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ABSTRACT

Aims. The goal of this research is to study how the fragmentation of planetary embryos can affect the physical and dynamical
properties of terrestrial planets around solar-type stars. Our study focuses on the formation and evolution of planets and water delivery
in the habitable zone (HZ). We distinguish class A and class B HZ planets, which have an accretion seed initially located inside and
beyond the snow line, respectively.
Methods. We develop an N-body integrator that incorporates fragmentation and hit-and-run collisions, which is called D3 N-body
code. From this, we perform 46 numerical simulations of planetary accretion in systems that host two gaseous giants like Jupiter
and Saturn. We compare two sets of 23 N-body simulations, one of which includes a realistic collisional treatment and the other one
models all impacts as perfect mergers.
Results. The final masses of the HZ planets formed in runs with fragmentation are about 15 % - 20 % smaller than those obtained
without fragmentation. As for the class A HZ planets, those formed in simulations without fragmentation experience very significant
increases in mass respect to their initial values, while the growth of those produced in runs with fragmentation is less relevant. We
remark that the fragments play a secondary role in the masses of the class A HZ planets, providing less than 30 % of their final
values. In runs without fragmentation, the final fraction of water of the class A HZ planets keeps the initial value since they do not
accrete water-rich embryos. In runs with fragmentation, the final fraction of water of such planets strongly depends on the model used
to distribute the water after each collision. The class B HZ planets do not show significant differences concerning their final water
contents in runs with and without fragmentation. From this, we find that the collisional fragmentation is not a barrier to the survival
of water worlds in the HZ.

Key words. Terrestrial planets - Methods: numerical - Protoplanetary disks

1. Introduction

Understanding terrestrial planet formation is an ongoing chal-
lenge in planetary sciences. We know that planets are formed
around stars as a natural by-product of the star formation
process. We can broadly summarize it in different stages
(Morbidelli et al. 2012). Once the star collapses, a disk of gas
and dust forms. Via an accretion process in the disk, the dust set-
tles into orbit about the host star. Then, as small grains or ices
orbit, they collide at low relative velocity and stick forming ag-
gregates (Weidenschilling 1977; Krijt et al. 2015).

While the entire mechanism is not yet fully understood, these
aggregates will eventually become bodies of a few kilometers
across, called planetesimals. Once they reach this size, the plan-
etesimals are decoupled from the gas and move on Keplerian
orbits around the star. Mutual gravitational interactions and col-
lisions then become important as their cross-sections for ac-
cretion becomes larger than their physical size as their gravi-
tational pull is sufficient to capture adjacent material. As long
as the impacting velocities are smaller than the escape veloc-
ity of the larger planetesimals, they can grow rapidly. When this
happens, the planetesimals grow much faster than smaller bod-
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ies and lead to a new phase of accretion called the runaway ac-
cretion (Kokubo & Ida 1996), resulting in planetary embryos or
protoplanets of 50+ km in size. Runaway growth breaks the uni-
formity of the velocity and spatial distributions of planetesimals
(Kokubo & Ida 1998). The growth of larger embryos slows down
when protoplanets grow large enough to increase the velocity
dispersion of the planetesimals nearby, reducing the rate of ac-
cretion (Ida & Makino 1993). Under this scenario, several pro-
toplanets are formed and dominate the planetesimals dynamical
evolution. This stage is called oligarchic growth (Kokubo & Ida
1998). Finally, the last stage of planetary formation consists of
an increase of close encounters that lead to giant impacts be-
tween protoplanets. The final configuration of the planetary sys-
tem is defined at the end of this stage between 10 Myr - 150 Myr
(Chambers & Wetherill 1998; Chambers 2001; Jacobson et al.
2014).

The N-body integrators are known for study the different
stages of planetary formation. In particular, a great variety of this
kind of integrators exists in the scientific community for different
physics problems. The main goal of performing N-body simula-
tions is to study the late stages of terrestrial planet formation.
Several authors used this kind of integration to analyze the late
stage of accretion for the solar system (e.g., Chambers (2001);
O’Brien et al. (2006); Raymond et al. (2009). to name a few) and
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for exoplanetary systems with different stellar types, and with
or without gas giants (e.g., de Elía et al. (2013); Dugaro et al.
(2016); Darriba et al. (2017); Zain et al. (2018); Sánchez et al.
(2018), among others). In these studies, although the dynami-
cal evolution was well represented, the collision treatment was
simplified. Colliding planetary embryos perfectly merge into a
new body conserving mass and water content. One of the reasons
of this simple model is that the computation time in an N-body
simulation scales with N2, where N is the number of particles
in the system. We have to set a compromise between the num-
ber of bodies and performance. Without allowing fragmentation
between planetary embryos, the number of bodies in the system
will not to be increased. As collisions take place, the number of
bodies drops and the computing time decreases.

Leinhardt & Stewart (2012), hereafter LS12, presented a
complete analytic collision model for gravity-domained bodies.
The range of outcomes that LS12 propose includes partial ac-
cretion, partial erosion, catastrophic collisions, and hit-and-run
encounters. These outcomes for each collision depend on the tar-
get size, projectile size, impact velocity, and impact angle. LS12
define the catastrophic disruption criteria Q∗

RD
as the specific en-

ergy needed to disperse half of the involved mass in the collision.
For this reason, the authors introduce two material parameters, µ̄
as a coupling parameter and the dissipation parameter c∗. With
the analytic derivation and scaling laws presented in their work,
LS12 describe the transition between collision regimes and size-
velocity distribution of the post-collision bodies. The analytic
model developed by LS12 is a powerful tool that has two major
advantages: it improves the physics of collisions in numerical
simulations of planet formation and collisional evolution, and is
easy to adapt to an N-body code.

On the other hand, Genda et al. (2012) studied the merg-
ing criteria for collisions of rocky embryos on terrestrial planet
formation. The authors used a smoothed particle hydrodynamic
method for the giant impacts and investigated the critical im-
pact velocity, where transition between hit-and-run and merging
takes place. The authors derived a simple formula for the normal-
ized critical impact velocity vcr/v

′
esc (where v′esc is the two-body

escape velocity), which depends on the mass ratio of the proto-
planets and the impact angle. That said, a hit-and-run collision
with an impact velocity lower than the critical value may result
in a second collision leading to a perfect merge.

This improvement was adopted by several authors to study
the solar and extrasolar systems. Chambers (2013) implemented
a refined collisional algorithm into MERCURY based on the
work developed by LS12. In that work he studied the final stage
of terrestrial planet formation with N-body simulations, conclud-
ing that hit-and-run collisions are a common outcome of two col-
liding big bodies. The author came to this conclusion comparing
the dynamical evolution of two identical sets of initial condi-
tions, both considering and not considering fragmentation. He
found two important differences between these two models. On
the one hand, the planetary masses are lower when fragmenta-
tion is included. On the other hand, the excitation of the eccen-
tricity over time is also lower in comparison with the model that
considers only perfect merges.

Quintana et al. (2016) performed N-body simulations to
study the terrestrial planet formation around a sun-like star, using
the modified version of MERCURY implemented on Chambers
(2013). The authors compared the standard accretion model with
the modified version of MERCURY (Chambers 2013), that al-
lows fragmentation in the collisions between big bodies. The au-
thors have found that the collisional history of the planets that
survive at the end of the integration, differs significantly between

the two models, although the overall masses and number of plan-
ets generated are comparable.

More recently, Mustill et al. (2018) carried out his own im-
plementatation of the collisional algorithm developed by LS12
into the public version of MERCURY. In particular, these au-
thors studied how this improvement in the treatment of the col-
lisions affects the outcomes concerning the in-situ planet for-
mation on packed systems and instability scenarios. It is worth
noting that, unlike the works carried out by Chambers (2013),
Quintana et al. (2016), and Wallace et al. (2017), Mustill et al.
(2018) introduced a factor of mass removal in the collisional al-
gorithm in order to represent the material that is ground and then
removed from the system by radiation forces.

With this in mind, it is evident the need to have a numerical
tool of our own that allows us to study in a more detailed way the
collisional history of the bodies that make up a planetary system
as well as its dynamical evolution. Thanks to the improvements
in the collisional model proposed by LS12, we decided to move
away from the perfect merging model and developed the D3 N-
body code with a more realistic treatment of collisions between
planetary embryos. This improvement allows us to carry out a
detailed study about the final composition of the planets formed.
In particular, we can study the water delivery in a more realistic
way than in the classic models of accretion.

In this sense, Marcus et al. (2010) described two empirical
models for the mantle stripping in differentiated planetary em-
bryos after a collision. The authors used a simple differentiated
structure for the terrestrial embryos, assuming an iron core and
an ice/silicate mantle, and performed a series of SPH simula-
tions with the GADGET code (Springel 2005). In particular,
Marcus et al. (2010) varied the projectile-to-target ratio, the im-
pact angle, and the number of particles of each body in order to
investigate how the giant impacts affect the final abundance of
water in such bodies. From this, they concluded that the more
violent the collisions, the more mantle is lost, and that water is
more easily removed than the silicates.

More recently, Dvorak et al. (2015) obtained interesting re-
sults concerning to water content retained in significant frag-
ments after a collision. From SPH simulations, they studied the
outcome of an impact between two bodies with different values
of the impact velocity and the impact angle. One relevant conclu-
sion of their research suggests a significant water loss for faster
and/or less inclined collisions.

