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• Hyperfine splitting: If one or more nuclei have nonzero nuclear spin and              , then there will be 
an interaction between the nuclear magnetic moment and the magnetic field generated by the 
electrons, resulting in “hyperfine splitting.” The energy will depend on the orientation of the nuclear 
angular momentum relative to the axis.

• Ortho-H2 and Para-H2 (spin isomers, 이상질체)

In the case of H2, the electronic wave function is required to be antisymmetric under exchange of the 
two electrons.

The two protons, just like electrons, are identical fermions, and therefore, the Pauli exclusion 
principle antisymmetric requirement also applies to exchange of the two protons. The protons are 
spin 1/2 particles - the two protons together can have total spin 1 (parallel) or total spin 0 
(antiparallel).

The consequence of the antisymmetry requirement is that

Because the nuclear spins are only weakly coupled to the electromagnetic field, ortho-H2 and para-
H2 behave as almost distinct species.

[Hyperfine Splitting & Ortho-H2 and Para-H2]
Jez 6= 0
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If the protons have spin 0, the rotational quantum number J must be even.  ⇒  para-H2 (even J)
(an antisymmetric nuclear spin wave function (I = 0) and a symmetric spatial wave function having 
an even value of the rotational quantum number J)

If the protons have spin 1, the rotational quantum number J must be odd.    ⇒  ortho-H2 (odd J)
(a symmetric nuclear spin wave function (I = 1) and an antisymmetric spatial wave function having 
an odd value of the rotational quantum number J)
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H2 has no permanent electric dipole moment.
- Thus, the vibrational states and the rotational states radiate very weakly, via the time-variation of the 

electric quadrupole moment and the molecule vibrates or rotates.

- Because the nuclear spin state does not change, the ro-vibrational radiative transitions of H2 must have

The vibration-rotation emission spectrum of H2 therefore consists of electric quadrupole transitions.  
Therefore, the H2 emission lines are faint and hard to detect. The downward transitions are identified by

For example, 1-0 S(1) refers to the transition                                                               .

- Spin-exchange collisions with H0 or H+, and a process in which H2 is captured on a grain surface, can 
cause an ortho-para conversion.

- The statistical weight of an ortho-H2 rotational level J is 3(2J+1)  [because Snucleus = 1].

For a para-H2 it is (2J+1) [because Snucleus = 0].

�J = 0 or �J = ±2, i.e., ortho ! ortho or para ! para
<latexit sha1_base64="UWwTbXoch5JGYQ/utWGm4+LV+hY="></latexit>

44 CHAPTER 5

Because H2 has no permanent electric dipole moment, the vibrational states
and the rotational states radiate very weakly, via the time-variation of the elec-
tric quadrupole moment as the molecule vibrates or rotates. Because the nuclear
spin state does not change, the rovibrational radiative transitions of H2 must have
∆J = 0 or ∆J = ±2 – i.e., ortho→ortho or para→para.

The vibration–rotation emission spectrum of H2 therefore consists of electric
quadrupole transitions. The downward transitions are identified by

vu−vℓ S(Jℓ) if Jℓ = Ju−2 ,

vu−vℓ Q(Jℓ) if Jℓ = Ju ,

vu−vℓ O(Jℓ) if Jℓ = Ju+2 .

For example, 1–0 S(1) refers to the transition (v=1, J=3) → (v=0, J=1). This
transition is indicated in Fig. 5.2.

5.1.7 CO

CO has 2 p electrons contributed by C and 4 p electrons contributed by O; together,
these 6 p electrons fill the 2p subshell, and as a result, the ground electronic state
of CO has zero electronic angular momentum and zero electronic spin: 1Σ+

0 , just
like H2. The reduced mass of CO is (12×16/28) amu ≈ 6.9 amu. The C=O
chemical bond is extremely strong; r0 is unusually small, the spring constant k
is unusually large, and the electric dipole moment (only µ = 0.110D) is unusu-
ally small. The fundamental vibrational frequency corresponds to a wavelength
λ0 = c/ν0 ≈ 4.6µm. (The energy is ∼ 50% of the energy in the H2 funda-
mental frequency.) The fundamental rotational frequency 2B0/h = 115GHz, and
h̄2/Ik ≈ 5.5K (versus 170K for H2). Because the moment of inertia of CO is
much larger than that of H2, the rotational levels of CO are much more closely
spaced than those of H2, and therefore there are many more allowed rotation–
vibration levels.

If µ is the permanent electric dipole moment, the Einstein A coefficient for a
rotational transition J → J−1, radiating a photon with energy h̄ω, is given by

AJ→J−1 =
2

3

ω3

h̄c3
µ2 2J

2J + 1
(5.4)

=
128π3

3h̄

(
B0

hc

)3

µ2 J4

J + 1
2

s−1 (5.5)

=1.07× 10−7 J4

J + 1
2

s−1 (5.6)

=7.16× 10−8 s−1 for J = 1 → 0 . (5.7)

the next Figure.

(v = 1, J = 3) ! (v = 0, J = 1)
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(not J = 0 $ J = 0)
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Ortho/Para Ratios
- The ortho state of a molecule is defined as having the larger statistical spin weights and para 

as having the smaller weight. 
- Since the typical energy separation between the ortho and para states of a molecule is 

comparable to the gas and dust temperature in the ISM and much smaller than the energy 
released in formation reactions, it is expected that the abundance ratio between the two 
states will reflect the equilibrium values at high temperatures, that is, the ratio of their 
statistical weight. 

‣ Since g = 2I + 1, the usual ortho to para ratio is (2x1+1)/(2x0+1) = 3 for spin 1/2 systems such as 
H2. 

- If a molecule cannot be converted from ortho to para (or vice versa) by radiative or collisional 
processes, the two states can effectively be considered as two separate molecules. In this case, 
the ortho to para ratio at the time of molecule formation will be preserved.
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EJ=1 � EJ=0

kB
⇡ 174.98K for H2



Interstellar Molecules
• Interstellar Molecules 

- Interstellar molecules were first 
discovered in the late 1930s through 
the identification of optical lines 
seen in absorption against 
background starlight with electronic 
transitions of molecules. 

- The molecules first detected were 
CN (  at 3876.84Å), 
CH (  at 4300.30Å) and 
CH+ ( at 4232.54Å) 

- To date, over 200 interstellar 
molecules have been detected.

B2⌃+ �X2⌃+

<latexit sha1_base64="zEG1lZG4i2sCyUUdsmaDniOh1LE="></latexit>

A2��X2⇧

<latexit sha1_base64="1HDYts9prZr6pgpPYthnuh5wZpw="></latexit>

A1⇧�X1⇧+

<latexit sha1_base64="IjhyEwAoK7ZM9Xt2kw6ibFwjAAs="></latexit>

5

190 Interstellar Molecules 

Table7.1 
Interstellar molecules listed by number of atoms 

Four Five Six Seven Eight 
Diatomic Triatomic atoms atoms atoms atoms atoms 

H2 C3 c-C3H Cs C5H C6H CH3C3N 

AlF C2H l-C3H C4H l-H2C4 CH2CHCN HCOOCH3 

AICl C2O C3N C4Si C2~ CH3C2H CH3COOH(?) 

C2 C2S C3O l-C3H2 CH3CN HC5N C7H 

CH CH2 C3S c-C3H2 CH3NC HCOCH3 H2C6 
CH+ HCN C2H2 CH2CN CH3OH NH2CH3 CH2OHCHO 

CN HCO CH2D+(?) c~ CH3SH c-C2~O CH2CHCHO 

co Hco+ HCCN HC3N HC3NH+ CH2CHOH 

co+ Hes+ HCNH+ HC2NC HC2CHO 

CP Hoc+ HNCO HCOOH NH2CHO 

CSi H2O HNCS H2CHN C5N 
HCl H2S Hoco+ H2C2O HC4N 

KCl HNC H2CO H2NCN 

NH HNO H2CN HNC3 
NO MgCN H2CS Si~ 
NS MgNC H3O+ HzCOH+ 

NaCl N2H+ NH3 
OH N2O SiC3 
PN NaCN C4 Nine Ten Eleven Twelve Thirteen 
so ocs atoms atoms atoms atoms atoms 
so+ SO2 CH3C4H CH3C5N(?) HC9N CH30C2H5 HC11N 

SiN c-SiC2 CH3CH2CN (CH3)zCO 

SiO CO2 (CH3)zO NH2CH2COOH 

SiS NH2 CH3CH2OH CH3CH2CHO 

cs Ht HC7N 
HF SiCN CgH 

SH AINC 

FeO(?) SiNC 

Table from A. Wootten (www.cv.nrao.edu/~awootten/allmols.html). 

[Table 7.1, Kowk]



• Given the ubiquity of hydrogen in the ISM, and the inability of helium to form chemical 
bonds, we expect molecular gas in the ISM to consist primarily of H2. 
- A hydrogen molecule, with the dissociation energy D0 = 4.52 eV, is not very tightly bound. An 

UV photon can photodissociate it. 

- In a gas with temperature  , collisions with other gas particles can 
collisionally dissociate it. Thus, we expect molecular hydrogen to survive for long periods of 
time only in cold regions of the ISM that are shielded from UV radiation. 

- Hydrogen has the lowest, reduced mass of any molecule, , hence, hydrogen 
molecules have a particularly high fundamental frequency of vibration compared to other 
diatomic molecules.

T > D0/k ∼ 50,000 K

μ = mH/2

6

174 Chapter 7. Molecular Clouds 

Table 7.1: Properties of some diatomic molecules 

Molecule Do ro Bo hw0 J,to 
[eV] A [meV] [eV] [debye] 

H2 4.52 0.74 7.36 0.516 0.000 
co 11.1 1.13 0.24 0.269 0.110 
CH 3.51 1.12 1.76 0.339 1.406 
OH 4.39 0.97 2.30 0.443 1.668 
CN 7.57 1.17 0.23 0.253 0.557 

we expect molecular hydrogen to survive for long periods of time only in cold 
regions of the ISM that are shielded from UV radiation. 

In a diatomic molecule, two atoms, of mass m 1 and m 2, have a distance r 
between their nuclei. The potential energy V(r) between the two atomic nuclei 
has a minimum at some separation r0 • A sketch of the potential V(r) for the 
hydrogen molecule is given in Figure 7.1. In the molecule's ground state, the 
distance r 0 is typically ~ 1 A; more accurate values are given in Table 7.1 for 
astrophysically interesting molecules. In the neighborhood of r0, the potential 
V(r) can be approximated as a parabola: 

V(r) V(r0 ) + ½k(r-r 0 ) 2 , (7.1) 

which is the equation for a harmonic oscillator with spring constant k. Thus, a 
classical cartoon version of a diatomic molecule would consist of two spherical 
masses connected by a spring. The fundamental frequency of the spring's 
vibration is w 0 = (k!mr) 112 , where 

m1m2 mr=---
m1 +m2 

(7.2) 

is the reduced mass of the molecule. Typical values of hw0 for diatomic molecules 
are hw0 ~ 0.3 eV; more accurate values are given in Table 7.1 for astrophysically 
interesting molecules. The reduced mass of H2 is mr = mH/ 2, the lowest of 
any molecule. Thus, hydrogen molecules have a particularly high fundamen-
tal frequency of vibration compared to other diatomic molecules. Quantum 
mechanically, the vibrational energy of a diatomic molecule must be 

Evib = hw 0 (v + 1 /2), (7.3) 

Properties of some diatomic molecules [Table 7.1, Ryden]

D0 = dissociation energy

r0 = speration

B0 ⌘ ~2
2I

!0 =
p

k/µ fundamental frequency of vibration

<latexit sha1_base64="Bk1VBi4GaXklYYAWn07uVBQCJvI="></latexit>

µ0 = permanent dipole moment

1 debye = 10�18 statC cm
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CO
• For any molecule to undergo a pure rotation transition, it must have a permanent dipole moment, 

. This means that for any molecule to have a dipole-allowed rotational spectrum it must 
have an asymmetric charge distribution which gives rise to a permanent dipole moment.

Heteronuclear diatomics poses a permanent dipole moment but homonuclears, such as , do not.

• CO

Carbon monoxide, CO, is a particularly important species for astronomical observations.

CO is the most stable diatomic molecule.

It has a dissociation energy  of 11.1 eV, which is more than double the  value found for most 
other diatomic molecules. As a result, in astronomical environments where molecules form, C 
and O usually combine to form CO, which is very stable and long-lived.

The wavelengths of the first few rotational transitions are 1-0 at  = 2.60 mm, 2-1 at 1.30 mm, 
and 3-2 at 0.87mm.

