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Abstract. The fraction of stellar binaries in the field is extremely high (about 40% — 70%
forM > 1 Mg stars), and thus, given this frequency, a high fraction of all exoplanetary systems
may reside in binaries. While close-in giant planets tend to be found preferentially in binary
stellar systems it seems that the frequency of giant planets in close binaries (< 100 —1000 AU) is
significantly lower than in the overall population. Stellar companions gravitational perturbations
may significantly alter the planetary orbits around their partner on secular timescales. They can
drive planets to large eccentric orbits which can either result in plunging these planets into the
star or shrinking their orbits and forming short period planets. These planets typically are
misaligned with the parent star.
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1. Introduction

Most, if not all, stars are born in binaries or higher multiples and many of them stay
in a binary configuration throughout their stellar lifetime (~ 40 — 70% for > 1 Mg, e.g.,
Raghavan et al. 2010). Thus, it seems likely that a stellar companion will significantly
influence the planet formation and evolution in such a system. Furthermore, observations
suggest that short period giant planets are more likely to have a far away companion
(Knutson et al. 2014;Ngo et al. 2015;Wang et al. 2015). While on the other hand, some
studies suggest that the frequency of giant planets in close binaries (< 100 — 1000 AU)
is significantly lower than in the overall population (Wang et al. 2015), possibly due to
a truncation or influence from the stellar companion.

The general dynamical behavior of multi-planetary systems in stellar binaries can
be exceedingly complex and the many body interactions may exhibit highly irregular
behavior. Even when in the regime dynamical interactions can be treated secularly, (i.e.,
orbital average, long term interaction) the system’s dynamical evolution can be very
complicated. In particular, apsidal precession arising from planet—planet gravitational
interactions is in competition with binary companion forced evolution to either suppress
or facilitate eccentricity excitations (e.g., Innanen et al. 1997;Takeda et al. 2008;Farr &
Naoz in Prep.). In light of this phenomenological richness, here we begin by examining the
simplest of the unsolved problems - namely, a setup wherein a single planet is perturbed
by a binary companion. As will be discussed below, even within the context of this
seemingly trivial configuration, complex dynamical evolution associated with pumping
of extremely high eccentricities can arise, potentially leading to the production of close-in
planetary systems that exhibit spin-orbit misalignments.

In the three-body approximation, dynamical stability requires a hierarchical configu-
ration, in which the inner binary - in our case the primary star and a planet, is orbited
by a third stellar companion on a much wider orbit (although we focus on a companion
star, it can also be a planet or a brown dwarf). In the latter case, proximity to low-order
mean-motion resonances becomes unlikely, the secular approximation (i.e., phase aver-
aged, long term evolution) can be applied. The gravitational potential is then expanded
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Figure 1. Effects of a companion: Tidal disruption of a planet (right panel) and
circularization and shrinking the orbits due to tides (left panel). The systems’ mutual
inclination (red line), and obliquity (magenta lines) are depicted in the top panels, while the
bottom panels shows the semi-major axes (red lines) and pericenter distances (blue lines) in
AU. Also shown in dashed lines are the pericenter at which tidal disruption takes place. Left
panels show a Neptune-size planet around an M dwarf star (0.32 M) where a Neptune mass
planet is initialized at a1 = 2 AU, and zero eccentricity. The companion here is a brown dwarf
(10 M;) at 50 AU with eccentricity of 0.52. The mutual inclination is set initially to be 65°, and
the argument of periapsis of both orbits is set to zero initially. Right panels show a Jupiter mass
planet around a sun like star, set initially on a circular orbit at a 5 AU with zero eccentricity.
The companion here is a sun like star at at 200 AU with 0.75 eccentricity. The mutual inclination
is set initially to be 87°, and the argument of periapsis of both orbits is set to zero initially.

in semi-major axis ratio, a; /as (Kozai 1962;Lidov 1962), where a; is the semi-major axis
of the inner orbit and as is the semi-major axis of the outer orbit. This ratio is a small pa-
rameter due to the hierarchical configuration. The lowest order of approximation, which
is proportional to (a;/as)? is called the quadrupole-level of approximation.

