
IA
U

 C
ol

lo
qu

iu
m

 1
91

 -
 T

he
 E

nv
iro

nm
en

t a
nd

 E
vo

lu
tio

n 
of

 D
ou

bl
e 

an
d 

M
ul

tip
le

 S
ta

rs
 (

©
 C

op
yr

ig
ht

 2
00

4:
 IA

, U
N

A
M

)
E

di
to

rs
: C

. A
lle

n 
&

 C
. S

ca
rf

e

RevMexAA (Serie de Conferencias), 21, 175{183 (2004)

THE FORMA TION OF BINAR Y AND MUL TIPLE STARS IN CLUSTERS

Matthew R. Bate1

RESUMEN

Discutimos aspectoste�oricos de la formaci�on de estrellasdoblesy m�ultiples, particularmente en c�umulos este-
lares. En primer lugar, revisamoslos procesosindividuales quepuedenocurrir durante la formaci�on de estrellas
doblesy m�ultiples: fragmentaci�on, acreci�on, interaccionescon discoscircunestelarese interaccionesdin�amicas.
En segundo,discutimos los resultadosrecientes del c�alculo hidrodin�amico a gran escalade la formaci�on de un
c�umulo, en el cual todos estosprocesosocurren simult�aneamente, y examinamoslos mecanismosde formaci�on
y las propiedadesresultantes de las binarias y m�ultiples en el c�umulo.

ABSTRA CT

We discusstheoretical aspects of binary and multiple star formation, focusing on their formation in stellar
clusters. First, we review individual processesthat may occur during the formation of binary and multiple
stars: fragmentation, accretion, interactions with circumstellar discs, and dynamical interactions. We then
discussthe results from a recent large-scalehydrodynamical calculation of cluster formation in which all of
these processesoccur simultaneously, examining the formation mechanisms and resulting properties of the
binary and multiple stars in this cluster.

Key Words: BINARIES: GENERAL | STARS: FORMA TION | STARS: PRE-MAIN SEQUENCE

1. BINAR Y AND MULTIPLE STAR
FORMATION VIA FRAGMENT ATION

The fragmentation of molecular cloud cores as
they undergo gravitational collapse is the favoured
mechanism for the formation of most binary and
multiple stellar systems.Thereare two main types
of fragmentation, prompt fragmentation (e.g., Boss
1986) and disc fragmentation (e.g., Bonnell 1994).
`Prompt' (Pringle 1989) fragmentation occurs when
gravitationally unstable initial density perturbations
grow in amplitude during the overall collapse of
a molecular cloud, producing multiple fragments.
Fragmentation occursbecausethe collapsetimescale
dependson density � , as tcoll / � � 1=2. Thus, initial
overdensities tend to collapsefaster than the cloud
as a whole. Many numerical studies of prompt frag-
mentation have been performed over the past two
decades(e.g., Boss& Bodenheimer1979;Boss1986;
Bonnell et al. 1991;Bate, Bonnell & Price 1995;Bate
& Burkert 1997;Truelove et al. 1998).

Disc fragmentation around a central object can
occur in a massive circumstellar disc due to the
growth of initially low-amplitude (linear) density
perturbations over several dynamical timescales.
The ratio of the rotational energy to the magni-
tude of the gravitational potential energy for the
system must be greater than � � 0:27, the value re-
quired for the structure to be dynamically unstable

1School of Physics, U. Exeter, UK.

to non-axisymmetric perturbations. Various numer-
ical studies have been performed of disc fragmen-
tation (e.g. Bonnell 1994; Whit worth et al. 1995;
Bonnell & Bate 1994; Bate & Burkert 1997; Burk-
ert, Bate & Bodenheimer 1997). Bonnell (1994)
showed that such disc fragmentation requiresa high
accretion rate on to the disc from the surrounding
cloud. Otherwise, the samenon-axisymmetric per-
turbations that are required for the fragmentation
will transport massand angular momentum within
the disc to producea more stable state without frag-
mentation occurring. The equation of state of the
gas is also critical to its abilit y to fragment (Pick-
ett et al. 2000) with sti� equationsof state resisting
fragmentation.

