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Abstract
Radio continuum observations of external galaxies provide us with an excellent outside view on the distribution of cosmic-
ray electrons in the disc and halo. In this review, we summarise the current state of what we have learned from modelling
such observations with cosmic-ray transport, paying particular attention to the question to what extent we can exploit radio
haloes when studying galactic winds. We have developed the user-friendly framework SPINNAKER to model radio haloes
with either pure advection or diffusion, allowing us to study both diffusion coefficients and advection speeds in nearby
galaxies. Using these models, we show that we can identify galaxies with winds using both morphology and radio spectral
indices of radio haloes. Advective radio haloes are ubiquitous, indicating that already fairly low values of the star formation
rate (SFR) surface density (�SFR) can trigger galactic winds. The advection speeds scale with SFR, �SFR, and rotation speed
as expected for stellar feedback-driven winds. Accelerating winds are in agreement with our radio spectral index data, but
this is sensitive to the magnetic field parametrisation, so that constant wind speeds cannot be ruled out either. The question
to what extent cosmic rays can be a driving force behind winds is still an open issue and we discuss only in passing how
a simple iso-thermal wind model could fit our data. Nevertheless, the comparison with inferences from observations and
theory looks promising with radio continuum offering a complementary view on galactic winds. We finish with a perspective
on future observations and challenges lying ahead.

Keywords Cosmic rays · Galaxies: magnetic fields · Galaxies: fundamental parameters · Galaxies: halos · Galaxies: radio
continuum

1 Introduction

Cosmic rays are one of the major ingredients in the interstel-
lar medium (ISM), their energy density being comparable to
that of the gaseous phases. Hence, cosmic rays play a ma-
jor role in shaping the formation and evolution of galaxies
in the Universe. The physics of cosmic rays is now inves-
tigated with multi-messenger astronomy (see Becker Tjus
and Merten 2020, for a recent review), with a focus on the
Milky Way. In recent years, nearby galaxies have become
accessible both with radio continuum (Irwin et al. 2012) and
γ -ray observations (Ackermann et al. 2012) to better con-

strain cosmic-ray transport parameters. In this review, we
present some observational inferences that have been made
in the past few years with improved (i.e. more sensitive)
radio continuum observations, and some of the advances
made modelling them. Our aims are several-fold: first, we
wish to explore the physics at cloud-scale at least in an in-
direct way, such as the entrainment of clouds in a hot wind
(Brüggen and Scannapieco 2020). Second, the global struc-
ture of the ISM dynamics is studied – something that can
be well done for external galaxies – and which may in-
form simulations from column-type simulations that can re-
solve the supernova blast waves on a 10-pc scale (Girichidis
et al. 2018) over global simulations of isolated galaxies
(Salem and Bryan 2014; Pakmor et al. 2016a) to cosmolog-
ical zoom-in simulations (Pakmor et al. 2017). Third, we
can also explore the relationship with the magnetic field in
the halo which fascinatingly takes the form of an X-shaped
morphology (Tüllmann et al. 2000; Soida et al. 2011) and
compare this with models and simulations that include the
effect of magnetic fields (Pakmor et al. 2017; Steinwandel
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et al. 2020). Our work may lead eventually to the necessary
understanding, so that the frequently used simple recipes for
‘sub-grid physics’ that are used in cosmological simulations
of galaxy evolution to resemble observed galaxies (Vogels-
berger et al. 2020) to put on a sound physical basis.

We will in particular address the question to what ex-
tent cosmic rays can have an influence on galaxy evolution
in the form of galactic winds (see Veilleux et al. 2020, for
a recent review on the cold component of winds). Cosmic
rays are thought to be responsible for winds that are ‘cooler
and smoother’ (Girichidis et al. 2018) and so can lead to
higher mass-loss rates than purely thermally driven winds.
Also, cosmic ray-driven winds can be successful in environ-
ments that are more typical for L� galaxies, such as our own
Milky Way, and in particular our solar neighbourhood (Ev-
erett et al. 2008). These environments have much lower star-
formation rate surface densities (�SFR) with �SFR ≈ 3 ×
10−3 M� yr−1 kpc−2, however, observationally the are more
difficult to access than canonical star burst galaxies such as
M 82 and the nuclear region in NGC 253. These ‘superwind’
galaxies with �SFR ∼ 10−1 M� yr−1 kpc−2 (Heckman et al.
2000) are more extreme than the relatively benign late-type
galaxies that have radio haloes (Wiegert et al. 2015). Dahlem
et al. (1995) already suggested a low critical �SFR-value
based on radio continuum observations, which were later
corroborated by optical emission line studies using integral
field unit spectroscopy (Ho et al. 2016; López-Cobá et al.
2019).

More generally speaking, we can explore which effects
are driving galactic winds, with processes related to stellar
feedback and active galactic nuclei (AGNs) the main candi-
dates (Yu et al. 2020). Not only the mass-loss rates, but also
the composition of the wind fluid is important for galaxy
evolution as is the final fate of the gas and the relation that
galaxies have with the circum-galactic medium (CGM; see
Tumlinson et al. 2017, for a recent review). The main ques-
tions that we would like to address with the study of radio
continuum haloes (see Fig. 1) are (i) how predominant are
galactic winds?; (ii) what is the role of supernovae, radi-
ation pressure, cosmic-ray pressure, and AGN? Is there a
minimum threshold of star formation or black hole activity
needed to trigger cool outflows?; (iii) what is the relative
distribution of the cool, warm, and hot phases in the wind?
(iv) What feedback effects do they exert on the host galaxy
ISM and CGM?

Cosmic rays have become recently a hot candidate to
drive galactic winds, although the basic idea was already
explored by Ipavich (1975). Cosmic rays have a relatively
soft equation of state mean that they build up a gentle pres-
sure gradient in the halo with a scale height of ∼1 kpc. This
pressure gradient can gently accelerate the gas, possibly in
conjunction with the hot ionised gas (Breitschwerdt et al.
1993; Everett et al. 2008; Recchia et al. 2016). In order to

Fig. 1 The three principle components that we aim to study in the radio
continuum of a galaxy as seen in the edge-on position

build up the necessary pressure gradient, cosmic rays have
to first diffuse out of the star-forming regions (Salem and
Bryan 2014). This can be done by either diffusion or stream-
ing (Uhlig et al. 2012); if the cosmic rays are only passively
advected, they only act as an additional pressure component
and so merely puff up the gaseous disc a bit more without
leading to a wind (Farber et al. 2018). Besides creating a
wind, cosmic rays may play a key role in accelerating clouds
of cold gas via the ‘bottle neck effect’ in which streaming
plays an important role (Wiener et al. 2017), significantly
boosting the mass-loss rate.

Radio continuum observations trace cosmic-ray elec-
trons, the spectra of which give important clues on their
transport. Early works on the integrated radio continuum
spectra of galaxies showed that their curved spectra can
be explained by a transition from escape-dominated radio
haloes at low frequencies to radiation-loss dominated haloes
at high frequencies (Pohl et al. 1991). The changing ra-
dio spectral index with distance from the star-forming mid-
plane can be modelled with diffusion and advection, which
result in different properties (Lisenfeld and Völk 2000).

The analysis of the radio spectral index in external galax-
ies was for a long time limited by observations, where it
is relatively hard to measure the radio spectral index of ex-
tended objects using radio interferometry, for instance by
the limitations due to a lack of sufficiently short base lines.
However, with new instruments such as the LOw-Frequency
Array (LOFAR; van Haarlem et al. 2013), the upgraded Jan-
sky Very Large Array (JVLA; Irwin et al. 2012) and im-
proved data reduction techniques, in particular image de-
convolution with the multi-scale multi-frequency MS-MFS
CLEAN algorithm (Rau and Cornwell 2011), some of these
limitations have now been overcome.
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1.1 A simplified overview of cosmic ray transport

We follow the standard paradigm, where cosmic rays are ac-
celerated and injected into the ISM at supernova remnants
(SNRs) by diffusive shock acceleration (DSA; Bell 1978).
On average, the kinetic energy per supernova is 1051 erg, a
few per cent of which is used for the acceleration of cosmic
rays (e.g. Rieger et al. 2013). The cosmic-ray luminosity of
a galaxy is then (Socrates et al. 2008):

LCR = 3(εSN/0.1)(SFR/M� yr−1) × 1040 erg s−1, (1)

where εSN is the energy conversion factor from SNe kinetic
energy into cosmic rays. Of the energy stored in the cosmic
rays, between 1 and 2 per cent is channelled into the cosmic-
ray electrons with the rest into protons and heavier nuclei
(Beck and Krause 2005).

