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1 INTRODUCTION

ABSTRACT

With hydrodynamical simulations, we determine the conditions under which an initially copla-
nar planet—disc system that orbits a member of a misaligned binary star evolves to form a planet
that undergoes Kozai-Lidov (KL) oscillations once the disc disperses. These oscillations may
explain the large orbital eccentricities, as well as the large misalignments with respect to the
spin of the central star, observed for some exoplanets. The planet is assumed to be massive
enough to open a gap in the disc. The planet’s tilt relative to the binary orbital plane is subject
to two types of oscillations. The first type, present at even small inclination angles relative
to the binary orbital plane, is due to the interaction of the planet with the disc and binary
companion and is amplified by a secular resonance. The second type of oscillation is the KL
oscillation that operates on both the planet and disc at larger binary inclination angles. We
find that for a sufficiently massive disc, even a relatively low inclination planet—disc system
can force a planet to an inclination above the critical KL angle, as a consequence of the first
type of tilt oscillation, allowing it to undergo the second type of oscillation. We conclude that
the hydrodynamical evolution of a sufficiently massive and inclined disc in a binary system
broadens the range of systems that form eccentric and misaligned giant planets to include a
wide range of initial misalignment angles (20° < i < 160°).

Key words: accretion, accretion discs —hydrodynamics — planets and satellites: formation —
binaries: general.

et al. 2010; Winn et al. 2010)." Some planets even have retrograde
orbits (e.g. Winn et al. 2009; Lund et al. 2014). The observations are

To date, a total of 1642 exoplanets have been confirmed (see ex-
oplanets.org; Wright et al. 2011; Han et al. 2014), of which an
estimated 40-50 per cent are in binary systems (Horch et al. 2014).
Thus, it is important to understand planet formation and evolution
in binary systems in order to explain the observed exoplanet orbital
and physical properties. In particular, we would like to quantify the
role of binaries in the formation of eccentric and inclined planetary
systems. At radii where tidal effects may be neglected, most mas-
sive extrasolar planets have significantly eccentric orbits, with some
planets having extreme eccentricities e > 0.9 (Tamuz et al. 2008;
Moutou et al. 2009; O’Toole et al. 2009). For (typically) smaller
separation systems, where the misalignment of the planetary orbit
to the spin of the host star can be measured with the Rossiter—
McLaughlin effect (McLaughlin 1924; Rossiter 1924; Queloz et al.
2000), misalignments are common (e.g. Schlaufman 2010; Triaud
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broadly consistent with a model in which the obliquities of close-in
giant planets were initially randomly distributed, with alignment
subsequently occurring in a subset of systems where the tidal time-
scale is short (Albrecht et al. 2012).

Very massive planets (or brown dwarfs) that open broad gaps in
the protoplanetary disc can be excited to significant eccentricities by
gravitational planet—disc interactions (Papaloizou, Nelson & Masset
2001; Dunhill, Alexander & Armitage 2013). For roughly Jupiter
mass planets, excitation and damping processes are in near balance
(Goldreich & Sari 2003; Ogilvie & Lubow 2003), and whether there
is any net excitation of eccentricity may depend upon details of the
disc structure (Tsang, Turner & Cumming 2014). Simulations, how-
ever, suggest that even when eccentricity can be excited the resulting
eccentricities are relatively small (D’ Angelo, Lubow & Bate 2006;
Duffell & Chiang 2015), and moreover inclinations with respect

!'See the online compilation by R. Heller http://www.physics.mcmaster.
ca/~rheller/.
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to the disc plane are more securely in the damping regime (Bitsch
et al. 2013; Xiang-Gruess & Papaloizou 2013). Hence, the sub-
set of planets with highly eccentric or significantly misaligned or-
bits probably suffered dynamical excitation of their orbits, through
a combination of planet—planet scattering and secular perturba-
tions of various kinds (Chatterjee et al. 2008; Ford & Rasio 2008;
Dawson & Murray-Clay 2013; Petrovich, Tremaine & Rafikov
2014). In this work, we focus on a subset of secular perturbations
that could produce the very high eccentricity planets.

