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What is the ISM?
- The ISM is anything not in stars. (D. E. Osterbrock)
- Just what it says: The stuff between the stars in and around galaxies, especially our own Milky Way.
- Gas, dust, radiation, cosmic rays, magnetic fields.

Why do we study the ISM?
- The ISM is the most beautiful component of galaxies. (B. T. Draine)
- The ISM is the most important component of galaxies, for it is the ISM that is responsible for forming the 

stars that are the dominant sources of energy.

The objective of studying the ISM is to understand:
- how the ISM is organized and distribution in the Milky Way and other galaxies
- what are the conditions (temperature, density, ionization, etc) in different parts of it
- how it dynamically evolves.
- Eventually, we would like to understand star formation, the process responsible for the very existence of 

galaxies as luminous objects.

Textbook
- Interstellar and Intergalactic Medium (Barbara Ryden & Richard Pogge)
- Physics of Interstellar and Intergalactic Medium (Bruce T. Draine)
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Baryonic Matter
Definitions:
• Baryons = protons, neutrons and matter composed of them (i.e. 

atomic nuclei)
• Leptons = electrons, neutrinos
• In astronomy, however, the term ‘baryonic matter’ is used more 

loosely to refer to matter that is made of protons, neutrons, and 
electrons, since protons and neutrons are always accompanied by 
electrons. Neutrinos, on the other hand, are considered non-baryonic 
by astronomers. (Note that black holes are also included as baryonic 
matter.)
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The mass-energy density
Relative contribution of baryons, dark matter, and dark energy to the 
mass-energy density of the current universe (Planck 2015)

- The majority of the universe is made of dark energy and dark matter.
- Dark energy is ignored until we discuss cosmic evolution.
- Dark matter is important only because it provides potential wells for baryonic matter to 

be trapped in. 2 Chapter 1. Introduction 

Baryonic Matter 
Dark Matter 
Dark Energy 

Figure 1. 1: Relative contribution of baryons, dark matter, and dark energy to 
the mass-energy density of the current universe. [Planck 2015 data] 

mass-energy content.) About 1 % is in the diffuse gas of the interstellar medium 
(ISM), filling the volume between stars within a galaxy. About 5% is in the 
gas of the circumgalactic medium (CGM), bound within the dark halo of a 
galaxy, but outside the main distribution of stars. Another 4% or so is in the 
gas of the intracluster medium (ICM) of clusters of galaxies, bound to the 
cluster as a whole, but not to any individual galaxy. About 40% of the baryonic 
matter present today is in the diffuse intergalactic medium (DIM), made of low 
density, mostly photoionized gas, at temperatures of T < 105 K. The final ~43% 
of the baryonic component of the universe is in the warm-hot intergalactic 
medium (WHIM), made of shock-heated gas at temperatures 105 K < T < 107 K. 
(All the percentages in this paragraph are approximate, especially for the poorly 
understood intergalactic medium.) 

This book, grandly entitled Interstellar & Intergalactic Medium, deals with 
diffuse baryonic gas that hasn't curdled into stars, brown dwarfs, planets, stellar 
remnants, or other dense lumps. Thus, though we reject the stellar chauvinism 
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The baryonic mass density
The baryonic mass density in the 
current universe

- 7% : stars + compact objects (such as 
stellar remnants, brown dwarfs, and planets)

- 2% : interstellar medium (ISM), filling the 
volume between stars within a galaxy.

- 5%: circumgalactic medium (CGM), bound 
within the dark halo of a galaxy, but outside 
the main distribution of stars.

- 4% : in the hot gas of the intracluster 
medium (ICM) of clusters of galaxies, bound 
to the cluster as a whole, but not to any 
individual galaxy.

- 38%: diffuse intergalactic medium (DIM), 
made of low density, mostly photo-ionized 
gas (T < 105 K).

- 44% : warm-hot intergalactic medium 
(WHIM), made of shock-heated gas (105 K < 
T < 107 K).
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Mass flow of the baryons in galaxies
- At early times, the baryonic mass in galaxies was primarily in the gas of the ISM. As 

galaxies evolve, the ISM is gradually converted to stars, and some part of the 
interstellar gas may be ejected from the galaxy in the form of galactic winds, or in 
some cases stripped from the galaxy by the IGM.

- About 10% of the baryons in the Milky Way are to be found in the ISM.

2 CHAPTER 1

Figure 1.1 Flow of baryons in the Milky Way. See Table 1.2 for the ISM mass budget,
and §42.4 for the value of the star formation rate in the Milky Way.

• Electromagnetic radiation: Photons from many sources, including the cos-
mic microwave background (CMB); stellar photospheres (i.e., starlight); ra-
diation emitted by interstellar ions, atoms, and molecules; thermal emission
from interstellar grains that have been heated by starlight; free–free emission
(“bremsstrahlung”) from interstellar plasma; synchrotron radiation from rel-
ativistic electrons; and gamma rays emitted in nuclear transitions and π0

decays.

• Interstellar magnetic field: The magnetic field resulting from electric cur-
rents in the interstellar medium; it guides the cosmic rays, and in some parts
of the ISM, the magnetic field is strong enough to be dynamically important.

• The gravitational field: This is due to all of the matter in the galaxy – ISM,
stars, stellar remnants, and dark matter – but in some regions, the contribution
of the ISM to the gravitational potential leads to self-gravitating clouds.

• The dark matter particles: To the (currently unknown) extent that these
interact nongravitationally with baryons, electrons, or magnetic fields, or ei-
ther decay or annihilate into particles that interact with baryons, electrons, or
magnetic fields, these are properly studied as part of the interstellar medium.
The interactions are sufficiently weak that thus far they remain speculative.

There is of course no well-defined boundary to a galaxy, and all of the preceding
constituents are inevitably present between galaxies – in the intergalactic medium
(IGM) – and subject there to the same physical processes that act within the inter-
stellar medium. The purview of this book, therefore, naturally extends to include
the intergalactic medium.

Flow of baryons in the Milky Way.
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Figure 21.1 Top: “Pillars of creation” in the Eagle Nebula, a cold molecular cloud undergoing
active star formation and illuminated by recently formed massive stars. Credit: NASA, ESA,
and the Hubble Heritage Team (STScI/AURA). Bottom: Illustration of formation of solar-type
and massive stars from interstellar cloud, showing the evolution toward end-stage remnants.
Credit: NASA and the Night Sky Network.

density – are all somewhat rough, and can even vary significantly through the Galaxy.
Nonetheless, when averaged over the entire Galaxy, the characteristic ISM number
density n ∼ 1 cm−3 is indeed comparable to this local estimate. However, within this
broad average, there are wide variations, reflecting a highly complex, heterogeneous,
and dynamic ISM, as discussed next.

21.2 Cold–Warm–Hot Phases of Nearly Isobaric ISM

A key factor in the wide variation in density of the ISM is the wide variation in its
temperature. Roughly speaking, gas in the ISM can be characterized in three

Credit: NASA, Night Sky Network



ISM = dust + gas
Dust
• dust = tiny grains of solid material

- Historically, courses on the ISM have dealt with “non-stellar stuffs.”
- The dust and gas strongly influence each other.

✦ Dust reprocesses starlight, altering the radiation field passing through the gas.
✦ Dust is made of refractory elements, so creating dust alters the chemical 

abundances of the surrounding gas.
✦ Dust grains are a leading source of free electrons in the neutral interstellar gas.
✦ Gas molecules form on the surfaces of dust grains.

Gas
- Interstellar gas occupies the same region as stars.
- Stars are made from interstellar gas, and emit stellar winds into the ISM over the 

course of their lives. When massive stars reach the end of their lifetimes, they inject 
enriched gas at high speeds into the surrounding interstellar gas.

