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Interstellar Medium

• Crucial component of the life cycle 
of stars and the evolution of galaxies

• Multi-“phase”, stratified medium
• Molecular
• Cold (102 K) neutral (CNM)
• Warm (103 – 4 K) neutral (WNM)
• Warm (104 K) ionised (WIM)
• Hot (106 K) ionised (HIM)

• OB stars have a dramatic effect on 
their environment

• Lyman continuum radiation
• Winds
• Supernovae

• How?
• Consider MHD simulations of 

supernova-driven, turbulent ISM
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Figure 10 Various conceptions of the larger scale structure of the Galactic atmo-
sphere. In this figure, hatched green indicates warm HI; hatched green on yellow
background—diffuse warm HII; orange—hotter gas bearing OVI; red—material hot
enough to emit X rays; gray—plumes of escaping cosmic rays; and red dots—
microflares. Problems with the top two panels are discussed in the text. The lower
two panels contain some elements of potentially greater realism.
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MHD Simulations
• Extension of code used by Joung & Mac Low (2006, 2009)

• Conceptually similar to Avillez & Breitschwerdt (2004, 2005)
• Simulate vertical column of ISM like solar circle

• 1 × 1 × 40 kpc box, adaptive mesh, 2 or 4 – 32 pc resolution
• Solve MHD equations in FLASH (Fryxell et al 2000)

• Fixed Galactic gravitational potential
• Diffuse heating models photoelectric heating of dust grains
• Cooling curve for solar metallicity plasma
• Energy injected for supernovae

• 1051 erg injected per supernova
• Galactic supernova rate

• Type Ia: 6.58 Myr-1 kpc-2; hIa = 325 pc
• Core-collapse: 27.4 Myr-1 kpc-2; hII = 90 pc
• 3/5 correlated in superbubbles

• Initial conditions
• Smooth gas distribution in hydrostatic equilibrium

• 104 K in disk
• 106 K in halo

• Uniform, horizontal magnetic field: 0 (bx0), 6.5 (bx50), 13 (bx100) µG
Hill et al, ApJ submitted
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Heating & Cooling

• Energy injected for supernovae
• 1051 erg injected per supernova
• Galactic supernova rate

• Type Ia: 6.58 Myr-1 kpc-2; hIa = 325 pc
• Core-collapse: 27.4 Myr-1 kpc-2; hII = 90 pc

• 3/5 correlated in superbubbles
• Stellar wind for first 5 Myr of each 

superbubble
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Dalgarno & McCray 1972
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Hill et al, ApJ submitted
Mac Low, Hill et al (arXiv:1110.6527)
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Phases exist

|z| < 20 pc

Hill et al, ApJ submitted

Cold Cool

W
ar

m

Tr
an

si
tio

n

Hot



CSIRO.  Alex S Hill: Supernova-driven ISM

Evolution of phases
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Magnetic field

where ! ! "v2=2" P=(# # 1)" B2=8$ is the total energy of
the plasma. In all our simulations, the ratio of specific heats #
was set to 5/3.

The heating is representative of photoelectric and cosmic-ray
heating. The cooling is obtained from the work of Raymond &
Smith (1977). As a result, the cooling function used in this work
does not incorporate some of the molecular cooling terms, and
especially not the heating effects of polycyclic aromatic hy-
drocarbons, as shown inWolfire et al. (1995, 2003). As a result,
the current round of simulations have the requisite physics to
produce the hot and the warm phases of the ISM but not the cold
phase. Inclusion of the cold phase, along with all the extra
physics and numerics that are needed for its inclusion, will be
the topic of subsequent papers. Because we have chosen solar
metallicities in this work, the simulations are directly applica-
ble to the Galactic ISM. However, it is useful to point out
that Mushotzky & Loewenstein (1997) have observed several
clusters and found them to have a metallicity that is$0.3 of our
solar value. Likewise, Churchill & Le Brun (1998) and Ledoux
et al. (2002) find metallicities in damped Ly% systems that are
close to solar values. Thus, this work will also have applica-
bility to these other systems.

The equations are solved on a three-dimensional Cartesian
mesh using the total variation diminishing (TVD) methods
described in Balsara & Spicer (1999a, 1999b), Balsara (2004),
and Balsara & Kim (2004). Specifically, we use the fast TVD
algorithm drawn from the RIEMANN code that was described
in Balsara (2004) and calibrated for the present application in
Balsara & Kim (2004). The solution methods are all based
on higher order Godunov schemes that are known to produce
effective magnetic Prandtl numbers of unity. While that may
be different from the Galactic value, these methods are the
only known methods that will robustly integrate the physics of
strong shocks that needs to be represented for this scientific
problem.

2.2. Description of Simulations

The simulations evolve small cubical patches of the ISM
that are 200 pc on an edge. This size is chosen because a
distance of 100 pc is smaller than the scale height of the ISM.
Hence, the simulations represent a patch of the ISM in the
midplane of the Galaxy. Balancing heating with cooling at a
specified density and temperature enables us to set !0, the as-
sumed rate of photoelectric and cosmic-ray heating. Thus, the
mean density and temperature are two of the parameters that
specify these simulations. We start with a very small, uniform,
seed magnetic field, which also constitutes one of the param-
eters that specifies the simulations. The SN rate is another
determining parameter in these simulations. In this work we
adopt a fiducial SN rate in our Galaxy of two SN explosions
per century. Thus, a Galactic SN rate corresponds to one SN
exploding every 1.26 Myr in our computational domain. For
our purposes there is no need to distinguish between Type I
and Type II SNe. Thus, the SN rate is specified as a multiple
of this Galactic SN rate. As a first approximation, the SNe
explode in random locations in the computational domain.
For our present computational purposes, an SN explosion im-
parts 1051 ergs of thermal energy within a radius of 5 pc of
the randomly selected explosion site. That energy pulse then
evolves in time. The SN rate determines the interval of time
between successive SNe. Extensive code tests were done to
ensure that isolated SN remnants that were initialized with a
radius of 5 pc evolved spherically in a uniform, unmagnetized
medium. To retain physical consistency across simulations, the

