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ABSTRACT
We investigatethe dependenceof stellar propertieson the opacity limit for fragmentation
which is setby themetallicity of a molecularcloud.We comparetheresultsfrom two large-
scalehydrodynamicalsimulationsof star cluster formation that resolve the fragmentation
processdown to theopacitylimit, the�rst of whichwasreportedby Bate,Bonnell& Bromm.
Theinitial conditionsof thetwo calculationsareidentical,but in thenew simulationtheonset
of theopacitylimit occursata lowergasdensity, andthis is expectedto increasetheminimum
massof abrown dwarf by a factorof three(to � 9 Jupitermasses).

We �nd that the lowest massobject is a factor of threehigher in the low-metallicity
calculation,asexpected.However, apartfrom this shift of the low-masscut-o� , the initial
massfunctions(IMFs) producedby the two calculationsareindistinguishable.In particular,
the median(characteristic)massis unchanged.Theseresultsaddsupportto the accretion-
ejectionmodelproposedby Bate& Bonnellfor theorigin of theIMF, whichpredictsthatthe
characteristicmassshouldvary in proportionto the meanthermalJeansmassin the cloud.
They alsoindicatethat theform of theIMF above the low-masscut-o� shouldnot displaya
strongmetallicity dependence,assumingthat the cooling is dominatedby dustandthat the
overall meanthermalJeansmassof a molecularcloud doesnot dependon its metallicity.
However, if themeanthermalJeansmassof amolecularcloudis setby thethermalbehaviour
of gasduring the formationof the cloud, this shouldleadto an indirect dependenceof the
characteristicmassof the IMF on metallicity becauseof the link betweenthe characteristic
massandthemeanthermalJeansmassof thecloud.

Key words: accretion,accretiondiscs– binaries:general– hydrodynamics– metallicity –
stars:formation– stars:low-mass,brown dwarfs– stars:luminosityfunction,massfunction.

1 INTR ODUCTION

Understandingtheorigin of thestellarinitial massfunction(IMF)
is oneof thefundamentalgoalsof acompletetheoryof starforma-
tion. Oneof theprimarycharacteristicsof theIMF is its character-
istic mass.Why is the typical stellarmassa few tenthsof a solar
mass?Onepossibilityis thatthecharacteristicmassoriginatesfrom
thetypical Jeansmassin theprogenitormolecularcloud.Thismay
bethethermalJeansmass(Larson1992,2005),a magneticcritical
mass,or aturbulentJeansmass(Silk 1995).A Jeansmassorigin for
thecharacteristicstellarmasshasbeenbackedupby earlyhydrody-
namicalcalculationsof thefragmentationof clumpy andturbulent
molecularcloudsin which it wasfoundthat themeanmassof the
protostarswassimilar to the meaninitial Jeansmassin the cloud
(Klessen,Burkert & Bate 1998; Klessen& Burkert 2000,2001;
Klessen2001).Anotherpossibilityis thatthecharacteristicmassis
dueto theopacitylimit for fragmentation,which setsa lower limit
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to themassof a `star' andall otherobjectsaccreteto ®nal masses
greaterthanthis minimummass(Hoyle 1953).

Overthepastfew years,wehaveperformedlarge-scalehydro-
dynamicalcalculationsof thecollapseandfragmentationof turbu-
lentmolecularcloudsto investigatetheoriginsof stellarproperties.
The calculationsresolve down to the opacity limit for fragmenta-
tion and,thus,capturetheformationof all starsandbrown dwarfs.
Resultsfrom the®rst two calculationshave alreadybeenpublished
(Bate, Bonnell & Bromm 2002a,2002b,2003; Bate & Bonnell
2005).Thesecalculationsfollowed the fragmentationof turbulent
50-M� cloudswith meaninitial thermalJeansmassesof 1 M � and
1/3 M � . Here,we reporttheresultsof a third calculation,identical
to the®rst,exceptthattheopacitylimit for fragmentationsetin ata
gasdensityninetimeslower, resultingin aminimummassthatwas
threetimesgreaterthanin the®rst calculation(� 9 Jupitermasses
insteadof 3 Jupitermassesfor the®rst two calculations).

Together, thesethreecalculationsenableusto examinethede-
pendenceof stellarpropertieson themeanthermalJeansmassand
theopacitylimit for fragmentation,at last answeringthequestion
of whichmassscaledeterminesthecharacteristicmassof theIMF.
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2 M. R.Bate

We ®nd that the opacity limit for fragmentationdoesnot signif-
icantly in�uence the characteristicmassor the form of the IMF,
exceptthatit setsthevalueof thelow-masscut-o� .

Thepaperis structuredasfollows.Section2 brie�y describes
thenumericalmethodandtheinitial conditionsfor thecalculations.
Theresultsarediscussedin Section3. In Section4, we discussthe
implicationsof the resultsfor the origin of the IMF. Our conclu-
sionsaregivenin Section5.

2 COMPUTATION AL METHOD

The calculationspresentedhere were performedusing a three-
dimensional,smoothedparticle hydrodynamics(SPH) code.The
SPHcodeis basedonaversionoriginallydevelopedbyBenz(Benz
1990; Benz et al. 1990). The smoothinglengthsof particlesare
variablein timeandspace,subjectto theconstraintthatthenumber
of neighboursfor eachparticlemustremainapproximatelyconstant
at Nneigh = 50. The SPHequationsareintegratedusinga second-
orderRunge-Kutta-Fehlberg integratorwith individual time steps
for eachparticle(Bate,Bonnell,& Price1995).Gravitationalforces
betweenparticlesandaparticle'snearestneighboursarecalculated
usinga binary tree.We usethe standardform of arti®cial viscos-
ity (Monaghan& Gingold 1983; Monaghan1992) with strength
parameters� v = 1 and � v = 2. Furtherdetailscan be found in
Bateetal. (1995).Thecodehasbeenparallelisedby M. Bateusing
OpenMP.

2.1 Equation of state

To modelthe thermalbehaviour of thegaswithout performingra-
diativetransfer, weuseabarotropicequationof statefor thethermal
pressureof thegasp = K� � , whereK is a measureof theentropy
of thegas.Thevalueof thee� ective polytropicexponent� , varies
with densityas

� =
(

1; � � � crit;
7=5; � > � crit:

(1)

We take themeanmolecularweightof thegasto be� = 2:46.The
valueof K is de®nedsuchthatwhenthegasis isothermalK = c2s,
with the soundspeedcs = 1:84 � 104 cm s� 1 at 10 K, and the
pressureis continuouswhenthevalueof � changes.

In this paper, threedi� erentcalculationsare discussed.The
value of the critical densityabove which the gasbecomesnon-
isothermalis setto � crit = 10� 13 g cm� 3 in the®rst two calculations.
This equationof statehasbeenchosento matchcloselythe rela-
tionshipbetweentemperatureanddensityduring the spherically-
symmetriccollapseof molecularcloudcoreswith solarmetallicity
ascalculatedwith frequency-dependentradiativetransfer(seeBate
etal. 2003for furtherdetails).In thethird calculation(which is the
main focusof this paper),we setthecritical densityto bea factor
of ninelower at � crit = 1:1 � 10� 14 g cm� 3. This is meantto mimic
thethermalbehaviour of moleculargasthathasalowermetallicity.

The heatingof the moleculargasthat begins at the critical
density inhibits fragmentationat higher densities.This e� ect is
known astheopacitylimit for fragmentation(Low & Lynden-Bell
1976;Rees1976; Silk 1977a,1977b).It resultsin the formation
of distinctpressure-supportedfragmentswithin collapsinggasbe-
causethe temperatureincreasesquickly enoughwith densitythat
theJeansmassincreases,andthehigh densityregion thatwascol-
lapsingbecomesJeansstable.It stopscollapsingandcanonly con-
tractasit accretesmass.Thevalueof theinitial massof a fragment

presumablyalsogivestheminimummassfor abrown dwarf, since
any subsequentaccretionwill only increaseafragment'smass.This
minimummassdependson thevalueof thecritical densityandis
approximatelyequalto theJeansmassat thatdensityandtempera-
ture.Sincethecritical densityis a factorof nine lower in thethird
calculation,the minimummassis expectedto be a factorof three
higherthanin the othertwo calculations.The lowestmassobject
producedby Calculations1 and2 was � 3 Jupitermasses(MJ).
Thus,thelowestmassobjectin thethird calculationis expectedto
be� 9 MJ.

Physically, the heatingof the gasthat resultsin a minimum
massis due to the inability of the gasto radiateaway energy as
quickly asenergy isbeingdepositedinto it duringthecollapse(Ma-
sunaga& Inutsuka1999).Thegascoolingdependson its metallic-
ity, Z, and Low & Lynden-Bell (1976) found that the minimum
massscalesweakly with metallicity asZ� 1=7. They assumedthat
theconditionsin theminimummassfragmentweregivenby abal-
ancebetweenradiative cooling andcompressionalwork doneon
the collapsinggasas the fragmentbecameoptically thick. Since
radiative cooling is proportional to � T4 where � is the opacity
and T is the temperature,then a lower metallicity (and hencea
lower opacity) resultsin the fragmenthaving a greatertempera-
ture.By balancingtheradiative coolingandcompressionalheating
whenthe fragmentbecomesoptically thick, Low & Lynden-Bell
show that the fragment's temperaturescalesasT / � � 4=7. How-
ever, for the fragmentto be optically thick andmarginally Jeans
unstablerequires� �� J=2 = 1, where the Jeansunstablewave-
length � J = 2�

p
RgT=(4� G�� ), Rg is the gasconstant,G is the

gravitational constant,and � is the meanmolecularweight (i.e.,
� 2T=� = a constant).Therefore,usingtheabove scalingof temper-
aturewith opacity, the densityof the fragment� / � � 10=7. Thus,
both the temperatureand densityof the fragmentare higher for
lowermetallicitygas.Theweakdependenceof thefragment'smass
on metallicity is dueto a nearcancellationof the two scalingsof
temperatureanddensityon opacitysincetheJeansmassis propor-
tional to T3=2� � 1=2 / � � 1=7. NotethatMasunaga& Inutsuka(1999)
questionLow & Lynden-Bell's assumptionthatthefragmentis al-
ways optically thick whencooling balancesheating.However, if
the minimum massdoesscaleasZ� 1=7, thenCalculation3 corre-
spondsto a metallicity of around5 � 10� 4 of the solarvalue(i.e.,
log(Z=Z� ) = � 3:3).