The Kozai-Lidov (KL; Kozai 1962; Lidov 1962) mechanism is a
secular effect that can form highly eccentric and inclined exoplanets
(e.g. Wu & Murray 2003; Takeda & Rasio 2005; Wu, Murray &
Ramsahai 2007; Nagasawa, Ida & Bessho 2008; Perets & Fabrycky
2009). In the simplest case where the perturber is a companion in
binary star system, the process periodically exchanges the inclina-
tion and eccentricity of a test particle in a misaligned orbit around
one component of the binary if the initial inclination, iy, satisfies
cos %y < €08 Zigi = 3/5 (e.g. Innanen et al. 1997). The component
of angular momentum that is perpendicular to the binary orbital
plane, as well as energy, is nearly conserved during this process so
that

vV 1 —e2cosi ~ const. (D

As the eccentricity of the particle increases from 0 up to

5 .
emax = A/ 1 — 3 cos? iy, 2

its inclination decreases from iy to i.; and vice versa. The oscilla-
tions repeat exactly in time for the test particle case in a circular
binary (when the test particle is close to its host star). However, if
the binary orbit is eccentric, test particle orbits can instead evolve
to a retrograde orientation with chaotic behaviour (e.g. Lithwick
& Naoz 2011; Naoz et al. 2011; Li et al. 2014). For the observed
highly inclined planets, there may be some later circularization due
to tidal friction after the eccentricity growth (Fabrycky & Tremaine
2007; Naoz, Farr & Rasio 2012). Thus, the planets can end up on a
circular but highly inclined orbit.

In order to understand planet formation in binaries, we must
first understand the birthplace, the protoplanetary disc. In a young
binary star system, the protoplanetary disc around each star may
be misaligned with respect to the binary orbital plane. There is
some direct observational evidence of this in wide binary systems
(e.g. Jensen et al. 2004; Skemer et al. 2008; Roccatagliata et al.
2011). For example, the young binary system HK Tau with a pro-
jected separation of about 350 au, has discs observed around both
components with one disc edge-on and the other closer to face-on
(Stapelfeldt et al. 1998). Although the binary orbit is unknown, at
least one of discs must be substantially misaligned with the binary
orbital plane. Atacama Large Millimeter Array observations suggest
that the misalignment between the two discs is 60°-68° (Jensen &
Akeson 2014). Furthermore, a wide binary, with a projected sep-
aration of about 440 au, in Orion has a misalignment between the
projected disc rotation axes of about 72° (Williams et al. 2014). Mis-
aligned discs in binaries suggest that wide binary star systems do
not form directly from a single large corotating primordial structure
but rather they are subject to small scale effects, such as turbulence,
that cause a lack of correlation between the rotational axes of the
accreting gas on to each star (Bate, Lodato & Pringle 2010; Offner
et al. 2010; Bate 2012; Tokuda et al. 2014). Thus, misaligned discs
could be typical rather than special cases.

Recently, we found that a highly misaligned fluid disc around
one component of a binary system may also be unstable to global

MNRAS 458, 4345-4353 (2016)

i=0°

. Ik= Icrit
viscous
alignment

e=0

Damped
KL oscillations
O<e<e,,

> Binary
companion

KL oscillations

viscous
counter—alignment
e=0
i=1800°i

crit

i =180°

Figure 1. The alignment process of a misaligned disc around one compo-
nent of a binary system. The inclination angle i is measured between the
angular momentum vector of the disc and the angular momentum vector of
the binary orbit. At an inclination of zero, the disc lies in the binary orbital
plane. At inclination of 180°, the disc also in the binary orbital plane but
rotates in a retrograde sense. If the disc inclination lies in the range it < i <
180° — igyit, the disc displays damped KL oscillations where the inclination
and eccentricity of the disc are exchanged. Because these oscillations are
damped, the inclination tends towards the critical KL angle. If the inclination
is below the critical KL angle, the alignment proceeds monotonically to-
wards alignment or counter—alignment with zero eccentricity. Note that this
assumes that self-gravity is not strong enough to prevent the KL oscillations.

KL oscillations (Martin et al. 2014b; Fu, Lubow & Martin 2015a).
That is, oscillations occur where the disc inclination and eccentric-
ity are periodically exchanged. In a test particle situation, the KL
oscillations continue without damping. However, because of dis-
sipation within the fluid disc, the oscillations damp until the disc
becomes circular and inclined at roughly the critical angle for KL
oscillations to occur, i.j. The disc continues to align with the bi-
nary orbital plane on a longer time-scale by viscous torques that
interact with a disc warp (e.g. King et al. 2013). Fig. 1 sketches
the alignment process of the disc with the binary orbital plane. If
the disc is closer to counter—alignment than alignment, it moves to-
wards counter—alignment. The complete realignment process may
take longer than the disc lifetime.