Together, prompt fragmentation and disc frag-
mentation can produce a wide variety of binary and
multiple systems. However, they appear unable to
form closebinary systems(separations �< 10 AU) di-
rectly.

1.1. The Problemwith Forming Close Binary
Systemsby Fragmentation

Prompt fragmentation can occur during the dy-
namic collapseof a molecular cloud corebecausethe
gasis free to radiate away the gravitational potential
energyreleasedduring the collapsewithout the tem-
perature of the gas increasing. However, at some
point during the collapse, the rate of heating ex-
ceedsthe rate at which the gas can cool, the gas
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176 BATE

temperature beginsto increaserapidly with density,
and a pressure-supported object is formed suppress-
ing further fragmentation (Boss1986,1988). This is
known asthe opacity limit for fragmentation (Low &
Lynden-Bell 1976). Initially , the pressure-supported
core, known as the �rst hydrostatic core, has a mass
of a few Jupiter-massesand a size of � 4 AU (Lar-
son1969). Thus, the opacity limit for fragmentation
setsa minimum stellar massand also forcesthe ini-
tial separations of binaries to be �> 10 AU, imply-
ing that closerbinaries can only be formed through
subsequent orbital decay (e.g. Boss 1986, Clarke &
Pringle 1991b).

A potential opportunit y to form closebinaries di-
rectly by fragmentation occursduring a secondphase
of collapse that occurs within the �rst hydrostatic
core (Larson 1969). When the central temperature
of the �rst core exceeds2000K, molecular hydrogen
begins to dissociate allowing the gas to absorb en-
ergy without its temperature increasingsigni�cantly .
This triggers a secondnearly isothermal collapsedur-
ing which fragmentation might occur. This possibil-
it y has beeninvestigated by Boss(1989), Bonnell &
Bate (1994), and Bate (1998,2003).Bossmanagedto
obtain transient fragments that later merged. Bon-
nell & Bate found that multiple fragments could be
obtained via the fragmentation of a massive circum-
stellar disc. However, in both papers, only the inner
regions of the �rst hydrostatic core were modelled
and the calculations beganwith somewhatarbitrary
initial conditions. Bate (1998) followed the collapse
of an optically-thin molecular cloud core, through
the formation of the �rst hydrostatic core and the
secondcollapsephases,all the way to stellar densi-
ties. He found that fragmentation could not occur
due to gravitational torques if the �rst hydrostatic
corewasrotationally unstable, and the high thermal
pressureif the �rst hydrostatic corewas rotationally
stable. Thus, it appears that fragmentation cannot
occur during the secondcollapsephaseand that close
binary systemscannot form directly via fragmenta-
tion.

2. EVOLUTIONAR Y PROCESSESDURING
MULTIPLE STAR FORMATION

Fragmentation is only the �rst step in the for-
mation of a binary or multiple system. Before the
system has attained its �nal state, three processes
candramatically alter its parameters: accretion, disc
interactions, and dynamical interactions.

2.1. Accretion

In order to determinehow a binary evolvesdue to
accretion, we must determine how much massa typ-

Fig. 1. The dependenceof a protobinary's initial mass
on its separation (Bate 2000). The points give results
from Boss (1986, Figure 13). The solid line gives a sim-
ple estimate (Section 2.1) of the minim um mass that a
`seed'protobinary system should have asa function of its
separation. The dotted line assumesthe binary quickly
accretesthe gas inside the sphere that enclosesit.

