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ABSTRACT

The 13-Myr old star HD 106906 is orbited by a debris disc of at least 0.067 Myjoon With
inner and outer radii of 20 and 120 au, respectively, and by a planet at a distance of 650 au.
We use this curious combination of a close low-mass disc and a wide planet to motivate our
simulations of this system. We study the parameter space of the initial conditions to quantify
the mass loss from the debris disc and its lifetime under the influence of the planet. We find
that when the planet orbits closer to the star than about 50 au and with low inclination relative
to the disc (less than about 10°), more disc material is perturbed outside than inside the region
constrained by observations on time-scales shorter than 1 Myr. Considering the age of the
system, such a short lifetime of the disc is incompatible with the time-scale for planet—planet
scattering, which is one of the scenarios suggested to explain the wide separation of the planet.
For some configurations, when the planet orbit is inclined with respect to the disc, the latter
will start to wobble. We argue that this wobbling is caused by a mechanism similar to Kozai—
Lidov oscillations. We also observe various resonant structures (such as rings and spiral arms)
induced in the disc by the planet.

Key words: celestial mechanics —planets and satellites: formation —planets and satellites:
individual: HD 106906 b —planet—disc interactions — circumstellar matter —open clusters and

associations: individual: Lower Centaurus Crux.

1 INTRODUCTION

About a dozen planetary-mass companions at wide separations of
about 50-100 au from their host stars have been revealed by di-
rect imaging surveys during the past decade (Kraus et al. 2014)
and several cases were observed at separations of 150-300 au (e.g.
Lafreniere, Jayawardhana & van Kerkwijk 2008; Kraus et al. 2014).
Moreover, two recent discoveries report companions located as far
as ~650 au (Bailey et al. 2014) and ~2000 au (Naud et al. 2014).
The origin of such wide planetary-mass companions is not well un-
derstood and presents important constraints on our general under-
standing of planet formation. Several scenarios have been proposed
and, depending on the eccentricity and separation of the planet,
the environment in which the system evolves and the time-scale of
formation, two main mechanisms are usually considered.

In situ formation by core accretion (e.g. Rafikov 2011) or proto-
planetary disc fragmentation (e.g. Boss 2011; Vorobyov 2013) can
explain part of the observed population of wide-orbit planets but is
unlikely to be the only formation channel (see also Veras, Crepp
& Ford 2009; D’ Angelo, Durisen & Lissauer 2011; Chabrier et al.
2014, for recent reviews of the topic).
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Another explanation argues that the planet formed closer to the
parent star in the protoplanetary disc and was scattered outward
by dynamical interaction with another planet in the system or with
a perturbation of external origin (see e.g. Davies et al. 2014 for a
summary on various interactions in planetary systems). Given the di-
versity of the observed wide planetary systems and the environment
they are expected to form in, the parameter space for the initial con-
ditions of such scattering events is extremely large and complex. The
formation can involve, for example, stellar flybys (e.g. Malmberg,
Davies & Heggie 2011), exchange interactions (Portegies Zwart
& McMillan 2005), planetary migration (e.g. Crida, Masset &
Morbidelli 2009) and scattering in a multiple planetary system
(Schart & Menou 2009), dynamical interaction between circum-
stellar discs and planets (see Baruteau et al. 2014, for a recent
summary), the effects of Galactic tides (e.g. Veras & Evans 2013),
recapture of free-floating planets (Perets & Kouwenhoven 2012) or a
combination of these interactions (Raymond, Armitage & Gorelick
2010; Boley, Payne & Ford 2012; Hao, Kouwenhoven & Spurzem
2013). Studying specific objects narrows down this parameter space,
since some of the characteristics are constrained by observations.

In this context, we focused on HD 106906, which is an F5—V star
with a debris disc (Chen et al. 2005, 2011) and a planetary-mass
companion at a distance of about 650 au (Bailey et al. 2014). The
chance of coincidental projection of the star and planet is negligible
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and therefore the observed distance between the star and planet is
interpreted as an orbital separation. Irrespective of the inclination of
the planetary orbit, which is unknown, the observed separation must
be part of the orbit, which makes it one of the widest separations
ever observed.

Regardless of the process that caused this planet to have such
a wide orbit, the observed debris disc has survived. The lifetime
of the debris disc as observed constrains how long ago the current
configuration formed. In this article, we study the time-scale on
which the disc erodes due to the influence of the planet and use this
time-scale to constrain the mechanism that delivered the planet in
its extremely wide orbit. We carry out simulations of the evolution
of the disc under the influence of the planet, taking the observed
characteristics of the system as the initial conditions. We vary the
inclination of the disc with respect to the planetary orbit and the
pericentre distance of the planet (i.e. its eccentricity under the as-
sumption that the apocentre distance of the orbit is 650 au) within
the observational constraints and we explore the erosion time-scale
of the disc due to the planet.

