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Why Cosmic Rays?

What are Cosmic Rays?

high energy particles (non-thermal energies)
mostly protons, smaller fraction of electrons and heavier nuclei
have comparable energy densities to magnetic energy and thermal
energy in the Galaxy

Why do we care about them?

They have comparable energy densities in the ISM
They have different interaction processes with gas
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What is the energy spectrum?
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How and where are they created?

depends on the energy range:
1 below ∼ 1GeV: thermal conditions in SN shells
2 up to . 1015 eV: Galactic origin (Shock acceleration)
3 above: assumed to be of extra-galactic origin

Karl-Heinz Kampert – University Wuppertal JAC Garching, May 16, 20135

courtesy R. Engel
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Shock acceleration and resulting spectrum?

Strongest shocks are
Supernova shells

CR are accelerated via DSA
(Axford et al. 1977; Krymskii 1977;

Bell 1978; Blandford & Ostriker

1978; Malkov & OC Drury 2001)

acceleration depends on
shock properties: M, ρ, T,B

Expected energy input
ECR ∼ 0.1ESN (Hillas 2005)

The Astrophysical Journal, 744:67 (15pp), 2012 January 1 Gargaté & Spitkovsky

(a)

(b)

(c)

Figure 7. Particle spectra (and function fits) measured in the downstream at
time t = 300 ω−1

ci (black crosses). Spectra are shown for run A1 (MA = 3.1,
θ = 0◦) in frame (a), for run C1 (MA = 10, θ = 0◦) in frame (b), and for run D1
(MA = 31, θ = 0◦) in frame (c). Green lines are fits to a power law given by
E−α , with α = 2 ± 0.2, and the red lines correspond to the thermal component
E1/2e−E/Eth (see Equation (1)).
(A color version of this figure is available in the online journal.)

Mach number; this is because there are fewer particles in the
tail of the distribution (above the injection energy) as the Mach
number increases.

The shock acceleration efficiency as a function of magnetic
field inclination angle for the runs in sets A through D (Mach
numbers from 3.1 to 31) can be seen in Figure 8. As a general
trend, the acceleration efficiency decreases with increasing
Mach number and with increasing angle. The highest energy
efficiency measured was Eeff ∼ 15% for the MA = 6, θ = 15◦

shock. It is also apparent from Figure 8 that there is a consistent
increase in efficiency, for each Mach number, at an angle of
15◦–30◦. There is thus a critical intermediate angle for which
the shock energy conversion efficiency is greatest. This can be
understood in the framework of DSA and SDA theories: the
SDA mechanism, which is faster than DSA, is more effective
for higher B field inclination angles.

The energy efficiency decrease with shock Mach number is
very clear from Figure 8. The trend is similar when looking
at number efficiency (fraction of particles in the tail to the total
number of particles), which is seen in Figure 7, where the power-
law index is roughly the same α ∼ 2 ± 0.2 for all runs at
t = 300 ω−1

ci , but the number of particles in the tail decreases
from frame (a) (MA = 3.1) to frame (c) (MA = 31). This result
is an indication that particle injection into the DSA process is
less efficient at higher Mach numbers due to the local conditions
near the shock front. Analyzing the microstructure of the shock
transition, and understanding in detail the particle acceleration
mechanism, is thus of crucial importance. It should also be
noted that there is a slight overall increase in the efficiency from
MA = 3.1 to MA = 6 shocks (Figure 8 blue line to the red line),

Figure 8. Acceleration efficiency, defined as the fraction of energy in the power-
law tail to the total energy in the distribution, as a function of the shock magnetic
field inclination angle. Efficiencies for runs A1 to A4 (MA = 3.1) are in blue,
runs B1 to B4 (MA = 6) are in red, runs C1 to C4 (MA = 10) are in green, and
runs D1 to D4 (MA = 31) are in gray.
(A color version of this figure is available in the online journal.)

