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       Motivations 
Molecular clouds properties not obviously dependent on the presence of stars 
What is the origin of their internal turbulence ? Can we understand their statistics ? 
 

=> accretion rate onto GMC: few times 10-2M*/yr ? 

	
  
Molecular	
  clouds	
  in	
  the	
  LMC	
  	
  
An	
  evoluLonary	
  sequence	
  ?	
  
	
  

M α R2-2.3 Mass versus size of CO clumps 

 Universal Mass Spectrum  dN/dM α M-1.6-1.8 

Larson 1981 
Falgarone 2000 
H&Falgarone 2012 (Kawamura	
  et	
  al.	
  09,	
  Fukui	
  &	
  Kawamura	
  2010)	
  

(Heithausen et al .98) 



 

 

Column	
  density	
  

1kpc	
  

	
   	
   	
  Supernovae	
  regulated	
  ISM	
  (from	
  few	
  100	
  pc	
  to	
  1kpc)	
  	
  
(Slyz	
  et	
  al.	
  2005,	
  de	
  Avillez	
  &	
  Breitschwerdt	
  2005,2007,	
  Joung	
  &	
  MacLow	
  2006,	
  Hill	
  et	
  al.	
  2012,	
  	
  
Ostriker+2011,	
  Kim+2011,2015,	
  H&	
  Iffrig	
  2014,	
  2017,	
  Gaeo	
  et	
  al.	
  2014,	
  Walch+2015,	
  	
  
Ibanez-­‐Mejia	
  2016,	
  2017,	
  Butler+2015,	
  2017)	
  

density	
  



Flow	
  of	
  WNM	
  (density	
  1cc),	
  velocity	
  20km/s	
  each	
  side,	
  iniLal	
  magneLc	
  field	
  5µG,	
  resoluLon	
  2	
  10-­‐2	
  pc	
  

50
 p

c 

Colliding flows 

Koyama	
  &	
  Inutsuka	
  02,04,	
  Kritsuk	
  &	
  Norman	
  02,	
  Gazol	
  et	
  al.	
  02,	
  	
  Audit	
  &	
  H	
  05,	
  07,	
  10,	
  	
  	
  
Heitsch	
  et	
  al.	
  05,	
  06,	
  08,	
  Vazquez-­‐Semadeni	
  et	
  al.	
  06,	
  07,11,	
  H+08,	
  Banerjee+09,	
  	
  
Clark+12,	
  Inoue	
  &	
  Inutsuka	
  12,	
  Valdivia+16)	
  



   Column density 

Temperature 

50 pc 
Clumps	
  from	
  galacAc	
  box	
  simulaAons	
   Colliding	
  flows	
  



     Mass spectrum and mass size 

   

 
dN/dMαM-1.7 

MαR2.3-2.5  
M α R2-2.3 

Mass versus size of CO clumps 

 Universal Mass Spectrum  
dN/dM α M-1.6-1.8 (Heithausen et al .98) Mass spectrum of clumps 

Larson 1981 
Falgarone 2000 
H&Falgarone 2012 

(H et al. 2008, Heitsch et al. 2009, Inoue & Inutsuka 2012, Iffrig&H2017) 

From	
  galacAc	
  box	
   From	
  colliding	
  	
  flows	
  

Mass versus size of clumps 



σαL0.5  

Falgarone 2000 

Internal clump velocity dispersion 
 

€ 

σ(L) ≈1kms−1 L /1pc( )0.5

CompaLble	
  with	
  Larson	
  law	
  
=>is	
  turbulence	
  within	
  GMC	
  driven	
  from	
  outside	
  ?	
  
=>is	
  it	
  driven	
  by	
  conLnuous	
  accreLon	
  of	
  HI	
  ?	
  	