2.2 Sink particles

As the pressure-supportedfragmentsaccrete,their central den-
sity increases,andit becomescomputationallyimpracticalto fol-
low their internalevolution becauseof the shortdynamicaltime-
scalesinvolved.Therefore,whenthecentraldensityof a pressure-
supportedfragmentexceeds� s = 100� crit, we inserta sink particle
into thecalculation(Bateetal. 1995).

In all thecalculationsdiscussedin thispaper, asinkparticleis
formedby replacingtheSPHgasparticlescontainedwithin racc = 5
AU of thedensestgasparticlein a pressure-supportedfragmentby
apointmasswith thesamemassandmomentum.Any gasthatlater
falls within this radiusis accretedby thepoint massif it is bound
anditsspeci®cangularmomentumis lessthanthatrequiredto form
a circularorbit at radiusracc from thesink particle.Thus,gaseous
discsaroundsink particlescanonly be resolved if they have radii

�> 10 AU. Sink particlesinteractwith thegasonly via gravity and
accretion.

Sinceall sink particlesare createdfrom pressure-supported
fragments,their initial massesareseveralMJ, asgivenby theopac-
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Thedependenceof theIMF onmetallicity 3

Calculation Initial Initial Jeans Mach Heating No. Stars No. Brown Massof Stars& Mean Median
GasMass Radius Mass No. Density Formed Dwarfs Brown Dwarfs Mass Mass

M� pc M � g cm� 3 M� M� M�

1 50.0 0.188 1 6.4 10� 13 � 23 � 27 5.89 0.1178 0.070
2 50.0 0.090 1/3 9.2 10� 13 � 19 � 60 7.92 0.1003 0.023
3 50.0 0.188 1 6.4 1:1 � 10� 14 � 16 � 18 6.88 0.2024 0.054

Table1. Theinitial conditionsfor calculations1 (BBB2003),2 (BB2005)and3 (thispaper)andthestatisticalpropertiesof thestarsandbrown dwarfsformed.
The initial conditionsfor Calculation3 wereidenticalto thoseof Calculation1. Theonly di� erencewasthedensityat which gasheatingbeganwhich was
a factorof 9 lower in Calculation3 thanin Calculation1. Calculation2 di� eredfrom Calculation1 in that the initial cloudhada smallerradiusmakingthe
meanthermalJeansmassa factorof 3 lower. In eachcase,theinitial turbulentvelocity �elds whereidenticalandwerescaledsothatfor eachcloudtheinitial
kinetic energy equalledthemagnitudeof thegravitationalpotentialenergy. All calculationswererun for 1.40initial cloudfree-fall times.Brown dwarfsare
de�ned ashaving �nal masseslessthan0.075M � . Thenumbersof stars(brown dwarfs)arelower (upper)limits becausesomeof thebrown dwarfswerestill
accretingwhenthecalculationswerestopped.

ity limit for fragmentation.Subsequently, they may accretelarge
amountsof materialto becomehigher-massbrown dwarfs (�< 75
MJ) or stars(�> 75 MJ), but all thestarsandbrown dwarfsbegin as
theselow-masspressure-supportedfragments.

The gravitational accelerationbetweentwo sink particlesis
Newtonianfor r � 4 AU, but is softenedwithin this radiususing
splinesoftening(Benz1990).The maximumaccelerationoccurs
at a distanceof � 1 AU; therefore,this is theminimumseparation
that a binary canhave even if, in reality, the binary's orbit would
have beenhardened.Sink particlesarenot permittedto merge in
this calculation.

Thebene®tsandpotentialproblemsassociatedwith introduc-
ing sinkparticlesarediscussedin moredetailby Bateetal. (2003).

2.3 Initial conditions

We report on the resultsfrom threecalculations.Together, these
threecalculationstestthedependenceof thestatisticalpropertiesof
starformation(suchastheIMF) onthemeanthermalJeansmassin
theinitial cloudsandtheopacitylimit for fragmentation(or metal-
licity of thegas).Resultsfrom Calculation1 werepresentedin Bate
etal. (2002a,2002b,2003),while Bate& Bonnell(2005)compared
theresultsfrom Calculations1 and2. Henceforth,we will referto
thelattertwo of thesepapersasBBB2003andBB2005.

The initial conditionsandresultsfrom all threecalculations
are summarisedin Table 1. Eachcalculationmodelsstar forma-
tion in a 50-M� molecularcloud which is set up as a uniform-
densitysphericalcloudwith animposedsupersonic̀turbulent' ve-
locity ®eld that is allowedto decayasthecalculationevolves(see
BBB2003andBB2005for furtherdetails).

Calculations1 and 3 were identical except for the value of
� crit atwhichthegasdepartedfrom isothermality. In fact,theinitial
stagesof Calculation3 werenot even calculated± Calculation3
wassimply startedfrom the last dump®le that wasmadebefore
Calculation1 reached10� 14 g cm� 3.

The di� erencesbetweenthe initial conditionsfor Calcula-
tions1 and2 werediscussedin detailby BB2005.Essentiallythe
cloudswere identical except for radii of the initial cloudswhich
di� eredsuchthat the molecularcloud in Calculation2 was nine
timesdenserthanthatof Calculation1 and,hence,theinitial mean
thermalJeansmasswasthreetimeslower in Calculation2 (seeTa-
ble 1). Anotherslight di� erencewasthat, in orderthat thekinetic
energy in theturbulencebalancedthegravitationalpotentialenergy
of eachof theclouds,the initial Machnumberof the `turbulence'
in Calculation2 wasslightly higherthanthatin Calculations1 and
3 (seeTable1).

Finally, wenotethatthefree-fall timesof thecloudsin Calcu-
lations1 and3 weret� = 6:0 � 1012 s or 1:90 � 105 years,while in
Calculation2 t� = 2:0 � 1012 s or 6:34 � 104 years.

2.4 Resolution

Thelocal Jeansmassmustberesolvedthroughoutthecalculations
to modelfragmentationcorrectly(Bate& Burkert 1997;Truelove
et al. 1997;Whitworth 1998;Bosset al. 2000;Nelson2005).This
requires�> 1:5Nneigh SPHparticlesperJeansmass;Nneigh is insu� -
cient(Bateetal. 2003).TheminimumJeansmassin Calculations1
and2 occursat themaximumdensityduring the isothermalphase
of the collapse,� crit = 10� 13 g cm� 3, and is � 0:0011 M � (1.1
MJ). Thus,we used3:5 � 106 particlesto modelthe50-M� clouds.
For Calculation3, theminimumJeansmassis a factorof 3 greater
becauseof thedecreasein thevalueof � crit, but becausethecalcu-
lation is restartedfrom an early dump®le of Calculation1 it still
uses3:5� 106 particles.Thus,in Calculation3,alocalJeansmassis
alwaysresolvedby at least3 � 1:1 � 1:5Nneigh � 250SPHparticles

The calculationsrequiredapproximately95000,50000,and
75000CPU hours, respectively, on the SGI Origin 3800 of the
UnitedKingdomAstrophysicalFluidsFacility (UKAFF).

3 COMPARISON OF RESULTS

The resultsof Calculations1 and2 were publishedin BBB2003
andBB2005.In thesepapers,theglobalevolutionof theclouds,the
starformatione� cienciesandtimescales,the forms of the stellar
initial massfunctions,theformationmechanismsof brown dwarfs
andclosebinaries,themultiplicitiesandvelocitydispersionsof the
objects,and the propertiesof their circumstellardiscswe exam-
ined in detail. In this paper, we presentthe resultsof Calculation
3 in an identicalmannerto the pastcalculationsthroughthe ®g-
uresandtables,but in the text we concentrateon how the results
di� er from theothertwo calculations.In particular, weconcentrate
on understandingthe rolesof the opacity limit for fragmentation
(i.e., metallicity) andthemeanthermalJeansmassin theprogeni-
tor molecularcloud in determiningthestatisticalpropertiesof the
starsandbrown dwarfs.

