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ABSTRACT

Context. Several studies, observational and theoretical, suggest that planetary systems with only rocky planets should be the most
common in the Universe.
Aims. We study the diversity of planetary systems that could form around Sun-like stars in low-mass disks without gas giants planets.
Especially we focus on the formation process of terrestrialplanets in the habitable zone and analyze their water contents with the goal
to determine systems of astrobiological interest. Besides, we study the formation of planets on wide orbits because they are sensitive
to be detected with the microlensing technique.
Methods. N-body simulations of high resolution are developed for a wide range of surface density profiles. A bimodal distribution
of planetesimals and planetary embryos with different physical and orbital configurations is used in order toperform the planetary
accretion process. The surface density profile combines a power law to the inside of the disk of the formr−γ, with an exponential
decay to the outside. We perform simulations adopting a diskof 0.03M⊙ and values ofγ = 0.5, 1 and 1.5.
Results. All our simulations form planets in the Habitable Zone (HZ) with different masses and final water contents depending on the
three different profiles. Forγ = 0.5, our simulations produce three planets in the HZ with masses ranging from 0.03M⊕ to 0.1M⊕ and
water contents between 0.2 and 16 Earth oceans (1 Earth ocean= 2.8× 10−4M⊕). Forγ = 1, three planets form in the HZ with masses
between 0.18M⊕ and 0.52M⊕ and water contents from 34 to 167 Earth oceans. At last, forγ = 1.5, we find four planets in the HZ
with masses ranging from 0.66M⊕ to 2.21M⊕ and water contents between 192 and 2326 Earth oceans. This profile shows distinctive
results because is the only one of those studied here that leads to the formation ofwater worlds.
Conclusions. Since planetary systems withγ = 1 and 1.5 present planets in the HZ with suitable masses to retain a long-live atmo-
sphere and to maintain plate tectonics, they seem to be the most outstanding candidates to be potentially habitable. Particularly, these
systems form Earths and Super-Earths of at least 3M⊕ around the snow line which are sensitive to be discovered by the microlensing
technique.

Key words. Astrobiology - Methods: numerical - Protoplanetary disks

1. Introduction

The accretion process that leads to the formation of terrestrial
planets is strongly dependent on the mass distribution in the sys-
tem and on the presence of gas giant planets. From this, to an-
alyze the diversity of planetary systems that could form around
solar-type stars, it is necessary to consider protoplanetary disks
with different surface density profiles as well as several physical
and orbital parameters for the gas giants.

During the last years, several observational works have sug-
gested that the planetary systems consisting only of rocky plan-
ets would seem to be the most common in the Universe. In
fact, using precise radial velocity measurements from the Keck
planet search, Cumming et al. (2008) inferred that 17%-19% of
the solar-type stars have giant planets with massesM > 100
M⊕ within 20 AU. More recently, Mayor & Queloz (2012) an-
alyzed the results of an eight-year survey carried out at theLa
Silla Observatory with the HARPS spectrograph and suggested
that about 14% of the solar-type stars have planets with masses
M > 50 M⊕ within 5 AU. On the other hand, many theoretical
works complement these results. For example, Mordasini et al.
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(2009) developed a great number of planet population synthe-
sis calculations of solar-like stars within the framework of the
core accretion scenario. From this theoretical study, these au-
thors indicated that the occurrence rate of planets with masses
M > 100M⊕ is 14.3%, which is in agreement with that obtained
by Cumming et al. (2008). More recently, Miguel et al. (2011)
developed a semi-analytical code for computing the planetary
system formation, based on the core instability model for the
gas accretion of the embryos and the oligarchic growth regime
for the accretion of the solid cores. The most important result
obtained by such authors suggests that those planetary systems
with only small rocky planets represent probably the vast major-
ity in the Universe.

The standard “model of solar nebula” (MSN) developed
byWeidenschilling (1977) and Hayashi (1981) predicts thatthe
surface densities of dust materials and gases vary approximately
as r−1.5, wherer is the distance from the Sun. This model is
constructed by adding the solar complement of light elements
to each planet and then, by distributing such augmented mass
uniformly across an annulus around the location of each planet.
Davis (2005) reanalyzed the model of solar nebula and predicted
that the surface density follows a decay rate ofr−0.5 in the in-
ner region and a subsequent exponential decay. Later, Desch
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(2007) adopted the starting positions of the planets in the Nice
model (Tsiganis et al. 2005) and suggested that the surface den-
sity of the solar nebula varies approximately asr−2.2. On the
other hand, detailed models of structure and evolution of pro-
toplanetary disks (Dullemond et al. 2007; Garaud & Lin 2007)
suggest that the surface density falls off with radius much less
steeply (asr−1) than that assumed for the MSN. More recently,
Andrews et al. (2009, 2010) analyzed protoplanetary disk struc-
tures in Ophiuchus star-forming region. They inferred thatthe
surface density profile follows a power law in the inner disk of
the form r−γ and an exponential taper at large radii, whereγ
ranges from 0.4 to 1.1 and shows a median value of 0.9.

Several authors have tried to build a minimum-mass extra-
solar nebula (MMEN) using observational data of exoplanets.
On the one hand, Kuchner (2004) used 11 systems with Jupiter-
mass planets detected by radial velocity to construct an MMEN.
On the other hand, Chiang & Laughlin (2013) used Kepler data
concerning planetary candidates with radii R< 5R to built an
MMEN. Both analyses produced steep density profiles. In fact,
Kuchner (2004) predicted that the surface density varies asr−2

for the gas giants, while Chiang & Laughlin (2013) suggested
that the surface density follows a decay rate ofr−1.6 for the super-
Earths. Recently, Raymond & Cossou (2014) suggested that it
is inconsistent to assume a universal disk profile. In fact, these
authors predicted that the minimum-mass disks calculated from
multiple-planet systems show a wide range of surface density
slopes.

Several previous studies have analyzed the effects of the sur-
face density profile on the terrestrial planet formation in awide
range of scenarios. On the one hand, Chambers & Cassen (2002)
and Raymond et al. (2005) examined the process of planetary
accretion in disks with varying surface density profiles in pres-
ence of giant planets. On the other hand, Kokubo et al. (2006)
investigated the final assemblage of terrestrial planets from dif-
ferent surface density profiles considering gas-free caseswith-
out gas giants. While these authors assumed disks with dif-
ferent masses, they only included planetary embryos (no plan-
etesimals) in a narrow radial range of the system between
0.5 AU – 1.5 AU. Raymond et al. (2007b) simulated the terres-
trial planet formation without gas giants for a wide range ofstel-
lar masses. For Sun-like stars, they developed simulationsin a
wider radial range (from 0.5 AU to 4 AU) than that assumed
by Kokubo et al. (2006). However, like Kokubo et al. (2006),
Raymond et al. (2007b) did not examine the effects of a plan-
etesimal population in their simulations.

Here, we show results of N-body simulations aimed at an-
alyzing the process of formation of terrestrial planets andwa-
ter delivery in absence of gas giants. It is important to highlight
that these are high resolution simulations that include planetary
embryos and planetesimals. In particular, our work focuseson
low-mass protoplanetary disks for a wide range of surface den-
sity profiles. This study is motivated by an interesting result ob-
tained by Miguel et al. (2011), which indicates that a planetary
system composed by only rocky planets is the most common
outcome obtained from a low-mass disk (namely,. 0.03 M⊙)
for different surface density profiles. The most important goal of
the present work is to analyze the potential habitability ofthe
terrestrial planets formed in our simulations. From this, we will
be able to determine if the planetary systems under consideration
result to be targets of astrobiological interest.

