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1 INTRODUCTION

ABSTRACT

We investigatethe dependencef stellar propertieson the opacity limit for fragmentation
which is setby the metallicity of a molecularcloud. We comparetheresultsfrom two large-
scalehydrodynamicalsimulationsof star cluster formation that resole the fragmentation
processlown to theopacitylimit, the rst of whichwasreportecby Bate,Bonnell& Bromm.
Theinitial conditionsof thetwo calculationsareidentical,butin thenew simulationtheonset
of theopacitylimit occursatalower gasdensity andthisis expectedo increasgheminimum
massof abrown dwarf by afactorof three(to 9 Jupitermasses).

We nd that the lowest massobjectis a factor of threehigherin the low-metallicity
calculation,as expected.However, apartfrom this shift of the low-masscut-o , the initial
massfunctions(IMFs) producedby the two calculationsareindistinguishableln particular
the median(characteristicmassis unchangedTheseresultsadd supportto the accretion-
ejectionmodelproposedy Bate& Bonnellfor the origin of the IMF, which predictsthatthe
characteristianassshouldvary in proportionto the meanthermalJeanamassin the cloud.
They alsoindicatethatthe form of the IMF above the low-masscut-o shouldnot displaya
strongmetallicity dependenceassuminghatthe cooling is dominatedby dustandthat the
overall meanthermal Jeansmassof a molecularcloud doesnot dependon its metallicity.
However, if themeanthermallJeansnassof amolecularcloudis setby thethermalbehaiour
of gasduring the formation of the cloud, this shouldleadto an indirect dependencef the
characteristianassof the IMF on metallicity becausef the link betweenthe characteristic
massandthe meanthermalJeansnassof thecloud.

Keywords: accretion,accretiondiscs— binaries:general hydrodynamics- metallicity —
stars:formation— stars:low-massprown dwarfs— stars:luminosity function, massfunction.

to the massof a “star' andall otherobjectsaccreteto ®nal masses
greaterthanthis minimummassHoyle 1953).

Understandinghe origin of the stellarinitial massfunction (IMF)
is oneof thefundamentagoalsof acompletetheoryof starforma-
tion. Oneof the primary characteristicef the IMF is its character
istic mass.Why is the typical stellarmassa few tenthsof a solar
massnepossibilityis thatthecharacteristienassoriginatesfrom
thetypical Jeansnassin the progenitormolecularcloud. This may
bethethermalJeansnasgLarson1992,2005),a magneticcritical
masspr aturbulentJeansnasgqSilk 1995).A Jeansnassorigin for
thecharacterististellarmasshasbeerbacledupby earlyhydrody-
namicalcalculationsof the fragmentatiorof clumpy andturbulent
molecularcloudsin which it wasfoundthatthe meanmassof the
protostarsvas similar to the meaninitial Jeansmassin the cloud
(Klessen,Burkert & Bate 1998; Klessen& Burkert 2000, 2001;
Klessen2001).Anotherpossibilityis thatthe characteristiecnasss
dueto the opacitylimit for fragmentationyhich setsa lower limit
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Overthepastfew yearswe have performedarge-scaléydro-
dynamicalcalculationsof the collapseandfragmentatiorof turbu-
lentmolecularcloudsto investigateheoriginsof stellarproperties.
The calculationsresole down to the opacitylimit for fragmenta-
tion and,thus,capturethe formationof all starsandbrowvn dwarfs.
Resultsfrom the®rst two calculationshave alreadybeenpublished
(Bate, Bonnell & Bromm 2002a,2002b, 2003; Bate & Bonnell
2005). Thesecalculationsfollowed the fragmentatiorof turbulent
50-M cloudswith meaninitial thermalJeansnasse®f 1 M and
1/3 M . Here,we reporttheresultsof athird calculation,identical
tothe®rst, exceptthatthe opacitylimit for fragmentatiorsetin ata
gasdensityninetimeslower, resultingin aminimummasshatwas
threetimesgreaterthanin the ®rst calculation( 9 Jupitermasses
insteadof 3 Jupitermassegor the ®rsttwo calculations).

Togetherthesehreecalculationenableusto examinethede-
pendence®f stellarpropertieson the meanthermalJeansnassand
the opacitylimit for fragmentationat lastansweringthe question
of which massscaledetermineshe characteristienassof the IMF.
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We ®nd that the opacity limit for fragmentationdoesnot signif-
icantly in uence the characteristianassor the form of the IMF,
exceptthatit setsthevalueof thelow-masscut-o .

The paperis structuredasfollows. Section2 brie y describes
thenumericaimethodandtheinitial conditionsfor thecalculations.
Theresultsarediscussedn Section3. In Section4, we discusshe
implicationsof the resultsfor the origin of the IMF. Our conclu-
sionsaregivenin Section5.

2 COMPUTATIONAL METHOD

The calculationspresentechere were performedusing a three-
dimensional,smoothedparticle hydrodynamicSPH) code.The
SPHcodeis basednaversionoriginally developedby Benz(Benz
1990; Benz et al. 1990). The smoothinglengthsof particlesare
variablein time andspacesubjectto theconstrainthatthenumber
of neighbourgor eachparticlemustremainapproximatelyconstant
at Nneigh = 50. The SPHequationsare integratedusinga second-
order Runge-Kitta-Fehlbey integrator with individual time steps
for eachparticle(Bate,Bonnell,& Price1995).Gravitationalforces
betweemarticlesanda particle’s nearesheighboursarecalculated
usinga binary tree. We usethe standardorm of arti®cial viscos-
ity (Monaghan& Gingold 1983; Monaghan1992) with strength
parameters , = 1 and , = 2. Furtherdetailscanbe foundin

Bateetal. (1995).The codehasbeenparallelisecby M. Bateusing
OpenMP

2.1 Equation of state

To modelthe thermalbehaiour of the gaswithout performingra-
diative transferwe useabarotropicequatiorof statefor thethermal
pressuref thegasp = K, whereK is a measureof the entropy
of thegas.Thevalueof thee ective polytropicexponent , varies
with densityas
(
- 1; crits
B 7:5; > it (1)
We take the meanmolecularweightof thegastobe = 2:46.The
valueof K is de®nedsuchthatwhenthe gasis isothermalk = &,
with the soundspeedcs = 1:84 10* cms ! at 10 K, andthe
pressures continuousvhenthevalueof changes.
In this papey threedi erentcalculationsare discussedThe
value of the critical density abose which the gasbecomesnon-

isothermais setto ;; = 10 ** g cm 2 in the®rsttwo calculations.

This equationof statehasbeenchosento matchcloselythe rela-
tionship betweentemperatureand densityduring the spherically-
symmetriccollapseof molecularcloud coreswith solarmetallicity
ascalculatedvith frequeng-dependentadiative transfer(seeBate
etal. 2003for furtherdetails).In thethird calculation(whichis the
main focusof this paper),we setthe critical densityto be a factor
of ninelowerat i = 1:1 10 * gcm 3. Thisis meantto mimic
thethermalbehaiour of moleculargasthathasalower metallicity.
The heatingof the moleculargasthat begins at the critical
density inhibits fragmentationat higher densities.This e ect is
known asthe opacitylimit for fragmentatior{Low & Lynden-Bell
1976; Rees1976; Silk 1977a,1977b).It resultsin the formation
of distinct pressure-supportddagmentswithin collapsinggasbe-
causethe temperaturencreasegjuickly enoughwith densitythat
the Jeansnassincreasesandthe high densityregion thatwascol-
lapsingbecomesleansstable.lt stopscollapsingandcanonly con-
tractasit accretesnassThevalueof theinitial massof afragment

presumabhalsogivesthe minimummassfor abrowvn dwarf, since
ary subsequerdccretiorwill only increasafragments massThis

minimum massdependn the value of the critical densityandis

approximatelyequalto the Jeangnassatthatdensityandtempera-
ture. Sincethe critical densityis a factorof nine lower in the third

calculation,the minimum massis expectedto be a factorof three
higherthanin the othertwo calculations.The lowestmassobject
producedby Calculationsl and2 was 3 JupitermassegM,).

Thus,thelowestmassobjectin thethird calculationis expectedto

be 9 M.

