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ABSTRACT

Context. Theoretical and observational studies suggest that protoplanetary disks with a wide range of masses could be found around
low-mass stars.
Aims. We analyze planetary formation processes in systems without gas giants around M3- and M0-type stars of 0.29 M� and 0.5 M�,
respectively. In particular, we assume disks with masses of 5% and 10% of the mass of the star. Our study focuses on the formation
of terrestrial-like planets and water delivery in the habitable zone (HZ).
Methods. First, we use a semi-analytical model to describe the evolution of embryos and planetesimals during the gaseous phase.
Then, a N-body code is used to analyze the last giant impact phase after the gas dissipation.
Results. For M3-type stars, five planets with different properties are formed in the HZ. These planets have masses of 0.072 M⊕,
∼0.13 M⊕ (two of them), and 1.03 M⊕, and have water contents of 5.9%, 16.7%, 28.6%, and 60.6% by mass, respectively. Then, the
fifth planet formed in the HZ is a dry world with 0.138 M⊕. For M0-type stars, four planets are produced in the HZ with masses of
0.28 M⊕, 0.51 M⊕, 0.72 M⊕, and 1.42 M⊕, and they have water contents of 26.7%, 45.8%, 68%, and 50.5% by mass, respectively.
Conclusions. M3- and M0-type stars represent targets of interest for the search of exoplanets in the HZ. In fact, the Mars-mass planets
formed around M3-type stars could maintain habitable conditions in their early histories. Thus, the search for candidates around young
M3-type stars could lead to the detection of planets analogous to early Mars. Moreover, Earth-mass planets should also be discovered
around M3-type stars and, sub- and super-Earths should be detected around M0-type stars. Such planets are very interesting since
they could maintain habitable conditions for very long.

Key words. astrobiology – methods: numerical – protoplanetary disks

1. Introduction

Low-mass stars (namely, 0.08 M� . M? . 0.5 M�) are targets of
study of significant interest because they are the most abundant
in the galaxy. In fact, the very lowest mass stars dominate the
galactic population (accounting for at least 70% of all stars) and
make up roughly half of all stellar mass (Henry 2004).

Several studies have been developed to analyze the efficiency
of planetary formation around low-mass stars (Raymond et al.
2007; Ogihara & Ida 2009; Montgomery & Laughlin 2009). In
particular, Raymond et al. (2007) performed N-body simulations
to study the process of terrestrial-like planet formation to a
wide range of stellar masses (0.2 M� . M? . 1 M�). To
do this, the authors assumed that the protoplanetary disk mass
scales with stellar mass as Mdisk ∝ f Mh

?, where f measures
the relative disk mass and 1/2 < h < 2, so that the disk
mass decreases with decreasing stellar mass. Under this assump-
tion, Raymond et al. (2007) showed that the terrestrial-like plan-
ets that formed in the habitable zone (HZ) around stars with
masses M? . 0.6 M� are small (.0.3 M⊕) and dry, that is, with
very low water content. According to the hypothesis of these au-
thors, such stars have low-mass protoplanetary disks and there-
fore, the radial mixing of material and the water delivery on
the planets formed in the HZ are inefficient processes. The re-
sults obtained by Raymond et al. (2007) suggests that stars with
masses M? . 0.6 M� are not likely to form potentially habitable
planets.

In recent years, Andrews et al. (2010) analyzed the emis-
sion from 16 protoplanetary disks around stars with masses
between 0.3 M� and 2 M� located in the Ophiuchus star-
forming region. These authors analyzed the structure of such
disks, suggesting that their masses are comparable and even
larger than the 0.01 M� associated with the minimum mass so-
lar nebula (MMSN) derived by Hayashi (1981). In particular,
Andrews et al. (2010) inferred the existence of a massive disk of
0.143 M� around GSS 39, which is a M0-type star of 0.6 M�.
This result suggest that low-mass stars can have associated mas-
sive protoplanetary disks.

Here, we present results of numerical simulations aimed at
analyzing the formation of terrestrial-like planets around low-
mass stars, assuming massive protoplanetary disks in the ab-
sence of gaseous giants. In particular, we propose to study M3-
and M0-type stars, which have masses of 0.29 M� and 0.5 M�,
respectively (Tarter et al. 2007). Our study focuses on the forma-
tion of terrestrial-like planets and water delivery in the HZ of the
system. We believe that the present work will allow us to clarify
our understanding about the potential habitability in planetary
systems around low-mass stars.

This paper is therefore structured as follows. In Sect. 2, we
present the main properties of the protoplanetary disks used in
our simulations for each star under study. In Sect. 3, we describe
the semi-analytical model that allows us to analyze the evolu-
tion of a planetary system during the gaseous phase. Then, the
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N-body code used to carry out our dynamical simulations is pre-
sented in Sect. 4. In Sect. 5, we show our results and carry out a
detailed analysis of all simulations. Finally, we discuss such re-
sults within the framework of the current knowledge of planetary
systems and present our conclusions in Sect. 6.

2. Protoplanetary disk: properties

An important parameter that determines the distribution of ma-
terial in a protoplanetary disk is the surface density. The surface
density profile adopted in our model of protoplanetary disks is
based on the evolution of a thin Keplerian disk that is subject to
the gravity of a point-mass central star (Lynden-Bell & Pringle
1974; Hartmann et al. 1998). The gas-surface density profile
Σg(R) is given by

Σg(R) = Σ0
g

(
R
Rc

)−γ
exp

− (
R
Rc

)2−γ , (1)

where R is the radial coordinate in the disk midplane, Σ0
g a nor-

malization constant, Rc a characteristic radius, and the expo-
nent γ represents the surface density gradient. Integrating Eq. (1)
over the total disk area, Σ0

g is written as a function of γ, Rc, and
the mass of the disk Md. In the same way, we define a solid-
surface density profile Σs given by

Σs(R) = Σ0
sηice

(
R
Rc

)−γ
exp

− (
R
Rc

)2−γ , (2)

where Σ0
s is a normalization constant, and ηice is a parameter

that represents an increase in the amount of solid material due
to the condensation of water beyond the snow line. On the one
hand, Σ0

s = z0Σ0
g10[Fe/H], where z0 = 0.0149 is the primordial

abundance of heavy elements in the Sun (Lodders 2003), and
[Fe/H] is the stellar metallicity. On the other hand, ηice adopts
values of 0.25 and 1 inside and outside the snow line, respec-
tively (Hayashi 1981). The results found in Lodders (2003) im-
ply a jump in the surface density of solids at the snow line that is
substantial, but smaller than the factor of 4 implied by the model
of Hayashi (1981). Thus, strictly speaking, the results derived
in our work should be associated with stars with metallicities
slightly lower than solar.

To define the position of the snow line in a disk around a
given star, it is necessary to determine the temperature profile. In
the optically thin regions of the disk, the dust and gas are heated
to an equilibrium temperature T (Hayashi 1981) such that

T = 280
( R
1 AU

)−1/2

L1/4 K, (3)

(Ida & Lin 2004) where L represents the luminosity of the star
in solar unit. The position of the snow line Rice corresponds to
the radius where T = 170 K, so that

Rice = 2.7 L1/2 AU. (4)

Finally, the mass-luminosity relation for main-sequence stars
with masses less than or equal to the mass of the Sun is obtained
from the following expression

log(L) = 4.1 log(M)3 + 8.16 log(M)2 + 7.11 log(M) + 0.065, (5)

(Scalo et al. 2007) where M is the mass of the star in solar unit.
This mass-luminosity relation is also used by Raymond et al.
(2007) to develop N-body simulations around stars with different
masses.