ical binary accretesrelative to its initial mass. Boss
(1986) performed many fragmentation calculations
and, for thosethat formed binaries, he found a linear
relationship betweenthe binary's initial massand its
separation in the isothermal collapseregime (Figure
1). This can be understood by a simple Jeans-mass
argument (Figure 1, solid line). For fragmentation
to occur, the Jeanslength at the time of fragmenta-
tion must be lessthan, or similar to, half the sepa-
ration of the binary which is formed. However, for a
�xed temperature, the Jeansmassis proportional to
the Jeans length. Thus, we expect that the mass
of a newly formed binary should be roughly pro-
portional to its separation in the isothermal regime
(separations �> 10 AU). From Figure 1, we seethat
to obtain binaries with solar-massprimaries, close
binaries (separations �< 10 AU) should have to ac-
crete � 100 times their initial massfrom the cloud
in which they form, while wider binaries will have
to accrete less (e.g. 100 AU binaries may typically
accrete� 10 times their initial mass). Binaries with
lower �nal primary masseswill accreteless,while bi-
naries containing massive stars may be expected to
have accretedmore.

The e�ects of the accretion of gas from an in-
falling gaseousenvelope on the properties of a pro-
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THE FORMATION OF BINAR Y AND MULTIPLE STARS IN CLUSTERS 177

Fig. 2. The evolution of the mass ratio of a binary as
it accretesgas from the molecular cloud core in which it
formed. The �nal massratio dependson the initial mass
ratio from the fragmentation event and how much mass
is accreted relativ e to the binary's initial mass. These
evolutionary tracks assumethe cloud core initially had a
uniform density and was in solid-body rotation.

tobinary system have been studied by Art ymowicz
(1983), Bate (1997), Bate & Bonnell (1997), and
Bate (2000). Generally, accretion of gas with low
speci�c angular momentum enhancesthe di�erence
in stellar massesand decreasesthe separation of the
binary, while accretionof gaswith high speci�c angu-
lar momentum increasesthe binary's separationand
drivesthe massratio toward unit y. Bate (2000) con-
sidered how the properties of a binary system (i.e.,
its mass ratio, separation, circumbinary-disc mass,
and relative accretion rate on to the circumstellar
discs) evolve as a binary accretes and determined
how the �nal properties should depend on the char-
acteristics of the core in which the binary formed
(i.e., its radial density and angular momentum pro-
�les). For example, in the long-term, he found that
accretiondrivesthe massratio towardsunit y because
gasthat falls in later tends to have more speci�c an-
gular momentum (e.g., Figure 2).

2.1.1. Mass Ratio Distributions for Binaries
Formed in Isolated Cores

As discussedabove, to obtain binaries with the
same�nal primary mass,closersystemshave to ac-
crete more, relative to their initial fragmentation
mass,than wider systems. Thus, closerbinaries are

more likely to have massratios near unit y (i.e. sim-
ilar masses)than wider binaries since, in the long-
term, accretion tends to equalisethe masses.This is
in good agreement with surveys of solar-type stars.
Duquennoy & Mayor (1991) �nd that for binaries
of all separations, the mass ratio distribution rises
toward low massratios (i.e. unequal masses),while
Mazeh et al. (1992) and Halbwachs, Mayor & Udry
(1998) �nd that closebinaries (periods < 3000days,
or separations �< 5 AU) have a uniform mass ratio
distribution (i.e. they arebiasedtoward equalmasses
comparedto wider systems).

If the initial massof a protobinary dependsonly
on its separation, and not the total mass of the
cloud, then in order to obtain a more massive pri-
mary, the binary must accretemore gasfrom its en-
velope. Thus, weexpect that massivebinariesshould
have a preferencefor nearly equalmasseswhen com-
pared to low-massbinaries of similar separation. In
fact, recent surveys seemto display the opposite re-
sult: massive stars frequently have low-mass com-
panions. The reasonfor this may beto do with di�er-
encesin the formation processof low and high-mass
stars, namely that high-massstars are preferentially
formed in clusters. This will be discussedin Section
2.1.2.

