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ABSTRACT

Context. Several studies, observational and theoretical, suggasptanetary systems with only rocky planets should be tbstm
common in the Universe.

Aims. We study the diversity of planetary systems that could forouad Sun-like stars in low-mass disks without gas giardaagts.
Especially we focus on the formation process of terregptaets in the habitable zone and analyze their water ctaméth the goal

to determine systems of astrobiological interest. Besidesstudy the formation of planets on wide orbits becausg dhe sensitive

to be detected with the microlensing technique.

Methods. N-body simulations of high resolution are developed for demiange of surface density profiles. A bimodal distribution
of planetesimals and planetary embryos witfiatent physical and orbital configurations is used in ordgretdorm the planetary
accretion process. The surface density profile combinesv@mlaw to the inside of the disk of the form”, with an exponential
decay to the outside. We perform simulations adopting aafi€k03M,, and values of = 0.5, 1 and 15.

Results. All our simulations form planets in the Habitable Zone (HZ)twdifferent masses and final water contents depending on the
three diferent profiles. Foy = 0.5, our simulations produce three planets in the HZ withseasanging from 0.0Bl,, to 0.1 M, and
water contents between 0.2 and 16 Earth oceans (1 Earth ec28x 10*Ms). Fory = 1, three planets form in the HZ with masses
between 0.18; and 0.52M, and water contents from 34 to 167 Earth oceans. At lasty ferl.5, we find four planets in the HZ
with masses ranging from 0.68,, to 2.21 M, and water contents between 192 and 2326 Earth oceans. Bfils phows distinctive
results because is the only one of those studied here ttis tedhe formation ofvater worlds.

Conclusions. Since planetary systems with= 1 and 15 present planets in the HZ with suitable masses to retainglive atmo-
sphere and to maintain plate tectonics, they seem to be teeoutstanding candidates to be potentially habitableidedarly, these
systems form Earths and Super-Earths of at lelkt 8round the snow line which are sensitive to be discoveretidyricrolensing

technique.
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= 1. Introduction (2009) developed a great number of planet population synthe
. . ) sis calculations of solar-like stars within the framewofkioe
O The accretion process that leads to the formation of tei@st ., e accretion scenario. From this theoretical study,etfes
<I" planets is strongly dependent on the mass distributioneisys- 4,5 indicated that the occurrence rate of planets withsems
~— tem and on the presence of gas giant planets. From this, to gns 159 Mg is 14.3%, which is in agreement with that obtained
= alyze the diversity of planetary systems that could formuatb v, =\, mming et al.[(2008). More recently, Miguel et &l. (2011)
.= solar-type stars, it is necessary to consider protoplaneéaks o\ ejoped a semi-analytical code for computing the plageta
>< with different surface density profiles as well as several physué@egtem formation, based on the core instability model fer th
E and orb_|ta| parameters for the gas giants. . as accretion of the embryos and the oligarchic growth regim
During the last years, several observational works have syg; the accretion of the solid cores. The most importantltesu
gested that the planetary systems consisting only of roly-p ohiained by such authors suggests that those planetagmsyst
ets would seem to be the most common in the Universe. i, only small rocky planets represent probably the vagoma
fact, using precise radial velocity measurements from teekK i1/ in the Universe.
planet search, Cumming et al. (2008) inferred that 17%-19% 3/ The standard “model of solar nebula” (MSN) developed

the solar-type stars have giant planets with madges 100 : e = - .

Mg within 20 AU. More recently, Mayor & Queloz (2012) an_byWeldensch_l!llng (1947) and I_—|ayash| (1981) predicts th_at
alyzed the results of an eight-year survey carried out at_the Surf?fse der:13|t|e§ of EUSt _materlalfs and ﬁases varyhgippamdly?_

Silla Observatory with the HARPS spectrograph and sugdesfs !+ Wherer is the distance from the Sun. This model is

that about 14% of the solar-type stars have planets with esasgPnstructed by adding the solar complement of light elesent
M > 50 M, within 5 AU. On the other hand, many theoretical® €ach planet and then, by distributing such augmented mass

works complement these results. For example, Mordasini et&iformly across an annulus around the location of eacheplan
P o Davis (2005) reanalyzed the model of solar nebula and pieslic

Send offprint requeststo: M. P. Ronco that the surface density follows a decay rata @ in the in-
* mpronco@fcaglp.unlp.edu.ar ner region and a subsequent exponential decay. Later, IDesch
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(2007) adopted the starting positions of the planets in tiee N of organic material, the preservation of a suitable atmesph
model (Tsiganis et al. 2005) and suggested that the surface dhe presence of a magnetic field, and the tectonic activiy re
sity of the solar nebula varies approximatelyrad?. On the resent other relevant conditions for the habitability oflanet.
other hand, detailed models of structure and evolution of pfThe N-body simulations presented here allow us to desdnibe t
toplanetary disks (Dullemond etlal. 2007; Garaud & Lin_200dynamical evolution and the accretion history of a planesss-
suggest that the surface density fall§ with radius much less tem. From this, it is possible to analyze the water delivery t
steeply (ag 1) than that assumed for the MSN. More recentlyhe resulting planets, primarily to those formed in the teiie
Andrews et al.[(2009, 2010) analyzed protoplanetary dislcst zone (HZ), which is defined as the circumstellar region iasid
tures in Ophiuchus star-forming region. They inferred ttm&t which a planet can retain liquid water on its surface. Frois, th
surface density profile follows a power law in the inner di$k dhe criteria adopted in the present paper to determine ttenpo
the formr™ and an exponential taper at large radii, where tial habitability of a planet will be based on its locationthre
ranges from 0.4 to 1.1 and shows a median value of 0.9. system and its final water content.

Several authors have tried to build a minimum-mass extra- This paper is therefore structured as follows. In Sect. 2, we
solar nebula (MMEN) using observational data of exoplanetgesent the main properties of the protoplanetary diskd irse
On the one hand, Kuchner (2004) used 11 systems with Jupitau¥ simulations. Then, we discuss the main characteristittse
mass planets detected by radial velocity to construct an MMEN-body code and outline our choice of initial conditions &cg
On the other hand, Chiang & Laughlin (2013) used Kepler dadaln Sect. 4, we present the results of all simulations. Iinae
concerning planetary candidates with radiikRSR to built an discuss such results within the framework of current kndgée
MMEN. Both analyses produced steep density profiles. In faof planetary systems and present our conclusions in Sect. 6.
Kuchnelr (2004) predicted that the surface density variasas
for the gas giants, while_Chiang & Laughlin (2013) suggest
that the surface density follows a decay rate@f for the super-
Earths. Recently, Raymond & Cossou (2014) suggested thatére we describe the model of the protoplanetary disk anul the
is inconsistent to assume a universal disk profile. In fdieisé define the parameters we need to develop our simulations.
authors predicted that the minimum-mass disks calculated f The surface density profile is one of the most relevant pa-
multiple-planet systems show a wide range of surface densiameters to determine the distribution of material in thekdi
slopes. Particularly, in this model, the gas surface density pradfiket