which is contrary to the general trend; a similar increase is found
in Giacalone et al. (1997) at these Mach numbers. This is due to
two effects: on the one hand there is always an increase of the
maximum energy in the ion distribution function as the Mach
number increases, but on the other hand there is a consistent
decrease of the number of accelerated particles in the tail for
higher Mach numbers. Since α ∼ 2, there is an equal amount
of energy per decade in the distribution and thus high-energy
particles contribute significantly to the energy efficiency. The
two effects are then both relevant. At low Mach numbers from
MA = 3.1 to MA = 6, the first effect dominates, whereas for
MA = 10 and beyond the second effect dominates, which then
results in the overall efficiency decrease seen in Figure 8.

For higher Mach number shocks (MA = 100), the general
shock features, such as the EM field structure, including the
polarization of the waves in the upstream and the shock
compression ratio are consistent with the shock jump conditions
(and are similar to MA = 31 shocks). However, in this case,
we found that shock evolution would have to be followed for
longer times and using a longer simulation box for a consistent
measurement of the efficiency; tentative values in the order of
∼1% were found at the end of the simulations at t = 80 ω−1

ci for
MA = 100 shocks. For shocks with angles θ > 45◦ we found
that the power law was strongly suppressed.

5. PARTICLE ACCELERATION

As the particle acceleration and the shock evolution are
dynamic processes, it is expected that the maximum particle
energy in the power-law tail should grow in time. For a DSA-
accelerated particle, the total elapsed time for a particle to
accelerate from momentum p0 to p depends on the diffusion
coefficient and can be estimated as (Drury 1983)

τacc(p) = 3
∆V

∫ p

p0

(
κu(p′)

Vu

+
κd (p′)

Vd

)
dp′

p′ , (4)

where Vu, Vd are the upstream and downstream flow velocities
in the shock frame, and κu, κd are the upstream and downstream

9

Gargate, Spitkovsky 2012
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Why are they important?

large mean free paths = small cross sections with the gas

they do not interact locally with the gas
1 CR can escape from the acceleration regions (cooling of SN regions)
2 CR can penetrate into high density material (heating of molecular

clouds)

connection CR–gas mediated by magnetic fields
1 CR are redirected by magnetic fields
2 CR can deposit energy into magnetic fields (B field amplification)

Philipp Girichidis (MPA Garching) Dynamics of CRs in the ISM 2 July 2014 6 / 24



Physics from small to large scales

CR are charged particles that gyrate around magnetic field lines
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Fluid approach for CR

main assumption: effective mean free path (=̂ particles’ gyroradius) is
small compared to computational cell

particles travel relative to magnetic field lines due to inelastic effects
in principle: work out diffusive effects and use diffusion process

K depends on energy ecr (Castellina & Donato 2011)

K(E) = 1028 cm2 s
−1
(

E

10 GeV

)0.5

K depends on position in space (⇒ diffusion tensor)
diffusion tensor depends on direction of magnetic field

∂ecr(r, t)

∂t
=

3∑
i=1

3∑
j=1

∂

∂xi

[
Kij(ecr, r,B)

∂ecr(r, t)

∂xj

]
CR diffusion is different along and perpendicular to field lines

K‖ ∼ (10− 100)K⊥
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coupling gas ⇒ CR

How to couple CR and gas?

assume ideal MHD: magnetic field lines are frozen in the gas
⇒ magnetic field is advected/compressed with the gas

assume that the perpendicular diffusion coefficient is small
⇒ strong coupling of CR to the field lines
⇒ CR are advected with the gas

advection-diffusion approximation

∂tecr +∇(ecrv)︸ ︷︷ ︸
advection

=− pcr∇ · v︸ ︷︷ ︸
compression of gas (CR are trapped)

+ ∇ · (K · ∇ecr)︸ ︷︷ ︸
diffusion (anisotropic)

