
DANM 250C-01 Winter Quarter 2014

Class 7: The Intersellar Medium: Galactic Ecology

In the last class we were introduced to the interstellar medium – this diffuse gas that fills
the space between the stars. We ended that class with a discussion of some of the properties
of this gas, includings densities, temperatures, and chemical state, as well as the amount of
overall gas that there is. The topic for this class is how this gas evolves over the long term,
including how it forms stars. As we will see, star formation is one part of a larger process
that may be roughly termed “galactic ecology”: the cycle of gas into the galaxy, into stars,
back out of stars, etc. This class also differs somewhat from the previous ones in that we are
now entering into territory that is still only partly mapped. While there are certainly open
questions remaining about the properties of the ISM, and about stars and their evolution,
those a much more mature fields than the topic of star formation and galactic ecology in
general. The picture we develop in this class will therefore necessary be more fragmentary
and incomplete. We are reaching the frontiers of human knowledge.

I. Star formation

A. Large-scale gas flows

Let us start by considering how the large-scale motion of gas in a galaxy,
be it the Milky Way or a similar one. In the Milky Way, the stars are significnatly
more massive than the gas, and the dark matter (whose true nature is known,
but whose gravitational effects we can observe) is more massive still. This means
that the gas mostly flows around in response to the gravity generate by the stars
and dark matter, not by its own gravity – exactly the same way that the air on
Earth flows around in response to the gravitational effects of the solid Earth, not
the gravitational attraction of the atmosphere for itself.

The Milky Way’s stars are mostly arranged in a cylindrically symmetric
disk, with a small component in a roughly spherical halo. The dark matter is
probably also about spherically arranged. Thus the gravitational force they exert
is approximately symmetric and directed toward the center of the Milky Way. As
we have seen, the gas is arranged in a thin disk. Given these arrangements – gas
in a thin disk, stars and dark matter divided between a thin disk and a sphere, all
with the same center – we expect the gas to orbit about the center of the Milky
Way, just as the planets orbit the Sun

However, the situation is somewhat unlike that of the planets in that, in
the Solar System, almost all the mass is in the Sun, which is located at the center
of the Solar System (to very good approximation) and is very small compared
to the orbits of the planets. This produces orbits where the inner planets go
around at much higher speeds than the outer ones. In contrast, in the Milky
Way, in contrast, the mass is more spread out, so gas at different radii orbits at
approximately the same velocity. Note that this means that the gas at a large
radius still takes more time to complete an orbit than the gas at a smaller radius,
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because it has farther to go, but unlike in the Solar System the outer gas is not
moving any more slowly.

The gas is also unlike the planets orbiting in the Solar System, or the
stars orbiting in the Milky Way, in another important way. As we have seen, the
planets are truly tiny. They are extremely unlikely to actually collide with one
another1. The same is true of stars in a galaxy. The radii of stars is so tiny com-
pared to the distances between them that actual physical collisions between stars,
except under very unusual circumstances, essentially never happen. In contrast,
the gas is diffuse and spread out. While individual atoms can travel interstellar
distances before colliding with one another, they cannot travel anywhere near
galactic distances before colliding. The typical interstellar atom can travel only a
tiny fraction of a galactic radius without hitting another one.

The significance of this is that any place there is a perturbation to the
perfectly circular orbits of the gas, where gas tries to flow in anything but a
perfectly circular, self-avoiding pattern, there are going to be collisions. In places
where the flows of gas, for whatever reason, begin to converge, the density of the
gas at that point will go up. In places where the flows diverge, it will begin to
go down. In contrast, collisionless stars have a much harder time building up
overdensities because they cannot collide. If some perturbation makes stars start
to fall into some region, they will do so, but then they will keep on going and fly
right out the other side. To raise the density of stars in some place requires a
mechanism that can align all the orbits in such a way as to happen to make them
fall into the same region in a synchronized manner. Gas has no such difficulty.