- Stars emit photons that are capable of exciting the interstellar gas. The emission lines 
have strong diagnostic power, enabling us to determine densities, temperatures, and 
ionization states of interstellar gas.
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Structure of the Milky Way
4 CHAPTER 1

Figure 1.2 Structure of the Milky Way, viewed edge-on. The dots represent a sampling
of stars; the volume containing most of the interstellar gas and dust is shaded. Compare
with the infrared image of the stars in Plate 1, the dust in Plate 2, and various gas
components in Plates 3–5.

1.1 Organization of the ISM: Characteristic Phases

In a spiral galaxy like the Milky Way, most of the dust and gas is to be found within
a relatively thin gaseous disk, with a thickness of a few hundred pc (see the diagram
in Fig. 1.2 and the images in Plates 1–5), and it is within this disk that nearly all of
the star formation takes place. While the ISM extends above and below this disk,
much of our attention will concern the behavior of the interstellar matter within a
few hundred pc of the disk midplane.

The Sun is located about 8.5 kpc from the center of the Milky Way; as it happens,
the Sun is at this time very close to the disk midplane. The total mass of the Milky
Way within 15 kpc of the center is approximately 1011M!; according to current
estimates, this includes ∼ 5 × 1010M! of stars, ∼ 5 × 1010M! of dark matter,
and ∼ 7× 109M! of interstellar gas, mostly hydrogen and helium (see Table 1.2).
About 60% of the interstellar hydrogen is in the form of H atoms, ∼20% is in the
form of H2 molecules, and ∼20% is ionized.

The gaseous disk is approximately symmetric about the midplane, but does not
have a sharp boundary – it is like an atmosphere. We can define the half-thickness

PLATE 1. All-sky image of ∼ 5×108 stars detected by the 2MASS survey: Blue = 1.2µm,
green = 1.65µm, and red = 2.2µm. This Hammer equal-area projection has the Galactic Center
[(!, b) = (0, 0)] at the center of the image, ! = 180◦ at left and right, with ! increasing from
right to left. The stars are in a disk-like geometry, and in a stellar “bulge” concentrated around
the center. The ISM (seen by the obscuration and reddening produced by dust) is primarily
in a disk-like geometry. The LMC and SMC are visible below and to the right of center.
This mosaic image was obtained as part of the Two Micron All Sky Survey (2MASS), a joint
project of the Univ. of Massachusetts and IPAC/Caltech, funded by NASA and the NSF. Credit:
2MASS/J. Carpenter, T.H. Jarrett, & R. Hurt.

0.0 0.5 1.0 1.5 2.0 2.5–1.0 –0.5 0.0 0.5 1.0 1.5 2.0 2.5

log10(MJy/sr)
PLATE 2. The 100µm sky, after subtracting the emission from warm interplanetary dust
particles within the Solar system. The LMC and SMC are visible at (!, b) = (280◦,−33◦)
and (303◦,−44◦). The bright emission near ! = 80◦ (in Cygnus) corresponds to dust in the
Perseus spiral arm (see Fig. 11.1) and the Cygnus OB2 association, at a distance of ∼1.45 kpc.
Based on observations with the IRAS and COBE satellites. Image courtesy of D. Finkbeiner.

PLATE 1. All-sky image of ∼ 5×108 stars detected by the 2MASS survey: Blue = 1.2µm,
green = 1.65µm, and red = 2.2µm. This Hammer equal-area projection has the Galactic Center
[(!, b) = (0, 0)] at the center of the image, ! = 180◦ at left and right, with ! increasing from
right to left. The stars are in a disk-like geometry, and in a stellar “bulge” concentrated around
the center. The ISM (seen by the obscuration and reddening produced by dust) is primarily
in a disk-like geometry. The LMC and SMC are visible below and to the right of center.
This mosaic image was obtained as part of the Two Micron All Sky Survey (2MASS), a joint
project of the Univ. of Massachusetts and IPAC/Caltech, funded by NASA and the NSF. Credit:
2MASS/J. Carpenter, T.H. Jarrett, & R. Hurt.

0.0 0.5 1.0 1.5 2.0 2.5–1.0 –0.5 0.0 0.5 1.0 1.5 2.0 2.5

log10(MJy/sr)
PLATE 2. The 100µm sky, after subtracting the emission from warm interplanetary dust
particles within the Solar system. The LMC and SMC are visible at (!, b) = (280◦,−33◦)
and (303◦,−44◦). The bright emission near ! = 80◦ (in Cygnus) corresponds to dust in the
Perseus spiral arm (see Fig. 11.1) and the Cygnus OB2 association, at a distance of ∼1.45 kpc.
Based on observations with the IRAS and COBE satellites. Image courtesy of D. Finkbeiner.

2MASS survey  stars
blue = 1.2 μm, green = 1.65 μm. red = 2.2 μm

∼ 5 × 108 IRAS+COBE
100 μm dust emission (Jy = 10-23 erg s-1 cm-2 Hz-1)
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• Total mass of the Milky Way ~ 
- stars   (Licquia & Newman, 2015)

- dark matter  

- interstellar gas  (mostly H + He)
✦ Hydrogen mass:

neutral H atoms ~ 60%, H2 molecules ~ 20%, ionized H+ atoms ~ 20%

• At the Sun’s distance ( ) from the galactic center,
- the total mass surface density of gas is 

- the mass surface density of stars is .

1011M⊙ (M⊙ = 1.989 × 1033g)
∼ 6 × 1010M⊙

∼ 5 × 1010M⊙

∼ 7 × 109M⊙

d ∼ 8.5 kpc
Σgas ≈ 10M⊙ pc−2

Σ* ≈ 50M⊙ pc−2 ∼ 5Σgas
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Table 1.2 Mass of H II, H I, and H2 in the Milky Way (R < 20 kpc)

Phase M(109 M!) fraction Note
Total H II (not including He) 1.12 23% see Chapter 11
Total H I (not including He) 2.9 60% see Chapter 29
Total H2 (not including He) 0.84 17% see Chapter 32

Total H II, H I and H2 (not including He) 4.9
Total gas (including He) 6.7

z1/2 of the disk to be the distance z above (or below) the plane where the density has
dropped to 50% of the midplane value. Observations of radio emission from atomic
hydrogen and from the CO molecule indicate that the half-thickness z1/2 ≈ 250 pc
in the neighborhood of the Sun. The thickness 2z1/2 ≈ 500 pc of the disk is only
∼6% of the ∼8.5 kpc distance from the Sun to the Galactic center – it is a thin
disk. The thinness of the distribution of dust and gas is evident from the 100µm
image showing thermal emission from dust in Plate 2, and the H I 21-cm line image
in Plate 3.

The baryons in the interstellar medium of the Milky Way are found with a wide
range of temperatures and densities; because the interstellar medium is dynamic,
all densities and temperatures within these ranges can be found somewhere in the
Milky Way. However, it is observed that most of the baryons have temperatures
falling close to various characteristic states, or “phases.” For purposes of discus-
sion, it is convenient to name these phases. Here we identify seven distinct phases
that, between them, account for most of the mass and most of the volume of the
interstellar medium. These phases (summarized in Table 1.3) consist of the follow-
ing:

• Coronal gas: Gas that has been shock-heated to temperatures T >∼ 105.5 K
by blastwaves racing outward from supernova explosions. The gas is col-
lisionally ionized, with ions such as OVI (≡ O5+) present. Most of the
coronal gas has low density, filling an appreciable fraction – approximately
half – of the volume of the galactic disk. The coronal gas regions may have
characteristic dimensions of ∼ 20 pc, and may be connected to other coronal
gas volumes. The coronal gas cools on ∼Myr time scales. Much of the vol-
ume above and below the disk is thought to be pervaded by coronal gas.1 It
is often referred to as the “hot ionized medium,” or HIM.

