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Multiplicity is a Final Boundary 
Condition for Star Formation 

•  Frequency (Implications for the IMF, Ubiquity of Sun-like 
(Single) Star Formation, Impact on Planet Formation) 

•  Separations (Sizes of Protostellar Cores, Dynamical 
Evolutionary History) 

•  Mass Ratios (Accretion History) 

•  Mass Dependence 
(Formation Processes for Stars 
with Mass <<MJeans) 

Bate et al. (2009) 



Multiplicity is an Initial + Final Boundary 
Condition for Cluster Evolution 

•  Frequency (Dynamical Disruption of Binary Systems) 

•  Separations (Impact Parameters of Dynamical Interactions, 
Binary Hardening, Kozai-Type Orbital Evolution) 

•  Mass Ratios (Binary 
Disruption, Post-Main 
Sequence Mass Transfer) 

•  Mass Dependence 
(Mass Segregation and 
Tidal Evaporation of 
Singletons vs Binaries) 

STScI/DSS 
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Figure 1:

Dependency of CF (red squares) and MF (blue triangles) with primary mass for MS stars and
field VLM objects. The horizontal errorbars represent the approximate mass range for each
population. For B and O stars, only companions down to q ! 0.1 are included. The frequencies
plotted here are the best-estimate numbers from Sections 3.1–3.5, also reported in Table 1.

5.1.3 Mass ratio distribution Although a simple power law representation is imper-
fect for most samples, this formalism o!ers the most straightforward criterion to compare

multiple systems of various masses. As shown in Figure 2, the observed distribution of mass
ratios is close to a flat distribution (|!| ! 0.5) down to q ! 0.1 for all masses M! " 0.3M!,

extending to high-mass stars the conclusions of Reggiani & Meyer (2011). Below this limit,

the mass ratio distribution becomes increasingly skewed towards high-q systems. Further-
more, shorter-period systems among solar-type and low-mass stars have a steeper mass

ratio distribution than wider systems.

Many past studies have favorably compared the mass distribution of companions to that
expected from random pairing from the IMF for field objects. In this situation, and leaving

aside the “smearing” induced by broad ranges of primary masses (Tout 1991), ! should
increase from -2.3 (Salpeter’s slope) at the high-mass end to ! 0 around or below the

substellar limit, which does not match observations at any primary mass. Although a

proper comparison between observations and theory/simulations should be conducted on
the raw f(q) distributions rather than on estimated power law indices, the hypothesis of

random pairing from the IMF is robustly excluded by observations (see Figure 2). On the

other hand, the rarity of substellar companions to low-mass stars suggests an alternative
model in which the mass ratio distribution is flat between q = 1 and a minimum companion

mass, Mmin
sec , that is independent of the primary mass (at least up to M! ! 1.5M!) and

20 Gaspard Duchêne & Adam Kraus

1%)6(J,EA9#9(U(?%$,/(DVWXYM(
Z940(3)6I$#")#(1%$E5)#>(!2,90(K,25I29(1%$E5)#>(



Field Population: Semimajor Axes 

Figure from Burgasser et al. (2006) 

Figure from Duquennoy & Mayor (1991). 

G Dwarfs 

L/T Dwarfs 

The binary separation 
distribution appears to be 
unimodal and log-normal. 

Strongly mass dependent: The 
mean separation for G dwarfs 
is 30 AU (blue arrow), while for 
L/T dwarfs the mean separation 
is 4 AU (red arrow). 



Field Population: Mass Ratios 

Figure from Raghavan et al. (2010). 

Figure from Burgasser et al. (2006) 

L/T Dwarfs 

The mass ratio distributions 
are power laws with mass-
dependent exponents. 

G dwarf distribution is linear-flat 
(slope = 0), while L/T dwarf 
distribution has a clear 
maximum at q~1 (slope = -4). 

