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Figure 5. Temporally-averaged weighted mean of the di↵usion coe�cient k as a function of the distance from the midplane

|z| for the R2 (left panel), R4 (middle panel) and R8 (right panel) models. The weighting factor applied in the average is the

gradient of CR pressure along the magnetic field direction rPc,k. In each panel, the black dotted line indicates the average CR

scale height Hc,e↵ for a given model (see also Table 2), while the black dashed line represents the value of the e↵ective di↵usion

coe�cient calculated at z = Hc,e↵ .

where the weight rPc,k ⌘ |B̂ · rPc| is the CR pres-
sure gradient parallel to the magnetic field direction. In
steady state, the RHS of Equation 20 can be written
as the ratio between the moduli of the volume-weighted
mean di↵usive flux (in steady state Fd,k = �rPc,k/�k =
�krPc,k, see Equation 6) and the volume-weighted
mean CR pressure gradient along the magnetic field
lines. Figure 5 shows that, in all cases, k decreases
with |z| at low latitudes, while having a roughly constant
value in the coronal region. As we shall see below, dif-
fusion is particularly e↵ective in the denser neutral gas,
which is mostly located in the galactic disk (see also the
distribution of �k in Figure 1-2-3). This explains why
hki is larger near the midplane, while it decreases with
|z| as the average gas density decreases. R8 exhibits the
highest values of k near the disk (|z| . 0.5 kpc), thus
explaining the fact that the CR scale height is slightly
larger for this model compared to the other two (see Ta-
ble 2) – the distribution of CRs is more extended due to
stronger di↵usion.

In Figure 5, the dotted vertical line and the dashed
horizontal line respectively indicate the e↵ective scale
height and the value of the e↵ective di↵usion coe�cient
at |z| ' Hc,e↵ for a given model. The e↵ective di↵u-
sion coe�cient is always higher than the actual di↵usion
coe�cient at |z| ' Hc,e↵ , confirming that other mecha-
nisms, in addition to di↵usion, are at play to foster the
transport of CRs out of the disk. The di↵erence between
e↵ective and actual di↵usion coe�cient at |z| ' Hc,e↵ is
smaller in R8 compared to R2 and R4, suggesting that
di↵usion plays a larger role in the former model.

We point out that, in all models, rPc,k is almost one
order of magnitude lower than |rPc|, meaning that the

magnetic field lines are mostly tangled or not aligned
with the CR pressure gradients. If we neglected the
real structure of the magnetic field and assumed open
magnetic field lines parallel to the large-scale CR pres-
sure gradient, k (/ rPc,k, see Equation 16 and Equa-
tion 17) would be lower than what we found in this work.

For a better understanding of the importance of dif-
fusion in the three di↵erent environments, in the left
panel of Figure 6, we show the temporally-averaged me-
dian value of the scattering coe�cient �k (⌘ 1/k) as
a function of hydrogen density. The overall profiles are
similar in the three models: �k slowly increases with nH

at low densities, where the gas is well ionized and non-
linear Landau damping dominates, while �k rapidly de-
creases at high densities, where the gas is mostly neutral
and ion-neutral damping becomes stronger than nonlin-
ear Landau damping (see Armillotta et al. 2021 for a
detailed explanation of the dependence of �k on nH).

More specifically, in R2 �k goes from a few times
10�28 cm�2 s at nH ' 10�4 cm�3 to ' 10�27 cm�2 s
at nH ' 10�1 cm�3 and decreases at higher densities,
becoming . 10�31 cm�2 s at nH ' 102 cm�3; in R4 �k
goes from a few times 10�28 cm�2 s at nH ' 10�4 cm�3

to ' 10�27 cm�2 s at nH ' 10�1 cm�3 and then de-
creases down to ' 10�32 cm�2 s at nH ' 102 cm�3; in
R8 �k goes from ' 10�28 cm�2 s at nH ' 10�4 cm�3

to . 10�27 cm�2 s at nH ' 10�2 cm�3 and decreases
at higher densities, assuming a value ' 10�33 cm�2 s
at nH ' 102 cm�3. At the average ISM density
(nH ' 7.7/1.4/0.86 cm�3 for R2/R4/R8, see Table 1),
the average scattering coe�cient is ' 4 � 5 ⇥ 10�30,
' 4 � 5 ⇥ 10�30, and ' 10�31 cm�2 s for R2, R4, and
R8, respectively.
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We point out that, in all models, rPc,k is almost one
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real structure of the magnetic field and assumed open
magnetic field lines parallel to the large-scale CR pres-
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tion 17) would be lower than what we found in this work.
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fusion in the three di↵erent environments, in the left
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Figure 6. Temporally-averaged median of the scattering coe�cient �k (left panel) and mean free path �c (right panel). Di↵erent

colors represent di↵erent models: gold for R2, dark cyan for R4 and coral for R2. The shaded areas cover the 16th to 84th

percentiles of the temporally-averaged variations around the mean.

We can conclude that the propagation of CRs out of
the galactic disk becomes more and more e↵ective going
from R8 to R2 mostly because the gas advection veloc-
ities become higher and higher, especially in hot gas.
At the same time, the denser poorly-ionized gas that
makes up most of the mass is dominated by di↵usion.
Meanwhile, ion Alfvén speeds exceed advection speeds
in the higher-density poorly-ionized gas and exceed dif-
fusion speeds in the low-density well-ionized gas. Thus,
in well-ionized hot gas, di↵usion is always quite small
and CRs are transported by a combination of advection
(primary) and Alfvénic streaming (secondary), while in
poorly-ionized dense gas the CRs are very strongly di↵u-
sive. The e↵ect of all three transport mechanisms must
therefore be considered to understand the relation be-
tween CR pressure in the disk and SFR surface density.

4. PREDICTIONS FOR THE DYNAMICAL
EFFECTS OF COSMIC RAYS

Although the back-reaction of thermal gas and mag-
netic field to the CR pressure cannot be directly studied
in this work, we can use the distribution of CR pressure
inferred from our post-processed simulations to make
predictions about the dynamical e↵ect of CRs in galax-
ies. In the following, we investigate the potential impact
of CRs on the dynamics of the ISM gas overall, as well
as individual thermal phases. We define three di↵erent
gas phases based on temperature: warm (5050 K < T <

2 ⇥ 104 K), intermediate (2 ⇥ 104 K < T < 5 ⇥ 105 K),
and hot (T > 5 ⇥ 105 K) phase.

4.1. Momentum Flux and Weight

In the presence of CRs, the gas-momentum equation
becomes (e.g. Jiang & Oh 2018):
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where for our simulations �tot is given by the sum due to
the “external” gravitational potential from the old stel-
lar disk and dark matter halo plus the gravitational po-
tential of the gas obtained by solving Poisson’s equation
(see Kim & Ostriker 2017). The term �

$
tot ·(Fc�4/3ecv)

represents the force exerted from the CR population on
the thermal gas.