Cosmic-ray transport proceeds either by diffusion along
and across magnetic field lines, cosmic-ray streaming and
advection (Enßlin et al. 2011). Diffusion of cosmic rays can
be understood as them being scattered at magnetic field ir-
regularities and so following a stochastic path with a bulk
speed much smaller than the speed of light. This view is
corroborated by the fact that in the Milky Way the cosmic
ray flux has a directional anisotropy of only 10−4 (Ahlers
and Mertsch 2017). Cosmic rays reside in the Galaxy for an
energy-dependent time which is (1–2) × 107 yr at 1 GeV
and decreases as a low fractional power of energy (Zweibel
2013). The turbulence of the magnetic fields can be either
created by external processes such as supernovae and stellar
winds that inject the turbulence at the tens of parsec scale,
which cascades down to the cosmic-ray gyro radius; this
case is usually referred to as cosmic-ray diffusion. Or cos-
mic rays can transfer some of their energy and momentum
on the magnetic field thereby creating their own turbulence;
this case is referred to as cosmic-ray streaming, where the
cosmic rays follow the magnetic field lines too.

The question which values of diffusion coefficients and
streaming speeds to use is of importance for numerical sim-
ulations. Values for the diffusion coefficient range from
1027 cm2 s−1 (Salem and Bryan 2014) to more conventional
values of 1028 cm2 s−1 (Girichidis et al. 2018) to even larger
values of 1029–1030 cm2 s−1 (Hopkins et al. 2020). The
canonical Milky Value of 3 × 1028 cm2 s−1 (Strong et al.
2007) is model-dependent, particularly on the size of the
halo, so that the diffusion coefficient may potentially be
higher if the halo is larger. In several works, a small diffusion
coefficient is argued to be of importance so that the interac-
tion with the gas is strong enough (Pakmor et al. 2016b). In
contrast, Hopkins et al. (2020) argue that the diffusion coef-
ficient needs to be larger at 1029 cm2 s−1 so that the γ -ray
flux is not too high in star-forming galaxies. If anisotropic
diffusion is modelled, the ratio of perpendicular to parallel

diffusion coefficients is of importance but only poorly con-
strained with canonical values of D⊥/D‖ = 10–100. Sim-
ilarly, the velocity of cosmic-ray streaming is largely un-
known although most theories agree that it should be of
the order of the Alfvén speed. In the absence of ion-neutral
damping, the wave growth of the Alfvén waves is unchecked
so that cosmic rays can stream at super-Alfvénic speeds
(Ruszkowski et al. 2017).

1.2 Review structure

A study of cosmic ray transport in external galaxies aims to
determine the value of the diffusion coefficient including its
energy dependence, whether diffusion proceeds isotropic or
anisotropic and to what extent streaming takes over diffusion
in galactic discs as the dominant transport process. In order
to do this we exploit synchrotron emission from cosmic-ray
electrons. As cosmic rays are injected at star formation sites,
the smearing out of the radio continuum emission with re-
spect to the star-formation distribution allows us to measure
the cosmic-ray transport length. In conjunction with spectral
ageing, we can model cosmic-ray transport using the elec-
trons as proxies. This is the basic idea of our approach.

This review is structured as follows. In Sect. 2, we in-
troduce the methodology used in order to interpret the ra-
dio continuum observations. Section 3 gives an overview
of the software SPINNAKER, which we have developed to
model the observations. The next three sections provide an
overview on the different methods that have been used: in
Sect. 4, we present our inferences that we can gain from the
vertical intensity profiles in edge-on galaxies; Sect. 5 sum-
marises what we can learn from the radio continuum spec-
trum; in Sect. 6, we extend this approach to face-on galaxies.
In Sect. 7, we summarise the most important results from
our studies thus far. These results motivate a new approach
to model radio haloes by stellar feedback-driven winds as
laid out in Sect. 8. We put our results into context of infer-
ences from absorption- and emission-line studies in Sect. 9
and to inferences from theory in Sect. 10. In Sect. 11, we
discuss missing physics from our models thus far and how
to address this shortcoming in the future. In Sect. 12, we
summarise.

2 Methodology

2.1 Radio continuum emission from galaxies

Radio continuum emission from galaxies traces cosmic-ray
electrons (CRe−), emitting synchrotron emission while spi-
ralling around magnetic field lines. The other contribution
is from thermal emission, which stems from the free–free
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emission of thermal electrons; for this contribution, the ther-
mal Hα emission is a good tracer and so that the emission
can be separated if desired.

In the interstellar medium, CRe− are losing their energy
mainly due to synchrotron and inverse Compton (IC) radi-
ation, so that GeV-electrons have lifetimes of a few 107 yr.
The ionization and bremsstrahlung losses for typical ISM
densities of n = 0.05 cm−3 result in lifetimes of the order
of 109 yr and can hence be neglected (Heesen et al. 2009),
except at low frequencies in dense gaseous, star-forming re-
gions (Basu et al. 2015). A comparison of γ -ray luminos-
ity with Monte–Carlo simulations have shown that cosmic
rays sample the mean density of the interstellar medium
(Boettcher et al. 2013), hence such an assumption may be
justified. The combined synchrotron and IC loss rate for
CRe− is given by (Longair 2011):

−
(

dE

dt

)
= b(E) = 4

3
σTc

(
E

mec2

)2

(Urad + UB), (2)

where Urad is the radiation energy density, UB = B2/8π is
the magnetic energy density, σT = 6.65 × 10−25 cm2 is the
Thomson cross-section and me = 511 keV c−2 is the elec-
tron rest mass. The CRe− energy can be inferred from the
critical frequency, where the synchrotron spectrum peaks for
an individual electron (Beck 2015a):

E ≈
( ν

16 MHz

)1/2
(

μG

B⊥

)1/2

, (3)

where B⊥ is the total magnetic field strength perpendicu-
lar to the line of sight (i.e. in the sky plane). The time de-
pendence of the energy for an individual CRe− is E(t) =
E0(1 + t/tsyn)

−1, so that at t = tsyn the energy has dropped
to half of its initial energy E0. The CRe− synchrotron life-
time, as determined by synchrotron losses, and a smaller
contribution from IC radiation losses, can be expressed by
(Heesen et al. 2016):

tsyn = 34.2
( ν

1 GHz

)−0.5
(

B

10 μG

)−1.5

(4)

(
1 + Urad

UB

)−1

Myr.

If the CRe− escape time is tesc, the effective CRe− life-
time is then:

τ−1 = t−1
syn + t−1

esc . (5)

The CRe− injection spectrum dEN(E) = N0E
−γinj is

a power-law with an injection spectral index of γinj ≈ 2.2
(fig. 3a in Caprioli 2011). Hence, the integrated radio con-
tinuum spectrum can give us important clues about the es-
cape of CRe− because, depending on the energy dependence

of the various loss processes, the injection spectrum is con-
verted into a power-law with a different slope. For instance,
the spectrum is steepened to ∝ E−γinj−1 if the energy losses
are proportional to E2 as is the case for both synchrotron
and IC radiation losses (Longair 2011). This means that the
radio spectral index is steepened to α = αinj − 0.5, where
αinj = (1 − γinj)/2 is the injection radio spectral index.1

Thus, in galaxies with free CRe− escape, the radio contin-
uum spectrum is a power-law with α ≈ −0.6. Contrary, if
the CRe− losses due to synchrotron and IC losses are im-
portant, the spectrum steepens to α ≈ −1.2 (Lisenfeld and
Völk 2000).