The J = 1-0 transition of CO is the second most important spectral line in radio astronomy 
after the hydrogen 21 cm line.

μ

H2

D0 D0

λ
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CO is widely distributed in the interstellar medium and maps of the CO J = 1-0 transition are a 
standard tool for investigating the ISM.

One reason for this is that cold  is very difficult to observe directly because its pure rotational 
transitions are not only very weak but lie in the near-infrared where ground-based observations 
are not possible. The abundance of CO is therefore often used to estimate the total amount of 
molecular gas present in a given environment. It is generally assumed that the number density 
of CO is approximately  of that of .

If, as often happens, the CO 1-0 line is optically thick, one can use higher transitions such as the 
CO 2-1 line instead. Another option to avoid the effects of optical thickness is to observe an 
isotopologue , which is present with much lower densities and whose transitions are 
therefore much less optically thick.

An isotopologue is a molecule that consists of at least one less abundant isotope of its constituent 
elements. They have the same transitions at nearby frequencies with similar decay and excitation 
rates. The main difference is in their abundance and observations of the rarer species help 
diagnose conditions in dense regions where lines from the primary species are optically thick.

H2

10−4 H2

13CO

8

n(CO) ≈ 10−4n(H2)



Vibrations in Polyatomic Molecules
9

208 Astronomical Spectroscopy {Third Edition) 

A judicious choice of molecular coordinates renders this model separable 
into soluble, one-dimensional problems for each vibrational mode. The 
coordinates are called normal modes of vibration; examples are given in 
Figs. 13.1 and 13.2. While for a few molecules , such as CO 2 , it is possible 
to derive the normal modes purely on symmetry grounds, procedures for 
doing this in the general case exist; see Wilson, Decius and Cross (1980) in 
the further reading. 

Many of the concepts derived in Chapter 11 for a diatomic harmonic 
oscillator are simply generalised to the polyatomic case. Thus the vibra-
tional energy of a system with M vibrational modes, Ev, becomes 

H 

H / 

H 

Ev=ntwi(vi+½), (13.1) 

• 0 

0 

H 

/ 

H 

/ 

H 

Symmetric stretch,v1 
- I ro 1 = 3667 cm 

Bend, v2 

ro2 = IS9Scm - 1 

Asymmetric stretch, v3 

ro3 = 3676 cm- • 

Fig. 13.1. The three normal modes of the water molecule. 

Vibration-Rotation Spectra 209 

---0--C-- O 

t t 
0--C-- O 

i 

0-- C----0 

Symmetric stretch, v 1 

Bend (degenerate), v2 

Asymmetric stretch, v3 

co3 = 2349 cm- 1 

Fig. 13.2. Normal modes of carbon dioxide; note that the bending mode is doubly 
degenerate as the motion can occur in the plane of the page, as drawn, or identically, 
perpendicular to the plane of the page. 

where Vi gives the number of quanta in mode i which has a harmonic 
frequency of Wi- Similarly, the zero point energy (zpe) is generalised to 

1 M 
zpe = -n'""'wi. 2~ 

•=1 

13.2. Vibrational Transitions 

(13.2) 

Within the harmonic oscillator approximation, there is a simple and rigor-
ous electric dipole selection rule: 

~v = ±1, (13.3) 

where, for a polyatomic molecule, the other vibrational modes remain 
unchanged. This leads directly to 

~Ev = nw ( V + 1 + ½) -nw ( V + ½) = nw, (13.4) 

where w is known as the fundamental frequency. 
For anharmonic molecules any change in ~v is allowed in principle, 

but in practice, ~v = ±1 always leads to much stronger transitions. The 
intensity of individual transitions falls off rapidly with increasing ~v. Vibra-
tional transitions which change v by more than one quantum are generally 

The vibrational modes of carbon dioxide; 
note that the bending mode is doubly 
degenerate as the motion can occur in the 
plane of the page, as drawn, or identically, 
perpendicular to the plane of the page.The three vibrational modes of the water 

molecule

H2O CO2



[H2 formation] (1) Gas-Phase Formation of H2

• Direct Radiative Association
- When two free H atoms collide with each other, they create an excited hydrogen 

molecule that is unbound.

- It must emit a photon carrying away enough energy to leave it a bound state, or it will 
break apart again. There is no electric dipole moment. As a result, there is no dipole 
radiation that could remove energy from the system and leave the two H atoms in a 
bound state. Electric quadrupole transitions are possible, but the rates are very low.

- As a consequence, the rate coefficient for direct radiative association of H2 is so small 
that this reaction can be ignored in astrochemistry.

10

H+H ! H
⇤
2 ! H2 + h⌫
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Rate for the electric quadrupole transition is

The lifetime of the excited hydrogen molecule until it breaks apart would be roughly one period of 
vibration:

Therefore, the probability of emitting a photon before it break apart is
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2π

ω0
=

h

Evib,0
=

6.626× 10−27 cm2 g s−1

0.516 eV
∼ 8× 10−15 s
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• Three-body reaction

- The reaction can occur, when the third body carrying off the energy released when H2 
is formed, but the rate for this three-body reaction is negligible at interstellar or 
intergalactic densities.

- At the high densities of a protostar or protoplanetary disk, the three-body reaction is 
able to convert H to H2.

• Formation of negative hydrogen ion by radiative association followed by 
formation of H2 by associative detachment:
- First step:

- Second step:

This is an exothermic ion-molecule reaction.

- The density of negative H ion is very low because the formation rate of   (first step) 
is slow while there are many, rapid processes that destroy  .

H
�
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3H ! H2 +H+KE
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rate coefficient:

rate coefficient:

k ⇡ 1.9⇥ 10�16 (Tgas/100K)0.67 cm3 s�1
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‣  can be destroyed by reaction with protons:

‣  can be destroyed by reaction with other positive ions:

‣ In the diffuse ISM,                                  or lower. Most of  is destroyed by 
photodetachment, which is the inverse process to radiative association.

The photodetachment needs only   to take away one of its electrons.

- In the absence of dust (e.g., in the early universe),                                 is the 
dominant channel for forming H2.
‣ Associative detachment and the resulting production of H2 will only dominate over 

photodetachment when

H
�
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I = 0.77 eV
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Here,        is the strength of radiation in units of the 
interstellar radiation field (ISRF).
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[H2 formation] (2) Grain Catalysis of H2

• The dominant process of H2 formation in the Milky Way and other galaxies is via grain 
catalysis.
- The surface of a dust grain acts as a lab of chemical activity.
- Adsorption:
‣ A H atom colliding with a dust grain has some probability of sticking (bounding) to the grain.
‣ The sticking probability depends (1) on the atom’s speed (slower atoms are more likely to stick), (2) 

on the grain’s temperature (hot grains are less sticky), (3) on the grain’s size (smaller grains are less 
sticky), and (4) on the grain’s composition.

‣ Sticking probability:

- Diffusion & Reaction:
‣ Initially, the binding may be weak enough that the H atom is able to diffuse (i.e., random-walk) some 

distance on the grain surface, until it happens to arrive at a site where it is bound strongly enough 
that it becomes “trapped.”

‣ Subsequent H atoms arrive at random locations on the grain surface and undergoes their own 
random walks until they also become trapped, but eventually one of the newly arrived H atoms 
encounters a previously bound H atom before itself becoming trapped.

‣ When the two H atoms encounter one another, they react to form H2.

- Desorption:
‣ The energy released when two free H atoms react to form H2 in the ground state is  = 4.5 eV. 

This energy is large enough to overcome the forces that were binding the two H atoms to the grain, 
and the H2 molecule is ejected from the grain surface.

�E
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Figure 4.1 A schematic of the formation of molecules on grain surfaces. Gas
phase species accrete, diffuse, and react on an interstellar grain surface.

scale for the process – and the surface migration rate – which governs the reaction
network. We will briefly discuss these “steps” and the parameters that control
them.

4.2.1 Accretion

The accretion rate of species on grains is given by

kac = nd!dvS"T#Td$! 10−17
(

T

10K

)1/2

n s−1# (4.27)

where T and Td are the gas and dust temperature and a mean mass appropriate for
CO has been assumed. The sticking coefficient depends on the species accreting,
the thermal velocity of the gas, and the excitation of the phonon spectrum of the
grain, as well as the interaction energy of the gas phase species and the surface.
Except for atomic H, this sticking coefficient is expected to be close to unity at
the low temperatures of interstellar molecular clouds. Based upon experiments

A schematic of the formation of 
molecules on grain surfaces.

[Fig 4.1, Tielens]

Results
We study experimentally the formation of water on silicate surfaces.
For this purpose, we deposit O2 molecules on silicates, and deposit D
atoms in a second step. The surface chosen in this study is usually
used as interstellar dust analogs. After deposition at 10 K, the surface
temperature is increased up to 200 K and molecules are measured in
the gas with a mass spectrometer. The results of these experiments
are presented in fig. 2. The solid lines represent the thermal desorp-
tion spectra of O2 (mass 32), the dashed lines the signal for D2O
(mass 20), while dotted lines the signal of D2O2 (mass 36), as the
temperature of the surface is increased at 0.04 K/s. The thermal
desorption spectra of the 3 different species on silicate surfaces are
represented in red. For comparison, we also report our experimental
results for the formation of water on graphite (green), and non por-
ous ice (blue).

The black line represents the thermal desorption spectrum when
only O2 is deposited on silicate surfaces. It desorbs as a single peak at
around 35 K and the integrated signal corresponds to 1.0 monolayer
(1 ML , 1015 atoms/cm2). The red lines (solid for O2, dashed for
D2O and dotted for D2O2) represent the thermal desorption spectra
when O2 is similarly deposited, and is exposed to 4 1015 atoms/cm2 of

D. In this case, the desorption of O2 around 35 K is very weak
compared to the deposition of O2 only, meaning than most
($90%) of the initial O2 molecules have disappeared. D2O and
D2O2 desorption features are observed at 150 K, and before 200 K,
respectively. The location of these peaks in temperature allow to
derive the binding energies of the different species on the substrate.
These binding energies are reported in table 1. Previous studies
showed that O2 reacts quickly with D, forming O2D, D2O2 and finally
D2O16–18. The area of the desorbed peaks indicates that only 35% of
the oxygen has been included in the D2O and D2O2 molecules,
meaning than around 65% of the O2 molecules are missing from
the surface.

The O2 molecules missing in the desorption spectra are believed to
be ejected into the gas phase during exposure with D atoms, follow-
ing chemical reaction. In this sense, once new species are formed, and
are unable to thermalize on the surface, they are released into the gas
phase (the so called chemical desorption). To prove the existence of
this process, we monitor the mass signal during D irradiation, with
the quadrupole mass spectrometer placed in a position remote from
the sample. The measurements are reported in the inset of fig. 2
before and during D irradiation for D2O (mass 20), DO2 (mass 34)
and D2O2 (mass 36). We observe a direct D2O signal far above the

Figure 2 | Experimental evidence of chemical desorption. Desorption peaks of O2 (solid), D2O (dashed) and D2O2 (dotted) species after the exposure of
D atoms on 1 ML coverage of O2 ice deposited on different substrates (silicates SiOx in red, graphite in green and np-ASW ice in blue) held at 10 K. Inset:
D2O, D2O2 and D2O monitored with the QMS during the exposure of D atoms on 1 ML coverage of O2 ice deposited on the silicate substrate at 10 K.

Table 1 | TPD desorption peaks and associated binding energies of

the molecules on the silicate surface

Species TPD peak Binding energy (K) ref.

H2 12 K 300 [11]
H 500 [20]
O 1100 This work
O2 40 K 1255 [15]
O3 67 K 2100 Minisale et al.

submitted
O2H 4000
OH 140 K 4600
H2O 145 K 4800 This work and [21,22]
H2O2 180 K 6000 This work

Figure 1 | Sketch that illustrates the chemical desorption process. Species
coming from the gas accrete on the dust surface and can meet each other to
form other species. For some reactions shown in this study, the formed
product is ejected in the gas.

www.nature.com/scientificreports
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Sketch that illustrates the chemical desorption 
process. Species coming from the gas accrete on 
the dust surface can meet each other to form other 
species. For some reactions, the formed product is 
ejected in the gas.

[Fig 1, Dulieu, 2003, Scietific Reports]



Formation rate of H2

- Formation rate
‣ The rate per unit volume at which H atoms collide with grains, averaged over the 

distribution of grain radii would be:

‣ It is customary to define the total grain geometric cross section per H nucleon.