The investigations developed by Marcus et al. (2010) and
Dvorak et al. (2015) suggest that to incorporate a realistic model
of transport and removal of volatiles in an N-body code may lead
to reduced water contents of the resulting terrestrial-like planets
in comparison with those derived from classical models that as-
sume perfect mergers.

The main goal of the present research is to study the physical
and dynamical properties of terrestrial-like planets and water de-
livery in the habitable zone (HZ) using N-body simulations that
incorporate fragmentation and hit-and-run collisions. According
to this, this paper is therefore structured as follows. In Sect. 2,
we present the main properties of the D3 N-body code integra-
tor and the collisional model introduced by LS12. In Sect. 3, we
describe the application and the initial conditions used to carry
out our simulations. In Sect. 4, we show our results and carry out
a detailed analysis of all simulations and the planets remaining
in the HZ. Finally, we discuss such results within the framework
of current knowledge of planetary systems and the limitations of
the model in Sect. 5.
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2. N-body Code: Classic integrators

In this section, we describe some basic ideas of the symplectic
theory and the general properties of the numerical integrator.

2.1. Overview

The solution to the N-body problem is obtained through the res-
olution of the equations of motion that derive from the system’s
Hamiltonian. In effect, the Hamiltonian of a system of N + 1
particles of masses mi (i = 0, ...,N), subject solely to the action
of their mutual gravitational attraction, is given by

H(q, p) =

N
∑

i=0

|pi|
2

2mi

−G

N−1
∑

i=0

N
∑

j=i+1

mim j

|qi − q j|
, (1)

where qi = (xi, yi, zi) and pi = (pxi
, pyi
, pzi

) are the position and
momentum vectors of the ith body (of mass mi) with respect
to an inertial reference frame, and G the universal gravitational
constant.

However, for the particular problem of a planetary system,
where most of the mass is concentrated in one body (e.g. the sun
in the solar system), it is more convenient to divide the Hamilto-
nian as follows:

H = HKep + Hint, (2)

where HKep is the part of the Hamiltonian that describes the Ke-
plerian motion of the particles around the massive body and Hint

is the part that describes the interaction between each pair of
particles, except with the main body (i.e. the star).

Depending on the coordinates chosen, the Hamiltonian can
be divided in different ways. Wisdom & Holman (1991), for in-
stance, used Jacobian coordinates. This system constitutes a ref-
erence frame where the position and momentum of each body
are considered with respect to the center of mass of all the bod-
ies with indices lower than a certain previously defined value.
Symplectic integrators based on this division of the Hamiltonian
are known as symplectic integrators of mixed variables (mixed
variable symplectic methods) (Saha & Tremaine 1992).

An alternative procedure proposed by Duncan et al. (1998)
is to define the position with respect to the main body and the
momentum with respect to the barycenter of the system. This set
of variables is defined as heliocentric democratic variables. By
means of a canonical transformation, it is possible to transform
the original set of coordinates and momenta (q, p) into a new set
of heliocentric coordinates (Q) and barycentric momenta (P).

Implementing this transformation, and adopting this new set
of variables, the Hamiltonian from Eq. (1) could be rewritten in
the following way

H(Q, P) =

N
∑

i=1

(

|Pi|
2

2mi

−
Gmim0

|Qi|

)

−G

N−1
∑

i=1

N
∑

j=i+1

mim j

|Qi − Q j|

+
1

2m0

∣

∣

∣

∣

∣

∣

∣

N
∑

i=1

Pi

∣

∣

∣

∣

∣

∣

∣

2

+
|P0|

2

2M
. (3)

Since in Eq. (3) the coordinates Qi are heliocentric, that cor-
responding to the central body vanishes, i.e: Q0 = 0. Conse-
quently, the Hamiltonian is independent of the coordinate Q0,
therefore the momentum P0 is a constant of motion, and its con-
tribution to the Hamiltonian is not considered. It is worth noting

that N indicates the number of particles excluding the star and
m0 indicates its mass. Therefore, we can group the terms from
Eq. (3) as

H(Q, P) = HKep + Hint + H⊙, (4)

where

HKep =

N
∑

i=1

(

|Pi|
2

2mi

−
Gmim0

|Qi|

)

, (5)

Hint = −G

N−1
∑

i=1

N
∑

j=i+1

mim j

|Qi − Q j|
, (6)

H⊙ =
1

2m0

∣

∣

∣

∣

∣

∣

∣

N
∑

i=1

Pi

∣

∣

∣

∣

∣

∣

∣

2

, (7)

each one of these terms describing the following:

⋆ HKep: the Keplerian motion of the particles around the mas-
sive body,

⋆ Hint: the interaction between each pair of particles (except
with the main body),

⋆ H⊙: the main body barycentric momentum, which appears
due to the chosen set of variables.

Following Chambers (1999), by solving Hamilton’s equa-
tions of motion, the general solution to the rate of change of a
given function, u = u(q, p), over a time τ, starting from its initial
value u(0), is given by:

u(τ) = eτHu(0), (8)

where H is the Hamiltonian operator. As shown in the afore-
mentioned paper, if an operator H is written as the sum of two
operators ( i.e: H = HA +HB), then that in Eq. (8) can be split as
the consecutive product of the two operators,

u(τ) = eτ(HA+HB)u(0) = eτHA eτHB u(0). (9)

By splitting Hint and H⊙ in half, we obtain a second-order
integrator, and Eq. (8) becomes

u(τ) = eτHint/2eτH⊙/2eτHKep eτH⊙/2eτHint/2u(0). (10)

From the operator defined in Eq. (10), we can construct a
5-step integration scheme as follows:

I) the coordinates remain fixed and each body receives an ac-
celeration from the other bodies (but not from the main body)
that modifies its momentum over a time interval τ/2;

II) the momenta remain fixed, and each body undergoes a dis-

placement in its position in the amount (τ/2m0)
N
∑

i=1

Pi;

III) each body evolves around a Keplerian orbit (with the same
central location and the same central mass) over the whole
time interval τ;

IV) as step II;
V) as step I.
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However, if two bodies are too close to each other, the corre-
sponding term in Hint becomes large enough so HKep ceases to be
the dominant term and the error increases substantially. For this
reason, the previous scheme can not resolve situations of close
encounters.

One of the solutions proposed to address this problem
(Duncan et al. 1998) consists in dividing the perturbative terms
of Hint and assigning each of them a different integration step-
size, so that the strongest perturbations have the smallest step-
sizes. The resulting integrator is purely symplectic, although
complicated to carry out, and also does not retain the high speed
of the basic symplectic method. An alternative solution is pro-
posed by Chambers (1999), who constructs a hybrid algorithm
that mixes both symplectic and non-symplectic components in
order to retain properties of both. As we mentioned before, we
need to make the term Hint small again (so that HKep remains
dominant). One way to do this is to transfer the close encounter
term in Hint to HKep for the duration of the close encounter. For
example, if the bodies α and β have a close encounter, the terms
from Eq. (5) and (6) result in

HKep =

N
∑

i=1

(

|Pi|
2

2mi

−
Gmim0

|Qi|

)

−
Gmαmβ

|Qα − Qβ|
, (11)

Hint = −G

N−1
∑

i=1

N
∑

j=i+1

mim j

|Qi − Q j|
−

N−1
∑

j=α+1
j,β

Gmαm j

|Qα − Q j|
. (12)

With this scheme, HKep can no longer be solved analytically.
However, we can solve it numerically using a conventional in-
tegrator (briefly described later), and the remaining bodies that
do not have close encounters can be analytically integrated. We
need to keep in mind that doing this brings a modification in the
original Hamiltonian and the integrator no longer remains purely
symplectic. In order to make the hybrid integrator symplectic,
we have to make sure that no term is transferred between the dif-
ferent parts of the Hamiltonian. Following Chambers (1999), we
can do this by dividing each term of interaction between HKep

and Hint so that the corresponding part in Hint is always kept
small, while the part in HKep is evaluated only during close en-
counter:

HKep =

N
∑

i=1

(

|Pi|
2

2mi

−
Gmim0

|Qi|

)

−G

N−1
∑

i=1

N
∑

j=i+1

mim j

|Qi − Q j|
(1 − K(|Qi − Q j|)), (13)

Hint = −G

N−1
∑

i=1

N
∑

j=i+1

mim j

|Qi − Q j|
K(|Qi − Q j|). (14)

The form of the function K must be such that, when the sep-
aration |Qi −Q j| between the bodies i and j is large, K must tend
to one, while it tends to zero when such a separation is small. On
the other hand, the transition has to be smooth enough. Follow-
ing Chambers (1999), we adopt the function,

K =























0 if y < 0

y2/(2y2 − 2y + 1) if 0 < y < 1

1 if y > 1

where

y =

(

rij − 0.1rcrit

0.9rrcrit

)

(15)

and rcrit it is a free parameter that indicates the critical
switching distance. Generally is a multiple of the mutual Hill
radius of the involved bodies.

