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Abstract

Several celestial bodies in co-orbital configurations
exist in the Solar System. However, co-orbital exo-
planets are yet to be discovered. This lack may result
from a degeneracy between the signal induced by co-
orbital planets and other orbital configurations. Here
we determine a criterion for the detectability of quasi-
circular co-orbital planets and develop a demodulation
method to bring out their signature from the observa-
tional data. We show that the precision required to
identify a pair of co-orbital planets depends only on
the libration amplitude and on the planet’s mass ratio.
We apply our method to synthetic radial velocity data,
and show that for tadpole orbits we are able to deter-
mine the inclination of the system to the line-of-sight.
Our method is also valid for planets detected through
the transits or astrometry techniques.
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Abstract

In the framework of the Restricted Three-body Prob-
lem (RTBP), we consider a primary whose mass is
equal to one, a secondary on circular or eccentric mo-
tion with a mass € and a massless third body. The three
bodies are in coplanar motion and in co-orbital reso-
nance. We actually know three classes of regular co-
orbital motions: in rotating frame with the secondary,
the tadpole orbits (TP) librate around Lagrangian equi-
libria Ly or Ls; the horseshoe orbits (HS) encom-
pass the three equilibrium points L3, L4 and Ls; the
quasi-satellite orbits (QS) are remote retrograde satel-
lite around the secondary, but outside of its Hill sphere.

Contrarily to TP orbits which emerge from a fixed
point in rotating frame, QS orbits emanate from a one-
parameter family of periodic orbits, denoted family-f
by Henon (1969). In the averaged problem, this family
can be understood as a family of fixed points. How-
ever, the eccentricity of these orbits can reach high
values. Consequently a development in eccentricity
will not be efficient. Using the method developed by
Nesvorny et al. (2002) which is valid for every values
of eccentricity, we study the QS periodic orbits family
with a numerical averaging.

In the circular case, I will present the validity do-
main of the average approximation and a particular or-
bit. Then, I will highlight an unexpected result for very
high eccentricity on families of periodic orbits that
originate from L3, L4 and Ls. Finally, I will sketch
out an analytic method adapted to QS motion and ex-
hibit associated results in the eccentric case.
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Abstract

More than 150 Hot Jupiters with orbital periods less
than 10 days have been detected. Their in-situ forma-
tion is physically unlikely. We need therefore to un-
derstand the migration of these planets from high dis-
tance (several AUs). Three main models are currently
extensively studied: disk-planet interactions (e.g. [3]),
planet-planet scattering (e.g. [4]) and Kozai migra-
tion (e.g. [2]). Here we focus on this last mechanism,
and aim to understand which dynamical effects are the
most active in the accumulation of planetary compan-
ions with low orbital periods in binary star systems.

To do so, we investigate the secular evolution of Hot
Jupiters in binary star systems. Our goal is to study
analytically the 3-day pile-up observed in their orbital
period. Our framework is the hierarchical three-body
problem, with the effects of tides, stellar oblateness,
and general relativity. Both the orbital evolution and
the spin evolution are considered. Using the averaged
equations of motion in a vectorial formalism of [1], we
have performed ~ 100000 numerical simulations of
well diversified three-body systems, reproducing and
generalizing the numerical results of [2].

Based on a thorough analysis of the initial and fi-
nal configurations of the systems, we have identified
different categories of secular evolutions present in
the simulations, and proposed for each one a simpli-
fied set of equations reproducing the evolution. Statis-
tics about spin-orbit misalignements and mutual incli-
nations between the orbital planes of the Hot Jupiter
and the star companion are also provided. Finally, we
show that the extent of the 3 day pile-up is very depen-
dent on the initial parameters of the simulations.
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Abstract

The rotation of asymmetric bodies in eccentric Keple-
rian orbits may be chaotic. As it is the case for Hy-
perion [1], this phenomenon is due to the overlapping
of spin-orbit resonances. For a Keplerian motion with
small eccentricity, the only relevant spin-orbit reso-
nance is the synchronous one (when the orbital fre-
quency is equal to the rotation frequency as it is the
case for the Moon). As a consequence, the rotation is
generally regular.

