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Class 6: The Intersellar Medium: Introduction

We ended last class with a picture of where stars come from, and where they go. Stars form
via the collapse of large-scale structures. When they die, they eject large amount of mass.
But where does the mass to create new stars come from? When stars eject their envelopes,
where does that mass go? These questions bring us face to face with the question of the
interstellar medium (ISM) – the material between the stars. That is the focus of the next
two classes.

I. History of the ISM

A. The optical eara

The evidence that there is interstellar matter at all is relatively recent
in the history of astronomy. Unlike stars, for the most part one cannot see the
interstellar medium with the naked eye, or even with the optical telescopes that
were available until the late 19th and early 20th centuries. One can see nebulae,
bright objects in the sky that are not stars, but they are isolated and rare, and
it was not clear until the early 20th century what they were, or that they were
interstellar.

The first invention that made it possible to observe interstellar gas was
spectroscopy. Once the spectrograph was invented, astronomers of course turned
it on all sorts of objects. They used it to observe stars, but they also pointed
it at nebulae, and found that at least some nebulae showed spectra that were
completely unlike those of stars. Much of this work was done by Huggins and
Keeler at Lick Observatory outside San Jose, which was equipped with what
was between 1888 and 1897 the largest telescope in the world.1 They turned
their spectrograph on several nebulae and found that, unlike stars, they did not
show bright continuum emission with dark lines. Instead, they were exactly the
opposite: no continuum, just line emission, which is what one sees in a laboratory
when heating a small amount of an element (or in a neon light). Moreover, the
lines were exceedingly narrow, which indicates that the gas is at very low pressure.

The spectrograph provided a second clue in 1904. The astronomer J. Hart-
mann and Postdam Observatory was observing a binary star called δ Orionis. This
star was interesting because it is what is called a spectroscopic binary. One sees
lines in the spectra as for single stars. However, the lines shift in frequency over
time, making a periodic pattern. Moreover, the lines come in two sets: some
shift one direction, and the others shift in the opposite direction, with the same
period. This phenomenon was well understood at the time: there are two stars
in orbit around one another, and over the course of the orbit one first sees one
star approaching and the other receding, and then vice versa. The lines shift in

1The observatory is still in operation, and is owned by the University of California. It was named for
James Lick, who donated the money to build it. At his request, after his death he was buried under it. The
observatory has regular public tours and events.
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frequency due to the Doppler effect, which causes the frequency of emitted waves
to be higher when the emitters is coming toward the observer, and lower when the
emitter is moving away. Thus when one star is receding, all the lines it produces
are red-shifted, and those of the other star are blue-shifted. Half an orbit later,
the directions reverse.

However, Hartmann discovered something unexpected in his spectra: there
was one line that didn’t shift at all. It was also exceedingly narrow, like Keeler
and Huggins had observed. He Hartmann concluded that this line must arise not
from the stars, but from some intervening material between the stars and the
Earth. From the frequency of the line, he knew that the material in questiion
had to be calcium, and he concluded that there must be a cloud of calcium atoms
between Earth and δ Orionis. By the 1930s, many such interstellar absorption
lines had been discovered.

A second clue about the nature of interstellar matter came not from the
spectrograph, but from improved photographic plates coupled to big telescopes.
In 1919, E. E. Barnard, also working at Lick Observatory, published a catalog of
“Dark Markings of the Sky” he had observed. These were black spots where there
are no, or very few stars. Figure 1 shows one of Barnard’s objects, today called
Barnard 68 in his honor, using modern data.2

Barnard realized that he must be seeing an opaque foreground object that
was blocking out the more distant stars. Further investigation by Robert Trum-
pler at Lick lent further support to this idea. In 1930 he showed that star clusters
at larger distances were systematically dimmer, even after correcting for the dim-
ming one would expect for a distant object. His explanation was that, even in
places where there aren’t obvious dark clouds like Barnard’s there is still some
obscuration that blocks out part of the light. The more distant the object, the
more of its light is blocked, leading to the observed systematic dimming.

All of this evidence led to the conlcusion that there had to be some mate-
rial between the stars, and that this material could absorb starlight, both in the
continuum and in certain lines. The observed nebulae were probably just parts
of this continuous medium that happened to be illuminated by bright stars.

