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ABSTRACT

Context. Surveys of binary populations in the solar neighbourhood have discovered that the periods of G- and M-type stars are
log-normally distributed in the range 0.1-10'! days. However, observations of young binary populations in various star-forming re-
gions have instead inferred a log-uniform distribution. Some process(es) must clearly be responsible for this change in the period
distribution over time. Most stars form in star clusters, so it is here that the(se) process(es) take place.

Aims. In dense young clusters, two important dynamical processes occur: i) the gas-induced orbital decay of embedded binary sys-
tems and ii) the destruction of soft binaries in three-body interactions. The emphasis in this work is on orbital decay as its influence
on the binary distribution in clustered environments has largely been neglected so far.

Methods. We performed Monte Carlo simulations of binary populations to model the process of orbital decay due to friction between
the gas and binary stars. In addition, the destruction of soft binaries in young dense star clusters was simulated using N-body mod-
elling of binary populations.

Results. It is known that the cluster dynamics destroy the number of wide binaries, but leave short-period binaries basically undis-
turbed. Here we demonstrate that this result is also valid for an initially log-uniform period binary distribution. In contrast, the process
of orbital decay significantly reduces the number and changes the properties of short-period binaries, leaving wide binaries largely
uneffected. Until now, it has been unclear whether the short period distribution of the field has remained unaltered since its formation.
We show here, that if any alteration took place, then orbital decay is a prime candidate for this task. In combination, the dynamics of
these two processes, convert even an initial log-uniform distribution into a log-normal period distribution. The probability is 94% that
the evolved period distribution and the observed period distribution have been sampled from the same parent distribution.
Conclusions. Our results provide a new picture for the development of the field binary population: binaries can be formed as a result
of the star-formation process in star clusters with periods that are sampled from the log-uniform distribution. As the cluster evolves,
short-period binaries merge to form single stars by means of gas-induced orbital decay, while the dynamical evolution in the cluster
destroys wide binaries. The combination of these two equally important processes reshapes an initial log-uniform period distribution

to the log-normal period distribution that is observed in the field.

Key words. binaries: general — galaxies: clusters: general — methods: numerical

1. Introduction

The most important observations to have shaped our current pic-
ture of the binary field population were performed in the early
1990’s. Duquennoy & Mayor (1991) found that the binary fre-
quency of G-type stars in the solar neighbourhood is about 61%
and the period distribution follows a log-normal distribution
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over the period range ~107'-10!! d, where P is the period
in days (logP = 48 = 172 yr, ologp = 2.3) and C a
normalisation constant. A year later, Fischer & Marcy (1992)
analysed the binary properties of M-dwarfs in the separation
range 0.04-10* AU corresponding to periods in the range
~1072-10° yr and found that the period distribution of M-dwarfs
in the solar neighbourhood is also log-normally distributed with
a peak between 9 yr and 270 yr, which is nearly identical to the
findings for G-dwarfs. Although the observed binary frequency
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of M-dwarfs at about 33% is lower than that of G-dwarfs,
the properties of the G and M-dwarf binary populations seem
very similar. Observations of Raghavan et al. (2010) confirmed
this picture. They determined the binary properties of nearby
(d < 25 pc) solar-type stars (~F6—K3) and found that the frac-
tion of binary stars is 58% with a log-normal period distribution

(log P =5.03 and gjog p = 2.28).

With an average age of a few Gyrs, the field population con-
stitutes a dynamically evolved state. Therefore, dynamical pro-
cesses have most likely changed the binary properties since the
formation of these stars, and the current properties probably dif-
fer significantly from the primordial state. To understand the bi-
nary formation process, it is insufficient to know the properties
of the (old) field population: we need to determine those of the
primordial binary population.

Connelley et al. (2008) determined the binary properties of
the very young populations in Taurus, Ophiuchus, and Orion
star-forming regions (excluding the much denser Orion Nebula
Cluster). They found that their observed period distribution can
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be fitted by a log-uniform distribution, which differs significantly
from the log-normal distribution in the field (see also Kraus &
Hillenbrand 2007). In these sparse young star-forming regions,
it is improbable that dynamical evolution has altered the period
distributions in the short period since the stars were formed (see
e.g. Kroupa & Bouvier 2003). Hence, we can assume that their
properties in general match the initial conditions.

In denser regions, indications of an originally log-uniform
distribution have also been found. For example, the HST obser-
vations by Reipurth et al. (2007) of binaries in the Orion Nebula
Cluster (ONC) demonstrate that the semi-major axis distribu-
tion deviates from the log-normal distribution and is closer to a
log-uniform distribution. Hence, it seems that older binary pop-
ulations have a log-normal period distribution, while the primor-
dial distribution is likely to be log-uniform.