Here we are interested in the rotation of a body
whose orbital motion is perturbed by a third one. The
situation in which the rotator and the perturbing body
are in co-orbital resonance (1:1 orbital resonance) is
particularly interesting. We demonstrate that, even
when the eccentricities of the trajectories are small,
stable non-synchronous rotation is possible for a wide
range of mass ratios and body shapes [2]. We fur-
ther show that the rotation becomes chaotic when the
natural rotational libration frequency, due to the ax-
ial asymmetry, is of the same order of magnitude than
the orbital libration frequency inside the co-orbital res-
onance. When the co-orbital bodies evolve on ellip-
tic orbits with significant eccentricities, case in which
non-synchronous spin-orbit resonances are possible on
Keplerian orbits, a new kind of spin-orbit resonance
appears.
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Abstract tecture of the planetary system formed. Planets can
form in the HZ but they can be dry or almost dry. How-
Dynamical simulations show that the outcome of plan- ever, smaller objects are also present in the feeding
etary formation process can lead to various planetary area, providing additional material. The main question
architectures (i.e. location, size, mass and water con-we tackle in this study is thefleciency of a secondary
tent) when the star system is single or double. In Star to move icy asteroids from beyond the snow-line
the late phase of planetary formation, when embryo- into orbits crossing the HZ. Considering various bi-
sized objects dominate the inner region of the system, nary star characteristics, how much water can be trans-
asteroids are also present and can provide additionaported into the habitable zone and on which timescale?
material for objects inside the habitable zone (Hz). If mass loss processes on asteroids'surface are ac-
In this study, we make a comparison of several bi- counted for, how much water can really end on any
nary star systems’ characteristics and thdiicency planets or embryos moving in the HZ?
to move icy asteroids from beyond the snow-line into
orbits crossing the HZ. In our results, we highlight the i . .
key role of secular and mean motion resonances, causNumerical simulations
ing an dficient flux of asteroids to the HZ on a short
timescale. This in turn leads to asteroids bearing a nonOur study is focused on a primary G-type star with
negligeable amount of water towards the HZ and avail- mass M. = 1 M, and we investigate the dynamical
able for any planets or embryos moving in this area. effect of a secondary of either F, G, K and M-type,
We also discuss how mass loss mechanisms can altepn an asteroid belt. The studied binary star sys-
the water content on asteroids’ surface. tems encompass relatively tight configurations, i.e.
semi-major axes in a range of @ [25:100] au. This
parameter has been changed in steps of 25 au in our
Introduction simulations. The secondary is on an elliptical coplanar
orbit with eccentricities g€ [0.1:0.5] increased in
Up to now, almost two thousands exoplanets are listed, steps of 0.2. We modeled a belt of 10000 asteroids
not to mention the almost three thousands candidategremnants from the late phase of planetary formation
from Kepler observations. Most of them orbit sin- process) beyond the snow line. The planetesimals are
gle stars, but some planets or planetary systems wereplaced randomly around the primary star and move
found in multiple star ystems. In our solar neighbour- under the gravitational influence of the two stars and
hood, almost 70% of the known systems are composeda gas giant placed at 5.2 au with a mass equal to
of multiple stars. The question of habitability in bina- Jupiter's mass.
ries, by taking into account the combined radiation and Contrary to a single star system, the presence of a
dynamical &ects for the determination of the HZ bor- secondary star causes secular perturbations which
ders, has already been studied in [1] for known sys- position, for a given giant planet location, is strongly
tems and they conclude that both stars could harborrelated to the binary system’s characteristics. Figure
potential habitable planets in their respective HZ. 1 shows the maximum eccentricity of test particles
Previous studies [2] of planetary formation from initially on a circular coplanar orbit and placed below
embryo-sized objects in such systems show the the orbit of the gas giant planet)( Several scenarios
stochastic behaviour of the simulations on the archi- are studied but only results for & 50 and 100 au



e the probability for an asteroid to deliver its water
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HZ. However, mass loss processes can drastically de-

Figure 1: Maximum eccentricy of test particles initiallyaped on a circular- crease the amount of water beared to the HZ.

plan orbit, below the giant plane¢)at 5.2 au. In both cases, the secondary
is on an elliptical coplanar orbiBottom panel: the secondary is apa= 100

au. When varying the secondary’s mass, MMRs can becomegstramd the
secular perturbation inside the HZ (straight vertical$in@oves outwardlop
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Abstract

The minimum value of the mass of the rarefied
condensation that was a parent for the embryos of the
Earth and the Moon could be about 0.02 of the Earth
mass. There could be also another main collision of
the parental condensation with another condensation,
which changed the tilt of the Earth to its present
value. Depending on eccentricities of planetesimals
that collided with solid embryos of the Earth and the
Moon, the Moon could acquire 0.04-0.3 of its mass at
the stage of accumulation of solid bodies while the
mass of the growing Earth increased by 10 times.

1. Introduction

Galimov and Krivtsov [1] noted that the giant impact
concept, which is a popular model of the Moon
formation, has several weaknesses. In particular, they
calculated formation of the Earth-Moon system from
a rarefied protoplanet. Lyra et al. [4] showed that in
the vortices launched by the Rossby wave instability
in the borders of the dead zone, the solids quickly
achieve critical densities and undergo gravitational
collapse into protoplanetary embryos in the mass
range 0.1-0.6Me (where Mg is the mass of the Earth).
Ipatov [2] and Nesvorny et al. [5] supposed that
transneptunian satellite systems have been formed
from rarefied condensations. It was shown in [2] that
the angular momenta acquired at collisions of
condensations moved in circular heliocentric orbits
could have the same values as the angular momenta
of discovered transneptunian and asteroid binaries.
Ipatov [3] obtained that the angular momenta used in
[5] as initial data in calculations of the contraction of
condensations leading to formation of transneptunian
binaries could be acquired at collisions of two
condensations moved in circular heliocentric orbits. |
supposed that the number of collisions of
condensations at which the formed condensation with

mass equal to that of a solid body with diameter
d>100 km got the angular momentum needed for
formation of a satellite system can be about or a little
greater than the number of small bodies with d>100
km having satellites (among all such small bodies),
i.e., the fraction of condensations formed at such
collisions among all condensations can be about 0.3
for objects formed in the transneptunian belt. The
model of collisions of condensations explains
negative angular momenta of some observed binaries,
as about 20 percent of collisions of condensations
moving in circular heliocentric orbits lead to
retrograde rotation.

2. The angular momentum at a
collision of two rarefied embryos

Using the formulas presented in [2], we obtained the
angular momentum of the Earth-Moon system could
be acquired at a collision of two rarefied
condensations with a total mass not smaller than
0.1Mg. We suppose that solid proto-Earth and proto-
Moon could be formed by contraction of a
condensation (e.g., according to the models of
contraction of a condensation presented in [1, 5]). In
calculations of contraction of condensations (of mass
m and radius r equal to 0.6 of the Hill radius)
presented in [5], satellites were formed at initial
angular velocities ®, from the range 0.5Q,—0.75Q,,
where Q,=(Gm/r®)Y2 (G is the gravitational constant).
In 3-D calculations of gravitational collapse of a
condensation presented in [1], binaries were formed
at 0o/Q, from the range of 1-1.46. For smaller w,/Qo,
satellites were not formed. At a collision of two
condensations, the angular velocity can be as high as
0.9Q, [2]. Collided condensations could have some
angular momenta before the collision. So in principle
the resulting angular velocity of the formed
condensation can exceed 0.9Q,. The difference in
results presented in [1] and [S] can be caused, in



