
Molecular Gas in the ISM!

•  Formation of H2 !

•  Molecular Gas Mass !

•  Properties of Molecular Clouds!
•  See Draine’s book: !

–  Ch 5 (energy levels) !
–  Ch 20.1, 31 (H2) !
–  Ch 19.3, 19.6, 32 CO !
–  Ch 33 (chemistry)!
–  arXiv:1210.6990 [Scoville] !

•  PDR’s !

•  Ch 16 & 31.7 !
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Electronic, Vibrational, and Rotational 
Energy Levels in Molecules!
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Internuclear Potential !



Electronic, Vibrational, and Rotational 
Energy Levels in Molecules!
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∆J=-1 ! ∆J=+1 !∆J=0 !



Molecular Gas in Galaxies!
•  About 22% of the ISM is in molecular 

clouds, where the bulk of the H atoms 
are in molecules.!

•  Nearly 100% of the H in the centers 
of many starburst galaxies is 
molecular.!

•  Some low metallicity (i.e., low mass) 
galaxies have a tiny molecular gas 
fraction. !
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Cloud Complexes and Their Components !
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•  Magnetic field strength 
measured from Zeeman 
splitting in OH, CN, HI.!

•  Magnetic pressure becomes 
increasing important in 
smaller, denser clouds.!



Observations of Molecular Clouds!
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Giant Molecular Cloud!
(e.g., Orion A, Orion B) !
•  2 - 20 pc !
•  n(H) = 103 - 104 cm-3!

•  103 – 105.3 MO !

•  AV = 9-25 mag !
•  Linewidth ~2-9 km/s !

GMC Complex!
(e.g., Orion, M17, W3, W51) !
•  25-200 pc !
•  n(H) = 50 – 300 cm-3!

•  105 – 106.8 MO !

•  AV = 3-10 mag !
•  Linewidth ~ 4 – 17 km/s !



Orion Star-Forming Complex !
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Size-Linewidth Relation in 
Molecular Clouds!
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σ  ≈ 1.10 (km/s)  Lγ(pc), where γ  = 0.38 for 0.1 < L(pc) < 100 
[Larson’s Law] !

•  More recent measurements suggest γ ~ 0.5 – 0.6 !
•  All find σ ~ 1 km/s when L ~ 1 pc. !

σ  ≈ L1/3 expected for a turbulent cascade in an 
incompressible fluid.!

•  The internal motions are due to turbulence, 
thermal motion, rotation, and MHD waves. !



Size-Linewidth Relation for GMCs !
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•  For a D~40 pc cloud, 
hydrostatic 
equilibrium implies a 
mass of 4 X 105 MO. !

•  The cloud mass 
distribution function 
is N(M) propto M-1.6. !

•  D~40 pc is the scale 
for which half the 
Galactic H2 mass is in 
larger/smaller clouds.!



Gas Surface Density vs. 
Galactocentric Radius !
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•  The ISM is mostly H2 
near the center of the 
Milky Way.!

•  At RO ~ 8.5 kpc, most of 
the surface density is in 
neutral H. !

•  Beyond ~11 kpc, the total 
gas surface density 
declines exponentially, 
with a  ~3.5 kpc scale 
length. !
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M51 !
!
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M83 !
!



Formation of H2 !

•  No electric dipole moment when two free H atoms approach.!
•  In principle, electric quadrupole radiation can remove energy from 

the system and leave the 2 H atoms in a bound H2 state. !
–  The rate coefficient for H + H ! H2 + hν is so small that this Rx can 

be ignored. !

•  Gas phase!
–  In a 3-body reaction, a third H atom can carry off the energy 

released when H2 is formed: 3 H ! H2 + H + KE !
–  These 3-body reactions are extremely slow and are only important at 

high densities in protostars and their disks. !

–  Forms by radiative association (H + e- ! H- + hν) and associative 
detachment (H- + H ! H2 + e- + KE) in the absence of dust (e.g., first 
stars and galaxies).!

–  Rate limited by density of H- which is destroyed by reactions with 
protons (or other positive ions) and is consequently very low. !
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Formation of H2 by Grain Catalysis!
•  First H atom binds to grain surface. It diffuses 

some distance on the grain surface before it 
becomes trapped (i.e., thermal fluctuations at the 
grain temperature are unable to free it). !

•  When two H atoms meet in the same trap, they 
react to form molecular hydgrogen. !

•  The 4.5 eV of energy released frees the H2 from 
the grain surface.!

•  The measured rate coefficient (for diffuse clouds) 
is Rgr = 3 x 10-17 cm3 s-1, where [dn(H2)/dt]gr = Rgr nH 
n(H). !

