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Lighting up the Dark Universe

(Springel et al. 2005, Nature) 
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Treatment of Galaxy 
and Star Formation 

•  “Semi-Analytic” Approach!
The Millennium 

simulation – Virgo 
Consortium !

Collisionless dark matter 
particle + !

Analytic equations of  
cooling, star formation, 
and feedback.!

•  “Dissipative” 
Hydrodynamic Simulations !

Overwhelmingly Large 
Simulations (OWLS)!

(Schaye et al. 2009 
MNRAS)!

Dark matter particles + 
gas particles + 
parametric treatment 
of star formation.!
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The Transition Phase 
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detects warm 
H2 around dark 
clouds 

H2 peak 
outside  
of 13CO edge 

(Goldsmith, Velusamy, Li & Langer 2010) 

H2 Formation and SF 
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HINSA Reveals Cold HI  

HI Narrow Self Absorption (HINSA) 

)!*""""")&""""""*"""""""&"""""!*"""""!&"
Vlsr (km/s) 

General 
Galactic 
HI Emission 

Nearby Dark Cloud 

(Li & Goldsmith 2003) 
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Fractional Abundance of HI 

Characteristic Time Scale 

Steady-State Abundance of HI 

! =1.3x109 yr/n0 

(Goldsmith & Li 2005) 

Atoms (HI) to Molecules (H2)  

Molecular Cloud Age： >107 yr
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SF Time Scale 
A potentially more robust 
clock is provided by 
observations of cold HI in 
cores (Goldsmith & Li 
2005) 
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Implications of HINSA 

The atomic-to-molecular 
transition as a function of gas 
density or column density has a 
large scatter but is rather sharp 
and shifts to higher densities 
with decreasing dust-to-gas 
ratio and/or increasing FUV 
flux. Consequently, star 
formation is concentrated to 
higher gas surface density 
regions, resulting in steeper 
slope and lower amplitude of the 
KS relation at a given gas 
surface density, in less dusty 
and/or higher FUV flux 
environments.  

N. Gnedin & A. Kravtsov 2010 
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The Transition Phase 
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Carbon in Av and Time 

n = 800 cm-3 
n = 360 cm-3 
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Where is Carbon?  
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Telescopes 
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The Submillimeter 
Pathfinder Missions – 

SWAS and ODIN 
SWAS!
54 x 68cm offset Cass antenna!
Passively cooled front end with 2 

fixed tuned Schottky 2nd 
harmonic mixers at 490 GHz 
and 555 GHz!

AOS backend!
Observe O2, CI, H2O, H2

18O, and 
13CO!

Launched 5 Dec 1998 !
Operated until 21 July 2004 !
Beam Width!
"= 3’ x 5’!

Pegasus XL 
Launch Vehicle 

Winston 
Cone 
Thermal 
Radiators 

Teflon 
Aperture 
Cover 

Star Tracker 
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Temperature Structure 
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Carbon in ρ Ophiuchi Clouds 
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Turbulence Structure 
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Clump-Interclump: Model Fit 
 Model; Vmic=0.2 km/s; f_b = 0.35 !
""! n(H2) 

Cm-3 

[CI]/ 
[H2] 

[13CO]/ 
[H2] 

Vmac 

Km/s 

Clump 4x104 1x10-6 2x10-6 0.72 

Inter-
clump 2x103 10-4 10-6 1.5 

Clump 5x103 1x10-6 2x10-6 0.57 

Inter-
clump 1.5x103 10-4 10-6 1.5 

r = 0.5 pc"

of
fs
et
!

Li et al. in Prep 
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The Transition Phase 
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Galactic Observations of the 
Terahertz CII Line (GOT C+) 

Herschel OTKP – GOTC+ !
Langer, Goldsmith, Li, Velusamy & Yorke !
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Counting Carbon 

Substantial fraction of C+ 
cannot be explained by pure 
atomic gas excitaion  -- 
“Dark H2 Gas”!
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Herschel and GREAT 

!-!(-!#" ./0" #$"

" Oph 
A 

45 K  L1689 
20 K 

“Ring” 
30 K 

HIFI strip 
maps 

Fully-sampled 
CI maps 
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Fly with SOFIA 
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ρ Oph A Region 

(Liseau et al. 2011) 
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OTF and REFs 

ρ Oph A-350μm peak !
RA 16:26:27.6  DEC -24:23:56.3 !

REF 
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Data Reduction 
Miguel Requena Torres & Rolf Gusten, 

GREAT TEAM!

•  “Kosma Calibrator” => Tsys!
•  Flagging spikes and bad pixels!
•  Remove standing wave!
•  Regridding => Data cubes for each line!
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Spectra Array 
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Resolving the Transition: CI 
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Resolving the Transition: CII 
SOFIA-GREAT OTF Map 
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Resolving the Transition: NII? 
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The Environment of ρ Oph A  

(Liseau et al. 1999) 
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CLOUDY? 
(Kauffmann et al. 1999) 
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CLOUDY Cont. 
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Conclusions 
• Study of H2 in UV and IR continues to surprise us with 
complexity of excitation state, OPR, and role in 
astrochemistry!

• Atomic H in molecular clouds is a very powerful tool 
suggesting that they are not “young” but that it takes 
millions of years to convert primarily atomic hydrogen 
clouds to 99.9% molecular form !

• Atomic carbon does not show limb brightening, rather, 
seems to be mixed with CO. Further examination of the 
turbulence suggests CI is in a low density inter-clump 
medium. !

• Ongoing and future observations of CII by GREAT and 
Herschel will improve our understanding of the structure 
of clouds, their physical conditions, and reveal important 
parameters of the atomic to molecular transition of the 
ISM. !