2.2 Advection–diffusion approximation

The CRe− energy spectrum N(E)dE can be modelled by
solving the diffusion–loss equation for the CRe− (e.g. Lon-
gair 2011):

dN(E)

dt
= D∇2N(E) + ∂

∂E
[b(E)N(E)] + Q(E, t), (6)

where b(E) = −dE/dt for a single CRe− as given by Equa-
tion (2). Massive spiral galaxies have rather constant star
formation histories, so that the CRe− injection rate can be
assumed as approximately constant and so the source term
Q(E, t) has no explicit time dependence. If we assume that
all sources of CRe− are located in the disc plane, we ob-
tain for the source term Q(E, t) = 0 for z > 0 (Fig. 1).
Equation (6) can be evolved in time until a stationary so-
lution is found. We use a slightly different approach, first
by restricting ourselves to a one-dimensional (1D) problem,
and second by imposing a fixed inner boundary condition
of N(E,0) = NE−γinj . In the stationary case, the change
of the CRe− number density ∂N/∂t is solely determined
by the energy loss term (second term on the right-hand
side of equation (6)). Noticing that for advection we have
∂N/∂t = v∂N/∂z, we can re-write equation (6) for the case
of pure advection to:

∂N

∂z
= 1

v

{
∂

∂E
[b(E)N(E, z)]

}
, (7)

where v is the advection speed, assumed here to be con-
stant. Similarly, for diffusion we have ∂N/∂t = D∂N2/∂z2

(Fick’s second law of diffusion), so that we can re-write
equation (6) for the case of pure diffusion to:

∂2N

∂z2 = 1

D

{
∂

∂E
[b(E)N(E, z)]

}
, (8)

where the diffusion coefficient can be parametrised as func-
tion of energy as D = D0(E/GeV)μ. If the diffusion coef-
ficient is energy-dependent, values for μ are thought to be

1Radio spectral indices are defined as Iν ∝ να .
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between 0.3 and 0.6 (Strong et al. 2007). For diffusion we
also assume that the halo size is much larger than the CRe−
diffusion length and so the CRe− cannot escape at the halo
boundary, and the decrease of the CRe− number density is
solely determined by the energy losses (synchrotron and IC
radiation).

If we drop the assumption of a constant advection speed,
the CRe− number density will change even if the cross-
sectional area A of the outflow is constant. According to the
continuity equation:

nCRvA = const., (9)

where v is the advection speed and nCR is CRe− number
density. Additionally, there are adiabatic losses (cooling)
that can be described as:

−
(

dE

dt

)
= 1

3
(∇ · v)E = E

tad
. (10)

For a linearly accelerating wind with a constant cross-
sectional area, the adiabatic loss time-scale is:

tad = 3

(
dv

dz

)−1

. (11)

An outflow that is either expanding laterally with an increas-
ing cross-section or accelerating hence leads to adiabatic
losses. Both effects can of course also work in combination,
which decrease the cosmic-ray energy density, such that the
cosmic rays can be in equipartition with the magnetic field.
Assuming that the cosmic rays are in equipartition with the
magnetic field in the disc plane, a constant advection speed
in conjunction with a non-expanding outflow leads to a se-
vere violation of equipartition in the halo (Mora-Partiarroyo
et al. 2019a).

We also have to assume a magnetic field distribution. Be-
cause of simplicity we first parametrise the magnetic field as
exponential distribution, so that the magnetic field strength
is:

B(z) = B0 exp(−z/hB), (12)

where hB is the magnetic field scale height. The magnetic
field strength in the mid-plane B0 is then a fixed parameter
calculated with the revised equipartition formula (Beck and
Krause 2005). Alternatively, we also use a two-component
exponential magnetic field:

B(z) = B1 exp(−z/hB1) + B2 exp(−z/hB2), (13)

where hB1 and hB2 are the magnetic field scale heights in
the thin and thick radio disc, respectively, with the magnetic
field strengths related as B0 = B1 +B2. The thick radio disc
is also referred to as radio halo (see Fig. 1).

2.2.1 Cosmic-ray electron transport length

With the most simplistic description, the cosmic-ray diffu-
sion length can be described as:

D = L2

4τ
, (14)

where D is the isotropic diffusion coefficient and τ is the
CRe− lifetime. Hence, it follows that the cosmic-ray trans-
port length L scales only with the square root of the CRe−
lifetime as L = √

4Dτ . Using convenient units, we find:

D = 0.75 × 1029 (L/kpc)2

τ/Myr
cm2 s−1. (15)

Conversely, advection can be simply described as:

v = L

τ
, (16)

where v is the advection speed. Or, in convenient units:

v = 980
L/kpc

τ/Myr
km s−1. (17)

For advection, the CRe− transport length scales linearly
with the CRe− lifetime as L = vτ . For small CRe− life-
times, diffusion happens faster than advection and so dif-
fusion dominates over advection near the sources in the
star-forming disc. Equating diffusion and advection length,√

4Dτ = vτ , the CRe− lifetime becomes:

τ = 4D

v2
, (18)

or, in convenient units:

τ = 12
D/1028 cm2 s−1

(v/100 km s−1)2 Myr. (19)

Inserting this lifetime into equation (16), we obtain the
cosmic-ray transport length, where the transition from dif-
fusion to advection happens:

z� ≈ 1.2
D/1028 cm2 s−1

v/100 km s−1
kpc. (20)

The diffusion-dominated region near the mid-plane ex-
tends to heights of z � z�, whereas the advection-dominated
region in the halo is at heights of z � z� (Recchia et al.
2016). In Fig. 2, we plot the CRe− number density both for
advection and diffusion as function of the CRe− transport
length. The transition happens at about 0.6 kpc, where for
diffusion the CRe− number density drops rapidly and so ad-
vection takes over as the dominating transport mode. For
the modelling of the cosmic-ray transport it is hence useful
to approximate the transport by pure advection if the galaxy
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Fig. 2 Comparison of advection and diffusion, where we plot the
normalised CRe− number density as function of the CRe− transport
length. The CRe− injection spectral index is γinj = 3 (top panel) and
γinj = 2 (bottom panel). Further parameters as described in the text are
B = 10 μG, Urad/UB = 0.3, D = 1028 cm2 s−1, and v = 100 km s−1.
Models adopted from Heesen et al. (2016)

has a wind because diffusion is suppressed in the halo, where
we model the data. In contrast, if a galaxy has no wind, we
can approximate the transport by pure diffusion. This is the
approach we take in the following.

2.3 Expected relations

Intensity scale heights in edge-on galaxies can be used in
two ways in order to investigate the cosmic-ray transport.
For both methods, we use the equipartition assumption to
derive the CRe− scale height from the non-thermal intensity
scale height by:

he = 3 − αnt

2
hsyn. (21)

The first method is then to measure the scale height at
two different frequencies (or more), where the different
frequency-dependence of the scale height can be used to
distinguish between advection and diffusion. Combining the
CRe− synchrotron lifetime (equation (5)) with the advection
transport length (equation (16)), we obtain for advection:

he ∝ ν−0.5B−3/2. (22)

Similarly, using the diffusion transport length (equation
(14)), we obtain for diffusion:

he ∝ ν(μ−1)/4B−(μ+3)/4. (23)

Hence for diffusion, the CRe− scale height depends less
on the frequency than for advection. For a possible energy-
dependence of the diffusion coefficient, this frequency de-
pendence of the CRe− scale height is reduced even fur-
ther such that for a hypothetical, strong energy-dependence
of the diffusion coefficient with μ = 1, the frequency-
dependence of the scale height even vanishes entirely.