• H II gas: Gas where the hydrogen has been photoionized by ultraviolet pho-
tons from hot stars. Most of this photoionized gas is maintained by radiation
from recently formed hot massive O-type stars – the photoionized gas may be
dense material from a nearby cloud (in which case the ionized gas is called
an H II region) or lower density “intercloud” medium (referred to as diffuse
H II).

1This gas is termed “coronal” because its temperature and ionization state is similar to the corona of
the Sun.

https://ui.adsabs.harvard.edu/abs/2015ApJ...806...96L/abstract


• Our Galaxy
- Total mass of the ISM:   (About 1% of the mass is in the form of interstellar 

dust.)

- Total mass of stars: 

- ISM-to-stellar-mass ratio: 

• Small Magellanic Cloud (a gas-rich irregular galaxy)
-

-

-  (dark matter dominated)

-

• Large Magellanic Cloud
-

-

-  (dark matter dominated)

-

• M87 (a giant elliptical galaxy)
-  in its central regions (within r = 5 kpc of the galaxy’s center)

MISM ≈ 7 × 109M⊙

M* = 6 × 1010M⊙

MISM/M* ≈ 0.12

MISM ≈ 4.2 × 108M⊙

M* ≈ 3.1 × 108M⊙

Mdark matter ≈ 1.4 − 3 × 109M⊙

MISM/M* ≈ 1.4

MISM ≈ 5 × 108M⊙

M* ≈ 2.7 × 109M⊙

Mdark matter ≈ 3 × 1010M⊙

MISM/M* ≈ 0.19

MISM/M* < 0.02
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Abundance of elements in the local ISM
• protosolar abundance of elements (ppm = parts per million)

H : 91.1% by number
He: 8.8%
others: 0.1%

The interstellar gas is primarily H and 
He resisting from the Big Bang.

A small amount of heavy elements was 
produced as the result of the return to 
the ISM of gas that has been processed 
in stars and stellar explosions.

M(Z > 2)/MH = 0.021; M(total)/MH = 1.406
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Table 1.2 Solar abundance of elementsa

ppm percentage atomic 1st ionization
Element by number by mass number energy [eV]

hydrogen (H) 910 630 71.10% 1 13.60
helium (He) 88 250 27.36% 2 24.59
oxygen (O) 550 0.68% 8 13.62
carbon (C) 250 0.24% 6 11.26
neon (Ne) 120 0.18% 10 21.56
nitrogen (N) 75 0.08% 7 14.53
magnesium (Mg) 36 0.07% 12 7.65
silicon (Si) 35 0.08% 14 8.15
iron (Fe) 30 0.13% 26 7.90
sulfur (S) 15 0.04% 16 10.36

a Data from Lodders 2010

the giant elliptical galaxy M87 has Mism/M! < 0.02 in its central regions (within
r = 5 kpc of the galaxy’s center).

The chemical composition of the ISM in our galaxy is not homogeneous;
in addition, the mean chemical composition changes with time. However, we
have a fairly good idea of the composition of one particular patch of the ISM
at one particular time. By studying the composition of the Sun’s atmosphere,
supplemented by information from primitive meteorites, we can deduce the
relative abundance of elements in the protosolar nebula from which the Sun
formed 4.57 billion years ago. The resulting solar abundance for the 10 most
abundant elements is shown in Table 1.2, along with their atomic numbers and
first ionization energies. Of the atoms from which the Sun formed, about 91.1%
were hydrogen and 8.8% were helium. This means that all the heavier elements
in the periodic table together contributed only ∼ 0.1% of the atoms. Astronomers
frequently refer to elements heavier than helium as “metals,” even though they
are not all metallic by the standard chemist’s definition; we will follow this
convention. The solar metallicity Z" is the fraction of the Sun’s initial mass
made of “metals”; the numbers in Table 1.2 yield Z" = 0.015. Although different
regions in the ISM and IGM have different mixes of elements, we will use Z"
as our benchmark metallicity and the relative abundances in Table 1.2 as our
benchmark blend of metals.

In a gas of neutral atoms, the total number density of gas particles at solar
abundance is

n = nH + nHe + nO + · · · ≈ 1.10nH [atomic]. (1.1)

However, in the limit that the hot gas in the solar abundance is completely ionized,
the total number density is

n = 2nH + 3nHe + 9nO + · · · ≈ 2.30nH [ionized], (1.2)

data from Lodder (2010)
cf. Asplund (2009)

solar metallicity:

Z⊙ = M(Z > 2)/Mtot ≈ 0.013 − 0.02

X, Y, Z are often used 
to denote the mass 
fractions of hydrogen, 
helium, and metals, 
respectively.

<latexit sha1_base64="bIigEWHJzECNKUnAdZcT5d0tc9U="></latexit>

X! ≈ 0.7380

Y! ≈ 0.2485

Z! ≈ 0.0134

Anders & Grevesse (1989) Asplund (2009)
<latexit sha1_base64="IaA/23HxBJdULG2treTS/GSe+R0="></latexit>

X! ≈ 0.70

Y! ≈ 0.28

Z! ≈ 0.02

- By studying the composition of the Sun’s 
atmosphere, supplemented by information from 
primitive meteorites, we can obtain the 
abundance of elements in the protosolar nebula 
from which the Sun formed 4.57 billion years 
ago.

- Solar metallicity  is the fraction of the Sun’s 
initial mass made of “metals”

Z⊙



< History of ISM Studies >
Aether

- Early Greek astronomers believed that the volume inside the celestial sphere was filled with a 
diffuse aether, or quintessence.

- For centuries, the idea of a space-filling aether still lingered. Even Issac Newton postulated “an 
aether medium,” which is so rare and subtle as to be undetectable, and strongly elastic.

Interstellar material
- The idea of visible, interstellar material arose in the 18th century, with the study of nebulae (Latin 

for “clouds” or “fog”). “Nebula” was used to mean any extended luminous object.
- William Herschel resolved some nebulae into stars. In the 1860s, William Huggins demonstrated 

that some nebulae have emission line spectra, rather than the absorption line spectra.
- Hypothetical elements:

✦ Huggins attributed 4959Å, observed in the Cat’s Eye Nebula, to “nebulum” (or “nebulium”), 
and 5007Å line to Nitrogen => Ira Bowen discovered that these two lines were actually 
forbidden [O III] lines.

✦ aurorium : 5577Å in the spectrum of the aurora borealis => turned out to be [O I]
✦ coronium: 5303Å in the spectrum of the Sun’s corona => Fe XIV

1.1 History of Interstellar Studies 9 
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Figure 1.3: The emission line spectrum of the Cat's Eye Nebula, seen by William 
Huggins on 1864 August 29. This spectrum covers the blue-green portion of the 
visible range, roughly from the Fraunhofer F line (H~, at 4861A) to Fraunhofer 
b (a blend of Mg and Fe lines at 5173A). [Huggins, W. 1864, Phil. Trans. R. Soc., 
v. 154, Plate X, Fig. 5] 

attributed to "coronium", proved to be due to Fe xiv.) 
Although many unresolved nebulae proved to be made of diffuse gas, there 

were a few surprises in store. For instance, when Vesto Slipher, in 1912, took the 
spectrum of the nebulosity surrounding the Pleiades (Figure 6.3 ), he expected 
to find an emission line spectrum. Instead, he found a continuous spectrum 
with absorption lines superposed. Slipher conjectured (correctly) that he was 
seeing light from the stars of the Pleiades, reflected from "fragmentary and 
disintegrated matter", or dust. 

