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Single Star Formation 

Credit: Spitzer Science Center 



Binary Star Formation 

Bate, Bonnell, & Price (1995) 

Stars collapse from pre-stellar cores. 
 
Fragmentation causes each core to  
form several stars—observations 
suggest 2-3 for most cores 
(Goodwin & Kroupa, 2005). 



Clustered Star Formation 

M17. Credit: ESO 
NGC 290. Credit: ESA/NASA 

Great Sagittarius Star Cloud 
Credit: Hubble Heritage Team 

Stars are born in 
clusters that 
evolve dynamically 
over time. 



What’s going on? 

Fujii, Saitoh, & Portegies Zwart (2012) 



Properties of Binaries 

6.5 Fragmentation 245

Cluster formation was further investigated in a similar calculation [37] in which
the mass was increased to 500 Mˇ and the radius to 0.4 pc. The turbulent Mach
number was increased to 13.6 to result in equality in absolute value of gravitational
and turbulent energies. The numerical simulation included 3:5 ! 107 SPH particles,
allowing a mass resolution down to about 0.01 Mˇ. The main result of the
calculation, which ran 2:85 ! 105 yr, was the production of 1,254 stars and brown
dwarfs, among them 90 binary systems, 23 triple systems, and 25 quadruples. The
initial mass function (IMF) found was in agreement with that observed, above about
0.1 Mˇ (Fig. 5.8). However too many brown dwarfs were produced as compared
with the number of stars to be consistent with the observed ratio of about 1:4
[330,369]. It is very likely that this problem could be resolved with the incorporation
of radiative transfer into the simulations. As shown by [38] for a lower-mass initial
cloud, radiative transfer results in the heating of the gas in the vicinity of the stellar
cores. Their disks are thus less likely to fragment, and in the simulation many of
the brown dwarfs were produced by disk fragmentation, which typically results in
low-mass companions.

The main calculation, without radiation transfer, produces encouraging results
regarding the properties of binary and multiple systems. The increase in multiplicity
fraction as a function of primary mass turned out to be in good agreement with
observations, up to about 5 Mˇ, the highest mass produced in the simulation
(Fig. 6.15). For example, for solar type stars this fraction was computed to be

Fig. 6.15 The multiplicity fraction as a function of primary mass as calculated in a numerical
simulation, compared with observations. The open squares give observed values, with the
horizontal bars giving the mass range that applies, and the vertical bar giving the error and/or the
upper or lower limit. The blue filled squares give the results from the numerical simulations, with
the shaded blue regions giving the region of uncertainty. The red filled squares and shaded boxes
give the numerical result excluding brown-dwarf companions, which are unlikely to be picked
up in observational surveys. The vertical dashed line separates stars from brown dwarfs. Credit:
M. R. Bate: MNRAS 392, 590 (2009). Reproduced with permission from John Wiley and Sons. c!
2009 Royal Astronomical Society

Observed (black) versus simulated (blue and red)  
multiplicity of stars as a function of mass (Bate, 2009). 



Properties of Binaries 
�  S:D:T:Q = 1.50 : 1.0 : 0.105 : 0.026 

 (Duquennoy & Mayor, 1991) 
�  Eccentricities and mass ratios nearly random 224 6 Formation of Binary Systems
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Fig. 6.1 Period distribution of main-sequence binary G dwarfs, corrected for incompleteness
(solid histogram). The data are fit by a Gaussian-like curve. Credit: A. Duquennoy, M. Mayor:
Astron. Astrophys. 248, 485 (1991). Reproduced by permission. c! European Southern Obser-
vatory