This ensures that that |Hint| ≤ |HKep|, even during a close en-
counter (for a detailed explanation, refer to Chambers (1999)).
Nevertheless, the choice of K is an open debate on how the
integrator keeps its symplecticity (Hernandez 2019; Rein et al.
2019) about the switchover function and its expression is dis-
cussed in Sect. 5. Thus, the second-order hybrid integrator pro-
ceeds as follows:

I) the coordinates remain fixed and each body receives an ac-
celeration from the other ones (but not from the main body),
weighted in the situations of close encounter by a factor K,
which modifies its momentum over a time interval τ/2;

II) the momenta remain fixed, and each body undergoes a dis-

placement in its position in the amount (τ/2m0)
N
∑

i=1

Pi over

all the N bodies (except the central star);
III) the bodies that are not in close encounter move in a Keple-

rian orbit around the main body over a time interval τ. For
those that are in close encounter, the Keplerian terms and the
close encounter terms are weighted by (1 - K) and integrated
numerically over a time interval τ;

IV) as step II;
V) as step I.

It is worth noting that the accretion problems that we focus
in this work take place in step III, where the collision conditions
are given as a result of the numerical integration.

Following Chambers (1999), we adopt the same numerical
integrator for solving the close encounters. Because of its ro-
bustness, speed and precision, the Bulirsch-Stöer method is an
excellent choice for this kind of numerical problems.

2.2. Collisions in classic integrators

Perfect merging is the simplest collision model used in
simulations of planetary accretion studies so far, either to
study the solar system (Chambers 2001; O’Brien et al. 2006;
Raymond et al. 2009) as well as extrasolar systems (de Elía et al.
2013; Dugaro et al. 2016; Darriba et al. 2017; Sánchez et al.
2018; Zain et al. 2018). This collisional model does not have
physical and geometric parameters involved in the outcome of
the collision: two bodies that collide will result in a body with a
mass equal to the sum of the masses of the target and the projec-
tile.

Recently, LS12 performed high-resolution simulations
of collisions between planetesimals. There, they found a
wide range of possible outcomes: merging, cratering, super-
catastrophic disruption, and hit-and-run events. The authors de-
rived useful scaling laws that determined the transition between
the different regimes. The different collision outcomes were de-
termined by physical properties such as impact velocity, mass
ratio of the bodies, and a geometric parameter like the impact
angle.

It is important to remark that, in the D3 N-body code, em-
bryos are treated as big bodies, meaning that they interact with
any other body in the system. Planetesimals and fragments, on
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the contrary, are treated as small bodies, that is, they don’t inter-
act with each other, only feeling the gravitational pull from the
embryos and the central star.

2.3. The collisional model - Different type of collisions

In this section we briefly describe the regimes derived by LS12
and were used in this work. After this description, we present the
algorithm to identify and calculate the different giant impacts.

Collision outcomes can be described in terms of the impact
energy per unit mass Q and a critical value Q∗

RD
, where Q∗

RD
is

defined as the specific energy per unit mass required to disperse
half of the total colliding mass. Depending on the collision, it
may result in a large body and several fragments. In this case,
we will reference as Mlr to the mass of the largest remnant of
the mentioned collision, and the remaining mass is distributed in
equal-mass fragments. According to Chambers (2013), the num-
ber of fragments generated will be directly related to a parameter
that indicates the minimum permitted fragment mass, Mmin. On
the one hand, this value has to be large enough so the number
of fragments generated is not too high and, thus, slows down the
simulations. On the other hand, if the value is too large, the frag-
ments generated will be unrealistic. Therefore, the value Mmin

must be set considering a compromise between number of frag-
ments generated, performance and realism of the model.

Let’s consider a collision between two planetary bodies as
shown in Fig. 1. A target of mass Mt with a radius Rt and a
projectile of mass mp with a radius rp, where Mt > mp, collide
with an impact velocity vi and an impact angle θ, where θ is the
angle formed between the line connecting the centers of the two
bodies and the projectile velocity vector relative to the target.
The bulk density for both the target and the projectile are ρt and
ρp, respectively. We can describe the different types of collisions
as follows:

– Perfect merging

This type of collision is the most commonly used by the clas-
sic integrators so far. No fragments are generated and the re-
maining body contains the total colliding mass.

– Partial accretion

When Mlr is calculated and is larger than the mass of the tar-
get but lower than the total colliding mass (i.e: Mt ≤ Mlr ≤

Mt + Mp), the outcome is considered a partial accretion. The
remaining mass, if it’s larger than the minimum fragment
mass Mmin, is distributed in fragments. Otherwise, the col-
lision is considered as a perfect merging.

– Erosive collision

In this case, Mlr is lower than the mass of the target. The
projectile is completely destroyed and, in addition to the re-
maining mass of the target, is distributed in fragments.

– Super-catastrophic collision

In giant impacts, where the impact energy is so large that the
Mlr is less than 10% of the total colliding mass, the outcome
is considered a super-catastrophic collision, and the remain-
ing mass is distributed in fragments.

– Hit-and-run

This outcome occurs when both the target and the projectile
remain intact. No fragments are generated.

– Graze and merge

Depending on the velocity of a hit-and-run collision, it may
result in a second collision leading to a perfect merge, with
no generation of fragments.

iV

rpr

mp

R t M t

B
θ

l

Fig. 1. Schematic representation of a collision between two planetary
bodies. The target, with a mass Mt and a radius Rt collides with a pro-
jectile of mass mp and radius rp at an impact velocity vi. The angle θ
represents the angle formed between vi and the line connecting the two
centers.

– Erosive hit-and-run
Called this way because, during a hit-and-run collision, the
projectile may be partially or totally disrupted and the target
comes out unaffected. The mass stripped out of the projectile
is distributed in fragments.

With the different types of collisions described, in the next
section we will address the modification that has to be made to an
N-body numerical integrator, in order to implement the collision
classification.

2.4. Modification in the numerical integrator

In order to calculate the results obtained by LS12 and apply the
classification of the different regimes, we must have detailed in-
formation of each collision. More precisely, we need the posi-
tion of the bodies, the impact velocity, and the impact angle at
the time of the collision within a certain tolerance.

Following Chambers (1999), the collisions are detected with
a pre-cheker, based on a Hermite interpolation scheme. When
this happens, following Mustill et al. (2018), we redo the inte-
gration in an iterative fashion, by successively dividing the in-
tegration step by half, until the bodies are in collision or the
integration step is lower than 10−5 days. In this way, we have
information accurate enough to be able to resolve the collision
and classify it with the regime scheme of LS12.

2.5. The collisional algorithm

The collisional algorithm implemented in this work is based on
LS12 (for a detailed explanation, see the appendix in the afore-
mentioned paper). This algorithm flow can be summarized in a
series of steps, as detailed below

1. When a collision is detected, as one of the bodies, namely the
target, is necessarily an embryo (since interaction between
planetesimals are neglected), the code first inquires about the
body type of the second one involved, i.e: the projectile. If it
is a planetesimal (or a fragment), the code assumes a perfect
merge, preserving the total mass and momentum. Then, it
proceeds to analyze the next collision, starting again on step
1. If the projectile is an embryo, it proceeds to the next step.

2. If, in effect, the collision occurs between two embryos, the
mutual escape velocity is calculated by means of the follow-
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ing expression

vesc =

√

2G(Mt + mp)

Re

, (16)

where Re = 3(Mt/ρt + mp/ρp)/(4π)1/3. We change the defi-
nition of the mutual escape velocity proposed by LS12 and
instead we use the one proposed by Mustill et al. (2018).

3. The comparison between the impact velocity vi and the es-
cape velocity vesc is made. If vi ≤ vesc, then the collision is
also assumed to be a perfect merge, conserving the total mass
and momentum, as in step 1. In the case vi > vesc, we proceed
to the next step.

4. We calculate the impact parameter b = sin θ and the critical
value bcrit = Rt/(Rt + rp). Depending on the relation between
b and bcrit the collision may result in either a grazing or a
non-grazing impact. If b < bcrit we have a non-grazing im-
pact, and we proceed to step 5. Otherwise, a grazing impact
occurs and we skip to step 8.

5. Non-grazing impact (b < bcrit):
Calculate the impact energy per unit mass, Q, and the catas-
trophic disruption criterion, Q∗

RD
. The value of Q is given by

Q =
1

2
µ

v2
i

Mt + mp

, (17)

where µ = Mtmp/(Mt + mp). Then, Q∗
RD

is calculated as fol-
lows

Q∗RD =

(

µ

µα

)2−3µ̄/2 (

c∗πρ1G

5γ

)

[

Rc1(1 + γ)
]2
, (18)

where

µα =
αMtmp

Mt + αmp

, (19)

being α the fraction of the projectile that intersects the tar-
get in an oblique impact, µ̄ a measure of how energy and
momentum from the projectile are coupled to the target, c∗

an energy dissipation factor within the target, ρ1 = 1 g/cm3,
γ = mp/Mt, and Rc1 the spherical radius of a body with mass
Mtot = Mt + mp with density ρ1 (Stewart & Leinhardt 2009).
According to such a work, here, µ̄ and c∗ adopt values of 1/3
and 1.8, respectively.