At early times in the disc evolution, the disc mass is large and the
disc may be self-gravitating. Self-gravity may be sufficiently strong
to suppress the KL oscillations for some period of time (Batygin,
Morbidelli & Tsiganis 2011; Batygin 2012; Fu, Lubow & Martin
2015b). Instead, the disc globally precesses as a rigid body, while
its inclination gradually decreases monotonically (as is the case for
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disc inclinations below the critical KL angle). As material drains
on to the central star, eventually self-gravity weakens and the KL
cycles begin if the disc is still sufficiently misaligned. For a highly
inclined disc of planetesimals, the KL mechanism strongly inhibits
planetesimal accumulation and thus planet formation is difficult.
Thus, in the core accretion model, planets in highly misaligned
systems may need to form either before the KL oscillations, or after
they have finished as planet formation may be difficult while the
KL effect is in operation (e.g. Marzari, Thébault & Scholl 2009;
Fragner & Nelson 2010).

In a recent paper, we investigated the evolution of a giant planet
in a slightly misaligned disc around one component of a binary star
system (Lubow & Martin 2016). Initially, the orbit of the planet and
the disc are taken to be coplanar. We considered initial tilt angles
relative to the binary orbital plane to be well below the critical
KL angle. We found that as the system evolves, the planet orbit is
generally not coplanar with the disc. It only remains coplanar to the
disc in the limit of a low-mass planet that does not open a substantial
gap. The relative inclination of the planet—disc system undergoes
secular oscillations whose amplitudes are generally of the order of
the initial tilt of the system relative to the binary orbital plane. For
disc masses that are somewhat large compared the planet mass, the
disc and planet precess together, while both undergo oscillations in
their tilts relative to the orbital plane of the binary. This effect can
cause the planet’s orbital tilt to increase above its initial value. Such
tilt changes may have consequences on the evolution of an initially
low inclination planet into KL oscillations that we explore here.

If a planet remains at or below the critical KL angle after the disc
dispersal, the planet remains stable against KL oscillations, unless it
is perturbed (by another planet, for example). In this work, we focus
on the evolution of more highly misaligned protoplanetary discs
(20° < i < 60°) that contain a giant planet around one component
of a binary star system. We consider only the case where the planet
is large enough to open a gap in the protoplanetary disc. Very
recently, Picogna & Marzari (2015) considered such evolution in
the context of planet migration through tilted discs in binaries. Our
simulations span a much wider range of parameter space, including
smaller initial tilt angles relative to the binary orbital plane. In
Section 2, we use three dimensional hydrodynamical simulations to
investigate the evolution and parameters that allow the formation of
a KL planet. In Section 3, we discuss the stages of formation of a
KL planet. We present our conclusions in Section 4.

2 HYDRODYNAMICAL PLANET-DISC-
BINARY SIMULATIONS

In this section, we consider the evolution of a protoplanetary
disc that contains a planet, around one component of a circu-
lar orbit, equal mass, misaligned binary star system. We use the
smoothed particle hydrodynamics (SPH; e.g. Price 2012) code PHAN-
toM (Lodato & Price 2010; Price & Federrath 2010). pHANTOM has
been used extensively for modelling discs with complex geometries
around single stars and binary systems (e.g. Nixon, King & Price
2013; Martin et al. 2014a; Dogan et al. 2015; Nealon, Price & Nixon
2015; Nealon et al. 2016). The binary star system, disc, and planet
parameters are summarized in Table 1. The equal mass binary star,
with total mass M = M, + M,, has a circular orbit in the x—y plane
with separation, a. The mass of the planet is M, = 0.001 M and its
initial separation to the primary star is 0.1 a. We choose the accre-
tion radius of each star to be 0.025 a and the planet to be 0.005 a.
The stars and the planet are treated as sink particles. Disc material
that falls within their accretion radius is added to the sink while
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Table 1. Parameters of the initial disc set up for a circular equal mass binary
with total mass, M, and separation, a.

