to survive over billions of years in Mars’ orbit.

On another hand, in the weak tide regime, embryos can accrete
together to form a reduced population of larger bodies. In that case,
we only note that because of tidal effects, we may expect that em-
bryos below the synchronous orbit may migrate inward and form
larger objects, and embryos beyond the synchronous limit may mi-
grate outward while growing bigger. Does such a process end in
one single Phobos below the synchronous orbit and one single
Deimos beyond the synchronous orbit? The present study does
not answer that question, but it emphasizes that there is clearly
a mechanism of accretion that must be investigated in the case
of the formation of the martian moons.
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Appendix A. Strong tide regime: transition from outward to
inward migration of moonlets

Hereafter, we analytically investigate the transition from the
outward to the inward migration regime for the moonlet orbital
evolution. This transition occurs when the tidal torque of the pla-
net overcomes the disk gravitational torque exerted on the moon-
lets. This latter torque can be expressed as follows (Charnoz et al.,
2010):
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Fig. A.1. Strong tide regime: minimal (or threshold) surface density of the disk vs.
the position in the disk and the order m of the Lindbald resonances. See text for
details.
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where f is a coefficient of about 10, m and r are the order and the
distance to the planet of the Lindbald resonances within the disk,
Q is the orbital frequency at the distance r,m; and M, are the mass
of the moonlet and of the planet, respectively, and a(r) is the disk
surface density at the distance r. Whereas not perfect, this approx-
imation gives a good first order idea of the system evolution. In-
deed, as the outward migration rate is proportional to I's (see Eq.
(3)), it becomes lower than the inward migration rate when the
absolute value of the first term of Eq. (3) is larger than the one of
the second term, i.e. when the following condition on the disk sur-
face density is achieved:

5 3
b < 3k, M,R3(m — 1)

2Qfm’r7 (A2)
where k;, Q and R, are the tidal Love number, the tidal quality factor
and the radius of the planet, respectively (see Table 2). The second
term of Eq. (A.2) can be seen as the minimal or threshold disk sur-
face density corresponding to the transition between the outward
and the inward migration regimes. The timescale of the moonlet
system evolution is thus driven by this threshold density, which
only depend on the planet characteristics and on the order and
the position of the Lindbald resonances resulting from the gravita-
tional interaction between the disk and the moonlets. This minimal
density is the lowest at the outer edge of the disk and for increasing
order of the resonances (Fig. A.1). In our simulations, with an initial
mass of 10'8 kg, the minimal density is as low as about 630 kg/m?
for m = 6 at a distance of 8000 km, which corresponds to the lowest
order resonance induced by the farthest moonlet located at about
2.82 Mars’ radii (Fig. 3). The disk’s surface density drops below this
minimal density at about 100 Ma after the beginning of the disk
evolution, when the farthest moonlet starts to recede back to Mars

(Fig. 3).

Appendix B. Weak tide regime: analytical insight into number
and mass distribution of embryos within the accretion disk

When matching the isolation mass to Deimos’ mass, a disk’s
surface density of about 80 kg/m? is required near the synchronous
orbit (6 Mars’ radii from Mars’ center, Fig. 4). Thus, one can com-
pute the constant term in Eq. (4) as oo = 80/(6R,)? in order to de-
rive disk’s surface density profiles for different values of the
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Table 3

Weak tide regime: total mass of the disk
required to get embryo’s mass (isolation
mass) matching Deimos’ mass at 6 Mars’
radii of distance to Mars, for different
disk’s surface density profiles, as given by
the value of the q exponent (see Eq. (4)).

q exponent Disk’s mass (in
value kg)

-0.5 1.02 x 10"

-1 1.22 x 10"

-2 1.83 x 10"

-3 2.93 x 10"
-4 4.98 x 10"
-5 8.94 x 10"

exponent ¢q. The total mass of the disk can then be computed by
integrating those profiles over the disk extending from 2.5 Mars’
radii (Roche limit) to 6 Mars’ radii (synchronous orbit). The results
are given in Table 3, and are not significantly modified if the outer
limit of the disk is extended well beyond the synchronous orbit.