From the theoretical side, the binary frequency is the most
well-studied binary property (e.g. Kroupa & Burkert 2001;
Kroupa & Bouvier 2003; Kroupa et al. 2001; Pfalzner & Olczak
2007; Marks et al. 2011; Marks & Kroupa 2011). It also seems
that the evolution of the binary frequency in the ONC depends
on the initial binary frequency, whereas the evolution of the bi-
nary population does not (Kaczmarek et al. 2011). However, the
binary population is not only described by the binary frequency
but also by the period, mass-ratio, and eccentricity distribution.

Starting with the work of Heggie (1975), it has been realised
that binaries can be dynamically disrupted by three- and four-
body interactions. Wide binaries are generally more affected by
dynamical destruction than close ones. The existence of bina-
ries wider than 10 AU in the field is still difficult to explain in
models of their origin (Parker et al. 2009).

Performing N-body simulations, Kroupa (1995a,b) showed
that to reproduce the observed log-normal distribution of the
field, the initial number of wide binaries has to be significantly
higher than observed, if all binaries are subject to dynamical evo-
lution in a star cluster. This rising distribution was obtained by
inverse dynamical population synthesis, i.e. inverting the effects
of dynamical destruction on the period distribution (see dashed
line in Fig. 1).

Parker et al. (2009) found that binaries with periods exceed-
ing 10® AU cannot survive in the clusters that he investigated.
However, binaries with semi-major axes exceeding 103 AU are
observed in the field. Kouwenhoven et al. (2010) suggested that
these observed wide binaries could form during the cluster dis-
solution. Another approach would be a different cluster type.

Here we investigate how the initial period distribution can
evolve in its natal environment by considering the two different
dynamical processes that inevitably affect binaries in a cluster:
i) gas-induced orbital decay and ii) the dynamical destruction of
binaries in encounters.

The influence of orbital decay has so far only been investi-
gated for isolated binary systems Stahler (2010). Orbital decay
takes place during the earliest stages of star formation, when the
stars are still embedded in the gas. Here the interaction of bina-
ries with the gas leads to the excitation of waves in the surround-
ing gas. The energy transfer from the binary to the gas leads to
orbital decay (Stahler 2010). Here we investigate how orbital de-
cay changes the period distribution in a cluster environment.

This paper is structured in the following way: in Sect. 2, the
cluster setup is explained. Section 3 describes the orbital decay
process in the gas-embedded phase. We demonstrate in Sect. 4
that a combination of the orbital decay with the dynamical de-
struction (Kaczmarek et al. 2011) naturally transforms a log-
normal birth period distribution into a log-uniform period dis-
tribution. Our conclusions are given in our final section.
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Fig. 1. Schematic picture of possible initial period distributions. The
thick grey curve displays the log-normal fit to the data of Raghavan et al.
(2010), the thick dashed line the Kroupa (1995a), and the solid line a
log-uniform period distribution, which is observed for many young star-
forming regions (see text for references).

2. Cluster setup

The processes of orbital decay and dynamical disruption in-
evitably take place as soon as the binary population forms in a
dense star-cluster environment. Both result from interactions be-
tween stars in a dense environment. As most stars form in cluster
environments (Lada & Lada 2003), it can be anticipated that the
field binary population that we observe today was — at least to
same extent — shaped by these processes.

In this study, we chose the Orion Nebula Cluster (ONC) as
our model cluster. It is probably a typical star-forming region and
has the advantage that many parameters of both the cluster struc-
ture and the binary population have been well-observed (e.g.
Jones & Walker 1988; Prosser et al. 1994; Hillenbrand 1997;
Hillenbrand & Hartmann 1998; O’Dell et al. 2009; Preibisch
et al. 1999; Kohler et al. 2006; Reipurth et al. 2007). The ONC'’s
radial density profile declines in its outer parts as Ppresent r2
(Jones & Walker 1988; Hillenbrand 1997) and is much flatter
(Pcore ¢ 79%) within Reore = 0.2 pc. The dynamical evolu-
tion of our model cluster significantly changes the stellar den-
sity profile during the first Myr, which is the estimated age of
the ONC (Hillenbrand 1997). Hence, we adopted the following
initial density profile

(r/Rcore)_z'S» 0 <7< Reore
(r/Rcore)_ZO’ Reore <7 <R
0, R <r < oo,

Pstar(r) o (2)

Here we chose R.ore = 0.2 pc and a cluster size of R = 2.5 pc
to model the ONC. The adopted model starts from a situation
where all stars have already been formed. In dynamical equi-
librium, the initial radial density profile (Eq. (2)) of our model
cluster evolves towards the currently observed one over a time
span of about 1 Myr (Olczak et al. 2010). However, other initial
conditions could result in the same profile (Kroupa 2000; Allison
et al. 2009).