In the present work, our targets of study are M3- and M0-
type stars, which have masses of 0.29 M� and 0.5 M�, respec-
tively (Tarter et al. 2007). Following Eqs. (4) and (5), the loca-
tion of the snow line for M3- and M0-type stars is at 0.26 AU
and 0.51 AU, respectively.

Taking the position of the snow line for a given star into
account, we assume that the associated protoplanetary disk
presents a radial compositional gradient. In particular, we con-
sider that the water content by mass is a function of the radial
coordinate in the disk midplane R. In fact, for M3-type stars, we
assume that bodies located beyond 0.26 AU have 75% water by
mass, while objects inside this boundary are dry. In the same
way, for M0-type stars, we consider that bodies beyond 0.51 AU
contain 75% water by mass, while objects inside the snow line
do not contain water. Assuming a content of 75% water by mass
for bodies located beyond the snow line is consistent with a value
for ηice (Eq. (2)) of 4. For each studied star, such a distribution
is assigned to each body in the simulations based on its starting
location.

The main goal of our study is to analyze the formation and
evolution of terrestrial-like planets in the HZ of a system. The
HZ is defined as the range of heliocentric distances at which a
planet could retain liquid water on its surface. The HZ depends
on the luminosity of the star, which is a function of the stellar
mass according to Eq. (5). Thus, we find that the smaller the
mass of the star, the inner the HZ. Kopparapu et al. (2013b,a)
established inner and outer limits for the HZ around stars of dif-
ferent spectral types. In particular, they defined conservative in-
ner and outer edges for the HZ, which are determined by loss of
water and by the maximum greenhouse provided by a CO2 atmo-
sphere, respectively. The authors defined a conservative estimate
for the width of the HZ around M3-type stars of 0.1–0.19 AU,
while they computed a conservative estimate for the width of
the HZ around M0-type stars of 0.2–0.37 AU. At the same time,
the authors also determined optimistic inner and outer limits for
the HZ. For the inner limit, an optimistic estimate is based on
the inference that Venus has not had liquid water on its surface
for at least the past 1 billion years (Solomon & Head 1991). For
the outer limit, an optimistic empirical limit is estimated based
on the observation that early Mars was warm enough for liquid
water to flow on its surface (Pollack et al. 1987; Bibring et al.
2006). Kopparapu et al. (2013b,a) defined an optimistic estimate
for the width of the HZ around M3-type stars of 0.077–0.2 AU,
while they determined an optimistic estimate for the width of
the HZ around M0-type stars of 0.15–0.39 AU. From these esti-
mates, in the present work, we consider that a planet is in the HZ
of the system and therefore can maintain liquid water on its sur-
face if its whole orbit is contained inside the optimistic edges.
In fact, for M3-type stars, a planet is assumed to be in the HZ
of the system if its perihelion distance q ≥ 0.077 AU and its
aphelion distance Q ≤ 0.2 AU. Similarly, a planet around a M0-
type star is considered to be in the HZ if its perihelion distance
q ≥ 0.15 AU and its aphelion distance Q ≤ 0.39 AU.

The requirement that the perihelion and aphelion distances
are both inside the HZ for a planet to be habitable seems to
be very conservative. In fact, Williams & Pollard (2002) showed
that, provided that an ocean is present to act as a heat capacitor,
it is primarily the time-averaged flux that affects the habitability
over an eccentric orbit. Planets with high orbital eccentricities
(e & 0.1) have higher average orbital flux, which may help ec-
centric planets near the outer edge of the HZ to maintain habit-
able conditions.

Parameters such as the metallicity [Fe/H], the exponent γ,
the characteristic radius Rc, the mass of the disk Md, and the
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gaseous component dissipation timescale τ must be determined
to specify the various scenarios in this work. On the one hand,
all simulations assume a central star of solar metallicity, namely,
[Fe/H] = 0. On the other hand, for γ and Rc, we adopt values
of 0.9 and 39 AU, respectively, which are in agreement with
the median values of observations of different disks studied
by Andrews et al. (2010) in the 1 Myr Ophiuchus star-forming
region.

To determine the mass of the disks Md used in the present
work as well as the gas dissipation timescale τ, the evolution of
the planetary systems during the gas phase must be studied in
detail. We are interested in analyzing planetary systems around
M0- and M3-type stars in massive disks that lead to the for-
mation of terrestrial-like planets or mini-Neptunes, but not gas
giants. To specify values of Md and τ in agreement with such
scenarios for M0- and M3-type stars, we use a semi-analytical
model that is able to describe the evolution of a planetary sys-
tem during the gaseous phase. A brief description of this semi-
analytical model used in the present work can be found in the
next section.

3. Semi-analytical model: gaseous phase

The semi-analytical model used for analyzing the evolution
of the protoplanetary disk during the gaseous phase is based
on the works developed by Brunini & Benvenuto (2008) and
Guilera et al. (2010) with the inclusion of some minor improve-
ments. A detailed description of the semi-analytical model used
here can be found in de Elía et al. (2013).

The protoplanetary disk is characterized by a gaseous and a
solid component. On the one hand, the gas surface density de-
creases exponentially by

Σg(R, t) = Σg(R) exp(−t/τ), (6)

where Σg(R) is given by Eq. (1) and τ is a characteristic
timescale. Mamajek (2009) carried out studies of young stel-
lar clusters and indicated that the fraction of stars with optically
thick primordial disks and/or those that show spectroscopic ev-
idence for accretion appears to approximately follow an expo-
nential decay with a characteristic time of τ = 2.5 Myr.

On the other hand, the solid component is represented by a
planetesimal disk and a population of planetary embryos. The
planetesimal disk is represented by a 2D grid: one dimension
is associated with the radial coordinate in the disk midplane (R),
and the other dimension is reserved for the different planetesimal
sizes (rp). The initial planetesimal population evolves in time
owing to nebular drag and accretion by the embryos. The evo-
lution of the eccentricities and inclinations of the planetesimal
population is governed by the gravitational stirring produced by
the embryos (Ohtsuki et al. 2002), and the damping due to nebu-
lar gas (Rafikov 2004; Chambers 2008). Moreover, the gas drag
also causes an inward orbital migration of the planetesimals. The
interaction between the planetesimals and the gas depends on the
planetesimal relative velocities with respect to the gas, and on
the ratio between the planetesimal radius and the gas molecular
mean free path. In the present study, we consider three different
regimes (Rafikov 2004; Chambers 2008):

• the Epstein regime;
• the Stokes regime;
• the quadratic regime.

