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High-­‐z	
  OIII	
  emiQers
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Nearby	
  galaxies	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Simulated	
  high-­‐z	
  galaxies
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Small	
  LCII,	
  small	
  LFIR,	
  and	
  small	
  ΔvLyα	
  	
  	
  
imply	
  a	
  large	
  fesc	
  of	
  ionizing	
  photons.	
  



Thermal	
  evolu0on	
  
and	
  protostar	
  forma0on	
  
in	
  a	
  low-­‐metallicity	
  gas:	
  
1-­‐zone,	
  1D,	
  and	
  3D	
  simula0ons	
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PopIII	
  to	
  PopII	
  transi0on	
  
Is there a “critical metallicity” 
for low-mass star formation ? 

If so, what’s the key process  ?

atomic cooling  
by C, O 

@low-density”

cooling  
by dust 

@high density
vs.



Thermal	
  evolu0on

Omukai, Hosokawa, NY, 2010, ApJ

dust

H2 on dust

CII, OI

1D chemo-hydrodynamics calculations



Dust	
  cooling
Dopcke et al. 2011, ApJ

Only	
  dust	
  cooling,	
  no	
  molecules



Mini-halo 1    Mini-halo 2   Mini-halo 3     



Chemistry
54	
  reac0ons	
  for	
  27	
  species:	
  H+,	
  e−,	
  H,	
  H−,	
  H2,	
  	
  
	
  	
  	
  	
  	
  D+,	
  D,	
  HD,	
  C+,	
  C,	
  	
  CH,	
  CH2,	
  CO+,	
  CO,	
  CO2,	
  	
  
	
  	
  	
  	
  	
  O+,	
  O,	
  OH+,	
  OH,	
  H2O+,	
  H2O,	
  H3O+,	
  	
  
	
  	
  	
  	
  	
  O2+	
  ,	
  O2,	
  Si,	
  SiO,	
  SiO2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  	
  
Grain	
  chemistry:	
  metallic	
  silicon	
  (Si),	
  metallic	
  iron	
  (Fe),	
  	
  
	
  	
  	
  	
  Mg2SiO4,	
  MgSiO3,	
  amorphous	
  carbon	
  (C),	
  	
  SiO2,	
  MgO,	
  FeS,	
  	
  
	
  	
  	
  	
  and	
  Al2O3	
  

	
  	
  
Chemical	
  and	
  radia0ve	
  cooling:	
  
	
  	
  	
  -­‐	
  Transi0on	
  line	
  cooling	
  
	
  	
  	
  	
  	
  	
  C	
  II,	
  C	
  I,	
  O	
  I,	
  CO,	
  H2O,	
  OH	
  
	
  	
  	
  -­‐	
  Dust	
  thermal	
  emission	
  	
  
	
  	
  	
  -­‐	
  H2	
  forma0on	
  hea0ng	
  	
  

Nozawa	
  et	
  al.	
  2007;	
  2012
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Does	
  metallicity	
  determine	
  everything	
  ?

Difference	
  in	
  the	
  thermal	
  	
  
evolu0on	
  as	
  big	
  as	
  
differences	
  due	
  to	
  
metallicity.

All	
  10-­‐4	
  Zsun



Chemo-­‐thermal	
  evolu0on

See	
  also	
  Grassi	
  et	
  al.	
  2015,	
  Bovino	
  et	
  al.	
  2016



10-­‐5	
  Zsun	
  case
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Oxygen	
  chemistry

number density

H2OOI
OH

O + H -> OH + γ

H2 + OH -> H2O + H

fr
ac

tio
n



Dust	
  cooling



Grain	
  growth
sticking probability

radius of a monomer  
molecule per key element (Mg, Si)

number density 
of the gas phase atoms

saturation factor

× ri
2 →  

volume increase   
per impact

 Photo-desorption unimportant without intense radiation. 
Dust shattering inefficient at < 0.01 Zsun . 



Cloud	
  shape



The	
  effect	
  of	
  molecular	
  cooling



Filamenta0on	
  vs	
  disk	
  fragmenta0on

a	
  constant	
  separa0on
Cores	
  are	
  aligned	
  with	
  	
  	
  	
  

Cores	
  are	
  formed	
  in	
  arms	
  	
  	
  	
  



Cloud	
  deforma0on	
  and	
  temperature	
  dip

Hanawa	
  &	
  Matsumoto	
  (2000),	
  Lai	
  (2000),	
  Tsuribe	
  &	
  Omukai	
  (2005)	
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10-­‐4	
  Zsun
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Collapse	
  speed	
  maQers

All	
  10-­‐4	
  Zsun tcollapse = f0 tcollapse (γ)
The	
  overall	
  collapse	
  
speed	
  is	
  characterized	
  	
  
by	
  a	
  factor	
  f0.	
  
Recall Serena's talk on tuesday.



There	
  are	
  reasons	
  to	
  fragment,	
  but…

fast	
  collapse slow	
  collapse

←	
  The	
  2-­‐parameter	
  
descrip0on	
  gives	
  
a	
  rough	
  guide,	
  
but	
  far	
  from	
  complete.	
  

The	
  collapse	
  0me	
  	
  
factor	
  f0	
  contains	
  
too	
  many	
  physics	
  
(rota0on,	
  T,	
  	
  
	
  	
  turbulence)



Ini0al	
  condi0on	
  
…	
  of	
  100m	
  final

If	
  we	
  are	
  given:	
  
	
  	
  cloud	
  mass,	
  temperature,	
  
	
  	
  metallicity,	
  abundances,	
  
	
  	
  halo	
  spin,	
  merger	
  history,	
  
	
  	
  deg.	
  of	
  turbulence,	
  
	
  	
  etc.	
  etc…	
  

Which	
  "halo"	
  is	
  gonna	
  
produce	
  a	
  big	
  "star"	
  ?	
  





star	
  forma0on



Theory	
  part	
  summary
• Full physics can be incorporated. 

• Thermal evolution couples with cloud 
deformation and fragmentation. 

• Grain growth important at high densities. 

• Overall behaviour can be understood also 
for 0.1-0.01 Zsun  

• But needs radiation included properly. 

• Implications for metal-poor stars (←         
talk by Raffaella later)


