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ABSTRACT

Theory and simulations suggest that it is possible to form low-mass hydrogen-burning stars, brown dwarfs (BDs),
and planetary-mass objects (PMOs) via disk fragmentation. As disk fragmentation results in the formation of
several bodies at comparable distances to the host star, their orbits are generally unstable. Here, we study the
dynamical evolution of these objects. We set up the initial conditions based on the outcomes of the smoothed-
particle hydrodynamics simulations of Stamatellos & Whitworth, and for comparison we also study the evolution
of systems resulting from lower-mass fragmenting disks. We refer to these two sets of simulations as set 1 and
set 2, respectively. At 10 Myr, approximately half of the host stars have one companion left, and approximately
22% (set1) to 9.8% (set2) of the host stars are single. Systems with multiple secondaries in relatively stable
configurations are common (about 30% and 44%, respectively). The majority of the companions are ejected within
1 Myr with velocities mostly below 5 km s™', with some runaway escapers with velocities over 30 km s™'. Roughly
6% (set1) and 2% (set2) of the companions pair up into very low-mass binary systems, resulting in respective
binary fractions of 3.2% and 1.2%. The majority of these pairs escape as very low-mass binaries, while others
remain bound to the host star in hierarchical configurations (often with retrograde inner orbits). Physical collisions
with the host star (0.43 and 0.18 events per host star for set 1 and set 2, respectively) and between companions
(0.08 and 0.04 events per host star for set 1 and set 2, respectively) are relatively common and their frequency
increases with increasing disk mass. Our study predicts observable properties of very low-mass binaries, low-mass
hierarchical systems, the BD desert, and free-floating BDs and PMOs in and near young stellar groupings, which

can be used to distinguish between different formation scenarios of very low-mass stars, BDs, and PMOs.
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stars: low-mass

1. INTRODUCTION

The Galactic field contains a large number of brown dwarfs
(BDs) and stars below 0.2 Mg (Kroupa 2001; Chabrier 2003;
Chabrier et al. 2005). The low-mass regime of the “stellar”
initial mass function (IMF) is occupied by three types of
objects: low-mass hydrogen-burning stars (LMSs), which have
enough mass to sustain hydrogen burning in their cores
(>80 Mj, where Mj is the mass of Jupiter); BDs, which are not
massive enough to sustain hydrogen burning but can sustain
deuterium burning (~13 — 80 Mj); and planetary-mass objects
(PMOs) that cannot burn deuterium (<13 Mj). This classifica-
tion is based solely on the mass of an object but the possibility
that all these types of objects can form by the same mechanism
cannot be excluded (see, e.g., Whitworth et al. 2007;
Luhman 2012).

These low-mass objects may form similarly to higher-mass
stars (e.g., Sun-like stars) either by the collapse of pre-(sub)
stellar cores (e.g., André et al. 2014; Lomax et al. 2015) or by
gravitational instabilities in protostellar disks. Disk fragmenta-
tion reproduces the critical constraints set by the observed
statistical properties of low-mass objects, i.e., the shape of the
mass distribution of low-mass objects (Thies & Kroupa 2007),
the differences in binary statistics with respect to higher-mass
stars (Thies & Kroupa 2008; Dieterich et al. 2012), the lack of
BDs as close companions to Sun-like stars (the BD desert; see,
e.g., Marcy & Butler 2000; Grether & Lineweaver 2006;
Dieterich et al. 2012; Evans et al. 2012), the presence of disks

around BDs, and also the statistics of low-mass binary systems
and the formation of free-floating PMOs (e.g., Stamatellos
et al. 2007b; Stamatellos & Whitworth 2009a). In particular,
multiple (rather than just one or two) fragments per pre-stellar
core can also explain the observed properties of the IMF and
the primordial binary population (Goodwin et al. 2008;
Goodwin & Kouwenhoven 2009; Holman et al. 2013). The
resulting few-body systems are generally very unstable and
decay rapidly, which is consistent with observations indicating
that the multiplicity fraction for different populations decreases
with age (see, e.g., Reipurth et al. 2014, for a review).
Numerical studies of disk fragmentation (e.g. Stamatellos &
Whitworth 2009a; Tsukamoto et al. 2013) are not statistically
robust as the high computational cost to treat gas thermo-
dynamics allows for only a limited number of simulations to be
performed. To improve on this, we combine a small number of
gas simulations with a large number of subsequent N-body
simulations. We assume that disks around solar-type stars
fragment to produce a few low-mass objects (with initial orbital
properties that are provided by the smoothed-particle hydro-
dynamics (SPH) simulations), and then we follow the long-
term dynamical evolution of these systems using pure N-body
techniques, assuming that most of the gas in the disk has been
converted into low-mass objects or accreted onto the host star
(see Alexander et al. 2014, for a discussion on disk dispersal).
This assumption allows us to perform a large ensemble of
realizations of systems formed by disk fragmentation and
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produce statistically robust results. Our aim is to determine
whether the observed properties of LMSs, BDs, and PMOs
(orbital properties around their parent stars, the BD desert,
binary properties among low-mass stars, and properties of free-
floating BDs and PMOs) are consistent with the model of disk
fragmentation.

Similar studies exploring the formation of binary stars during
the dynamical decay of few-body systems have been performed
in the past but for higher-mass stars and/or for different initial
configurations. McDonald & Clarke (1993) and Clarke (1996),
for example, study the decay of small-N systems, picking
masses randomly from the IMF. In their study binaries form by
dynamical interactions as the system decays. They are able to
reproduce the observed binary fraction and mass ratio
distribution if dissipative encounters (due to gas) are taken
into account. Sterzik & Durisen (1998) examine the dynamical
decay of few-body (N = 3-5) systems formed by fragmenting
clouds cores (not disks as in this paper) for which they
arbitrarily set the parameters. They are able to reproduce well
the mass ratio distribution for binary M-type stars, and also
their semi-major axis distribution. However, the stellar masses
that they consider are all above 0.2 M. Durisen et al. (2001)
follow a two-step approach in which they use a core mass
function (CMF) to compute the total mass of the bodies
(assumed to form by cloud core fragmentation), and then they
pick up the masses of the stars/BDs using an IMF. This
approach produces binary properties that are in better
agreement with observations than the one-step approach, i.e.,
picking random masses directly from the IMF. Sterzik &
Durisen (2003) have extended this study to the BD regime by
sampling the CMF to produce an ensemble of cores and the
IMF to get the masses of the stars/BDs for their N-body
simulations. Their models result in populations that are
consistent with the observed BD binary fraction and corre-
sponding mass ratio distribution.

Hubber & Whitworth (2005) investigate binary star forma-
tion, assuming that fragmentation happens in a ring that gives
rise to a small (N < 6) cluster that decays dynamically. They
follow the dynamical decay through N-body simulations. For a
set of parameters they are able to reproduce the binary fraction
for low-mass objects but they do not discuss the properties of
low-mass binaries. Systems formed through disk fragmentation
generally result in unstable systems where strong gravitational
scattering is common, often resulting in ejections. Umbreit
et al. (2005) investigate the ejection scenario for BD formation
and the associated pairing at low masses using N-body
simulations. They follow the evolution of triple BD proto-
systems (thought to form in a small cloud core, not in disks as
in this paper). All three BDs have masses of 0.05 M. They
assume that the masses of the BDs increase with time using a
simple prescription for accretion and assuming a constant
accretion rate. Some of the BDs in their simulations grow in
mass to become LMSs. They reproduce rather well the
observed semi-major axis distribution for BDs. The recent
work of Forgan et al. (2015) discusses the evolution of disk-
fragmented systems in clustered stellar environments. Based on
the population synthesis models of Forgan & Rice (2013), they
generate systems with an average of 2.3 fragments with initial
semi-major axes of approximately 1-100 AU, and do not
model physical collisions. Due to the relatively small number
of companions, they are able to directly model the evolution of
the companions in star clusters, in which close stellar
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encounters may enhance the disruption of disk-fragmented
systems.