As for the planetary embryos, they are initially distributed with
separations of 10 mutual Hill radii, assuming circular and copla-
nar orbits. The initial mass of each embryo corresponds to the

transition between runaway and oligarchic growth following the
criteria derived by Ida & Makino (1993). According to these au-
thors, such a mass is given by

Moli = 1.6R6/5103/5m3/5
p Σ3/5

s M−1/5
� , (7)

where R is the distance from the central star, mp the planetesimal
mass, Σs the solid surface density, and M� the mass of the star.
The planetary embryos evolve in the disk, growing by accretion
of planetesimals in the oligarchic regime, by the accretion of the
surrounding gas, and by mutual accretion between them. The
embryo’s feeding zone is often defined as the ring around itself
where planetesimals can be accreted. We define the width of the
feeding zone as about four times (at both sides of the embryo)
Hill radius of the embryo. To model the accretion of planetes-
imals, we use the prescriptions derived by Inaba et al. (2001).
As for the accretion of the surrounding gas, the semi-analytical
model solves the classical equation of transport and structure for
the planet envelope (Fortier et al. 2009; Guilera et al. 2010). Fi-
nally, we consider that when the distance between two planetary
embryos becomes smaller than 3.5 mutual Hill radii, they are
perfectly merged into one object. In the present study, the semi-
analytical model assumes that the mass of the new embryo is the
sum of the masses of the cores of the merged embryos, while the
individual gaseous envelopes are dissipated. This model does not
consider gravitational perturbations between planetary embryos
during the gaseous phase. The semi-analytical model does not
include the effects of the type I migration for the planetary em-
bryos. Assuming idealized isothermal disks, Tanaka et al. (2002)
determined rapid inward type I migration rates. From this, sev-
eral authors used an ad-hoc factor to reduce the type I mi-
gration rates to reproduce the observations (Alibert et al. 2005;
Ida & Lin 2008; Miguel et al. 2011b,a). Moreover, if more re-
alistic protoplanetary disks are assumed (Kley & Crida 2008;
Paardekooper et al. 2010, 2011; Guilet et al. 2013) or a more re-
fined treatment of the accretion process of solid material by an
embryo is considered (Benítez-Llambay et al. 2015), the type I
migration could substantially change and lead to a more complex
problem. In order to not complicate our model, we do not include
the effects of the type I migration and thus, we consider the in
situ formation of the planetary embryos in all our simulations.

The semi-analytical model can be adapted to analyze the for-
mation process of a gaseous giant in a given disk. The stan-
dard model of giant planet formation suggests that the plan-
etary growth is produced in two main stages (Mizuno 1980;
Pollack et al. 1996). The first stage corresponds to the forma-
tion of a massive core by planetesimal accretion. Then, when the
core becomes massive enough (&10 M⊕), the gas accretion pro-
cess starts to be more effective. When the mass of the envelope
approximately reaches the mass of the core, the gas accretion is
triggered and starts the gaseous runaway accretion, by producing
the formation of a giant planet. From this, the semi-analytical
model can be used to determine if a given protoplanetary disk
is able or not to form a gaseous giant in the system. To do this,
the model calculates the in situ formation of an embryo with
a gaseous envelope around the snow line, where two combined
factors such as the width of the feeding zone and the planetesi-
mal surface density are maximized.

We use the semi-analytical model to analyze the evolution
of a planetary system during the gaseous phase around M3- and
M0-type stars. For each stellar target, we assume massive pro-
toplanetary disks with masses of 5% and 10% of the mass of
the star. Thus, for M3-type stars, we adopt disks of 0.0145 M�
and 0.029 M�, while, for M0-type stars, disks of 0.025 M� and
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Fig. 1. Distribution of embryos and planetesimals for disks of 0.0145 M� and 0.029 M� around a M3-type star at the end of the gaseous phase.
Top panels: mass distributions of planetary embryos as a function of the distance from the central star. The color palette indicates the fraction of
initial water for the embryos. Bottom panels: surface density profiles of planetesimals for each disk under consideration.

0.05 M� are considered. We note that the disks we are studying
are gravitationally stable according to the Toomre (1974) crite-
rion. Moreover, for all scenarios in this work, we assume that
the gaseous component of the protoplanetary disk is fully dis-
sipated in a characteristic time of τ = 2.5 Myr. As for the plan-
etesimal population, the semi-analytical model assumes only one
species of planetesimals with a size of 10 km radius for all the
simulations.

First of all, the semi-analytical model is used to determine
if the protoplanetary disks proposed here around M3- and M0-
type stars are able to form a gaseous giant planet in the system.
Our simulations indicate that the studied systems do not form
any giant planet. From this, the semi-analytical model is used to
describe the evolution of planetary embryos and a planetesimal
population during the gaseous phase.

Figure 1 gives the distribution of planetary embryos and
planetesimals between 0.05 AU and 2 AU at the end of the
gaseous phase for disks of 0.0145 M� and 0.029 M�, around an
M3-type star. In particular, the mass distributions of planetary
embryos as a function of the distance from the central star for
disks of 0.0145 M� and 0.029 M� are shown in Figs. 1a and c,
respectively. Moreover, the surface density profiles of planetes-
imals for disks of 0.0145 M� and 0.029 M� are represented
in Figs. 1b and d, respectively. According to Fig. 1, the plane-
tary embryos accrete most planetesimals of their feeding zones
during the gaseous phase inside 1 AU and 1.5 AU for disks of
0.0145 M� and 0.029 M�, respectively. For each protoplanetary

disk, we decided to select as a region of study the region in which
the planetary embryos accrete most planetesimals of their feed-
ing zones during the gaseous phase. Thus, for the 0.0145 M�
disk, our region of study extends from 0.05 AU to 1 AU, while
for the 0.029 M� disk, our region of study is confined between
0.05 AU and 1.5 AU.

In the same way, Fig. 2 shows the distribution of planetary
embryos and planetesimals between 0.09 AU and 3 AU at the
end of the gaseous phase, for disks of 0.025 M� and 0.05 M�,
around a M0-type star. In particular, Figs. 2a and c represent
the mass distributions of planetary embryos as a function of the
distance from the central star for disks of 0.025 M� and 0.05 M�,
respectively. Moreover, Figs. 2b and d show the surface density
profiles of planetesimals for disks of 0.025 M� and 0.05 M�,
respectively. Using the same reasoning as used above for M3-
type stars, our working region is confined between 0.09 AU and
1.5 AU for the 0.025 M� disk, and between 0.09 AU and 2 AU
for the 0.05 M� disk.

For both stars, it is worth noting that, for each disk under
consideration, the boundaries of each working region cover the
HZ, the snow line, and a population of water-rich outer embryos.
Moreover, as Raymond et al. (2007), our analysis does not in-
clude the effects of the outer remnant planetesimal population.

The distributions of planetary embryos confined in the work-
ing region for each star and each protoplanetary disk represent
the initial conditions to be used in the N-body simulations.
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Fig. 2. Distribution of embryos and planetesimals for disks of 0.025 M� and 0.05 M� around a M0-type star at the end of the gaseous phase. Top
panels: mass distributions of planetary embryos as a function of the distance from the central star. The color palette indicates the fraction of initial
water for the embryos. Bottom panels: surface density profiles of planetesimals for each disk under consideration.

4. N-body simulations: post-gas phase

The N-body code used to carry out our study was developed by
Chambers (1999) and is known as MERCURY. In particular, we
make use of the hybrid integrator, which uses a second-order
mixed variable symplectic algorithm to treat the interaction be-
tween objects with separations greater than 3 Hill radii, and a
Burlisch-Stoer method for resolving closer encounters.

The MERCURY code evolves the orbits of planetary em-
bryos and planetesimals and allows collisions to occur. As we
mentioned in Sect. 3, we do not include planetesimals in our N-
body simulations. It is worth noting that collisions between em-
bryos are treated as inelastic mergers, which conserve mass and
water content. In fact, our model does not consider water loss
during impacts, so that the final water contents of the resulting
planets represent upper limits.

To use the MERCURY code, it is necessary to specify phys-
ical and orbital parameters for the planetary embryos involved
in each simulation. For M3-type stars, we use protoplanetary
disks of 0.0145 M� and 0.029 M�. For the 0.0145 M� disk, 403
planetary embryos are distributed between 0.05 AU and 1 AU,
with masses ranging from 6.5 × 10−5 M⊕ to 0.05 M⊕ (Fig. 1a).
For the 0.029 M� disk, the system contains 280 planetary em-
bryos between 0.09 AU and 1.5 AU, which have masses be-
tween 1.3 × 10−4 M⊕ and 0.19 M⊕ (Fig. 1b). As we mentioned
in Sect. 3, we use protoplanetary disks of 0.025 M� and 0.05 M�
for M0-type stars. For the 0.025 M� disk, the system contains

194 planetary embryos between 0.09 AU and 1.5 AU, which
have masses between 2.4 × 10−4 M⊕ and 0.15 M⊕ (Fig. 2a).
For the 0.05 M� disk, 162 planetary embryos are confined be-
tween 0.09 AU and 2 AU, with masses ranging from 10−3 M⊕
to 0.98 M⊕ (Fig. 2b). Finally, for any disk of work, we assume
physical densities of 3 g cm−3 for all planetary embryos.