same initial radius of 5 pc was used for the remnants on all the
meshes that were used in this work.
The simulations tend to be very long running, even on the

fastest parallel supercomputers, with typical run times that
exceed 105 CPU hr. This is so because for a field growth ex-
periment, one needs to run the simulations for several eddy
turnover times, resulting in almost 1000 SNe going off in the
course of a run. The short time steps needed to follow each
individual SN remnant along with the large number of ex-
plosions makes these simulations very challenging. We also
wish to have results that are close enough to the converged
results of an infinitely fine mesh. Therefore, we present results
from two identical simulations that have resolutions of 1283 and
2563 zones. If the two simulations show roughly similar sys-
tematic behavior, we can conclude that the answers we obtain
from the higher resolution simulation are close enough to the
converged answers. Initially, we carried out three simulations at
1283 zone resolution with 8, 12, and 40 times the Galactic SN
rate. The most interesting of these simulations was then re-
peated on a 2563 zone mesh. That simulation had a density of
1 amu cm#3, a mean temperature of 10,000 K, an initial mag-
netic field energy that was 2 ; 10#6 times smaller than the
thermal energy, and an SN rate that was 8 times larger than our
adopted Galactic rate. The higher SN rate was necessary for
producing appreciable field growth in a sufficiently short sim-
ulational time. Lower SN rates will also produce field growth,
albeit at a somewhat slower rate. Moreover, such high SN rates
are also consistent with those expected to occur in starburst and
protogalactic environments.

3. STUDY OF THE ENERGETIC ASPECTS
OF THE TURBULENCE

3.1. Energgy Growth Rates

Figure 1 shows the growth of magnetic energy and rms
density fluctuations for runs with 1283 and 2563 zones for the
first 40 Myr of simulation time. Both runs show a very rapid
initial increase in the magnetic energy during the first 5 Myr.
This initial growth does not represent the growth of magnetic

Fig. 1.—Log of magnetic energy (solid lines) and rms density (dotted lines)
vs. time for runs at 1283 and 2563 zone resolution. Thick and thin lines
indicate the high- and low-resolution simulations, respectively.

BALSARA ET AL.342 Vol. 617
Balsara et al 2004 ApJ

Thermal energy

Magnetic energy

Final field:
<B> ≈ 2 µG; Brms ≈ 4 µG

Hill et al, ApJ submitted
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Role of magnetic field

Hill et al, ApJ submitted
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Comparison to observations
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Warm ionised medium

WHAM Northern Sky Survey
(Haffner et al 2003 ApJS)

• Pervasive component of 
spiral galaxies

• MW: Scale height ≈ 1 – 1.5 kpc
• Fills 20 – 40% of the volume
• N(H+) / N(H) ≈ 1/4

• Observational tracers
• DM = ∫ ne ds (pulsars)
• EM = ∫ ne2 ds (Hα)

• very faint
• Hα detected in every direction

• Must be ionised by OB stars 
in plane

• How?
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Photoionisation of the WIM

Wood et al 2010 ApJ

H2 + H0 + H+ H2 + H0 H+ Hα
• Photoionise snapshot 
of simulations

• Use 3D, single-
temperature Monte 
Carlo photoionisation 
code (Wood & Loeb 
2000)

• O stars distributed 
randomly in disk

• Total ionising flux is the 
critical parameter
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Compare simulations to observations

Wood et al 2010 ApJ

Photoionisation + 
hydro simulations

WHAM data
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H I shells

The Astrophysical Journal, 728:127 (21pp), 2011 February 20 Dawson et al.

..

(a) (b)

(c) (d)

(e) (f)

Figure 3. Channel maps of the GSH 277+00+36 region. Each panel shows mean brightness temperature over a velocity interval of 2.47 km s!1. Gray scale images
are H i data. Pink contours show 12CO(J = 1–0), beginning at a starting level of 0.8 K and incremented in steps of 1.0 K. Dotted lines mark the boundary of the area
observed in 12CO(J = 1–0).
(A color version of this figure is available in the online journal.)
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Figure 3. (Continued)
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Conclusions

• Supernova-driven simulations reproduce multi-phase, stratified ISM
• The WIM is a natural consequence of feedback from massive stars

• Magnetic fields have little impact on vertical distribution of ISM in 
these models

• Delay but do not prevent breakout of superbubbles
• Magnetic pressure not dominant anywhere
• Field smooths structures

• Future questions to address
• Characterise size scales in magnetised and unmagnetised models
• Numerical improvements:

• include self-gravity
• distinguish between molecular and cold atomic gas

• dynamical radiative transfer
• heating
• photoionisation

• Additional vertical support
• differential rotation?
• photoionisation?
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Phase diagrams

nT ρv2/k B2/8πk

nT + (ρv2+B2/8π) / k
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Midplane images

Density

Thermal 
pressure

Ram pressure

Temperature

Magnetic 
pressure

Total pressure
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Vertical distribution

hz ≈ 10 pc hz ≈ 90 pc

hz ≈ 190 pc hz ≈ 600 pc

Hill et al, ApJ submitted


