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  phenomenology 

   from large to small scales 


   interplay between gravity and turbulence 


  examples and predictions 

  star cluster formation: dynamics 

  star cluster formation: thermodynamics 

--> stellar initial mass function 



Ralf Klessen: Nanjing, 31.03.2008 



Ralf Klessen: Nanjing, 31.03.2008 (NGC 4622 from the Hubble Heritage Team) 



Ralf Klessen: Nanjing, 31.03.2008 

On the night sky, you see stars and dark clouds:  
The brightest stars are massive and therefore young.  
 Star formation is important for understanding the structure of our Galaxy 
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fff 

Star  
formation  
in Orion 

•  Molecular   
  hydrogen H2  
  (radio emission --  
   color coded) 
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The Orion molecular cloud is the birth- place 
of several young embedded star clusters. 

The Trapezium cluster is only visible in the IR 
and contains about 2000 newly born stars. 

Orion molecular cloud 

Trapezium 
cluster 

Local star forming region: The Trapezium 
Cluster in Orion 
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(color composite J,H,K 
by M. McCaughrean,  
VLT, Paranal, Chile) 

Trapezium 
Cluster 
 (detail) 
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Futher Details: Siluette Disks in Orion 

(data:  Mark McCaughrean) protostellar disks: dark shades in front of the photodissociation 
region in the background. Each image is 750 AU x 750 AU. 
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(from Alyssa Goodman) 
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 (e.g., Larson, 2003, Rep. Prog. Phys, 66, 1651;  
or Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125) 
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This hold on all scales and applies to build-up of stars and 
star clusters within molecular clouds as well as to the 
formation of molecular clouds in galactic disk. 
 (e.g., Larson, 2003, Rep. Prog. Phys, 66, 1651;  
or Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125) 
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 molecular clouds  

σrms  ≈ several km/s 
Mrms > 10 
    L  > 10 pc 

lo
g 

E 

log k L-1 ηK
-1 

energy source & scale 
NOT known 
(supernovae, winds,  
spiral density waves?) 

dissipation scale not known 
(ambipolar diffusion,   
molecular diffusion?) 

supersonic 

subsonic 
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 massive cloud cores  

σrms  ≈ few km/s         
Mrms ≈ 5 
      L ≈ 1 pc  

dense  
protostellar  
cores  

σrms << 1 km/s          
Mrms ≤ 1    
     L ≈ 0.1 pc  
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Density structure of MC’s 

(Motte, André, & Neri 1998) 

molecular clouds 
are highly 
inhomogeneous 

stars form in the 
densest and 
coldest parts of 
the cloud    

ρ-Ophiuchus 
cloud seen in dust 
emission 

let‘s focus on 
a cloud core 
like this one 
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indeed ρ-Oph B1/2 contains several 
cores (“starless” cores are denoted by , 
cores with embedded protostars by ) 

(Motte, André, & Neri 1998) 
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(e.g. Vazquez-Semadeni et al 2005) 
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What happens to distribution 
of cloud cores? 
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turbulence creates a hierarchy of clumps 
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as turbulence decays locally, contraction sets in 
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while region contracts, individual clumps collapse to form stars 
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while region contracts, individual clumps collapse to form stars 
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individual clumps collapse to form stars 
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individual clumps collapse to form stars 
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α=Ekin/|Epot| < 1 
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low-mass objects may 
become ejected --> accretion stops 
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feedback terminates star formation 
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   global properties (statistical properties) 

   SF efficiency and timescale 

   stellar mass function -- IMF 

   dynamics of young star clusters 

   description of self-gravitating turbulent systems (pdf's, Δ-var.)  

   chemical mixing properties 


   local properties (properties of individual objects) 

   properties of individual clumps (e.g. shape, radial profile, lifetimes) 


   accretion history of individual protostars (dM/dt vs. t, j vs. t) 


   binary (proto)stars (eccentricity, mass ratio, etc.) 


