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b Eötvös

Discoveries of planets in binary star systems showed that planetary companions are not restricted
to single stars and led to a growing interest in understanding planetary formation processes in general. In binary star systems, the proto-planetary disk is truncated due to the secondary star which
has strong influence on the formation of planets. Despite numerous scientific studies thereto, we
are still faced with many open questions regarding where and how a planet can grow in such environments as there are many parameters that affect the outcome of hydrodynamical simulations.
In contrast thereto, terrestrial planet formation using gravitational N-body simulations can be easily performed. In either case, the architecture of a binary star– giant planet system influences the
formation and evolution of additional planets. Furthermore, resonances play an important role for
accretion processes and for the final set up of a planetary system.
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Observations suggest that a considerable fraction of stars in the solar neighbourhood are members of binary and multiple star systems. [1] and [2] established that in the solar neighborhood
(d < 25 parsec), about 40 − 45 % of all Sun-like stars (spectral types F6–K3) are members of binary and multiple star systems, independent of whether or not they are hosting planets. Recently,
[3] found for a sample of about 4800 F-/G-type main-sequence stars within 67 parsec of the Sun
that 33 % of the targets belong to binary star systems. The Washington Double Star Catalogue1
(WDS) lists more than 130,000 binaries which is the largest collection of binary stars. However,
this catalogue shows that the key parameters for dynamical studies of planetary motion in binary
star systems – i.e. the separation of the two stars and the eccentricity are known only for a small
fraction of observed binary star systems. The lack of observational information causes difficulties
for dynamical stability studies.
The detection of extra-solar planets in binary and multi-stellar systems showed that planetary
companions are not restricted to single stars. A study by [4] using the Kepler data suggests an
occurrence rate of coplanar circumbinary planets similar to that for single stars. The data of the
observed extrasolar planets are collected in various catalogues. The most frequently used catalogues are the Extrasolar Planet Encyclopaedia2 [5], and the Exoplanet Orbit Database3 [6]. In
addition, the Catalogue of Exoplanets in Binary Star Systems4 [7] lists only exoplanets in binary
and multiple star systems which shows about 132 planets that have been detected in binary star
systems so far. This number is certainly small compared to the nearly 3900 published exoplanets
but we expect an increase of this number in the near future due to missions like GAIA, Plato, TESS
CHEOPS, JWST, ELT and other promising observational projects.
In a binary star system one has to consider different types of planetary motion: P-type or
circumbinary motion where the planet orbits both stars in a distant orbit; and S-type or circumstellar
motion where the planet orbits one star. For the latter, the planetary orbit has to be close enough
to the host-star to avoid perturbations from the secondary star. In both cases, the stellar parameters
(i.e. mass, semi-major axis and eccentricity, inclination) play an important role for the formation,
evolution and habitability of planets.
The formation of planets in the classical core-accretion scenario [8, 9] begins on the smallest
scale, and lasts from sub-micron sized dust to Jupiter-like giant planets. Small planetesimals merge
as a result of the coagulation of dust particles. Larger planetesimals and planetary embryos are
formed by gravitationally assisted collisions of these smaller bodies. The end result of this process
is the formation of terrestrial planets and solid cores of giant planets. On the other hand, there
are a few still open issues of planet formation in the core accretion scenario, such as the existence
of different barriers impeding the growth of dust particles, such as the meter size, bouncing and
charge barriers [10, 11, 12], and the timescale problem of giant planet formation, which is due
to the combination of the fast type I migration of planetary cores [13] and the limited lifetime
of protoplanetry disks [14]. These issues are also present in circumprimary disks, when the planet
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forming gas disk is influenced by a stellar companion. Moreover, there are binary specific problems
for planet formation:
(i) The truncation and distortion of the circumprimary disk by the stellar companion [15, 16]. The
main question in this context is certainly whether truncated disks contain enough solid and gaseous
material to form gas giant and terrestrial planets. This issue has been numerically investigated
by [17] and [18] who concluded for γ Cephei-type systems that there is enough material in the
truncated disk to form a gas giant.
(ii) Dust coagulation is problematic in mid-separation binary systems (see [11] because in the
elliptically distorted protoplanetary disk the relative velocities between the colliding aggregates
may be large enough to inhibit dust coagulation – instead of sticking together, the dust particles
will destroy each other. This could be a real problem for the growth of planetesimals by mutual
collisions in binary systems as it is well known that collisions of planetesimals are highly sensitive
to their collision velocities [19, 20]. The gravitational perturbations from the binary companion
can excite the orbital eccentricities of the planetesimals, which will increase their impact velocities
resulting in disruption instead of accretion [21, 22].
[23] found that the combined effect of binary perturbations and local gas drag will result in the
orbital alignment of similar sized planetesimal, which helps to reduce the collision velocities even
for eccentric orbits. However, this mechanism cannot solve the planetesimal growth problem. [24]
found that the alignment depends strongly on the size of planetesimals. Thus planetesimals of
different sizes align their orbits to different orientations, consequently the mutual impact velocities
between planetesimals of different sizes are too high and inhibit their growth [25].
To resolve this issue, namely that planet formation is indeed possible in mid-separation binaries, new possible routes of planetesimal growth should be found. A convenient solution would
certainly be if planetesimals were born big, enough to resist the high velocity collisions. Such a
mechanism would be favorable as it allows the direct formation of few hundred km-sized bodies
from cm-sized dust aggregates proposed by [26] when analyzing the current size frequency distribution of main belt asteroids in the Solar System. In disks around single stars a new concept
has emerged, the particle trapping mechanism that can explain the formation of large planetesimals
also overriding the infamous meter-size barrier. [27] proposed that particle concentrations in a
turbulent disk may happen at small eddy scales, and may lead sometimes to the formation of selfgravitating sandpiles that will collapse to planetesimals between 1-100 km in size. A prerequisite
of this mechanism is that dust aggregates should grow first to millimeter sizes. [28] showed that
particle trapping and subsequent gravitational contraction of particle clouds can also happen at the
scale of the largest turbulent eddies, leading to bodies between 100 km and 1000 km in size.
Accepting the fact that giant planet formation is possible even in γ Cephei-type systems in
the framework of the core accretion scenario, we may assume that isolated embryos can form
as a result of an oligarchic growth of planetesimals, and during their final assembly, a system
of terrestrial planets may form also in the binary case. Following this scenario, terrestrial planet
formation has already been investigated by many authors as [29, 30, 31, 32] and [33] demonstrating
that Earth-like planets could be formed in binary system within 10-100 Myr.
In this paper we discuss first the problems of accretion during the gas phase when the giant
planets form. Then we show N-body simulations of terrestrial planet formation after the dissipation
of the gas disk where the perturbations of a secondary star and a prior formed giant planet influence
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the planetary growth process.