B. The modern era

While optical instruments allowed one to conclude that there was an inter-
stellar medium, and even to deduce some of its basic properties, this appraoch was
necessarily limited. The ISM does not, for the most part, emit optical light. This
limited optical observations to those unusual regions that did because they were

2Barnard was the first to systematically catalog such objects, but he was not the first to see them. That
honor probably goes to William Herschel. Herschel himself did not record the discovery, but his observations
were mentioned by his aunt Caroline Herschel, in a letter asking Herschel’s son John (who was also an
astronomer) to search for what his father had seen. She said that, when the elder Herschel saw it, he
exclaimed “Hier ist wahrhaftig ein Loch in Himmel!” – “Here truly is a hole in the Heavens!”. Based on
Caroline Herschels’ description of its location in the sky, it is likely that Herschel saw one of the clouds later
catalogued by Barnard.
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Figure 1: The cloud Barnard 68, as viewed by the European Very Large Telescope in Chile.
Figure from http://en.wikipedia.org/wiki/File:Barnard_68.jpg
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being irradiated by a nearby star, or to measuring the absorption of starlight. A
real study of the material between the stars had to await the development of a
new type of telescope: the radio telescope. A radio telescope is essentially a radio
antenna coupled with an apparatus, usually a dish, to make it highly directional,
i.e., it only receives signals from one particular direction. The dish helps concen-
trate radio waves coming from that particular direction on the antenna, making
it much more sensitive. The first radio telescope was invented in 1931 by Karl
Jansky, a physicst and engineer at Bell Telephone Laboratories. He had been
given the task of identifying sources of noise that might interfere with radio com-
munications. After identifying several terrestrial sources (mostly thunderstorms),
he was left with a faint hiss that got louder and softer on a daily cycle. At first
he though it was the Sun, but he noticed that the cycle was not 24 hours, it was
23 hours, 56 minutes. This is the lenght of a siderial day – the time it takes the
Earth to make a full rotation not with respect to the Sun, but with respect to the
stars.3 He therefore concluded that the radio hiss had to originate from beyond
the Solar System.

Jansky did no further work on this project – it was the height of the Great
Depresion, and Bell Labs did not wish to devote resources to astronomy, so Jansky
was re-assigned to another project. However, word of his results got out, and
others began to replicate and improve on his original design. Radio technology
made a huge leap forward as a result of World War II, and interest in using
radio telescopes grew. The big breakthrough from the standpoint of studying the
interstellar medium came in 1944, in the Netherlands, when Henrik van de Hulst
calculated that the hydrogen atom should have a line at a frequency of 1420.4
MHz (wavelength 21 cm). In 1951, Ewen and Purcell at Harvard successfully
detected 1420.4 MHz emission from the sky, enabling them to begin mapping the
material between ths stars.4

Figure 2 shows what Ewen and Purcell saw, updated with modern data.
One clearly sees the thin disk fo the galactic plane filled with hydrogen. Moreover,
thanks to the Doppler shift, it is possible to trace out the velocity of the gas along
every light of sight. Doing so, one can conclude from the data that the Milky
Way has spiral structure just like many external galaxies.

In the years following Ewen and Purcell’s work, radio astronomy expanded
greatly, and the radio lines of many other atoms and molecules began to be
observed. One of the most significant was carbon monoxide (CO), first observed in

3Siderial and Solar days are slightly different due to the motion of the Earth around its orbit. To
understand this effect, imagine someone standing on the Earth at a time when the Sun is directly overhead.
The person then waits until the Sun is directly overhead again. If the Earth did not move in orbit, this
would be after one full rotation of the Earth. However, the Earth does move, and its orbital motion is in the
same sense as its rotation. Thus for the Sun to be directly overhead again, the Earth has to complete just
slightly more than one full turn. That is why the Solar day, defined by the period between successive noons,
is slightly longer than the siderial day, defined as the time it takes the Earth to complete one revolution.

4Purcell’s work is one example of the impact of World War II on radio astronomy. Purcell was an expert
at radio astronomy because he had spent the war years working at the MIT Radiation Laboratory on the
development of microwave radar for military applications.
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Figure 2: A map of 21 cm line emission from hydrogen over the whole sky. The bright
plane is the disk of the Milky Way. From http://apod.nasa.gov/apod/ap010113.html.

interstellar space by Wilson, Jefferts, & Penzias in 1960. (Penzias & Wilson would
later win the Nobel Prize for their discovery of the cosmic microwave background
radiation.) These provided tools for probing different parts of the ISM.

After radio astronomy, the next great breakthroughs came with the launch-
ing of satellites for astronomy. The Earth’s atmosphere is transparent to optical
light, to radio waves, and to some light in the infrared not too far from the opti-
cal, but it is opaque at all other wavelengths. There are parts of the interstellar
medium that emit in ultraviolet light, in x-rays, and in infrared light, but none
of these could be seen until telescopes mounted on satellites in space began to be
launched. While the idea of a space-based telescope went back to the 1920s, and
specific ideas back to the 1940s, the first actual orbiting telescope was launched
in 1962, to observe the Sun. The first orbiting telescope capable of observing
extra-Solar System objects was launched in 1966, but failed after three days in
orbit. The first successful astronomical satellite capable of observing beyond the
Solar System was only launched in 1968. Since then, space-based observatories
have dramatically-expanded our knolwedge of the ISM.