6. With the values of Q and Q∗
RD

we check, by simple arith-
metic comparison, if the collision is in the super-catastrophic
regime (Q > 1.8QRD). This result affects on how to compute
the mass of the largest remnant. Following LS12, if the col-
lision is in such a regime, we calculate Mlr as

Mlr = 0.1Mtot

(

Q

1.8Q∗
RD

)−3/2

, (20)

and the mass to distribute in fragments is mfrag = Mtot − Mlr.
7. In the case Q < 1.8Q∗

RD
, the collision is not in the super-

catastrophic regime, and the mass of the largest remnant is
computed as

Mlr = Mtot

(

1 −
Q

2Q∗
RD

)

. (21)

By comparing the largest remnant’s mass Mlr and the target’s
mass Mt, the collision may result in:

(a) if Mlr ≤ Mt, it’s a partial erosion,
(b) if Mlr > Mt, it can result in either a partial accretion,

if the number of fragments is larger than 0, or a perfect
accretion, if mfrag < Mmin, for which no fragments are
generated.

8. Grazing impacts:
The collision is checked to be a possible hit-and-run. If it is
not classified as a hit-and-run, in order to classify the colli-
sion as super-catastrophic, partial erosion, partial accretion
of perfect accretion, we follow the same criteria used for
non-grazing impacts, described on steps 5 through 7.

9. In case the collision is classified as a possible hit-and-run,
Genda et al. (2012) investigated the critical impact velocity
vcr, that establishes the boundary between the pure hit-and-
run and merging impacts. This velocity is given by

vcr = v′esc

[

c1ΓΘ
c5 + c2Γ + c3ΓΘ

c5 + c4

]

, (22)

where Γ = (1 − γ)/(1 + γ) and Θ = 1 − sin θ. The fitting
parameters are c1 = 2.43, c2 = −0.0408, c3 = 1.86, c4 =

1.08, and c5 = 2.5. They found that the normalized vcr/v
′
esc

does not depend on Mt but rather on γ and the impact angle
θ, where v′esc is the mutual escape velocity.
We applied the formula derived by Genda et al. (2012) and
classified the hit-and-run at low velocity impacts as merging
impacts. Chambers (2013) coined the term for this type of
collision as Graze-and-Merge, meaning that a grazing impact
at low velocity derives in a secondary collision where the two
bodies merge in one, like a two-stages perfect merging.
Then, if the impact velocity satisfies that vi < vcr, we classi-
fied the collision as a Graze-and-Merge.

10. If the collision effectively derives in a hit-and-run (i.e:
vi > vcr), the mass of the target is modified in a negligible
amount, so we can consider Mlr = Mt (Asphaug et al. 2006;
Genda et al. 2012) and we have to calculate the critical dis-
ruption energy for the reverse impact on the projectile (See
Section 4.2 of LS12). Thus, basically, the roles of the target
and projectile are inverted. According to LS12, we set the
reverse variables as follows:

M
†
t = mp (23)

m†p = ηMt (24)

where η is the fraction of the target that interacts with the
projectile (for a detailed explanation on how to get this frac-
tion see Sect. 4.2 of LS12).

µ† =
M
†
t m
†
p

M
†
t + m

†
p

, (25)

γ† =
m
†
p

M
†
t

, (26)

Q
†

RD
=

(

µ†

µ
†
α

)2−3µ̄/2 (

c∗πρ1G

5γ

)

[

Rc1(1 + γ)
]2
, (27)

where Rc1 is given by

M
†
t + m†p =

4πρ1

3
R3

c1. (28)
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The impact energy is

Q† =
1

2
µ†

v2
i

M
†
t + m

†
p

. (29)

Following Chambers (2013), the mass of the largest remnant
for the projectile is calculated as follows

M
†

lr
=































(M
†
t + m

†
p)

(

1 −
Q†

2Q
†

RD

)

Q† < 1.8Q
†

RD

0.1(M
†
t + m

†
p)

(

Q†

1.8Q
†

RD

)−3/2

Q† > 1.8Q
†

RD
.

(30)

Then, we have to calculate mfrag = M
†
t −M

†

lr
, and distribute it

in equal-mass fragments. In the case mfrag < Mmin, we con-
sider the collision as a pure hit-and-run, therefore the masses
of both the target and projectile remain unaffected.

This algorithm described in the previous steps is used every
time that a collision is detected. However, the computing time
required to re-run the collision and classify it is negligible com-
pared to the overall integration time.

3. Applications - Setup

In this section, we describe the scenarios of work that will be
used in order to test our code.

For the present work, we focus on the study of a dynamical
scenario aimed at exploring the sensitivity of the results to the
presence of massive perturbers. The methodology to define the
physical properties of the planetary embryos to be used in our
model is explained as follows.

3.1. Protoplanetary disk: Model

Here, we describe the surface density profile that represents a
relevant parameter of the properties of the planetary disk. Fol-
lowing Lynden-Bell & Pringle (1974) and Hartmann (1998), we
adopted our model of protoplanetary disk based on the evolution
of a thin Keplerian disk only ruled by the gravity of a point-mass
central star. The gas-surface density profile Σg(R) is given by

Σg(R) = Σ0
g

(

R

Rc

)−γ

exp















−

(

R

Rc

)2−γ














, (31)

where R is the radial coordinate in the disk mid-plane, γ the ex-
ponent that represents the surface density gradient, Rc a charac-
teristic radius, and Σ0

g a normalization constant.
If we integrate Eq. (31) over the total disk area and assuming

axial symmetry, Σ0
g can be written as a function of Rc, γ, and the

mass of the disk Md by

Σ0
g = (2 − γ)

Md

2πR2
c

, (32)

where

Md =

∫ ∞

0

2πΣg(R)dR. (33)

In the same way, we define a solid-surface density profile
Σs(R) given by

Σs(R) = Σ0
sηice

(

R

Rc

)−γ

exp















−

(

R

Rc

)2−γ














, (34)

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

represents an increase in the amount of solid material due to the
condensation of water beyond the snow line.

In the present study, we assume a central star with a mass M⋆
= 1 M⊙ and a solar metallicity ([Fe/H] = 0). From this, we con-
sider that the relation between the gas and solid surface densities
is given by Σ0

s = z0Σ
0
g, where z0 is the primordial abundance

of heavy elements in the sun and has a value of z0 = 0.0153
(Lodders et al. 2009). Moreover, we adopt a characteristic ra-
dius Rc of 25 au and an exponent γ = 0.9, which are in agree-
ment with the median values derived from observations of dif-
ferent disks studied by Andrews et al. (2010) in the 1 Myr Ophi-
uchus star-forming region. Moreover, we adopt a disk mass of
Md = 0.01 M⊙, which is consistent with observational studies
developed by several authors, such as Andrews et al. (2010) and
Testi et al. (2016). Finally, we remark that the snow line is as-
sumed to be located at 2.7 au in the present model, according to
Ida & Lin (2004). Following Lodders (2003) and Lodders et al.
(2009), we assume that the parameter ηice adopts values of 1 and
2 inside and beyond the snow line, respectively.

The increase in the amount of solid material due to the con-
densation of water beyond the snow line produces a radial com-
positional gradient in the protoplanetary disk. Thus, we propose
that the initial fraction of water by mass of the material that com-
pose such a disk is a function of the radial coordinate in the mid-
plane R and is given by

Water Fraction =

{

10−4 R < 2.7 au,

0.50 R > 2.7 au.

It is worth noting that this distribution considers that the in-
ner region of the system was populated with water-rich material
from the outer regions during the gaseous phase associated with
the evolution of the disk, which is consistent with that proposed
by Raymond & Izidoro (2017).

Finally, we define the habitable zone (HZ) of the system like
the region around a star in which a planet could retain liquid wa-
ter on its surface. In this sense, Kopparapu et al. (2013) estab-
lished inner and outer limits for the HZ around stars of different
spectral types. In particular, the investigation to be developed in
the present work will use the optimistic estimates for a solar-
type star derived by those authors, where the inner (outer) edge
is located at 0.75 (1.7) au.

In the following section, we describe the necessary parame-
ters for performing the N-body simulations of our research.

3.2. N-body simulations: physical and orbital parameters

For the development of our simulations, we have to specify the
physical and orbital parameters of the bodies involved. For that
reason, we start specifying the mass distribution for the planetary
embryos.

From Eq.34, we can determine the mass distribution once the
gas in the disk is fully dissipated. The extension of the region of
study is between 0.5 au < R < 5.0 au.

Following Kokubo & Ida (2000), we can determine the mass
of an embryo growing in the oligarchic growth regime located at
a distance R from the central star like

M = 2πpRδRHΣs(R), (35)

where the factor p represents the ratio of the mass of the embryos
to the total mass of the system, δRH is the orbital separation of
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Fig. 2. Example of a mass distribution of planetary embryos from one
simulation as a function of the initial semimajor axis at the end of the
gaseous phase. Note that the size of the points are scaled with the mass
of each embryo. Moreover, the different colors illustrate the initial frac-
tion of water by mass for the embryos. In fact, the orange (dark blue)
color indicates a fraction of 10−4 (0.5) water by mass. The sky-blue
shaded region represents the habitable zone for a solar-type star, while
the dashed blue line illustrate the snow line assumed in our model.

two consecutives planetary embryos of mass M in terms of their
mutual Hill radii given by

RH = R

(

2M

3M⋆

)
1
3

, (36)

and δ is a parameter randomly chosen following a uniform distri-
bution. The value for δ is generated each time an embryo’s mass
and spacing are calculated, ranging between 5 and 10.