It is important to be aware of that above relations only
apply as long as the energy losses of the CRe− are high,
as is for instance the case if the magnetic field strength in
the halo is constant and so the CRe− lose all their energy.
This scenario is referred to as the calorimetric case. More
realistically, galaxies may lose some of their CRe− or the
CRe− even escape almost freely from the galaxy, referred
to as non-calorimetric case. For the latter, we do not expect
any dependence of the scale height on frequency. This is the
case if the escape time-scale:

tesc = he

v
(24)

is much smaller than the CRe− lifetime, i.e. tesc 
 τ .
Since the CRe− lifetime depends most on the frequency

and the magnetic field strength, attempts so far have concen-
trated on measuring the CRe− transport length as function
of them. Even more challenging is to quantify the influence
of the magnetic field structure, the influence of which on the
anisotropic parallel diffusion coefficient can be parametrised
as (Shalchi et al. 2009):

D‖ ∝
(

Bord

Bturb

)2

B
−1/3
ord , (25)

where Bord is the ordered magnetic field strength and Bturb

is the turbulent magnetic field strength. As we shall see, the
main challenge is in separating the effects of spectral ageing
and the influence of the magnetic field. The basic idea is
to use the equations for advection and diffusion to separate
them. In order to do this we implemented them in a simple-
to-use computer program.

3 An overview of SPINNAKER

The above equations were implemented in the computer
program SPectral INdex Numerical Analysis of K(c)osmic-
ray Electron Radio-emission (SPINNAKER).2 The interactive
version SPINTERACTIVE allows one the fitting of the inten-
sities and radio spectral index profiles in a convenient way
(see Fig. 3). In Table 1 we present the parameters that are
fitted in each model. We now present the various options.

Before we present the various options, we briefly sum-
marise the degeneracies involved in the empirical modelling,

2https://github.com/vheesen/Spinnaker.

https://github.com/vheesen/Spinnaker
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Fig. 3 SPINNAKER as viewed with SPINTERACTIVE. Application in
NGC 5775 to LOFAR 150-MHz and CHANG-ES 1.5-GHz data. In
the left panel, the parameters are summarised. The middle panel shows

from top to bottom, the 140 MHz data, the 1.5-GHz data, and the ra-
dio spectral index. The right panel shows the parameters than can be
interactively changed

in particular with respect to the CRe− density, advection ve-
locity, and diffusion coefficient. We assume the magnetic
field strength in the disc as a fixed parameter, to be measured
from the energy equipartition between cosmic rays and mag-
netic field. The main degeneracy we have to resolve is that
either a high advection speed or diffusion coefficient will
lead to a higher CRe− density in the halo, which can com-
pensate a weaker magnetic field such that it still matches the
observed level of intensity. Conversely, a strong magnetic
field can compensate a lower CRe− density in the halo re-
sulting in the same radio continuum intensity. This degener-
acy can be resolved by using the radio spectral index, since
a higher advection speed or diffusion coefficient will lead to
a flatter radio spectral index profile as the ageing of CRe−
is suppressed. This is the reason why this kind of modelling
can work at all and so we get fairly reliable values for either
the diffusion coefficient and/or the advection speed (Heesen
et al. 2016).

3.1 Diffusion

Pure diffusion is chosen by mode = 1, where the diffu-
sion equation (8) provides us with the CRe− number density
profile as presented in Fig. 4(b). As can be seen, the diffu-
sion approximation results in flatter CRe− number density

profiles in the inner parts of the galaxy but steeper in the
outskirts. The corresponding radio intensity profiles can be
thus better described as Gaussian rather than as exponen-
tial functions (Heesen et al. 2019a). The models presented
in Fig. 4(b) assume a non-constant, exponential magnetic
field; while the magnetic field distribution influence the in-
tensity profiles, the profiles are still markedly different from
those as for advection (see also Fig. 2). We also note that the
profiles of the radio spectral index are also affected by this
and have a ‘parabolic’ shape. For diffusion we fit both the
diffusion coefficient and the energy dependency μ.

3.2 Advection

The option mode = 2 selects pure advection for the CRe−
transport, where the CRe− number density is calculated ac-
cording to equation (7).

3.2.1 Constant advection speed

For velocity_field = 0, the advection speed is con-
stant, which means the CRe− number density is regulated
by radiation losses only. Hence, the CRe− number density
decreases gradually with distance, different to diffusion (see



117 Page 8 of 30 V. Heesen

Table 1 Parameters in SPINNAKER

Parameter Fitted

Magnetic field strength B0 fixed

Injection CRe spectral index γinj fitted

– Diffusion: mode = 1 –

Diffusion coefficient D fitted

Energy dependence μ fitted

– Advection: mode = 2 –

Constant speed (velocity_field= 0)

Advection speed v0 fitted
a Magnetic field scale height hB fitted

Exponential velocity profile (velocity_field= 1)

Advection speed (at z = 0) v0 fitted
a Magnetic field scale height hB fitted

Velocity scale height hv fitted

Power-law velocity profile (velocity_field= 2)

Velocity scale height hv fitted

Advection speed (at z = 0) v0 fitted
a Magnetic field scale height hB fitted

Velocity scale height hv fitted

Power-law index β fitted

Wind model (velocity_field= 3)

Advection speed (at z = zc) v0 fitted

Flux tube opening power β fitted

Flux tube scale height z0 fitted

aIn case of a 1-component exponential magnetic field; there is
also the option to fit a 2-component exponential magnetic field
(galaxy_mode= 1)

Fig. 4a). The radio spectral index is then also more gradu-
ally steepening in contrast to the diffusion solution, so that a
linear function is a better fit.

For advection with a constant wind speed, we fit simulta-
neously for the advection speed v0 and the magnetic field
scale height. In principle, there is a degeneracy between
the advection speed and the magnetic field scale height if
only one of the intensities are studied: a smaller magnetic
field scale height can be compensated by a larger advection
speed. However, the radio spectral index is also very depen-
dent on the advection speed and so a unique solution can
be found (Fig. 5). Depending on whether the vertical profile
needs one or two magnetic field components (equations (12)
and (13)), we also may need to fit the magnetic field strength
B1 and scale height hB1 of the thin radio disc. If the angular
resolution is sufficiently high to resolve the thin disc, it may
be beneficial to only fit the radio spectral index in the halo,
where advection dominates (Heesen et al. 2018b).

The assumption of a constant advection speed has the ad-
vantage that the advection speeds can be accurately mea-
sured and these speeds can be regarded as a lower limits.
The downside is that the cosmic-ray energy density is not in

Fig. 4 Family of SPINNAKER models for various CRe− injection spec-
tral indices at 1.4 GHz (solid lines) and 5 GHz (dashed lines). (a) is for
advection and (b) is for diffusion. The magnetic field is a 1-component
exponential function with B = 10 μG exp(−z/4 kpc), the advection
speed is constant with v0 = 200 km s−1 and the diffusion coefficient
is D = 3 × 1028(E/GeV)0.5 cm2 s−1. The first row shows the CRe−
number density, the second row the non-thermal intensity and the third
row the non-thermal radio spectral index between 1.4 and 5 GHz. From
Heesen et al. (2016)

equipartition with the magnetic field for which an accelerat-
ing wind is necessary (Mora-Partiarroyo et al. 2019a).

3.2.2 Accelerating advection speed

If the outflow has no lateral expansion, an accelerating
wind can be a way to ensure energy equipartition in the
halo. We notice that radio haloes have a box-shaped out-
line, where the radial extent of the halo hardly changes
with height and is well correlated with the size of the star-
forming disc (Dahlem et al. 2006; Heesen et al. 2018a;
Heald et al. 2021), which argues against a strong lateral ex-
pansion. Hence, dropping the assumption of a constant ad-
vection speed, we are able to ensure energy equipartition
in the halo, for instance by using an exponential velocity
distribution (velocity_field= 1). This introduces one
more free parameter, the velocity scale height hv , so that
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Fig. 5 Reduced χ2 for advection with a constant speed in the northern
halo of NGC 4631. Solid lines (best-fitting intensities) define a diago-
nal area running from the top-left to the bottom-right, so that there is a
degeneracy between advection speed and magnetic field scale height.
The solution is unique though because the radio spectral index requires
advection velocities as indicated by dashed lines, almost independent
on the magnetic field scale height. The overlapping area in the mid-
dle with the star in the centre, define the allowed best-fitting solutions.
From Heesen et al. (2018b)

the advection speed becomes v(z) = v0 exp(z/hv). Galac-
tic winds essentially accelerate linearly in the region where
mass and energy is injected before the acceleration tailors
off. This is the basic picture by the analytic wind model
of Chevalier and Clegg (1985). Including different driving
agents such as radiation pressure and cosmic rays change
this picture only slightly (Yu et al. 2020). Heesen et al.
(2018a) applied such a model successfully to the dwarf ir-
regular galaxy IC 10. For exponential magnetic fields, en-
ergy equipartition requires hv ≈ hB/2, so that the magnetic
energy density is in agreement with the cosmic-ray energy
density.