Simulation parameter Symbol Value(s)
Mass of binary component M\ /M = My/M 0.5
Accretion radius of the binary Racc/a 0.025
masses

Initial disc mass My/M [0.001,0.008, 0.01]
Initial disc inner radius Rin/a 0.025
Initial disc outer radius Rout/a 0.25
Disc viscosity parameter o 0.05
Disc aspect ratio H/R(R = Rjy) 0.036
Initial disc inclination i/° [20, 40, 60]
Planet mass M,/ M 0.001
Initial planet inclination ip/° [20, 40, 60]
Initial planet separation to ap/a 0.1
primary

Accretion radius of the planet Rpacc/a 0.005

conserving mass, and momentum. The planet and the disc begin
coplanar to each other but misaligned to the binary orbital plane.
The two parameters that we change between our simulations are
the mass of the disc and the misalignment angle with respect to the
binary.

We follow the methods of Lubow & Martin (2016) for the initial
disc setup. We simulate a low-mass disc (Mg = 10~°M) that is copla-
nar to the binary and the planet in a simulation for 10 binary orbits
so that the surface density profile has the correct gap size around the
planet. The disc has 500 000 SPH particles. The surface density of
the disc is initially distributed as a power law in radius ¥ oc R~3/2
between R;, = 0.025a and R, = 0.25 a. The outer radius of the
disc is the tidal truncation radius for a coplanar disc (Paczynski
1977). The disc is locally isothermal with sound speed ¢, o« R=3/*
and H/R = 0.036 at R = R;,. These parameters allow « and (h)/H
to be constant over the disc (Lodato & Pringle 2007). The Shakura
& Sunyaev (1973) « parameter is taken to be 0.05 (we implement
the disc viscosity in the usual manner by adapting the SPH artificial
viscosity according to the procedure described in Lodato & Price
(2010), using & ay = 0.95 and By = 2.0). The disc is resolved with
shell-averaged smoothing length per scaleheight (h)/H = 0.52.

We do not include the effects of self-gravity in our simulations.
In Fu et al. (2015b), we found that self-gravity may suppress the
KL oscillations of a disc, but only in relatively high-mass discs, My
2 0.01 M. Here, we consider only disc masses in the range 0.001
< My/M < 0.01. Thus, the simulations presented in this work
would not be significantly affected by the inclusion of self-gravity.
However, for discs with a higher mass, self-gravity may play some
role in the evolution.

During the initial 10 binary orbital periods that we ran the sim-
ulation in a coplanar sense, the planet carved out a gap in the disc.
The gap restricts the communication between the inner and outer
parts of the disc and thus they behave independently. During this
time, the majority of the material interior to the planet is accreted
on to the primary star, and some on to the planet. But since the disc
mass is very small, the increase in the planet mass is also very small.
After 10 binary orbits, we then tilt the disc and planet orbit (such
that they remain coplanar) and increase the mass of the disc to the
required amount. The solid line in Fig. 2 shows the initial surface
density profile for a disc with mass My = 0.001 M. In a misaligned
disc, the binary torque is weaker and thus the disc can spread out-
wards during the initial evolution (Lubow, Martin & Nixon 2015).
A misaligned disc and planet undergo retrograde nodal precession

MNRAS 458, 4345-4353 (2016)
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Figure 2. Surface density distribution for the disc model with initial mis-
alignment i = 60°, disc mass Mg = 0.001 M, where M is the mass of the
binary. The solid line shows the initial distribution at # = 0 (after an initial
stage that begins with a coplanar system that has no disc gap), the dashed
line shows t = 6 P}, and the dotted line r = 40 Py,.

due to the torques caused by the companion star. That is, the orbital
axis of the disc precesses about the axis of rotation of the binary.
For typical protostellar disc parameters, the disc remains nearly flat
and undergoes little warping as it precesses (Larwood et al. 1996).
Typically the precession occurs on a shorter time-scale than the
alignment time-scale.

In Lubow & Martin (2016), we studied the evolution of such a
system with a small misalignment angle (i = 10°), well below the
critical KL angle. In Section 2.1, we first consider the evolution
for high misalignment angles, followed by critically misaligned
systems in Section 2.2 and then finally some low inclination cases
which are still able to form a planet that exhibits KL cycles in
Section 2.3.