We now focus on the momentum equation in the z di-
rection, considering a shearing-periodic box and taking
horizontal and temporal averages. We formally separate
the terms from di↵erent thermal phases and sum over
them, obtaining the following equation for the vertical
momentum of gas:
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Here, hqi
ph

is the average over time of q̄ph(z; t), the hor-
izontal average of a quantity q for a given thermal phase
at height z, defined as

q̄ph(z, t) =
X

x,y

q(x, y, z; t)⇥ph(T )�x�y

LxLy

, (23)

with ⇥ph(T ) the top-hat function that returns 1 for gas
at temperatures within the temperature range of each
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Figure 7. (Total) CR diffusion coefficient  (as defined in Eq. 10)
in a slice through the simulation domain at t = 4 Gyr. The figure
extent and slice positioning are as in Fig. 1.

proximation, which enables the description of CR transport
beyond the steady-state paradigm. If we were to abandon
the two-moment approximation and would like to describe
CR transport with a steady-state approach, then the most
important CR transport processes to be considered would be
the ’advection’ and ’streaming + diffusion’ categories.

5.2 CR diffusion coefficient

Although we have just shown that the pure diffusion approxi-
mation is inconsistent with most of CR transport in our sim-
ulation, the concept of a CR diffusion coefficient is never-
theless relevant for this discussion: it is not only a measure
for the transport speed in the diffusion approximation but is
particularly a measure of the CRs scattering rate ⌫± / 

�1
±

with gyroresonant Alfvén waves and as such, determines how
tightly CRs are coupled to the thermal gas via Alfvén-wave
scattering.

Figure 7 shows the total diffusion coefficient in the same
slice through the simulation box as used in Fig. 1. Overall
the diffusion coefficient ranges from  ⇠ 3 ⇥ 1027cm2s�1 to
⇠ 1029cm2s�1 in the inner CGM with the notable excep-
tions of the Alfvén wave dark regions in the outflow (where
 ! 1). The values of  show a general gradient that is
aligned with the direction of the outflow. We find lower val-
ues of the diffusion coefficient within the galactic disc and
larger values in the outflow. The low diffusion coefficient in
the galactic disc is caused by the absence of strong damp-
ing – the non-linear Landau damping mechanism is efficient
where the energy density of Alfvén waves and temperatures
are high. While there are sufficient gyroresonant Alfvén waves

in the disc, the ISM in our simulation is warm, which low-
ers the overall effectiveness of this damping mechanism. Note
that ion-neutral damping, which we neglected in the present
work, also plays an important role in setting the diffusion
coefficient in the ISM.

In the outflow, non-linear Landau damping is active due to
high temperatures and the presence of Alfvén waves. Yet, we
attribute the gradient of the diffusion coefficient not entirely
to the damping of Alfvén waves but also to (i) the prevalent
adiabatic losses that are stronger in comparison to the ISM
and (ii) to the slower amplification of Alfvén waves at larger
galactic heights. The increased rate of adiabatic losses are a
direct consequence of the stratification of "cr and B in the
outflow (see Fig. 1 and 2). The lower magnetic and CR en-
ergy densities imply a smaller driving of gyroresonant Alfvén
waves because the self-confinement terms on the right-hand
sides of Eqs. (3) and (4) scale as / B"cr(|�cr|��a). CRs have
large diffusion coefficients in these Alfvén wave dark regions
because 1/ / (✏a,+ + ✏a,�), which states that the absence
of gyroresonant Alfvén waves implies a large diffusion coeffi-
cient.

Because we only account for Alfvén waves that are created
through the streaming instability and neglect other dynam-
ical sources such as Alfvén waves that result from turbulent
cascading, we underestimate the possibly available energy in
form of magnetic fluctuations in Alfvén wave dark regions.
Hence the derived values of the CR diffusion coefficient may
overestimate the true value that results from CR-scattering
with all forms of magnetic fluctuations. Consequently, the
presented diffusion coefficient in Alfvén wave dark regions
should be regarded as an upper limit.

Previous studies routinely assume that the CR diffusion
coefficient can be approximated by a steady-state approxima-
tion where the growth and damping of gyroresonant Alfvén
waves balance each other. We can check the validity of this
approximation using our simulation. To calculate the steady
state, we equate growth and damping terms of Alfvén wave
energy in Eqs. (3) and (4) whilst assuming that CR energy
is transported with �cr,steady. This leads to a steady state
Alfvén wave energy of

"a,steady =

r
�a
↵
|b ·rPcr| (24)

which can be translated into an steady-state CR diffusion
coefficient steady using Eq. (6) to yield:
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where Lcr = Pcr/|b · rPcr| is the gradient length scale of
the CR pressure. We compare steady to the simulated non-
steady state diffusion coefficient  in Fig. 8. Each bin in this
histogram is weighted by the sum of CR energy over all com-
putational cells that fall inside it. Thus, a brighter colouring
corresponds to a larger CR energy. We observe that most CRs
scatter at a rate that is well described by a steady-state diffu-
sion coefficient,  ⇠ steady. We emphasise that both of these

MNRAS 000, 1–19 (2020)

Cosmic ray-driven galactic winds 13

1026 1027 1028 1029 1030 1032 1033 1034 1035 1036

di�usion coe�cient �

1026

1027

1028

1029

1030

1032

1033

1034

1035

1036

st
ea

dy
st

at
e

di
�u

si
on

co
e�

ci
en

t
�

st
ea

d
y

1049 1050 1051 1052 1053 1054

CR energy [erg]

Figure 8. Comparison of the simulated diffusion coefficient (hor-
izontal axis, defined in Eq. 10) and the steady state diffusion coef-
ficient (vertical axis, defined in Eq. 26) at t = 4 Gyr. The steady
state diffusion coefficient is calculated based on the assumed in-
stantaneous balance between Alfvén wave growth and damping.
We weight each computational cell of the simulation with its CR
energy before binning into this histogram. The grey line corre-
sponds to a 1-to-1 relation.

diffusion coefficients derive from the streaming and diffusion
picture of CR transport where the streaming process provides
an additional convective process that transports CRs along
magnetic field lines. Both descriptions are not comparable
to an effective diffusion coefficient e↵ = fcr/(b ·r"cr) that
describes the CR flux resulting from streaming and diffusion
processes effectively in a diffusion-only approximation.

Both, Alfvén wave growth and damping are fast processes
with typical time scales of ⇠ 10 kyr. Hence, we would naively
expect the diffusion coefficient to also reach the steady state
on these time scales. However, near the steady state the typ-
ical and effective time scale of Alfvén wave dynamics can be
slower when damping and growth are nearly balanced. This
leaves the probability of Alfvén waves with associated diffu-
sion coefficients that only fluctuate around the steady state.

In Fig. 8, we find an additional population of CRs with  ⇠
103steady and a broad distribution of diffusion coefficients
that have high  � steady ⇠ 1028cm2 s�1. That particular
sub-population of CRs and their associated Alfvén waves fail
to reach a steady state. Inspecting Fig. 7 we find that the
broad distribution of high  values is caused by Alfvén wave
dark regions and their vicinities where numerical diffusion
causes a decrease of the surrounding Alfvén wave energy. This
causes mixing of Alfvén-wave energies at the interfaces of
dark regions and thus a broadened distribution of CR energy
densities and the corresponding diffusion coefficients.