particular, by different chaotic velocities of
particles/bodies constituting condensations and by
different sizes of condensations. The radii of
condensations in calculations presented in [1] were
smaller (e.g. by about a factor of 40 than the Hill
radii for the example presented on page 108 in [1]).
Therefore any initial angular velocities considered in
[1] can be reached after contraction of the
condensation formed at a collision of condensations
close to Hill spheres (the angular velocity of a
compressed condensation of radius rc formed from a
condensation with the Hill radius ry and the angular
velocity op, equals wr=mn(ra/re)? [2]). In principle,
the angular momentum of the condensation needed
for formation of the Earth-Moon system could be
acquired by accumulation only of small objects, but
for such model, the parental condensations of Venus
and Mars could also get large angular momentum,
which was enough for formation of large satellites.

3. Relative growth of solid embryos
of the Earth and the Moon

Let us consider the model of the growth of the solid
proto-Earth and proto-Moon to the present masses of
the Earth and the Moon (Mg and 0.0123Mg,
respectively) by  accumulation of  smaller
planetesimals for the case when the effective radii of
proto-Earth and proto-Moon are proportional to r
(where r is the radius of a considered embryo). Such
proportionality can be considered for large enough
eccentricities of planetesimals. In this case, based on
dma/mv=k-(my/me)?*dme/me we  can  obtain
rMo=mM0/ME=[(O.0123'2/3-k+k'(mEO/ME)'2/3)]'3/2, where
k=kq3, kq is the ratio of the density of the growing
Moon of mass my to that of the growing Earth of
mass mg (kq=0.6 for the present Earth and Moon),
mmo and mg, are initial values of mm and mg. For
rec=meo/Mg=0.1, we have rv,=0.0094 at k=1 and
™Mo=0.0086 at k=0.6"23. At these values of rvo, the
ratio fm=(0.0123-r\,)/0.0123 of the total mass of
planetesimals that were accreted by the Moon at the
stage of the solid body accumulation to the present
mass of the Moon is 0.24 and 0.30, respectively. In
this case for the growth of the mass of the Earth
embryo by 10 times, the mass of the Moon embryo
increased by a factor of 1.31 and 1.43, respectively.

If we consider that effective radii of the embryos are
proportional to 72 (the case of small relative velocities
of planetesimals), then integrating dmm/my=

:kz-(mM/mE)4/3de/mE, we can get rvor=mmo/Me=
=[(0.0123*3-ky+ky (mpo/ M) *3)]3*, where lka=ks 3.
In the case of rge=mgrs/Mg=0.1 we have r,=0.01178
at k=1 and ro=0.01170 at k»=0.6"'", and f,, equals
0.042 or 0.049, respectively. In this case for the
growth of the Earth embryo mass by 10 times, the
Moon embryo mass increased by the factor of 1.044
and 1.051 at k=1 and k,=0.6""7, respectively. In the
above model depending on eccentricities of
planetesimals, the Moon could acquire 0.04-0.3 of its
mass at the stage of accumulation of solid bodies
during the time when the mass of the growing Earth
increased by a factor of ten. Probably, the
condensations that contracted and formed the
embryos of other terrestrial planets did not collide
with massive condensations, and therefore they did
not get a large enough angular momentum needed to
form massive satellites.

The initial mass of the rarefied condensation that was
a parent for the embryos of the Earth and the Moon
could be relatively small (0.02M¢ or even less) if we
take into account the growth of the angular
momentum of the embryos at the time when they
accumulated planetesimals. In this case, the angular
momentum of the Earth and the Moon that have
grown from the embryos could be the same as that
for the real Earth-Moon system. There could be also
the second main collision of the parental
condensation with another condensation, at which the
radius of the Earth’s embryo condensation was
smaller than the semi-major axis of the orbit of the
Moon’s embryo. The second main collision (or a
series of similar collisions) could change the tilt of
the Earth to its present value.
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Abstract

Observational evidence (e.g. strong spin-orbit mis-
alignment) shows that a study of the efficiency of
the disc-induced migration on the formation of non-
coplanar systems is essential. We follow the orbital
evolution of three giant planets in the late stage of the
gas disc and investigate the influence of the eccen-
tricity and inclination damping due to planet-disc in-
teractions, on the final configurations of the systems.
Our n-body simulations use the damping formulae for
eccentricity and inclination provided by the numeri-
cal hydrodynamic simulations of Bitsch et al. (2013).
We present the results of ~10000 numerical experi-
ments, exploring different initial configurations, plan-
etary mass ratios and disc masses. Special attention
is given to the multiple resonance captures during the
migration of the planets and the subsequent growth in
eccentricity and inclination. Our simulations correctly
reproduce the observed eccentricity distribution except
for low initial disc masses. We also show that a sig-
nificant fraction of non-coplanar systems are formed,
despite the strong inclination damping.

1. Introduction

Several mechanisms have been invoked to explain the
surprising variety of configurations of extrasolar sys-
tems, such as the high obliquities in respect to the or-
bital planes of some exoplanets and the eccentricity
distribution of the observed ensemble. It seems that
the interaction between the planets and their natal pro-
toplanetary disc, at the early stage of formation, plays
an important role for the sculpture of these systems.
Resonant eccentricity and inclination excitation dur-
ing the gas phase ([4], [8], [6]) and planet-planet scat-
tering of unstable, initially coplanar, systems after the
dispersal of the disc ([5], [7]) are some of the processes
showing that planet-disc interactions play an important
role in the diversity of planetary systems. The study of

the impact of a well modelled eccentricity and incli-
nation damping on the final configurations of the giant
planet systems is the goal of the present work.