G Dwarfs 



0.1 1.0 10.0
Primary Mass (MO •)

-2

0

2

4

!
VLM M G A O

Figure 2:

Power law index fitted to the observed distribution of mass ratios for multiple systems as a
function of primary mass. Red diamonds represent fits to the overall population of multiple
systems within a certain range of primary masses, whereas blue squares and green triangles
represent fits to the subsets of “tight” (P ! P ) and “wide” (P " P ) binaries, respectively.
Horizontal errorbars represent the mass range for each subsample. The dashed curve represents
the index that would be derived if the companions followed the single stars IMF of Chabrier
(2003) and a simple power law would be fit to the resulting companion mass distribution over the
mass ratio range 0.1 ! q ! 1. The asterisk marks the derived power law index using the single
stars IMF of Bochanski et al. (2010). The power law indices plotted here are the best-estimate
numbers from Sections 3.1–3.5, also reported in Table 1.

lies around or somewhat below the substellar limit. However, given current statistical
uncertainties, it is also possible that there is no such minimum companion mass, or that it

varies with primary mass.

5.1.4 Eccentricity distribution Early studies of the eccentricity distribution in

stellar binaries were hampered by severe selection biases (e.g., Aitken 1932, Heintz 1969).
More modern systematic surveys have now yielded a clear and uniform picture (e.g., Abt, Gomez & Levy

1990; De Rosa et al. 2012; Dupuy & Liu 2011; Kiminki & Kobulnicky 2012; Konopacky et al.

2010; Raghavan et al. 2010; Sana et al. 2012a).
The eccentricity distribution for field multiple systems shows remarkably little depen-

dency on primary mass, extending the conclusions of Abt (2005, 2006) across the entire
range of primary masses. Beyond a period of ! 100 d, all populations show an essentially flat
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Field Population: Wide Binaries 
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Nearby, Isolated Star Formation 
Taurus-Auriga 
Age=1-2 Myr 
T Association 

Upper Scorpius 
Age=5 Myr 
OB Association 

Distance=150 pc 

Turning a drawback into a bonus: We don’t have any nearby 
young clusters to observe, but we have plenty of examples of 

binary formation with minimal dynamics. 

Chamaeleon-I 
Age=2-3 Myr 
T Association 
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Kraus & Hillenbrand (2008) 
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Observing Taurus, 1: Adaptive Optics 

. 

. 

. 

. 

. 

. 

. 

. Correct the turbulence introduced 
by the atmosphere, and hence 
concentrate the light of the 
primary star away from the planet. 



Observing Taurus, 2: Interferometry 

Nonredundant Mask Interferometry (NRM): Place an aperture mask 
in the pupil plane, turning the single mirror into a sparse array. Fourier 
analysis techniques (i.e. closure phases) filter almost all remaining noise 
from turbulence and AO errors. (It’s called SAM on the VLT.) 

……. 
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Wide Binary Systems 

Few wide (500-5000 AU) low-mass binaries, but plenty (too many) for 
solar-type stars as compared to the field. Most high-mass field stars 
must lose their wide companions in dynamical interactions, but low-
mass stars never had them. From Kraus & Hillenbrand (2009). 



Wide Binary Systems 



Bayesian Analysis 
Histograms are not ideal. Since data is rarely uniform, you 
end up either using dubious completeness corrections or 
degrading the most sensitive limits.  
 
The answer is Bayes  theorem: 

P(model | data)!P(data |model)P(model)



Bayesian Analysis 

!  The total binary frequency F 
!  A power-law mass ratio distribution with exponent ! 
!  A log-normal separation distribution with mean log(µ) 

and standard deviation "log(s) 

! 

N(q,s)"F # q$ # exp (log(s) % log(µ))
2

2& log(s)
2

' 

( 
) ) 

* 

+ 
, , 

Model the binary population in terms of four parameters: 

For more math: Allen (2007), Kraus (2009), Kraus et al. (2011). 

The result isn’t a PDF for the population, but rather a 
PDF for the parameters that describe the population. 