In Fig. 9 we correlate the simulated diffusion coefficient

 with various quantities using two-dimensional histograms.
We again weight each bin of the histogram with the CR en-
ergy contained to highlight the relevance of each bin for the
CR dynamics. In the left-hand panel of Fig. 9 we compare the
diffusion coefficient with the local CR energy density and also
find distinct diffusion coefficients that correspond to the dis-
cussed steady-state population and Alfvén wave dark regions.
The steady state population contains most of the CRs and has
 ⇠ 1027–1030cm2 s�1 for "cr ⇠ 1035–1043erg pc�3. We find
a weak correlation of  ⇠ 1028cm2 s�1("cr/10

42 erg pc�3)�0.5

with a substantial scatter around the relation by approxi-
mately an order of magnitude. This scaling can be understood
by assuming that the diffusion coefficient of these CRs is near
its steady state value and thus can be described by Eq. (26)
while the typical length scale of CRs in the halo does not
show large variations. In this case,  / "

�0.5
cr directly follows

from Eq. (26). The second population of CRs is characterised
by CR energy densities in the range "cr ⇠ 1040–1043erg pc�3

but with  values that connect the steady-state diffusing CRs
with  ! 1. CRs belonging to the second population reside
in and around the Alfvén wave dark regions. Thus, steady-
state diffusing CRs are not associated with the Alfvén wave
dark regions and are consequently the volume filling popula-
tion.

Correlating  with the magnetic field strength B in the
middle panel of Fig. 9 reveals at most a very weak correla-
tion between these quantities. Both, the volume filling CR
population and the population associated with the Alfvén
wave dark regions are visible. The magnetic field ranges four
orders of magnitude for a given diffusion coefficient  of the
volume filling CR population and thus, we cannot deduce a
clear relation between the two quantities. For the volume fill-
ing population, where  ⇠ steady, this follows from Eq. (26)
because steady does not depend on B.

The right panel of Fig. 9 shows the relation of the diffusion
coefficient with the local mass density ⇢. The two populations
of CRs are also visible and separated from each other. The dif-
fusion coefficient of the volume filling CR population shows
a strong scatter around a weak correlation with mass den-
sity,  ⇠ 1028cm2 s�1(⇢/3⇥ 10�4 mp cm

�3)�0.5. This scaling
is empirical because steady from Eq. (26) does not directly
depend on ⇢. At mass densities that correspond to the halo-
disc interface (⇢ ⇠ 10�3–10�1mp cm�3) the typical diffusion
coefficient is  ⇠ 3⇥ 1027cm2 s�1.

We note that while the diffusion coefficient reaches a steady
state most of the time, this is not the case for the CR flux as
discussed in Section 5.1. This difference is not a contradiction
because the two quantities describe two separate physical pro-
cesses that have different associated timescales. The diffusion
coefficient is a measure for how fast CRs are scattered and its
steady state is set by the balance of wave growth and wave
damping. Consequently, this steady state can be reached on
the timescales of the contributing growth and damping pro-
cesses. The CR flux or the CR transport velocity are measures
of how fast CR energy is transported and its steady state is
mediated by the interaction with Alfén waves. This steady-
state can only be reached on a much longer timescale that
is not only characterised the CR scattering process but also
by the hydrodynamic adjustments of the gradients in CR en-
ergy density, which appears to be the rate-limiting step (see
Eq. 22).
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sponds to a 1-to-1 relation.

diffusion coefficients derive from the streaming and diffusion
picture of CR transport where the streaming process provides
an additional convective process that transports CRs along
magnetic field lines. Both descriptions are not comparable
to an effective diffusion coefficient e↵ = fcr/(b ·r"cr) that
describes the CR flux resulting from streaming and diffusion
processes effectively in a diffusion-only approximation.

Both, Alfvén wave growth and damping are fast processes
with typical time scales of ⇠ 10 kyr. Hence, we would naively
expect the diffusion coefficient to also reach the steady state
on these time scales. However, near the steady state the typ-
ical and effective time scale of Alfvén wave dynamics can be
slower when damping and growth are nearly balanced. This
leaves the probability of Alfvén waves with associated diffu-
sion coefficients that only fluctuate around the steady state.

In Fig. 8, we find an additional population of CRs with  ⇠
103steady and a broad distribution of diffusion coefficients
that have high  � steady ⇠ 1028cm2 s�1. That particular
sub-population of CRs and their associated Alfvén waves fail
to reach a steady state. Inspecting Fig. 7 we find that the
broad distribution of high  values is caused by Alfvén wave
dark regions and their vicinities where numerical diffusion
causes a decrease of the surrounding Alfvén wave energy. This
causes mixing of Alfvén-wave energies at the interfaces of
dark regions and thus a broadened distribution of CR energy
densities and the corresponding diffusion coefficients.

In Fig. 9 we correlate the simulated diffusion coefficient

 with various quantities using two-dimensional histograms.
We again weight each bin of the histogram with the CR en-
ergy contained to highlight the relevance of each bin for the
CR dynamics. In the left-hand panel of Fig. 9 we compare the
diffusion coefficient with the local CR energy density and also
find distinct diffusion coefficients that correspond to the dis-
cussed steady-state population and Alfvén wave dark regions.
The steady state population contains most of the CRs and has
 ⇠ 1027–1030cm2 s�1 for "cr ⇠ 1035–1043erg pc�3. We find
a weak correlation of  ⇠ 1028cm2 s�1("cr/10

42 erg pc�3)�0.5

with a substantial scatter around the relation by approxi-
mately an order of magnitude. This scaling can be understood
by assuming that the diffusion coefficient of these CRs is near
its steady state value and thus can be described by Eq. (26)
while the typical length scale of CRs in the halo does not
show large variations. In this case,  / "

�0.5
cr directly follows

from Eq. (26). The second population of CRs is characterised
by CR energy densities in the range "cr ⇠ 1040–1043erg pc�3

but with  values that connect the steady-state diffusing CRs
with  ! 1. CRs belonging to the second population reside
in and around the Alfvén wave dark regions. Thus, steady-
state diffusing CRs are not associated with the Alfvén wave
dark regions and are consequently the volume filling popula-
tion.

Correlating  with the magnetic field strength B in the
middle panel of Fig. 9 reveals at most a very weak correla-
tion between these quantities. Both, the volume filling CR
population and the population associated with the Alfvén
wave dark regions are visible. The magnetic field ranges four
orders of magnitude for a given diffusion coefficient  of the
volume filling CR population and thus, we cannot deduce a
clear relation between the two quantities. For the volume fill-
ing population, where  ⇠ steady, this follows from Eq. (26)
because steady does not depend on B.