2. Methods

We consider initially ~10000 three-planet system em-
bedded in a protoplanetary disc and evolving around a
Solar-mass star. We study only systems with gas giant
planets that have already formed their massive gaseous
envelopes, and so they do not accrete any more mate-
rial from the disc as they migrate inwards, towards the
star. We use the symplectic integrator SyMBA ([3]),
which allows us to handle close encounters between
the bodies by employing a multiple time step tech-
nique. In order to mimic the interaction with the disc
and to have a qualitative approach for the timescales of
eccentricity and inclination damping, we use the for-
mula provided by the hydrodynamical simulations of
[1]. We use two different modelizations of the gas in
the disc. In our first method, we introduce a constant-
mass approximation for the circumstellar disc. We aim
to study the potential establishment of different mean
motion resonances and interpret, through statistical
analysis, whether the inclination damping has a strong
effect on the formation of these resonant configura-
tions. For the second ensemble of simulations, we use
a more "realistic" model for the evolution of the proto-
planetary disc, decreasing its mass exponentially and
setting the dispersal time at ~ 1M yr. We stop the in-
teraction with the disc when M,;s < 1079 Mq,/yr.
For both models, our parameter space contains differ-
ent planetary mass ratios and disc masses. The initial
surface density profile of the disc is 3 oc 7795,

3. Results

We observe a very good agreement between the popu-
lation of systems obtained by our simulations and the
detected one, especially for the eccentricities. In Fig-
ure 1, we show the cumulative distribution functions
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Figure 1: The cumulative distribution functions (CDF)
of eccentricity for the observed population of planets
with mass M, € [0.65,10]M s, (black solid line),
the detected planets in multi-planetary systems (grey
solid line), and our simulated population considering
different masses of the disc.

of the eccentricities for the confirmed giant planets
with 0.65 < M, < 10M ., (black solid line — the
grey solid line refers to the subset of planets in multi-
planetary systems) and the planets resulting from our
simulations (four coloured dashed lines, correspond-
ing to different initial mass of the disk). The curves
are very similar, except for very low initial disk mass.

The efficiency of the migration mechanism is con-
nected to the surrounding gas in the vicinity of the
planet. Therefore, the final semi-major axis distribu-
tion depends on the initial mass of the disk and for
the first ensemble of our simulations, in which we
use a constant-mass model, we observe an overabun-
dance of planets in small distances from the parent star.
Nonetheless, removing the gas exponentially, we ob-
serve a good matching of our results with the semi-
major axis distribution of the observed giant planet
population.

Concerning the inclinations, most of the systems are
found with small inclinations (< 10°) after the disper-
sal of the gas disk. Despite the fact that many systems
enter an inclination-type resonance during the migra-
tion phase, the disc damps the inclination in a rela-
tively short time-scale, leading the planets back to the
midplane. Nevertheless, a significant fraction of the
systems end-up with high mutual inclinations, even for
initially massive disk.

Spin-orbit misalignments of Hot Jupiter planets are
also observed in the simulated population. However,

most of the planets of the final one-planet systems
are located in the midplane of the disc. This obser-
vation supports the work of [2], showing a possible
disc-induced origin to the large fraction of aligned Hot
Jupiters currently observed.

Finally, the different resonant configurations
reached during the gas phase are investigated thor-
oughly, and the impact of the eccentricity and
inclination damping on the resonance capture in low-
and high- resonances is clearly identified.
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Abstract

The problem of origin and age of asteroid families is
studied very intensively. The youngest families are
the most interesting due to the possibility to
reconstruct their collisional history. Here we report
about three possible new members of Datura family.

1. Method and Results

A search for new members of young asteroid families
was done. The list of orbital elements of 415000
asteroids with permanent numbers and 200000 non-
numbered asteroids was used. The method of
selection of the nearest orbits is similar to that used
in [1]. In some cases of the most recent events, the
reconstruction of the origin of the asteroids in close
orbits is possible in models of low-velocity breakup.
In our results, three new members of Datura family
(338309, 2002 RH291, 2014 OE206), not listed in [2,
3], were detected (table 1). The age of Datura family
is estimated to be approximately 450+50 thousands
years [2]. It means, that we can use osculating orbital
elements for the study of this family.

Table 1: Osculating orbital elements of Datura family
members at epoch 16-01-2009

Object w 0 e a
1270 Datura 25884072  97.881919  0.207917  2.234316
215619  2003SQ168  250.39568  97.467904  0.207908  2.234266
60151 1999 UZ6 260.57151 96799872  0.207812  2.235186
89309  2001VN36  266.85629  92.976202  0.206341  2.235595
90265 2003 CL5 261.84375  95.697778  0.207471  2.234865
203370 2001 WY35  260.44606  96.872107  0.207435  2.235226
2003UD112 26312446  95.478778  0.206934  2.234566
338309 2002 VR17  260.60046  96.806362  0.207747  2.235169
2002 RH291  262.04302  95.759280  0.207613  2.235326
2014 OE206  261.72701  96.265302  0.206975  2.235606

The distribution of Datura family members in
coordinates (a, e) is given in Fig.1 where new
members are shown as a dots and the original
members as a diamonds.

Numeric integration has shown that two of the new
members of Datura family have recent close
encounters with original members (table 2).

a,
a.u.

2.238 -
2.236

2.234 4
2.232 4
223 +

T T T T T T
0.2 0.202 0.204 0.206 0.208 0.21 0.212 0214 e

Figure 1: The positions of Datura family members in
(a, e) coordinates

Table2. Recent close encounters in Datura family

# Objects Epoch Distance, km
1 60151 2002RH 1844 Sept 25500
2 203370 20140E 1875 Mar 126000

These new members can help to understand the
circumstances of the origin of Datura family. For
example, an important question to ask is if all the
known members of Datura family have a common
origin or if they came into existence in a few recent
subsequent low-velocity breakups?