•  Simple estimate in [D] 31.2 is consistent if roughly 
10-50% of the grain – atom collisions produce H2. !
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Destruction of H2 !
•  Ionization threshold for H2 is 

15.43 eV. H2 is generally not 
ionized.!

•  Photodissociation occurs via 
line rather than continuum 
radiation.!
–  AB + hν ! AB* ! A + B !
–  For H2, photodissociation rate 

is ~4.2 x 10-11 s-1 !

•  H2 absorbs over a limited range 
of photon energies !

•  Photodissociation rate  depends 
mainly on the intensity of the 
radiation field in the 1100 – 
912 A bandpass !
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Destruction of H2 (Cont’d) !
•  Inside GMCs, self-shielding reduces photodissociation rate by 3 to 

5 orders of magnitude. !
–  Radiative transfer calculation are required.!
–  Overlap of strong H2 lines with transitions in other molecules 

partially shields them.!

•  Additional reactions include !
–  Neutral-neutral exchange reactions: AB + C ! AC + B !
–  Ion-neutral exchange reactions:  AB+ + C ! AC+ + B !
–  Radiative association reactions:  A + B " ! (AB)* ! AB + hν !
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Electric Quadrupole H2 Lines (∆J = 2) !

J-J’ ! Notation ! Wavelength!

2-0 ! H2 S(0) ! 28.18 um !

3-1 ! H2 S(1) ! 17.03 um !

4-2 ! H2 S(2) ! 12.28 um !

5-3 ! H2 S(3) ! 9.66 um !

6-4 ! H2 S(4) ! 8.03 um !
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Pure rotational transitions 
are hard to observe due to 
emission and absorption of 
the Earth’s atmosphere.!

Ro-vibrational spectrum !

S: ∆J = 2 !

O: ∆J = -2 !

Q: ∆J = 0 !
TK~150 K 
to excite 
J=2 by 
collisions.!



Dust Mass from FIR Emission !
•  At λ > 300 um, the dust emission is generally optically thin. Note 

that this is well into the RJ tail, so Bν(T) propto T.!
•  Radiative transfer corrections are unnecessary, and the dust 

mass is easily measured -- !
         Fν = (MDUST/Area) Ω  Bν .

•  The dust opacity is the absorption cross section per unit mass of 
dust at frequency ν. It is well measured in HI clouds but could 
change with composition and grain temperature. !

•  Example: Scoville et al. 2014 ApJ, 783, 84 !

‒  β = 1.8 +/- 0.1 from 7 bands of Planck data with no 
difference between HI and H2 regions !
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Dust Mass from FIR Emission !

•  Measured depletions of C, Mg, 
Si, and Fe from the gas show 
that HI clouds and H2 clouds 
have very similar dust/gas mass 
ratios.!

•  Measuring dust mass from the 
RJ tail of the emission spectrum 
is a reasonable way to estimate 
the total gas mass.!

•  Notice that this approach does 
not depend on the XCO factor.!
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Electric Dipole Emission CO!
•  The rotational lines of CO are frequently used to 

trace molecular gas.!
–  n(CO)/n(H) ≈ 7 X 10-5 (about 25% of the C is in CO) !
–  J = 1 ! 0 at ν = 115 GHZ (λ = 2.60 mm) !

•  Fundamental rotation frequency = 2B0/h; the rotation 
constant, B0 (from ch. 5), scales inversely with reduced mass.!

•  A10 = 7 X 10-8 s-1 !

–  J = 2 ! 1 ν = 230 GHZ (λ = 1.30 mm) !

–  J = 3 !2 ν = 345 GHZ (λ = 0.67 mm) !

•  Relate the CO J = 1 ! 0 luminosity to H2 mass. !

Winter 2014 ! Diffuse Universe -- C. L. Martin !



The XCO Factor !
•  Relates the CO J = 1 ! 0 luminosity to H2 mass. !
•  CO J = 1 ! 0 is usually quite optically thick. [BB] !
•  At least the J = 1 level is expected to be 

thermalized in molecular clouds. [BB]!
•  How is it that the CO 1-0 emission can be used to 

estimate the total mass of H2 in galaxies? [BB] !
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Theoretical XCO Factor !
•  The luminosity per unit mass depends on the cloud 

density and the excitation temperature 
characterizing the population ratio nu/nl. !

•  Theoretical value of XCO = N(H2) / Integral(TA dv) 
excitation temperature. !
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The Empirical XCO Factor !
1.  XCO = 1.8 (0.3) X 1020 cm-2/K km s-1 !

–  Used infrared emission from dust in the Milky Way as the mass 
tracer (Dame + 2001) !

2.  XCO = 1.56 (0.05) X 1020 cm-2/K km s-1 !

–  Used diffuse gamma ray emission to effectively count the 
number of H nuclei (Hunter + 1997) !