3.1 Evolution of the clouds

As statedin Section2.3,theinitial conditionsandevolutionof Cal-
culations1 and 3 are identical up to the point that the gas®rst
exceedsthe densityat which it departsfrom isothermality, � crit,
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4 M. R.Bate

Core Initial Gas Initial Final No. Stars No. Brown Massof Starsand StarFormation
Mass Size GasMass Formed DwarfsFormed Brown Dwarfs E� ciency
M� pc M � M� %

1 3.04(0.79) 0:06� 0:04� 0:03 2.83(1.21) � 10 � 17 6.00 68 (83)
2 0.89(0.22) (0:02� 0:01� 0:01) 1.06(0.30) 3 0 0.41 29 (58)
3 1.12(0.33) (0:02� 0:01� 0:01) 1.09(0.30) 3 1 0.46 30 (61)

Cloud 50.0 0:38� 0:38� 0:38 43.1 � 16 � 18 6.88 14

Table 2. Thepropertiesof thethreedensecoresthat form duringCalculation3 andthoseof thecloudasa whole.Thegasmassesandsizesof thecoresare
calculatedfrom gaswith n(H2) > 1 � 106 cm� 3 andn(H2) > 1 � 107 cm� 3 (thelattervaluesaregiven in parentheses).Theinitial gasmassis calculatedjust
beforestarformationbeginsin thatcore(i.e. di� erenttimesfor eachcore).Brown dwarfshave �nal masseslessthan0.075M � . Thestarformatione� ciency
is takento bethetotal massof thestarsandbrown dwarfsthatformedin a coredividedby thesumof this massandthemassin gasin thatcoreat theendof
thecalculation.As with Calculation1, thestarformatione� ciency is high locally, but low globally. Thenumbersof stars(brown dwarfs)arelower (upper)
limits becausefourteenof thebrown dwarfswerestill accretingwhenthecalculationwasstopped.

Figure1. Theglobalevolutionof thecloudduringCalculation3 for comparisonwith Figure2 of BBB2003for Calculation1. Imagesareonly shown at times
t = 1:10� 1:40t� becauseCalculation3 wasstartedfrom thet = 1:028t� dump�le of Calculation1,while themoleculargaswasstill isothermal.Theevolution
prior to this time canbeseenin Figure2 of BBB2003.The last threepanelsall show thecloudat theendof thesimulation(t = 1:40t� ), but they arefrom
threedi� erentangles(alongthe x; y; andz-axes).As in Calculation1, by theendof Calculation3, threedensecoreshave formedstars(onemaindensecore,
andtwo smallercoresvisibleat theleft-handsideof thebottom-leftpanel).Many of thestarsandbrown dwarfsthatformedin themaindensecorehavebeen
ejectedfrom thecloudthroughdynamicalinteractions.Eachpanelis 0.4pc (82400AU) across.Timeis givenin unitsof theinitial free-fall timeof 1:90� 105

yr. The panelsshow the logarithmof columndensity, N, throughthe cloud,with the scalecovering � 1:7 < log N < 1:5 with N measuredin g cm� 2. This
columndensityscaleis chosento allow directcomparisonwith Calculation1.

and,thus,Calculation3 is simply startedfrom a dump®le of Cal-
culation 1 that was madeat t = 1:028t� . For a detaileddiscus-
sion of the earlierevolution of the cloud the readeris referredto
BBB2003.Brie�y , however, dueto the initial velocity dispersion
the cloud quickly developsshocks,simultaneouslylosing kinetic
energy and developing overdensitiesin regions with converging
gas�o ws. Whengravity dominatesin an overdenseregion, grav-
itationalcollapseoccursandstarformationbegins.

Thecloudsmodelledin Calculations1 and3 eachform three
densestar-forming coreswith essentiallyidentical locationsand
masses(compareTable2 with Table1 of BBB2003andFigure1
with Figure2 of BBB2003).Becauseof theextra thermalsupport
in Calculation3, starformation(i.e., thereplacingof collapsedgas
with sink particles)occursslightly later in eachof the threedense
coresthan in Calculation1. The threedensecoresbegin forming
starsat t = 1:038t� , t = 1:298t� , and t = 1:320t� , respectively.
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Thedependenceof theIMF onmetallicity 5

Figure 2. Thestarformationin the �rst (main)densecoreof Calculation3. The �rst objectsform a binaryat t = 1:038t� . Largegaseous�laments collapse
to form singleobjectsandmultiplesystems.Theseobjectsfall togetherto form asmallgroup.In Calculation1, theequivalentgroupquickly dissolveddueto
dynamicalinteractions.However, in Calculation3 only oneobjectis ejectedquickly – therestsettleinto awidegroupof objects.and,simultaneously, thereis
a quietperiod(t = 1:16 � 1:24t� ) in thestarformationwhile moregasfalls into thecore.At t � 1:26,a new burstof starformationbegins in the�lamentary
gasandin a largediscarounda closebinary. Thesequenceis continuedin Figure3. Eachpanelis 0.025pc (5150AU) across.Time is given in unitsof the
initial free-fall time of 1:90 � 105 years.Thepanelsshow thelogarithmof columndensity, N, throughthecloud,with thescalecovering � 0:5 < log N < 2:5
with N measuredin g cm� 2.
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6 M. R.Bate

Figure 3. The star formationin the �rst (main) densecore,continuedfrom Figure2. The secondburst of star formationagainproducesa small groupof
objects.This grouphasessentiallydissolvedby thetime thecalculationis stopped.Notethesystemat thetop-rightof the lower panels– this sytstemis the
220-AU quadruplesystem(1,2),(6,8)consistingof two closebinarieseachsurroundedby a circumbinarydisc (seealsoTables3 and4). The systemat the
bottom-rightof thelower panelsis thequadruplesystem(3,(5,22),17)whichcontainsacircumstellardiscaroundobject3 andacircumbinarydiscaroundthe
39-AU binary (5,22).Eachpanelis 0.025pc (5150AU) across.Time is given in units of the initial free-fall time of 1:90 � 105 years.Thepanelsshow the
logarithmof columndensity, N, throughthecloud,with thescalecovering� 0:5 < log N < 2:5 with N measuredin g cm� 2.

In eachcase,thesetimesareapproximately0:002t� later thanthe
correspondingtimesin Calculation1.

All threecalculationswerestoppedat t = 1:40t� to allow di-
rect comparisonof the results.Star formationwould continuein
eachcloud if the calculationswere followed further. Calculation
3 produced16 starsand16 brown dwarfs.Two additionalobjects
hadsubstellarmassesbut werestill accreting.Bothof theseformed
shortlybeforethecalculationwasstoppedand,therefore,it is im-
possibleto tell whetheror not they would becomestars.

3.2 The star-formation processin the densecores

Snapshotsof the processof star formation in Calculation3 are
shown in Figures2 and3 for Core1 andin Figure4 for Cores2
and3. As with theearliercalculations,a trueappreciationof how
dynamicandchaoticthestar-formationprocessis canonly beob-
tainedby studyingananimationof thesimulation.Thereaderis en-
couragedto downloadananimationcomparingCalculations1 and
3 from http://www.astro.ex.ac.uk/people/mbate/Research/Cluster.

As in Calculation1, thestarformationin thedensecorespro-
ceedsvia gravitational collapseto produce®lamentarystructures
that fragment(e.g.Bastien1983;Bastienet al. 1991; Inutsuka&
Miyama1992)to form acombinationof singleobjectsandmultiple
systems(Figures2, 3 and4). In Calculation1, many of themulti-
plesystemsresultfrom thefragmentationof massive circumstellar
discs(e.g.Bonnell 1994;Bonnell & Bate1994;Whitworth et al.

1995;Burkert,Bate& Bodenheimer1997;Hennebelleetal. 2004).
This is still the casein Calculation3 but thereis lessdisc frag-
mentationthanin Calculation1 becausethechangein theequation
of stateresultsin a given disc beinghotterand,thus,morestable
againstfragmentation.A particularly good exampleof the e� ect
of the changein the equationof stateis the evolution of the cir-
cumbinarydiscthatformsaroundthe®rst two objects(seenin the
upper-right of the ®rst four panelsin Figure2 andthe equivalent
®gureof BBB2003).In Calculation1, this disc fragmentsto form
two starsandabrown dwarf in theinterval t = 1:06� 1:08t� , but in
Calculation3 thediscdoesnot fragment.

In the mostmassive core, in both Calculations1 and3, the
objectsfall togetherinto thegravitationalpotentialwell of thecore
to form a smallstellarcluster(Figure2, t = 1:12 � 1:14t� ). At this
point,Calculation3's clustercontains10 objects(threefewer than
in Calculation1). From this point on, the clustersbegin ejecting
objectsin dynamicalinteractions.We notethatclusterscontaining
moreobjectsappearto bethemoste� cientatejectingobjects(i.e.,
they ejectthelargestnumberobjectsin thesamefractionof a free-
fall time). At t = 1:26, Calculation3 hadproduced14 objectsbut
ejectedonly ®ve of these,whereasCalculation1 hadproduced20
andejected15 of these.Calculation2 hadproduced45 objectsin
Core1 andejected� 20 of theseat the sametime andmorethan
half of theobjectsshortlyafterwards.

Another interestingpoint that is graphically illustrated by
comparingtheevolutionsof themaindensecoresof Calculations1

c
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Thedependenceof theIMF onmetallicity 7

Figure 4. Thestarformationin thesecondandthird densecores.The�rst objectin core2 formsat t = 1:298t� , followedquickly by the�rst objectin core3
at t = 1:320t� . Both objectsaresubsequentlysurroundedby massive circumstellardiscsthateachfragmentto form two triple stellarsystems.Justbeforethe
a fourth objectformsfrom a �lament in core3 thathasthemassof a brown dwarf but is still accretingrapidlywhenthecalculationis stopped.Eachpanelis
0.025pc (5150AU) across.Time is given in unitsof theinitial free-fall time of 1:90 � 105 yr. Thepanelsshow thelogarithmof columndensity, N, through
thecloud,with thescalecovering� 0:5 < log N < 2:5 with N measuredin g cm� 2.

and3 is thechaoticnatureof starformation.Evenasmallchangein
thephysics(in thiscase,aslightchangeto theequationof state)re-
sultsin parallelevolutionsthatdivergewith time.Thiscanbeseen
by comparingFigures2 and3 with Figures3 and4 of BBB2003
(seealsothe animation).Up until t = 1:20t� , the spatialdistribu-
tionsof starformationwithin themaindensecoresareverysimilar.
However, afterthispoint they becomeverydi� erent,largelydueto
the breakup of a multiple systemin Calculation1 that doesnot
have a counterpartin Calculation3.