2. Planet formation during gas phase

2.1 Fully interacting binary-star – disk –protoplanet system
Recently, [47] performed a parameter study to analyze the interplay between a circumprimary
gas disk, gravitationally interacting embryos, and a distant secondary star. For this investigation
they developed a GPU-CPU 2D hydrodynamics grid code that combines hydrodynamic radiative
disk computations with highly accurate N-body simulations. This code was used to probe the differences for planetary formation, when taking into account (i) binary–disk, (ii) binary–protoplanet,
and (iii) the binary–protoplanet–disk interactions. By simulating a coplanar binary–disk system
with a grid centered in the primary star, the interplay and evolution of the three components (stars,
disk, and protoplanets) was investigated for γ Cephei like configurations. For γ Cephei, the primary’s mass, mA , and the secondary’s mass, mB , are 1.4 M and 0.4 M , respectively, with a
mutual distance of ∼ 20 au and an eccentricity of 0.4. The gas disk of 0.01 M around the primary
extended initially from 0.5 to 8 au with an initial density profile5 Σ(r) ∝ r−1 , where r denotes the
distance from the primary. In addition, 2048 embryos with masses of 0.016 M were distributed
randomly around the primary. The arrangement of embryo-sized particles implicitly assumes that
the planetesimal accretion phase was successful, which is far from being granted.
The investigation by [47] is of great importance for tight binary star systems, as it showed
for the first time that close encounters between protoplanets and their interaction with frequently
5 This simple density distribution places much material outside the Hill sphere of the primary star where it is strongly