To mimic the often observed mass-segregation in young
dense clusters, the most massive binary system is initially placed
at the cluster centre and the next three most massive stars at ran-
dom positions within a sphere of radius R = 0.6 Ry, around
the cluster centre, where Ry, is the cluster half-mass radius. In
implementing this, we followed the suggestions of Bonnell &
Davies (1998), who found that the observed mass segregation
(Hillenbrand & Hartmann 1998) of the ONC is unlikely to be
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the result of the dynamical evolution of the cluster but has to
be primordial, if the cluster is initially in virial equilibrium. We
note that if the cluster were to be in a subvirial state, probably
no primordial mass segregation would be required (Allison et al.
2009; Olczak et al. 2011).

All stellar systems are initially created as binaries with sys-
tem masses sampled from the initial mass function (IMF) sug-
gested by Kroupa (2007, Egs. (19) and (20)). We limited our
system mass to Mgy, = My + My to [0.08 Mg, 50 Ms], where
My, and My, are the masses of the stars constituting a binary
system. The upper mass limit corresponds to the mass of the
most massive binary system in the ONC. The lower limit is the
hydrogen burning limit, thus the margin between sub-stellar and
stellar objects.

Ideally we would like to use the observed initial properties of
binaries in very young embedded clusters. We later demonstrate
that embedded clusters younger than 100 000 yr would be ideal,
because at such a young age the binary population is close to
its primordial state. However, it is very difficult to observe clus-
ters at such a young age. Observations of binaries in dense em-
bedded clusters face a number of observational difficulties such
as extinction, crowding, too low spatial resolution etc. In addi-
tion, the number of stars that could be observed would be very
low, making statistical statements impossible. As forming clus-
ters have an age spread (1-3 Myr), it should be possible to use
only the youngest stars in a forming cluster to deduce the primor-
dial state. However, the age determination of these young stars
is problematic. Alternatively, one can assume that low density
clusters are relatively unaffected by the processes described here
and are therefore close to their primordial state. Observations of
the primordial state being unavailable, we considered the work
of Kouwenhoven et al. (2007) based on observations of the low-
density Scorpius OBII cluster. Choosing the semi-major axis and
mass ratio distribution from an OB association with an age of
(5—-20) Myr (Kouwenhoven et al. 2007), such as Scorpius OBII,
seems at first glance unusual, as at that age the binary popula-
tion might have already been processed. However, the low stellar
density of Scorpius OBII combined with the lack of surrounding
gas implies that the cluster has been processed neither by orbital
decay nor dynamical destruction, as mentioned before.

The primordial semi-major axis distribution was chosen
to be log-uniform f,(a) o« dN/da o« a ' where a €
[0.02 AU, 10000 AU]. As a primordial mass ratio distribution,
we started with f,(g) o« q0‘4 and g = My /Mg € [0, 1].

Another justification of our choice of initial semi-major axis
distribution is that the log-uniform distribution is a straightfor-
ward distribution to adopt that requires strong processing in or-
der to obtain the log-normal field distribution. This distribution
was used here to test, whether even this extreme assumption
leads to the log-normal distribution observed in the field. This
does not rule out that one obtains a similar result to that de-
scribed in the following with different initial conditions, namely
that there are fewer wide and/or close binaries.

In the following, we describe how the aforementioned model
was used to study the effect of the gas-induced orbital decay of
binaries in star clusters.

3. Gas-induced orbital decay

In its early embedded phases, clusters consist of the already
formed stars and a large gas component from which additional
stars can potentially form. These stars remain embedded in their
natal gas cloud until it is removed by strong winds, the radiation

of the massive stars, and supernova explosions. During this em-
bedded phase, dynamical friction occurs between the stars and
binary systems and the ambient gas. Binary systems induce spi-
ral waves in the gas, leading to energy and angular momentum
losses, a shrinkage of the binary orbit, and possibly the merging
of the two stars. Stahler (2010) derived an analytic expression
for the temporal development of the separation a, for a single
isolated binary system on a circular orbit. The separation dimin-
ishes according to a gas-induced orbital decay with time as

t
Qe =ap|l ——],
Ie

where q is the initial binary separation and 7. is the so-called
coalescence time, which is given by

- 15 (1+¢)?c ag
32 q pGM

3)

“)

where G is the gravitational constant, ¢s the sound speed, g the
mass ratio, and My the system mass of the binary system.
Stahler (2010) assumed in his derivation that gas interac-
tions close to the stars themselves can be neglected. The binary
system, which is represented by an oscillating gravitational po-
tential, torques the nearby gas and produces outgoing acoustic
waves. These waves transport angular momentum from the bi-
nary to the surrounding gas. Thus, the orbit of the binary decays
as long as the gas density is high enough. Equation (3) is only
valid for radial distances
-2
) S

G Msysmin Msysmin Cs
——— =111AU
2¢2 Mo J\2kms™!

between the two stars constituting the binary system.