2.1 Highly misaligned systems

We first consider a highly misaligned system (i = 60°) for disc
masses of My = 0.001 M and My = 0.01 M. The higher disc mass
case has previously been studied by Picogna & Marzari (2015),
using similar simulations. We show our results, which are consistent,
in order to establish a benchmark for the lower inclination cases.

Fig. 3 shows the inclinations i, eccentricities e and phase angles
¢ of the disc and planet. The relative tilt angle between the planet
and the disc is,

Ai = cos™ ', - 1a), 3

where I, and Iy are unit vectors of the angular momentum of the
planet and disc, respectively. We also plot the mass of the disc, My,
the mass of the planet, M, and the semimajor axis of the planet, a,.
The disc properties, measured at » = 0.2 a, are representative of the
whole outer disc because the internal communication time is short
(Martin et al. 2014b; Fu et al. 2015a).
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In the low disc mass case (upper panels) the planet and disc
execute almost independent KL oscillations. For a test particle in a
binary KL oscillations occur on a time-scale,

T MMy By

, 4
Py M, P, @

where Pj, is the orbital period of the planet and P, that of the binary
(e.g. Kiseleva, Eggleton & Mikkola 1998). For our parameters,
we would estimate Ty ~ 44 Py, similar to the value observed
numerically, and consistent with no significant disc modification.
The phase portrait shows that the system is in a circulating phase,
where the disc and planet precess independently. For the larger
disc mass (lower panels) there is stronger coupling and this results
in stronger misalignment and higher eccentricity. Initial libration
(with locked precession) transitions to circulation as the disc mass
decreases. Once the planet orbit and more massive disc become
misaligned due to the secular resonance and the KL oscillations due
to the binary acting on the planet and disc, it is possible that the
disc may contribute to the driving of KL oscillations of the planet
(Terquem & Ajmia 2010; Teyssandier et al. 2013).

Fig. 2 shows the surface density evolution for the low-mass disc.
In this high inclination case, the typically large relative tilt between
planet and disc allows gas to move inwards past the planet, and the
disc mass drops significantly due to stellar accretion. The accretion
time-scale is roughly coincident with the viscous time-scale (Lubow
& Martin 2016). Planetary accretion is small, but there is migration
which Picogna & Marzari (2015) attribute to friction as the planet
crosses the disc plane.

A key question is whether the oscillations seen in the hydro-
dynamic simulations would persist after disc dispersal. This will
happen if the planet has an inclination exceeding the critical KL an-
gle when the gas becomes dynamically negligible, and will depend
on the time-scale for dispersal. Observations and theoretical models
of disc dispersal by photoevaporation suggest that a rough estimate
of this time-scale is 10° yr (Wolk & Walter 1996; Alexander et al.
2014). The dispersal time will be short compared to the KL time-
scale (equation 4) for sufficiently wide binaries, with separations of
the order of 10* au. In this limit the dispersal is effectively instan-
taneous, and the planets shown in Fig. 3 would typically enter KL
oscillations (there is a small probability that this would not occur
in the high-mass disc case, as the planet dips below the critical
KL angle for two brief periods). For closer binaries, a full calcula-
tion would need to follow the dynamics during the dispersal phase,
which might additionally be affected by any warping in the system.

2.2 Critically misaligned systems

We now consider planet—disc simulations with an initial inclination
of 40° to the binary orbital plane, close to the critical angle for KL
oscillations. Fig. 4 shows the evolution of two systems with disc
masses 0.001 M and 0.01 M. In both cases, the initial evolution is
the same as the high inclination case. That is, the inclination of the
disc decreases, while that of the planet increases. This is the start
of a tilt oscillation due to the interaction of the planet and disc, as
is discussed further in Section 2.3. Thus, even if the planet forms
in a circular disc at or slightly below the critical KL angle, the
inclination of the planet increases leading to the likely formation of
a KL planet. The disc remains circular and aligns with the binary
orbit on a viscous time-scale. When the disc mass is high, there is a
larger initial increase in planet inclination and thus stronger planet
KL oscillations. The low-mass disc is in a circulating state while the
high-mass disc is in a librating state for the length of the simulation.
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Figure 3. Evolution of a planet—disc system around one component of a binary. The planet and the disc are initially coplanar but misaligned by 60° to
the binary orbital plane. The planet has an initial mass of 0.001 M and an orbital radius of 0.1 a from the primary star. Black lines refer to the planet and blue
lines to the disc. Left-hand panels: inclination angle relative to the binary orbital plane (top row), eccentricity (second row), phase angle (third row), relative
planet—disc tilt (Ai, fourth row), planet and disc masses (fifth row) and semimajor axis of the planet (bottom row). Right-hand panels: phase portrait of the
relative planet—disc tilt versus the nodal phase difference, A¢ = ¢, — ¢q. Top panels: disc of mass Mq = 0.001 M. Bottom panels: disc of mass Mg = 0.01 M.