In this study we follow a similar approach in which we
evolve the systems formed by disk fragmentation and examine
their properties after they have obtained a stable configuration.
The main difference with previous studies is the initial
configuration of the system: we assume that a few low-mass
objects (LMSs, BDs, and PMOs with masses up to 200 Mj)
form by disk fragmentation and therefore their orbits are
initially almost on the same plane, and they orbit their host star,
which has a much larger mass (0.7 My,). Our goal is to examine
the orbital properties of these low-mass objects (e.g., distances
from their host stars, eccentricities, orbital planes) and their
binary properties (e.g., semi-major axes, mass ratios, eccentri-
cities) and compare them with the observed properties of
LMSs, BDs, and PMOs.

The computational method and initial conditions are
described in Sections 2 and 3, respectively. The decay of the
systems is discussed in Section 4, and the properties of the
physical collisions and escapers, the evolution of the orbital
elements, and the formation of binaries and higher-order
multiple systems in Section 5. Finally, we interpret our results
in Section 6 and draw our conclusions in Section 7.

2. METHODOLOGY

We assume that solar-type stars form with disks that
fragment to produce several low-mass objects. We use the
results of previous SPH (gas) simulations of disk fragmentation
(Stamatellos & Whitworth 2009a) to determine the initial
properties of the low-mass objects that form in the disk and
then we follow their long-term dynamical evolution using pure
N-body techniques. We therefore ignore any residual disk gas
in our simulations, assuming that this has been accreted onto
the host star or converted into low-mass objects. This allows us
to simulate the evolution of a large number of systems, which is
not computationally feasible when gas is accounted for.

The N-body simulations are carried out with the MER-
CURY6 software package (Chambers 1999), using the general
Bulirsch—Stoer algorithm (Stoer & Bulirsch 1980; Press
et al. 2002). This is an accurate but slow algorithm that
conserves the fractional energy well in most runs (with AE/E
between 107 and 107°). Several runs, however (among which
many stable triple or quadruple configurations), result in
fractional energy errors AE/E > 1073. These are re-run using
the RADAU algorithm (Everhart 1985) to achieve an equally
small energy conservation. Although the RADAU algorithm is
unable to handle extremely close encounters and very eccentric
orbits, it accurately evolves the systems that resulted in large
fractional energy errors when using the Bulirsch—Stoer
algorithm. The energy conservation of the combined set of
simulations thus remains below 107>, with the vast majority of
the systems having AE/E in the range 107°~107>.

We refer to the central star in each system (i.e., the star
whose disk has fragmented) as the host star, and the products
of disk fragmentation as the secondary objects (or second-
aries). As the systems dynamically evolve, some of the
secondary objects remain bound to the host star while others
escape. Secondary objects can form a bound binary system that
orbits the host star in a triple configuration, or escapes from the
host system as a low-mass binary. In the case of a bound
secondary pair orbiting the host star (or an escaping pair), we
refer to the orbit of the pair around their mutual center of mass
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as the internal orbit. We refer to the orbit of the pair around the
host star as the external orbit. Two secondary objects with
masses m; and m,, with a relative separation rj, and with
relative velocity v, are identified as a binary if they satisfy the
following criteria:

1. they are each other’s mutual nearest neighbors,
2. neither of the two objects is the host star,
3. their total binding energy is negative,

1 2 Gm1m2

Ep=—uvj; —
b 2,1112 "

<0, (1)

where y = mymy/(m; + m,) and G is the gravitational
constant, and

4. the relative separation ry, is smaller than their mutual Hill
radius ry,

173
n<m= (rl ; rg)( m13-lj-wm2) > (2)

where M is the mass of the host star, and r; and r, are the
distances of the two companions to the host star,
respectively.

At the end of the simulations (# = 10 Myr), we determine the
orbital parameters (the semi-major axis a, eccentricity e, and
inclination {) for all remaining single and binary systems
orbiting the host star. Orbital inclinations are calculated with
respect to the initial orbital plane of each system (which
roughly corresponds to the plane of rotation of the host star).
The inclinations are expressed in the range 0° < i < 180°,
where i = 0°, 90°, and 180° correspond to purely prograde,
polar, and retrograde orbits, respectively. We also calculate the
internal orbital parameters of bound and unbound binary
systems. During the calculation of the orbital parameters, we
ignore the presence of other secondary systems orbiting around
the host star. A single or binary secondary is considered to be
bound to the host star if its binding energy with respect to the
host star is negative, and is considered an escaper in all other
cases. All escapers are integrated over the entire time span of
the simulations, and are almost all found at distant locations
(0.5-50 pc) from their host star when the simulations have
finished at t = 10 Myr.

A secondary can physically collide with the host star or
another secondary. In our model, two bodies with radii R; and
R, merge when their relative separation r is smaller than the
sum of their physical radii: » < R; + R;. In the case of such an
event, both bodies are merged into a single body. The radii of
the objects in the simulations are calculated using the mass—
radius relation

0.1 R for M < 0.1 Mg
R(M) =

(M/Mg)Ro for0.1 Mo < M < 1 Mo, )
which is a linearization of the results of Chabrier et al. (2009).
All mergers are treated as inelastic. After a merger, the masses
of the bodies are combined, and the merger product is assigned
the velocity of the center of mass of the two bodies.
Subsequently, the radius of the merger product is calculated
using Equation (3).
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Since we carry out simulations of isolated systems,
dynamical evolution may result in binary or multiple systems
with arbitrarily large separations. In reality, extremely wide
systems can be destroyed by, for example, the Galactic tide
(e.g., Veras et al. 2009; Jiang & Tremaine 2010), and close
encounters with other stars (e.g. Tremaine 1993).

3. INITIAL CONDITIONS

We assume that the solar-type stars in our simulations are
born with circumstellar disks. These disks subsequently
fragment, mainly into BDs but also into LMSs and into PMOs;
see, e.g., Stamatellos et al. (2007a), Stamatellos & Whitworth
(2009a, 2009b), Attwood et al. (2009), and Stamatellos et al.
(2011). The initial conditions for our simulations are based on
the outcomes of the radiation hydrodynamic simulations of
Stamatellos & Whitworth (2009a), who used the SPH code
DRAGON (Goodwin et al. 2004a, 2004b) to model the
hydrodynamics following the method of Stamatellos et al.
(2007a) to treat the effects of radiative transfer (see also Forgan
et al. 2009).

Stamatellos et al. (2007a) and Stamatellos & Whitworth
(2009a) assumed disks with different masses, up to 0.7 Mg, so
that many low-mass objects form in disks to improve the
statistical analysis of their results. However, even disks with
masses down to ~0.25 My and radii of order 100 AU can
fragment (Stamatellos et al. 2011). Such disk masses are
comparable to observed disk masses around young protostars
(e.g., Tobin et al. 2012; Favre et al. 2014). In this paper, we
simulate two different sets, which we refer to as set 1 and set 2,
respectively. For set 1 we use the outcomes of the simulations
of Stamatellos & Whitworth (2009a) to construct our initial
conditions. For comparison, we also carry out additional
simulations with slightly different initial conditions (set 2). The
systems in the latter simulations differ from set 1 in terms of
secondary masses, semi-major axes, and the number of
secondary objects, and are carried out to study the evolution
of systems formed from lower-mass circumstellar disks. The
latter simulations also allow us to evaluate the robustness of the
results on the initial conditions assumed. The initial conditions
for both sets of simulations are summarized in Table 1 and
described below.