Physically the heatingof the gasthat resultsin a minimum
massis dueto the inability of the gasto radiateaway enegy as
quickly asenepy is beingdepositednto it duringthecollapsgMa-
sunaga& Inutsukal999).Thegascoolingdepend®nits metallic-
ity, Z, and Low & Lynden-Bell(1976) found that the minimum
massscalesweakly with metallicity asZ . They assumedhat
theconditionsin theminimummassragmentweregivenby abal-
ancebetweenradiative cooling and compressionaork doneon
the collapsinggas as the fragmentbecameoptically thick. Since
radiative cooling is proportionalto T* where is the opacity
andT is the temperaturethen a lower metallicity (and hencea
lower opacity) resultsin the fragmenthaving a greatertempera-
ture.By balancingtheradiatve coolingandcompressionaheating
whenthe fragmentbecomesoptically thick, Low & Lynden-Bell
shaw that the fragments temperaturescalesasT /7. How-
ever, for the fragmentto be optically thick and maginally Jeans
unstablerequir(? =2 = 1, wherethe Jeansunstablewave-
length ; = 2 " R;TH4 G ), Ry is the gasconstantG is the
gravitational constantand is the meanmolecularweight (i.e.,

2T= = aconstant)Thereforeusingthe abore scalingof temper
aturewith opacity the densityof the fragment / 1%, Thus,
both the temperatureand density of the fragmentare higher for
lowermetallicity gas.Theweakdependencef thefragments mass
on metallicity is dueto a nearcancellationof the two scalingsof
temperatur@anddensityon opacitysincethe Jeansnassis propor
tionalto T32 12/ ¥ NotethatMasunaga& Inutsuka(1999)
questionLow & Lynden-Bells assumptiorthatthe fragmentis al-
ways optically thick when cooling balancesheating.However, if
the minimum massdoesscaleasZ 7, then Calculation3 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-supporteffagmentsaccrete,their central den-
sity increasesandit becomesomputationallyimpracticalto fol-
low their internal evolution becauseof the shortdynamicaltime-
scaledgnvolved. Therefore whenthe centraldensityof a pressure-
supportedragmentexceeds s = 100 ., We inserta sink particle
into thecalculation(Bateetal. 1995).

In all thecalculationgliscussedh this paperasink particleis
formedby replacingthe SPHgasparticlescontainedvithin rycc = 5
AU of thedensesgasparticlein a pressure-supportdcagmentby
apointmasswith thesamemassandmomentumAny gasthatlater
falls within this radiusis accretedy the point massif it is bound
andits speci®cangularmomentunis lessthanthatrequiredto form
acircularorbit at radiusr ¢ from the sink particle. Thus,gaseous
discsaroundsink particlescanonly be resohedif they have radii
> 10 AU. Sink particlesinteractwith the gasonly via gravity and
accretion.

Sinceall sink particlesare createdfrom pressure-supported
fragmentstheirinitial masseareseveralM;, asgivenby theopac-
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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 gcm 3 M M M
1 50.0 0.188 1 6.4 10 18 23 27 5.89 0.1178 0.070
2 50.0 0.090 13 9.2 10 18 19 60 7.92 0.1003  0.023
3 50.0 0.188 1 6.4 1:1 1014 16 18 6.88 0.2024 0.054

Table 1. Theinitial conditionsfor calculationsl (BBB2003),2 (BB2005)and3 (this paper)andthestatisticalpropertiesf the starsandbrowvn dwarfsformed.
Theinitial conditionsfor Calculation3 wereidenticalto thoseof Calculationl. Theonly di erencewasthe densityat which gasheatingbeganwhich was
afactorof 9 lower in Calculation3 thanin Calculationl. Calculation2 di eredfrom Calculationl in thattheinitial cloud hada smallerradiusmakingthe
meanthermalJeansnassa factorof 3 lower. In eachcasetheinitial turbulentvelocity elds whereidenticalandwerescaledsothatfor eachcloudtheinitial
kinetic enegy equalledthe magnitudeof the gravitational potentialenegy. All calculationsvererunfor 1.40initial cloudfree-fall times.Brown dwarfs are
de ned ashaving nal massesessthan0.075M . Thenumberof stars(brown dwarfs) arelower (upper)limits becaussomeof the brovn dwarfswerestill

accretingwhenthe calculationsverestopped.

ity limit for fragmentationSubsequentlythey may accretelarge
amountsof materialto becomehighermassbrowvn dwarfs (< 75
M;) or stars(*= 75 M), but all the starsandbrown dwarfsbegin as
thesdow-masspressure-supportddagments.

The gravitational acceleratiorbetweentwo sink particlesis
Newtonianfor r 4 AU, but is softenedwithin this radiususing
spline softening(Benz 1990). The maximumacceleratioroccurs
atadistanceof 1 AU; thereforethisis the minimumseparation
thata binary canhave evenif, in reality, the binary's orbit would
have beenhardenedSink particlesare not permittedto memge in
this calculation.

The bene®tsandpotentialproblemsassociatedvith introduc-
ing sink particlesarediscussedh moredetailby Bateetal. (2003).

2.3 Initial conditions

We reporton the resultsfrom three calculations.Together these
threecalculationgestthedependencef thestatisticalpropertieof
starformation(suchastheIMF) onthemeanthermalJeansnassn
theinitial cloudsandthe opacitylimit for fragmentatior(or metal-
licity of thegas).Resultsrom Calculationl werepresentedh Bate
etal. (2002a,2002b,2003),while Bate& Bonnell(2005)compared
theresultsfrom Calculationsl and2. Henceforthwe will referto
thelattertwo of thesepapersasBBB2003andBB2005.

The initial conditionsandresultsfrom all threecalculations
are summarisedn Table 1. Eachcalculationmodelsstar forma-
tion in a 50-M molecularcloud which is setup as a uniform-
densitysphericakloudwith animposedsupersonicturbulent' ve-
locity ®eld thatis allowedto decayasthe calculationevolves(see
BBB2003andBB2005for furtherdetails).

Calculationsl and 3 were identical exceptfor the value of
it atwhichthe gasdepartedrom isothermality In fact,theinitial
stagesof Calculation3 were not even calculatedt Calculation3
was simply startedfrom the last dump ®le that was madebefore

Calculationl reachedlO ** gcm 2.

The di erencesbetweenthe initial conditionsfor Calcula-
tions 1 and2 werediscussedn detail by BB2005.Essentiallythe
cloudswere identical exceptfor radii of the initial cloudswhich
di eredsuchthat the molecularcloud in Calculation2 was nine
timesdensetthanthatof Calculationl and,hencetheinitial mean
thermalJeansnasswasthreetimeslowerin Calculation2 (seeTa-
ble 1). Anotherslightdi erencewasthat,in orderthatthekinetic
enepy in theturbulencebalancedhegravitational potentialenegy
of eachof the clouds,theinitial Mach numberof the “turbulence'
in Calculation2 wasslightly higherthanthatin Calculationsl and
3 (seeTablel).

¢ O0O0ORAS, MNRAS 000, 000-000

Finally, we notethatthefree-fall timesof thecloudsin Calcu-
lations1 and3weret =6:0 10“sor1:90 10° yearswhilein
Calculation2t =20 10“%sor6:34 10 years.

2.4 Resolution

Thelocal Jeansmassmustbe resohed throughouthe calculations
to modelfragmentatiorcorrectly (Bate& Burkert 1997; Truelove
etal. 1997;Whitworth 1998;Bosset al. 2000;Nelson2005).This
requires™ 1:5Nneign SPHparticlesper Jeansmass;Nneign IS insu -
cient(Bateetal. 2003).TheminimumJeangnasdn Calculationsl
and?2 occursat the maximumdensityduring the isothermalphase
of the collapse, ¢ = 10 ¥ gcm 3, andis  0:0011M (1.1
Mj). Thus,we used3:5 1(° particlesto modelthe50-M clouds.
For Calculation3, the minimum Jeansmassis a factorof 3 greater
becausef thedecreasén thevalueof ., but becauséhe calcu-
lation is restartedrom an early dump®le of Calculationl it still
uses3:5 10° particlesThus,in Calculation3, alocal Jeansnasss
alwaysresohedby atleast3 1.1 1:5Nnegn 250SPHparticles
The calculationsrequiredapproximately95000,50000,and
75000 CPU hours, respectiely, on the SGI Origin 3800 of the
UnitedKingdom AstrophysicaFluids Facility (UKAFF).

3 COMPARISON OF RESULTS

The resultsof Calculationsl and 2 were publishedin BBB2003

andBB2005.In thesepaperstheglobalevolution of theclouds the

starformatione cienciesandtimescalesthe forms of the stellar

initial massfunctions,the formationmechanismef brown dwarfs

andclosebinariesthemultiplicities andvelocity dispersion®f the

objects,and the propertiesof their circumstellardiscswe exam-

inedin detail. In this paper we presenthe resultsof Calculation

3 in anidentical mannerto the pastcalculationsthroughthe ®g-

uresandtables,but in the text we concentraten how the results
di erfromtheothertwo calculationsIn particular we concentrate
on understandinghe roles of the opacitylimit for fragmentation
(i.e., metallicity) andthe meanthermalJeanamassin the progeni-

tor molecularcloudin determiningthe statisticalpropertiesof the

starsandbrown dwarfs.

3.1 Evolution of the clouds

As statedn Section2.3,theinitial conditionsandevolution of Cal-
culations1 and 3 are identical up to the point that the gas ®rst
exceedsthe density at which it departsfrom isothermality i,
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Core Initial Gas Initial Final No. Stars No. Brown Massof Starsand ~ StarFormation
Mass Size GasMass Formed DwarfsFormed Brown Dwarfs E cieny
M pc M M %
1 3.04(0.79) 006 004 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. The propertiesof the threedensecoresthatform during Calculation3 andthoseof the cloud asa whole. The gasmassesndsizesof the coresare
calculatedrom gaswith n(Hz) > 1 10f cm 3 andn(H,) > 1 107 cm 8 (thelattervaluesaregivenin parenthesesYheinitial gasmassis calculatedust
beforestarformationbeginsin thatcore(i.e.di erenttimesfor eachcore).Brown dwarfshave nal masse$essthan0.075M . Thestarformatione cieng
is takento bethe total massof the starsandbrown dwarfsthatformedin a coredivided by the sumof this massandthemassin gasin thatcoreatthe endof
the calculation.As with Calculationl, the starformatione cieng is high locally, but low globally The numbersof stars(brovn dwarfs) arelower (upper)
limits becauséourteenof the browvn dwarfswerestill accretingwhenthe calculationwasstopped.

