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SN-regulated ISM simulations

Modelling the interstellar medium in rotating galaxies
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SN-regulated ISM simulations

Equations
Dρ

Dt
= −∇ · (ρu) + ρ̇SN, (1)

Du

Dt
= −ρ−1∇σSN − c2s∇ (s/cp + ln ρ) −∇Φ − Sux ŷ

− 2Ω× u + ρ−1j×B + ζν (∇∇ · u)
+ ν

(
∇2u+ 1

3∇∇ · u+ 2W · ∇ ln ρ
)

, (2)

ρT
Ds

Dt
= σ̇SN + ρΓ − ρ2Λ +∇ · (cpρχ∇T ) + ηµ0j

2 (3)

+ 2ρν |W|2 + ζχ

(
ρT∇2s +∇ ln ρT · ∇s

)
+ ρT∇ζχ · ∇s,

∂A

∂t
= (U+ u)×B+ (η + ζη)∇2A+ (∇ ·A)∇ζη, (4)
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SN-regulated ISM simulations

SN-regulated dynamics

Temperature Gas number density

Composition of the ISM: a multiphase environment
Cox & Smith (1974), McKee & Ostriker (1977)

Differential cooling; compressions
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SN-regulated ISM simulations

Dynamo action

Non-ideal MHD

I Shear, rotation

I Range of scales

• 10−5 < n < 102 cm−3

• 10 < T < 107 K
• 0 <M < 25

I SN - sources of thermal

energy and random velocity

• shocks

• density gradient

• turbulence

I Azimuthal seed B

I Magnetic diffusivity
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Multiphase structure

Differential cooling: multiphase structure

WSW cooling (black) derived from Wolfire et al. (1995) T ≤ 105 K and
Sarazin & White (1987) T > 105 K

RBN (red,dashed) derived from Rosen, Bregman & Norman (1993)
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Multiphase structure

PDF in ρT space
Chapter 5. Is the ISM multi-phase?

Figure 5.10: PDF contour plot by volume of logn vs logT for Model SΩ, averaged over 200 Myr.
The lines of constant specific entropy s = 3.7 · 108 and 23.2 · 108 erg g−1 K−1 indicate where the
phases are defined as cold for s ≤ 3.7 and as hot for s > 23.2.

Specific entropy is related to temperature and density by

s = cv [lnT − lnT0 − (γ − 1)(ln ρ− ln ρ0)] ,

with cv denoting the specific heat capacity of the gas at constant volume and γ = 5/3

the adiabatic index. Note that s = 0 when both T = T0 and ρ = ρ0. Lines of constant
specific entropy in Fig. 5.10 take the form log n− 1.5 log T = constant. The dotted lines
plotted identify the cold phase as occurring where s < 3.7 · 108 erg g−1 K−1 (blue) and
hot occurring where s > 23.2 · 108 erg g−1 K−1 (orange). Although these are not neces-
sarily observable quantities, they can be calculated directly for the simulated data, and the
various probability distributions determined, including the temperatures.

In Fig. 5.11 the probability distributions for each phase defined by specific entropy
from Model WSWa are displayed for ρ, T , p and P in panels (a – d) respectively, where p
is thermal pressure and P is total pressure, as described in Section 5.1, so that it excludes
cosmic ray and magnetic pressures, but include turbulent pressure.

The distribution of n for the hot gas is slightly narrower, but the modal density re-
mains 10−3 cm−3. The warm gas distribution is however bi-modal with peaks at and more
disjoint. The peaks in the distributions are consistent with the definitions in Section 5.1 at
10−3, 10−1 and 10 cm−3 for hot, warm and cold respectively.

From panels (c) and (d) we can see that the peaks of the distributions are consistent
with the line of constant pressure at p = 10−12.7 erg cm−3 referred to in Fig. 5.10. There is
little change in the distributions of p, compared to Fig. 5.5. The differences in P between

65

Phases can be separated at boundaries T = 500K, 5× 105K, or
s = 3.7× 108erg/g/K, 23.2× 108erg/g/K.
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Multiphase structure

Lognormal fits to gas distributions

gas number density

Chapter 5. Is the ISM multi-phase?