In each system, the host star is assigned a mass of
M = 0.7 Mg, which is almost the same to the host star mass
of the simulation of Stamatellos & Whitworth (2009a). As a
result of physical collisions, the mass of the host star may grow
slightly over the course of time (see Section 5.1). Each system
is randomly assigned N = 4—11 secondary objects for set 1, and
N = 3-5 secondary objects for set 2.

The mass spectrum of the secondary objects formed in the
SPH simulations of Stamatellos & Whitworth (2009a) can be
approximated by a log-normal distribution and is therefore
modeled as such with x4 = 1n(0.045 My) and ¢ = 0.65, with
the additional constraints below. To avoid very small or very
large values for the mass of the secondary objects, we truncate
the above distribution for masses outside the domain 1-200 M;.
Both limits correspond to the outcomes of the simulations of
Stamatellos & Whitworth (2009a). The lower limit is set by the
opacity limit for fragmentation, which is thought to be around
1-3 M; (Whitworth & Stamatellos 2006). The upper limit
corresponds to a mass limit of an object formed by disk
fragmentation, and this may be higher for more massive disks
around more massive stars. In addition, we impose for set 1 that
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Table 1
Initial Conditions for the Two Sets of Simulations Described in this Paper
Quantity Set 1 Set 2
Mass of host star M = 0.7 My M = 0.7 My
Notional host star disk mass My ~ 0.5 Mg My ~ 0.2 Mg
Number of secondary objects 4<NLII 3<NKS

Mass of secondary objects

1MJ<m<200M]

1MJ<m<200M]

(at least one object with m > 80 M)

Total mass of secondary objects

Semi-major axis

0.48 Mo < Mot < 052 My
50 AU < a < 350 AU (m < 80 Mj)

0.18 Mg < myo < 0.22 Mg
50 AU < a < 250 AU

50 AU < a < 150 AU(m > 80 My)

Eccentricity e=0 e=0
Inclination 0°<i<5® 0°<i<5°
Longitude of the ascending node 0° < Q < 360° 0° < Q < 360°
Integration time 10 Myr 10 Myr
Number of realizations 3000 6000
Note. The probability distributions of all parameters are described in Section 3.
0.25[ T T T T 1.0( T Tt !
[ - set 1 [ T
L L - - - set2 ] c 08 L 4
0.20 L 1 l _ Stamatellos & Whitworth (2009a) ie) L
[ i 1 =
[ i 1 i 3 [ S
r 4 ! 1 = - 1
5 0.15} : ~ 1 B 0.6 N I .
bd [ 1 ° H /
S r . 1 o .
=z t N 4 > r ,
0.10j il 7] g 0.4 r l,’: m
L : J = i
[ - 1 E L i ]
0.05F _) 4 3 02t j set 1 .
r ) 1 F ! - - - set2 1
- - F ,,' . Stamatellos & Whitworth (2009a) -
000 L L i . 1 00 V 7 L L L L ]
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mass (M,) mass (M,)

Figure 1. Initial mass distribution of the secondary objects for set 1 (solid curves) and set 2 (dashed curves). The results of Stamatellos & Whitworth (2009a),

indicated with the dotted curves, are shown for comparison.

each system contains at least one object with a mass larger than
80 M; (see Stamatellos & Whitworth 2009a), while we do not
impose this constraint for set2. Finally, we impose that the
initial total mass of the secondary objects is 0.48-0.52 M, for
set 1 and 0.18-0.22 M, for set2. These values correspond to
the mass of host star disk that has fragmented to produce these
objects. The initial mass distribution of the secondary objects is
shown in Figure 1.

The simulations of Stamatellos & Whitworth (2009a)
suggest that the most massive objects that form in the disk,
i.e., LMSs, are more likely to form close to the host star. On the
other hand, BDs and PMOs may form at even larger distances
from the host star. To mimic this behavior for setl, we
distribute LMSs (m > 80 M;) at distances 50-150 AU, and
BDs and PMOs at distances of 50-350 AU from the host star.
For simplicity we assume flat distributions, i.e., each distance
in the above ranges has equal probability to be chosen. Strong
dynamical evolution of the systems at early times (even within
one orbital period) quickly broadens any initial semi-major axis
distribution. We therefore do not expect a significant difference
in the results when other, non-uniform, semi-major axis
distributions are used (the systems may decay slightly faster
when a more concentrated semi-major axis distribution, such as
a Gaussian distribution, is adopted). The semi-major axis in
set2 for all secondary objects is 50-250 AU. As all systems

consist of a host star of mass 0.7 Mg and as the secondary
masses are generally much smaller, the orbital periods for all
secondaries can be approximated with P ~ 1.2(a/AU)*? yr.

For simplicity we assume the secondary objects initially
have circular orbits (e = 0). We expect that the secondary
objects form on roughly circular orbits, since they form from
disk gas that moves nearly in Keplerian orbits around the host
star. The gas disk may initially provide some damping to the
eccentricities of the secondary objects, while it is still massive
enough. However, since in general a few objects form in the
disk, they will interact with each other and the eccentricities
will inevitably rise. For typical secondary mass objects of
0.03 My, the Hill radius is approximately Ry ~ 0.2R (where R
is the distance to the host star), which is relatively large and
ensures strong interactions between the secondary objects.
These interactions will excite the eccentricities of the orbits of
the secondaries. The initial inclinations i of the orbits of the
secondary objects are drawn from a flat distribution in the range
0°-5°. Due to large number of close encounters, the inclination
distribution broadens quickly. Finally, the longitude of the
ascending node 2 is randomized.

We run a large ensemble of simulations in order to obtain a
good statistical sample: 3000 runs for set 1 and 6000 runs for
set2. There are more simulations with the set2 of initial
conditions to compensate for the fact that these systems contain
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Figure 2. Number of bound secondary objects per system as a function of time
for + > 1000 years. The solid and dashed curves indicate the averaged results
for the ensemble of simulations of set 1 and set 2, respectively. The initial
average number of companions per host star, 7.46 and 4.00, respectively, are
not shown in this figure.

fewer secondaries. The total number of secondary objects in the
combined sample is Nyor,; = 22367 for set 1 and Ny o = 23977
for set2, respectively. Each simulation is carried out for
10 Myr, beyond which further changes in the remaining system
are minor. In other words, by that time, the systems have
reached (quasi-) stable configurations.

4. DYNAMICAL DECAY OF THE SYSTEMS

All modeled systems are initially unstable and evolve
quickly. The decrease in the number of bound secondaries is
primarily caused by escape, and for a minimal amount by
physical collisions. Figure 2 shows for both sets of simulations
how the number of bound secondary objects per system
evolves over time. The final configurations of the systems are
summarized in Table 2. The average initial number of
secondaries per system is 7.46 for set1 and 4.00 for set?2.
Approximately half of the secondaries escape or collide within
20,000 years for setl and within 400,000 years for set?2.
Beyond r = 1 Myr, the number of bound secondaries continues
to decrease. This decrease slows down as time passes,
indicating that little dynamics of interest occur beyond
t = 10 Myr. Although the systems in set 1 initially have almost
twice as many secondaries as those in set 2, the decay rate for
set 1 is stronger and results in, on average, a smaller number of
companions per system (~1.1) in the final configuration at
t = 10 Myr than for set2 (~1.4).

