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OUTLINE

 (1) Star formation and binarity

 (2) Does a universal IMF imply universal star formation? 

 (3) The primordial binary population

 (4) The origin of very wide binary systems
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STAR FORMATION AND BINARITY
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NGC 602

4Wednesday, July 27, 2011



STAR FORMATION

Most young stars are a 
member of a star cluster
Carpenter 2000, Clarke et al. 2000, Lada 
& Lada 2003, ...

Most young stars are a 
member of a binary or 
multiple system
Duquennoy & Mayor 1992, Fisher & 
Marcy 1992, Mason et al. 1995, Shatsky 
& Tokovinin 2002,  Kouwenhoven et al. 
2007, Kobulnicky & Fryer 2007, ...

NGC 3063
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THE PRIMORDIAL BINARY POPULATION

Hydrodynamical
simulations

N-body 
simulations

tim
e

Primordial Binary Population
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Bate et al. (2002-2009)

CLUSTERED STAR FORMATION
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WHY PRIMORDIAL BINARIES?

Many hints about the star formation process

•Binary fraction
•Initial mass function (IMF)
•Mass ratio
•Period / semi-major axis
•Eccentricity
•Higher-order multiple systems

Modeling star formation and star cluster evolution

•End point for hydrodynamical simulations
•Initial conditions for N-body simulations
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Evolution and fate of star clusters

•Binaries dominate cluster evolution
•Disruption / survival of star clusters
•Origin of binaries in the field, OB runaway stars

“Exotic objects”
•X-ray binaries, short/long gamma ray bursts, 

supernovae type Ia, millisecond pulsars, blue 
stragglers, …

Exoplanets - formation, stability, habitability

WHY PRIMORDIAL BINARIES?
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BINARY STAR FORMATION MODES

Disk fragmentation Core fission Dynamical capture
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ORIGIN AND EVOLUTION OF BINARY STARS

Star formation
• Primordial binaries are the fossil record of star formation

Dynamical evolution
• Exchange, ionization, modification, formation
• Most important in dense clusters

Stellar evolution
• Supernovae, stellar winds
• Most important during early stages

Binary evolution
• Roche Lobe overflow, common envelope evolution
• Only for close binaries
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BINARY FORMATION

! Under certain conditions, two stars may form a 
binary system dynamically

! Requires fine-tuned 3-body encounters
!  (Goodman & Hut 1993)

13Wednesday, July 27, 2011



BINARY DESTRUCTION

Efieldstar =
1
2
M fieldstarv fieldstar

2

Ebinary > Efieldstar        hard binary
Ebinary < Efieldstar        soft binary

Heggie’s law:
“Hard binaries get harder.

Soft binaries get softer 
(and eventually destroyed)”
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（2）
THE INITIAL MASS FUNCTION (IMF)
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THE INITIAL MASS FUNCTION

Alves, Lombardi & Lada (2007)

Salpeter IMF
f(M) ~ M–2.35 
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MASS SEGREGATION

• Dynamical mass segregation timescales can be relatively slow 
in Plummer-like clusters (e.g. Orion - Bonnell & Davies 1998):

• Violent relaxation in star clusters with substructure results in 
rapid mass segregation (e.g. Orion - Allison et al 2009)

• Primordial mass segregation does not seem necessary. But can 
we really exclude it?

tms m( ) ! m
m

trelax       trelax !
0.138
lnN

R3N
G m
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VIOLENT RELAXATION
L100 ALLISON ET AL. Vol. 700

(a) 0 Myr (b) ! 1 Myr

Figure 1. Typical stellar distributions at 0 and !1 Myr. The triangles indicate the positions of the 10 most massive stars. In this run the most massive and tenth most
massive stars have masses of 23 M" and 3.5 M", respectively.

dynamics on scales of about 10 pc (see also Adams et al.
2006). Such subvirial motions might well be expected from a
turbulent model of star formation in clouds where stars form in
converging/colliding flows (see references above; also Adams
et al. 2006). It is also worth noting that subvirial initial condi-
tions are required to erase substructure as rapidly as is observed
(Goodwin & Whitworth 2004).

3. THE EVOLUTION OF COOL, FRACTAL CLUSTERS

In this section we simulate clumpy (fractal), cool clusters and
show that they mass segregate dynamically in a time similar to
the crossing time of the initial (or final) system.

3.1. Initial Conditions

We simulate the dynamical evolution of star clusters contain-
ing 1000 single stars with masses sampled from a three-part
power-law mass function (Kroupa 2002), with minimum and
maximum masses of 0.08 M" and 50 M", respectively. The stars
initially have a fractal distribution within a sphere of radius 1 pc,
with initial velocities such that nearby stars have similar veloc-
ities, as described in detail by Goodwin & Whitworth (2004).
We neglect the effects of stellar evolution because of the short
duration of the simulations (4 Myr).

In this Letter, we restrict our investigations to clusters with
a fractal dimension of 1.6 (giving a very clumpy distribution,
where 3.0 gives a uniform sphere) and a virial ratio of Q = 0.3,
where Q is the ratio of the kinetic to the (modulus of the)
potential energy (so that Q = 1/2 is virialized). Such initial
conditions give the most extreme dynamical evolution and the
most rapid dynamical mass segregation. We will consider a
much fuller range of parameter space in a follow-up paper
(R. J. Allison et al. 2009, in preparation). Here, we just
wish to illustrate that rapid dynamical mass segregation can
occur with plausible initial conditions, and how this happens.
The simulations were carried out using the kira integrator in
starlab. (Portegies Zwart et al. 2001).

3.2. Results

Figures 1(a) and (b) show the stellar distributions initially
and after !1 Myr of dynamical evolution, respectively. A
comparison of the plots clearly shows that the cluster has evolved
from a clumpy and non-mass segregated state to one which has
erased substructure and appears to be mass segregated.

We apply the method of Allison et al. (2009), which compares
the minimum spanning trees (MSTs) of high-mass stars to those
of a random selection of stars to produce a quantitative measure
of mass segregation. If the MST of the N most massive stars is
significantly shorter than that of a number of sets of N random
stars then the cluster is mass segregated. The degree of mass
segregation can be quantified by the ratio of the lengths of the
average randomly selected star MST to the most massive star
MST, ! (see Allison et al. 2009 for details). The greater ! is
relative to unity, the more mass segregated a cluster is.

Figure 2 shows the evolution of ! for four subsets of the
N = 10, 20, 50, and 100 most massive stars in the cluster. The
cluster is not mass segregated initially (! = 1), but after 1 Myr
the 10 most massive stars develop a significant level of mass
segregation (! ! 3). The error bars in Figure 2 represent the
instantaneous standard deviation at each simulation snapshot.4
In Figure 2 we can also see that the 20 and 50 most massive stars
also mass segregate, but by a much smaller amount. Beyond the
50 most massive stars little mass segregation is seen.

The cluster illustrated in Figure 1 is a fairly typical example
of the evolution of cool, highly fractal clusters: a collapse
from the cool initial state, which erases substructure and also
imprints mass segregation. Unfortunately, and unavoidably,
using fractal clusters introduces a certain degree of randomness
as each fractal—while formally the same (i.e., the same fractal
dimension and virial ratio)—is very different in its initial

4 The 10 most massive stars are mass segregated at a similar level for more
than a crossing time after the initial violent relaxation phase. In a crossing time
the cluster can completely mix and every star in the cluster can migrate to any
other position in the cluster. This means that any feature that remains constant
over a crossing time is a real feature and if the evolution of the cluster were
also accounted for the significance would be much greater than shown.
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Figure 1. Typical stellar distributions at 0 and !1 Myr. The triangles indicate the positions of the 10 most massive stars. In this run the most massive and tenth most
massive stars have masses of 23 M" and 3.5 M", respectively.

dynamics on scales of about 10 pc (see also Adams et al.
2006). Such subvirial motions might well be expected from a
turbulent model of star formation in clouds where stars form in
converging/colliding flows (see references above; also Adams
et al. 2006). It is also worth noting that subvirial initial condi-
tions are required to erase substructure as rapidly as is observed
(Goodwin & Whitworth 2004).