Another option is a wind velocity profile with a polynom-
inal shape (velocity_field = 2), where the advection
velocity is parametrised as:

v = v0

[
1 +

(
z

hv

)β
]

. (26)

For β = 1, the wind is linearly accelerating, whereas for
β = 0.5 the wind accelerates fast in the beginning and then
the acceleration tailors off. The former is a good approxima-
tion for a cosmic ray-driven wind, where both simulations
(Girichidis et al. 2018) and semi-analytical 1D wind models
(Everett et al. 2008) predict linear velocity profiles. The lat-
ter is a closer approximation to stellar-driven wind models
(Lamers and Cassinelli 1999).

3.2.3 Advection in a wind

Acceleration is not the only way to achieve equipartition in
the halo, the second possibility is lateral expansion. Such

a geometry can be a spherical outflow, as is the case with
M 82, or a flux tube geometry which has been used to model
cosmic ray-driven winds. We use the latter as this better rep-
resents the morphology of radio haloes. There is a choice
of magnetic field parametrisation with either a pure verti-
cal field geometry or a helical field with both azimuthal
and vertical components. Faraday rotation measurements in-
dicate that the magnetic field in the halo may be helical
(Heesen et al. 2011; Mora-Partiarroyo et al. 2019b; Stein
et al. 2020), so that there is an azimuthal component as well,
hence we chose such a configuration. Nevertheless, we point
out that there is a degeneracy between the assumed magnetic
field geometry and the acceleration of the advection speed.
Changing the magnetic field strength results in different en-
ergies of the CRe− we can probe (Equation (3)), so that the
spectral ageing is changed as well.

Hence, the third possibility is advection as a result of a
simplified wind model using an iso-thermal wind solution
(velocity_field = 3). This option will be motivated
in more detail in Sect. 8 (see also Heald et al. 2021). Basi-
cally, this results in an approximately linear advection speed
profile with approximate energy equipartition between the
cosmic rays and the magnetic field. The simplified wind
equation assumes a constant sound speed (iso-thermal wind
model) and a flux tube geometry (Breitschwerdt et al. 1991).
This allows us to describe a stellar feedback-driven wind
with few free parameters; the parameters that need to be fit-
ted are then advection speed at the critical point v0, the flux
tube scale height z0 and the flux tube opening parameter β .
This updated model is successful in matching the vertical
distribution of non-thermal radio emission, and the vertical
steepening of the associated spectral index, in a consistent
conceptual framework with few free parameters.

4 Radio haloes

Radio haloes offer us the possibility to apply the simple
models of cosmic ray transport to the distribution of elec-
trons in the halo. While some degeneracy remains between
the magnetic field and the cosmic rays, the radio spectral
index distribution and intensity distribution agrees to first
degree with the models. This motivates to exploit the spa-
tially resolved radio continuum emission to study cosmic-
ray transport in more detail. Figure 6 shows two prominent
radio haloes as examples of what can be seen in the radio
continuum. What is immediately clear is that the morphol-
ogy of the radio haloes is not like a sphere, something that
has been invoked to explain the radio sky background (Sin-
gal et al. 2015). With such an outside view we can also fairly
easily check the size of the radio halo, as Miskolczi et al.
(2018) could show the radio halo can extend to a size of
up to 10 kpc as was also suggested by the modelling of the
Milky Way halo (Orlando and Strong 2013).
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Fig. 6 Examples for two prominent dumbbell-shaped radio haloes with
NGC 253 (a) and NGC 891 (b). Shown is the radio continuum intensity
at 4850 MHz (a) and 146 MHz (b) as contours overlaid on optical im-

ages from the Digitized Sky Survey (DSS). From Heesen et al. (2009)
(a) and Mulcahy et al. (2018) (b), respectively

Table 2 Galaxies so far analysed with SPINNAKER and re-evaluated for this review

Galaxy da SFRb log10(�SFR)c B0
d vrot

e Transf vg Reference

(Mpc) (M� yr−1) (M� yr−1 kpc−2) (μG) (km s−1) (km s−1)

IC 10 0.8 0.05 −1.00 12.0 36 Adv 29±8 Heesen et al. (2018a)

NGC 55 1.9 0.16 −2.87 7.9 91 Adv 100±50 Heesen et al. (2018b)

NGC 253 3.9 6.98 −1.80 14.0 205 Adv 400±100 Heesen et al. (2018b)

NGC 891 10.2 4.72 −1.96 14.7 212 Adv 150±50 Schmidt et al. (2019)

NGC 3044 4.4 2.03 −2.17 13.1 153 Adv 200±130 Heesen et al. (2018b)

NGC 3079 7.7 9.09 −1.79 19.9 208 Adv 350±70 Heesen et al. (2018b)

NGC 3556 14.09 4.31 −2.26 9.0 154 Adv 145±30 Miskolczi et al. (2018)

NGC 3628 14.8 1.73 −2.32 12.6 215 Adv 250±150 Heesen et al. (2018b)

NGC 4013 16.0 0.5 −2.61 6.6 195 Diff 20±10 Stein et al. (2019b)

NGC 4217 20.6 4.61 −2.44 11.0 195 Adv 350±100 Stein et al. (2020)

NGC 4565 11.9 0.73 −2.88 6.0 244 Diff 60±30 Heesen et al. (2019b)

NGC 4631 6.9 2.89 −2.20 13.5 138 Adv 250±60 Heesen et al. (2018b)

NGC 4666 26.6 16.19 −1.58 18.2 193 Adv 310±50 Stein et al. (2019a)

NGC 5775 26.9 9.98 −1.81 16.3 187 Adv 400±80 Heesen et al. (2018b)

NGC 7090 10.6 0.62 −2.41 9.8 124 Adv 200±160 Heesen et al. (2018b)

NGC 7462 13.6 0.28 −2.80 9.7 112 Diff 90±30 Heesen et al. (2018b)

Note: It was assumed that the advection speed is constant in each of the galaxies for consistency (using velocity_field= 0, see Sect. 3). For
IC 10, NGC 891, NGC 3556, and NGC 4013 we also fitted optionally accelerating winds (see references)
aAssumed distance to galaxies
bStar-formation rate (SFR), calculated from either total or mid-infrared luminosity
cSFR surface density defined as �SFR = SFR/(πr2

� ), where r� is radius of the star-forming disc
dMagnetic field strength in the mid-plane as estimated with the revised equipartition formula by Beck and Krause (2005)
eRotation speed mostly obtained from the HyperLEDA extra-galactic data base
fRadio haloes with cosmic-ray transport identified either as diffusion-dominated (Diff ) or advection-dominated (Adv)
gBest-fitting advection speed with 1σ uncertainties
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Fig. 7 Vertical intensity profiles in the haloes of four nearby edge-
on spiral galaxies. The top row shows two examples for diffusion-
dominated radio haloes with NGC 4565 at 140 MHz (a) and NGC 7462
at 1.4 and 4.7 GHz (b). The bottom row shows two examples which
are advection dominated namely NGC 4217 at 140 MHz (c) and
NGC 4631 at 1.4 and 4.9 GHz (d). Diffusion-dominated haloes have

Gaussian intensity profiles (with preferentially only a 1-component
profile), whereas advection-dominated radio haloes have exponential
intensity profiles with preferentially 2-component profiles. Adopted
from (a) Heesen et al. (2019b), (b) Heesen et al. (2016), (c) Stein et al.
(2020) and (d) Heesen et al. (2018b)

As this review focuses on what we have learned from
the modelling with SPINNAKER, we build on the sample by
Heesen et al. (2018b) who investigated 12 edge-on galaxies.
Since then a few more galaxies were investigated in a sim-
ilar way, so that we now have a sample of 16 galaxies that
were analysed in a consistent way. In Table 2, these galaxies
are listed.