1.1 The HD 106906 system

HD 106906 (also known as HIP 59960) belongs to the Lower
Centaurus Crux (LCC) group, which is a subgroup of the Scorpius—
Centaurus (ScoCen) OB association (de Zeeuw et al. 1999). The
host star, called HD 106906 A, is classified as an F5-V star. Pecaut,
Mamajek & Bubar (2012) measured the median age of the LCC
group as 17 £ 1 Myr and the mass and age for HD 106906 A as
M, =1.5Mg and 13 £ 2 Myr, respectively. In Table 1, we summa-
rize the observed data and derived characteristics of the HD 106906
system.

The observed infrared (IR) spectral energy distribution of
HD 106906 A shows a strong excess that indicates the presence
of a debris disc with an inner cavity. Chen et al. (2011, see also
Chen et al. 2005 for the initial results based on the same observa-
tional data) obtained broad-band observations of HD 106906 with
the Multiband Imaging Photometer for Spitzer at 24 and 70 um. By
fitting these excess fluxes with a single blackbody, they derived the

Table 1. Characteristics of the HD 106906 system.

Characteristic Value Unit Ref.
Distance 92+2 pc a
Age 13£2 Myr b
HD 106906 A
Spectral type F5v b
Mass M, 1.5+0.1 M@ b
Luminosity L, 5.6 £0.8 Lo b
Temperature 6516 £165 K b
HD 106906 b
Mass My, 11+2 Miyp
Separation Ry 650 £+ 40 au
disc
24-um flux density 103.1£25 mly d
70-um flux density 281 £ 28 mly d
Fractional luminosity Lir /L. 13 x 1073 d
Dust grain temperature 95 K c
Inner radius ~20 au c
Outer radius <120 au c
Minimum mass 0.067 Mmoon d

References: a — van Leeuwen (2007), b — Pecaut et al. (2012);
¢ — Bailey et al. (2014); d — Chen et al. (2011).
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disc’s colour temperature of 93 K and fractional IR luminosity with
respect to the star of Lig /L, = 1.3 x 1073, Bailey et al. (2014) con-
firmed these results using additional Spitzer data up to ~100 pm,
obtaining a disc temperature of 95 K.

The disc around HD 106906 A is expected to be optically thin.
Chen et al. (2011) identified 55 stars with an IR excess in their
sample of 167 ScoCen OB Association members of intermediate
age (10-30 Myr) and F, G, or K spectral types. They did not find any
significant difference in the distribution of the IR excess (measured
by the Lir /L, ratio) for fast and slow rotating stars. As a difference
in rotation speed is expected for stars hosting gas-rich and gas-poor
stars (due to magnetic braking, e.g. Rebull et al. 2000), it is likely
that the stars in the ScoCen association have optically thin and
gas-poor discs.

Since the disc is not resolved at any wavelength, its characteristic
extent can be estimated from the temperature. Assuming the dust
grains are blackbodies in radiative equilibrium with the central star,
forming an optically thin disc with grains of constant size and
chemical composition, Chen et al. (2011) derived a single grain
distance of about 34 au. Based on the comparison with Herschel
observations of a sample of resolved circumstellar discs, Bailey
et al. (2014) further estimated the extent of the disc to be about
20-120 au (for the optically thin disc). Chen et al. (2011) also
estimated a minimum dust-grain size of 1.4 um and a minimum
mass of IR-emitting dust grains of 0.067 Myioon-

The planetary-mass companion of HD 106906, called HD
106906 b, was discovered by Bailey et al. (2014) with the Magellan
Adaptive Optics/Clio2 system. They obtained resolved images of
the companion, confirming that the planet is comoving with the host
star, and classified its spectral type as L2.5+1. As mentioned above,
the projected separation between the host star and the companion
is then 650 au. Using evolutionary models for an object of this
spectral type and age corresponding to the one of the LCC group,
Bailey et al. (2014) further estimated the mass of the planet to be
My, = 11 £2 My,,. The properties of the planet make the forma-
tion of HD 106906 difficult to explain. The two most compelling
formation mechanisms for the origin of planets in wide orbits are
discussed by Bailey et al. (2014): (i) in situ formation at a large sep-
aration, as wide as the orbital separation found in some binary stars,
and (ii) formation in a tight orbit and subsequent scattering to the
current wide orbit. The mass ratio M,,/M, ~ 0.01 is unusually small
for the first suggested mechanism. In the later scenario, a perturber
must have been present in order to move the planet to its current
orbit. This culprit, however, may be long gone, lost in interstellar
space. This is consistent with the lack of another massive planet in
the system (Bailey et al. 2014) — no other object is detected within
the observational limits, which translates to a mass no greater than
My, beyond 35 au and a mass no greater than 5-7 My, beyond
70 au. We cannot rule out other formation mechanisms, such as the
possible capture of the planet from the surrounding environment in
the LCC group.