Sincethe massratios of binaries are expected to
becomebiased toward equal massesfor closer bina-
ries or higher-massprimaries, brown dwarf compan-
ionsaremost likely to be found in wide orbits around
low-massstars. For example,considerFigures 1 and
2. To form a brown dwarf companionto a solar-type
star with a separationof �< 10AU, the primary would
have to accrete� 100times its initial mass,while the
�nal massratio of the binary must be M 2=M 1 < 0:1
for the companionto havethe massof a brown dwarf.
Thus, such companionsarepredicted to beextremely
unlikely (the initial massratio would have to be ex-
tremely low or the companion would have to form
after the primary had already accreted most of its
mass). This result is in good agreement with radial
velocity searchesfor planets around solar-type stars
which �nd a brown-dwarf desert (Halbwachs et al.
2000).

2.1.2. Accretion in a Clustered Environment

Thus far, we have assumedthat all binaries form
in isolated molecular cloud cores. However, many,
perhaps most, stars form in dense clusters where
they are expected to interact with one another on a
similar time-scale to that on which they accrete the
bulk of their mass. This is especially important for
young intermediate and high-mass stars which are
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preferentially found in clusters. In this case,stellar
motions are generally uncorrelated with thoseof the
gas. Thus, in contrast to the model discussedabove
where the accretion comes from a rotating molec-
ular cloud core and, therefore, the speci�c angular
momentum of the infalling gasincreasesas the mass
of the binary increases,the gasaccretedby a binary
in a young cluster would be expected to have very
little speci�c angular momentum throughout the en-
tire accretion phase. The accretion of low angular
momentum gasrapidly drivesa binary's components
to be more unequal in mass. Thus, whereasisolated
star formation is expected to produce a trend such
that massive binaries are more likely to have equal
masses,for binaries in clusters, the trend should be
reversed (Bate 2001). This may explain the obser-
vation that in open clusters,massratio distributions
exhibit a steeper rise towards low mass ratios for
higher-massprimaries than low-massprimaries (Pa-
tience et al. 2002). We note that the trend of more-
equalmassesfor smaller separationsshouldstill exist
in clusters becausethe speci�c angular momentum
of the infalling gas, relative to the binary, will still
be greater for binaries of smaller separation.

Finally, wenote that while younghigh-massstars
(M �> 3M� ) are preferentially associated with clus-
ters, low-mass stars are formed in isolated star-
forming regions (SFRs) as well as in clusters. An
obvious implication of this is that the mass ratio
distributions of low-mass stars may di�er between
isolated and clustered SFRs. Indeed, it has been
observed that there is a much higher fraction of bi-
naries with components of nearly equal brightness
in the Taurus SFR (an isolated SFR) than in the
Ophiuchus SFR wherethe star formation is predom-
inantly in a small cluster (Duchêne1999).

2.1.3. Higher-order Multiple Systems

Until now, we have only discussedthe e�ects of
accretion on binary systems.However, accretion can
be even more important for the evolution of multiple
systemssince it can alter their stabilit y by altering
the massesof the components or, for a hierarchical
system,the ratio of the orbital periods (Smith, Bon-
nell & Bate 1997). For example, if the ratio of the
long orbital period to the short orbital period of a
hierarchical triple systemdecreases,the systemmay
becomedynamically unstable and break up into a
binary and a single star. Conversely, if an unsta-
ble multiple systemforms via fragmentation but ac-
cretes rapidly, the ratio of the orbital periods may
increaseto a stable value before the chaotic evolu-
tion of the system has resulted in it breaking up.

2.2. Disc Interactions

If a binary is surroundedby a circumbinary disc,
gravitational torques from the binary transfer angu-
lar momentum from the binary's orbit into the disc,
causing the binary's components to spiral together
(Art ymowicz et al. 1991;Bate & Bonnell 1997). Such
disc interactions are very e�cien t; even relatively
low-massdiscscan have a signi�cant e�ect over time
(Pringle 1991). Thus, although it appearsthat frag-
mentation cannot form closebinary systemsdirectly
(Section 1.1), it is plausible that closebinaries may
be formed by the spiralling of initially wider bina-
ries. For a triple system surrounded by a circum-
triple disc, such evolution may causethe system to
evolve from stabilit y to instabilit y.

