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Correlation of Cold HI and 3CO
Column Densities
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The HINSA Challenge

We wish to explain

« The characteristics of the HI Narrow Self-
Absorption -
— Where does it come from
— Why are line widths so narrow
— Why is it correlated with molecular column
density, which traces N(H,)
« The density and fractional abundance of the
cold Hl relative to H,



The Cold Atomic Hydrogen

« HI Narrow Self-Absorption is produced by
cold HI which is well-mixed with dominant
H,. Nonthermal linewidths ~ those of carbon
monoxide isotopologues 13CO and C'80

* There may be additional atomic hydrogen in
warm, outer “onion skin” but we discriminate
against this observationally, since optical
depth ~ 1/T

» This atomic hydrogen is at A, of at least a
few magnitudes, making photodestruction
unimportant, at least at the present time



Model for HI and H, in Dark Clouds

These two species are intimately linked and
together form closed system

HI formation = H, destruction

« Assume that since dust extinction is > few
mag we can ignore photodestruction of H,

« H, destruction (HI formation) is by cosmic
rays at rate Dn,, cm3s'; D =2.5x101" s




H, Formation

« Occurs on grain surfaces

* Grains described by MRN grain size
distribution — small grains increase
surface area per unit grain mass

* Incident H atom always finds a partner
so formation rate of H, is proportional
to the flux of H atoms and also to the
density of grains



& H, Formation on Grain Surface (1)
Hydrogen Atoms Collide with Grain
and Stick to Surface

l Incident H atom

Interstellar Grain

Adsorbed
H atom

Adsorbed atom can be chemisorbed (immobile)
or physisorbed (mobile)



H, Formation on Grain Surface (2)
Mobile Grains “Explore” Surface
via Thermal Hopping and/or

Tunneling
Thermal ]
Hopping Tunnelling

Mobile Physisorbed Grain
H Atom Surface Chemisorbed
H Atom



H, Formation on Grain Surface (3)
Two H-Atoms Form H, Molecule
Binding Energy of H, Desorbs the
Newly-Formed Molecule

a

/ Kinetic energy
/ of H, molecule
/ heats the gas

/
/
/
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Time-Dependent H, Density

H, density governed by a very simple
differential equation:

with n, =n, + 2n,,

F = 6x108 cm? s



Cloud Evolution and
HIl to H, Conversion

Cloud is initially entirely atomic

Assumed to be held in this state by
photodestruction (low extincion)

@ t =0 an “event” (e.g. shock compression
resulting in increase in A,) terminates
photodestruction and initiates Hl to H,
conversion

Cloud evolves at constant density




Evolution of Hl and H, Densities
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Hl Fractional Abundances

Cloud ny, Ny, ny/n,
cm-3 cm3

L1544 3.0 3100 4.8e-04

B227 2.0 1000 1.1e-03

L1574r 3.9 800 2.4e-03

L1574b 5.9 1100 2.7e-03

CB45 6.0 1900 1.8e-03

H, densities from 13CO
Abundance ratios from C'80 are smaller by less than 50%



Key Parameters for Hl to H,
Conversion

Steady-state solution:
n(HI) = n,[1 + 2Fn /D]

Fn,>> D means n(H,) >>n(HI) so gas is largely
molecular

Steady-state HI density:

N, = D/2F = 2.5x1017 [2*6x10-18 = 2 cm-3



® Time Scale for Hl to H, Conversion &

Time scale for conversion for high density gas
which will become predominantly molecular

T =1/2Fn, =2.6x10° yr/n,

= 10© yr at densities derived for clouds
mapped, using 3CO & standard X('3CO) to
determine column densities

Low HI fractional abundance => cloud “age”
must be minimum of several times T



Time Dependence of HI
Fractional Abundance
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What do observations

of HINSA tell us about

molecular clouds and
star formation?

Large-scale formation
of molecular cloud
from atomic gas by 20
km/s shock wave
ng=1cm3 T=103 K

[Bergin et al. 2004]

CO dominatesﬂ/_;LE
After 3x107 yr ;

.fu-'_as — T I —— &2 -~ —-B3
,IF :(a) —cr By, lm
' — ZB. — Total '™ 54
E : -_3.53 E 8
H_ax [ 12 g.a—as
a : Jogk &
[~ 4 - [
28 1 %o
] | o35
o 1+
ol I
) [ ] b
A —g§ 105 = -pg
43 — T T T 415

- 42_{5} 4 g 1
IE 36 F SEEE
5 3F g g8
I LY 255%
g af 2 Mg 0
= E 3
= 1.5: 1555
§’ 1E 1 g

2

Rl

v

Abundanes Ralative tao Total H

Lag,, (Time in Years)

;c'hn' |

L

. - TV AN N PR PR s T P TR
=
& - h .
= b
T T T T T T T v
~ - i
- - E

lag,, (Time in Years)



CO and H, Formation

* While self-shielding is more effective for H,
than for CO, the very low fractional
abundances of HI which we see require that

the H, photodissociation rate be drastically
reduced relative to that in ISRF

* Even then, it requires significant time to

convert hydrogen from atomic to molecular
form
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@ Getting Rid of the Atomic Hydrogen

* To get n(H) ~ n(H,) requires N, ~ 1020 cm-
(A, ~ 0.1 mag)
* But, to get n(H)/n(H,) ~ 0.001 as observed
requires that photodissociation rate must be
< cosmic ray dissociation rate since our

results are close to steady-state abundances
considering only CR destruction of H,

* What does this say about min. column
density?



Reduction in H,
dissociation
rate from dust
and
self-shielding

Self-shielding

of H, is important

but dust
shielding is
significant for
N(H,) > 1020 cm-2
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The HIl to H, Transition and
Molecular Cloud Formation

Cosmic ray dissociation rate:
D =2.5x10-17 s

Photodissociation rate in unshielded ISRF:
Z = 3.2x10-11 s~

We require minimum attenuation of 10°
togetZ<D

This occurs for N ~ 102! cm-2 or Av ~ 1 mag; the
same required to get a “CO cloud”



The Hl to H, Transition and
Molecular Cloud Formation

Buildup of column density of 10%! cm-2
requires time ~ 3x107 yr in Bergin et al. model

This would then mark “t=0” in our calculation

Total “age” of observed clouds in context of
this model ~ 108 yr

This could possibly be reduced if
instabilities, fragmentation, and self-gravity
increase the density

Note, however, that our measured densities ~ those
in postshock gas of Bergin et al.



Time Dependence of HI
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Model Cloud: Initial Conditions
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Time Evolution of the Cloud

A wave of HI destruction and H, formation
sweeps out from the center of the cloud
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HI Absorption Spectra Indicate
T > 10" s to reproduce observations
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M. conclusions from Observations of
HI Narrow Self Absorption (HINSA)

Local molecular clouds have Hl well-mixed with
molecular constituents

This Hl is cold, quiescent, and must be well-shielded
from the UV radiation field

The density and fractional abundance (wrt H,) of the
cold HI are close to steady state values

The time required to convert these starless clouds
from purely HI initial state to observed present
composition is a few to ten million years

This timescale is a lower limit — if dense clouds being
swept up from lower density regions by shocks, the
time to accumulate material to get A, ~ 1 and provide
required shielding may be comparable or longer






