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Observations of Metallic Absorption Lines Toward the CNM
• The composition and excitation of interstellar gas can be studied using absorption 

lines that appear in the spectra of background stars (or other sources).

• Absorption lines (and emission lines) contains a lots of information about number 
density, temperature, chemical abundances, ionization states, and excitation 
states.
- However, interpreting the information requires understanding the ways in which light 

interacts with baryonic matter, radiative transfer.
- We need to know the line profile to analyze absorption lines.
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Fig. 4. Ultraviolet absorption line-profiles detected towards HD 142256 (sight-line “B2”). Solid thick lines represent the best-fit model to the
observed data points, which are shown by the lighter lines. Actual model absorption components (unconvolved) are shown by dotted lines.

that separates the Loop I superbubble from our own local cav-
ity. It would seem likely that this is the interaction region be-
tween the outflowing (ionized) gas from the Sco-Cen/Loop I
region and the gas associated with the Local Bubble cavity and
it surrounding boundary wall. Recently, Breitschwerdt et al.
(2000) have proposed a model in which the di!use low-density

clouds that are known to exist within the local ISM region have
their origins in the fragmentation of this interaction region. Our
UV observations are well-suited to detect these local neutral
and ionized cloud(lets), and we now procede to discuss the
kinematic and physical state of these clouds observed in ab-
sorption along each of the 4 target sight-lines.
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Absorption & Emission Line Profile
• In the classical / quantum theory of 

spectral lines,
we obtain a Lorentzian line profile:

where     is called the oscillator 
strength or f-value for the transition 
between states  and .

 is the damping constant (or 
Einstein A-coefficient).
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Table 9.4 in [Draine]
See also Table 9.3
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Ca will be in the form of Ca III, which is unobservable. But from the Ca I/Ca II
the ionization conditions can be characterized, and the amount of Ca III estimated,
allowing the total gas-phase column density of Ca to be estimated. Unfortunately,
an unknown (but usually large) fraction of the Ca is generally locked up in dust
grains (this will be discussed in Chapter 23), and therefore from the Ca I and Ca II
observations alone, one cannot reliably estimate the total amount of H associated
with the observed Ca II absorption.

Another interesting case is Ti, where Ti I and Ti II, the two dominant ion stages
for Ti in an H I cloud, both have resonance lines in the optical, allowing the total
column of gas-phase Ti to be determined from ground-based observations. How-
ever, Ti also shares with Ca the problem that a large, but unknown, fraction of the
Ti is generally locked up in dust.

Most of the abundant atoms and ions, with a few exceptions (e.g., He, Ne, O II)
have permitted absorption lines in the vacuum ultraviolet with wavelengths long-
ward of 912 Å so that they will not photoionize hydrogen. Table 9.4 lists selected
resonance lines with 912 Å < ! < 3000 Å.

Table 9.4 Selected Resonance Linesa with ! < 3000 Å

Configurations ! u E!/hc( cm!1) "vac( Å) f!u
C IV 1s22s! 1s22p 2S1/2

2P o
1/2 0 1550.772 0.0962

2S1/2
2P o

3/2 0 1548.202 0.190
N V 1s22s! 1s22p 2S1/2

2P o
1/2 0 1242.804 0.0780

2S1/2
2P o

3/2 0 1242.821 0.156
O VI 1s22s! 1s22p 2S1/2

2P o
1/2 0 1037.613 0.066

2S1/2
2P o

3/2 0 1037.921 0.133

C III 2s2 ! 2s2p 1S0
1P o

1 0 977.02 0.7586
C II 2s22p! 2s2p2 2P o

1/2
2D o

3/2 0 1334.532 0.127
2P o

3/2
2D o

5/2 63.42 1335.708 0.114
N III 2s22p! 2s2p2 2P o

1/2
2D o

3/2 0 989.790 0.123
2P o

3/2
2D o

5/2 174.4 991.577 0.110

C I 2s22p2 ! 2s22p3s 3P0
3P o

1 0 1656.928 0.140
3P1

3P o
2 16.40 1656.267 0.0588

3P2
3P o

2 43.40 1657.008 0.104
N II 2s22p2 ! 2s2p3 3P0

3D o
1 0 1083.990 0.115

3P1
3D o

2 48.7 1084.580 0.0861
3P2

3D o
3 130.8 1085.701 0.0957

N I 2s22p3 ! 2s22p23s 4S o
3/2

4P5/2 0 1199.550 0.130
4S o

3/2
4P3/2 0 1200.223 0.0862

O I 2s22p4 ! 2s22p33s 3P2
3S o

1 0 1302.168 0.0520
3P1

3S o
1 158.265 1304.858 0.0518

3P0
3S o

1 226.977 1306.029 0.0519
Mg II 2p63s! 2p63p 2S1/2

2P o
1/2 0 2803.531 0.303

2S1/2
2P o

3/2 0 2796.352 0.608
Al III 2p63s! 2p63p 2S1/2

2P o
1/2 0 1862.790 0.277

2S1/2
2P o

3/2 0 1854.716 0.557

me = electron mass
e = electric charge



Line Broadening Mechanisms
• Atomic levels are not infinitely sharp, nor are the lines connecting them.

- (1) Doppler (Thermal) Broadening
- (2) Natural Broadening
- (3) Collisional Broadening
- (4) Thermal Doppler + Natural Broadening
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• Voigt profile : Thermal + Natural broadening
- Atoms shows both a Lorentz profile plus the Doppler effect.
- In this case, we can write the profile as an average of the Lorentz profile over the 

various velocity states of the atom:

- Voigt profile = convolution of a Lorentz function (natural broadening) and 
Gaussian function (thermal broadening).



- The profile can be written using the Voigt function.
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Voigt-Hjerting function:

Here,  is a ratio of the intrinsic 
broadening to the thermal broadening.

 is a measure of how far you are from 
the line center, in units of thermal 
broadening parameter.

a
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• Equivalent width
- The spectrograph often lack the spectral resolution to resolve the profiles of narrow lines, but 

can measure the total amount of “missing power” resulting from a narrow absorption line.
- The equivalent width is the width of a straight-sided, perfectly black absorption line that has 

the same integrated flux deficit as the actual absorption line.

Absorption Line & Equivalent Width
6

F⌫ = F⌫(0)e
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Here,   is the optical depth at the line center.
 is the column density of the atoms in the lower (ground) level. 
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Variation of Line Profiles & Curve of growth
• The absorption line profiles for  

- When  ,   and thus the shape of an absorption line resembles and upside-down 
Voight function.

- When  , the absorption line saturates at its center and becomes increasingly “box-shaped.”

b = 10 km s−1

τ0 < 1 Fν /Fν(0) ≈ 1 − τν

τ0 ≫ 1
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Figure 9.1 Absorption line profiles in three regimes, using as an example H Lyman!
with b = 10 km s!1 and N(H I) = 6.6 ! 1012 cm!2, 1.3 ! 1016 cm!2, and 1.3 !
1019 cm!2 in the upper, middle, and lower panels. Shaded area is proportional to the
missing energy. Note the different abscissa in the lower panel.

[1 ! e!!! ] becomes increasingly “box-shaped.” An example is shown in the mid-
dle panel of Fig. 9.1. Treating the opacity as a delta function broadened only by
Doppler broadening:

!(") = !0 e
!(u/b)2 , (9.16)

we approximate W by the fractional full width at half maximum (FWHM):

W " (!")FWHM

"0
=

(!u)FWHM

c
" 2b

c

!
ln(!0/ ln 2) . (9.17)

The approximation (9.17) is accurate to within 5% for 1.254 < !0 <# !damp, where
!damp, the optical depth separating the “flat” from the “damped” regimes, is from
Eq. (9.25), shown later.

Since !0 depends on N"f"u#"u and b, we see that W depends on the product
N"f"u#"u and b. Note that W is very insensitive to !0 (and therefore N") in this
regime – it varies as the square root of the logarithm of !0. Because W increases
so slowly with increasing N", this is referred to as the flat portion of the curve of

2.2 Building Absorption Lines 
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Figure 2.6: Lyman a absorption lines with central optical depth 'Io= 1 through 
1 0 0 0 and b = l O km s- 1 . 

We don't usually have the luxury of extremely high resolution spectra; thus, 
we need to pick out the most important information available at low resolution. 
We can start with the median frequency (v0 ) or wavelength (.\0 ) of the line. If 
we know what particular line we are looking at, this will tell us the redshift 
or blueshift of the line. Next we want some measure of the strength of an 
absorption line; that is, how effective the absorbers have been at sopping up 
light along the line of sight. Spectroscopists have found it useful to use the 
equivalent width of an absorption line as an empirical measure of its strength. 

In an absorption line spectrum, the flux you measure at a frequency v is 
related to the flux F v ( 0) in the absence of absorbers by the relation 

(2.44) 

If the spectrum isn't too badly hacked up with absorption lines, we can make a 
good guess at what the underlying continuum flux Fv(O) should be, and then 

Figure 9.1 in [Draine]
Note the different abscissa in the lowest panel.

Lyman 𝛼 absorption lines for b = 10 km s-1.
Figure 2.6 in [Ryden]

• Curve of growth
- The curve of growth refers to the numerical relation between the observed equivalent width 

and the underlying optical depth (or the column density) of the absorber.



Molecular Clouds
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• In dense regions (away from energetic sources of radiation), atoms can combine 
to form molecules.
- Electronic states: The electrons share orbitals around two or more nuclei with 

transitions that produce UV and optical lines analogous to those in atoms.
- Vibrational and rotational states: In addition, the interactions of the nuclei 

themselves have quantized vibrational and rotational states, though at much lower 
energies. The corresponding lines lie in the IR and mm wavelength regime.