To get a sense of exactly how much multi-wavelenght capabiltiy matters,
Figure 3 shows Barnard 68 observed in many different ways. Clearly there is much
more information available in the multi-wavelength data than in just the optical
image.

II. Physical properties of the interstellar medium

So what do observations of the ISM tell us? What are its observable properties?
These questions form the focus for the second half of this class.
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Figure 3: The cloud Barnard 68, as seen in optical light from the VLT in Chile (top left),
with the red channel changed to near-infrared (also from the VLT in Chile; top right), at
four different far infrared wavelenghts from the Herschel space observatory (center), and in
the radio at lines emitted by the molecules C18O (bottom left) and N2H

+, from the IRAM
30m radio telescope in Spain (bottom right).
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A. Composition

We start with one of the most basic questions: what is the ISM made of?
What is its composition? The most obvious component, apparent from the 21 cm
map of the sky, is atomic hydrogen. This in itself is somewhat interesting, as hy-
drogen that is left to itself on Earth will spontaneously form hydrogen molecules,
H2, which do not emit the 21 cm line. So why is interstellar space full of atomic
rather than molecular hyrdogen? The answer is starlight: ultraviolet photons can
destroy hydrogen molecules and convert them back to hydrogen atoms. On Earth
the atmosphere prevents this from happening, but in interstellar space there is no
such shielding, and most hydrogen exists in the form of atoms. We will discuss
the exception to this shortly.

Hydrogen is by far the dominant species, but there are others too. The
next most common is helium. This is even harder to observe than hydrogen, as it
does not have an equivalent of the 21 cm radio line. Thus we can only see helium
where it is being illuminated by stars or something else (e.g., background galaxies
or quasars). However, from such regions, we can infer that there is ∼ 1/3 as
much helium by mass as there is hydrogen, and this seems to be fairly universal.
Together, helium and hydrogen constitute ∼ 98% of the mass of the interstellar
medium, as they do in the Sun. The remaining elements are ∼ 2%.

Of the remaining elements, the next most abundance are oxygen, carbon,
neon, and iron. It is worth remembering the curve of binding energy of the nuclei
from the previous class: oxygen, carbon, and neon are all maxima of the binding
energy, and are all α elements composed of multiple helium nuclei (4, 3, and 5,
respectively). Iron is the most bound element. This is not an accident. All of
these elements are created by nuclear reactions in stars, and those reactions tend
to preferentially produce these elements.

The oxygen and neon are gases, as is part of the carbon, but significant
amounts of carbon, and almost all of the iron, are in the form of solid dust grains.
These are the objects responsible for dimming the light of distant stars, and
creating the dark clouds like B68. Indeed, solids must be responsible for these
phenomena, because at the low densities of interstellar gas (to be discussed in a
moment), gas phase material will absorb light only at very specific wavelengths.
To produce the observed dimming across many wavelengths requires solid objects.
Based on the way the solids absorb different wavelengths of light, we can deduce
the characteristic sizes of these solid particles, and they are quite small – typical
sizes are � 1 µm, and some are better described as very large molecules than
small solids.5

5The way we can deduce the grain size distribution is, amusingly enough, linked to the reason that the sky
is blue. It is a general property of light that objects are most effective at absorbing or scattering wavelenghts
of light that are comparable to or smaller than their own size. Their efficiency at interacting with light
decreases dramatically at larger wavelengths, and the larger the wavelength, the less interaction there is.
This is the reason the sky is blue: the air interacts with sunlight very little, but to the extent that it does
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B. Density, temperature, and phase structure

The next question we willl address is the physical properties of the inter-
stellar gas. What is its density? Temperature? Chemical state? Approximate
answers to many of these questions were in fact deduced by Eddington and oth-
ers from nothing more than the optical observations and a general knowledge of
physics, but of course we can do far better with modern observational techniques.

First density: the mean density of the neutral hydrogen gas in the Galaxy is
roughly 1 atom per cubic cm. To put that in perspective: that is a better vacuum
than the best vacuum chamber we know how to make. At these densities, the
typical atom will travel interstellar distances before it collides with another one.
An Earth-sized volume of material at this density has a mass of a few kg. The
only reason we can see this material at all is because interstellar space is huge, so
there is a huge amount of it.

Next the temperature: the interstellar hydrogen gas appears to exist at a
wide range of temperatures, from a ∼ 100 K to nearly 10,000 K. Thus the coldest
regions of atomic hydrogen are below the lowest temperatures on Earth, while
the hottest portions are hotter than the surface of the Sun. Such a huge range of
temperatures is possible because, at the very low densities of interstellar gas, the
processes that are responsible for equalizing temperatures on Earth, for example
conduction from hot to cold things, or convection of air, operate so slowly as to
be completely negligible. There is no reason why regions with temperatures that
are a factor of 100 apart cannot exist side by side.