+ Qcr︸︷︷︸
source terms
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CR spectra

so far, only total CR considered

strongly varying diffusion coefficient (Berezinskii et al. 1990;
Castellina & Donato 2011)

K‖(E) = K‖,0

(
E

10 GeV

)0.5

, K⊥ ∼ 0.01K‖

follow CRs of different energies separately (full spectrum)
we use 10 different bins (different γCR(E))

∂tecr +∇ · (ecrv) = −pcr∇ · v +∇ · (K · ∇ecr) +Qcr

∂tecr,i +∇ · (ecr,iv) = −pcr,i∇ · v +∇ · (Ki(ei) · ∇ecr,i) +Qcr,i

include adiabatic gains and losses in momentum space

Girichidis, Naab, Walch, Hanasz (arXiv:1406.4861)
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Test and realistic setups

vary density and magnetic field configuration

realistic setup: initial homogeneous B field, turbulence, gravity
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Realistic ISM conditions

CR diffusion 10 kyr after the SN explosion

ECR = 10−2 GeV ECR = 1 GeV ECR = 103 GeV
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Realistic ISM conditions10 Girichidis et al.
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Figure 7. Projected CR energy density for different times (columns, 10 kyr, 100 kyr, 150 kyr) and different CR energies (rows, ECR =
10−2 GeV, ECR = 1 GeV) as well as the CR spectra measured at the points indicated in top left panel for simulation TT-SN1.0-CR0.1-PL.
Note that the time scale is an order of magnitude larger than the time scales in figure 4 and 6. The spectra show significant differences in

total energy as well as spectral shape for the different measurement points. In this more realistic density and magnetic field configuration
the measured spectrum after t = 150 kyr approaches the form of the source spectrum.

c� 0000 RAS, MNRAS 000, 000–000

10 Girichidis et al.
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Figure 7. Projected CR energy density for different times (columns, 10 kyr, 100 kyr, 150 kyr) and different CR energies (rows, ECR =

10−2 GeV, ECR = 1 GeV) as well as the CR spectra measured at the points indicated in top left panel for simulation TT-SN1.0-CR0.1-PL.
Note that the time scale is an order of magnitude larger than the time scales in figure 4 and 6. The spectra show significant differences in

total energy as well as spectral shape for the different measurement points. In this more realistic density and magnetic field configuration

the measured spectrum after t = 150 kyr approaches the form of the source spectrum.

c� 0000 RAS, MNRAS 000, 000–000
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Ratio of the pressure gradients

pressure gradients are accelerating the gas

ratio of pressure gradients

|∇PCR|
|∇Pgas|

shows, where CRs are the dominant driver of acceleration SN and CR 13
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Figure 11. Ratio of the gradient of pressures, (||∇pCR ||) / (||∇pgas ||), for three different times (left to right) and three different CR

energies for simulation TT-SN1.0-CR0.3-PL. Blue regions indicate where the acceleration of the gas is dominated by gas pressure, red areas
indicate CR dominant acceleration.

of the SN shell. We therefore should not investigate this
region. The expanding SN shell also pushes CRs with a
slightly hardened spectrum into the surrounding ISM. The
reason is the compressing flow at the shock front. This be-
haviour is shown in figure 13, where we plot the spectra
at t = 50 kyr for simulation TT-SN1.0-CR0.3-PK (lines with
points) and TT-SN1.0-CR0.3-PK-ad (lines), shown at the six
measurement points indicated in figure 4. Again, this hard-
ening proves that the code is solving the adiabatic losses
correctly but the physical importance suffers from the ide-
alised simulation setup. Ideally, the shock front would be

resolved enough to put the CR energy directly into shell
with a spectrum depending on the shock properties.