2. Summary and Conclusions

We have found three new members of Datura
asteroid family. These new members can help
provide us with a clearer understanding and more
accurate estimation of the epoch and circumstances
of the origin of Datura family.
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Abstract

We present a study on S-type planets in binary star sys-
tems with separations a < 100 AU. For systems with
at least one detected giant planet we determine the lo-
cation of (linear) secular resonances with that planet
by means of a semi-analytical method. We demon-
strate that under some conditions, e.g. when the sec-
ondary star is at about 20 AU, the habitable zone can
be perturbed or completely destabilized in these sys-
tems.

1. Introduction

Extra-solar planets are present also in binary and mul-
tiple star systems. There are currently 106 detected
planets in 73 binary star systems, additionally also 20
planets in 15 multiple star systems are known (see Bi-
nary Catalogue of Exoplanets'). In the majority of
binary star systems (56 out of 73) we find so called
S-type planets. S-type planets orbit about one of the
stars; whereas P-type planets orbit the whole binary in
some distance [4].

Duquennoy & Mayor [3] have found for solar-type
stars (spectral classes F7 — G9) that about 38% are
members of binary star systems, and 5% are in mul-
tiple star systems (with three or more stars). Raghavan
et al. [8] investigated exoplanet host stars and derived
a lower limit of 21% for the fraction of binary star sys-
tems. In a more recent study Roell et al. [9] found only
a multiplicity rate of 12% for exoplanet host stars.

Currently giant planets dominate the census of ex-
oplanet in binary star systems. Planets with masses
comparable to Earth’s are missing or rare, a possi-
ble candidate is the planet of o Centauri B [2]. We
investigate the circumstances when additional terres-
trial planets can be expected in binary star systems and
whether these would be dynamically stable.

Thttp://www.univie.ac.at/adg/schwarz/multiple.html

2. Systems

We selected 9 binary star systems with (projected) sep-
arations of the two stars below 100 AU, i.e. periods
between 10* and 10° days [1].

Table 1: Selection of exoplanet-hosting binary star
systems with giant planets. The systems are ordered
according to their separation ap; the given mass ratio
is calculated as M /(M4 + Mp).

system ap [AU] massratio planets
HD 19994 100 0.40 1
HD 177830 97 0.14 2
HD 1237 68 0.13 1
HD 120136 45 0.24 1
HD 41004 23 0.36 1
HD 128620 23 0.54 1
HD 196885 21 0.25 1
HD 222404 20 0.23 1
HD 13445 19 0.37 1

In these exoplanetary systems the giant planet can
be either interior to the habitable zone or exterior to
it. The secondary star can be expected to be on an
eccentric orbit; after [3] the mean eccentricity is 0.3
for such separations. As a consequence perturbations
from both the giant planet and the secondary star will
affect the dynamics of potential terrestrial planets.

3. Methods

We investigated the secular dynamics of the terres-
trial test planets (assumed to be massless objects) by
applying a semi-analytical method [7]. We used the
first-order Laplace-Lagrange secular theory [6] to cal-
culate the secular frequencies of objects moving under
the gravitational influence of two much more massive
bodies. From a single numerical integration we can
then determine the apsidal precession frequencies for
the massive bodies with a Fourier analysis. Combin-



ing these calculated frequencies we determined the lo-
cation of linear secular resonances and the regions of
chaotic motion.

4. Results

Solar-system like combinations of a terrestrial planet
interior to the giant planet’s orbit may suffer from sec-
ular resonances; this is the case for at least three sys-
tems from our list, namely HD 41004, HD 196885,
and HD 222404. The giant planet’s eccentricity plays
a crucial role for increasing the test planet’s eccentric-
ity. Even initially circular orbits may undergo eccen-
tricity oscillations large enough to remove the planets
partly or completely from the habitable zone, in some
cases they are even removed from the system. The
large eccentricities make it necessary to consider ex-
tended or average habitable zones [5].

Close-in giant planets in hot-Jupiter like orbits are
generally less affected by the secondary star and have
consequently much longer secular periods. However,
the general relativistic precession of the pericenter in-
troduces another effect that can increase the precession
rate to values large enough to affect planets close to the
habitable zone.

5. Conclusions

* Binary star systems with a giant planet can fea-
ture linear secular resonances close to or inside
the habitable zone of the primary star.

* The giant planet’s eccentricity induces a forced
eccentricity on initially circular test planets and
can lead to their ejection from the system.

* For close-in giant planets the relativistic preces-
sion of the pericenter needs to be taken into
account when determining their precession fre-
quency.
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Abstract

We assess the importance of tidal evolution and its
interplay with magnetic braking in the population of
hot-Jupiter planetary systems. We show that the long-
term evolution of planets orbiting F- and G-type stars
is significantly different owing to the combined effect
of magnetic braking and tides. Angular momentum
loss has to be taken into account when constraining
tidal evolution in close planetary systems.

1. Introduction

One of the long-standing problems in the field of exo-
planets is understanding how short-period giant plan-
ets, usually called hot Jupiters, have reached their cur-
rent orbit. According to the prevailing theory, giant
planets must form beyond the snow line of a proto-
planetary disk, which is typically located at a few as-
tronomical units from the star. Hot Jupiters have a
semi-major axis < 0.1 AU, so they must have under-
gone some kind of migration.