  

From	
  galacAc	
  box	
   From	
  colliding	
  	
  flows	
  



 Velocity dispersion (Larson 1981, Kritsuk+2007, Klessen & H 2010) 

 

 

 

 

 

 

 

 

Mass size relation (Fleck 1981, Kritsuk+2007) 

 

 

Mass spectrum as turbulent fluctuations (H & Chabrier 2008, Hopkins 2015) 
Use the statistics of supersonic turbulence (lognormal distribution, powerspectrum of logρ)	



count the fluctuations above some density threshold => CO clumps 
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Urquhart	
  +2015	
  

MoAvaAons:	
  Massive	
  star	
  forming	
  clumps	
  and	
  clusters	
  

from	
  ATLASGAL	
  and	
  RMS	
  

Fall+2010	
  



Larson’s	
  relaLon	
  
Massive	
  	
  
star	
  forming	
  
clump	
  

Pfazlner	
  +2015	
  

Clusters	
  

=>Massive	
  star	
  forming	
  clump	
  
are	
  very	
  different	
  from	
  typical	
  
ISM	
  clouds	
  
=>They	
  are	
  likely	
  progenitor	
  of	
  
clusters	
  
	
  
How	
  do	
  they	
  form	
  ?	
  

Falgarone+2009	
  



Lee	
  &	
  H	
  2016a	
  

Forming	
  one	
  single	
  cluster	
  from	
  gravitaAonal	
  collapse	
  of	
  	
  a	
  turbulent	
  cloud	
  
(Bate+2003,2009,2012,2015	
  ,	
  Bonnell+2008,	
  Girichidis+2011,Krumholz+2012,	
  Ballesteros-­‐Paredes
+2015,Padoan+2014,Bleuler&Teyssier2015,	
  Lee&H2016,Vazquez-­‐Semadeni+2016)	
  



 From infall to virial ? A model for protocluster  
(H2012, Lee&H2016b and see Li G-X 2017 for a related model) 

Vinfall 

H2012,	
  Lee&H2016	
  

Mechanical equilibrium

σ ∝
M
R

Energy balance : dissipation=injection
Mσ 3

R
∝σ 2 M ∝σ 2M 0.75

=>
M
R

M
R
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=>M ∝R2

Li	
  2017	
  

Turbulent	
  dissipaLon	
  and	
  gravity:	
  

One	
  crossing	
  Lme	
  is	
  needed	
  
to	
  dissipate	
  	
  incoming	
  energy	
  



Lee	
  &	
  H	
  2016ab	
  

Sink	
  distribuLon	
  radius	
  vs	
  gas	
  distribuLon	
  radius	
  Gas	
  distribuLon	
  radius	
  vs	
  mass	
  	
  

Comparison	
  between	
  model	
  and	
  observaLons	
  	
  

=>	
  virial	
  equilibrium,	
  radius	
  
and	
  rotaAon	
  	
  of	
  the	
  gas	
  are	
  
passed	
  to	
  the	
  stars	
  



	
  Reproducing	
  the	
  SFR	
  in	
  cluster	
  type	
  simulaAons:	
  role	
  of	
  jets	
  
	
  (Li	
  &	
  Nakamura	
  2007,	
  Wang+2011,	
  Federrath&Klessen	
  2012,	
  Federrath	
  2014)	
  	
  

Federrath	
  2014	
  

Seems	
  that	
  the	
  combinaLon	
  of	
  	
  
MHD+turbulence+jet	
  may	
  lead	
  to	
  	
  
reasonable	
  SFR	
  
(keeping	
  in	
  mind	
  large	
  uncertainLes	
  with	
  ouqlow/jets	
  energy	
  injecLon).	
  



	
  Reproducing	
  the	
  SFE	
  in	
  molecular	
  clouds/cluster	
  type	
  simulaAons:	
  
	
   	
   	
   	
   	
   	
  the	
  role	
  of	
  ionising	
  radiaAon	
  
	
   	
  (Fall+2010,Matzner2007,Dale+2011,2015,	
  Gavagnin+2017,	
  Geen+2017)	
  	
  

Dale	
  et	
  al.	
  2013	
  

No	
  feedback	
  

wind	
  

Ionising	
  radiaLon	
  

Wind+IR	
  

SFE	
  for	
  various	
  clouds	
  
with	
  and	
  without	
  	
  HII	
  feedback	
  

Geen+2017	
  

Neighbourhood	
  type	
  clouds	
  are	
  predicted	
  to	
  have	
  SFE~0.1-­‐0.2	
  
Too	
  compact	
  clouds	
  have	
  very	
  high	
  SFE.	
  	