Here we explore the lifetime of the current configuration of the
system. Planet—planet scattering is predicted to occur after the dis-
sipation of the gas from the circumstellar disc at about 10° yr (see
e.g. Chatterjee et al. 2008, and references therein). Planets at wide
separation (>100 au) are estimated to be most probably produced
on time-scales up to 107 yr (e.g. Veras et al. 2009; Scharf & Menou
2009). If the current planetary orbit is the result of a scattering in-
teraction with another planet, both planets once orbited the parent
star in much closer orbits, probably within the observed inner edge
of the disc. The current planetary orbit must still bear the memory
of that original orbit and the place where the scattering happened,
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closer to the parent star, should also be part of the orbit. The lifetime
of the disc under the influence of such a planet should then be at
least a few Myr in order to be consistent with the lifetime of the
system.

We investigate the mass loss of the disc for different eccentricities
and inclinations of the orbit with respect to the disc.

2 SIMULATIONS

We performed simulations of the evolution of the system start-
ing with initial conditions corresponding to its current observed
characteristics (see Table 1). We varied some of the unconstrained
properties, namely the pericentre of the planetary orbit, R;,, and the
inclination of the disc, i, since these can in principle be random,
depending on the formation process of the system.

2.1 Method

We calculated the orbit of the star—planet system independently
of the evolution of the disc. Since the mass of the disc is small
compared with the planet or star, we represented the disc by a
number of zero-mass particles — planetesimals — and hence we do
not take the self-gravity of the disc into account.

All calculations were carried out within the Astrophysical
Multipurpose Software Environment (amusk:' Portegies Zwart et al.
2013; Pelupessy et al. 2013). We used N-body integrator HUAYNO
(Pelupessy, Janes & Portegies Zwart 2012) to calculate the orbit
of the star—planet system. The orbits of the disc particles were
calculated by solving Kepler’s equations using universal variables
(adopted from the sakura code: Gongalves Ferrari, Boekholt &
Portegies Zwart 2014). The implementation of the solver in AMUSE
allows us to integrate Keplerian orbits efficiently in the potential
of a central star with a number of orbiters (i.e. planetesimals or-
biting the star in our case). Our approach is not self-consistent —
the planet and star are not influenced by the planetesimals in the
disc. The gravitational influence of the planet is coupled with the
planetesimals. This coupling, called Bridge (Fujii et al. 2007), is an
extension of the mixed-variable symplectic scheme developed by
Wisdom & Holman (1991) and it is used here to couple different
dynamical regimes within one self-gravitating system (i.e. the plan-
etesimal debris disc and the planet orbiting the central star). The
time complexity of our numerical scheme is o<, rather than the
usual ocN? for a direct N-body approach. The implementation of
Bridge in amuUsE is described in Pelupessy et al. (2013).

The symplectic mapping method of Wisdom & Holman (1991)
was first applied to calculate the long-term evolution the Solar sys-
tem and has since been widely used to simulate the evolution of
planetary systems in general, including interaction with planetes-
imals. Fragmenting planetesimals are generally considered to be
the parent bodies of the dust that is observed as a debris disc (e.g.
Wyatt 2008) and complex methods have been developed to model
this process accurately (see e.g. Thébault 2012, and references
therein). The planetesimal disc approximation is often used to define
the spatial and velocity distributions of the dust particles. For exam-
ple, Larwood & Kalas (2001) investigated the affect of stellar flybys
on the structure of the debris disc observed in the 8 Pictoris system
and similarly in Chiang et al. (2009) for the Fomalhaut system.
Wyatt (2003) and Reche et al. (2008) studied the resonant trapping
of planetesimals due to planetary migration. Lestrade et al. (2011)

!http://amusecode.org
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investigated the stripping of the planetesimal debris disc by a close
stellar flyby. Long-lived asymmetric structures were simulated by,
e.g. Faramaz et al. (2014, eccentric debris disc around ¢ Reticuli)
and Pearce & Wyatt (2014, more general case of a planet within the
outer edge of the disc).