- Classically, the vibration and rotation can be viewed as an accelerating charge.
- Observations reveal a rich spectrum from multiple species that tells us about the 

physical and chemical properties of the molecular ISM, which is the coldest parts of 
the Universe and the sites of stellar birth.

7.2 Rotational and Vibrational Lines 89

v

J

X Y

Fig. 7.1. Schematic of the
vibrational and rotational
modes of a diatomic
molecule, with quantum
numbers v and J respectively.

We now pair X with a second atom, Y , to form a diatomic molecule,
XY . The outer electrons are shared, forming a bond between the nuclei,
and lie in quantized orbitals with energy levels of order Eel. There
are, however, additional degrees of freedom in the system through the
vibrational and rotational motions of the nuclei, as schematically shown
in Figure 7.1.

The characteristic vibrational energy is !!vib, where !vib is the
vibrational frequency. The kinetic energy associated with the motion of
the nuclei with mass M over scales a is then Ma2!2

vib. We can equate
this to Eel for a = a0 as it would involve the motion of a charge in
the electric potential of the system (typical vibrational modes occur on
much smaller scales). This reasoning relates !vib ! !/(meM)1/2a2

0 and
implies

Evib = !!vib !
!me

M

"1/2
Eel. (7.3)

The rotational frequency, !rot, has an associated angular momen-
tum, Ma2

0!rot, which is quantized in units of !. We therefore derive
an order of magnitude estimate, !rot ! !/Ma2

0 , which implies a
characteristic rotational energy,

Erot = !!rot !
!me

M

"
Eel. (7.4)

Since M ! 104me, the relative strengths of electronic, vibrational,
and rotational transitions are 1 : 10"2 : 10"4. Typical values are
!10 eV, 0.1 eV, and 0.001 eV, respectively, which correspond to wave-
lengths !100 nm, 10 µm, and 1 mm. That is, electronic transitions are
in the optical/UV, vibrational in the near/mid-infrared, and rotational in
the (sub-)millimeter.

7.2 Rotational and Vibrational Lines
The energy levels are determined by solving the Schrödinger equation.
Most molecules in the ISM are diatomic and the vibrational and rota-
tional levels are quantized by two numbers, v and J respectively. As
the two modes are so widely separated in energy from each other, the

Schematic of the vibrational and rotational 
modes of a diatomic molecule, with 
quantum numbers v and J respectively.



Molecular Structure: Bohn-Oppenheimer Approximation
• Bohn-Oppenheimer approximation:

- The motions of the electrons and nuclei could be treated separately.
This come about because of the great difference between the masses of the electron and a 
typical nuclei. 

- The slowly moving nuclei only sense the electrons as a kind of smoothed-out cloud. As the 
nuclei move, the electrons have sufficient time to adjust to adiabatically the new nuclear 
positions. The nuclei then feel only an equivalent potential that depends on the internuclear 
distance and on the particular electronic state.

- Due to very different energies of the electronic, vibrational, and rotational states, these 
interactions can be assumed to be decoupled. The separation of wavefunctions is referred to 
as the Born-Oppenheimer approximation. Under the Born-Oppenheimer approximation, the 
total wavefunction is a product of the nuclear, electronic, vibrational, and rotational 
wavefunctions. 

10



Order of magnitude of energy levels
• Energy Levels

- Since   , the relative strengths of electronic, vibrational, 
and rotational transitions are

- Typical values are

- Typical wavelengths are

- That is, electronic transitions are in the optical/ultraviolet, vibrational in the near/mid-
infrared, and rotational in the (sub-)millimeter.

M ≈ 104me (mp/me = 1836)

11
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[Energy Levels, Pure rotational & ro-vibrational transitions] 
• Energy Levels

Here, q denotes an electronic state.
• Pure rotational spectrum: In the lowest vibrational 

and electronic states, it is possible to have transitions 
solely among the rotational states. Such transitions 
give rise to a pure rotational spectrum.

• Rotational-vibration spectrum: Because the 
energies required to excite vibrational modes are 
much larger than those required to excite rotation, it 
is unlikely to have a pure vibrational spectrum.
The transitions then yield a rotation-vibrational 
spectrum, in which both the vibrational state and the 
rotational state can change together.

Eq(v, J) = Vq(r0) + h⌫0

✓
v +

1

2

◆
+BvJ(J + 1)
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= moment of inertia of the molecule.
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v = 0, 1, 2, · · ·
J = 0, 1, 2, · · ·
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[Selection Rules]
• Electric-dipole selection rule for the ro-virational transitions:

• But, note that H2 has no permanent electric-dipole moment.
The electric-quadrupole are allowed for    within the ground electronic state.ΔJ = ± 2

13



[Energy levels of Molecular Hydrogen]
• The short horizontal lines in each of the 

bound states indicate the vibrational levels.

• The transition from the ground state               
to the excited states                            are 
called Lyman and Werner bands.

X1⌃+
g
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Fig. 10.13. Spectrum towards the star DI 1388 recorded with the Far-Ultraviolet
Space Explorer (FUSE). The interstellar atomic and molecular lines arising in the
Galaxy (MW) and the Magellanic Bridge (MB), a region between the large and
small Magellanic clouds, are identified. [Reproduced from N. Lehner, Astrophys. J.
578, 126, (2002).]

Figures 10.13 and 10.14 show ultraviolet spectra of molecular hydro-
gen recorded by observing starlight passing through the interstellar
medium. Prominent electronic transitions shown for H2 are the

Werner band: C 1Πu – X 1Σ+
g at about 1100 Å;

Lyman band: B 1Σ+
u – X 1Σ+

g at about 1010 Å.

These transitions are described as bands and do not occur at a precise
wavelength because within each electronic transition there are a series of
vibrational and rotational transitions. These are considered in turn below.

10.3.2 Vibrational selection rules

There are no rigorous selection rules which govern the change in vibra-
tional quantum numbers during an electronic transition. The chance of a
particular vibrational transition occurring depends on the squared overlap

In principle, states are labelled 
alphabetically in ascending energy order. 
However, there are many exceptions.
The lowest triplet state of H2 is the            
with the             lying somewhat higher.

b3⌃
+
u
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[Energy levels of CO]

90 Molecular Regions

wave function can be factored into separate parts. This is known as the
Born–Oppenheimer approximation and it means that the vibrational and
rotational energy levels are almost fully independent of each other,

E(v,J ) = Evib + Erot. (7.5)

There can also be a separate electronic term due to the arrangement of
the electron shells which we will come back to later. Here, we restrict
our attention to vibration and rotation modes that are excited in the cold
and dusty regions where most molecular line observations are made.

The vibrational energies are linearly spaced,

Evib =
!

v + 1
2

"
h!vib, (7.6)

where !vib is the vibrational constant. Classically, this can be modeled
as a harmonic oscillator with a spring constant relating to the bond
strength. Typical !vib values for diatomic molecules are several 1013 Hz.
Note that the ground state energy, v = 0, is greater than zero. This is
known as the zero point energy and is a consequence of the uncertainty
principle which implies that the two nuclei can never be completely at
rest with respect to each other.

The rotational energies have a quadratic form,

Erot = hBJ(J + 1), (7.7)

where B is the rotational constant and has units of Hz. Classically, this
can be viewed as a rotating, and therefore accelerating, charge. From
Equation 7.4, B ! 1/Ma2

0 so heavier molecules generally rotate slower
and have lower rotational energy levels. Typical B values for abundant
molecules in the ISM are several 1010 Hz. Note that the ground state is at
zero so molecules can stop rotating, although they will still be vibrating.

Fig. 7.2. The rotational and
vibrational energy levels for
carbon monoxide. The left
side shows the vibrational
energy for each level v. The
rotational transitions are
illustrated by the gray
shading at each level. The
rotational energies are about
100 times smaller than the
vibrational and the inset on
the right hand side shows a
zoomed-in region of the
J-ladder.

v = 0

1

2

E = 0.108eV

0.324eV

0.541eV

J = 0

1

2

3

!E = 0

0.839

2.518

5.036
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CO

• The rotational and vibrational energy 
levels for carbon monoxide.
- The left side shows the vibrational 

energy for each level v.
- The rotational transitions are 

illustrated by the gray shading at each 
level.

- The rotational energies are about 100 
times smaller than the vibrational.

- The inset on the right hand side shows 
a zoomed-in region of J-ladder.

[J. P. Williams]
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[Energy levels of CO]

[J. P. Williams]

7.2 Rotational and Vibrational Lines 91

Fig. 7.3. Model spectrum of
ro-vibrational lines for CO
v = 1!0, illustrating the two
branches corresponding to a
positive or negative change
in J and a central gap at
!J = 0.

Figure 7.2 plots the energy levels for carbon monoxide, 12C16O
(hereafter CO). This is the most frequently observed molecule in the
ISM. Each vibrational level has its own rotational ladder and transitions
are from (v,J ) " (v#,J #). Certain transitions are much more likely
than others due to the similarity between the wavefront solutions for the
start and end states. Such selection rules show that neighboring pairs
are preferred, !v = ±1,!J = ±1. This is a more stringent criterion
for the latter case, i.e., vibrational transitions can occur between more
widely spaced levels but this is very rare for rotations.

A change in vibrational state can be accompanied by a change
in many pairs of rotational states. This produces a multi-lined
ro-vibrational spectrum, and a simple model for CO v = 1!0
is shown in Figure 7.3. The symmetry comes from the sign of the
!J = ±1 jump and produces two branches in the spectrum. The R
branch corresponds to a higher energy jump, J " J ! 1, and lies at
shorter wavelengths. The P branch is a smaller jump, J " J +1, and is
at longer wavelengths. The envelope shape arises from the population
level distribution that is small at low levels due to the degeneracy,
gJ = 2J + 1, and at high levels due to the Boltzmann exponential,
eE/kTex . The difference between the relative intensity of the P and R
branches is due to different values in the Einstein A coefficient. This
emission spectrum shown here requires gas at several thousand kelvin
for collisions to excite the vibrational levels. Alternatively an absorption
spectrum can be detected in colder gas against a bright mid-infrared
source, such as an embedded protostar.