‣ Suppose that a fraction        of the H atoms that collide with a grain depart from the grain as 
H2. The rate for H2 formation via grain catalysis would then be

The factor 1/2 is because two H atoms are required to form H2, and the “rate coefficient” 
is given by
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Here, the formation efficiency averaged over the 
grain surface area is:

Recall the mean 
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Maxwell distribution
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- Numerical values
‣ Total grain geometric cross section per H nucleon: We note that

The silicate-graphite-PAH grain model of Weingartner & Draine (2001) gives

‣ The rate coefficient for H2 formation is then

Jura (1975) used UV spectroscopy of diffuse clouds with                     and determined that

The observed rate coefficient indicates

This average is the result of a very low value of         for the PAHs, which dominate the 
surface area, and                  for the                      “classical” silicate and carbonaceous grains.
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- Time scale of H2 formation: dust grains are converting atomic hydrogen into 
molecular hydrogen on a characteristic time scale:

- Thus, the CNM should be filled with molecular hydrogen - unless there’s a 
competing process that before the H2 molecules as fast as grain surface make them.

- The competing process is the photodissociation near bright stars.
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Photodissociation of H2

• Photodissociation:  
-  Photodissociation is the principal process destroying interstellar H2.

H2 + h⌫ ! H+H+KE
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Schematic drawing of the potential energy curves of 
molecular hydrogen [Figure 7.4, Ryden]
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Figure 7.4: Schematic drawing of the potential energy curves for the ground 
electronic state and the first and second excited electronic states of molecular 
hydrogen. 

Figure 7.1, you might think that photodissociation of H 2 is a simple task; if it's 
in the ground state, hit it with a photon of energy hv > 4.52eV. That will lift 
it to a vibrational state with quantum number v > 14, which will be unbound; 
the two hydrogen atoms then fly away from each other and the dissociation is 
complete. Well, this isn't how it works in reality. Absorbing a photon to lift the 
molecule to av> 14 vibrational state requires a quadrupole transition, which 
has a small transition probability. 

The main mechanism by which H 2 is actually photodissociated is a two-
step process, involving the excited electronic states of H 2 • Figure 7.1 shows 
the potential energy curve for the ground electronic state of H 2 • Figure 7.4 
shows both the ground electronic state and the lowest excited electronic states. 
The energy difference between the v = 0, J = 0 level in the ground electronic 
state, and the v = O,J = 0 level in the first excited electronic state is E = 

ll.18eV, corresponding to A= 1108A. This is a higher energy than the 10.2eV 
energy of the Lyman a line in atomic hydrogen. The transitions between the 

X

B

C

In the left potential energy curves, you 
might think that photodissociation of H2 
is a simple task; if H2 absorb a photon 
of energy  , it will be 
excited to a vibrational state 
(vibrational continuum) with quantum 
number , which will be unbound.

However, absorbing a photon to lift the 
molecule to a  vibrational state 
requires a quadrupole transition, which 
has a very small transition probability.

h⌫ > 4.52 eV
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- Lyman-Werner band
‣ The energy difference between the                         level in the ground electronic state, and the                       

  level in the first excited electronic state is                                               , which is a 
higher energy than the 10.2 eV energy of the Lyɑ line in atomic hydrogen.

‣ The transitions between the ro-vibrational levels in the ground electronic state and the ro-
vibrational levels in the first excited electronic states produce a forest of lines that are 
referred to collectively as the Lyman band.

‣ Emission and absorption between the ground electronic state and the second excited 
electronic state is called the Werner band.

‣ The Lyman and Werner bands lie in the energy range 11.18 - 13.60 eV.

- The main mechanism by which H2 is photodissociated is a two-step process.
‣ The first step is absorption of a resonance line photon (λ = 912-1108Å), raising the H2 

from an initial level                to a level                or               of the first and second 
electronic states. This photoexcitation is via a permitted absorption line, and therefore 
the newly excited level is guaranteed to have electric dipole-allowed decay channels, 
with a large transition probability.

‣ The excited level is most likely to decay to vibrationally excited bound levels                
of the ground electronic state, and such decays occur ~85% of the time.           
However, a fraction of ~15% of the time, the downward spontaneous transition will be to 
the vibrational continuum ( ) of the ground electronic state: The two hydrogen 
atoms will then fly away from each other and the hydrogen molecule is dissociated.

v = 0, J = 0
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- Photodissociation Rate:
‣ The probability per unit time of photoexcitation of H2 from lower level  to upper level  is 

given by

‣ There are many transitions out of a given lower vibration-rotation level. The total rate of 
photoexcitation out of     is:

‣ The photodissociation rate is obtained by summing over all of the photoexcitation 
channels, each multiplied by the probability             that the upper level will decay to the 
vibrational continuum:

‣ The dissociation probability averaged over the photoexcitation channels is: 

`

<latexit sha1_base64="I8//JCOKluTn5Y3Hc69sZmxKgoQ="></latexit>

u

<latexit sha1_base64="7TPR4VBzfqwamMGPdJFtUGNNc30="></latexit>

20

⇣`!u =
⇡e2

mec
f`u

u⌫c

h⌫`u
! ⇡e2

mec2h
f`u�

3
`uu�

<latexit sha1_base64="cjZiM1lxShvCIzm/nhnkZMS8EXY="></latexit>

`

<latexit sha1_base64="I8//JCOKluTn5Y3Hc69sZmxKgoQ="></latexit>

⇣pe,` =
X

u

⇣`!u

<latexit sha1_base64="rJry7gsYm7ropG/75fnH7s0lYOE="></latexit>

pdiss,u

<latexit sha1_base64="ndeduvOBMlSO4p3skPOz2sZZTTE="></latexit>

⇣diss,` =
X

u

⇣`!updiss,u

<latexit sha1_base64="rbryZS0ymzHdpfK4BdXRYWcEe+8="></latexit>

hpdissi` ⌘
⇣diss,`
⇣pe,`

<latexit sha1_base64="Ep05JdbLdwmFnibBgaLWErRSv+w="></latexit>

Eq (31.12) in Draine



‣ Note that the photoexcitation and photodissociation rates are nearly independent of the level  
.

‣ In the local diffuse neutral ISM, the H2 photodissociation rate is:

‣ The typical timescale for photodissociation of H2 is the:
This is smaller by four orders of magnitude that the ~ 15 Myr timescale for creation of H2 by 
grain surface catalysis in the CNM.
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Table 31.1 Photoexcitation and Photodissociation Ratesa for Unshielded H2

level ! ζphotoexc,!/χ
b ζdiss,!/χ 〈pdiss〉!

(v, J) (10−10 s−1) (10−11 s−1)
(0,0) 3.08 4.13 0.134
(0,1) 3.09 4.20 0.136
(0,2) 3.13 4.23 0.135
(0,3) 3.15 4.57 0.145
(0,4) 3.21 4.94 0.154
(0,5) 3.26 5.05 0.155
a From Draine & Bertoldi (1996).
b χ ≡ (νuν)

1000Å
/(4× 10−14 erg cm−3)

electronically excited level u has some probability pdiss,u of spontaneous decay to
the vibrational continuum.

The probability per unit time of photoexcitation of H2 from lower level ! to upper
level u is given by

ζ!→u =
πe2

mec2h
f!uλ

3
!u(uλ)!u . (31.12)

There are many transitions out of a given lower vibration-rotation level !. The total
rate of photoexcitation out of ! is

ζphotoexc,! =
∑

u

ζ!→u (31.13)

and the photodissociation rate is obtained by summing over all of the photoexci-
tation channels, each multiplied by the probability pdiss,u that the upper level will
decay to the vibrational continuum:

ζdiss,! =
∑

u

ζ!→updiss,u (31.14)

The dissociation probability averaged over the photoexcitation channels is just

〈pdiss〉! ≡
ζdiss,!

ζphotoexc,!
. (31.15)

In the absence of shielding from the interstellar radiation field, the rates for pho-
toexcitation and photodissociation of H2 in various (v, J) levels are given in Table
31.1. Note that the unshielded rates ζphotoexc,! and ζdiss,! are nearly independent
of the level !. The ultraviolet radiation field was taken to be

νuν = χ×
(
4× 10−14 erg cm−3

)( λ

1000 Å

)
(31.16)

over the 1100–912Å wavelength range where H2 absorbs UV in a neutral region.

Photoexcitation and Photodissociation Rates for 
Unshieled H2

[Table 31.1, Draine; Draine & Bertoldi (1996)]
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- Steady-state abundance of H2

‣ The steady-state abundance of molecular hydrogen is determined by a balance between 
formation on grains and photodissociation, resulting in a very low steady state abundance:

‣ In the absence of self-shielding, diffuse H I clouds will contain only a tiny amounts of H2. 
Molecular hydrogen shouldn’t dominate over atomic hydrogen until the density 
reaches ~ 3x106 cm-3.

‣ In reality, observations reveal that the molecular form dominates at densities as low as ~ 
300 cm-3. This is because the inner parts of molecular clouds are protected from UV light 
by self-shielding.
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- Self-shielding refers to the phenomenon where the photoexcitation transitions 
become optically thick, so that the molecule in question is “shielded” from starlight by 
other molecules.
‣ Self-shielding occurs on a line-by-line basis, with stronger self-shielding for the stronger 

lines (large oscillator strengths) from levels with large populations.
‣ Recall that the equivalent width is the measure of absorbed light (EW = fraction of 

absorbed light). The rate of photoexcitation is given, in general, by

In the optical thin limt,

‣ Therefore, the self-shielding factor is defined to be:

Self-Shielding and Dust-Shielding
23

where

⇣pe,`!u =
⇣u⌫c

h⌫

⌘

`u

✓
⇡e2

mec
f`u

◆
fshield,`u

<latexit sha1_base64="gdWwUT1xtBXWfRNgFPiOEG+NPfM="></latexit>

u⌫

<latexit sha1_base64="bs3NzqBOOYuwU4/pGOgd4Zai18s="></latexit>

= radiation energy density in the 
absence of H2 line absorption

⇣pe,`!u =
⇣u⌫c

h⌫

⌘

`u

dW⌫

dN`

<latexit sha1_base64="dcuylhCo1dCw3cDylTIBdecF4Ns="></latexit>

W⌫ =

Z
d⌫

�
1� e�⌧⌫

�

<latexit sha1_base64="RWuNFkRqd/OXvhOK2P6Txu5v3XI="></latexit>

�⌫ = line profile

<latexit sha1_base64="flMnBjPEhb9swuT6oN1NSloF7tQ="></latexit>

fshield,`u ⌘ dW⌫/dN`

(⇡e2/mec)f`u
< 1

<latexit sha1_base64="ASywnaVWJpOTVityJvfNtvsUnaU="></latexit>

dW⌫

dN`
=

d

dN`

Z
d⌫⌧⌫ = �0 =

⇡e2

mec
f`u

<latexit sha1_base64="4xiFVvHFbwBmLMi/rNwcdE0kwxE="></latexit>

⌧⌫ = N`�0�⌫ = N`
⇡e2

mec
f`u�⌫

<latexit sha1_base64="u0fF3D0OjhoTZHzOJ3v1rTAqbUg="></latexit>

⌧� = ⌧⌫ = N`
⇡e2

mec
f`u��

����
d�

d⌫

����

<latexit sha1_base64="o17lbcFW3ijMPTokb+JASBFM8w4="></latexit>

Note that

<latexit sha1_base64="xMdzRkvJhsMJu1rH68/sir+Ff/s=">AAADa3icdZJbaxNBFMcniZe63lL7IKgPgyVYoYRNxcuLUKiID0YrNU0hE9bJ5GwydnZnmZlNiMN8OL+A7/0EPgmKD/robBKkzeWw7B7+53eG/54zvUxwbcLwrFSuXLp85erGteD6jZu3blc37xxrmSsGLSaFVCc9qkHwFFqGGwEnmQKa9AS0e6cHRb09AqW5TD+aSQbdhA5SHnNGjZeiaoe8AmEofhcREAKTL2BoZIlKcAa7hU QUHwwNVUqOce7wS0wExGaHxIoym0ckzTFzdui/boY+xvMj21F1O6yH08DLSWOebO8/+n3059vZ3cNos/SX9CXLE0gNE1TrTiPMTNdSZTgT4IIayTVklJ3SAViafY5larQLzqkdn6Y0Ad210+E4XPNKH8dS4YLGUzW4cE6i9STpeTKhZqgXa4W4W7yMlEKvpBhNGYgFHyZ+0bU8zXIDKZvZiHOBjcTFHnCfK2BGTHxCmeL+BzEbUj9U47cV+BH6ASg48sakeO2N24OmAFMUnX3ffOssSxJn/cON+483vbVZiy0WYknhVaq+O9+996QY5HLHaA3/abSaH6/jx6v5wTp+4ILA35XG4s1YTo736o1n9acf/KUJ0Sw20H30EO2gBnqO9tEbdIhaiKGv6Dv6iX6Vf1S2KvcqD2ZouTTv2UIXolL7B6cxKFw=</latexit>

∆N!ζpe,!→u =
(uνc

hν

)
∆W



‣ The photodissociation rate for H2 in level    is reduced by self-shielding:

‣ The photodissociation rate per H2 is obtained by averaging the above equation over the 
population levels. A reasonably accurate approximation is given by Draine & Bertoldi (1996).