The existence of dust had already been hinted at by the existence of dark 
nebulae, opaque objects like Barnard 68 (Figure 1 .4) that block the light of 
background stars. Dark nebulae were originally thought to be holes in the 
distribution of stars ("ein Loch im Himmel", to use William Herschel's words), 
but they were later recognized as being clouds of obscuring material. Dark 
nebulae are prominent in the brightest regions of the Milky Way. 

At the beginning of the 20th century, bright nebulae like the Cat's Eye Nebula 
were thought of as isolated clouds in otherwise empty, or nearly empty, space. An 
additional population of interstellar gas, invisible to the eye, was revealed by the 
work of Johannes Hartmann. In the year 1901, Hartmann began a study of Delta 

the Cat’s Eye Nebula (HST image)
spectrum of the Cat’s Eye Nebula
(W. Huggins)

[OIII] 4959ÅHβ 4681Å

[OIII] 5007Å
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Interstellar Dust
- The existence of dust had been hinted at by the 

presence of dark nebulae (Barnard 68).
✦ The dark nebulae were originally thought to be 

due to a lack of stars, but later recognized as 
being clouds of obscuring material.

- Vesto Slipher (1912) discovered that the spectrum 
of the nebulosity surrounding the Pleiades shows a 
continuum with absorption lines superposed.
✦ He correctly conjectured that this is light from 

stars, reflected from “fragmentary and 
disintegrated matter”, or dust.

148 Chapter 6. Interstellar Dust 

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 
& surrounding 
reflection nebulae

Barnard 68 (at d ~ 150 pc), in the 
constellation Ophiuchus. (credit: ESO)
(top) optical image
(bottom) infrarad image
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2.5 SOME INTERSTELLAR REGIONS IDENTIFIED: INTERSTELLAR
CLOUDS

What is the picture of the interstellar medium that emerges from these various
observations? We know that the medium is filled with a gas of mean density
about 106 atoms m−3 and that it is certainly not uniform, but very clumpy. The
gas is mainly hydrogen; about 10% of the atoms are helium; and a further 0.1%
of atoms are carbon, nitrogen, or oxygen. Other elements are even less abundant.
Mixed with the gas are the dust grains. The ratio (by number) of gas atoms to
dust grains of about 1012 seems fairly uniform for the regions where measure-
ments can be made.

The range of densities and temperatures found in the interstellar medium is
very large. Some extended regions have very low densities, about 103 atoms m−3,
and very high temperatures, about 106 K, these very high temperatures being
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Interstellar gas that is invisible to the eye
- Initially, bright nebulae were thought of as isolated clouds in (nearly) empty space.
- In 1901, Johannes Hartmann found:

✦ the spectrum of binary Delta Orionis (a spectroscopy binary system) shows a 
narrow calcium absorption line (at ) that is in stationary, in addition to the 
time-varying, broad absorption lines due to the orbital motion of the stars.

✦ the Ca absorption line was caused by a gas cloud somewhere along the line of 
sight to Delta Orionis.

- Later, similar “stationary lines” were found along the sightlines to many other bright 
stars.
✦ The lines were all narrow, and had strengths correlated with the distance to the 

background star.
✦ Using higher resolution spectrographs, they had been revealed to have complex 

structures, consisting of many narrower lines with different radial velocities.
✦ This led to the realization that the ISM has a complex structure, consisting neither 

of smooth uniform gas nor of isolated blobs drifting about in a near-vacuum.

λ3934
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Ionized nebulae
• H II regions

- are regions of interstellar gas heated and photoionized by 
embedded O or B-type stars with .

- In 1939, Bengt Stromgren developed the idea that bright 
nebulae with strong emission lines are regions of photo 
ionized gas, surrounding hot star or other  source of ionizing 
photons.

- ex) Orion Nebula

• Planetary nebulae
- are regions of ejected stellar gas heated and photoionized 

by the hot remnant stellar core, which is becoming a white 
dwarf.

- ex) Ring Nebula, Cat’s Eye Nebula
- Ring Nebula:

✦ central region: blue color, from He II 4686.
✦ middle region: blue-green colors from [O III] 4959, 5007
✦ outer reddish colors from H𝛼 6563, [N II] 6548, 6583

Teff > 25,000 K

1.1 History of Interstellar Studies 11 

Figure 1.5: The Orion Nebula (d ~ 410pc) as imaged in optical and near IR by 
ACS on the Hubble Space Telescope. The primary sources of ionizing photons in 
the Orion Nebula are the 4 hot stars of the Trapezium. [NASA, ESA, M. Robberto, 
and the HST Orion Treasury Project Team] 

consists neither of smooth uniform gas nor of isolated ellipsoidal blobs drifting 
about in a near-vacuum. 

In 1939, the Danish astronomer Bengt Stromgren developed the idea that 
bright nebulae with strong emission line spectra are regions of photoionized 
gas, surrounding a hot star or other source of ionizing photons. The idealized 
Stromgren sphere will be discussed in Chapter 4, when we deal with the physics 
of ionized hydrogen. At least three types of bright ionized nebulae are recognized 
in the interstellar medium. First, H II regions are regions of interstellar gas 
heated and photoionized by embedded stars of spectral type O or B. (Cooler 
stars don't emit enough photons with hv > 13.6eV to cause a region of ionized 
hydrogen gas to form.) The Orion Nebula (Figure 1.5) is an example of a nearby 
H n region. 

Second, planetary nebulae are regions of ejected stellar gas heated and 

Orion Nebula (d ~ 410 pc)
HST image

Cat’s Eye Nebula (HST image)12 Chapter 1. Introduction 

Figure 1.6: The Ring Nebula (d ~ 700pc), composite visible-light HST image 
and near-infrared LBT image. [NASA, ESA, C.R. O'Dell (Vanderbilt University), 
and D. Thompson (Large Binocular Telescope Observatory)] 

photoionized by the hot remnant stellar core, which is becoming a white dwarf. 
(The name "planetary nebula" comes from William Herschel, who thought that 
the planetary nebulae that he examined looked, through his telescope, like the 
disk of a planet. Remember, Herschel originally described Uranus as "a curious 
nebulous star, or perhaps a comet".) The Ring Nebula (Figure 1.6) is among 
the most famous planetary nebulae. The Cat's Eye Nebula, whose spectrum is 
shown in Figure 1.3, is another example of a planetary nebula. The vivid colors 
of the Ring Nebula are due to line emission; the central blue-green colors come 
from O III (A= 4959A and 5007 A) and the outer reddish colors come from H 1 

(A= 6563A) and from NII (A= 6548A and 6583A). 

Third, supernova remnants are regions of gas heated by the blastwave from 
a supernova explosion. The young remnants of core collapse supernovae are 
photoionized by their central pulsar; the Crab Nebula (Figure 1.7) is the most 
familiar example of such a young pulsar-containing supernova remnant. Young 

Ring Nebula (HST image)
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• Supernova remnants
- are regions of gas heated by the blastwave from a 

supernova explosion.
- Crab Nebula

✦ a young (  yr) pulsar-containing supernova 
remnant

✦ are filled in with luminous gas.
✦ are photoionized by its central pulsar.
✦ are sometimes called `plerions’ meaning “full.” 

- Cygnus Loop (Veil Nebula)
✦ most of the gas has been plowed up by the blast 

wave, leaving the center part empty.
✦ The visible loop (or veil) is where the gas has cooled 

to T ~ 10,000 K.
✦ is a middle-aged supernova remnant (  yr).

t ∼ 1000

t ∼ 104

1.1 History of Interstellar Studies 13 

Figure 1.7: The Crab Nebula (d ~ 2kpc) as imaged by WFPC2 on the Hubble 
Space Telescope. This image shows the supernova remnant as it was 946 years 
after the original supernova explosion. [NASA, ESA, A. Loll/J. Hester (Arizona 
State)] 

supernova remnants like the Crab Nebula, containing a central pulsar, are 
sometimes called "plerions", after the Greek pleres, meaning "full". This is 
because, unlike older supernova remnants, like the Cygnus Loop (Figure 1.8), 
they do not resemble an empty loop or shell, but are filled in with luminous gas. 
In the Cygnus Loop, otherwise known as the Veil Nebula, most of the gas in the 
remnant has been plowed up by the blastwave, leaving the central parts of the 
supernova remnant empty. The visible loop, or veil, is where the gas has cooled 
to temperatures T ~ l 0,000 K, which is where, as we shall see, line emission is 
most efficient. 