  
Complete	
  census	
  of	
  the	
  feedback	
  processes	
  must	
  be	
  performed	
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                         Filaments and  Core Mass Function 
(Motte et al. 1998, Testi & Sargent 1998, Alves et al. 2007, Johnstone et al.  2002, Enoch et al. 2008, Simpson et 
al. 2008, André et al. 2010, Konyves et al. 2010, 2015) 

CMF in Aquila molecular cloud 75% of cores form in filaments 

Konyves, André et al. 2015  

Clark, Peek, Putman 2014  

HI is very filamentary 



How to form a filament ? 

Compression of  
two of the axis: 
shock or  gravity 

Extension of  
one of the axis: 
Shear 
(the very heart of  
turbulence) 



Gravitational amplification of anisotropies 
        (seeded by turbulence ?) 
                         (Mestel+71) 

€ 

Fz ∝
φ
l

Fr ∝
φ
r

⇒ Fz ≤ Fr

Smith+2014	
  



 Non-self-gravitating filament: 
 Importance of turbulence and magnetic field  

hydro 

mhd 

α	



H2013 

Filament 
axis 

Turbulent 
strain axis 

CorrelaLon	
  between	
  strain	
  and	
  	
  
Filament	
  axis	
  An	
  extreme	
  filament	
  in	
  	
  

MHD	
  simulaLons	
  

An	
  extreme	
  filament	
  in	
  	
  
hydro	
  simulaLons	
  



FragmentaAon	
  of	
  filaments	
  into	
  cores	
  
(Inutsuka+1992,1997,Inutsuka	
  2001,Clarke+2016,Gritschneder+2017,Lee+2017	
  )	
  

FragmentaLon	
  by	
  turbulence	
  
Inside	
  filament	
  (Clarke+2016)	
  

FragmentaLon	
  influenced	
  by	
  	
  
bending	
  modes	
  
	
  (Gritschneder+2017)	
  

AnalyLcal	
  mass	
  funcLon	
  
for	
  “cores”	
  and	
  groups	
  of	
  
cores	
  in	
  filaments	
  
(Lee+2017)	
  
	
  



Filaments	
  and	
  cores	
  from	
  colliding	
  flow	
  calculaAons	
  
(Gong	
  &	
  Ostriker	
  2011,	
  2013,	
  2015)	
  



FRIGG	
  :	
  From	
  Intermediate	
  GalacLc	
  scales	
  to	
  self-­‐GravitaLng	
  
cores	
  

	
   	
   	
   	
  -­‐-­‐Spinning	
  the	
  clouds—	
  
	
  
Goal	
  :	
  obtain	
  a	
  self-­‐consistent	
  descripLon	
  from	
  few	
  100pc	
  to	
  
less	
  than	
  0.1	
  pc	
  (spaLal	
  resoluLon	
  of	
  0.004	
  pc)	
  



GeQng	
  the	
  “core”	
  mass	
  funcAon	
  from	
  zooming-­‐in	
  simulaAons	
  

Encouraging	
  results	
  :	
  
-­‐CMF	
  depends	
  on	
  the	
  exact	
  definiLon	
  adopted	
  for	
  cores	
  
-­‐resoluLon	
  issue	
  with	
  the	
  peak	
  

H2017	
  



Conclusions	
  

AccreLon	
  seems	
  to	
  be	
  always	
  playing	
  a	
  role	
  
(galaxies	
  ?,	
  molecular	
  clouds,	
  clusters,	
  discs,	
  stars	
  ?)	
  
	
  
	
  
	
  
Molecular	
  clouds:	
  2-­‐phase,	
  accreLng	
  paradigm	
  ?	
  	
  
Seems	
  to	
  reproduce	
  many	
  observaLons	
  in	
  parLcular	
  the	
  velocity	
  dispersion	
  
	
  
	
  
Are	
  clusters	
  inheriLng	
  their	
  properLes	
  from	
  a	
  virialised	
  state	
  induced	
  by	
  accreLon	
  
driven	
  turbulence	
  ?	
  
	
  
	
  
Is	
  ionising	
  radiaLon	
  seung	
  	
  the	
  SFE	
  of	
  the	
  MC	
  ?	
  
	
  
	
  
Is	
  the	
  core	
  mass	
  funcLon	
  strongly	
  influenced	
  by	
  the	
  filamentary	
  geometry	
  ?	
  
	
  
	
  