Figure 1. Theglobalevolution of thecloud during Calculation3 for comparisorwith Figure2 of BBB2003for Calculationl. Imagesareonly shavn attimes
t=1:10 1:40t becaus€alculation3 wasstartedromthet = 1:02& dump le of Calculationl, while themoleculargaswasstill isothermal Theevolution
prior to this time canbe seenin Figure 2 of BBB2003.The lastthreepanelsall shav the cloud at the end of the simulation(t = 1:40t ), but they arefrom
threedi erentangles(alongthe x;y; andz-axes).As in Calculationl, by theendof Calculation3, threedensecoreshave formedstars(onemaindensecore,
andtwo smallercoresvisible attheleft-handsideof the bottom-leftpanel).Many of thestarsandbrowvn dwarfsthatformedin themaindensecorehave been
ejectedrom the cloudthroughdynamicaiinteractionsEachpanelis 0.4 pc (82400AU) acrossTimeis givenin unitsof theinitial free-fll timeof 1:90 10°
yr. The panelsshaw the logarithmof columndensity N, throughthe cloud, with the scalecovering 1:7 < logN < 1:5 with N measuredn g cm 2. This
columndensityscaleis choserto allow directcomparisorwith Calculationl.

and,thus,Calculation3 is simply startedfrom a dump®le of Cal- The cloudsmodelledin Calculationsl and3 eachform three
culation 1 that was madeatt = 1:028 . For a detaileddiscus- densestarforming coreswith essentiallyidentical locationsand
sion of the earlierevolution of the cloud the readeris referredto massegcompareTable 2 with Table1 of BBB2003andFigure 1
BBB2003.Brie y, however, dueto the initial velocity dispersion with Figure 2 of BBB2003).Becausef the extra thermalsupport
the cloud quickly developsshocks,simultaneousljosing kinetic in Calculation3, starformation(i.e., thereplacingof collapsedjas
enepgy and developing overdensitiesin regions with corverging with sink particles)occursslightly laterin eachof the threedense
gas o ws. Whengravity dominatesn an overdenseaegion, grav- coresthanin Calculation1. The threedensecoresbegin forming
itational collapseoccursandstarformationbegins. starsatt = 1:03& ,t = 1:298 , andt = 1:32Q , respectiely.
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Figure 2. The starformationin the rst (main)densecoreof Calculation3. The rst objectsform abinaryatt = 1:038 . Large gaseouslaments collapse
to form singleobjectsandmultiple systemsTheseobjectsfall togetherto form a smallgroup.In Calculationl, the equivalentgroupquickly dissohed dueto

dynamicalinteractionsHowever, in Calculation3 only oneobjectis ejectedquickly — therestsettleinto a wide groupof objects.and,simultaneouslythereis

aquietperiod(t = 1:16 1:24t ) in the starformationwhile moregasfallsinto thecore.Att  1:26,anew burstof starformationbeginsin the lamentary
gasandin alarge discarounda closebinary The sequencés continuedin Figure3. Eachpanelis 0.025pc (5150AU) acrossTime s givenin units of the

initial free-fall ime of 1:90  10° years.The panelsshav thelogarithmof columndensity N, throughthe cloud, with the scalecovering 0:5 < logN < 2:5

with N measuredh gcm 2.
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Figure 3. The starformationin the rst (main) densecore,continuedfrom Figure 2. The secondburst of starformationagainproducesa small group of
objects.This grouphasessentiallydissohed by the time the calculationis stoppedNote the systemat the top-right of the lower panels- this sytstemis the
220-AU quadruplesystem(1,2),(6,8)consistingof two closebinarieseachsurroundedy a circumbinarydisc (seealso Tables3 and4). The systemat the
bottom-rightof thelower panelss the quadruplesystem(3,(5,22),17which containsa circumstelladisc aroundobject3 anda circumbinarydiscaroundthe
39-AU binary (5,22). Eachpanelis 0.025pc (5150AU) acrossTime is givenin units of theinitial free-fall time of 1:90 10° years.The panelsshav the
logarithmof columndensity N, throughthe cloud, with thescalecovering 0:5 < logN < 2:5 with N measuredn gcm 2.

In eachcase thesetimesareapproximately0:002 laterthanthe
correspondingimesin Calculationl.

All threecalculationswerestoppedatt = 1:40t to allow di-
rect comparisonof the results.Star formation would continuein
eachcloud if the calculationswere followed further Calculation
3 produced16 starsand 16 brown dwarfs. Two additionalobjects
hadsubstellamassesut werestill accretingBoth of theseformed
shortly beforethe calculationwasstoppedand,thereforejt is im-
possibleto tell whetheror notthey would becomestars.

3.2 The star-formation processn the densecores

Snapshotof the processof star formationin Calculation3 are
shavn in Figures2 and3 for Core 1 andin Figure4 for Cores2
and3. As with the earliercalculationsa true appreciatiorof how
dynamicandchaoticthe starformationprocesss canonly be ob-
tainedby studyingananimationof thesimulation.Thereadelis en-
couragedo donvnloadananimationcomparingCalculationsl and
3 from http7//www.astro.&.ac.ukpeoplémbatéResearciCluster
As in Calculationl, the starformationin the densecorespro-
ceedsvia gravitational collapseto produce®lamentarystructures
that fragment(e.g. Bastien1983; Bastienet al. 1991; Inutsuka&
Miyama1992)to form acombinatiorof singleobjectsandmultiple
systemgFigures2, 3 and4). In Calculation1, mary of the multi-
ple systemgesultfrom thefragmentatiorof massve circumstellar
discs(e.g.Bonnell 1994; Bonnell & Bate 1994; Whitworth et al.

1995;Burkert, Bate& Bodenheimefd997;Hennebellestal. 2004).
This is still the casein Calculation3 but thereis lessdisc frag-
mentatiorthanin Calculationl becaus¢hechangean theequation
of stateresultsin a given disc being hotterand,thus, more stable
againstfragmentation A particularly good example of the e ect
of the changein the equationof stateis the evolution of the cir-
cumbinarydiscthatformsaroundthe ®rst two objects(seenin the
upperright of the ®rst four panelsin Figure 2 andthe equivalent
®gureof BBB2003).In Calculationl, this disc fragmentsto form
two starsandabrown dwarf in theintenal t = 1:06 1:08t , butin
Calculation3 thediscdoesnot fragment.

In the mostmassie core,in both Calculationsl and 3, the
objectsfall togetheiinto the gravitational potentialwell of the core
to form asmallstellarcluster(Figure2,t = 1:12 1:14t ). At this
point, Calculation3's clustercontainsl0 objects(threefewer than
in Calculation1). From this point on, the clustersbegin ejecting
objectsin dynamicalinteractions\We notethat clusterscontaining
moreobjectsappeato bethemoste cientatejectingobjects(i.e.,
they ejectthelargestnumberobjectsin the samefractionof afree-
fall time). At t = 1:26, Calculation3 hadproducedl4 objectsbut
ejectedonly ®ve of these whereasCalculationl hadproduced20
andejected15 of these.Calculation2 had produced45 objectsin
Corel andejected 20 of theseat the sametime andmorethan
half of the objectsshortly afterwards.

Another interestingpoint that is graphically illustrated by
comparinghe evolutionsof themaindensecoresof Calculationsl
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Figure 4. The starformationin the secondandthird densecores.The rst objectin core2 formsatt = 1:298 , followed quickly by the rst objectin core3
att = 1:32( . Both objectsaresubsequentlgurroundedy massie circumstelladiscsthateachfragmentto form two triple stellarsystemsJustbeforethe
afourth objectformsfrom a lament in core3 thathasthe massof a browvn dwarf but is still accretingrapidly whenthe calculationis stoppedEachpanelis
0.025pc (5150AU) acrossTimeis givenin unitsof theinitial free-fall ime of 1:90 10° yr. The panelsshaw thelogarithmof columndensity N, through

thecloud,with thescalecovering 0:5 < logN < 2:5with N measuredn g cm 2.

and3 is thechaoticnatureof starformation.Evenasmallchangen

thephysics(in this case aslightchangeo theequatiorof state)re-
sultsin parallelevolutionsthatdiverge with time. This canbe seen
by comparingFigures2 and 3 with Figures3 and4 of BBB2003
(seealsothe animation).Up until t = 1:20t , the spatialdistribu-

tionsof starformationwithin themaindensecoresarevery similar.

However, afterthis pointthey becomeverydi erent,argely dueto

the breakup of a multiple systemin Calculationl that doesnot
have a counterpartn Calculation3.

Cores2 and3 eachproduce3 starsduringCalculation3. Each
of thesebeggins with a single star surroundedby a massie disc
thatfragmentsto form a triple system.Core 3 alsoformsa fourth
objectin a nearby®lament,just beforethe calculationis stopped
(seealsoFigure6 of BBB2003for thecounterparbf this®lament).
Again, althoughdisc fragmentationoccursin Calculation3, it is
lessproli®c thanin Calculationl in which cores2 and3 produced
7 and5 objects respectiely.