is an efficiency factor in the formation of a binary system from a given core: not all
the angular momentum of the core ends up in the binary orbit, possibly as little as
10%. Furthermore, the figure shows (solid line) that the wide range of binary periods
observed at the present time (Fig. 6.1) must have been set up at very early times. The
figure also gives a clue as to why the binary fraction decreases between star-forming
regions and the main sequence. The theoretical model shown takes into account
stellar interactions and binary disruptions in a young cluster. The initial cluster,
represented by the solid histogram, was assumed to contain 200 binary systems with
a total mass of 128 Mˇ. The cluster was dynamically evolved until it completely
dissolved, with the result that many of the longer-period orbits were disrupted and
the multiplicity fraction decreased (short-dashed histogram).
3. The distribution of mass ratios (q D m2=m1 where m2 < m1 is the secondary
mass) is a difficult function to determine, and the full range of primary masses and
orbital periods has not been completely sampled. Accurate mass ratios in general are
obtainable only for double-lined spectroscopic binaries,3 which are relatively few
in number. Thus error bars for this function are large. Figure 6.3 shows the mass
ratios derived by [348] for a sample of 62 main-sequence spectroscopic binaries
(43 of which are double-lined) with relatively short periods, all to the left of the

3Systems in which the spectral lines of both components are seen and exhibit Doppler shifts at the
same period.

Period distribution of 
G dwarf binaries 
(Bodenheimer, 2011). 
 
Wide range of periods 
and thus separations. 
 
Broad peak at ~104 days 
or ~10s of AU. 



How are Binaries Formed? 

�  Fragmentation 
�  Fission 
� Gravitational instabilities in disks 
� Capture? 
◦ Three-body capture 
◦ Tidal capture 
◦ Dissipative capture 



Three-Body Capture 



Three-Body Capture 

� Cross sections are far too low in the 
galactic disk. 

� May be important in dense young 
clusters. 

� Would produce wide binaries 
(Bodenheimer, 2011). 



Tidal Capture 



Tidal Capture 

� Cross sections are far too low in the 
galactic disk (again). 

� May be important in dense young 
clusters. 

� Would produce very tight binaries 
(Bodenheimer, 2011). 



Dissipative Capture 



Dissipative Capture 

� More distant encounters can cause 
capture than for tidal capture. 

� Only occurs in young clusters that are 
still forming stars (Bodenheimer, 2011). 



Numerical Simulations 

� Need full hydrodynamic N-body 
simulations to account for fragmentation 
and all types of capture. 

� Very sensitive to input parameters. 
� Delgado-Donate et al. (2004) produce 

80% binary fraction. 
� Bate (2009) produces a 56% binary 

fraction for solar-type stars, consistent 
with observations. 



Subsequent Evolution 

2003; Gizis et al., 2003; Martı́n et al., 2003). However,
recent studies have suggested that the BD multiplicity fre-
quency may be significantly higher, possibly exceeding 0.5
(Pinfield et al., 2003; Maxted and Jeffries, 2005), provided
most BDs reside in very tight BD–BD pairs.
2.1.2 Separation distribution. The binary separation dis-

tribution is very wide and flat, usually modelled as a log-
normal with mean ∼ 30 AU and variance σlogd ∼ 1.5
(DM91 for G-dwarfs). This is illustrated in Fig. 1 where
the field period distribution is compared to that of young
stars (note that a3/P 2 = msys, where a is in AU, P is in
years andmsys is the system mass inM!).
A similar distribution is found for M-dwarfs by Fischer

and Marcy (1992), and generally seems to hold for all stars,
although the maximum separations do appear to decrease
somewhat, but not substantially, for stars with decreasing
mass (Close et al., 2003). Very low-mass stars (VLMSs)
and BDs seem strongly biased towards very close compan-
ions with semi-major axes a ≤ amax ≈ 15 AU (Close et
al., 2003; Gizis et al., 2003; Pinfield et al., 2003; Maxted
and Jeffries, 2005) in contrast to those of stars that have
amax

>∼ 100 AU (DM91; Fischer and Marcy, 1992; Mayor
et al., 1992). It is this unusual separation distribution which
may have led to the underestimate of the BD multiplicity
fraction. The much smaller amax for VLMSs and BDs com-
pared to the other stars cannot be a result of disruption in a
cluster environment but must be due to the inherent physics
of their formation (Kroupa et al., 2003).
2.1.3Mass ratio distribution. DM91 found that Galactic-

field systems with a G-dwarf primary have a mass-ratio
distribution biased towards small values such that it does
not follow the stellar IMF which would predict a far
larger number of companions with masses m2

<∼ 0.3 M!