Combining Eqs.34 and 36 in Eq.35, we can derive a func-
tion that relates the mass of each embryo with the distance R as
follows

M =

















2πR2δΣ0sηice p

(

2

3M⋆

)
1
3
(

R

Rc

)−γ

exp















−

(

R

Rc

)2−γ






























3
2

. (37)

Our scenarios of work only consider planetary embryos for
which, we set the value of the factor p = 1.0, assuming that there
are not planetesimals left at the end of the gaseous phase.

The first embryo is assigned to have an initial semimajor axis
a1 = 0.5 au and a mass of M1 = 0.036M⊕ (Eq. 37). We calculate
the initial semimajor axes and masses for the remaining plane-
tary embryos as follows

ai+1 = ai + δai

(

2Mi

3M⋆

)
1
3

, (38)

Mi+1 =

















2πa2
i+1δΣ0sηice p

(

2

3M⋆

)
1
3
(

ai+1

Rc

)−γ

exp















−

(

ai+1

Rc

)2−γ






























3
2

.

(39)

We repeat this procedure until the outer limit of our region
of study (5.0 au) is reached, obtaining ∼ 50 embryos and a total
mass distributed of 12.8 M⊕. Figure 2 illustrates the distribu-
tion of mass of each embryo as a function of the distance (R)
from the central star once the gas is fully dissipated. As for the

initial orbital parameters, we set the values of eccentricity and
inclination randomly with a maximum value of 0.02 and 0.5◦,
respectively. As for the argument of pericenter ω, longitude of
ascending node Ω, and the mean anomaly M, the values were
taken randomly between 0◦ and 360◦.

In order to have a dispersive scenario that favors collisions
between planetary embryos, we add two giant planets with
masses and physical densities analogous to those of Jupiter and
Saturn. Moreover, such planets are assumed to be located on
their current orbits, which have semimajor axes of 5.2 au and
9.5 au, and eccentricities of 0.0489 and 0.0565 for Jupiter and
Saturn, respectively.

The essential part of this investigation is to study how the
treatment of collisions changes the dynamical behavior and the
evolution of a planetary system for a given set of initial parame-
ters. We perform a total of 46 simulations using the D3 N-body
code, 23 of which take into account a realistic collision prescrip-
tion and 23 simulations that only consider perfectly inelastic col-
lisions between planetary embryos.

As we mentioned in Sect. 2.3, the value of Mmin is a com-
promise between computational time and realism. From this, we
adopt the value of 0.018 M⊕. A discussion about Mmin and how
the variation of this value could affect the overall integration is
carried out in Sect. 5. The time-step used in this work is 2 days,
which is shorter than 1/40th of the orbital period of the innermost
planetary embryo in our simulations. We consider that a embryo
collided with the central star if the distance is lower than 0.1 au.
This non-realistic stellar radius is so to avoid numerical errors in
bodies with very small perihelion. Moreover, a body is consid-
ered ejected of the system if the distance is greater than 1000 au.
Finally, the integration time for all simulations was of 200 Myr.

The main results derived from our investigation are presented
in the next section.

4. Simulation results

In this section, we show a detailed study about the general re-
sults obtained from numerical simulations that model the evolu-
tion of the dynamical scenario presented in Sect. 3. In particular,
we carry out a comparative analysis between N-body simula-
tions that incorporate fragmentation and hit-and-run collisions
and those that assume that all impacts lead to perfect mergers.
This investigation focuses on the physical and dynamical prop-
erties of the terrestrial-like planets produced in the HZ of the
systems under study, analyzing the role of the fragments in their
evolutionary histories.

4.1. General analysis

The proposed scenario was constructed with the goal of studying
the dynamical evolution of a planetary system under formation,
subject to the perturbations of two giant planets. As we men-
tioned in Sect. 3, this was carried out by means of a more realis-
tic treatment of the collisions between planetary embryos. This
implementation might lead to a difference in the collision history
of a planet during its formation. In order to better comprehend
this, we analyzed the sensitivity in the collision type distribution.

In Fig. 3 we display the percentage of each collision regime
for the mentioned scenario. For this figure, only the collisions
between massive bodies were taken into account, ignoring those
between planetary embryos and fragments, which are always
considered as a perfect accretion.

We can observe that the majority of collisions are clumped
in two big groups, i.e: perfect merge collisions (∼ 25 %) and
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Fig. 3. Histogram that shows the percentage of collisions for different
regimes implemented in the D3 N-body code for the scenario under
study

.

hit-and-run encounters (∼ 44 %). This outcome is consistent
with the work of Kokubo & Genda (2010), who found that 49
% of the collisions between planetary embryos are hit-and-run
impacts. Also, our result is consistent with Chambers (2013),
who concluded that, when a refined treatment of collisions is
included, about 42 % of the total number of collisions embryo-
embryo results in hit-and-run encounters. In addition to this, we
obtained that a considerable percentage of collisions are not ei-
ther perfect mergers nor hit-and-run impacts. More specifically,
this percentage is about ∼ 30 %, including partial accretion, ero-
sive, and super-catastrophic collisions. This wide range of dif-
ferent collisions leads us to consider how these results affect the
amount of bodies generated and the overall evolution of the sys-
tem.
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Fig. 4. Number of remaining bodies vs integration time. The red curve
corresponds to a simulation that lead to perfect mergers. The blue and
cyan curves represent a simulation with the realistic collision treatment.
In particular, the cyan curve only consider the decrease of planetary
embryos. Both curves (red and blue), are representative for each set of
simulations.

We can observe in Fig. 4 the total number of bodies as a
function of the integration time for a simulation considering only
perfectly inelastic collisions (red curve) and another one that as-
sumes a realistic collision treatment (blue curve). The chosen

simulations are representatives for each set of runs (fragmenta-
tion enabled and fragmentation disabled). The cyan curve shows
the decrease of the number of planetary embryos in that simu-
lation represented by the blue curve, but without the fragments
generated in each collision.

A natural result is that simulations that include fragmenta-
tion take more time for the bodies to decrease in comparison
with simulations with perfect accretion. When fragmentation is
activated, the time to get half of the initial number of planetary
embryos is approximately ∼ 11 Myr, while that time decreases
down to ∼ 5 Myr in runs without fragmentation. This result is a
direct consequence of the large number of hit-and-run collisions,
which leads to the embryos take more time to collide in com-
parison with the classical model where this type of encounter
is not possible. With this in mind, it is evident that the accretion
timescales for systems including a realistic collision prescription
are longer than those that only consider perfect mergers, such as
is presented in Chambers (2013).

It is worth noting that the total amount of fragments gen-
erated in the simulations range between 50-130. Moreover,
we remark that 2-22 fragments were generated from super-
catastrophic collisions, while the partial accretions and ero-
sive impacts produced between 1-21 fragments. These numbers
could be misleading at first. In fact, a basic assumption is that
a super-catastrophic collision should generate more fragments
than other impact types, since a minimum of 90 % of the collid-
ing mass is available to be distributed. However, the number of
generated fragments is sensitive not only to the collision regime,
but also to the masses of the bodies involved in it. For instance, in
the same run, a partial accretion between two bodies with masses
of 0.92 M⊕ and 0.88 M⊕ generates 21 fragments, while a super-
catastrophic collision between two smaller embryos with masses
of 0.16 M⊕ and 0.12 M⊕ only produces 11 fragments.

In light of these results, we are interested in studying how
this realistic collision treatment affects the final architecture
of the system and the mass evolution of the resulting planets
throughout the entire simulation. Figure 5 illustrates the final
architecture for each N-body simulation using the fragmenta-
tion improvement model (right panel) and the classical model
of perfect accretion (left panel) after 200 Myr of evolution. The
filled black circles represent the final planets and the point size
is scaled with their masses, as shown on top of each panel for
0.1 M⊕, 0.5 M⊕, 1 M⊕, and 2.5 M⊕. The sky-blue shaded area
indicates the limits of the HZ. We can observe that, in general
terms, the number of planets for both sets of runs remains simi-
lar, which is consistent with Chambers (2013), who showed that
the final architecture seems insensitive to the collisional model.
However, it is important to remark that, although the number of
final planets does not differ significantly between the two mod-
els, an increase in the number of systems with more than 2 plan-
ets is more evident in simulations that incorporate fragmentation
and hit-and-run impacts. In fact, 11 runs with fragmentation pro-
duce systems with 3 o more planets, while only 5 systems have
3 planets in runs without fragmentation. This result should be
interpreted carefully, since a longer integration time associated
with simulations with fragmentation might lead to systems with
a lower number of final planets.

A distinctive feature observed in almost all simulations of
the right panel of Fig. 5 indicates the significant existence of
low-mass planets around the inner edge of our region of study in
comparison with other zones of the system. This feature is not
observed in simulations without fragmentation, which are illus-
trated in the left panel of Fig. 5. This result is also observed in
Fig. 6, which represents the final masses of the planets formed in
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Fig. 5. Final outcomes at 200 Myr of 46 N-body simulations carried out with the D3 code. The left panel illustrates the 23 planetary systems that
resulted from runs without fragmentation, while the right panel represents the 23 systems produced from runs that incorporate fragmentation and
hit-and-run collisions. The circle size scales with the planet mass according to that indicated in the top region of the figure. The sky-blue area
observed in both panels illustrates the habitable zone associated with a solar-type star. (Kopparapu et al. 2013).

runs with fragmentation (blue points) and without it (red points)
as a function of the semimajor axis.