There are many potential sources of such perturbations. In the Milky
Way, one is spiral arms, which are patterns formed in the stars over time the
cause their orbits to bunch up, creating small variations in density. The stars
pass right through these perturbations without being disturbed, but when gas
flows into them, it collides with itself, creating overdense regions. Figure 1 shows
how the stars are organized into spirals. The flow of gas in response is best
illustrated by a movie showing the result of a computer simulation of gas flow in
a galaxy with spiral arms. I recommend the one at http://empslocal.ex.ac.

uk/people/staff/cld214/xyplane.mov2 We’ll talk in a few classes about what
is meant by computer simulations.

Spiral arms are one source, but only one. Gas can also cllump up due
to its own gravity, due to the influence of external perturbations (for example
the gravity of another galaxy, as illustrated in Figure 1, where the galaxy M51
is undergoing “tidal harrassment” by its companion M51B), due to variations in
the local radiation field that induce variations in temperature and pressure, and
numerous other things.

1In the early Solar System things were more crowded and collisions almost certainly did happen, but even
then they were over the course of many millions of orbits, whereas the Galaxy is not old enough to have
completed anywhere near that number of rotations yet.

2This movie was made by Clare Dobbs, a faculty member at U. Exeter.
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Figure 1: Illustration of sprial waves. The left figure shows the galaxy M51 with ob-
vious sprial arms. The left is a schematic showing how the elliptical orbits of stars
in a galaxy can line up to produce a sprial overdensity. Left image source: http:

//en.wikipedia.org/wiki/File:Messier51_sRGB.jpg; right image source: http://www.

astronomy.ohio-state.edu/~pogge/Ast162/Unit4/spirals.html.

B. Gas clumping and thermodynamics

The gas in a galaxy may converge in some region due to spiral arms or
similar perturbations, but why does this make it clump up, and what are the
results of this clumping? This is a subtle but important question, since the gas
with which we are most familiar – air – does not show this behavior. If one turns
on a fan to blow air into a room, this results in the air flowing through the room,
but it does not raise the density of air in the room by any but the tiniest amount.
Why does the ISM behave differently?

To answer that, we need to understand first why a fan is not effective at
raising the density of air. It’s not that one can’t raise the density of air. A bicycle
pump will raise the density of air quite easily: the higher density, and hence higher
pressure, is the reason that bicycle tires stay inflated. The difference between that
and a fan blowing air into a room is that the air in the tire is trapped and has
nowhere to go as more and more of it is crammed in. In contrast, unless a room is
hermetically sealed, the air in a room is not trapped. As the fan blows air in, that
raises the pressure, and that increase in pressure in turn causes air to be pushed
out of the room through whatever windows, cracks, etc. are available. The result
is a flow of air, but no significant increase in density. Thus the key reason that
air does not have its density increased by a fan is that attempting to raise the
density raises the pressure, which in turn causes air to flow and bring the pressure
and density back down.

Having understood this, we are in a position to understand why the ISM
does not behave in this manner. First of all, the air in the room is able to escape
because it can easily flow as fast as the fan is blowing air in. However, there’s a
limit to how fast pressure can make a gas flow easily, and that limit is the speed of

3

http://en.wikipedia.org/wiki/File:Messier51_sRGB.jpg
http://en.wikipedia.org/wiki/File:Messier51_sRGB.jpg
http://www.astronomy.ohio-state.edu/~pogge/Ast162/Unit4/spirals.html
http://www.astronomy.ohio-state.edu/~pogge/Ast162/Unit4/spirals.html


sound. The reason that the pressure does not go up in the room is that the stream
of air created by the fan is much, much slower than the speed of sound (about 330
m / s in air at room temperature). If the fan were replaced by a supersonic jet
engine, it could actually raise the density of air in the room, because air would be
crammed in faster than it could escape. In this regard, the ISM is much more like
a jet engine than like a fan. That is because, at typical interstellar temperatures,
the sound speed speed is 5−10 km / s,3 while the typical speed of gas orbiting the
galaxy is about 200 km / s. The flows that cause gas to converge are not quite at
that full orbital speed, but they are nevertheless generally at speeds higher than
the gas sound speed, and thus they can raise the density.

