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The role of cluster evolution in disrupting planetary
systems and disks: the Kozai mechanism
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Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 TRH, UK

INTRODUCTION

ABSTRACT

We examine the effects of dynamical evolution in clusters on planetary systems or
protoplanetary disks orbiting the components of binary stars. In particular, we look
for evidence that the companions of host stars of planetary systems or disks could
have their inclination angles raised from zero to between the threshold angles (39.23°
and 140.77°) that can induce the Kozai mechanism. We find that up to 20 per cent of
binary systems have their inclination angles increased to within the threshold range.
Given that half of all extrasolar planets could be in binary systems, we suggest that
up to 10 per cent of extrasolar planets could be affected by this mechanism.

Key words: stars: formation — open clusters and associations — planetary systems —
methods: N-body simulations

orbiting the components of binary systems, the dynam-

The majority of star formation is believed to occur in
clustered environments MM& m, and refer-
ences therein). Furthermore, around 60 per cent of solar-
type stars are observed in binary systems in the field
(Duguennoy & Maggﬂ M) It is believed that a higher
percentage of these stars (and probably all of them) form
not as singles, but in binary or higher order systems (e.g.
Goodwin & Krgﬂpd M; Goodwin et al M), although
ec Lada M) for an alternative interpretation.

Several studies (e.g. [Kroupa llQ&idJH, [Parker et all
) have demonstrated that intense dynamical evolution
occurs for stellar systems in typical (i.e. Orion-like) clus-
ters. If most stars form in such clusters, then this dynamical
processing may also have a significant effect on any planet
formation that occurs around binary stars.

Over 300 extrasolar planets have been discovered to
datdl]. Of the nearby extrasolar planets (i.e. within 200 pc,
see |Butler et al J ME, around 40 are known to orbit a
component of a binary system (Desidera & Barblgri m)
Indeed, [Bonavita & Desidera (lZLM)_’Z' ) suggest that after in-
completeness has been taken into account, the numbers of
planets orbiting binary and single stars may be equal.

Given the significant fraction of extrasolar planets

* E-mail: r.parker@sheffield.ac.uk

1 The number of discoveries is increasing on an almost daily basis;
for the most up-to-date catalogue maintained by J. Schneider see
http://exoplanet.eu/|

2 See |http://exoplanets.org/planets.shtml| for the census by
M) of the extrasolar planets within 200 pc of the
Earth.

ical history of such stellar systems becomes important
for understanding the properties of the planets therein.
The Kozai mechanism ) has been shown

by several authors, (e.g. IInnanen et a] |_Q9_ﬂ — see also
Holman, Touma & Trgmalné |_Q9j| Takeda & Ba§d uﬁﬂ
Mﬂmbﬁngﬂmu@h@mbﬁrﬂﬁ%) to disrupt the orbits
of planets (see e.g. [Malmberg et a “J)Djj, their fig. 1) that

form in binary systems.

In this paper we address the possibility of whether the
dynamical evolution of a cluster may provide a way of induc-
ing the Kozai mechanism in a significant fraction of binary
stars. We describe the Kozai mechanism in Section 2 we
outline our method in Section [3] we present our results in
Section [ and we conclude in Section

2 THE KOZAI MECHANISM

The Kozai mechanism m M) was used to quan-
tify how the orbits of inclined asteroids were influenced by
Jupiter. It assumes that the mass of the asteroid is negli-
gible compared to that of Jupiter and the Sun — the same
assumption can be made for a planet orbiting one of the
components in a binary system (Innanen et al] |LQ9_Z|)

If the inclination angle of the orbit exceeds 39.23°, then
the Kozai mechanism states that there is a cyclical exchange
of angular momentum to the asteroid, causing the eccentric-
ity of the asteroid to vary periodically. The same effect is
predicted for planetary systems (and protoplanetary disks)
in binary systems.

It should be noted that these Kozai cycles can be
switched off if the inclination angle of the orbit exceeds
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140.77°. We define a range of inclination angles of systems
susceptible to the Kozai mechanism as

39.23° < fixos < 140.77°. (1)

Malmberg et al] (IM) used the Kozai mechanism as

a method to disrupt planetary systems and showed that it
induces a highly eccentric orbit for the outer planet, which
then crosses the orbits of the inner planets. In some cases
this process leads to the ejection of one or more of the plan-
ets. [Malmberg et al! (2007a) use intermediate (a ~100 AU)
separation binary systems to invoke this mechanism.

In our simulations, we investigate whether the inclina-
tion angle between the components of binary systems can be
increased from zero (at the birth of the cluster) to an angle
in the range ixo, (the Kozai angle). We assume that the bi-
naries at the cluster birth act as gyroscopes and hence any
systems with an angle greater than the Kozai angle have un-
dergone significant dynamical processing and could be sub-
jected to intense perturbations.