4.1 Profile shape

Depending on the shape of the magnetic field distribution
in the halo, the CRe− distribution is different for diffusion
and advection, allowing us to distinguish between these two
processes. Assuming an exponential magnetic field distri-
bution is the first step since the radio continuum emission
in the halo has this exponential distribution as well. Hence,
the advection–diffusion approximation is used to show that
diffusion leads to approximately Gaussian intensity profiles
and advection leads to approximately exponential intensity
profiles (see Heesen et al. 2016, and Sect. 3).

4.1.1 Gaussian profile shape

Examples for Gaussian radio haloes with Iν ∝
exp(−z2/hsyn) are rare so far (see Fig. 7 (a) and (b)),
with the only examples NGC 4013 (Stein et al. 2019a),
NGC 4565 (Heesen et al. 2019b) and NGC 7462 (Heesen
et al. 2016). What these three galaxies have in common,
however, are their low star-formation rate surface densities
with �SFR < 2 × 10−3 M� yr−1 kpc−2. At these low values
of �SFR, simulations suggest that the formation of outflows
is suppressed (Vasiliev et al. 2019). It is an exciting prospect
that radio haloes can possibly establish whether such an out-
flow �SFR-threshold really exists, and whether there are any
other contributing factors such as a high mass-surface den-
sity.

A possible �SFR-threshold for the existence of gaseous
haloes was posited already by Rossa and Dettmar (2003a),
who observed the extra-planar diffuse ionised gas (eDIG)
in galaxies, which was later confirmed by X-ray observa-
tion of the hot ionised gas (Tüllmann et al. 2006). These
observations suggested an �SFR-threshold value similar to
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the one indicated by the diffusion–advection transition. The
only other galaxy outside of this sample fitted with a single
Gaussian component is NGC 4594 (M 104), an early type
galaxy with a very low �SFR (Krause et al. 2006), hence
fitting the trend.

4.1.2 Exponential profile shape

Most vertical intensity profiles are exponential so that Iν ∝
exp(−z/hsyn) with either one or two components (Krause
et al. 2018), showing that they are advection dominated.
If there are two components, then we refer them to a thin
and thick radio disc, respectively. This is in agreement with
the finding that the scale heights are almost identical at
both 1.5 and 6 GHz, suggesting an almost free escape of
CRe− in a wind. Of the 16 galaxies considered in this re-
view (see Table 2), 13 have exponential radio continuum
profiles (Fig. 7(c) and (d)). There are other galaxies outside
of our sample, which have been fitted with exponential pro-
files, such as NGC 3034 (M 82; Adebahr et al. 2013).

4.1.3 Multi-component radio disc

It is an open question whether galaxies always have both thin
and thick radio discs, as is predominantly found by observa-
tions thus far. Generally speaking, our observations thus far
indicate that galaxies have either a 2-component exponen-
tial vertical distribution, consisting of both and thick radio
discs, or a 1-component Gaussian disc, consisting of a thick
radio disc only. Of course, this will be resolution dependent
since most thin radio discs have only a scale height of a few
hundred parsec (Heesen et al. 2018b), so that the angular res-
olution has to be sufficiently high in order to resolve them.
In the sample discussed here, only 2 out of the 16 galaxies
do not have a multi-component radio disc, NGC 4565 and
NGC 7462, which both possess only a thick radio disc. It is
notable that these two galaxies are diffusion-dominated. The
only other galaxy outside of this sample that has a Gaussian
vertical intensity profile is NGC 4594 (M 104), which is also
fitted by a single Gaussian component (Krause et al. 2006).
We can speculate that diffusion results in only a thick ra-
dio disc, whereas in the case of advection both the thin and
thick discs form. Since diffusion dominates near the disc,
the thin radio disc will be diffusion dominated and advec-
tion takes over as the dominating transport mode, where the
profile flattens and the thick radio disc begins (Sect. 2.2.1).

Such a transition in the cosmic-ray distribution is also
seen in cosmological simulations with FIRE-2, where the
transition is at 10 kpc height (which is expected as Hop-
kins et al. 2020, use much larger diffusion coefficients).
Girichidis et al. (2018) find a flattening of the profile at
0.5 kpc height with a more typical diffusion coefficient of
1028 cm2 s−1. As equation (20) predicts, for typical advec-
tion speeds of a few 100 km s−1 and diffusion coefficients of

Fig. 8 The exponential radio continuum scale height in the CHANG-
ES sample at 1.5 and 6 GHz with the corresponding ratio. Shaded areas
show the expectation for non-calorimetric advection (free escape; yel-
low), calorimetric diffusion (green), and calorimetric advection (blue).
From Krause et al. (2018)

1028 cm2 s−1, we expect the transition to happen at around
1 kpc or less. Thus we raise the possibility that a galaxy with
a wind has a two-component radio disc, whereas no-wind
galaxies have only a one-component radio disc with a thick
disc. NGC 4013 is the only galaxy that has a two-component
Gaussian radio disc; this galaxy is a hybrid case where dif-
fusion and advection both contribute because the advection
speed is sufficiently slow (Stein et al. 2019b).

4.2 Scale heights

4.2.1 Global measurements

In Fig. 8, we present the scale height ratio between 1.5
and 6 GHz in the CHANG-ES sample (Krause et al. 2018).
For advection, we would expect the ratio to be 2 (equa-
tion (22)), for diffusion to be around 1.3 (depending on μ;
equation (23)), and for a free escape we would expect the
ratio be 1. As can be seen, the ratio is in agreement with ei-
ther diffusion with a significant energy loss or free escape.
What we can rule out, however, is advective transport in a
calorimetric halo, although diffusive transport in a calori-
metric halo would be still possible. However, there are two
reasons that argue against this latter option: first, the expo-
nential profiles are in agreement with advection; second, the
galaxies have integrated radio spectral indices that are not
steep enough in order classify them as CRe− calorimeters.
Hence, the scale height analysis points to advective transport
in winds (Krause et al. 2018).

4.2.2 Spatially resolved measurements

The second method using scale heights to measure CRe−
transport, is to use spatially resolved measurements. For a
given galaxy, the mode of CRe− transport should not change
much across the size of galaxy, for instance in a galaxy-
wide outflow advection dominates. In this case, the local
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Fig. 9 The non-thermal exponential radio continuum scale height in
NGC 253 as function of the CRe− synchrotron lifetime. The line shows
the best-fitting advection solution. From Heesen et al. (2009)

scale height will be a function of the local CRe− lifetime,
which depends on the local magnetic field strength. The
motivation for this approach was the observation of radio
haloes that have a ‘dumbbell’ shape, meaning smaller ra-
dio scale heights in the centre of the galaxy and increasing
scale heights in their outskirts. Examples for this type of
haloes are NGC 253 (Fig. 6(a)), NGC 891 (Fig. 6(b)) and
NGC 4217 (Stein et al. 2020).

The CRe− scale height can be compared with expected
relations for advection (equation (22)) and diffusion (equa-
tion (23)). The first measurement of cosmic-ray advec-
tion with this method of comparing the CRe− distribution
with the magnetic field strength was presented by Heesen
et al. (2009), who found that the radio continuum scale
height scales linearly with the CRe− lifetime as presented
in Fig. 9. Consequently, they calculated the cosmic-ray ad-
vection speed to be v = 300 ± 30 km s−1. The alternative is
to study directly the dependence of the CRe− scale height
on the magnetic field strength. This has been done by Mulc-
ahy et al. (2018) for NGC 891, who found a dependence of
he ∝ B−1.2±0.6, in agreement with either diffusion or advec-
tion (see Fig. 10).

4.3 Size–scale height relation

Krause et al. (2018) studied the scale heights in CHANG-
ES galaxies and found that the scale height scales linearly
with the size of the galaxy. In order to exclude the size of
the galaxy, they defined a normalised scale height. This nor-
malised scale height fulfils a scale height–mass surface den-
sity relation, where the normalised scale height decreases
with increasing mass-surface density. Both relations point

Fig. 10 The radio continuum exponential scale height at 146 MHz in
NGC 891 as function of the magnetic field strength in the mid-plane.
The red line shows the best-fitting exponential function. From Mulcahy
et al. (2018)

to a relation of the radio halo with stellar feedback. Inter-
estingly, both the intensity and magnetic field scale height
do not depend on either the SFR, �SFR, or rotation speed
(Heesen et al. 2018b). This might point to a geometric model
with an expanding outflow as well, as do the results of
Krause et al. (2018).