The extra bonds and degrees of freedom in molecules with three
or more atoms allow many more transitions. This requires additional
quantum numbers to describe the vibrational modes and axes of rotation,
and different selection effects. Possibilities include a Q-branch with

• Model spectrum of ro-vibrational lines for CO v = 1— 0, illustrating the two branches corresponding to a 
positive or negative change in J and a central gap at .

- The symmetry comes from the sign of the 𝛥J = ±1 jump and produces two branches in the spectrum.

- The R branch corresponds to a higher energy jump,  , and lies at shorter wavelengths.

- The P branch is a smaller jump,  , and is at longer wavelengths.

- The envelope shape arises from the population level distribution that is small at low levels due to the 
degeneracy  , and at high levels due to the Boltzmann exponential   .

- The difference between the relative intensity of the P and R branches is due to different values in the 
Einstein A coefficient.

ΔJ = 0

J → J − 1
J → J + 1

gJ = 2J + 1 eE/kTex

R branch
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O, P, Q, R, S transitions

40 CHAPTER 5

Table 5.1 Selected Diatomic Moleculesa

Ground B0/hc b B0/k b r0 d µ c !0/c b

term ( cm!1) (K) (Å) (D) ( cm!1) !-doubling
H2

1"+
g 59.335f 85.37 0.741 0 4161 –

CH 2#1/2,3/2 14.190 20.42 1.120g 1.406g 2733. ! ! 3.3GHz

CH+ 1"+
0 13.931 20.04 1.131 1.679e 2612. –

OH 2#3/2,1/2 18.550 26.69 0.9697 1.6676 3570. ! ! 1.61GHz

CN 2"+
1/2 1.8910 2.721 1.1718 0.557i 2042. –

CO 1"+
0 1.9225 2.766 1.1283 0.1098 2170. –

SiO 1"+
0 0.7242 1.042 1.5097 3.098 1230. –

CS 1"+
0 0.8171 1.175 1.5349 2.001h 1272. –

a Data from Huber & Herzberg (1979) unless otherwise noted.
b E(v, J) ! h!0(v + 1

2 ) +B0J(J + 1) [see Eq. (5.2)].
c µ = permanent electric dipole moment. g Kalemos et al. (1999).
d r0 = internuclear separation. h Maroulis et al. (2000).
e Folomeg et al. (1987). i Neogrády et al. (2002).
f Jennings et al. (1984).

appearing in front of the term symbol. The letter X is customarily used to designate
the electronic ground state. The ground terms for a number of diatomic molecules
of astrophysical interest are given in Table 5.1, along with the internuclear separa-
tion r0 and the electric dipole moment µ.

5.1.4 O, P, Q, R, and S Transitions

A diatomic molecule can vibrate (stretch) along the internuclear axis, and it can
rotate around an axis perpendicular to the internuclear axis. The rotational angular
momentum adds (vectorially) to the electronic angular momentum.

The rotational levels of diatomic molecules are specified by a single vibrational
quantum number v and rotational quantum number J . Transitions will change J
by either 0, ±1, or ±2. It is customary to identify transitions by specifying the
upper and lower electronic states, upper and lower vibrational states, and one of the
following: O(J!), P (J!), Q(J!), R(J!), S(J!), where the usage is given in Table
5.2. Thus, for example, a transition from the v! = 0, J! = 1 level of the ground
electronic state to the vu=5, Ju=2 level of the first electronic excited state would
be written B–X 5–0 R(1).

Table 5.2 Usage of O, P , Q, R, and S

Designation (Ju!J!) Note
O(J!) !2 Electric quadrupole transition
P (J!) !1 Electric dipole transition
Q(J!) 0 Electric dipole or electric quadrupole; Q(0) is forbidden
R(J!) +1 Electric dipole transition
S(J!) +2 Electric quadrupole transition

O, P, Q, R and S Transitions

 



• The extra bonds and degrees of freedom in molecules with three or more atoms allow 
many more transitions.

- This requires additional quantum numbers to describe the vibrational modes and 
axes of rotation, and different selection effects.

- Possibilities include a Q-branch with .
- Water, for example, has thousands of lines in the infrared-millimeter region.
- The range of transitions provides many ways for the molecular ISM to radiate and 

effectively cool across a temperature continuum from > 1000 K to 10 K.

ΔJ = 0
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The invisibility of H2 in the Cold ISM
• Hydrogen is, by far, the most common element in the Universe and molecular hydrogen 

is the most common molecule in the ISM.
- However, its symmetry prevent pure rotational transitions. From a quantum 

standpoint, the two hydrogen atoms are identical so there is no change in state in a 
180 degree rotation. Because there is not separation of charge from the center of 
the system, it is also said to have zero dipole moment.

- In cold regions, it will not radiate and is effectively invisible.

• Tracers of Cold Molecular Gas
- To diagnose the properties of these regions requires observations of other 

constituents: dust and molecules such as CO.
- The offset between the charge distribution and center of mass in asymmetric 

molecules such as CO produces a dipole moment and a series of rotational energy 
levels that can be populated through collisions in cold gas.

- Although the abundances of these molecules are very low relative to H2, they 
provide the only means for the gas to radiate and result in a rich line spectrum 
at millimeter wavelengths.
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• A sample of molecular rotational transitions
- The following table shows a small set of commonly observed, low-lying, rotation 

transitions, , in the ground vibrational level, v = 0.
- The Einstein A coefficients are extremely small compared to (permitted) vibrational 

and electronic transitions.
- Higher transitions are excited by slightly warmer and denser gas.

J + 1 → J

7.4 Tracers of Cold Molecular Gas 93

Table 7.1. A sample of molecular rotational transitions

Molecule Transition ! (GHz) Eu/k (K) A (s!1) ncrit (m!3)

CO 1–0 115.271 5.5 7.20 " 10!8 2.2 " 109

2–1 230.538 16.6 6.91 " 10!7 2.3 " 1010

3–2 345.796 33.2 2.50 " 10!6 3.5 " 1010

13CO 1–0 110.201 5.3 6.29 " 10!8 1.9 " 109

2–1 220.399 15.9 6.03 " 10!7 2.0 " 1010

3–2 330.588 31.7 2.18 " 10!6 3.1 " 1010

CS 1–0 48.991 2.4 1.75 " 10!6 5.0 " 1010

2–1 97.981 7.1 1.68 " 10!5 8.2 " 1011

3–2 146.969 14.1 6.07 " 10!5 1.2 " 1012

HCN 1–0 88.633 4.3 2.41 " 10!5 1.0 " 1012

2–1 177.261 12.8 2.31 " 10!4 9.6 " 1012

3–2 265.886 25.5 8.36 " 10!4 3.7 " 1013

HCO+ 1–0 89.188 4.3 4.25 " 10!5 1.6 " 1011

2–1 178.375 12.9 4.08 " 10!4 2.9 " 1012

3–2 267.558 25.7 1.48 " 10!3 3.9 " 1012

up the rotational ladder. The critical densities are similar to the optical
forbidden lines of HII regions and are well matched to the conditions
of the molecular ISM. Higher transitions are excited by slightly warmer
and denser gas.

In addition to CO, the table includes its isotopologue, 13CO. 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. Because the A values, and critical densities,
for CO and 13CO are relatively low, they are good tracers of the bulk
of the molecular gas, whereas CS, HCN, and other molecules generally
locate density enhancements associated with star formation.

Even though ultraviolet and optical light does not penetrate deeply
into dusty molecular regions, there are many ionic molecular species
such as HCO+. The ionization is caused by cosmic rays, i.e., energetic
protons and atomic nuclei, which can penetrate well beyond where
optical light is extinguished. Molecular ions play important roles in
dynamics as, unlike the rest of the neutral gas, they feel a force as they
move relative to magnetic fields. They are also the starting point for
much of the chemistry in the gas, as we will explore later.

Well over 100 different molecules, and many of their isotopologues,
have been detected in the ISM. The spectra from the dense envelopes

- The table includes the isotopologue, 
13CO of CO.

- Isotopologues are molecules that differ 
only in their isotopic composition. At 
least one atom has a different number 
of neutrons that the parent.

- They have the same transitions at 
nearby frequencies with similar decay 
and excitation rates.

- Observations of these rare species 
help diagnose conditions in dense 
regions where lines from the primary 
species are optically thick.
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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.

• 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.

H+H ! H
⇤
2 ! H2 + h⌫

<latexit sha1_base64="Kut4ShQLFphbMGwrEtq3lX+tkgY="></latexit>
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• 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  .

• In the absence of dust (e.g., in the early universe),    is the 
dominant channel for forming H2.

H
�
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H
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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.
‣ 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.

ΔE

ps ⇡ 0.3 for grains with a ⇠ 0.1µm
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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.
[Fig 1, Dulieu, 2003, Scietific Reports]

102 Chemical processes

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]



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]

196 

16 

14 

12 

~10 J :& 
'i:' 8 .._.., 
> 

1-, 6 
CJ s s 

µ.l ...... 
4 

j 2 

0 

0.0 

v=l4 

0.5 1.0 1.5 
rIAJ 

Chapter 7. Molecular Clouds 

l r,+ 
g 

2.0 

1f1u 

H( l s)+H( l s) 

2.5 3.0 

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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PhotoDissociation Regions (PDRs)
• The edge of a molecular region, where molecules turn to atoms, is termed a 

photodissociation region or interchangeably a photon dominated region, 
both with the same PDR abbreviation.
- Far-ultraviolet (FUV) radiation (91.2nm-200nm) can dissociate molecular hydrogen, 

ionize carbon, and broadly affect the physical properties and chemical composition of 
the gas.
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7.9 Photon Dominated Regions 103

lifetimes, <! 30 Myr. The structure of the ISM on Galactic scales is
described in more detail in Chapter 10.