Whereas the spectra differ noticeably in the runs with
and without adiabatic losses, the overall integrated effect
is rather small, because the CR pressure gradient does not
change perceptibly. The differences in the kinetic energy (fig-
ure 9) between runs with and without adiabatic losses are
less than 10%.

c� 0000 RAS, MNRAS 000, 000–000
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Net acceleration

net acceleration of the gas

mostly perpendicular to the magnetic field lines
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Energy in the shock region

compare run SN+CR (1.0+0.3) to purely thermal run (1.3+0.0)

SN and CR 11
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logarithm of the CR energy densities. For all energy bins and all
radii the angular variations are at least one order of magnitude.

impact of the CRs is the three-dimensional velocity
dispersion,

σ3D =

��

j

σ2
j , (41)

with j ∈ [x, y, z]. The mass-weighted one-dimensional
component is given by

σj =

�
1

Mtot

�

cells

�
m(vj − �v�j)2

�
, (42)

where �v�j is the mass-weighted average velocity in
one direction,

�v�j =
1

Mtot

�

cells

(mvj) . (43)

We also compute the corresponding volume-
weighted values which are shown in figure 10
as a function of time after the SN explo-
sion for simulations TT-SN1.3-CR0.0, TT-SN1.0-CR0.3-PL,
TT-SN1.0-CR0.3-PK, and TT-SN1.0-CR0.0. The simulation
with only thermal energy injection and a SN en-
ergy of ESN = 1051 erg has the lowest values. The run
with purely thermal injection but ESN = 1.3×1051 erg
has the highest values, wich is expected because the
injected energy can not diffuse but has to interact
with the gas. The simulations with CRs are in be-
tween these two extreme cases. We note that the
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Figure 9. Radial plot of the local enhancement in the kinetic
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CRs. The black lines show the simulation TT-SN1.3-CR0.0 with all
SN injection energy in thermal energy. The grey area indicates

the region of the SN shell, which is not spherically symmetric.

The red curve (TT-SN1.0-CR0.3-PL) shows the runs with 30% of
the total SN energy in CRs and the simple CR source spectrum

N(E) ∝ E−2. The blue line corresponds to TT-SN1.0-CR0.3-PK-ad

with the modified CR source spectrum peaking at 1 GeV (equa-
tion 38). The CRs take energy out of the immediate shock region

and transport it to larger distances ahead of the SN shell.

CR simulation with a power-law injection spectrum
(TT-SN1.0-CR0.3-PL) causes higher velocity dispersions
in the box than CRs injected with a peaked spec-
trum (TT-SN1.0-CR0.3-PK). The velocities and the dis-
persions differ a lot depending on the selected region
of the box. But in all cases it is evident that the CRs
measurably change the velocities in the surrounding
of the SNR.

the different simulations with additional thermal or CR

c� 0000 RAS, MNRAS 000, 000–000

CR: shock weaker, energy can be pushed to larger radii
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Galactic Scales

Hanasz et al. (2013): entire galaxy, including magnetic fields
only CR input from SN, no thermal contribution
conclusion: CR energy alone is enough to drive outflows

4 Hanasz, et al.
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sity of disk gas within the radius 10 kpc reaches an equilib-
rium value of ∼ 100M! pc−2 and SFR surface density is
∼ 10−1 M! yr−1 kpc−2. These values are in good agreement
with nearby highly star forming galaxies and typical massive
high-redshift disks (Kennicutt 1998; Tacconi et al. 2013). At
about 10 kpc away from the disk plane the mass outflow rate
matches the star formation rate and the galaxy average mass-
loading η = Ṁout/SFR becomes of order unity. Closer to
the disk plane the mass-loading is higher η ∼ 1.5 and fur-
ther away from the disk plane it is still significant and only
decreases to values of η ∼ 0.5.

