




Tau (water, 3 µm) vs. AV 
Whittet+ 2001 

N(CO2) vs. AV 
Whittet+ 2007 

N(CO) vs. AV 
Chiar+ 1995 

AV,th(H2O) = 3.2±0.1 

AV,th(CO2) = 4.3±1.0 

AV,th(CO)  = 6.7±1.6 

(All Whittet+ 2007) 



GRAIN/ICE SURFACE 

Accretion from 
gas phase 

Diffusion via 
thermal hopping 
(Edif) Reaction 

Evaporation 
(Edes) 

O + 2H → H2O 
C + 4H → CH4 

CO formed in gas phase, then accretes 

CO + 4H → CH3OH  (act. Barriers) 

Edif ~ 0.5 Edes 



(1)  CO + O → CO2   κtunnel = 4.8 x 10-23  
    (Goumans & Andersson 2010) 

(2) HCO + O → CO2 + H  (no barrier) 

(3)  CO + OH → CO2 + H  EA = 80 K ? 
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DARK CLOUD: 
nH = 2 x 104 cm-3 
AV = 10 
Tgas = Tdust = 10 K 
Edif = 0.5 Edes 

•  CO is good: ~20 % w.r.t. water ice 
•  CO2 is good: CO/CO2 = 2 – 4  

 (cf. Bergin+ 2005: 100:26 toward Elias 16) 
•  Methanol associated w/ oxygen depletion 
•  No early CO2, and CO2 never dominates 
•  Formation of CO2 by O+H+CO reaction 



Edif = 0.3 Edes 

Tdust= 8 K Tdust= 12 K 

•  CO2:CO behavior is robust up to 12 K 
•  <12 K:  O + H + CO → CO2 + H  is dominant 
•  >12 K: mobile CO + OH → CO2 + H 

 - polar CO2 



•  Interested in effects of dust temperature 
•  Balance absorption of ISRF with thermal emission of grains 
•  Radiation field of Zucconi et al. (2001) 
•  H2 and CO photodissociation rates of Lee et al. (1998) 

•  Run model at positions from edge to center of cloud 



(a)  nH = 2x103 cm-3 

(b)  nH = 6x103 cm-3 

(c)  nH = 2x104 cm-3 
AV,th(H2O) = 3.2±0.1 

AV,th(CO2) = 4.3±1.0 

AV,th(CO)  = 6.7±1.6 

(Whittet+ 2007) 
Lower curves = 0.5 Myr 
Middle curves = 1 Myr 
Upper curves = 2 Myr 



(a)  Edif = 0.35 Edes 

(b)  Edif = 0.4 Edes 

(c)  Edif = 0.45 Edes 

Model AV,th : 

H2O ~ 3 

CO2 ~ 3 – 4 

CO  ~  4 – 8  

AV,th(H2O) = 3.2±0.1 

AV,th(CO2) = 4.3±1.0 

AV,th(CO)  = 6.7±1.6 

(Whittet+ 2007) 



Free-fall collapse (Spitzer 1978/Brown+1988) 
nH = 3x103 → 4x104 cm-3 
AV = 2 → 10 
Tdust = ~18 → 8.5 K 

Polar CO2 formed fine 

Later CO:CO2 is good  
 - but there is still lots of water! 

…Maybe H2O and CO/CO2 ices are segregated 
 - diffusion of CO is fast enough for this 



Methanol formation is time-dependent: 
 Timescale for ice deposition is crucial 
 Slower ice formation → more hydrogenation of CO to methanol 