To analyse the effect of the gas-induced orbital decay of bi-
nary systems on the period distribution, we applied Eq. (3) to the
entire population of a young ONC-like star cluster. Starting from
a cluster with the initial conditions given in Sect. 2, the temporal
development of the binary population is followed for different
gas density models.

Only when a binary system fulfills the restriction given by
Eq. (5) is the orbital decay calculated, otherwise the orbit re-
mains unaltered. This means, for example, that for a system
mass of 0.08 Mg, 1 My, and 50 M, the orbital decay is only cal-
culated for binary systems that have separations r < 8.88 AU,
r < 111 AU, and r < 5550 AU, respectively. As in Stahler’s
modelling of the orbital decay, we adopted the simplification of
treating all orbits as circular. Future work should also consider
elliptical orbits.

For gas-induced decay, the gas density distribution in the
cluster is of vital importance. Here we assume an isothermal
gas density that follows the stellar density distribution. To pre-
vent the distribution from diverging at the centre, the density
is kept constant at a value pmax inside the cluster core radius
Reore = 0.2 pc. Outside this area, the density decreases isother-
mally. Thus, the isothermal gas density distribution can be de-
scribed by the equation

Aot < l"max =

(r) = 1, r < Reore (6)
Peastl) = Pmax (Rcore/r)27 Reore <7 < Rejuster-
For an isothermal density distribution pgas(r) = cg/erGr2

(e.g. Binney & Tremaine 1987, Eq. (4.123)), the sound speed is
given by
Cs = 7|27 G Pgas(r) 2.

(N
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Table 1. Percentage of merged binary systems for different sound
speeds and maximum densities after 1 Myr.

Sound speed 0.15kms™"  049kms™!' 1.54 kms™!
maximum density

10* cm™ 37.4% 2.8% 0.1%
10° cm™ 54.9% 12.0% 0.2%
10° cm™ 69.2% 28.7% 1.2%

Although the density distribution (Eq. (6)) is not isothermal over
the whole parameter range, we approximated the sound speed as

¢s = 427 G Pmax rgm. (8)

The resulting sound speeds for distributions with pmax €
[10%,10°] cm™ lie between the sound speed of an ideal gas
at 10 K, ¢s = 0.2 kms™', and the observed value in infrared
dark clouds (Sridharan et al. 2005) ¢, = [1.0-2.2] kms™'. A
even more reliable approach would be a time-dependent density
p(r, 1) and sound speed c;(r, ), which has not yet been observed.
Variations of the sound speed manifest themselves in the coales-
cence time (Eq. (4)).

If the separation becomes smaller than the radius of both
stars air < Rs1 + Ry assuming a main-sequence mass-radius
relationship (Binney & Merrifield 1998, p. 110)

(Rsuz (M 07

Ro ) \ My |

a binary system is treated as a “merged” system. This is clearly a
strong simplification, because the merging of stars is a far more
complex process that depends on a variety of parameters such as
the presence of a surrounding disc, the eccentricity of the orbit,
mass transfer, and the conditions of the molecular cloud in which
the stars are embedded. However, including all these processes
was beyond the aims of the current paper. Here, all processes at
such small distances were excluded under the assumption that
the two stars in such cases might possibly merge.

We first analysed how the binary population parameters
change in general owing to orbital decay. Therefore, a series
of simulations with three different gas densities in the range of
[10* cm™3, 10° cm~3] were performed corresponding to moder-
ate gas densities observed in star-forming regions (Padmanabhan
2001). For the three densities 10* cm™3, 10° cm™3, and 10° cm™3,
the sound speeds are 0.15 km s71, 049 kms!, and 1.54 kms™!,
respectively (Eq. (8)). The results, which are summarised in
Table 1, show the merger rates for all combinations of gas den-
sities and sound speeds. As expected, the percentage of pos-
sibly merged binary systems after 1 Myr (Table 1) depends
on the maximum density of the isothermal density distribution
(Eq. (6)). The overall reduction in the number of binaries could
vary at a constant sound speed by a factor of 2—4 if the density
were to change by one order of magnitude. Keeping the density
constant, one can see that the percentage of merged systems is
sensitive to the choice of sound speed.

Additionally, the degree of orbital decay depends on the gas
density distribution. Here we considered only the case of a tem-
porary constant and spatially isothermal gas density distribution
as this most closely reproduces the observed period distribu-
tion and seems a realistic assumption for our studied case of an
ONC-type cluster.

In the following, we describe how an isothermal gas density
distribution with pmax = 107 cm™ was used for the example of
an ONC-like cluster.
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Fig. 2. The number of merged binaries relative to the initial number of
binaries after 0.01 Myr (dashed), 0.1 Myr (dotted) and 1 Myr (solid) for
a binary distribution embedded in an r~2 gas density distribution with
Pmax = 10° cm™ and a sound speed of 0.49 kms~'.
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Fig. 3. Mean relative semi-major axis change as a function of the sys-
tem mass for a binary distribution embedded in an r~2 gas density dis-
tribution with p.x = 10° cm™ and a sound speed of 0.49 kms™! after
0.01 Myr (dashed), 0.1 Myr (dotted), and 1 Myr (solid).