In groups and clusters of stars, discs may also
play a role in the formation of binary and multi-
ple systemsthrough star-disc capture (Larson 1990;
Clarke & Pringle 1991a,b;McDonald & Clarke 1995;
Hall, Clarke & Pringle 1996). In a star-disc capture,
two unbound stars becomebound when onestar 
ies
through the disc of the other, dissipating enough
kinetic energy to form a bound system. Star-disc
interactions can plausibly form a signi�cant num-
ber of wide binaries in small-N clusters since the
cross-sectionfor interactions (disc radii may easily
be 100� 1000 AU) is much larger than, for exam-
ple, the tidal capture cross-section.In large-N clus-
ters, however, the velocity dispersion of the stars is
usually too large to allow the formation of a bound
systemand the discsare simply truncated (Clarke &
Pringle 1991a).

2.3. Dynamical Stellar Interactions

Dynamical interactions betweenstars can lead to
the orbital evolution of a binary in several ways. If
the orbital velocity of a binary is greater than the ve-
locity of an incoming object while it is still at a great
distance (i.e. the binary is `hard'), the binary will
survive the encounter (Hut & Bahcall 1983). How-
ever, several outcomesare possible. The binary may
simply be hardenedby the encounter, with the sin-
gle object removing energyand angular momentum.
Alternately , if the encounter is su�cien tly close,an
unstable multiple systemwill be formed. Its chaotic
evolution will usually lead to the ejection of the ob-
ject with the lowest mass. If the ejected object was
a component of the original binary, the net e�ect is
an exchangeinteraction.

In large-N clusters, dynamical interactions lead
to the evolution of the primordial population of mul-
tiple systems (e.g., Kroupa 1995). `Hard' binaries
tend to be hardened by encounters, while `soft' bi-
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naries are usually broken up. Potentially , closebi-
naries could be formed by successive hardening of
wider binaries. This possibility has been investi-
gated by Kroupa & Burkert (2001) who performed
N-body calculations of star clusters (100 to 1000
stars) consisting entirely of binaries with periods
4:5 < log(P=days) < 5:5 to determine the degree
to which the binary population could be broadened
by dynamical encounters. However, they found that
almost no binaries with periods log(P=days) < 4
were produced. Similarly, the dissolution of small-N
clusters typically results in binaries with separations
only an order of magnitude smaller than the sizeof
the initial cluster (Sterzik & Durisen 1998).

3. THE FORMATION OF BINAR Y AND
MULTIPLE STARS IN CLUSTERS

Recently , computer power has increased to the
point that we are able to perform three-dimensional
hydrodynamical simulations of star cluster forma-
tion that resolve all of the above processes(Bate
et al. 2002a,b; 2003). Thus, we can investigate di-
rectly the importance of the above processesin the
formation of binary and multiple stars. Although
somecalculations of star cluster formation have been
performed in the past (e.g., Chapman et al. 1992;
Klessen, Burkert & Bate 1998; Klessen & Burkert
2000,2001),either they have not had su�cien t reso-
lution to resolve binaries and circumstellar discs,or
they have not been evolved long enough for any of
the objects to reach their �nal states.

In the following three sections, we examine the
binary and multiple star formation that occurs in
the large-scalecluster formation simulation of Bate
et al. (2002a,b; 2003). This calculation follows the
formation of a cluster of 50 stars and brown dwarfs,
resolving the opacity limit for fragmentation (Sec-
tion 1.1), circumstellar discs with sizes �> 10 AU,
and binaries with separationsas small as 1 AU.

