
RUQURUq“US,2,(“xqZWBU”ü>UqTSb
,

[/],'ohansen,et,al6p,naturep,;;zp,/|--p,-||9,[-],”ittrichp,x6p,xlahrp,I6,and,'ohansenp,(6,(strophysical,'ournalp,95gp,//9p,-|/g,|,[g],httpb33pencilycode6nordita6org3,
[;],'ohansenp,(6f,xlahrp,I6f,Ienningp,Th6,(stronomy,and,(strophysicsp,m-Pp,5-p,-|//,|,[m],Besurp,ü6,f,xunzp,>6W6,f,Qromangp,S6b,Thanatology,in,Yrotoplanetary,”iscsb,
the,combined,influence,of,Zhmicp,Iallp,and,ambipolar,diffusion,on,dead,zones6,arXivb/;|-6;/ggp,-|/;
This,project,has,received,funding,from,the,”eutsche,Qorschungsgemeinschaft,within,the,Schwerpunktprogramm,i”Qü,SYYc,/gzm,,
“The,first,ten,million,years,of,the,solar,system”6,,”esign,by,(6,Urlich,and,(6,Yryslopska,
The,authors,gratefully,acknowledge,the,üauss,“entre,for,Supercomputing,iü“Sc,,for,providing,computing,time,for,a,ü“S,Barge,Scale,Yroject,on,
the,ü“S,share,of,the,supercomputer,'U=UUUq,at,'ülich,Supercomputing,“entre,i'S“c6

QRZ>,”UST,TZ,YB(qUTUS%>(BS,y,
I%üI,RUSZBUT%Zq,S%>UB(T%ZqS,ZQ,YB(qUT,QZR>(T%Zq,YRZ“USSUS
,

(ndreas,Schreiberp,xarsten,”ittrichp,Iubert,xlahr,i-|/;3/mc

Ylanets,formation,occurs,in,dusty,gas,disks,within,a,few,million,years,around,
young,stars,and,last,less,than,/|,million,years6

These,disks,consist,to,Pz0,out,of,hydrogen,and,helium6,Iigher,elements,have,an,
initial,abundance,of,/|y/|,kg3mg,and,is,thus,/g,orders,of,magnitude,lower,than,
the,typical,density,of,a,planet6,Zbviouslyp,the,planet,formation,process,must,be,
very,efficient,in,concentrating,metals,locally6

(s,first,step,7dust,bunnies7,and,snow,flakes,growth,within,the,diskp,referred,to,as,
dust,grains6,These,grains,grow,to,typically,centimeters,in,size,by,mutual,
collisionsp,but,increasing,collision,velocities,prevent,further,growth6,%nterestinglyp,
the,most,abundant,species,of,small,solid,objects,is,water,ice6,

Ylanets,must,form,out,of,these,small,dust,grains6,Since,pure,sedimentation,to,the,
midyplane,was,excludedp,we,look,for,different,processes,to,accumulate,enough,
dust,to,form,gravitational,bound,objects6,The,most,promising,candidates,are,
turbulent,dust,and,gas,flows6

BACKGROUND PLANETESIMALS AS INTERMEDIATE PLANET BUILDING BRICKS
,

We,know,from,our,solar,system,that,at,some,stage,so,called,planetesimals,must,have,formed,and,the,entire,solar,nebula,
must,have,been,full,of,those,objects6,These,planetesimals,than,merged,via,gravitational,growth,into,terrestrial,planets,
and,gas,giant,cores6,Todayp,leftovers,of,these,planetesimal,stage,still,can,be,found,as,asteroids,and,comets,in,our,solar,
system6,The,mechanism,of,dust,grain,growth,isee,)(“xüRZUq”c,and,the,formation,of,planets,out,of,planetesimals,is,well,
understood6,