affected by the perturbations of the secondary.
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Understanding the various processes for planet formation in binary star systems is of high importance, since combined perturbations of an already developed gas giant planet and the secondary
star can be quite effective in the case of rather tight binary systems, such as γ Cephei [34, 35],
GJ 86 [36, 37], or HD 41004 [38], in which massive exoplanets are known to orbit one of the stars.
These discoveries have led to a growing interest in understanding planetary formation processes in
general.
In such binary star systems, the secondary star together with the heavily truncated and possibly distorted disk influence the formation and evolution of planets throughout several stages of
the planet-forming process. Disk truncation is caused by the companion star through gravitational
interaction, as was shown by [39] and [40], where mainly the outer edge is influenced for circumstellar disks [15, 18]. The inner edge is affected in case of circumbinary disks [41]. To determine
the border of stable motion in a binary star – which defines the truncation of the disk – one can
use general stability studies like e.g. [42, 43, 44] The truncation shortens the lifetime of the disk
and consequently limits the period in which gaseous planets can form. During the accretion of
dust particles to km-sized planetesimals, the secondary star can force the shape and orientation of
their orbits, which could stop planetary formation (see e.g. [45] and references therein). [46] summarized a number of observational surveys (e.g., IRAS and Spitzer satellites) that yield the disk
lifetimes to be ≤ 107 years, and the median disk dispersion time-scale is 2 − 3 Myr as observed in
various star forming regions.
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occurring spiral density waves in the gas disk induced by the secondary star lead to large scale
momentum and energy exchange. These interactions might increase the semi-major axes and eccentricities of the protoplanets to high values and thus inhibit the agglomeration and merging of
planetesimals and protoplanets. Moreover, changes in the mass-weighted disk eccentricity and
the longitude of the disk pericenter cause variations in the dynamical evolution of the disk (see
[18]) and might also affect the movement of protoplanets. This may either render planet formation
impossible, or provide an environment where agglomeration is not strongly affected by the disk.
In this context, the study by [47] revealed the following information:

2. The evolution of interacting particles, perturbed by the stars and the gas disk, was studied
for the first time with the combined hydrodynamical–N-body code. The eccentricities of the
particles underwent strong variations, especially in the fully interacting model (up to ∼ 0.9 in
the first 1000 years). While in the model without a back-reaction from the disk, the evolution
proceeded more slowly, and on average the eccentricity remained below 0.4. Moreover, the
N-body relaxation processes occurred faster in the presence of a dynamically evolving and
interacting gas disk, with average protoplanetary eccentricities almost twice as high as in
non-interacting models. It was also shown that the relaxation time depends on the so-called
smoothing parameter, which introduces a numerical viscosity and keeps eccentricities at low
values. A quiet (low eccentricity) disk damps the particle eccentricities even when only disk
gravity is taken into account.
3. The growth of particles yielded different collision probability distributions in the fully interacting model. Disruption dominated in this model in both time intervals that have been
considered.6 . Mergers were found to be more probable for the early time interval in the model
that considered a quiet disk and the model without a back-reaction from the disk, though in
the later time interval disruption dominated also in these dynamical models. Therefore, one
can conclude that the growth from embryos to planets within a dynamically evolving gas
disk is strongly altered by the dynamical evolution of the disk, which leads to a decreased
probability for planet formation at least in the inner parts of the gas disk. This fact can be
explained by the action of periodically occurring and inward-moving spiral waves in the disk
that are exited by the secondary star together with a periodically varying disk eccentricity
which leads to excitations of the embryos and thus higher encounter velocities.
There are many parameters that affect the outcome of the simulations, such as the gravitational
smoothing parameter (which influences the disk–protoplanet and protoplanet–protoplanet interactions), the type of boundaries (reflecting, outflow, non-reflecting) of the grid in the hydrodynamic
6 [47]

compared two time intervals for merging and disruption: Interval I is from the 30th to the 40th binary orbit,
and interval II is from the 50th to 60th binary orbit.
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1. The evolution of the disk was not strongly affected by the particles when the total particleto-gas mass ratio was 10−2 . However, a phase drift in the disk’s mass-weighted eccentricity
and argument of pericenter was observed between solutions where the protoplanets’ influence is either incorporated or neglected. Moreover, the initially zero eccentricity of the disk
increased to maximum values between 0.06 and 0.07 and reached 0.03 or 0.035 by the end
of the computations (after 100 binary periods) in all the dynamical models they studied.
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part, different flux-limiter functions in the advection part of the code, and the orbit evolution of the
secondary star. Therefore, future studies are needed to investigate their influences and shed more
light on the problems of the early phase of planet formation in binary star systems.
However, we have observational evidence that giant planet formation is possible even in quite
tight binaries. Consequently, a system of terrestrial planets may also form in binary star systems
during the final assembly phase of planetesimals. It is a well established fact that giant planets play
a decisive role for terrestrial planet formation [48].