3.1. The Formation and Frequencyof Binary and
Multiple Systems

As discussedabove, although the favoured mech-
anism for binary and multiple star formation is frag-
mentation, star-disc capture may also form binaries,
especially in small stellar groups. Bate et al. (2003)
used their cluster formation calculation to examine
which of theseformation mechanismsis most preva-
lent. They found the dominant mechanism for the
formation of the binary and multiple systems was
fragmentation, occurring both as prompt and disc
fragmentation. Although many star-disc encounters
occurred during the calculation, most of theseserved

only to truncate the circumstellar discsand did not
result in bound stellar systems(c.f. Clarke & Pringle
1991a). Only two star-disc captures occurred. How-
ever, it is important to note that, although star-disc
encounters do not usually form simple bound sys-
tems directly, they do result in dissipation, which is
important in the formation both of small-N bound
groups and closebinary systems(seebelow).

When the calculation was stopped, there existed
4 multiple systemsor stellar groups. They were a
closestellar binary systemthat wasejectedfrom the
cloud, an unstable quadruple system, an unstable
system consisting of seven objects, and the remains
of a small-N group consisting of 11 objects. These
systems are depicted in Figure 3. The high-order
systemsare quite complex, containing 6 closebinary
systems(separations< 10 AU) and 4 triple systems.
Thesewould all undergofurther evolution if the sim-
ulation were continued. It is likely that most of the
closebinary systemsand someof the triple systems
will survive, but it is not possible to determine the
eventual binary and multiple frequencies. The best
that can be done is to provide an upper limit on the
�nal companion star frequency

CSF =
B + 2T + 3Q + ::::

S + B + T + Q + ::::
; (1)

where S is the number of single stars, B is the num-
ber of binaries, T is the number of triples, etc. The
26 single objects, 1 binary, 1 quadruple, 1 septuple
and 1 system of 11 objects give a companion star
frequencyof 20=30 = 67%. This high frequencyis in
broad agreement with the large fractions of binary
and multiple systems found in young star-forming
regions(e.g., Duchêne1999).

3.2. The Formation of Close Binaries

As discussedin Section 1.1, the opacity limit for
fragmentation setsa minimum initial binary separa-
tion of � 10 AU. However, at the end of the clus-
ter formation simulation, there exist 7 closebinary
systems (separations < 10 AU). A full analysis of
the mechanisms by which these closebinaries form
and their properties was performed by Bate et al.
(2002b). They found that, rather than forming di-
rectly by fragmentation, the 7 closebinary systems
formed from initially wider multiple systemsthrough
a combination of accretion, the interaction of bina-
ries and triples with circumbinary and circumtriple
discs,and dynamical interactions.

Accretion onto a binary from a cloud decreases
the binary's separation unless the speci�c angular
momentum of the accreted material is signi�cantly
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750 AU

50 AU

10 AU

750 AU

Colour Scale

-1.7 -0.5

+3.0+1.5

log N [g/cm  ]2

7 & 8

20, 22 & 253 & 10

32, 42, 44, 50

38, 43 & 45

26 & 40

39 & 41

Fig. 3. The multiple stellar systems formed in the large-scalestar cluster simulation (Bate et al. 20002a,b;2003).

greater than that of the binary (Section 2.1). Sim-
ilarly (Section 2.2), circumbinary discs can tighten
the orbit of an embedded binary system via gravi-
tational torques. For hierarchical triples, accretion
and/or the interaction with a circumtriple disc can
changethe relative separationsof the triple system,
destabilising it and forcing dynamical interactions.
However, although theseprocessesall play a role in
the formation of closebinaries, the most important
ingredient is stellar dynamical interaction (Section
2.3). Fly-bys harden existing binaries and closeren-
counters give exchangeinteractions, usually ejecting
the lowest-massobject.