3.3 Star formation timescaleand e ciency

The timescaleon which star formation occursis the dynamical
onein all threecalculationsconsistenbothwith obserationaland
othertheoreticargumentqPringle1989;EImegreen2000a;Hart-
mann,Ballesteros-Bredes& Bermin 2001), whetheror not mag-
netic ®elds are presentMacLow et al. 1998;Ostriler et al. 2001;
Li etal. 2004).We notethat Calculation3 convertsslightly more
gasinto starsin the sameamountof time as Calculationl (6.88
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versus5.89M ). Becausehe calculationsareessentiallyidentical
on large-scalesthis di erenceprobablyindicatesthataccretionis
moree cientin clusterscontainingfewer objects(the gasis less
stirredup).

In all calculationsthe local starformatione cieng is high
within eachof thedensecores(seeTable2 for Calculation3). This
high starformatione cieng is responsibl€for the burstsof star
formationseenin all threecalculationg(seeFigure5 for Calcula-
tion 3, wherethereis a burst of starformationin the maindense
corefromt = 1:.03 1:13 , followed by a pause,anda second
burstduringt = 1:23  1:34t ). Gasis rapidly corvertedinto stars
in themostmassie densecoresanddepletedo suchanextentthat
starformationpauseskreshgasmustfall into the gravitational po-
tential wells of the small clustersbeforenew burstsof starforma-
tion canensueAlthoughthelocal starformatione cieng is high
in the densecores,mostof the gasin both calculationss in low-
densityregionswhereno starformation occurs.Thus,the overall
starformatione cienciesarelow ( 10%)for all calculationsAl-
thoughnoneof the calculationhave beenfolloweduntil starforma-
tion ceasesin all calculationsalargefractionof thegashasdrifted
0 tolargedistancedy theendof thecalculationsiueto theinitial
velocity dispersiorandpressurgradientsandis notgravitationally
unstable Thus,the global starformatione cienciesare unlikely
to exceeda few tensof percentFurthermorealthoughnoneof our
calculationgorm high-masstars feedbackrom jets,out owsand
heatingof the gas(noneof which areincluded)would nevertheless
be expectedo reducethe starformatione cieng further
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Figure 5. Time of formationandmassof eachstarandbrowvn dwarf atthe
endof the calculation.The colour of eachline identi es the densecorein
which the objectformed: rst (blue), second(green),or third (red) core.
Objectsthatarestill accretingsigni cantly atthe endof the calculationa
representedvith arrons. The horizontaldashedine marksthe sta¥brown
dwarf boundaryTime is measuredrom the beginning of the calculationin
termsof thefree-fall time of theinitial cloud (top) or years(bottom). This
gure may be comparedvith the equivalent gures for Calculationsl and
2 containedn BBB2003andBB2005,respectiely.

As discussedn BBB2003, obserations shav that star for-
matione cienciesvary widely acrossstarforming regions.Some
partsof starforming cloudscontainno nenly formedobjectswhile
in otherparts,notablyclustersandgroups.thelocale cieng can
reach50%or more.Overall,suchapatternresultsin low globalstar
formatione ciencies,typically 10-30% (Wilking & Lada 1983;
Lada1992).

3.4 Stellar velocity dispersion

Dynamicaliinteractionsbetweenclustermemberseject starsand
brown dwarfsin all threecalculationsIn both Calculationsl and
2, BBB2003and BB2005found that the ®nal velocity dispersion
of the starsandbrown dwarfs is independenboth of stellarmass
andbinarity. While the lack of dependencen masswasreported
from pastN-body simulationsof the breakupof small-N clusters
with N > 3 (Sterzik & Durisen1998) and SPH calculationsof
N = 5 clustersembeddedn gas(Delgado-DonateClarke & Bate
2003),thesecalculationsoundthatbinariesshouldhave a smaller
velocity dispersionthansingle objectsdueto the recoil velocities
of binariesbeinglower, keepingthemwithin the stellargroups.

The velocitiesof the starsand brown dwarfs relative to the
centreof massof all the objectsaregivenin Figure6 for Calcula-
tion 3. The rms velocity dispersionis 3.7 km s * in threedimen-
sionsor 2.1 km s ! in one dimension(using the centre-of-mass
velocity for binariescloserthan10 AU). This is intermediatebe-
tweenthe velocity dispersion®f Calculationsl and2, which had
three-dimensionalelocity dispersionof 2.1 and4.3km s %, re-
spectvely.

The three-dimensionalelocity dispersionf brown dwarfs,
stars,and binaries(semi-majoraxes< 100 AU) are 4.4, 2.8, and

[ T T T TTTTT{ T T TTT;TT{ T T T TTTTT{ ]
. [
|
- . ! ]
\
o i ®e : ° e ]
N Lo | ,
E : I e
Z A -
> ¢ e
e | ° 3]
o 1 ® o | owa " =
S C | m-m ]
= F . ]
L \ i
[
| i
I
|
0-1 1 1 lllllll 1 1 llllllll 1 1 lllllll
0.001 0.01 0.1 1
Mass [Mg]

Figure 6. Thevelocitiesof eachstarandbrowvn dwarf relative to thecentre-
of-massvelocity of the stellar system.For binarieswith semi-majoraxes
< 100AU), the centre-of-masselocity of the binaryis given, andthe two

starsareconnectedy dottedlinesandplottedassquaresatherthancircles.
Therootmeansquarevelocity dispersiorfor theassociatiorfcountingeach
binaryonce)is 3.7 km/s (3-D) or 2.1 km/s (1-D). As in Calculationsl and
2, thereis no signi cant dependencef the velocity dispersionon mass.
However, up to theendof the new calculation,no binarieswereejectedso
the velocity dispersionof the binariesis low at only 1.2 km/s (3-D). The
verticaldashedine marksthe starbrown dwarf boundary

1.2km s %, respectiely. Thedi erencebetweenthe velocity dis-
persionsof the starsand brown dwarfs is not signi®cantsincethe
high brown dwarf velocity dispersionis basedpurely on a single
brown dwarf thatwasejectedwith avelocity of 14km s * (remov-
ing this objectfrom thesamplegivesabrown dwarf velocity disper
sionof 2.8km s !, exactly the sameasthatof the stars).However,
thedi erencebetweensinglesandbinariesdoesappeaito be sig-
ni®cant.Thisdi erentresultis dueto thefactthatin Calculations
1 and2, bothsingleandbinary starswereejectedso thattheir ve-
locity dispersionswere indistinguishablewhereasjn Calculation
3, all of the binariesare in fact membersof triple or high-order
systemgqseeTable3) andnonewereejectedbeforethe calculation
was stoppedresultingin them having a low velocity dispersion.
Thisimpliesthatthelack of dependencef the velocity dispersion
on multiplicity thatwasfoundin Calculationsl and?2 is brought
aboutby the fact that most objectsin thosecalculationsformed
in clustersof N > 20 objectsso that both single objectsand mul-
tiple systemswere ejected.Small multiple systemsaree cientat
ejectingsingle objects,but without the larger clustersof objects
thatformedin Calculationsl and2 it isdi cult to ejecta multiple
systemThismatchesvell with theresultsof Delgado-Donatetal.
(2004)who performedsimulationsof starformationin smallturbu-
lent cloudsandfoundwhile the velocity dispersion®f singlesand
binarieswereindistinguishablehigherordermultipleshadsignif-
icantly lower velocity dispersionsThe implicationsfor obsered
starforming regionsarecleat In low-densitystarforming regions
suchas Taurusand Chameleorthat form only very small groups
of stars,multiple systemsmay have a lower velocity dispersion
than single objects,whereasin richer starforming regions such
as Ophiuchusand Orion theremay be no distinction between
the velocity dispersionof singleandmultiple systemsNote also

¢ 0O00ORAS, MNRAS 000, 000-000
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Figure 8. Theinitial massfunctionsproducedby Calculationsl and3. Calculation3 (righthandpanel)is identicalto Calculationl (lefthandpanel),except
thatthe collapsinggasbegins heatingat a lower density resultingin a greaterminimumbrown dwarf massThe singleshadedegionsshaw all of theobjects,
the doubleshadedegionsshav only thoseobjectsthathave nished accreting.The massresolutionof the simulationsis 0.0011M (i.e. 1.1 My), but no
objectshave massefower than4:9 M; in Calculationl and9:7 M in Calculation3 dueto the opacitylimit for fragmentationWe alsoplot ts to theobsered
IMF from Miller & Scalo(1979)(dashedine), Kroupa(2001)(solid brokenline), andChabrier(2003)(solid curne). The Salpete(1955)slope(solid straight
line) is equalto thatof Kroupa(2001)for M > 0:5 M . Theverticaldashedine marksthe sta¥brovn dwarf boundary
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Figure 7. Thecummulativenitial massunctionsproducedy Calculations
1 (solid line) and3 (dottedline). A Kolmogora-Smirnos teston the two
distributionsshaws thatthereis a 45% probabilitythatthey aredrawvn from
thesameunderlyingIMF (i.e., statistically they areindistinguishable)The
verticaldashedine marksthe starbrovn dwarf boundary

thatGoodwin,Whitworth & Ward-Thompsoif2004)arguethatthe
masdunctionin Taurusmaydi erentto otherstarformingregions
dueto thefactthatit only containdow-masscores.
Obsenrationally, in agreementvith the calculationgresented
here,thereis no evidencefor brown dwarfs having a signi®cantly
highervelocity dispersiorthanstars(somethinghatwassuggested
asa possiblesignaturethat brovn dwarfs form as ejectedstellar
embryosby Reipurth& Clarke 2001).In fact, studiesof theradial
velocitiesof starsandbrown dwarfsin theChamaeleohdarkcloud
®nd thatbrown dwarfshave a mamginally lower velocity dispersion
thanthe T Tauri stars(Joegens& Guenther2001;Joegens2003;

Joegens2005).