Several migration theories are considered and they
involve different halting mechanisms that can be tested
by comparing their predictions with the observed or-
bital properties of exoplanets. However, further secu-
lar changes in the orbits of exoplanets can still be in-
duced by tidal interaction between the planet and the
star, even when the primordial migration mechanism
is no longer effective. The tidal torque scales as the
inverse of the sixth power of the semi-major axis a~°,
consequently it is especially important in the case of
hot Jupiters. To test the migration scenarios, it is thus
crucial to estimate the efficiency of tidal dissipation
and its effects over the evolutionary lifetime of the star.
But it is difficult to reach definite conclusions due to
the limitations in our knowledge of the actual mech-
anism responsible for tidal dissipation, its efficiency,
and the effects of angular momentum loss (AML) of
the host through magnetic braking.

2. Magnetic braking and tides

Even without a detailed knowledge of the AML law or
tidal dissipation mechanisms, there is a way to assess
the general outcome of tidal evolution, using energy
considerations only. Using the method of Lagrange
multipliers we can characterise the minima of the total
energy under the constraint that the total angular mo-
mentum shall be some unknown function of the stellar
angular velocity only [2]. In this way we are consider-
ing that the total angular momentum of the star-planet
system is not conserved, because magnetic braking ex-
erts a torque on the star.

Thus we show that a stationary state can exist, and
that it is characterized by circularity of the orbit, align-
ment between the spin of the planet, the star and the
normal to the orbital plane, but not by co-rotation.
The orbital mean motion of the planet at equilibrium is
equal to the stellar angular velocity reduced by a fac-
tor 3 that depends on the AML rate through the stellar
wind. The equilibrium is pseudo-stable if

1 MM, ,

4 —
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where a is the semi-major axis, C}, and C, are the mo-
menta of inertia of the planet and the star respectively
and M, and M, are their masses. This result is valid
whatever the tidal dissipation mechanism may be and
is independent of any tidal theory framework.

3. Characteristic time-scales

The resulting orbital evolution can be broken down
into three limit regimes. They correspond to config-
urations in which the wind torque either dominates, is
comparable to, or is dominated by, the tidal torque.
We use a formulation of the tidal torque obtained in
the framework of the equilibrium tide braking [1] as-
suming a constant (' = 107. Magnetic braking is
modelled with a Skumanich-type law and a torque
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Figure 1: Estimates of the maximum possible duration
of the stationary state as a function of the orbital mean
motion in units of ngg = 27 /(3days). The computa-
tions are done for a G-type star (black) or F-type star
(blue) and planetary masses of 0.1 (dashed), 1 (solid),
10 (dotted) Jupiter masses.

of magnitude 'y, = —apC,Q3, where the value
of oy, is estimated from observed rotational veloc-
ities of stars in clusters of different ages. We take
Qmp = 1.5 x 107%y yr where v = 1.0 for G stars
and v = 0.1 for F stars.

When the wind torque is much larger in amplitude
than the tidal torque, we can consider that the stellar
spin sets the pace of evolution. This is the case for typ-
ical stellar rotation rates of young stars and planets not
closer than the 2:1 mean motion resonance. Depend-
ing on the initial rotation period of the star, this regime
would last for about 50 My to 1 Gyr respectively for
G-type stars (10 times longer for F-type stars).

When the wind torque is comparable to the tidal
torque, the system can enter a stationary state where
tidal evolution proceeds at almost constant stellar spin
frequency, which allows to slow down the migration
of the planet. A necessary condition for the establish-
ment of the stationary state is that the tidal torque be
opposite in sign and comparable in magnitude to the
wind torque, and this can be maintained as long as
there is enough orbital angular momentum compared
to the stellar rotational angular momentum to maintain
the torque balance. The duration of the stationary state
as a function of the initial mean motion when a system
enters into the stationary state is given in Fig. 1 for dif-
ferent stellar and planetary masses. Stars loosing less
angular momentum through their wind (F-type stars)
can generally maintain the stationary state longer than

stars with a more efficient wind. For a given orbital
distance, more massive planets can remain in the sta-
tionary state longer than less massive planets. In some
cases, the stationary state can be maintained for a time-
scale longer than the main-sequence lifetime of the
star. For example, this would be the case of a Jupiter-
sized planet entering the stationary state with an or-
bital period of 12-15 days.

When the tidal torque is much greater than the wind
torque, tidal dissipation sets the characteristic time of
in-spiral time 7,. This implies 7, < 100 Myr for a
Jupiter-mass planet and of the order of Myr for planets
of more massive than 5 Mj. There is thus a very low
probability to observe massive planets in this phase of
evolution. On the other hand, low-mass planets can
have an in-spiral time that is longer than the main-
sequence lifetime of their host star.

4. Summary and Conclusions

We have shown that when the magnetic braking of the
star is considered, a tidal pseudo-stable equilibrium
state can exist. For the known transiting exoplanets,
we find that the distributions of angular momentum
in systems with F and G-type stars display a statisti-
cally significant difference, and it is possible that most
of the transiting planets in circular and aligned orbits
be close to their stationary state. The distribution of
angular momentum between the orbit and the stellar
rotation gives information not only about the future
evolution of a given system, but also on its possible
initial angular momentum distribution at the beginning
of binary tidal interaction. More detailed studies could
help putting constraints on tidal dissipation efficiency,
magnetic braking and migration scenarios.
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Abstract

We report on the results of the third PRIME (Physics
of Regolith Impacts in Microgravity Experiment)
campaign on-board the NASA C-9 airplane in
August 2014. The objective of the PRIME
experiment is to study low-velocity impacts of cm-
sized particles into dusty regolith under asteroid
level- and microgravity conditions. First data analysis
shows that this latest campaign successfully extended
the previous measurements of coefficient of
restitution and ejecta velocities to much lower impact
energies.