In general terms, Fig. 6 shows that the maximum values as-
sociated with the overall mass distribution of the final planets
formed in simulations without fragmentation tend to be greater
than those produced in runs with a realistic collision treatment,
reaching 2.95 M⊕. This result should not be surprising since
planets formed in simulations with fragmentation could lose
mass in each collision while in simulations that assumed that
all impacts lead to perfect mergers, each collision that occurs
makes the planetary embryo to grow. In the same way, the mini-
mum values observed in the overall mass distribution illustrated
in Fig. 6 are determined by the blue circles, which are associated
with the planets formed in runs with fragmentation and reach
0.08 M⊕. It is important to remark that the difference between
the minimum and maximum values of the planetary masses as-
sociated with runs with and without fragmentation is enhanced
between 0.5 au and 1.0 au. In such a region, we can observe
a large concentration of bodies with masses greater than 1 M⊕
for planets formed in simulations without fragmentation, while

the planetary masses derived in runs with fragmentation are dis-
tributed below those values. On the other hand, in the region
comprised between 1 au and 2 au, the masses of the largest plan-
ets produced in both sets of simulations are comparable. These
results are consistent with those observed by Chambers (2013),
who found similar results concerning the final masses of the sur-
viving planets concluding that, when fragmentation is enabled,
more low-mass objects are formed, and that the effects of frag-
mentation over the masses of largest planets are less notorious.

Finally, Fig. 6 shows that there is a significant amount of
planets produced in runs with and without fragmentation in the
HZ of the system, which is located between 0.75 au and 1.7 au.
The study concerning the evolution, survival, and physical prop-
erties of such a planets is one of the most important scopes of this
work. In the following section, we describe this topic in more de-
tail.
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4.2. Habitable zone planets

The study of the physical and dynamical properties of the planets
formed in the habitable zone (HZ) of the system is very impor-
tant due to the astrobiological interest of that kind of planets.
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Fig. 6. Final mass as a function of the semimajor axis of the planets
formed in simulations when fragmentation is activated (blue circles)
and without fragmentation (red circles) fragmentation over 200 Myr of
evolution.

Figure 7 shows the mass as a function of the semimajor axis
of all planets that survive in the HZ of the systems of study. In
particular, the red circles illustrate those planets that result from
the N-body simulations that assume that all collisions lead to per-
fect mergers, while the blue circles show the planets produced
from those N-body simulations that incorporate collisional frag-
mentation and hit-and-run collisions. In general terms, the N-
body experiments with fragmentation and hit-and-run collisions
form HZ planets with somewhat lower final masses. In fact, the
simulations without (with) fragmentation produce HZ planets
whose final masses range from 0.42 M⊕ (0.34 M⊕) to 2.68 M⊕
(2.31 M⊕).

It is worth to mention that the planets that are formed and
that not belong to the HZ present different physical properties.
In particular, the range of masses of the planets in the inner re-
gion of the HZ (a < 0.75 au) is between 0.08 M⊕ - 1.1 M⊕ in runs
with fragmentation while for the simulations where we only con-
sider collisions as perfect mergers the range of mass is ranging
between 0.39 M⊕ - 1.5 M⊕. As for the outer region of the HZ (1.7
au < a < 3.0 au), the planets present a range of masses of 0.1 M⊕
- 2.8 M⊕ in runs with fragmentation and 0.18 M⊕ - 2.95 M⊕ for
simulations without it. We can observe that the upper limit of the
masses increases as we move outside from the central star.

It is important to remark that all our simulations produce two
different kinds of planets in the HZ depending on the initial loca-
tion of their accretion seeds. In simulations without fragmenta-
tion the accretion seed is defined as the largest body in each colli-
sion (Raymond et al. 2009). For simulations with fragmentation
the accretion seed is defined as the largest body in each collision
where only one embryo survives. In the case the two embryos
survive (pure and erosive hit and run), both of them keep their
original seed. According to this, we refer to those planets whose
accretion seed starts the simulation inside (beyond) the snow line
of the system as class A (class B) HZ planets. From the distribu-
tion assumed in Sect. 3.1, the class A HZ planets have very low
primordial water contents by mass, while the class B HZ plan-
ets have highly significant primordial water contents. Our study
produces 6 (11) and 17 (14) class A and class B HZ planets, re-

spectively, in N-body simulations with (without) fragmentation.
This information can be found summarized in Tab. 1.

The blue and red circles illustrated in the left panel of Fig. 7
show the final mass of the class A HZ planets, which result from
N-body experiments with and without fragmentation, respec-
tively. Such planets show a broad range of final masses, which
reach a minimum and a maximum value of 0.34 M⊕ (0.42 M⊕)
and 1.87 M⊕ (2.30 M⊕) in N-body simulations with (without)
fragmentation, respectively. According to this, the minimum and
maximum values of the final mass of the class A HZ planets re-
sulting from N-body runs with fragmentation are about 20 %
smaller than those produced without fragmentation.

In order to understand such differences in the final masses,
we carry out an analysis of the collisions involved in the evo-
lutionary history of the class A HZ planets formed in N-body
experiments without fragmentation and in those that incorporate
collisional fragmentation and hit-and-run collisions.

In runs without fragmentation, the 11 class A HZ planets
undergo a total of 70 perfect mergers. While one of them does
not experience any collision during 200 Myr, and other 2 of such
planets undergo between 1 and 2 perfect mergers, the other 8
class A HZ planets experience more than 7 perfectly inelastic
collisions, which lead to significant values in the relative growth
of their masses respect to the initial values.

It is important to mention that the collisions that are taken
into account are only those with the surviving embryos. We do
not count the possible collisions that the projectiles may had.

This result can be observed in the top and right panel of
Fig. 8, which illustrates the fraction contributed by the initial
mass (violet) and perfect mergers with embryos (green) to the
final mass of the class A HZ planets. According to this, the 8
most massive class A HZ planets with M & 1 M⊕ produced in
N-body simulations without fragmentation reach more than 90
% of their final masses from perfectly inelastic collisions with
planetary embryos over 200 Myr of evolution.

In runs with fragmentation, the 6 class A HZ planets pro-
duced in such simulations experience a total of 57 collisions, of
which 9 are perfect mergers with planetary embryos, 27 perfect
mergers with fragments, 6 partial accretions, 2 erosive impacts,
9 hit-and-run, and 4 erosive hit-and-run. According to this, the
number of partial accretions and perfect mergers with planetary
embryos is relatively low in the evolutionary history of the class
A HZ planets in comparison with the number of perfect mergers
with generated fragments. In fact, partial accretions and perfect
mergers with planetary embryos (fragments) represent about 10
% and 16 % (47 %) of the total number of collisions experi-
enced by those planets, respectively. However, it is important to
remark that the perfect mergers with generated fragments play a
secondary role in the growth of the class A HZ planets. In fact,
such as the top and left panel of Fig. 8 shows through sky-blue
boxes, the fragments contribute with less than 30 % to the final
mass of those planets. An important difference observed respect
to the simulations without fragmentation is associated with the
relative growth of the class A HZ planets more massive than
1 M⊕. In fact, such as the top and left panel of Fig. 8 shows
through violet boxes, the initial masses of such planets repre-
sent more than 70 % of their final masses, which indicates that
their relative growths are significantly less than those associated
with the class A HZ planets with M & 1 M⊕ produced in runs
without fragmentation. Our results seem to suggest that the most
massive class A HZ planets in simulations with fragmentation
require relatively high initial masses.

At the same way, the blue and red circles represented in the
right panel of Fig. 7 illustrate the final mass of the class B HZ
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Fig. 7. Final mass as a function of the semimajor axis of the class A (left panel) and class B (right panel) HZ planets produced in simulations with
(blue circles) and without (red circles) fragmentation over 200 Myr of evolution.
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Fig. 8. Distribution of the final mass for the surviving planets in the HZ. The violet bars represent the mass fraction corresponding to the initial
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analogous to the top panels but for the class B HZ planets. The height of each bar is normalized to the final mass of each planet.

planets, which are formed from N-body experiments with and
without fragmentation, respectively. In this case, the resulting
planets show a more narrow range of final masses. In fact, the
less and most massive class B HZ planet produced in runs with
(without) fragmentation has 0.97 M⊕ (1.17 M⊕) and 2.31 M⊕
(2.68 M⊕), respectively. In this case, the minimum and maxi-

mum values of the final mass of the class B HZ planets produced
from N-body runs with fragmentation are about 15 % smaller
than those obtained without fragmentation. Again, it is neces-
sary to carry out an analysis of the collisions undergone by the
class B HZ planets produced in our N-body simulations. In runs
without fragmentation, the 14 class B HZ planets experience a
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Fig. 10. Same as Fig. 8 for the water contribution. The color code is the same as in the mentioned figure. The panels represent the water contribution
to the class A HZ planets using Model 1 (left panel) and 2 (right panel), respectively.

total of 27 perfect mergers with embryos. While 2 of them do
not undergo any collision over 200 Myr of evolution, the other
12 class B HZ planets experience between 1 and 4 perfectly in-
elastic collisions. According to that observed in the bottom and
right panel of Fig. 8 through violet boxes, the initial masses of
the class B HZ planets produced in runs without fragmentation
represent more than 50 % of their final masses. From this, the
relative growth of such planets is less significant than that ex-
perienced by the class A HZ planets with M & 1 M⊕ formed in
simulations without fragmentation.