3. THE EVOLUTION OF COOL, FRACTAL CLUSTERS

In this section we simulate clumpy (fractal), cool clusters and
show that they mass segregate dynamically in a time similar to
the crossing time of the initial (or final) system.

3.1. Initial Conditions

We simulate the dynamical evolution of star clusters contain-
ing 1000 single stars with masses sampled from a three-part
power-law mass function (Kroupa 2002), with minimum and
maximum masses of 0.08 M" and 50 M", respectively. The stars
initially have a fractal distribution within a sphere of radius 1 pc,
with initial velocities such that nearby stars have similar veloc-
ities, as described in detail by Goodwin & Whitworth (2004).
We neglect the effects of stellar evolution because of the short
duration of the simulations (4 Myr).

In this Letter, we restrict our investigations to clusters with
a fractal dimension of 1.6 (giving a very clumpy distribution,
where 3.0 gives a uniform sphere) and a virial ratio of Q = 0.3,
where Q is the ratio of the kinetic to the (modulus of the)
potential energy (so that Q = 1/2 is virialized). Such initial
conditions give the most extreme dynamical evolution and the
most rapid dynamical mass segregation. We will consider a
much fuller range of parameter space in a follow-up paper
(R. J. Allison et al. 2009, in preparation). Here, we just
wish to illustrate that rapid dynamical mass segregation can
occur with plausible initial conditions, and how this happens.
The simulations were carried out using the kira integrator in
starlab. (Portegies Zwart et al. 2001).

3.2. Results

Figures 1(a) and (b) show the stellar distributions initially
and after !1 Myr of dynamical evolution, respectively. A
comparison of the plots clearly shows that the cluster has evolved
from a clumpy and non-mass segregated state to one which has
erased substructure and appears to be mass segregated.

We apply the method of Allison et al. (2009), which compares
the minimum spanning trees (MSTs) of high-mass stars to those
of a random selection of stars to produce a quantitative measure
of mass segregation. If the MST of the N most massive stars is
significantly shorter than that of a number of sets of N random
stars then the cluster is mass segregated. The degree of mass
segregation can be quantified by the ratio of the lengths of the
average randomly selected star MST to the most massive star
MST, ! (see Allison et al. 2009 for details). The greater ! is
relative to unity, the more mass segregated a cluster is.

Figure 2 shows the evolution of ! for four subsets of the
N = 10, 20, 50, and 100 most massive stars in the cluster. The
cluster is not mass segregated initially (! = 1), but after 1 Myr
the 10 most massive stars develop a significant level of mass
segregation (! ! 3). The error bars in Figure 2 represent the
instantaneous standard deviation at each simulation snapshot.4
In Figure 2 we can also see that the 20 and 50 most massive stars
also mass segregate, but by a much smaller amount. Beyond the
50 most massive stars little mass segregation is seen.

The cluster illustrated in Figure 1 is a fairly typical example
of the evolution of cool, highly fractal clusters: a collapse
from the cool initial state, which erases substructure and also
imprints mass segregation. Unfortunately, and unavoidably,
using fractal clusters introduces a certain degree of randomness
as each fractal—while formally the same (i.e., the same fractal
dimension and virial ratio)—is very different in its initial

4 The 10 most massive stars are mass segregated at a similar level for more
than a crossing time after the initial violent relaxation phase. In a crossing time
the cluster can completely mix and every star in the cluster can migrate to any
other position in the cluster. This means that any feature that remains constant
over a crossing time is a real feature and if the evolution of the cluster were
also accounted for the significance would be much greater than shown.

0 Myr 1 Myr

Allison et al. (2009)
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THE INITIAL MASS FUNCTION

Alves, Lombardi & Lada (2007)

Salpeter IMF
f(M) ~ M–2.35 

The IMF appears to be 
universal.

It is the same in many 
different environments 

! is star formation 
universal?
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THE CORE MASS FUNCTION

Does the core mass 
function (CMF) translate 

directly into the 
stellar initial mass 
function (IMF) ?

Alves, Lombardi & 
Lada (2007)

see also the talk by 
Patrick Hennebelle
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FROM GAS CLUMPS  TO STARS

Core mass function (CMF)

! !!          Core-to-system formation efficiency

System mass function (SMF)

! !!          Binary fraction, mass ratios

Initial mass function (IMF) 
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FROM CMF TO IMF

Chabrier (2003) IMF
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FROM CMF TO IMF

Chabrier (2003) IMF

Core mass function
(Alves et al. 2007;
Nutter & Ward-Thomson 2007)
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Mass ratio distribution                Resulting IMF

q = M 2

M1

FROM CMF (DASHED BLACK CURVE) 

TO IMF (SOLID BLACK CURVE)

24Wednesday, July 27, 2011



Mass ratio distribution                Resulting IMF

FROM CMF (DASHED BLACK CURVE) 

TO IMF (SOLID BLACK CURVE)

q = M 2

M1
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Mass ratio distribution                Resulting IMF

FROM CMF (DASHED BLACK CURVE) 

TO IMF (SOLID BLACK CURVE)

q = M 2

M1
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UNIVERSAL IMF !
UNIVERSAL STAR FORMATION?

The IMF is sensitive to:
•core mass function
•star formation efficiency

The IMF is insensitive to 
•binary fraction
•mass ratio distribution

The IMF does not say much
about the details of star
formation:

Goodwin & Kouwenhoven (2009)

Different IMF ! Different star formation process
Identical IMF  ! ???
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（3）
THE PRIMORDIAL BINARY 

POPULATION
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THE SCORPIUS OB ASSOCIATION (SCO OB2)

ρ Ophiuchus
Star forming 

region

Confirmed Hipparcos members (de Zeeuw et al. 1999)
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BINARY DETECTION TECHNIQUES

• Imaging (classical, adaptive optics, interferometry)

• Radial velocity variations (SB1, SBII)

• Astrometry (AB1, ABII)

• Photometry (eclipsing binaries)

• Occultations, microlensing, etc.
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NEAR-IR ADAPTIVE OPTICS OBSERVATIONS

•200 members 
 of spectral type A/B 
 in Sco OB2

•ADONIS JHK 
(ESO 3.9-m, La Silla)
•NAOS-CONICA JHK 

(VLT, Paranal)

•44 new companions
(including brown dwarfs)

HIP53701, HIP58416, HIP76001, HIP80799; KS -band, 13”x13” Kouwenhoven et al. (2005, 2007)
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The binary fraction of 
young stars increases 
with mass:

~ 100% for O/B/A stars
~ 60% for K/G stars
~ 20% for brown dwarfs

Kouwenhoven et al. 
(2005, 2007)

BINARY FRACTION VERSUS MASS
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BINARY FRACTION VERSUS MASS

The binary fraction of 
young stars increases 
with mass:

~ 100% for O/B/A stars
~ 60% for K/G stars
~ 20% for brown dwarfs

Goldman et al. (2008)
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DO MOST STARS FORM IN 
BINARY SYSTEMS?

• Lada (2006)

“... most stellar systems formed in the Galaxy are likely 
single and not binary ...”

• Goodwin & Kroupa (2005)

“... cores must typically produce only 2 or 3 stars.” 

34Wednesday, July 27, 2011



ORBITAL PERIOD DISTRIBUTION

Solar-type stars in the solar neighborhood
Duquennoy & Mayor (1991)

35Wednesday, July 27, 2011



THE MASS RATIO DISTRIBUTION

• Random pairing of components
• Primary and companion mass 

are “uncorrelated”
• Observations strongly exclude 

random pairing

• Mass ratio distribution
• Primary and companion mass 

are strongly correlated
• Observations suggest dN

dq
! q"#    

M. B. N. Kouwenhoven et al.: The primordial binary population 149
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Fig. 13. Companion star mass versus primary star mass. The dashed
lines represents the q = 0.25, q = 0.5, and q = 1 binaries and are
shown to guide the eye. The 41 new companion stars and the 33 pre-
viously known companion stars are indicated with dots and plusses,
respectively. The observed companion stars have masses lower than
their associated primaries. Most systems with previously undocu-
mented companion stars have q < 0.25.

observational biases on the mass ratio distribution we refer to
Hogeveen (1990) and Tout (1991).