3 METHOD
3.1 Cluster set-up

We closely follow the method described by [Parker et al

) to set up the clusters and binary systems in our
simulations. The clusters are designed to mimic a ‘typical’
star cluster, similar to Orion with a mass ~ 10% Mg.

For each set of initial conditions, we create a suite of 20
clusters, identical apart from the random number seed used
to initialise the simulations.

We set our clusters up as initially virialised Plummer
spheres ) using the prescription given in
Aarseth, Hénon & Wielen (1974). The Plummer sphere pro-
vides the positions and velocities of the centre of mass of
stellar systems. We adopt three different half-mass radii for
our clusters; 0.1, 0.2 and 0.4 pc. [Parker et all (IM) argue
that the initial half-mass radius of Orion was in the range
0.1 — 0.2pc, but we include simulations with a half-mass
radius of 0.4 pc for comparison.

3.2 Binary properties

We create all our clusters with an initial binary fraction,
foin = 1 (i.e. all stars form in binary systems; there are no
singles or triples, etc.), where

B
in = g5 2
fb S+37 ( )
and S and B are the numbers of single and binary systems,
respectively.

The mass of the primary star is chosen randomly from

aKroupa (2002) IMF of the form

M-8
N(M) o { M3

where mo = 0.1 Mg, m1 = 0.5Mg, and ma2 = 50 M. For
simplicity we do not include brown dwarfs (BDs) in our sim-
ulations.

Secondary masses are drawn from a flat mass ratio dis-
tribution with the constraint that if the companion mass

mo <M/M@ <mi,
m1 < M/Mg < ma,

®3)

is < 0.1 Mg it is reselected, thereby removing the possi-
bility of choosing secondaries with BD-like masses. This
constraint maintains the underlying binary fraction, but
biases the masses of low-mass systems towards unity (see
[Kouwenhoven et all[2009a).

The generating function for orbital periods are the
log-normal distributions observed by D nn M

(1991) and [Fischer & Marcyl (1999) of the form

—(logP — logP)2 }

2
2o’logP

f (logP) = C’exp{ (4)
where logP = 4.8, 01ogp = 2.3 and P is in days.
Eccentricities of binary stars are drawn from a thermal

eccentricity distribution 1Krgﬂpd l&%ﬂ, M) of the form
fe(e) = 2e. (5)

Binaries with small periods but large eccentricities
would expect to undergo the tidal circularisation shown in
the sample of G-dwarfs in [Duquennoy & Mayor (1991). We
account for this by reselecting the eccentricity if it exceeds
the following period-dependent value etiq:

ia = 5 (0.95 + tanh (06P — 1.7)). (©)

This ensures that the eccentricity—period distribution

matches the observations of [Duquennoy & Mayol (|1_9_9_1|), as

we expect that tidal circularisation occurs before cluster evo-
lution takes place (Iﬂa.dmrjjjﬂ |2_QO§HJ) Finally, the periods
are converted to semi-major axes.

By combining the primary and secondary masses of the
binaries with their semi-major axes and eccentricities, the
relative velocity and radial components of the stars in each
system are determined. These are then placed at the cen-
tre of mass and centre of velocity for each system in the
Plummer sphere.

Simulations are run using the kira integrator in Star-

lab (e.g. [Portegies Zwart et al] M, m, and references

therein) and evolved for 10 Myr.

3.3 Finding susceptible systems

For each cluster we identify the binary systemﬂ that have
been preserved since the birth of the cluster (i.e. those that
have not been broken up by dynamical processing). We also
identify the binary systems formed through dynamical inter-
actions in the clusters as these systems are likely to be sus-
ceptible to the Kozai mechanism (Malmberg et al] M)

Simulations show that disk fragmentation
is probably a major mode of binary formation
(e.g. oodwin hitworth rd-Thom MM;
Goodwin et al] M) and hence we expect that the orbits
of the companion and the planets/disk will be roughly
coplanar (observations of circumstellar disks in binary
systems have shown that they are usually inclined by less
than 10 — 20° to the component stars, e.g.

3 We wuse the nearest-neighbour algorithm described
by |[Parker et all (2009d) (and independently verified by
Kouwenhoven et al] M) to determine whether a star is

in a bound binary system.
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2004; Monin et all 2006). However, this is not an assump-
tion that affects our result as we examine the shift in the
binary inclination relative to whatever initial inclination
the planets/disk have.

We measure the change in the inclination of the binary
orbit to any planetary system or protoplanetary disk by ex-
amining the change in the orbital angular momentum vector
from formation. We assume that the inclination of the plan-
ets/disk will not be strongly effected by any interaction that
changes the inclination of the binary and hence any change
in the inclination of the binary orbit will be a change relative
to the planets/disk.