`
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= the photodissociation rate in the absence of dust extinction 
or self-shielding

= the dust optical depth by dust at 1000Å.
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Compare with Eq. (31.24) of [Draine]



‣ Ryden provides a crude approximation for the 
self-shielding factor:

‣ For a cloud with a density of 1000 cm-3,

The ratio of H2 molecules to H atoms becomes 
equal to one when the gas is self-shielded by a 
column density:

This corresponds to an outer shelf-shielding 
skin to the cloud that is just 4x10-4 pc.
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marily because of uncertainties in the grain photoelectric 
heating: compare the temperature profiles of Tielens & 
Hollenbach (1985a), Burton, Hollenbach, & Tielens (1990), 
and Bakes & Tielens (1994). We will simply assume the 
kinetic temperature in the PDR to vary as 

T= To 
1 + 'td,1000 

(41) 

where the initial temperature To will be treated as an adjust-
able parameter. This temperature profile has the expected 
property of declining at large optical depth, as the dust 
grains attenuate the incident UV. The functional form is not 
intended to be realistic but does allow us to explore the 
effects of varying the gas temperature in the region in which 
H2 pumping takes place. 

We assume a plane-parallel geometry, with radiation 
propagating in the + x direction. The UV intensity at x = 0 
is specified by the parameter X. At each point we assume an 
equilibrium between H2 formation on grains and H2 photo-
dissociation. The H2 level populations are similarly 
assumed to be in steady state statistical equilibrium. If we 
define 

Yz == 2nJnH (42) 

and require yz = 0, then, since n(H) = nH(l - XH - Lf= 1 Yz), 
the vector Yz must satisfy the system of N inhomogeneous 
equations 

N 
L (2RnH hz - Dzm)Ym = 2RnH(1 - XH)hz • (43) 

m=l 

As discussed in § 2, we set XH = 1 X 10- 4 and include the 
N = 299 bound states of H2 with J::;; 29 in our calcu-
lations. We solve for the level populations Ym,m = 1, ... , N 
by LU decomposition, using routines LUDCMP and 
LUBKSB from Press et al. (1992). We will refer to these 
models as "UV-pumping" models, since the rovibrational 
distribution of H2 is strongly affected by the UV pumping, 
and, as a result, (1) there is a significant population in rota-
tional levels J > 5 that would be negligibly populated in a 
L TE distribution with I:xc 100 K and (2) the rovibration-
al distribution of the H2 varies with depth in the cloud, 
since pumping effects are strongest near the cloud surface. 

For comparison, we will also consider models in which 
there is a balance between H2 photodissociation and forma-
tion on grains but where the distribution of the absorbing 
H2 over rotation-vibration levels is assumed to be a thermal 
distribution with a specified excitation temperature I:xc = 
100 K. These will be referred to as " L TE " models. 

5.2. Self-Shielding 
In order to test the accuracy of our statistical treatment 

of line overlap, we have carried out detailed (" exact") radi-
ative transfer calculations to compare with the photoexcita-
tion rates computed using our statistical treatment of line 
overlap (eq. [30]). The" exact" calculations explicitly took 
into account the 900 strongest FUV absorption lines ofH2, 
with a fine enough frequency sampling to resolve all impor-
tant frequency structure in the radiation field at different 
depths. This was achieved through an adaptive frequency 
mesh of typically 10,000 grid points and spectral resolution 
up to 106, similar to the resolution in the calculations of 
Abgrall et al. (1992). Another 3200 weaker lines were 
included using the equivalent width approximation atop the 

spectrum of the stronger lines. Typically, these weak lines 
contribute less than 5% to the total pumping rate. The 
CPU time--efficient transfer algorithm is part of a fully time-
dependent PDR code that will be described in a forth-
coming paper. 

For comparison with the approximate treatment intro-
duced in § 4.3, the H2 level populations were assumed to be 
given by LTE at excitation temperature I:xc. Rather than 
examine the actual self-shielding function, we consider the 
suppression of the dissociation rate, CdisJCdiss(O). We 
compare the dissociation rate obtained from our" exact" 
radiative transfer equation with Cdiss obtained from equa-
tion (30) for I:xc = 100 K (Fig. 1) and I:xc = 300 K (Fig. 2). 
We see that the agreement is excellent at all column den-
sities N 2' Agreement is of course expected for low column 
densities N2 1018 cm-2, where line overlap effects are 
negligible (so that treatment of the pumping as due to iso-
lated lines is valid). This agreement persists, however, at 
column densities N 2 > 1020 cm-2, where line overlap 
effects cause!.hield to decline more rapidly than N20. 5 ; the 
agreement is excellent even out to the largest column den-
sities considered, N2 = 3 X 1021 cm- 2, where line overlap 
effects suppress the pumping rates by a factor '" 10. We 
have therefore validated the use of equation (30) for sub-
sequent calculations, in which we solve for the non-LTE H2 
level populations. 

For comparison with our multiline calculations, in 
Figures 1 and 2 we have plotted the self-shielding function 
for a singie line in the approximation of Federman et al. 
(1979), with the two parameters r = 1.3 x 10- 3 and 
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FIG. l.-Comparison of self-shielding calculated using the statistical 
treatment of line overlap (eq. [30]) and an "exact" treatment of line 
overlap, for T = 100 K L TE level populations. The H2 is assumed to have 
a Doppler broadening parameter b = 3 kIn S -1. Models do not include 
dust shielding or absorption by CI. It is apparent that eq. (30) does an 
excellent job of accounting for line overlap. Also shown are self-shielding 
approximations of Federman et al. (1979) and Tielens & Hollenbach 
(1985a) (see text). The upper panel shows the dissociation probability 
<Pdi") as a function of position; the dotted line shows the dissociation 
probability averaged over all UV pumping events in the PDR. 
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Fig 1, Draine & Bertoldi (1996)
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nH = number density of H nucleon

nHI = number density of H atom



- Dust can also shield molecular gas from UV light.
‣ In our galaxy, the relation between dust extinction and column density of hydrogen nucleon 

and the ratio between extinctions 1100Å and V band are, respectively:

‣ When hydrogen is primarily molecular,                          . This results in dust extinction in 
the Lyman and Werner bands of

‣ Thus, column densities                                            have more than one magnitude of dust 
extinction in the Lyman and Werner bands.

‣ This is 100 times higher than the H2 column density that leads to self-shielding in typical 
molecular gas. Thus, self-shielding by H2 is much more effective than shielding by 
dust under ordinary circumstances.
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Vibrational and Rotational Level Population
• Vibrational Level Populations

- Photoexcitation to some level               or               will be followed, within a few 
nanoseconds, by spontaneous decay to some level                 of the ground electronic 
state. As a result, UV pumping of H2 populates the vibrationally excited levels of the 
ground electronic state.

- At low densities, these vibrationally excited levels will spontaneously decay to lower 
vibrational levels via electric quadrupole transitions. This “radiative cascade” 
populates many lower levels, finally reaching the ground vibrational level.

- The vibrationally excited levels have radiative lifetimes of only ~ 106 sec, and 
collisional deexcitation by collisions with H, H2, or He is unlikely at densities 

.nH . 104 cm�3
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• Rotational Level Populations
- In the ground vibrational state, the lifetime of the 

lowest rotational levels are long enough 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 density and 
temperature of the gas.

- For low levels of self-shielding (                            ), 
the rotational distribution function for J > 2 is 
relatively insensitive to the gas temperature.

‣ The rotational levels  have relative 
populations that can be approximately 
characterized by rotational temperature  

.
‣ However, this has nothing to do with the actual 

temperature; it is entirely the result of the 
branching ratios in the vibration-rotation 
“cascade” that populates the high J levels.

- As the shielding column density increases, the 
UV pumping rates decline, and the fraction of H2 in 
levels J > 3 declines.
‣ The relative populations of levels J = 0 and J = 2 

can be used to estimate the gas temperature:

J � 3
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Figure 31.1 Rotational excitation of H2 in diffuse clouds, for various N(H2). Also
shown is the rotational excitation of H2 in diffuse clouds falling on sightlines to the
AGNs 3C273 and NGC 7469 (Gillmon et al. 2006).

This plot shows several interesting features:

• For low levels of self-shielding [N(H2) <∼ 1015 cm−2] the rotational distri-
bution function for J > 2 is relatively insensitive to the gas temperature –
the rotational excitation for J ≥ 2 is the result of UV pumping.

• The rotational levels J ≥ 3 have relative populations that can be approxi-
mately characterized by rotational temperature Trot ≈ 400K, but this has
nothing to do with the actual kinetic temperature of the gas: it is entirely the
result of the branching ratios in the vibration-rotation “cascade” that popu-
lates the high J levels.

• As the shielding column density N(H2) increases, the UV pumping rates
decline, and the fraction of H2 in levels J > 3 declines.

• For N(H2) >∼ 1018 cm−2, the UV pumping rates are small enough so as to
not appreciably raise the abundance of J = 2, and the relative populations
of levels J = 0 and J = 2 can be used as a thermometer to estimate the gas

Tgas ⇡
510K

ln [5N(0, 0)/N(0, 2)]
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Rotational excitation of H2 in diffuse clouds, for 
various N(H2).

Also shown is the rotational excitation of H2 in 
diffuse clouds to the sightlines of the AGNs 
3C273 and NGC 7469 (Gillmon et al. 2006).

Fig 31.1, Draine
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Photodissociation Region (PDR)
• H II region + PDR

- Stars are formed out of molecular gas, and when a massive star forms, it strongly 
irradiate the remaining molecular clouds with UV radiation, resulting in 
photoionization and photodissociation.
‣ The photoionized gas, heated to ~ 104 K, will be overpressure, which will drive a 

compressive wave in the molecular cloud, and will also cause the ionized gas to try to flow 
toward lower-pressure regions nearby.

‣ The interface between the H II region and the dense molecular cloud is called a 
photodissociation region or PDR.

‣ PDR will be bounded by an ionization front - the surface where the hydrogen is 50% 
ionized - and will contain a photodissociation front - the surface where the hydrogen is 
50% atomic and 50% molecular (by mass).

- The overall physics and chemistry of PDRs is complex - see the review by 
Hollenbach & Tielens (1999). 
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Figure 31.2 Structure of a PDR at the interface between an H II region and a dense
molecular cloud.

hottest and the coolest regions shown in Fig. 31.2, depending on whether they are
bounded by photoionized gas, on the one hand, and how thick they are, on the other.

Fig. 31.3 shows the profile of a model plane-parallel cloud with an H I/H2 tran-
sition. For simplicity, the cloud is assumed to be illuminated from one side by
unidirectional radiation with the energy density and spectrum of the interstellar ra-
diation field. The gas is assumed to be at uniform pressure p/k = 3000 cm−3 K,
with a cosmic ray ionization rate ζCR = 2×10−16 s−1 and standard dust properties
for attenuation of starlight, photoelectric heating, and formation of H2. The gas is
further assumed to be in thermal and chemical equilibrium at each point, with heat-
ing = cooling, ionization = recombination, and H2 destruction = formation. As the
radiation field entering from the left is attenuated by dust, the gas makes a transition
from the warm (WNM) phase to the cool (CNM) phase.

The H2 abundance in the WNM is very low, <∼ 10−6. The steady state H2

abundance rises as one enters the CNM phase, as a result of both the increased
gas density (promoting H2 formation), and growing self-shielding (lowering the
photodissociation rate). The zone where the gas is more than 50% atomic has
NH = 3.9 × 1020 cm−2, and a dust column with E(B − V ) = 0.066mag, AV =
3.1E(B − V ) = 0.2mag. The H2 in the cloud is undergoing UV pumping, which
results in destruction of the H2 ∼ 15% of the time; the remaining ∼ 85% of the UV
excitations create a population of rotationally excited H2 in the cloud.