The cumulative mass ratio distribution F(q) can also be de-
scribed as a curve consisting of two line segments. We fit and
find that the mass ratio distribution closely follows the function

F(q) =
!

2.63q ! 0.067 for 0.03 < q " 0.19
0.72q + 0.294 for 0.19 < q " 0.97, (4)

with a root-mean-square residual of 0.019 (see Fig. 14).
We investigate whether the observed mass ratio distribution

could be the result of random pairing between primary stars
and companion stars, such as observed for solar-type stars in
the solar neighbourhood (Duquennoy & Mayor 1991). To this
end, we use Monte Carlo simulations to calculate the mass ratio
distribution that is expected for random pairing.

The current knowledge about the brown dwarf population
in Sco OB2 is incomplete (e.g., Table 2 in Preibisch et al.
2003). Therefore we make a comparison with the mass ra-
tio distribution resulting from two di!erent initial mass func-
tions (IMFs) (IMF!0.3 and IMF2.5), which di!er in slope
dN/dM for substellar masses.

IMF! :
dN
dM
#

"######$
######%

M! for 0.02 " M/M$ < 0.08
M!0.9 for 0.08 " M/M$ < 0.6
M!2.8 for 0.6 " M/M$ < 2
M!2.6 for 2 " M/M$ < 20.

(5)

For M % 0.10 M$ IMF! is equal to the IMF in US that was
derived by Preibisch et al. (2002). The Preibisch et al. (2002)
IMF is extrapolated down to M = 0.08 M$. For 0.02 "
M/M$ < 0.08 we consider ! = !0.3 (Kroupa 2002) and
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Fig. 14. Top: the mass ratio distribution for the 74 systems for which
we observe companion stars in our near-infrared AO survey (his-
togram). The mass ratio is defined as q = Mc/Mp where Mc is the
companion star mass and Mp the mass of the corresponding primary
star. All primaries are Hipparcos member stars with A and late-B
spectral type. The q distribution does not change significantly if ages
of 15 Myr or 23 Myr for UCL and LCC are assumed (gray-shaded
areas). The mass ratio distributions f (q) = q!" are represented by
the curves. For our observations we find " = 0.33 (dotted curve).
Shatsky & Tokovinin (2002) find " = 0.5 (dashed curve). The dis-
tribution which follows from random pairing (dash-dotted curve) is
clearly excluded. The curves are normalized using the observed mass
ratio distribution for the companion stars in the range 0.5 < q < 1.0.
Bottom: the observed cumulative mass ratio distribution (histogram).
The dotted and dashed curve are cumulative distribution functions cor-
responding to " = 0.33 and " = 0.5, respectively. The fitted function
described in Eq. (4) is shown as the thin solid curve. The dash-dotted
curve represents the cumulative q distribution for random pairing.

! = 2.5 (Preibisch et al. 2003, Fit I). Most other models de-
scribed in Preibisch et al. (2003) have !0.3 < ! < 2.5 for
0.02 " M/M$ < 0.08.

mass ratio

q = M 2

M1

Kouwenhoven et al. (2005)
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THE MASS RATIO DISTRIBUTION

6 Reggiani et al.

TABLE 2
KS test probabilities

Sample - Type Ref a No. Systems Bo2010 (%) Flat CMF (%) dN/dM2 ! M!0.4
2

(%)

Field - M 1 27 1 58 24
Field - F/G 2 30 10!3 2 58

ScoOB2 - A/late-B 3 60 10!13 0.4 30
Pleiades - F/G 4 24 10!4 34 17
! Persei - F/G 5 18 0.1 27 89

Chamaeleon I - K/G 6 13 17 30 76
Taurus- K/G 7 40 10!11 45 2

a References: (1) Fischer & Marcy (1992) , (2) Metchev & Hillenbrand (2009), (3) Kouwenhoven et al.
(2005), (4) Bouvier et al. (1997), (5) Patience et al. (2002), (6) Lafrenière et al. (2008), (7) Kraus et al.
(2011).

Fig. 3.— Companion mass ratio distribution for solar-type
stars in the Pleiades. The image shows the comparison be-
tween the observed CMRD in the Pleiades and the predictions
from the IMF. We adopt the same legend as in figure 2. The
probability from the KS test that observations are consistent
with the IMF is less than 1%.

With regard to the Pleiades, ! Per and Taurus (KS test
probabilities of 10!4%, 0.1% and 10!11%, respectively)
we can reject the hypothesis of random pairing, while the
higher probability (17%) between the IMF and CMRD
in Chamaeleon I does not allow us to rule out the null
hypothesis in this case. However, the number of objects
(13) in Chamaeleon I sample is quite low. As we have
shown in Section 3.3 the KS test can only distinguish ex-
treme di!erences in distributions from such small sam-
ples.
We should also note that in Taurus the IMF is peaked

toward higher masses with respect to the field IMF
(Luhman et al. 2009). The use of the proper mass dis-
tribution would bring the CMRD in Taurus in closer
agreement with random pairing from the IMF. Hence
we should be cautious in interpreting this preliminary
result.
To summarize, at the moment in the Pleiades and !

Per we can reject the possibility of the CMRD being
drawn from the IMF for orbital separation between 20
and 600 AU, whereas concerning much younger regions,
we rule out the random pairing from the field IMF only
in Taurus in the separation range 5-5000 AU. Data from
larger and di!erent samples are needed to better con-
strain the result as a function of age and environment.

4.3. Di!erent Companion Mass Functions

Using the same Monte Carlo method, we have tested
also whether the observed CMRD as function of primary
mass and environment is consistent with other analytic
forms of the CMRD. First of all we have considered a
linearly flat companion mass ratio distribution (see Sec-
tion 3.3) and second we have tested the companion mass
distribution dN/dM2 ! M!0.4

2 suggested by MH09. In
Table 2 we report the KS probabilities for each dataset.
Concerning the flat distribution, only for the sample

of A and late B-type primary binaries in Sco OB2 we
can reject the hypothesis that the two distributions are
consistent. The comparison in this case is shown in the
top panel of Figure 4. Note that the ScoOB2 dataset is
the largest sample, placing the strongest constraints on
possible di!erences. The MC simulations of a flat CMF
for the young regions match well the observations (see
e.g. bottom panel of Figure 4). Regarding the CMRD
provided by MH09 we find a KS probability exceeding
15% for all samples (see Table 2) except for Taurus (2%).
We should keep in mind that the KS test is not suited

to evaluate which is the best fit distribution. If we take
as an example the results for the FM92 sample, the dif-
ference in the probability from 58% to 24% between the
flat and M09 CMF in the context of the KS test does
not have any significance. Furthermore, the sample size
of our datasets in the majority of cases prevents us from
discriminating between log-normal, flat or other distri-
butions (see Section 3.3). For this reason we have uti-
lized a chi-square procedure to determine the best fit for
the CMRD for a combined sample including all primary
masses.

