
l  	  Sta%s%cal	  features	  of	  molecular	  clumps 
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p Observa%ons	  suggest:	  Molecular	  clouds	  are	  formed	  and	  grown	  by	  accre%on	  of	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  HI	  gas	  with	  〈n〉~10 cm-3 (Blitz+06;	  Kawamura+09;	  Fukui+09).	

p  3D	  MHD	  simula%on	  of	  molecular	  cloud	  forma%on	  by	  HI	  gas	  accre%on	  with	  effects	  of	
chemical	  reac%ons,	  radia%on	  transfer,	  cooling/hea%ng,	  thermal	  conduc%on	  &	  self-‐gravity.	

-‐-‐-‐	  2013	  in	  prep.	
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l  HI	  gas	  formed	  by	  thermal	  instability.	
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10.0 Myr evolution	

l  Molecular	  cloud	  formed	  by	  HI	  accre%on.	
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l  	  2D	  slice	  of	  ntot	  and	  T 
accre%on	  shocks	

(def.	  of	  “clump”:	  connected	  region	  having	  n > nthre)�

ü   Scatter plot of plasma β� ü   Size-velocity dispersion relation�

ü   Rotation� ü   Mass function�

à Typical	  plasma	  β	  is	  temporally	  constant. � à Δv ~ 1.5 km/s ( l / 1 pc)0.5   for	  any	  clump	  density. �

à  Clumps	  seem	  to	  evolve	  into	  star	  forming	  cores	  that	  
sa%sfy	  the	  fragmenta%on	  condi%on	  to	  form	  binary	  
proposed	  by	  Machida+04,	  08. �

fragment�

non-fragment�

ü 	  Low-‐density	  clumps	  with	  nth ~ 100 cm-3 and	  ini%al	  HI	  clouds	  	  
	  	  	  	  	  show	  dN ∝ M-1.8 dM,	  agrees	  with	  theore%cal	  mass	  spectrum	  of	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  clumps	  formed	  by	  the	  thermal	  instability	  (Hennebelle	  &	  Audit	  07)	  	  
	  	  	  	  	  and	  observa%on	  (Kramer+96;	  Schneider+02)	  

ü 	  High-‐density	  clumps	  with	  nth ~ 1000 cm-3 show	  dN ∝ M-2.3 dM,	  	  	  	  	  	  
	  	  	  	  	  agrees	  with	  observa%ons	  (Ikeda+07).	  ü  Accre%on	  of	  clumpy	  gas	  flows	  drives	  supersonic	  turbulence	  behind	  shocks.	

ü  Cold	  molecular	  clumps	  (T~10K)	  are	  embedded	  in	  diffuse	  thermally	  unstable	  gas	
(T >1,000K) even	  deep	  inside	  region	  thanks	  to	  turbulent	  mixing.	

l  	  Evolu%on	  of	  energies	  (except	  accre%on	  flows) 
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ü  Most	  of	  C+	  becomes	  CO	  at	  
      t ~ 7 Myr (birth	  of	  molecular	  cloud).	

Energy	  of	  turbulence 
Thermal	  energy 
Magne%c	  energy 
Gravita%onal	  energy 
Energy	  of	  turbulence	  in	  
cold	  molecular	  gas.	  

à Dynamics	  of	  molecular	  cloud	  is	  governed	  by	  turbulence	  of	  diffuse	  gas	  component,	  
	  	  	  	  	  	  but	  observa%ons	  using	  molecular	  line	  emissions	  cannot	  detect	  it.	

p  Conclusion:	  realis%c	  ini%al	  condi%ons	  of	  star/protoplanetary	  disc	  forma%on	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  can	  be	  obtained	  by	  simula%ons!	
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p Observa%ons	  by	  NANTEN2	  telescope	  (Fukui+13;	  Furukawa+09;	  Ohama+10;	  Torii+11):	
l  Colliding	  two	  dis%nct	  molecular	  clouds	  are	  associated	  with	  Spitzer	  bubbles.	

 
Contour:	  NANTEN2	  12CO	  J=1-‐0	  (Fukui+13	  in	  prep.)	

l  Median	  parameters	  of	  the	  cloud-‐cloud	  collision.	

ü  Mcloud ~ 104-105 Msun	 ü  vcoll, relative ~ 26 km/s	ü  Lcloud ~ 5 pc	

à Intensive	  molecular	  cloud	  collision	  induces	  massive	  star	  forma%on?	

Color:	  Spitzer	  8,	  24µm	  (Benjamin+03,	  Carey+09)	

p  Isothermal	  3D	  MHD	  simula%on	  of	  cloud-‐cloud	  collision	  with	  self-‐gravity	  (cs = 0.2 km/s).	

l  Ini%al	  condi%ons	  (fiducial	  model):	

resolu%on:	  10243	

8 pc	

ü  Ini%al	  density	  with	  fluctua%ons:	

Plog ρ(k) ∝ k-4, Δρ/〈ρ〉 = 0.43 

ü  Collision	  velocity:	  vcoll = 10 km/s	
(Ms =vcoll/cs =50, MA =vcoll/cA =12)	
	

p  Results	
l  massive	  core	  of	  
	  	  	  	  	  	  M = 194 Msun 
      is	  formed!	  	

l  Why	  are	  filaments	  formed	  behind	  shock?	

ü  Deformed	  shock	  induces	  focusing	  flows.	

l  Why	  does	  core	  become	  massive?	

ü  Alfven	  velocity	  is	  substan%ally	  enhanced	  behind	  shock:	  	

nini = 300 cm-3,  

ini%al	  B	  field	  (Bini= 20µG)	

à	  Enhancement	  of	  effec%ve	  Jeans	  mass:	  	

à	  Effec%ve	  Jeans	  mass	  should	  increase	  with	  vcoll,	  Bini	  and	  decrease	  with	  ρini.	

ü  Results	  of	  parameter	  survey	  support	  the	  idea.	

p  Conclusion:	  intensive	  molecular	  cloud-‐cloud	  collision	  discovered	  by	  NANTEN2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  observa%ons	  can	  induce	  massive	  star	  forma%on!	

à	  filaments	  perpendicular	  to	  B	  field	  is	  formed.	
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