Cores2 and3 eachproduce3 starsduringCalculation3. Each
of thesebegins with a single star surroundedby a massive disc
that fragmentsto form a triple system.Core3 alsoformsa fourth
object in a nearby®lament,just beforethe calculationis stopped
(seealsoFigure6 of BBB2003for thecounterpartof this®lament).
Again, althoughdisc fragmentationoccursin Calculation3, it is
lessproli®c thanin Calculation1 in which cores2 and3 produced
7 and5 objects,respectively.

3.3 Star formation timescaleand e� ciency

The timescaleon which star formation occursis the dynamical
onein all threecalculations,consistentbothwith observationaland
othertheoreticalarguments(Pringle1989;Elmegreen2000a;Hart-
mann,Ballesteros-Paredes& Bergin 2001),whetheror not mag-
netic ®eldsarepresent(MacLow et al. 1998;Ostriker et al. 2001;
Li et al. 2004).We notethatCalculation3 convertsslightly more
gasinto starsin the sameamountof time asCalculation1 (6.88

versus5.89M � ). Becausethecalculationsareessentiallyidentical
on large-scales,this di� erenceprobablyindicatesthataccretionis
moree� cient in clusterscontainingfewer objects(the gasis less
stirredup).

In all calculations,the local star-formatione� ciency is high
within eachof thedensecores(seeTable2 for Calculation3). This
high star-formatione� ciency is responsiblefor the burstsof star
formationseenin all threecalculations(seeFigure5 for Calcula-
tion 3, wherethereis a burst of star formation in the main dense
core from t = 1:03 � 1:13t� , followed by a pause,anda second
burstduringt = 1:23 � 1:34t� ). Gasis rapidly convertedinto stars
in themostmassive densecoresanddepletedto suchanextentthat
starformationpauses.Freshgasmustfall into thegravitationalpo-
tentialwells of thesmall clustersbeforenew burstsof starforma-
tion canensue.Althoughthelocal star-formatione� ciency is high
in thedensecores,mostof the gasin both calculationsis in low-
densityregionswhereno star formationoccurs.Thus,the overall
starformatione� cienciesarelow (� 10%)for all calculations.Al-
thoughnoneof thecalculationhavebeenfolloweduntil starforma-
tion ceases,in all calculationsa largefractionof thegashasdrifted
o� to largedistancesby theendof thecalculationsdueto theinitial
velocitydispersionandpressuregradientsandis notgravitationally
unstable.Thus,the global star formatione� cienciesareunlikely
to exceeda few tensof percent.Furthermore,althoughnoneof our
calculationsform high-massstars,feedbackfrom jets,out�owsand
heatingof thegas(noneof whichareincluded)wouldnevertheless
beexpectedto reducethestarformatione� ciency further.
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Figure 5. Time of formationandmassof eachstarandbrown dwarf at the
endof thecalculation.Thecolourof eachline identi�es thedensecorein
which the object formed: �rst (blue), second(green),or third (red) core.
Objectsthat arestill accretingsigni�cantly at the endof the calculationa
representedwith arrows. The horizontaldashedline marksthe star/brown
dwarf boundary. Timeis measuredfrom thebeginningof thecalculationin
termsof thefree-fall time of the initial cloud(top) or years(bottom).This
�gure maybecomparedwith theequivalent�gures for Calculations1 and
2 containedin BBB2003andBB2005,respectively.

As discussedin BBB2003, observations show that star for-
matione� cienciesvary widely acrossstar-forming regions.Some
partsof star-formingcloudscontainnonewly formedobjectswhile
in otherparts,notablyclustersandgroups,thelocal e� ciency can
reach50%or more.Overall,suchapatternresultsin low globalstar
formation e� ciencies,typically 10-30%(Wilking & Lada 1983;
Lada1992).

3.4 Stellar velocity dispersion

Dynamical interactionsbetweenclustermemberseject starsand
brown dwarfs in all threecalculations.In both Calculations1 and
2, BBB2003andBB2005found that the ®nal velocity dispersion
of the starsandbrown dwarfs is independentboth of stellarmass
andbinarity. While the lack of dependenceon masswasreported
from pastN-body simulationsof the breakupof small-N clusters
with N > 3 (Sterzik & Durisen1998) and SPH calculationsof
N = 5 clustersembeddedin gas(Delgado-Donate,Clarke & Bate
2003),thesecalculationsfoundthatbinariesshouldhave a smaller
velocity dispersionthansingleobjectsdueto the recoil velocities
of binariesbeinglower, keepingthemwithin thestellargroups.

The velocitiesof the starsand brown dwarfs relative to the
centreof massof all theobjectsaregiven in Figure6 for Calcula-
tion 3. The rms velocity dispersionis 3.7 km s� 1 in threedimen-
sionsor 2.1 km s� 1 in one dimension(using the centre-of-mass
velocity for binariescloserthan10 AU). This is intermediatebe-
tweenthevelocity dispersionsof Calculations1 and2, which had
three-dimensionalvelocity dispersionsof 2.1 and4.3 km s� 1, re-
spectively.

The three-dimensionalvelocity dispersionsof brown dwarfs,
stars,andbinaries(semi-majoraxes< 100 AU) are4.4, 2.8, and

Figure6.Thevelocitiesof eachstarandbrown dwarf relative to thecentre-
of-massvelocity of the stellarsystem.For binarieswith semi-majoraxes
< 100AU), thecentre-of-massvelocity of thebinary is given,andthetwo
starsareconnectedby dottedlinesandplottedassquaresratherthancircles.
Therootmeansquarevelocitydispersionfor theassociation(countingeach
binaryonce)is 3.7km/s (3-D) or 2.1km/s (1-D). As in Calculations1 and
2, thereis no signi�cant dependenceof the velocity dispersionon mass.
However, up to theendof thenew calculation,no binarieswereejectedso
the velocity dispersionof the binariesis low at only 1.2 km/s (3-D). The
verticaldashedline marksthestar/brown dwarf boundary.

1.2 km s� 1, respectively. The di� erencebetweenthe velocity dis-
persionsof thestarsandbrown dwarfs is not signi®cantsincethe
high brown dwarf velocity dispersionis basedpurely on a single
brown dwarf thatwasejectedwith a velocityof 14km s� 1 (remov-
ing thisobjectfrom thesamplegivesabrown dwarf velocitydisper-
sionof 2.8km s� 1, exactly thesameasthatof thestars).However,
thedi� erencebetweensinglesandbinariesdoesappearto besig-
ni®cant.This di� erentresultis dueto the fact that in Calculations
1 and2, bothsingleandbinarystarswereejectedso that their ve-
locity dispersionswere indistinguishablewhereas,in Calculation
3, all of the binariesare in fact membersof triple or high-order
systems(seeTable3) andnonewereejectedbeforethecalculation
was stoppedresulting in them having a low velocity dispersion.
This impliesthatthelack of dependenceof thevelocity dispersion
on multiplicity that wasfound in Calculations1 and2 is brought
aboutby the fact that most objectsin thosecalculationsformed
in clustersof N >

� 20 objectsso that both singleobjectsandmul-
tiple systemswereejected.Smallmultiple systemsaree� cientat
ejectingsingle objects,but without the larger clustersof objects
thatformedin Calculations1 and2 it is di� cult to ejecta multiple
system.Thismatcheswell with theresultsof Delgado-Donateetal.
(2004)whoperformedsimulationsof starformationin smallturbu-
lent cloudsandfoundwhile thevelocity dispersionsof singlesand
binarieswereindistinguishable,higher-ordermultipleshadsignif-
icantly lower velocity dispersions.The implicationsfor observed
star-forming regionsareclear. In low-densitystar-forming regions
suchasTaurusandChameleonthat form only very small groups
of stars,multiple systemsmay have a lower velocity dispersion
than single objects,whereasin richer star-forming regions such
as � Ophiuchusand Orion theremay be no distinction between
thevelocity dispersionsof singleandmultiple systems.Notealso
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Figure 8. The initial massfunctionsproducedby Calculations1 and3. Calculation3 (righthandpanel)is identicalto Calculation1 (lefthandpanel),except
thatthecollapsinggasbeginsheatingata lower density, resultingin agreaterminimumbrown dwarf mass.Thesingleshadedregionsshow all of theobjects,
the doubleshadedregionsshow only thoseobjectsthat have �nished accreting.The massresolutionof the simulationsis 0.0011M � (i.e. 1.1 MJ), but no
objectshavemasseslower than4:9 MJ in Calculation1 and9:7 MJ in Calculation3 dueto theopacitylimit for fragmentation.Wealsoplot �ts to theobserved
IMF from Miller & Scalo(1979)(dashedline), Kroupa(2001)(solidbrokenline), andChabrier(2003)(solidcurve).TheSalpeter(1955)slope(solidstraight
line) is equalto thatof Kroupa(2001)for M > 0:5 M � . Theverticaldashedline marksthestar/brown dwarf boundary.

Figure7.Thecummulativeinitial massfunctionsproducedby Calculations
1 (solid line) and3 (dottedline). A Kolmogorov-Smirnov teston the two
distributionsshows thatthereis a45%probabilitythatthey aredrawn from
thesameunderlyingIMF (i.e.,statistically, they areindistinguishable).The
verticaldashedline marksthestar/brown dwarf boundary.

thatGoodwin,Whitworth& Ward-Thompson(2004)arguethatthe
massfunctionin Taurusmaydi� erentto otherstar-formingregions
dueto thefactthatit only containslow-masscores.