4. DISCUSSION AND CONCLUSIONS

We have demonstrated as a proof of principle that the in-
jection of only 10% of SN energy in the form of CRs - under

the assumption of a galactic CR diffusion coefficient - is suf-
ficient to drive a large scale galactic wind in a gas-rich and
highly star forming disk with properties similar to typical star
forming high-redshift galaxies. The additional pressure gra-
dient of the relativistic fluid - which in contrast to hot gas
cannot easily dissipate its energy away - drives the formation
of a strong bi-polar galactic wind with velocities exceeding
103 km s−1. CRs can easily escape far from dense regions
with almost negligible energy losses and deposit their energy
and momentum in a rarefied medium. This process is sup-
ported by the break-out of (Parker unstable) magnetic field
lines along which the cosmic rays can rapidly diffuse far into
the galactic halo.

This effect is so significant that the mass outflow rate can
become of the same order as the star formation rate in the
galactic disk, even in our simplified setup where the disk plane
is more or less treated as an inner boundary condition and
thermal as well as kinetic feedback from stellar evolution and
supernovae have been neglected entirely. Based on our simu-
lations we can conclude that relativistic particles accelerated
in supernova remnants in combination with a strong mag-
netic fields (typical for high-redshift galaxies (Bernet et al.
2008)) provide a natural and efficient mechanism to help
explaining the ubiquitously observed mass-loaded galactic
winds in high-redshift galaxies (e.g (Shapley et al. 2003;
Newman et al. 2012a)) as well as the highly magnetized
medium surrounding these galaxies (Bernet et al. 2013). The
efficiency - in terms of mass loading - of this wind driv-
ing process appears to be comparable to momentum and
energy driving from stellar evolution and supernovae ex-
plosions (e.g. Hopkins et al. 2012; Dalla Vecchia & Schaye
2012; Agertz et al. 2013) and requires further investigation.
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Galactic Scales

Salem et al. (2013)

entire Galaxy with thermal and CR impact of SN

no magnetic fields, no anisotropic diffusion

conclusion: CRs suppress SF and drive windsCosmic-ray Driven Outflows in Global Galaxy Disk Models 9

Figure 5. The surface density of stars (left), cosmic rays (center), and gas (right) at t = 302 Myr. Although there exists a 1-to-1

correspondence between clumps in all three quantities, many of the brightest star clusters are much fainter in CR surface density,
implying that these clumps are older, and producing fewer new stars (and thus fewer CRs). The diffusive CRs show the least structure,

instead tracing very recent star formation.

energy density in a clump is set by a competition between
injection from star formation and diffusion/advection. This
results in the CR energy density having a lower contrast
than the gas; however, a net pressure gradient in the CR
component still persists, which – as we will show – can drive
significant outflows. Many star clusters have interacted, pro-
ducing tidal tails. These gravitational features are absent
from the CR plots. These dense clumps also appear in the
thermal gas plot (rightmost panel), although this fluid shows
far more filamentary/cavity structure than either the stellar
or CR distributions. The CR fluid thus appears to be a good
tracer of recent star formation.

We can better understand these flows by plotting mass
flux and both relevant pressures (thermal and CR). Figure 6
does so at t = 37.7 Myr, during an early burst of particu-
larly intense star formation. Here we show an edge-on slice
through the galaxy, in four different quantities. Since these
flows exhibit noticeable asymmetries, Figure 6 shows only
the upper right quadrant of the slice in each quantity, flipped
horizontally and vertically to appear as a complete picture.
An indicated in the figure caption, the quadrants represent:
1) pressure of the thermal gas, 2) pressure of the cosmic
ray fluid, 3) vertical mass flux, defined as ρ|vz|, where ẑ is
perpendicular to the galactic plane; and 4) a ratio of CR
pressure to combined pressure, � ≡ PCR/ (Pth + PCR). In
this last quadrant, deep red implies strongly CR-dominated
dynamics while blue implies strongly gas dominated. From
these plots we see the gas accelerates close to the disk it-
self, in pockets of strong CR pressure mostly devoid of gas
pressure. Ahead of these fast, evacuated flows is a denser,
slower component that carries more mass flux. Beyond the
current reach of the diffusive rays the halo sits dormant, in
hydrostatic equilibrium.