The main reasonthat dynamical interactions are
able to produce a large number of closebinaries in
this calculation, while in pure N-body calculations
they are not (Section 2.3), is that the presenceof
gasallows the dynamical interactions to be dissipa-
tiv e and transport angular momentum. When dy-
namical stellar interactions are combined with ac-
cretion, circumbinary/circum triple disc interactions,
star-disc encounters and other tidal interactions, ef-

�cien t decay of wider systemsto form closesystems
can be achieved. The frequency of closebinaries at
the end of the calculation is 7=43 � 16%. This is in
good agreement with the observed frequencyof close
(separation< 10AU) binariesof � 20%(Duquennoy
& Mayor 1991), demonstrating that close binaries
neednot be created by fragmentation in situ.

The formation mechanismsdiscussedabove lead
to several consequencesfor the properties of close
binaries (Bate et al. 2002b). There is a preference
for equal masses,with all closebinaries in the cal-
culation having massratios q �> 0:3 and most having
q > 1=2. This is due to the mass-equalisinge�ect of
long-term gasaccretion with increasingangular mo-
mentum (Section2.1) and dynamical exchangeinter-
actions that usually result in the ejection of the least
massive component. These processesgive a natural
explanation for the observation that close binaries
(periods �< 10 years) tend to have higher massratios
than wider binaries (Mazeh et al. 1992; Halbwachs,
Mayor & Udry 1998;Tokovinin 2000). In particular,
accretion from a circumbinary disc may be respon-
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sible for the formation of closebinary systemswith
`twin' components (Tokovinin 2004).

Successivedynamical exchangesalsolead to a de-
pendenceof the close binary fraction on primary
mass, since each time a binary encounters a star
more massive than the primary, the most massive
star will usually becomethe new primary. Of the
� 20 brown dwarfs there is only one close binary
brown dwarf system(seebelow), whereas5 of the 11
stars with masses> 0:2 M � are members of close
binary systems. While it is di�cult to extrapolate
theseresults to larger star clustersand more massive
stars, this trend of the frequencyof closebinaries in-
creasingwith stellar mass is supported by observa-
tional surveys (e.g., Garmany et al. 1980; Mason et
al. 1998).

At the endof the calculation, most of the closebi-
nariesarestill membersof unstablemultiple systems,
with three also being members of hierarchical triple
systems. Even allowing for the eventual break up of
thesesystems,it seemslikely that someof the hierar-
chical triple systemswill survive. Although the true
frequencyof wide companionsto closebinaries is not
yet well known, many closebinaries do have wider
components (e.g. Mayor & Mazeh 1987; Tokovinin
1997,2000). Indeed, it was this observation that led
Tokovinin (1997) to proposethat dynamical interac-
tions in multiple systemsmay play an important role
in the formation of closebinary systemsas, indeed,
is found in the cluster simulation.

3.3. Brown Dwarfs in Binaries

The formation mechanism and resulting proper-
ties of the brown dwarfs in the calculation have been
studied in detail by Bate et al. (2002a). The calcu-
lation produced 23 stars, 18 de�nite brown dwarfs
that were no longer accreting signi�cantly , and 9
objects that were substellar and but were still ac-
creting at the end of the calculation. All objects,
whether they ended up as stars or brown dwarfs,
began as opacity-limited fragments containing only
a few Jupiter masses(Section 1.1); those that sub-
sequently became stars did so becausethey man-
aged to accreteenoughmass. All 18 de�nite brown
dwarfs formed in dynamically-unstable multiple sys-
tems and were ejected from the regions of dense
gas in which they formed before they could accrete
enoughgasto becomestars, as recently proposedby
Reipurth & Clarke (2001).

Of the 18 de�nite brown dwarfs, none are in bi-
naries. However, there is a closebinary brown dwarf
(semimajor axis 6 AU) within an unstable multiple
system consisting of 7 objects. Also in this system

is a close binary (semimajor axis 7 AU) consisting
of a low-mass star (0.13 M � ) and a brown dwarf.
This septuple system will undergo further dynami-
cal evolution, and it is still accreting. However, be-
causethesesubsystemsare close,it is possiblethey
will survive the dissolution of the multiple system,in
which casethe calculation would produceonebinary
brown dwarf system, one star/bro wn dwarf system,
and � 20 single brown dwarfs. Thus, the formation
of closebinary brown dwarfs is possible,but the frac-
tion of brown dwarfs with a brown dwarf companion
should be low (� 5%).