Although ionized nebulae, like the Orion, Ring, Crab, and Veil Nebulae, are 
the portions of the ISM that you are most likely to see in a coffee-table book 
of pretty astronomical pictures, they contain only a minority of the ionized 
hydrogen in our galaxy. About 90% of the ionized hydrogen in our galaxy lies in 

14 Chapter 1. Introduction 

Figure 1.8: The Cygnus Loop supernova remnant (d ~ 500 pc). The loop is 
about 3 degrees across, corresponding to a physical diameter of ~25 pc. The 
estimated age of the Cygnus Loop is ~5000 yr. [T.A. Rector (University of Alaska 
Anchorage) and WIYN/NOAO/ AURA/NSF] 

the relatively low density warm ionized medium (WIM). An Ha map of the entire 
sky (Figure 1.9) shows that Balmer line emission from recombining hydrogen 
(the primary means of detecting the WIM) fills the entire sky. Although many 
ionized nebulae can be seen as the bright red blotches in Figure 1.9, they are not 
the dominant repository of recombining hydrogen in our galaxy. 

1.2 Approaching Equilibrium 

The gas of the ISM and IGM consists of individual atoms, molecules, ions, and 
electrons. These individual particles interact with each other. At low speeds, 
neutral atoms and molecules interact via elastic collisions. (At higher speeds, 
the situation is complicated by the fact that atoms and molecules can undergo 
collisional excitation and ionization.) A small atom can be approximated as 

Crap Nebula (d ~ 2 kpc)
946 yrs old

Cygnus Loop (d ~ 793 pc; 
based on the Gaia result)
diameter: 3 deg ~ 40 pc
age ~ 21,000 yrs
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• Warm Ionized Medium
- About 20-80% of the ionized hydrogen in our galaxy lies in the relatively low density 

WIM.
- Balmer line emission from recombining hydrogen fills the entire sky.
- Although many ionized nebula (Orion, Crab, Cat’s eye, etc) can be seen as the bright 

red blotches, they are not the dominant repository of recombining hydrogen in our 
galaxy.1.2 Approaching Equilibrium 15 

Figure 1.9: An all-sky map of Ha(,\= 6563A) emission. Intensity is plotted on 
a log scale from 0.03 Rayleighs to 160 Rayleighs. [LAMBDA, D. Finkbeiner] 

a "billiard ball" with a radius r ~ 3a0, where a0 5.29 x 10- 9 cm is the Bohr 
radius. Thus, two identical atoms will collide when their nuclei are separated by 
a distanced 2r, leading to a cross section for interactions CJ~ n(2r )2 ~ l00a~ ~ 
3 x 10- 15 cm 2 . Thus, in air at sea level, where the number density of molecules 
is n ~ 2.5 x 1019 cm- 3 , the mean free path of a molecule between collisions is 
Amfp ~ 1/(na) ~ 10- 5 cm ~ 0.1 µm. In the cold neutral medium of the ISM, with 
n ~ 30cm- 3 , the mean free path is Amfp ~ 1013 cm ~ lAU. When we deal with a 
volume of gas that is larger than the mean free path Amfp, we characterize that 
volume by its bulk properties, such as density (p), pressure (P), number density 
(n), and temperature (T). 

In order to understand what we mean by a "temperature" when discussing 
the ISM and IGM, we should take one step back and look at the concept of 
equilibrium. In general, the word "equilibrium" means a state of balance. We'll 
be talking a lot about equilibrium systems in this book, so it's important to 
note up front that the ISM and IGM are not in perfect equilibrium. (If they 
were, they'd be boring.) There are times, however, when the assumption of 
some type of equilibrium is a useful approximation. Let's start with kinetic 
equilibrium, then go on to excitation equilibrium, ionization equilibrium, and 
pressure equilibrium. 

A gas is in kinetic equilibrium, sometimes known as thermal equilibrium, 

All-sky map of H  (6563Å) in a log scale from 0.03 Ry to 160 Ry.
Ry (rayleigh) = 

α
106/4π photons cm−2 s−1 cm−2 Hz−1
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< Phases of the ISM >
Molecular clouds

- H2 is the dominant form of molecules.
- The number density can be as high as ~ 106 cm-3 in the molecular cloud cores, 

which are self-gravitating and form stars. (Note that 106 cm-3 is comparable to the density 
in the most effective cryo-pumped vacuum chambers in laboratories.)

- How to observe: for instance, 2.6, 1.3 and 0.9 mm (115, 230 and 345 GHz) emission 
lines from CO (carbon monoxide).

Cold neutral medium (CNM) ( )
- The dominant form of CNM is H I (atomic hydrogen).
- The CNM is distributed in sheets and filaments occupying ~1% of the ISM volume.
- How to observe: UV and optical absorption lines in the spectra of background stars and 

quasars.

Warm neutral medium (WNM) ( )
- Its dominant form is H I (atomic hydrogen).
- A leading method of observing the WNM is using 21 cm radio emission from atomic 

hydrogen.

T ∼ 102 K

T ∼ 5 × 103 K
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Warm ionized medium (WIM) or Diffuse ionized gas (DIG) ( )
- The dominant form is H II (ionized hydrogen or proton).
- The WIM is primarily photoionized by hot (O- and B-type) stars.
- Observed using Balmer emission lines (H𝛼).

Hot ionized medium (HIM) or coronal gas ( )
- The HIM is primarily shock-heated by supernovae.
- HIM occupies ~ half of the ISM volume, but provides only 0.2% of the ISM mass.
- O VI, N V, and C IV emission or absorption lines in the spectra of background stars.
- The hottest portions of the HIM produce diffuse soft X-ray emission.
- The Sun is located inside a bubble of hot ionized gas called the Local Bubble, roughly 

across 100 pc across.

T ∼ 104 K

T ≳ 105.5 K
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Table 1.1: Five phases of the ISM 

Name T (K) nH(cm- 3 ) Mass fraction Volume fraction 
Molecular Clouds 20 > 100 35% 0.1% 

Cold Neutral Medium 100 30 35% 1% 
Warm Neutral Medium 5000 0.6 25% 40% 
Warm Ionized Medium 104 0.3 3% 10% 

Hot Ionized Medium 106 0.004 0.2% 50% 

Table 1.2: Most abundant elements in the local ISM [Asplund et al. 2009] 

Abundance Atomic 1st ionization 
Element (ppm) number energy (eV) 

hydrogen (H) 911,900 1 13.60 
helium (He) 87,100 2 24.59 
oxygen (0) 490 8 13.62 
carbon (C) 270 6 11.26 
neon (Ne) 85 10 21.56 

nitrogen (N) 68 7 14.53 
magnesium (Mg) 40 12 7.65 

silicon (Si) 32 14 8.15 
iron (Fe) 32 26 7.90 
sulfur (S) 13 16 10.36 

formed 4.56 billion years ago. Thus, they represent a dip into the interstellar 
medium at a particular location at a particular moment in time. 

Molecular clouds have H2 as their dominant form of hydrogen. The densest 
portions of molecular clouds, where the number density can be as high as about 
106 cm- 3 , are self-gravitating regions where stars can form. Although molecular 
clouds occupy a minuscule fraction of the ISM's volume, their relatively high 
density means they contribute at least a third of the ISM's mass. A leading 
method of observing molecular clouds is by looking for millimeter-wavelength 
emission from small molecules such as carbon monoxide. 