Basically, the permanent presence of liquid water on the sur-
face of a planet is the main condition required for habitability.
However, the existence of liquid water is a necessary but notsuf-
ficient condition for planetary habitability. In fact, the existence

of organic material, the preservation of a suitable atmosphere,
the presence of a magnetic field, and the tectonic activity rep-
resent other relevant conditions for the habitability of a planet.
The N-body simulations presented here allow us to describe the
dynamical evolution and the accretion history of a planetary sys-
tem. From this, it is possible to analyze the water delivery to
the resulting planets, primarily to those formed in the habitable
zone (HZ), which is defined as the circumstellar region inside
which a planet can retain liquid water on its surface. From this,
the criteria adopted in the present paper to determine the poten-
tial habitability of a planet will be based on its location inthe
system and its final water content.

This paper is therefore structured as follows. In Sect. 2, we
present the main properties of the protoplanetary disks used in
our simulations. Then, we discuss the main characteristicsof the
N-body code and outline our choice of initial conditions in Sect.
3. In Sect. 4, we present the results of all simulations. Finally, we
discuss such results within the framework of current knowledge
of planetary systems and present our conclusions in Sect. 6.

2. Protoplanetary Disk: Properties

Here we describe the model of the protoplanetary disk and then
define the parameters we need to develop our simulations.

The surface density profile is one of the most relevant pa-
rameters to determine the distribution of material in the disk.
Particularly, in this model, the gas surface density profilethat
represents the structure of the protoplanetary disk is given by

Σg(r) = Σ0
g

(

r
rc

)−γ

e−( r
rc

)2−γ
, (1)

whereΣ0
g is a normalization constant,rc a characteristic radius

andγ the exponent that represents the surface density gradient.
By integrating Eq. 1 over the total area of the disk,Σ0

g can be
expressed by

Σ0
g = (2− γ)

Md

2πR2
c
, (2)

This surface density profile that combines a power law to the
inside of the disk, with an exponential decay to the outside,is
based on the similarity solutions of the surface density of athin
Keplerian disc subject to the gravity of a point mass (M⋆) central
star (Lynden-Bell & Pringle 1974; Hartmann et al. 1998).

Analogously, the solid surface density profileΣs(r) is repre-
sented by

Σs(r) = Σ0
sηice

(

r
rc

)−γ

e−( r
rc

)2−γ
, (3)

whereηice represents an increase in the amount of solid mate-
rial due to the condensation of water beyond the snow line. Ac-
cording to the MSN of Hayashi (1981),ηice is 1/4 inside and 1
outside the snow line which is located at 2.7 AU1.

Once we derived the value ofΣ0
g the relation between both

profiles allows us to know the abundance of heavy elements,
which is given by

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



⊙

10[Fe/H] = z010[Fe/H] , (4)

1 Although we use the classic model of Hayashi (1981), is worthnot-
ing that Lodders (2003) found a much lower value for the increase in
the amount of solids due to water condensation beyond the snow line.
This value corresponds to a factor of 2 instead of 4.
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wherez0 is the primordial abundance of heavy elements in the
Sun and [Fe/H] the metallicity.

After the model is presented, we need to quantify some pa-
rameters for the disk. We assume that the central star of the
protoplanetary disk is a solar metallicity star, [Fe/H] = 0, with
M⋆ = 1M⊙. Then,Σ0

s = z0Σ
0
g wherez0 = 0.0149 (Lodders 2003).

We consider a low-mass disk withMd = 0.03M⊙ because this
value for the mass guarantee that the formation of giant planets
is not performed (Miguel et al. 2011).

The exponentγ is another relevant parameter for this model
because it establishes an important characteristic of the simula-
tion scenario: the larger the exponent, more massive the disk in
the inner part of it. In this work we explore three different val-
ues for the exponent:γ = 0.5, 1 and 1.5. These values represent
disks from rather flat ones (γ = 0.5) where the density of gas
and solids are well distributed and there are no preferential ar-
eas for the accumulation of gas and solids, to steeper profiles
(γ = 1.5) where there is an accumulation of gas and solids in
the inner part of the disk and around the snow line. Finally, for
the characteristic radius we adoptrc = 50 AU, which represents
a characteristic value of the different disk’s observations studied
by Andrews et al. (2010).

Regarding water content in the disk, we assume that the pro-
toplanetary disk presents a radial compositional gradient. Then
we adopt an initial distribution of water similar to that used by
Raymond et al. (2004, 2006) and Mandell et al. (2007), which is
based on the one predicted by Abe et al. (2000). Thus, the water
content by massW(r) assumed as a function of the radial dis-
tancer is given by:

W(r) =



























0.001%, r < 2 AU
0.1%, 2 AU < r < 2.5 AU
5%, 2.5 AU < r < 2.7 AU
50%, r > 2.7 AU.

We assign this water distribution to each body in our simulations,
based on its starting location. In particular, the model does not
consider water loss during impacts and therefore the water con-
tent represents an upper limit. Because this distribution is based
on information about the Solar System, it is unknown yet if this
is representative of the vast diversity of planetary systems in the
Universe. However, we adopt it to study the water content and
hence, the potential habitability of the resulting terrestrial plan-
ets.

3. N-body Method: Characteristics and Initial
Conditions

The initial time for our simulations represents the epoch inwhich
the gas of the disk has already dissipated2.

The numerical code used in our N-body simulations is the
MERCURY code developed by Chambers (1999). We partic-
ularly adopt the hybrid integrator which uses a second-order

2 In the present work, we study the processes of planetary formation
considering gas-free cases. Thus, we do not model the effects of gas
on the planetesimals and planetary embryos of our systems. In partic-
ular, the type I migration (Ward 1997), which leads to the orbital de-
cay of embryos and planet-sized bodies through tidal interaction with
the gaseous disk, could play a significant role in the evolution of these
planetary systems. However, many quantitative aspects of the type I mi-
gration are still uncertain and so, we decide to neglect its effects in the
present work. A detailed analysis concerning the action of the type I mi-
gration on the planetary systems of our simulations will be developed
in a future study.

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. Inorder
to avoid any numerical error for small-perihelion orbits, we use a
non-realistic size for the Sun’s radius of 0.1 AU (Raymond etal.
2009).

Since our main goal is to form planetary systems with terres-
trial planets, we focus our study in the inner part of the proto-
planetary disk, between 0.5 AU and 5 AU. The solid component
of the disk presents a bimodal distribution formed by protoplan-
etary embryos and planetesimals. We use 1000 planetesimalsin
each simulation. Then, the number of protoplanetary embryos
depends on each density profile. Collisions between both com-
ponents are treated as inelastic mergers that conserve massand
water content. Since N-body simulations are very costly numeri-
cally and in order to reduce CPU time, the model considers grav-
itational interactions between embryos and planetesimalsbut not
between planetesimals (Raymond et al. 2006). It is important to
emphasize that these N-body high resolution simulations allow
us to describe in detail the dynamical processes involved during
the formation and post evolution stages.