¢ O0O0ORAS, MNRAS 000, 000-000

3.5 Initial massfunction

A summaryof the masddistributionsof the starsandbrowvn dwarfs
formedin the threecalculationsis givenin Table1. From Calcu-
lations1 and 2, BB2005found that decreasinghe meanthermal
Jeangnassof the progenitorcloud by a factorof threeresultedin
a correspondinglecreasén the median(characteristicmmassby a
factorof almostexactly afactorof three.Thus,they concludedhat
thecharacterististellarmasss setby themeanthermalleansnass
in molecularclouds.However, the opacitylimit for fragmentation
wasthe samein boththesecalculations)eaving openthe question
of its role in the origin of the IMF. We shaw in this sectionthat
changingthe opacitylimit for fragmentatioronly altersthe value
of theminimummasscut-o  anddoesnot altertherestof the IMF
signi®cantly

Calculationsl and3 canbeusedto investigatehedependence
of the IMF on the opacity limit for fragmentationsincethey are
identical exceptfor the minimum massfor fragmentationAs de-
scribedin Section2.1, the minimum massin Calculation3 is a
factorof threegreaterthatthatin Calculationl (roughly9 M; as
opposedo 3 M;). The IMFs from the two calculationsare given
in Figure8. Both calculationgorm roughly equalnumbersof stars
and brown dwarfs, indicating that changingthe minimum object
massby afactorof threehaslittle a ectonthelMF (asopposedo
Calculation2 whoselMF wasbiasedin favour of brown dwarfs).
In Calculationl, 50 objectswereformedwith a meanobjectmass
of 0.118M andamedianmassof 0.070M . In Calculation3, 34
objectswereformedin the sametime with a meanmassof 0.202
M andamedianmassof 0.054M . As we have alreadydiscussed,
heatingof the gasat lower densitiesnhibits fragmentationyhich
is consistentith the fact that fewer objectsare formedandtheir
meanmassis greater However, with suchsmall numbersof ob-
jects, it is importantto inquire whetherary di erencen the IMFs
is statisitically signi®cant.In Figure 7, we give the cummulatve
IMFs. A Kolmogora-Smirnor teston the two distributionsshavs
thatthereis a 45% probability that they aredravn from the same
underlyingIMF (i.e., statistically they areindistinguishable)By
contrast,BB2005found thatthe IMFs from Calculationsl and 2
hadonly a 1.9% probability of beingdravn from the sameunder
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Figure9. Thetime-averagedaccretiorratesof theobjectsformedin thecal-
culationversustheir nal massesThe accretionratesarecalculatedasthe
nal massof anobjectdivided by thetime betweertheir formationandthe
terminationof their accretionor the endof the calculation.The horizontal
solidline givesthearithmeticmeanof theaccretiorrates:1:9 10 M /yr.
Theaccretionratesaregivenin M =t ontheleft-handaxesandM /yr on
the right-handaxes. The vertical dashedine marksthe starbrovn dwarf
boundary
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Figure 10. Thetime betweertheformationof eachobjectandthetermina-
tion of its accretionor the endof the calculationversusits nal mass.As

for the calculationsn BB2005, thereis a clearlinear correlationbetween
thetime anobjectspendsaccretingandits nal mass.Thesolid line gives
thecunethattheobjectswouldlie onif eachobjectaccretedatthe meanof

thetime-averagedaccretiorrates.The accretiontimesaregivenin units of

thet ontheleft-handaxesandyearson theright-handaxes. The vertical

dashedine marksthe stafbronn dwarf boundary

lying IMF. SincetheKolmogora/-Smirnor testis mostsensitve to
di erencesn the medianmassof two distributions, we conclude
thatthecharacteristi¢median)massof theIMF is quiteinsensitve
to the valueof the minimummasswhich is imposedby the opacity
limit for fragmentation.

Although thereis no statisticallysigni®cantdi erencein the
characteristicnassfrom Calculationsl and3, theminimumobject
massdoesincreaseas expecteddue to the changein the opacity
limit for fragmentationThe lowest massobjectsformedin Cal-
culationsl and2 were4.9 M; and2.9 M;, respectrely. Thus,we
assumehe minimum massfor their equationof stateis 3 M.
Calculation3 shouldthenhave a minimumobjectmassof 9 M.
Indeed thelowestmassbrown dwarf formedhasamassof 9.7 M.
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Figure 11. For eachobjectthathasstoppedaccretingwe plot thetime be-
tweenthe formationof the objectandits ejectionfrom a multiple system
versusthe time betweernits formationandthe terminationof its accretion.
As for thecalculationgn BB2005,thesetimesarecorrelatedshaving that
the terminationof accretionon to an objectis usuallyassociatedvith dy-

namicalejectionof the object.

We notethatthe lowestmassobjectsin all threecalculationsvere
ejectedbeforethe endof the calculationsandnoneof themarestill
accretingThemimimumresohablemassn thecalculationss 1.1
M; (seeSection2.4).

In Figure8, we comparethe IMFs from Calculationsl and3
with parameterizationsf the obsened GalacticlMF by Miller &
Scalo(1979),Kroupa(2001),and Chabrier(2003). Calculationl
is in goodagreemenith Chabriers singlestarIMF (solid curve),
althoughwe cannotyet testthe form of the high-massend of the
IMF (masses> 1M ) with calculationghatsimultaneouslyesohe
down to the opacitylimit for fragmentationlt is di cult to com-
pareCalculation3 with the parameterizedMFs dueto the small
numberof objectsformedbut, within thelarge uncertaintiesit too
is consistentvith the obsered IMF.

BB2005investigatedn detailthe origin of theIMF from Cal-
culations1 and 2. Sinceall objectsin the calculationsbegin as
opacity limited fragmentsat the minimum massand thenaccrete
to their®nal massedpw-massobjectscouldoriginatefrom objects
with low accretionratesor from objectswith a typical accretion
ratewhoseaccretionis terminatedshortly afterthey form (e.g.,by
ejectionin adynamicalinteractionwith otherobjects).

Following BB2005,in Figure9, we plot thetime-areragedac-
cretionratesof all theobjectsin Calculation3 asafunctionof their
®nal massesA time-areragedaccretiorrateis de®nedasthe mass
of anobjectat the end of the calculationdivided by the time over
which it accretedhat mass.The accretiontime is measuredrom
theformationof anobject(i.e.,theinsertionof asinkparticle)to the
lasttime atwhichits accretionratedropsbelov 10 7 M /yr, or the
endof the calculation(which ever occurs®rst). We alsode®nean
ejectiontime, whichis thetime betweertheformationof anobject
andlast time the magnitudeof its acceleratiordropsbelon 2000
km/s’/Myr (or theendof thecalculation). Theacceleratiorcriterion
is basedon the fact that oncean objectis ejectedfrom a stellar
clusterthrougha dynamicalencounterits acceleratiomwill dropto
alow value.The speci®cvalue of the acceleratiorwas chosenby
comparinganimationsand graphsof acceleratiorversustime for
individual objects As with Calculationsl and2, thetime-averaged
accretionratesof the objectshave a signi®cantdispersionHow-
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ObjectNumbers ~ M; Mo 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) 0.16 055 40 0.22
(31,32),23 (0.22) 0.19 0.85 186 0.27  Systemi; In Core2
3,(5,22) 0.90 (0.72) 081 599  0.13
(1,2),(6,8) (1.35) (1.34) 1.00 217 0.37  System2; In Corel

(3,(5,22)),17 (1.62) 0.034 0.021 787
((24,28),29),34 (0.46) 0.013 0.029 1794

0.81 BD companionSysten3; In Corel
0.85  BD companion(accreting);Systen¥; In Core3

Table 3. The propertieof the4 multiple systemswith semi-majoraxeslessthan2000AU formedin Calculation3 (seealsoFigure11). Oneof thesesystems
is atriple while the otherthreearequadruplesystemsThestructureof eachsystems describedisingabinaryhierarchy For each'binary' we give themasses
of theprimary M; andsecondanMy, themassratioq = M=M3, thesemi-majoraxisa, andthe eccentricitye. Thecombinedmasse®f multiple systemsare
givenin parenthese®rbital quantitiesmarked with asterisksareunreliablebecauseheseclosebinarieshave periastrondistancedessthanthe gravitational
softeninglength.Whenthe calculationis stoppedall four systemsare unstableandor arestill accretingsotheir nal statesareunknavn. In thecomments,
BD companiorrefersto awide brovn dwarf companiorto thetightertriple systems.

ever, thereis no systematidrendfor thelower-massobjectsto have
lower time-averagedaccretiorrates.

