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Carina Nebula, NASA, ESA, N. Smith (University of California, Berkeley), and The Hubble Heritage Team (STScI/AURA), and NOAO/AURA/NSF 
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Shift with constant  
efficiency ~ 30-50%? 

Alves et al. (2007); 

Impact on SFR and IMF: 
core-to-star efficiency ε ~ 0.3–0.5 

(see also Matzner & McKee 2002) 

see also André et al. (2010) 

  Energy comparable to other feedback 

  Driven by magnetic field 

(Mac Low & Klessen 2004; Nakamura & Li 2014; 
 Krumholz et al. 2014) 
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Myers et al. (2013) 

Price  
et al. 
(2012) 

(Banerjee & Pudritz 2006, Seifried et al. 2012, Moraghan et al. 2013) 

(Hennebelle & Tyessier 08, Bürzle+11, Federrath & Klessen 12) 

Machida 
et al. 

(2008) 

BR BI HR 

Outflows with SP-MHD 
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Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/outflow_model/outflow_models.shtml 
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(resolution criterion) 
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Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/sinks/sinks.shtml 
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Outflow mass: 

Outflow velocity: 

Outflow angular momentum: 
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Resolution study without SGS model: 

Time 

R
esolution 

Federrath – KITP – 29.04.2014 



Resolution study without SGS model: 

Time 

R
esolution 
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SGS model must reproduce small-scale physics: 
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SGS model must converge: 
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Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/outflow_model/outflow_models.shtml 
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Efficiency 
~ 30-40%? 

Alves et al. 
(2007) 

1/3 
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S. Guisard ESO	


Pipe Nebula Rho Ophiuchi Cloud 

SFROph  =  15 x SFRPipe 

(Lada et al. 2010) Federrath – KITP – 29.04.2014 



Milky Way clouds (Heiderman et al. 2010; Lada et al. 2010, Gutermuth et al. 2011) 

 Relation? 

 Offset? 

 Scatter? 

Observational scatter 
and physical variations: 

Turbulence 
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Turbulence 

Leonardo da Vinci 

▪ Reynolds numbers > 1000 
▪ Kinetic energy cascade 

E(k) ~ k-5/3 ~ k-1.67 

incompressible 

Mach < 1 
Kolmogorov (1941) 

V ~ L1/3 
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Supersonic, compressible turbulence has steeper E(k) ~ k-1.9 than Kolmogorov (E~ k-5/3) 

(Larson 1981; 
 Heyer & Brunt 2004) 

cs~0.2 km/s 

V ~ L0.5 

→ E(k) ~ k-2 

V 
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m
/s
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E(k) ~ k -2 

shock-dominated 

Mach > 1 

E(k) ~ k -5/3 

subsonic 

Mach < 1 
Kolmogorov 
(1941) 

▪ Reynolds numbers > 1000 
▪ Kinetic energy cascade 
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▪ Reynolds numbers > 1000 
▪ Kinetic energy cascade 

E(k) ~ k -2 E(k) ~ k -5/3 
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▪ Reynolds numbers > 1000 
▪ Kinetic energy cascade 

E(k) ~ k -2 E(k) ~ k -5/3 HI 
an

ot
he

r s
on

ic
 s
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le

? 

??? 
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Carina Nebula, NASA, ESA, N. Smith (University of California, Berkeley), and The Hubble Heritage Team (STScI/AURA), and NOAO/AURA/NSF 
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Column Density 

(Federrath 2013, MNRAS 436, 1245: Supersonic turbulence @ 40963 grid cells) 

Df ~ 2.6 Df ~ 2.3 

Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/supersonic/supersonic.shtml  
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Vazquez-Semadeni (1994); Padoan et al. (1997); 
Ostriker et al. (2001); Hopkins (2013) 
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b ~ 0.5 
(Brunt et al. 2010a,b) 

2D → 3D  
conversion 
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Sequence:   Starless → Star-forming (nearby) → IRDCs → more massive 
           clouds? 