We tested the method by comparing our implementation with
direct N-body integrations, which gave the same results both qual-
itatively and quantitatively; we successfully reproduced the results
of Lestrade et al. (2011).

2.2 Numerical set-up and initial conditions

Following the observations, we assumed a mass of 1.5 Mg, for the
star and 11 My, for the planet (see Section 1.1 and Table 1). The
apocentre distance of the planet was 650 au in all our simulations.
This is the observed separation, which we assume to be the apoc-
entre of the orbit and which is the planet’s initial position in our
simulations. The pericentre distance of the planet, R;,, had values
ranging from 1-650 au, corresponding to orbital eccentricities of
0.997 and a circular orbit, respectively (see Table 2 for the list of
all pericentre values considered). The orbit of the planet was inte-
grated with HUAYNO using the hold drift-kick—drift integrator. The
HUAYNO integrator uses individual time steps that are proportional to
interparticle free-fall times and the coefficient of the proportionality
is called 7. We chose different values of n for different pericentres
(i.e. orbital eccentricities), so that the energy conservation of the
star—planet system is always at 10~ level and lower; this level of
energy conservation turns out to be very conservative (Portegies
Zwart & Boekholt 2014). The values of 1 are specified in Table 2
for each orbital configuration.

Disc planetesimals begin in an initially uniform random dis-
tribution in radius between the inner and outer disc radii of 20
and 120 au, respectively, which corresponds to the values estimated
from observations (see Section 1.1 and Table 1). Such a choice of
radial distribution corresponds to a surface density profile o1/r,
where r is the radial distance to the star, which is often used to
model protoplanetary discs (see e.g. Steinhausen, Olczak & Pfalzner
2012, and references therein) and is supported by observations (e.g.
Andrews & Williams 2007). Following the discussion in Stein-
hausen et al. (2012), we tested how our results depend on the chosen
initial surface density profile. Since the disc is represented by test
particles (i.e. its self-gravity is not taken into account), different sur-
face density profiles can be taken into account in the post-processing
of the simulations. We considered a surface density profile ocl/r'3,
corresponding to the Minimum Mass Solar Nebula (Hayashi 1981),
and found that such a profile changes the disc fractions presented
in Section 3.1 by less than 10 per cent.

Table 2. Planetary pericentres and time steps
for the integrations.

Ry, [au] n tgr“
1 0.001 0.001
10 0.001  0.002
20, 30, 40, 50, 60 0.001 0.01
70, 80, 90, 100, 110 0.001 0.05

120, 150, 200, 350, 500, 650  0.003  0.05

Notes. “The Bridge time-step, fgRr, is given in
units of the period of the circular orbit at 20 au
from the star, which is 73 yr.
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The planetesimals are initially placed in one plane with a ran-
dom, uniform azimuthal distribution and have circular orbits. The
inclination of the disc with respect to the planetary orbit, i, has val-
ues between 0° and 180°, where i = 0° corresponds to the coplanar
prograde case and i = 180° corresponds to the coplanar retrograde
case. The disc plane is rotated around an axis perpendicular to the
semimajor axis of the planetary orbit. Each simulation was carried
out with 10* particles, but we confirmed that increasing this number
to 10° does not change the results. Decreasing the number to 103
particles gives qualitatively similar results, but the smaller number
of particles makes post-processing analysis harder, due to the lower
statistics.

The planetesimals feel the gravitational force from the planet with
the specific time step of the interaction, tgr — the Bridge time-step —
which is the time step over which the system integrates the com-
bined solver. The time step differs for different initial conditions of
the planetary orbit: for more eccentric planetary orbits, we adopted
a shorter time step. fgg has values ranging from 1073 to 5 x 1072
of the orbital period of the initial inner disc edge of 73 yr. The
values of tgg are specified in Table 2 for each orbital configuration.
We verified the choice of fgg by comparing the integrations using
Bridge with the calculations where the whole system was treated
by the N-body code. These control N-body simulations were car-
ried with 103 zero-mass particles in the disc. We used the HUAYNO
integrator in AMUSE with a choice of 1 giving energy conservation
of order 107° or lower. To treat close encounters of planetesimals
with the star, we use Plummer softening with smoothing length
€ = 0.001 au = 0.2Ry. The results of the direct and our Bridged
direct—Kepler solver are in good agreement. More quantitatively,
we compared the disc fraction, fy, — the main output of our simula-
tions defined in Section 3.1 — which generally agrees at a ~5 per cent
level.