1. Introduction

The dusty regolith of ring particles, proto-
planetesimals, planetary satellites, and asteroids is
subject to collisions at low velocities (v ~ 0.01-100
m/s) in addition to the hypervelocity (= 1 km/s)
impacts from the interplanetary micrometeoroid flux.
In some regions of Saturn’s rings, for example, the
typical collision velocity inferred from observations
by the Voyager spacecraft and dynamical modeling is
a fraction of a centimeter per second [3]. These inter-
particle collisions control the rate of energy
dissipation in planetary rings and the rate of accretion
in the early stages of planetesimal formation. Dust on
the surface of planetary ring particles and small (1
cm — 10 m) planetesimals helps dissipate energy in
the collision, but may also be knocked off, forming
dust rings in the case of ring particles and slowing or
inhibiting accretion in the case of planetesimals.
Secondary impacts on asteroids and small planetary
satellites occur at speeds comparable to the escape
velocity from the object, or a few m/s for objects ~10
km in radius or smaller. We report on impact
experiments performed during the third PRIME
campaign in the reduced-gravity environment of the
NASA C-9 aircraft at speeds between 4 and 53 cm/s
into simulated regolith.

2. The PRIME Experiment

The Physics of Regolith Impacts in Microgravity
Experiment (PRIME) flies on the NASA C-9 and can
perform impacts into granular materials at speeds of
~5-50 cm/s in microgravity. The experiment is
conceptually identical to The COLLisions Into Dust
Experiment (COLLIDE), which has flown on the
space shuttle twice [1, 2] and has flown on the NASA
KC-135 plane during two previous campaigns in
2002 and 2012 [2].

Impacts are performed in vacuum as ground-based
experiments at 1g have consistently shown a strong
effect of ambient air on the behavior of regolith in
low-velocity impacts. Projectiles are spherical
particles launched by a spring designed to provide the
desired impact energy. The target materials studied in
the work presented here are quartz sand and JSC-1
lunar regolith simulant, filled to a depth of 2 cm in
the target tray. Projectile materials are quartz, brass,
and stainless steel, providing a range of masses with
the same projectile radius. Impacts are performed in
isolated chambers (Figure 1) and up to 8 experiments
can be performed per flight.

Launch
I Mechanism

% == Mirrors

=g Tray Door

= = Regolith Tra:

Figure 1: PRIME hardware inside the vacuum box.
a. Before flight. Regolith is stored in the regolith tray
that opens (1) to allow for the launched marble (2) to
impact. The launch mechanism mainly consists of a
spring, which constant, in coordination with the
marble mass, determines the launch velocity.
b. During flight. Montage of 7 recorded frames of a
marble impact and rebound on a JSC-1 bed. The
marble is much slower after impact.



The data collected consists of video recordings of the
produced impacts, taken with a high-speed video
camera at 120 frames per second. The camera views
the impact with the line of sight parallel to the target
surface and perpendicular to the projectile trajectory
in the image plane (Figure 1.b). Two mirrors inside
the impact chamber provide additional views of the
impact (Figure 2.b).

3. Results and First Data Analysis

During the PRIME-3 flight campaign in August 2014,
the experiment flew 4 times allowing for the
recording of up to 8 impacts per flight. As asteroid
gravity-level parabolas were flown during this
campaign, 7 impacts were performed at 0.05g.

The successful impacts observed resulted in 9 marble
rebounds and 15 impacts with ejecta (7 of which at
0.05g). Figure 2 shows an example of an impact into
sand at 26 cm/s in microgravity.

Figure 2: PRIME impact into sand in microgravity, a.
just after marble launch, b. just after marble impact.
The trajectories of manually tracked ejecta particles
are shown in green.

For each rebound observed, the coefficient of
restitution of the impact can be measured. Figure 3
shows that the PRIME-3 campaign successfully
extended the region of the parameter field explored
by investigating impacts at velocities lower than
observed during the COLLIDE campaigns [1].

For each collision with ejecta, the highest number
possible of individual ejected particles was tracked
manually. For most of the impacts, the ejected
particles had a normal velocity distribution. Figure 4
shows the mean ejecta velocities for the microgravity
impacts compared to the former COLLIDE and
PRIME campaigns. Here again, the PRIME-3
campaign successfully allowed for the exploration of
much lower impact energies than in previous
campaigns.
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Figure 3: Coefficients of restitution of a marble on a
bed of regolith measured during the PRIME-3
campaign. Data from the COLLIDE-1 and -2
campaigns is also shown [1].
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Figure 4: PRIME mean ejecta velocity in relation to
the impact energy for microgravity impacts. Data
from previous PRIME campaigns [2] is also shown.
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Abstract

We will present here some dynamical features of the
so-called fossil Oort cloud (semi major axis between
100 and 1000 AU and perihelion beyond Neptune).
This region has been considered so far as totally inert,
because either the planetary perturbations or the galac-
tic tides have an extremely weak effect. However, we
will show that Kozai effect can still be efficient at very
high distances from the planets, and result in high am-
plitude oscillations of the perihelion distance on a gi-
gayear time-scale.

1 Introduction

The Oort cloud is a spherical reservoir of comets situ-
ated in the outermost confines of the Solar System (up
to about 10° astronomical units from the Sun). Start-
ing from the pioneer work of Oort, the cloud’s dynam-
ics is nowadays fairly well understood, mainly gov-
erned by galactic tides, passing stars and occasional
close encounters with the planets. However, the inter-
nal limit of the Oort cloud is still very ill-defined, and
particularly its junction with the inner Solar System
(from about 100 to 1000 AU).

Contrary to the "classic" Oort cloud, this region is
observable from the Earth: indeed, several bodies have
been detected with extremely high perihelion distances
(Sedna for instance). Furthermore, long-term simula-
tions by M. Fouchard et al. [1] show that it is con-
tinually replenished by objects coming from the outer
Oort cloud itself, which guarantees that the region is
active. These aspects may be considered as hints for a
surprisingly rich long-term dynamic.