In early studies of high-inclination secular perturbations, the outer orbit was assumed
to be circular and in addition, it was assumed that one of the inner binary members is
a massless test particle (Kozai 1962;Lidov 1962). In this situation, the quadrupole-level
of approximation, is valid (Naoz et al. 2011,2013a). The resulting Hamiltonian admits
a constant of motion that corresponds to the component of the inner orbit’s angular
momentum along the z-axis (which is parallel to the total angular momentum). Naoz
et al. (2011,2013a) showed that relaxing either one of these assumptions, i.e., allowing
for an eccentric outer perturber, or going beyond the test particle approximation, leads
to qualitative different behavior. This case requires the next level of approximation,
called the octupole-level of approximation (Harrington 1968,1969;Ford et al. 2000;Blaes
et al. 2002), which is proportional to (a;/az)3. Accordingly, recent developments in
this field have shown that these systems have rich and exciting dynamics (e.g., Naoz
et al. 2011,2013a;Lithwick& Naoz 2011;Katz et al. 2011;Li et al. 2014a).

In the octupole- level of approximation, initially moderate variations in orbital eccen-
tricity can be driven to extremely high values (Ford et al. 2000;Naoz et al. 2013a;Teyssandier
et al. 2013;Li et al. 2014a). In addition, the planet’s inclination with respect to the
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Figure 2. Projected Hot Jupiters obliquity We consider the observed distribution (updated
as for 2012, black line) ezoplanets.org, and the projected obliquity from Naoz et al. (2012)
Monte-Carlo EKL simulations (green line) and planet—planet scattering adopting Nagasawa
and Ida 2007, simulations. Bayesian analysis suggests that ~ 30% of the population is consistent
with EKL formation mechanism. Furthermore, focusing on the misaligned population, the EKL
mechanism seems to contributes about 60% to 80%. Figure adopted from Naoz et al. (2012).

total angular momentum can flip from prograde (< 90°) to retrograde (> 90°) (Naoz
et al.2011,2013a). This process was coined as the Eccentric Kozai-Lidov (EKL) mech-
anism, and it was shown that it can be used as a great tool to understand different
astrophysical settings.

2. Gravitational Perturbations from a Companion on the Orbital
Configuration of Giant Planets

As already mentioned above, during the system evolution, the EKL mechanism can
induce large eccentricity excitations on the planet’s orbit. herefore, on one hand, the small
pericenter can lead the planet to tidally disrupt. On the other hand, the tidal forces can
shrink and circularize the planets orbit (see Figure 1 left and right panels, respectively).
Significant fraction of Jupiters that are initially set at 5 AU stay in their birth place,
and undergo moderate eccentricity and inclination oscillations. A small fraction of the
systems (which depends on the tidally disrupt distance, e.g., Petrovich 2015 ) survive as
Hot Jupiters.

Hot Jupiters formed via gravitational perturbations from a companion star have an
interesting consequence: they are likely to be misaligned with their parent star. This was
first predicted by Fabrycky and Tremaine (2007) and Wu et al. (2007), for a quadrupole—
level calculation, including GR and tides. The consequence of using the quadrupole—
level is that only a narrow part of the initial configurations is accessible for hot Jupiter
generation. In particular, they found that Hot Jupiters are more likely to form in systems
orbited by a nearly perpendicular stellar companion (e.g., Fabrycky and Tremaine 2007).
Also, for the quadrupole-level to be applicable the companions orbits must be circular
(Naoz et al. 2013a).