While gas planets have to form quite rapidly within the lifetime of the gas disk, terrestrial
planet formation may take some tens to hundreds of millions of years. Numerical simulations
by [32] showed terrestrial planet formation even in tight binary star systems. They performed
numerical simulations for various binary configurations with separations between 20 and 40 au
and compared their results with Solar System computations. From this study, they could conclude
that terrestrial planets can easily form in such tight binary star systems where the final architecture
of a planetary system depends on many parameters, e.g. the mass-ratio, the eccentricity and the
semi-major axis of the binary. A comprehensive survey of the influence of the binary’s dynamical
and physical parameters on terrestrial planet formation is difficult, though. [32] have found a big
diversity of planetary systems even with the restriction to tight binaries with stellar separations up
to 40 au.
In our investigations we studied terrestrial planet formation in a wider range of binary configurations. We started the simulations from the end of the oligarchic growth, when the massive
embryos already accreted the smaller planetesimals in their feeding zone. Our physical model is
therefore the gravitational N-body problem, in which the only interaction between the involved
bodies is the gravitational force.
3.1 Initial set-up and Simulations
To generate an initial swarm of embryo population we assume the usual power law profile for
the surface density of solids Σsolid (r) = Σ0 · r−α , where Σ0 = 10g/cm2 is slightly larger than that of
[49] for the Minimum Mass Solar Nebula (i.e. Σ0 = 7.1g/cm2 ). The power law index α = 1 fits the
best to the protoplanetary disks’ observations. The masses and the initial semi-major axes of the
embryos have been calculated by using the concept of the isolation mass. An embryo is reaching
the isolation mass by emptying its feeding zone, which is an annular region expressed in terms of
its Hill radius. The total mass of planetesimals in this ring of width ∆amax = CrHill is:
miso = mring = 2πaCrHill Σ p (a)

(3.1)

where C is a constant, and Σ p (a) is the surface density of the solid material in the ring at the distance
a from the star. And the Hill radius of a body with mass m at distance a from the host-star M? is
rHill = a(m/3M? )(1/3) . The distance of the closest embryo to the star is 0.3 au and C = 5 which is
√
slightly larger than the value (2 3) suggested by [50].
5
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3. Planet formation after gas phase
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The position of the ith embryo with mass mi and distance ai is defined by the following iteration




mi 1/3
mi−1 1/3
+Cai
(3.2)
ai = ai−1 +Cai−1
3M?
3M?