3 RESULTS

In Fig. 1, we show an example of our simulation: the configuration
with a pericentre of 20 au (at the inner edge of the disc) and a disc
inclination of 5°. The surface number densities of planetesimals in
the plane of the planetary orbit (xy) and the edge-on plane (xz) are

t =0.0 Myr =0.0 P,
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plotted in the upper and lower panels, respectively. As the planet
plunges through the disc, it perturbs the planetesimal orbits and
the disc is disrupted. Some planetesimals move outside the initial
disc region and some become unbound from the star and escape
from the system. The majority of particles that are moving outside
the initial disc region are perturbed farther away from the star, i.e.
their semimajor axis is larger than the outer disc radius of 120 au
(indicated by the grey ellipse in Fig. 1) and only a small fraction
of particles orbit within the inner disc edge (with semimajor axis
smaller then 20 au). Note that we do not consider collisions between
the planetesimals themselves, either with the star or with the planet,
and no particles are removed from the simulation.

3.1 Parameter-space study

‘We explored the parameter space of the pericentre of the planetary
orbit (R;,) and the inclination of the disc with respect to the orbital
plane (i). In Fig. 2, we show the fraction of disc particles that
stay bound to the star after 1 Myr of evolution, npoung/"0rs Where
Ihound 18 the number of bound particles and n,, is the total number
(i.e. n; = 10%). Fig. 2 maps the prograde cases (0° < i < 90°);
the results for the retrograde configurations are generally similar
(see below for some examples). We see that only in the coplanar
case, when the pericentre is smaller that the outer disc radius, is a
substantial number of particles lost (unbound) from the system. It
is hardly surprising that the highest number of unbound particles
is produced in such configurations, but it is interesting that more
than ~80 per cent of the particles stay bound for all other considered
configurations during the first 1 Myr.

The number of bound particles measures what part of the original
disc is kept within the system which, however, does not correspond
directly to the observed disc. For example, in the second and the last
snapshots of Fig. 1, we see that a substantial number of planetesi-
mals are located outside the disc area as it was constrained from the
observations. Most of these planetesimals are, however, still bound
to the star and the ratio npouna /Mot 1S about 0.8 at 1 Myr (see Fig. 2).
The majority of these bound particles perturbed from the disc extent
have a semimajor axis larger than the outer edge of the disc, 120 au,
while only a small fraction orbit within the inner edge.

t =0.5Myr =101.4 B, t =0.8 Myr =158.0 P,

400 T T ‘, T T T p
; [au~?]
0.7
200 | 1 {Ho6
o
L} 0.5
P

0.3
0.2
0.1
—400 : : : : : : : : s : : : : 00
100 | T s 1 1.1
= P 0.9
2, 0} cmgmmr== ° = - . o - ® 0.7
2 2 : 0.5
—100} i ' , S oA 1 B o2
) ‘ ‘ ) A ‘ : R ‘ LA ‘ ‘ 00
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z [au] z [au] z [au] z [au]

Figure 1. Snapshots from the simulation with R, = 20 au and i = 5°. The time of the snapshots is indicated above each panel in Myr and in P}, (orbital period
of the planet). The colour scale maps the number of planetesimals, np, projected in the planetary orbit plane (xy) and the edge-on view of the initial disc (plane
perpendicular to the planetary orbit, xz) in the upper and the lower panel, respectively. The star, the planet and its orbit are indicated by the blue points and
the solid blue line. The dashed grey ellipse and line segment show the initial extent of the disc. The planet and the planetesimals rotate in the same sense,

counterclockwise in the xy plane.
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Figure 2. The fraction of particles that stay bound to the star after | Myr mapped in the pericentre—inclination plane. The planetary pericentres and disc
inclinations are changing along the horizontal and the vertical axis, respectively. The plane is divided into coloured bins and the Ry, and i of the grid used are
indicated by points. Note that the horizontal axis is logarithmic except for the smallest pericentre (1 au), which is shown on a different scale for clarity.
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Figure 3. Evolution of the fraction fq/u(#) for pericentre distances of 1 au (left) and 20 au (right) and various inclinations of the disc with respect to the
planetary orbit i < 90° (prograde cases). Lines of different colours correspond to different 7, as indicated to the right of each plot.