Several previous studies have analyzed thects of the sur- represents the structure of the protoplanetary disk isgiye
face density profile on the terrestrial planet formation inide —
range of scenarios. On the one hand, Chambers & Cessen (2@8@)) = zg (L) e—(%)“, 1)
and| Raymond et al. (2005) examined the process of planetary le
accretion in disks with varying surface density profiles in9 erex? is a normalization constant, a characteristic radius

ence of giant planets. On the other hand, Kokubo'etal. (200g}4,, the exponent that represents the surface density gradient.

investigated the final assemblage of terrestrial planets filif- : : .
ferent surface density profiles considering gas-free casths ;gplgsesergtg‘f Eq[L over the total area of the dis§,can be
| -

out gas giants. While these authors assumed disks with
ferent masses, they only included planetary embryos (no-pla

etesimals) in a narrow radial range of the system betwegn_ 2_),)& )
0.5 AU — 1.5 AU/ Raymond et al. (2007b) simulated the terres? 27R2’

trial planet formation without gas giants for a wide rangstet- : : . :
lar masses. For Sun-like stars, they developed simulatioas . This surface density profile that combines a power law to the

wider radial range (from 0.5 AU to 4 AU) than that aSS’um%side of the disk, with an exponential decay to the outsigle,

o Protoplanetary Disk: Properties

; . ased on the similarity solutions of the surface density thfira
by [Kokubo et al. [(2006). However, like Kokubo et &l. (2006 . ; ; . ;
R)f/ivmond et al. (2b0'7b)) did not examine theets of a blan- eplerian disc subject to the gravity of a point makj central

etesimal population in their simulations star (Lynden-Bell & Pringle 1974; Hartmann etlal. 1998).
Here, we show results of N-body simulations aimed at ap, Analogously, the solid surface density protlg(r) is repre-

alyzing the process of formation of terrestrial planets afd nted by

ter delivery in absence of gas giants. It is important to it 0 r\” _(Ly2y

that these are high resolution simulations that includeettry Zy(r) = anice(r_c) et @)
embryos and planetesimals. In particular, our work focuses _ . _
low-mass protoplanetary disks for a wide range of surface dézyherenice represents an increase in the amount of sohq mate-
sity profiles. This study is motivated by an interesting Hesb- rial dye to the condensation oflwater beypnd thg snow line. Ac
tained by Miguel et al1(2011), which indicates that a planet cording to the MSN of Hayashi (1981 is 1/4 inside and 1
system composed by only rocky planets is the most comm@side the snow line which is located at 2.78U

outcome obtained from a low-mass disk (nameiy).03 M, Once we derived the value af the relation between both
for different surface density profiles. The most important goal Bfofiles allows us to know the abundance of heavy elements,
the present work is to analyze the potential habitabilitghef Which is given by

terrestrial planets formed in our simulations. From this,will (50 50

be able to determine if the planetary systems under coraidar (Z_Z] = [Z—S] 107 = zp10Fe/H, (4)
result to be targets of astrobiological interest. 9/ x 970

Basically, the permanent presence of liquid water on the SUr ajthough we use the classic modellof HayaShi (1981), is wooth
face of a planet is the main condition required for habitgbil ing that Loddets[(2003) found a much lower value for the iaseein
However, the existence of liquid water is a necessary busuiet the amount of solids due to water condensation beyond the Ene.
ficient condition for planetary habitability. In fact, thgistence This value corresponds to a factor of 2 instead of 4.
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wherez, is the primordial abundance of heavy elements in theixed variable symplectic algorithm to treat the interactbe-
Sun and [F¢H] the metallicity. tween objects with separations greater than 3 Hill radid an
After the model is presented, we need to quantify some fBurlisch-Stoer method for resolving closer encounterartier
rameters for the disk. We assume that the central star of thevoid any numerical error for small-perihelion orbitg use a
protoplanetary disk is a solar metallicity star, [F& = 0, with non-realistic size for the Sun’s radius of 0.1 AU (Raymonsdlet
M, = 1Mo. Thenx = 3 wherezy = 0.0149 (Lodders 2003). 2009).
We consider a low-mass disk witly = 0.03M,, because this Since our main goal is to form planetary systems with terres-
value for the mass guarantee that the formation of giantgidantrial planets, we focus our study in the inner part of the grot
is not performed (Miguel et al. 2011). planetary disk, between 0.5 AU and 5 AU. The solid component
The exponeny is another relevant parameter for this modedf the disk presents a bimodal distribution formed by prtiop
because it establishes an important characteristic ofithela etary embryos and planetesimals. We use 1000 planetesimals
tion scenario: the larger the exponent, more massive themis each simulation. Then, the number of protoplanetary engryo
the inner part of it. In this work we explore threefdrent val- depends on each density profile. Collisions between both com
ues for the exponeny. = 0.5, 1 and 15. These values represenponents are treated as inelastic mergers that conserveaméss
disks from rather flat ones/(= 0.5) where the density of gaswater content. Since N-body simulations are very costly esm
and solids are well distributed and there are no prefereatia cally and in order to reduce CPU time, the model considensgra
eas for the accumulation of gas and solids, to steeper wofikational interactions between embryos and planetesimalsot
(y = 1.5) where there is an accumulation of gas and solids lietween planetesimals (Raymond et al. 2006). It is impottan
the inner part of the disk and around the snow line. Finadly, femphasize that these N-body high resolution simulatiolasval
the characteristic radius we adapt= 50 AU, which represents us to describe in detail the dynamical processes involveitigu
a characteristic value of theftkrent disk’s observations studiedhe formation and post evolution stages.
bylAndrews et al..(2010). With the total mass of the diskyly = 0.03M,, we calcu-
Regarding water content in the disk, we assume that the platte the mass of solids in the study region and obtain thel soli
toplanetary disk presents a radial compositional gradieén mass before and after the snow line for each profile. For disks
we adopt an initial distribution of water similar to that ddgy with y = 0.5 the total mass of solids is.BLMg. Disks with
Raymond et al.! (2004, 2006) and Mandell etlal. (2007), whchy = 1 present a total mass of solids 092ZMg, and finally, disks
based on the one predicted/by Abe etlal. (2000). Thus, the watéth y = 1.5 have 136Mg. We then distribute the solid mass
content by mas¥V(r) assumed as a function of the radial disn accordance with various planetary accretion studies sisc

tancer is given by: Kokubo & Ida (1993): each component, embryos and planetesi-
mals, have half the total mass in the study region. To disigigy
0001% r<2AU both kinds of bodies, the mass adopted for the planetesimals
W(r) = 0.1%, 2AU <r <25AU approximately an order of magnitude less than those agedcia
5%, 25AU <1 <27AU with protoplanetary embryos. This is considered both fetith
50% r>27AU. ner zone, between 0.5 AU and the snow line, and for theer