(Kroupa, 1995b). For short-period binaries, the mass-ratio
distribution is biased towards similar-mass pairs (Mazeh
et al., 1992). Integrating over all periods, for a sam-
ple of nearby systems with primary masses in the range
0.1 <∼m1/M!

<∼ 1, Reid and Gizis (1997) find the mass-
ratio distribution to be approximately flat and consistent
with the IMF (Fig. 2).
2.1.4 Eccentricity distribution. Binary systems have a

thermalised eccentricity distribution (Eqn. 3 below) for pe-
riods P >∼ 103−4 d, with tidally circularised binaries dom-
inating at low separations (DM91; Fischer and Marcy,
1992).
2.1.5 Higher-order systems. DM91 find the uncorrected

ratio of systems of different multiplicity to be S:B:T:Q =
1.28 : 1 : 0.175 : 0.05 (see also Tokovinin and Smekhov,
2002), suggesting that roughly 20% of multiple systems are
high-order systems. Concerning the origin of high-order
multiple systems in the Galactic field, we note that many,
and perhapsmost, of these may be the remnants of star clus-
ters (Goodwin and Kroupa, 2005).

2.2 Pre-Main Sequence Multiple Systems.

The properties of pre-main sequence (PMS) multiple

Fig. 1.— The period distribution function. Letters show the
observed fraction of field G, K and M-stars and PMS stars (P).
The solid curve shows the model initial period distribution (see
Eqn. 2). The light histogram is the initial binary population in the
simulations of Kroupa (1995b) which evolves through dynamical
interactions in a cluster into a field-like distribution shown by the
heavy histogram.

systems are much harder to determine than those in the
field. We refer the reader to the chapter by Duchêne et al.
for a detailed review of the observations of PMS multiple
systems and the inherent problems.
Probably the most important difference between the

PMS and field populations is that young stars have a signif-
icantly higher multiplicity fraction than the field (see the
chapter by Duchêne et al.; also see Fig. 1).
The separation distribution of PMS stars also appears

different to that in the field with an over-abundance of bina-
ries with separations of a few hundred AU (Mathieu, 1994;
Patience et al., 2002; Fig. 1). More specifically, the binary
frequency in the separation range∼ 100−1000AU is a fac-
tor of ∼ 2 higher than in the field (Mathieu, 1994; Patience
et al., 2002; Duchêne et al., 2004). Extrapolating this in-
crease across the whole separation range implies that fmult

for PMS stars could be as high as 100%. (It appears that in
Taurus the binary frequency is ∼ 100% for stars > 0.3M!,
Leinert et al., 1993; Köhler and Leinert, 1998).
The mass-ratio distribution of PMS stars is similar to

the field population. A detailed comparison is not yet pos-
sible because low-mass companions to pre-main sequence
primaries are very difficult to observe as the available re-
sults depend mostly on direct imaging or speckle interfer-
ometry, while for main-sequence systems radial-velocity
surveys have been done over decades (DM91). Thus, using
near-infrared speckle interferometry observations to obtain
resolved JHK-photometry for the components of 58 young
binary systems, Woitas et al. (2001) found that the mass-
ratio distribution is flat for mass ratios q ≥ 0.2 which is
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Binary fraction by period 
at 100 kyr and 1 Gyr 
(Goodwin et al., 2006). 
 
Binary fraction decreases 
after cluster formation. 
 
Very wide binaries are 
separated. 



Subsequent Evolution 

� Binaries and multiple systems continue to 
evolve as the cluster evaporates. 

�  Initial multiplicity fraction may be as high 
as 100%. 