7.9 Photon Dominated Regions
The edge of a molecular region, where molecules turn to atoms, is
termed a photodissociation region or interchangeably a photon dom-
inated region, both with the same PDR abbreviation. Far-ultraviolet
radiation (FUV), defined as wavelengths shorter than 200 nm to the
hydrogen ionization limit 91.2 nm (energies 6.2–13.6 eV), can dissoci-
ate molecular hydrogen, ionize carbon, and broadly affect the physical
properties and chemical composition of the gas.

The structure of a PDR is illustrated in Figure 7.11. The FUV
radiation field enters the region from the left hand side and is attenuated
by dust in the atomic region. Once it drops below a certain level, the H2

formation rate exceeds its photodissociation rate and the gas becomes
predominantly molecular. The H2 molecules further shield the interior
and rarer molecules, first CO and then others, form deeper in the cloud.
The spectral lines from the various species regulate the temperature and
provide distinct signatures of each region of the PDR.

Calculating the structure and observable properties of PDRs
requires detailed models but it all starts with H2. As a stable molecule,
its formation is an exothermic reaction with a binding energy of 4.5 eV.
We discuss its formation on dust grain surfaces in the following section
and focus here on its excitation and dissociation. The potential energy
of H2 as a function of the distance between its nuclei is illustrated in
Figure 7.12. The lower, ground state asymptotes to zero at large
separations and has a minimum, equal to negative the binding energy, at

FUV

HI

CII

H2

CII

H2

CI CO

DARK
CLOUD

AV(mag) 0.5 1 2

log10T (K) 3 2 1

Fig. 7.11. The structure of a
PDR. The FUV radiation
enters from the left hand
side into a neutral atomic
cloud and is attenuated by
dust to the point where
molecular hydrogen begins
to form in suf!cient numbers
to self-shield. Deeper in,
carbon becomes neutral and
then reacts with oxygen to
form CO. Very little radiation
penetrates further and more
molecules form in the cold,
dark interior.

The structure of a PDR. The 
FUV radiation enters from the 
left hand side into a neutral 
atomic cloud and is attenuated 
by dust to the point where 
molecular hydrogen begins to 
form in sufficient numbers to 
self-shield. Deeper in, carbon 
becomes neutral and then reacts 
with oxygen to form CO. Very 
little radiation penetrates further 
and more molecules form in the 
cold, dark interior.

[Fig. 7.11. J. P. Williams]



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 photo-ionized 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 ! 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, !Oph, and
Lupus clouds, at D " 150, 165, and 170 pc, respectively. The Taurus, Lupus, and
!Oph 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

"!!

for 103 M" <" MGMC < Mu , (32.1)

Locations of prominent molecular clouds along the Milky Way

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



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.
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Figure 32.4 Gas surface densities ! 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]

XCO = 1.8⇥ 10
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H2 cm
�2/Kkms
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- 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.

� ⇡ 0.38

<latexit sha1_base64="BGpk73UZ23Ztb26aDz/qf7ILY/c="></latexit>

Size-Linewidth Relation in Molecular Clouds
31

MOLECULAR CLOUDS: OBSERVATIONS 367

where L = Lpc pc is the maximum projected dimension of the density peak. Lar-
son noted that the power-law index ! ! 0.38 was curiously close to the index 1

3

found by Kolmogorov ("v " 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 ! ! 0.38 found by Larson has been questioned. A study of
273 molecular clouds (Solomon et al. 1987) found "v ! (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 "v ! (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 ! as a variable, but, for
illustration, will evaluate expressions assuming Larson’s result ! ! 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
"v ! 1 km s!1 when L = 1pc.

For scales L ># 0.02 pc, "v 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 "v

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 ! 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)



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 Hausdor! 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 e!ects 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 di"culty of mapping too large areas
on the other. The scaling relations all over the scales are however obtained
by comparing various clouds observed with di!erent 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]



Dust
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Dust matters!
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• Importance of Dust
- In our Galaxy, the gas-to-dust ratio is about 100:1 by mass. Since the ISM is about 

10% of the baryonic mass of the Galaxy, dust grains comprise roughly 0.1% of the 
total baryonic mass.

- Dust grains absorb roughly 30-50% of the starlight emitted by the Galaxy and re-emit 
it as far-infrared continuum emission. This means that only 0.1% of the baryons 
are ultimately responsible for a third to a half of the bolometric luminosity of 
the Galaxy.

- Dust grains are the central to the chemistry of interstellar gas. The abundance of H2 
in the ISM can only be understood if catalysis on dust grains is the dominant 
formation avenue.

- The formation of planetary system is believed to begin when dust grains in a 
protostellar disk begin to coagulate into larger grains, leading to planetesimals and 
eventually to planets, carrying their complex organic molecules with them.



Observed Properties
• Extinction = Absorption + Scattering

- Dust particles can scatter light, changing its direction of 
motion. When we look at a reflection nebula, like that 
surrounding the Pleiades, we are seeing light from the 
central stars that has been scattered by dust into our 
line of sight.

- Dust particles can also absorb light. The relative 
amount of scattering and absorbing depends on the 
properties of the dust grains.

• Thermal radiation from Dust
- When dust absorbs light, it becomes warmer, so dust 

grains can emit light in the form of thermal radiation. 
Most of this emission is at wavelengths from a few 
microns (near IR) to the sub-mm range (Far-IR).

• Polarization
- The polarization of starlight was discovered in 1949 

(Hall 1949).
- The degree of polarization tends to be larger for stars 

with greater reddening, and stars in a given region of 
the sky tends to have similar polarization directions.
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PLATE II. 

PHOTOGRAPH OF THE MILKY WAY NEAR THE STAR THETA OPHIUCHI. 

Figure 6.1: Photograph by E. E. Barnard of the dark structures near 8 Ophiuchi. 
[Barnard 18 9 9] 

north and south of the bright star ... seem to me to be undoubtedly dark structures, 
or obscuring matter in space, which cut out the light from the nebulous or 
stellar regions behind them." To our experienced eyes, the dark structures near 
8 Ophiuchi are undeniably dust features, but the contemporaries of Ranyard 
had their doubts. The existence of interstellar dust wasn't universally accepted 
until the work of Robert Trumpler in 1930. 

Trumpler was making a study of open clusters within our galaxy. Assuming 
that clusters with similar numbers of stars had a similar physical diameter, he 
used them as standard yardsticks to compute a "diameter distance". Assuming 
that clusters with similar numbers of stars had a similar luminosity, he used 
them as as standard candles to compute a "photometric distance". What he 
found when he plotted diameter distance versus photometric distance is shown 
in Figure 6.2. If Trumpler assumed that open clusters were dimmed solely by 
the inverse square law of flux, then the photometric distances that he estimated 
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Figure 6.3: The Pleiades cluster and surrounding reflection nebulae 
[NASA/BSA/Caltech/ AURA] 

6.1 Observed Properties of Dust 

Although sample-return missions have given us samples of interplanetary dust 
to play with, the properties of more distant interstellar dust must be deduced 
indirectly, primarily by the effect of dust on electromagnetic radiation. Dust 
particles can scatter light, changing its direction of motion. When we look 
at a reflection nebula, like that surrounding the Pleiades (Figure 6.3), we are 
seeing light from the central stars that has been scattered by dust into our line 
of sight. Dust particles can also absorb light. The relative amount of scattering 
and absorbing depends on the properties of the dust grains. When we look 
at a distant star through the intervening dust, the excess dimming of the star 
is caused by a combination of scattering and absorbing. Usually, astronomers 
refer to the net result of scattering and absorbing as extinction. Extinction can 
be dependent on the polarization of the light being extinguished, so dust can 
polarize light from distant stars. 

When dust absorbs light, it becomes warmer, so dust grains can emit light 
in the form of thermal radiation. Most of this emission is at wavelengths from 
a few microns (near infrared) to the sub-millimeter range (far infrared). By 

The Pleiades cluster and surrounding 
reflection nebulae (Fig. 6.3, Ryden)

The dark structures near θ Ophiuchi 
(Barnar 1899; Fig. 6.1, Ryden)



• Evidence for extinction. The correlation of distance determined from the angular 
size with the distance determined from the flux.
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of light from distant open clusters (Trumpler, 1930). Open clusters are found
in the Galactic plane and have similar sizes and numbers of stars. Assuming
that they are drawn from distributions with mean diameter D and luminosity
L, he reasoned that the distances to the clusters r as determined from the
measured apparent angular size ◊ = D/r and from the flux f = L/(4fir

2)
should be correlated with one another. One might expect a straight-line cor-
relation on a log–log plot, with scatter due to variations in D and L about
mean values. Figure 2.2 shows the result that there is instead a systematic
deviation, implying an intervening obscuring material whose e�ect increases
as the distance r to the object increases.

Figure 2.2 Evidence for extinction. The correlation of the distance de-
termined from the angular size with the distance determined from the
radiant flux breaks down for distant objects. Credit: Trumpler (1930),
reproduced with permission from the Astronomical Society of the Pa-
cific.

Trumpler also detected reddening due to scattering of short wavelengths,
similar to what happens in the Earth’s atmosphere. Figure 2.3 illustrates the
mechanisms of extinction and reddening of the observed starlight.

[Basu & Sharma, Essential Astrophysics]



Extinction
• Extinction

- Astronomers characterize the attenuating effects of dust by the “extinction”   at 
wavelength λ. The extinction at a particular wavelength λ, measured in “magnitudes” 
is defined by the difference between the observed magnitude    and the 
unabsorbed magnitude  :

- The extinction measured in magnitudes is proportional to the optical depth:

A�
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= the observed flux from the star

= the flux that would have been observed if the only attenuation had been 
from the inverse square law.