5 Radio continuum spectrum

5.1 Global spectrum

Observations show the integrated (global) radio continuum
spectrum of galaxies to be in agreement with a power-law
with a non-thermal radio spectral index of −0.9 at frequen-
cies between 1 and 10 GHz (Tabatabaei et al. 2017). How-
ever, at low frequencies (< 1 GHz) the radio continuum
spectrum deviates from a power-law and the spectrum flat-
tens significantly (Marvil et al. 2015). The most compre-
hensive study to date is that of Chyży et al. (2018), who
studied ∼100 galaxies with LOFAR and archival data be-
tween 50 MHz and 5 GHz. They found that the spectral in-
dex flattens by �α = 0.2 from a spectral index of α = −0.77
above 1.5 GHz to α = −0.57 below 1.5 GHz. Hence the
low-frequency spectral index is close to the injection spec-
tral index, which means that the CRe− may be able to es-
cape the galaxy freely. This view is supported by the obser-
vation that the steepening of the spectrum is independent of
the inclination angle (see Fig. 11). Prior, it was posed that
internal effects such as due to free–free absorption at low
frequencies, the spectrum is artificially flattened (Israel and
Mahoney 1990). This interpretation seems to be now at least
unlikely.
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Fig. 11 Spectral curvature as function of the inclination angle. The
differential spectral index is defined as �α = αlow − αhigh, where αlow
is the radio spectral index between 150 and 1500 MHz and αhigh is the
radio spectral index between 1500 and 5000 MHz. From Chyży et al.
(2018)

Fig. 12 The radio spectral index in NGC 891 between 146 and
1500 MHz. The spectral index is flat in the disc (although clearly non-
thermal) and steepens in the halo. From Mulcahy et al. (2018)

5.2 Spatially resolved measurements

In edge-on galaxies, the radio spectral index can be also
measured locally. Since the radio spectral index is fairly flat
in the disc (α ≈ −0.6), the star-forming galactic mid-plane,
this suggests that the CRe− are freshly injected. In the halo,
the radio spectral index steepens to values of α ≈ −1 or even
steeper (see Fig. 12).

The next step is to use the advection–diffusion approx-
imation to calculate vertical radio spectral index profiles.
In Fig. 13, we present vertical spectral index profiles in
NGC 891, which are approximately linear. The spectral in-
dex profiles show a flat spectral index in the disc, rapidly
steepening in the halo, so that one finds a two-component

Fig. 13 Vertical profiles of the non-thermal radio spectral index be-
tween 146 and 1500 MHz in NGC 891. Lines show best-fitting ad-
vection models, which well describe the linear decrease of the spectral
index in the halo at |z| � 0.5 kpc. From Schmidt et al. (2019)

spectral index profile. In contrast, in Fig. 14 we present
the vertical radio spectral index profile for NGC 7462, a
diffusion-dominated galaxy. In this case, the spectral index
is already quite steep in the disc with values of α ≈ −1.2,
as would be expected for a calorimetric galaxy, with no
CRe− escape. Remarkably, the radio spectral index does not
steepen out to distances of z ≈ 2 kpc, quite differently to
advective galaxies. The best other example for this kind of
radio spectral index profiles is NGC 4565 (Schmidt et al.
2019), which has also remarkably steep spectral indices in
the disc. Hence, we indeed find vertical spectral index pro-
files in approximate agreement with our idealised versions
of the pure diffusion and advection models (Sect. 3).

This then motivates the application of the SPINNAKER

models to the edge-on galaxies to decide whether they are
diffusion- or advection-dominated and to measure diffusion
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Fig. 14 Vertical radio spectral index profile between 1.4 and 4.7 GHz
in NGC 7462 as an example for diffusion-dominated transport. The
profile has a ‘parabolic’ shape, lines show the best-fitting diffusion
model, which was fitted in the halo only at |z| > 1 kpc. From Heesen
et al. (2016)

coefficients and advection speeds (see Table 2). We will re-
turn to these results in Sect. 7.

6 Face-on galaxies

6.1 Smoothing experiments

A different approach of measuring the cosmic-ray transport
length is to study face-on galaxies. The radio continuum
emission is smoothed with respect to the star-formation rate
surface density (�SFR), which can be explained with CRe−
transport (Fig. 15). This idea was first exploited by Mur-
phy et al. (2008) who compared the 1.4-GHz emission from
the WSRT–SINGS sample by Braun et al. (2007) with 70-
µm far-infrared emission from Spitzer. They convolved the
far-infrared map with both exponential and Gaussian ker-
nels and minimised the difference between the convolved
map and the radio continuum map. The half-length of the
smoothing kernel is then the cosmic-ray transport length,
which lies between 0.4 and 2.3 kpc. They found the length
to be a function of the �SFR, which can be explained by in-
creased synchrotron and IC losses and thus shorter CRe−
lifetimes.

The same approach was used in Vollmer et al. (2020),
who investigated both 1.4- and 5-GHz radio continuum
maps. They found that the cosmic-ray transport length is a
function of frequency with 1.8 ± 0.5 kpc at 1.4 GHz and
0.9 ± 0.3 kpc at 5 GHz. They also tested both exponential
and Gaussian kernels and found that the goodness of the fit
cannot be used to distinguish between advection (streaming)
and diffusion. However, they found that in several galaxies
the 1.4/5 GHz-ratio of the transport length is larger than 1.5,
an indication for streaming (equation (22)). This interpreta-
tion not dependent on the question of electron calorimetry

since escape would lead to an even smaller frequency de-
pendency. Ideally, one would like to measure the shape of
the CRe− transport kernel in order to make a distinction be-
tween different models, but so far exponential and Gaussian
kernels cannot be distinguished by their fitting quality alone
(Murphy et al. 2008; Vollmer et al. 2020). This is easier to
do in edge-on galaxies since we can measure the shape di-
rectly assuming that the CRe− are injected only in the thin
star-forming disc.

6.2 Radio–SFR relation

A variation of the smoothing experiment (Sect. 6.1) is to
study the spatially resolved radio–SFR relation, where we
plot the radio continuum emission as a function of the �SFR-
values (Berkhuijsen et al. 2013). The radio continuum–star-
formation rate (radio–SFR) relation is approximately linear
for global measurements (Heesen et al. 2014), but the spa-
tially resolved radio–SFR relation is sub-linear with slopes
of 0.6 when measured at 1-kpc spatial resolution. The �SFR-
map can then be convolved with a Gaussian kernel in order
to linearise the radio–SFR relation (Berkhuijsen et al. 2013;
Heesen et al. 2014, 2019a). Heesen et al. (2019a) found that
the half-width of the Gaussian kernel, the cosmic-ray trans-
port length, is a function of frequency. Depending on the
frequency-dependence, the transport is dominated by either
by cosmic-ray diffusion or streaming.

The key finding of the spatially resolved radio–SFR re-
lation is that the deviation from the theoretical expectation
such as the Condon relation (Condon 1992) and its more re-
cent derivatives (Murphy et al. 2011) is dependent on the
radio spectral index. For a fairly flat radio spectral index of
α ≈ −0.6, the deviation is small and so the relation is almost
linear (red data points in Fig. 16). This fits our expectation
that on a kpc-scale the radio–SFR relation is linear as long
as the CRe− are young and cosmic-ray transport plays no
role. Dumas et al. (2011) and Basu et al. (2015) found linear
radio–SFR relations in the spiral arms of galaxies, where the
spectral index is flat as well. Contrary, if the radio spectral is
steep α < −0.85, the radio continuum emission lies above
the radio–SFR relation. This finding is important because it
shows that spectral ageing is important shaping the relation.
In areas of low star-formation rates, old CRe− have diffused
into these areas and thus boost the radio continuum emis-
sion above the level of what would be expected for the local
�SFR.