The,missing,link,within,the,planet,formation,process,is,the,formation,of,planetesimals,out,of,dust,grains6,Till,nowp,no,
sticking,mechanism,could,be,found,to,overcome,the,cmysizeybarrier6,”irect,sedimentation,to,the,disk,mid,plane,and,
gravitational,collapse,was,ruled,out,toop,since,at,no,time,the,disk,was,laminar,enough,to,allow,a,sufficient,settling,of,the,
grains,to,the,mid,plane6,Thusp,,a,deeper,understanding,of,the,turbulent,disk,processes,is,needed,to,find,the,criteria,for,
planetesimals,formation6

,

PREDICTION OF PLANETESIMAL GROWTH
,

%n,the,last,years,a,new,model,to,overcome,all,barriers,was,developed6,%t,will,give,us,in,near,future,the,ability,to,make,
predictions,of,what,sizes,and,with,which,rate,planetesimals,should,form,at,a,certain,distance,from,a,star,[1]6,Within,these,
modelsp,the,planetesimals,form,via,gravitational,collapse,out,of,dense,dust,heaps,produced,by,turbulencep,vortices,and,
zonal,flows,iFig. 1)6,The,occurring,turbulence,has,the,property,to,mix,the,dust,grains,on,large,scales,but,also,
concentrates,them,on,small,scales6,>oreoverp,induced,high,dust,to,gas,ratios,trigger,selfygrowing,streaming,instabilities6,
These,instabilities,trap,even,more,particlesp,guaranteeing,the,heap,to,survive,even,longer,till,its,critical,density,is,reached6

,

STREAMING INSTABILITIES ARE TRAPPING DUST
 

The,gas,within,a,disk,not,only,feels,the,stellar,gravitational,force,but,also,an,additional,force,due,to,increasing,gas,
pressure,to,the,inner,side,of,the,disk6,Thusp,gas,moves,with,a,subykeplerian,speed6,”ust,on,the,other,side,does,not,feel,
this,additional,pressure,force,and,tries,to,move,with,keplerian,speed6,The,result,is,a,headwind,decelerating,the,dust,
which,leads,to,an,inward,drift6

)utp,if,the,dust,concentration,reaches,a,dustytoygas,ration,of,ε,j,/,the,so,called,streaming,instability,sets,inp,see,Fig 46,%n,
that,regime,the,gas,feels,a,significant,back,reaction,from,the,dust,and,gets,accelerated,to,a,xeplerian,speed6,Iencep,the,
dust,doesn7t,feel,a,headwind,anymore,and,gets,trapped,in,that,instability6

%f,the,density,within,such,a,heap,exceeds,the,local,Roche,densityp,which,is,the,density,needed,to,withstand,even,tidal,
forces,from,the,central,starp,the,particle,heap,will,collapse,to,a,/||,km,to,/|||,km,sized,planetesimalp,see,Fig. 2 and,36,

,

SIMULATIONS WITH PENCIL CODE
 

Zur,models,are,derived,from,magnetoyhydroydynamical,simulations,we,run,on,üermans,biggest,supercomputers,'UüUqU,
and,'U=UUUq,with,the,7Pencil Code' [g]6,These,simulations,evolve,a,small,disk,patchp,so,called,shearing,boxp,in,order,to,
resolve,the,necessary,spatial,scales,and,time,scales,of,planetesimal,formation,processes6,(t,the,same,time,as,we,
simulate,the,gas,dynamics,we,also,solve,for,millions,of,particles,embedded,in,the,gas6

The,used,Yencil,“ode,is,a,high,order,finite,difference,magneto,hydro,dynamics,code,with,Runga,xutta,timeystepping,for,
stability6,”ust,grains,are,represented,by,super,particles,which,are,treated,as,Bagrangian,point,masses6,Selfygravity,is,
solved,via,a,QQT,method6,Zur,runs,use,up,to,m/-g,gridycells,and,5;,>io6,particles,[;]6,Iencep,our,code,continuously,has,to,
solve,the,Yossion,equation,and,applies,the,resulting,forces,onto,the,dust,gas,mixture6,