With the total mass of the disk,Md = 0.03M⊙, we calcu-
late the mass of solids in the study region and obtain the solid
mass before and after the snow line for each profile. For disks
with γ = 0.5 the total mass of solids is 3.21M⊕. Disks with
γ = 1 present a total mass of solids of 7.92M⊕ and finally, disks
with γ = 1.5 have 13.66M⊕. We then distribute the solid mass
in accordance with various planetary accretion studies such as
Kokubo & Ida (1998): each component, embryos and planetesi-
mals, have half the total mass in the study region. To distinguish
both kinds of bodies, the mass adopted for the planetesimalsis
approximately an order of magnitude less than those associated
with protoplanetary embryos. This is considered both for the in-
ner zone, between 0.5 AU and the snow line, and for theouter
zone, between the snow line and 5 AU.

Since terrestrial planets in our Solar System could
have formed in 100 Myr - 200 Myr (Touboul et al. 2007;
Dauphas & Pourmand 2011) we integrate each simulation for at
least 200 Myr. To compute the inner orbit with enough precision
we use a 6 day time step. Besides, each simulation conserved
energy to at least one part in 103.

In order to begin our simulations with the MERCURY code,
we need to specify some important initial physical and orbital
parameters. For disks withγ = 0.5 we use 24 embryos, 13
in the inner zone with masses of 0.02M⊕ and 11 in the outer
zone with masses of 0.13M⊕. Planetesimals present masses of
3.87× 10−4M⊕ and 3.09× 10−3M⊕ in the inner and outer zone,
respectively. Forγ = 1 we place 30 embryos in the disk, 20 in
the inner zone with masses of 0.04M⊕ and 10 in the outer zone
with masses of 0.32M⊕. For this density profile, planetesimals
present masses of 1.18×10−3M⊕ and 9.49×10−3M⊕ in the inner
and outer zone, respectively. At last, disks withγ = 1.5 present
45 embryos, 35 in the inner zone with masses of 0.06M⊕ and
10 in the outer zone with masses of 0.47M⊕. Planetesimals in
these protoplanetary disks have masses of 2.68× 10−3M⊕ and
0.021M⊕ in the inner and outer zone, respectively. As we have
mentioned, we use 1000 planetesimals in each simulation which
are distributed between 0.5 AU and 5 AU, in order to efficiently
model the effects of the dynamical friction. For any disk, physi-
cal densities of all planetesimals and protoplanetary embryos are
assumed as 3 g cm−3 or 1.5g cm−3 depending on whether they
initially locate in the inner zone or in the outer zone, respectively.

The orbital parameters, like initial eccentricities and inclina-
tions, take random values less than 0.02 and 0.5◦, respectively,
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both for embryos and planetesimals. In the same way, we adopt
random values for the argument of pericenterω, longitude of as-
cending nodeΩ and the mean anomalyM between 0◦ and 360◦.
Finally, the semimayor axis of embryos and planetesimals are
generated using the acceptance-rejection method developed by
Jonh von Newmann. This technique indicates that if a numbera
is selected randomly from the domain of a functionf , and an-
other numberf ∗ is given at random from the range of such func-
tion, so the conditionf ∗ ≤ f (a) will generate a distribution for
a whose density isf (a)da. In our case, for each density profile
under consideration, thef function is represented by:

f (a) =
2πaΣs(a)

M
, (5)

whereM represents the total mass of solids in the study region
andΣs(a) is the solid density profile that we are using. Thus, the
a values obtained from this function will be accepted as initial
conditions for the semimajor axes of embryos and planetesimals.

4. Results

In this section we present results of the N-body simulationsfor
the formation of terrestrial planets in low-mass disks, fordiffer-
ent density profiles.

Given the stochastic nature of the accretion process, we per-
form three simulations for each value ofγ with different random
number seeds. Although the data analysis takes into accountall
the simulations per density profile, here we show graphics ofthe
most representative simulation.

The general purpose of this work is to analyze the diversity
of planetary systems that we can perform with the N-body simu-
lations. From this, a particular goal is to determine if those terres-
trial planets in the habitable zone (HZ) are potentially habitable.

Here we define the HZ for a solar-type star between
0.8 AU and 1.5 AU in agreement with Kasting et al. (1993) and
Selsis et al. (2007). However, the evolution of Earth-like planets
is a very complex process and locate a planet in the HZ does not
guarantee that there may developed life. For example, planets
with very eccentric orbits may pass most of their periods outside
the HZ, not allowing long times of permanence of liquid water
on their surfaces. In order to avoid this problem we considera
planet is in the HZ and can hold liquid water if it has a perihe-
lion q ≥ 0.8 AU and a aphelion Q≤ 1.5 AU (de Elía et al. 2013).
These criteria allow us to distinguish potentially habitable plan-
ets.

Regarding water contents, we consider it significant if it is
comparable to that of Earth. The total amount of Earth’s water
is still uncertain because the mass of water in the actual man-
tle in not very well known yet. While the mass of water in the
Earth’s surface is 2.8×10−4M⊕ (1 Earth ocean) the mass of water
in the Earth’s mantle is estimated to be between 0.8 × 10−4M⊕
and 8× 10−4M⊕ (Lécuyer & Gillet 1998). On the other hand,
Marty (2012) suggested that the current water content in Earth’s
mantle is approximately 2×10−3M⊕. Following these studies the
present-day water content in Earth should be∼ 0.1% to 0.2% by
mass. However, Earth should have had a greater amount of water
in the early stages of its formation which has been lost during the
process of the core’s creation and due to consecutive impacts. In
particular, as we consider inelastic collisions in our N-body sim-
ulations, the mass and water content are conserved and so, the
final water contents in the formed planets represent upper limits.

4.1. Simulations with γ = 0.5

For this density profile we integrate three different simulations
for 250 Myr 3.

In general terms, the most important characteristics of the
systems can be described as follows. The entire study region,
from 0.5 AU to 5 AU, contains at the end of the simulation be-
tween 6 and 7 planets with a total mass ranging between 1.5M⊕
and 1.6M⊕. The mass of each planet is between 0.03M⊕ and
0.57M⊕. All simulations form planets in the HZ and they seem
to be very small. Their masses range from 0.03M⊕ to 0.1M⊕ and
their water contents from 0.06% to 5.37% respect the total mass
which represents from 0.2 to∼ 6 Earth’s oceans.

In particular, Fig. 1 shows six snapshots in time of the semi-
mayor axis eccentricity plane of the evolution of simulation S3,
the one we consider is the most representative. At the beginning
of the simulation both embryos and planetesimals are quickly
exited. For embryos this excitation is due to their own mutual
gravitational perturbations, but, as planetesimals are not self-
interacting bodies, their excitation is due to perturbations from
embryos. In time, the eccentricities of embryos and planetesi-
mals increase until their orbits intersect each other and accre-
tion collisions occur. Then, embryos grow by accretion of other
embryos and planetesimals and the total number of bodies de-
crease. By the end of the simulation just a few planets remain
in the study region and the system presents the innermost planet
located at 0.72 AU which has a mass of 0.06M⊕, a planet located
in the HZ with 0.03M⊕ and the most massive planet placed at
2.87 AU with 0.48M⊕. The rest of the simulations present simi-
lar results.