The cold neutral medium ( CNM) has atomic hydrogen, or H 1, as its domi-

scale	height	(pc)	

75	
100	
300	
900	
3000



6 CHAPTER 1
Table 1.3 Phases of Interstellar Gas

Phase T (K) nH( cm−3) Comments
Coronal gas (HIM) >∼ 105.5 ∼ 0.004 Shock-heated

fV ≈ 0.5? Collisionally ionized
〈nH〉fV ≈ 0.002 cm−3 Either expanding or in pressure equilibrium

Cooling by:
(fV ≡ volume filling factor) ! Adiabatic expansion

! X ray emission
Observed by:
• UV and x ray emission
• Radio synchrotron emission

H II gas 104 0.3− 104 Heating by photoelectrons from H, He
fV ≈ 0.1 Photoionized

〈nH〉fV ≈ 0.02 cm−3 Either expanding or in pressure equilibrium
Cooling by:
! Optical line emission
! Free–free emission
! Fine-structure line emission

Observed by:
• Optical line emission
• Thermal radio continuum

Warm H I (WNM) ∼5000 0.6 Heating by photoelectrons from dust
fV ≈ 0.4 Ionization by starlight, cosmic rays

nHfV ≈ 0.2 cm−3 Pressure equilibrium
Cooling by:
! Optical line emission
! Fine structure line emission

Observed by:
• H I 21 cm emission, absorption
• Optical, UV absorption lines

Cool H I (CNM) ∼ 100 30 Heating by photoelectrons from dust
fV ≈ 0.01 Ionization by starlight, cosmic rays

nHfV ≈ 0.3 cm−3 Cooling by:
! Fine structure line emission

Observed by:
• H I 21-cm emission, absorption
• Optical, UV absorption lines

Diffuse H2 ∼ 50K ∼ 100 Heating by photoelectrons from dust
fV ≈ 0.001 Ionization by starlight, cosmic rays

nHfV ≈ 0.1 cm−3 Cooling by:
! Fine structure line emission

Observed by:
• H I 21-cm emission, absorption
• CO 2.6-mm emission
• optical, UV absorption lines

Dense H2 10− 50 103 − 106 Heating by photoelectrons from dust
fV ≈ 10−4 Ionization and heating by cosmic rays

〈nH〉fV ≈ 0.2 cm−3 Self-gravitating: p > p(ambient ISM)
Cooling by:
! CO line emission
! C I fine structure line emission

Observed by:
• CO 2.6-mm emission
• dust FIR emission

Cool stellar outflows 50− 103 1− 106 Observed by:
• Optical, UV absorption lines
• Dust IR emission
• H I, CO, OH radio emission

from B. T. Draine

0.2 − 104
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Particle Number Density
• In a gas of neutral atoms, the total number density of gas particles at solar 

abundance is

• In the completely ionized hot gas, the total number density of particles is

• In cold molecular gas, we can make the lowest-order approximation that all 
atoms other than the noble gases are in diatomic molecules such as H2, OH, 
CH, CO, and so forth. Then, the total number density is

• A more careful translation between  and  requires knowing the ionization 
state of hot gas of the degree of molecular formation in cold gas.

n = nH + nHe + nO + ⋯ ≈ 1.10nH [atomic]

n = 2nH + 3nHe + 9nO + ⋯ ≈ 2.30nH [ionized]

n =
1
2

nH + nHe +
1
2

nO + ⋯ ≈ 0.60nH [molecular]

nH n
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Typical pressure & Energy densities
Typical pressure of each phase

-  ~ 4x10-19 atm (atmosphere)
- Here, Boltzmann constant, kB = 1.38x10-16 cm2 g s-2 K-1

- This is extremely low pressure compared to the atmospheric pressure around us. Even in laboratory 
settings, it is challenging to produce extremely high vacuum (XHV) with , 
corresponding to  at room temperature ( ).

Energy density

- All of them are comparable in energy density.
- All energy densities in the local ISM are roughly half an electron-volt per cubic centimeter.
- The near-equipartition is partly coincidental.

✦ The fact that the energy density in the CMB is similar to the other energy densities is surely accidental.
✦ But the other energy densities are in fact coupled, roughly regulated by feedback mechanisms 

between them.

P = nkBT ∼ 4 × 10−13 dyn cm−2

P < 10−9 dyn cm−2

n ≲ 2 × 104 cm−3 T ≈ 300 K
7 

Table 1.3: Energy densities in the ISM [Draine 2011 Table 1.5] 

Energy density 
Type (eV cm- 3 ) 

Thermal energy 0.4 
Turbulent kinetic energy 0.2 

Cosmic microwave background 0.2606 
Far-infrared from dust 0.3 

Optical/near-IR from stars 0.6 
Magnetic energy 0.9 

Cosmic rays 1.4 

the density in the most effective cryopumped vacuum chambers in terrestrial 
laboratories. 

The characteristic pressure of the interstellar medium, P = nkT ~ 4 x 
10- 13 dyncm- 2, can be converted to a thermal energy density,£= (3/2)nkT ~ 
6 x 10- 13 erg cm- 3 ~ 0.4 e V cm- 3 • In the context of the ISM, is this a small or large 
energy density? Fortunately, the other energy densities in the ISM are relatively 
well known. Table 1.3 gives the approximate values for energy densities in the 
interstellar medium. All seven of these energy densities are within an order of 
magnitude of each other. If you remember nothing else from this book, you 
should remember the general rule: "All energy densities in the ISM are half an 
electron-volt per cubic centimeter." 

So, we live in a galaxy where the ISM has five different phases, and has many 
possible energy sources, all of them comparable in density. It looks like we 
have an interesting variety of physics in store. But why are there five different 
phases? Why should the interstellar gas have different phases at all? How did 
astronomers figure out the multi-phase nature of the ISM? That's a long enough 
story to require a separate subsection. 

ε =
3
2

nkBT

∼ 6 × 10−13 erg cm−3

∼ 0.4 eV cm−3
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< Physical Description of the ISM >
• The ISM is described physically in terms of thermodynamic properties: 

density, temperature, pressure, etc.
• The gas of the ISM and IGM consists of individual atoms, molecules, 

ions, and electrons, which are interacting with each other.
- At low speeds, neutral atoms and molecules interact via elastic  collisions.
- At high speeds, atoms and molecules can undergo collisional excitation and ionization 

and thus the situation is complicated.

• Concept of equilibrium
- In general, the word “equilibrium” means a state of balance.
- The ISM and IGM are not in perfect equilibrium.
- However, there are times when the assumption of some type of equilibrium is a 

useful approximation.

• Types of equilibrium
- kinetic equilibrium (thermal equilibrium)
- excitation equilibrium
- ionization equilibrium
- pressure equilibrium
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The state of LTE
• Macroscopically, LTE is characterized by the following three equilibrium distributions:

- Kinetic equilibrium: Maxwellian velocity distribution of particles, written here in terms of distribution for the 
absolute values of velocity,

where  is the particle mass and  the Boltzmann constant.
- Excitation equilibrium: Boltzmann excitation equation,

where  is the population of level ,  is its statistical weight, and  is the level energy, measured from the 
ground state;  and  are the total number density and the partition function of the ionization state  to which 
level  belongs, respectively.

- Ionization equilibrium: Saha ionization equation,

where  is the ionization potential of ion .

• Microscopically, LTE holds if all atomic processes are in detailed balance, i.e., if the number of processes 
 is exactly balanced by the number of inverse processes .