Figure 6 can be regarded as a caricature of the run at
large: At t = 37.7 Myr the initial conditions are collapsing
into a cooler disk, and the SFR is ∼ 400 M⊙ yr−1, a very
large burst. Much later in the run, the SFR has fallen to
∼ 50 M⊙ yr−1, and the acceleration of gas out of the plane

has likewise fallen, but the qualitative features of this scene
persist, and mass flux falls off less rapidly than the SFR. At
later times, the acceleration region (where CRs dominate the
pressure) has grown tremendously , providing a gentler ac-
celeration that nevertheless persists to high altitude, which
we describe in a more quantitive fashion next.

3.1.2 1-Dimensional Profiles

To better understand the dominant role CRs play in these
flows, we turn to 1D profiles of key quantities, shown in Fig-
ure 7. Here we plot the time evolution as a color gradient,
over 300 Myr in ∼ 40 Myr intervals, with lighter colors rep-
resenting earlier times. For these plots, we construct a cylin-
der of radius 50 kpc, centered on the galactic center, aligned
with the galaxy’s angular momentum vector. We then av-
erage the quantity of interest in a mass-weighted sense at
a given height above the plane within this cylinder. Thus
a data point on these plots represents an average of the
quantity of interest within a wide disk, a distance z from
the galactic mid plane (both above and below), weighted by
density to better reflect the state/dynamics of denser gas
pockets.

The leftmost panel of Figure 7 plots both CR and gas
pressures over our 300 Myr period of interest. Although our
initial conditions place CRs in a secondary role through-
out the simulation domain, they rapidly assert themselves
as the dominant pressure source beyond the disk. As the
winds push outward, to hundreds of kpc in height above
the disk, the rays continue to dominate the dynamics, ex-
cept in a swept up shell of gas at the forefront of the flow,
where thermal gas pressure spikes. The slope of this pres-
sure profile beyond 20 kpc goes roughly as z−4, consistent
with adiabatic expansion of our γ = 4/3 ultra-relativistic
CR fluid for spherical outflows.

The central panel of Figure 7 plots vertical mass flux
away from the disk: ρv · ẑ(z/|z|). Close to the disk (within
∼ 50 kpc) this quantity falls as z−1/2, suggesting the flow

c� 0000 RAS, MNRAS 000, 000–000
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Galactic Scales

Booth et al. (2013)

entire galaxy

SMC (75 kpc)
MW (150 kpc)

SN with thermal and CR
feedback

isotropic diffusion (no B)

conclusions: CR suppress SF
(add. pressure), drive winds

CR driven winds 3

TABLE 1
Parameters of the galaxy models.

Halo Properties Disk Properties

Identifier(1) m
(2)
200 v

(3)
200 c(4) λ(5) f

(6)
g M

(7)
gas,disk M

(8)
star,disk M

(9)
star,bulge r

(10)
d h

(11)
d

(M!) (km/s) (M!) (M!) (M!) kpc kpc

MW 1.1 × 1012 150.0 10 0.02 0.20 9.0 × 109 3.3 × 1010 3.3 × 109 3.6 0.36
SMC 2.0 × 109 40.0 15 0.04 0.75 4.0 × 108 4.0 × 108 1.0 × 107 0.9 0.2

Notes: From left to right the columns contain: (1) Simulation set name; (2) Spherical overdensity DM halo mass defined relative to the
200 times the critical density at z = 0; (3) Circular velocity at the virial radius; (4) Concentration of NFW halo; (5) Halo spin parameter;

(6) Disk gas fraction; (7) Mass of gas in the disk; (8) Mass of stars in the disk; (9) Mass of stars in the bulge; (10) Scale length of
exponential disk; (11) Scale height of gas disk.