4.4. Chi-square best fit

Motivated by the fact that the CMRD appears to be
independent of angular separation over the range we
are considering and that the distributions are not dis-
tinguishable, we combined together, over the common
range of mass ratios (q=0.2-1), the samples of M dwarfs
and G stars in the field and intermediate mass stars in
ScoOB2 even though the separation ranges vary across
the samples. We then used the composite q distribution
to find the best fit. According to the chi-square test for
M1=0.25-6.5 M" the total mass ratio distribution fol-
lows a power-law dN/dq ! q! , with "=-0.50±0.29 (#2=
0.7 with 7 degrees of freedom; see Figure 5).
This result is also in agreement with the value

of "=-0.50 (45-900 AU) for B star primaries

Reggiani & Meyer 2011

dN
dq

! q"#      # $ 0.5 ± 0.3

On the CMRD and IMF 7

Fig. 4.— Test of other CMFs Top: the figure shows the com-
parison between the observed CMRD for intermediate mass
stars in ScoOB2 with a flat CMRD (dotted line) and a com-
panion mass function of the form dN/dM2 ! M!0.4

2 (dashed
line). We found a probability of less then 1% that the obser-
vations are consistent with the flat CMF while a 30% level of
agreement with the CMF by MH09. Bottom: Comparison for
the observed CMRD for solar-type stars in the Pleiades with
the two choices of CMF. The KS test probabilities we ob-
tained are 34% and 17% for the flat CMRD and MH09 CMF,
respectively. The probabilities for all the other samples we
have considered are given in Table 2.

(Shatsky & Tokovinin 2002) or with !=-0.4 for K
dwarfs primaries (Mazeh et al. 2003) in the orbital
range 0-4 AU. Metchev & Hillenbrand (2009) and
Kouwenhoven et al. (2005), already included in the
sample under discussion, found !=-0.39±0.36 and
!=-0.33 respectively.

5. DISCUSSION

The results from the field and Sco OB2 described in
section 4.1 show an overall trend of CMRDs more peaked
towards equal mass values than predicted by random
pairing from Bo2010. This result suggests that the cap-
ture hypothesis, at least for primary stars in the mass
range 0.25-7 M! and orbital separation range 1-2400 AU,
is not the major mechanism for binary formation, as it
has been already proposed by a large number of previous
studies (e.g. Clarke & Pringle 1991; Bo!n et al. 1998;
Bate et al. 2003).

Fig. 5.— Chi-square best fit Mass ratio distribution for the
sample of primaries in the field with masses between 0.25-6.5
M" over the separation range 1-2400 AU. The best chi-square
fit is a power-law dN/dq ! q! , with ! = "0.50 ± 0.29 ("2=
0.7 with 7 degrees of freedom).

Our findings appear to be in agreement with pre-
dictions from fragmentation theories of binary forma-
tion, even though we cannot discriminate between dif-
ferent fragmentation mechanisms. In general, near-equal
mass binaries are the most likely outcome of fragmen-
tation in hydrodynamical simulations (e.g. Bate 2000;
Kouwenhoven et al. 2009). In these simulations, com-
panions are expected to form by the fragmentation of
massive accretion regions around stars in very early
phases of star formation (Goodwin et al. 2007) and to
gain mass from the gas reservoir around them. In this
process, even though a secondary star forms with an ini-
tial mass close to the opacity limit for fragmentation, it
will accrete from the circumstellar material, reaching a
mass roughly similar to the primary (Kouwenhoven et al.
2009). These calculations generally predict a relation be-
tween mass ratio and separation, showing closer binaries
with higher mass ratios than wider systems (Bate 2000,
2009). This outcome di"ers from the observational ev-
idence of a CMRD which is independent of separation
from few to few thousands AU and suggests that some
key element is still missing in our models of multiple for-
mation.
It should be also noted that the field is likely a mix-

ture of systems coming from very di"erent environ-
ments (Goodwin 2010). Binaries might have been pro-
cessed in di"erent ways (Parker et al. 2009) and diverse
star-forming regions may contribute in di"erent degrees
to the field. Recent results from N-body simulations
(Parker & Goodwin 2011) show that the CMRD for very
low mass binaries is independent of dynamical evolution.
If this preliminary evidence holds for a broader range
of primary masses, we can rule out the hypothesis that
the CMRD was drawn from the IMF at any evolutionary
stage, suggesting the current CMRD corresponds to the
birth mass ratio distribution. If this is the case varia-
tions in the CMRD can be used to trace how di"erent
star formation regions contribute to the field.
Interestingly, if we compare the CMRD for solar-type

primaries in the Pleiades and in the field (MH09) we
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CLOSE BINARIES ARE OFTEN TWINS
998 A.A. Tokovinin: On the origin of binaries with twin components

Fig. 1. Mass ratio of solar-type double-lined spectroscopic binaries
is plotted against the logarithm of their orbital period in days. Empty
squares - data from the Batten et al. (1989) catalogue, filled squares
- recent orbits (SB+). Triangles show the lower mass ratio limits for
single-lined binaries from Batten et al. (1989).

discusses the twin pair of O9 stars, Y Cyg. Similarly, this phe-
nomenon is not restricted to short-period systems: visual bina-
ries with equal-mass components are rather common. However,
the universal significance of peak near q = 1 in mass ratio dis-
tribution is difficult to check. This is why we consider here only
solar-type short-period systems where this peak is significant.

The 82 double-lined binaries of luminosity classes V and
IV with primary components’ spectral types from K0V to F5V
were selected from the Eighth Catalogue of spectroscopic bi-
nary orbits (Batten et al. 1989, hereafter SB8). In the 10 years
since catalogue compilation many more orbits have been pub-
lished.Without attempting to be exhaustive, I collected from the
literature new double-lined orbits for the same range of primary
masses. Relevant parameters and references to this extended
sample of 47 binary orbits (SB+) are given in Table 1. The ad-
vantage of using SB+ is that it is completely independent of SB8
sample, is based mostly on the correlation radial velocities, and
contains good-quality orbits.

In Fig. 1 the mass ratio q is plotted against the logarithm
of the orbital period for both SB8 and SB+ samples. When the
q = K1/K2 is larger than 1, its reciprocal value is plotted.
The existence of numerous SB2 with q < 0.8 proves that for
q > 0.8 there remainpractically no selection effects in q. Indeed,
the lower mass ratio limits of single-lined binaries in SB8, also
plotted in Fig. 1, are below q = 0.8, because at higher q the
contrast of secondary lines relative to those of primary is more
than 0.2, and secondary is always detected.

The systems with P < 1d are mostly contact; their sec-
ondary components are different from normal dwarf stars, their

Fig. 2. The mass ratio distribution in the two period ranges: short, 2–30
days (full line and filled symbols, 52 systems) and long, 50–10000 days
(dashed line and empty symbols, 15 systems). The number of objects
in 0.025 bins in q is plotted on the vertical axis. Dotted line indicates
possible sample bias as discussed in the text.

mass ratio is likely to have been modified by mass transfer and
is of no relevance for binary formation mechanisms discussed
here.

Both samples show similar behavior of q(P ):

– A strong concentration of systems in the interval q =
(0.95, 1) is found for periods between 2 and 30 days.

– On the contrary, few systems are found with q > 0.95 and
periods from 50 to 1000 days. In this period range, the sys-
tems with smaller q do exist. They are more difficult to dis-
cover than q = 1 systems, so this is not a selection effect. At
P = 1000d the radial velocity semi-amplitude is 15 km s!1,
well above the resolution limit of radial velocity spectrom-
eters which are capable of resolving equal-component sys-
tems even at longer periods, as seen in Fig. 1.

The remarkable excess of short-period twin binaries is con-
firmed by the SB+ sample. An absence of such binaries at longer
periods is a feature which was not clearly identified before. The
existence of a sharp upper cutoff period around 40 days (or a
component separation at periastron about 60R") for twins pro-
vides a constraint for the possible theories of their formation.

In Fig. 2 we plot the distributions of mass ratio for the bina-
ries in the selected period ranges, “short” (from2 to 30 days) and
“long” (from 50 to 104 days), in order to get quantitative idea
about the excess of twin systems. Both samples, SB8 and SB+,
were merged. There are only 15 long-period binaries, but the
difference of the distributions is still highly significant. Long-
period systems seem to have a smooth distribution of q. As for
the short-period systems, they represent a mixture of two pop-

Early-type stars (Lucy 2003)           Solar-type stars (Tokovinin 2000)

630 L. B. Lucy: The twin hypothesis
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Fig. 1. Distribution of standard errors !q for 211 SB2’s with q > 0.84.
The vertical dashed line divides the data into high- and low-precision
samples, labelled S 1 and S 2, respectively.