   SED's of individual protostars   

   dynamic PMS tracks: Tbol-Lbol evolution 
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„model“ of Orion cloud: 
15.000.000 SPH particles, 
104 Msun in 10 pc, mass 
resolution 0,02 Msun, forms 
~2.500 „stars“ (sink particles) 

isothermal EOS, top bound, 
bottom unbound 

has clustered as well as 
distributed „star“ formation 

efficiency varies from 1% to 
20% 

develops full IMF  
(distribution of sink particle masses) 

(Bonnell et al. 2007) 
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„model“ of Orion cloud: 
15.000.000 SPH particles, 
104 Msun in 10 pc, mass 
resolution 0,02 Msun, forms 
~2.500 „stars“ (sink particles) 

MASSIVE STARS 
-  form early in high-density  
  gas clumps (cluster center) 
-  high accretion rates,    
  maintained for a long time 

LOW-MASS STARS 
-  form later as gas falls into  
  potential well 
-  high relative velocities 
-  little subsequent accretion 

(Bonnell et al. 2006) 

(Spitzer: Megeath et al.) 

Bonnell et al. 2007 
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SPH with radiation feedback:  first calculations of star-cluster formation with ionization 
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0.25pc 0.25pc 0.25pc 

t = 0.50 tff 
t = 1.25 tff t = 2.00 tff 

Clark, Bonnell & Klessen (2007) 

tff ~ 2 x 105 years 

KE = 2 x PE (initially), 1000 solar masses, 0.5pc 

No global collapse:  

local tff < global interaction time-
scale 

Isothermal 
EOS 

Barotropic, 
Larson (2005), 

Style EOS 
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Isothermal 
EOS 

Barotropic, 
Larson (2005), 

Style EOS 

KE = PE


KE = PE


KE = 2 
PE


KE = 3 
PE


KE = 2 
PE


KE = 3 
PE


Clark, Bonnell & Klessen (2007) 
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  distribution of stellar masses depends on 

   turbulent initial conditions  

--> mass spectrum of prestellar cloud cores 

  collapse and interaction of prestellar cores 

--> competitive accretion and N-body effects 

   thermodynamic properties of gas 

--> balance between heating and cooling 
--> EOS (determines which cores go into collapse) 


  (proto) stellar feedback terminates star formation 
ionizing radiation, bipolar outflows, winds, SN 

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194) 
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Most stars form in clusters    star formation = cluster formation 

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194) 
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Trajectories of protostars in a nascent dense cluster created by gravoturbulent fragmentation  
(from Klessen & Burkert 2000, ApJS, 128, 287) 

Most stars form in clusters    star formation = cluster formation 
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Mass accretion 
rates  vary with 
time and are 
strongly  
influenced by 
the cluster 
environment. 
(Klessen 2001, ApJ, 550, L77; 
also Schmeja & Klessen, 
2004, A&A, 419, 405) 
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(from Li, Klessen, & Mac Low 2003, ApJ, 592, 975) 

γ=0.2 γ=1.0 γ=1.2 

for γ<1 fragmentation is enhanced  cluster of low-mass stars 
for γ>1 it is suppressed  formation of isolated massive stars 

Ralf Klessen: UCB, 08/11/04 
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below 10-18 gcm-3: ρ                    T  

above 10-18 gcm-3: ρ                    T  

(Larson 1985, Larson 2005) 

P ∝ ργ 

P ∝ ρT 

→ γ = 1+dlnT/dlnρ 

γ = 1.1 

γ = 0.7 
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γ1 = 0.7 
γ2 = 1.1 

T ~ ργ-1 

(Jappsen et al. 2005) 
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(Jappsen et al. 2005) 

  critical density                median mass  
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with ρcrit
 ≈ 2.5×105 cm-3  

at SFE  ≈ 50% 
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+ = 
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(Omukai et al. 2005) 
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 (e.g. Mac Low & Klessen, 2004, Ballesteros-Paredes et al. 2006, McKee & Ostriker 2007) 
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