In Fig. 2, the number of merged binaries N,, relative to the
initial number of binaries Ny, N,y = N,/ Niot 18 plotted as a func-
tion of the initial semi-major axis of the merged binary systems.
The binaries with small semi-major axes merge to a greater de-
gree than wider binaries. While binaries with initial semi-major
axis of 10 AU rarely merge, 40% of all binaries with initial semi-
major axis of 0.1 AU coalesce after 1 Myr (solid line).

The resulting semi-major axis change also strongly depends
on the system mass M,y,. Figure 3 shows the mean relative semi-
major axis change dag = [a(0) — a(t)]/a(0) as a function of the
system mass. This illustrates that the semi-major axis of binaries
with a high system mass shrinks faster and to a greater degree
than the semi-major axis of binaries of a lower system mass.
The shorter coalescence time for massive systems (see Eq. (4))
results from the greater angular momentum and energy loss of
high-mass binaries caused by dynamical friction (Eq. (51) in
Stahler 2010). The average separation between binary systems
with Mgy > 10 M dwindles to smaller than half its initial value
after 1 Myr. In addition, the location of the binary system in-
side the cluster influences the coalescence time. For a maxi-
mum density of 10° cm™ in the cluster core, the density drops
t0 6.4 x 10cm™3 at 2.5 pc. Therefore, the coalescence time of


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118019&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118019&pdf_id=3

C. Korntreff et al.: Orbital decay

0.012

0.01 ¢

0.008 |
= 0006 |
0.004 |

0.002

Sy
= ! 1

-

0 1 1 1 1
107* 1072 1072 107* 10° 108 102 10° 10* 10° 10°
semi-major axis [AU]

Fig. 4. Chosen initial semi-major axis distribution (thin solid line) and
effect of the gas-induced orbital decay on a semi-major axis distribu-
tions embedded in an r~2 gas density distribution with pypa = 10° cm™
and a sound speed of 0.49 kms™! after 0.01 Myr (dashed), 0.1 Myr
(dotted), and 1 Myr (thick solid).

a binary system with My, = 10 Mg, drops from 0.23 Myr at the
cluster centre to 35.95 Myr at 2.5 pc. Considering this, the ef-
fect of orbital decay might even boost the mass segregation of
the cluster.

The overall effect of the gas-induced orbital decay of the bi-
naries in the cluster is to reshape the period distribution by push-
ing binaries to tighter orbits, which can even lead to the merging
of a binary. This can be seen in Fig. 4, which shows the relative
numbers of binary systems Ny, = Ny (#)/Ny(0) as a function of the
semi-major axis after 0 Myr (thin solid line), 0.01 Myr (dashed
line), 0.1 Myr (dotted line), and 1 Myr (thick solid line) for a bi-
nary distribution embedded in a =2 gas density distribution with
Pmax = 10° cm™3 and a sound speed of 0.49 km s~!. Since the
orbital decay is more rapid for tighter binaries (see Eq. (4)), bi-
naries in the left part of the period semi-major axis distribution
are first altered leading to a depopulation of binaries with semi-
major axes between 0.02 AU and 1 AU and the formation of a
tail for semi-major axes shorter than 0.02 AU after 0.01 Myr. As
time proceeds, binaries with even larger orbits are affected un-
til the orbital decay process stops when the gas is expelled from
the cluster. At this point, the process of orbital decay alone is re-
sponsible for the binary frequency in the cluster declining from
its initial value of 100% to 88% by means of the merging of very
tight binaries.

4. Comparison with observations

We compare our aforementioned results with observations. To
do so, we converted our semi-major axis distributions into pe-
riod distributions and re-binned our data according to Raghavan
et al. (2010). Their observations were limited to F6—K3 dwarf
stars, which roughly correspond to binary systems with primary
masses M, € [0.5 Mg, 1.5 Mg].

Figure 5a shows the resulting initial period distributions as
thin solid lines and the final period distributions as thick solid
lines for the process of orbital decay. In accordance with the
results for the semi-major axis distribution, the orbital decay
(Sect. 3) reduces the number of short period binaries. Using the
above model, we studied the influence of the gas on the binary
system, but neglected the dynamical interactions between the bi-
naries and other stellar components in the cluster. It is known
that dynamical interactions destroy long-period binaries. The

0.1
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Fig. 5. a) Chosen initial period distribution (thin solid line) and effect of
the gas-induced orbital decay on period distributions of binaries embed-
ded in an r~2 gas density distribution with pp,.x = 10> cm™ and a sound
speed of 0.49 kms™! after 1 Myr (thick solid line), compared with a
Gaussian fit (dotted line) to the observations by Raghavan et al. (2010).
b) Same as in a), with results from the NBopY6 simulations.

question arises of whether there is any region in the period dis-
tribution that is affected significantly by both of these processes.

