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Current Scenarios
1) Turbulent Core Collapse:  
     M~100 M⨀ , R=0.1 pc, dM/dt~10-3 M⨀/yr, t~100 kyr

1.a. Becomes unstable when very dense, R ~ 0.1 pc (McKee and Tan 2003) 

1.b. Becomes unstable already as an extended region, R ~1 pc 
      (Hennebelle & Chabrier 2008, 2009; Hopkins 2012) 

2.a Competitive accretion (Bonnell et al. 2001, 2004) 

2.b Outflow regulated (Wang et al. 2010) 

2.c Herschel-HOBYS (Tigé et al. 2017) 

2) Clump Collapse:  
     M~1000 M⨀ , R=0.5 pc, dM/dt~10-4 M⨀/yr, t~400 kyr

In both scenarios a high dM/dt of the stars is obtained from a global collapse. 

But does (massive) star formation require global collapse?



Instead of global collapse, we focus on the turbulence  

—> large scale and turbulence driving are crucial 

Energy injection scale from SNe:  L ~100 pc  

Any model below 100 pc is an incomplete picture and requires random driving.  

A random velocity field left to decay on a scale of ~1 pc is not turbulence 
(by the time the physics is right, the turbulence has decayed).  



No need for global collapse: The supersonic turbulence naturally develops 
converging flows (~1/3 of the power is in compressive motion) feeding the 
growth of cores and stars.

The Inertial-Inflow Scenario

Each convergence “node” results in 
a star (if gravitationally unstable).  

The node (hence the star) may be 
fed by the inertial inflow long after 
the collapse. 

Thanks to the broad range of scales 
and the great variety of flow 
configurations, the nodes yield a 
broad mass range of stars, 
including rare massive stars.    



The Inertial-Inflow Scenario: Spatial Scales and Semantics
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The Inertial-Inflow Scenario: Time Evolution
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To test the different scenarios, we use a simulation on a scale much larger 
than the turbulence outer scale, with realistic driving of the ISM turbulence.  

It provides a large sample of MCs, stellar clusters, and massive stars. 

Padoan et al. 2017, ApJ 840, 48  
“Supernova Driving. IV. The Star-formation Rate of Molecular Clouds” 

Numerical Study  



First random SNe, ~6 SNe/Myr

25
0 

pc n=5 cm-3

250 pc (periodic) 2.e6 M⨀  chunk of a spiral arm

The outer scale ≲ 100 pc, so going  
much above 250 pc would be 
an overkill.

Then real SNe from resolved stars



Resolution: dx=0.0076 pc (5123 root grid + 6 AMR levels),  
rSN=3dx=0.02 pc,  2.5e8 tracers

Model Setup (Ramses): 

Physics: 3D MHD equations, parametrized cooling and heating, 
individual SNe (thermal energy with exponential profile)

AMR criteria: pressure and density gradients, density levels (dx / λJ = const)  

Initial conditions: Uniform n=5 cm-3, uniform B=4.6 muG

Time evolution: 45 Myr with random SNe + 32 Myr with self-gravity, SF 
and real SNe

~100 M core hours, 1 yr wall-clock time, ~ 7,000 stars and hundreds of MCs 

(NASA High-End Computing)



Supernova Driving. I. The Origin of Molecular Cloud Turbulence 
    Padoan et al. 2016, ApJ 822, 11 

Supernova Driving. II. Compressive Ratio in Molecular-Cloud Turbulence 
    Pan et al. 2016, ApJ 825, 30 

Supernova Driving. III. Synthetic Molecular Cloud Observations 
    Padoan et al. 2016, ApJ 826, 140 

Supernova Driving. IV. The Star-formation Rate of Molecular Clouds 
    Padoan et al. 2017, ApJ 840, 48 

Very realistic results so far, for both MC properties and star formation 

—>  A wonderful laboratory to study star formation ab initio with large          
statistical samples (getting rid of ad hoc initial and boundary conditions) 

Hundreds of MCs, thousands of stars, tens of stellar clusters……..



Massive Stars in the 
Simulation 

The sample:  

2,913  stars with     Mf > 2.5 M⨀ 

434     stars with     Mf  >10 M⨀ 

43       stars with     Mf > 30 M⨀ 
7         clusters              > 1000 M⨀ 
Realistic cluster IMFs  
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Massive Stars in the 
Simulation 

The sample:  

2,913  stars with     Mf > 2.5 M⨀ 

434     stars with     Mf  >10 M⨀ 

43       stars with     Mf > 30 M⨀ 
7         clusters              > 1000 M⨀ 
Realistic cluster IMFs  
Realistic global IMF



The analysis: 

1. Initial conditions (both on small and large scales) 

2. The evolution of the infall rate 

3. The formation timescale 

4. The synthetic observations of the initial condition 



The Initial Conditions: Prestellar Cores

A massive star starts from a 
prestellar core of much lower 
mass, typically 1 to 10 M⨀. 
You cannot guess the final 
stellar mass from the mass of 
the prestellar core.



The Initial Conditions: Prestellar Cores

A massive star starts from a 
prestellar core of much lower 
mass, typically 1 to 10 M⨀. 
You cannot guess the final 
stellar mass from the mass of 
the prestellar core.

The prestellar core mass is a few 
times the critical Bonnor-Ebert 
mass (not 100 times).  
No evidence that turbulence or 
magnetic fields can support very 
massive prestellar cores. 

