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Two Asymptotic Modes of Star Formation

NGC 1097   (HST)



   



   

IR­luminous starbursts 
circumnuclear starbursts   
        BCGs, ELGs

SMGs



   

11 Mpc Sample (RCK et 07) + Hα Galaxy Survey  (James et 03)  
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   Kennicutt 1998 Bouche et al. 2007



   

IR­luminous starbursts 
circumnuclear starbursts  
       BCGs, ELGs

107 in ΣSFR

105 in Σgas

1010 in Phyd



    Gronwall 1998

SFR* ~5 Mo/yr





   

blue sequence         red sequence

Brinchmann et al. 2006, MNRAS, 351, 
1151

SFRs for 100,000 galaxies with Sloan!



   

SFR/M* vs. M* Distribution:
Star-Forming Sequence 

Salim et al. (2007)
Noeske et al. (2007)

see also 
Brinchmann et al. 
(2004), Feulner et al. 
(2006)

Schimminovich 2007



   

Main driver of SFR trends is cold gas supply
(except in dwarf galaxies) 

      HI/stellar mass ratio                             SFR/mass

Bothwell & Kennicutt 2009, in prep
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<SFE> ~4%/108 yr
<τgas> ~ 2.5 Gyr
<τdisk> ~5­10 Gyr



   

IR­luminous starbursts 
circumnuclear starbursts 
          BCGs, ELGs



   Martin et al. 2005



   

physical limit to 
star formation rate

normal galaxies 

IR-luminous galaxies



M82

Arp 220

NGC 4038/9
Antennae

NGC 6240



    Hopkins 2004, ApJ,  615, 209



   L’Floch et al. 2005, ApJ, 632, 169

total

IR-luminous 
starbursts



   Kennicutt 1998 Bouche et al. 2007



   
Schmidt law:  
SFR vs gas density power law 

SFR vs gas density/dynamical 
time  

Kennicutt 1998, ApJ, 498, 541 



   
Kennicutt 1998, ApJ, 498, 541 Gao, Solomon 2004, ApJ, 606, 271

ΣSFR/Σgas ~ Σgas
0.5 ΣSFR/ΣHCN ~ const



   

Things We Don’t Understand

• SF during the reionisation epoch
– the first star formation

• Baryon accretion histories
– role of slow accretion vs mergers

• Structure, dynamics, chemistry of star­
forming clouds

• Fossil star formation histories from 
resolved stellar populations





   

Things We Don’t Understand

• How strong is the foundation?
– 3 dirty acronyms:  IMF, XCO, τgas

• Where is the physics?
– What drives the SFR on large scales?
– What is the causation in the Schmidt law?
– Are there multiple SF modes, how are they separated 

physically?
– What sets the form and constancy of the IMF?
– How do we connect to the physics of SF in Ewine’s 

talk?



   

Ferguson et al 1998, ApJ, 506, L19                      Spitzer MIPS  24µm

NGC 6946     Hα vs IR



   

SINGS Sample:  8 µm and 24 µm

Kennicutt et al. 2009, ApJ, submitted



   

Martin et al. 2005, ApJ, 619, L59

Wang & Heckman 1996, ApJ, 547, 
965



NGC 628
(M74)

C. Tremonti
11HUGS Team



   Wilkins et al. 2008



“XUV Discs”

M83 = NGC 5236
GALEX FUV/NUV + VLA HI



Meurer et al. 2009, arXive:0902:0384



   Sakamoto et al. 1999



   

Pα + Hα

Hα + 24µm

Hα + Ηβ

total FIR

HI + CO (const X)



   

HI + H2                           HI                               H2



Self-gravity timescales                                      
      (Larson 1991, Elmegreen 2002, 2003)

Cloud-cloud collision rates   (Tan 2000)

Gravitational instabilities + linear SFE         
(Friedli et al. 1994,  Li et al. 2005, 2006)

GMC PDF + turbulence                                     
 (Kravtsov 2003; Tasker & Bryan 2006)

Self-regulation via GMC turbulence                  
                (Krumholz & McKee 2005)

Self-regulation via ISM pressure  (Dopita 1985)

Self-regulation via ISM porosity  (Silk 1997)  

Physical Origin of Schmidt Law?