Ejections from non-hierarchical, equal-mass multiple sys-
tems typically occur beyond 100 crossing times (Ano-
sova 1986). Although our systems are neither non-
hierarchical nor equal-mass, they rapidly decay, and it is
insightful to look at our results in the context of the work of
Anosova (1986). The rate at which secondaries escape from
their host star is closely related to the rate at which close
encounters occur. The encounter rate is inversely proportional
to the typical orbital period of the companions, and is larger
when more companions are present. Following a close
encounter that results in the escape of a secondary, the crossing
time increases, as there is now one less companion in the
system (although the orbital periods may be somewhat
shorter). As close encounters occur less frequently in the
remaining system, it takes longer for the next secondary to
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Table 2
Statistical Properties of the Systems at ¢+ = 10 Myr

Properties at t = 10 Myr Set 1 Set 2
Average number of companions per system 1.12 1.36
Single host star 22% 9.8%
Host star with 1 secondary 48% 46%
Host star with 2 secondaries 25% 42%
Host star with 3 secondaries 4.3% 2.0%
Host star with 4 secondaries 0.33% 0.02%
Host star with >5 secondaries none none
Bound singles per system 1.1 1.3
Bound single PMOs per system 0.002 0.005
Bound single BDs per system 0.3 0.8
Bound single LMSs per system 0.7 0.5
Escaped singles per system 5.5 2.4
Escaped single PMOs per system 0.12 0.09
Escaped single BDs per system 4.0 22
Escaped single LMSs per system 1.3 0.13
Escape fraction of PMOs 98% 95%
Escape fraction of BDs 93% 72%
Escape fraction of LMSs 64% 21%
Bound binaries per system 0.033 0.018
Bound PMO-PMO binaries per system none none
Bound PMO-BD binaries per system none <0.001
Bound PMO-LMS binaries per system none none
Bound BD-BD binaries per system 0.005 0.010
Bound BD-LMS binaries per system 0.013 0.008
Bound LMS-LMS binaries per system 0.014 <0.001
Escaped binaries per system 0.182 0.026
Escaped PMO-PMO binaries per system none none
Escaped PMO-BD binaries per system 0.004 0.002
Escaped PMO-LMS binaries per system 0.001 <0.001
Escaped BD-BD binaries per system 0.087 0.020
Escaped BD-LMS binaries per system 0.064 0.004
Escaped LMS-LMS binaries per system 0.026 none
Binary fraction among all secondaries 3.2% 1.2%
Binary fraction among bound secondaries 3.0% 1.3%
Binary fraction among escaped secondaries 3.2% 1.1%
Fraction of PMOs part of a binary system 3.3% 2.3%
Fraction of BDs part of a binary system 5.8% 2.4%
Fraction of LMSs part of a binary system 7.1% 1.8%
Collisions with the host star per system 0.43 0.18
Collisions between secondaries per system 0.08 0.04

escape. This ultimately results in an almost flat curve in

Figure 2 at large times. At ¢t = 10 Myr, the majority of the host
stars are single or have one companion left. In the cases where
more than one companion remains bound, the remaining
companions have formed bound binary companions that orbit
the host star, or reside on widely separated orbits. In the latter
multiple systems, the companions are separated by at least
several, and sometimes many mutual Hill radii (Equation (2),
where r is the apastron distance of the inner companion and r;
the periastron distance of the outer companion). For typical
companion masses in our systems, this means that the semi-
major axis of the outer companion is at least several times
larger than that of the inner one.
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Due to strong gravitational interactions between secondaries,
the orbital configuration of the remaining bound secondaries
changes much during the first 10 Myr (see Section 5.2). At
t = 10 Myr, approximately 22% and 10% of the systems in
set 1 and set2, respectively, have no secondary objects left,
while roughly 48% and 46% of the systems in set 1 and set 2,
respectively, still have one companion left. For the systems
with two secondary objects left (roughly 25% and 42%,
respectively), the orbits of the two secondary objects are either
well separated, or the two secondary objects have paired up in a
circumstellar binary, and have a stable triple configuration (see
the discussion in Section 5.4). Only a small fraction of the
systems have three or even more secondary objects left at
10 Myr. The orbits of these secondaries are again well
separated, or several of the secondaries have paired up into
binary companions. Therefore even if 4-11 LMSs, BDs, and
PMOs form in each disk as Stamatellos & Whitworth (2009a)
suggest, only few of them will remain bound to the host stars at
10 Myr. This is consistent with observations that no stars with
more than a few companion BDs have been discovered so far
(Mason et al. 2015).

The mass distributions of the bound secondaries at
t = 10Myr are shown in Figure 3. Scattering of secondary
objects results in the preferred ejection of lower-mass
secondary objects (cf. the initial mass distributions in Figure 1).
Over 1000 secondary objects have collisions with the host star,
and over 200 merger events following collisions between
secondary objects occur for each set of simulations. As a result
of physical collisions some host stars and secondaries obtain
larger masses. For set 1 in particular, some collisions between
secondaries result in the formation of secondaries with masses
larger than the initial secondary upper mass limit of 200 M.
The physical collisions are discussed in further detail in
Section 5.1.

The majority of the secondaries escape from their host star
within 10 Myr. Only a small fraction (2% for set 1 and 5% for
set2) of the PMOs remain bound to the host star in both
simulations. This is expected as these are the lowest-mass
objects in the system and are therefore more likely to be the
ones that are ejected during three-body encounters. This casts
doubt on whether wide-orbit giants (e.g., Marois et al. 2008)
may form by disk fragmentation; if they do, then they have to
be the largest mass object in the disk to avoid ejection. It is still
uncertain whether such low-mass objects may form in lower-
mass disks and remain bound to the host star, although it seems

more likely for PMOs to remain bound in set 2 (5%, against 2%
in set 1). On the other hand, free-floating giant planets, which
may be quite common (e.g., Sumi et al. 2011), may form in
disks and get ejected into the field; this happens routinely in our
simulations. Low-mass binary companions have been discov-
ered orbiting solar-type stars (Faherty et al. 2010, 2011;
Burgasser et al. 2012), which is qualitatively the outcome of
our simulations. However, in our models the vast majority of
the BDs escape as singles, while a much smaller fraction
escapes as part of a binary companion, remains bound to the
hosts star as a binary companion, or remains bound to the host
star as a single BD. The properties of the escaping single and
binary secondaries are further discussed in Section 5.3.

Observations of young stellar populations indicate that the
binary fraction decreases with primary star mass (see, e.g., the
review by Duchéne & Kraus 2013), ranging from almost 100%
for early-type stars (e.g., Shatsky & Tokovinin 2002; Kou-
wenhoven et al. 2005, 2007; Kobulnicky et al. 2014) to ~60%
for solar-type stars, to 30%—-40% for M0-M6 dwarfs (Delfosse
et al. 2004; Fischer & Marcy 1992; Reid & Gizis 1997). All
host stars in our models are K-type dwarfs, with slightly lower
mass than the sample of G-type dwarfs in the multiplicity
studies of Duquennoy & Mayor (1991) and Raghavan et al.
(2010). However, a comparison with such observational results
should be carried out with caution, given the limitations in our
models, observational biases in the binarity surveys, and the
possibility of other formation mechanisms of companions to K-
type dwarfs.

5. PHYSICAL COLLISIONS, ORBITAL ELEMENTS
EVOLUTION, ESCAPE, AND BINARITY

5.1. Physical Collisions

As predicted by Rawiraswattana et al. (2012), gravitational
scattering in BD-hosting star systems often results in secondary
objects colliding with the host star or with each other. In our
simulations, the total number of collisions with the host star are
1276 (set 1) and 1055 (set2), and the total number of collisions
between secondaries are 228 and 218 for set1 and set2,
respectively. Figure 4 shows the cumulative distributions of
collisions with the host star (red curves) and between
secondaries (blue curves) as a function of time.

Despite the different setup of both datasets, the distributions
over time are rather similar. Mergers between secondaries
mostly occur at early times when few secondaries have escaped
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(cf. Figure 2). Half of the collisions between secondaries occur
within about 2 kyr for set 1, which corresponds to merely 1-2
orbital periods. For set2, the collisions between secondaries
take place at later times, due to the smaller initial companions:
half of the collisions between secondaries occur within 10 kyr,
which corresponds to roughly eight orbital periods of the
companions. Collisions with the host star mostly occur at later
times; roughly half of these occur within about 1 Myr for both
datasets, which corresponds to a roughly a thousand initial
orbital periods. Collisions with the host star therefore can be
attributed to the evolution of marginally stable orbits, either to
strong scattering events, or due to secular processes such as the
Kozai mechanism.