,

FUTURE DIRCETIONS
 

%n,the,future,we,want,to,further,understand,the,efficiency,of,the,above,mentioned,process,and,derive,an,initial,mass,function,
for,planetesimal,formation,in,disks6,We,further,want,to,understand,what,the,minimal,concentrations,and,dust,sizes,arep,in,
order,to,still,get,converted,into,planetesimals,iFig. 3c6,Qurthermore,we,are,interested,in,the,opportunities,of,zonal,flows,and,
other,pressure,bumps,within,the,dead,zone,of,a,disk6,This,zone,was,revitalized,in,recent,studies,[m],and,it,is,promising,that,
further,investigations,will,show,instabilities,in,the,dead,zone,capable,to,trap,enough,particles,for,streaming,instability,to,set,
in,and,trigger,gravitational,collapse6

enough  

FIG. 1: ZONAL FLOWS
,

”ust,grains,concentrate,at,the,inner,side,of,gas,pressure,maximap,such,as,zonal,
flows,[-]6,These,are,exited,by,a,weak,stellar,magnetic,field,coupling,to,the,disk6,
The,induced,transport,of,momentum,separates,the,orbital,gas,flow,into,regions,
of,faster,and,slower,rotation,and,thus,changes,the,pressure,locally,icolorc6,
Shown,is,the,top,view,on,a,shearing,box,simulation,with,a,million,particles6,yy(xis,
shows,the,azimuthal,direction6
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FIG. 2: PLANETESIMAL DISTRIBUTION AFTER COLLAPSE
,

This,simulation,snapshot,shows,all,planetesimals,which,formed,out,of,a,particle,
heap,via,gravitational,collapse6,The,initial,heap,had,a,density,higher,than,Roche,
densityp,but,due,to,tidal,forces,the,heap,got,stretched,out,to,a,filament,and,then,
partly,collapsed,into,planetesimals6,The,color,indicates,the,relative,dust,
abundancy6,The,white,circles,give,the,gravitational,bound,area,around,a,formed,
planetesimalp,called,IillySphere6,The,planetesimal,characteristics,indicate,the,
typical,planetesimal,size,to,be,around,/||,km,and,the,typical,mass,to,be,way,
below,the,mass,of,“eres6

−0.2 −0.1 0.0 0.1 0.2
x/H

−0.2

−0.1

0.0

0.1

0.2

y
/H

0

10

20

30

40

50

60

70

80

90

100

Σ
p/
<
Σ
p>

t=1.01Torb

10−4 10−3 10−2 10−1 100

m/MCeres

0

5

10

15

20

25

N

102 103

s/km

0

5

10

15

20

25

N

FIG. 3: DUST CLOUD COLLAPSE SIMULATION
,

This,series,of,snapshots,is,showing,the,collapse,of,a,dense,spherical,particle,
heap6,The,colors,indicate,the,relative,particle,density6,The,initial,spherical,cloud,
gets,sheared,apart,by,tidal,forces,and,then,collapses,into,a,group,of,four,
planetesimals,of,again,around,/||,km,in,size6,With,such,simulations,we,try,to,
estimate,the,minimal,conditions,for,planetesimal,formation,and,moreover,are,a,
good,simulation,to,test,our,prediction,models,on6

FIG. 4: 3-D STREAMING INSTABILITY SIMULATIONS
,

Shown,is,the,maximum,dust,density,in,terms,of,initial,density,,,,,,,,,,,,,,,,,,,,,of,a,streaming,instability,simulations,for,three,states,in,
time6,The,box,size,is,Bv|6|/Ip,with,I,the,typical,disk,scale,heightp,and,dust,to,gas,radio,of,ε,v,/6The,left,image,shows,the,initial,
homogeneous,dust,distribution6,The,center,image,shows,the,onset,of,the,streaming,instability6,The,total,maximum,dust,density,of,
the,whole,simulation,is,reached,in,this,time,phase6,The,starting,streaming,instability,,modes,are,much,biggerp,compared,with,the,
final,saturated,state,modesp,shown,in,the,the,right,imagep,where,small,streaming,instability,modes,life,in,the,whole,simulation,
domain6