The right panel of Fig. 9 shows the relation of the diffusion
coefficient with the local mass density ⇢. The two populations
of CRs are also visible and separated from each other. The dif-
fusion coefficient of the volume filling CR population shows
a strong scatter around a weak correlation with mass den-
sity,  ⇠ 1028cm2 s�1(⇢/3⇥ 10�4 mp cm

�3)�0.5. This scaling
is empirical because steady from Eq. (26) does not directly
depend on ⇢. At mass densities that correspond to the halo-
disc interface (⇢ ⇠ 10�3–10�1mp cm�3) the typical diffusion
coefficient is  ⇠ 3⇥ 1027cm2 s�1.

We note that while the diffusion coefficient reaches a steady
state most of the time, this is not the case for the CR flux as
discussed in Section 5.1. This difference is not a contradiction
because the two quantities describe two separate physical pro-
cesses that have different associated timescales. The diffusion
coefficient is a measure for how fast CRs are scattered and its
steady state is set by the balance of wave growth and wave
damping. Consequently, this steady state can be reached on
the timescales of the contributing growth and damping pro-
cesses. The CR flux or the CR transport velocity are measures
of how fast CR energy is transported and its steady state is
mediated by the interaction with Alfén waves. This steady-
state can only be reached on a much longer timescale that
is not only characterised the CR scattering process but also
by the hydrodynamic adjustments of the gradients in CR en-
ergy density, which appears to be the rate-limiting step (see
Eq. 22).
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Figure 8. Ratio of parallel and perpendicular di�usion coe�cients as a function of MA0 for all trials; the ion fraction j is shown in the colour bar. Note that,
particularly for the runs with a target MA0 = 01, the actual MA0 values scatter slightly around the target because the actual velocity dispersion produced by
our driven turbulence simulations fluctuates slightly relative to the target value we select by turning the driving rate. We highlight three distinct regions of
MA0, characterised by the dominance of di�erent di�usion mechanisms, which we term anisotropic (MA0 . 0.5), transitional (0.5 . MA0 . 2) and isotropic
(MA0 & 2). In the anisotropic region we have a clear di�erence between the rates of perpendicular and parallel di�usion. The level of anisotropy in this region
is governed by j, which we illustrate in the inset plot showing ^k/^? plotted against j for the simulations with MA0 = 0.1, together with the simple scaling
^k/^? = Estr/2; the data points shown are averages over the runs with di�erent M, with the error bars showing the 1f scatter about this average.

along B-field lines, the rate of di�usion is ultimately limited by the
timescale on which the tangled field lines are able to explore all space
in the box.

4.2 Fitting formulae

As discussed in Section 1, one of the primary motivations for our
work is to provide an e�ective theory for CR transport that can
be used in cosmological or galactic-scale simulations that do not
resolve turbulence in the ISM. To facilitate this, in this section we
construct a series of models to calculate CR di�usion coe�cients
given values for MA0 and j; we omit M since its e�ects are small
within our system units of time = g. The intended use for these models
is much the same as in large eddy simulations: one can measure the
plasma parameters at the minimum resolved scales, and use these in
the formulae provided below to assign an e�ective subgrid di�usion
coe�cient for CRs due to the unresolved turbulent structure and flow;
we discuss below how to treat superdi�usion approximately in such
a framework. Since we have seen that there are two general regimes
for CR transport, corresponding to MA0 ⌧ 1 and � 1, and that the
parameters describing transport are relatively flat in each of these

two regimes, we fit all quantities using a generic functional form

5 (MA0, j) = ?0j
?1 + ?2j

?3

⇢
tanh [?4 (logMA0 � ?5)] + 1

2

�
.

(20)

The function in curly braces has the property that it goes to zero
for when MA0 ! 0 (for positive ?4) and to unity for MA0 ! 1,
which provides the two flat plateaus at low and high MA0 that we
have observed. The parameters ?4 and ?5 control the steepness and
location of the transition between the two plateaus, respectively;
?0 and ?1 provide the normalisation and dependence on j for one
plateau, while ?2 and ?3 serve the same purpose for the other plateau.

We begin by providing a fit for ^ k/^?, which quantifies the
anisotropy of the di�usion. We perform a simple non-linear least
squares fit of our data for log(^ k/^?) from all our simula-
tions, weighting them all equally, to a functional of the form
log 5 (MA0, j), where 5 given by equation 20. We report the best-fit
parameters and their uncertainties in Table 2, and we plot our fit
against the data in Figure 9, which shows that the fit captures the
basic trends well. We repeat this process for ^? and for D k/Estr,0,
where Estr,0 = 1/MA0

p
j is the mean small-scale streaming speed.

We report our fit parameters for these quantities in Table 2 as well,
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∲ermi
global radial CR gradients steeper than in the Milky Way, but only slightly sensitive to κ value or degree of anisotropy (shallower if isotropic) 
magnetic field still growing in the simulations

radial pressure gradients
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∲ermi
few-GeV to TeV CR nuclei flux:  Galactic profile at variance with transport models 

importance of B0 and Alfvenic Mach number MA 
increased δB/B in spiral arms => smaller D// and larger D⟂? large amount of dark gas?  

cosmic-ray radial gradient
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On the radial distribution of Galactic CR 5
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Figure 1. CR density at E > 20 GeV (Acero et al. 2016) and
emissivity per H atom (Yang et al. 2016) as a function of the
Galactocentric distance, as labelled. Our predicted CR density at
E > 20 GeV is shown as a dashed line. The case of exponentially
suppressed magnetic field is shown as a solid line. The dotten line
shows the distribution of sources (Green 2015).
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Figure 2. Radial dependence of the power-law index of the pro-
ton spectrum as inferred by (Acero et al. 2016, filled circle) and
(Yang et al. 2016, filled triangle). Our predicted slope for the ba-
sic model is shown as a dashed line, while the solid line illustrates
the results for the exponentially suppressed magnetic field.

DH(p) ∝ B4
0/Q

2
0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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Figure 3. Diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as la-
belled.

constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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∲ermi
fewer gas spurs if κ increases, even fewer if isotropic diffusion 
more elongated/blobby CR spurs if anisotropic/isotropic, along star formation activity

spiral arm contrast
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∲ermi
super-Alfvénic arm (tangled B, isotropic κ ) vs interarm sub-Alfvénic (stiff B, anisotropic κ) 

yet same average spectrum …

no clear contrast with SFR
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∲ermi
mirroring CR depression vs.  

increased scattering  
by self-generated waves 

CR loss < factor 2 to 5 

multiphase ISM = “obstacle course of gas-coupled vs decoupled streaming regimes,  
further complicated by hadronic and Coulomb collisions with ambient gas”  
obs: no spectral deviations seen across the HI, DNM, and H2 gas phases down to pc scale

penetration of few-GeV-TeV cosmic rays inside clouds
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How Cosmic Rays Navigate the Multiphase ISM 17