Structure of a PDR at the interface between an H II region 
and a dense molecular cloud.

[Fig 31.2, Draine]



[Molecular Clouds] Observations
• Cloud Structure

- Local density estimates using line ratios often give larger densities than global mean 
densities found by averaging the observed molecular column densities along the line 
of sight.

- The interpretation of this is that the clouds are very clumpy, with the dense cores 
having typical sizes of < 1 pc or smaller, and densities > 106 cm-3.

- The overall cloud extends for 3—20 pc on average, with a mean density of 103-4 cm-3.
- Most molecular clouds show a number of discernible cores. These are often 

detected as sources of molecular lines with high critical densities (e.g., CS), while the 
general cloud is mapped using lines of lower critical density (mainly CO).

- Within the galaxies, molecular clouds are most often seen organized into complexes 
with sizes from 20 pc to 100 pc, and overall H2 masses of 104-6 Msun. The 
distinction between “clouds” and “complexes” in terms of sizes and masses is 
somewhat artificial. A more precise statement would be that we see a wide range of 
structures, from single small clouds to large complexes of clouds, with many 
complexes arrayed along the spiral arms of the Galaxy.
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Molecular Clouds: Cloud Categories
• Cloud Categories (based on the total surface density)

- Individual clouds are separated into categories based on their optical appearance: 
diffuse, translucent, or dark, depending on the visual extinction AV through the cloud.

- Diffuse and translucent clouds have sufficient UV radiation to keep gas-phase carbon 
mainly photoionized throughout the cloud.
‣ Such clouds are usually pressure-confined, although self-gravity may be significant in some 

cases.

- The typical dark clouds have AV ~ 10 mag, and is self-gravitating. Some dark clouds 
contain dense regions that are extremely opaque, with AV > 20 mag.

- Infrared Dark Clouds are opaque even at 8 μm, and can be seen in silhouette against 
a background of diffuse 8 μm emission from PAHs in the ISM.
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Chapter Thirty-two

Molecular Clouds: Observations

32.1 Taxonomy and Astronomy

Molecular gas is abundant in star-forming galaxies like ours, and occurs over a very
wide range of densities. Individual clouds are separated into categories based on
a their optical appearance: diffuse, translucent, or dark, depending on the visual
extinction AV through the cloud, as shown in Table 32.1.

Table 32.1 Cloud Categories

Category AV (mag) Examples
Diffuse Molecular Cloud <∼ 1 ζ Oph cloud, AV = 0.84 a

Translucent Cloud 1 to 5 HD 24534 cloud, AV = 1.56 b

Dark Cloud 5 to 20 B68 c, B335 d

Infrared Dark Cloud (IRDC) 20 to >∼ 100 IRDC G028.53-00.25 e

a van Dishoeck & Black (1986). d Doty et al. (2010).
b Rachford et al. (2002). e Rathborne et al. (2010).
c Lai et al. (2003).

Diffuse and translucent clouds have sufficient ultraviolet radiation to keep gas-
phase carbon mainly photoionized throughout the cloud. Such clouds are usually
pressure-confined, although self-gravity may be significant in some cases. The
typical dark cloud has AV ≈ 10mag, and is self-gravitating. Some dark clouds
contain dense regions that are extremely opaque, with AV >∼ 20 mag. In some
cases, dark clouds with AV >∼ 102 mag are observed; these infrared dark clouds
(IRDCs) are opaque even at 8µm, and can be seen in silhouette against a back-
ground of diffuse 8µm emission from PAHs in the ISM (see Plate 15).

The terminology in Table 32.1 describes the total surface density of the cloud,
in terms of the visual extinction AV through the cloud. Because molecular clouds
do not form a one-parameter family, terminology has developed to describe other
characteristics of the clouds. Unfortunately, the terminology has not been standard-
ized, and different investigators may use the terms “clump” and “core” differently.
We follow the usage outlined by Bergin & Tafalla (2007).

The giant molecular cloud (GMC) and dark cloud categories are distinguished
mainly by total mass. Groups of distinct clouds are referred to as cloud com-
plexes. Structures within a cloud (self-gravitating entities) are described as clumps.

[Table 32.1, Draine]



• Terminology for Cloud Complexes and Their Components

- The giant molecular cloud (GMC) and dark cloud categories are distinguished 
mainly by total mass.

- Groups of distinct clouds are referred to as cloud complexes.
‣ Molecular clouds are sometimes found in isolation, but in many cases molecular clouds 

are grouped together into complexes.
‣ Since large clouds generally have substructure, the distinction between “cloud” and “cloud 

complex” is somewhat arbitrary.
‣ Delineation of structure in cloud complexes is guided by the intensities and radial velocities 

of molecular lines (e.g., CO J = 1-0) as well as maps of thermal emission from dust at 
submm wavelengths.
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Table 32.2 Terminology for Cloud Complexes and Their Components

Categories Size nH Mass Linewidth AV Examples
(pc) ( cm−3) (M") ( km s−1) (mag)

GMC Complex 25− 200 50− 300 105−106.8 4− 17 3− 10 M17, W3, W51
Dark Cloud Complex 4− 25 102 − 103 103−104.5 1.5− 5 4− 12 Taurus, Sco-Oph
GMC 2− 20 103 − 104 103−105.3 2− 9 9− 25 Orion A, Orion B
Dark Cloud 0.3− 6 102 − 104 5− 500 0.4− 2 3− 15 B5, B227
Star-forming Clump 0.2− 2 104 − 105 10− 103 0.5− 3 4− 90 OMC-1, 2, 3, 4
Core 0.02−0.4 104 − 106 0.3− 102 0.3− 2 30−200 B335, L1535

Clumps may or may not be forming stars; in the former case they are termed star-
forming clumps. Cores are density peaks within star-forming clumps that will
form a single star or a binary star. Table 32.2 gives representative properties for the
different categories.

Molecular clouds are sometimes found in isolation, but in many cases molecular
clouds are grouped together into complexes. Since large clouds generally have
substructure, the distinction between “cloud” and “cloud complex” is somewhat
arbitrary. Delineation of structure in cloud complexes is guided by the intensities
and radial velocities of molecular lines (e.g., CO J = 1−0) as well as maps of
thermal emission from dust at submm wavelengths. Table 32.2 provides a guide to
the terminology.

Much of the molecular mass is found in large clouds known as “giant molecular
clouds” (GMCs), with masses ranging from ∼ 103 M! to ∼ 2 × 105 M!. These
have reasonably well-defined boundaries, but the molecular gas within them has
considerable substructure.

A GMC complex is a gravitationally bound group of GMCs (and smaller clouds)
with a total mass >∼ 105.3 M!. The largest GMC complexes have masses ∼ 6 ×
106 M!.

The nearest example of a GMC complex is the Orion Molecular Cloud (OMC)
complex, with a total mass M ≈ 3 × 105 M!, located ∼ 414 pc from the Sun. A
map of the distribution of molecular gas in the OMC complex is shown in Figure
32.1. There are six GMCs shown on the map, three of which (Orion A, Orion B,
and Northern Filament) form the Orion GMC complex; the other three GMCs on
the map have different radial velocities and are thought to be background objects.

For the currently favored distance d=414 pc, the Orion A, Orion B, and North-
ern Filament GMCs have virial masses 1.2×105 M!, 0.6×105 M!, and 0.8×105 M!
if magnetic fields are neglected. If magnetic fields are dynamically important, as
appears to be the case, the virial mass estimates will increase by a factor of up to
∼ 2. The GMCs are embedded within a lower density H I envelope, with a total H I
mass ∼ 6×104 M!. The Orion A GMC, the most massive of the three GMCs in
the Orion complex, hosts the famous Orion Nebula (M42 = NGC1976) H II region
(see Chapter 28). Plates 13 and 14 show the Orion Nebula; the dust around it is
made visible both by scattering light and by obscuring some parts of both M 42 and
M 43.

[Table 32.2, Draine]



- Structures within a cloud (self-gravitating entities) are described as clumps.
‣ Clumps may or may not be forming stars; in the former case they are termed star-forming 

clumps. Cores are density peaks within star-forming clumps that will form a single star or 
a binary star.

- GMC and GMC complex
‣ Much of the molecular mass is found in large clouds known as “giant molecular clouds”, 

with masses ranging from                   to                          . Theses have reasonably well-
defined boundaries.

‣ A GMC complex is a gravitationally bound group of GMCs (and smaller clouds) with a total 
mass                    .
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Table 32.2 Terminology for Cloud Complexes and Their Components

Categories Size nH Mass Linewidth AV Examples
(pc) ( cm−3) (M") ( km s−1) (mag)

GMC Complex 25− 200 50− 300 105−106.8 4− 17 3− 10 M17, W3, W51
Dark Cloud Complex 4− 25 102 − 103 103−104.5 1.5− 5 4− 12 Taurus, Sco-Oph
GMC 2− 20 103 − 104 103−105.3 2− 9 9− 25 Orion A, Orion B
Dark Cloud 0.3− 6 102 − 104 5− 500 0.4− 2 3− 15 B5, B227
Star-forming Clump 0.2− 2 104 − 105 10− 103 0.5− 3 4− 90 OMC-1, 2, 3, 4
Core 0.02−0.4 104 − 106 0.3− 102 0.3− 2 30−200 B335, L1535

Clumps may or may not be forming stars; in the former case they are termed star-
forming clumps. Cores are density peaks within star-forming clumps that will
form a single star or a binary star. Table 32.2 gives representative properties for the
different categories.

Molecular clouds are sometimes found in isolation, but in many cases molecular
clouds are grouped together into complexes. Since large clouds generally have
substructure, the distinction between “cloud” and “cloud complex” is somewhat
arbitrary. Delineation of structure in cloud complexes is guided by the intensities
and radial velocities of molecular lines (e.g., CO J = 1−0) as well as maps of
thermal emission from dust at submm wavelengths. Table 32.2 provides a guide to
the terminology.

Much of the molecular mass is found in large clouds known as “giant molecular
clouds” (GMCs), with masses ranging from ∼ 103 M! to ∼ 2 × 105 M!. These
have reasonably well-defined boundaries, but the molecular gas within them has
considerable substructure.

A GMC complex is a gravitationally bound group of GMCs (and smaller clouds)
with a total mass >∼ 105.3 M!. The largest GMC complexes have masses ∼ 6 ×
106 M!.

The nearest example of a GMC complex is the Orion Molecular Cloud (OMC)
complex, with a total mass M ≈ 3 × 105 M!, located ∼ 414 pc from the Sun. A
map of the distribution of molecular gas in the OMC complex is shown in Figure
32.1. There are six GMCs shown on the map, three of which (Orion A, Orion B,
and Northern Filament) form the Orion GMC complex; the other three GMCs on
the map have different radial velocities and are thought to be background objects.

For the currently favored distance d=414 pc, the Orion A, Orion B, and North-
ern Filament GMCs have virial masses 1.2×105 M!, 0.6×105 M!, and 0.8×105 M!
if magnetic fields are neglected. If magnetic fields are dynamically important, as
appears to be the case, the virial mass estimates will increase by a factor of up to
∼ 2. The GMCs are embedded within a lower density H I envelope, with a total H I
mass ∼ 6×104 M!. The Orion A GMC, the most massive of the three GMCs in
the Orion complex, hosts the famous Orion Nebula (M42 = NGC1976) H II region
(see Chapter 28). Plates 13 and 14 show the Orion Nebula; the dust around it is
made visible both by scattering light and by obscuring some parts of both M 42 and
M 43.

[Table 32.2, Draine]
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Figure 32.2 Locations of prominent molecular clouds along the Milky Way. From
Dame et al. (2001), reproduced by permission of the AAS.

the long axis of the cloud. There are a number of density peaks, or clumps, along
this filament. The most massive is OMC-1 (∼ 103 M!) centered behind the Orion
H II region. OMC-2 and OMC-3, with masses ∼ 102 M!, are located ∼ 1.7 pc and
2.8 pc N of OMC-1, and OMC-4 is located ∼ 1.4 pc S of OMC-1.

OMC-1 appears to be the site of the most vigorous current star formation in the
Orion A molecular cloud, containing within it a cluster of young stars with total
luminosity L ≈ 105 L!. The most luminous sources in OMC-1 are the Becklin-
Neugebauer object, a B3-B4 star (8–12M!, L ≈ 2500 − 104 L!), and Source I,
a heavily obscured star or protostar with L ≈ 5×104 L!. Source I appears to be
responsible for a spectacular high velocity outflow in OMC-1, expanding radially
outward, and visible in line emission from vibrationally excited H2, rotationally
excited OH, and high-J CO. Genzel & Stutzki (1989) give an excellent review of
the molecular gas and star-formation in the Orion GMC complex.