2.2. SB2 sample from the 9th catalogue

The SB2’s investigated in LR79 were drawn from the 6th cat-
alogue of the orbital elements of spectroscopic binary sys-
tems. The current greatly expanded version is the 9th catalogue
(Pourbaix et al. 2004), and this will be the source of data for
this investigation – specifically, the updated online version as at
15.04.05.

In order to re-investigate the e!ect of errors on the
q-distribution, all SB2’s were selected for which the compo-
nents’ semi-amplitudes K1,2 and their standard errors !K1,2 are
recorded. Then, with q defined to be <1, all systems with
q > 0.84 were selected, and their !q’s computed from the
propagation-of-errors formula,
!
!q

q

"2
=

!
!K1

K1

"2
+

!
!K2

K2

"2
· (1)

The result is a sample of 211 systems, with !q ranging
from 0.0012 to 0.19. A histogram showing the distribution of
the !q’s is given in Fig. 1.

This data is now divided into a high precision sample (S 1)
comprising 102 systems with !q < 0.01 and a low preci-
sion sample (S 2) comprising 109 systems with !q > 0.01.
For each of these samples, the q’s are counted into overlapping
bins of width 0.02 with centres separated by 0.01. The resulting
counts N together with

!
N error bars are plotted in Fig. 2.

Figure 2 supports the basic premise of LR79 that there is
a narrow peak at q " 1 that is partially obscured by measure-
ment errors. With !q < 0.01, negligible error-broadening occurs
for S 1, and the plot shows marked excesses in the bins centred
at 0.99 and 0.98 – i.e., for the interval (0.97, 1.0). In contrast,
for S 2, where significant broadening is inevitable, no peak is ev-
ident.

Note that this dependence of the q-distribution on precision,
as posited by LR79, is absent from the simulations of Hogeveen
(1992a, Sect. 5). Instead of deriving the !q’s from the discov-
ery papers as in LR79 and here, he assigns random artificial er-
rors !q and so e!ectively his q-distributions are impervious to
degradation by measurement errors. His simulations therefore

0.85 0.9 0.95 1
0

10

20

30

Fig. 2. Mass ratio distributions for high- and low-precision samples. The
filled circles are for 102 binaries with !q < 0.01, and the open circles
for 109 systems with !q > 0.01. Error bars are ±

!
N.

miss the essential e!ect of the high information content from
high precision orbits being imposed on the less precise data. This
same e!ect is striking when the R-L algorithm is applied to the
problem of co-adding images with di!erent psf’s (Lucy 1991).

The peak at q " 1 for S 1 indicates, in agreement with Tk00,
that Hs need not now rely for its support on a deconvolution
procedure as in LR79.

2.3. Tests of significance

The error bars in Fig. 2 give a rough indication of the signif-
icance of the di!erences between S 1 and S 2. To quantify this
significance, we now test the null hypothesis H0 that the two
samples are drawn form the same parent population.

The simplest test is to construct a 2 # 2 contingency table.
To do this, the two samples (i = 1, 2) are themselves divided
at q = qd into low- and high-q subsamples, labelled j = 1 and
j = 2, respectively.

Taking the hint provided by Fig. 2, we take qd = 0.97. The
resulting counts are N11 = 62, N12 = 40, N21 = 93,N22 = 16. The
expected values on H0 are: n11 = 74.9, n12 = 27.1, n21 = 80.1,
n22 = 28.9, resulting in "2 = 16.3 with 1 degree of freedom
– see, e.g., Press et al. (1992, p. 624). The probability on H0
that "2 > 16.3 is p = 5.5 # 10$5. Accordingly, we reject H0
and conclude that the di!erences between S 1 and S 2 are highly
significant.

This test can be repeated with di!erent values of qd. With
qd = 0.95, "2 = 14.2, corresponding to p = 1.6#10$4, a negligi-
ble loss of significance. But with qd = 0.94 or lower, the peak is
increasingly diluted by the background, and the significance of
the rejection of H0 drops sharply. This indicates that the lower
limit of the peak associated withHs occurs at q " 0.95, in agree-
ment with Fig. 3 in LR79.

Another approach to quantifying the significance of di!er-
ences between S 1 and S 2 is the Kolmogorov-Smirnov (K-S) test,
which has the merit of not requiring binning. But here, because
the di!erences are at extreme end of the range – i.e., at q " 1,
we follow Press et al. (1992, p. 620) and use the K-S variant due
to N.H. Kuiper. Applying the Kuiper test to the ordered q’s in S 1
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ECCENTRICITY AND PERIOD
J. L. Halbwachs et al.: Statistical properties of F7–K binaries 167
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Fig. 4. Distribution of the SB of the extended samples in the period–
eccentricity diagram.

5. Selection effects: conditions for recording
a SB orbit

The SB surveys among nearby stars and in the open clusters
were both planned in two steps: the detection of the SB, and the
derivation of the orbits. In the present section, the conditions
for missing a SB orbit are searched, in order to take them into
account in the derivation of the intrinsic statistical properties of
binaries in Sect. 6.2.

5.1. SB detection

First of all, the stars received a few measurements over a few
years, and the SB were selected when the scatters of their
RV were so large that P(χ2) was less than 1%. In practice,
many SB were already selected in the course of the detec-
tion survey, since they exhibited large RV variations, and they
were observed more often; it is assumed, however, that this
facility didn’t change the fact that these stars would all have
P(χ2) < 1% at the end of the survey, even if they had not been
selected before. The effect of this detection method was inves-
tigated in Paper II (see their Fig. 4). It appeared that the proba-
bility law of the SB detection is not simple, but that it depends
on the distribution of the epochs of the measurements. For this
reason, the efficiency of the detection process will be evaluated
by simulations, taking into account the time–table of the detec-
tion survey.

5.2. Derivation of the orbital elements of the SB1

Despite our efforts, it was not possible to derive the orbits of
all the SB that were detected in the survey. The majority of
the stars left aside are long–period binaries (including some
visual binaries), but a few may be short–period binaries with
small RV amplitudes. In order to investigate this question, we
considered the SB1 with known orbits; the semi–amplitudes of
RV of the primary components, K1, were expressed in relation
to the mean RV errors, �RV. Moreover, we paid attention to the
fact that a large eccentricity does not facilitate the derivation of
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cluster SB1
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Fig. 5. Derivation conditions of the orbital elements of the discovered
SB1. It is assumed that the spectroscopic orbits of the SB1 discovered
in the solar neighbourhood were derived only when K1

√
1 − e2/�RV is

above the plain line; the orbits of GJ 483 and GJ 554 were obtained
from ELODIE measurements. In the open cluster sample, the com-
pleteness limit is in dashes.

the orbit, although it makes K1 larger than for a circular orbit.
Therefore, we considered the value that K1 would have if the
eccentricity were null, that is K1

√
1 − e2, and we determined

the ability to derive a spectroscopic orbit as a function of this
parameter.

The SB1 of the extended sample are all plotted in a (P,
K1
√

1 − e2/�RV) diagram, as shown in Fig. 5. It appears that
the derivation of the orbits is more complete in the solar neigh-
bourhood than in the clusters. This is a consequence of the sur-
vey duration, and of the effort dedicated to the search for brown
dwarf companions 10 years ago. Some SB1 with small radial
velocity variations detected with CORAVEL were even ob-
served with the ELODIE spectrograph on the 1.93 meter tele-
scope at the Haute-Provence Observatory, and their orbital ele-
ments were thus obtained even when K1

√
1 − e2 is very small.