This low frequency is primarily due to the close-
ness of the dynamical encounters that eject the
brown dwarfs from the densegasin which they form
before they can accrete to stellar masses.The min-
imum separationsduring the encounters are usually
lessthan 20 AU, soany wide systemsare usually dis-
rupted. However, another type of dynamical inter-
action also plays a role. Several binary brown dwarf
systems that form during the calculation are de-
stroyed by exchange interactions where one or both
of the brown dwarfs are replacedby stars.

Observationally, the frequencyof brown dwarf bi-
naries is not yet clear. Both Reid et al. (2001) and
Closeet al. (2002) observed 20 brown dwarf or very
low-massprimaries and found that 4 have compan-
ions giving binary frequenciesof � 20%. However,
as discussedby Close et al., these surveys are mag-
nitude limited rather than volume limited and may
therefore overestimate the true frequency of brown
dwarf binaries. The cluster calculation favours a
lower frequency, but due to the small number of ob-
jects, a frequency of 20% cannot be excluded (there
would be a probabilit y of � 6% of �nding 1 binary
out of 20 systems). It is important to note that none
of the binary brown dwarf systemscurrently known
have projected separations > 15 AU (Reid et al.
2001;Closeet al. 2002),consistent with their having
survived dynamical ejection from unstable multiple
systems.

Some of the computations reported here were
performed using the UK Astrophysical Fluids Facil-
it y (UKAFF).
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DISCUSSION

Kaper { Your calculations end after about 200,000yr. When do you expect the �rst stars to settle on the
main sequence?From an observational point of view: how much time should we add to the agederived for a
cluster to take the "star formation duration" properly into account?

Bate { These simulations form low mass stars, so they will take � 107 years to settle onto the main
sequence.The duration of the star formation processis short compared to this time � 105 years, although
low-massobjects can be ejectedvery quickly, in � 104 years.

Hanawa { I would like to know the origin of IMF obtained in your simulation. Do higher massstars have
higher accretion rates or larger duration of accretion?

Bate { Higher massstars accretefor longer rather than accreting more rapidly, but it is important to note
that we only form stars of masses�< 1 M � in thesecalculations.

Hanawa { Can you comment on a paper which claims that the abundanceof equal-massclosebinaries is
due to observational selectione�ects?

Bate { Early papers that looked at massratios of closebinaries usedmagnitude-limited surveys and were
therefore biased towards �nding equal mass systems. More recent surveys (e.g., Mazeh et al. 1992) and
Halbwachs' work) usevolume-limited surveys and should not su�er this bias.

Hummel { I noticed that in the two simulations running side by side the elapsedtime was di�eren t. Why
is this so?

Bate { The two calculations were each run for 1.40 initial free-fall times of the clouds. Becausethe second
cloud is smaller and denser,its free-fall time in years is shorter.

Mathieu { How would you relate your simulations to regionslike Taurus-Auriga, wherethe binary frequency
is very high and whereprotostars (binaries?) are invariably located near the centers of isolated molecular cores?
This doesnot seemto be a region of extensive stellar dynamical activit y, yet there is a rich and varied binary
population.

Bate { The calculations I have shown are of densersystems,such as Ophiuchus and the Trapezium cluster.
However, as shown by the di�erences between my two calculations with di�eren t densities, lower density
clouds do result in lessdisc truncation, and fewer dynamical interactions. So I think the trend is in the right
direction. With such a low-density environment as Taurus, I expect larger discs, fewer interactions and a
quieter environment, as observed. Also, it is interesting to note that Taurus has a lot of nearly equal mass
binaries, which would be consistent with accretion from isolated coresrather than a cluster environment.