Each system experiences on average 0.43 (set 1) and 0.18
(set2) collisions with the host star. As the median companion
mass is of order 50 Mj, the host stars typically experience an
increase in mass of 3% (setl) and 1% (set2). As the
companions are formed from the same circumstellar disk as the
host star, these collisions are unlikely to result in observable
metallicity changes in the host star atmosphere. The respective
number of mergers between secondary objects are substantially
rarer: 0.08 and 0.04 per system. Since the average number of
secondary objects per system is smaller for set2, we expect
both the number of collisions with the host star and the number
of collisions between secondaries to be smaller for set2. The
fraction of secondary objects involved in a collision is 7.7% for
set 1 and 6.2% for set 2. These mergers are responsible for the
origin of secondaries above our initial mass limit of 200 Mj in
Figure 3, and interestingly, for the formation of several
hydrogen-burning secondaries from BDs.

5.2. Evolution of the Orbital Elements of Bound Secondaries

The semi-major axis distributions at + = 10 Myr for the
PMOs, BDs, and LMSs are shown in Figure 5. Results are
shown for both single and binary companions. Each panel
clearly indicates that most secondaries migrate inwards or
outwards, and that the rate and direction of this migration
strongly depends on mass. This is most clearly seen for set?2
(right-hand panels), where secondaries of all masses initially
share an identical semi-major axis distribution. Our model
therefore predicts that companions formed through disk
fragmentation can be found at semi-major axes smaller than
or larger than that at which they had originally formed.

L1 ET AL.

As LMSs are the heaviest among the secondaries, their
separation distribution is least affected by scattering events.
Due to the relatively small number of secondaries in set 2, only
~35% of the LMSs migrate inwards of 50 AU, while ~15%
migrate outwards of 250 AU. Scattering plays a more
prominent role in set 1, where ~65% and ~25% of the LMSs
move to radii within and outside the limits 50 AU and 150 AU
of the initial conditions, respectively. PMOs, on the other hand,
are more vulnerable to being scattered to larger distances, and
none of the PMOs in both sets of simulations is able to remain
within the initial separation range. The BDs, which are most
abundant among the secondaries, show an intermediate
behavior. The widest-orbit secondaries have semi-major axes
beyond 10° AU (0.48 pc), and are likely to be disrupted due to
interactions with nearby stars or the Galactic tidal field (Jiang
& Tremaine 2010).

The Galactic field hosts a population of wide (2500 AU),
low-mass binary companions (Gizis et al. 2001; Dhital
et al. 2010; Rodriguez et al. 2012). Such systems can be
formed through the decay of disk-fragmented systems, as
described in this study. They can also originate from capture in
star clusters (e.g., Kouwenhoven et al. 2010; Moeckel &
Clarke 2011; Parker & Quanz 2012; Perets & Kouwenho-
ven 2012), through the decay of small-N systems (e.g.,
Clarke 1996; Sterzik & Durisen 2003), through turbulent core
fragmentation (Jumper & Fisher 2013) or through the decay of
embedded triple systems (Reipurth & Mikkola 2012).
Although the model described in the current study is unlikely
to be the dominant mechanism for the origin of very wide low-
mass companions to stars, it may contribute to some extent, and
observed orbital parameter distributions may be used to
distinguish  between the different possible formation
mechanisms.

The relation between semi-major axis and mass at
t = 10 Myr is shown in the bottom panels of Figure 5. During
a close encounter between two secondary objects, orbital
energy is exchanged, but the total energy of the system is
conserved. As a result, one of the two secondaries moves closer
to the host star, while the other obtains a larger semi-major axis
or completely escapes from the system. The final semi-major
axis distribution of the bound secondaries is therefore expected
to be bi-modal, which is clearly seen in the bottom panels of
Figure 5. The critical distance that separates these two
populations occurs at a & 50 AU for set1 and a = 150 AU
for set2. Most bound secondaries in set 1 have migrated to
orbits with semi-major axes below the initial lower limit of the
semi-major axis distribution (50 AU) as a consequence of
outward scattering of (mostly) lower-mass secondaries. The
most massive secondaries are more inert to scattering and
therefore tend to remain closer to their original locations,
whereas the lower-mass secondaries obtain a wide range of
orbital periods or get ejected. This trend is also seen for the
binary secondaries that form during dynamical interactions. All
secondaries with masses larger than 200 M; (the initial upper
mass limit) are either binary pairs or merger products.

In Table 3 we list the number of close LMS, BD, and PMO
companions per system at t = 10Myr. As none of the
secondaries have separations equal to or less than 50 AU at
t = 0 Myr, all of the close secondaries with a < 50 AU have
experienced inward scattering. In set1 (for which we have
required at least one LMS) the region close to the host star
(<50 AU) is dominated by LMSs; they are approximately six
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Table 3
The Number of Close Bound PMOs, BDs, and LMSs Per System at r = 10 Myr
Close secondaries at t = 10 Myr Set 1 Set 2
Bound PMOs per system a <10 AU None None
a <20 AU None None
a <50 AU None None
Bound BDs per system a <10 AU 0.05 0.0055
a <20 AU 0.08 0.08
a <50 AU 0.09 0.41
Bound LMSs per system a < 10 AU 0.06 None
a <20 AU 0.34 0.0015
a <50 AU 0.51 0.17

times more populous than BDs, despite the BD-heavy initial
secondary mass function (see Figure 1). This distribution
resembles the BD desert, i.e., the lack of BD close companions
to Solar-type stars (Marcy & Butler 2000; Grether &
Lineweaver 2006; Kraus et al. 2008, 2011; Sahlmann
et al. 2011). On the other hand, no such behavior is seen in
set 2, for which the initial secondary mass function is more BD-
heavy. For set 2, BDs dominate the region close to the host star.
A comparison between the results of set 1 and set2 suggests
that the presence of at least one LMS is therefore required for
reproducing the BD desert. LMSs are routinely produced in
simulation of disk fragmentation (e.g., Stamatellos & Whit-
worth 2009a). Even if objects that form close to the host star

initially have a lower mass (e.g., they start off as proto-PMOs
or proto-BDs) they end up as LMSs as they accrete material
form the gas-rich inner disk region.

Gravitational scattering between secondaries is accompanied
by exchange of energy and angular momentum. It is therefore
expected that the secondaries that experience substantial
changes in their semi-major axis also obtain high eccentricities
and inclinations. This is indeed the case, as shown in Figure 6,
and is qualitatively similar to the a — e distributions found by
Forgan et al. (2015).

The eccentricity distributions for the three classes of
secondaries is shown in the top panels of Figure 6. Although
all companions were initialized on circular orbits, most of the
companions remaining at + = 10 Myr have highly eccentric
(e > 0.5) orbits, in particular the PMOs. The LMSs in set 2
have on average the smallest eccentricities, as these systems
contain few secondaries massive enough to perturb these LMSs
significantly. A comparison between the middle and bottom
panels of Figure 6 demonstrates that it is easier for secondaries
to achieve high eccentricities than it is to achieve high
inclinations. Nevertheless, there is a strong correlation between
eccentricity and inclination, as can be seen in Figure 9. The
eccentricity distribution for migrated secondaries is more or
less uniform, with a tendency to higher values of the
eccentricity with higher degrees of migration. Interestingly
almost all bound secondaries in both sets of simulations have
obtained high eccentricities, even when they retain their initial
orbital energy (i.e., their initial semi-major axis). Although
secondaries that have migrated inwards or outwards are mostly
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scattered into highly inclined orbits, those remaining close to
their original orbit attain much smaller eccentricities (i < 30°).
The number of secondaries in retrograde orbits (i > 90°) is
substantial, but retrograde orbits are rare in the separation range
in which the secondaries were initially formed.