To estimate how consistent our simulations are with the ob-
served disc, we follow the ratio of the number of particles with
an instantaneous distance from the star within the observationally
constrained disc extent and the number of particles bound to the
star. We call this quantity the disc fraction fy, and it is given as
Japp = n(20au < R < 120 au)/npouna, where n(R) is the number of
particles at a given distance R (spherical radius) from the star. We
use the instantaneous distance because the disc is not resolved in
the observations and its extent is estimated from the temperature
that is given by the distance of the debris from the star. We tested
that in the case when the semimajor axis of the particle orbits is
used instead of the instantaneous distance, the evolution of the ratio
stays generally similar; however, its modulations, both short- and
long-term (see Section 4), are not present.

As mentioned, the ratio f;, measures the similarity of the simu-
lated system to the observed state. If this ratio is high, most of the
particles are orbiting within the radii constrained by observations;
a low value of fy, indicates that most of the particles bound to the
star are orbiting outside the constrained radii.

In Fig. 3, we show the evolution of fy;, over 1 Myr for the
cases when the pericentre of the planetary orbit is 1au and when

MNRAS 451, 804-812 (2015)

it coincides with the inner edge of the disc (R, = 20au) for a
number of disc inclinations. We focus on the cases with the peri-
centre within the inner disc edge, because such configurations
are expected if the planetary orbit is the result of planet—planet
scattering. In both cases, generally the lower the inclination, the
lower the ratio fy,, and there is about 30 percent difference be-
tween an inclination of 5° and the coplanar configuration. The
evolution of fy,(#) is not monotonic and is the subject of (at
least) two modulations with different time-scales of about 0.05 and
0.3 Myr.

In Fig. 4, we show fy,,(¢) for configurations when the disc has a
retrograde rotation with respect to the orbit of the planet (i.e. i > 90°)
with a pericentre of 20 au. The evolution of the disc fraction looks
generally very similar to the prograde cases with the same planetary
pericentre (Fig. 3, right).

Finally, in Fig. 5, we show fq,(?) for fixed inclinations of 0° and
45° and several values of the pericentre of the planetary orbit. As
expected, the disc fraction is generally higher for the configurations
with larger pericentres — more than about 80 per cent of particles lie
within the disc for pericentres beyond the outer edge, R, > 120 au.
Similarly to Figs 3 and 4, the disc fraction oscillates with two



1.0
- 180°
160°
135°
110°
90°

0.8

0.6

fd/b

0.4

0.2

R, =20.0au
0.0 . : . :

0.0 0.2 0.4 0.6

t [Myr]

Figure 4. Evolution of the fraction fg»(¢) for a pericentre distance of 20 au
and various inclinations of the disc with respect to the planetary orbit i > 90°
(retrograde cases).

different time-scales — the modulation with the longer time-scale
occurs only in cases with non-zero inclination, while the shorter one
is present for configurations with higher disc fraction fy, 2 0.7. A
possible explanation for these is discussed in Section 4.

3.2 Disc lifetime

When the ratio fy/, decreases below 0.5, more bound disc particles
are located outside than inside the distance range constrained from
observations. The moment when fj,(fp5) = 0.5 can be taken as
a measure of the lifetime of the disc as we observe it today. In
Fig. 6, we show how fys changes with pericentre R, for different
inclinations. Note that, for some of the simulations to obtain #; 5 for
pericentres R, = 1 and 10 au, 10° particles were used rather than the
standard 10*. We tested that this does not change the results (see also
Section 2.2). In some configurations, f3,p(#) is not monotonic and
the moment when fy,, = 0.5 occurs more than once (see Section 4
for a discussion on the oscillations and wobbles); we use the earliest
moment to measure f s in these cases. Using later times leads to a
qualitatively similar plot and does not change the conclusions. Fig. 6
shows #( 5 for pericentres up to 150 au; wider pericentres, regardless
of the inclination, have fy 5 longer than the system lifetime.

The time-scale £y s is shorter than 1 Myr for configurations with
low inclination (i < 10°) and pericentres smaller and close to the
inner edge of the disc (R, < 60 au).

The choice of fy,, = 0.5 as the critical value to test for consistency
with the observations is arbitrary. The appropriate choice is in prin-
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Figure 6. Dependence of #5, when fq/5(f0.5) = 0.5, on the pericentre of
the planetary orbit for different inclinations. The dashed horizontal line
indicates the lifetime of the system, 13 Myr.

ciple given by the observational limits (i.e. the minimal detectable
mass density of the debris disc). We verified that the general results
do not change when considering fq/, in the range 0.3-0.8. As ex-
pected, the lower the ratio (i.e. the smaller the fraction of particles
within the original disc region), the longer the time-scale.