3.2 Evolution of the Embryo disk
A typical behaviour of the embryos’ semi-major axes when the formation process is not affected by a giant planet is shown in Figure 1. This simulation corresponds to the particular case
when the separation and the eccentricity of the binary system are abin = 100 au and ebin = 0.01. At
the beginning of the simulation one can immediately observe the chaotic nature of the embryos’
dynamics. Due to their mutual gravitational perturbations, the whole swarm of embryos expands to
larger semi-major axes and their motion is strongly chaotic. In the example shown in Figure 1, first
bodies are formed after roughly ten million years due to a series of consecutive collisions where
these bodies accrete mass. The inner planets become seemingly stable after shorter time than the
outer planets. On the other hand, a planet on an orbit with apparently constant semi-major axis
6
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for ai ≤ amax with amax = 1.6 or 2.6 au (depending on the location of the giant planet which is either
2.5 or 5 au).
In all simulations we studied terrestrial planet formation around a Sun-like star and varied
the mass of the perturbing secondary star between 0.4, 0.7, 1.0 and 1.3MSun (i.e. from M to F type
stars). In most cases the perturbing star is less or equal massive than the host star except in case
of the F type secondary star. In addition, the separation of the binary system (abin ) is changed
between 25 and 100 au, and the binary eccentricity ebin is increased from 0 to 0.6. As giant planet
we used a Jupiter-mass planet (mgp = 1MJup ) orbiting either at agp = 5 au when abin > 25 au, or
at agp = 2.5 au for abin = 25 AU. We reduced agp , in the latter case as the hosting protoplanetary
disk is truncated heavily for such small binary separations, and it would be unlikely to form a giant
planet at 5 au.
We integrate numerically the differential equations of the gravitational N-body problem in
the barycentric coordinate system using a Bulirsch-Stoer (BS) integrator with adaptive stepsize
control to be able to handle collisions between nearby bodies [51]. The condition for a collision
of two bodies is: di, j < β (ri + r j ), where di, j is the distance between bodies with radii ri and r j ,
respectively, and β is a factor of radius enhancement being a number of unity. We used β = 2.0,
which seems to be a good compromise, because according to our simulations this choice of β
accelerates numerical integration avoiding the very small time steps of the BS scheme needed to
resolve collisions. On the other hand, the formation process has not been shortened significantly.
The physical radii of the bodies have been calculated from the masses of the bodies using a bulk
density of ρ = 2g/cm3 . The mass and the initial velocity of the newly formed body are calculated
assuming a perfectly inelastic collision using the center of mass approximation. In this way all
collisions result in the merging of the bodies, no fragmentation and mass loss is incorporated in
the model. We are aware of the fact that according to state-of-the-art collisional simulations using
SPH (Smooth Particle Hydrodynamics) (see e.g. [52]), the outcome of collisions among planetary
embryos could be a more complicated issue leading to destruction of these bodies. On the other
hand, including the numerical treatment of fragmentation to our simulations would be very time
consuming as this would increase the number of bodies in the N-body simulations.
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can become chaotic due to pertubations leading to a collision with another already formed bigger
body. The dynamics of the embryos in binary stars without giant planet seems to be only influenced
when the binary separation is small, and the binary eccentricity and the stellar companion’s mass
are large. By increasing the stellar separation of the binary system the motion of the embryos will
resemble more and more to the single star case.
3.3 Perturbations of a giant planet
From the dynamical point of view, it is a more interesting case when beside the stellar companion an already formed giant planet is also influencing the formation of terrestrial planets. We recall
that our assumption on the embryo population is that the outward moving front of the oligarchic
growth of embryos is at 2.6 AU. As one can see from Figure 1, the embryo population is expanding
towards the giant planet, thus some members of this population will be affected by various mean
motion resonances (MMRSs) with the giant planet leading to an apparent random walk through the
different MMRs. As final outcome, many of the outer members of the swarm will be ejected from
the system. This behaviour is illustrated in Figure 2 where the evolution of embryos is shown in
a region perturbed by MMRs of the gas giant. The destabilization mechanism can be explained in
terms of the different MMRs. It is known that the separatrices of an MMR form a ’V’-shape in
the a – e plane (see [53] for more details) meaning that the region of the libration of the critical
(resonant) angle is increasing with the eccentricity of the embryo being in MMR with the giant
planet. For larger values of the eccentricity neighbouring resonances are overlapping each other
resulting in a strongly chaotic behaviour for bodies being in this region of the phase space. Thus
bodies with increased eccentricities moving in this region will be subject of strongly chaotic and
unstable behaviour bringing them to close encounters with the giant planet. As a result, such bodies will be either ejected from the system or will leave this region. One can expect therefore that
7
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Figure 1: Evolution of the isolated embryo disk with initial positions between 0.3 and 2.6 au from the
host-star in a binary star system with stellar separation abin = 100 au and binary eccentricity ebin = 0.01,
respectively. The evolutions of semi-major axes show that due to gravitational perturbations the embryos are
pushed to larger semi-major axes and the whole population is expanding outwards.
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the ultimate result of terrestrial planet formation in binary star systems is strongly dependent on
how the embryos’ eccentricities are excited to higher values. The mechanisms responsible for the
increase of eccentricities are the following: (i) gravitational self excitation of embryos, (ii) direct
effects of the secondary stellar companion, (iii) indirect effects of the secondary star by increasing
the giant planet’s eccentricity, and finally (iv) secular resonances caused by the stellar companion
and the giant planet in conjunction.