Figure 32.2 shows the location of prominent molecular clouds projected onto
the sky, and Fig. 32.3 shows the distribution of molecular clouds within 1 kpc
of the Sun, projected onto the disk. The nearest molecular clouds are the Taurus
Molecular Cloud complex, at a distance of ∼ 140 pc, and the R Cor A, ρOph, and
Lupus clouds, at D ≈ 150, 165, and 170 pc, respectively. The Taurus, Lupus, and
ρOph clouds each have M ≈ 3×104 M!; the R Cor A cloud is considerably less
massive, with M ≈ 3×103 M!.

CO line surveys can detect GMCs at large distances, allowing the total number in
the Galaxy to be estimated. Excluding the molecular material within a few hundred
pc of the Galactic Center, the overall mass distribution of GMCs in the Milky Way
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can be approximated by a power-law:

dNGMC

d lnMGMC
≈ Nu

(
MGMC

Mu

)−α

for 103 M" <∼ MGMC < Mu , (32.1)

Locations of prominent molecular clouds along the Milky Way

[Fig 32.2, Draine, Dame et al. (2001)]



Mass Distribution of GMCs
• Overall mass distribution of GMCs in the Milky Way

- CO line surveys can detect GMCs at large distances, allowing the total number in the 
Galaxy to be estimated.

- The overall mass distribution of GMCs in the Milky Way (excluding the molecular 
material within a few hundred pc of the Galactic center) can be approximated by a 
power-law:

- Most of the mass is in the most massive GMCs:
‣ ~ 80% of the molecular mass is in GMCs with                      .
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• Star Counts
- Molecular clouds were originally discovered by star counts.
‣ Herschel (1785) noticed that there were patches along the Milky Way where very few stars 

were seen. He incorrectly attributed this to a real absence of stars.
‣ We now understand that the apparent deficiency of stars is the result of obscuration by 

dusty clouds.

‣ Star counts using background stars is a good way to study the cloud structure.
‣ Because the visual obscuration can be very large, studies of dark clouds using star counts 

are now usually done in the J, H, or K bands.
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Gas Surface Density in the Milky Way
- The most common way to study molecular gas is through molecular line emission, 

and the primary line used is the J = 1-0 transition (2.6 mm) of CO.
‣ This transition is often optically thick, but the CO 1-0 luminosity of a cloud is approximately 

proportional to the total mass.
‣ Velocity-resolved mapping of CO 1-0 together with an assumed rotation curve and 

an adopted value of the “CO to H2 conversion factor” XCO have been used to infer 
the surface density of H2 over the Milky Way disk.

38
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Figure 32.4 Gas surface densities Σ as a function of galactocentric radius R. The
Sun is assumed to be at R = 8.5 kpc. H2: Surface density of H2 estimated from
CO 1–0 observations (Nakanishi & Sofue 2006). H II: Surface density of H II derived
from pulsar dispersion measures (Cordes & Lazio 2003) (see Fig. 11.4). H I: Surface
density of H I from 21-cm studies (Nakanishi & Sofue 2003). H II + H I + H2: Total
gas surface density. Beyond ∼11 kpc, the total gas surface density (dominated by H I)
declines approximately exponentially, with a ∼3.5 kpc scale length.

mass of the ISM in the Milky Way, contributing a mass M(H2) ≈ 8.4 × 108 M!.
For comparison, the total molecular gas mass of M31 is ∼ 3.6 × 108 M! (Nieten
et al. 2006, using XCO = 1.9 × 1020H2 cm−2/Kkms−1) – about 40% of the
molecular mass in the Milky Way.

32.4 FIR Emission from Dust

The CO 1–0 line is the classic tracer of molecular gas, but the observed line in-
tensity is usually limited by radiative trapping effects, and estimation of the total
molecular mass requires adoption of a value for the XCO factor relating CO J =
1→0 luminosity to H2 mass. As we have seen previously (§19.6), the actual value
of XCO should, in principle, depend both on cloud density and on the excitation
temperature of the CO. Cloud mass estimates based on the CO 1–0 luminosity must
therefore be treated with caution.

We would like an independent way to estimate masses of molecular clouds. One

Gas surface densities as a function of 
galactocentric radius. The Sun is assumed to 
be at R = 8.5 kpc.

- Surface density of H2 estimated from CO 
1-0 observations (Nakanishi & Sofue 
2006), assuming

- Surface density of H II derived from pulsar 
dispersion measures (Cordes & Lazio 
2003).

- Surface density of H I from 21-cm studies 
(Nakanishi & Sofue 2003)

[Fig 32.4, Draine]
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Size-Linewidth Relation in Molecular Clouds
- Larson (1981) noted that observations of molecular clouds in spectral lines of CO, 

H2CO, NH3, OH, and other species, were broadly consistent with a size-linewidth 
relation, where a density peak of characteristic size L tends to have a 3D velocity 
dispersion given by

where L is the maximum projected dimension of the density peak.
‣ Larson noted that the power-law index   is curiously close to the index 1/3 found by 

Kolmogorov for a turbulent cascade in an incompressible fluid.
‣ It therefore is tempting to refer to the observed fluid motion as “turbulence,” although in realty 

the motions are some combination of thermal motions, rotation, MHD waves, and turbulence.
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where L = Lpc pc is the maximum projected dimension of the density peak. Lar-
son noted that the power-law index γ ≈ 0.38 was curiously close to the index 1

3

found by Kolmogorov (σv ∝ L1/3) for a turbulent cascade in an incompressible
fluid. It therefore is tempting to refer to the observed fluid motions as “turbulence,”
although in reality the motions are some combination of thermal motions, rotation,
MHD waves, and turbulence.

The power-law index γ ≈ 0.38 found by Larson has been questioned. A study of
273 molecular clouds (Solomon et al. 1987) found σv ≈ (1.0±0.1)L0.5±0.05

pc km s−1,
somewhat steeper than Larson’s result. A recent study by Heyer & Brunt (2004)
found σv ≈ (0.96 ± 0.17)L0.59±0.07

pc km s−1, again somewhat steeper than Lar-
son’s original result. The following discussion will leave γ as a variable, but, for
illustration, will evaluate expressions assuming Larson’s result γ ≈ 0.38. The
reader should keep in mind that the power-law approach is only an approximate
representation of complicated data. Note that the various studies do agree that
σv ≈ 1 km s−1 when L = 1pc.

For scales L >∼ 0.02 pc, σv from Eq. (32.7) exceeds the isothermal sound speed
(kT/µ)1/2 ≈ 0.23(T/15K)1/2 km s−1 in the cold gas – the fluid motions are
supersonic. Extending the studies to scales as small as 0.01 pc, the linewidth σv

appears to go to a constant ∼ 0.2 km s−1 for very small clumps, L <∼ 0.02 pc: the
linewidths are nearly thermal, with only a small contribution from rotation, waves,
or turbulence (e.g., Goodman et al. 1998).

The density peaks are generally self-gravitating. If we assume them to be in
approximate virial equilibrium, and consider only the kinetic energy associated

Figure 32.5 The three-dimensional internal velocity dispersion σ versus maximum
linear dimension L of the density peak. The dashed line is given by Eq. (32.7). From
Larson (1981).

The 3D internal velocity dispersion 
versus maximum linear dimension 
L of the density peak.

Fig 32.5, Draine; Larson (1981)
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Fig. 1.—Molecular cloud velocity dispersion a{v) as a function of size S (defined in text) for 273 clouds in the Galaxy. The solid circles are calibrator clouds with 

known distances and the open circles are for clouds with the near-far distance ambiguity resolved by the method discussed in the text. The fitted line is a(v) = 5° 5 km 
s .For virial equilibrium the 0.5 power law requires clouds of constant average surface density. 

spending to 30% in (tv. This size-line width relation holds over 
a factor of 30 in size. Nearly identical fit parameters are 
achieved using all data points for the fit. The quoted error in 
the exponent is larger than the formal fit error and represents 
an estimate of the systematic error based on several fits to the 
data with varying definitions of cloud boundaries. We note 
that without the 2 km s “1 extrapolation in velocity, the con- 
stant in equation (1) is 0.83—a reduction of 17%. 

Myers (1983, and references therein) has found a similar 
relation using 46 small dark clouds with radii less than 2 pc. He 
finds a very similar exponent (0.52), but his constant of pro- 
portionality is smaller by almost a factor of 2. Myers’s cloud 
sizes were defined by peak intensities rather than integrated 
intensities and thus a direct quantitative comparison is not 
possible. Larson (1981), from a literature search, suggested that 
the observed exponent was close to ^ and reflected a Kolmogo- 
rov turbulent spectrum. This hypothesis is ruled out by the 
data presented here. We interpret the size-line width relation 
as arising from virial equilibrium (Solomon, Scoville, and 
Sanders 1979; Myers 1983). Previous determinations of the 
size-line width relation using 80 GMCs (Sanders, Scoville, and 
Solomon 1985) and 26 GMCs (Dame et al. 1986) are consistent 
with the results presented here, although those data are much 
less complete and cover a smaller range in size. 

Having determined physical sizes for each cloud a virial 
theorem mass can now be determined from the measured 
velocity dispersion 

Mvt = 3/p ^ (M0), (2) 

where fp is a projection factor, and G = 1/232 is the Newtonian 
constant using units of km s_1 and parsecs. In applying the 
virial theorem we are interpreting the CO velocity dispersion 
as a measure of the internal dynamics of the mass distribution 

within the clouds. This intepretation is motivated by the obser- 
vation that the CO line profiles, averaged over a cloud, have 
Gaussian shapes, even though the emission is known to be 
optically thick, and that these profiles are very much broader 
than the thermal line widths (typically a few tenths of km s_1) 
i.e., the velocity field is highly supersonic. In § IV we present a 
cloud model which is consistent with the above interpretation. 

From relations (1) and (2) it immediately follows that the 
mean surface density of the clouds is independent of size, and 
the mean spatial density scales inversely with size. For simpli- 
city we consider spherically symmetric clouds with a power- 
law density distribution 

P(r) = (3) 

truncated at r = Since we have used rectangular bound- 
aries to compute cloud sizes, we define an effective radius such 
that TiRg = A = AlAb where A/, Ab are the extents of the 
clouds projected in / and b. From the data we find that on 
average Ax = 3.4crx; thus the effective radius is related to the 
parameter S by 

3.4 o Re - {jt)ll2 S- 

If all clouds have the same density profile, then a = 1 and the 
projection factor isfp = 2.9. We believe that a = 1 is close to 
the real case, since this results in surface density profiles which 
are similar to those observed. We adopt a = 1 henceforth; 
however, we note that variations in a have little effect onfp and 
therefore on derived masses. For example, if a = 2 then/p = 
2.5. The virial theorem in equation (2) can be rewritten as 

M = 1040.ReT2 (M0). 
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Molecular cloud velocity dispersion as a 
function of size S for 273 clouds in the Galaxy

Fig 1, Solomon et al. (1987)
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Fig. 1.—Composite relationship from PCA decompositions of 12COdv, l
imaging observations of 27 individual molecular clouds. The smallJ p 1–0

scatter of points attests to the near invariance of interstellar turbulence within
molecular clouds that exhibit a large range in size, environment, and star
formation activity. The large filled circles are the global velocity dispersion
and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be
measured in the cloud-to-cloud size/line width relationship (Larson 1981; Sol-
omon et al. 1987). The light solid line shows the bisector fit to all points from
all clouds. The heavy solid line shows the bisector fit to the filled circles
exclusively. The similarity of these two power laws explains the connection
of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

mental conditions. Monte Carlo models are constructed that
place upper limits to the variation of the scaling coefficient and
exponent. Finally, we discuss the consequences of an invariant
turbulent spectrum in the context of the formation of interstellar
molecular clouds, sources of turbulent energy, and star formation.

