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What does HI do for molecular clouds? 
•  Formation reservoir (Shu73, Blitz07; Kim & 

Ostriker 06; Audit & Hennebelle05, Heitsch+05; Clark+12)	


•  Source of turbulent energy via long-
term accretion, (Chieze & Pineau des Forest 89, 

Goldbaum+11)	

	
 GMC mass and lifetime different wrt	


	
Σres: 8 vs 16 Mpc-2	


•  Helps chemistry via dust shielding 
and/or pressure support (Spitzer78; 
Bensch06)	


Σres=8 Mpc-2  

Audit & Hennebelle+05 

Σres=16 Mpc-2  

Goldbaum+11 
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HI inside vs outside molecular clouds 

Knapp74; Goodman & Heiles94; Li & Goldsmith 03; Wannier+83,91, Fukui+09 

•  HINSA = HI narrow self-absorption	

•  FWHM(HI)<FWHM(CO)	

•  good correlation with OH/CO	

•  detection rate ~80%	

•  T<40K, n(HI)~a few cm-3 	

•  N(cold HI)/N(H2) = 0.0016	

 Cloud age ~3-30 Myrs	


LSR Velocity km/s 

HI 13CO 
OH  
C18O 
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Interstellar  
radiation field 

HI halo (emission) 

H2, CI/CII 
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HI-to-H2 Transition: Observations 
(1) Direct: UV absorption lines 

N(HI) ~ 5 × 1020 cm-2 ~5 Mpc-2 

(2) Indirect: other gas tracers   

“HI 
saturation” 

Sancisi+74; 	

Wong & 
Blitz02; 	

Blitz & 
Rosolowsky0
4; 	

Schruba+11; 	

Bigiel+08	


Gillmon+06;  
Rachford+09 
Savage+77 
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N(HI) ~ 4 × 1020 cm-2 
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HI halos: Observational difficulties 
•  Self-absorption: temperature 

fluctuations vs self-absorption?	


•  HI emission: Velocity crowding and 
blending of components, broad line 
width	


•  Ubiquity of HI, variations of HI 
intensity over a range of scales	


•  No systematic study in the MW.	


•  New: high-resolution wide area HI 
observations comparable to IR data 
(IRAS, Spitzer, Herschel)  explore 
spatial correlations + undertake 
detailed comparisons with models	


Perseus 

Peek+11 
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Zoom-in on the HI halo in Perseus 

1. Does HI saturation 
persist on sub-pc 
scales?	


2. Properties of the HI/
H2 transition?	


3.  Alternative: High 
optical depth HI? 	


4. Is HI important for H2 
and CO formation? 	


D = 200 – 350 pc	

M ~104 M;  	


Intermediate SFR	

Age~10 Myrs  evolved	


~25 pc 

2MASS 
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 Schnee et al. (2005)	

 Lee et al. (2012)	


HI from GALFA-HI 

H2: IR (IRAS) T-corrected+  
Av (COMPLETE) 

 Lee, SS,+12	


[agrees with Sancisi+74; Imara & Blitz11] 
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HI saturates at 6-8 Mpc-2 @0.4pc for 
both star-forming and dark clouds.	


ΣHI has very narrow distribution 
with only small region-to-region 

variations.	


HI saturation persists at sub-pc 
resolution. 

3σ 

Star forming cloud	


red = KMT09 

Lee+12 

Dark cloud	


ISRF of IC348 = ~2 ISRF of B1E	

(ISRF ~ Tdust

6) 	


3σ 
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-  Once shielding achieved, H2 
abundance sharply increases	


- H2 extends up to 20 pc from the 
CO peaks.  Pure HI to >20pc.	


- Transition thickness  (H2 fraction 
from 0.1 to 0.25): 3-5 pc.	


Assumed: Z = 1.0 Z#

Fitted: ϕCNM = 7.0 ~ 8.0 or TCNM = 60-75K	


Star forming cloud	
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 Perseus HI halo vs equilibrium-H2 
formation model 

Krumholz et al. (2008, 2009) 
Spitzer & Jenkins 75; Ostriker+10 

Green = Solar  

3σ 

3σ 

Shielding HI column  predict H2 abundance.	


Dust shielding and H2 self-shielding equally 
important. 
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4. XCO = N(H2) / ICO in Perseus @ 0.4 pc 
resolution 	


B5 
NGC1333 

N(H2) image at 4.3’ resolution 
(Lee et al. 2012) 	


ICO image at 46’’ resolution 	

(COMPLETE)	


Here ICO image from CfA (for display)	


Lee, SS+13 
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4. XCO = N(H2) / ICO in Perseus @ 0.4 pc 
resolution 	


B5 
NGC1333 

N(H2) image at 4.3’ resolution 
(Lee et al. 2012) 	


ICO image at 46’’ resolution 	

(COMPLETE)	


Here ICO image from CfA (for display)	


Lee, SS+13 Median XCO = 3x1019  ~Σ N(H2)/Σ ICO	

Pineda+08: factor of 2-3 variation across regions	
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What does the CO-to-H2 Conversion 
Factor tells us about HI halos? 

•  Theory: Xco = F (n, G, Z, ζ, σCO, cloud age)	


•  Large degeneracy BUT Characteristic dependence on AV   	


MHD model  
“Macroturbulent & Non-equilibrium” 
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Glover & Mac Low11; Feldmann+12 

Shetty+11 

For a chemically evolved Perseus 	

(age ~10 Myrs), model results should converge. 	