3.4 The role of resonances
In Figure 2 we show the perturbations of a binary configuration with stellar separation abin =
100 au, binary eccentricity ebin = 0.01 and masses M1 = 1MSun , and M2 = 0.4MSun which is among
the studied systems that with the weakest perturbations from the secondary star. The behaviour of
the embryos’ semi-major axes is shown in Figure 2 which is mainly affected by the MMRs of the
giant planet (indicated by the blue horizontal lines) and not by the combined effect of the secondary
star and giant planet. Thus at least temporary resonant captures can happen into particular MMRs.
During such a resonant capture the eccentricities of the involved bodies could be increased so that
their orbit might end up in a region of the strong chaos. As a consequence, such bodies suffer close
encounter with the giant planet and are ejected from the system. This behaviour is shown by two
embryos in Figure 2 which are first captured into 3 : 1 MMR then they jump into 2 : 1 MMR and
be ejected afterwards. It is noteworthy that in this system, there are two surviving bodies in the
region filled densely by the different MMRs. One of these planets ends up in an orbit nearby the
4 : 1 resonance and the other planet is close to the 7 : 1 MMR which is in the so-called habitable
zone (HZ) of the primary star. Both planets are moving apparently in ordered orbits.
When we increase the eccentricity of this binary configuration to ebin = 0.6 then, the secondary
star approaches the primary star periodically to a distance of only 40 AU which causes a periodic
perturbation that increases the eccentricities of the giant planet and of the embryos. Even without
a thorough study of the eccentricity excitation, one can immediately conclude from Figure 3 that
8
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Figure 2: Same configuration as Figure 1 but with an already formed giant planet at 5 au (red horizontal
line) which perturbs the planet forming region (indicated by the blue horizontal lines).
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almost all embryos located beyond the 7 : 1 MMR are ejected from the planet forming region, and
only one planet is formed at ∼ 0.9 au which is close to the inner border of the HZ. Moreover,
Figure 3 shows a sudden escape of the innermost body after about 26 Myrs which is due to a
secular resonance (SR) where the eigen-frequencies of the embryo and of the giant planet are
equal in this configuration. Recently, we have developed a Semi-Analytical Method for secular
resonance detection – for details see [54, 55] which helps to locate and define secular resonances
for circumstellar planetary motion in binary stars. In this case, a 1 : 1 SR with the giant planet’s
orbital precession frequency leads to an escape of this body due to the continually increase of the
embryo’s eccentricity.

Figure 4: Same binary-star–planet configuration as in Figure 2 but with a smaller stellar separation of 50
au.

Instead of increasing the binary eccentricity one could decrease the stellar distance of the
two stars to study stronger perturbations of the secondary star. Figure 4 shows the evolution of the
9
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Figure 3: Same binary-star–planet configuration as in Figure 2 but with an increased binary eccentricity
(0.6).
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embryos in the binary star – planet configuration with stellar separation abin = 50 au and ebin = 0.01.
Similarly to the case of the wider binary separation (abin = 100 au), the embryos are ejected from
the system as a consequence of temporary captures to different resonances (see the ejections at
5 : 2, 3 : 1,and 4 : 1 MMRs). Finally, there are three surviving bodies: one in the resonant region
close to the 5 : 2 MMR and two interior the 7 : 1 MMR. Comparing Figures 3 and 4 it seems that
the increase of ebin has a more severe effect on the dynamical behaviour of the embryos than the
decrease of the binary separation.

To investigate the effect of the binary’s eccentricity further, we show the result for the binary
configuration abin = 50 au for a higher eccentricity ebin = 0.6 (see Figure 5). In that case, the
secondary star approaches very close the primary (to 20 au), thus stronger periodic perturbations
are visible for the giant planet and the embryos which result in a rapid destabilization of the outer
embryo population (in which mainly the 4 : 1 and 3 : 1 MMRs are involved). Finally, only two
planets survive, interior to the 7: 1 MMR. However, in this area we recognize also a sudden escape
of a body after 50 Myrs which is caused by the 1 : 1 SR with the giant planet.
In order to verify how general the role of the MMRs is, we changed the semi-major axis of
the giant planet to agp = 3.5 au and performed simulations of the binary configuration for various
stellar separations (abin = 50, 75 and 100 au) and eccentricities ebin = 0.01, 0.2, 0.4 and 0.6. In all
simulations we have found a similar behavior of the formed terrestrial planets as in the case agp = 5
au. The terrestrial planets are formed in a region far from the strong MMRs and presumably from
the strongly chaotic region. This assumption was confirmed by stability maps of the (a, e)-plane
calculated with the aid of the chaos indicator RLI (i.e. Relative Lyapunov Indicator). The RLI was
developed by Sándor and is known to be a fast tool to distinguish between regular and chaotic
motion. For details we refer the reader to [56, 57]. From the results of our computations we
can conclude that the presence of a giant planet causes a chaotic region due to the overlapping of
various MMRs with the giant planet. This chaotic region plays a distinguished role in the outcome
of terrestrial planet formation in binary stars. In all our simulations with a giant planet in the system
where the stellar motion is nearly circular (ebin = 0.01) we observe the formation of a single planet
10
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Figure 5: Same binary-star–planet configuration as in Figure 4 but with an increased binary eccentricity
(0.6).
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in the area perturbed by MMRs, and mostly two planets interior to this region, where high order
resonances (i.e. MMRs > 7 : 1) will not hamper the formation of a planet. In case of eccentric
motion of the binary, generally no planet was formed in the MMR perturbed area and only one or
two planets interior the 7 : 1 MMR can be observed.