Figure 11. Snapshots at t = 40 Myrs for the ISM setup with B = 5 µG, mean density = 1.0 cm�3, and (L, ↵) = (5, 1.5).
Left panels: Fully ionized assumption (fmin

ion = 1.0), Right panels: Plasma-based transport included (fmin
ion = 10�4). The top

panel shows cosmic ray energy density and density contours of 1 and 10 cm�3, which shows clear variations in how cosmic
rays preferentially penetrate or flow around cold clouds. The second row shows vionA , followed by gas temperature, collisionless
energy loss rate (|vionA · rPCR|), and collisional (/ eCRngas) loss rate, again with dashed contours showing densities of 1
and 10 cm�3. Collisionless heating at the cloud interfaces is apparent in both transport cases, while collisional energy loss
is preferentially higher in dense gas when plasma-based transport is included. A video version of this figure can be found at
https://bustardchad.wixsite.com/mysite/visualizations
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γ-ray measurements of the local CR flux with height 

1D curve advection+diffusion : H = 4.5 ± 0.2 kpc 
AMS-02 2nd/1ary spectra 

USINE modelling with advection+reaccel+diffusion or pure diffusion H = 5 +3-2 kpc 
DRAGON modelling H = 7.5 +1.13-0.95 kpc 

cosmic-ray vertical gradient

advection 
+diffusion 

H = 4.5 ± 0.2 kpc 
Joubaud+ 2020

self+ISM 
diffusion 
Evoli+ 2018
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FIG. 3. Spectrum of protons in the local ISM compared to observa-
tional data. The spatial dependence of the CR distribution function
is shown in the inset, for energies 10 GeV and 10 TeV.

nonlinearity of the problem, in that the amount of waves pro-
duced by this phenomenon is related to the number density
and gradients of CRs, which are in turn the result of the scat-
tering of CRs on self-generated (or preexisting) waves. The
rate of self-generation and the rate of CR injection by sources
in the Galaxy are clearly related to each other and need be
calibrated to the observed spectrum of CRs.

It is worth noticing that in the near-disc regions, where the
nonlinear cascade has no time to develop down to the small
scales resonant with CR energies, CR scattering is fully de-
termined by self-generated waves. In the distant regions, de-
pending on particle energy, self-generation and nonlinear cas-
cading compete with each other. This competition results in
breaks in the spectra of primary CRs, as a result of both a
complex power spectrum of the turbulence and of the spa-
tial dependence of the diffusion coefficient. These effects
are illustrated in Fig. 1 (solid lines), where one can see that
in the presence of self-generation the power spectrum is en-
riched with power in the high k range, with respect to the
simple cascade from larger spatial scales. In the near disc
region (|z| <⇠ 0.2 kpc), virtually all the power at the resonant
scales with CRs in the energy range below ⇠TeV is due to
self-generation.

In terms of CR transport, these effects are more clearly vis-
ible in Fig. 2: only at very high energies CR scattering is
due to Kolmogorov turbulence (solid and dashed lines over-
lap), while at basically all distances from the disc, scattering
is mainly due to self-generated waves for E  1 TeV.

The spectrum of protons as calculated solving the set of
equations describing CR and wave transport together is plot-
ted in Fig. 3, as compared with data from PAMELA [11],

AMS-02 [12] and CREAM [27] at high energies and Voy-
ager 1 [28] at low energies.

The inset in the same figure shows the spatial dependence
of the solution for two values of energy (10 GeV and 10 TeV),
compared with the linear decrease predicted in the standard
halo model with a halo size H = 4 kpc.

In the range of energies 10 <⇠ T <⇠ 200 GeV/n the self-
generation is so effective as to make the diffusion coefficient
have a steep energy dependence. As a consequence the injec-
tion spectrum that is needed to fit the data is p2 �(p) / p

�2.2,
which is not far from what can be accounted for in terms of
DSA if the velocity of the scattering centers is taken into ac-
count [29]. At lower energies the CR transport becomes dom-
inated by advection with Alfvén waves. In this regime advec-
tion and ionization losses make the spectrum in the disc close
to the injection spectrum.

The CR acceleration efficiency in terms of protons that is
needed to ensure the level of wave excitation necessary to ex-
plain observations, is ✏CR ⇠ 4%, in line with the standard
expectation of the so-called SNR paradigm.

Conclusions – We use a numerical approach to the solution
of the transport equations for particles and waves to show that
the CR halo arises naturally from a combination of the tur-
bulence injected in the Galactic disc and eventually advected
into the halo, and self-generated waves due to the excitation
of streaming instability through CR gradients. This finding
addresses the long standing issue that in the context of the tra-
ditional halo model the CR spectrum observed at the Earth
reflects the free escape boundary condition at the edge of the
halo, imposed by hand.

The turbulent cascade introduces a scale zc ⇡ vAk
2
0/Dkk

below which turbulence is mainly self-generated. At larger
distances the cascade quickly develops and leads to a rough
space dependence of the diffusion coefficient / z

↵ with ↵ >⇠
1. As a consequence, the spectrum in the disc depends on
the scale zc but only weakly on the artificial boundary at z =
±H � zc. Moreover, for typical values of the parameters,
one has zc ⇠ few kpc, and zc plays the role of an effective
size of the halo. The observed spectral break at rigidity ⇠
300 GV also arises naturally, because of a transition from a
diffusion dominated by self-generation (at lower energies) to
a Kolmogorov-like diffusion at higher energies.

As noticed in [18], chemicals heavier than protons can con-
tribute to self-generation (helium nuclei provide a contribu-
tion similar to that of protons, while heavier nuclei account
for about 10% of self-generated waves) and will be included
in future generalizations of this work.

Both the cascade and the self-generation of waves by CRs
are nonlinear processes: the combination of the two leads to
an interpretation of the observed halo as a by-product of a self-
regulation process that is typical of nonlinear phenomena.

The authors are very grateful to Elena Amato for numer-
ous discussions on the topics of the present paper. C.E. ac-
knowledges the European Commission for support under the
H2020-MSCA-IF-2016 action, Grant No. 751311 GRAPES
Galactic cosmic RAy Propagation: an Extensive Study.

self-diffusion 
up to 2 kpc

ISM-diffusion 
at z ≳ 2 kpc

Evoli+18

important assessment for vertical gas 
outflows in galaxy evolution 

above a reasonably quiet disc : ok 
wind in the central regions : extreme challenge
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Equation (8) captures the softening due to energy-dependent
escape that is expected near the boundaries of the confinement
region in the outer Galaxy for sources located mostly in the
inner Galaxy. In addition, Equation (9) captures a low-energy
hardening predicted by high-reacceleration models in Ack-
ermann et al. (2012a) at larger Galactocentric radii.15 Note that
both functions indicate a softer spectrum. In order to be
conservative we explore the extreme assumptions that the
emissivity spectrum may actually be harder at the locations of
the undetected targets by inverting the signs of the exponents
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Figure 11. Scaling factor of local H I emissivity, xH ,1I , as a function of energy
for the three regions A, B, and C. The shaded bands indicate the values
obtained from the analysis over the entire energy range with their 1T statistical
uncertainties.