A� = 2.5 log10 (e
⌧�) = 2.5 log (e)⇥ ⌧�

= 1.086⌧�
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Reddening
• Reddening

- Reddening is the phenomena of the color of a visible astronomical object (e.g., star) 
appearing more red from a distance than from nearby. Within the visible wavelength 
range, the absorption/scattering by dust increases with frequency, absorbing more of 
the blue light than red. This effect leads to the reddening.
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How to measure the Interstellar Extinction
• Pair method

- Trumpler (1930) compared the spectra of pairs of stars with identical (or similar) 
spectral type, one with negligible obscuration and the other extinguished by dust 
along the line of sight. This method remains our most direct way to study the 
“selective extinction” or “reddening” of starlight by the interstellar dust.
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Interstellar Dust 

IV-3 

IV-1 Interstellar Extinction 
The manifestation of interstellar dust that first brought it to our attention is its ability to extinguish 
starlight passing through it.  The most dramatic manifestations of interstellar dust are the dark clouds 
cataloged by E. E. Barnard at the beginning of the 20th century, many of which can be seen with the 
naked eye in the Milky Way. 

The simplest case we can deal with is that of a distant star or other object behind a dusty region.  In 
this case, the equation of radiative transfer can be solved simply in the pure-absorption case: 

OW
OO

� eII 0,  
Here IO,0 is the true spectrum of the source, IO is the observed spectrum, and WO is the dust optical depth 
along the line of sight. 

This form assumes that all of the extinction lines between the source and us (the so-called “dust-screen 
geometry”), and that there is no scattering of extraneous light into our line of sight (no source function 
in the transfer equation).  The optical depth of the dust as a function of wavelength is parameterized in 
terms of an “Interstellar Extinction Curve”. 

Classically, the interstellar extinction curve is measured by comparing the spectra of pairs of stars with 
identical spectral type (e.g., two B8 stars), one in the “clear” and the other extinguished by dust along 
the line of sight. 

O

FO

Unreddened Star

Reddened Star

 
Figure IV-1: Effect of extinction on a stellar spectrum.  Extinction is both a total 
diminution of the stellar light, and is wavelength-selective, in the sense that bluer 
wavelengths are more extinguished than red wavelengths. 

It was quickly established that the interstellar extinction curve has a nearly universal form with 
wavelength along most sight lines, so that it is possible to write 

)(OW O fconst u  
The constant is a scaling factor parameterizing the amount of total extinction along the line of sight to 
a particular source, while the wavelength-selective extinction function, f(O), is universal (i.e., the same 
for all sources).  The exact form of f(O) depends on the physics of the dust grains, and its near-
universality suggests that the distribution of grain properties (composition and sizes) is similar 
everywhere.  We will need to qualify what we mean by “universal”, however, as, Nature is not so 
simple, and interesting variations in the “universal” extinction law abound. 

It is conventional at UV-to-NIR wavelengths to express the interstellar extinction curve in units of 
magnitudes, AO, normalized in terms of a color excess that represents the selective extinction: 

VB AAVBE � � )(  

unreddened star

reddened star

dust clouds

two stars
with the same spectral type



• The Reddening Law, Extinction Curve
- Extinction curve - the extinction Aλ as a function of wavelength or frequency
‣ A typical extinction curve shows the rapid rise in extinction in the UV.
‣ The extinction increases from red to blue, and thus the light reaching us from stars will 

be “reddened” owing to greater attenuation of the blue light.
‣ The reddening by dust is expressed in terms of a color excess; for instance,

‣ The detailed wavelength dependence of the extinction - the “reddening law” - is sensitive 
to the composition and size distribution of the dust particles.

‣ The slope of the extinction at visible wavelengths is characterized by the dimensionless 
ratio, the ratio of total to selective extinction:

‣        ranges between 2 and 6 for different lines of sight. Sightlines through diffuse gas in the 
Milky Way have                   as an average value. Sightlines through dense regions tend 
to have larger values of       . In dense clouds, the value                 is typically adopted.
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‣ Observed extinction curves vary in shape from one line of sight to another.
‣ Extinction curve, relative to the extinction in the I  band (λ = 8020Å), as a function of 

inverse wavelength, for Milky Way regions characterized by different values of RV.
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Figure 21.2 Extinction at wavelength !, relative to the extinction in the Cousins I
band (IC = 8020 Å), as a function of inverse wavelength !!1, for Milky Way regions
characterized by different values of RV ! AV /(AB " AV ) ! AV /E(B " V ),
where AB is the extinction at B = 0.44µm, AV is the extinction at V = 0.55µm,
and the “reddening” E(B " V ) ! AB " AV . The curves shown are from the one-
parameter family of curves fCCM

1 (!) parameterized by RV (see §21.2). Also shown
is the extinction curve toward the star HD210121 (with RV = 2.1), showing that it
differs from the CCM extinction curve fCCM

1 for RV = 2.1. Note the rapid rise in
extinction in the vacuum ultraviolet (! <! 0.15µm) for regions with RV <! 4. The
normalization per H nucleon is approximately AIC/NH # 2.9$ 10!22mag cm2/H.
The silicate absorption feature (see §23.3.2) at 9.7µm and the diffuse interstellar bands
(see §23.3.4) are barely visible.

light. The detailed wavelength dependence of the extinction – the “reddening law”
– is sensitive to the composition and size distribution of the dust particles.

Observed extinction curves vary in shape from one line of sight to another. The
slope of the extinction at visible wavelengths is characterized by the dimensionless
ratio

RV " AV

AB #AV
" AV

E(B # V )
, (21.3)

where AB and AV are the extinctions measured in the B (4405 Å) and V (5470 Å)
photometric bands, and E(B # V ) " AB #AV is the “reddening.”

Sightlines through diffuse gas in the Milky Way have RV $ 3.1 as an average
value. The extinction A!, relative to AV , is given in Table 21.1 for a number of

Fig 21.2 Draine

Parameterization of the extinction curve.

Cardelli et al. (1989)

Fitzpatrick (1999)

2175Å
UV bump



Gas-to-dust ratio
- If the dust grains were large compared to the wavelength, we would be in the 

“geometric optics” limit, and the extinction cross section would be independent of 
wavelength (gray extinction).
‣ The tendency of the extinction to rise with decreasing λ, even at the shortest ultraviolet 

wavelengths tells us that grains smaller than the wavelength must be making an 
appreciable contribution to the extinction at all observed wavelengths, down to λ = 0.1μm.

‣ According to the Mie theory, “small” means (approximately) that                   . Thus 
interstellar dust must include a large population of small grains with                       .

- The dust appears to be relatively well-mixed with the gas (Bohlin et al. 1978; 
Rachford et al. 2009):

‣ For sightlines with                  , this implies that

‣ Thus, even at high galactic latitudes, where the column density of hydrogen is ~ 1020 cm-2, 
there is still some foreground extinction when looking at extragalactic sources; ~ 0.05 
magnitudes in the V band.
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• Mean ratio of visual extinction to length in the 
Galactic plane

• Scattering of Starlight
- When an interstellar cloud happens to be unusually 

near one or more bright stars, we have a reflection 
nebula, where we see starlight photons that have 
been scattered by the dust in the cloud.

- The spectrum of the light coming from from the 
cloud surface shows the stellar absorption 
lines, thus demonstrating that  scattering rather 
than some emission process is responsible.

- Given the typical size of interstellar dust grains, 
blue light is scattered more than red light. 
A reflection nebulae is typically blue (so for the 
same reason that the sky is blue, except it's 
scattering by dust (for the reflection nebula) vs by 
molecules (for the earth's atmosphere)).
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UV bump
- The study of dust scattering properties has shed light on the nature of the 2175Å 

bump and the far-ultraviolet rise features of extinction curves.
- Lillie & Witt (1976) and Calzetti et al. (1995) showed that the 2175Å bump was likely 

an absorption feature with no scattered component.
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The determinations of the albedo in 
reflection nebulae, dark clouds, and the 
diffuse Galactic light are plotted versus 
wavelength.

Predictions from dust grain models are 
also plotted for comparison.

Karl D. Gordon,
2004, ASPC, 309, 77

2175Å UV bump



• Polarization of Starlight by Interstellar Dust
- Initially unpolarized light propagating through the ISM becomes linearly polarized as a 

result of preferential extinction of one linear polarization mode relative to the other.
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credit: B-G Andersson

The starlight is slightly more blocked 
along the long axis of the grains 
than along the short axis. This give 
rise to the polarization of starlight.
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• Polarized Infrared Emission
- The far-IR emission from aligned dust grains will also be polarized, this time with a direction along 

the long axis of the grains. Far-IR polarization has been observed for a large number of molecular 
clouds that have “high” dust emission optical depths at long wavelengths (~ 0.1-1 mm).

• Polarization due to scattering
- Scattering of light by dust grains generally also lead to polarization.
- For single scattering, the polarization vector is perpendicular to the line connecting the light 

source and the scattering grain.
- The degree of polarization and its distribution provide information on the characteristics of the 

scattering grains and the geometry of the nebula.
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Figure 5.12 The linear polarization of the infrared reflection nebula associated
with the region of massive star formation in Orion. The linear polarization
vectors measured at K are superimposed on a map of the scattered light intensity.
The arrows point back towards the illuminating source. Figure reproduced with
permission from M.W. Werner, R.W. Capps, and H. L. Dinerstein, 1983, Ap. J.,
265, p. L13.