As for the orbital parameters of the planetary embryos, ec-
centricities and inclinations are taken randomly considering val-
ues lower than 0.02 and 0.5◦, respectively. In the same way, we
adopt random values for the argument of pericenter ω, longi-
tude of ascending node Ω, and the mean anomaly M between 0◦
and 360◦.

To develop the numerical integrations, we use a time step
of 0.08 days and 0.2 days for M3- and M0-type stars, re-
spectively, which are shorter than 1/20th of the orbital period
of the innermost body in the corresponding simulation. More-
over, to avoid any numerical error for small-perihelion orbits,
we use a non-realistic size for the radius of the central star of
0.0096 AU and 0.018 AU for M3- and M0-type stars, respec-
tively. We integrate each simulation for at least 150 Myr, which
is a good choice as an upper limit for the formation timescale
of the terrestrial planets of the solar system (Touboul et al. 2007;
Dauphas & Pourmand 2011; Jacobson et al. 2014).

Because the stochastic nature of the accretion process, we
carry out 10 N-body simulations for each star and each disk of
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work, producing a total of 40 runs; the energy is conserved better
than 1 part in 103 in all cases.

5. Results

Here, we present results of N-body simulations for the formation
of terrestrial planets around M3- and M0-type stars, in systems
without giant planets. The main goal of our work is to study
the process of formation of terrestrial-like planets and the water
delivery in the HZ of such systems.

The N-body simulations performed in the present study pro-
duce planetary systems that can be classified into the following
four classes:

– Class 1: systems with a planet whose orbit is fully contained
within the boundaries of the HZ;

– Class 2: systems with a planet whose perihelion is fully con-
tained within the boundaries of the HZ; where its aphelion
oscillates in and out of such a region;

– Class 3: systems with a planet whose aphelion is fully con-
tained within the boundaries of the HZ; where its perihelion
oscillates in and out of such region;

– Class 4: systems without planets in the HZ.

In particular, Class 1 represents those systems of astrobiological
interest formed in our simulations. However, systems of Class 2
also must be considered, taking into account the criterion based
on averaged flux proposed by Williams & Pollard (2002), as we
mentioned in Sect. 2.

All our simulations associated with Classes 1 and 2 form two
different kinds of planets in the HZ. The first kind of planet is
represented by planets whose accretion seed starts the simula-
tion beyond the snow line. Following Raymond et al. (2009) we
define the accretion seed of a planet as the larger body in each of
its collisions. According to the distributions of water proposed
in Sect. 2, these planets have significant primordial water con-
tents and have very high water percentages by mass at the end of
the simulations. The second kind of planets formed in the HZ is
represented by those whose accretion seeds start the simulation
inside the snow line so that, they do not have primordial water
contents. In fact, these planets acquire their water contents dur-
ing the evolution and have a wide range of water percentages by
mass at the end of the simulations.

The simulations developed in the present study form a wide
diversity of planetary systems, producing planets with different
masses, water contents, and dynamical properties.

5.1. General results for M3-type stars

Here, we study the process of planetary formation and water de-
livery around M3-type stars, considering protoplanetary disks of
0.0145 M� and 0.029 M�.

5.2. Simulations with 0.0145 M� disks

Figure 3 shows six snapshots in time on the semimajor axis-
eccentricity plane of the evolution of a given simulation that con-
siders a 0.0145 M� disk around a M3-type star. In general terms,
the overall progression of all the simulations performed can be
described as follows. From the beginning, the planetary embryos
are quickly excited by their own mutual gravitational perturba-
tions and significantly increase their eccentricities. In time, the
eccentricities of embryos increase until their orbits cross and ac-
cretion collisions occur. Then, planetary embryos grow by accre-
tion of other embryos and the total number of bodies decreases.

For the particular simulation shown in Fig. 3, a planet is formed
in the HZ, with a mass of 0.133 M⊕ and a final water content of
16.7% by mass, which is equal to 79.3 Earth oceans (EOs). An
EO is the amount of water on Earth’s surface, which is equiv-
alent to 2.8 × 10−4 M⊕. On the other hand, Marty (2012) sug-
gested that the current water content in the mantle of the Earth is
∼2× 10−3 M⊕. From these studies, the current Earth might have
a water content of about 0.1%–0.2% by mass.

In general terms, each simulation forms only one planet in
the inner region to the snow line with a mass ranging between
0.12 M⊕ and 0.18 M⊕. Moreover, in each simulation, two to four
planets are produced beyond the snow line with masses between
0.09 M⊕ and 0.48 M⊕.

In particular, our research focuses on the planets surviving
in the HZ. For the 0.0145 M� disk, we find three systems of
astrobiological interest of Class 1, and another one associated
with Class 2. Moreover, our simulations produce three systems
corresponding to Class 3, and another system corresponding to
Class 4. Finally, we identified corrupted output files in two of ten
N-body simulations developed in this scenario.

The values of the eccentricity and inclination of the surviving
planets in the HZ for the disk under consideration are illustrated
as blue filled circles in Fig. 4. Such points represent mean values
computed over the last 10 Myr of evolution. These planets have
mean eccentricities ranging from 0.08 to 0.18 and mean inclina-
tions between 4.3◦ and 17◦.

Figure 5 shows the evolution of the semimajor axis a, and the
perihelion q and aphelion Q distances of the planet associated
with the HZ in systems corresponding to Class 1 a), Class 2 b).
and Class 3 c). Here, we show the results of one representative
simulation for each of the three classes. Figure 5a shows the evo-
lution of the planet surviving in the HZ in a system of Class 1.
This planet starts the simulation between the outer edge of the
HZ and the snow line, which is located at 0.26 AU. From the be-
ginning, the planet suffers a slow migration due to interactions
with planetary embryos. At 23 Myr, the planet migrates suddenly
into the HZ and evolves with its orbit fully contained within such
a region up to the end of the simulation. During its evolution in
the HZ, the semimajor axis of the planet does not show signifi-
cant changes, while the perihelion and aphelion distances oscil-
late because of changes in the eccentricity of its orbit. Figure 5b
shows the evolution of the planet associated with the HZ in a sys-
tem of Class 2. From the beginning of the simulation, this planet
evolves within the limits of the HZ. At 2× 105 yr, the semimajor
axis and eccentricity of the planet start to show changes due to
perturbations exerted by planetary embryos. From 8 Myr up to
the end of the simulation, the semimajor axis and the perihelion
distance evolve into the HZ and the aphelion distance oscillates
beyond the outer edge of the HZ. It is important to note that the
eccentricity of this planet shows large oscillations, reaching a
maximum value of 0.44. The time-averaged incident stellar flux
on an eccentric planet is given by