There is also a second factor that makes the ISM a gas much more prone to
clumping than we are used to on Earth. This is the fact that the temperature of
the gas, and thus its sound speed, is controlled by the interaction between the gas
and stellar radiation, and not by any of the processes with which we’re familiar
on Earth. If we compress gas on Earth, it will start to heat up. Depending on the
rate of heating and the container into which it is placed, its temperature may be
brought back down to its original value as heat conducts out of the air into the
container, but in any event the temperature will not fall as the gas is compressed.
This is important becuase the temperature (together with the mean molecular
weight) determines the sound speed, and thus the ability of gas to avoid getting
compressed by flowing away.

Interstellar gas, on the other hand, sometimes has the perverse property
that as it is compressed it actually gets colder rather than hotter. This is because
at hgiher density it become more efficient at radiating way the heat being pumped
into it by starlight, and may begin to block out some of this starlight. As a result,
when the gas is compressed, its sound speed and thus its ability to flow away
actually diminishes. This too makes it easier for interstellar gas to clump up.

One can see this clumpiness clearly in images that show the positions of
the dust or the gas in galaxies. Figure 2 shows an example.

C. Formation of bound structure and onset of collapse

The compressibility of interstellar gas, coupled with the perturbations that
make it clump up sets the stage for star formation. For the most part the gas
in a galaxy flows around in a manner that is dictated by the gravity of the stars
and dark matter. This is trying to pull the gas into the center of the galaxy, but
that is countered by the angular momentum of the gas. However, if enough gas
clumps into a single region away from the center, then angular momentum will
not stop the nearby gas from falling toward that. The thus clumping can produce
structures that are begin enough to hold together by gravity, and such structures,

3The sound speed in interstellar gas is much higher than that of air partly because of its higher tem-
perature, but also partly because interstellar gas is composed mostly of hydrogen atoms, which are far less
massive than the nitrogen and oxygen molecules of which air is composed. In fact, for typical interstel-
lar temperatures, the difference in mean molecular weight is as or more important thant the temperature
difference.
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Figure 2: Images of the nearby galaxy M51. The top left image shows visible light. The top
right image shows the locations of dust, as deduced from the amount of obscuration in the
visible light image. The bottom image shows molecular gas, as traced by carbon monoxide
radio emission. The top two images are from the Hubble Space Telescope, while the bottom
one was made by the Plateau de Bure Interferomoter (PdBI) telescope in France. The right
image is part of the PdBI Arcsecond Whirlpool Survey (PAWS), led by Eva Schinnerer in
Heidelberg. The name is proof that astronomers have terrible sense of humor. Top image:
http://en.wikipedia.org/wiki/File:The_Two-faced_Whirlpool_Galaxy.jpg. Bottom
image: http://astrobites.org/wp-content/uploads/2013/04/PAWS_CO.png.
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Figure 3: An image of the W3 molecular cloud (or, more precisely, the dust in the cloud)
taken by the Herschel satellite in infrared light. Image source: http://www.space.com/

20491-massive-molecular-cloud-w3-wallpaper.html.

once formed, can begin to gather gas from around them. These self-gravitating
structures also tend to become dense enough to undergo a chemical transition
from atoms to molecules, and thus are known as molecular clouds.

As we discussed last week, molecular clouds get very cold because they are
able to shield themselves from starlight, and because their high densities make
the gas in them very efficient at shedding heat. This means that the pressure
is very low, and so there is not much to oppose gravity. Without something to
oppose it, gravity pulls the gas to ever-higher densities. The densest regions col-
lapse fastest, so a cloud that started out clumpy due to its formation becomes
even more structured and clumpy over time. The result is a network of lumps
and filaments. Figure 3 shows an example.

D. Stellar feedback and the end of star formation

Once a dense, self-gravitating clump of gas begins to collapse, unless some-
thing stops it, it will collapse all the way until it becomes a protostar of the type
we discussed a few weeks ago. At that point the collapse will temporarily halt
because the center heats up, and it has to radiate away energy before the star can
contract more. By that point, however, a star has already been formed.

As stars form, however, they can have profound effects on the gas around
them. Remember we said a moment ago that the densest parts of a cloud collapse
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fastest. As a result, a cloud does not transform entirely into stars at one moment.
Instead the densest parts form stars first, then progressively less dense parts, and
so forth, until something halts the process.