Observationally, in agreementwith thecalculationspresented
here,thereis no evidencefor brown dwarfshaving a signi®cantly
highervelocitydispersionthanstars(somethingthatwassuggested
asa possiblesignaturethat brown dwarfs form as ejectedstellar
embryosby Reipurth& Clarke 2001).In fact,studiesof theradial
velocitiesof starsandbrown dwarfsin theChamaeleonI darkcloud
®nd thatbrown dwarfshaveamarginally lower velocitydispersion
thantheT Tauri stars(Joergens& Guenther2001;Joergens2003;
Joergens2005).

3.5 Initial massfunction

A summaryof themassdistributionsof thestarsandbrown dwarfs
formedin the threecalculationsis given in Table1. From Calcu-
lations1 and2, BB2005found that decreasingthe meanthermal
Jeansmassof theprogenitorcloudby a factorof threeresultedin
a correspondingdecreasein themedian(characteristic)massby a
factorof almostexactlyafactorof three.Thus,they concludedthat
thecharacteristicstellarmassis setby themeanthermalJeansmass
in molecularclouds.However, theopacitylimit for fragmentation
wasthesamein boththesecalculations,leaving openthequestion
of its role in the origin of the IMF. We show in this sectionthat
changingthe opacity limit for fragmentationonly altersthe value
of theminimummasscut-o� anddoesnotaltertherestof theIMF
signi®cantly.

Calculations1 and3 canbeusedto investigatethedependence
of the IMF on the opacity limit for fragmentationsincethey are
identicalexcept for the minimum massfor fragmentation.As de-
scribedin Section2.1, the minimum massin Calculation3 is a
factorof threegreaterthat that in Calculation1 (roughly 9 MJ as
opposedto 3 MJ). The IMFs from the two calculationsaregiven
in Figure8. Bothcalculationsform roughlyequalnumbersof stars
and brown dwarfs, indicating that changingthe minimum object
massby a factorof threehaslittle a� ecton theIMF (asopposedto
Calculation2 whoseIMF wasbiasedin favour of brown dwarfs).
In Calculation1, 50 objectswereformedwith a meanobjectmass
of 0.118M � anda medianmassof 0.070M � . In Calculation3, 34
objectswereformedin thesametime with a meanmassof 0.202
M � andamedianmassof 0.054M � . As wehavealreadydiscussed,
heatingof thegasat lower densitiesinhibits fragmentation,which
is consistentwith the fact that fewer objectsareformedandtheir
meanmassis greater. However, with suchsmall numbersof ob-
jects,it is importantto inquirewhetherany di� erencein theIMFs
is statisitically signi®cant.In Figure7, we give the cummulative
IMFs. A Kolmogorov-Smirnov teston thetwo distributionsshows
that thereis a 45% probability that they aredrawn from the same
underlyingIMF (i.e., statistically, they are indistinguishable).By
contrast,BB2005found that the IMFs from Calculations1 and2
hadonly a 1.9%probabilityof beingdrawn from thesameunder-
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Figure9.Thetime-averagedaccretionratesof theobjectsformedin thecal-
culationversustheir �nal masses.Theaccretionratesarecalculatedasthe
�nal massof anobjectdividedby thetime betweentheir formationandthe
terminationof their accretionor theendof thecalculation.Thehorizontal
solid line givesthearithmeticmeanof theaccretionrates:1:9� 10� 5 M� /yr.
Theaccretionratesaregiven in M � =t� on theleft-handaxesandM � /yr on
the right-handaxes.The vertical dashedline marksthe star/brown dwarf
boundary.

Figure10.Thetimebetweentheformationof eachobjectandthetermina-
tion of its accretionor the endof the calculationversusits �nal mass.As
for the calculationsin BB2005,thereis a clearlinear correlationbetween
thetime anobjectspendsaccretingandits �nal mass.Thesolid line gives
thecurve thattheobjectswould lie onif eachobjectaccretedat themeanof
thetime-averagedaccretionrates.Theaccretiontimesaregiven in unitsof
the t� on the left-handaxesandyearson theright-handaxes.Thevertical
dashedline marksthestar/brown dwarf boundary.

lying IMF. SincetheKolmogorov-Smirnov testis mostsensitive to
di� erencesin the medianmassof two distributions,we conclude
thatthecharacteristic(median)massof theIMF is quiteinsensitive
to thevalueof theminimummasswhich is imposedby theopacity
limit for fragmentation.

Although thereis no statisticallysigni®cantdi� erencein the
characteristicmassfrom Calculations1 and3, theminimumobject
massdoesincreaseasexpecteddue to the changein the opacity
limit for fragmentation.The lowest massobjectsformed in Cal-
culations1 and2 were4.9 MJ and2.9 MJ, respectively. Thus,we
assumethe minimum massfor their equationof stateis � 3 MJ.
Calculation3 shouldthenhave a minimumobjectmassof � 9 MJ.
Indeed,thelowestmassbrown dwarf formedhasamassof 9.7MJ.

Figure 11.For eachobjectthathasstoppedaccreting,we plot thetime be-
tweenthe formationof the objectandits ejectionfrom a multiple system
versusthe time betweenits formationandthe terminationof its accretion.
As for thecalculationsin BB2005,thesetimesarecorrelated,showing that
the terminationof accretionon to anobjectis usuallyassociatedwith dy-
namicalejectionof theobject.

We notethatthelowestmassobjectsin all threecalculationswere
ejectedbeforetheendof thecalculationsandnoneof themarestill
accreting.Themimimumresolvablemassin thecalculationsis 1.1
MJ (seeSection2.4).

In Figure8, we comparetheIMFs from Calculations1 and3
with parameterizationsof theobserved GalacticIMF by Miller &
Scalo(1979),Kroupa(2001),andChabrier(2003).Calculation1
is in goodagreementwith Chabrier's singlestarIMF (solid curve),
althoughwe cannotyet test the form of the high-massendof the
IMF (masses>� 1 M � ) with calculationsthatsimultaneouslyresolve
down to theopacitylimit for fragmentation.It is di� cult to com-
pareCalculation3 with the parameterizedIMFs dueto the small
numberof objectsformedbut, within thelargeuncertainties,it too
is consistentwith theobservedIMF.

BB2005investigatedin detailtheorigin of theIMF from Cal-
culations1 and 2. Sinceall objectsin the calculationsbegin as
opacity limited fragmentsat the minimum massandthenaccrete
to their®nalmasses,low-massobjectscouldoriginatefrom objects
with low accretionratesor from objectswith a typical accretion
ratewhoseaccretionis terminatedshortlyafterthey form (e.g.,by
ejectionin a dynamicalinteractionwith otherobjects).

Following BB2005,in Figure9,weplot thetime-averagedac-
cretionratesof all theobjectsin Calculation3 asafunctionof their
®nal masses.A time-averagedaccretionrateis de®nedasthemass
of anobjectat theendof thecalculationdividedby the time over
which it accretedthat mass.The accretiontime is measuredfrom
theformationof anobject(i.e.,theinsertionof asinkparticle)to the
last time atwhich its accretionratedropsbelow 10� 7 M � /yr, or the
endof thecalculation(which ever occurs®rst). We alsode®nean
ejectiontime,which is thetimebetweentheformationof anobject
andlast time the magnitudeof its accelerationdropsbelow 2000
km/s/Myr (or theendof thecalculation).Theaccelerationcriterion
is basedon the fact that oncean object is ejectedfrom a stellar
clusterthroughadynamicalencounter, its accelerationwill dropto
a low value.Thespeci®cvalueof theaccelerationwaschosenby
comparinganimationsandgraphsof accelerationversustime for
individualobjects.As with Calculations1 and2, thetime-averaged
accretionratesof the objectshave a signi®cantdispersion.How-
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ObjectNumbers M1 M2 q a e Comments
M� M�

6,8 0.75 0.59 0.79 1.0* 0.54*
1,2 0.69 0.65 0.94 5.1* 0.77*
24,28 0.19 0.11 0.55 5.8 0.22
31,32 0.13 0.09 0.72 24 0.33
5,22 0.57 0.16 0.28 39 0.54

(24,28),29 (0.30) 0.16 0.55 40 0.22
(31,32),23 (0.22) 0.19 0.85 186 0.27 System1; In Core2
3,(5,22) 0.90 (0.72) 0.81 599 0.13

(1,2),(6,8) (1.35) (1.34) 1.00 217 0.37 System2; In Core1
(3,(5,22)),17 (1.62) 0.034 0.021 787 0.81 BD companion;System3; In Core1
((24,28),29),34 (0.46) 0.013 0.029 1794 0.85 BD companion(accreting);System4; In Core3

Table 3. Thepropertiesof the4 multiplesystemswith semi-majoraxeslessthan2000AU formedin Calculation3 (seealsoFigure11).Oneof thesesystems
is a triple while theotherthreearequadruplesystems.Thestructureof eachsystemis describedusingabinaryhierarchy. For each̀ binary' wegive themasses
of theprimaryM1 andsecondaryM2, themassratioq = M2=M1, thesemi-majoraxisa, andtheeccentricitye. Thecombinedmassesof multiplesystemsare
given in parentheses.Orbital quantitiesmarkedwith asterisksareunreliablebecausetheseclosebinarieshave periastrondistanceslessthanthegravitational
softeninglength.Whenthecalculationis stopped,all four systemsareunstableand/or arestill accreting,sotheir �nal statesareunknown. In thecomments,
BD companionrefersto awidebrown dwarf companionto thetightertriple systems.

ever, thereis nosystematictrendfor thelower-massobjectsto have
lower time-averagedaccretionrates.