Figure 12. Scaling factors of H I emissivity in three IVCs, xH ,2I , as a function
of energy in regions A, B, and C. The shaded bands indicate the values
obtained from the analysis over the entire energy range with their 1T statistical
uncertainties.

Table 4
H I Emissivity Scaling Factors

Region Complex
Scaling
Factor Stata

Sys
(Model)b

Sys
(Jackknife)c

A Local 0.99 0.02 0.14
0.04

�
� 0.08

Low-Latitude IV Arch 0.94 0.15 0.01
0.26

�
� 0.08

Complex A 0.21� 0.22� 0.001�

B Local 0.94 0.07 0.22
0.13

�
� 0.08

Lower IV Arch 1.08 0.04 0.08
0.10

�
� 0.09

Upper IV Arch 0.23� 0.45� 0.01�

C Local 1.08 0.04 0.09
0.05

�
� 0.09

IV Spur 0.68 0.06 0.03
0.09

�
� 0.06

Notes. Upper limits are provided at 95% confidence level.
a 1T statistical uncertainty from the likelihood analysis.
b Systematic spread from varying some inputs to the γ-ray interstellar emission
model (see Section 5.4.1).
c 1T uncertainty or 95% c.l. upper limit from the distributions obtained with the
jackknife test (see Section 5.4.2).

15 Our choice to include this effect in the evaluation of systematic uncertainties
is conservative, because the low-energy hardening is a feature that appears only
in models with high reacceleration, while models with convection or pure
diffusion models are also viable (Ackermann et al. 2012a).
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harder starburst galaxies but no spectral change over 2 decades in SFR

cosmic-ray calorimeters CRs and non-thermal emission in galaxies II. 9
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Ṁ�[M� yr�1]

1037

1038

1039

1040

1041

1042

1043

L
0
.1

�
1
0
0
G

e
V

[e
rg

s�
1
] �SN = 0.05

1010 M�

1011 M�

3 � 1011 M�

1012 M�

SMC

LMC

M31

M33

MW

NGC 253

M82

NGC 1068

NGC 2146

Arp 220

Arp 299

NGC 4945

107 108 109 1010 1011 1012
L8�1000 µm [L�]

LAT detected
LAT upper limits
combined best fit
calorimetric relation

CR di�, D = 1 � 1028 cm2 s�1

CR di�, D = 3 � 1028 cm2 s�1

CR adv

LAT detected
LAT upper limits
combined best fit
calorimetric relation

CR di�, D = 1 � 1028 cm2 s�1

CR di�, D = 3 � 1028 cm2 s�1

CR adv

L
[e

rg
s�

1
]

Figure 4. Upper panels: The FIR-W-ray relation for our simulated galaxies, with ZSN = 0.05 (left panel) and ZSN = 0.10 (right panel). We contrast a model that
only accounts for CR advection (‘CR adv’, purple) to the model that additionally includes anisotropic di�usion with di�erent di�usion coe�cients (‘CR di�’,
dark and light blue). The calorimetric relation (dashed green line) is normalised to !W/[cal,p of the simulation with the highest SFR. Additionally, we show the
FIR- and W-ray luminosities obtained by Ajello et al. (2020), together with their fit to the data (orange line), that also includes the upper limits. For the SMC,
LMC and M33, we show in addition to their FIR luminosity (in grey) also their SFRs as black points (see text for details). Middle panels: contributions of
neutral pion decay (!c0 ), IC emission (!IC) and bremsstrahlung (!brems.) to the total W-ray luminosity !W , integrated over 0.1-100 GeV, for ZSN = 0.05 (left)
and ZSN = 0.10 (right) in our CR di�usion model. Lower panels: the calorimetric fraction [cal,p (see Eq. 10) as a function of SFR of our simulated galaxies.
The calorimetric limit, where hadronic losses dominate ([cal,p ! 1), is not reached by starburst galaxies.
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Figure 4. Upper panels: The FIR-W-ray relation for our simulated galaxies, with ZSN = 0.05 (left panel) and ZSN = 0.10 (right panel). We contrast a model that
only accounts for CR advection (‘CR adv’, purple) to the model that additionally includes anisotropic di�usion with di�erent di�usion coe�cients (‘CR di�’,
dark and light blue). The calorimetric relation (dashed green line) is normalised to !W/[cal,p of the simulation with the highest SFR. Additionally, we show the
FIR- and W-ray luminosities obtained by Ajello et al. (2020), together with their fit to the data (orange line), that also includes the upper limits. For the SMC,
LMC and M33, we show in addition to their FIR luminosity (in grey) also their SFRs as black points (see text for details). Middle panels: contributions of
neutral pion decay (!c0 ), IC emission (!IC) and bremsstrahlung (!brems.) to the total W-ray luminosity !W , integrated over 0.1-100 GeV, for ZSN = 0.05 (left)
and ZSN = 0.10 (right) in our CR di�usion model. Lower panels: the calorimetric fraction [cal,p (see Eq. 10) as a function of SFR of our simulated galaxies.
The calorimetric limit, where hadronic losses dominate ([cal,p ! 1), is not reached by starburst galaxies.
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Figure 15. Gamma-ray emission arising from pion decay in the Fermi band of 0.1 to 100 GeV. Left: Time evolution of the total gamma
ray luminosity of each simulation volume. Thermal-runaway models demonstrate a higher degree of variability than peak driving runs.
Right: The average �-ray luminosity averaged between 100 and 150 Myr for all the runs. An extrapolation of the best fit line to galaxies
observed both with Fermi and in the infrared is shown (dashed orange line) assuming a relation between infrared emission and SFR from
Kennicutt. Observed values for the SMC, LMC, and M33 are shown (squares) and values for the MW and M31 are shown scaled to a
SFR of 6 ⇥ 10�3 M�yr�1 (diamonds), corresponding to the local patch of ISM simulated here.

between all models except for the purely random placement
model, C1.0. That model has an overall luminosity an order
of magnitude lower than the other models.

The reasons for these di↵erences is revealed in Fig. 7.
This figure shows that fast di↵usion in the midplane cre-
ates a roughly spatially uniform distribution of CR energy
throughout the midplane. The level and variability of �-ray
emission is therefore set by the distribution and volume-
filling factor of nucleons. In peak-driving models where the
midplane volume is mostly filled by warm neutral gas and
where there are smaller gas density perturbations, the emis-
sion from recent SNe is not very di↵erent from the back-
ground �-ray emission coming from this warm gas.

In the thermal-runaway models, most of the midplane
volume is filled by very low density ionized gas, and most nu-
cleons are found in the molecular clouds that occupy a very
small volume of the midplane. The background �-ray emis-
sion is therefore small compared to the emission that arises
when SNe occur near dense clouds. The variability of the
thermal-runaway models are therefore a result the concen-
tration of target nucleons in molecular clouds and the MIX
SNe placement model. Periods of high emission arise when
a recently injected SNe coincides spatially with a molecular
cloud and low emission when randomly injected events domi-
nate. Freshly injected CR energy near a molecular cloud does
not remain spatially concentrated for long since we have no
model for variable di↵usion (such as Semenov et al. 2021).
The energy quickly di↵uses, causing the emission of � rays
to drop in the region of the molecular cloud and therefore
the entire box. In C1.0 where all SNe are injected randomly,
the coincidence of a recent SNe and a molecular cloud is
very rare (by construction) so C1.0 has less variability and
an overall lower level of emission. The runs that have the
highest degree of variability are runs where there is a large
frand, but with some non-zero seeding of SNe in dense gas

where the placement of SNe in molecular clouds light them
up in � rays.

