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observed IMFobserved IMF

(Kroupa 2002)

triple power-law description:
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observed IMFobserved IMF

(Kroupa 2002)

(Chabrier 2003)
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Supersonic turbulence is scale free process

  POWER LAW BEHAVIORPOWER LAW BEHAVIOR

But also:But also: turbulence and fragmentation are
highly stochastic processes  central limit
theorem

 GAUSSIAN DISTRIBUTION GAUSSIAN DISTRIBUTION

Plausibility argument for shapePlausibility argument for shape

+ =
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observed IMFobserved IMF

(Kroupa 2002)

IM
F variations in clusters in solar neighborhood

can be explained by dynam
ical processes....

(K
roupa 2001, 2002)
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initial mass functioninitial mass function

IMF variations in clusters in solar neighborhood are
consistent with stellar dynamical effects.
⇒ IMF in solar neighborhood appears

universal!
2 QUESTIONS:

Why is that?
(Given the diversity of star forming regions)
Is it really true?
(What about truely extreme environments?)
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IMF: role of gravo-turbulenceIMF: role of gravo-turbulence

IMF determined interplay between supersonic
turbulence and self-gravity in star-forming gas.

interstellar gas is highly inhomogeneous --> rapid formation of
molecular cloudsmolecular clouds (at stagnation points of convergent flows)

gravitational instabilitygravitational instability

thermal instabilitythermal instability

turbulent compressionturbulent compression (in shocks δρ/ρ ∝ M2; in atomic gas: M ≈ 1...3)

inside cold clouds:  cold clouds: turbulence is highly supersonic (M ≈ 1...20)
→ turbulenceturbulence creates large density contrast,
    gravitygravity selects for collapse
→ GRAVOTUBULENT FRAGMENTATIONGRAVOTUBULENT FRAGMENTATION

turbulent cascade:turbulent cascade: local compression withinwithin a cloud provokes collapse 
formation of individual stars stars and star clusters star clusters

 (e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194
  Ballesteros-Paredes et al. 2007, PPV)
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IMF: role of gravo-turbulenceIMF: role of gravo-turbulence

first analytic theory (based on turbulence, still
neglect of effects of gravity on dynamics)
MHD jump conditions, clumps have constant density, density independent of
clump mass, supercritical clumps from convolution with density pdf (Jeans)

 (Padoan & Nordlund 2002, Padoan et al. 2007)
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IMF: role of thermodynamicsIMF: role of thermodynamics

IMF determined thermodynamic
properties of gas (in addition to turbulence)

Richard Larson in MNRAS, 359, 211 - 222 (2005)

(see also Y. Li et al. 2003, Jappsen et al. 2005, Bonnell et al. 2006)
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fragmentation depends on EOSfragmentation depends on EOS

  (1)(1)    p p ∝∝  ρργγ                ρρ  ∝∝  pp1/ 1/ γγ  

  (2)(2)    MMjeansjeans  ∝∝  γγ3/23/2  ρρ(3(3γγ-4)/2 -4)/2 

  γγ<1:<1:  largelarge density excursion for given pressure 
   〈Mjeans〉 becomes small
   number of fluctuations with M > Mjeans is large

 γγ>1:>1:  smallsmall density excursion for given pressure
   〈Mjeans〉 is large
   only few and massive clumps exceed Mjeans
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fragmentation depends on EOSfragmentation depends on EOS

(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
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possible implicationspossible implications

 degree of fragmentation depends on EOS!EOS!

 polytropic EOS: p p ∝ρ∝ργγ
  γγ<1<1: dense cluster of low-mass stars
 γγ>1:>1: isolated high-mass stars

       (see Li, Klessen, & Mac Low 2003, ApJ, 592, 975; Kawachi & Hanawa 1998; Larson 2003;
       also Jappsen, Klessen, Larson, Li, Mac Low, 2005, 435, 611)

 implications for extreme environmental conditions
   - expect Pop III stars to be massive and form in isolation
     but when is the transition from Pop III to “normal” Pop II/2 ??? 
      (Bromm, Larson, Coppi 2002, Smith & Sigurdsson 2007, Omukai et al 2005, 
         Schneider et al. 2006, Clark, Glover, Klessen 2007)

     - expect IMF variations in warm & dusty starburst regions 
        (Spaans & Silk 2005; Klessen, Spaans, & Jappsen 2007)
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EOS for solar neighborhoodEOS for solar neighborhood
below 10-18 gcm-3: ρ                    T 

above 10-18 gcm-3: ρ                    T 

(Larson 1985, Larson 2005)
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IMF from simple piece-wiseIMF from simple piece-wise
polytropic EOSpolytropic EOS
γ1 = 0.7
γ2 = 1.1

T ~ ργ−1

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

IMF from simpleIMF from simple
piece-wisepiece-wise
polytropic EOSpolytropic EOS

  critical density                median mass 
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IMF in nearby molecular cloudsIMF in nearby molecular clouds

(Jappsen et al. 2005, A&A, 435, 611)c

with ρcrit
 ≈ 2.5×105 cm-3 

at SFE  ≈ 50%

 Isothermal EOS 
 has deficite of 
 very low-mass
 objects
 --> need  --> need ““betterbetter””  
      EOS!      EOS!
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IMF in starburst galaxiesIMF in starburst galaxies

Nuclear regions of starburst galaxies are extreme:
hot dust, large densities, strong radiation, etc.

Thermodynamic properties of star-forming gas differ
from Milky Way --> Different EOS!
(see Spaans & Silk 2005)

 log density

ga
m

m
a

1.0

0.8

1.2

2 3 4 5 6 7 81



Ralf Klessen: 12 Questions 03.07.2007

IMF in starburst galaxiesIMF in starburst galaxies

Starburst EOS --> top-heavy IMF
(Klessen, Spaans, Jappsen, 2007)

starburst region
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fragmentation depends on EOSfragmentation depends on EOS

 log density
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P ∝ ργ
P ∝ ρT

→ γ = 1+dlogT/dloρ

n(H2)crit ≈ 2.5×105 cm-3

ρcrit
 ≈ 10-18 g cm-3

γ = 1.1γ = 0.7
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transition: Pop III to Pop II/2transition: Pop III to Pop II/2

(Omukai et al. 2005, Clark et al. 2007)
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dust induced fragmentation at Z=10dust induced fragmentation at Z=10-5-5

dense cluster of low-
mass protostars builds
up:

- mass spectrum
  peaks below 1 Msun
- cluster VERY dense
  nstars = 2.5 x 109 pc-3

- fragmentation
  at density
  ngas = 1012 - 1013 cm-3

400 AU

(Clark et al. 2007)
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summarysummary

basic parameters of IMF can be explained by
interplay between gravity and turbulence

thermodynamic properties of gas are very
important (balance between heating and cooling
determines compressibility of gas and, hence, probability for
gravitational collapse)

universality in solar neighborhood
dependency on metallicity
(transition Pop III -> Pop II/2)