Therefore, two SB1 are below the completeness limit drawn in
Fig. 5: about 50 CORAVEL measurements only provided an
approximative orbit of GJ 483, and 20 ELODIE measurements
were also used to derive the final elements; this star lies at the
limit of the CORAVEL capabilities, and it would be hazardous
to assume that the orbital elements of any detected SB having
similar (P, K1

√
1 − e2/�RV) were certainly derived; the other is

GJ 554, which was even not variable in the CORAVEL mea-
surements. Since a couple of SB1 found with CORAVEL in
Paper IV were not observed with ELODIE and didn’t get an
orbit, these SB will be discarded for homogeneity, when the
statistics will be corrected for selection effects in Sect. 6.2.

5.3. The transition between SB1 and SB2 orbits

Since the SB2 are binaries with luminous, and therefore mas-
sive, secondary components, it should be possible to assign a
maximum mass ratio for the SB1. This limit will be used in de-
riving the probability distribution of the mass ratio of each SB1,
in Sect. 6.1. Since it is impossible to distinguish the secondary

Halbwachs et al. (2003)
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ECCENTRICITY DISTRIBUTION

Thermal eccentricity 
distribution f(e)=2e
(Heggie 1975) from 
dynamical interactions

“Primordial” eccentricity 
distribution ???

Tidal circularization
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ORBITAL ORIENTATION

The orientation of 
a binary is defined 
by three angles: 

•often assumed 
and observed to 
be randomized

•irrelevant to star 
cluster dynamics

i,  !,  "
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• ... but they are relevant in systems 
containing additional stars or planets

• Stellar encounters can change the 
orientation elements relatively easily

• Spin-orbit interactions

• Internal instabilities

• Kozai mechanism:

ORBITAL ORIENTATION

e.g.,   Parker & Goodwin (2009),  Xu & Kouwenhoven (in prep.)

1! e2 cos i = constant
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Primordial
binary

population

Observations 
of simulated 
star cluster

Initial 
simulated 

star cluster

Observed
binary

population

Dynamical interactions
Stellar evolution

Observational biases

comparison

N-body simulations
including stellar evolution
Synthetic observations

FINDING THE PRIMORDIAL BINARY POPULATION
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BINARITY IN SCORPIUS OB2

Near-infrared adaptive optics surveys with ADONIS/NACO
• All 200 A/B members of Sco OB2 surveyed
• 77 companions confirmed (44 new)

The current binary population in Sco OB2 (for A/B stars)
• Binary fraction ~100%
• f(q) = q–0.4±0.1 ; random pairing excluded

The primordial binary population of Sco OB2
• Binary population mildly affected by stellar/dynamical 

evolution ! fossil record of the star forming process

q = companion star mass
primary star mass

Kouwenhoven et al. (2005, 2007)
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（4）
THE ORIGIN OF 

VERY WIDE BINARY SYSTEMS
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HIP77315 / HIP77317
projected separation ~ 5500 AU
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The α Centauri system

α Cen A

Proxima Centauri

α Cen B

47Wednesday, July 27, 2011



WIDE BINARY SYSTEMS

• Constraints on massive dark 
objects (MACHOs, molecular 
clouds, dark matter 
substructure, ...) in the halo

• Constraints on the environment 
in which they were formed (e.g. 
dynamical history or star 
formation process)
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DYNAMICAL DETECTION

Common proper motion and radial velocity
The binary orbital velocity is much smaller than the 
velocity dispersion of surrounding population

Parallax
Stars should have approximately the same distance

Age and metallicity
The age and metallicity should be identical, 
unless the binary is dynamically formed

Background star statistics
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STATISTICAL DETECTION

Statistical properties of the 
wide binary population can 
be obtained using the two-
point correlation function

10 M. Longhitano and B. Binggeli: The stellar correlation function from SDSS

Table 2. Parameters of the final sample and of the subsamples

(Sub)sample ! ! b Nobs De"
a aT

a fHalo
a

[deg2] [deg] [deg] [pc] [pc] %
total 668.58 175.6 81.6 669 843 1 555 1.07 30.0

r < 20.0 mag 668.58 175.6 81.6 535 595 1 380 1.06 25.2
r < 19.5 mag 668.58 175.6 81.6 425 674 1 235 1.06 20.6

left 334.57 191.2 73.7 326 333 1 495 1.08 28.3
right 334.01 102.5 84.8 343 510 1 625 1.05 31.0

A 78.94 180.1 68.3 77 008 1 460 1.09 26.8
B 78.10 167.5 75.3 76 011 1 510 1.08 28.6
C 78.99 136.0 79.8 76 686 1 565 1.06 29.9
D 78.81 93.3 78.4 82 780 1 635 1.05 30.6
E 88.23 208.0 69.7 87 751 1 485 1.08 27.4
F 88.30 210.6 78.6 85 563 1 545 1.07 29.5
G 87.95 215.2 87.5 88 440 1 615 1.05 31.0
H 88.27 33.4 83.6 95 604 1 700 1.04 31.8

a Calculated using the Galactic structure parameter set 2.
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Fig. 5. 2PCF as inferred from the total sample (solid circles, left
ordinate) and the corresponding CDD (open circles, right ordi-
nate). Poisson errors are indicated as vertical lines. Model curves
for the three Galactic structure parameter sets are plotted, too,
but as the di"erences between them are marginal they lie one
upon the other, giving a single solid line.

maximum angular separation examined, that is, up to 30!!. The
outlier at " = 9!! is probably a random fluctuation. We also plot
in Fig. 5 best-fitting models using the three Galactic structure
parameter sets described in Sect. 4.2.1.

The best-fit values of the two free parameters, nWB and #, are
tabulated in Table 3 for the three Galactic structure parameter
sets. The power-law index # appears to be quite independent of
the set we choose. The wide binary density nWB, on the other
hand, shows some variation. The di"erence between the sets 1
and 2 reflects, for the most part, the di"erence in the overall
normalisation $(0) of the density distribution, whereas in set 3
the unequal halo normalisation with respect to the other two sets
also contributes to the di"erence in nWB.

4.5 4.7 4.9 5.1 5.3 5.5 5.7 5.9

0.9

1

1.1

1.2

Total wide binary number density n WB  in (10 pc)!3

Po
w

er
!l

aw
 in

de
x 

 #

Fig. 6. Distribution of the best-fit values for the total sample us-
ing the structure parameter set 2 obtained by the Monte Carlo
procedure described in the text. The solid contours (MCCRs)
are lines of constant %2 and enclose 68.3%, 95.4%, and 99.7%
of the best-fit values.

We also list the goodness-of-fit Q and the corresponding re-
duced chi-square values (%2 divided by the degrees of freedom
&) in Table 3. All three sets of Galactic structure parameters
give equally good fits, whereas the reduced chi-square values,
which are only slightly more than unity, indicate that we have
not severely underestimated the uncertainty in the 2PCF.

In Fig. 6 we show, representative of the other structure pa-
rameter sets, the distribution of the best-fit values from the syn-
thetic samples using set 2, our standard set. In the same figure
the 68.3% (1'), 95.4% (2'), and 99.7% (3') MCCRs are also
plotted. Quoting 95.4% confidence intervals throughout, we find
for our final sample using the Galactic structure parameter set 2

nWB = 0.0052+0.0006
"0.0005 pc"3 and # = 1.00+0.13

"0.12 . (46)

The power-law index # of semi-major axis distribution is con-
sistent with Öpik’s law (# = 1) up to the Galactic tidal limit,

Longhitano & Binggeli 2010

M. Longhitano and B. Binggeli: The stellar correlation function from SDSS 3

Fig. 1. Distribution of stars (grey points filling the background) in our total sample. Black asterisks show the positions of bright star
masks, white circles those of hole masks. The size of the symbols are not to scale.

the 95% completeness limit of 22.2 mag or 21.3 mag, respec-
tively (Adelman-McCarthy et al. 2007, Table 1)8.

The average seeing of the SDSS imaging data (median PSF
width) is 1.4!! in the r-band (Adelman-McCarthy et al. 2008)9.
To be on the safe side, we took the minimum angular separation
to be !min = 2!!.