In Figure 10 we plot the time betweenthe formation of an
objectandtheterminationof its accretion(or theendof thecalcu-
lation)versusthe®nalmassof theobject.Thosepointswith arrows
denotethoseobjectsthatarestill accretingsigni®cantlyat theend
of thecalculation.Accretingobjectswouldmovetowardstheupper
right of the diagramsif the calculationswereextended.Again, as
with Calculations1 and2, it is clearthat the lower the �nal mass
of the object,the earlier its accretion wasterminated. This is the
origin of themassdistributionof theobjects.

To checkthattheterminationof theaccretionis causedby the
ejectionof objectsduringdynamicalinteractions,in Figure11,we
plot the time betweenthe formationof an objectand its ejection
from a stellargroupversusthe time betweenthe formationof an
objectandthe terminationof its accretion.In this ®gure,we only
plot thoseobjectsthathave stoppedaccretingandreachedtheir ®-
nalmassesby theendof thecalculations.As in Calculations1 and
2, theejectionandaccretiontimesarecloselycorrelated,showing
that the terminationof accretionon to an objectis usuallyassoci-
atedwith dynamicalejectionof the object. Theseresultscon®rm
the speculationof Reipurth& Clarke (2001)and the conclusions
of Bateet al. (2002a)andBB2005that brown dwarfs are`failed
stars'.They fall shortof reachingstellarmassesbecausethey are
cuto� from theirsourceof accretionprematurelydueto ejectionin
dynamicalinteractions.

3.6 Multiple systems

In all threecalculations,thedominantformationmechanismfor bi-
naryandmultiplesystemswasfragmentation,eitherof gaseous®l-
aments(e.g.Bastein1983;Bastienetal. 1991;Inutsuka& Miyama
1992)or of massive circumstellardiscs(e.g.Bonnell 1994;Bate
& Bonnell 1994;Whitworth et al. 1995;Burkert, Bate& Boden-
heimer1997;Hennebelleet al. 2004).Star-discencountersplayed
animportantrole in truncatingdiscs(Section3.7),andin dissipat-
ing kinetic energy (c.f. Larson2002),but they did not play a sig-
ni®cantrole in formingbinaryandmultiplesystemsfrom unbound
objects(c.f. Clarke & Pringle1991a).Only two star-discencoun-

tersresultedin theformationof multiple systemsin Calculation1,
while in Calculation2 therewasno obviousexampleof a multiple
systembeingformedvia a star-discencounter.

In Calculation3, thereare threeoccurencesof star-disc en-
countersresultingin theformationof multiple systems.Giventhat
thereareonly four multiple systemsat the endof the calculation
(which contain 5 binaries),star-disc encountersseemto play a
greaterrole in Calculation3. As in Section3.4, which discussed
velocitydispersion,wecanattributethegreaterimportanceof star-
disc interactionsin creatingmultiple systemsto the smallersizes
of thestellargroupsin Calculation3. As pointedout by Clarke &
Pringle (1991),star-disc encountersin larger� N clustersare less
likely to result in capturebecausethe virial speedsin the clusters
will be higheranddiscsaremorelikely to be dispersedby high-
velocityencountersprior to undergoingpotentialstar-disccaptures.

3.6.1 Multiplicity

WhenCalculation3 wasstopped,therewere19 singleobjects,1
triple,and3 quadruplesystems(takingany objectswith semi-major
axesgreaterthan2000AU to beessentiallyunbound).Theproper-
tiesof the4 multiplesystemsaredisplayedin Table3 andin Figure
12.Two of thesesystemsoriginatedin themaindensecore,andone
eachin Cores2 and3. Within thesesystemsthereare®ve binaries
(i.e.,nonehave beenejected).Thetwo multiple systemsin Core1
andfour of the ejectedbrown dwarfs arestill very weakly bound
to eachother, but areall at large distancesfrom eachother. The
two multiplesystemsin Cores2 and3 arealsomarginally boundto
eachother.

Calculation3 producesa highcompanionstarfraction

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

S + B + T + Q + :::
(2)

of 11=23 = 48 percent,whereS is thenumberof singlestars,B is
thenumberof binaries,T is thenumberof triples,etc.Alternately,
thenumberof companionsdividedby thetotalnumberof objectsis
11=34 = 32 percent.Thesepercentagesaresimilar to thoseof Cal-
culation1. Although thesystemswith morethantwo components
will continueto evolve andsomewill probablyejectmoremem-
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Figure 12. Massratios versussemi-majoraxes of the binary, triple and
quadruplesystemsthat exist at the endof the calculation(seealsoTable
3). Binariesare plotted with circles, triples with trianglesand quadruple
systemswith squares.This �gure shouldbe comparedwith Figure12 of
BBB2003andFigure11of BB2005for theequivalentresultsfromtheother
calculations.Calculation1 producedno wide binaries(separations> 10
AU) andnobinarieswith massratiosM2=M1 <

� 0:3. Calculation2 produced
� ve wide binariesandthreebinarieswith massratiosM2=M1 < 0:2. This
calculationproduceswide binaries(separations> 10 AU), but the lowest
massratio is M2=M1 = 0:28.

bers,it is plausiblethat the®nal companionstarfrequency will be
high, as requiredby observationsof star-forming regions (Ghez,
Neugebauer& Matthews 1993;Leinertet al. 1993;Richichi et al.
1994;Simonetal. 1995;Ghezetal. 1997;Ducĥene1999).

As with Calculations1 and2, Calculation3 producesa realis-
tic frequency of closebinaries(separations< 10 AU) eventhough
no two objectsform closerthan13 AU from eachotherdueto the
opacitylimit for fragmentation(seeBateetal. 2002bfor a full dis-
cussion).Thus,althoughthechangein theequationof stateof the
gasinhibits fragmentationmorein Calculation3 thanin Calcula-
tion 1, this doesnot seemto a� ect the ability of closebinariesto
form. Even if all wider systemsbreakup, the resultingfrequency
of closebinarieswould be3=31 � 10 percent.Thecorresponding
valuesfrom Calculations1 and2 were16 percentand7 percent,
respectively. The observed value is � 20 percent(Duquennoy &
Mayor1991).However, Duquennoy & Mayorwerenotsensitive to
brown dwarfs. If only starsareconsidered,the frequency of close
binariesbecomes3=13 � 23 percent(for Calculations1 and2 the
correspondingfrequenciesweresimilar at 5=18 � 28 percentand
4=15 � 27 percent,respectively). As in Calculations1 and2, there
is a preferencefor closebinariesto have equalmasses(all three
have massratiosof M2=M1 > 0:5), andthe frequency of closebi-
nariesis higherfor moremassive primaries± 6 of the16 starsare
membersof closebinaries,while no brown dwarfsarein closebi-
naries.Thesepreferencesresultfrom theformationmechanismsof
closesystemsasdiscussedby Bateetal. (2002b).

3.6.2 Brown-dwarfcompanionsto stars andbrowndwarfs

Together, Calculations1 and2 produced6 binariesconsistingonly
of very-low-mass(VLM) stars(M < 0:09 M � ) or brown dwarfs
out of � 80 VLM or brown dwarf systems,implying a frequency
of binarybrown dwarfsof � 8 percent.Calculation3 is consistent
with this frequency in thatit producednoVLM binariesfrom � 18
VLM objects.Together, thethreecalculationsgiveanoverallVLM
binaryfrequency of � 6 percent.For star-brown dwarf binarysys-
tems,thefrequenciesarealsovery low. Calculation1 oneproduced
onebinarysystemconsistingof astar(0.13M � ) andabrown dwarf
(0.04M � ). Thesystemhadaseparationof 7 AU andwaspartof an
unstableseptuplesystem.Both objectswerestill accreting.Calcu-
lations2 and3 did not produceany suchstar/brown dwarf binary
systems.The reasonsfor theselow frequenciesare discussedby
BB2005.

The observed frequency of very-low-massandbrown dwarf
binariesis � 15 percent(Reidet al. 2001;Closeet al. 2002,2003;
Bouy et al. 2003;Burgasseret al. 2003;Gizis et al. 2003;Mart́�n
et al. 2003;Siegler et al. 2005).Note,however, that the frequency
of binarybrown dwarfsaswidecompanionsto starsmaybehigher
(Burgasser, Kirkpatrick & Lowrance2005).The vastmajority of
binarybrown dwarfshaveseparationslessthan20AU (Closeetal.
2003;Siegler et al. 2005),but thereis at leastonebinary brown
dwarf systemwith a separationgreaterthan 200 AU (Luhman
2004a).Thus, the calculationscorrectly favour the productionof
closebinary brown dwarfs, but they under-producebinary brown
dwarfsby roughlyafactorof two.Thisdi� culty maybeassociated
with our resolutionlimits ± we areunableto resolve circumstel-
lar discsat radii <

� 10 AU, andgravitational interactionsbetween
stars/brown dwarfsaresoftenedat separationslessthan4 AU. The
rarity of brown dwarfsorbiting starsis consistentbothwith theso
calledbrown dwarf desertdiscoveredthroughDopplersearchesfor
planetsorbiting solar-type stars(Marcy & Butler 2000)andfrom
imagingsurveys for widesystems(Giziset al. 2001).