2×10−12 dyn cm−2. The cold gas appears over pressured as a result. It becomes apparent
(cf. below Fig. 5.7) that this is due to the vertical pressure gradient. All the cold gas
occupies the higher pressure mid-plane, while the warm and hot gas distributions mainly
include lower pressure regions away from the disc.

Theoretically, it might be expected that the densities of a gas subjected to multiple
shocks may adopt a lognormal distribution rather than a normal distribution (Kevlahan
and Pudritz, 2009). The probability distributions for density in Fig. 5.5a can be reasonably
approximated by lognormal distributions, of the form

P(n) = Λ(µn, sn) ≡ 1

nsn
√

2π
exp

(
−(lnn− µn)2

2s2n

)
. (5.1)

The quality of the fits is good, but less so for the hot gas. This is improved when the
hot gas is subdivided into that near the mid-plane (|z| ≤ 200 pc) and that at greater heights
(|z| > 200 pc); the former dominated by very hot gas in the interior of SN remnants, the
latter predominantly more diffuse gas in the halo. These fits are illustrated in Fig. 5.6,
using 500 data bins in the range 10−4.8 < n < 102.5 cm−3, where the warm gas has also
been subdivided by height; the best-fit parameters are given in Table 5.1.

Figure 5.6: Density probability distributions for model WSWa, together with the best-fit lognor-
mal distributions (dotted) for the cold (black, solid), warm and hot gas. The warm/hot gas have
been divided into regions |z| ≤ 200 pc (blue/red, dashed/dash-3dotted) and |z| > 200 pc (light
blue/orange, dash-dotted/long dashed) respectively.

The two types of hot gas have rather different density distributions, and separating
them in this way significantly improves the quality of the lognormal fits. The warm
gas distributions remain very similar, with identical variance but shifted to lower density
above |z| = 200 pc. It therefore appears justified to consider the two hot gas components
separately, where it appears strongly affected by its proximity to the SN activity. The
structure of the warm gas appears independent of the SN activity, and merely exhibits a
dependence on the global density gradient, so it make sense to consider the warm gas as

54

hot |z | ≤ 200 pc, hot |z | > 200 pc, warm |z | ≤ 200 pc, warm |z | > 200 pc,

cold
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Multiphase structure

Multiphase structure – gas number density

cold warm hot
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Mean and fluctuating fields

How do we identify the mean field?

I Observers:

Gaussian smoothing –

sliding averages

I Theoreticians:

Volume averaging

I Horizontal averaging
Gressel (2008), Dobbs &
Price (2008)

non-galaxy applications

I Applying a low pass filter G (x, `)
Germano (1992) re: turbulent u

I Convolve B with Gaussian

B`(x, `) =
∫

V
B(x′)G (x− x′, `)dx′

G (x− x′, `) =
1

(
√

2πlB )3
exp

{−(x− x′)2

2 `2

}

B̂`(k, `) = B̂(k) exp
{
−2(`π)2k · k

}

B̂`(k, `) = F [B`(x, `)]
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Mean and fluctuating fields

Scale separation
` = 50 pc

I eB black
eB` red
eb blue

I vertical red line kB = `−1

I vertical black line k∆x = ∆x−1

` = 20 pc ` = 100 pc
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Mean and fluctuating fields

3D structure of the total, mean and random field

B B` b
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Correlation lengths

Correlation lengths

We can investigate the correlation lengths in the separate phases.

D(l) = 〈[n(x+ l)− n(x)]〉2

C (l) = 1− D(l)

2σ2

l0 =
∫ ∞

0
C (l) dl .

Isotropic horizontal structures investigated to date.

