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Outline 
• Introduction: Star formation and giant molecular clouds (GMCs) 

• A new GMC catalog, capturing 98% of the flux in the Dame map 

• Large scatter in Ffree-free/FCO and FFIR/F_CO, inconsistent with a 
constant star formation rate 

• Feedback from stars is crucial to halt a runaway 

• Feedback will likely also drive winds 

• FIRE simulations find winds; reproduce the Mstar—Mhalo relation 

• FIRE predicts large variations in LCO(z); Intensity Mapping will 
test this 

• Conclusions



Stars Form in GMCs

Scoville & Good 1989



The star formation rate

Is dM✳/dt constant?

Mooney & Solomon 1988 Scoville & Good 1989



Introducing a new Milky Way 
GMC catalog
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Most of the molecular gas is 
in about 500 massive clouds
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Half the molecular mass is in clouds with M>8.4x105 M⦿ 
There are about 500 such clouds, out of ~9000 total 
The catalog recovers 98% of the CO flux in the map



Miville-Deschenes, Murray, & 
Lee

The GMC virial parameter decreases with increasing GMC 
mass. Many of the 106 M⦿ GMCs are gravitationally bound
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Variations with Rgal



Mean line width versus Rgal



Turbulent Luminosity 

The average energy dissipation rate in annuli. In the outer Galaxy, the dissipation rate 
LTurb=2L⦿ can be supplied by the flows that create the GMCs. The inner Galaxy is another story, 
since LTurb=100L⦿; assembly of GMCs does not supply enough power. 
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What powers the turbulence 
in individual GMCs?

• Accretion through the Galactic disk (its an 
accretion disk!) driven by the MRI, or by 
gravitational torques due to spiral arms 

• Accretion onto GMCs 

• Contraction of GMCs 

• Stellar feedback: protostellar jets, radiation 
pressure, HII region, stellar winds, supernovae



Virial Parameter vs RGal

Contraction powers the turbulence in the molecular ring GMCs, 
Accretion through the disk Rgal<3kpc
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If massive GMCs are bound or 
collapsing, why don’t they all 

show star formation?



If massive GMCs are bound or 
collapsing, why don’t they all 

show star formation?

They are collapsing, but the star formation 
rate starts small, then increases with time



The mass accretion rate

Is dM✳/dt nearly constant?

Mooney & Solomon 1988



Murray & Chang (2015) ApJ 804 44 
Spherical Collapse Model
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Robertson & Goldreich



Murray & Chang (2015) ApJ 804 44 

Spherical Collapse Model 
Feedback Loop
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As a result :

vT (r, t) ⇡ |ur(r, t)|



Spherical Collapse Model: Stellar sphere of 
influence

• Star or Star cluster sphere of influence: breaks simple self-
similarity

• Solutions for rdisk < r < r*(t) differ from those for r*(t) < r < R

Mg(r⇤(t), t) ⌘ 4⇡

Z r⇤(t)

0+
r2⇢(r, t)dr = M⇤(t)



Murray & Chang (2015) ApJ 804 44 
Spherical Collapse Model
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Murray & Chang (2015) ApJ 804 44 

Spherical Collapse Model: 
the density attractor.

⇢(r, t) ⇠ r�k⇢ ⇢̃(t)

ur(r, t) ⇠ rpũ(t)
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r�k⇢ + ⇢̃(t)ũ(t)rp�k⇢�1 [2 + p� k⇢] = 0,

since p < 0, at small r the second term grows much faster than the first, so

k⇢ = 2 + p, and
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= 0, i.e., ⇢(r, t) ! ⇢(r).



Simulations of Turbulent 
Collapse

Murray et al.  (2017) MNRAS 465 1316 



Infall, turbulent, & rotational velocity

Supersonic infall, at ~1/3-1/2 vK (blue line); not HSE 

vT (green line) increases inward for r>r✷, increases inward for 
r<r✷ 

This is when the star has M* ≈ 3M⊙



The density attractor

The density does not vary with time for at least  

1/3 of a large scale dynamical time for r>rd



The mass accretion rate

dM/dt (r) is nearly constant for r<r✷  
M✷(t) ~ t1.8



Stellar Feedback in action
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Moving to Larger Scales: 
1KPC disk, resolved Sedov-Taylor phase

Fielding et al. (2017) MNRAS 470 39



Moving to Larger Scales:  
isolated galaxies, mostly resolved Sedov-Taylor phase

Hopkins, Quataert, & Murray (2012)

resolution 3pc 
100-1000M⦿



Moving to Larger Scales:  
isolated galaxies, mostly resolved Sedov-Taylor phase

Hopkins, Quataert, & Murray (2012)

resolution 3pc 
100-1000M⦿



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Hopkins et al. (2014); Agertz & Kravtsov (2016)

Mostly not resolved S-T phase



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Lakhlani et al. (2018)



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Lakhlani et al. (2018)



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Muratov et al. (2015) MNRAS 454 2691



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Hopkins et al. (2014)



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Fei Li, NWM, et al; Hummels, NWM, et al. in prep



Moving to Larger Scales:  
cosmological zoom galaxies (FIRE)

Hummels et al. in prep



CO Luminosity vs z

LCO in a FIRE simulation
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Conclusions  
• A new, complete GMC catalog is now available 

• Turbulence in inner galaxy GMCs driven by 
contraction; most GMCs are not forming stars 

• These two results suggest that feedback must disrupt 
the cloud rather than slowing the collapse 

• SN feedback drives winds in simulations with a range 
of resolution; need to resolve S-T, or sub-grid model 

• The resulting galaxies have realistic ISMs 

• The resulting galaxies lie on the Mstar-Mhalo relation 

• The CGM is not resolved; despite that, CIV, OVI looks ok; 
MgII does not 

• The IGM may be expelled entirely—this can be checked 
by intensity mapping.
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