The Interstellar Medium (ch. 18)

The interstellar medium (ISM) is all the gas (and about 1% dust)
that fills our Galaxy and others. It is the raw material from which stars
form, and into which stars eject material when they die, so it is important
to understand its properties. Also, remember that these dust grains are
what are supposed to collide and grow into terrestrial-like planets!

The ISM is distributed in a very irregular manner between the
stars, with all sorts of structures that look like “clouds” and “shells” and
“holes” and “filaments.” See the many interesting images in your
textbook. Most important thing to remember is that :

The different types of “clouds”, “regions,” and “nebulae” that you
will read about mostly just refer to how this gas+dust is observed, and
whether or not it is being heated (and/or ionized) by nearby stars. After
you study the material, you should come back to this statement and
make sure you understand it.

DUST GRAINS

Dark clouds. The existence of the ISM was first inferred from
photographs of the sky that show numerous large and irregular “holes”
between the stars (see Figs. 18.1, 18.2a and 18.8). These are due to
blocking (extinction) of starlight by dust particles, also called grains
(like smoke or fog) in regions of the ISM that are denser than normal.
We would call these “dust clouds,” or “dark clouds,” (sec. 18.3), but it’s
important to realize that the dust and gas are well-mixed, and the dust is
Just a “tracer” of the gas that is also there (that we can detect using
molecular spectral lines—see below). This is well-illustrated on p. 478
of your text. So what may appear as a “dark cloud” in a visible
wavelength image will appear bright when observed in the infrared or
radio, where the dust and gas do most of their emission.

Important to realize that extinction is what keeps us from being
able to observe things that are very far away in the disk of our galaxy:
their light is obscured by the intervening dust.



Grain size, shape, composition. Each dust grain is a solid particle
~1000 times bigger than an atom, containing on average ~10° atoms.
These grains are elongated or very irregular in shape (Fig. 18.3); this is
known from the way they “polarize” light—don’t worry if you don’t
understand details of this—see p.471 for illustration) in shape. We
know (how? See p.472, but we’ll discuss in class) they are composed of
silicates (like rocks on earth), graphite (or something like it), and maybe
iron, with a coating of various ices (“dirty ice”).

Origin. When we try to get abundances of the elements in the gas
(using spectral lines they emit and absorb) in the ISM, we find that it
generally has about the same composition as the sun and other stars (i.e.
mostly H, some He, and ~1% heavier elements, consistent with stars
forming from this gas), except that some elements are depleted , i.e. their
abundances are low compared to stars. This is almost certainly because
these elements have converted into the solid dust grains. Most
astronomers think the grain cores form in the cool winds ejected by
dying red giant stars, but some of the depletions, especially the dirty ice
coating, probably occurs within the ISM itself.

Reddening. Dust grains block light more effectively at small
wavelengths. So UV can’t penetrate dust easily, while radio waves can.
This different wavelength dependence of scattering and absorption by
dust grains is called reddening, because it will take blue light out of a
star’s spectrum more efficiently than red light, making the star appear
redder. This property of small particles is very general: it is why the sky
appears blue and why the sun can look red at sunset or sunrise —the
earth’s atmosphere contains lots of “droplets” or “aerosol” particles that
behave like dust grains.

Dust can also be observed by its infrared (and submillimeter)
wavelength emission (don’t confuse this with “reddening”!). Dust
grains are typically at temperatures of 10 to 100 degrees K (depending
on whether or not they are near a hot luminous star, since the grains are



only heated by starlight), so they radiate like little black bodies at that
temperature, i.e. a continuous spectrum with most of the energy at large
wavelengths. (Figs. 18.13b and 18.21 were obtained this way.)

Here are two images of the “Triffid Nebula,” one in the infrared (top) and
the other in the visible part of the spectrum (bottom). Notice how the “dark
clouds” or lanes so prominent in the visible spectrum (because of extinction by
dust) show up as bright regions in the IR image (because the grains emit mostly in
the IR). Make sure you understand this! The bright region in the visible image
(bottom) is due to emission line and other radiation from gas that is being
irradiated by the hot, massive, young stars in this region (you should understand
why a massive star must be hot and young). The stars themselves are buried
within the dust and show up mostly as the bright spots in the IR image, where they
are heating up the dust around them the most.



GAS

Most of the ISM is gas that can be observed in various ways. The
densities are very small by Earth standards, only about 1 particle per
cubic centimeter on average, but the masses involved in the clouds of
gas and dust are very large (ranging from 10? to 10° solar masses)
because they are huge (up to 100s of parsecs in size). But there are also
“holes” or “voids” where the gas density is much lower than average.
The main thing to remember is that the gas is distributed in a very
irregular way, probably due to the action of stellar explosions and
turbulence, which keeps the gas (and dust) “stirred up.”