Figure 1 also reveals the importance of the dynamical fric-
tion from the beginning of the simulation. This dissipativeforce
damps the eccentricities and inclinations of the large planetary
embryos embedded in a sea of planetesimals. Particularly, Fig.
2 shows the evolution in time of the eccentricities and inclina-
tions of the most and less massive planet of S3 simulation. The
less massive planet reaches maximum values of eccentricityand
inclination of 0.35 and 13◦ respectively, while the most massive
planet does not exceed values of eccentricity and inclination of
0.12 and 3.15◦, respectively. Therefore, it is clear that planetes-
imals are fundamental in order to describe this phenomena. The
three different simulations show similar results concerning the
dynamical friction effects.

After 250 Myr of evolution many embryos and planetesi-
mals were removed from the disk. The percentage of planetary
embryos and planetesimals that still remain in the study region,
between 0.5 AU and 5 AU, is 29% and 46%, respectively. These
values represent 1.52M⊕ and 0.59M⊕, respectively. However, the
last amount of mass in planetesimals only represents 18% of the
total initial mass in this region. Thus, we can assume this remain-
ing mass in planetesimals will not modify significantly the final
planetary system. In addition, the remaining mass in planetesi-
mals in the disk at 200 Myr is 0.67M⊕ which represents 20% of
the initial mass. Hence, there are no significant differences after
50 Myr more of evolution.

Although the orbits of the 2nd. and the 3rd. planets in S3
cross each other, so they could collide and form a single planet
in the HZ if we extended the simulations, the final mass of it
would not exceed 0.07M⊕. In section 5, we will discuss about
the requirements for a planet to be potencially habitable taking
on account its final mass.

3 For this profile we did not extend over the simulations because the
CPU time required is very high.
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Fig. 1. Evolution in time of the S3 simulation forγ = 0.5. The light-blue shaded area represents the HZ and the curves with q = 0.8 AU and
Q = 1.5 AU represent curves of constant perihelion and aphelion, respectively. Planetary embryos are plotted as colored circles and planetesimals
are plotted with black dots. The color scale represents the fraction of water of the embryos relative to their masses. In this case there is only one
embryo in the HZ, located at 1.15 AU with a mass of 0.03M⊕ and a water content of 5.37% by mass which represents 6 Earth’s oceans. Color
figure is only available in the electronic version.

The most important mass removal mechanism both for em-
bryos and planetesimals is the mass accretion. With this density
profile no embryo collides with the central star and none of them
is ejected from the system. Regarding planetesimals, only 2.2%
of them collide with the central star and a 0.1% ( only one plan-
etesimal) is ejected from the disk. These results are consistent
with this scenario as it is the least massive profile in the inner
zone of the disk.

All the simulations developed form planets in the HZ and
one of the most important results to note is that none of them
come from the outer zone of the disk as we can see in table 1.
Since the surface density profile withγ = 0.5 is the less mas-
sive one in the inner zone of the disk, the gravitational interac-
tions between bodies in this region are weak and there is not a
substantial mixing of solid material. Thus, embryos evolvevery
close to their initial positions and they do not migrate fromthe
outer zone to the inner zone. Because of this, they acrete most
of the embryos and planetesimals from the inner zone than from
the outer zone, beyond the snow line. This can be seen in Fig.
3 where the feeding zones of the planets that remain in the HZ
of S1, S2 and S3 simulations are represented. The 91, 16% of
the mass of planeta was originally situated before the snow line.
Almost the total mass of planetb (99.9%) comes from the inner
zone and for planetc, the 89.39% of the mass comes also from
the zone before 2.7 AU.

Regarding water contents, all planets in the HZ present be-
tween 0.06% and 5.37% of water by mass. Particularly, the

planet in S1 with 0.1M⊕ has∼ 16 Earth’s oceans. The planet
in S2 with a mass of 0.1M⊕ presents∼ 0.2 Earth’s oceans and fi-
nally the planet in S3 with 0.03M⊕ has∼ 6 Earth’s oceans. Table
1 shows general characteristics of the planets in the HZ for the
three simulations S1, S2 and S3.

It is important to highlight that planetesimals play a protago-
nist role in these simulations as they are the primary responsible
of the water content in the resulting planets. In fact, almost the
total water content in the HZ planet for S1 is provided by plan-
etesimals. However, planetesimals only provide the 37.86% of
the total mass while the rest of the accreted mass is due to other
embryos accretion. The same applies to S2 and S3 simulations.

4.2. Simulations with γ = 1

We perform three simulations for 300 Myr. At that time the plan-
etesimals that still remain in the disk represent a small fraction
of the original number, thus they will not modify significantly
the final results. The final planetary systems present 6 or 7 plan-
ets with a total mass ranging between 4M⊕ and 4.45M⊕, and
the masses of individual planets is between 0.04M⊕ and 1.9M⊕.
Here, all simulations present a planet in the HZ with a range of
masses between 0.18M⊕ and 0.52M⊕ and with water contents
from 2.54% to 9% respect the total mass which represents from
34 to 167 Earth’s oceans.

Figure 4 illustrates six snapshots in time of the semimayor
axis eccentricity plane of the evolution of S3 simulation, the one
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Table 1. General characteristics of the planets in the HZ for simulations S1, S2 and S3 forγ = 0.5. ai andaf are the initial and the final semi-mayor
axis of the resulting planet in AU, respectively,M the final mass inM⊕, W the percentage of water by mass after 250 Myr andTLGI the timescale
in Myr of the last giant impact. The planet in the HZ of S3 have not yet present a giant impact; it has only acreted planetesimals. As we mentioned
in section 4.1, this planet could collide with the 3rd. planet of the system if we extended the simulations beyond 250 Myr.

Simulation ai(AU) af(AU) M(M⊕) W(%) TLGI (Myr)
S1 0.95 0.94 0.1 4.44 146
S2 1.28 1.36 0.1 0.06 49
S3 1.20 1.15 0.03 5.37 —
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Fig. 2. Evolution in time of the eccentricities (a) and inclinations (b) for
the less massive planet (black curve) and for the most massive planet
(red dashed curve) of S3 simulation forγ = 0.5. The dynamical fric-
tion phenomena is evident for the most massive planet which does not
exceed values of eccentricity and inclination of 0.12 and 3.15◦, respec-
tively. In contrast, the less massive planet reaches maximum values of
eccentricity and inclination of 0.35 and 13◦ respectively. Color figure is
only available in the electronic version.

we consider is the most representative for this density profile.
The accretion process is similar to that described for theγ = 0.5
profile. At the end of the simulation the most important charac-
teristics of the system can be described as follows. The system
presents the innermost planet located at 0.73 AU which has a
mass of 0.36M⊕, a planet located in the HZ with 0.37M⊕ and the
most massive planet placed at 2.54 AU with 1.26M⊕. The rest of
the simulations present similar results.