The relation between �-ray luminosity and SFR is also
seen in Fig. 15. Galactic-scale �-ray emission is observed to
correlate with FIR emission over several orders of magni-
tude for systems where Fermi has been able to make mea-
surements, from the SMC to Arp 220 (Ackermann et al.
2012; Rojas-Bravo & Araya 2016). Our models do not probe
a range of star-forming environments so we can only probe
this relation at a single SFR; however, we see that the aver-
age level of �-ray emission does lie on the observed galactic-
scale trend. The one exception is C1.0, which as we have
explained has a lower level of �-ray emission.

Figure 16 shows how the �-ray luminosity varies with
the CR di↵usion coe�cient, . The luminosity can vary by
a factor of several with , with lower  models trending
toward higher luminosities, especially for the CFF models,
thus matching the pure CR advection models with  = 0.
This is due to the accumulation of CR energy in the mid-
plane that results from the slower di↵usion. It is also the
case, however, that the presence of CRs impacts the amount
of dense gas in the midplane, the gas that is most luminous
in � rays. In C0.5-29, the fast di↵usion of CRs reduces the
amount of CRs relative to mass in the midplane (see Fig. 12),
however, the reduced CR pressure allows more dense gas to
form (see Fig. 13). Even with the reduced CR energy den-
sity in the midplane, the enhanced dense gas means that the
model has on average an enhanced �-ray luminosity.

4.2 Atomic Hydrogen

Figure 17 shows the vertical column density of H I and H2

gas in models with and without CRs. The scale height, tem-
perature, and composition of neutral gas varies between in-
jection models, but also changes with and without CRs.
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Figure 15. Gamma-ray emission arising from pion decay in the Fermi band of 0.1 to 100 GeV. Left: Time evolution of the total gamma
ray luminosity of each simulation volume. Thermal-runaway models demonstrate a higher degree of variability than peak driving runs.
Right: The average �-ray luminosity averaged between 100 and 150 Myr for all the runs. An extrapolation of the best fit line to galaxies
observed both with Fermi and in the infrared is shown (dashed orange line) assuming a relation between infrared emission and SFR from
Kennicutt. Observed values for the SMC, LMC, and M33 are shown (squares) and values for the MW and M31 are shown scaled to a
SFR of 6 ⇥ 10�3 M�yr�1 (diamonds), corresponding to the local patch of ISM simulated here.

between all models except for the purely random placement
model, C1.0. That model has an overall luminosity an order
of magnitude lower than the other models.

The reasons for these di↵erences is revealed in Fig. 7.
This figure shows that fast di↵usion in the midplane cre-
ates a roughly spatially uniform distribution of CR energy
throughout the midplane. The level and variability of �-ray
emission is therefore set by the distribution and volume-
filling factor of nucleons. In peak-driving models where the
midplane volume is mostly filled by warm neutral gas and
where there are smaller gas density perturbations, the emis-
sion from recent SNe is not very di↵erent from the back-
ground �-ray emission coming from this warm gas.

In the thermal-runaway models, most of the midplane
volume is filled by very low density ionized gas, and most nu-
cleons are found in the molecular clouds that occupy a very
small volume of the midplane. The background �-ray emis-
sion is therefore small compared to the emission that arises
when SNe occur near dense clouds. The variability of the
thermal-runaway models are therefore a result the concen-
tration of target nucleons in molecular clouds and the MIX
SNe placement model. Periods of high emission arise when
a recently injected SNe coincides spatially with a molecular
cloud and low emission when randomly injected events domi-
nate. Freshly injected CR energy near a molecular cloud does
not remain spatially concentrated for long since we have no
model for variable di↵usion (such as Semenov et al. 2021).
The energy quickly di↵uses, causing the emission of � rays
to drop in the region of the molecular cloud and therefore
the entire box. In C1.0 where all SNe are injected randomly,
the coincidence of a recent SNe and a molecular cloud is
very rare (by construction) so C1.0 has less variability and
an overall lower level of emission. The runs that have the
highest degree of variability are runs where there is a large
frand, but with some non-zero seeding of SNe in dense gas

where the placement of SNe in molecular clouds light them
up in � rays.

The relation between �-ray luminosity and SFR is also
seen in Fig. 15. Galactic-scale �-ray emission is observed to
correlate with FIR emission over several orders of magni-
tude for systems where Fermi has been able to make mea-
surements, from the SMC to Arp 220 (Ackermann et al.
2012; Rojas-Bravo & Araya 2016). Our models do not probe
a range of star-forming environments so we can only probe
this relation at a single SFR; however, we see that the aver-
age level of �-ray emission does lie on the observed galactic-
scale trend. The one exception is C1.0, which as we have
explained has a lower level of �-ray emission.

Figure 16 shows how the �-ray luminosity varies with
the CR di↵usion coe�cient, . The luminosity can vary by
a factor of several with , with lower  models trending
toward higher luminosities, especially for the CFF models,
thus matching the pure CR advection models with  = 0.
This is due to the accumulation of CR energy in the mid-
plane that results from the slower di↵usion. It is also the
case, however, that the presence of CRs impacts the amount
of dense gas in the midplane, the gas that is most luminous
in � rays. In C0.5-29, the fast di↵usion of CRs reduces the
amount of CRs relative to mass in the midplane (see Fig. 12),
however, the reduced CR pressure allows more dense gas to
form (see Fig. 13). Even with the reduced CR energy den-
sity in the midplane, the enhanced dense gas means that the
model has on average an enhanced �-ray luminosity.

4.2 Atomic Hydrogen

Figure 17 shows the vertical column density of H I and H2

gas in models with and without CRs. The scale height, tem-
perature, and composition of neutral gas varies between in-
jection models, but also changes with and without CRs.
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need for much faster diffusion than estimated in the Milky Way or 

diffusion impact on Lγ-SFR relation?