For the low-mass disc case the inclination of the planet is only a
few degrees above the critical KL angle, thus the time-scale for the
KL oscillations is long. At the end of the plotted evolution in the
simulation, the eccentricity of the planet is just starting to increase
in a KL oscillation. For the larger disc mass, the inclination of the
planet is much higher and thus several KL oscillations of the planet
are observed during the simulation.

The final outcome of critically misaligned systems is similar
to the highly misaligned case. The low-mass disc case in Fig. 4
forms a KL planet no matter when the disc is dispersed because
the inclination of the planet is always above the critical KL angle.
However, the inclination of the planet is only slightly above the
critical KL angle and thus the time-scale for the KL oscillations
is long. For the high-mass disc case, the planet displays large KL
oscillations during the simulation, but there is a short period of time
(at about a time of ¢ = 24 Py, lasting for a couple of binary orbits)
during which the inclination of the planet is below the critical KL
angle. However, the time-scale for disc dispersal is longer than this

period of time and thus it is most likely that the planet will be a KL
planet after the disc disperses. During the time when the inclination
is below the critical KL angle, the eccentricity of the planet is high.
Thus if the disc was dispersed during this time, the planet would
still have a large eccentricity.

2.3 Slightly misaligned systems

‘We now consider conditions under which a system that begins below
the critical KL angle can produce a KL planet. In Lubow & Martin
(2016), we found that initially mutually coplanar planet—disc sys-
tems that are slightly inclined to the binary orbital plane undergo
secular misalignment tilt oscillations. For a small mass disc, the
planet and disc undergo relative tilt oscillations, as a consequence
of their different nodal precession rates that are due to the binary.
However, their tilts relative to the binary orbital plane are nearly
constant. In particular, the tilt of the planet orbit relative to the

MNRAS 458, 4345-4353 (2016)
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Figure 4. Same as Fig. 3 but for initial disc and planet inclination of 40° to the binary orbital plane.

binary orbital plane is nearly constant in time, for sufficiently small
disc mass.

For more massive discs, as a consequence of the planet’s gravi-
tational interaction with the disc, the planet’s orbital tilt relative to
the binary orbital plane can increase (see fig. 1 of Lubow & Martin
2016). In particular, in the absence of dissipation, during secular
oscillations, the planet’s orbital tilt relative to the binary is always
greater than the disc’s. This difference in tilt behaviour between the
planet and disc is a consequence of the lower angular momentum
of the planet compared to the disc. The planet’s orbital tilt increase
is aided by the effects of a secular resonance caused by the disc
and binary companion. The planet’s orbital tilt relative to the bi-
nary can reach a value of a few times the initial planet-binary tilt
for disc masses that are roughly 5 to 10 times the planet mass. As
we show below, this boost in planet orbital tilt can cause a planet
whose tilt is below the KL angle to exceed that angle and form a
KL planet.

Another effect is that if the planet accretes mass and momentum
from a disc whose tilt has decayed by dissipation to a coplanar
configuration with the binary, the planet orbit will evolve towards

MNRAS 458, 4345-4353 (2016)

coplanarity with the binary. This effect plays a role for massive
discs.

For a planet—disc system that begins below the critical KL angle,
the tilt oscillations may increase the planet orbit inclination to above
40° and form a KL planet. If the disc mass is low, then the amplitude
of the tilt oscillations is small and a KL planet cannot be formed.
On the other hand, if the disc mass is high, the amplitude of the
tilt oscillations is large, but they may be damped by accretion from
the disc on to the planet. Thus, the disc mass must be within a
certain range for low inclination systems to produce a KL planet.
We consider here an inclination of 20°, but note that the range of
disc masses that allow the formation of a KL planet is wider for
higher initial inclination systems.