Finally, the chemical state. Much of the gas is atomic hydrogen, and this
is what was seen first, but this turns out not to be the only possible state of
interstellar gas. Dark clouds like B68 are one example. They are much, much
denser than the typical region of interstellar gas, which is why they are so opaque.
The density in B68 is up to one million atoms per cubic cm, a million times the
average. (For comparison, the difference in the densities of rock and air is only
a factor of about a thousand.) In B68, the hydrogen is mostly H2 (molecular
hydrogen) and not H i (atomic hydrogen)6. This is because the darkness of the
cloud blocks out ultraviolet starlight, and allows hydrogen molecules to exist. B68
cannot be detected in the 21 cm line, but it can be detected in lines emitted by
molecules such as carbon monoxide (CO) and ammonia (NH3). Unfortunately
nature has been cruel in one respect: the hydrogen molecule, H2, has no easily-
observable lines. We therefore resort to using other molecules, largely CO, as a
proxy.

Surveying the Galaxy, we find substantial quantities of molecular hydrogen.
Figure 4 shows the Milky Way as viewed in carbon monoxide emission. To see the

scatter sunlight, it is much more effective at doing so with blue light of shorter wavelenghts than with red
light of longer wavelengths. We can pursue the same logic with interstellar grains, and see what colors of
light they are better and worse at blocking. This lets us know their sizes.

6Horrible astronomy notation warning: since we often deal with ionized matter, we denote ionization
state by roman numeral. Ordinary hydrogen, which is not ionized is H i. Ionized hydrogen is H ii.
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Figure 4: An all-sky map of carbon monoxide (CO) emission
from the Planck satellite. Image from http://sci.esa.int/planck/

50016-all-sky-image-of-molecular-gas-and-three-molecular-cloud-complexes/.

Figure 5: Maps of atomic hydrogen (left), molecular hydrogen (middle), and the sum of the
two (right) in the nearby galaxy NGC0628. Image from Leroy et al., 2008, Astronomicall
Journal, 136, 2782, http://adsabs.harvard.edu/abs/2008AJ....136.2782L.

relationship between atomic and molecular gas, it is sometimes helpful to look at
an external galaxy where we don’t have the confusion that we are sitting buried
in the object we’re tyring to see. Figure 5 shows a map of another galaxy in CO
and atomic hydrogen. In general the molecular gas is significantly denser than
the mean, by at least a factor of ∼ 100, and often more. It is also significantly
colder than the mean, reaching typical temperatures as low as 10 K. It is so cold
because it is opaque to starlight, the main source of heating.

In addition to the molecular and atomic hydrogen, there are also regions
where the hydrogen is ionized – H ii in astronomer notation. In these regions,
the electrons have come unbound from the atoms because the gas has either been
heated to very high temperatures by a shock from a supernova or something sim-
ilarly cataclysmic, or has been ionized by the light of bright, young stars. These
are the regions that light up in optical emission, and that we see as nebulae. One
of the nearest, most famous examples is the Orion Nebula, shown in Figure 6. In
these regions the hydrogen density is often significantly lower than the mean of the
interstellar medium, and the temperature is higher. The lowest temperature ion-
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Figure 6: The Orion Nebula, as imaged by the Hubble Space Telescope.

ized regions are at about 10,000 K, and the highest may be as hot as 10 million K.

C. Bulk properties

The final topic for today is the buk properties of the interstellar medium:
how much mass is there? In a global sense, where does it go, and how does it
evolve?

On the question of mass: the density of interstellar gas is very low, on
average about 1 atom per cm3, but there are a whole lot of cm3 in interstellar
space. Indeed, despite this low density, the total mass of the interstellar gas in
the Milky Way is roughly 1010 M�. This is a factor of ∼ 10 less than the mass of
all the stars, but is obviously still an immense amount of mass. Of this, atomic
hydrogen accounts for ∼ 2/3 of the mass, while molecular hydrogen is most of
the rest. Ionized hydrogen is a small portion, though exactly how small depends
on where one puts the boundary of the galactic disk – the ionized phase becomes
more and more dominant as one moves away from the plane of the galaxy, so its
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share of the total mass budget depends on where one draws the line between the
disk and the more spherical halo.

As we will discuss in more detail next week, that hydrogen is engaged in
a continual cycle of collapsing into stars, being replenished by stars that die, and
being replenished by accretion of external gas from intergalactic space. The Milky
Way’s current supply of hydrogen gas is sufficient to power its star formation for
several billion years, but since the Galaxy is older than that, either we like at
a time when the hydrogen is just about to run out, or there is a rough balance
between supply and consumption into stars. The latter is probably the case,
though it is not fully certain. We will defray a larger discussion of star formation
and the star-gas cycle to next week.
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