4194 P. F. Hopkins et al.

Figure 3. Predicted ratio of γ -ray luminosity from hadronic collisions (Lγ ; see Section 4.1.2) to luminosity from star formation/massive stars (LSF), as a
function of galaxy central gas surface density ("central). Shaded range shows 1σ (∼ 68 per cent) inclusion interval of all points measured at uniform time
intervals at z < 1 (for all m11i, m11f, m12i). Dashed horizontal line is the steady-state calorimetric limit. Black squares compare observations (upper limit is
M33). Panel compare subsets of transport models (Table 1). Left: Constant-diffusivity (CD; Section 3.1) models. Models with κ29 = κ‖/1029 cm2 s−1 ∼ 3–30
agree well with observations. Lower (higher) κ over (under) predicts Lγ . Model ‘κ ion-neutral’ with κ29 = 3 (0.1) in neutral (ionized) gas only slightly decreases
Lγ , relative to models with κ29 < 1 everywhere. Centre: ET models. Expected scattering by Alfvénic or fast-mode ET (Alfvén-C00, Fast-YL04) is sub-dominant
(underpredicting Lγ ), although scattering by fast modes could be important (Lγ similar to observed) under some extreme assumptions (Alfvén-Max, Fast-Max).
Model ‘Iso-K41’ ignores anisotropy and damping of ET, and overpredicts Lγ . Right: SC models. ‘Default’ SC assumptions overpredict Lγ ; this is only weakly
influenced by the assumed CR energy (∼ 1–10 GeV), choice of Alfvén speed (Section 2.4), and other details. Multiplying the turbulent damping rates by factors
fcas ∼ 50–500, gives good agreement with the observed Lγ .

Figure 4. As Fig. 3, comparing Lγ /LSF versus the galaxy-integrated SFR
Ṁ∗ (left) or IR (8–1000 µm) luminosity Lγ /LIR versus LIR (right; obtained
by ray-tracing from each star to a mock observer at infinity assuming an
MW-like extinction curve with a constant dust-to-metals ratio equal to the
MW value, following Hopkins et al. 2005). Comparing Lγ /LSF versus SFR
shows essentially identical behaviour to Lγ /LSF versus "central in Fig. 3.
Comparing Lγ /LIR is less useful: in dwarfs, LIR/LSF declines proportional
to the optical/UV attenuation τOUV ≈ κOUV "central, itself proportional to
"central, while Lγ /LSF similarly scales with ∼"central, so their ratio varies
more weakly (∝ L0.3

IR ) and models overlap more heavily. These diagnostics
do not rule out any models not already ruled out by the comparison in Fig. 3.

observational constraints, by calculating X∞
s following Lagrangian

CR trajectories (Fig. 5).12 To match the constraints at Earth more
directly, we have also explicitly calculated X(8.1)

s (or Xs,⊕), the
grammage from sources to random star particles at the solar circle
(8.1 ± 0.1 kpc in the thin disc mid-plane, at z = 0) in several of
our transport models (for galaxies m11f and m12i) and in almost

12Specifically, we re-run the simulation for a short time ∼ 300 Myr near z

≈ 0, with CR tracer particles probabilistically injected every time an SNe
injects CR energy (expected number proportional to CR energy injected),
each recording its time of injection. Tracers are deleted stochastically with
probability equal to the ratio of total catastrophic losses to total CR energy
in a cell each time-step, or can ‘jump’ to neighbour gas cells with probability
equal to the fractional CR energy flux from their parent cell to the neighbour
(similar to the scheme in Genel et al. 2013).

all cases find X(8.1)
s ≈ (0.7–0.9) X∞

s (since this is well outside the
effective radius of star formation in our MW) – a negligible correction
compared to other uncertainties here.

We also calculate the true ‘residence time’ &tres of CRs in our
simulations by following a random subset of tracer CRs which end
up in this mock solar circle at z = 0, tracing them back to their time of
injection. Note that residence time is only well defined with respect
to an observer at a specific location in the galaxy (so we only consider
this for our MW-like systems m11f and m12i), as it diverges for any
CRs that escape the galaxy. It also becomes artificially limited by the
hadronic loss time-scale ∼ 270 Myr (0.1 cm−3/ngas) when collisional
losses become dominant (as Lγ → Lcalor): indeed, we confirm that all
our models with &tres ! (1–2) × 108 yr (consistent with loss times
for n ! 0.1 cm−3) have Lγ ∼ Lcalor, and vice versa.13

By definition, &tres =
∫ ⊕

emission dt = Xs/(〈n〉 mp c) where
∫ ⊕

emission
represents the integral from emission to observation at ‘Earth’ at z

= 0, dt is the time along an individual CR trajectory, and 〈n〉 ≡
m−1

p (
∫

ρ dt)/(
∫

dt) is a residence-time-weighted average. But in
a highly inhomogeneous medium, there is no single 〈n〉 (and its
‘effective’ value depends on the transport model). As a result, there is
(as one might expect) a broad range of residence times for CRs at the
mock observer (with non-trivial ‘tails’ worth further investigation in
future work). Considering just the median at each time, we find that
for otherwise ‘favoured’ models (Alfvén-Max, Fast-Max, fcas−50,
fQLT−100) we obtain median &tres ∼ 3–50 Myr (and for fcas−500,
fcas−K41 we find &tres ∼ 0.5–15 Myr) in galaxies m11f and m12i
at times where their "gas is similar to that of the MW in Fig. 3,
matching roughly our expectation given the predicted Xs and a mean
〈n〉 ∼ 0.1–1 cm−3 typical of the ISM dominating the grammage. But
in each of these cases a significant (few per cent or more) fraction
of the population seen at the ‘observer’ has had residence times < 1

13For example, our ‘Iso-K41’ and ‘SC:Default’ models (in m12i) give esti-
mated median &tres ∼ 2–3 × 108 yr, but this is primarily limited by hadronic
losses in both cases (both have Lγ ∼ Lcalor). If we ignore the losses for our
tracer CRs, we obtain the order-of-magnitude larger &tres ∼ 1–4 × 109 yr.
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diffusion impact on γ-ray luminosity ⟂ observation plane 

anisotropic 1027.5-29 or isotropic < 3 1028 cm2/s ok 
unlikely association for NGC 7059 in 4FGL

no need to speed up cosmic rays
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all Einj,CR / ESN = 10% per SN
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R > 2 kpc : increased  PCR pressure => SFR suppressed by < 50% 

R < 2 kpc : increased  PCR  and PB pressurse => SFR suppressed by > 2 because <B>x3 where eCR  2 eV/cm3 
not SN-induced turbulence, but role of increased fountains? gal. wind?
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R > 2 kpc : increased  PCR pressure => SFR suppressed by < 50% 

R < 2 kpc : increased  PCR  and PB pressurse => SFR suppressed by > 2 because <B>x3 where eCR  2 eV/cm3 
not SN-induced turbulence, but role of increased fountains? gal. wind?

≳

cosmic-ray suppression of star formation
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Anisotropic diÆusion ∑ = 1029 cm2/s

Isotropic diÆusion ∑ = 1029 cm2/s
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∲ermi how fast do GeV-TeV cosmic rays travel?

CR halo

H+ gas, δB’/B

H2+H+H+ gas, δB/B excitation +damping∫n
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sources

cosmic rays

CR wind

SNR envt escape? 
superbubble escape? 

level of superbubble/SNR  
re-acceleration? 

diffusive ISM re-accel? 

self-generated  
or ISM-induced  
confinement? 

where? D(E)? D(SFR)? 

level of flux & spectral  
variations across  

spiral arms & B valleys? 
hidden grammage? 

Gal. wind impact? 
local Chimney impact?


