
Astronomy 230: Diffuse Matter in Space

Class 20 Notes: Global ISM Models

For this final lecture we will discuss attempts to synthesize all that we have learned about
the ISM into global models for its properties. Such models also necessarily bring in the
behavior of star formation, since stars provide the dominant energy input into the ISM. The
first attempt to do this, before the age of large-scale computing, was by McKee & Ostriker
in 1977, who proposed the three-phase model. This is still the “standard” model (1579
citations as of when I checked last), although it clearly fails in several respects, and needs
modification. Once we’re done with that model, we will discuss alternatives and updates.

I. The McKee & Ostriker model

A. The SNR filling factor

The first idea that goes into the three-phase model is that supernova remnants
tend to overlap, not evolve in isolation surrounded by dense gas. Instead, they
must interact with one another. We can demonstrate this using our calculation
from last time of the radius at which supernova remnants will break up and merge
with the ambient turbulence. We showed last time that

Rmerge ≈ 67 pc E0.32
51 n−0.37

0 c
−2/5
s,6 (1)

tmerge ≈ 1.9 Myr E0.32
51 n−0.37

0 c
−7/5
s,6 . (2)

The volume occupied by the SNR at its maximum extent is (4/3)πR3
merge.

We can then ask: what is the expected number of additional supernovae that will
go often in this volume during the SNR’s evolution? If the supernova rate per
unit volume is S, then this is

N = S
4

3
πR3

mergetmerge = 0.24S−13E
1.26
51 n−1.47

0 c−2.6
s,6 , (3)

where S−13 is the supernova rate in units of 10−13 pc−3 yr−1. For comparison, if
we approximate the star-forming volume of the Milky Way as a disk 15 kpc in
radius and 200 pc in thickness, within which supernovae occur once per 40 yrs, we
obtain S−13 = 1.2. Plugging in this value, along with mean values for the atomic
medium n0 = 1 and cs,6 = 0.6, and E51 = 1, we obtain N = 1.1. Thus we expect
that, on average, every supernova bubble will have another supernova within its
volume at some point. For this reason we cannot regard supernova bubbles as
non-interacting.

We can also phrase this calculation another way. Suppose that after a supernova
remnant stalls in its expansion because its expansion speed drops to the back-
ground speed, ambient cooler gas invades and destroys it as fast as possible, on a
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sound-crossing timescale of the ambient gas:

tdestr =
Rmerge

cs
= 6.5 Myr E0.32

51 n−0.37
0 c−1.4

s,6 . (4)

Since tdestr > tmerge, and the volume of the remnant is at its largest during this
destruction phase, this should be the phase that occupies the most volume.

We can calculate the fraction of the volume of the ISM filled by bubbles in this
state from Poisson statistics. If supernovae go off at random positions at a rate
per unit volume S, the expected number of supernovae within a volume V over
a time interval t is SV t, and the probability that n supernovae occur over this
interval is given by the Poisson distribution

Pr(n) =
(SV t)ne−SV t

n!
. (5)

Thus the probability of there being at least one supernova is

Pr(n ≥ 1) = 1− Pr(n = 0) = 1− e−SV t. (6)

The probability that a given point is within the volume of a supernova remnant
in the process of disappearing is simply the probability that there has been at
least one supernova remnant within a distance Rmerge of it. Thus we can take
V = (4/3)πR3

merge, t = tdestr, and the fraction of the ISM volume filled by bubbles
in this state is

fSNR = 1− e−SV t, (7)

where
SV t = 0.82E1

51.3n
−1.5
0 c−2.2

s,6 S−13. (8)

For our fiducial E51 = n0 = 1, cs,6 = 0.6, and S−13 = 1.2, we therefore have
fSNR = 0.95, so that most of the volume of the ISM is filled by supernova remnants
in some state of decay.

B. Dense clouds in a hot medium

The next step in the MO model is to consider what happens when the ISM is non-
homogenous and supernovae go off in it. The type of non-homogeneity adopted
in the MO model is the simplest case. They imagine that most of the volume of
the ISM is occupied by the hot supernova remnants, and that the remainder is
occupied by clouds of CNM. The other phases of the ISM are represented by the
interfaces between these cold clouds and the hot gas around them. We won’t go
into much detail about this, since this is the topic of our presentation this week.

[Slide 1 – cold clouds in the MO model]

The outermost layer around every cold cloud consists of warm, photoionized gas.
This gas is photoionized because the hot bubbles have low opacities to ionized
photons, so their interiors are filled with ionizing photons from stars. These
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propagate freely until they encounter a dense, cold cloud, at which point they
create an H ii region on its surface.