These profiles can also be used for computing the isolation mass
vs. the distance to Mars for different values of q (Fig. B.1). For
q < —2, the isolation mass decreases as the distance to Mars in-
creases. As Phobos’ mass is about 7 times larger than Deimos’ mass,
this implies that an embryo with Phobos’ mass should be formed at
3 and 4 Mars’ radii for ¢ = —4 and q = -5, respectively (Fig. B.1).

The isolation mass is reached when the embryo has cleaned up
all the disk material in the neighborhood of its distance to the pla-
net (about 10 times its Hill sphere radius around its orbit, Kokubo
and Ida, 1998, 2000; Thommes et al., 2003). Under this assumption,
one can compute the number of embryos formed in a circum-mar-
tian accretion disk extending from 2.5 Mars’ radii to 6 Mars’ radii
as follows:

M; +Mi)]/3 (Mi+lai+l +Miaf> (A3)

it *ai+10< 3N, [
where M;.; and M; are the isolation masses at the a;,; and a; dis-
tances to Mars, respectively, M, is the mass of the planet, and the
index i corresponds to the ith embryo from the Roche limit. The to-
tal number N of embryos is thus obtained when the distance ay
reaches the synchronous orbit. This number depends on the surface
density profile of the disk, and is ranging from about 45 for ¢ = -5
to about 110 for g = —0.5 (Fig. B.2).

Isolation mass

le+17 ¢ T T T T T T T T T T ]
i q=-0.5 ]
[ q=-1. ]
q=-2.
L \\\ ary ]
le+16 > Phobos’ mass —- q=4. |
O S — g=5. E
< C ]
g [ 1
173
< L
=
le+15 = E
le+14 : . L I ! . I
2 3 4 5 6 7 8

Distance to Mars’ center (in Mars’ radii)

Fig. B.1. Weak tide regime: isolation mass vs. the distance to Mars’ center for
different values of the q exponent of the disk’s surface density profile (see Eq. (4)).
Each isolation mass profile matches Deimos’ mass at 6 Mars’ radii to Mars.
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Fig. B.2. Weak tide regime: expected number of embryos accreted in a circum-
martian disk extending from the Roche limit (2.5 Mars’ radii) to the synchronous
orbit (6 Mars’ radii) for different values of the g exponent of the disk’s surface
density profile (see Eq. (4)).

In the oligarchic growth mode, the embryos are slightly larger
than in the runaway growth mode. Their mass M is given as
(according to Kokubo and Ida, 2000):
M = 2mabpo(a) (A4)
where o(a) is the surface density of the solid material in the disk at
the orbital distance a to Mars, p the ratio of the total mass of em-
bryos to the mass of the disk, and b is the orbital separation be-
tween embryos. The final mass of the embryos, My, is obtained for
p=1 and b = 10R;, with R, = a(M/3M,)'”* (according to Kokubo
et al., 2000) as follows:

20ma?o(a))’?
My = ( (7;(;1\/10')(]‘1/)2) (A5)
P

This mass is only 40% larger than the isolation mass given by
Lissauer (1987). When applying this new mass of embryo to our
estimate of the circum-martian disk surface density at 6 Mars’ radii,
as obtained to match Deimos’ mass, it yields to a value of 64 kg/m?,
which is in the same order of magnitude as the 80 kg/m? value
obtained using the Lissauer (1987) isolation mass (see Section 4).
The total mass of the disk associated with the disk surface density
of 64 kg/m? is only 25% lower than the total mass estimated in
Table 3. In addition, the number of embryos estimated by using this
new embryo mass is between 40 and 100, which is not significantly
different from the 45 to 110 range obtained by using the isolation
mass of Lissauer (1987).
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