. . T : . zone, between the snow line and 5 AU.
We assign this water distribution to each body in our sinoies, Since terrestrial planets in our Solar System could

based on its starting location. In particular, the modelsdoet have formed in 100 Myr - 200 Myr[ (Touboul etlal. 2007;

consider water loss durmg Impacts and th_eref_ore_ the_ water CDauphas & Pourmarnd 2011) we integrate each simulation for at
tent represents an upper limit. Because this distribudrased least 200 Myr. To compute the inner orbit with enough preisi

ic;nr":f?é;neﬁggvaeb&%?Sass‘t)g:/gésitter;’ 'tlésngtnakrnzwgtﬁr'ithwe use a 6 day time step. Besides, each simulation conserved
P yorp y'sy energy to at least one part in30

r?gé\::eersteﬁeHogY::\/teigl \LVSbEiitg(t))ﬁitt It ct)(f) t?\tg?g;l?l%r:,vatfr:ﬂgggltaeﬂ 8% In order to begin our simulations with the MERCURY code,
' P y 9 we need to specify some important initial physical and aibit

ets. parameters. For disks with = 0.5 we use 24 embryos, 13

in the inner zone with masses ofd@Mg and 11 in the outer
_ . P i zone with masses of. 03M. Planetesimals present masses of

3. N-body Method: Characteristics and Initial 3.87x 10*Mg and 309 x 10-3Ms, in the inner and outer zone,

respectively. Foy = 1 we place 30 embryos in the disk, 20 in

The initial time for our simulations represents the epoahiliich  the inner zone with masses af@Mg and 10 in the outer zone

the gas of the disk has already dissip&ed with masses of B2Mg. For this density profile, planetesimals
The numerical code used in our N-body simulations is tigesent masses ofiBx 10-3Mg and 949x 10-3Mg in the inner
MERCURY code developed by Chambels (1999). We parti@nd outer zone, respectively. At last, disks wjtk 1.5 present

ularly adopt the hybrid integrator which uses a second+ordé embryos, 35 in the inner zone with masses 660, and
10 in the outer zone with masses ofitM,. Planetesimals in

2 In the present work, we study the processes of planetarydfitom these protoplanetary disks have masses.@8 2 103M, and
considering gas-free cases. Thus, we do not model flieete of gas 0.021Ms, in the inner and outer zone, respectively. As we have
on the planetesimals and planetary embryos of our systenfartic- - mentioned, we use 1000 planetesimals in each simulatiochwhi
ular, the type | migration_(Ward 1997), which leads to theitattde-  5.e distributed between 0.5 AU and 5 AU, in order fiiagently

cay of embryos and planet-sized bodies through tidal intena with model the &ects of the dynamical friction. For any disk, physi-
the gaseous disk, could play a significant role in the evatutif these cal densities of all planetesimals and protbplanetary gmysbmre

planetary systems. However, many quantitative aspectedfpe | mi- 3 .
gration are still uncertain and so, we decide to neglectfiects in the @ssumed as 3 g crior 1.5g cm® depending on whether they

present work. A detailed analysis concerning the actiohefype I mi- initially locate inthe inner zone or in the outer zone, respely.
gration on the planetary systems of our simulations will beetbped The orbital parameters, like initial eccentricities andiima-
in a future study. tions, take random values less than 0.02 aiad, Gespectively,

Conditions
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both for embryos and planetesimals. In the same way, we addgt Simulations withy = 0.5

random values for the argument of pericentetongitude of as- ) . ] ) ) ) )
cending nod€ and the mean anomal between 0 and 360. For this density profile we integrate thredfdrent simulations
Finally, the semimayor axis of embryos and planetesimas 4" 250 Myrfl. _ o
generated using the acceptance-rejection method develpe  In general terms, the most important chara_cterlstlcs of t_he
Jonh von Newmann. This technique indicates that if a nurabepystems can be described as follows. The entire study region
is selected randomly from the domain of a functibnand an- from 0.5 AU to 5 AU, contains at the end of the simulation be-
other numbef* is given at random from the range of such fundween 6 and 7 planets with a total mass ranging betwesvigl
tion, so the conditiorf* < f(a) will generate a distribution for and 16Ms. The mass of each planet is betwee3M; and

a whose density i€ (a)da. In our case, for each density profile0-57Me. All simulations form planets in the HZ and they seem

under consideration, thiefunction is represented by: to be very small. Their masses range fro®3M to 0.1Ms and
their water contents from.06% to 537% respect the total mass
2nayy(a) which represents from 0.2 to 6 Earth’s oceans.
f@=—y3— (5) In particular, Fig[ll shows six snapshots in time of the semi-

mayor axis eccentricity plane of the evolution of simulatfe3,

whereM represents the total mass of solids in the study regig}f One we consider is the most representative. At the bignn
and=(a) is the solid density profile that we are using. Thus, tff the simulation both embryos and planetesimals are quickl
a values obtained from this function will be accepted asahiti exited. For embryos this excitation is due to their own mutua

conditions for the semimajor axes of embryos and planetsim gravitational perturbations, but, as planetesimals atesat-
interacting bodies, their excitation is due to perturbagifrom

embryos. In time, the eccentricities of embryos and plasiete
mals increase until their orbits intersect each other amteac
4. Results tion collisions occur. Then, embryos grow by accretion dfeot
embryos and planetesimals and the total number of bodies de-
. . X ; i crease. By the end of the simulation just a few planets remain
the formz_mon of_ terrestrial planets in low-mass disks,differ- in the study region and the system presents the innermagttpla
ent d_enS|ty profiles. ) ) located at 0.72 AU which has a mass d&M, a planet located
Given the stochastic nature of the accretion process, we Qfifthe Hz with Q03M,, and the most massive planet placed at
form three simulations for each valueypith different random 2 87 AU with 048Ms. The rest of the simulations present simi-
number seeds. Although the data analysis takes into acelunigy results.
the simulations per density profile, here we show graphi¢s®f g 167 also reveals the importance of the dynamical fric-