Inside that, where all the ionizing photons have been absorbed, is warm neutral
gas. It is warm and also partly ionized as a result of soft x-rays that also pervade
the hot bubbles. The soft x-rays have a longer mean free path than photons near
13.6 eV, so they can penetrate some distance into the cloud and produce partial
ionization. Even further in, where even the soft x-rays are absorbed, is CNM that
is dense and almost completely neutral.

These cold clouds are constantly being overrun by supernova blast waves. When
a blast wave arrives, it propagates through the low-density medium around the
cloud at speed vs, and therefore exerts a pressure on the cloud surface p = ρICMv

2
s ,

where ρICM is the density of the inter-cloud medium. This drives a shock into the
cloud, which, as a result of pressure balance, must travel with velocity vcs given
by

ρcv
2
cs ∼ ρICMv

2
s =⇒ vcs ∼

√
ρICM

ρc
vs, (9)

where ρc is the cloud density. Given typical CNM and hot gas densities nICM ∼
0.005 cm−3 and nc ∼ 30 cm−3, a 1000 km s−1 supernova blast wave in the inter-
cloud medium only produces a ∼ 10 km s−1 shock in the cloud, so clouds are not
immediately shock-heated and destroyed when new SNRs run them over.

However, the blast wave can raise KH instabilities on the surface of the cloud,
stripping material off of it. Depending on the magnetic field geometry, there can
also be conductive heat flow from the hot gas into the cloud. As a result, there is a
constant mass flux out of the dense clouds into the hot ICM. This also encourages
cooling of the gas inside the SNR, by raising its density.

[Slide 2 – the MO view of the ISM]

At the same time, as the SNR compresses and sweeps up the ISM, creating new
dense clouds. Thus there is a constant mass flux back and forth between the
phases. Based on this model and the observed supernova rate, one can compute
the equilibrium abundance in each phase. We won’t go through this in class, since
you’re reading MO on your own.

C. Successes and failures of MO

One major success of the MO model is that it provides a way of computing the
interstellar pressure induced by supernovae. One outcome of the model is that the
ISM tends to reach equilibrium in a state where SNRs just barely touch before
stalling, so that the pressure in a SNR matches the mean ISM pressure. As a
result, we expect the pressure in the ISM to settle at a value such that the mean
number of SNe per volume of a SNR is ∼ 1.
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Using our earlier estimate that

N = S
4

3
πR3

mergetmerge = 0.24S−13E
1.26
51 n−1.47

0 c−2.6
s,6 , (10)

we can write cs =
√
P/ρ to rewrite things in terms of pressure:

N = 0.48S−13E
1.27
51 n−0.19

0 p−1.30
4 , (11)

where p4 = (p/k)/104 K cm−3. If we set N = 1, then we have

p

k
= 5700 K cm−3 S0.77

−13n
−0.15
0 . (12)

Putting in Solar neighborhood values n0 = 1, S−13 = 1.2, we obtain p/k = 6000
K cm−3, within a factor of 2 of the observed thermal pressure of ∼ 3000 K cm−3.
Thus the pressure in the ISM follows from nothing but the energy per supernova,
the supernova rate, and the cooling behavior of hot interstellar gas.

This is a remarkable success, and there are others that we will hear about in the
paper presentation, but the model also has some failures and missing pieces. The
biggest failure is that the model greatly underpredicts the amount of gas that
exists in the warm phase. For its fiducial parameters the model gives only 4.3%
of the H i mass in WNM, whereas in reality H i observations indicate it is closer
to 60%. A related failure is that the model puts too much gas at temperatures of
3− 4× 105 K, at the interface between clouds and hot gas. This material should
emit strongly in O vi, and the predicted emission rate is ∼ 10 times the observed
amount of O vi emission.

There are also a few missing pieces and theoretical questions. One is how hy-
drostatic equilibrium enters the picture. MO manage to calculate the interstellar
pressure without making reference to hydrostatic balance, but of course hydro-
static balance must be maintained. In their model, the only way for this to happen
is for the supernova rate to rise as the galactic surface density does. However,
this runs into a problem, pointed out by Thompson, Quataert, & Murray (2005):
as the surface density increases, the volume density does too, and this makes SNe
merge at smaller radii and earlier times. To see why this creates a problem, recall
that in hydrostatic balance (neglecting stars) we must have midplane pressure
p ∝ Σ2, where Σ is the gas surface density, and midplane density ρ ∝ Σ2/σ2.
Since Q ∝ Ωσ/Σ, we can combine these to show ρ ∝ Ω2/Q2.