In Figure 10 we plot the time betweenthe formation of an
objectandtheterminationof its accretion(or the endof the calcu-
lation) versughe®nal masof theobject. Thosepointswith arrons
denotethoseobjectsthatarestill accretingsigni®cantlyatthe end
of thecalculation Accretingobjectswould move towardsthe upper
right of the diagramsf the calculationswere extended.Again, as
with Calculationsl and2, it is clearthatthe lower the nal mass
of the object, the earlier its accretion wasterminated This is the
origin of the masdistribution of the objects.

To checkthattheterminationof theaccretions causedy the
ejectionof objectsduringdynamicalinteractionsjn Figurell,we
plot the time betweenthe formation of an objectandits ejection
from a stellar group versusthe time betweenthe formation of an
objectandthe terminationof its accretion.In this ®gure,we only
plot thoseobjectsthathave stoppedaccretingandreachedheir ®-
nalmassedy theendof the calculationsAs in Calculationsl and
2, the ejectionandaccretiontimesare closelycorrelated shaving
thatthe terminationof accretion on to an objectis usuallyassoci-
atedwith dynamicalejectionof the object Theseresultscon®rm
the speculationof Reipurth& Clarke (2001) and the conclusions
of Bate et al. (2002a)and BB2005that brown dwarfs are “failed
stars'. They fall shortof reachingstellarmassedecausehey are
cuto fromtheirsourceof accretiorprematurelydueto ejectionin
dynamicalinteractions.

3.6 Multiple systems

In all threecalculationsthe dominantformationmechanisnior bi-
naryandmultiple systemsvasfragmentationeitherof gaseous®I-
amentge.g.Bastein1983;Bastienetal. 1991;Inutsuka& Miyama
1992) or of massve circumstellardiscs(e.g. Bonnell 1994; Bate
& Bonnell 1994; Whitworth et al. 1995; Burkert, Bate & Boden-
heimer1997;Hennebellest al. 2004).Stardisc encounterplayed
animportantrole in truncatingdiscs(Section3.7),andin dissipat-
ing kinetic enegy (c.f. Larson2002),but they did not play a sig-
ni®cantrolein forming binaryandmultiple systemgrom unbound
objects(c.f. Clarke & Pringle 1991a).Only two stardisc encoun-

¢ O00ORAS, MNRAS 000, 000-000

tersresultedin the formationof multiple systemsn Calculationl,
while in Calculation2 therewasno olvious exampleof a multiple
systembeingformedvia a stardiscencounter

In Calculation3, thereare threeoccurence®f stardisc en-
countergesultingin the formationof multiple systemsGiventhat
thereare only four multiple systemsat the end of the calculation
(which contain 5 binaries), stardisc encountersseemto play a
greaterrole in Calculation3. As in Section3.4, which discussed
velocity dispersionye canattributethe greateimportanceof star
discinteractionsin creatingmultiple systemsto the smallersizes
of the stellargroupsin Calculation3. As pointedout by Clarke &
Pringle (1991), stardisc encountersn larger N clustersare less
likely to resultin capturebecausehe virial speedsn the clusters
will be higheranddiscsare morelikely to be disperseddy high-
velocityencountergrior to undegoingpotentialstardisccaptures.

3.6.1 Multiplicity

When Calculation3 was stoppedtherewere 19 single objects,1
triple, and3 quadruplesystemgtakingary objectswith semi-major
axesgreaterthan2000AU to be essentiallyjunbound) The proper
tiesof the4 multiple systemsaredisplayedn Table3 andin Figure
12.Two of thesesystem®riginatedn themaindensecore,andone
eachin Cores2 and3. Within thesesystemshereare®ve binaries
(i.e.,nonehave beenejected) The two multiple systemsn Corel
andfour of the ejectedbrown dwarfs arestill very weakly bound
to eachother but are all at large distancedrom eachother The
two multiple systemsn Cores2 and3 arealsomaginally boundto
eachother
Calculation3 producesa high companiorstarfraction

+2T +3Q+ i
csp . BF2T+3Q

SSrBrTr QL @

of 11=23 = 48 percentwhereS is the numberof singlestars,B is
thenumberof binaries,T is thenumberof triples, etc. Alternately
thenumberof companionslividedby thetotal numberof objectsis
1134 = 32 percentThesepercentagearesimilar to thoseof Cal-
culation1. Although the systemswith morethantwo components
will continueto evolve andsomewill probablyejectmore mem-
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Figure 12. Massratios versussemi-majoraxes of the binary triple and
gquadruplesystemshat exist at the end of the calculation(seealso Table
3). Binariesare plotted with circles, triples with trianglesand quadruple
systemswith squaresThis gure shouldbe comparedwith Figure 12 of

BBB2003andFigurellof BB2005for theequialentresultsfrom theother
calculations.Calculation1 producedno wide binaries(separations> 10

AU) andno binarieswith massratiosM=M; < 0:3. Calculation2 produced

ve wide binariesandthreebinarieswith massratiosMo=M; < 0:2. This

calculationproduceswide binaries(separations> 10 AU), but the lowest
masgatiois My=M; = 0:28.

bers,it is plausiblethatthe ®nal companiorstarfrequeng will be
high, asrequiredby obsenations of starforming regions (Ghez,
Neugebaue& Matthevs 1993;Leinertetal. 1993;Richichietal.
1994;Simonetal. 1995;Ghezetal. 1997;Duchénel1999).

As with Calculationsl and2, Calculation3 producesrealis-
tic frequeny of closebinaries(separations 10 AU) eventhough
no two objectsform closerthan13 AU from eachotherdueto the
opacitylimit for fragmentatior(seeBateetal. 2002bfor afull dis-
cussion).Thus,althoughthe changen the equationof stateof the
gasinhibits fragmentatiormorein Calculation3 thanin Calcula-
tion 1, this doesnot seemto a ectthe ability of closebinariesto
form. Evenif all wider systemsbreakup, the resultingfrequeny
of closebinarieswould be3=31 10 percent.The corresponding
valuesfrom Calculationsl and 2 were 16 percentand 7 percent,
respectiely. The obsered valueis 20 percent(Duquenng &
Mayor 1991).However, Duquenng & Mayorwerenotsensitve to
brown dwarfs. If only starsare consideredthe frequeny of close
binariesbecomes=13 23 percent(for Calculationsl and2 the
correspondindrequenciesveresimilar at 5=18 28 percentand
4=15 27 percentyespectiely). As in Calculationsl and2, there
is a preferencedor closebinariesto have equalmassegall three
have massratiosof M,=M; > 0:5), andthefrequeng of closebi-
nariesis higherfor moremassie primariest 6 of the 16 starsare
memberof closebinaries,while no browvn dwarfs arein closebi-
naries.Thesepreferencesesultfrom theformationmechanismsf
closesystemsasdiscussedby Bateetal. (2002b).

3.6.2 Brown-dwarfcompaniongo stars andbrowndwarfs

TogetherCalculationsl and?2 producedb binariesconsistingonly
of very-lov-mass(VLM) stars(M < 0:09 M ) or brown dwarfs
outof 80VLM or brown dwarf systemsjmplying a frequeng
of binarybrown dwarfsof 8 percentCalculation3 is consistent
with thisfrequeng in thatit producecho VLM binariesfrom 18
VLM objects.Togetherthethreecalculationgjive anoverall VLM
binaryfrequeng of 6 percentFor starbrown dwarf binary sys-
tems thefrequenciesrealsovery low. Calculationl oneproduced
onebinarysystenconsistingof astar(0.13M ) andabrown dwarf
(0.04M ). Thesystemhada separatiorof 7 AU andwaspartof an
unstableseptuplesystem Both objectswerestill accreting Calcu-
lations2 and3 did not produceary suchstarbrovn dwarf binary
systemsThe reasondor theselow frequenciesare discussedy
BB2005.

The obsered frequeng of very-lov-massand brovn dwarf
binariesis 15 percent(Reidetal. 2001;Closeetal. 2002,2003;
Bouy et al. 2003; Burgasselet al. 2003;Gizis et al. 2003; Martn
etal. 2003; Siggler et al. 2005).Note, howvever, thatthe frequeny
of binarybrown dwarfsaswide companiongo starsmaybehigher
(BurgasserKirkpatrick & Lowrance2005). The vast majority of
binarybrown dwarfshave separationgessthan20 AU (Closeetal.
2003; Siggler et al. 2005), but thereis at leastone binary browvn
dwarf systemwith a separationgreaterthan 200 AU (Luhman
2004a).Thus, the calculationscorrectly favour the productionof
closebinary brovn dwarfs, but they underproducebinary browvn
dwarfsby roughlyafactorof two. Thisdi culty maybeassociated
with our resolutionlimits + we are unableto resohe circumstel-
lar discsat radii <10 AU, and gravitational interactionsbetween
stargbrown dwarfs aresoftenedat separationgessthan4 AU. The
rarity of brown dwarfs orbiting starsis consistenbothwith the so
calledbrowvn dwarf deserdiscoveredthroughDopplersearchesor
planetsorbiting solartype stars(Marcy & Butler 2000) and from
imagingsuneys for wide systemgGizis etal. 2001).