For the preserved systems we use any change in the an-
gular momentum vector of the binary to ascertain whether
the system has an inclination angle in the range iko, after
each Myr (assuming a birth inclination angle of zero). For
the systems formed during the cluster’s lifetime, we calcu-
late the change in angular momentum with respect to the
parental binary or binaried] and use the largest angle in our
calculationdd.

As we are interested in the effect of cluster evolution
on planetary systems (or protoplanetary disks), we define a
periastron distance that allows for the formation of such a
system without interference from the secondary component
of the binary system. We take the standard definition of
periastron distance rperi:

Tperi = a(l - 6)7 (7)

where a and e are the semi-major axis and the eccentricity
of the binary system, respectively.

We determine 7peri for each system, and assume that a
stable planetary system (or disk) could have developed for
any binary with 7peri > 100 AU. Of the 43 planets orbiting
a binary component in the sample of [Desidera & Barbieri
(2001), only 5 are in binary systems with separations less
than 100 AU. If a binary exceeds this periastron threshold
we determine its inclination angle from the change in the
orbital angular momentum vector.

4 RESULTS

4.1 The fraction of systems susceptible to the
Kozai mechanism

We show the distribution of inclination angles for systems
with 7peri > 100 AU after 1Myr in Fig. [l Whilst only
1 per cent of all systems have an inclination angle within
the threshold range (39.23° to 140.77°), many of the binaries
are tight (<30 AU) and hence not susceptible to dynamical
processing (Parker et all[2009a).

4 We define a parental binary as a system that was a binary
initially and contains one of the stars in a newly formed binary.
The[Duquennoy & Mayor (1991) period generating function leads
to very wide (unphysical) binaries in the clusters and so not all
the primordial binaries created in the simulations are detected
by our algorithm (see [Parker et all 20094, for a more detailed
discussion). The result of this is that some of the newly formed
binaries may only have one parental binary.

5 In practice, in the very few binaries created through these in-
tense dynamical interactions, both angles tend to be in the range
1Koz SO the angle chosen is irrelevant.

1000 —

100 F
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1 L L | L s L |
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Figure 1. The distribution of inclination angles of systems with
Tperi > 100 AU after 1 Myr for clusters with an initial half-mass
radius of 0.1 pc. Binary systems from 20 different realisations of
the same cluster have been binned together in this histogram. The
open histogram represents primordial binaries, preserved since
the birth of the cluster; the hashed histogram represents binary
systems formed during the dynamical evolution of the cluster. The
dashed lines indicate the threshold angles (39.23° and 140.77°),
between which the Kozai mechanism may act upon any planets
in orbit around the binary stars.

This is readily demonstrated in Fig. 2l where we plot the
fraction of binaries with inclination angles in the threshold
range ikoz as a function of rperi. Binaries with rperi > 100 AU
are far more likely to have inclination angles in the range
1Koz than the tighter systems. Additionally, a binary with
a periastron distance rperi < 100 AU is unlikely to form a
stable planetary system, as that system will be perturbed
by the other component of the binary system.

The contribution from binaries that are formed dur-
ing the cluster’s evolution is minimal. As can be seen in
Fig. [l only four newly formed systems with rperi > 100 AU
lie within the threshold range iko,, compared to the many
tens of primordial binaries.

Of the systems that have rperi > 100 AU, we determine
the fraction of systems that have an inclination angle be-
tween 39.23° and 140.77°. We show the evolution of this frac-
tion during the cluster’s lifetime in Fig. 8] We show the frac-
tion of systems that could be subjected to the Kozai mech-
anism for three different initial half-mass radii; 0.1 pc (the
solid line), 0.2 pc (the dashed line) and 0.4 pc (the dashed-
dot line).

For the most dense clusters (ry/2 = 0.1 pc), the frac-
tion of systems that could potentially undergo the Kozai
mechanism is roughly constant, at ~ 20 per cent. For the
less dense clusters, the fraction is less; ~ 13 per cent for
riy2 = 0.2 pc, and ~ 10 per cent for r;;, = 0.4 pc. This
decrease in affected systems with increasing half-mass ra-
dius is simply due to there being fewer interactions in the
less-dense clusters.

The fraction of systems that could be subjected to the
Kozai mechanism remains roughly constant after 1 Myr for
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Figure 2. The fraction of binaries in the range ik, as a function
of perisatron distance rperi after 1 Myr of cluster evolution (initial
half-mass radius, 71 /o = 0.1 pc).
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Figure 3. The fraction of systems with rperi > 100 AU and an
inclination angle within the Kozai threshold range ixo, (39.23°
— 140.77°) as a function of time. We show the results for three
different initial cluster half-mass radii; 0.1 pc, 0.2 pc and 0.4 pc.
For the most dense cluster, the fraction of systems that could
be subjected to the Kozai mechanism remains at ~ 20 per cent
during the first 10 Myr of cluster evolution.

the most dense clusters (r; /2 = 0.1 & 0.2 pc). This is entirely
due to the crossing time of the cluster being only ~ 0.2 Myr
(Parker et al! 2009a) and therefore the cluster has relaxed
and the majority of binaries have already reached dynamical
equilibrium.