The cumulative inclination distribution of single and binary
secondaries orbiting the host star is shown in Figure 7. Due to
the smaller initial number of secondaries in set2, fewer
secondaries are scattered into highly inclined orbits. Never-
theless, few bodies remain in orbits near the plane of the disk
out of which they have formed. Approximately 17% (set 1) and
5% (set2) of the single secondaries obtain retrograde orbits.
Figures 8 and 9 shows a strong correlation between the orbital
inclination and secondary mass, with massive secondaries

(including binary secondaries and merger products) have orbits
that are only mildly inclined with respect to the plane in which
they originated. Binary systems orbit their host star closer to
the primordial circumstellar disk than single stars. This is
partially due to their larger masses, and partially due to the
reduced effectivity of scattering when two secondaries pair up
into one binary. Binarity among secondaries is further
discussed in Section 5.4.

5.3. Properties of Escaped Secondaries

Most of the secondary objects escape after gravitational
scattering events. The distributions of the velocities of all
escaped secondaries are plotted in the top panels of Figure 10.
These velocities are calculated relative to that of the host star of
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the system they have escaped from. If other companions are in
orbit around the host star, the host star exhibits a periodic
wobble (with a time-average of zero), which in the worst case
scenario (a companion of 200 M; at a ~ 10 AU; see Figure 5)
results in velocity variations of 2 km s™'. In the vast majority of
the cases, however, these velocity variations are small. In both
set 1 and set 2, most of the secondary objects attain a velocity-
at-infinity smaller than 5kms™', with a peak value at
~1kms™'. Their initial orbital velocities range between
roughly 1.3kms™" (at 350 AU) and 3.5kms™" (at 50 AU).
This indicates that these escapers left their initial orbit with a
velocity of typically less than 7 km s~ after a scattering event.

Ejection velocities tend to be higher for set 1, which can be
attributed to the larger initial number of secondary objects per
system, and to a wider secondary mass spectrum, allowing the
lower-mass secondary objects to be ejected with higher
velocities. A tail of high-velocity escapers beyond 5kms™" is
observed for both datasets. In total we find 27 runaway
secondaries with velocities larger than 30 km s™'. These include
14 BDs in set 1, one LMS in set 1, and 12 BDs in set 2. For
both datasets, the fastest escapers have a velocity of almost
50 kms™'. The average number of runaway (>30 kms™") BDs
produced per system is therefore 5 x 107> for set1 and
2 x 1073 for set 2.

The middle panels of Figure 10 show the mass distribution
of all escaped secondaries. Lower-mass escapers are most
abundant, which is partially a result of our choice for the initial
secondary mass distribution. A comparison with Figures 1 and
3, however, shows a strong preference for the ejection of low-
mass secondaries. Almost all PMOs are ejected from the
systems, indicating that the possibility of forming wide-orbit
planetary-mass companions orbiting stars through this mechan-
ism is small. On the other hand, the process does predict that
the vast majority of these free-floating PMOs become part the
Galactic field.

The correlation between the escape velocity and secondary
mass is shown in the bottom panels of Figure 10. There is a
preference for low-mass secondaries to be ejected with high
velocity with respect to higher-mass secondaries. The objects
with masses larger than 200 Mj are formed through mergers at
earlier times. Escaping binary systems, indicated with the red
dots, tend to escape at relatively low velocities. These merger
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products and binary systems typically have higher masses and
therefore reach relatively low velocities after a scattering event.
Moreover, the fact that objects in these two categories are the
“damped” combination of two primordial secondaries, their
orbits are expected to be relatively stable, making it more
difficult for these to be ejected. If the systems under
consideration are part of a stellar grouping (such as an open
cluster), the escaped BDs and PMOs that are not immediately
ejected from the cluster, gradually move to the cluster outskirts
on these timescales, after which they are stripped off by the
Galactic tidal field (e.g., Goodwin et al. 2005; Wang
et al. 2015; Zheng et al. 2015).

5.4. Binarity among Bound and Unbound Secondaries

For very low-mass stars and BDs, the observed companion
fraction ranges between 10% and 30% (e.g., Bouy et al. 2003;
Goldman et al. 2008; Joergens 2008; Reid et al. 2008). As
observational techniques become more accurate, more and
more binary systems are found to be of higher multiplicity,
both in embedded and young star forming regions (e.g., Kraus
& Hillenbrand 2007; Connelley et al. 2008a, 2008b; Kraus
et al. 2011) and in the older stellar populations (e.g., Correia
et al. 2006; Tokovinin et al. 2006; Eggleton & Tokovinin 2008;
Law et al. 2010; Allen et al. 2012; Burgasser et al. 2012;
Tokovinin 2014a, 2014b). These systems may have originated
from different mechanisms, such as decay of disk-fragmented
systems (this paper; see also Podsiadlowski et al. 2010), or
from the decay of non-hierarchical triple systems (e.g., Umbreit
et al. 2005; Reipurth & Mikkola 2015). In our models, a
fraction of the secondary objects pair into binaries. These
binary secondaries either orbit the host star or escape from the
system and become very low-mass binaries in the Galactic
field. We define the binary fraction F = B/(S + B), where S is
the number of single secondaries, and B the number of binary
secondaries. The binary fraction for several sub-populations of
secondaries are listed in Table 2.

The external semi-major axes of the binary secondaries
orbiting the host star are shown as red dots in Figures 5 and 6,
and the internal semi-major axis distributions for both the
bound and escaped binary secondaries in Figure 11. The
internal semi-major axis distributions of the bound and
escaping binary secondaries are very similar, although there
are fewer bound binaries with wide (230 AU) orbits, due to
gravitational perturbations of the host star and other compa-
nions. The internal semi-major axes are well within the radius
of the Hill sphere of the two components and therefore
guarantee longevity when no other secondary objects approach
the binary. Bound and escaping binaries are wider for set2
(peak at ~10AU) than for setl (peak at ~5 AU). This
difference is a result of the initially larger number of
companions in set 1 and the subsequent destruction of wide
binary pairs by other secondaries. For set 1, there are more
escaped binaries than bound binaries at any semi-major axis,
hinting at disruption of bound binary pairs by other remaining
companions. For set 2, on the other hand, the number of bound
and escaped binaries is roughly equal, although the majority of
the tight (<5 AU) binaries is bound. Observationally, the
separation distribution of low-mass binary systems is still
poorly constrained due to the resolution limit of imaging
surveys through which most companions are detected (e.g.,
Burgasser 2007). The semi-major axes distributions for the
very low-mass binaries in our model are in reasonable
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agreement with the observations of Maxted & Jeffries (2005),
Burgasser et al. (2005), Burgasser et al. (2007), Bergfors et al.
(2010) and Bardalez Gagliuffi et al. (2014a, 2014b).

The external semi-major axes of the bound binary second-
aries are substantially larger than the internal semi-major axes,
as can be seen in Figure 11. This large ratio guarantees long-
term stability. Figure 12 shows the distributions of Py/Py: for
the bound binary systems, where Py is the orbital period of the
two secondaries around their mutual center of mass, and B, is
the orbital period of the binary secondary around the host star.
Although systems with period ratios larger than a factor ten can
be stable, most multiple systems have period ratios of tens to
thousands. These large ratios guarantee stability for long
periods of time. The hierarchical triple systems in set2 are
substantially more compact than those in set 1, due to the lower
frequency of perturbing secondaries and the smaller magnitude
of these perturbations (as the typical companion masses are
lower in set?2).