To attempt to answer this, we wished to illustrate the dynam-
ical impact of the cluster evolution on the binary population in
the absence of the “gas-effect” described above. We therefore de-
fined all clusters as not containing any gas and being initially in
virial equilibrium. We investigated only the first 3 Myr. As only
the most massive stars evolve significantly during this time, stel-
lar evolution was not considered in the simulations. To improve
statistics, we simulated 50 realisations of these clusters and av-
eraged these results. For more details on the numerical method,
we refer to Kaczmarek et al. (2011).

To provide comparable initial conditions as in Sect. 3, all
simulations were set up as described in Sect. 2. The formal ini-
tial binary frequency was chosen to be 100% i.e. each star was
generated as part of a binary system. However, the resulting
initial binary frequency was always lower as a consequence of
the setup procedure. All particles in the simulations were cre-
ated as binaries initially with semi-major axes sampled from the
log-uniform distribution. Afterwards, these binaries were placed
randomly in the cluster independently of the semi-major axis.
Therefore, binaries with separations larger than the local mean
separation often already have a closer partner, so that there are
fewer large-separation binaries than expected for this set up.

Figure 5b shows the period distribution of the simulated clus-
ter initially (thin solid line) and at the age of 3 Myr (solid line),
as well as the Gaussian fit (dotted line) to the observations. It can
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be seen that dynamical evolution of the binary population in
a star cluster mainly destroys wide binaries, but does not af-
fect tight binaries. These wide binaries are destroyed in three-
and four-body encounters where a perturber transfers some of
its kinetic energy to the binary system so that after the interac-
tion, the binding energy of the binary becomes positive (Heggie
1975). However, this process is only effective if the binary is
not too strongly bound, which implies that predominantly wide
binaries are affected. Nevertheless, after 3 Myr a small number
of wide binaries still exist. Our results yield no definite conclu-
sion about the origin of these wide binaries. They are either rem-
nants of the initial binary population or produced by dynamical
processes. Although we also performed a large number of sim-
ulations, the results for the wide binaries still suffer from low
number statistics.

Similar results were obtained by e.g. Kroupa (1995a) and
Kroupa et al. (2001) using initial period distributions with a
larger number of initial wide binaries than used here (dashed line
in Fig. 1). We note that, using a log-normal distribution with a
initially lower number of wide binaries (thick grey line in Fig. 1),
Parker et al. (2009) inferred that there is a deficiency of wide bi-
naries compared to the field. If the initial binary distribution were
log-normal, this would require wide binaries to be formed by
other processes as suggested for example by Kouwenhoven et al.
(2010) and Moeckel & Bate (2010). However, apart from the
wide binaries, the overall result does not seem to depend on the
initial distribution. In our study here, we applied a log-uniform
period distribution as for the investigation of the orbital decay.
The treatment was otherwise very similar to previous work.

The destruction of the wide binary systems is accompa-
nied by a reduction in the binary frequency by 13% + 2% af-
ter 3 Myr where the error is given by the standard deviation
among the 50 realisations. However, this represents only a lower
limit to the destruction of binaries by dynamical interactions. As
mentioned above, although all stars are intended to be initially
part of a binary, a certain fraction of all binaries — dominantly the
wide ones — are “disrupted” during the setup process. Treating
these as being destroyed by the cluster dynamics results in an
upper limit of 26% + 2%. In summary, the effect of the dynami-
cal destruction of wide binaries is a reduction of *13%—-26% in
the binary frequency during the first 3 Myr. Comparing this to
the 12% loss of binaries by mergers caused by orbital decay, this
means that both processes are of equal importance, at least for
the considered case.

In the following, we specify the maximum effective period
for the orbital decay Py and the minimum effective period for
the dynamical destruction Pgy, at which at least 3% of the bi-
naries are affected by the corresponding processes (see Fig. 6).
Since the resulting values are Py, = 5.5 x 10* days and
Pgyn = 1.1% 10° days, it follows that Py, < Pgyn. Hence, there is
no period range where both processes simultaneously play arole.
Separating the two process as done here, does not take into ac-
count binaries that exchange partners and become more strongly
bound. However, testing this for the first 3 Myr of the cluster
development considered here, we found that only in <1% of all
cases does binary harding lead to a transgression into the regime
where orbital decay takes place. This means that both processes
can be treated separately (see Fig. 6) in a additive way.

To determine the likelihood that our simulated period dis-
tributions correspond to the observed field population, we per-
formed y’-tests as described by Press et al. (2007)
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Fig. 6. Evolution of Pgy, (upper line) and Py, in the first 3 Myr of cluster
evolution.