most representative simulation. tion from the beginning of the simulation. This dissipativece
The general purpose of this work is to analyze the diversiggmps the eccentricities and inclinations of the large ettmny
of planetary systems that we can perform with the N-body simgmbryos embedded in a sea of planetesimals. Particulagly, F
lations. From this, a particular goalis to determine if thtesres- [ shows the evolution in time of the eccentricities and mecli
trial planets in the habitable zone (HZ) are potentiallyitedle. tions of the most and less massive planet of S3 simulatioa. Th
Here we define the HZ for a solar-type star betwedass massive planet reaches maximum values of eccentiuity
0.8 AU and 1.5 AU in agreement with Kasting et al. (1993) anidclination of 0.35 and 13respectively, while the most massive
Selsis et al. (2007). However, the evolution of Earth-likenets planet does not exceed values of eccentricity and incnatf
is a very complex process and locate a planet in the HZ does @df2 and 3.15 respectively. Therefore, it is clear that planetes-
guarantee that there may developed life. For example, {ganienals are fundamental in order to describe this phenomema. T
with very eccentric orbits may pass most of their periodsidet three diferent simulations show similar results concerning the
the HZ, not allowing long times of permanence of liquid watedynamical friction &ects.
on their surfaces. In order to avoid this problem we consider  After 250 Myr of evolution many embryos and planetesi-
planet is in the HZ and can hold liquid water if it has a perihgnals were removed from the disk. The percentage of planetary
lion g > 0.8 AU and a aphelion @ 1.5 AU (de Elia et al. 2013). embryos and planetesimals that still remain in the studioreg
These criteria allow us to distinguish potentially habiégian- petween 0.5 AU and 5 AU, is 29% and 46%, respectively. These
ets. values represent32Mg and 059Mg, respectively. However, the
Regarding water contents, we consider it significant if it iast amount of mass in planetesimals only represents 18feof t
comparable to that of Earth. The total amount of Earth’s wattal initial mass in this region. Thus, we can assume thisie-
is still uncertain because the mass of water in the actual mémg mass in planetesimals will not modify significantly thefi
tle in not very well known yet. While the mass of water in th@lanetary system. In addition, the remaining mass in pésiet
Earth'’s surface is.8x10*Mg, (1 Earth ocean) the mass of watemals in the disk at 200 Myr is.67Mg, which represents 20% of
in the Earth’'s mantle is estimated to be betweedx010*M, the initial mass. Hence, there are no significaffiedences after
and 8x 10*Mg (Lécuyer & Gillet/199B). On the other hand,50 Myr more of evolution.
Marty (2012) suggested that the current water contentithisar  Although the orbits of the 2nd. and the 3rd. planets in S3
mantle is approximately210-3M,. Following these studies thecross each other, so they could collide and form a singlegplan
present-day water content in Earth should-b@1% to Q2% by in the HZ if we extended the simulations, the final mass of it
mass. However, Earth should have had a greater amount af waeuld not exceed 07M. In section 5, we will discuss about
in the early stages of its formation which has been lost duthie  the requirements for a planet to be potencially habitatkatga
process of the core’s creation and due to consecutive impact on account its final mass.
particular, as we consider inelastic collisions in our Npsim-
ulations, the mass and water content are conserved andeso,3ttFor this profile we did not extend over the simulations beeahs
final water contents in the formed planets represent uppésli CPU time required is very high.

In this section we present results of the N-body simulatfons
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Fig. 1. Evolution in time of the S3 simulation for = 0.5. The light-blue shaded area represents the HZ and theswite q = 0.8 AU and

Q = 1.5 AU represent curves of constant perihelion and aphelespectively. Planetary embryos are plotted as coloretésiemd planetesimals
are plotted with black dots. The color scale representsrt@ion of water of the embryos relative to their masseshi ¢ase there is only one
embryo in the HZ, located at 1.15 AU with a mass d3M, and a water content of.%7% 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 eplanet in S1 with Mg has~ 16 Earth’s oceans. The planet
bryos and planetesimals is the mass accretion. With thisitgenin S2 with a mass of @AM, presents- 0.2 Earth’s oceans and fi-
profile no embryo collides with the central star and none efrth nally the planet in S3 with 03Mg has~ 6 Earth’s oceans. Table
is ejected from the system. Regarding planetesimals, a8t 2 [I shows general characteristics of the planets in the HZher t
of them collide with the central star and &% ( only one plan- three simulations S1, S2 and S3.
etesimal) is ejected from the disk. These results are demsis It is important to highlight that planetesimals play a pgata
with this scenario as it is the least massive profile in theinnnist role in these simulations as they are the primary resipten
zone of the disk. of the water content in the resulting planets. In fact, alntios

All the simulations developed form planets in the HZ antptal water content in the HZ planet for S1 is provided by plan
one of the most important results to note is that none of thedtgsimals. However, planetesimals only provide th8% of
come from the outer zone of the disk as we can see in [Abldhe total mass while the rest of the accreted mass is due ¢o oth
Since the surface density profile with= 0.5 is the less mas- embryos accretion. The same applies to S2 and S3 simulations
sive one in the inner zone of the disk, the gravitationalrete
tions between bodies in this region are weak and there is n
substantial mixing of solid material. Thus, embryos evoleey
close to their initial positions and they do not migrate frive We perform three simulations for 300 Myr. At that time therpla
outer zone to the inner zone. Because of this, they acreté m@esimals that still remain in the disk represent a smatitioa
of the embryos and planetesimals from the inner zone than fref the original number, thus they will not modify significint
the outer zone, beyond the snow line. This can be seen in i final results. The final planetary systems present 6 oar-pl
[3 where the feeding zones of the planets that remain in the & with a total mass ranging betweehl4 and 445M, and
of S1, S2 and S3 simulations are represented. Thé@5 of the masses of individual planets is betweeddM,, and 19Ms.
the mass of planetwas originally situated before the snow lineHere, all simulations present a planet in the HZ with a rarfge o
Almost the total mass of planbt(99.9%) comes from the inner masses between18M, and 052M, and with water contents
zone and for planet, the 8939% of the mass comes also fronfrom 2.54% to 9% respect the total mass which represents from
the zone before 2.7 AU. 34 to 167 Earth’s oceans.

Regarding water contents, all planets in the HZ present be- Figure[4 illustrates six snapshots in time of the semimayor
tween 006% and 537% of water by mass. Particularly, theaxis eccentricity plane of the evolution of S3 simulatidig bne

%3 simulations withy = 1
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Table 1. General characteristics of the planets in the HZ for sinmutatS1, S2 and S3 for= 0.5. g; andas are the initial and the final semi-mayor
axis of the resulting planet in AU, respectively, the final mass iMg, W the percentage of water by mass after 250 Myr @ngl the timescale
in Myr of the last giant impact. The planet in the HZ of S3 haweyet present a giant impact; it has only acreted planetdsirAs we mentioned
in section 4.1, this planet could collide with the 3rd. plaoithe system if we extended the simulations beyond 250 Myr.

| Simulation| a(AU) | a;(AU) | M(Mg) | W(%) | Tiai (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 —