2. THE COMPOSITE STRUCTURE FUNCTION

Following Brunt & Heyer (2002), PCA is applied to spec-
troscopic data cubes of 12CO emission frommolecularJ p 1–0
clouds that are part of recent wide field imaging surveys at the
Five College Radio Astronomy Observatory (Heyer et al. 1998;
Brunt & Mac Low 2004) or targeted studies of individual giant
molecular clouds. Heyer & Schloerb (1997) and Brunt (2003)
show that there is little difference in the relationshipsdv, l
derived from 12CO emission and the lower opacity 13CO emis-
sion. For each cloud, a power-law is fitted to the pointsdv, l
to determine the PCA scaling exponent, aPCA, and coefficient,
. For the sample of 27 molecular clouds, the mean and standardvo
deviation for the scaling exponent are 0.62 and 0.09, respectively.
On the basis of models with little or zero intermittency, this PCA
scaling exponent corresponds to a structure function exponent
equal to (Brunt et al. 2003). The mean and standard0.49! 0.15
deviation of the scaling coefficient are 0.90 and 0.19 km s!1.
These rather narrow distributions of g and reemphasize thev"

results of Brunt (2003) that there is not much variation in the
structure function parameters betweenmolecular clouds. In Fig-
ure 1, we overlay the PCA points from the sample ofdv, l
clouds. The composite points reveal a near-identical form of
the inferred structure functions. The solid line shows the power-
law bisector fit to all points, . This0.65!0.01dv p (0.87! 0.02)l
PCA-derived exponent corresponds to a structure function scal-
ing exponent of .0.56! 0.02
The global velocity dispersion of each cloud and the cloud

size are determined from the scales of the first eigenvector and
eigenimage, respectively. Basically, the global velocity dis-
persion, , is the value of the velocity structure function mea-Dv
sured at the size scale, L, of the cloud. These points, marked
as filled circles within Figure 1, are equivalent to the global
values used by Larson (1981) and Solomon et al. (1987) that
define the cloud-to-cloud size/line width relationship. A power-
law bisector to this subset of points is Dv p (0.96!

. The similarity of this cloud-to-cloud relationship0.59!0.070.17)L
with that of the composite points is a consequence of the uni-
formity of the individual structure functions. Within the quoted
errors, it is also similar to the cloud-to-cloud size/line width
relationships: and . Therefore, Larson’s global ve-g ≈ G v ≈ Co
locity dispersion versus cloud size scaling law follows directly
from the near-identical functional form of velocity structure
functions for all clouds. If there were significant differences of
g or between clouds, then the cloud-to-cloud size/line widthvo
relationship would exhibit much larger scatter than is measured
by Larson (1981) and Solomon et al. (1987).

3. THE DEGREE OF TURBULENCE UNIVERSALITY

The cloud-to-cloud size/line width relationships measured
by Larson (1981) and Solomon et al. (1987) and the composite
structure functions shown in Figure 1 do exhibit some degree
of scatter about the fitted lines. The scatter is quantified by the

mean square of the velocity residuals, , for each data set2jobs
where

N G 2S (Dv ! CL )i ii2 2 !2j p km s . (2)obs N

Here N is the number of clouds in the sample, and C and G are
the parameters derived by fitting a power law to the observed

points. The value for for the sample of clouds in Larson2Dv, L jobs
(1981) using only the 12CO and 13CO measurements is 1.41 km2

s!2. The Solomon et al. (1987) sample is a larger, more homo-
geneous set of clouds and therefore provides a more accurate
measure of the variance within the cloud-to-cloud size/line width
relationship. The corresponding is 0.88 km2 s!2. The value of2jobs

for the points in Figure 1 is 1.93 and 0.35 km2 s!2 for2j Dv, Lobs
the composite collection of points.dv, l
The measured scatter, described by , of the size/line width2jobs

relationships is a critical constraint to the degree of invariance
of turbulence within the molecular interstellar medium. The
scatter arises from several sources. There are basic measure-
ment errors in the global velocity dispersion owing to the ve-
locity resolution of the measurements and the cumulative sta-
tistical error of the individual spectra. Deriving cloud sizes from
complex projected distributions of the molecular gas may also
introduce some scatter. These measurement errors are rarely
shown in any cloud size/line width plots. A secondary source
of scatter is limited or biased mapping of the molecular cloud.
If a given map was limited in angular extent and centered on
a region within the cloud that is actively forming stars, then

Velocity dispersion versus size    from PCA 
decomposition of 12CO J = 1-0 imaging 
observations of 27 individual molecular clouds

Fig 1, Heyer & Brunt (2004)
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- However, the power-law index    has been questioned.
‣ Solomon et al. (1987) found                                   from a study of 273 molecular clouds.
‣ Heyer & Brunt (2004) found                                   .

- Note that
‣ For                  ,                                                                  ⇒   The linewidth is supersonic.

‣ For                  ,  the line width is nearly thermal, with only a small contribution from 
rotation, waves or turbulence.

- The density peaks are generally self-gravitating. If we assume them to be in 
approximate virial equilibrium, and consider only the kinetic energy associated with 
fluid motions, we can estimate the clump mass using the virial theorem.
‣ For a uniform density sphere with a diameter L, we can obtain the follows:
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However, this gives , which is not 
consistent with the size-linewidth relation

σ*υ ∝ L



‣ We recall that for the dust in diffuse clouds,                                       , and we would have

The dust in dense clouds differs from that in the diffuse ISM, but this would give a 
reasonable estimate of the visual extinction through the cloud.

‣ If              , then a GMC complex with diameter                would have

whereas a core with diameter                    would have
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- Comments on the exponent:
‣ If   , smaller clouds tend to have a higher column density, meaning to be 

darker.
‣ If   , small clouds and large clouds would all have the same column density 

and dust extinction (AV).
‣ However, observationally, smaller structures tend to have higher AV. This is 

consistent with exponent .
‣ Therefore, the Larson’s exponent would be better constrained with the observations.

- Expressing the above relations with density as the independent variables, we obtain

� < 0.5
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with fluid motions (i.e., we neglect magntic fields and external pressure) we can
estimate the clump mass using the virial theorem (see §35.5). For a uniform density
sphere with diameter L, virial equilibrium requires 〈σ2

v〉 = 6GM/5L, and we can
therefore estimate the clump mass

M ≈ 5σ2
vL

6G
≈ 230L2γ+1

pc M! → 230L1.76
pc M! , (32.8)

the characteristic density

nH ≈ 1.3× 104L2γ−2
pc cm−3 → 1.3× 104L−1.24

pc cm−3 , (32.9)

and the characteristic column density

NH = nHL = 4.0× 1022L2γ−1
pc cm−2 → 4.0× 1022L−0.24

pc cm−2 . (32.10)

If γ < 0.5, smaller clouds tend to be darker, whereas for γ = 0.5, small clouds
and large clouds would all have the same NH. We recall that for the dust in diffuse
clouds, AV /NH = 1.87× 1021 cm2, and we would have

AV ≈ 21L2γ−1
pc mag → 21L−0.24

pc mag. (32.11)

The dust in dense clouds differs from that in the diffuse ISM, and AV /NH could be
either larger or smaller than in the diffuse ISM, but this gives a reasonable estimate
of the visual extinction through the cloud.

According to Eqs. (32.9 and 32.11), if γ ≈ 0.38, then a GMC complex with
L ≈ 50 pc would have M ≈ 2 × 105 M!, mean density 〈nH〉 ≈ 100 cm−3 and
〈AV 〉 ≈ 8 mag, whereas a core with diameter L = 0.1 pc would have M ≈ 4M!,
nH ≈ 2× 105 cm−3, and AV ≈ 40 mag.

The scaling relation (32.7) for σv is only an approximate description of observed
trends, and individual regions may deviate from it by factors of two, but the overall
trend does generally describe the molecular structures in the nearby Milky Way.

Expressing these same relations with density as the independent variable, we
obtain (again, using Larson’s relation with γ = 0.38)

Lpc = (n3/13)
1/(2γ−2) → 7.94 n−0.81

3 , (32.12)

σv = 1.1(n3/13)
γ/(2γ−2) km s−1 → 2.43 n−0.31

3 km s−1 , (32.13)

M = 230(n3/13)
(2γ+1)/(2γ−2) M! → 8940 n−1.42

3 M! , (32.14)

AV = 21(n3/13)
(2γ−1)/(2γ−2) mag → 13 n0.19

3 mag , (32.15)
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The Fractal Structure of the Molecular Clouds
• Self-similarity of Clouds

- The molecular interstellar medium is very clumpy and fragmented. Its hierarchical structure 
can well be described by a fractal, because of its self-similarity.

- It has no characteristic scale. Fractals by definition are self-similar ensembles, that have a 
non-integer, i.e., fractional dimension.

- The self-similar structures in the ISM extends over 6 orders of magnitude in scale, from 
about 10-4 to 100 pc.
‣ These are not observed for the same molecular cloud only because of technical problems, lack of 

spatial resolution on one side, and difficulty of mapping too large areas on the other.
‣ The scaling relations all over the scales are however obtained by comparing various clouds 

observed with different resolutions.
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3 The Fractal Structure of the Molecular Gas

3.1 Self-similarity of Clouds

The molecular interstellar medium is very clumpy and fragmented. Its hi-
erarchical structure can well be described by a fractal, because of its self-
similarity. It has no characteristic scale. Fractals by definition are self-similar
ensembles, that have a non-integer, i.e. fractional dimension (Mandelbrot
1975). The Hausdorff dimension D determines whether a system is homoge-
neous, and what fraction of space is filled. While a homogeneous system has
a mass increasing as the 3rd power of the scale r (in three dimensions), a
fractal medium may occupy a tiny fraction of space, and its mass is growing
as M ∝ rD, with D lower than 3 (D ≈ 1.7 for the interstellar medium).

The ensemble of molecular clouds, as many fractals considered in physics,
are only approximations of mathematical fractals. They are self-similar only
between two limiting scales, where boundary effects occur, while a pure math-
ematical fractal is infinite; and they are quite randomly distributed, their
self-similarity being only statistical (see Fig. 14).

The self-similar structures in the interstellar medium extends over 6 or-
ders of magnitude in scale, from about 10−4 to 100 pc, and these are not
observed for the same molecular cloud only because of technical problems,
lack of spatial resolution on one side, and difficulty of mapping too large areas
on the other. The scaling relations all over the scales are however obtained
by comparing various clouds observed with different resolutions, using the
dynamics of distances in the Galaxy (from 50 pc to 20 kpc).

Fig. 14. (Left) IRAS 100 µm map of molecular clouds towards the Taurus complex,
located at about 100 pc from the Sun. The far-infrared emission is from heated dust.
The square is ∼ 4000 pc2. (Right) Zoom of the central region (the square is now
∼ 400 pc2).

IRAS 100 μm map of molecular clouds 
towards the Taurus complex, located at 
about 100 pc from the Sun.
The square is ~ 4000 pc2.

Fig 14, Chap 2, Blain, Combes, Draine 
[The Cold Universe]



Excitation Temperature
• The excitation temperature for a given transition is defined as:

- For pure rotational transitions, the excitation temperature is often called the rotation 
temperature.

- For vibrational transitions, it is called the vibrational temperature.
- This nomenclature is analogous to the “spin temperature” defined for the H I 21-cm 

hyperfine transition.
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[Interstellar CO]
• Since the cold molecular hydrogen does not radiate (except the fluorescence UV line), 

the best tracer in galaxies is the most abundant molecule after H2, i.e. the carbon 
monoxide CO. Much of what we know about molecular gas comes from 
observations of “tracer” molecules such as carbon monoxide (CO).

• Fundamental frequencies
- Vibrational frequency
‣ The fundamental vibrational frequency corresponds to to a wavelength:

- Rotational frequency:
‣ CO J=1-0, 2.60mm emission is the most important line used in studies of molecular gas.

‣ This energy level is therefore perfectly fitted to probe the cold molecular clouds.
‣ The widely used CO lines (J = 1-0 at 2.6mm, J = 2-1 at 1.3 mm) are generally optically thick, for 

“standard” clouds of solar metallicity. This complicates the interpretation in terms of H2 column 
densities and mass of the clouds.

• The line width    that we measure for molecular line emission is often much broader 
than the thermal value                                            that we expect. The large 
broadening is similar for molecules of different molecular mass, suggesting that the 
broadening is due to turbulent motions within the cloud.

b
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� = 2.60mm ! ⌫ = 115.3GHz ! h⌫ = 4.767⇥ 10
�4

eV ! h⌫/k = 5.532K
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• Optical Depth & Velocity Structures
- Each individual molecular cloud is optically thick.
- However, a giant molecular cloud is composed of many sub-structures, and there are 

many clouds along a line of sight. The “macroscopic” optical depth is in general not 
very large, due to velocity gradients: clouds do not hide each other at a given velocity, 
and therefore it is possible to “count” the clouds.