The dynamical friction effects are also relevant in this den-
sity profile from the beginning of the simulation and for the most
massive bodies. Inclinations and eccentricities of the most mas-
sive bodies are damped by this dissipative force. Figure 5 shows
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Fig. 3. Feeding zones of the planets that remain in the HZ of S1, S2
and S3 in disks withγ = 0.5. They axis represents the fraction of each
planet’s final mass after 250 Myr. As can be seen, most of the mass
acreted by these planets comes from the inner zone of the disk. Color
figure is only available in the electronic version.

for S3 simulation, the evolution in time of the eccentricities and
inclinations of the most and less massive planet. The less mas-
sive planet reaches maximum values of eccentricity and incli-
nation of 0.64 and 31.53◦ respectively, while the most massive
planet does not exceed values of eccentricity and inclination of
0.14 and 6.48◦, respectively. The difference with the same re-
sults forγ = 0.5 is that the scales of eccentricity and inclination
are higher due to the fact that this profile is more massive than
the first one. All simulations for this profile show similar results
concerning this phenomena.

With respect to the final number of resulting embryos and
planetesimals, we obtain that∼ 6.2% of planetesimals still sur-
vive in the study region after 300 Myr, while regarding embryos,
a 20% is still in the disk. These values represent 0.28M⊕ and
4.46M⊕ in planetesimals and embryos, respectively. Although
there is still solid mass to continue the accretion process,this
remaining mass in planetesimals only represents a 3.53% of the
initial mass in the study region. Therefore, it will not provide sig-
nificant differences in the final planetary system. For this density
profile the most important mass removal mechanism remains the
mass accretion since no embryo collides with the central star and
none of them is ejected from the system. As to the mass in plan-
etesimals, a 16.4% collides with the central star and a 11.5% is
ejected from the disk. In this profile, contrast to the previous one,
the dynamical excitation is more evident since is more massive
in the inner zone of the disk, providing a higher percentage of
planetesimals ejections from the system and collisions with the
central star.

As we have already said, one of the points of interest in this
work is to study the planets that remain in the HZ. This profile
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Fig. 4. Evolution in time of the S3 simulation forγ = 1.The light-blue shaded area represents the HZ and the curves with q = 0.8 AU and
Q = 1.5 AU represents curves of constant perihelion and aphelion,respectively. Planetary embryos are plotted as colored circles and planetesimals
are plotted with black dots. The color scale represents the fraction of water of the embryos relative to their masses. Forthis profile there is only
one embryo in the HZ, located at 1.13 AU with a mass of 0.37M⊕ and a water content of 2.54% by mass which represents 34 Earth oceans. Color
figure is only available in the electronic version.

also forms planets in the HZ and again, none of them come from
the outer zone of the disk (see table 2). Despite this densitypro-
file with value ofγ = 1 presents more mass in the inner zone,
it is still not enough to produce strong gravitational interactions
between bodies, and therefore the mix of solid material is very
low. Due to this, embryos evolve close to their initial positions
and they do not migrate from the outer to the inner zone. These
planets acrete most of the embryos and planetesimals from be-
fore the snow line. This can be seen in Fig. 6 where the feeding
zones of the planets that remain in the HZ of S1, S2 and S3 sim-
ulations are represented. In this case, the 83.75% of the mass
of planeta was originally situated before 2.7 AU. The 94.74%
of the total mass of planetb comes from the inner zone and for
planetc, the 94.95% of the mass also comes from the inner zone.

All planets resulting in the HZ for the three simulations
present between 2.54% and 9% of water by mass. In particu-
lar, the planet in S1 with 0.52M⊕ has∼ 167 Earth’s oceans. The
planet in S2 with a mass of 0.18M⊕ presents∼ 17 Earth’s oceans
and the planet in S3 with 0.37M⊕ has∼ 34 Earth’s oceans. Fi-
nally, Table 2 shows general characteristics of the planetsin the
HZ for the three simulations S1, S2 and S3.

In general, all these planetary systems also show that those
responsible for the final water content are the planetesimals
which provide almost the total water content in the HZ plan-
ets. Nevertheless, they only provide between 30% to 50% of the
final mass of the planet.

4.3. Simulations with γ = 1.5

Finally we describe the planetary systems withγ = 1.5. As this
is the most massive density profile in the inner zone of the disk
is expected to be the most distinctive one, since the mass of the
inner zone favors the formation of planets in the HZ.

We perform three different simulations and integrate them
for 200 Myr. At the end of the simulations, there is almost no
extra mass to continue the accretion process and thus, this result
suggest that these systems have reached a dynamical stability.
The most relevant characteristics of the three simulationswe per-
form can be listed as follows. At the end of the simulations, the
study region contains between 4 and 7 planets with a total mass
from 6.97M⊕ to 8.81M⊕. The mass of the final planets ranges
between 0.06M⊕ to 3.08M⊕ and the resulting planets in the HZ
present masses from 0.66M⊕ to 2.21M⊕. All simulations form
a planet in the HZ, particularly S2 simulation forms 2 planets.
Regarding water contents in the HZ, we find that planets present
ranges from 4.51% to 39.48% by mass which represent from 192
to 2326 Earth’s oceans.

S2 simulation is the most interesting one for this density pro-
file because presents 2 planets in the HZ. This is why we chose
this simulation for a more detailed description. Figure 7 shows
six snapshots in time of the semimayor axis eccentricity plane of
the evolution of S2. In this case, the dynamical excitation of ec-
centricities and inclinations of both planetary embryos and plan-
etesimals increases faster than in the other two described pro-
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Table 2. General characteristics of the planets in the HZ for simulations S1, S2 and S3 forγ = 1. ai andaf are the initial and the final semimayor
axis of the resulting planet in AU, respectively,M the final mass inM⊕, W the percentage of water by mass after 300 Myr andTLGI the timescale
in Myr of the last giant impact.

Simulation ai(AU) af(AU) M(M⊕) W(%) TLGI (Myr)
S1 0.84 0.83 0.52 9.00 110
S2 1.41 1.15 0.18 2.66 2
S3 0.99 1.02 0.37 2.54 78
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Fig. 5. Evolution in time of the eccentricities (a) and inclinations (b) for
the less massive planet (black curve) and for the most massive planet
(red dashed curve) of S3 simulation forγ = 1. The dynamical fric-
tion phenomena is evident for the most massive planet which presents
damped eccentricity and inclination. The scales of eccentricity and in-
clination are higher than the ones in the first profile withγ = 0.5. Color
figure is only available in the electronic version.

files. This promotes the mix of solid material between the inner
and outer region of the snow line. After 200 Myr of evolution,the
planetary system shows the innermost planet located at 0.47AU
with a mass of 0.60M⊕, 2 planets in the HZ with 1.19M⊕ and
1.65M⊕ and the most massive planet placed at 3.35 AU which
has a mass of 2.15M⊕.

This profile presents the most massive planets and this fur-
ther evidences the effects of dynamical friction. Indeed, the less
massive planet for S2 simulation reaches values of eccentricity
and inclination of 0.79 and 48.56◦, respectively, while the most
massive planet present maximum values of eccentricity and in-
clination of 0.17 and 7.23◦, respectively. This is illustrated in
Fig. 8. Therefore, as shown, it is still a tendency that the effects
of dynamical friction prevail over larger bodies. The main differ-
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Fig. 6. Feeding zones of the planets that remain in the HZ of S1, S2
and S3 in disks withγ = 1. They axis represents the fraction of each
planet’s final mass after 300 Myr. Here again, as can be seen, most of
the mass acreted by these planets comes from the inner zone ofthe disk.
Color figure is only available in the electronic version.

ence with the same results for the profiles withγ = 0.5 andγ = 1
is that the scales of eccentricities and inclinations are higher. All
simulations for this surface density profile present similar results
concerning this phenomena.