‘ ‘ 1 ; ;
035 Less massive planet g; E:Zﬂgig —0—
sl () Most massive planet --------- | 33 Planet o 4
0.25 @
g
> =
g o2t g
2 &
[ u—
E 0.15 é
g
0.1 w
0.05
0 . -
100000 1e+06 1e+07 1e+08 o5 1 15 2 25 3 35 4 45 5
Time (yr) Semimayor axis (AU)
14 Less Massive Planet | Fig. 3. Feeding zones of the planets that remain in the HZ of S1, S2
ol (b) Most Massive Planet —— | and S3 in disks withy = 0.5. They axis represents the fraction of each
planet’s final mass after 250 Myr. As can be seen, most of thesma
0l acreted by these planets comes from the inner zone of the Cadkr
figure is only available in the electronic version.
s 8r
g
2 ef for S3 simulation, the evolution in time of the eccentrigstiand
inclinations of the most and less massive planet. The less ma
4t sive planet reaches maximum values of eccentricity and-incl
nation of 0.64 and 31.53espectively, while the most massive
2r planet does not exceed values of eccentricity and inctinadf
) — ki 0.14 and 6.48 respectively. The dierence with the same re-
100000 1e+06 1e+07 1e+08 sults fory = 0.5 is that the scales of eccentricity and inclination

Time (yr) are higher due to the fact that this profile is more massive tha
Fig. 2. Evolution in time of the eccentricities (a) and inclinatiof) for ~the first one. All simulations for this profile show similastets
the less massive planet (black curve) and for the most meagkanet concerning this phenomena.
(red dashed curve) of S3 simulation fpr= 0.5. The dynamical fric- With respect to the final number of resulting embryos and
tion phenomena is evident for the most massive planet whoels dot  planetesimals, we obtain that6.2% of planetesimals still sur-
exceed values of eccentricity and inclination of 0.12 arid3respec- yijye in the study region after 300 Myr, while regarding emisy
tively. In contrast, the less massive planet reaches marivalues of 5 5004 js still in the disk. These values represe@sbl, and
eccentricity an_d inclination of0.35 a_md"l@spectlvely. Color figure is 4.46Ms, in planetesimals and embryos, respectively. Although
only available in the electronic version. : . : . . )
there is still solid mass to continue the accretion proctss,
remaining mass in planetesimals only represent$3a2 of the
initial mass in the study region. Therefore, it will not pide sig-
we consider is the most representative for this density Iprofinificant diferences in the final planetary system. For this density
The accretion process is similar to that described foytke0.5  profile the most important mass removal mechanism remaéns th
profile. At the end of the simulation the most important clbaramass accretion since no embryo collides with the centrabsta
teristics of the system can be described as follows. Th@systnone of them is ejected from the system. As to the mass in plan-
presents the innermost planet located at 0.73 AU which hagtasimals, a 18% collides with the central star and a.4% is
mass of B6Ms, a planetlocated in the HZ with®7Ms and the  gjected from the disk. In this profile, contrast to the presione,
most massive planet placed at 2.54 AU witB@Ms. The restof the dynamical excitation is more evident since is more massi
the simulations present similar results. in the inner zone of the disk, providing a higher percentage o
The dynamical friction fects are also relevant in this denplanetesimals ejections from the system and collisionk thie
sity profile from the beginning of the simulation and for thesn central star.
massive bodies. Inclinations and eccentricities of thetmzs- As we have already said, one of the points of interest in this
sive bodies are damped by this dissipative force. Figureo®sh 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 fop = 1.The light-blue shaded area represents the HZ and thescwitk g = 0.8 AU and

Q = 1.5 AU represents curves of constant perihelion and aphekspectively. Planetary embryos are plotted as coloretesiend planetesimals
are plotted with black dots. The color scale representsrtmion of water of the embryos relative to their masses.thisrprofile there is only
one embryo in the HZ, located at 1.13 AU with a mass.87M,, and a water content of 24% 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 freh8. Simulations withy = 1.5

the outer zone of the disk (see table 2). Despite this depsity

file with value ofy = 1 presents more mass in the inner zon€&jnally we describe the planetary systems wite 1.5. As this

it is still not enough to produce strong gravitational iaigtions is the most massive density profile in the inner zone of thie dis
between bodies, and therefore the mix of solid material iy ves expected to be the most distinctive one, since the maseeof t
low. Due to this, embryos evolve close to their initial pisis inner zone favors the formation of planets in the HZ.

and they do not migrate from the outer to the inner zone. These we perform three dierent simulations and integrate them
planets acrete most of the embryos and planetesimals frem {2 200 Myr. At the end of the simulations, there is almost no
fore the snow line. This can be seen in Q. 6 where the feediggra mass to continue the accretion process and thuseshit r
zones of the planets that remain in the HZ of S1, S2 and S3 Smggest that these systems have reached a dynamica"ﬁtabi"
ulations are represented. In this case, th&8% of the mass The most relevant characteristics of the three simulatienger-

of planeta was originally situated before 2.7 AU. The.94% form can be listed as follows. At the end of the simulatiohs, t
of the total mass of plandétcomes from the inner zone and forstudy region contains between 4 and 7 planets with a totas mas
planetc, the 9495% of the mass also comes from the inner zongom 6.97M,, to 881M,. The mass of the final planets ranges
between M6M, to 3.08Mg and the resulting planets in the HZ
i‘)resent masses from@BMg to 2.21Mg. All simulations form

a planet in the HZ, particularly S2 simulation forms 2 planet
Regarding water contents in the HZ, we find that planets ptese
ranges from 61% to 3948% by mass which represent from 192
to 2326 Earth’s oceans.

S2 simulation is the most interesting one for this densioy pr
file because presents 2 planets in the HZ. This is why we chose
In general, all these planetary systems also show that thilsis simulation for a more detailed description. Figure @vsh
responsible for the final water content are the planetesimaix snapshots in time of the semimayor axis eccentricityigolaf
which provide almost the total water content in the HZ plarthe evolution of S2. In this case, the dynamical excitatibea
ets. Nevertheless, they only provide between 30% to 50%seof ttentricities and inclinations of both planetary embryod pian-
final mass of the planet. etesimals increases faster than in the other two descrited p

All planets resulting in the HZ for the three simulation
present between.24% and 9% of water by mass. In particu
lar, the planet in S1 with.82Mg has~ 167 Earth’s oceans. The
planetin S2 with a mass of IBM,, presents- 17 Earth’s oceans
and the planet in S3 with.87Mg has~ 34 Earth’s oceans. Fi-
nally, Table2 shows general characteristics of the plandtse
HZ for the three simulations S1, S2 and S3.
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Table 2. General characteristics of the planets in the HZ for sinatS1, S2 and S3 for = 1. & anda; are the initial and the final semimayor
axis of the resulting planet in AU, respectiveM, the final mass irMg, W the percentage of water by mass after 300 Myr @ngl the timescale
in Myr of the last giant impact.

| Simulation| & (AU) | a(AU) | M(Mg) | W(%) | Tiai (Myr) |

S1 0.84 0.83 0.52 9.00 110
S2 141 1.15 0.18 2.66 2
S3 0.99 1.02 0.37 2.54 78

0.7 1 T T T
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35

Less massive planet | Fig. 6. Feeding zones of the planets that remain in the HZ of S1, S2
(b) Most massive planet - and S3 in disks withy = 1. They axis represents the fraction of each
planet’s final mass after 300 Myr. Here again, as can be seest, oh
the mass acreted by these planets comes from the inner ztmedifk.
Color figure is only available in the electronic version.