With an RV of 3.1, this corresponds to

N !HI"+2N !H2"

AV
= 1#9!1021atomscm"2 magnitude"1# (5.96)

If we assume that the visual extinction is due to 1000Å grains (e.g., 2$a # %)
with Qext!V" # 1 and a typical specific density of 2.5 g cm"3, we arrive at a
dust-to-gas mass ratio of 1#1!10"2. There are notable variations. For the star &
Oph, located behind a dense cloud, the hydrogen column density to color excess
ratio is 1#5!1022 atoms cm"2 magnitude"1. Even after taking the increased RV

(5.1) into account, this still implies a decreased visual extinction per H nucleus
in this dense environment.

Linear polarization of the IR reflection nebula associated 
with the region of massive star formation in Orion.
The linear polarization vectors measured at K are 
superimposed on a map of the scattered light intensity.

[Werner et al. 1983, ApJ, 265, L13]



Infrared Emission
• Infrared Emission

- Dust grains are heated by starlight, and cool 
by radiating in the infrared.

- The IR spectrum provides very strong 
constraints on grain models.

- There are two components: a cold (T ~ 15-20 
K) component emitting mainly at long 
wavelengths (far-IR) and a hot (T ~ 500 K) 
component dominating the near- and mid-IR 
emission.
‣ The cold component is due to large dust grains 

in radiative equilibrium with the interstellar 
radiation field.

‣ The hot component  is due to ultra small grains 
and PAH species that are heated by a single UV 
photon to  temperatures of ~ 1000 K and cool 
rapidly in the near- and mid-IR.
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Figure 6.8 Solid curve: total emission from dust grains and polycyclic aromatic hydro-
carbons (PAHs). Dotted line, silicate grains; dashed line, large graphite grains; dot-dashed
line, PAHs. [Following Li & Draine 2001]

Figure 6.9 Left: coronene [C24H12]. Middle: circumcoronene [C54H18]. Right: circum-
circumcoronene [C96H24]. There is a carbon atom at each intersection; the C–C bonds are
!1.4 Å long. [ChEBI Database]

emission spectrum for silicate grains (the dotted line in Figure 6.8) has broad
spectral emission features at ! = 9.7 µm and 18 µm, from the stretching and
bending modes in tiny silicate grains. The narrower emission features at the left of
Figure 6.8, ranging from ! " 3 µm to ! " 20 µm, are produced by the stretching
and bending modes of the C–H bonds in PAHs, and by vibrational modes of their
carbon skeleton.

Figure 6.9 shows, as an example, three PAHs of increasing size: coronene,
circumcoronene, and circumcircumcoronene. Simple extrapolation will let you
visualize the structure of circumNcoronene in a case where N > 2. In the limit
that N # $, flat PAHs such as the coronene family are known as graphene.

Li & Draine (2001)



What are the dust grains made of?
• Observational Constraints

- Interstellar Depletion: Certain elements appears to be underabundant  or “depleted” 
in the gas phase. The observed depletions tell us about the major elemental 
composition of interstellar dust.

- Spectroscopy: We would observe spectroscopic features that would uniquely 
identify the materials, and allow us to measure the amounts of each material present. 
But, it is difficult to apply this approach to solid materials because: (1) the optical and 
UV absorption is largely a continuum; and (2) the spectral features are broad, making 
them difficult to identify conclusively.

- Extinction:
‣ The wavelength dependence of the extinction curve provides constraints on the 

interstellar grain size distribution.
‣ What materials could plausibly be present in the ISM in quantities sufficient to 

account for the observed extinction? A Kramers-Kronig integral over the observed 
extinction indicates that the total grain mass relative to total hydrogen mass:
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Interstellar Depletion
- Condensible elements:
‣ Hydrogen: There is no way to have hydrogen contribute appreciably to the grain mass (even 

polyethylene (CH2)n is 86% carbon by mass).
‣ The noble gases (He, Ne, Ar, Kr, Xe…) and nitrogen(N), zinc (Zn), and sulfur (S) are examples 

of species that generally form only rather volatile (휘발성) compounds. They are observed to be 
hardly depleted at all.

‣ The only way to have a dust/H mass ratio of 0.0056 or higher is to build the grains out of the 
most abundant condensible elements: C, O, Mg, Si, S, and Fe (refractory materials; 내열성물질).
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Figure 23.1 Gas-phase abundances (relative to solar) in the diffuse cloud toward
! Oph, plotted versus “condensation temperature” Tcond (see text). Data from Morton
(1975), Savage et al. (1992), Cardelli et al. (1993), Federman et al. (1993), Crinklaw
et al. (1994). Solid symbols: major grain constituents C, Mg, Si, Fe. The C abundance
has been calculated assuming f(C II]2325 Å) = 1.0! 10!7 (see text). The apparent
overabundance of S may be due to observational error, but may also arise because of
S II absorption in the H II region around ! Oph.

star only 138 pc away. Absorption-line spectroscopy has allowed the gas-phase
abundances of many of the elements to be measured. These abundances, relative to
solar, are shown for 20 elements in Fig. 23.1.

Table 23.1 gives the gas-phase abundances for 10 major elements. Determination
of the column density of C II (accounting for most of the gas-phase carbon) relies on
knowledge of the oscillator strength of the weak intersystem line C II]2325 Å. Ta-
ble 23.1 gives the gas-phase carbon abundances estimated using f(C II]2325 Å) =
4.78!10!8 from Morton (2003), but also for f(C II]2325 Å) = 1.0!10!7, as ap-
pears to be required to reconcile abundances estimated using the 2325 Å line (Sofia
et al. 2004) with C II abundances estimated using strong lines (Sofia & Parvathi
2010).

If we assume that the total abundance of each element is equal to the current
best-estimate of the solar abundance, then the difference between solar abundance
and the observed gas-phase abundance will tell us what contribution that element
makes toward the dust mass in the cloud toward ! Oph. This inventory is carried
out in Table 23.1.

Gas-phase abundances (relative to solar) in the 
diffuse cloud toward ζ Oph, plotted versus 
“condensation temperature”

- Abundance Constraints toward ζ Oph
‣ Nitrogen is present at its solar abundance.
‣ C abundance is at ~  35% of its solar value.
‣ O abundance is at ~ 55% of its solar value.
‣ Mg is at ~ 11%.
‣ Si is at ~ 5%.
‣ Fe is at ~ 0.4%.

volatile = easily evaporated at normal temperature

refractory = stubborn or unmanageable



Observed Spectral Features of Dust
• The 2175Å Feature (UV bump)

- The strongest feature in the interstellar extinction curve is a broad “bump” centered at ~ 2175Å where 
there is additional absorption above the rough 1/λ behavior at adjacent wavelengths.
‣ The feature is well-described by a Drude profile.

‣ The central wavelength is nearly identical on all sightlines, but the width varies significantly from one 
region to another.

‣ The strength of the feature is a strong function of the metallicity of the gas, with the UV bump 
appearing slightly weaker in the LMC extinction curve (metallicity ~ 50% solar), but essentially 
absent in the SMC extinction curve (metallicity ~10% solar).

- The strength of this feature implies that the responsible material must be abundant: it must be made of 
H, C, N, O, Mg, Si, S, or Fe.

• Mid-Infrared Silicate Features:
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ternatives have been suggested [e.g., OH! on small silicate grains (Steel & Duley
1987; Bradley et al. 2005)], it seems most likely that the 2175 Å feature is due to
some form of sp2-bonded carbon material.

23.3.2 Silicate Features at 9.7 µm and 18 µm

There is a conspicuous infrared absorption feature at 9.7µm, shown in Fig. 23.2
(and later in Fig. 23.6). Silicate minerals generally have strong absorption reso-
nances due to the Si-O stretching mode near 10µm, and it seems virtually certain
that the interstellar 9.7µm feature is due to silicates. This conclusion is strength-
ened by the fact that the 10µm emission feature is seen in the outflows from
oxygen-rich stars (which would be expected to condense silicate dust) but not in
the outflows from carbon-rich stars. The interstellar 9.7µm feature is seen both
in emission [e.g., in the Trapezium region in Orion (Gillett et al. 1975a)] and in
extinction in the interstellar medium (Roche & Aitken 1984). Sightlines within a
few kpc of the Sun have AV /!!9.7 ! 18.5± 2 (see Table 1 of Draine 2003a), but
sightlines to sources near the Galactic Center have AV /!!9.7 = 9 ± 1 (Roche &
Aitken 1985).

Near 18µm, interstellar dust shows another feature, attributable to the Si-O-Si
bending mode in amorphous silicates.

Figure 23.2 Infrared extinction curve. The 8 to 13µm silicate profile is as observed
toward the Galactic Center by Kemper et al. (2004), but with AV /!!9.7µm = 18.5,
as appropriate for sightlines through diffuse gas within a few kpc of the Sun (see Table
1 of Draine 2003a). The 3.4µm C–H stretching feature is indicated.

IR extinction curve.
[Fig 23.2 Draine]

The fact that the 9.7μm band is fairly featureless, 
unlike what is seen in laboratory silicate crystals, 
suggests that this “astrophysical” silicate is primarily 
amorphous rather than crystalline in nature.



• The 3.4μm Feature
- There is a broad absorption feature at 3.4μm 

that is almost certainly due to the C-H 
stretching mode in “aliphatic” hydrocarbons 
(organic molecules with carbon atoms joined in 
straight or branched chains).
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• As the light in the feature is unpolarized, when the 10µm silicate band
is polarized, the organic material of the 3.4µm resonance cannot reside
in mantles around “normal” silicate cores. The carriers possibly cover
the cores of very small, fast rotating and therefore unaligned particles.

FIGURE 9.11 The optical thickness in the 3.4µm band towards the source
GCS 3 in the Galactic Center (figure 12 in [Chi00]). The feature at 3.28µm
is attributed to the C–H stretch in aromatic hydrocarbons (PAHs).