2.1. Contaminations

Matching our sample with the QsoBest table10 resulted in the
exclusion of 10 041 quasar candidates. Most of them (8 157)
have g " r ! 0.5 mag and are scattered in a colour-colour di-
agram around the otherwise narrow stellar locus as shown in
Fig. 2. Even after removing the quasar candidates, the remaining
objects in the blue part of our sample show a suspicious scat-
ter, which is probably caused by further quasars and misidenti-
fied galaxies. We therefore decided to exclude all objects with
g " r < 0.5 mag, removing a further 286 227 objects from our
sample. Furthermore, we reject all moving objects (asteroids) by
cutting on the DEBLENDED AS MOVING flag. This leaves us with
670 388 objects classified as “stars” in the sample.

The large majority of the stars observed by the SDSS are
main sequence (MS) stars. Finlator et al. (2000) estimate the
fraction of stars that are not on the MS to be # 1.0%, most of
them giants and subgiants (# 90%), but also horizontal branch
stars (# 10%). The number of white dwarfs observed by the
SDSS is negligible compared to the number of MS stars (e.g.
Harris et al. 2006). Thus, it seems well-justified to assume that
all the stars in our sample are on the MS.

The cut discussed above at g " r = 0.5 mag implies that our
sample contains only stars from spectral type later than about G5
(Finlator et al. 2000). In addition, this cut is appropriate for our
purposes for the following three reasons:
8 See also sdss.org/dr6/
9 See also http://www.sdss.org/dr6/ and the DR5 pa-

per (Adelman-McCarthy et al. 2007)
10 See cas.sdss.org/dr6/en/help/docs/algorithm.asp?key=
qsocat

i) Because they are very young, the bluest MS stars are
mostly members of loose associations, so their clustering proper-
ties still represent the peculiarities of their birth places. Being an
interesting subject to study (e.g. Kobulnicky & Fryer 2007), ex-
cluding them assures that our clustering signal is predominantly
due to wide binaries in the field that have lost their memory of
their birth places.

ii) As the MS becomes more sparsely populated towards the
blue end, and a significant fraction could be made up by metal-
poor halo giants, the assumption that all stars in our sample are
on the MS might not be valid for the bluest stars.

iii) For magnitudes MV " 4.5 mag, the shape of the halo
luminosity function agrees well with that of the disc luminosity
function (e.g. Bahcall et al. 1985b, their Fig. 2). Thus, the cut
on g " r = 0.5 mag, which corresponds to a cut at MV $ 5.6
mag, allows us to use the disc luminosity function for the halo
component.

2.2. Survey holes and bright stars

The sample chosen contains some regions where, for vari-
ous reasons, no object could be observed. These regions are
masked11 as hole in the SDSS database and can therefore be
easily identified. Holes in the sample a!ect our analysis in two
ways: first, they diminish the total area of the sample. Second,
they introduce an edge e!ect, as stars near a hole show a lack
of neighbouring stars. The former e!ect can be easily corrected
for in an approximate way as the SDSS provides the radius !(i)M
of its bounding circle for every mask i. The residual area of the
sample is then

" $ "tot "
NM!

i=1
"
"
!
(i)
M

#2
(1)

where NM denotes the number of hole masks. We discuss the
correction for edge e!ects in Sect. 3.2 in the context of the cor-
relation function.
11 See sdss.org/dr6/algorithms/masks.html
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VERY WIDE BINARIES IN THE FIELD

~15% of the known 
binary systems have 
a > 1000 AU

Poveda et al.2007
Lépine & Bongiorno 2007
Duquennoy & Mayor 1991
Close et al. 1990
Chanamé & Gould 2004

Kouwenhoven et al. 2010
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ORBITAL PERIOD DISTRIBUTION

Duquennoy & Mayor (1991)

hard cluster binaries
~50%

soft
cluster
binaries
~35%

unknown origin
~15%
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THE ORIGIN OF VERY WIDE BINARIES

  （1）Clustered star formation ?

  （2）Diffuse (isolated) star formation ?

  （3）Dynamical capture in the field ? 

  （4）Formation during star cluster disruption ?
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（1）CLUSTERED STAR FORMATION

> 70–90% of stars form in clusters

• cluster radius ~ 0.3 pc   (Lada & Lada 2003)

• crossing time < 1 Myr
• 100 " 10,000 member stars

!
wide binary separation ≈ embedded cluster size

! wide binaries cannot form in star clusters

Trapezium cluster - 
HST WFPC2/NICMOS

e.g., Parker et al. (2009)
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（2）DIFFUSE STAR FORMATION

< 10–30% of stars form in diffuse regions

This could explain ~ 10% wide binaries if
• most/all of these stars form as wide binaries and
• diffuse and clustered star formation very different

Wide binaries have separations 1000 AU ≤ a ≤1 pc 
! requires an unrealistically large protostellar disk
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BINARY STAR FORMATION MODES

Disk fragmentation Core fission Dynamical capture
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（3）CAPTURE IN THE FIELD

! Under certain conditions, two stars may form a 
binary system dynamically

! Requires fine-tuned 3-body encounters
!  (Goodman & Hut 1993)

! Extremely unlikely in the Galactic field
! (a few binaries per galaxy)
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NGC 602
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（4）FORMATION DURING
                     STAR CLUSTER DISSOLUTION

! Star forming efficiency ~33% 
(Bastian & Goodwin 2006)

! Rapid dissolution after 
gas expulsion

Binaries “formed and 
frozen in” (Kouwenhoven 
et al. 2010), or a transient 
soft population frozen in 
(Moeckel & Clarke 2011)??
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Taurus in the infrared (Five College Radio Astronomy 
Observatory (FCRAO), Gopal Narayanan / Mark Heyer) 

TAURUS STAR FORMING REGION
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N-BODY SIMULATIONS
OF SUBSTRUCTURED CLUSTERS

Initial conditions with substructure (e.g. Cartwright & Whitworth 2004)
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SEMI-MAJOR AXIS DISTRIBUTION
1842 M. B. N. Kouwenhoven et al.

Figure 8. Same as Fig. 7, but now for fractal models with N = 1000 and R = 0.1 pc, and virial ratios of Q = 1/2 (top) and Q = 3/2 (bottom); in each case
50 realizations have been simulated.

P2v/P2e is due to both the initial positions and the initial veloc-
ities being correlated in the fractal models. Although the average
distance between two random stars is similar for both models, the
average distance between nearest neighbours in the fractal models
is smaller (as they are clumpy). As nearby stars in the clumpy struc-
ture also have similar velocities, frequent dynamical interactions
occur, resulting in a strong dynamical peak.

For our choice of initial conditions, binaries in the dynamical
peak have separations in the range 1–103 au, with a median value
near 50–100 au. The median value is set by the typical distance
between stars in the most densely populated regions of the cluster
during the formation of these binary systems. Interestingly, this
also corresponds to the observed peak in the Taurus–Auriga binary
separation distribution (e.g. Leinert et al. 1993; Kroupa, Petr &
McCaughrean 1999).

Binaries in the dissolution peak have a semimajor axis in the sep-
aration range 103 au to 5 pc. The widest binaries in the dissolution
peak will immediately break up in the Galactic field; hence it is our
choice to study the wide binary population in the separation range
103 au to 0.1 pc throughout this paper. The median separation of
binaries in the dissolution peak occurs at a ! 0.1–0.2 pc. As we
will see later (Section 5.2.2), this value is set by the initial size of
the cluster.

For practical purposes, we consider three ranges in semima-
jor axis: close binaries with a < 103 au, wide binaries with
103 au < a < 0.1 pc and extremely wide binaries with a > 0.1
pc. The limits are indicated with the vertical dotted lines in the fig-
ures. Most close binaries that are found in star clusters are formed
via the ‘normal’ star formation process, with the small number seen

Table 2. The specific binary fraction B for the models shown in Figs 7 and
8, in which the three ranges in semimajor axis are divided with the vertical
dotted lines.