Inclination

ence with the same results for the profiles wite 0.5 andy = 1
is that the scales of eccentricities and inclinations agbdyi. All
simulations for this surface density profile present simiésults
concerning this phenomena.

S2 simulation ends with a 1% of survival planetesimals af-
ter 200 Myr between 0.5 AU and 5 AU, while regarding em-
bryos, a 1%% is still in the disk. These values represed,

Time (yr) and 697Mg in planetesimals and embryos, respectively. The re-

Fig. 5. Evolution in time of the eccentricities (a) and inclinatiofp) for Maining mass in planetesimals is not enough to modify signifi

the less massive planet (black curve) and for the most neagtanet cantly the final planetary system. This follows that the fation

(red dashed curve) of S3 simulation fpr= 1. The dynamical fric- scales we use with this surface density profile are suitdthle.

tion phenomena is evident for the most massive planet whiebgmts most important mass removal mechanism is, again, the mass ac

damped eccentricity and inclination. The scales of ecimtytiand in-  cretion. No embryo collides with the central star and none of

c_Iinatiqn are high_er tha_n the ones in t_he first_ profile with 0.5. Color  them is ejected from the system. However, a428 of the plan-

figure is only available in the electronic version. etesimals collides with the central star and a9% is ejected
from the disk. This shows that the gravitational interacsite-
tween bodies are stronger than in the other profiles bechese t

files. This promotes the mix of solid material between theemnmass in the inner zone is greater than that associated tdegrofi

and outer region of the snow line. After 200 Myr of evolutitite  with y = 0.5 and 1.

planetary system shows the innermost planet located atM47 Al simulations, as we said, present a planet in the HZ, par-

with a mass of B0Ms, 2 planets in the HZ with 19Mg and  ticularly one of them presents two. But this profile presents

1.65M, and the most massive planet placed at 3.35 AU Whigfistinctive and interesting characteristic from the oth@wo of

has a mass of. 25Me. the four planets that remain in the HZ come from the outer zone

This profile presents the most massive planets and this faf-the disk, this is, they come from beyond the snow line. This
ther evidences theffects of dynamical friction. Indeed, the lessituation is due to the solid material mix which is strondeart
massive planet for S2 simulation reaches values of eccémptriin the other two profiles. As this profile is the more massive on
and inclination of 0.79 and 486°, respectively, while the mostin the inner zone, strong gravitational interactions as®ifed
massive planet present maximum values of eccentricity and between bodies. This migration of the planets in the HZ for S2
clination of 0.17 and 23, respectively. This is illustrated in simulation can be seen in Taljle 3. This situation is alsoerepr
Fig.[8. Therefore, as shown, it is still a tendency that tfiects sented i P with the feeding zones of the planets that remain i
of dynamical friction prevail over larger bodies. The maifiet- the HZ of S1, S2 and S3. Here, only the 3% of the mass of
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Fig. 7. Evolution in time of the S2 simulation for = 1.5. The light-blue shaded area represents the HZ and theswite q = 0.8 AU and

Q = 1.5 AU represents curves of constant perihelion and aphekspectively. Planetary embryos are plotted as coloretesiend planetesimals
are plotted with black dots. The color scale representsrttwion of water of the embryos respect to their total madsehis case there are two
planets in the HZ with masses ofl®M,, and 165Mg, respectively. They presentsd% and 338% of water content by mass, which represents
192 and 2326 Earth’s oceans, respectively. Color figurelisarailable in the electronic version.

planeta was originally situated before 2.7 AU, the rest of thef the ~ 50% of their final masses. However, the water content
mass comes from beyond the snow line. Something similar hap-the planets in the HZ that come from the outer zone is al-
pens with planet where only the 25% of the mass comes frormost due to their initial water contents. Thus, for water ldsr
the inner zone. Then, for planetsandd the 9098% and the planetesimals represent a secondary source of water.

83.79% of the total mass, respectively, comes from inside the

snow line.

Finally, this seem to be the most peculiar profile becauge PiScussion and Conclusions

presentsvater worlds, which are planets with high percentagegye presented results concerning the formation of planetzsy
of water contents by mass. All planets that remain in the HZ feems without gaseous giants around Sun-like stars. Incparti
the three simulations present betwee5i46 and 3818% of wa- yjar, our study assumed a low-mass protoplanetary disk with
ter content respect to the total mass, being the embryoswhigo3 M,, and considered a wide range of surface density pro-
come from beyond the snow line the ones that present lafggs. The choice of such conditions was based on resultgetkri
amounts of water. Particularly, the planet in S1 witRTMs  py[Miguel et al. [(201/1), who suggested that a planetary syste
has 3255% of water content which represent2569 Earth’s composed by only rocky planets is the most common outcome
oceans. This planet comes from the outer disk. The plan&2 ingptained from a low-mass disk (namety9.03 M) for different
simulation with masses of. 19Ms and 165Ms present 1% gsyrface density profiles. We used a generic surface density p
and 3948% of water content, respectively, which equal to 19e characterized by a power law in the inner disk of the forth
and 2326 Earth’s oceans, respectively. The first planet somgqd an exponential taper at large raflii (Lynden-Bell & Pidng
from the inner zone of the disk and the second one comes fr@g]?;l_, Hartmann et al. 1998) To describe a wide diversity of
comes from the inner zone of the disk, ha8@. and shows a For each of these surface density profiles, we developeé thre
8.10% of water by mass, which represent$91 Earth's oceans. N-hody simulations of high resolution, which combined the i
Lastly, Table 8 presents general characteristics of theedain  teraction between planetary embryos and planetesimaéseTh
the HZ for the three simulations S1, S2 and S3. N-body simulations allowed us to describe the dynamicaltevo
As for the profiles withy = 0.5 andy = 1, planets in the tion and the accretion history of each of the planetary systef
HZ that do not come from beyond the snow line owe their waur study. In particular, these simulations analyzed tHvely
ter contents almost entirely to planetesimals, being nesipte of water to the resulting planets, allowing us to determime t
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Table 3. General characteristics of the planets in the HZ for sinmutatS1, S2 and S3 for= 1.5. g; andas are the initial and the final semi-mayor
axis of the resulting planet in AU, respectiveM, the final mass iMg, W the percentage of water by mass after 200 Myr @ngl the timescale
in Myr of the last giant impact.

| Simulation| & (AU) | a(AU) | M(Mg) | W(%) | Tiai (Myr) |

S1 452 141 2.21 | 3255 32
S2 1.30 0.90 1.19 451 35

3.13 1.35 1.65 | 39.48 22
S3 0.64 0.98 0.66 8.10 6
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50 Less massive planet Fig. 9. Feeding zones of the planets that remain in the HZ of S1, S2

45 t (b) Most massive planet - 1 and S3 in disks witly = 1.5. They axis represents the fraction of each
planet’s final mass after 200 Myr. In this case, most of thesaaseted
by planets andd comes from the inner zone of the disk. But for planets
s a andc is the other way arround. Color figure is only available in the
30 - electronic version.