21 centimeter HI radiation. This involves the spin flip transition
of an electron in a neutral hydrogen atom. An atom with the electron-
proton spins parallel has slightly higher energy than e-p spins
antiparallel. Transition to lower energy (after excitation by collisions in
the cool regions of the ISM) gives a spectral line at 21 cm. (See fig.
18.17.)

This is one of the two major methods for mapping the distribution
of gas in our galaxy (and others), because, being in the radio part of the
spectrum, this emission line easily penetrates interstellar dust. It was the
first method used to make a map of the gas structure of our own Milky
Way galaxy, revealing it to have complex structure, from spiral-like
“arms,” to large “holes” or “bubbles” and “chimneys” or “fountains”
where gas is being vented vertically out of the disk of our Galaxy by
stellar winds and explosions (more later).

Also, because this is a spectral line (unlike dust, which gives us
only continuous absorption), we can get radial velocities of the gas
motions this way (Fig. 18.18). The results show that our galaxy has an
overall rotation (we’ll return to this later—this rotation is one of the
primary indicators of the existence of “dark matter”), that the gas in our
galaxy is highly turbulent (moving supersonically in more-or-less



random directions), and often found in “supershells” of expanding gas
driven by luminous young stars.

The illustration on p. 479 shows how our solar system is actually
located within a cavity bounded by one of these supershells —it is
believed that a number of supernovae must have exploded within 40-60
pc of the sun about 10 million years ago to create our current
environment. You should read this Discovery 18-1 to see how UV
astronomy has been used to map out the “Local Bubble.”



Interstellar Molecules — Interstellar clouds are very cold, with
temperatures around 10-100 degrees K. This is just the right
temperature to excite the rotational transitions of many molecules; when
the excited states decay, they emit a photon in the radio part of the
spectrum (Fig. 18.19). This gives us one of our main techniques for
mapping cold dense clouds (what would be the other?).

But can molecules survive in the ISM? Only if they are in the
densest regions, or “clouds,” where extinction by dust grains protects the
molecules from the pervasive UV radiation from massive (so hot) stars
in our Galaxy, which would otherwise destroy them. So we expect to
see molecules only in the densest clouds. In less dense clouds, there are
no molecules and you just see 21cm HI emission.

Over a hundred molecules have been detected and mapped this
way, from simple molecules like carbon monoxide (CO), water (H,0),
ammonia (NHj;),... to very complex organic molecules, some which
might be “biological precursor’” molecules.

Homework: What important molecule was recently (in the past 1
to 1.5 years) discovered in interstellar space and is important because of
its relation to biological molecules? The internet will tell you, but you
have to know enough to know what to search for!

Unfortunately molecular hydrogen, which comprises most of the
gas, doesn’t have any rotational transitions, so we can’t see it. (We can
see it by its electronic transitions, but these are in the UV and are only
excited in hot ISM regions, like shock waves.)



So we have to use the other molecules as “tracers” of where most
of the gas is. By far the most important tracer has turned out to be
carbon monoxide (CO). Mapping the sky in the spectral lines of CO has
shown that the dense gas is accumulated into clouds of all sizes, from
“cores” of sizes ~ 0.1 pc up to giant molecular cloud complexes which
can be 50-100 pc across.

Here is an image of the whole constellation of Orion mapped in the
CO rotational line: these are the large-scale molecular clouds from
which clusters of stars (like the ones shown earlier, visible in the IR)
form. Notice the “Horsehead Nebula,” a famous dark cloud in the
visible part of the spectrum, and the “Orion Nebula” itself (dotted
circle), the nearest hotbed of star formation (about 400 pc away).
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The CO emission is so strong that it can be used as a tracer of
fairly dense gas all across our galaxy (again, because the line is in the
radio, so dust can’t obscure it), and even in many other galaxies.

However in some regions the gas is so dense that other molecules
have stronger emission lines—Figs. 18.21 shows formaldehyde lines in
the “Lagoon Nebula” M20.

A major result: Nearly all very young stars (think back: how
would you know a star is young, say younger than 10 million years?) are
embedded in molecular cloud complexes: these are the birthplaces of
stars.