Values of fy, at 1 Myr are shown in Fig. 7. Similarly to Fig. 6,
more than half of the bound particles are located outside the disc
(i.e. fa/r(1Myr) < 0.5) for small pericentres and low inclinations.
The disc stays relatively unperturbed for R, 2 150 au, regardless of
the inclination.

4 DISCUSSION

4.1 Disc wobbling and Kozai-Lidov-like oscillations

As mentioned in Section 3.2, for some of the configurations with
inclined discs, the disc fraction does not decrease monotonically
(see Fig. 3). The modulation in f3/,(f) can be explained by a wobbling
of the disc. We argue that this wobbling is caused by a mechanism
similar to Kozai—Lidov oscillations (Kozai 1962; Lidov 1962).
The Kozai—Lidov mechanism describes the exchange of angular
momentum in stable hierarchical three-body systems. The inner
binary is periodically excited to high eccentricity and inclination
with respect to the initial orbital plane and its argument of periapse
librates (i.e. oscillates around a fixed value) with the same period.
However, the energy, i.e. the semimajor axis of the orbit, does
not change in the standard picture of the Kozai-Lidov mechanism
(e.g. Mardling & Aarseth 2001). The amplitude of the oscillations
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Figure 5. Evolution of the fraction fy,(#) for disc inclinations of 0° (left) and 45° (right) and various pericentres of the planetary orbit. Lines of different
colours correspond to different R}, as indicated to the right of each plot.
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Figure 7. The ratio fy, at a time of 1 Myr mapped in the pericentre—inclination plane. The planetary pericentres and disc inclinations are changing along the
horizontal and vertical axes, respectively. The plane is divided into coloured bins and the R}, and i of the grid used are indicated by points. The colour maps the
fap(1 Myr) for a given configuration of R}, and i. The horizontal axis is logarithmic, except for the smallest pericentre (1 au), which is shown on a different
scale for clarity. Contour lines are overplotted: their levels start from 0.5 and increase by 0.1; the contour for fq/(1 Myr) = 0.5 is indicated by the dashed line.

depends on the relative inclination of the orbits: the higher the
inclination, the bigger the changes of eccentricity (e.g. Innanen et al.
1997). The period of the Kozai—Lidov oscillations depends on the
masses of the bodies, the periods of the orbits and the eccentricity
of the outer binary.

The Kozai-Lidov time-scale for the restricted three-body prob-
lem is approximately given by (see e.g. Hamers et al. 2013, and
references therein)

)", )

where P, and e, are the period and eccentricity of the planetary
orbit, respectively. M, and M, are the central star and the planet
mass, respectively. The orbital period of the disc planetesimal is Py.
« is a coefficient of order unity.

The strongest modulation of fy/,(#) in Fig. 3 happens for the case
with R, = 1 au and i = 45°. This configuration (and others presented
in Fig. 3) does not correspond to the classical Kozai-Lidov exam-
ple: the planet orbits inside the inner disc radius and the system
star—planet—disc particle does not classify as a hierarchical triple.
However, since the planetary orbit is very eccentric (an eccentricity
of 0.997 for R, = 1 au), the time the planet spends closer to the star
than 20 au is extremely short — less than 0.3 per cent of the orbital
period — and the time within the outer disc radius of 120 au is about
3.6 percent of the period. The planet moves outside the disc for
most of the time and periodically perturbs the orbits of the disc
particles, changing their inclination and eccentricity similarly to
the Kozai-Lidov mechanism. At the same time, we do not observe
a substantial change in the semimajor axes of planetesimal orbits
and modulations of fy,(¢) are not present when the semimajor axis
is used to measure the disc fraction, instead of the instantaneous
distance of the particles from the star.

In Fig. 8, we show the dependence of Tk; on the pericentre of
the planetary orbit R;, (i.e. on e, and P},) for different semimajor
axes of the planetesimals Ry (i.e. different Py). Tx;. for R, between
1 au and 20 au ranges from about 0.004—1 Myr depending on Rg.
Wobbles happen on a time-scale of ~0.1 Myr, which is generally
consistent (considering the factor o) with the T for the particles
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Figure 8. Time-scale of the Kozai-Lidov mechanism, Tkp, as given by
equation (1), as a function of the pericentre of the planetary orbit, R,.
Different lines show the dependence for different semimajor axes of the disc
planetesimals, Ry. Several values of Ry are indicated in the plot. Dashed
lines show cases when Ry is outside the initial disc, while full lines show
cases within the initial disc with a step size of 20 au.

in the inner parts of the disc and pericentre R, ~ 1-5 au and the full
radial range of the disc for larger R;,.