S ′eff =
S eff

(1 − e2)1/2 , (8)

where S eff is the effective flux from circular orbit. Following the
evolution of the planet associated with the HZ, the time-averaged
incident stellar flux is up to 11.3% higher than the effective
flux from circular orbit. This may help the eccentric planet near
the outer edge of the HZ maintain habitable conditions. Finally,
Fig. 5c shows the evolution of the planet associated with the HZ
in a system of Class 3. In this case, the planet starts to evolve with
its orbit fully contained within the HZ. However, at 5 Myr, the
planet is strongly perturbed, which produces significant changes
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Fig. 3. Evolution in time of a simulation corresponding to a 0.0145 M� disk around a M3-type star. Planetary embryos are plotted as circles
following the color scale, which represents the fraction of water with respect to their total masses. The blue and light blue shaded areas represent
the conservative and optimistic HZ, respectively. Moreover, the blue and light blue curves represent curves of constant perihelion and aphelion,
both for the conservative and optimistic HZ. In this case, a planet survives in the HZ with a mass of 0.133 M⊕ and a water content of 16.7% by
mass, which is equal to 79.3 EOs.
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Fig. 4. Mean values of the eccentricity and inclination of the planets
formed in the HZ over the last 10 Myr of evolution for each disk studied
in this work. On the one hand, filled and open blue circles correspond to
the disks of 0.0145 M� and 0.029 M�, respectively. On the other hand,
filled and open red circles are associated with the 0.025 M� and 0.05 M�
disks, respectively.

in the values of its semimajor and eccentricity. In fact, the semi-
major axis and the aphelion distance of the planet evolve into the
HZ, but the perihelion distance oscillates reaching values less

than the inner edge of the HZ. The surface of such a planet will
be too hot to maintain habitability conditions.

As we mentioned, our simulations produce four planets of
relevant interest in the HZ, three of which are associated with
systems of Class 1 and the other one is of Class 2. Figure 6
shows the mass of each planet surviving in the HZ as a func-
tion of time. These planets have final masses between 0.072 M⊕
and 0.138 M⊕. Our results suggest that the planets formed in the
HZ acquire 62%–92% of their masses from the inner region to
the snow line, while the remaining mass comes from beyond the
snow line. Moreover, our simulations suggest that the last giant
impact experienced by these planets occurs between 8.3 Myr and
57.7 Myr after the gaseous component dissipation. From this,
the formation of these planets represent an early process in com-
parison with the formation of the Earth. In fact, the generally
accepted scenario about the formation of the Earth suggests that
the last giant impact experienced by our planet formed the Moon
and initiated the final phase of core formation by melting Earth’s
mantle. Based on highly siderophile element abundance mea-
surements, Jacobson et al. (2014) determined a Moon-formation
age of 95± 32 Myr after the condensation of the first solids in
the solar system.

Another topic of interest is to analyze the final water con-
tents of the planets in the HZ. First of all, all planets that sur-
vive in the HZ start the simulation inside the snow line. Thus,
they do not have primordial water contents. In fact, these planets

A54, page 7 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628355&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628355&pdf_id=4


A&A 596, A54 (2016)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0.5

 10000  100000  1e+06  1e+07  1e+08

q,
 Q

, a
 [A

U
]

Time [Years]

a)
Perihelion (q)
Aphelion (Q)

Semimajor Axis (a)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0.5

 10000  100000  1e+06  1e+07  1e+08

q,
 Q

, a
 [A

U
]

Time [Years]

b)
Perihelion (q)
Aphelion (Q)

Semimajor Axis (a)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 0.5

 10000  100000  1e+06  1e+07  1e+08

q,
 Q

, a
 [A

U
]

Time [Years]

c)
Perihelion (q)
Aphelion (Q)

Semimajor Axis (a)

Fig. 5. Evolution in time of the semimajor axis (black), and the perihe-
lion (red) and the aphelion (blue) distances for three planets associated
with the HZ that correspond to systems of Class 1 (a), Class 2 (b), and
Class 3 (c), for a 0.0145 M� disk around a M3-type star. The blue and
light blue shaded areas represent the conservative and optimistic HZ,
respectively.

acquire their final water percentages during the evolution by ac-
cretion of water-rich outer planetary embryos. Following the dis-
tribution of water proposed in Sect. 2, our simulations produce
planets with very different water contents. On the one hand, one
of the four planets surviving in the HZ is a dry world. In fact,
this planet ends the simulation with 0.138 M⊕ and with no water
since it is impacted only by planetary embryos formed inside
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Fig. 6. Evolution of mass of the planets surviving in the HZ for a
0.0145 M� disk around a M3-type star.

the snow line during its evolution. On the other hand, the other
three planets of the HZ with masses of 0.072 M⊕, 0.127 M⊕,
and 0.133 M⊕ present final water contents of 5.9% (15.2 EOs),
28.6% (129.7 EOs), and 16.7% (79.3 EOs) by mass, respectively.
The water delivery on the 0.072 M⊕ planet turns out to be a late
process in its evolutionary history. In fact, the total water content
of this planet is provided by the last giant impact at 11.3 Myr. On
the contrary, the water delivery on the 0.133 M⊕ planet is an early
process in its evolution. This planet acquires 77% of its final wa-
ter content at 6 Myr, while the last giant impact is experienced at
57.7 Myr. Finally, the 0.127 M⊕ planet acquires 50% of its final
water content at 3 Myr, while the other 50% is provided by the
last giant impact at 8.3 Myr.

The physical properties of the planets surviving in the HZ
in this scenario allows us to suggest some considerations about
their potential habitability. In general terms, the most important
condition required for a planet to be habitable is the permanent
presence of liquid water on its surface. However, the mainte-
nance of habitable conditions on a planet requires other condi-
tions to be satisfied; some of these conditions are related to the
existence of suitable atmospheric properties, such as the mag-
netic field and plate tectonics that replenish the atmosphere of
CO2. In these simulations, the Mars-mass planets formed in the
HZ would seem too small to satisfy such requirements. In fact,
the smaller planets could develop a much thicker stratification
as a result of partial melting in the hot upwelling mantle be-
cause under reduced gravity and pressure conditions the solidus
and liquidus pressures correspond to greater depths (Schott et al.
2001). Such a thicker stratification is more buoyant, and there-
fore, it is possible to predict that plate tectonics is more difficult
on small planetary bodies. In the same way, the generation and
preservation of a magnetic field over a long timescale would also
seem to be difficult for small planets. In fact, smaller bodies cool
more rapidly and are therefore more likely to have metallic cores
that do not stay in liquid form for very long. Thus, a small planet
could not have a dynamo sufficient to produce a magnetic field
over a long timescale. Moreover, a small planetary body with
low escape velocity that is devoid of a magnetic field is not able
to efficiently retain a substantial and long-lived atmosphere.

However, current Earth-like surface conditions may have
prevailed during the earlier evolution of Mars (Baker 2001).
In fact, crustal magnetization in the Southern Highlands
(Acuna et al. 1999) requires the existence of a dynamo on early
Mars (Nimmo & Stevenson 2000), suggesting plate-tectonics in
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The bottom panel shows a zoom of the evolution of the planet during
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conservative and optimistic HZ, respectively.

early Martian history (Sleep 1994; Lenardic et al. 2004). More-
over, morphological features strongly reminiscent of flow chan-
nels suggest that liquid water may have been present on the
surface in the early history of Mars (Jakosky & Phillips 2001).
Thus, the Mars-mass planets formed in our simulations could
maintain habitable conditions during their early histories.

5.3. Simulations with 0.029 M� disks

In this working scenario, two out of ten simulations form one
planet in the inner region to the snow line with masses of 0.8 M⊕
and 1 M⊕. In addition, 0.52 M⊕–1.7 M⊕ planets are produced
beyond the snow line in all simulations.