[Note: molecular clouds are just the same objects that we “saw’ as
dark clouds due to dust extinction. We are just looking at them in two
different ways. So it was actually been known that stars form in dense
clouds long before interstellar molecules were discovered. ]

A huge number of molecules have been discovered in the
interstellar medium, most of them in these dense molecular clouds.
Some of the simpler of these can be used to trace the denser regions of
molecular clouds (for example ammonia NH; and carbon monosulfide
CS).

Some of them are fairly complex compared to what you’d expect
to be able to survive in interstellar space, and even some complex
organic molecules that illustrate the ease with which prebiological
chemistry can take place. The following table is just so you can see the
number of molecules if you are interested.

Following that is an illustration of the emission spectrum of
molecules observed in a dense star-forming molecular cloud, so you can
see how these molecules are detected, identified, and then analyzed to



learn about the chemistry going on in the clouds (part of a whole field
called “astrochemistry”). [Sorry for the poor resolution.]



TABLE I

Identitied Interstellar and Circumstellar Molecules®

Specres Name Species Name Species Mame
H: mulecular hydrogen C;I-[: Mﬂ}!ﬂm CoH
Cs diatome carbon CiH propynylidyne (! and ¢} CH;CHCN vinyl cyamide
CH methy hidyne H.CO formaldehyde CHC:H methylacetylene
CH*® methylidyne ion NH, ammonia CHyCHO acetaldehyde
CN cyanogen HNCO isocyanic acid CHyNH: methylamine
co curbon menoxide HOCO®  protonated carbon dioxide HC N cyanodiaceiylene
Cs carbon moncsulfide HONH® prodonated hydrogen cvanide
OH hydroxyl HNCS sothiscyanic acid
HCI hydrogen chlonde L cyanoethyny| HOCOOCH, methvl formate
N0 mirc oxide Ci0 tncarton monoaxide CHiCy X methylcvanoacerylene
NS mitrogen sulfide H.C5 thioformaldehy de CHCH methyldiacetylene
Sl silicon carbede® HO~ hvdromium on CHCH(O dimethy | ether
S0 sihcon monaxde Ci5 CHiCH:CN  ethyl cvanide
515 silicon sulfide HC:N CHiCH-OH  ethanol
500 sulfur monoyde HC-M cvanohexatnyne
PN
CP 4 CiH butadiyny |
50~ sulfoxue wn CiH: exclopropenylidene CHC.CN
NaCl ssfiwm chlonde” H.OCC propadieny lidene CHCH-CO acetone’
AICI aluminurm chlonde” HOOOH  formme acid
KCl1 potassium chloride® CH.CO Letene
AlF aluminum fluonde®”  HCN cyanoacetvlene HCN cyano-octa-tetra-yne
NH mitrogen hydnde CH:CN  cyanomethyl
Sik L “H:CN cvanamude
H.D* - CH:NH methanimine ?'!l‘u p cvano-deca-penta-y ne
C.H ethymsl if:l; meth.;lnf
CH: methy lene’ l’-_‘t l;i :|Ian¢
HON hydrogen cyanide v -
HNE hw [ i
HCO o G, Dombme HCONC ocyamoeyien
HCO™  formylion HiCCCC  butatrienylidene
HOC* isoformyvl won' CHWOH imcthanol
.\I:!I i protonated nitrogen CHiCN imethyl cyanide
:;:;’ :*_:::rl CHINC methyl isocyanide
Lt C‘HlS-H mlhyl mercaptan
ey thioformyl ion NH:.CHO  formamide
H:5 hvdrogen sulfide HC HO propynal
0Cs carbony| sulfide i
50 sulfur driovide
SiC stlicon dicarhide®
C.0 dicarbon monoxide
Cy thatomie carbon®
C.5
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Emission nebulae. (Sec. 18.2) This is just what happens to part of
a cloud when a luminous young star is born within it. The star has so
much UV radiation that it breaks apart molecules and even H atoms, and
heats the gas to about 10,000 degrees. At these temperatures, atoms are
moving fast enough to excite various atomic energy levels by collisions,
which emit various spectral lines when they decay, as well as continuous
radiation. (Go back to ch. 3 if you don’t remember why these conditions
are when you get an emission line spectrum.) These are “emission
nebulae,” which appear very colorful in the visible part of the
spectrum —see the great photographs and zoom-ins for the “Triffid
nebula” and the “Eagle nebula” and “Orion nebula” in your book.

[Don’t worry about “forbidden lines” in the text.]

Here is an image, in the visible part of the spectrum, of the
“Omega nebula” (taken from your book) —make sure you can explain
what is going on in the dark streaks, the bright regions of different

colors; what can’t be seen in this visible image?
- v ‘ .:_ U