—> Not core collapse



The tracer particles that will form the massive star come from a large 
region, where the gas is not gravitationally bound.  

This region has a large virial parameter, so competitive (Bondi-Hoyle) 
accretion cannot explain the infall.

The Initial Conditions: Large Scale

Gas density at 2 pc Tracer particles at 2 pc Tracer particles at 6 pc

—> Not competitive accretion (or clump collapse)



Massive stars: 60% of the mass is beyond 1 pc, and 10% beyond 4 pc. 

Low-mass stars: 60% of the mass is beyond 0.1 pc, and 10% beyond 2 pc.

Cumulative mass distribution of tracer particles



Infall-Rate Evolution

Competitive accretion:    dM/dt ~ M2/3   or  ~ M2 

Inertial inflow:  dM/dt  ~ few x 10-5 M⊙/yr  (does not grow with sink mass)

Infall rate for five sink particles of different final mass:

versus time

versus mass



Star-Formation Timescale

Time to accumulate 95% of the final stellar mass versus final stellar mass:

It takes  ~ 1 Myr to form a massive star 

t95 ~  Mf 0.5     on average, but with very large scatter

𝞽0=L0/v0

Mf,m
ax/𝞽0



The star-formation time versus the initial region size

t95 ~  R950.5     Consistent with the velocity-size relation!

—> The star-formation timescale is the dynamical time of the turbulence.



Synthetic Observations

2 kpc



Synthetic Observations

Line-of-sight confusion  

Beam size / distance 

Observed versus real mass 

High-mass versus low-mass 



Fragmentation with 
increasing resolution

Synthetic Observations
Radiative transfer simulations of 
Herschel and ALMA bands, to 
study the effect of: 

Line-of-sight confusion  
Beam size / distance 
Observed versus real masses 
High-mass versus low-mass 
progenitors



Observed / Real 3D Mass within a Fixed Aperture

The mass of prestellar cores is 
usually overestimated, due to 
projection along the line of 
sight. 

The rat io observed/real 
decreases with increasing core 
mass, for any aperture. 

The mass may vary by a factor 
of two between different lines 
of sight.

Effect of line-of-sight direction:



Observed / Real 3D Mass within a Fixed Aperture

The mass of prestellar cores is 
usually overestimated, due to 
projection along the line of 
sight. 

The rat io observed/real 
decreases with increasing core 
mass, for any aperture. 

The mass may vary by a factor 
of two between different lines 
of sight.

Effect of beam size:

Larger beam sizes tend to give 
lower masses.



Wihout background subtraction: 

0.1 pc:   <M obs / M real>=1.8 

0.3 pc:   <M obs / M real>= 4.6 

Wih background subtraction: 

0.1 pc:   <M obs / M real>=0.6 

0.3 pc:   <M obs / M real>= 1.2 



Conclusions / Predictions 

1. New scenario where (massive) stars are formed by inertial inflows.  
2. The timescale of massive-star formation is the turnover time of the 

turbulence, so it depends on the normalizations of Larson’s relations.  
3. The bound prestellar core mass is small, ~1 M⨀ (~10 M⨀ within 0.1 

pc), irrespective of the final stellar mass. 
4. Such core masses could be measured with a typical uncertainty of a 

factor of two (for a fixed dust model and assuming Herschel bands are 
available). 

Remember the main caveat: the effect of radiation and outflow 
feedbacks are neglected (not a probem for ICs though).



Competitive-accretion (clump-collapse) model

(Turbulent or magnetized) core collapse model

Inertial-Inflow Scenario



CMF in W43 (Motte et al. 2018)

Discussion 

1. We have not tried to extract the cores, so far only fixed aperture 
centered on sink particle …… 

2. WHat about ALMA-based masses?
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Main result of this comparison with the observations:  

SNe can explain the observed MC turbulence, including 

• Larson’s relations 
• virial parameter 
• mass and size distributions 
• magnetic field strength 
• star formation rates and efficiencies 
• ……………..



Cloud Properties from 3D Analysis of the Simulation 
(harder to derive directly form the observations) 

• Virial parameter 
• Lifetime 
• Alfvénic Mach number 
• Compressive ratio 
• PDF of gas density 

Bottom line: All measured cloud properties are essentially the 
same when derived before or after gravity is included. 

—> SN-driven turbulence determines MC properties, not 
gravity



Conclusions 

• SN explosions can drive the turbulence in the dense ISM and MCs. 

• While the overall ISM turbulence is trans-Alfvénic and mildly 
supersonic, the tur- bulence in the dense gas and MCs is supersonic 
and super-Alfvénic.  

• Most power is in solenoidal modes on all scales, with ⟨𝛘⟩ ≃ 0.3 ± 
0.2 in MCs. 

• SN driving is the main source of the observed MC turbulence. 

• The observed MC velocity-size and mass-size relations and mass and 
size probability distributions are reproduced by SN-driven 
turbulence. 

• MC lifetimes are predicted to be of the order of two crossing times.



Caveats

Missing Physics: 

Chemistry (H2 and CO formation) 

Stellar feedbacks besides SNe (winds and HII regions)   
(don’t miss the next two talks) 

Escape of hot gas (periodic boundaries) 

Numerical Resolution: 

Incomplete stellar IMF below few Msun 