As mentioned above, in several systems two secondaries
form a binary system that is either bound to the host star or
escapes. In these cases, we define the internal mass ratio g,
and external mass ratio g, as

my
Qine = —

my + my
Gext = ’

M

and 4)
where M = 0.7 M, is the mass of the host star, and m; and m,
the masses of the two companions, where m; > m,. The
extremes that these quantities can possibly obtain are set by our
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initial ~ conditions in Table 10.005<¢g, <1 and
0.003 < ¢q.,, < 0.55. It should be noted that these limits are
rarely reached as they involve combining either the lowest-
mass secondaries or the highest-mass secondaries into binaries.
Moreover, the limits may change slightly when physical
collisions are taken into consideration. The internal and
external mass ratio distributions for all bound and escaping
binary secondaries are shown in Figure 13. All internal mass
ratio distributions are biased toward larger g;, than what is
expected for gravitational random pairing of secondaries (see
Kouwenhoven et al. 2009, for an extensive discussion on the
different pairing functions of binary components). The
frequency of low (g,,, < 0.1) mass ratio binaries is small as it
is unlikely to have a chance interaction between two bodies of
very different mass, as a large majority of the secondaries in
our initial models have masses in the range 20-100 M.
Binaries g;,, > 0.8 are somewhat more common than what is
expected from random pairing, which is mainly a result of the
fact that low-mass companions are more easily ejected than
captured during scattering events. It should be noted that the
internal mass ratio distributions for bound binaries and
escaping binaries are very similar. The external mass ratio
distribution is limited to g, < 0.55 for set 1 and g, < 0.3 for
set 2. These upper limits are a result of our initial conditions,
including the initial secondary mass distribution. Despite the
large number of surveys, the mass ratio distribution among
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very low-mass stars and BDs is still poorly understood. Only a
few studies involve direct dynamical mass measurements (e.g.,
Konopacky et al. 2010). Adaptive-optics imaging surveys are
more common and allow measurements of photometric masses.
The imaging survey of 16 objects in the Hyades cluster by
Duchéne et al. (2013) and of 124 field M-type dwarfs by
Bergfors et al. (2010) suggests that the BD mass ratio
distribution may not be as peaked to unity as previously
thought, and are therefore in reasonable agreement with the
results of our simulations.

The internal eccentricity distributions and external eccen-
tricity distributions for our models are shown in Figure 14. The
internal eccentricity distributions f (ej,;) of the bound and
escaped binary secondaries in both sets are roughly thermal
(Heggie 1975), following the proportionality f (ej)  €in
although the escaped binaries have higher internal eccentricities
as they do not experience any additional evolution after
formation in the absence of gravitational perturbations by the
host star and other remaining secondaries. The external
eccentricity distributions f (eex) of the bound binary second-
aries are broad, with few nearly circular orbits (related to their
chaotic formation process) and few high-eccentricity orbits
(due to dynamical evolution in the presence of the host star).
The internal and external eccentricity relation for bound
binaries are independent. Observationally, little is known about
the eccentricity distribution for very low-mass binaries, and
have mostly been limited to time-consuming surveys among
relatively tight binaries (see, e.g., Dupuy & Liu 2011;
Konopacky et al. 2010), and should therefore not be directly
compared to our results.

In the case of a bound or escaping pair of secondaries
orbiting a common center of mass, we define the internal
inclination as the angle between their orbital plane and the
plane of the primordial disk. The external inclination is the
angle between the orbit of the center of mass around the host
star and the plane of the primordial disk. The cumulative
external inclination distribution of the secondary objects at
t = 10 Myr and the correlation between external inclination and
mass were discussed in Section 5.2 (see Figures 7 and 8). The
correlation between binary mass and external inclination
follows the same trend as that of the single companions,
although it should be noted that binaries tend to be more
massive, and as a result, tend to have smaller inclination. As
set2 has fewer and lower-mass secondary objects, scattering
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events are rarer, and there are fewer secondaries with high
inclinations than in set1. Although the initial inclination
distribution is uniform between 0° and 5°, the final distribution
covers all values. The cumulative internal inclination distribu-
tions f (ij,) of the bound and escaped binaries, as well as the
correlations between the internal and external inclinations of
the bound binary secondaries are plotted in Figure 15. For a set
of randomly oriented orbits the inclinations distribution is
%(1 — oS ijp), and 50% of the orbits have inclinations less
than 90°. In all distributions in the left-hand panel of Figure 15,
however, less than half of the orbits have inclinations less than
90°. The internal inclination distributions of the escaping
binary systems are more or less flat, while bound binaries have
a distribution that is strongly biased toward retrograde orbits:
roughly 65% and 80% of the bound binary secondaries have a
retrograde orbit with respect to the circumstellar disk out of
which they have formed, although most of these retrograde
binaries have a prograde orbit around the host star. Binary
systems with a lower external inclination tend to have a higher
internal inclination, although this correlation is not strong.
Binaries with higher external inclinations tend to have higher
external eccentricities, as for the single bound secondaries that
were previously discussed in Figure 9.

6. DISCUSSION

The most obvious question to ask is whether there is any
observational evidence of the sort of (massive) disk fragmenta-
tion that we simulate in this paper having actually occurred.
This is actually a very difficult question to answer. Ideally, one
would like to observe a massive gas disk, however, they are
extremely short-lived, and so the chance of observing a
massive disk is small. Therefore, in this paper we simulate the
outcome of evolution of the fragments in order to examine
possible observable signatures. The disk fragmentation
mechanism simulated here, based on the SPH simulations of
Stamatellos & Whitworth (2009a), is not universal. That is,
they are not expected to occur all of the time in all
environments. Therefore, any comparison with observations
will include, at best, a mixture of the products of this
mechanism and possibly many others.

It is worth noting that this disk fragmentation mechanism
requires intermediate to low star formation densities to operate.
Although massive disks only live a short time before
fragmenting, they must be able to form in the first place,
which seems unlikely at densities exceeding a thousand stellar
systems per cubic parsec, similar to those simulated by, e.g.,
Bate (2009), in which dynamical interactions constantly
perturb and truncate disks. These perturbations are usually
destructive (e.g., Olczak et al. 2006, 2008), although they can
under specific circumstances induce disk fragmentation (e.g.,
Thies et al. 20053, 2010, 2015). If this is a typical environment
for star formation (as argued by Marks & Kroupa 2011) then
this mechanism is probably fairly rare, occurring only in rare
diffuse star forming regions such as Taurus. On the other hand,
if star formation often occurs at relatively low density (see,
e.g., Allison et al. 2009; Bressert et al. 2010; King et al. 2012;
Parker et al. 2014; Wright et al. 2014) then this mechanism
might be relatively common. Even if the disk fragmentation
mechanism is relatively common we must ask how common.
Again, this is unclear, but if this occurs in (say) 20% of stars in
regions of low to intermediate density, we might expect to see
the outcome of the dynamical evolution in a significant number
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of systems. If it occurs in only a few per cent of stars, the
remnants will be rare. In addition, the disk fragmentation
mechanism cannot work around all stars. To build a large,
massive disk that is able to fragment, the host star must be
single, or a close binary (to build a circumbinary disk), or a
wide enough binary to build a massive circumprimary disk.
Many systems with relatively massive companions at
10-100 AU will be unable to form a massive disk.