� Much higher than in field stars for wide 
binaries. 

�  (Goodwin et al., 2006) 



Hard and Soft Binaries 

� Hard binaries: vorb >> σcl, very resistant 
to disruption. 

�  Soft binaries: vorb << σcl, easily disrupted 
by encounters with other stars. 

� Heggie-Hills Law: “Soft binaries soften, and 
hard binaries harden.” 

� Active binaries: vorb ~ σcl, need N-body 
simulations to study. 

�  (Goodwin et al., 2006) 



Small-N Decay of Multiples 



Small-N Decay of Multiples 

consistent with random pairing from the IMF, i.e. fragmen-
tation processes rather than common-accretion (Fig. 2).
The eccentricity distribution of PMS stars also is simi-

lar to the field, with a thermalised distribution except at low
separations where tidal circularisation has occurred rapidly
(e.g., Kroupa, 1995b; White and Ghez, 2001). Finally, the
ages of components in young multiple systems appear to be
very similar (White and Ghez, 2001).
It is currently unclear what the proportion of higher-

order multiples is in young systems (see the chapter by
Duchêne et al.). We will revisit this question in the next
section.

2.3 The evolution of binary properties.

The observations described in Sections 2.1 and 2.2
clearly show that at least the binary fraction and separa-
tion distributions evolve significantly between young stellar
populations and the field.
Indeed, binary properties are seen to change even within

populations in star forming regions. The binary frac-
tion is found to vary between embedded and (older) non-
embedded sources in both Taurus and ρ Oph (Duchêne et
al., 2004; Haisch et al., 2004). Also, the mass ratio dis-
tributions of massive stars appear to depend on the age of
the cluster with those in young clusters being consistent
with random sampling from the IMF and those in dynam-
ically evolved populations favouring equal-mass compan-
ions (Section 2.4).
The evolution of binary properties has been ascribed

to two mechanisms. Firstly, the rapid dynamical de-
cay of young small-N clusters within cluster cores (e.g.,
Reipurth and Clarke, 2001; Sterzik and Durisen, 1998,
2003; Durisen et al., 2001; Hubber and Whitworth, 2005;
Goodwin and Kroupa, 2005; Umbreit et al., 2005), and
secondly, the dynamical destruction of multiples by inter-
actions in a clustered environment can modify an initial
PMS-like distribution into a field-like distribution (Kroupa,
1995a, b; Kroupa et al., 2003; Figs. 1, 3).
2.3.1 Small-N decay. Multiple systems containingN ≥

3 stars are unstable to dynamical decay unless they form
in a strongly hierarchical configuration (stability criteria for
N > 2 systems are provided by Eggleton and Kiseleva,
1995). Generally, a triple system is unstable to decay with
a half-life of

tdecay = 14

(

R

AU

)3/2 (

Mstars

M!

)−1/2

yrs (1)

where R is the size of the system, and Mstars is the mass
of the components (Anosova, 1986). The decay time for
R = 250 AU and Mstars = 1M! is ∼ 55 kyr which is of
order the duration of the embedded phases of young stars,
thus ejections should mainly occur during the main Class
0 accretion phase of PMS objects (e.g., Reipurth, 2000).
Indeed, one such early dynamical decay appears to have
been observed by Gómez et al. (2006), and this is probably

the process at work to reduce the binary fraction between
the embedded and non-embedded stars seen by Duchêne et
al. (2004) and Haisch et al. (2004). These early dynami-
cal processes cause embedded protostars to be ejected from
their natal envelopes, possibly causing abrupt transitions of
objects from class 0/I to class II/III (Reipurth, 2000; Good-
win and Kroupa, 2005).
Significant numbers of small-N decays will dilute any