In runs with fragmentation, the 17 class B HZ planets formed
in such simulations undergo a total of 93 collisions, of which 33
are perfect mergers with planetary embryos, 34 perfect mergers
with fragments, 9 partial accretions, 1 erosive impact, 6 hit-and-
run, and 10 erosive hit-and-run. In Tab. 2 can observe this in-
formation summarized. In this case, the partial accretions and
the perfect mergers with planetary embryos (fragments) repre-
sent about 10 % and 35 % (37 %) of the total number of col-
lisions undergone by the class B HZ planets, respectively. As
commented on the class A HZ planets, the contribution of the
generated fragments to the final mass of the class B HZ planets
is also secondary in this case, since they provide less than 10 %,
which is shown in the bottom and left panel of Fig. 8 through
sky-blue boxes. It is worth mentioning that, while 3 of the class

B HZ planets formed in runs with fragmentation do not undergo
any perfect merger with an embryo over 200 Myr of evolution,
the other 14 experience between 1 and 5 of such perfectly in-
elastic collisions, which is comparable to that described for the
class B HZ planets produced in simulations without fragmen-
tation. From this and the low number of collisions that lead to
mass losses, the fraction contributed by the initial mass and per-
fect mergers with embryos to the final mass of the class B HZ
planets is similar in simulations with and without fragmentation.
This comparative analysis can be observed from the results illus-
trated in the bottom panels of Fig. 8, where the contribution pro-
vided by the initial mass and the perfect mergers with embryos
is represented through violet and green boxes, respectively. It is
worth to mention that for the class A HZ planets in simulations
with and without fragmentation their feeding zones are fully con-
tained in the region inner to the snowline. While for class B HZ
planets, their feeding zones are mainly contained in the outer re-
gion of the snowline, although there’s a minor contribution from
the inner region. This result, will affect to the final water content
of the final bodies.

The final water content of the class A and class B HZ planets
plays a key role in order to understand their potential astrobio-
logical interest. To quantify the final fraction of water by mass of
such planets, we track their collisional histories throughout the
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Frag # HZ Planets Class A Class B Masses (Class A) Masses (Class B) Wt fr. Class A Wt fr. Class B)

On 23 6 17 0.34 - 1.87 [M⊕] 0.97 - 2.31 [M⊕] 6.5 × 10−6 - 1.0 × 10−4 0.15 - 0.5

Off 26 11 14 0.42 - 2.30 [M⊕] 1.17 - 2.68 [M⊕] 1.0 × 10−4 0.26 - 0.5

Table 1. Summarize of amount of bodies formed for class A and class B HZ planets and their range of masses and final water fraction, in runs
with and without fragmentation.

HZ planets Perfect Merge Partial Erosive Super-Cat hit and run
class A 36 6 2 0 13
class B 67 9 1 0 16

Table 2. Total amount and type of collisions ocurred for class A and class B HZ planets.

entire evolution. For N-body simulations without fragmentation,
the treatment is very simple since all collisions are assumed to
result in perfect mergers, which conserve the mass and the wa-
ter content of the interacting bodies. For N-body experiments
that incorporate collisional fragmentation and hit-and-run colli-
sions, the treatment is more complex since we must specify the
amount of water acquired by the largest remnant and the frag-
ments generated in each event. To do this, we define the follow-
ing two models, which are based on prescriptions proposed by
Marcus et al. (2010):

– Model 1: the fraction of water of the largest remnant of each
collision is determined by assuming that the mass that es-
capes is water from the projectile (first) and the target (sec-
ond), and then rocky material from such bodies in the same
order,

– Model 2: the fraction of water of the largest remnant of each
collision is determined by assuming that the mass that es-
capes is water (first) and rocky material (second) from the
projectile, and then water and rocky material from the target
in the same order.

It is important to remark that Model 1 leads to a largest rem-
nant with a less fraction of water by mass than that derived from
Model 2. However, it is worth mentioning that Model 1 produces
a distribution of fragments with a greater amount of water than
that generated from Model 2. Thus, the final water content of the
HZ planets will strongly depend on the class of impacts that they
undergo throughout the entire evolution.

The left panel of Fig. 9 illustrates the final fraction of water
by mass as a function of the final mass of the class A HZ planets
formed in N-body simulations with and without fragmentation,
which are represented by blue and red circles, respectively. In
particular, the open and filled blue circles show the results de-
rived using Models 1 and 2 to determine the water transfer in
runs with fragmentation, respectively.

As the reader can see in the left panel of such a figure, all
class A HZ planets produced in N-body runs without fragmenta-
tion conserve the initial value of 10−4 associated with the fraction
of water by mass over 200 Myr of evolution, since all collisions
are assumed to result in perfect mergers and their feeding zones
are only associated with the region of the system inside the snow
line. Moreover, it is important to remark that the primordial wa-
ter contents of 8 of the 11 class A HZ planets formed in runs
without fragmentation represent less than 10 % of their final wa-
ter contents. This can be inferred from the top and right panel

of Fig. 8. In fact, since the feeding zones of such planets are re-
stricted to the region of the system inside the snow line, the con-
tributions to the mass fraction normalized to the final mass are
equivalent to the contributions to the water fraction normalized
to the final water content. Thus, in general terms, in our N-body
experiments without fragmentation, the main source of water of
the class A HZ planets are through collisions with embryos, in-
stead of from its primordial water content.

The analysis is more complex for the class A HZ planets that
result from simulations with fragmentation. In such a case, the
final fractions of water of the class A HZ planets depend on the
model adopted to track the evolution of water. In fact, it is impor-
tant to remark that the perfect mergers with generated fragments
represent about 47 % of the total number of collisions experi-
enced by the class A HZ planets. Thus, while the fragments play
a secondary role in the final masses of such planets, they can be
important in order to determine the final fraction of water of such
planets.

As we have already mentioned above, the left panel of Fig. 9
particularly illustrates the final fraction of water by mass as a
function of the final mass of the class A HZ planets formed in
simulations with fragmentation. According to this, the final frac-
tions of water by mass derived from Model 1 (open blue cir-
cles) show significant differences respect to those obtained using
Model 2 (filled blue circles). In fact, Model 1 offers a wide range
of results. Indeed, such a model can lead to slight increases of ∼
2.4 × 10−4 and significant decreases of ∼ 6.5 × 10−6 in the fi-
nal fraction of water by mass of the class A HZ planets respect
to their initial fraction of water of 10−4. Moreover, Model 1 can
also keep the final fraction of water by mass of some of such
planets close to the initial value of 10−4. On the contrary, Model
2 shows more conservative results concerning the final fraction
of water. From such a model, 4 of 6 class A HZ planets show a
final fraction of water by mass very close to the initial value of
10−4. The other 2 planets undergo a slight decreases of the frac-
tion of water by mass over 200 Myr respect to the initial fraction,
reaching a minimum final value of ∼ 5 × 10−5, which is associ-
ated with the less massive class A HZ planet.

According to this, in general terms, the water distribution be-
tween the largest remnant and the generated fragments in a given
collision proposed by Model 2 offers results comparable to those
obtained in simulations without fragmentation concerning the fi-
nal fraction of water by mass of the class A HZ planets. In this
sense, Model 1 shows more diverse results about the final frac-
tion of water by mass of such planets, leading to slight increases,
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significant decreases, and even similar fractions respect to those
derived in runs without fragmentation.

It is very interesting to determine the main source of water
of the class A HZ planets formed in simulations with fragmenta-
tion for each of the two models proposed to track the evolution
of water. In order to analyze this, the left and right panels of
Fig. 10 illustrate the contribution of the primordial water content
(violet), and that provided by collisions with planetary embryos
(green) and generated fragments (sky-blue) to the final fraction
of water by mass of the class A HZ planets, which is derived
making use of Models 1 and 2, respectively.

From this, it is possible to observe that, in general terms,
the role of the generated fragments is very important in the fi-
nal fraction of water by mass of the class A HZ planets when
Model 1 is used. In fact, the fragments represent the main source
of water in 3 of 6 of such planets, providing the totality of their
final contents. In 2 of 6 class A HZ planets, about 40 % of their
final water contents is acquired by perfect mergers with frag-
ments. These examples are very important since they extends the
significance of the fragments in cases where the planets receive
a relevant contribution of water from collisions with planetary
embryos. Finally, it is worth noting that the fragments just play
a secondary role in the final water content of the most massive
class A HZ planet, in which the primordial water content rep-
resents about 70 % of its final content. Beyond this, in general
terms, it is necessary to remark that the primordial water content
does not play a relevant role in the final water content of the class
A HZ planets formed in runs with fragmentation when Model 1
is adopted.

The conclusion concerning the contributions of the primor-
dial water, planetary embryos, and generated fragments to the
final water content of the class A HZ planets produced in simula-
tions with fragmentation is very different when Model 2 is used.
In this particular case, the general result shows that the generated
fragments play a minor role in the final fraction of water by mass
of such planets in comparison with that described using Model
1. In fact, this is clearly observed if we focuses the analysis on
those 3 class A HZ planets that acquire the totality of their final
water contents by perfect mergers with fragments using Model
1. If Model 2 is adopted, the fragments just provide about 10 %
(30 %) of the final water content of 2 (1) of those 3 class A HZ
planets. In general terms, it is important to note that the primor-
dial water content has a relevant contribution to the final water
content in 4 of 6 class A HZ planets, which represents another
important difference with that derived from Model 1.