4. Final set-up of formed planetary systems

Terrestrial planets formed in G-K system without giant planet

Binary separation [AU]

25

50

75

100

HZ

2.5

5.0

AU
Terrestrial planets formed in G-K system with giant planet

Binary separation [AU]

25

50

75

100

HZ

2.5

5.0

AU

Figure 6: Terrestrial planets formed in binary star systems with different stellar separations (y-axis) and
different binary eccentricities (i.e. different lines for a certain binary separation). The blue area marks the
habitable zone (HZ) of the host-star (big red dot). Top panel shows the formed planets in systems without
giant planet. Bottom panel shows the results of systems with giant planet (see the small red dot).

Figure 6 shows a comparison of simulations for a binary star system with stars of spectral types
G and K, with and without giant planet of one Jupiter-mass (marked by the smaller red circles in
11
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However, in systems with larger stellar separations (e.g. abin = 100 au) the chaotic region may
contain areas of ordered motion where planets can form. This is due to the fact that the motion of
the giant planet is less perturbed (i.e. its eccentricity remains small) by the secondary star which
raise the possibility of unperturbed areas.
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5. Conclusion
Numerical simulations of the early stages of planetary formation in binary star systems figured
out that we are faced with many open questions regarding where and how a planet can grow in such
environments. There are many parameters that affect the outcome of the simulations, such as the
smoothing parameter regarding the disk–protoplanet and protoplanet–protoplanet interaction, the
type of boundary conditions (reflecting, outflow, non-reflecting) of the grid in the hydrodynamical
part, different flux-limiter functions in the advection part of the code, and the orbital evolution of
the secondary star. Therefore, future studies are needed to investigate their respective influence and
shed more light on the problems of planet formation in binary star systems.
In contrast thereto, terrestrial planet formation using pure gravitational N−body simulations
for embryo-sized bodies can be easily performed and result in one or several small planets depending on the initial binary-star-planet confirguration. If the binary star hosts also a giant planet,
MMRs with respect to this planet play an important role as they restrict the region for the late stage
formation and limits the eccentricity of the terrestrial planets to smaller values than in systems
without giant planet.
In any case the initial configuration of a binary-star–planet system plays an important role
since perturbations like mean motion and secular resonances will shape a system and trigger collisions of planetesimals and embryos and influence therefore the process of accretion and the final
architecture of planetary systems.
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the lower panel). The horizontal axis symbolizes the distance to the host star, with the HZ being
the light-blue area (i.e. between 0.95 and 1.67 au). The giant planet is located either at 2.5 au (for
tight binaries), or at about 5 au like in the Solar System.
Comparing the two figures, one can see that in binary systems without Jupiter (upper panel)
the terrestrial planets formed after 100 Myr indicate a higher diversity of planetary systems where
even highly eccentric planetary motion is possible in the outer region. In the lower panel, the giant
planet obviously limits the occurrence of terrestrial planets to the region within the 3:1 MMR at
about ∼ 2.5 au. Another striking difference is that the orbits of formed planets are more ordered in
the latter case, i.e. the orbits do not overlap. Both figures show the formation of terrestrial planets
in the HZ for all stellar separations aB . The point size indicates different masses of these planets,
which depend on the frequency of collisions and, therefore, on the dynamical perturbations during
the formation scenario.
Finally, we pay attention to the secondary star’s mass which was varied between 0.4 and
1.3MSun . The results of these numerical simulations do not show strong differences in the dynamical evolution for the various masses. Thus we can conclude that an increase in eccentricity
has the strongest influences on the dynamics of the protoplanetary disk while changes of the stellar
separation and the secondary’s mass are less effective.
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