Table 2. y’-test results calculated for the initial and final theoretical
period distributions and those observed by Raghavan et al. (2010).

Orbital decay N-body dynamics
complete period range
X o) X o)
Initial | 71.5 2.3 x 107" | 23.6 0.009
Final | 364 7.2x107° | 224 0.013
Adopted period ranges
o | ¥ 0u)
Initial | 45.7 1.1x10% | 6.6 0.171
Final 3.2 0.67 0.9 0.92

Notes. The first four column block shows the results of tests of the
complete Raghavan et al. (2010) period distribution ranging from 10!
to 10'° d. The second four column block shows tests of the left part of
the Raghavan et al. (2010) period distribution (10~'—10° d) for the or-
bital decay distributions and the right part of the Raghavan et al. (2010)
period distribution (10~ -10'° d).

where N is the number of bins, and R; and S; are the two dis-
tributions to be tested. This is only applicable if 2 R; = 2. 5.

To warrant this, we scaled our probability distributions to the
total number of binaries observed by Raghavan et al. (2010).
Afterwards, the y?-probability function Q(y?|v) is used to cal-
culate the probability that both distributions were sampled from
the same underlying distribution.

Table 2 shows the results of y>-tests for the Raghavan et al.
(2010) period distribution and the simulated one. The probabil-
ity that the initial period distribution and the observed period
distribution of the field were sampled from the same underlying
distribution is obviously negligible (probabilities of 3.5 x 107’
and 4.0 x 1073). Similarly, considering only one of the two pro-
cesses “‘orbital decay” or “dynamical interaction” alone results
in (higher, but still) low probabilities. Restricting the y>-test to
the proper period ranges (107'~10° d for the orbital decay and
10°-10'° d for the cluster dynamics) yields much more robust
results — both the orbital decay and the cluster dynamics result
in Q(y?|v) values of 67% and 92%, respectively, indicating the
extremely good agreement of our simulated period distributions
and the observations by Raghavan et al. (2010). A superposi-
tion of the distribution of periods P < 10° d depleted by or-
bital decay and the distribution of periods P > 10° d resulting
from the dynamical destruction is shown as a thick solid line in
Fig. 7. Performing the y>-test on this complete distribution over
the entire period range results in a Q(y?|v)-value of 94.1%. This
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Fig.7. Comparison of the period distributions resulting from the or-
bital decay of embedded binaries and the dynamical destruction (thick
solid line) with the observations of Raghavan et al. (2010) (dashed line).
Additionally, the log-normal fit by Raghavan et al. (2010) is shown as a
short-dashed line.

clearly demonstrates that together these two processes naturally
reshape a log-uniform distribution to a log-normal distribution
as observed in the field today.

5. Conclusions

For the first time, we have demonstrated that the gas-induced
orbital decay of binaries in the embedded cluster phase signifi-
cantly changes the properties of the short-period binary distribu-
tion. It turns out that this process is of equal importance to the
development of the initial binary population, as part of the well-
studied process of dynamical evolution, at least for ONC-like
clusters.

Gas-induced orbital decay not only changes the binary prop-
erties, but can even lead to the mergers of binaries, creating a
more massive single star. The likelihood of these mergers de-
pends on the density profile of the gas and both the separation
and the mass of the binary system. For example, while binaries
with semi-major axis of 10 AU rarely merge after 1 Myr in a
cluster with a maximum gas density of 10° cm™=3, 40% of all bi-
naries with a semi-major axis of 0.1 AU do so. In general, the
separation between binary systems with My > 10 Mg shrinks
on average to less than half its initial value after 1 Myr.

Orbital decay only changes the period distribution of short
period binaries. However, long-period binaries are affected by
dynamical destruction caused by the interaction of the stars
in a dense cluster environment. Our simulations show that
intermediate-period binaries are nearly unaffected by either of
these two processes (see Fig. 8).

For an ONC-like cluster, we found that for these G-type pri-
mary stars the orbital decay due to the interaction of the binaries
with the ambient gas basically affects only binaries with peri-
ods shorter than 5 x 10* d corresponding to separations closer
than =36 AU. In contrast, dynamical interactions only destroy
binaries with periods longer than 103 d (i.e. 53 AU), meaning
that there is no region in the period distribution that is influenced
by both effects. It is therefore possible to investigate the two pro-
cesses separately and combine our results.

Perhaps the most striking result of this investigation is, that
these two processes transform a primordial log-uniform into a
log-normal period distribution, on a realistic timescale. The dis-
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Fig.8. Schematic illustration of the two-stage process forming the
log-normal field-binary period distribution observed today (grey line)
from an initial log-uniform distribution (solid line).

tribution resembles, in all its properties, remarkably that ob-
served in the field, without any need for further assumptions.
Performing a y’-test of the resulting distribution and recent ob-
servations of the field binary population (Raghavan et al. 2010)
yields a probability of 94.1% that both distributions originate
from the same data set.

