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H2  Formation
➡ Hollenbach & Salpeter 1971: “defect sites”

➡ Cazaux & Tielens 2002: 
Physi+chemi-sorption 

➡ Katz et al. 1999: Laboratory 



Star Formation ‘Law’

Kennicutt 1998 
(>3000 citations)

13	HCN	@high-z

Gao et al. 2007The rise of  the X-factor



ISM  Inventory

 EGRET 
[ CR/H-nuclei ] - (HI + X*CO)  

Grenier et al. (2005) Science 

IRAS 
[IRAS – (HI + X*CO) ]

Planck 
Dust Opacity vs (HI+X*CO) 

Planck Collaboration (2011) 
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HI Narrow Self -Absorption (HINSA)

Li & Goldsmith 2003, ApJ 
Goldsmith & Li 2005, ApJ !10$$$$$!5$$$$$$0$$$$$$$5$$$$$10$$$$$15$

Vlsr (km/s) 

HINSA measures cold HI cooled by collision with H2, thus providing a  
rare robust chemical clock of  molecular formation. 

HINSAGalactic HI Emission

Nearby Dark Cloud

OH



RH2 = 2×10
−18n(H )n(HI ) T
DH2

=ζn(H2 )

[HI ] / [H2 ] : 0.2%− 2%

Herschel OT1 Program 
+Arecibo +FCRAO+2Mass

Formation Time Scale > 6 Myr 
(cf. Elmegreen 2000; Glover+ 2009)

Zuo, Li, Peek et al. 2018 ApJ
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Molecular Cloud Formation 
! H2  Formation On Dust Grains 

Production rate (s-1cm-3 ) 

! H2 Dissociation By Cosmic Rays 
Destruction Rate(cm-3 s-1) 
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where ξ ≈ 3×10−17s−1

is the cosmic ray ionization  rate.

Hollenbach & Salpeter 1970;  Buch & Zhang 1991

Goldsmith & Li 2005 ApJDark Cloud Age> 10Myr
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The low abundance [HI]/[H2] ~ 0.1% rules out any fast cloud/star formation 
scenario, including stochastic H2 formation in locally enhanced dense spots, and favors 
the canonical ‘Shu’ picture with ambipolar diffusion.
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HINSA “Ring”

     “A chilly cloud of molecular gas in the Milky Way is giving astronomers a 
rare look at one of the earliest steps in star formation. 
     The smallest, most fundamental molecules in the Universe are created when 
two hydrogen atoms bond to form hydrogen molecules (H2). But the 
molecule’s formation is rarely observed, because it’s hard to distinguish 
atomic and molecular hydrogen from other types of molecules and 
from each other. 
      Pei Zuo and Di Li at the National Astronomical Observatories of the 
Chinese Academy of Sciences in Beijing and their colleagues used the Arecibo 
radio telescope in Puerto Rico to observe dark clouds in the cosmos. The team 
found that one cloud had an outer ‘shell’ of atomic hydrogen that was being 
converted into molecular hydrogen — the first such detection of a 
dark cloud’s birth. 
    Further analysis of the rate of H2 formation suggested that the cloud is 
roughly 6 million years old. This finding could help to constrain models of star, 

planet and galaxy formation, the authors write. (Zuo & Li et al. 
Astrophys. J. 867, 13 (2018) )

Nature Research Highlight: Nov 2018



HISA: Cold HI Clouds
cf. G

ibson et al. 2001

DRAO Galactic Plane Survey  
Cold features revealed in GSH139-03-69 

Knee and Brunt, Nature, 2001
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The Start of the “Chain”

Lucas and Liszt  1996
HI + Dust  =>  H2

Tielens 2007



Evolution of HI, OH, CH across the DMG Zone

Xu, Li, Yue+ 2016, ApJ, 819:22



CH

Xu & Li 2016,  ApJ paper II



DMG & DNM  
Intermediate Av ~ 0.1-2 

Xu, Li+ 2016 ApJ, paper I & II

OH

Remy, Grenier et al. 2017 
Based on Fermi 

Diffuse 𝜸 

OH abundance co-evolve  
with CO, N(H), and DGF



cm

IR

Xu & Li+ 2016 paper I 
based on Lockett & Elitzur 2008



“Where is OH and Does it Trace the Dark 
Molecular Gas (DMG) ?” 

Li, Tang, +PRIMO, ApJS, 235,1 

“Dust–Gas Scaling Relations and OH 
Abundance in the Galactic ISM” 

Nguyen, Dawson,+PRIMO, ApJ

OH excitation temperature 
peaks around CMB 
OH abundance tracks DMG 
fraction 
FAST will supersede Arecibo 
by x10. Tests underway

A V < 2.7

A V > 2.7
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Pacific Rim Interstellar Matter Observer 

 PRIMO



Li, Tang, Nguyen, Dawson+ PRIMO  (2018)

OH  Excitation



OH Absorption Survey with FAST
FAST

Arecibo

Li, Tang+ 
PRIMO  (2018)

Yellow Millennium sources>2 Jy used for analysis. 
Blue FAST sources>0.75 Jy covered.  One drift scan allows 
for 3 sigma detection of  OH cloud tau(OH)=0.05 



ALMA Absorption

!"# = 16 ± 2/10()*+,(	(/	0+	1,2),2
2.1 (Pineda et al. 2010)
2.54 ± 0.13 (Planck Collaboration et al. 2011)

Luo, Tang, DL   2019 in prep.



Absorption   
Imaging



Pulsar-Stimulated Emission

A Case Study for UWL:  OH + CH simultaneously  
“A Follow-up Study of  Stimulated Emission toward PSR B1641-45”,  Li & Hobbs + 2018，2019 Parkes 

PSR B1641-45 



Conclusions
➡ HINSA traces cold HI mixed with CO and clock the chemical age of  dark 

clouds at 10 Myr, more consistent with the ‘classical’ SF picture, which is 
favored over ‘fast/dynamic’ star formation (cf. Elmegreen+, Bergin+). 

➡ Dark Molecular Gas (DMG) dominates intermediate extinction gas (Av 
0.2 - 1.5). 

➡ Simple hydrides, OH and CH, are better tracers of  H2 than CO.  
XCH = 1.0 x 1022 cm-2/(K kms-1) : XOH = 5.2 x 1021 cm-2/(K kms-1) 

➡ All tracers have caveats: OH excitation temperature is close to CMB. 
Diffuse CO sub-thermally excited. C+ fine structure line 91K above ground 
state. Modeling diffuse 𝜸 is uncertain. 

➡ Absorption measurements from Arecibo, FAST, ATCA, VLA, ALMA, and 
SKA will quantify ‘cold’ ISM, including both CNM and DMG