We suggest that the combination of the perturbation of planetes-
imal orbits and a mechanism similar to the Kozai—Lidov oscilla-
tions leads to wobbling of the disc, when the eccentricities, incli-
nations and argument of periapse (i.e. the orientation of the orbits)
change for a number of disc planetesimals. We illustrate the pro-
cess in Fig. 9, where we show snapshots of the simulation with the
planetary pericentre at 1 au and a disc inclination of 45°. The four
snapshots show the initial state of the system and times close to the
minima (r = 0.3 and 0.9 Myr) and maximum (¢ = 0.6 Myr) of the
Jayp() modulation (see Fig. 3). Att = 0.3 and 0.9 Myr, the particles
are collectively perturbed to higher inclinations and eccentricities
and the plane of the disc is close to perpendicular to the orbital
plane of the planet, while at t = 0.6 Myr the disc has a configuration
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Figure 9. Snapshots from the simulation with R, = 1 au and i = 45°; see Fig. 1 for a detailed description.

similar to that at the beginning, but with retrograde rotation (an
inclination of about —45°).

4.2 Short-term oscillations of f;,

Apart from the modulation on the time-scales of ~0.1 Myr, the disc
fractions fy,,(f) show periodical modulations with amplitudes <0.03
and time-scales <0.05 Myr for most configurations (see Figs 3
and 5, especially the cases with higher disc fractions). The modu-
lation results from resonant spiral density waves and rings induced
by the planet in the disc. If a resonant radius is located close to
the initial outer edge of the disc, a certain number of planetesimals
orbit periodically just inside or outside the disc. The modulation is
most prominent for cases when the relative mass is fy» 2 0.7 and
the resonant patterns are stable enough. If such resonant features
are resolved by future observations, they could provide constraints
on the orbit of the planet.

5 CONCLUSIONS

We studied the lifetime of the debris disc in the peculiar system
HD 106906. This 13-Myr old star is orbited by a debris disc and
a planetary-mass companion at a separation of 650 au. We carried
out simulations of the system using the AMUSE environment. Since
the disc is much less massive than the star or the planet, we rep-
resent its planetesimals by zero-mass particles. We implemented a
hybrid numerical method in which the orbit of the planet is solved
independently of the disc and the disc planetesimals are integrated
in the potential of the star and the planet. The initial conditions
for the simulations were given by the observed characteristics of
the system and the unconstrained characteristics of the system —
namely the pericentre distance of the planetary orbit and the incli-
nation of the disc with respect to the planetary orbit — were varied
systematically.

We find that more than 80 per cent of the disc particles stay bound
to the star for the majority of configurations considered and only in
the case of orbits with low inclination <10° and pericentres of the
planetary orbit <50 au is a substantial part of the disc lost during
the first 1 Myr of evolution. To estimate how long the disc stays in a
configuration consistent with the observations, we followed the ratio
of the number of disc particles with distance within the constrained
disc radii (20-120 au) and the number of particles bound to the

system. We define the lifetime of the disc as the time until more
particles are orbiting outside the constrained disc radius than within
it (i.e. more particles are at distances <20 au or >120 au than
within 20-120 au from the star). The lifetime of the disc is shorter
than 1 Myr for orbits with low inclination i < 5° and comparable
with 1 Myr when i ~ 5-10°, with pericentre smaller than or close to
the inner edge of the disc (R, < 50 au, see Figs 6 and 7). Such orbits
are expected in the case when the planet formed closer to the star,
most probably within the inner disc edge, where it cleared the inner
region and was scattered to its current orbit by other members of
the system. However, such interaction is estimated to occur during
the first 10 Myr of the lifetime of planetary systems (e.g. Veras
et al. 2009; Scharf & Menou 2009). Considering the current age
of the system of 13 £ 2 Myr (Pecaut et al. 2012), we conclude
that configurations with lifetimes shorter than 1 Myr (i < 10° and
R, < 50au) are inconsistent with the scenario according to which
the current orbit resulted from planet—planet scattering from the
inner disc.

When the disc is inclined with respect to the planetary orbit with
inclination >40°, it can survive longer than 1 Myr even in the
case in which the pericentre is within the inner disc edge. In these
configurations, the disc wobbles (see Fig. 8). We argue that this
is caused by a mechanism similar to the Kozai-Lidov oscillations
induced by the planet on the disc particles. The planet can also
induce resonant structures in the disc, such as spiral arms and rings.
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