In particular, one of ten simulations produces a planet as-
sociated with the HZ, which corresponds to a Class 2 system.
Figure 7a shows the evolution of the semimajor axis, and the per-
ihelion and aphelion distances of the planet surviving in the HZ.
This planet starts the simulation beyond the snow line, which
is located at 0.26 AU. From the beginning, the planet migrates
significantly owing to interactions with planetary embryos. At
138.1 Myr, the planet is strongly perturbed by the impact of an
embryo, which leads to a sharp decrease in its semimajor axis.
Until the end of the simulation, the semimajor axis and the per-
ihelion distance of the orbit of the planet evolve into the HZ,
while the aphelion distance oscillates reaching values larger than

the outer edge of such a region. This can be seen in Fig. 7b,
which shows a zoom of evolution of the planet during the last
150 Myr; the eccentricity of this planet has a maximum value
of 0.3. According Eq. (8), the time-averaged incident stellar flux
is up to 5% higher than the effective flux from circular orbit. As
we have already mentioned, this may help the eccentric planet
that is located near the outer edge of the HZ maintain habitable
conditions. This planet survives in the HZ with the mean val-
ues of eccentricity and inclination of 0.28 and 14◦, respectively,
which have been computed over the last 10 Myr of evolution.
These parameters are illustrated in Fig. 4 as a blue open circle.

The planet surviving in the HZ starts the simulation with
0.14 M⊕ and ends with 1.03 M⊕ after 200 Myr of evolution. It
is worth noting that, ∼80 % of its final mass comes from beyond
the snow line, while the remaining mass corresponds to accreted
material from the inner region.

The last giant impact experienced by this planet occurs at
138.1 Myr after the gaseous component dissipation. Accord-
ing our discussion in the previous section, the formation of this
planet requires a timescale that is longer than that associated
with the Earth (Jacobson et al. 2014).

The planet that is formed in the HZ starts the simulation be-
yond the snow line. Thus, such a planet has a significant primor-
dial water content. Following the distribution of water proposed
in Sect. 2., this planet starts the simulation with 0.14 M⊕ and
a primordial water content of 75% by mass, which is equal to
375 EOs. After 200 Myr of evolution, this planet survives in the
HZ with 1.03 M⊕ and a final water content of 60.6% by mass,
which equals 2229.2 EOs. The water delivery on this planet is
an early process in its evolutionary history. In fact, this planet
acquires 76% of its final water content at 6.3 Myr, while the last
giant impact is experienced at 138.1 Myr.

The physical properties of the planet of the HZ suggest that it
should be able to maintain habitable conditions over a very long
timescale.

6. General results for M0-type stars

Here, we study the process of planetary formation and water de-
livery around M0-type stars, assuming protoplanetary disks of
0.025 M� and 0.05 M⊕.

6.1. Simulations with 0.025 M� disks

Figure 8 shows six snapshots in time on the semimajor axis-
eccentricity plane of the evolution of a given simulation that con-
siders a 0.025 M� disk around a M0-type star. In general terms,
the overall progression of all the simulations developed in this
scenario is similar to that described for a 0.0145 M� disk around
a M3-type star. From the beginning, the planetary embryos are
quickly excited by their own mutual gravitational perturbations.
From this, the orbital eccentricities of embryos increase until
their orbits cross and accretion giant impacts occur. Then, plan-
etary embryos grow by accretion of other embryos, leading to
formation of planets on stable orbits. In particular, the simula-
tion shown in Fig. 8 produces a planet in the HZ with a mass of
0.28 M⊕ and a final water content of 26.7% by mass, which is
equal to 267 EOs.

In general terms, each simulation forms one two to planets
in the inner region to the snow line with a mass ranging between
0.16 M⊕ and 0.87 M⊕. On the other hand, in each simulation, two
to three planets are produced beyond the snow line with masses
between 0.18 M⊕ and 1.42 M⊕.
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Fig. 8. Evolution in time of a simulation corresponding to a 0.025 M� disk around a M0-type star. Planetary embryos are plotted as circles
following the color scale that represents the fraction of water with respect to their total masses. The blue and light blue shaded areas represent the
conservative and optimistic HZ, respectively. Moreover, the blue and light blue curves represent curves of constant perihelion and aphelion, both
for the conservative and optimistic HZ. In this case, a planet is formed in the HZ with a mass of 0.28 M⊕ and a water content of 26.7% by mass,
which is equal to 267 EOs.

For the 0.025 M� disk, we obtain one system of interest of
Class 1 and another one associated with Class 2. Moreover, our
simulations form six systems corresponding to Class 3, and two
systems associated with Class 4.

Figure 9 shows the evolution in time of the semimajor axis,
and the perihelion and aphelion distances of the planet associated
with the HZ in systems of Class 1 a), Class 2 b), and Class 3 c).
In particular, Fig. 9a shows the evolution of the planet surviving
in the HZ in the Class 1 system. This planet starts the simula-
tion beyond the snow line, which is located at 0.51 AU. From
the beginning, the planet undergoes a significant migration due
to interactions with planetary embryos. At 5 Myr, the semimajor
axis and the perihelion distance of the planet start to evolve into
the HZ, but the aphelion distance oscillates reaching maximum
values that are larger than the outer edge of the HZ. However,
at 100 Myr, the semimajor axis of the planet decreases sharply
due to an accretion collision by a planetary embryo. From this,
the planet evolves until the end of the simulation with its orbit
fully contained in the HZ. On the other hand, the evolution of
the planet associated with the HZ in the Class 2 system is shown
in Fig. 9b. From the beginning, this planet evolves inside the
HZ, migrating outwards owing to interactions with embryos of
the system. At 10 Myr, the semimajor axis of the planet shows
a significant change from an impact experienced with a plane-
tary embryo. Until the end of the simulation, the planet evolves

on an orbit whose semimajor axis does not change significantly,
while its eccentricity shows large oscillations, reaching a maxi-
mum value of 0.45. Thus, the perihelion distance of the planet’s
orbit evolves within the edges of the HZ, and the aphelion dis-
tance oscillates reaching maximum values that are larger than
the outer edge of such region. Considering Eq. (8), the time-
averaged incident stellar flux is up to 12% higher than the ef-
fective flux from circular orbit. As we have already mentioned,
this may help the eccentric planet near the outer edge of the HZ
maintain habitable conditions. Finally, Fig. 9c shows the evolu-
tion of the planet surviving in the HZ in a Class 3 system. This
planet starts the simulation with its orbit fully contained in the
HZ. However, after 200 Myr, its semimajor axis evolves within
the limits of the HZ but its perihelion distance oscillates, reach-
ing values that are less than the inner edge of such region. Thus,
such a planet will be too hot to develop habitable conditions. The
values of the eccentricity and inclination of the planets remain-
ing in the HZ for this particular disk are illustrated as red filled
circles in Fig. 4. These points represent mean values computed
over the last 10 Myr of evolution. These planets have mean ec-
centricities of 0.1 and 0.27 and mean inclinations of 20.6◦ and
25.4◦.

As we mentioned, our simulations produce two planets of
relevant interest in the HZ; one of these belongs to a system of
Class 1 and the other one is associated with a Class 2 system.
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Fig. 9. Evolution in time of the semimajor axis (black), and the perihe-
lion (red) and the aphelion (blue) distances for three planets associated
with the HZ that correspond to systems of Class 1 (a), Class 2 (b), and
Class 3 (c), for a 0.025 M� disk around a M0-type star. The blue and
light blue shaded areas represent the conservative and optimistic HZ,
respectively.