Now consider what this implies for a supernova-pressured ISM. In the model we
just wrote down, the pressure also obeys

p ∝ S0.77ρ−0.15 (13)

so we have

S ∝ p1.3ρ0.19 ∝ Σ2.6Ω0.4

Q0.4
. (14)
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Thus for marginally stable disks, Q ≈ 1, as appears to be the case, the supernova
rate must scale as Σ2.6Ω0.4. This is much steeper than the observed scaling of
star formation rate with surface density, which is SFR ∝ Σ1.4 or SFR ∝ Σ/Ω.
Physically, the cause of this effect is that, as the ISM gets denser, SNe merge
more quickly, and so the supernova rate needs to rise very rapidly to ensure that
every point gets hit by a supernova blast wave once per remnant lifetime.

A second theoretical concern is that supernovae are not randomly distributed.
They are clustered. As a result their energies often add together to drive giant
superbubbles. These are not taken into account in the MO theory. These super-
bubbles can sometimes blow out of the galactic disk entirely, venting hot gas into
the corona in a process known as a galactic fountain. If this happens, a significant
amount of the supernova pressure is lost.

II. Modern ISM models

In more recent years global ISM models have tended to be numerical in nature. Some of
these are based on input physics much like MO, and simply do a better job on geometry
and hydrodynamics, as one would expect for a numerical model. Others emphasize
entirely different physical processes. The main observables that these models all try
to explain is the distribution of mass and volume among the various ISM phases, and
the velocity dispersion of the gas.

A. Simulations of a supernova-driven ISM

First we can consider a class of models with input physics like MO: there is a
galactic disk which has background grain photoelectric heating and collisionally-
exited line cooling, within which supernova go off. The supernova bubbles can be
either placed randomly, placed at locations of density peaks, or both – random
placement is better for type Ia supernovae from old stars, while placement in
density peaks is better for type II supernovae, although there are some numerical
issues that we will not get into now.

After some evolutionary time, the ISM looks something like what is expected in
a MO model. One clearly sees hot supernova-driven bubbles, with dense cold
clouds at their edges There do not appear to be many cold clouds interior to the
bubbles, as expected in MO, but this may be a resolution effect. One also sees
galactic fountains, as expected for clusters supernovae. In the models by Joung
& MacLow, the clustering is put in by hand.

[Slides 3 - 4 – simulated galactic disks from Joung & MacLow]

Perhaps a more interesting way to look at this is to consider the distribution of
gas densities and pressure, as in an FGH diagram. As the diagram shows, one can
definitely see gas in the locations corresponding to the CNM and WNM phases.
There is also a significant amount of gas in the intermediate, unstable phase, as
well as a swath of high pressure and low density gas that corresponds to supernova
bubbles. The streaks in the high pressure, low density region correspond to lines
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of slope 5/3, which is what is expected for an adiabatic monatomic gas.

[Slides 5 - 6 – FGH diagram and temperature PDF from Joung & MacLow]

Looking at the distribution of gas in terms of mass and temperature, we see
that there is a significant amount of mass in each of the classical H i phases.
These models recover the warm gas fraction reasonably well: they find that 67%
of the WNM by mass is in the thermally unstable regime, in agreement with
observations.

There is fairly little mass at high temperatures corresponding to blast wave inte-
riors, although these occupy a significant fraction of the total volume: about 40%,
less than the value predicted by the MO model by about a factor of 2. Even this
is too high compared to observations, which indicate it is closer to 20% (Ferriere
1998). The discrepancy is probably due to the exclusion of magnetic fields from
these simulations. Magnetic fields, as pointed out by Slavin & Cox (1993), restrict
the ability of hot bubbles to expand, and thus reduce the hot gas filling factor.

B. Alternative models

Both the MO model and some modern simulations, like the Joung & MacLow
models, neglect other mechanisms that might be responsible for determining the
density and temperature distribution of the ISM. A full review of these is beyond
what we will do here, but we will briefly discuss some of them.

One important question is what role self-gravity plays in structure the ISM on
large scales. At a minimum we know that the ISM contains spiral arms and similar
gravitationally-driven structures, and that type II SNe at least occur preferentially
within these structures. This changes the dynamics from what they might have
been had the SNe been randomly places, leading to fewer, larger bubbles.

[Slide 7 – Shetty & Ostriker simulation]

1. Gravitational models

The basic picture here is the same as in MO, however. A more interesting
question is whether gravity by itself might be able to drive the turbulence in
the ISM. The basic picture is that some mechanism, either magnetorotational
instability or gravitational instability, causes a gradual flow of mass inward.
That provides energy to drive turbulent motions, which in turn induce further
transport of mass inward.