We first consider a disc mass of 0.008 M and show the evolution of
the system in Fig. 5. The inclination of the planet initially increases
during a tilt oscillation until it becomes a KL planet. Eccentricity and
inclination oscillations of the planet occur in the simulations. The
system is in a circulating phase state. At the end of the simulation,
the planet and the disc have the same inclination. This state occurs at
the end of one full tilt oscillation. If the simulation were to continue,


http://mnras.oxfordjournals.org/

i/

o/

AL/

0
0.01
0.005

i
N N YO e B Al i v

T

0.1
0.09
0.08

a,/a M,M,/M

Lk

20 30
t/P,

o
—_
o

N
o

Formation of Kozai-Lidov planets 4351

60

NV

A/

Figure 5. Same as Fig. 3 but for initial disc and planet inclination of 20° to the binary orbital plane. The disc mass is 0.008 M.

then we expect further tilt oscillations to occur. Whether or not the
system forms a KL planet may be sensitive to the time of the disc
dispersal because the planet spends more than half of its time below
the critical KL angle. However, during this time, the planet orbit is
fairly eccentric.

We describe here some further simulations that are not shown in
the figures. For a slightly larger disc mass of My = 0.01 M and the
same initial inclinations, the disc and the planet are librating, i.e.
their phase angles precess together. However, because there is some
damping of the tilt oscillations, the inclination of the planet only
reaches slightly above the critical KL angle (maximum at i = 40°1)
and thus the eccentricity growth is relatively small (up to about e
= 0.2). For a higher disc mass (My > 0.01 M), the tilt oscillations
are more heavily damped by the accretion of disc material on to the
planet and the planet does not show KL oscillations. For a lower
disc mass of My = 0.005 M, the tilt oscillations are not significantly
damped, but the inclination of the planet is only just over the critical
KL angle at its maximum of i = 40°8. Thus, the planet undergoes KL
oscillations, but the eccentricity growth is small (up to e ~ 0.1). For
a smaller disc mass (M4 < 0.005 M), the tilt oscillations are not large
enough to form a KL planet. Thus, for the parameters chosen and ini-
tial inclination of 20°, there is a range of initial disc masses that can
produce a KL planet, 0.005M < My < 0.01 M. During the simula-
tion, the planet spends only some time with an inclination above the
critical KL angle. In all cases, whether the planet will be a KL planet
after the disc dispersal depends on the timing. Although, the prob-
ability of forming a moderately eccentric planet (e 2 0.2) is high.

3 DISCUSSION

The disc around one component of a binary may initially be aligned
with the spin of the star. However, the precession induced by the
binary causes the disc and the stellar spin to become misaligned.
Batygin (2012) showed that a misaligned precessing self-gravitating
disc around one component of a binary leads to the orbits of planets
being misaligned with the spin of the star if the planets remain
coplanar to the disc. While we find that the planet and the disc most
likely do not remain locked together, the outcome of a misaligned
planet is likely. In Fig. 6, we sketch the evolution of misaligned
planet—disc systems that lead to the formation of a KL planet.

The upper-left panel of Fig. 6 depicts a low-mass planet forming
in a misaligned disc around one component of a binary system. A
disc undergoing KL oscillations is generally non-circular and would
be subject to destructive impacts among newly formed planetesi-
mals (e.g. Marzari et al. 2009; Fragner & Nelson 2010). Therefore,
KL oscillations would be expected to inhibit planet formation in the
standard core accretion model. If the disc tilt is above the critical
KL angle, the disc must be self-gravitating in order to avoid KL
oscillations during the early times and allow planet formation to
take place. However, if the disc is not initially above the critical KL
angle, then it does not need to be self-gravitating to remain circu-
lar and form a planet. In both cases, the disc and low-mass planet
precess together about the binary orbital axis.