Finally, mary of themultiple systemsn all of our calculations
have wide browvn dwarf companionsAlthough they are still dy-
namicallyevolving whenthe calculationsarestoppedwe notethat
the small-scaleturbulent starformation simulationsof Delgado-
Donateetal. (2004),whichwereevolveduntil thesystemgeached
dynamicalstability, alsopredictthatmary closestellarbinary sys-
temsshouldhave wide brown dwarf companions.

3.7 Protoplanetary discs

The calculationsresole gaseousliscswith radii > 10 AU around
theyoungstarsandbrown dwarfs. Discswith typical radii of 50
AU form aroundmary of the objectsdueto the infall of gaswith
highspeci®cangulamomentumHowever, in all calculationgiscs
areseverely truncatedn subsequentynamicalinteractions)eav-
ing mostof themtoo smallto form analogue®f our solarsystem
(seeBBB2003).Thessix resohed discsat the endof Calculation3
arelistedin Table4, andin Figure13we plot the closestencounter
distancefor eachobjectduring the calculationasa function of its
®nalmassAll buttwo starshave hadencountersloserthan10AU.
Noneof the brovn dwarfs or ejectedstarshave resohed discsand
the starswith resohed discsare all membersof multiple systems.
Althoughthey have hadvery closeencounterssubsequerihfalling
gashasbuild up circumbinaryandcircumtriplediscsaroundthem.
Thisis afeatureof all threecalculations.
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DiscRadius 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,forms quadruplesystemwith 1,2
60 1,2 Circumbinarydisc,forms quadruplesystemwith 6,8

Table 4. Thediscsthatexist aroundobjectswhenthe calculationis stoppedDiscswith radii < 10 AU arenotresoled. Unlike Calculationl, in Calculation3
no objectsareejectedwith resoheddiscs.This tableshouldbe comparedvith Tables4 of BBB2003andBB2005for the equivalentresultsfrom Calculations

1and2, respectiely.
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Figure 13. Theclosestencountedistanceof eachstaror brovn dwarf dur
ing the calculationversusthe objects nal mass.This gure shouldbe
comparedwith Figure 14 of BBB2003 and Figure 12 of BB2005for the
equialentresultsfrom Calculationsl and 2. Objectsthat arestill accret-
ing signi cantly at the end of the calculationare denotedwith arraws in-
dicatingthatthey arestill evolving andthattheir massesre lower limits.
Objectsthat have resolhed discsat the end of the simulationare circled.
Discssmallerthan 10 AU (horizontaldottedline) cannotbe resohed by
the simulation.Objectsthat have had closeencountersnay still have re-
solveddiscsdueto subsequerdccretiorfrom thecloud.Notethatthereare
only 6 resoled discsat the end of the simulation,but mary surroundbi-
naryandhigherordermultiple systemghencethe 13 circlesin the gure).
Binaries(semi-majoraxes< 100AU) areplottedwith thetwo components
connectedy dottedlinesandsquaresreusedasopposedo circles.Com-
ponentof triple systemavhoseorbitshave semi-majoraxes10 < a < 100
AU aredenotedoy triangles All of thebinariesaresurroundedy resohed
discs.Encounterdistancedessthan4 AU areupperlimits sincethe point
masspotentialis softenedvithin thisradius. Theverticaldashedine marks
the sta¥browvn dwarf boundary Thetwo brown dwarfsin thetop left corner
of the gure thatare still accretingformed shortly beforethe calculation
wasstoppedarethusstill evolving rapidly. They maynotendup asbrowvn
dwarfs. Thereare no brown dwarfs that have resoled discsandhave n-
ishedaccreting.

4 DISCUSSION
4.1 The accretion/ejection modelfor the IMF

BB2005 amguedthat the IMFs producedby Calculationsl and 2
originatedfrom a combinationof accretionand dynamicalejec-
tionswhich terminatethe accretion As shavn in Section3.5, their
conclusionsaresupportediy Calculation3. They proposeda very
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simplemodelfor theorigin of theIMF andfoundthatit reproduced
the IMFs obtainedfrom the ®rst two calculationsvery well. Here
we shav thatthe modelalsoproducesanacceptablé®t to the IMF
from Calculation3.

Thesimpleaccretioriejectionmodelfor the IMF producedoy
astarforming molecularcloudis asfollows.

We assumaeall objectsbegin with massesetby the opacity
limit for fragmentation(3 M; for Calculationsl and2 and9 M,
for Calculation3) andthenaccreteat a ®xedrateM until they are
ejected.

We assumehe accretiorratesof individual objectsaredravn
from a log-normaldistribution with a meanaccretionrate (in log-
spacepivenby log,,(M) = log,,(M) andadispersiorof dex (i.e.
l0g,0(M) = log,,(M) + G, whereG is arandomGaussiardeviate
with zeromeanandunity variance).

Theejectionof protostargrom anN-bodysystemis astochas-
tic procesghatcanbedescribedn termsof the half-life of thepro-
cess.We assumehatthereis a single parametgr ejec;, thatis the
characteristitimescalebetweerthe formationof anobjectandits
ejectionfrom thecloud. The probability of anindividual objectbe-
ing ejectedis thenexp( t= gjec) Wheret is thetime elapsedsince
its formation.

Calculation3 supportghis modelin thatFigure9 shavs thereis no
correlationbetweeranobjectstime-aseragedaccretiorrateandits
®nal masswhile Figure10 shavs a strongcorrelationbetweerthe
time an objectspendsaccretingandits ®nal massand Figure 11
shawvs thataccretionis usuallyterminatedoy gravitationalinterac-
tionswith otherobjectsleadingto dynamicalejection.

Assumingthatthe cloud forms a large numberof objects,N,
andthatthetime it evolvesfor is muchgreaterthanthe character
istic ejectiontime, T eject thena semi-analytidormulacanbe
derivedfor theform of theIMF (BB2005)andthereareessentially
only threefree parameterin themodel. Thesearethe meanaccre-
tion ratetimestheejectiontimescaleM = M cjecs thedispersiorin
thetime-areragedaccretionrates, , andthe minimum masspro-
vided by the opacitylimit for fragmentationMuyin. If M >> Muin,
M is the characteristienassof anobject.

4.1.1 Repoductionof the hydiodynamicalMF

Thehydrodynamicatalculationsarenotfolloweduntil all thestars
andbrown dwarfshave ®nishedaccretingi.e.,the IMF is notfully
formed). It is not the casethat T eject This must be taken
into accountwhencalculatingsimpleaccretiotiejectionmodelsfor
comparisorwith the IMFs from the hydrodynamicaktalculations.
To do this, we evolved the simple modelsover the sameperiods
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Figure 14. The initial massfunctions producedby Calculation3 (his-
togram)andits t usingthe simple accretiofejection IMF model (thick
solid line). Statistically the hydrodynamicaland the model IMFs are in-
distinguishableAlso shavn arethe Salpeteislope(solid straightline), and
theMiller & Scalo(1979)(dashedine), Kroupa(2001)(solid brokenline)
andChabrier(2003)massfunctions.Thevertical dashedine is the stellar
substellaboundary

Model Mumin [ eject T

M M fyr Dex. yr yr
1 0.003 617 10% 033 32 100 691 10
2 0.003 7:18 108 050 93 10° 367 10¢
3 0.009 1.00 105 041 25 10* 691 10

Table 5. The parametersf the simpleaccretiorejection IMF modelsthat
should reproducethe IMFs from the three hydrodynamicalcalculations
(Figure14). Thereareessentiallythreeparameters the models themean
accretionrate timesthe characteristicimescalefor ejection(N¢ eject), the
dispersiorin theaccretiorrates , andthe minimummasssetby theopac-
ity limit for fragmentationMp,i. The time period over which the simula-
tionsarerun, T, hasasmalle ectontheform of theIMF. For example the
peakin themodellMF (Figurel4)atverylow massess becauseneobject
formedshortlybeforethe calculationwasstoppedandthereforethis object
doesnot usuallymanageo accretanuchmassn themodel.

of time, T, thatthe hydrodynamicakimulationstook to form their
starsand brovn dwarfs and take the times of formation of each
of the objectsdirectly from the hydrodynamicakimulations(i.e.,
from Figure5 for Calculation3).

We generate@modellMF for comparisorwith theIMF from
Calculation3. ThemodellMF is theaverageof 30000randonreal-
isationsof the simpleaccretioriejectionmodel, keepingthe values
of theinputparameter®xed. Theparametevaluesaregivenin Ta-
ble 5. It is importantto notethattheseparametersverenot varied
in orderto obtaingood®ts to the hydrodynamicalMF. Ratherthe
valuesof the parametes were takendirectly fromthe hydrodynam-
ical simulation Thereis nofreedomto vary theparameterg order
to obtainabetter®t. Themeanaccretiorrateof the objectsM, and
thedispersiornin theaccretionrates, , weresetequalto the mean
(in log-spacepf thetime-averagedaccretiorratesandtheir disper
sionfrom Figure9. Thecharacteristiejectiontimes, gjec;, Wereset
sothatthemeamumberf objectsejectedrom the30000random
realisationgnatchedthe numberof objectsejectedduring eachof
thehydrodynamicatalculationg19 for Calculation3).