40 +

25

Inclination

207 formed in the HZ and present final water contents comparable

and even higher than that of the Earth, their masses do not see

to be large enough to retain a substantial and long-livedatm

sphere neither to sustain plate tectonics. In fact, Willianhal.

AT\ AT N i (1997) proposed that the lower limit for habitable conditias

1%0000 1e+06 1e+07 1e+08 M > 0.23Mg. Beyond the uncertainties in this value, we believe
Time (yr) that such systems would not be of particular interest bectes

Fig. 8. Evolution in time of the eccentricities (a) and inclinatsofi) for planets in the HZ would not be able to reach or to overcome the

the less massive planet (black curve) and for the most neagtanet estimated mass.
(red dashed curve) of S2 simulation fgr= 1.5. The dynamical fric- Fory = 1, three planets formed in the HZ with masses be-
tion phenomena is evident for the most massive planet whiekepts tween 0.18Mg and 0.52Mg, and water contents ranging from 34
damped eccentricity and inclination. The scales of ecimtytiand in-  to 167 Earth oceans. Although these final water contentg+epr
clination are higher than those fgr= 0.5 and 1. Color figure is only sent upper limits, we infer that the planets formed in the k#
available in the electronic version. this surface density profile are water-rich bodies. On tiheiot
hand, their masses seem to be suitable considering thergequi
) ) , . ments necessary to retain a long-lived atmosphere and to- mai
importance of the systems under consideration from anlaistrqg;p, plate tectonics (Williams et al. 1997). Thus, we sugtest
ological point of view. the planets produced in the HZ from this surface density lrofi
The most interesting planets of our simulations are thosssult to be of astrobiological interest.
formed in the HZ of the SyStem. All the Simulationsformed’pla For/y — 15, our simulations formed four p|anets in the HZ
ets in. the HZ with diterent masses z_;md fi_nal water contents Q'ﬂn'th masses ranging from 0.6@,, to 2.21 M, and water con-
pending on the surface density profile. Figure 10 shows tla fifents between 192 and 2326 Earth oceans. Taking into account
configuration of all nine simulations. Here we can appredia¢ the masses and the final water contents of such planets, these
diversity of possible planetary systems of terrestriahpta that planetary systems are of special astrobiological intefess
could form around solar-type stars without giant gas pkeetl \yorth noting that this surface density profile shows distirec
in low-mass disks. results since it is the only one of those analyzed here tatso
Fory = 0.5, our simulations produced three planets in th@anets with very high proportion of water relative to tharco
HZ with masses ranging from 0.08,, to 0.1 Mg and water con- position of the entire planet. In fact, two of the planetsried
tents between 0.2 and 16 Earth oceans. While these plametsrathe HZ are water worlds with masses of 1.6 and 2.21

15
10 +
5,
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Fig. 10. Final configuration of all nine simulations. The color scadpresents the water content of each planet and the shagled represents
the HZ between 0.8 AU and 1.5 AU. The size of each planet reptests relative physical size for those planets with ma#s&er or equal to
2Mg,.

Mg and 39.5 % and 32.6 % water by mass, respectively. FgiPle4 Initial and final amounts of solid mass in the HZ for each den-
each of these cases, an embryo located beyond the snow lind®%profile.
the beginning of the simulation served as the accretion kred

the potentially habitable planet. It is very important tealiss y Initialmass  Final mass
the degree of interest of such water worlds from an astrobio- intheHZ  inthe HZ
logical point of view. Abbot et all (2012) studied the seiniit 0.5 0104Mg 0.101Mg
of planetary weathering behavior and habitable zone taesarf 1 0.605Mg 0.761Mg
land fraction. They found that the weathering behavior idyfa 1.5 1423V, 2.867Mg

insensitive to land fraction for partially ocean-coveréhets, as
long as the land fraction is greater tha®.01. Thus, this study
suggests that planets with partial ocean coverage shoutldha
habitable zone of similar width. On the other hand, Abbot .2t aheir initial positions and the initial mass in the HZ stayishw
(2012) also indicated that water worlds might have a much naut significant changes. In contrast, the scenario is caeilygle
rower habitable zone than a planet with even a small land fratifferent for the third profile withy = 1.5. As this profile is the
tion. Moreover, these authors suggested that a water wodldlc more massive one in the inner zone, strong gravitationat-int
“self-arrest” while undergoing a moist greenhouse fromahhi actions are favored between bodies and some embryos migrate
the planet would be left with partial ocean coverage and &penfrom the outer to the inner zone adding mass in the HZ.
climate. It is worth remarking that the importance of suefaad Figure[11 shows the mean time values of the planets in the
geologic éfects on the water worlds is beyond the scope of thi$z to reach 50%, 75% and 90% of their final mass for the three
work. We just want to mention that the water worlds repreaentalues ofy. Planets in the HZ foy = 0.5 form more slowly than
particular kind of exoplanets whose potential habitapghould those in the HZ fory = 1 andy = 1.5. Since this profile is the
be studied with more detail. less massive in the inner zone of the disk, the gravitationei-

We may wonder if the initial amount of mass in the HZ ofictions between bodies are week. Thus, the acretion tifessca
the disk changes at the end of the simulations. Table 4 shmvsfor planets are longer than for the other profiles.
initial and final amounts of solid mass in the HZ for each dignsi  As we have already mentioned, regarding water delivery we
profile. Regarding’ = 0.5 andy = 1 the values do not changecan describe two scenarios within our simulations. Lessivas
significantly and this is because the gravitational intei@ts be- disks in the inner zone, like those with= 0.5 andy = 1, form
tween bodies in this region are weak and there is not a subst@rplanets in the HZ with water contents ranging fror03%
tial mixing of solid material. Thus, embryos evolve verysgdo to 9% by mass. On the other hand, disks with= 1.5 which
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o — planetary embryos in the outer region of the system areféoge _
140 7% mm—1 smaller values of gama. The larger the mass of the embryos in
the outer region, the more significant the scattering of iaté
material on the entire system. For this reason, Raymond et al
100 (2005) found a morefécient water delivery foy = 0.5 than for
vy =15.
80 In our simulations, we assume surface density distribgtion
of the formr=, and explore three fierent values foy of 0.5,
1 and 1.5. Unlike Raymond etlal. (2005), we assume a disk with
20 | a fixed mass of ®3M,, which leads to a total mass of solids
between 0.5 AU and 5 AU of.31Mg, 7.92Mg, and 1366Mg,
20 1 for y = 0.5, 1, and 15, respectively. Thus, in our work, the
individual masses of the planetary embryos in the outeoregi
0.5 1 15 of the system are larger for higher valuesyofFrom this, the
Value of y distribution withy = 1.5 leads to a more significant scattering