@A9(!"#$%'(N)I,2$5)#()*(@$,%,/\<,%"-$(

.)2$%\@'I90(=)-\h$&7(iI"cj/(=$Gk(DG"49(l7(,#E9%&$"#(mM(
K(JG$%*/0(.&%)#-2'(I9$c94($&($(*9G(XW/()*(<B(



@A9(!"#$%'(N)I,2$5)#()*(@$,%,/\<,%"-$(

K$//(%$5)(4"/&%"F,5)#("/(
2"#9$%\h$&(*)%(/)2$%\&'I9(
/&$%/7(F9E)6"#-(/&99I9%(
*)%(2)G9%\6$//(/&$%/>(
(
<22(&A9/9(&%9#4/(E)#5#,9(
"#&)(&A9(n=K(%9-"69(o(/99(
?%$,/(U(L"229#F%$#4(
DVWXVM>(



3A%)#)2)-'()*(!"#$%'(:;)2,5)#(
Gas + 

Radiation 

Galactic  
Potential 

Cluster 
Dynamics 

8N<3O.I"&P9%Q(.@.E8OJ..Q(RN=OH<=:S(((

.%%)&)/+0/1)
%($&2+3-4)



@)G$%4(J'#$6"E/0(@A9(ie3(3)%9(
1%)6(Z9"I,%&A(9&($2>(DVWW]M7(
GA9%9(/'6F)2/(/A)G(F"#$%"9/(
"#(&A%99(/9I$%$5)#(%$#-9/>(
(
<E%)//($22(F"#$%'(/9I$%$5)#/7(
*%9T,9#E'(/,II%9//94(
E)6I$%94(&)(@$,%,/(
D4'#$6"E/()%("#"5$2(
E)#4"5)#/kM>(
(
<&(^VWW(<B7(*%9T,9#E'(
I%)*),#42'(/,II%9//94("#(
E)%97(9;9#(;9%/,/(A$2)(
DI%)F$F2'(4'#$6"E/M>(
(
3)#/"/&9#&(G"&A(
?)A29%(9&($2>(DVWWpM>(



8#&9%694"$&9\<-9(32,/&9%/(

."6"2$%(%9/,2&/("#("#&9%694"$&9\$-9(E2,/&9%/>(N9%(!%$#49%(U(
?)A29%(DX``bM($#4(N$59#E9(9&($2>(DVWWVM7((&A9(q924(E$#(F9(

6)49294($/($#($46"C&,%9()*(/I$%/9($//)E"$5)#/($#4(E2,/&9%/>(

N$59#E9(9&($2>(DVWWXM(



@%9#4/(G"&A(<-9O:#;"%)#69#&(

106 107 108 109 1010

Age (yr)

0

10

20

30
C

F 
pe

r 
de

ca
de

 o
f 

se
pa

ra
tio

n 
(%

)

Class I T Tauri Young Assoc. Open clusters Field

PopI PopII

T/OB Assoc.

Clusters

Figure 4:

Dependency of the frequency of visual companions per decade of projected separation with age for
solar-type (! 0.7–1.5M!, blue triangles), low-mass (! 0.1–0.5M!, red squares) and overall
populations of young stars (! 0.1–2M!, orange diamonds). Results from individual surveys are
indicated as gray symbols and include Duchêne et al. (2007a) and
Connelley, Reipurth & Tokunaga (2008) for Class I sources, Ratzka, Köhler & Leinert (2005),
Kraus et al. (2008, 2011), and Lafrenière et al. (2008) for T/OB associations, Reipurth et al.
(2007), Beck, Simon & Close (2003), Duchêne, Bouvier & Simon (1999) and
Luhman, McLeod & Goldenson (2005) for clusters of TTS, Brandeker, Jayawardhana & Najita
(2003); Brandeker et al. (2006), Chauvin et al. (2010) and McCarthy & White (2012) for nearby
young associations, and Bouvier, Rigaut & Nadeau (1997); Bouvier et al. (2001) for open clusters.
The horizontal errorbars represent the approximate age range for each population while vertical
errorbars compound statistical uncertainties and the observed dispersion between similar regions.
The dashed lines represent constant frequencies describing qualitatively the predicted behavior of
low-density associations (top line) and dense clusters (bottom line). The hashed region represent
the range of possible behaviors for stellar clusters in the embedded phases.