We can make this more formal as follows. Consider material orbiting in equi-
librium in a galaxy with a flat rotation curve. At every radius the centrifugal
force must balance the gravitational force, so we can obtain the gravitational
potential as a function of r:

dφ

dr
= −v

2
c

r
=⇒ φ = φ(r0) + v2c ln

r

r0
. (15)
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Now let us suppose that some mechanism induces a net inward mass flow at a
mean radial velocity vr. The potential energy per unit mass of the inflowing
material therefore decreases at a rate

dφ

dt
= −dφ

dr
vr = v2c

vr
r
. (16)

This energy will appear as an increase in the velocity dispersion of the gas –
either thermal heating or, more likely in the context of a strongly radiative
ISM, turbulent motion.

In equilibrium the velocity dispersion of the gas will be set by the balance
between this energy input rate and the rate at which the velocity dispersion
decreases due to radiative cooling. If the motion is thermal this will be
determined by thermal physics, but if it is turbulent then the cooling rate will
be limited by the rate at which shocks convert turbulent energy to thermal
energy, which takes a time of order the crossing time of a scale height. The
scale height is σ/Ω, where Ω = vc/r is the angular velocity of rotation, so
this time is tcr = 1/Ω = r/vc. Thus for an energy per unit mass (3/2)σ2, the
rate of energy loss per unit mass is(

de

dt

)
rad

=
3

2
σ2vc
r
. (17)

Equating the rates of specific energy gain and loss, we have

v2c
vr
r

=
3

2
σ2vc
r

=⇒ σ2 =
2

3
vcvr. (18)

If is helpful to rewrite this in terms of the inward mass flux through the disk.
If the disk has a surface density Σ, then the mass flux associated with an
inward velocity vr is

Ṁ = 2πrΣvr, (19)

so we have

σ2 =
1

3π
Ω
Ṁ

Σ
(20)

If we further demand that the disk be marginally gravitationally stable, then
we have

1 = Q =

√
2Ωσ

πGΣ
. (21)

Solving for Σ and substituting in, we have

σ2 =
1

3π
ΩṀ

πG√
2Ωσ

=⇒ σ =

(
GṀ

3
√

2

)1/3

. (22)

Thus in a marginally stable disk where the energy equilibrium is set by the
balance between dissipation of turbulence and release of potential energy
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by inward motion of gas, there is a relationship between velocity dispersion
and mass flux. The current inward mass flux through the Milky Way’s disk
is not known (it is hard to measure), but if it is comparable to the star
formation rate, Ṁ ∼ 1 M� yr−1, then we obtain σ = 10 km s−1, comparable
to the observed ISM velocity dispersion in the Milky Way. This is an entirely
plausible value of the inward mass flux, so we conclude that it is at least
energetically plausible that gravitational power could be competitive with
supernova power in controlling the global behavior of the ISM.

The virtue of the gravitational model is that, unlike the supernova-driven
model, it extends quite naturally to disks with higher surface densities and
velocity dispersions. The higher mass infall rates that occur in disks at higher
redshifts provide a natural way to explain their higher velocity dispersions,
while supernova feedback cannot naturally accomplish this. Models of this
sort have been advanced numerically by Agertz et al. (2009), Krumholz &
Burkert (2010), and Forbes et al. (2011).

[Slide 8 – Agertz et al. simulation]

2. Radiation and cosmic-ray pressure models

Yet another class of models for the ISM continues to appeal to stellar feedback
as important, but focuses on a form other than supernovae. The two most
prominent models in this class are Thompson, Quataert, & Murray (2005)
and Socrates, Davis, & Ramirez-Ruiz (2008). Both are intended primarily
to apply to the ISM in starburst galaxies where the surface density is very
high, although there are extensions being developed to apply to more Milky
Way-like galaxies as well.

The basic idea in the Thompson et al. model is that, for sufficiently high
surface density, the disk of the galaxy is very optically thick, even to infrared
light that has been absorbed and re-radiated by dust grains. As a result
radiation from stars can become trapped in the disk and build up to the
point where it exerts a significant pressure, driving the dynamics of the ISM.

The Socrates et al. model is similar, except that instead of relying on photons
the model appeals to the cosmic rays that are produced by star formation,
presumably in supernova remnants. These are tied to magnetic field lines
that thread the gas, so they exert a pressure on the gas and can potentially
affect the dynamics.

3. Hydrostatic balance models

Yet a third class of model ignores the turbulence in the ISM in favor of
calculating hydrostatic balance. In these models the idea is that the ISM
consists of gravitationally bound clouds, roughly identified with giant molec-
ular clouds, and a diffuse non-gravtiationally-bound phase. The Ostriker,
McKee, & Leroy (2010) model developed in the paper we read this week is in
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this class.
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