 
The source GCS3 in the 
Galactic Center
Chiar et al. (2000, ApJ)



Dust Materials
• Silicates

- The two main types of silicates in dust are pyroxene and olivine.
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Carbonaceous grains and silicate grains 119

Si

O

pyroxenes

FIGURE 5.9 Left: The building blocks of silicates are SiO4 tetrahedra.
Middle: In pyroxenes, which have a chain structure, two adjacent tetrahedra
share one oxygen atom; the chain repeats after two tetrahedra. The triangles
represent the SiO4 units. In interstellar grains, the chains are usually not very
regular and linear, as in crystals, but may more resemble worms because of
widespread disorder. Right: Other chain types are realized in silicates, too;
here is a double chain where more than one O atom per tetrahedron is shared
(amphiboles).

– forsterite: Mg2SiO4 and
– fayalite: Fe2SiO4.

To visualize the three-dimensional structure of olivine, imagine that each
Mg2+ or Fe2+ cation lies between six O atoms of two independent tetra-
hedra. These six O atoms are at corners of an octahedron around the
cation. The ratio r of the ionic radius of the metal cations to that of O2!

is about 0.5. Because the O atoms are so big, they form approximately
an hexagonal close packed structure (figure 5.8).

• One, two, three or even all four oxygen atoms are shared among neigh-
boring tetrahedra.
Astronomically relevant is bronzite, (Mg,Fe)SiO3. It is a pyroxene (see
figure 5.9), so two O atoms are common to neighboring SiO4 units. The
pure forms are

– enstatite: MgSiO3 and
– ferrosilite: FeSiO3.

In orthopyroxenes the unit cell is orthorhombic. They dominate at low
temperatures (and when there is no big cation, like Ca2+) and should
therefore be favored in astronomical crystals, but a monoclinic structure
of the unit cell is also possible (so-called clinopyroxenes).

 

olivine - tetrahedra
(building block)

amphiboles

[Left] Olivine is the simplest silicate structure, which is 
composed of isolated tetrahedra bonded to iron and/or 
magnesium ions. No oxygen atom is shared to two 
tetrahedra.

[Middle] In pyroxene, silica tetrahedra are linked together in 
a single chain, where one oxygen ion from each tetrahedra 
is shared with the adjacent tetrahedron.

[Right] Other types are possible. In amphibole structures, 
two oxygen ions from each tetrahedra are shared with the 
adjacent tetrahedra.

In mica structures, the tetrahedra are arranged in 
continuous sheets, where each tetrahedron shares three 
oxygens with adjacent tetrahedra. Fig 5.9 Krugel

[An Introduction to the Physics of Interstellar Dust]



• Polycyclic  Aromatic Hydrocarbons
- The IR emission spectra of spiral galaxies show emission features at 3.3, 6.2, 7.7, 8.6, 11.3, 

and 12.7 μm that are attributable to vibrational transitions in polycyclic aromatic hydrocarbon 
(PAH) molecules.

- PAH molecules are planar structures consisting of carbon atoms organized into hexagonal 
rings, with hydrogen atoms attached at the boundary.
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on the crystalline fraction to <! 2.2% (Kemper et al. 2005).
However, the infrared spectra of some AGB stars (de Vries et al. 2010), as well

as some comets (e.g., Comet Hale-Bopp: Wooden et al. 1999) and disks around
T Tauri stars, (Olofsson et al. 2009) do show fine structure characteristic of crys-
talline silicates. The fine structure indicates that the crystalline material present is
predominantly of an olivine (Mg2xFe2!2xSiO4) structure, with a magnesium frac-
tion x " 0.8.

In crystalline silicates, the Mg/Fe ratio can be diagnosed by well-defined shifts
in spectral features, but determining the Mg/Fe ratio in amorphous silicates is much
more challenging. From the observed interstellar extinction, Kemper et al. (2004)
infer that Mg/(Mg+Fe)" 0.5; Min et al. (2007), on the other hand, conclude that
Mg/(Mg+Fe)" 0.9 .

The overall strength of the silicate absorption feature requires that a substan-
tial fraction of interstellar silicon atoms reside in amorphous silicate grains. See
Henning (2010) for a recent review of silicates in the ISM and around stars.

23.5 Polycyclic Aromatic Hydrocarbons

The infrared emission spectra of spiral galaxies show conspicuous emission fea-
tures at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7µm that are attributable to vibrational
transitions in polycyclic aromatic hydrocarbon (PAH) molecules. PAH molecules
are planar structures consisting of carbon atoms organized into hexagonal rings,
with hydrogen atoms attached at the boundary. Figure 23.7 shows the 5 to 15µm

Figure 23.7 The 5 to 15µm spectrum of the reflection nebula NGC 7023 (Cesarsky
et al. 1996). The IR spectrum of the reflection nebula NGC 

7023 (Cesarsky et al. 1996)
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the 6.2, 7.7, and 11.3µm features, and is presumed to also be emitted by PAHs.2

The 3.3µm feature (not shown in Fig. 23.7 or Fig. 23.8) is produced by the
C–H stretching mode in PAHs. The features at 6.2 and 7.7µm are produced by
vibrational modes of the carbon skeleton. The feature at 8.6µm is associated with
in-plane C–H bending modes, and the features at 11.3, 12.0, 12.7, and 13.55µm are
due to out-of-plane C–H bending modes, of H atoms at “mono,” “duo,” “trio,” or
“quartet” sites, defined by the number of adjacent H atoms. Figure 23.9 shows four
examples of PAHs, with examples of mono, duo, trio, or quartet sites indicated.

Figure 23.9 Structure of four PAHs. Examples of singlet, doublet, trio, and quartet H
atoms are indicated.

Interstellar PAHs may not be as perfect as the examples in Fig. 23.9 – for exam-
ple, one or more of the peripheral H atoms may be missing, perhaps replaced by
radicals such as OH or CN, or one of the carbons may be replaced by a nitrogen
(Hudgins et al. 2005).

A neutral PAH can be photoionized by the h! < 13.6 eV starlight in diffuse
clouds, creating a PAH+ cation, and large PAHs can be multiply ionized. Collision
of a neutral PAH with a free electron can create a PAH! anion. The fundamental
vibrational modes – C–H stretching and bending, and vibrational modes of the
carbon skeleton – remain at nearly the same frequency, although the electric dipole
moment of the different modes can be sensitive to the ionization state. For example,
the “solo” C–H out-of-plane bending mode at 11.3µm is much stronger for neutral
PAHs than for PAH ions, while the 7.7µm vibrational mode of the carbon skeleton
has a much larger electric dipole moment in PAH ions than in neutrals (see Draine
& Li 2007, and references therein).

2Table 1 of Draine & Li (2007) has a list of PAH features found in galaxy spectra.
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FIGURE 5.6 Four types of carbon binding, from top to bottom: sin-
gle bond in ethane (C2H6); double bond in ethylene (C2H4); triple bond in
acetylene (C2H2); resonance structure in benzene (C6H6) with three !-bonds
shared among six C atoms. Symbols: big circles: C atoms; small ones: H
atoms. "-bonds are drawn with full lines, !-bonds broken. In the descrip-
tion of the bond, the type (" or !) is followed by the atomic symbol and the
participating orbitals, for instance, "(Csp2, H1s).

 

Bezene ring:
The simplest type of PAHs.

[Fig 5.6 in Krugel]

Structure of four PAHs.
[Fig 23.9 in Draine]



• Graphite (흑연)
- Graphite is the most stable form of carbon (at low pressure), 

consisting of infinite parallel sheets of sp2-bonded carbon.
‣ A single (infinite) sheet of carbon hexagons is know as graphene. 

Each carbon atom in graphene has three nearest neighbors, with a 
nearest-neighbor distance of 1.421Å.

‣ Crystalline graphite consists of regularly stacked graphene sheets.
‣ The sheets are weakly bound to one another by van der Waals forces.

• Nanodiamond
- Diamond consists of sp3-bonded carbon atoms, with each carbon 

bonded to four equidistant nearest neighbors (enclosed angles are 
109.47o).

- Diamond nanoparticles are relatively abundant in primitive 
meterorites. Based on isotopic anomalies associated with them, we 
know that some fraction of the nanodiamond was of premolar 
origin.

- But, its abundance in the ISM is not known.
• Armorphous carbon
• Hydrogenated amorphous carbon (HAC)
• Fullerenes
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graphite sheets

3.
35

A

FIGURE 5.7 Graphite is formed by sheets of carbon atoms, each with
an hexagonal honeycomb structure. The side length of the hexagons equals
1.42Å; the distance between neighboring sheets is 3.35Å. In analogy to close-
packed spheres (figure 5.8), besides the sheet sequence ABABAB . . . also
ABCABC . . . is possible and combinations thereof.

next higher layer B

bottom layer A
FIGURE 5.8 A ground layer A of equal balls (dashed), each touching its
six nearest neighbors, is covered by an identical but horizontally shifted layer
B (solid). There are two ways to put a third layer on top of B; one only needs
to specify the position of one ball in the new layer; all other locations are then
fixed. a) When a ball is centered at the lower cross, directly over a sphere
in layer A, one obtains by repetition the sequence ABABAB . . .. This gives
an hexagonal close-packed structure (hcp). b) When a ball is over the upper
cross, one gets by repetition a sequence ABCABC . . . and a face-centered
cubic lattice.

 

Structure of diamond.Buckminsterfullerene (C60)



Dust Theory: cross section and efficiency factors
• Cross Sections:

- A dust grain has wavelength-dependent cross sections for absorption and scattering. 
Extinction is the sum of absorption and scattering processes.