Our results show that the main source of water and the fi-
nal fraction of water by mass of the class A HZ planets pro-
duced in simulations with fragmentation are very sensitive to the
model adopted to determine the distribution of water between the
largest remnant and the generated fragments in a collision. Ac-
cording to this, it is very necessary to specify a realistic model of
volatile transport in order to determine in detail the water abun-
dances of the formed terrestrial-like planets from N-body exper-
iments.

The situation is very different when the final water content
of the class B HZ planets is analyzed. In fact, such as the right
panel of Fig. 9 illustrates, the final fractions of water by mass
of the class B HZ planets produced in runs with fragmentation
are represented by open (filled) blue circles and range from 15%
(25%) to 50% (50%) when Model 1 (2) is used. From this, we
derive two important conclusions. On the one hand, in general
terms, the final fraction of water by mass of the class B HZ plan-
ets does not strongly depend on the model adopted to determine
the distribution of water in a given collision. Indeed, 12 of 17

of such planets reach almost the same final fraction of water by
mass with both models. On the other hand, our results show that
the collisional fragmentation is not a barrier to the formation and
survival of water worlds in the HZ of the system. Another inter-
esting result represented in the right panel of Fig. 9 indicates that
the final fractions of water by mass of the class B HZ planets
produced in runs without fragmentation (red circles) show sim-
ilar values to those obtained in simulations with fragmentation.
This point is very important since the results of simpler N-body
simulations without fragmentation concerning the water content
of the so-called water worlds should provide a good first approx-
imation to the real data.

5. Discussion and Conclusions

In the present research, we analyze the formation and evolu-
tion of terrestrial-like planets around solar-type stars, in systems
that host two giant planets with physical properties and orbital
parameters similar to those associated with Jupiter and Saturn.
In particular, our investigation is based on a comparative anal-
ysis of 46 N-body simulations, which are carried out using an
own numerical code called D3 N-body code. This numerical
tool incorporates fragmentation and hit-and-run collisions ac-
cording to the prescriptions described in the works developed
by Leinhardt & Stewart (2012), Genda et al. (2012), Chambers
(2013), and Mustill et al. (2018). To develop our study, 23 out of
46 N-body simulations are carried out assuming a realistic treat-
ment for collisions, while the other 23 N-body experiments are
developed considering that all collisions lead to perfect mergers.
In particular, our study focuses on the physical and dynamical
properties of the terrestrial-like planets and water delivery in the
Habitable Zone (HZ) of the system.

It is worth noting that, unlike previous work like Chambers
(2013), Quintana et al. (2016), and Wallace et al. (2017) in our
N-body simulations we did not include planetesimals for study-
ing the evolution of a planetary system. Our protoplanetary disks
are composed only by planetary embryos. We understand that, in
order to have real initial conditions and determining the mass ra-
tio between planetesimals and embryos, it is necessary to have
a detailed evolution of the gaseous stage. Here a simple model
is proposed. In this model we can compare the physical prop-
erties of terrestrial-like planets in N-body simulations with and
without fragmentation.

It is important to remark that our comparative analysis
between simulations with and without fragmentation derives
results consistent with those obtained by Chambers (2013),
concerning the general percentage of the different collisional
regimes, temporal evolution of the number of objects of the sys-
tem, final mass of the terrestrial-like planets, and final planetary
architecture.

The physical properties of the terrestrial-like planets formed
in the HZ of systems that result from simulations with and with-
out fragmentation show significant differences in several aspects.
In particular, our conclusions vary for class A and class B HZ
planets, which show accretion seeds initially located inside and
beyond the snow line, respectively.

In general terms, the planetary embryos represent the main
source of mass and water of the class A HZ planets produced in
runs without fragmentation. In particular, the class A HZ planets
more massive than 1 M⊕ experience very significant increases
of mass and water respect to their initial values. Beyond this,
the final fraction of water of all class A HZ planets formed in
simulations without fragmentation is equal to their initial value
of 10−4, since all collisions are treated as perfect mergers and
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their feeding zones do not include water-rich embryos, initially
located beyond the snow line.

As for the simulations that incorporate fragmentation and
hit-and-run collisions, the generated fragments play a secondary
role in the mass of the class A HZ planets, providing less than
about 30 % of their final value. In particular, the class A HZ plan-
ets more massive than 1 M⊕ undergo small increases of mass re-
spect to their initial values, since the primordial mass contributes
with more than 70 % to the final mass.

It is important to remark that the role of the fragments in the
final water content of the class A HZ planets, as well as their
final fractions of water, strongly depend on the model adopted
to determine the distribution of water in a given particular colli-
sion. On the one hand, if water from the projectile and the target
escape first, the generated fragments play a very important role
in the final water content of the class A HZ planets, while the
primordial water content does not represent a significant frac-
tion of the final content. Moreover, the final fraction of water
of such planets covers a wide range of values, which show slight
increases, significant decreases, and even very low deviations re-
spect to the initial fraction of 10−4. On the other hand, if water
and rocky material from the projectile escape first, the role of the
fragments in the final water content of the class A HZ planets is
less significant, while the contribution of the primordial content
of water plays a primary role. Moreover, the final fractions of
water of such planets show values close to the initial fraction of
10−4, which is comparable with that obtained for the class A HZ
planets formed in runs without fragmentation.

As for the class B HZ planets, the conclusions are very dif-
ferent. First, the physical properties of such planets formed in
runs with and without fragmentation are very similar. In fact,
it is important to remark that the contribution of the generated
fragments to the final final water content of the class B HZ plan-
ets is negligible regardless of the model adopted to distribute the
water after a given collision. This can be attributted to the fact
that there are no erosive impacts in water rich embryos, leaving
water-rich fragments that can contribute significantly to the fi-
nal water content of class B HZ planets. On the other hand, in
regards to the final mass of the planets the generated fragments
play a secondary role contributing in some cases up to 10% of
the final mass of the planet. The most important result derived
for this kind of planets indicates that the incorporation of the
fragmentation in the collisional algorithm does not prevent the
formation and survival of water worlds in the HZ of our systems.

It is worth noting that the model that we have adopted to
carry out our investigation has some limitations that should be
considered. First, we remark that the mass of each fragment has
the same constant value in all our simulations. The selection of
a smaller value for such a mass would lead to more generated
fragments per collision, which may affect our results. In this
sense, Wallace et al. (2017) analyzed the role of the fragmen-
tation in the rocky planet formation at small distances from the
central star, and investigated the dependence of their results on
the choice of the mass of fragments in the collisional algorithm.
While these authors did not find significant discrepancies in N-
body simulations developed using different values for the frag-
ment mass, we consider that it would be interesting to investigate
the role of such a mass value in the final physical properties of
the planets formed in the HZ of the system.

As for the models adopted from Marcus et al. 2010 for de-
termine the water content of the final planets have to be looked
carefully. We use two models for mantle stripping in a differen-
tiated body for modelling the water loss in a collision between
two planetary embryos. Although this is true for water-rich bod-

ies, we have to be careful with bodies with a low percentage of
water. One caveat of this model is that, in reality, the water may
not actually appear as an icy-mantle, but rather inside the sili-
cate mantle and atmosphere. In consequence, the model would
no longer be valid and the results may change abruptly. Mantle
stripping models that could be used for low or high water con-
tent have to be specified in order to achieve a good description
of the final water contents. Creating more complex models for
water loss by mantle stripping is in development for including it
in future works.

On the other hand, we consider that the treatment of the
smaller collisional fragments is a point of study to be checked
in future works. In fact, such as is described in Chambers (2013)
and Wallace et al. (2017), our numerical algorithm conserves the
total mass of the interacting bodies in a given collision, which is
distributed between the largest remnant and the generated frag-
ments. However, the model adopted by Mustill et al. (2018) in-
corporates a factor of mass removal assuming that most frag-
ments are ground to smaller sizes in a collisional cascade, and
then removed by radiation forces before they can be accreted on
planetary embryos.

As for the switchover function K, Rein et al. (2019) investi-
gated an inconsistency found in Chambers (1999) between the
published function and the one that it is used in the available
code. Rein et al. (2019) investigated different switching func-
tions, in particular, two extreme cases: one infinitely differen-
tiable function, and the Heaviside function. Their results show
that an infinitely differentiable switching function does not per-
form much better over one close encounter than the polynomial
function used by MERCURY. concluding that besides the dis-
crepancy between the published switchover function and the ,
the MERCURY code is indeed a switching integrator.

Finally, it is important to remark that the final water con-
tents of the HZ planets produced in our runs are derived by post-
processing N-body simulations. Future works should analyze the
evolution of the water content of such planets from N-body ex-
periments that track the removal and transfer of volatiles after
each collision. Prescriptions derived from smoothed particle hy-
drodynamics experiments, such as those shown by Dvorak et al.
(2015) and Burger et al. (2018), should be included in future
planetary formation N-body simulations in order to propose a
more realistic model associated with the water evolution during
the accretion stages.

The incorporation of such considerations in future N-body
experiments will allow us to obtain a better understanding con-
cerning the physical properties of the terrestrial-like planets that
composes the wide diversity of planetary systems of the Uni-
verse.
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