Gravitational instabilities?                                
 (Quirk 1972, Kennicutt 1989)

– transition to bound clouds when gas disc 

becomes gravitationally unstable:     Σcrit ~ 0.7 

κc/πG
Cold phase thermal instabilities?   (Schaye 

2004)  
– transition to cold phase triggers gravitational 

instabilities                   

Pressure-regulated H2 instabilities?                  

  (Elmegreen, Parravano 1994; Blitz, Rosolowski 
2006)

– SFR controlled by formation of H2, with SFR ~ Σ

H2

Physical Origin of SF Thresholds?

Fragmentation threshold?  (Krumholz & McKee 2008)



   

Things We Don’t Understand
• How do the structure, mass spectrum, and 

dynamics of SF clouds vary in/among galaxies?
– along the Hubble sequence, vs galaxy mass
– vs clustering, from isolated clouds to Fabian’s galaxy
– near central black holes

• SF law
– How does the global Schmidt law connect to SF on 

the cloud scale?
– What are the nature and physical origin of SF 

thresholds?
– What sets the fraction of cloud mass in dense cores?

• Systematics of star clustering in galaxies?
• Are there scaling laws for feedback?

– What is the underlying physics?



   

Local Schmidt Law in 
M51

Kennicutt et al. 2007



   

Biegel et al. 2008



   Blitz & Rosolowsky 2006, ApJ, 650, 933

“pressure law”





   

SFR increase reflects an increase in 
frequency of SF events, and a shift 
in the mass spectrum of single 
events 



M82  = NGC 3034

Spitzer   HST   Chandra X-Rays



   

Key Applications (ELT + ALMA) 

• Bolometric star formation rates
– combining [UV, Hα, [OII]] flux with [8µm, 24µm,       

70 µm, TIR, 1.4 ­ 5 GHz] flux of galaxy/knot can 
provide robust dust­corrected SFRs

– mix and match!
• Mate high­resolution imaging of young clusters 

with ALMA mapping of clouds + environments
– trace temporal evolution of formation process, 

feedback
– possible link of ISM to local ISM environment
– especially powerful in high surface brightness 

circumnuclear regions



GALEX  FUV + NUV  (1500/2500 A)

IRAC   8.0 µm MIPS  24 µm

Hα + R



   

SINGS Sample:  8 µm and 24 µm



   



   

Residuals vs SFR 24 µm                   TIR



   



   

Hα + 1.4 GHz Radio



GALEX  FUV + NUV  (1500/2500 A)

IRAC   8.0 µm MIPS  24 µm

Hα + R





   

Key Applications  (ALMA)

• Subarcsecond mapping of MCs in LMC, SMC 
– continuum, CO, HCN…
– wide­field mapping (1”) and targeted high­resolution 

(0”.2)
• In­depth mapping of MCs in nearby galaxies 

– targets from dense circumnuclear regions (e.g., M83, 
NGC 253, NGC 4945) to quiescent galaxies

– CO rotational ladder up to 6­5, isotopic transitions, high­
density tracers 

• MCs in low SFR galaxies (ellipticals, low surface 
brightness, dwarfs..)

• High­resolution mapping of centres of (U)LIRGs
– CO mapping of star clusters, e.g., Antennae



   



   

Key Insights on Nearby 

Galaxies: A Far-Infrared 

Survey with Herschel  

(KINGFISH)



   

FUV, Hα, 24µm

cold molecular gas                          star formation



   

HERACLES CO 2-1 Survey

Leroy et al. 2008, submitted to AJ



   



   

Key Applications (ELT) 

• Deep IR imaging of star clusters
– photometry down to H burning limit
– trace IMF across full range of physical environments

• Star formation in the environment of black holes
– circumnuclear star clusters

• Key parallel studies
– resolved SF histories of nearby galaxies
– chemical evolution studies (all redshifts)
– stellar structure/evolution, esp. binaries
– statistics and spectra of supernovae, GRB afterglows



   

Kroupa & Weidner 2003

GMT Science Case



   

General Observations 

• High impact will come from fundamentals
– IMF, extinction, CO/H2, ISM structure, stellar physics
– “systems” approach to optimising use of observing time? 
– critical path to full understanding may lead to 21 cm

• ALMA/ELTs will straddle boundaries of Galactic 
and extragalactic star formation
– will cultures and approaches meet at last?
– abolish/adjust traditional segregation in time allocation?

• Other instrumental synergies are critical for 
planning (JWST, EVLA, VLT/PdB/CARMA/LMT 
generation of instruments)