Forcing parameter b 

sl
op
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m
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Column density [1021 cm-2] 

(5 x 103 M) (5 x 104 M) 
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scrit 
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Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time 

scrit 

SFR ~ Mass / time 

Federrath & Klessen (2012) Federrath – KITP – 29.04.2014 



Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time 

Federrath & Klessen (2012) 

SFR ~ Mass / time 

Federrath – KITP – 29.04.2014 



Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time 

(Krumholz & McKee 2005, Padoan & Nordlund 2011) 

(e.g., Federrath et al. 2008) 

2 Ekin / Egrav forcing Mach number 

SFR ~ Mass / time 

Federrath & Klessen (2012) 

From sonic and Jeans scales: 
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2 Ekin / Egrav forcing Mach number 

(solenoidal forcing) 

Federrath & Klessen (2012) 
If αvir   then SFR     If M   then SFR     
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2 Ekin / Egrav forcing Mach number 

≈ αvir 

Padoan, Federrath, et al. (2014, PPVI) 

SFRff 
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2 Ekin / Egrav forcing Mach number 

(solenoidal forcing) 
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2 Ekin / Egrav forcing Mach number 

(compressive forcing) 
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SFRff (simulation) = 0.14 
SFRff (theory)        = 0.15  

SFRff (simulation) = 2.8 
SFRff (theory)        = 2.3  

x 20 
x 15 

Theory and Simulation agree well. 
Federrath & Klessen (2012) 

Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/sfr/sfr.shtml  
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2 Ekin / Egrav forcing Mach number 

mass 
fraction 

freefall 
time 

MAGNETIC FIELD: 

SFR ~ Mass / time 

plasma β= Pth / Pmag 

(Padoan & Nordlund 2011; Molina et al. 2012) 
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SFRff (simulation) = 0.46 
SFRff (theory)        = 0.45  

SFRff (simulation) = 0.29 
SFRff (theory)        = 0.18  

x 0.63 
x 0.40 

Padoan & Nordlund (2011); Padoan et al. (2012); Federrath & Klessen (2012) 

Movies available: http://www.ita.uni-heidelberg.de/~chfeder/pubs/sfr/sfr.shtml  
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Federrath & Klessen (2012) 

Convergence with 
numerical resolution 
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(Heiderman et al. 2010) 

SFEs ~ 1-10% (Evans+2009; 
Burkert & Hartmann 2013; 
Federrath & Klessen 2013) 

Federrath & Klessen (2012) 
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(Heiderman et al. 2010) 

SFEs ~ 1-10% (Evans+2009; 
Burkert & Hartmann 2013; 
Federrath & Klessen 2013) 

core-to-star efficiency Federrath & Klessen (2012) 
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(Heiderman et al. 2010) 

SFEs ~ 1-10% (Evans+2009; 
Burkert & Hartmann 2013; 
Federrath & Klessen 2013) 

core-to-star efficiency Federrath & Klessen (2012) 
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Application to Extra-Galactic Star Formation 
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Krumholz, Dekel, McKee (2012) 

just Σgas 
(classical Kennicutt-Schmidt relation) 

Σ S
FR

 

divide Σgas 
by local freefall time tff 

Σ S
FR

 

Still scatter by 
more than an order 
of magnitude. 
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Federrath (2013, MNRAS 436, 3167) 

Scatter caused by variations in the turbulence (Mach number, driving)  
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Federrath (2013, MNRAS 436, 3167) 

Scatter caused by variations in the turbulence (Mach number, driving)  
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Federrath (2013, MNRAS 436, 3167) 

Scatter caused by variations in the turbulence (Mach number, driving)  
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-  Implemented for AMR, tested, and demonstrated convergence 
-  Star formation rate reduced by ~ 2x 
-  Average star mass reduced by ~ 3x → IMF 

-  SFR from density PDF depends on 
   virial parameter, forcing parameter, Mach number, plasma beta 
- Very good agreement between theory, simulations and observations 
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