The EKL mechanism can tap into larger parts of the parameter space which may result
in an exciting behavior such as large eccentricity excitations and flipping of the Jupiter or-
bit with respect to the total angular momentum (e.g., Naoz et al. 2011,2013a;Teyssandier
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Figure 3. Eccentricity and obliquity evolution for two planet system in the presence
of a companion. The left hand panels shows a system for which the outer planet separation
is 0.021 X a., where a. is the separation of the companion. The companion eccentricity here is
0.3. The system exhibit stable eccentricity oscillations. The right panels describes a system for
which the outer planet separation is 0.06 X a.. The companion eccentricity here is 0.5. In both
cases the inner planet is located at half the distance of the outer plant, and the mass ratio is
5x 107°,3 x 107°,1 (inner and outer planets to companion, respectively).

et al. 2013;Li et al. 2014a). A Monte-Carlo calculation extended to the EKL mechanism
(as well as GRY and tides) showed that indeed the final (and initial) orbital inclinations
and obliquity cover large range of the parameter space (Naoz et al. (2012) and Petrovich
(2015), and see Figure 2 for the projected obliquity distribution). Furthermore, Naoz
et al. (2012) conducted a bayesian analysis assuming that the obliquity distribution is
a contribution of three processes, the first is an unknown process which results in an
aligned component to the distribution, the second is an EKL mechanism and lastly, a
planet—planet scattering process (adopting Nagasawa and Ida 2007). This analysis sug-
gested that a large fraction of the observed high obliquity Hot Jupiter is consistent in
forming via the EKL mechanismi. In particular is seems that about 60% to 80% of sys-
tems with large obliquities are consisted with EKL mechanism formation scenario. Out of
the entire observed population (which has a large aligned component), EKL is consistent
with ~ 30% of the observed systems while planet—planet scattering contributes about
~ 10% — 20%. These results are independent on the formation rates and are based only
on the obliquity distribution. The values are consistent with observations that suggest
that Hot Jupiters are likely to have a far away companion (e.g., Knutson et al. 2014;Ngo
et al. 2015;Wang et al. 2015). However, we note that Ngo et al. 2015 did not find a

1 General relativity plays an important role, as it can in some cases suppress eccentricity
excitations and in others excite them (e.g., Naoz et al. 2013b).

I Note that Storch and Lai (2014) and Storch et al. (2015) showed, in the frame work of
hierarchical triple systems, that the behavior of the obliquity angle is chaotic and is very sensitive
to the stellar spin, assumed here to be 25 d.
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correlation with the misaligned systems. Thus, further investigation requires to explain
this discrepancy.

3. Going Beyond the Three Body System

As briefly alluded to in the introduction, further phenomenological richness arises when
planet- planet interactions are introduced into the picture. We investigate the secular
interactions of two planet system in the presence of a stellar companion, using a multi-
body secular gravitational interaction code. We use the Gauss’s averaging method which
is a phase-averaged calculation for which the gravitational interactions between non-
resonant orbits are treated as being equivalent to angular momentum exchange among
massive wires, whose line density in inversely proportional to the orbital velocity (see
Touma et al. 2009). The strength of this approach (and thus the code) is that it is
not limited to low inclinations and eccentricities or hierarchical configurations. We note
however, that the secular approximation breaks if the planets are within few Hill radii of
each other, or if they are in mean motion resonances (e.g., Takeda et al.2008). In general
this method can be used to explore different many body secular effects, for example the
evolution of a particle disk in the presence of a perturber (Batygin 2012).

Figure 3 shows two examples of two planet system evolution in the presence of a stellar
companion, considering point mass Newtonian dynamics. These examples have different
initial conditions as specified in the caption. The example depicted on the left panels
shows a regular time evolution, that exhibits mutual eccentricity oscillations between
the orbits. The gravitational forces between the two planets cause the planets angular
momenta to precess together around the total angular momentum. Thus, the obliquity
angle of each planet (defined here as a tilt angle compare to the initial two planets angular
momenta) simply precesses around the inner two angular momenta (known as precession
of the nodes), the latter precess around the total angular momentum. Similar behavior
was noted in Innanen et al. (1997), and it can eventually produce high obliquity planets
(e.g., Li et al. 2014b). The right panels on Figure 3 shows a chaotic evolution for both
the eccentricity and the tilt angle of both planets. The two planets react independently
to the outer companion gravitational perturbations. Here the system probably becomes
unstable. These two examples demonstrate how relatively mild configurational changes
in the initial setup of the system can lead to qualitatively different dynamical evolutions.
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