As we argued above, these massive disks are unlikely to
form if the star formation process occurs at high density (i.e.,
stars interact and know about each other while accumulating
mass and building disks). At moderate to low densities massive
disks might form and be able to fragment in the way seen by,
e.g., Stamatellos et al. (2007b) and Stamatellos & Whitworth
(2009a). However, even in environments where disk fragmen-
tation can produce the systems modeled in our study,
subsequent star cluster dynamics may affect the systems, such
that they may evolve differently from the isolated systems
described in this paper. At moderate densities (tens to hundreds
of stars per cubic parsec), or if stellar densities increase after
formation (Allison et al. 2009), dynamical interactions between
systems will become important and dynamically alter the
properties of multiple systems (e.g., Aarseth 2003; Spurzem
et al. 2009; Malmberg et al. 2011; Hao et al. 2013). Therefore,
the best places to look for the types of systems we simulate
here are local low density star forming regions, which we
believe have always been at low density. The best candidate is
Taurus, which is low density; it is also substructured,
suggesting it is dynamically young and so has always been at
low density (see Parker et al. 2014), and is close enough to
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have been well studied down to BD masses. Unfortunately,
Taurus has relatively few systems (~300) and so statistics will
be poor.

The simulations in this paper suggest that massive disk
fragmentation will produce a population with relatively high-
order multiplicity with low-mass stars concentrated at 10 — 103
AU, BDs widely spread between 10 AU and 10* AU, and
PMOs at >500 AU (see, e.g., Figure 5). In observations, these
populations will be mixed with other populations that formed
10-100 AU more massive multiples. Interestingly, Taurus does
seem to have some wide planetary-mass companions to stars
(Bowler et al. 2014; Kraus et al. 2014), and a large number of
high-order multiples including at least two sextuples (Kraus
et al. 2011). These systems might have been formed via
massive disk fragmentation (certainly to produce sextuple
systems a significant amount of fragmentation must have
occurred and a massive disk seems a good candidate for this).

In summary, it is currently probably impossible to say how
important massive disk fragmentation is in star formation. First,
it is unclear what fraction of systems are able to build a massive
disk to undergo disk fragmentation (and this is probably
environment-dependent). Second, observations tend not to be
deep or sensitive enough to detect planetary-mass companions
and/or close low-mass star companions except in very nearby
regions where the statistics is poor. Third, the outcome of
massive disk fragmentation is varied (as it is a chaotic process).
Fourthly, any products of massive disk fragmentation can be
further processed by dynamical interactions with other bodies
in their environments. Finally, any “intact” products of massive
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disk fragmentation are mixed with processed systems and
systems that did not undergo massive disk fragmentation in
unknown proportions.

7. CONCLUSIONS

We have carried out a study on the dynamical evolution of
systems formed through the gravitational fragmentation of
circumstellar disks, and study the dynamical properties of the,
mostly brown-dwarf mass, circumstellar objects. We have
carried out two ensembles of simulations of systems, which we
refer to set 1 and set 2, all of which have a host star of mass
0.7 Mg, (see Table 1 for details). Companions have masses of
1-200 M; and are referred to as PMOs, BDs, and LMSs,
depending on their mass. The initial conditions in set1
correspond to the outcome of the SPH simulations of

Stamatellos & Whitworth (2009a). Set?2 represents systems
formed from lower-mass circumstellar disks. Our main results
can be summarized as follows.

1. At t = 10 Myr, approximately 22% and 9.8% of the host
stars are single stars in set 1 and set 2, respectively, while
roughly 47% of the host stars in both sets have one
companion left. Systems with two remaining secondaries
are relatively common (25% and 42%, respectively),
while only 4% of the host stars in set 1 and 2% of the host
stars in set2 have three companions left. Systems of
higher-order multiplicity still exist at + = 10 Myr but
are rare.

. Approximately half of the secondary objects are ejected
from their host star (or experience a physical collision)
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within 20,000 years for set 1 and within 400,000 years for
set 2. This difference can attributed mainly to the smaller
initial number of secondaries in set2. For both models,
approximately 7% of the secondaries escape between
I Myr and 10Myr. At 10 Myr, most systems have
relaxed, and further decay beyond this is minimal.

3. The majority of the secondaries escape from their host
star within 10 Myr. Being the most massive secondaries,
LMSs have most probability of remaining bound to their
host star, with probabilities ranging from 36% (set1) to
79% (set2). For BDs these values are reduced to 7.2%
and 28%, respectively. PMOs are most easily ejected,
with only 2%-5% remain part of the system in which
they formed.

4. At t = 10Myr, the average number of very low-mass
binary secondaries formed per disk-fragmented system is
0.21 for set 1 and 0.04 for set 2. Out of these, 15% (set 1)
to 41% (set2) remain bound to the host star, in a stable
multiple configuration. At the end of the simulations,
2%-3% of the systems form hierarchical multiple sys-
tems, where two companions have paired up into a binary
secondary that orbits the host star. The majority (65%—
80%) of these pairs have retrograde internal orbits, and
the majority of this pairs have a prograde orbit around the
host star. These bound pairs most have internal semi-
major axes smaller than 20 AU, a relatively flat internal
mass ratio distribution, and a more or less thermal
internal eccentricity distribution.

5. Secondaries are mostly ejected from their host systems
with terminal velocities smaller than 5kms™'. Several
high-velocity escapers >30kms™' are generated after
violent encounters with other secondaries, including
runaway BDs with velocities up to almost S0kms™".
Among all secondaries in the model, 1.3%—4.9% escape
from their host star as part of binary pairs, providing a
possible formation mechanism for very low-mass binary
systems in the Galactic field. Their semi-major axes are
typically smaller than 50 AU, and are somewhat wider
than those of the bound secondary pairs. They have
approximately a flat mass ratio distribution, a thermal
eccentricity distribution, and high internal inclinations.

6. Physical collisions involving the host star and/or
secondaries are common. In our simulations we find
(per host star) on average 0.04—0.08 physical collisions
between secondaries, the majority of which occur within
several orbital periods. Collisions with the host star are
more common (0.18-0.43 per host star), and occur on a
timescale of a thousand orbital periods, i.e., typically a
million year.

7. Gravitational scattering between companions results in a
strong evolution of the orbital elements. At t = 10 Myr
many companions have migrated inwards or outwards,
and the semi-major axis range in which they had formed
is mostly evacuated. The changes in semi-major axis,
eccentricity, and inclination tend to be larger for less
massive companions. Within the limits of our initial
conditions of set 1, our results are in good agreement with
the observed BD desert.

8. Almost all PMOs escape from their host star within
10 Myr and become free-floating objects. Only 2%—5% of
the PMOs remain bound to the host star, generally on
very wide orbits (a > 500 AU) at the end of the
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simulations. Gravitational disk fragmentation is therefore
not a viable way to form hot Jupiters. The final
configuration often contains secondaries with (hypothe-
tical) Jupiter-crossing orbits (and sometimes Earth-
crossing orbits). This implies that it is not likely that
planet formation through the core-accretion scenario will
occur after dynamical relaxation of the system has
completed.

Throughout this paper we have focused on the outcome of
the fragmentation of massive disks surrounding stars of mass
M = 0.7 M. The properties of objects formed through disk
fragmentation will be different for host stars of different
masses, and for circumstellar disks of different masses. In
addition, we have neglected the presence of small amounts of
gas left-over in the disks around the host stars in our
simulations. Future work on the long-term evolution of these
systems with the inclusion of remnant gas may be necessary,
for example using the SEREN code (e.g., Hubber et al. 2011),
or the AMUSE framework (Portegies Zwart et al. 2013;
Pelupessy et al. 2013; Cai et al. 2015).

We have limited our study to evolution during the first
10Myr of the disk-fragmented systems. At this time,
approximately 30% of the systems in set1 and 44% of the
systems in set 2 are multiple. Although most of these systems
are stable for much longer, a fraction of these will decay over
billions of years. The results presented in this paper are
therefore useful for the study of young stellar populations. In
order to carry out a proper comparison with the observed low-
mass stellar population in the Solar neighborhood, the systems
have to be integrated over much longer timescales; this will be
the topic of our future work.
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