Figure 14 shaws that the simple accretioriejection model
matcheshehydrodynamicalMF reasonablyvell. A Kolmogoro-
Smirnov testgivesa 6.6 percentprobability thatthe hydrodynami-
cal IMF couldhave beendravn from the modelIMF (i.e.,they are
consistentvith eachother).For Calculationsl and2, the hydrody-
namicallMFs have 92 and27 percentprobabilitiesof beingdravn
from the simple accretiorejectionmodel IMFs, respectiely (see
BB2005).

4.2 The dependenceof the IMF ontemperature

Sincethe threehydrodynamicakalculationsdiscussedn this pa-
perarevery time consumingthey have beencarefully designedo
enablethe origins of the statisticalpropertiesof starsto be inves-
tigatedin the mostpossibledetail. Comparisornof Calculationsl
and2 allowedBB2005to investigatehe dependencef starforma-
tion on the meandensity A of the moIecuIarcIoBd and,therefore,
the meanthermalJeansmasswhich scalesas1=" A. Comparison
of Calculationsl and3 allows therole of theopacitylimit for frag-
mentationto be investigatedHowever, it is alsopossibleto com-
pare Calculations2 with Calculationsl and 3 to investigatethe
dependencef star formation on the tempeature of a molecular
cloudand,thus,testfurtherBB20055 assertiorthatthe character
istic stellarmassdependprimarily onthemeanthermalleansnass
of astarforming molecularcloud.

Purelyisothermaimodelsof the collapseof molecularclouds
areoftensaidto bescale-freen thatthey canberescaledrbitrarily
to di erentmodel cloudswith di erentmasser radii. In these
casespnly dimensionlesgjuantitiessuchastheratio of thermalto
gravitational potentialenegiesremain®xed.

The calculationsdiscussedn this paperhave a characteris-
tic densityintroducedthroughthe changein the equationof state
that occursat the critical density . However, they canstill be
rescaledCalculation2 di eredto Calculationl in thatits density
wasgreatemy a factorof nine,decreasinghe meanthermalJeans
massfrom 1M in Calculationl to /3 M . This wasachiezed by
decreasingheradiusby afactorof 92  2:08. Theonly otherdif-
ferencewasthat,becaus¢heinitial “turbulence'wasnormalisedso
thatthe kinetic enegy equaledthe magnitudeof the gravitational
potentialenegy while theinitial temperaturevaskeptat10K, the
Machnumbemwaslargerin Calculation2 by afactorof 9% 1:44.

We canalsoinquire what the starformationwould be lik e if
Calculation2 wasre-run,but with a greaterinitial cloud temper
ature.In particular if we increasedhe temperaturdoy a factor of
3?2 = 2:08, this would give the sameinitial meanthermalJeans
massof 1 M asthatin Calculationsl and3. Thus,rescalingthe
resultsof Calculationsl and3 by reducingall distanceby afactor
2.08givesthe sameevolution asrunningCalculation2 with anini-
tial temperaturef 20.8K insteadof 10K. Theinitial densitiesye-
locities,andfree-fall timesof the cloudsarethe sameasthey were
in Calculation2. But now the resultsgive the propertiesof stars
formedin hottercloudswith critical densitieof i = 9:0 10 %3
and1:0 10 '3 for Calculationsl and 3, respectiely. The only
slight di erencebetweentheserescaledversionsof Calculations
1 and3 and performingentirely new calculationsof hotterclouds
with thesecritical densitieds thatCalculationsl, 2, and3 all used
sink particlesto modelthe starsandbrown dwarfs with accretion
radii of 5 AU andgravitational softeningof dynamicalinteractions
within 4 AU. The rescaledversionsof Calculationsl and3 have
sink particle radii and gravitational softening2.08 times smaller
than thesevalues.However, the whole assumptiorof using sink
particlesis that the resultsare not sensitve to their introduction.
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Certainly it is assumedhatthe resultsdo not changedramatically
by varyingaccretiorradii by factorsof two.

With this one caveat, we can usethe rescaledresultsto in-
vestigatethe dependencef starformation on the temperatureof
a molecularcloud. Changingthe distancescaleof Calculationsl
and 3 doesnot alterthe massscaling.Thus,the IMFs of Calcula-
tions 1 and3 do not changedueto the rescaling.BB2005shaved
thatthe characteristi¢median)massof Calculation2 is afactorof
3.04 smallerthanthat of Calculationl, following almostexactly
the changen the meanthermalJeansnass.Thus,the characteris-
tic (median)massof the rescaledCalculation1 (which modelsa
cloudidenticalto that of Calculation2 exceptthatits temperature
is 2.08timeshotter)alsofollows the increasdan the meanthermal
Jeansmassof the cloud dueto the increasen the temperaturel
(the Jeansmassscalesas T3?). Furthermore sincethe IMFs of
Calculationsl and3 areindistinguishablgSection8), the opacity
limit for fragmentatiorwhich is modelledby thecritical densityat
whichthe equatiorof statechangeslsoplaysno signi®cantrolein
determiningthe IMF in the hotterhigh-densitycloudsrepresented
by therescaledsersionsof Calculationsl and3.

In summary the characteristiqmedian)massof the IMF is
setby the meanthermalJeansmassin the progenitorcloud (de-
terminedby the densityand temperature)and not by the opacity
limit for fragmentation(determinedby metallicity). The question
thenarisesasto whatsetsthemeanthermalJeansnassn amolec-
ular cloud.Larson(2005)hasamguedthatthis is setby achangen
the thermalbehaiour of the gasforming molecularcloudswhen
the cooling switchesfrom beingdominatedoy line coolingto dust
cooling. This hasbeenbacled up by hydrodynamicakimulations
thatstudyhow the characteristienassof fragmentslepend®on the
equationof stateat low densitiegJappseret al. 2005). Therefore,
it is importantto notethatalthoughmetallicity maynota ectthe
IMF above the low-masscut-o throughits e ecton the opacity
limit for fragmentationjt may still have ana ecton the charac-
teristic massof the IMF if it altersthe cooling during molecular
cloud formation and, hence the meanthermalJeansmassof the
molecularcloud.

5 CONCLUSIONS

We have presentedesultsfrom the third hydrodynamicatalcula-
tion to follow the collapseof a turbulentmolecularcloud to form
a stellarclusterwhile resolvingfragmentatiordown to the opacity
limit. We comparethe resultswith thoseobtainedfrom the calcu-
lations publishedby Bate et al. (2002a,2002b,2003)nd Bate &

Bonnell (2005). The new calculationis identicalto that of Bateet
al. (2003),exceptfor the densityabose which the opacitylimit in-

hibits fragmentationlt canalsobe rescaledo modela cloud that
is identicalto thatof Bate& Bonnell (2005)exceptthattheinitial

gashasatemperaturef 20.8K insteadof 10 K.

We ®nd that althoughthe minimum massof a browvn dwarf
increasesvhentheopacitylimit for fragmentatiorsetsin atalower
gasdensity(i.e., a lower metallicity), the form of the IMF above
the minimum cut-o massis independenof the opacity limit for
fragmentation.

Ratherthanbeingsetby the opacitylimit for fragmentation,
Bate & Bonnell (2005) shaved that the characteristiq(median)
massof the IMF varieslinearly with the meanthermalJeansnass
in the molecularcloud. They did this by runningtwo calculations
with di erentdensitiesHowever, the meanthermalJeansnassis
a function of both densityandtemperatureHerewe alsocon®rm
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thatthecharacteristiecnassof theIMF varieslinearlywith themean
thermalJeansnassby comparingtwo cloudswith the sameinitial
densitiesput with di erentinitial temperatures.

Finally, the new calculationdiscussedn this paperdisplays
severaldi erencedrom the earlier calculations Becausecollaps-
ing gasbeginsto heatat a lower density the degreeof fragmenta-
tion is reducedandthe stellar groupscontainfewer objects.This
hastwo maine ects.First,thevelocity dispersiorof multiple stars
is lower thanthat of single objectsbecauseét is di cult to eject
binariesfrom small N groups(Section3.4). Secondstardiscin-
teractionsplay a greaterrole in forming binary and multiple sys-
temsthanin the earlier calculationsbecausehe velocity disper
sionsof the objectsin smallergroupstendto be lower and discs
undego fewer dispersie encountergSection3.6). We also note
that Goodwinet al. (2004)found thatthe somevhat peculiariIMF
of Taurus(with apeakat 0:8M IMF andfew low-massobjects;
Bricefio et al. 2002;Luhman2004b)may resultfrom the molecu-
lar cloud beingcomposedf a collection of low-masscoreswith
similar massesTogethey theseresultsimply thatin aregion like
Taurus,which containsonly low-masscoresforming smallgroups
of stars,the IMF may be abnormalmultiple systemsnay have a
smallervelocity dispersionthan singles,and stardisc encounters
maybemoreimportantfor forming multiple systemghanin larger
starclusters,which might help explain why binariesseemabnor
mally aktundantin Taurus(Leinert et al. 2003; Ghezet al. 2003;
Duchenel1999).
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