Fig. 1.— The solid curves show the mass loading factor, η, of the
galactic wind, defined as the ratio of the SFR to the gas outflow
rate, as a function of time (left-hand axis). The dotted curves show
the galaxy SFR (right-hand axis). The color of each curve denotes
the feedback model and the top (bottom) panel shows results for
the SMC (MW) simulation. The no-feedback model (black curves)
is not shown on the mass-loading plot because there is a net inflow
of gas at all times. Both feedback models predict mass loadings
of ∼ 0.5 for the MW galaxy, but the CR feedback is capable of
suppressing the SFR by a larger fraction than the thermal feedback
model. In the SMC galaxy the CR feedback model is capable
of driving galactic winds with large (∼ 10) mass loadings and
suppresses the SFR significantly more than thermal feedback alone.

back is higher than in simulations with feedback and is
higher than typically observed SFRs of galaxies of these
sizes. Simulations with CRs suppress SFR compared to
simulations with thermal SN feedback only, especially
in the SMC-sized galaxy. This is because CRs act as a
source of pressure in the galaxy disk. This significantly
changes the density PDF of the gas in the disk reducing
the fraction of mass in star forming regions.

Outflow efficiency can be parametrized by the mass
loading factor, η, defined as the ratio of the gas outflow
rate to the SFR. The solid curves in Fig. 1 show η as a

Fig. 2.— Velocity of the outflowing gas (wwind) as a function
of halo circular velocity. The gray points show the observations
of Schwartz & Martin (2004) (downward pointing triangles) and
Rupke et al. (2005) (upward pointing triangles). The solid points
show simulation predictions. The squares (circles) show the MW
(SMC) simulations and the colors denote the feedback model.
In both galaxies, the outflows in the CR feedback models (blue
points) have velocities comparable to the obserations, whereas
the thermal feedback models (red points) overestimate the wind
velocity by a large factor.

function of time for different simulations. Outflow rates
are measured as the instantaneous mass flux through the
plane parallel to the galactic disk at a height of 20 kpc.
In the MW simulation the mass loading is approximately
0.5 in both simulations, whereas in the SMC simulation
the mass loading is ∼ 10 in the simulation with CRs
and only ∼ 1 in the simulation with thermal feedback
only. This indicates that CRs greatly enhance efficiency
of outflows from dwarf galaxies.

Figure 2 shows velocity of the outflowing gas, vwind,
as a function of the circular velocity of the halo, vcirc,
compared to observations of cool wind gas around dwarf
galaxies (Schwartz & Martin 2004) and z < 0.5 starburst
dominated galaxies (Rupke et al. 2005). We measure
outflow velocities by projecting the gas field perpendicu-
lar to the disk and calculating the velocity that contains
90% of the cool (T < 105 K) gas. In each galaxy the
thermal feedback simulation predicts outflow velocities
that are significantly larger than those observed whereas
the CR runs are comparable to the observations.

Finally, Fig. 3 shows the temperature of the outflowing
gas in a thin slice through the centre of the simulated
galaxies (left). The notable difference between simula-
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Stratified box

Girichidis, SILCC
collaboration, MacLow

stratified box:
0.5× 0.5× 40 kpc3

Σ = 10M� pc−2

chemical network with
H+, HI, H2, CO, C+

Glover et al. 2010

shielding using TreeCol
(Clark et al. 2010,
Wünsch et al. in prep.)
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Galactic Scales

place SNe at random positions

different scale heights for type I (300 pc) and type II (80 pc) SNe

clustering of type II SNe

initially ordered magnetic field Bx = 3µG
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Larger altitudes

CR drive gas at high velocities

total mass transfer exceeds mass loading of unity
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Larger altitudes
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Conclusions

CRs quickly diffuse through the ISM along magnetic field lines

CRs increase Ekin ahead of the SN shell (locally 20− 40%)

acceleration of gas due to CRs is strong in low-density environments

acceleration details and ionisation depend on CR source spectrum

CRs have enough energy to drive Galactic outflows
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