The process could be halted by the entire self-gravitating cloud turning
into stars, but that tends not to happen. Instead, the usual means by which the
star formation halts is that the first handful of stars that form are able to disrupt
the remainder of the cloud, dispersing it back to lower densities until the gas is
no longer self-gravitating.

This disruption can occur through many mechanisms, and which ones are
the most important under what circumstances is an active area of research and
debate. However, there are several obvious candidates:

• Outflows: when stars form, they usually have accretion disks around them,
because the incoming matter has too much angular momentum to fall onto
the star directly. For reasons that are only partly understood, the interaction
between the star, the disk, and the magnetic field connecting the two causes
some of the matter in the disk not to fall onto the star, but instead to be
launched away from the star are high speed in a phenomenon known as a
protostellar outflow. The outflowing material can be traveling at tens or hun-
dreds of km s−1, and when it slams into the surrounding molecular cloud, it
can break of and eject pieces. Figure 4 shows an example of the phenomenon
in action.

• Winds: the most massive stars launch very fast stellar winds from their sur-
faces, and these winds can impact the molecular gas around them and drive
it away, exactly as outflows do. The main difference between winds and out-
flows is that outflows exist for all stars but only persist while the stars are
still forming, while winds (or at least ones strong enough to do much) only
come from the most massive stars, but are produced over those stars’ whole
lives.

• Radiation pressure: a second potential mechanism for dispersing molecular
clouds is radiation pressure. As we’ve mentioned before, light exerts force on
matter that absorbs it. This force is feeble under terrestrial circumstances,
but and even in interstellar space, but it can act over enormous times and
distances, and only has to overcome the very weak gravitational forces ex-
erted by molecular clouds. Thus it is possible that the radiation produced by
newborn, bright stars is responsible for dispersing molecular clouds.

• Ionization: in addition to pushing on the gas, stellar radiation can heat it
up. Recall that a diffuse gas is mostly transparent to photons except at
certain energies, and this is true of interstellar gas too: visible light mostly
just passes right through it. The light can be absorbed by solid dust grains,
but that heats up the dust, not the gas. However, photons with energies
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Figure 4: Images of jets from young stars taken by the Hubble Space Telescope.

above 13.6 eV are capable of ionizing hydrogen atoms – converting H into a
free, unbound proton-electron pair. Photons of this energy can be absorbed
by interstellar gas, and when they are, the ionization process also tends to
heat the gas up to around 10,000 K. This dramatically raises the pressure
of the gas, potentially causing it to expand and escape from its molecu-
lar cloud. The H ii regions we observe are examples of this phenomenon
in action; figure 5 gives an example. For a movie of how this works, have
a look at https://sites.google.com/a/ucsc.edu/krumholz/movies and
play the movies under the heading “Expanding H ii Region”.4

• Supernovae: finally, we’ve already talked about how massive stars end their
lives in huge explosions called supernovae. If one of those goes off inside a
molecular cloud, it can disperse the gas in the cloud as well.

Regardless of which of those phenomena dominate, something eventually
stops star formation and disperses the star forming clouds. The result is a set of
newborn stars now free of their enshrouding cloud of gas and dust.

II. Stellar mass, energy, and metal return

4These are simulations performed by my former student Leo Gendelev, as part of his senior thesis.
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Figure 5: Image of the Orion Nebula taken by the Hubble Space Telescope.
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The interstellar gas in our Galaxy is continually turning itself into stars via the pro-
cesses we have just reviewed. The conversion rate at present is roughly 1 M� per year,
but was almost certainly higher in the past. However, conversion of gas into stars is
just one of the processes that makes up what we have called galactic ecology. The
opposite side of the ledger is what stars give back to the interstellar medium.

A. Mass return

We have seen that stars end their lives by returning much of their mass
to the interstellar medium. The most massive stars do this very rapidly, over
roughly 10 million years, ending their lives as supernovae that produce neutron
stars or black holes. These objects contain only a small fraction of the mass that
was originally in the star. The rest is expelled back into interstellar space, and
becomes part of the interstellar medium. Much of the mass is expelled as winds
even before the supernovae. Figure 6 shows an example.