–  Updated to 1.76(0.04) X 1020 cm-2/K km s-1 more recently by 
Okumura + 2009 for Orion A GMC !

3.  XCO ~ 4 X 1020 cm-2/K km s-1 !

–  Local Group galaxies (Blitz + 2007) !
–  Attributed to outer layers of molecular (H2) clouds lacking CO 

due to dissociation of CO. Thickness of transition layer depends 
on the dust abundance (and hence galaxy metallicity).!

4.  XCO is 5 to 6 times lower in ULIRGs !
–  Downes et al 1993 ApJ 414, L13 !
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Dynamical Masses of Clouds!
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Rotational Level Populations in H2 !

•  Vibrationally excited levels have radiative lifetimes of just 
~106 s, and  deexcitation by collisions with H, H2, or He  is 
unlikely at densities nH < 104 cm-3. !

•  The lifetimes of the lowest rotational levels in the ground 
vibrational state are long enough, however, that collisional 
effects can play a role in depopulating the lowest J levels.!

•  The populations of the lowest J levels are, therefore, 
sensitive to the H density and temperature of the gas.!
–  Self-shielding affects the pumping rate of these J levels!
–  To discuss the rotational excitation of H2, we need to 

know !
•  The UV intensity in the absence of self-shielding !
•  The amount H2 between the point of interest and the UV source !
•  The amount of H2 in each rotational level !
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Theoretical CO SLED!
(Narayanan & Krumholz 2014) !

!
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Rotational Excitation H2 in Diffuse Clouds !
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•  For low levels of self-shielding [N(H2) < 1015 
cm-2], UV pumping determines the excitation 
of J .GE. 2. !

•  The rotational distribution function fo J > 2 is 
relatively insensitive to the gas temperature. !

•  The branching ratios in 
the vibration-rotation 
cascade determine the 
relative populations of the 
J .GE. 3 levels. !

•  They can be 
approximately 
characterized by 
rotational temperature 
Trot~400 K indepdendently 
of the actual kinetic 
temperature. !



Rotational Excitation H2 in Diffuse Clouds !
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•  When the shielding 
column increases, the UV 
pumping rates decline, 
and the fraction of H2 in 
the J > 3 levels declines. !

•  For N(H2) > 1018 cm-2, the 
UV pumping rates do no 
appreciably raise the 
population of J=2, and 
the relative populations of 
J=0 and J=2 can be used 
as a thermometer to 
estimate the gas 
temperature. !



Predominantly Neutral Regions: 
Ionization !

1.  Diffuse HI regions (CNM @100K and WNM @ 5000 K) !
–  Metals (e.g., C) photoionized by starlight !
–  CR’s slightly ionized H and He !

2.  Diffuse molecular cloud (0.3 < AV < 2 ) !
–  Metals still photoionized by starlight !
–  CR’s produce H2

+ which leads to H3
+ !

3.  Dark molecular clouds (AV > 3) !
–  Insufficient UV radiation to photoionize metals (e.g., C and S) !
–  CR’s maintain χ = ne / nH ~ 10-7 (104 cm-3/nH)1/2 !
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Photodissociation Regions (PDRs): !
The HII Region – Molecular Cloud Interface !
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Ionization front 
where the H is 50% 
ionized!

Photodissociation front where the H is 50% 
atomic and 50% molecular (mass).. !

•  In reference frame where PD front is at rest, the molecular gas will flow 
toward the PD front where it is dissociated.. !

•  The atomic gas flows away from the photodissociation front toward the 
ionization front. !



Photodissociation Regions (PDRs): !
Plane-parallel Model for Milky Way PDR!
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Thermal & chemical equilibrium!
•  Heating = cooling !
•  Ionization = recombination !
•  H2 destruction rate = formation rate !

•  Radiation entering the slab (from 
the left here) is attenuated by 
dust. !

•  The gas temperature makes a 
transition from the warm to the 
cold phase.!

•  The H2 abundance rises in the 
CNM where the self-shielding is 
growing. !

•  The radiative decay after each 
excitation by UV pumping results 
in H2 destruction 15% of the 
time and excitation of rotational 
lines 85% of the time. !



Photodissociation Regions (PDRs): !
UV Spectroscopy of AGN behind Diffuse Clouds !
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•  AGN shows absorption from H2 lines in MW!

•  The solid curves show the simple plane 
parallel slab model.!

•  For N(H2) < 1017 cm-2, the 
model describes the 
observed column 
densities of rotationally 
excited H2. !

•  For N(H2) < 1018 cm-2, the 
model underpredicts the 
amount of rotationally 
excited molecular gas.!

•  Locally heated regions 
(turbulent decay or 
shocks)?!




