In a subsequent stage, shown in the top-right panel of Fig. 6, the
planet accretes material from the disc and becomes large enough to
clear a gap in the disc. The inner disc becomes disconnected from the
outer disc and it accretes on to the central star on a short time-scale.
Because of the gap between the planet and the disc, the torque from
the binary on to the planet may dominate the torque from the disc on
to the planet. In the lower-left panel, a secular resonance drives a tilt
oscillation. Initially, the inclination of the disc moves towards the
binary orbital plane, while the planet’s inclination increases. The
disc and the planet become decoupled. Depending on the mass of
the disc, the planet and the disc may have the same precession rate
(the librating state) or they may precess individually (the circulating
state). If the inclination of the planet is above the critical KL angle,
then KL oscillations take place. Similarly for the disc, if it is above
the critical KL angle and self-gravity is not sufficiently strong, then
it will display damped KL oscillations. While the disc and the planet
are decoupled, the disc spreads inwards past the orbital radius of the
planet. The lower-right panel shows that on a longer time-scale the
disc aligns with the binary orbital plane, according to the description
in the Introduction and Fig. 1, while the inclination of the planet
may remain high. This cartoon depicts the inclination angles, but
not the precession angles for the disc and planet.

4 CONCLUSIONS

The dynamical and tidal evolution of KL planets provide a potential
explanation for several observed properties of massive extrasolar
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(a) Low mass planet embedded in a precessing tilted
disc.
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(c) Secular resonance drives a tilt oscillation between the
disc and the planet. Inner disc is accreted on to the star.
Depending upon the inclination of each, the planet and

the disc may show KL oscillations.
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(b) Planet accretes mass and carves a gap in the disc.
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Figure 6. Sketch of the steps that lead to the formation of a KL planet in a tilted disc in a binary system. Top left: a low-mass planet forms in a disc that
is misaligned to the binary orbital axis. If the disc is above the critical KL angle, then self-gravity must be strong enough to prevent KL oscillations of the
disc. If the disc is below the critical KL angle then the disc need not be self-gravitating to remain circular. Initially the disc, planet and stellar spin are aligned.
However, the disc and the planet together are precessing about the orbital axis of the binary. Top right: as the planet accretes material from the disc, it becomes
massive enough to open a gap in the disc. Bottom left: the secular resonance is now strong enough for a tilt oscillation to begin. The inclination of the planet
to the binary orbital axis increases while that of the disc decreases. The planet and the disc decouple, although their precession angles may be in phase (the
librating state) or not (circulating state). If the planet is above the critical KL angle, it shows KL oscillations. Furthermore, the disc may also be above the
critical KL angle and showing damped KL oscillations. Bottom right: on a longer time-scale the disc aligns with the binary orbital plane (according to Fig. 1),

while the planet can remain above the critical KL angle.

planetary systems. Once the gas disc has been dispersed, both the
conditions needed for KL oscillations to develop, and their outcome,
are well established. In this paper, we have argued that the prior
phase of evolution, when the gas disc from which the planet formed
is present and dynamically important, can substantially modify the
range of systems that ultimately form KL planets. The new elements
that we consider involve three coupled effects that are summarized
below. (1) Tilt oscillations occur between the planet and the disc,
involving the binary. They are the result of a four body effect. For
this type of interaction, the disc (planet) tilt changes relative to the
binary orbital plane only if the planet (disc) is present. These tilt
oscillations are present even at small tilt angles (Lubow & Martin
2016). (2) Global KL tilt and eccentricity oscillations occur in the
disc due to driving by the binary (Martin et al. 2014a). They are the
result of a three body effect. These disc oscillations occur even if
no planet is present. KL oscillations take place only for substantial
misalignment (>40°) between the disc and binary orbital planes.

MNRAS 458, 4345-4353 (2016)

(3) There is a long-term evolution of the disc plane that is driven
through the viscous damping of a warp in the disc that is caused
by the binary (e.g. King et al. 2013). The relative strength of these
effects depends upon the planet—disc mass ratio, on the importance
of self-gravity within the disc, and on the magnitude of the disc
viscosity.

We have used hydrodynamic simulations to study the long-term
evolution of a planet that forms in a protoplanetary disc that is ini-
tially misaligned to the orbital plane of a binary companion star. For
the specific parameters that we have focused on, we find that the
hydrodynamic evolution of the coupled planet—disc systems broad-
ens the range of initial systems that form KL planets. Depending
upon the mass of the disc, we find that KL planets could form from
systems in which the initial misalignment angle lies in the range
20° < i < 160°. The formation of a KL planet also depends on both
the speed of disc dissipation, and on the specific time during the os-
cillation cycle that the disc is lost, and is thus somewhat stochastic.
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However, even if the disc disperses while the planet is below the
critical KL angle, a moderately eccentric planet is expected.
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