Finally, many of themultiplesystemsin all of ourcalculations
have wide brown dwarf companions.Although they are still dy-
namicallyevolving whenthecalculationsarestopped,wenotethat
the small-scaleturbulent star-formation simulationsof Delgado-
Donateetal. (2004),whichwereevolveduntil thesystemsreached
dynamicalstability, alsopredictthatmany closestellarbinarysys-
temsshouldhave widebrown dwarf companions.

3.7 Protoplanetary discs

Thecalculationsresolve gaseousdiscswith radii >
� 10 AU around

theyoungstarsandbrown dwarfs.Discswith typical radii of � 50
AU form aroundmany of theobjectsdueto the infall of gaswith
highspeci®cangularmomentum.However, in all calculationsdiscs
areseverely truncatedin subsequentdynamicalinteractions,leav-
ing mostof themtoo small to form analoguesof our solarsystem
(seeBBB2003).Thesix resolveddiscsat theendof Calculation3
arelistedin Table4, andin Figure13weplot theclosestencounter
distancefor eachobjectduring thecalculationasa functionof its
®nalmass.All but two starshavehadencounterscloserthan10AU.
Noneof thebrown dwarfsor ejectedstarshave resolveddiscsand
thestarswith resolveddiscsareall membersof multiple systems.
Althoughthey havehadverycloseencounters,subsequentinfalling
gashasbuild up circumbinaryandcircumtriplediscsaroundthem.
This is a featureof all threecalculations.

c
 0000RAS,MNRAS 000, 000–000



Thedependenceof theIMF on metallicity 13

Disc Radius EncircledObjects Comments
AU

300 (31,32),23 Circumtripledisc(Figure2, t = 1:40t� , right)
130 (24,28),29 Circumtripledisc(Figure4, t = 1:40t� )
120 5,22 Circumbinarydisc,formstriple systemwith 3
110 3 Formstriple systemwith 5,22(Figure2, t = 1:40t� , left)
70 6,8 Circumbinarydisc,formsquadruplesystemwith 1,2
60 1,2 Circumbinarydisc,formsquadruplesystemwith 6,8

Table 4. Thediscsthatexist aroundobjectswhenthecalculationis stopped.Discswith radii �< 10AU arenot resolved.Unlike Calculation1, in Calculation3
noobjectsareejectedwith resolveddiscs.This tableshouldbecomparedwith Tables4 of BBB2003andBB2005for theequivalentresultsfrom Calculations
1 and2, respectively.

Figure13.Theclosestencounterdistanceof eachstaror brown dwarf dur-
ing the calculationversusthe object's �nal mass.This �gure shouldbe
comparedwith Figure14 of BBB2003andFigure12 of BB2005for the
equivalent resultsfrom Calculations1 and2. Objectsthat arestill accret-
ing signi�cantly at the endof the calculationaredenotedwith arrows in-
dicatingthat they arestill evolving andthat their massesarelower limits.
Objectsthat have resolved discsat the end of the simulationarecircled.
Discssmallerthan� 10 AU (horizontaldottedline) cannotberesolvedby
the simulation.Objectsthat have hadcloseencountersmay still have re-
solveddiscsdueto subsequentaccretionfrom thecloud.Notethatthereare
only 6 resolved discsat the endof the simulation,but many surroundbi-
naryandhigher-ordermultiple systems(hencethe13 circlesin the�gure).
Binaries(semi-majoraxes< 100AU) areplottedwith thetwo components
connectedby dottedlinesandsquaresareusedasopposedto circles.Com-
ponentsof triple systemswhoseorbitshave semi-majoraxes10 < a < 100
AU aredenotedby triangles.All of thebinariesaresurroundedby resolved
discs.Encounterdistanceslessthan4 AU areupperlimits sincethe point
masspotentialis softenedwithin this radius.Theverticaldashedline marks
thestar/brown dwarf boundary. Thetwo brown dwarfsin thetop left corner
of the �gure that arestill accretingformedshortly beforethe calculation
wasstoppedarethusstill evolving rapidly. They maynot endup asbrown
dwarfs.Thereareno brown dwarfs that have resolved discsandhave �n-
ishedaccreting.

4 DISCUSSION

4.1 The accretion/ejectionmodel for the IMF

BB2005arguedthat the IMFs producedby Calculations1 and2
originatedfrom a combinationof accretionand dynamicalejec-
tionswhich terminatetheaccretion.As shown in Section3.5,their
conclusionsaresupportedby Calculation3. They proposeda very

simplemodelfor theorigin of theIMF andfoundthatit reproduced
the IMFs obtainedfrom the ®rst two calculationsvery well. Here
we show thatthemodelalsoproducesanacceptable®t to theIMF
from Calculation3.

Thesimpleaccretion/ejectionmodelfor theIMF producedby
a star-formingmolecularcloudis asfollows.

� We assumeall objectsbegin with massessetby the opacity
limit for fragmentation(3 MJ for Calculations1 and2 and9 MJ

for Calculation3) andthenaccreteat a ®xedrate �M until they are
ejected.

� Weassumetheaccretionratesof individual objectsaredrawn
from a log-normaldistribution with a meanaccretionrate(in log-
space)givenby log10( �M) = log10( �M) andadispersionof � dex (i.e.

log10( �M) = log10( �M) + � G, whereG is arandomGaussiandeviate
with zeromeanandunity variance).

� Theejectionof protostarsfrom anN-bodysystemis astochas-
tic processthatcanbedescribedin termsof thehalf-life of thepro-
cess.We assumethat thereis a singleparameter, � eject, that is the
characteristictimescalebetweentheformationof anobjectandits
ejectionfrom thecloud.Theprobabilityof anindividualobjectbe-
ing ejectedis thenexp(� t=�eject) wheret is the time elapsedsince
its formation.

Calculation3 supportsthismodelin thatFigure9 shows thereis no
correlationbetweenanobject's time-averagedaccretionrateandits
®nal mass,while Figure10shows astrongcorrelationbetweenthe
time an objectspendsaccretingand its ®nal massandFigure11
shows thataccretionis usuallyterminatedby gravitational interac-
tionswith otherobjectsleadingto dynamicalejection.

Assumingthat thecloud formsa largenumberof objects,N,
andthat the time it evolvesfor is muchgreaterthanthecharacter-
istic ejectiontime,T � � eject, thena semi-analyticformulacanbe
derivedfor theform of theIMF (BB2005)andthereareessentially
only threefreeparametersin themodel.Thesearethemeanaccre-

tion ratetimestheejectiontimescale,M = �M� eject, thedispersionin
the time-averagedaccretionrates,� , andthe minimum masspro-
videdby theopacitylimit for fragmentation,Mmin. If M >> Mmin,
M is thecharacteristicmassof anobject.

4.1.1 Reproductionof thehydrodynamicalIMF

Thehydrodynamicalcalculationsarenot followeduntil all thestars
andbrown dwarfshave ®nishedaccreting(i.e., theIMF is not fully
formed). It is not the casethat T � � eject. This must be taken
into accountwhencalculatingsimpleaccretion/ejectionmodelsfor
comparisonwith the IMFs from thehydrodynamicalcalculations.
To do this, we evolved the simplemodelsover the sameperiods

c
 0000RAS,MNRAS 000, 000–000



14 M. R.Bate

Figure 14. The initial massfunctions producedby Calculation3 (his-
togram)and its �t using the simple accretion/ejection IMF model (thick
solid line). Statistically, the hydrodynamicaland the model IMFs are in-
distinguishable.Also shown aretheSalpeterslope(solid straightline), and
theMiller & Scalo(1979)(dashedline), Kroupa(2001)(solid brokenline)
andChabrier(2003)massfunctions.Theverticaldashedline is thestellar-
substellarboundary.

Model Mmin ÇM � � eject T
M� M� /yr Dex. yr yr

1 0.003 6:17� 10� 6 0.33 3:2 � 104 6:91� 104

2 0.003 7:18� 10� 6 0.50 9:3 � 103 3:67� 104

3 0.009 1:00� 10� 5 0.41 2:5 � 104 6:91� 104

Table 5. Theparametersof thesimpleaccretion/ejection IMF modelsthat
should reproducethe IMFs from the three hydrodynamicalcalculations
(Figure14).Thereareessentiallythreeparametersin themodels,themean

accretionrate timesthe characteristictimescalefor ejection( ÇM� eject), the
dispersionin theaccretionrates� , andtheminimummasssetby theopac-
ity limit for fragmentationMmin. The time periodover which the simula-
tionsarerun,T, hasasmalle� ecton theform of theIMF. For example,the
peakin themodelIMF (Figure14)atverylow massesis becauseoneobject
formedshortlybeforethecalculationwasstoppedandthereforethis object
doesnot usuallymanageto accretemuchmassin themodel.

of time,T, thatthehydrodynamicalsimulationstook to form their
starsand brown dwarfs and take the times of formation of each
of the objectsdirectly from the hydrodynamicalsimulations(i.e.,
from Figure5 for Calculation3).

WegeneratedamodelIMF for comparisonwith theIMF from
Calculation3.ThemodelIMF is theaverageof 30000randomreal-
isationsof thesimpleaccretion/ejectionmodel,keepingthevalues
of theinputparameters®xed.Theparametervaluesaregivenin Ta-
ble 5. It is importantto notethat theseparameterswerenot varied
in orderto obtaingood®ts to thehydrodynamicalIMF. Rather, the
valuesof theparameters were takendirectlyfromthehydrodynam-
ical simulation. Thereis nofreedomto varytheparametersin order

to obtainabetter®t. Themeanaccretionrateof theobjects,�M, and
thedispersionin theaccretionrates,� , weresetequalto themean
(in log-space)of thetime-averagedaccretionratesandtheirdisper-
sionfrom Figure9.Thecharacteristicejectiontimes,� eject, wereset
sothatthemeannumbersof objectsejectedfrom the30000random
realisationsmatchedthenumberof objectsejectedduringeachof
thehydrodynamicalcalculations(19 for Calculation3).

