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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 10™ Mq; according to current
estimates, this includes ~5 x 101°Mg of stars, ~5 x 10'°M¢, of dark matter,

and ~ 7 x 10° M, 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 Hy 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 -
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Table 1.2 Mass of HII, HI, and Hs in the Milky Way (R < 20kpc)

Phase ‘ M(10° M) fraction' Note
Total HII (not including He) 1.12 23% - see Chapter 11
Total HI (not including He) 2.9 60% see Chapter 29
Total Ho (not including He) 0.84° 17% see Chapter 32
Total HII, HI and Hp (not including He) 4.9
Total gas (including He) - 6.7

2y of the dlSk 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 z; /2 /= 250 pc

‘in the nelghborhood of the Sun. The thickness 22; /5 ~ 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 100 ym
image showing thermal emission from dust in Plate 2, and the HI21-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:

o Coronal gas: Gas that has been shock-heated to temperatures T' % 10°° K
by blastwaves racing outward from supernova explosions. The gas is col-
lisionally ionized, with ions such as O VI (= O°") 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.! It
is often referred to as the “hot ionized medium,” or HIM.

e HII 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 HH region) or 1ower density “intercloud” medium (referred to as diffuse
HII). '

1 This gas is termed “coronal” because its temperature and ionization state is similar to the corona of
the Sun.
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Bright HII regions, such as the Orion Nebula, have dimensions of a few pc;
_ their lifetimes are essentially those of the ionizing stars, ~ 3 — 10 Myr. The
extended low-density photoionized regions — often referred to as the warm
ionized medium, or WIM - contain much more total mass than the more
visually conspicuous high-density HII regions. According to current esti-
mates, the Galaxy contains ~ 1.1 x 10° Mg, of ionized hydrogen; about 50%
of this is within 500 pc of the disk midplane (the distribution of the HII is
discussed in Chapter 11). In addition to the HII regions, photoionized gas
is also found in distinctive structures called planetary nebulae? — these are

created when rapid mass loss during the late stages of evolution of stars with .
initial mass 0.8 Mg < M < 6M exposes the hot stellar core; the radiation.

from this core photoionizes the outflowing gas, creating a luminous (and of-
ten very beautiful) planetary nebula. Individual planetary nebulae fade away
- on ~ 10* yr time scales.

o Warm HI: Predominantly atomic gas heated to temperatures 7' ~ 1037 K;
in the local interstellar medium, this gas is found at densities ng ~ 0.6 cm =3,
It fills a significant fraction of the volume of the disk — perhaps 40%. Often
referred to as the warm neutral medium, or WNM.

o Cool HI: Predominantly atomic gas at temperatures 7' ~ 102 K, with den-
sities ng ~ 30cm™3 filling ~1% of the volume of the local interstellar
medium. Often referred to as the cold neutral medium, or CNM.

o Diffuse molecular gas‘: Similar to the cool HI clouds, but with sufficiently
large densities and column densities so that Hy self-shielding (discussed in
Chapter 31) allows Hy molecules to be abundant in the cloud interior.

e Dense molecular gas: Gravitationally bound clouds that have achieved ng 2
103c¢m™3. These clouds are often “dark” — with visual extinction Ay =

- 3 mag through their central regions. In these dark clouds, the dust grains are

often coated with “mantles” composed of HoO and other molecular ices. It
is within these regions that star formation takes place. It should be noted that
the gas pressures in these “dense” clouds would qualify as ultrahigh vacuum
in a terrestrial laboratory. '

e Stellar outflows: Evolved cool stars can have mass loss rates as high as
10— 4M@ yr~! and low outflow velocities < 30kms™? , leading to relatively
high density outflows. Hot stars can have WlIldS that are much faster, al-
though far less dense.

; The ISM is dynamic, and the baryons undergo changes of phase for a number of -

~'.Teasons: ionizing photons from stars can convert cold molecular gas to hot HII;
. radiative cooling can allow hot gas to cool to low temperatures; ions and electrons
- can recombine to form atoms, and H atoms can recombine to form H, molecules.

" ?They are called “planetary” nebulae because of their visual resemblance to planets when viewed ‘

through a small telescope.
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‘Table 1.3 Phases of Interstellar Gas

Phase T(K)

ng(cm™3)

Comments

_Coronal gas (HIM) = 1055
(ng)fv = 0.002 cm™8

(fv = volume filling factor)

~ 0.004

Shock-heated
Collisionally ionized
Either expanding or in pressure equilibrium
Cooling by: -

< Adiabatic expansion

¢ X ray emission

Observed by:

e UV and x ray emission

e Radio synchrotron emission

HII gas . 10%
fv =~ 0.1
(ng)fy ~0.02cm™3

0.3 —10%

Héating by photoelectrons from H, He
Photoionized ‘
Either expanding or in pressure equilibrium
Cooling by:

< Optical line emission

< Free—free emission }

< Fine+structure line emission

Observed by:

e Optical line emission

@ Thermal radio continuum

Warm HI (WNM) ~5000
fV ~04
nyg fv ~ 0.2cm—2

0.6

Heating by photoelectrons from dust
Ionization by starlight, cosmic rays
Pressure equilibrium

Cooling by: ;

< Optical line emission

< Fine structure line emission
Observed by:

e HI 21 cm emission, absorption

e Optical, UV absorption lines |

Cool HI (CNM) ~ 100

fv = 0.01
ngfy = 0.3 cm~3

30

Heating by photoelectrons from dust
Ionization by starlight, cosmic rays
Cooling by:

< Fine structure line emission
Observed by:

e HI 21-cm emission, absorption

e Optical, UV absorption lines

Diffuse Ho ~ 50K
nufy ~0.1cm™3

~ 100

Heating by photoelectrons from dust
Tonization by starlight, cosmic rays
Cooling by:

< Fine structure line emission

- Observed by:

e HI 21-cm emission, absorption
e CO 2.6-mm emission
e optical, UV absorption lines

Dense Hs . 10 - 50
fv ~ 104
(nH)fV ~0.2cm™3

108 < 108

Heating by photoelectrons from dust
Ionization and heating by cosmic rays
Self-gravitating: p > p(ambient ISM)
Cooling by:

<& CO line emission

< CI fine structure line emission
Observed by:

e CO 2.6-mm emission .

e dust FIR emission

Cool stellar outflows 50 — 108

1—108

Observed by:

o Optical, UV absorption lines
e Dust IR emission

e HI, CO, OH radio emission