Figure 10 represents the mass of the two planets surviving in
the HZ as a function of time. On the one hand, the planet as-
sociated with the Class 1 system has a final mass of 0.28 M⊕
and experiences the last giant impact at 110 Myr after the gas
dissipation, which represents a timescale comparable to the for-
mation time of the Earth (Jacobson et al. 2014). We note that
39% of the final mass comes from beyond the snow line, and the
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Fig. 10. Evolution of mass of the planets surviving in the HZ for a
0.025 M� disk around a M0-type star.

remaining mass corresponds to accreted material from the inner
region. On the other hand, the final mass of the planet belonging
to the Class 2 system is of 0.51 M⊕ and the last giant impact is
experienced at 46.1 Myr after the gaseous component dissipa-
tion. However, the planet reaches 91% of its final mass from a
giant impact experienced at 10 Myr. Following Jacobson et al.
(2014), the formation of this planet represents an early process
in comparison with the formation of the Earth. In this scenario,
64% of the final mass comes from beyond the snow line and the
remaining mass corresponds to accreted material from the inner
region.

Both planets have different evolutionary histories related to
the process of water delivery on them. First, the planet associ-
ated with the Class 1 system starts the simulation beyond the
snow line and, from this, its primordial water content is of 75%
by mass. The initial mass of this planet is of 0.078 M⊕ and its
primordial water content is of 208.9 EOs. After 200 Myr of evo-
lution, this planet ends with a mass of 0.28 M⊕ and a final water
content of 26.7% by mass, which equals 267 EOs. The primor-
dial water content of this planet represents 79% of its final water
content. Thus, the water delivery turns out to be an early process
in its evolutionary history. On the contrary, the planet associated
with the Class 2 system starts the simulation inside the snow
line. Thus, this planet does not have water at the beginning of
the simulation. After 200 Myr, this planet survives in the HZ
with 0.51 M⊕ and a final water content of 45.8% by mass, which
is equal to 834.2 EOs. This planet acquires 92% of its final water
content at 10 Myr, when a giant impact provides the planet 91%
of its final mass. Thus, the water delivery turns out to be a late
process in the evolution of this planet.

From the discussion developed in previous sections, the
physical properties obtained for these planets surviving in the
HZ suggest that they should be considered objects of astrobio-
logical interest. At least, such planets should be able to maintain
habitable conditions during their early histories. It would be in-
teresting to determine if the subsized Earth planets formed in
these simulations are capable of sustaining habitable conditions
over very long timescales.

6.2. Simulations with 0.05 M�

In this working scenario, our simulations produce one planetary
system of Class 1, another system of Class 2, and eight systems
of Class 4.
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Fig. 11. Evolution in time of the semimajor axis (black), and the peri-
helion (red) and the aphelion (blue) distances for two planets associated
with the HZ that correspond to systems of Class 1 (a), and Class 2 (b),
for a 0.05 M� disk around a M0-type star. The blue and light blue shaded
areas represent the conservative and optimistic HZ, respectively.

Figure 11a shows the evolution in time of the semimajor axis
a, and the perihelion q and aphelion Q distances of the planet
surviving in the HZ in the Class 1 system. This planet starts the
simulation on a low eccentricity orbit whose semimajor axis has
a value less than the inner edge of the HZ. During the evolution,
the orbital parameters of the planet are perturbed owing to grav-
itational interactions and collisions with planetary embryos. At
the end of the simulation, the planet evolves on an orbit fully
contained in the HZ. In the same way, Fig. 11b shows the evolu-
tion of the planet surviving in the HZ in the Class 2 system. This
planet starts the simulation beyond the snow line and evolves to-
wards inner regions of the disk due to gravitational perturbations
and impacts with embryos. At 4 Myr, this planet experiences a
collision with an embryo of the system, from which its semi-
major axis evolves within the edges of the HZ. Until the end
of the simulation, the aphelion distance of the planet oscillates
beyond the outer edge of the HZ, while its perihelion distance
shows large oscillations reaching values less than the inner edge
of such region. After 90 Myr, the eccentricity of this planet os-
cillates reaching a maximum value of 0.55. From this, the per-
ihelion distance evolves within the HZ. According Eq. (8), the
time-averaged incident stellar flux is up to 20% higher than the
effective flux from circular orbit. Such a planet located near of
the outer edge of the HZ could be able to maintain habitable
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Fig. 12. Evolution of mass of the planets surviving in the HZ for a
0.05 M� disk around an M0-type star.

conditions with suitable physical properties. The values of the
eccentricity and inclination of the planets surviving in the HZ for
the disk under consideration are illustrated as red open circles in
Fig. 4. Such points represent mean values computed over the last
10 Myr of evolution. These planets have mean eccentricities of
0.26 and mean inclinations of 10◦ and 27.7◦.

In general terms, each simulation form one planet in the inner
region to the snow line with a mass ranging between 0.72 M⊕
and 3.1 M⊕. On the other hand, in each simulation, one to two
planets are produced beyond the snow line with masses between
1.3 M⊕ and 4.3 M⊕.

As we remarked, our simulations produce two planets of rel-
evant interest in the HZ, one of which is associated with a sys-
tem of Class 1 and the other one belongs to a Class 2 system.
Figure 12 shows the evolution of the mass of the two planets
surviving in the HZ as a function of time. First, the planet be-
longing to the Class 1 system has a mass of 1.42 M⊕ at the end
of the simulation. Moreover, this planet experiences the last gi-
ant impact at 41 Myr after the gaseous component dissipation.
Then, the planet associated with the Class 2 system has a final
mass of 0.72 M⊕ and experiences the last giant impact at 4 Myr
after the gas dissipation. The last giant impact provides more
than 40% of the final mass of each planet. Finally, as we have al-
ready discussed referring to Jacobson et al. (2014), both planets
have formation timescales shorter than those required by Earth.

As for their water contents, the two planets surviving in the
HZ show different features. On the one hand, the planet belong-
ing to the Class 1 system starts the simulation inside the snow
line, so that it does not have water in its primordial composition.
After 200 Myr of evolution, this planet survives in the HZ with
1.42 M⊕ and 50.5% of water by mass, which equals 2561.1 EOs.
The last giant impact experienced by this planet at 41 Myr pro-
vides 56% of its final water content. Thus, the water delivery on
such a planet represents a late process in its evolutionary history.
In this scenario, 10% of the final mass comes from beyond the
snow line, and 90% of the final mass corresponds to accreted
material from the inner region. On the other hand, the planet as-
sociated with the Class 2 system starts the simulation beyond the
snow line, so that it has 75% of water by mass in its primordial
composition. This planet has an initial mass of 0.15 M⊕ and a
primordial water content of 401.8 EOs. At the end of the simula-
tion, the planet survives in the HZ with a mass of 0.72 M⊕ and a
water content of 68% by mass, which equals 1748.6 EOs. In this

A54, page 12 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628355&pdf_id=11
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628355&pdf_id=12


A. Dugaro et al.: Terrestrial planet formation around low-mass stars

case, the primordial water content only represents 23% of the fi-
nal water content of the planet. The last giant impact experienced
by this planet at 4 Myr provides 46% of its final water content.
From this, the water delivery on this planet is a late process in
its evolution. In this scenario, 33% of the final mass comes from
beyond the snow line, and 67% of the final mass corresponds to
accreted material from the inner region.

Based on their physical properties, we believe that the plan-
ets surviving in the HZ in these simulations should be able to
maintain habitable conditions for very long.

7. Discussion and conclusions

In the present work, we carried out N-body simulations aimed
at studying the planetary formation process and water deliv-
ery around low-mass stars. In particular, we selected M3- and
M0-type stars, which have 0.29 M� and 0.5 M�, respectively.
Moreover, we adopted massive protoplanetary disks, which were
assumed to have masses with 5% and 10% of the mass of the
central star. The present work primarily focused on the process
of formation of terrestrial-like planets and water delivery in the
HZ of such systems.