• Isotopic Species
- Since the CO lines are optically thick (on average               ), it might be interesting to 

observe the much less abundant isotope 13CO.
- At the solar neighborhood, the 12CO/13CO abundance ratio is ~90, and in individual 

molecular clouds, it is frequent that the 13CO lines are optically thin.
‣ However, when maps of the two isotopes are compared at millimeter wavelengths 

for well studied clouds, it appears that the 13CO does not probe the entire extent of 
the clouds, but only the densest regions. This could be due to differences in 
excitation, self-shielding, or selective photo-dissociation.

- The observed average ratio between integrated 12CO and 13CO intensities is of the 
order of 10.
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⌧CO ⇠ 10
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Figure 7.2 13CO emission lines (thin) and 12CO emission lines divided by 10 (thick)
for the J = 1 → 0 transition, along the apparent major axis of the galaxy M82. At the
d ≈ 3.5 Mpc distance to M82, the 22 arcsec separation between the panels corresponds
to ∼370 pc. [Paglione et al. 2001]

is shifted to 110.20 GHz, 4.4% lower than the value for 12CO. The antenna
temperature of 13CO is typically lower than that of 12CO; however, if the 12CO
emission from a region is strong then 13CO is detectable. Figure 7.2, for instance,
shows the 12CO and 13CO emission lines along the apparent long axis of the
galaxy M82, a starburst galaxy whose copious star formation is fed by a large
store of molecular gas.

The key to comparing the two isotopic lines is that we may usually assume
that 12CO is optically thick for a given molecular cloud and that 13CO is optically
thin. We can therefore compute Texc from the optically thick 12CO. A crucial
assumption that we then make is that Texc is the same for the 13CO as for the
12CO. This is generally a safe assumption, since the two isotopes of carbon are
intermingled in the ISM. However, if there is significant chemical fractionation,
the 13CO and 12CO may live in different regions, with different degrees of
excitation.

If we assume that we know Texc from our observations of 12CO, the antenna
temperature that we measure for the optically thin 13CO line is (compare with
Equation 7.24):

TA(13CO) ≈ hν

k

[
1

exp(hν/kTexc) − 1
− 1

exp(hν/kTrad) − 1

]
τν, (7.36)

where hν/k = 5.140 K for the 13CO (J = 1 → 0) transition and Trad = 2.725 K.
The integrated line intensity is then

∫
TA(13CO)dv ≈ 5.140 K

[
1

exp(5.140 K/Texc) − 1
− 0.179

] ∫
τνdv. (7.37)

13CO emission lines (thin) and 12CO emission lines divided by 10 (thick) for the  
transition, along the apparent major axis of the galaxy M82. At the  Mpc distance to 
M82, the 22 arcsec separation between the panels corresponds to ~370 pc.

[Paglione et al. 2001; Ryden]

J = 1 → 0
d ≈ 3.5



[Virial Theorem]
• For a collection of N point particles, the total moment of inertia 

is given by

• The time derivative of the moment of inertia is called the virial:

Now take the time derivative of the viral

The first term can be expressed in terms of the total kinetic 
energy of the system
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Figure 1: The N-body system.

mechanics classes?)

I =
N
∑

i=1

mi|!ri|
2 =

N
∑

i=1

mi!ri · !ri.

The time derivative of the moment of inertia is called the virial,

Q =
1

2

dI

dt
=

N∑

i=1

!pi · !ri.

To deduce the virial theorem we need to take the time derivative of the virial

dQ

dt
=

N
∑

i=1

d!pi

dt
· !ri +

N
∑

i=1

!pi · !vi,

where Newton’s second law gives

d!pi/dt = !Fi

2

I =
X

i

mi |ri|2 =
X

i

miri · ri
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2
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!
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• The total force on particle    is the sum of all the forces from the other particles  in the system:

Then,

The last term can be rewritten as follows:

Hence,

i
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Here,         is the force on particle  from particle i
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• Now, consider the gravitational force:

Note that the gravitational potential energy between particle    and    is given by  .

The total potential energy of the system is the sum of the potential energy between all possible pairs of particles 
(note that one pair of particle should be counted only once, this is why there is a     in the second sum).

• We finally obtain the following. Now we take the mean value of the derivative of the virial over a long period of 
time:

• If the system is bounded and the particles have finite momentum, the average value will go to zero and we 
obtain the virial theorem:

Ergodic hypothesis: Averaging system variables over a long time period is equal to averaging them over the ensemble.

i j Uij = −
Gmimj
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j < i

NX
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=>  total potential energy of the system
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If a bound system has a huge number of particles, it is equivalent to seeing 
the system over a long period of time.lim
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 denotes both the ensemble average
     and time average.
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• A fundamental property is that GMCs are gravitationally bound and in viral 
equilibrium.
- Their masses can then be estimated using line widths as a measure of the could 

velocities, following the arguments of Solomon et al.
- The virial theorem provides a general equation that relates the average over time of 

the total kinetic energy of a stable, self-gravitating system of discrete particles, with 
the total potential energy of the system.

- For a uniform density sphere with a mass M and radius R, the gravitational potential 
energy is

Virial Mass Estimate
52

U = �3

5

GM2

R

<latexit sha1_base64="h/6GjeDbWa8ZMwvm6qvr9nX0yFE="></latexit>

Mass within a radius rr

<latexit sha1_base64="OgsIvvFxY66ytkHAIvZPVTxkCwM="></latexit>

dr

<latexit sha1_base64="thqp2aXrfpPS/BXnVm7wlTa5Mh0="></latexit>

Mass between a shell (r, r + dr)

⇢ =
M

(4⇡/3)R3

<latexit sha1_base64="dcSLdsgKTG91AbUlv9S+7TAJpFM="></latexit>

Density

dMr = ⇢(4⇡r2dr)

<latexit sha1_base64="NiH37E+sHkoAGqtvi+S5rGjBxEs="></latexit>

U = �
Z R

0

GMrdMr

r

= �
Z R

0

G

r

✓
4⇡

3
r3⇢

◆
4⇡r2⇢dr

= � (4⇡)2

3⇥ 5
G⇢2R5 = �3

5

GM2

R

<latexit sha1_base64="ScG/w+pDppIo5cA5xQiLTCbOBjU="></latexit>

Mr =

Z r

0
⇢(4⇡r02dr0) =

4⇡

3
r3⇢

<latexit sha1_base64="0SsjWlB6CYkN5E2tAyhZWG1zmcc="></latexit>

2 hKi+ hUi = 0

<latexit sha1_base64="0A4hg/lOl87KRR3IvgG/lcSTutg="></latexit>



- If the cloud is in equilibrium, with self-gravity being balanced by turbulent pressure, 
the virial theorem states that the turbulent velocity, in one dimension, to be

- Therefore, we obtain the total mass of the self-gravitation cloud in terms of the line 
width (broadening parameter):

- Note that the virial theorem for a uniform density clouds indicates that the following 
size-linewidth correlation if the density is constant. But, it appears that the density is 
not a constant, but controlled by turbulence.
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• The line width - (mass/radius) correlation:
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Fig. 3.—The observed 13CO line width (At?) plotted as a 
function of the derived quantity (mass/radius)I/2 for globules with 
r¿<10 K. Also plotted are the predicted values based on models 
of virial equilibrium. The width of the shaded band takes into 
account the effects of line saturation and density gradients on At?. 
Objects lying below the equilibrium band should be gravitationally 
bound. Three of the four clouds with Tk > 10 K would he below 
and to the right of the equilibrium band, but outside the plot 
boundaries. 

high-velocity gas motions exist in B335 (which lies be- 
low the equilibrium band) as indicated by the presence 
of broad 12CO line wings [At;(wing) > 4 km s-1] which 
may imply the presence of stellar winds associated with 
a newly formed star. The physical significance of this 
evidence will be examined in an upcoming paper. 

c) Density Structure 
If there is a power-law dependence of t>turb on R for 

the clouds studied and if they are also gravitationally 
bound, then the smaller clouds must have higher gas 
densities. In Figure 4 we plot the mean gas density 
(h(H2)) as a function of cloud radius R. The general 
trend of the data indicates that (h(H2)) increases with 
decreasing cloud size and the scatter of points increases 
as («(H2)) decreases. The fact that the scatter of points 
increases as (n(H2)) decreases may imply that low 
density clouds are less likely to be gravitationally bound. 
Indeed, the point on the lower left hand comer is for 
B255 which, according to Figure 3, may not be gravita- 
tionally bound. 

V. IMPLICATIONS FOR THE ORIGIN AND STRUCTURE 
OF DARK GLOBULES 

a) Physical Origin 
The existence of a power-law correlation between t>turb 

and R in globules, which is similar to that found in other 

diffuse clouds and molecular cloud complexes, strongly 
suggests that the physical origin and evolutionary stage 
of dark globules are intimately linked to the characteris- 
tics of interstellar turbulence, and that processes of 
turbulent hydrodynamics must have played an im- 
portant role in the formation of dark globules. It is 
likely that isolated dark globules represent condensed 
fragments formed from nearby cloud complexes. In- 
deed, in a study of filamentary dark clouds, Schneider 
and Elmegreen (1979) found that these clouds show 
condensations into small discrete globules or fragments 
and that the condensation process occurs in a hierarchi- 
cal fashion, suggesting a possible evolutionary link be- 
tween globular filaments and isolated globules. Our 
results lend support to this scenario. 

h) Internal Velocity Structure 
Since the outer envelope of a globule is likely to be 

made up of atomic hydrogen at a higher temperature, 
the energy of supersonic turbulence observed in 12 CO 
may actually be derived from the larger scale subsonic 
or mildly supersonic turbulence in the warmer H i 
envelope with the molecular gas embedded as cool con- 
densations. Indeed observations by Levinson and Brown 
(1980) indicate that At>(H i)> At>(12CO) for many 
Lynds dark clouds. Furthermore, gravity may also help 
to drive the supersonic motions. The effect of gravita- 
tional contraction, which tends to increase the central 
gas density, coupled with the more rapid dissipation of 
turbulent motions in high density regions may result in a 
smaller t?turb in the central regions of a globule. This 
then leads to a systematic decrease of vimh toward the 
interior of a cloud as it evolves and develops a density 

Fig. 4.—The mean gas density [(«(H2))] plotted as a function 
of the cloud radius (R). The scatter of points increases as (rc(H2)) 
decreases. 
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The 13CO line width versus (mass/radius)1/2 for 
globules with T < 10K.

Fig 3, Leung et al. (1982, ApJ, 262, 583)
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• The Mass - CO luminosity correlation
- Let         the CO brightness temperature integrated 

over the line profile:

- The CO luminosity of a cloud is:

- To the extend that the ratio                does not vary 
in the mean from cloud to cloud, this indicates that 
the total CO luminosity is directly proportional to 
the total mass of molecular clouds. However, in 
reality, the power-law slope is ~ 0.76.

- This correlation supports the fundamental 
assumption that GMCs are in virial equilibrium.
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Virial mass versus CO luminosity 
relation taken from various sources:

Fig 4, Chap 2, Blain, Combes, & Draine 
[The cold Universe]
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Fig. 4. Virial mass versus CO luminosity relation taken from various sources:
Dam86: Dame et al. (1986); Sol 87: Solomon et al. (1987); Heit 98: Heithausen et
al. (1998); MBM85: Magnani et al. (1985); Will 94: Williams et al. (1994); Fal 92:
Falgarone et al. (1992); W95: Wang et al. (1995); Ward 94: Ward-Thompson et
al. (1994); Lem95: Lemme et al. (1995). An indicative line of slope 0.76 is drawn.

density of clouds n. Let us consider N clouds in the beam, of diameter d,
with a projected area a = πd2/4, and a velocity dispersion ∆V . If the area
of the beam θ is written A = π(θD)2/4, then the integrated CO emission is:

I(CO) = A−1N
πd2

4
TR∆V . (2)

The mean H2 surface density is N(H2) = A−1N(πd3/6)n, and the conversion
ratio X = N(H2)/I(CO) = 2

3nd/(TR∆V ).
From the Virial hypothesis ∆V ∼ n1/2d and the conversion ratio varies

as n1/2/TR. This factor is about 2.8 · 1020 cm−2/(km/s) for TR ∼ 10 K and
n ∼ 200 cm−3.

This simple model predicts a low dependence on metallicity for the con-
version ratio, since the clouds have high optical thickness and are considered
to have top-hat profiles (no changes of sizes with metallicity).

However, for deficient galaxies such as the Magellanic Clouds, where
clouds can be resolved, and the virial method individually applies, the conver-
sion factor appears highly dependent on metallicity. This can be explained
considering that the size of CO-emitting clouds (where the optical depth
τ ∼ 1) varies strongly with metallicity.
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