initial high multiplicity fraction very rapidly to a small bi-
nary fraction for the whole population (e.g.,N = 5 systems
would lead to a population with a binary fraction f = 1/5
within < 105 yr). The observed high binary fraction in
about 1 Myr old populations thus suggests that the forma-
tion of N > 2 systems is the exception rather than the
rule (Goodwin and Kroupa, 2005). Ejections would occur
mostly during the very early Class 0 stage such that ejected
embryos later appear as free-floating single very low-mass
stars and BDs (Reipurth and Clarke, 2001). However, the
small ratio of the number of BDs per star, ≈ 0.25 (Munech
et al., 2002; Kroupa et al., 2003; Kroupa and Bouvier,
2003b; Luhman, 2004), again suggests this not to be a very
common process even if all BDs form from ejections.
Ejections have two main consequences: a significant

reduction in the semi-major axis of the remaining stars
(Anosova, 1986; Reipurth, 2000; Umbreit et al., 2005);
and the preferential ejection of the lowest mass component
(Anosova, 1986; Sterzik and Durisen, 2003). The early
ejection of the lowest-mass component forms the basis of
the embryo ejection scenario of BD formation (Reipurth
and Clarke, 2001; Bate et al., 2002).
The N -body statistics of the decay of small-N systems

has been studied by a number of authors (Anosova, 1986;
Sterzik and Durisen, 1998, 2003; Durisen et al., 2001;
Goodwin et al., 2005;Hubber and Whitworth, 2005). How-
ever, only Umbreit et al. (2005) have attempted to include
the effects of accretion on theN -body dynamics which ap-
pear to have a significant effect - especially on the degree
of hardening of the binary after ejection. Goodwin et al.
(2004a, b) and Delgado Donate et al. (2004a, b) have sim-
ulated ensembles of cores including the full hydrodynam-
ics of star formation, however proper statistical conclusions
about the effects of ejections are difficult to draw due to the
different numbers of stars forming in each ensemble (which
there is no way of controlling a priori), and the smaller num-
ber of ensembles that may be run in a fully hydrodynamic
context. However, some conclusions appear from these and
other studies (Whitworth et al., 1995; Bate and Bonnell,
1997; Bate et al., 2003; Delgado Donate et al., 2003).
Firstly, that early ejections are very effective at hardening
the remaining stars (c.f. Umbreit et al., 2005). Secondly,
this early hardening tends to push the mass ratios of close
binaries towards unity. This occurs as the low-mass com-
ponent has a higher specific angular momentum than the
primary and so is more able to accrete mass from the high
angular momentum circumstellar material (see Whitworth
et al., 1995; Bate and Bonnell, 1997). However, Ochi et al.
(2005) find in detailed 2D simulations of accretion onto bi-

3

Triple stars and higher order multiples are  
unstable on a timescale of: 

Typical decay takes 105 years. 

Results in free low-mass stars plus hard 
binaries with low mass ratios. 

Must be rare to maintain low single star  
fraction (Goodwin et al., 2006) 



Destruction of Binaries 



Destruction of Binaries 

� Clusters tend toward equipartition of 
energy. 

� Wide binaries have low energy, and adding 
energy disrupts them. 

� Tight binaries have high energy, and 
removing energy hardens them. 

� Runaway release of orbital energy could 
unbind the entire cluster (Goodwin, et al., 
2006) 



Destruction of Binaries 

Fujii, Saitoh, & Portegies Zwart (2012) 



N-Body Simulations 

� Active binaries often exchange partners 
and eject the least massive member 
(Goodwin et al., 2012). 

� Correctly reproduce the evolution from 
cluster to field binary distribution 
(Kroupa, Aarseth, & Hurley, 2001). 

� But cannot dynamically generate many 
binaries and cannot dynamically harden 
many binaries (Kroupa & Burkert, 2001). 



Conclusions 

� Most binaries arise by fragmentation with 
a very high initial binary fraction. 

�  Stars can be captured into binaries by 
several processes, but none can produce 
large numbers of binaries in clusters. 

� Very wide binaries are strongly disrupted 
by gravitational encounters. 

� Cluster evaporation leaves hard binaries 
mostly unchanged. 
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