essarily implies that the initial multiplicity properties are environment-dependent. This is
discussed in more detail in Section 6. Finally, the marked multiplicity deficit among Pop-

ulation II stars, which is limited to wide binaries, suggests either a metallicity dependence

in binary formation or evolution on a timescale of several Gyr.

5.2.2 Other multiplicity properties Beyond the evolution of the multiplicity fre-
quency, most of the trends identified among PMS multiple systems closely match those

observed among open cluster members and field stars. This includes the dependence of the

mass ratio distribution on both stellar mass and separation, and the dependence of the max-
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Figure 5:

Left: Distribution of mass ratios as function of mass for nearby field objects with M! ! 1.5M!.
The dotted and dot-dashed curves indicate constant companions masses at the substellar and
planetary regime limits (0.075 and 0.013M!), respectively. Data for solar-type stars (green
diamonds), low-mass stars (orange triangles) and VLM objects (red plus signs) are from
Raghavan et al. (2010), the RECONS survey and Janson et al. (2012a), and the VLM binary
database, respectively. BD companions to low-mass stars identified outside of large-scale surveys
are shown as open orange triangles. The few systems with Mprim ! 0.5M! from Raghavan et al.
(2010) correspond to lower mass subsystems in hierarchical multiple systems. Right: Similar plot
for star-forming regions and young associations. Shown as gray diamonds in this plot are
companions to Class II/III objects in Taurus, Upper Scorpius and Chamaeleon I, using the large
surveys from Kraus et al. (2008, 2011), Kraus & Hillenbrand (2012), Lafrenière et al. (2008). In
addition, red open diamonds represent a number of objects discovered via small-scale surveys or
pointed observations with a particular emphasis on VLM primaries and/or companions.

Among visual companions, the stringent limits on the presence of substellar compan-

ions obtained a decade ago (!1% ; e.g., Hinz et al. 2002, McCarthy & Zuckerman 2004,

Oppenheimer et al. 2001) applied to samples largely dominated by low-mass stars. More
recently, deeper surveys focusing on solar-type stars found potentially higher frequencies, al-

though the very small number of detections limits the robustness of this result (Carson et al.
2006, Leconte et al. 2010, Metchev & Hillenbrand 2009, Tanner, Gelino & Law 2010). It

remains unclear whether these substellar companions are a simple extension of the popu-

lation of companions below 0.075M!, as proposed by Metchev & Hillenbrand (2009), or
whether a distinct trough in companion mass is present at large separations as for short-

period systems. One approach to test whether there is a demarcating line between two

distinct populations of visual companions consists in studying the frequency of (very) low-
mass stellar companions to intermediate- and high-mass stars, which probe similar mass

ratios. In this context, we note the existence of a handful of planetary-mass objects around
intermediate-mass stars (Kalas et al. 2008, Marois et al. 2008) but an apparent dearth of

companions around the substellar limit (Janson et al. 2011, Vigan et al. 2012). Upcom-
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Implications for Formation/Evolution 
!  Field mass dependence of features is primordial, not 

dynamical. Lower mass => lower frequencies, smaller 
separations. Indicates core size at fragmentation, 
not preferential dissolution of low-mass systems. 

!  Wide binaries are less common in the field and 
(young) clusters. Preferential dissolution of widest 
systems, with threshold set by cluster density? 

!  All companion masses are equally probable down to 
Mprim~0.3 Msun, but then equal masses become 
increasingly probable. Fragmentation occurs later, 
while less mass is still in the envelope? 

!  Properties are continuous with mass. Stars/BDs form 
in a similar manner; no special formation process? 
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