B (per cent) B (per cent) B (per cent)
Separation range

Model <103 au 103 au to 0.1 pc >0.1 pc

P2v (N = 1000) 0.2 0.3 0.8
P2e (N = 1000) 0.1 1.4 2.8
F2v (N = 1000) 3.3 1.8 2.6
F2e (N = 1000) 2.2 0.6 1.1

in these simulations formed by dynamical interactions. The wide
and extremely wide binaries are formed during the cluster dissolu-
tion phase. Note, however, that the vast majority of the extremely
wide binaries are unstable in the Galactic field, and are ionized
quickly after their formation.

For the models in Figs 7 and 8, the specific binary fraction (i.e.
the fraction of binary systems in a certain semimajor axis range) of
the three types of binaries are listed in Table 2. The highest wide
binary fractions of a few per cent (in the separation range 103 au to
0.1 pc) are obtained for Plummer models with Q = 3/2, and fractal
models with Q = 1/2.

The middle and right-hand panels of Figs 7 and 8 show the
correlations between semimajor axis, mass ratio and primary mass,
for the binary and multiple (higher order) systems in each of the
models. The panels indicate the presence of a large number of
newly formed multiple systems. These higher order systems are

C" 2010 The Authors. Journal compilation C" 2010 RAS, MNRAS 404, 1835–1848

Wide binary systems 
formed during 
cluster dissolution

Close binary systems 
formed via 3-body 
interactions in the 
cluster center

(example)

a ! 0.1Rcluster
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WIDE “BINARIES” ARE MULTIPLE
1846 M. B. N. Kouwenhoven et al.

Figure 12. Given the fact that most stars form in binary systems, it is
expected that the majority of the wide ‘binary’ systems are in fact part of a
triple or quadruple system.

wide binaries cannot be formed later in any significant numbers by
dynamical interactions in the Galactic field.

In this paper we study the possibility of wide binary formation
during the dissolution phase of star clusters, in particular, during
the rapid expansion of clusters after gas expulsion. We study this
possibility using (1) an analytical approach in an idealized situation,
(2) a Monte Carlo approach and (3) detailed N-body simulations.
Our main conclusions are as follows.

(i) The wide binary fraction B among the dissolved stellar pop-
ulation ranges between 1 and 30 per cent, depending on the cluster
properties.

(ii) More massive star clusters result in a smaller wide B than
low-mass clusters. Clusters with a spherical, smooth stellar density
distribution form fewer wide binaries than substructured clusters
of the same size and mass. This is due to the fact that the average
distance between nearest neighbours is smaller for substructured
clusters. Expanding (post-gas expulsion) star clusters produce a
larger B than those starting out of equilibrium.

(iii) The typical semimajor axis a of the newly formed binaries
is similar to the initial size R of the star cluster from which they
were born. The resulting semimajor axis distribution is generally bi-
modal, consisting of a dynamical peak with binary systems formed
by dynamical interactions, and a dissolution peak with binary sys-
tems formed during the cluster dissolution phase.

(iv) The formation of wide binaries during the star cluster disso-
lution phase is a random process, resulting in the following orbital
properties. The eccentricity distribution of the wide binaries is ap-
proximately thermal: f (e) ! 2e for 0 " e < 1. The mass ratio
distribution of the wide binaries is the result of gravitationally fo-
cused random pairing. In a wide binary, the orbital and spin angular
momenta are uncorrelated.

(v) Star clusters with a non-zero primordial binary population
form wide triple and quadruple systems, i.e. the components of a
newly formed wide ‘binary’ can themselves be close primordial
binaries, rather than single stars. The ratio of triple to quadruple
systems among very wide orbits is therefore indicative of the pri-
mordial binary fraction B0. Given that B0 is large, we predict a high

frequency of triple and quadruple systems among the known wide
‘binary’ systems, which is supported by existing surveys for higher
order multiplicity among wide binary systems.

Throughout this paper we have made predictions of the proper-
ties of the wide binary population resulting from the dissolution of
individual clusters. In order to compare our results with observa-
tions, we should therefore take into account the fact that the field
star population is made up of the stars resulting from an ensemble
of clusters of different sizes and masses. The initial cluster mass
distribution may be approximated by f (M) # M$! with ! ! 2 (see
e.g. Zhang & Fall 1999; Ashman & Zepf 2001; Bik et al. 2003;
Hunter et al. 2003). Given the number of stars N = Mcl/%m&, where
%m& is the average mass of a star, this distribution is equivalent to
f (N ) # N$! . Oey, King & Parker (2004) suggest that the above ex-
pression can be extrapolated down to Nmin = 1. The upper limit for
the initial cluster mass distribution is Mmax ! 106 M' (e.g. de Grijs
& Parmentier 2007, and references therein). The resulting binary
fraction Bf for the ensemble of stars (i.e. the field star population)
is then given by

Bf =
! Nmax

Nmin
B(Ncl)Nf (Ncl)dNcl

! Nmax
Nmin

f (Ncl)NdNcl

, (20)

where B(Ncl) is the cluster mass dependent wide binary fraction.
The numerator in the above expression is proportional to the number
of binaries, and the denominator is proportional to the total number
of stars in the ensemble of clusters. In addition, the size and disso-
lution time of a star cluster, and therefore the wide binary fraction,
may also depend on its Galactic location (e.g. Baumgardt & Makino
2003). An inspection of Fig. 6 shows that an extrapolation to N !
106 results in a wide binary fraction of several per cent; smaller than
the observed 15 per cent, irrespective of the choices for R, Q and the
morphology of the cluster. Although we predict rather small values,
our back-of-the-envelope calculation does result in the right order
of magnitude for the wide binary fraction in the Galactic field. It is
clear, however, that a deeper investigation is required to accurately
recover the properties of the wide binary population in the field.
In particular, a wider range of star cluster morphologies has to be
considered, by varying the fractal dimension and position–velocity
correlations of individual star clusters.

Our proposed formation mechanism for very wide binaries pre-
dicts at least several common proper motion pairs in and around
dissolving star clusters and moving groups. For example, the mech-
anism may well explain the presence of the three common proper
motion pairs in the moving groups studied by Clarke et al. (2010).
The future prospects in wide binary research are bright: an enor-
mous number of wide binaries are expected to be found with
the GAIA mission3 (Perryman et al. 2001; Turon, O’Flaherty &
Perryman 2005) and LAMOST4 (Chu 1998; Stone 2008). These
data sets should help determine the true fraction of wide binaries
and their orbital parameters.
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C( 2010 The Authors. Journal compilation C( 2010 RAS, MNRAS 404, 1835–1848

Most stars form in 
(close) binaries ! 
most wide “binaries” 
are triples/quadruples

(N=3 or N=4)
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WIDE BINARY ORBITS - PREDICTIONS

Multiplicity of wide “binary” stars
•1–20 %, depends on cluster mass, cluster size, cluster morphology
•Primordial binary systems ! wide multiples (N=3, N=4)

Orbital size and period
•Semi-major axis ≈ 0.01"1.0 Rcluster

Eccentricity
•Thermal eccentricity distribution: f(e) = 2e

Mass ratio distribution
•Gravitationally-focused random pairing

Stellar rotation and orbital orientation uncorrelated
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SUMMARY

•Most young stars form are in clusters and part of a binary/
multiple systems

•Binarity a key parameter for understanding star formation

•The IMF doesn’t give all information about star formation; 
need to look at young binary systems

•Binary stars in Scorpius OB2: 100% among A/B stars; random 
pairing excluded, f(q) ~ q-0.4

•Very wide binaries are formed during star cluster dissolution; 
most are wide triple/quadruple systems
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PLANETS....

• How do planetary 
systems evolve in star 
clusters? (Wei Hao, 
Xiaochen Zheng)

• What is the “primordial 
planet population” and its 
early evolution? (Li Yun)

• Free-floating planets? 
(Long Wang)
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