• The ISM is not in LTE, but it can generally be considered to be in kinetic equilibrium.

m k

ni i gi Ei
NI UI I

i

χI I

A → B B → A

28

<latexit sha1_base64="6uJY7D1eTvFqaADg9dTOAvTWVJ8="></latexit>

f(v)dv =
( m

2πkT

)3/2
exp

(
−mv2

2kT

)
4πv2dv

<latexit sha1_base64="DbK09IiSDMefoUShhLa0EHSEk08="></latexit>

NI

NI+1
= ne

UI

UI+1

(
h2

2πmekT

)3/2

eχI/kT

<latexit sha1_base64="zz6oIMwNBJP1jiaOaw3YPgGp3Ok="></latexit> ni

NI
=

gi
UI

e−Ei/kT



Kinetic Equilibrium
• A gas is in kinetic equilibrium (thermal equilibrium) when the individual particles 

have a Maxwellian distribution of velocities:

- The mean kinetic energy per gas particle will be, integrating over the distribution,

, regardless of the particle mass.

- The mean particle energy in the ISM ranges over five orders of magnitude, from ~ 0.001 eV in 
the coldest regions of molecular clouds to ~ 1 keV in the HIM.

- The root mean square speed of each particle is

At a given kinetic temperature, H atoms travel twice as fast as He atoms, and four times as 
fast as O atoms.

f(v)d3v = ( m
2πkT )

3/2

exp (−
mυ2

2kT ) d3v

⟨E⟩ =
1
2

m ⟨υ2⟩ =
3
2

kT = 1.293 eV ( T
104 K )
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  is the mass per gas particle.
   is a parameter known as the kinetic temperature.

m
T

υrms = ⟨υ2⟩ = ( 2 ⟨E⟩
m )

1/2

= 13.8 km s−1 ( ⟨E⟩
1 eV )

1/2

( m
mp )

−1/2

= ( 3kT
m )

1/2

= 15.7 km s−1 ( T
104 K )

1/2

( m
mp )

−1/2

  is the mass of a proton.mp



• Not all the different types of particles necessarily have the same kinetic 
temperature.

• In the air around us:
- The nitrogen and oxygen molecules are in kinetic equilibrium with each other at a 

temperature  and particle energy .

- This is much smaller than  of optical photons traversing the air and 
much larger than  of the cosmic neutrinos traversing the universe.

• Requirement for the kinetic equilibrium
- To come to kinetic equilibrium, particles need to interact (collide) with each other.
- In the ISM, the collisional timescales are sufficiently short that we can regard the ISM 

as being in kinetic equilibrium under most circumstances.

T ∼ 300 K ⟨E⟩ ∼ 0.04 eV

E = hν ∼ 2 eV
E ∼ 0.001 eV
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- Order of magnitude estimation
• Cross section for elastic collision

- A small atom can be approximated as a “billiard ball” with a radius , where 
 is the Bohr radius (the most probable 

distance between the nucleus and the electron in a hydrogen atom in its ground).

- Two identical atoms will collide with when they are separated by a distance . 
The cross section for interactions is then .

• Mean free path
- In air at sea level, the number density of molecules is  and the 

mean free path is .

- In the cold neutral medium (CNM), with , .

- When we deal with a volume of gas that is larger than the mean free path, we can 
characterize that volume by its bulk properties, such as density (mass density  and 
number density ), pressure ( ), temperature ( ).

r ∼ 3a0
a0 = ℏ/(mke2) ≈ 5.29 × 10−9 cm = 0.529Å

d ≤ 2r
σ ∼ π(2r)2 ∼ 100a2

0 ∼ 3 × 10−15 cm2

n ∼ 2.5 × 1019 cm−3

λmfp = 1/(nσ) ∼ 10−5 cm ∼ 0.1μm

n ∼ 40 cm−3 λmfp ∼ 1013 cm ∼ 1 AU

ρ
n P T
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Quantum Mechanics:
The probability for an electron 
to be found inside  is 

.
r ≤ 3a0

P(r ≤ 3a0) = 94 %
2r

r
H

H



• (Elastic) Collisional time scale
- mean free path: , typical velocity: 

- collisional time scale (time required to come to kinetic equilibrium)

- This indicates that a dense gas of energetic particles will come to kinetic equilibrium, 
thanks to the frequent collisions, more rapidly than a tenuous gas of slow-moving 
particles.

• Hydrogen-Hydrogen collision
- Assuming   ,

- In a dense planetary (Earth) atmosphere,  ( ).

- In dense, molecular cores,  ( , ).

- In the Warm Neutral Medium (WNM),  ( ).

λmfp ∼ 1/(nσ) υrms ∼ (3kT/m)1/2

σHH ∼ 3 × 10−15 cm2

tcoll(HH) < 1 ns nH > 1017 cm−3

tcoll(HH) > 1 hr nH ≲ 106 cm−3 ⟨E⟩ ∼ 0.04 eV
tcoll(HH) ∼ 0.5 century nH ∼ 0.1 cm−3

tcoll ∼
λmfp

υrms
∼

1
nσ ( m

2 ⟨E⟩ )
1/2

tcoll(HH) ∼ 2 × 108 s ( nH

1 cm−3 )
−1

( ⟨E⟩
1 eV )

−1/2
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• Even in the molecular and neutral phases, there is a significant number 
density of free electrons, produced by photoemission from dust grains.

• Electron-Hydrogen collision
- The mass of an electron is ~1/1836 that of a proton. The typical electron speed will be 

greater than that of a hydrogen by a factor of (1836)1/2 ~ 43. Therefore, we can 
approximate the atom as standing still while an electron slams into it.

- Assuming   ,

- Free electrons will do the thermalization everywhere but in the highest density ( ) 
portion of the ISM, where the medium is neutral.

• Electron-Electron collision
- Two electrons collide when the electrostatic repulsion between them deflects their 

paths through a large angle (let’s say ~90 deg or more).
- A large deflection requires that the electrostatic (Coulomb) force at closest approach is 

comparable to the initial kinetic energy.

σeH ∼ πr2 ∼ πa2
0 ∼ 0.8 × 10−15 cm2 ∼ 10−15 cm2

nH > 0.5 cm−3

tcoll(eH) ∼ 6 × 108 s ( ne

0.03 cm−3 )
−1

( ⟨E⟩
1 eV )

−1/2

e2

re
≈ E (re is the separation at their closet approach.)
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- The effective cross section for electron-electron collisions is

- The typical collisional time scale is

- Thus, electrons thermalize each other more rapidly than they thermalize the neutral 
atoms unless , found only in the Hot Ionized Medium (HIM).

• The above collisional time scales are sufficiently short that we can regard 
the ISM as being in kinetic equilibrium under nearly all circumstances.

• Therefore, kinetic equilibrium is a safe assumption.

⟨E⟩ > 50 eV

tcoll(ee) ∼
1

neσee ( me

2 ⟨E⟩ )
1/2

∼
⟨E⟩2

πnee4 ( me

2 ⟨E⟩ )
1/2

∝ n−1
e ⟨E⟩3/2

∼ 3 × 105 s ( ne

0.03 cm−3 )
−1

( ⟨E⟩
1 eV )

3/2

∼ 3.5 days

σee ≈ πr2
e ∼ π

e4

⟨E⟩2 , σee ∼ 6.52 × 10−14 (⟨E⟩/1 eV)−2 cm2
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Excitation Equilibrium
• Consider a system that has two energy states (for instance, electronic energy levels of an 

atom, or two rotational or vibrational states of a molecule, or the two hyper fine states of a 
hydrogen atom).

• A large population of such systems is said to be in excitation equilibrium if the relative 
level populations follows a Boltzmann distribution: , where  

is the statistical weight of the  energy level, and  is the kinetic temperature of the 
system.

- In the limit ,   (the two levels are populated according to their statistical weights.)