S2 simulation ends with a 4.1% of survival planetesimals af-
ter 200 Myr between 0.5 AU and 5 AU, while regarding em-
bryos, a 15.5% is still in the disk. These values represent 0.43M⊕
and 6.97M⊕ in planetesimals and embryos, respectively. The re-
maining mass in planetesimals is not enough to modify signifi-
cantly the final planetary system. This follows that the formation
scales we use with this surface density profile are suitable.The
most important mass removal mechanism is, again, the mass ac-
cretion. No embryo collides with the central star and none of
them is ejected from the system. However, a 23.4% of the plan-
etesimals collides with the central star and a 11.9% is ejected
from the disk. This shows that the gravitational interactions be-
tween bodies are stronger than in the other profiles because the
mass in the inner zone is greater than that associated to profiles
with γ = 0.5 and 1.

All simulations, as we said, present a planet in the HZ, par-
ticularly one of them presents two. But this profile presentsa
distinctive and interesting characteristic from the others. Two of
the four planets that remain in the HZ come from the outer zone
of the disk, this is, they come from beyond the snow line. This
situation is due to the solid material mix which is stronger than
in the other two profiles. As this profile is the more massive one
in the inner zone, strong gravitational interactions are favored
between bodies. This migration of the planets in the HZ for S2
simulation can be seen in Table 3. This situation is also repre-
sented in 9 with the feeding zones of the planets that remain in
the HZ of S1, S2 and S3. Here, only the 35.98% of the mass of
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Fig. 7. Evolution in time of the S2 simulation forγ = 1.5. The light-blue shaded area represents the HZ and the curves with q = 0.8 AU and
Q = 1.5 AU represents curves of constant perihelion and aphelion,respectively. Planetary embryos are plotted as colored circles and planetesimals
are plotted with black dots. The color scale represents the fraction of water of the embryos respect to their total masses. In this case there are two
planets in the HZ with masses of 1.19M⊕ and 1.65M⊕, respectively. They present 4.51% and 39.48% of water content by mass, which represents
192 and 2326 Earth’s oceans, respectively. Color figure is only available in the electronic version.

planeta was originally situated before 2.7 AU, the rest of the
mass comes from beyond the snow line. Something similar hap-
pens with planetc where only the 25% of the mass comes from
the inner zone. Then, for planetsb and d the 90.98% and the
83.79% of the total mass, respectively, comes from inside the
snow line.

Finally, this seem to be the most peculiar profile because
presentswater worlds, which are planets with high percentages
of water contents by mass. All planets that remain in the HZ for
the three simulations present between 4.51% and 39.48% of wa-
ter content respect to the total mass, being the embryos which
come from beyond the snow line the ones that present large
amounts of water. Particularly, the planet in S1 with 2.21M⊕
has 32.55% of water content which represents∼ 2569 Earth’s
oceans. This planet comes from the outer disk. The planets inS2
simulation with masses of 1.19M⊕ and 1.65M⊕ present 4.51%
and 39.48% of water content, respectively, which equal to 192
and 2326 Earth’s oceans, respectively. The first planet comes
from the inner zone of the disk and the second one comes from
the outer zone. In S3 simulation, the planet in the HZ, which
comes from the inner zone of the disk, has 0.66M⊕ and shows a
8.10% of water by mass, which represents∼ 191 Earth’s oceans.
Lastly, Table 3 presents general characteristics of the planets in
the HZ for the three simulations S1, S2 and S3.

As for the profiles withγ = 0.5 andγ = 1, planets in the
HZ that do not come from beyond the snow line owe their wa-
ter contents almost entirely to planetesimals, being responsible

of the∼ 50% of their final masses. However, the water content
of the planets in the HZ that come from the outer zone is al-
most due to their initial water contents. Thus, for water worlds,
planetesimals represent a secondary source of water.

5. Discussion and Conclusions

We presented results concerning the formation of planetarysys-
tems without gaseous giants around Sun-like stars. In partic-
ular, our study assumed a low-mass protoplanetary disk with
0.03 M⊙ and considered a wide range of surface density pro-
files. The choice of such conditions was based on results derived
by Miguel et al. (2011), who suggested that a planetary system
composed by only rocky planets is the most common outcome
obtained from a low-mass disk (namely,. 0.03M⊙) for different
surface density profiles. We used a generic surface density pro-
file characterized by a power law in the inner disk of the formr−γ

and an exponential taper at large radii (Lynden-Bell & Pringle
1974; Hartmann et al. 1998). To describe a wide diversity of
planetary systems, we chose values forγ of 0.5, 1, and 1.5.
For each of these surface density profiles, we developed three
N-body simulations of high resolution, which combined the in-
teraction between planetary embryos and planetesimals. These
N-body simulations allowed us to describe the dynamical evolu-
tion and the accretion history of each of the planetary systems of
our study. In particular, these simulations analyzed the delivery
of water to the resulting planets, allowing us to determine the
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Table 3. General characteristics of the planets in the HZ for simulations S1, S2 and S3 forγ = 1.5. ai andaf are the initial and the final semi-mayor
axis of the resulting planet in AU, respectively,M the final mass inM⊕, W the percentage of water by mass after 200 Myr andTLGI the timescale
in Myr of the last giant impact.

Simulation ai(AU) af(AU) M(M⊕) W(%) TLGI (Myr)
S1 4.52 1.41 2.21 32.55 32
S2 1.30 0.90 1.19 4.51 35

3.13 1.35 1.65 39.48 22
S3 0.64 0.98 0.66 8.10 6
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Fig. 8. Evolution in time of the eccentricities (a) and inclinations (b) for
the less massive planet (black curve) and for the most massive planet
(red dashed curve) of S2 simulation forγ = 1.5. The dynamical fric-
tion phenomena is evident for the most massive planet which presents
damped eccentricity and inclination. The scales of eccentricity and in-
clination are higher than those forγ = 0.5 and 1. Color figure is only
available in the electronic version.

importance of the systems under consideration from an astrobi-
ological point of view.

The most interesting planets of our simulations are those
formed in the HZ of the system. All the simulations formed plan-
ets in the HZ with different masses and final water contents de-
pending on the surface density profile. Figure 10 shows the final
configuration of all nine simulations. Here we can appreciate the
diversity of possible planetary systems of terrestrial planets that
could form around solar-type stars without giant gas planets and
in low-mass disks.

For γ = 0.5, our simulations produced three planets in the
HZ with masses ranging from 0.03M⊕ to 0.1M⊕ and water con-
tents between 0.2 and 16 Earth oceans. While these planets are
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Fig. 9. Feeding zones of the planets that remain in the HZ of S1, S2
and S3 in disks withγ = 1.5. They axis represents the fraction of each
planet’s final mass after 200 Myr. In this case, most of the mass acreted
by planetsb andd comes from the inner zone of the disk. But for planets
a andc is the other way arround. Color figure is only available in the
electronic version.

formed in the HZ and present final water contents comparable
and even higher than that of the Earth, their masses do not seem
to be large enough to retain a substantial and long-lived atmo-
sphere neither to sustain plate tectonics. In fact, Williams et al.
(1997) proposed that the lower limit for habitable conditions is
M > 0.23M⊕. Beyond the uncertainties in this value, we believe
that such systems would not be of particular interest because the
planets in the HZ would not be able to reach or to overcome the
estimated mass.