30 B

A\

20 B
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Figure 4. The distribution of Kozai timescales, Tkoz, in Myr,
for two hypothetical planets. The open histogram is the distribu-
tion for a planet with Neptune’s mass (5 x 107°Mg)) and period
(165 years), and the hashed histogram is the distribution for a
planet with Jupiter’s mass (9 x 107*Mg) and period (12 years).

4.2 The Kozai timescale

A planet orbiting the component of a binary star
will undergo Kozai cycles on the following timescale
(Kiseleva, Eggleton & Mikkola [1998; [Takeda, Kita & Rasio
2008; Verrier & Evans [2009):

2 Pgin 2 3/2m1 +m2+mp
a9 (1 - ebin)
3 B mo

; (8)

where P, is the period of the binary, P, is the period of
the planet, epin is the eccentricity of the binary, mi and mao
are the masses of the primary and secondary components of
the binary respectively, and m, is the mass of the planet.
For the densest clusters (r;/; = 0.1pc), we use Eqn. §
to determine the Kozai timescale for two hypothetical plan-
ets orbiting a component of each binary. One planet has a
period and mass similar to that of Neptune (165 years and
5x 107°Mg respectively), the other has a period and mass
similar to Jupiter (12years and 9 x 10~ *Mg, respectively).
Our results are shown in Fig.[dl We determine the Kozai
timescale for the hypothetical planets for all binaries with a
periastron distance rperi > 100 AU and an inclination angle
> 39.23°. We show the distribution of Kozai timescales for
the Neptune analog in the open histogram, and the Kozai
timescales for the Jupiter analog in the hatched histogram.
For the Neptune analog, there are a large number of sys-
tems in which the Kozai timescale is much less than 1 Myr.
This means that such planets could be subjected to the
Kozai mechanism very early on in the dynamical evolution
of the cluster, and given this timescale it is more pertinent
to ascribe these effects to a protoplanetary disk rather than
a system of fully formed planets. It should also be noted
that Kozai cycles could occur several times in 1 Myr for each
planetary system.
The Kozai timescale is longer for the Jupiter analog,
and we would expect on average only one Kozai cycle per

TKoz ==
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Myr for such a planet. However, if a system consists of more
than one planet, it is the timescale for the outer planet in the
system that is important (Takeda et all|2008). Therefore a
Jupiter-like planet could undergo more than one Kozai cycle
per Myr if there were also planets orbiting the star with
longer periods.

5 CONCLUSIONS

We use N-body simulations to dynamically evolve a typical
Orion-like star cluster for 10 Myr. We examine the effect
of dynamical evolution on binary systems that could host
a stable planetary system or protoplanetary disk. To this
end we determine the fraction of systems with a periastron
distance rperi > 100 AU where the secondary component of
the binary is shifted with respect to the primary by an angle
within the Kozai threshold range (39.23° < iko, < 140.77°).

For typical clusters with an initial half-mass radius cor-
responding to that of Orion originally (0.1 — 0.2pc; see
Parker et all 2009a, for a discussion of the primordial half-
mass radius of Orion), we find that 20 per cent of binary
systems with 7peri > 100 AU have inclination angles in the
range ko, that could induce the Kozai mechanism (Kozai
1962). The Kozai mechanism has been shown to drastically
alter the orbital properties of planets (Innanen et al) [1997;
Malmberg et all [2007a) and in particular the eccentricities
of extrasolar planets (Malmberg & Davies [2009).

In these dense clusters, we place two hypothetical plan-
ets in systems that could be subjected to the Kozai mech-
anism in order to determine the Kozai timescale, i.e. the
length of time it takes for a planet to undergo Kozai cycles.
For Neptune-like planets, we find that the Kozai mechanism
has the potential to occur more than once a Myr, with a
longer timescale for Jupiter-like planets.

For less dense clusters, the fraction of planetary systems
in > 100 AU binaries that could be subjected to the Kozai
mechanism is still between 10 and 20 per cent, i.e. a not
insignificant fraction.

Around a quarter of the extrasolar planets discovered
to date are orbiting a component of a binary system with
a separation exceeding 100 AU (Desidera & Barbieri [2007).
Due to incompleteness in these observations, it is suggested
that half of all extrasolar planets may be in binary systems
(Bonavita & Desideral2007). We therefore propose that sim-
ple dynamical processing of binary stars in clusters could
feasibly affect up to 10 per cent of all extrasolar planetary
systems by inducing the Kozai mechanism.
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