PDR model  
“Steady state & Equilibrium” 

Sensitivity of CO (1–0) to parameter variation 1869
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Figure 2. Top: an X factor profile calculated for the standard parameter
values listed in Table 2. CO(1–0) emissivity (!; dotted line) and X (solid line)
are plotted as a function of AV into the cloud. Bottom: CO(1–0) integrated
intensity (dotted line) and H2 column density (solid line) as a function of
AV into the cloud.

4.1 Gas density

Diffuse clouds containing reasonable quantities of molecular gas
have hydrogen nuclei number densities nH ! 100 cm−3, whilst gi-
ant molecular clouds have densities ranging from an average value of
∼ 200 cm−3 to 106 cm−3 in their cores (see e.g. Scoville et al. 1987;
Güsten 1989; Dyson & Williams 1997, and references therein).
Therefore, we consider the sensitivity of X to variations in den-
sity within the range 102 " nH " 106 cm−3. For the purposes of
comparison, we have adopted the simplifying assumption of con-
stant density across the PDR in these models. The variation of X
with visual extinction for densities from 102 to 104 cm−3 is shown
in Fig. 3.
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Figure 3. X versus AV profiles for varying number density of hydrogen
nuclei within the cloud (nH cm−3).
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Figure 4. X versus AV profiles for varying incident FUV radiation field
strength (χ Draine).

As the density increases from the lowest values considered, the
minimum value of X drops and the profile minimum gets sharper and
shifts to lower AV . The effective shielding of CO from photodisso-
ciation increases with gas density and allows its abundance to reach
saturation at lower AV values, resulting in stronger emission and
therefore reducing the value of X, which is inversely proportional to
CO emission strength. At higher densities, the CO(1–0) line rapidly
becomes optically thick with increasing depth, causing emission to
occur within a thin region of the cloud and narrowing the mini-
mum of the X versus AV profile. At densities above 104 cm−3 (not
shown), the sharpening and deepening of the X profile minimum
become more exaggerated.

4.2 Radiation field strength

Radiation field strengths incident upon gas clouds can vary from a
few times the standard interstellar Draine field up to χ ∼ 107 Draine
in regions of intense star formation (see Hollenbach & Tielens 1999,
and references therein). We adopt a range of 0.1 " χ " 105 Draine
for consideration in this study. Fig. 4 shows X versus AV profiles for
radiation field strengths within that range.

The minimum of the profile increases, broadens and moves deeper
into the cloud with increasing radiation strength. The C+/C/CO tran-
sition region occurs at higher values of AV as the radiation penetrates
deeper into the cloud and the rise in CO abundance is more gradual
under stronger radiation, as shielding becomes less effective. This
leads to a broader emission feature, causing the wider profiles seen
in Fig. 4 as the radiation intensity increases.

4.3 Cosmic ray ionization rate

The cosmic ray flux is known to vary by over an order of magni-
tude. Magnetic field lines can channel cosmic rays away from dense
molecular cores; alternatively, the flux of particles in starburst re-
gions can be many times higher than the canonical rate (Schilke
et al. 1993). We therefore consider a range of 0.1 " ζ " 103 times
our adopted canonical rate of 1.3 × 10−17 s−1.

Increasing the flux of ionizing particles through the cloud pro-
duces a complex behaviour in the X versus AV profiles (see Fig. 5).
As the ionization rate increases from the standard value (see
Table 2), CO is initially destroyed more effectively through reac-
tions with He+ and its abundance drops, causing an upward shift
in the X profile. This is the case for the ζ = 10 and 102 models.
However, the corresponding increase in the cosmic ray heating rate

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 371, 1865–1872
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PDR model by Wolfire et al. (2010)	


“halo” “halo” “core” 
nhalo = 40 cm-3 ncore = 103 cm-3 nhalo = 40 cm-3 

N(HI) = 4.5 × 1020 cm-2 

Xco variations: a factor of ~80 over ~7pc  

3σ 3σ 

Threshold, CII/CICO	


τ>1 @ Av~3mag 

~1 pc ~7 pc 
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molecular 
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explain:  
N(HI), ICO, and 

XCO.	
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Comparison with the MHD model 
(Shetty+11, Glover & Mac Low11) 

Generally good qualitative 
agreement – good!	


Discrepancies:	

-  N(HI) – turbulent mixing?	

-  Shallow increase of ICO  	

-  Larger scatter	

-  Smaller Δv (CO)	


Difficulties in comparison:	

-  Scaling of simulation data?	


Note very different HI-H2-CO 
geometry relative to PDR	

  geometry not very important, 
just shielding? 	


S11 
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 Summary: 
1. HI surface density saturates  ~10 M pc-2 on sub-

pc scales “Spitzer shield”.	


2. Properties of the HI/H2 transition:	

3-5pc thickness, >20pc from CO centers	

Absorbing HI: Ts~40-70 K, CNM to WNM: ~50-50%	


3. High optical depth HI? 	

 High-τ HI can be significant but can not fully explain the 
saturation.	


4. HI & dust are important for H2 and CO?	

Dust shielding from extended HI envelopes essential to 
explain: sharp HI-H2 transition, CI/CII  CO transition, 
and the characteristic dependence of XCO on Av. 	


Future work: 	

	
- Probe more extreme interstellar environments.	

	
- Map out temperature distribution in halos and cloud 
centers.	


ASKAP 

EVLA 

More high-res HI 
observations on 	


the horizon!	