For γ = 1, three planets formed in the HZ with masses be-
tween 0.18M⊕ and 0.52M⊕ and water contents ranging from 34
to 167 Earth oceans. Although these final water contents repre-
sent upper limits, we infer that the planets formed in the HZ from
this surface density profile are water-rich bodies. On the other
hand, their masses seem to be suitable considering the require-
ments necessary to retain a long-lived atmosphere and to main-
tain plate tectonics (Williams et al. 1997). Thus, we suggest that
the planets produced in the HZ from this surface density profile
result to be of astrobiological interest.

For γ = 1.5, our simulations formed four planets in the HZ
with masses ranging from 0.66M⊕ to 2.21M⊕ and water con-
tents between 192 and 2326 Earth oceans. Taking into account
the masses and the final water contents of such planets, these
planetary systems are of special astrobiological interest. It is
worth noting that this surface density profile shows distinctive
results since it is the only one of those analyzed here that forms
planets with very high proportion of water relative to the com-
position of the entire planet. In fact, two of the planets formed
in the HZ are water worlds with masses of 1.65M⊕ and 2.21
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Fig. 10. Final configuration of all nine simulations. The color scalerepresents the water content of each planet and the shaded region represents
the HZ between 0.8 AU and 1.5 AU. The size of each planet represents its relative physical size for those planets with masses lower or equal to
2M⊕.

M⊕ and 39.5 % and 32.6 % water by mass, respectively. For
each of these cases, an embryo located beyond the snow line at
the beginning of the simulation served as the accretion seedfor
the potentially habitable planet. It is very important to discuss
the degree of interest of such water worlds from an astrobio-
logical point of view. Abbot et al. (2012) studied the sensitivity
of planetary weathering behavior and habitable zone to surface
land fraction. They found that the weathering behavior is fairly
insensitive to land fraction for partially ocean-covered planets, as
long as the land fraction is greater than∼ 0.01. Thus, this study
suggests that planets with partial ocean coverage should have a
habitable zone of similar width. On the other hand, Abbot et al.
(2012) also indicated that water worlds might have a much nar-
rower habitable zone than a planet with even a small land frac-
tion. Moreover, these authors suggested that a water world could
“self-arrest” while undergoing a moist greenhouse from which
the planet would be left with partial ocean coverage and a benign
climate. It is worth remarking that the importance of surface and
geologic effects on the water worlds is beyond the scope of this
work. We just want to mention that the water worlds representa
particular kind of exoplanets whose potential habitability should
be studied with more detail.

We may wonder if the initial amount of mass in the HZ of
the disk changes at the end of the simulations. Table 4 shows the
initial and final amounts of solid mass in the HZ for each density
profile. Regardingγ = 0.5 andγ = 1 the values do not change
significantly and this is because the gravitational interaccions be-
tween bodies in this region are weak and there is not a substan-
tial mixing of solid material. Thus, embryos evolve very close to

Table 4. Initial and final amounts of solid mass in the HZ for each den-
sity profile.

γ Initial mass Final mass
in the HZ in the HZ

0.5 0.104M⊕ 0.101M⊕
1 0.605M⊕ 0.761M⊕

1.5 1.423M⊕ 2.867M⊕

their initial positions and the initial mass in the HZ stays with-
out significant changes. In contrast, the scenario is completely
different for the third profile withγ = 1.5. As this profile is the
more massive one in the inner zone, strong gravitational inter-
actions are favored between bodies and some embryos migrate
from the outer to the inner zone adding mass in the HZ.

Figure 11 shows the mean time values of the planets in the
HZ to reach 50%, 75% and 90% of their final mass for the three
values ofγ. Planets in the HZ forγ = 0.5 form more slowly than
those in the HZ forγ = 1 andγ = 1.5. Since this profile is the
less massive in the inner zone of the disk, the gravitationalinter-
actions between bodies are week. Thus, the acretion timescales
for planets are longer than for the other profiles.

As we have already mentioned, regarding water delivery we
can describe two scenarios within our simulations. Less massive
disks in the inner zone, like those withγ = 0.5 andγ = 1, form
6 planets in the HZ with water contents ranging from 0.03%
to 9% by mass. On the other hand, disks withγ = 1.5 which
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Fig. 11. Timescales for planets in the HZ to reach a given fraction (50%,
75%, or 90%) of their final masses, as a function of the surfacedensity
profile γ. These values are averages for all planets in the HZ of S1, S2
and S3 simulations.

are more massive, form 4 planets in the HZ with water con-
tents ranging from 4.51% to 39.48% by mass. In the first sce-
nario planetesimals are mainly responsible for this water con-
tent, while in the second scenario we find planets in which plan-
etesimals are responsibles for their water content and planets in
which embryos play the principal role. In fact, forγ = 1.5, for
2 of the planets in the HZ that come from beyond the snow
line, the embryos are the responsibles of their water content
and for the other 2 planets that come from the inner zone of
the disk, the planetesimals are mainly responsibles of their fi-
nal water content. Morbidelli et al. (2000) showed that the bulk
of Earth’s water was acreted by a few asteroidal embryos from
beyond 2 - 2.5 AU while Raymond et al. (2007a) proposed that
terrestrial planets acrete a comparable amount of water in the
form of a few water-rich embryos and millions of planetesimals.
However, the simulations of Raymond et al. (2007a) show that
the fraction of water delivered by planetesimals is much larger
than the one delivered by embryos4. Despite the architecture of
our planetary systems is very different from the one studied by
Morbidelli et al. (2000) and Raymond et al. (2007a) since we do
not consider the existence of giant gaseous planets, the results
of the first scenario of our simulations present the same trend as
Raymond et al. (2007a). Nevertheless, when the mass of the in-
ner part of the disk increases, we find that some of our results
are consistent with those of Morbidelli et al. (2000) and some
are consistent with those of Raymond et al. (2007a).

Raymond et al. (2005) analyzed the terrestrial planet forma-
tion in disks with varying surface density profiles. To do this,
they considered that the surface density varies asr−γ, and as-
sumed three different values forγ: 0.5, 1.5 and 2.5. It is worth
emphasizing that these authors did not take into account an in-
crease in surface density due to the condensation of water be-
yond the snow line. On the other hand, Raymond et al. (2005)
considered a fixed mass of material equals to 10M⊕ between
0.5 AU and 5 AU for each distribution, and besides they assumed
that the disk mass is dominated by embryos, which have swept
up the mass in their corresponding feeding zones. Finally, these
authors developed the simulations including a Jupiter-mass giant
planet at 5.5 AU. In this scenario, the individual masses of the

4 It is worth noting that a comparison between Morbidelli et al. (2000),
Raymond et al. (2007a) and this work should be taken carefully since
the scenarios and their treatments are quite different, mainly because
our scenario does not include a giant planet.

planetary embryos in the outer region of the system are larger for
smaller values of gama. The larger the mass of the embryos in
the outer region, the more significant the scattering of water-rich
material on the entire system. For this reason, Raymond et al.
(2005) found a more efficient water delivery forγ = 0.5 than for
γ = 1.5.