2 Overview

Following the work of Kozai [3], Thomas and Mor-
bidelli [4] or Gallardo et. al [2], we will present here

some numerical tools for the study of the fossil Oort
cloud’s dynamics, along with an analytical secular the-
ory (the problem is reduced to a conserved Hamilto-
nian with two degrees of freedom). The figures below
present some preliminary results: in particular, fig-
ure 3 illustrates the considerable effect of a high order
mean motion resonance with Neptune (ratio 37:2).
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Figure 1: Secular theory vs. numerical integration —
circulation case.
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Figure 2: Secular theory vs. numerical integration —
libration case.
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Figure 3: Kozai dynamics near a mean motion reso-
nance with Neptune.
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Abstract

Giant impacts between planetary scale bodies release
large quantities of debris into their host systems. This
debris, especially vapour condensates, may be ex-
tremely bright and optically thick. The variation in
the shape of the dust cloud as it orbits the star, and un-
dergoes Keplerian shear, can lead to large variations in
the optical thickness, and consequent large variations
in the observed flux, producing complex light-curves.
By studying the light-curves of these extreme debris
disks we can gain a powerful probe into the properties
of the forming planets in the system.

1. Introduction

Debris discs are traditionally taken to be low density,
optically thin environments, however in the case of de-
bris discs produced as the result of a giant impact be-
tween planetary scale bodies this may not be the case.

The collision of two planetary scale bodies is inher-
ently a rather violent event. The material of the bodies
will be subject to powerful shocks, which can be suf-
ficient to vaporise the material. Even for a compara-
tively ‘gentle’ giant impact like the canonical Moon-
forming scenario vaporises 10-30 per cent of the ma-
terial (Canup, 2008).

Once material has been vaporised and launched into
planetary or heliocentric orbit it will expand and cool,
rapidly condensing into mm-cm scale droplets (John-
son & Melosh, 2012). One per cent of an Earth mass
in mm-size particles has a total surface area of around
3 AU? (absorbing area of 0.75 AU?). With such an
enormous absorbing area it is clear that optical thick-
ness will play a significant role.

We present a framework for the optical thickness of
debris released in giant impact events and use simple
models to discuss the observational effects on the re-
sulting disks, particularly focusing on the appearance
of variability in the very early stages. We discuss the
application of our work to the newly discovered class
of extreme (and variable) debris disks, as exemplified

by ID8 (Meng et al., 2014), and to the giant impact
stripping of the Mercurian mantle, and illustrate how
this can allow us to gain new insights into forming sys-
tems of terrestrial planets.

2. Modelling approach

We adopt the formalism of Jackson et al. (2014) and
describe the debris release in terms of the scaled veloc-
ity dispersion o, = Awv/vy, where Av is the (Gaus-
sian) width of the velocity distribution, and vy, is the
circular Keplerian speed at the collision-point. We ex-
pect o, to scale approximately as the escape veloc-
ity of the progenitor body (Leinhardt & Stewart, 2012,
e.g.), and so o, can be used as a proxy for mass. Simi-
larly the Keplerian speed is a proxy for orbital distance
(v, x a~1/2), and thus the behaviour of giant impact
debris depends on both the mass of the progenitor and
on the orbital distance at which the impact occurs.

To track the dynamics of the debris we use the Mer-
cury N-body integrator (Chambers, 1999) with at least
10° particles per simulation. Since these N-body inte-
grations are computationally expensive, using o, /vy
as the primary variable determining the dynamics of
the debris allows us to explore a wider range of pro-
genitor masses and orbital distances.

Optical thickness is tracked by assigning N-body
particles a cross-sectional area and projecting them
onto a surface to determine overlap between them.

3. Discussion

There are two sources of optical thickness in obser-
vations of a debris disk, ‘internal’ and ‘line-of-sight’.
Internal optical thickness is intrinsic to the disk and
arises when the disk is optically thick to the light
from the central star. Internal optical thickness will
be higher if the debris is more spatially concentrated,
either azimuthally in a clump or small arc, or vertically
in a very thin structure. Line-of-sight optical thickness
on the other hand arises as a result of our viewing ge-
ometry meaning that certain sight lines pass through
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Figure 1: Variation of the optical thickness coefficient over time for a selection of different system parameters. The
optical thickness coefficient is the visible emitting area divided by the total surface area of the cascade, s (indicated
in each panel, and below each curve in panels (g) and (h)). Time is measured in orbits since the initial impact. The
scaled width of the velocity dispersion, o, is also given in each panel. The viewing orientation of the system is
shown in blue in the lower right of each panel, where the cross shows the location of the collision-point. Note that
the curve in panel (f) has been scaled up by a factor of 10, as indicated in the top right of the panel.

a sufficient column density of material to be optically
thick. Line-of-sight optical thickness is clearly most
likely to occur in an edge-on viewing geometry.

It is entirely possible for a disk to have a large inter-
nal optical thickness while being optically thin along
the line-of-sight (e.g. a razor-thin disk viewed face-
on), or to be optically thin internally but optically thick
along the line-of-sight (e.g. a vertically puffy disk
viewed edge-on), or anywhere in between.

As the cloud of dust released in the initial impact
travels around the orbit and changes shape due to pas-
sage through the collision-point (site of the original
impact) and the anti-collision line (the opposing node),
and over longer timescales is sheared by differential
rotation, the optical thickness of the cloud can undergo
large variations. Large variations in optical thickness
correspond to large variations in the absorbing and
emitting area of the cloud and so to large variations

in the observed flux. The interplay between internal
and line-of-sight optical thickness can lead to complex
light-curves including apparently bi-periodic oscilla-
tions, as illustrated in Fig. 1.

By conducting detailed studies of the light curves of
extreme, variable debris disks produced by giant im-
pacts we can gain access to the properties of the pro-
genitor bodies.
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