Data from multiple snapshots are stacked, and correlations
investigated at varying z-levels.
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Correlation lengths

Correlation lengths

E.g. for the fluctuating field, b = |b|

Fits to the form of C (l) are currently being investigated.
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Correlation lengths

Correlation lengths

Too little cold gas for meaningful statistics.

Integrated correlation lengths l0 being investigated for different
quantities, at differing z-levels.
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Fieldline-based averages

Fieldline-based averages

Statistics obtained along
arbitrary (straight) lines
correspond to simple
volume averages.

If we integrate instead
along fieldlines, the
statistics associated of
the phase carrying the
field phase can be
isolated. (a) (b)

(c)

Figure 3.1: 3D rendering of mean magnetic field lines (white lines) in the simulated ISM gas 1.4 Gyr after the start
of the simulation, with gas density colour coded. Panel (a) gives an isometric view, whilst panels (b) and (c) give
a view along the x and y axes, respectively.

20
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Fieldline-based averages

Fieldline-based averages

Field lines can be simply integrated:

dxi
ds

=
Bi

|B(x)| .

The locations of points on a fieldline are then

xj = x0 +
j−1
∑
i=0

B(xi )

|B(xi )|
∆s ,

and the maximum displacement (for the j = k which maximises this) is

r = |xk − x0| =
∣∣∣∣∣
k−1
∑
i=0

B(xi )

|B(xi )|
∆s

∣∣∣∣∣ = ∆s

∣∣∣∣∣
k−1
∑
i=0

B(xi )

|B(xi )|

∣∣∣∣∣ .

A correlation length can then be calculated as

C =
∫ rmax

0
rP(r)dr .
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Fieldline-based averages

Fieldline-based averages

The mean field preferentially samples (the cooler part of) the warm
phase, as we would expect.

3.2.1 The phase that hosts the mean field

The sampled specific entropy data from the the field lines and straight lines, from
the snapshot at t = 1.4 Gyr, are used to derive PDFs of specific entropy, s,
for straight lines and mean field lines shown in Fig, 3.2. The fractional volume

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
s [erg g−1  K−1 ] 1e9

0.00

0.05

0.10

0.15

0.20

P(
s)

Mean field
Straight lines

(a)

Figure 3.2: The PDF of specific entropy, s, sampled along mean field lines (blue
solid) and straight lines (red solid). The vertical lines represent the cold-warm and
warm-hot phase boundaries. The data is taken from the snapshot at t = 1.4 Gyr.

of the cold phase is less than 0.01 (Gent, 2012), so it is hardly visible in this
representation.

The warm-hot phase boundary is represented by a solid black vertical line in
Fig. 3.2. The fractional volume of the warm phase, fv,warm is generally between
0.88 and 0.96 in the midplane and the fractional volume of the hot phase, fv,hot,
is generally between 0.04 and 0.12, once the numerical model has reached the
statistically steady phase. Hence, we expect the statistical properties of the warm
phase to dominate the PDFs.

At t = 1.4 Gyr, the PDF of s along the mean field lines, hereafter referred to as
PB(s) , has higher probability density in the cooler, denser regions (3.7 erg g−1 K−1 <

22

Analysis for a single snapshot.
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Fieldline-based averages

Fieldline-based averages

The fluctuating field is somewhat more likely to be found in hotter
gas.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
s [erg g−1  K−1 ] 1e9

0.00

0.05

0.10
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0.20
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P(
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Mean field
Random field
Straight lines

Figure 3.5: PDFs of entropy sampled along mean magnetic field lines (blue solid),
random magnetic field lines (blue dashed) and straight lines (red solid). All twelve
snapshots of the steady-phase of the model are used to calculate these PDFs.

