
H2 smallest diatomic molecule: widely‐spaced energy levels 
Even lowest excited rot. levels too far above ground state 
to be easily populated at normal molecular cloud T. 
     no dipole moment, hence quadrupole radiaAon (slow) 

Lowest allowed (J=2‐0) 
ΔE = 510 K 

CO: more closely‐spaced energy levels; easily populated also at 
       low T 



1. Lines (Planck & Boltzmann) 

2. Lines (empirical) 

3. Virial theorem 

DetecFon eqn., LTE,  τ(12 CO) » 1  (⇒ Tex ),  τ(13 CO) « 1  
N(13 CO) = f (τ13 , Tex , Δv13 ) + [H2 ]/[13 CO] = …. ⇒ N(H2 )LTE          
12 C/H, 12 C/13 C gradients ⇒ [H2 ]/[13 CO] = f (R) 

N(H2 )/∫T(12CO) dv ≡ X ⇒ N(H2 )Wco  

X = constant or f (R)?  

Cloud radius (r), linewidth (Δv), assumpFons about density  
distribuFon. For spherical cloud, n ∝ r –2  ⇒ Mvir = 126 r Δv2   

4. Dust conFnuum 

Exclude non‐bound moFons (e.g. ouclows); actual density distribuFon? 

M = (gSνd2)/κνB(Tdust)   

Non‐LTE transiFons: LVG model (full radiaFon transport eqns.) 

κν , T‐structure, gas‐to‐dust raFo (g) uncertain 

5. ExFncFon mapping N(HI) + 2N(H2) ≈ 1.9 × 1021 cm‐2 AV , ICO or N(13 CO)   



N(H2) = XCO WCO 

with WCO =   ∫T(12CO) dv  

The value of XCO is determined by calibraAng empirical N or M  with other methods. 

Original derivaAon of XCO was by using diffuse γ‐ray emission (Lebrun+ 1983) 

Based on fact that diffuse γ‐ray emission is mostly due to collisions between  
cosmic rays and the ISM: Iγ = εγ[N(HI) + 2XCOWCO] (Bloemen 1989) 
compare maps of diffuse γ‐emission, HI and CO to find XCO. 

In Milky Way XCO = 2 × 1020 (K kms‐1)‐1 cm‐2 with 30% uncertainty (Bola_o+ 2013 ARAA) 

Mmol = αCO LCO   with LCO in K km s‐1 pc2 ;  

for X=2 1020 : M = 4.3LCO M (Bola_o+ 2013)"



Values for other types of galaxies 

* Normal galaxies: XCO  ≈ 2 × 1020 with factor 2 uncertainty 

    Increases sharply in systems with metallicity ca. 0.5 solar 
    Ohen smaller in central regions, as in MW 

* Starbursts and other luminous galaxies: XCO  ≈ 0.4 × 1020 with factor 3 uncertainty 

   Antennae‐values: see Zhu, Seaquist & Kuno 2003 ApJ 588, 243 
                                    Mtot ~ 2 × 109 M 
     See also Herrera+ 2012 A&A 538, L9 for ALMA data (3‐2 instead of 1‐0!) 

* At high redshihs: 

   In massive merger‐driven starbursts such as SMGs, most consistent with low XCO  

    (cf. local ULIRGs) 
   In blue‐sequence galaxy disks, likely higher XCO  (cf. local disks) 