- For a population of dust grains with number density  , the extinction cross section is 
related to the extinction coefficient and the dust optical depth by:

• Efficiency Factors:
- The cross section is often expressed in terms of efficiency factors, normalized to the 

geometric cross section of an equal-solid-volume sphere:

nd
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• Albedo and Scattering phase function
- The albedo is defined by

- Scattering is a function of the scattering angle and thus expressed in terms of the 
differential scattering cross section:

- The scattering asymmetry factor is defined by:

- The scattering phase function can be described by the Rayleigh function or Henyey-
Greenstein function:

‣ The Henyey-Greestein phase function is only introduced for computational convenience and 
has no physical meaning.
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• Scattering Theory: How to calculate the theoretical extinction curve.
- Mie scattering (Gustave Mie), the general solution for (absorbing or non-absorbing) 

spherical particles without a particular bound on particle size. ==> complex

• A model for interstellar dust must specify the composition of the dust as well as 
the geometry (shape and size) of the dust particles.
- If the model is to reproduce the polarization of starlight, at least some of the grains 

should be nonspherical and aligned.
- However, it is not yet possible to arrive at a unique grain model.

Theoretical Model of the Extinction Curve
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• A class of models that has met with some success assumes the dust to consist of 
two materials: (1) amorphous silicate, and (2) carbonaceous material.
- Mathis, Rumpl, and Nordsieck (1977; MRN) found that models using two componets, 

silicate and graphite spheres with power-law size distributions, could reproduce the 
observed extinction from the near-IR to the UV (λ = 0.11μm - 1μm).

‣ Graphite was a necessary component. The other could be silicon carbide (SiC), magnetite 
(Fe3O4), iron, olivine, or pyroxene.

- Draine and Collaborators
‣ Draine & Lee (1984) presented self-consistent dielectric functions for graphite and silicate, 

and showed that the graphite-silicate model appeared to be consistent with what was known 
about dust opacities in the Far-IR. (extended the MRN model to the Far-IR).

- Zubko et al. (2004)
‣ The size distribution of the “BARE-GR-S” model of Zubko et al. (2004), composed of bare 

graphite grains, bare silicate grains, and PAHs, differs significantly from the WD01 size 
distribution.

Models for Interstellar Dust
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Figure 23.10 Size distributions for silicate and carbonaceous grains for dust models
from (a) Weingartner & Draine (2001a), (b) Zubko et al. (2004), and (c) Draine &
Fraisse (2009). The quantity plotted, (4!a3/3)dn/d ln a is the grain volume per H
per logarithmic interval in a. In each case, tick-marks indicate the “half-mass” radii
for the silicate grains and carbonaceous grains.

the large amount of oxygen that is missing from the gas. One possibility is that the
oxygen is somehow associated with the hydrocarbon material. The large variations
in gas-phase oxygen abundance, in regions where ices are not present, are, at this
time, not understood, and the dust models do not pretend to account for them.

The size distribution of the “BARE-GR-S” model of Zubko et al. (2004, herafter
ZDA04), composed of bare graphite grains, bare silicate grains, and PAHs, differs
significantly from the WD01 size distribution. There is much less mass in grains
with radii a >! 0.2µm – the half-mass radius is only 0.06µm for carbonaceous
grains, and 0.07µm for silicate grains. Both numbers are significantly smaller than

Size distributions for silicate and carbonaceous grains 
for dust models from (a) Weingarner & Draine (2001), 
(b) Zubko et al. (2004), and (c) Draine & Fraisse (2009).

In each case, tick-marks indicate the “half-mass” radii 
for the silicate grains and carbonaceous grains.

[Fig 23.10 Draine]

A “typical” grain size may be taken as the half-mass 
grain size , defined so that half the mass of dust is in 
grains of radius  or greater.

a0.5
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Temperatures of Interstellar Grains
• The “temperature” of a dust grain is a measure of the internal energy present in 

vibrational modes and possibly also in low-lying electronic excitations.

• Grain Heating
- In diffuse regions, where ample starlight is present, grain heating is dominated by 

absorption of starlight photons.
- In dense dark clouds, grain heating can be dominated by inelastic collisions with 

atoms or molecules from the gas (grain-grain collisions are too infrequent).

• When an optical or UV photon is absorbed by a grain, an electron is raised into 
an excited electronic state; three cases can occur.
- If the electron is sufficiently energetic, it may be able to escape from the solid as a 

“photoelectron.”
- In most solids or large molecules, however, the electronically excited state will 

deexcite nonradiatively, with the energy going into many vibrational modes - i.e., 
heat.
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Temperature of Large Grains and Small Grains
• Large Grains

- Grains with radii                    , can be considered “classical.” These grains are macroscopic 
- absorption or emission of single quanta do not appreciably change the total energy in 
vibrational or electronic excitations.

- The temperature of a large dust grain can be obtained by equating the heating rate to the 
cooling rate.

• Very Small Grains
- For ultra-small particles, ranging down to large molecules, quantum effects are important 

(this include the “spinning” dust grains responsible for microwave emission).
- When a dust particle is very small, its temperature will fluctuate. This happens because 

whenever an energetic photon is absorbed, the grain temperature jumps up by some not 
negligible amount and subsequently declines as a result of cooling.

- To compute their emission, we need their optical and thermal properties.
‣ The optical behavior depends in a sophisticated way on the the complex index of refraction and 

on the particle shape.
‣ The thermal behavior is determined more simply from the specific heat.

- We need to calculate the distribution function of temperature.
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Heating & Cooling
• Radiative Heating rate (for a single particle):

- the rate of heating of the grain by absorption of radiation can be written.

Here,                is the number density of photons; the photons move at the speed of 
light    and carry energy  .

• Radiative Cooling rate (for a single particle)
- Kirchhoff’s Law in LTE

- Grains lose energy by infrared emission at a rate:

c
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- In general, the absorption cross section in the far-IR can be approximated as a 
power-law in frequency,

then the Planck average can be obtained analytically:
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Figure 24.1 Absorption efficiency Qabs(!) divided by grain radius a for spheres of
amorphous silicate (left) and graphite (right). Also shown are power-laws that provide
a reasonable approximation to the opacity for ! >! 20µm.

“luminesce”: the excited state will decay radiatively, emitting a photon of energy
less than or equal to the energy of the absorbed photon.3 In most solids or large
molecules, however, the electronically excited state will deexcite nonradiatively,
with the energy going into many vibrational modes – i.e., heat.

Ignoring the small fraction of energy appearing as luminescence or photoelec-
trons, the rate of heating of the grain by absorption of radiation can be written

!
dE

dt

"

abs

=

#
u!d!

h!
" c" h! "Qabs(!)"a

2 . (24.1)

Here, u!d!/h! is the number density of photons with frequencies in [!, ! + d!];
the photons move at the speed of light c and carry energy h!; and the grain has
absorption cross section Qabs(!)"a2.

Figure 24.1 shows Qabs(#)/a (which is proportional to the absorption cross sec-
tion per unit volume) for graphite and silicate spheres with radii a = 0.01, 0.1, and

3Luminescence is referred to as “fluorescence” when it occurs promptly, and “phosphorescence”
when it involves slow decay from a metastable level.

[Fig 24.1, Draine]
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Using the power-law approximation is valid 
because we are interested only in the Far-IR.
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Equilibrium Temperature
• Steady state temperature of large grains

- The balance equation between the heating and cooling is:

- As a result, the temperature of a large grain is given by:

- Implications
‣ If the ISRF is doubled, the grain temperature is increases by ~12%. In order to increase 

the temperature by a factor of 2, 64 times stronger radiation is required.
‣ There is also little dependence of the grain temperature on grain radius. Therefore, 

large grains can be regarded to be grains with a single size.
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Td ⇡ 16.4 (a/0.1µm)�1/15 U1/6 K, silicate (0.01 . a . 1µm)

⇡ 22.3 (a/0.1µm)�1/40 U1/6 K, graphite (0.005 . a . 0.15µm)
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interstellar radiation field in 
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Stochastic Heating of Very Small Grains
- Temperature History:
‣ Two effects become increasingly important with diminishing grain size: (1) the heat 

capacity of the dust becomes sufficiently small that single-particle hits can cause large 
spikes in the dust temperature and (2) the absorption rate with photons becomes 
sufficiently low that the cooling of the dust between successive collisions becomes 
important.

‣ Therefore, for very small dust grains, it is clear that one cannot speak of a 
representative grain temperature under these conditions - one must instead us a 
temperature distribution function.
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Monte-Carlo simulations of the 
temperature fluctuation: Temperature 
versus time during 105 s (~1 day) for 
five carbonaceous grains in two 
radiation fields: the local starlight 
intensity (U = 1; left panel) and 102 
times the local starlight intensity (U = 
102; right panel). The importance of 
quantized stochastic heating is 
evident for the smallest sizes.

[Fig 24.5, Draine]



Homework (due date: 09/30)
Problem [1]
Look up (google) the absolute magnitude of the Sun at V band. What 
would the apparent magnitude be for a solar twin at the Galactic center? 
What would it be with dust assuming that the extinction along the 
Galactic plane is 1 mag/kpc?

Problem [2]
If the dust extinction  were a power law in the wavelength,   ,  
what would be  as a function of ?
What value of  would give ?

Aλ Aλ ∝ λ−α

RV α
α RV = 3.1
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• Problem [3]
- Suppose that we observe a radio-bright QSO and detect absorption lines from Milky 

Way gas in its spectra. The 21 cm line is seen in optically-thin absorption with a 
profile with FWHM(H I) = 10 km s-1. We also have high-resolution observations of the 
Na I doublet lines referred to as D1 (5898Å) and D2 (5892Å) in absorption. The Na I 
D2 5892Å line width is FWHM(Na I D2) = 5 km s-1. The line profiles are the result of a 
combination of thermal broadening plus turbulence with a Gaussian velocity 
distribution with one-dimensional velocity dispersion             .
You will want to employ the following theorem: If the turbulence has a Gaussian 
velocity distribution, the overall velocity distribution function of atoms of mass M will 
be Gaussian, with one-dimensional velocity dispersion:

- If the Na I D2 line is optically thin, estimate the kinetic temperature T and             .
Note hat for a Gaussian function,                                  .            
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