which occur over smaller length scales. Therefore, we do not expect the geometry
of the random magnetic field lines to be particularly sensitive to the multi-phase
structure. However, the typical strengths of the mean and random magnetic fields
should be sensitive to the multi-phase structure and distance from the galactic mid-
plane. We construct a PDF of entropy sampled along random magnetic field lines,
denoted by Pb(s) which is presented in Fig. 3.5 alongside PB(s) and P−(s) sampled
across the twelve snapshots available. The PDF of entropy sampled along random
field lines, hereafter referred to as Pb(s) , is bimodal, with both modes in the warm
phase. Its first mode is at s = 1.2 · 109 erg g−1 K−1, a slightly higher entropy than
the mode of PB(s) . The second mode is at s = 1.7 · 109 erg g−1 K−1, in the
hotter, less dense region of the warm phase. Pb(s) has lower probability density
than PB(s) for s < 1.2 · 109 erg g−1 K−1. However, the difference between the two
PDFs is small at these entropies. At higher entropies, Pb(s) has greater probabil-
ity density and extends to higher entropies. This suggests that the random field
is not as sensitive to the multi-phase structure as the mean field.

26

Analysis averaged over 12 independent snapshots.
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Fieldline-based averages

Fieldline-based averages

The morphology of the mean and fluctuating fields is very
different, as expected.

Correlations [kpc]
Mean field Random field

C 0.735 0.141
Cx 0.045 0.034
Cy 0.382 0.046
Cz 0.085 0.050

Table 3.2: Correlation lengths for the mean and random magnetic field lines from
an ensemble average of twelve snapshots of the ISM simulation (Gent, 2012).

result will be investigated further in the future.
We note that the correlation lengths of the random field along the axes are

very similar, which suggests that the random magnetic field is isotropic (or at least
approximately isotropic). This reinforces the argument that the random magnetic
field is not as sensitive to the multi-phase structure as the mean magnetic field,
since it does not appear to be affected by the turbulent random flows, differential
rotation or strong inhomogeneity of the gas. The PDF of correlation lengths for
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Figure 3.8: PDFs of correlation lengths for mean (blue) and random (red) field
lines.

mean and random field lines are given in Fig. 3.8. The characteristic, modal
correlation length for mean field lines is 1 kpc. The PDF is localised about this
value, with the probability density low outside 0.8 kpc < R < 1.2 kpc.

For the random field. most of the probability density lies in 0 kpc < R < 0.6.
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Fieldline-based averages

Fieldline-based averages

Analysis of this with respect to displacements in different
directions confirms the random field is approximately isotropic, the
mean field is dominantly azimuthal.

Correlations [kpc]
Mean field Random field
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since it does not appear to be affected by the turbulent random flows, differential
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mean and random field lines are given in Fig. 3.8. The characteristic, modal
correlation length for mean field lines is 1 kpc. The PDF is localised about this
value, with the probability density low outside 0.8 kpc < R < 1.2 kpc.

For the random field. most of the probability density lies in 0 kpc < R < 0.6.
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Addition of cosmic rays

Addition of cosmic rays

Cosmic rays — an important constituent of the ISM — are now
being added via the SN explosions.

We model the CR energy density ecr subject to non-Fickian
diffusion, so also solve for the cosmicray flux F cr:

∂ecr

∂t
+∇ · (ecrU) + pcr∇ ·U = −∇ ·Fcr +Qcr ,

with pcr = (γcr − 1)ecr, γcr = 4/3, and

τ
∂Fcr,i

∂t
= −κij∇jecr −Fcr,i ,

κij = κ⊥δij + (κ‖ − κ⊥)B̂i B̂j .

Diffusion is strongly anisotropic, with κ‖ � κ⊥.
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Addition of cosmic rays

Addition of cosmic rays

Cosmic rays are inserted via the SNe.

s ln ρ ln ecr

See Luiz Felippe’s talk for the Parker instability in this context . . .
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Summary

Summary

I SN-regulated simulations produce realistic ISM structures

I Reasonable distributions of multiphase components, and mean
and fluctuating fields

I Simulations still being analysed for the underlying structures

I Addition of cosmic rays now in progress

I Observational diagnostics will be produced
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