The present work allows us to extend the range of stel-
lar targets of astrobiological interest derived by Raymond et al.
(2007) towards lower masses. In fact, Raymond et al. (2007)
suggested that stars with masses .0.6 M� are likely to form
small (.0.3 M⊕) and dry planets in the HZ of the system. How-
ever, our study indicates that stars of 0.29 M� and 0.5 M� are
able to produce planets in the HZ with a wide diversity of masses
and water contents.

For M3-type stars, our simulations formed five planets in the
HZ with very different physical properties. First, one of these
planets is less massive than Mars with 0.072 M⊕ and a water
content of 15.2 EOs. Second, two of the five planets formed in
the HZ are more massive than Mars with ∼0.13 M⊕ each and
water contents of 79.3 EOs and 129.7 EOs. In the same way,
one of the five planets surviving in the HZ is also more mas-
sive than Mars with 0.138 M⊕ but it is a dry world. Finally,
the last planet formed in the HZ is an Earth-mass planet with
1.03 M⊕ and a water content of 2229.2 EOs. Our results suggest
that M3-type stars should be considered targets of interest for
the search of exoplanets in the HZ. On the one hand, Earth-mass
planets with very high water contents should be detected around
this type of stars. These planets are very interesting since they
might be able to maintain habitable conditions over very long
timescales. On the other hand, Mars-mass planets with very di-
verse water contents should also be discovered around M3-type
stars. While these smaller planets would be only able to maintain
habitable conditions in their early histories, we believe that they
could represent a very interesting class of exoplanets. In fact, the
search for candidates around young M3-type stars could lead to
the detection of planets analogous to early Mars. The discovery
of this type of exoplanets could help us to strengthen our under-
standing about the formation and evolution of Mars in our solar
system.

For M0-type stars, our simulations produced four planets in
the HZ with different masses and water contents. In fact, the
planets surviving in the HZ have masses of 0.28 M⊕, 0.51 M⊕,
0.72 M⊕, and 1.42 M⊕, and water contents of 267 EOs, 834.2
EOs, 1748.6 EOs, and 2561.1 EOs, respectively. According to
our discussions throughout this work, we believe that these plan-
ets should be able to maintain habitable conditions for very long.
Thus, because of their abundance in the galaxy and the results
derived in our simulations, we suggest that M0-type stars should

be considered targets of significant interest for the search of ex-
oplanets in the HZ.

The semi-analytical model and the N-body code used in the
present study have limitations that must be mentioned. On the
one hand, the effect of gaseous envelopes on the planetary em-
bryos is neglected in the semi-analytical model. However, at the
end of the gaseous phase the most massive embryo of all our
simulations has ∼1 M⊕. Thus, such an approximation should
not produce significant differences in our results. In the same
way, the semi-analytical model does not consider the effects of
the type I migration on the planetary embryos. In fact, we be-
lieve that many quantitative aspects of such an effect are still
uncertain and complex, and owing to that, we decided not to
take it into account in our simulations. On the other hand, the
semi-analytical model does not include the process of planetes-
imal fragmentation or pebble accretion in the evolution of disk.
Guilera et al. (2014) showed that the planetesimal fragmentation
could significantly modify the process of planetary formation.
Moreover, several authors have recently proposed an alternative
model in which the cores of gaseous giants and terrestrial plan-
ets could be formed as seeds that accrete small particles, often
called pebbles. Ormel & Klahr (2010), Lambrechts & Johansen
(2012), and Levison et al. (2015) showed that pebbles, which are
strongly coupled to the gas, could be accreted very efficiently to
form planetary bodies. In the present study, the semi-analytical
model assumes only one species of planetesimals with a classical
size of 10 km radius in the beginning of the simulations. If the
planetesimal population was composed by species of different
sizes and the planetesimal fragmentation and pebble accretion
were taken into account, the distribution of planetary embryos
and the solid surface density profile could suffer modifications
at the end of the gaseous phase. However, to study the sensi-
tivity of the planetary systems formed in our simulations to the
planetesimal population is beyond the scope of this work.

The N-body MERCURY code also has some limitations that
should be considered. On the one hand, collisions between plan-
etary embryos are treated as inelastic mergers, which conserve
the total mass and water content. In fact, we do not account
for mass and water losses during impacts so that the final mass
and water contents of the resulting planets are upper limits.
Chambers (2013) developed an improved N-body code, which
includes fragmentation and hit-and-run collisions rather than as-
suming that all impacts lead to a perfect merger of the collid-
ing bodies. This model is based on hydrodynamical simulations
of planetary impacts performed by Leinhardt & Stewart (2012)
and Genda et al. (2012), which allows us to identify bound-
aries of different collisional regimes. Chambers (2013) devel-
oped a set of N-body simulations of planetary formation includ-
ing fragmentation and hit-and-run collisions and then, he com-
pared them to simulations in which all collisions were treated
as inelastic mergers. In general terms, both sets of simulations
showed similar results. However, Chambers (2013) evidenced
some differences related to the masses and the time-averaged
eccentricities of the final planets. We believe that a more re-
alistic treatment of the collisions should be included in future
N-body simulations. Such improvements will allow us to deter-
mine the orbital and physical properties of the planets formed in
the simulations in greater detail. On the other hand, Marcus et al.
(2010) presented results from smoothed particle hydrodynam-
ics simulations of impacts between differentiated water(ice)-
rock planets. From this, the authors analyzed the effects of late
giant impacts on the final bulk abundance of water in super-
Earths. Marcus et al. (2010) derived general laws, which should
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be incorporated into future N-body calculations of planet forma-
tion to track the composition of growing planets in more detail.

In the present work, we consider a snow line with a
fixed position for each star. However, several works such as
Ramirez & Kaltenegger (2014) and Tian (2015), calculated how
the orbital distance of the HZ and the position of the snow line
change throughout the pre-main-sequence (PMS) stage of the
host star. In particular, for a 0.5 M� star, Ramirez & Kaltenegger
(2014) found that the snow line in the PMS moves inwards in the
protoplanetary disk from 2 AU to 0.5 AU in a period of 200 Myr.
Regardless of star type, all planets located at the inner edge of
the main-sequence (MS) HZ receive stellar fluxes that exceed the
runaway greenhouse threshold for at least part of the PMS stage,
which results in the rapid evaporation of surface water. Trigger-
ing a runaway greenhouse does not ensure that a planet could
not later become habitable because water could recondense af-
terwards. Planets orbiting at distances corresponding to the inner
and outer MS HZ around a 0.5 M� star would lose up to 25 EOs
and 0.5 EOs, respectively, and about 0.1 EOs are lost at the MS
snow line. Assuming that a HZ and a snow line evolving in time
may lead to changes in the final results obtained in the present
work. Future works based on N-body simulations should incor-
porate such effects to test the sensitivity of the results concerning
the physical and dynamical properties of the HZ planets.

It is also important to note that all our simulations were in-
tegrated for 150–200 Myr. Thus, the planetary systems obtained
in the present work should be treated as systems of potential in-
terest. It would be very interesting to analyze the long-period
dynamical stability of the planets surviving in the HZ to clar-
ify the distribution of these kind of exoplanets around low-mass
stars.

We believe that the results obtained in the present work lead
to a better understanding about the planetary formation pro-
cesses around M3- and M0-type stars in systems without gas
giants. Future observational evidence will be necessary to test
our theoretical models and to strengthen our knowledge about
the population of terrestrial-like planets around low-mass stars.
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