Fig. 11. Timescales for planets in the HZ to reach a given fractiof450 of Water-rlqh material associated to the outer region Om
75%, or 90%) of their final masses, as a function of the surdecsity (€M- FOr this reason, our results suggest that the wateedgls
profile y. These values are averages for all planets in the HZ of S1, Bore éficient fory = 1.5 than fory = 0.5. Itis worth noting that
and S3 simulations. our results are consistent with those obtained by Raymoalti et

(2005), since in both studies, the water delivery is mdfieient

. . ) in systems that contain the more massive embryos in the outer
are more massive, form 4 planets in the HZ with water copsqion.

tents ranging from $1% to 3948% by mass. In the first sce-
nario planetesimals are mainly responsible for this water-c
tent, while in the second scenario we find planets in which-pl

120

60

Formation Time (Myr)

To determine the final water content of the resulting plan-
ets of our simulations, we adopted an initial distributidma.-
: . X "Plder content that is based on data for primitive meteoritemfr
etesimals are responsibles for their water content ancef#an |ape et 5. (2000). We analyzed the sensitivity of our restdts
which embryos play the principal role. In fact, fpr= 1.5, for y,q initial distribution of water assumed for the protomieary

2 of the planets in the HZ that come from beyond the SNOYlsk. To do this, we considered a simple prescription for as-

line, the embryos are the responsibles of their water contefying initial water contents to embryos and planetesimaal
and for the other 2 planets that come from the inner zone ok, (o, of their radial distances. In fact, we assumetkthe-
the disk, the planetesmals are mainly responsibles of fhei ies inside 2.7 AU do not have water while bodies beyond 2.7 AU
nal water content. Morbidelli et al. (2000) showed that th&kb -, htain 50 9 water by mass. From this new initial distribatio
gf Ear:jh 25 Wzatse;\‘ﬁashaﬂer\fed by aafe;/v ?s(tze(gggjal embryosdftrqlvé did not find relevant changes in the final water contents of
eyond I_ I. whiie_zaymon eb?. ) a) pfrOpoi‘en g fm% resulting planets of our simulations. This result comsithat
terrestrial planets acrete a comparable amount of wateman {, o \yarer delivery to the planets located at the HZ is pravide
form of a few water-rich embryos and millions of planetesna , iy by embryos and planetesimals starting the sitinra
However, the simulations of Raymond et al. (2007a) show t yond the snow line. In fact, the initial water content & tod-

the fraction of water delivered by planetesimals is muchéar jodjocated inside the snow line does not lead to relevamtge
than the one delivered by embrybespite the architecture of; | our results

our p!ane.tary systems is veryfiirent from the one Stl.JdiEd by By analyzing the masses and the water contents of the plan-
Morb|del!| etal (200.0) and Rayr_nond etial. (2007a) since we %ts formed in the HZ of our simulations, we conclude that the
not consider the existence of giant gaseous planets, thégessurface density profiles wity = 1 and,l 5 produce plane-

of the first scenario of our simulations present the sameitasn tary systems of special astrobiological interest from afoass

Raymond et al1(200Va). Nevertheless, when the mass Of{he(ﬂék. It results very interesting to discuss if planets agals

ner part of the disk increases, we find that some Of our resuliSy, <o tormed in the HZ of such systems can be discovered

Z:g ggr?;'ss,::r?ttm;%htﬁzzzeo‘?;gﬂ\%béﬂglle'f;f'léz(gg%))) and 80Myith the current detection techniques. The NASA Kepler mis-
5 ? SRR siorl was developed with the main purpose of detecting Earth-

_[Raymond et &|.(2005) analyzed the terrestrial planet formig, o | nets'in the HZ of solar-like stals (Koch et al. 20T0).

tion in dIS!(S with varying surface dens_lty pro_ﬂle_s. To dosthi date, this mission has discovered 167 confirmed planets and

they considered that the surface density varies dsand as- over 3538 unconfirmed planet candidates. The Kepler-3@syst

sumed three dierent values foy: 0.5, 1.5 and 2.5. It is worth .
emphasizing that these authors did not take into accoum-an(g;ts the smallest planet yet found around a star similatto o

crease in surface density due to the condensation of water yn (Barclay etal. 2013a). This planet, which is called Kepl

: : b, is significantly smaller than Mercury and is the innestmo
yond the snow line. On the other hand. Raymond etal. (20Q)y,o 1 ree planets of the system at 0.1 AU. On the other hand,
considered a fixed mass of material equals td1detween

0.5 AU and 5 AU for each distribution, and besides they assl the smallest habitable zone planets discovered to datesligeh

. . . . ler mission are Kepler-62e, 62f (Borucki etlal. 2013) and 69
that the disk mass is dominated by embryos, which have swi Bhrclay et all 2013b) with 1.61, 1.41, and 1.71 Earth raeii
up the mass in their corresponding feeding zones. Finakkgd - ' > ARitalla b ! '

authors developed the simulations including a Jupitersrgat specltiv_ely. Thhe potentially h_abitfable glggetsf%rnéedhih(:;r__
; . I simulations have sizes ranging from 0.38 to 1.6 Earth ragi,
planet at 5.5 AU. In this scenario, the individual masseshef tsuming physical densities of 3 g ¢ Thus, the Kepler mis-

4 It is worth noting that a comparison betwéen Morbidelli é(2000), Sion would seem to be able to detect the potentially halgtabl
Raymond et 1/ (2007a) and this work should be taken cayesitice Planets of our simulations very soon. However, in May 2013,
the scenarios and their treatments are quifeedint, mainly because
our scenario does not include a giant planet. 5 httpy/kepler.nasa.ggv
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Kepler spacecraft lost the second of four gyroscope-liketien by |de Elia et al.|(2013), which indicates that systems withou
wheels, ending new data collection for the original misstoumr- gas giants that harbor super-Earths or Neptune-mass planet
rently, the Kepler mission has assumed a new concept, dubbade orbits around solar-type stars are of astrobiologitalest.
K2, in order to continue with the search of other worlds. A déhese theoretical workster a relevant contribution for current
cision about it is expected by the end of 2013. Future missioland future observational surveys since they allow to determ
such as PLAnetary Transits and Oscillations of stars (PLAT@anetary systems of special interest.

2.0;[Rauet 20.]'3).’ will play a s_lgnlflcant r(.)le in the _daemloAcknomAedgements We are grateful to Pablo J. Santamaria who provided us
and characterization of terrestrial planets in the halgtabne it the numerical tools necessary to study the collisidrisiory and water ac-

around solar-like stars during the next decade. In factptite cretion in planets in the HZ. We also want to thank Juan P.e2&ftwho kindly
mary goa] of PLATO is to assemble the first Cata|ogue of Cohelped us to improve the plots of the time evolution of all simnulations.
firmed planets in habitable zones with known mean densities,

compositions, and evolutionary stages. This mission viély @
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