In our simulations, we assume surface density distributions
of the formr−γ, and explore three different values forγ of 0.5,
1 and 1.5. Unlike Raymond et al. (2005), we assume a disk with
a fixed mass of 0.03M⊙, which leads to a total mass of solids
between 0.5 AU and 5 AU of 3.21M⊕, 7.92M⊕, and 13.66M⊕,
for γ = 0.5, 1, and 1.5, respectively. Thus, in our work, the
individual masses of the planetary embryos in the outer region
of the system are larger for higher values ofγ. From this, the
distribution withγ = 1.5 leads to a more significant scattering
of water-rich material associated to the outer region of thesys-
tem. For this reason, our results suggest that the water delivery is
more efficient forγ = 1.5 than forγ = 0.5. It is worth noting that
our results are consistent with those obtained by Raymond etal.
(2005), since in both studies, the water delivery is more efficient
in systems that contain the more massive embryos in the outer
region.

To determine the final water content of the resulting plan-
ets of our simulations, we adopted an initial distribution of wa-
ter content that is based on data for primitive meteorites from
Abe et al. (2000). We analyzed the sensitivity of our resultsto
the initial distribution of water assumed for the protoplanetary
disk. To do this, we considered a simple prescription for as-
signing initial water contents to embryos and planetesimals as
a function of their radial distances. In fact, we assumed that bod-
ies inside 2.7 AU do not have water while bodies beyond 2.7 AU
contain 50 % water by mass. From this new initial distribution,
we did not find relevant changes in the final water contents of
the resulting planets of our simulations. This result confirms that
the water delivery to the planets located at the HZ is provided
primarily by embryos and planetesimals starting the simulation
beyond the snow line. In fact, the initial water content of the bod-
ies located inside the snow line does not lead to relevant changes
in our results.

By analyzing the masses and the water contents of the plan-
ets formed in the HZ of our simulations, we conclude that the
surface density profiles withγ = 1 and 1.5 produce plane-
tary systems of special astrobiological interest from a low-mass
disk. It results very interesting to discuss if planets analogous
to those formed in the HZ of such systems can be discovered
with the current detection techniques. The NASA Kepler mis-
sion5 was developed with the main purpose of detecting Earth-
size planets in the HZ of solar-like stars (Koch et al. 2010).To
date, this mission has discovered 167 confirmed planets and
over 3538 unconfirmed planet candidates. The Kepler-37 system
hosts the smallest planet yet found around a star similar to our
Sun (Barclay et al. 2013a). This planet, which is called Kepler-
37b, is significantly smaller than Mercury and is the innermost
of the three planets of the system at 0.1 AU. On the other hand,
the smallest habitable zone planets discovered to date by the Ke-
pler mission are Kepler-62e, 62f (Borucki et al. 2013) and 69c
(Barclay et al. 2013b) with 1.61, 1.41, and 1.71 Earth radii,re-
spectively. The potentially habitable planets formed in all our
simulations have sizes ranging from 0.38 to 1.6 Earth radii,as-
suming physical densities of 3 g cm−3. Thus, the Kepler mis-
sion would seem to be able to detect the potentially habitable
planets of our simulations very soon. However, in May 2013,

5 http://kepler.nasa.gov/
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Kepler spacecraft lost the second of four gyroscope-like reaction
wheels, ending new data collection for the original mission. Cur-
rently, the Kepler mission has assumed a new concept, dubbed
K2, in order to continue with the search of other worlds. A de-
cision about it is expected by the end of 2013. Future missions,
such as PLAnetary Transits and Oscillations of stars (PLATO
2.0; Rauer 2013), will play a significant role in the detection
and characterization of terrestrial planets in the habitable zone
around solar-like stars during the next decade. In fact, thepri-
mary goal of PLATO is to assemble the first catalogue of con-
firmed planets in habitable zones with known mean densities,
compositions, and evolutionary stages. This mission will play a
key role in determining how common worlds like ours are in the
Universe as well as how suitable they are for the development
and maintenance of life.

Beyond the detection of planets in the HZ, we can ask if it is
possible to distinguish the planetary systems of interest obtained
in our simulations. The gravitational microlensing technique will
probably play a significant role in the detection of planetary
systems similar to those obtained in our work. In fact, unlike
other techniques such as the transit method or radial velocities,
the microlensing technique is sensitive to planets on wide orbits
around the snow line of the system (Gaudi 2012). Currently, the
main microlensing surveys for exoplanets are the Optical Grav-
itational Lensing Experiment (OGLE; Udalski 2003) and the
Microlensing Observations in Astrophysics (MOA; Sako et al.
2008). To date, a total number of 26 planets have been de-
tected by such surveys. The less massive planets discoveredto
date by the microlensing technique are MOA-2007-BLG-192-
L b (Bennett et al. 2008) and OGLE-05-390L b (Beaulieu et al.
2006) with 3.3+4.9

−1.6 M⊕ and 5.5+5.5
−2.7 M⊕, respectively. It is worth

remarking that MOA-2007-BLG-192-L b and OGLE-05-390L
b orbit stars with 0.06+0.028

−0.021 M⊙ and 0.22+0.21
−0.11 M⊙, respectively.

The lowest mass exoplanet found to date orbiting a Sun-like star
is OGLE-2012-BLG-0026L b (Han et al. 2013). This planet is
located at∼ 3.8 AU from the central star and has 0.11± 0.02
MJ, whereMJ represents a Jupiter mass.

The planets formed in our simulations that might be found
by the microlensing technique are significantly less massive that
those detected to date by such technique. In fact, forγ = 0.5,
our simulations formed planets of∼ 0.5 M⊕ between 2.1 AU
and 4.3 AU. Forγ = 1, the resulting system shows planets with
masses ranging from 1.4M⊕ to 1.9 M⊕ between 1.7 AU and
3.2 AU. Finally, forγ = 1.5, our simulations produced planets
with masses of 2.2M⊕ to 3.1 M⊕ between 2.7 AU and 3.4 AU.
As we have already mentioned in the last paragraph, the current
microlensing surveys have not detected yet planets analogous to
those formed on wide orbits in our simulations. However, fu-
ture surveys such as the Korean Microlensing Telescope Net-
work (KMTNet; Poteet et al. 2012) and the Wide-Field InfraRed
Survey Telescope (WFIRST; Green et al. 2011) will play a rel-
evant role in the search of exoplanets by the microlensing tech-
nique. On the one hand, KMTNet is a ground-based project with
plans to start operations in 2015. On the other hand, WFIRST is a
space-based project which could be ready for launch in 2020.In
particular, the main goal of WFIRST is to detect via microlens-
ing planets with masses& 0.1 M⊕ and separations& 0.5 AU, in-
cluding free-floating planets. Thus, we think that planetary sys-
tems similar to those formed in the present work should be de-
tected by microlensing techniques within this decade.

The main result of this study suggests that the planetary sys-
tems without gas giants that harbor 1.4-3.1M⊕ planets on wide
orbits around Sun-like stars are very interesting from an astrobi-
ological point of view. This work complements that developed

by de Elía et al. (2013), which indicates that systems without
gas giants that harbor super-Earths or Neptune-mass planets on
wide orbits around solar-type stars are of astrobiologicalinterest.
These theoretical works offer a relevant contribution for current
and future observational surveys since they allow to determine
planetary systems of special interest.
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