The emerging picture can be summarised in the following
way (illustrated in Fig. 8): binaries born in dense, embedded
clusters with initially log-uniformly period distributions are pro-
cessed in two ways. As long as the cluster is embedded in its
natal gas (about 1 Myr), the orbital decay of the embedded bi-
naries depopulates the left-hand side of the period distribution.
The dynamical evolution of the cluster destroys wide binaries,
depopulating the right-hand side of the period distribution. The
combined effect of these equally important processes is that the
final period distribution of the binary population in the star clus-
ter has become log-normal, although it was initially log-uniform.

This re-shaping of the period distribution leads to a reduc-
tion in the binary frequency by 29%. The gas-induced orbital
decay shrinks the separation between two stars such that merg-
ers in 14% of all cases are possible. The dynamical interac-
tions destroy 15% of the G-type binaries by means-of three-
body encounters. This latter fraction only represents a lower
limit to the reduction in the binary frequency owing to our spe-
cific setup procedure and can be as high as 28%. Consequently,
the overall reduction in the binary frequency could be as high
as 42%. For solar-type stars, when we assume that most stars
form in an ONC-like cluster and adopt a field binary frequency
of G-type primaries of 58% (Raghavan et al. 2010), our re-
sults strongly favour a much higher initial binary frequency
of 87-100%, assuming instead a field binary frequency of 44%;
one gets 73—86%.

Mass segregation and high densities in the cluster centre
favour the merging of massive stars. Following the merging of
predominantly massive stars, one would expect to see a differ-
ence in the IMF of single and binary stars, with the single star
distribution having an excess of massive stars. This has not been
observed, but the situation is more complex. Massive stars are
also the most likely to capture a new partner. For example, merg-
ers that form a stars of M > 20 M, can occur on timescales
of 10* yr (Pfalzner & Olczak 2007). The merger product and
its companion should then become part of the binary population
again, hence the IMF of the single and binary populations should
both be changed by the merging processes. Whether they would
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be affected to the same degree needs further investigations, but
given the low quality statistics at the high mass end, they are
indistinguishable.

The field population is clearly a mixture of stars originating
from stars that experienced star formation in isolation, sparce
(Taurus-like), dense (ONC-like), and very dense (Arches-like)
clusters. On the one hand, associations such as the Taurus clus-
ters probably never had a gas density above 10* cm™ and the
current stellar density is below 10 stars pc™> (Luhman et al.
2009). This means that in these systems the binary population is
affected by neither orbital decay nor orbital destruction in a sig-
nificant way and is therefore nearly unaltered from its primor-
dial state. On the other hand, orbital decay becomes important
for high gas densities and dynamical disruption for high stellar
densities.

On the basis of actual observations, one can only speculate
how many stars are born in these different density regions. While
Bressert et al. (2010) stated that the minority of all stars in the
solar neighbourhood form in high density regions, it is unclear
whether this is also true for all of the galaxy. Dukes & Krumholz
(2011) concluded that 1/2—2/3 of all stars are in clusters consist-
ing of more than 1000 stars. As such massive clusters initially
had much higher stellar densities (Pfalzner 2009), this indicates
that environmental effects are important for these clusters. The
remarkable resemblance of the distribution, obtained after both
processes have taken place, to the log-normal period distribu-
tion of the field binary population is a strong indication that
ONC-like clusters might be a dominant contributor to the field
distribution.

In addition to the ONC-type clusters studied here, further in-
vestigations should include a variety of initial conditions: differ-
ent stellar and gas density distributions (Kroupa 1995b; Parker
et al. 2011), a range of cluster densities (Olczak et al. 2010;
Marks et al. 2011), and different virial states of the cluster
(Allison 2009). We are presently testing the limitations of our
model of orbital decay using numerical simulations (Korntreff
& Pfalzner, in prep.).

To verify observationally our initial conditions, detailed
studies of binary populations in very young (<100000 yrs) em-
bedded star clusters, before the onset of the aforementioned in-
vestigated processes, would be necessary. However, any conclu-
sions about the binary distribution in these young systems would
be biased by small number statistics. Inly a few tens of stars are
usually observable, although the true membership might be con-
siderably higher owing to the high extinction in these clusters.
Combining data for different clusters may help to improve the
quality of our statistics. An alternative approach would be to ob-
serve different regions within a single OB associations. The pro-
cesses operate predominantly in the association centre and much
less so in its outskirts. Therefore, we would expect the period
distribution in the association centre to differ considerably from
that in the outskirt, i.e. to be close to the log-normal at the clus-
ter centre and log-uniform in the outskirts. However, this picture
neglects any mixing within the cluster, so that further theoretical
work would be needed to incorporate this process.
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