Even lower mass stars that do not end their lives as supernova end up
expelling much of their mass back into the interstellar medium. The typical white
dwarf is around 0.7 M�, so if a 7 M� star evolves into one, 90% of its original
mass is returned to the ISM.

The return of mass gets ever less efficient as one proceeds to lower mass
stars. These stars not only have longer lifetimes, they expel less of their mass,
and form white dwarfs closer to their initial masses. The lowest mass stars have
lifetimes longer than the age of the Universe, and so have returned no mass at all.
Nonetheless, if one takes all the stars that have formed in our Galaxy up to the
present day, probably in the vicinity of 50% of their initial mass has been recycled
back into the interstellar medium. Some of this mass will have been incorporated
into new stars.

B. Energy and metal return

In addition to returning mass, stars return two more important things to
the interstellar medium, and this return is a crucial part of galactic ecology. First,
they return energy. Interstellar gas is kept warm in most places by the light of
stars heating it up. The gas in a galaxy is in constant, turbulent motion, and
some of this is doubtless due to supernova explosions going off in it. This injection
of energy doubtless plays some role in regulating the properties of the interstellar
medium, and thus the rate of star formation.

Second, stars return heavy elements to the ISM. The Big Bang produced
almost exclusively hydrogen and helium, and no heavier elements. All the heav-
ier elements (“metals” in astronomical parlance – anything heavier than helium
counts as a metal) are all made in stars, as a result of nuclear reactions. If that
material stayed locked up in stars, then there would be no solid, rocky planets,
nor many other things that we observe. However, when stars return mass to the
interstellar medium, they return metals as well.

Different masses of stars and different evolutionary stages are responsible
for different metals. Some are produced commonly by many stars, and some are
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Figure 6: Image of the star cluster NGC 3603 taken by the Hubble Space Telescope. The
blue star cluster in the center is fairly young, but it is old enough that its most massive
members have started to shed their mass. This is visible in the blue nebulosity’s in the
upper left. The reddish color to the right is an H ii region, from which these stars have only
recently emerged.
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produced only under rare and unusual circumstances. One of my colleagues is
fond of telling people that, if they are wearing gold jewelry, they are wearing
parts of the corpse of a dead neutron star.

The exact astrophysical production sites and mechanisms for all the ele-
ments is still an area of active research. The light elements like O, N, C, Ne, S,
and similar are all pretty well understood, but the heavy elements are much less
certain.

III. Cosmological accretion and outflows

The flow of mass from interstellar gas into stars, and from stars back into
interstellar gas, is much of the story of galactic ecology, but not all of it. The reason
is that the galaxy is not a closed box. Instead, mass enters and exits the Galaxy over
cosmological times.

Outflows occur when star formation feedback, particularly supernovae, is so
powerful that it not only disrupts a molecular cloud, it ejects gas from a galaxy com-
pletely. The result is called a galactic wind. Figure 7 shows an example of gas escape
from a galaxy in a wind. In addition to blowing out mass, these winds carry metals
into intergalactic space as well.

We don’t know all that well how much mass is contained in galactic winds,
exactly what mechanisms drive them, or how their properties depend on the properties
of the underlying galaxy. This is one of the most active areas of current astronomical
research.

In addition to winds leaving a galaxy, gas enters galaxies from intergalactic
space. The majority of the ordinary matter in the Universe is not contained in either
stars or the ISM of galaxies, it is contained in intergalactic space. Over cosmological
times, the mass falls into galaxies and is incorporated into their ISMs, and eventually
may turn into stars. This cosmological accretion is the final piece of galactic ecology
that we will discuss today.
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Figure 7: Image of the the galaxy M82 launching a wind. The white structure is an
optical image of the galaxy, and it shows mostly stars. The data are from the WIYN 3.5 m
telescope and the Hubble Space Telescope. The purple is an image taken by the Chandra
X-Ray Telescope, and it shows the X-rays being emitted by the hot gas as it escapes the
galaxy.
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