Figure 14 shows that the simple accretion/ejection model
matchesthehydrodynamicalIMF reasonablywell. A Kolmogorov-
Smirnov testgivesa 6.6percentprobabilitythatthehydrodynami-
cal IMF couldhave beendrawn from themodelIMF (i.e., they are
consistentwith eachother).For Calculations1 and2, thehydrody-
namicalIMFs have 92 and27 percentprobabilitiesof beingdrawn
from the simpleaccretion/ejectionmodel IMFs, respectively (see
BB2005).

4.2 The dependenceof the IMF on temperature

Sincethe threehydrodynamicalcalculationsdiscussedin this pa-
perarevery time consuming,they have beencarefullydesignedto
enablethe origins of thestatisticalpropertiesof starsto be inves-
tigatedin the mostpossibledetail. Comparisonof Calculations1
and2 allowedBB2005to investigatethedependenceof starforma-
tion on the meandensity Å� of the molecularcloud and,therefore,
the meanthermalJeansmasswhich scalesas1=

p
Å� . Comparison

of Calculations1 and3 allows theroleof theopacitylimit for frag-
mentationto be investigated.However, it is alsopossibleto com-
pareCalculations2 with Calculations1 and 3 to investigatethe
dependenceof star formation on the temperature of a molecular
cloudand,thus,testfurtherBB2005's assertionthatthecharacter-
istic stellarmassdependsprimarily onthemeanthermalJeansmass
of astar-formingmolecularcloud.

Purelyisothermalmodelsof thecollapseof molecularclouds
areoftensaidto bescale-freein thatthey canberescaledarbitrarily
to di� erentmodel cloudswith di� erentmassesor radii. In these
cases,only dimensionlessquantitiessuchastheratio of thermalto
gravitationalpotentialenergiesremain®xed.

The calculationsdiscussedin this paperhave a characteris-
tic densityintroducedthroughthe changein the equationof state
that occursat the critical density� crit. However, they canstill be
rescaled.Calculation2 di� eredto Calculation1 in that its density
wasgreaterby a factorof nine,decreasingthemeanthermalJeans
massfrom 1 M � in Calculation1 to 1/3 M � . This wasachievedby
decreasingtheradiusby a factorof 91=3 � 2:08.Theonly otherdif-
ferencewasthat,becausetheinitial `turbulence'wasnormalisedso
that the kinetic energy equaledthe magnitudeof the gravitational
potentialenergy while theinitial temperaturewaskeptat10 K, the
Machnumberwaslargerin Calculation2 by afactorof 91=6 � 1:44.

We canalsoinquire what thestarformationwould be like if
Calculation2 wasre-run,but with a greaterinitial cloud temper-
ature.In particular, if we increasedthe temperatureby a factorof
32=3 = 2:08, this would give the sameinitial meanthermalJeans
massof 1 M � asthat in Calculations1 and3. Thus,rescalingthe
resultsof Calculations1 and3 by reducingall distancesby a factor
2.08givesthesameevolutionasrunningCalculation2 with anini-
tial temperatureof 20.8K insteadof 10K. Theinitial densities,ve-
locities,andfree-fall timesof thecloudsarethesameasthey were
in Calculation2. But now the resultsgive the propertiesof stars
formedin hottercloudswith critical densitiesof � crit = 9:0 � 10� 13

and 1:0 � 10� 13 for Calculations1 and 3, respectively. The only
slight di� erencebetweentheserescaledversionsof Calculations
1 and3 andperformingentirelynew calculationsof hotterclouds
with thesecritical densitiesis thatCalculations1, 2, and3 all used
sink particlesto modelthestarsandbrown dwarfs with accretion
radii of 5 AU andgravitationalsofteningof dynamicalinteractions
within 4 AU. The rescaledversionsof Calculations1 and3 have
sink particle radii and gravitational softening2.08 times smaller
than thesevalues.However, the whole assumptionof using sink
particlesis that the resultsarenot sensitive to their introduction.

c
 0000RAS,MNRAS 000, 000–000



Thedependenceof theIMF on metallicity 15

Certainly, it is assumedthattheresultsdo not changedramatically
by varyingaccretionradii by factorsof two.

With this one caveat,we can usethe rescaledresultsto in-
vestigatethe dependenceof star formationon the temperatureof
a molecularcloud. Changingthe distancescaleof Calculations1
and3 doesnot alter themassscaling.Thus,the IMFs of Calcula-
tions1 and3 do not changedueto therescaling.BB2005showed
thatthecharacteristic(median)massof Calculation2 is a factorof
3.04 smallerthan that of Calculation1, following almostexactly
thechangein themeanthermalJeansmass.Thus,thecharacteris-
tic (median)massof the rescaledCalculation1 (which modelsa
cloud identicalto thatof Calculation2 exceptthat its temperature
is 2.08timeshotter)alsofollows the increasein themeanthermal
Jeansmassof the cloud dueto the increasein the temperatureT
(the Jeansmassscalesas T3=2). Furthermore,sincethe IMFs of
Calculations1 and3 areindistinguishable(Section8), theopacity
limit for fragmentationwhich is modelledby thecritical densityat
whichtheequationof statechangesalsoplaysnosigni®cantrolein
determiningthe IMF in thehotterhigh-densitycloudsrepresented
by therescaledversionsof Calculations1 and3.

In summary, the characteristic(median)massof the IMF is
setby the meanthermalJeansmassin the progenitorcloud (de-
terminedby the densityandtemperature),andnot by the opacity
limit for fragmentation(determinedby metallicity). The question
thenarisesasto whatsetsthemeanthermalJeansmassin amolec-
ular cloud.Larson(2005)hasarguedthatthis is setby a changein
the thermalbehaviour of the gasforming molecularcloudswhen
thecoolingswitchesfrom beingdominatedby line coolingto dust
cooling.This hasbeenbacked up by hydrodynamicalsimulations
thatstudyhow thecharacteristicmassof fragmentsdependson the
equationof stateat low densities(Jappsenet al. 2005).Therefore,
it is importantto notethatalthoughmetallicity maynot a� ect the
IMF above the low-masscut-o� throughits e� ect on the opacity
limit for fragmentation,it may still have an a� ect on the charac-
teristic massof the IMF if it altersthe cooling during molecular
cloud formationand,hence,the meanthermalJeansmassof the
molecularcloud.

5 CONCLUSIONS

We have presentedresultsfrom the third hydrodynamicalcalcula-
tion to follow thecollapseof a turbulentmolecularcloud to form
a stellarclusterwhile resolvingfragmentationdown to theopacity
limit. We comparethe resultswith thoseobtainedfrom thecalcu-
lations publishedby Bate et al. (2002a,2002b,2003)and Bate &
Bonnell (2005).Thenew calculationis identicalto thatof Bateet
al. (2003),exceptfor thedensityabove which theopacitylimit in-
hibits fragmentation.It canalsobe rescaledto modela cloud that
is identicalto thatof Bate& Bonnell (2005)exceptthat theinitial
gashasa temperatureof 20.8K insteadof 10K.

We ®nd that althoughthe minimum massof a brown dwarf
increaseswhentheopacitylimit for fragmentationsetsin atalower
gasdensity(i.e., a lower metallicity), the form of the IMF above
the minimum cut-o� massis independentof the opacity limit for
fragmentation.

Ratherthanbeingsetby the opacity limit for fragmentation,
Bate & Bonnell (2005) showed that the characteristic(median)
massof theIMF varieslinearly with themeanthermalJeansmass
in themolecularcloud.They did this by runningtwo calculations
with di� erentdensities.However, themeanthermalJeansmassis
a functionof both densityandtemperature.Herewe alsocon®rm

thatthecharacteristicmassof theIMF varieslinearlywith themean
thermalJeansmassby comparingtwo cloudswith thesameinitial
densities,but with di� erentinitial temperatures.

Finally, the new calculationdiscussedin this paperdisplays
several di� erencesfrom the earliercalculations.Becausecollaps-
ing gasbegins to heatat a lower density, thedegreeof fragmenta-
tion is reducedandthe stellargroupscontainfewer objects.This
hastwo maine� ects.First, thevelocitydispersionof multiplestars
is lower than that of singleobjectsbecauseit is di� cult to eject
binariesfrom small� N groups(Section3.4).Second,star-disc in-
teractionsplay a greaterrole in forming binary andmultiple sys-
temsthan in the earlier calculationsbecausethe velocity disper-
sionsof the objectsin smallergroupstend to be lower anddiscs
undergo fewer dispersive encounters(Section3.6). We also note
thatGoodwinet al. (2004)found that thesomewhatpeculiarIMF
of Taurus(with apeakat � 0:8 M � IMF andfew low-massobjects;
Briceño et al. 2002;Luhman2004b)mayresultfrom themolecu-
lar cloud beingcomposedof a collectionof low-masscoreswith
similar masses.Together, theseresultsimply that in a region like
Taurus,which containsonly low-masscoresforming smallgroups
of stars,the IMF may be abnormal,multiple systemsmay have a
smallervelocity dispersionthansingles,andstar-disc encounters
maybemoreimportantfor formingmultiplesystemsthanin larger
starclusters,which might help explain why binariesseemabnor-
mally abundantin Taurus(Leinert et al. 2003;Ghezet al. 2003;
Ducĥene1999).
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