- In the limit ,  (the upper level is nearly empty).
- The excitation equilibrium implies the thermal equilibrium.
- However, not every system in kinetic equilibrium is in excitation equilibrium. (for instance, masers).

- For any two energy states, we define an excitation temperature using the population ration  such 

that   .   In general, .

- The excitation temperature is nothing but a convenient way to parameterize the relative level 
populations.

- For a system like a maser with inverted energy levels ( ), the excitation temperature is 
negative.

nu

nℓ
=

gu

gℓ
exp (−

Euℓ

kT ) gi = 2Ji + 1

ith T

kT ≫ Euℓ nu /nℓ = gu /gℓ

kT ≪ Euℓ nu ≈ 0

nu /nℓ
nu

nℓ
=

gu

gℓ
exp (−

Euℓ

kTexc ) Texc ≠ Tkinetic

nu /nℓ > gu /gℓ
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Ionization Equilibrium
• Ionization equilibrium = balance between ionization and recombination
• First ionization energy of the most abundant elements is  .

- hydrogen : , carbon: , magnesium: 

• Collisional Ionization: The only regions where we expect collisional ionization of 
these neutral atoms are where  and thus . This 
temperature is attained only in the HIM.

• Photoionization: In practice, much of the ionization in the ISM is photoionization.
  (  represents a photon with   and  “r” the rth ionization state.)

- For element  to be in the photoionization equilibrium, we require a balance between 
photoionization and radiative recombination:

I ∼ 10 eV
IH = 13.6 eV IC = 11.26 eV IMg = 7.65 eV

T > 1.2 × 105 K ⟨E⟩ > 10 eV

Xr + γ → Xr+1 + e− γ Eγ > IXr

X

n(Xr)nγσphoc = n(Xr+1)neσrecυ

n(Xr+1)ne

n(Xr)
=

nγ ⟨σpho⟩hν
c

⟨σrecυ⟩υ

 = cross-section for photoionization,
          depending on the photon energy 

  = cross-section for recombination,
          depending on the electron velocity 

σpho
hν

σrec
υ

averaged over the photon energy spectrum
averaged over the Maxwellian velocity distribution
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Pressure Equilibrium - Multiphase Medium
• We already pointed out that all five phases of the ISM have a pressure  , 

equivalent to a thermal energy density .
- Thus, it is tempting to assume that the phases are in pressure equilibrium, with

- Earlier views of the ISM did assume pressure equilibrium. Denser, cooler “clouds” in a 
tenuous, hotter “intercloud medium.”

- However, current studies of the ISM have had reject this simple picture. The ISM has 
tendencies toward pressure equilibrium, but something always happens to throw things out 
of equilibrium.
✦ The ubiquity of free electrons indicates that the ISM is coupled to the interstellar 

magnetic field. The turbulent energy density is not negligibly small. Thus, they have to 
be taken into account.

✦ Supernova explosions are going off in the ISM, increasing the temperature T.
✦ Hot young stars are pouring ionizing radiation into the ISM, splitting up atoms and 

increasing n.

P ∼ 4 × 10−19 atm
(3/2)nkT ∼ 0.4 eV cm−3

n1kT1 = n2kT2 = 4 × 10−19 atm
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Figure 1.13: A cartoon from the McKee & Ostriker paper on the third phase. The 
left panel shows a typical cold neutral cloud, surrounded by the warm medium 
(both neutral and ionized). The right panel shows and expanding supernova 
blast wave overtaking a population of cold clouds. 

the Sun resides in the midst of a "Local Bubble" of hot gas, with T ~ 106 K and 
n ~ 0.004cm- 3 • Cox & Smith, in 1974, suggested that supernova remnants could 
produce a bubbly hot phase, with T ~ 106 K, and that the bubbles blown by 
supernovae would have a porosity factor 

(1.33) 

where rsN is the supernova rate per unit volume, and the porosity factor q is 
essentially the fraction of the ISM volume occupied by hot bubbles. The range 
0.1 < q < 0.5 is the most topologically interesting range, in which the expanding 
SN remnants join to form clusters and elongated tunnels of hot gas. 

McKee and Ostriker, in what is usually thought of as the "third phase" 
paper, made a more elaborate argument for three phases within the ISM. Their 
first phase is the Cold Neutral Medium, with T ~ BOK, n ~ 40cm-3, and a 
low fractional ionization x = nel n ~ 0.001. Their second phase is the Warm 
Medium, containing both ionized and neutral components; in the Warm Medium, 
T ~ 8000K and n ~ 0.3cm- 3 , with the ionization fraction ranging from x ~ 0.15 

(1 atm = 1.013 × 106 dyn cm−2)
n1T1 = n2T2 = 2,935 cm−3 K
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Heating and Cooling in the ISM
• Your temperature is the result of a balance between heating and 

cooling in our body.
- Number density of molecules in your body is  (mostly H2O) 

and temperature is .
- If your temperature drops too low, your body increases the heating rate (by 

shivering) or decrease the cooling rate (by trying to fluff out fur).
- If your temperature rises too high, your body increases the cooling rate (by 

sweating and thus increasing evaporative cooling) or decrease the heating rate 
(by stopping unnecessary activity).

• By heating and cooling we mean the transfer of kinetic energy to or from 
atoms, molecules and ions of the interstellar gas.

• The temperature of the ISM is also determined by a balance between 
heating and cooling.
- Each phase has a temperature where the balance is a stable one.

n ∼ 3 × 1022 cm−3

T ∼ 310 K
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• Heating: The principal heating processes begin with the removal of an electron 
from an interstellar species (gas or grain) by an energetic particle or photon. The 
suprathermal electron produced in this way heats the interstellar gas by 
thermalization through elastic collisions. Even when only one type of particle is 
losing energy, the energy loss is shared among all the gas particles due to the 
relatively short thermalization time scale in the ISM.

• Cooling: The cooling processes mainly arise from inelastic collisions between the 
particles of the gas (electrons, atoms, molecules, ions or grains). The excitation 
energy of the target is then dissipated by the emission of radiation, which escapes 
easily because of the small opacity of the ISM, except for deep inside molecular 
clouds.

• Definitions
- Heating gain , Cooling loss  in units of erg s-1 : the rates at which a single particle 

gains or losses energy.
- Volumetric heating rate , volumetric cooling rate  in units of erg 

cm-3 s-1.
- Cooling function  in units of erg cm3 s-1, which is useful for two-body interactions.

, where  is the total number density of gas particles.

G L

g = nG ℓ = nL

Λ
ℓ = nL = n2Λ n
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Homework (due date: 03/17)
[Q1] The total mass of molecular clouds in our galaxy is , about 20% 
of the total mass of the ISM.

(a) For simplicity, assume that every molecular cloud is a sphere of radius  and mean 
density . What is the mass of one such cloud? How many clouds are there in 
our galaxy?

(b) Assume that the gas in a molecular cloud is mixed with dust, with the dust mass equal to 1% of 
the mass of molecular gas. What is the total dust mass within a single molecular cloud? If each 
dust grain is a sphere of graphite with radius  and bulk density , 
what is the number density of dust grains in the cloud? If a dust grain’s cross section for 
absorbing light is equal to its geometrical cross section, what is the mean free path of a photon 
in a molecular cloud before it is absorbed by dust?

(c) Suppose that the molecular clouds described in part (a) are randomly distributed through our 
galaxy’s disk, which we can approximate as a cylinder of radius  and thickness 

. what is the expectation value for the number of molecular clouds between us and 
the galactic center? What is the probability that zero clouds would lie along our line of sight to 
the galactic center?

Mm.c. ≈ 1.5 × 109M⊙

r = 15 pc
n(H2) = 300 cm−3

a = 0.1 μm ρ = 2.2 g cm−3

R = 15,000 pc
H = 150 pc
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