6.3 Diffusion modelling

Mulcahy et al. (2016) solved the diffusion–loss equation for
radial transport of CRe− in the 1D case. The radial inten-
sity profiles and spectral index profiles are fitted with the
diffusion coefficient and its energy dependency. They found
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Fig. 15 Example for the influence of CRe− transport in the face-on
galaxy NGC 5194. The 145-MHz radio continuum map (a) is the
smoothed version of the �SFR-map (b). Both maps are showing the

star-formation rate surface density as log10(�SFR/M� yr−1 kpc−2). (c)
shows the radio spectral index between 145 and 1365 MHz. From
Heesen et al. (2019a)

Fig. 16 Spatially resolved radio–SFR relation in four late-type galax-
ies at 145 MHz. The radio-derived SFR surface density is here shown
as function of the mid-infrared and far-ultraviolet hybrid SFR surface
density. Data points are coloured according to their radio spectral in-
dex, with red data points indicating young CRe−, green points CRe−
of intermediate age, and blue points old CRe−. The solid line shows
the best-fitting relation with a sub-linear slope (when compared with
the dashed 1:1 relation) that can be attributed to cosmic-ray transport.
From Heesen et al. (2019a)

that a diffusion coefficient of 6 × 1028 cm2 s−1 as their best-
fitting solution. Their energy-dependence is consistent with
zero, meaning that the diffusion coefficient is constant. Fig-
ure 17 shows the radial spectral index profile that they mod-
elled. A key finding is that the spectral index is too steep
without escape of CRe−. Hence, they included the diffusive
escape time as:

tesc = h2

D
. (27)

Fig. 17 The radial radio spectral index profile in NGC 5194 (M 51)
between 140 and 1500 MHz. Lines show various 1D diffusion models.
From Mulcahy et al. (2016)

They used H I scale heights to measure h, which are be-
tween 3 and 9 kpc, so that the escape time is between 11
and 88 Myr. The spectral index profile in Fig. 17 shows that
the best-fitting solution. It can be seen that the model shows
a smaller radial variation than the observed data, in partic-
ular the minimum at r = 4 kpc, so that a better fit might be
obtained with a smaller diffusion coefficient and escape in a
wind.

7 Results

In this section, we summarize the results that have so far
been obtained for the cosmic-ray transport in external galax-
ies using radio continuum observations.
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7.1 Diffusion coefficients

The measured diffusion coefficients are between values
of 1027 and 1029 cm2 s−1, with most values at around
1028 cm2 s−1 (Murphy et al. 2008, 2011; Berkhuijsen et al.
2013; Heesen et al. 2018b, 2019b; Vollmer et al. 2020). This
is expected since we are tracing a few kpc-scales and the
CRe− lifetime is a few 10 Myr, resulting in this number
using equation (15). The lowest diffusion coefficients are
found in dwarf galaxies (Murphy et al. 2011; Heesen et al.
2018a) with the highest ones in radio haloes (Heesen et al.
2009, 2018b). The diffusion coefficients depend weakly
on the far-infrared (SFR) surface density as Murphy et al.
(2008) have shown. This is expected as long as the CRe−
lifetime is dependent on �SFR, because tsyn ∝ B−3/2 and

B ∝ �
1/3
SFR, we expect tsyn ∝ �

−1/2
SFR . Thus, the diffusion

length should be L ∝ �
−1/4
SFR for a non-energy dependent dif-

fusion coefficient. This is in approximate agreement with the
results of Murphy et al. (2008) although the scatter is quite
significant. Tabatabaei et al. (2013) repeated this experiment
and found no dependence on the SFR surface density, al-
though their sample was fairly small.

7.1.1 Energy dependence

The energy dependence of the diffusion coefficient has been
explored as well. There are cases when no energy depen-
dence is needed to fit the data, such as is the case if the dif-
fusion length scales as L ∝ t

−1/2
syn or, expressed as frequency,

L ∝ ν−1/4 (Sect. 2.3). Frequently, the frequency dependence
of the diffusion length L(ν) is flatter such as L ∝ ν−1/8, but
this can be also a result of electron non-calorimetry (Heesen
et al. 2019a). The edge-on galaxy so far analysed in most de-
tail with a pure diffusion halo, NGC 4565, is indeed better
consistent with a energy independent diffusion coefficient
or only a weakly dependent diffusion coefficient (Heesen
et al. 2019b; Schmidt et al. 2019). Essentially, an energy-
dependent diffusion coefficient would lead to an even more
pronounced curvature of the radio spectral index profile than
what is observed. Heesen et al. (2016) tested the energy-
dependence in NGC 7462, but did not find a strong indica-
tion for it.

A different approach is to fit the Gaussian convolu-
tion kernel in face-on galaxies with a cosmic-ray diffusion
model. Heesen et al. (2019a) did this and found the energy
dependence to vary widely with μ = 0–0.6. There are indi-
cations, however, in particular from the radio spectral index,
that high values of μ are the result of CRe− escape (elec-
tron non-calorimetry) rather than an intrinsic feature of the
CRe− transport. In summary, diffusion coefficients in the
GeV-range seem to be not energy dependent. In those cases
where we see a dependence, the indication is either weak (in
edge-on galaxies) or can be largely explained by flat radio

spectral indices hinting at CRe− escape (in face-on galax-
ies). The observation that for a few GeV the diffusion co-
efficient is not energy-dependent is in agreement with the
Boron-to-Carbon (secondary to primary) cosmic-ray ratio in
the Milky Way (Becker Tjus and Merten 2020).

7.2 Cosmic-ray streaming

The indications for cosmic-ray streaming come mostly from
scaling of the CRe− transport length with frequency, which
in case of streaming resembles advection rather than diffu-
sion (Sect. 2.3). Vollmer et al. (2020) found two galaxies
where the CRe− transport length scales more with the fre-
quency than can be explained by pure diffusion even when
the diffusion coefficient is assumed to be energy indepen-
dent. Similarly, Beck (2015b) found in IC 342 the CRe−
propagation length to scale with L ∝ ν−0.5. This can be ex-
plained by cosmic-ray streaming, where the CRe− are trans-
ported with a constant speed, for instance the Alfvén speed.
We may consider the influence of an advection-dominated
radio halo, which would result in a similar behaviour. What
argues against such a halo is that an advective halo will limit
the confinement of cosmic rays, which would again limit
the effective CRe− lifetime and thus reduce the frequency
dependence. Taken together, the results by Beck (2015b)
and Vollmer et al. (2020) seem to be strongly indicative of
cosmic-ray streaming. Another hint comes from Tabatabaei
et al. (2013) who found that the CRe− transport length in
NGC 6946 is larger than what one would expect from the
ratio of ordered and turbulent magnetic field strength.

In edge-on galaxies, cosmic rays can stream from the
disc into the halo along vertical magnetic field lines. Ob-
viously, in diffusion-dominated galaxies streaming must be
suppressed, so that we can assume that galaxies without out-
flows do not have the right type of magnetic field structure,
presumably lacking vertical magnetic field lines. Indeed,
the two pure diffusion haloes in our sample, NGC 4565
and NGC 7462, have no dominant vertical magnetic field
lines (Heesen et al. 2016; Wiegert et al. 2015). The hybrid
diffusion–advection galaxy NGC 4013 has at least a signifi-
cant vertical magnetic field component (Stein et al. 2019a).
In galaxies with winds, advection and streaming may be ob-
served together although a separation of them is difficult. In
the edge-on galaxy NGC 5775, the vertical radio spectral
index gradient is much reduced at the position of vertical
magnetic field lines (Duric et al. 1998; Heald et al. 2021).
This could also be the result of CRe− streaming; the effec-
tive CRe− bulk speed is then the superposition of Alfvén
and wind speed.

7.3 Anisotropic diffusion

The question whether diffusion happens isotropic or anisotropic
is of importance for the modelling of galaxy evolution.
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Fig. 18 Re-evaluated scaling relations of the CRe− advection speed in
edge-on galaxies. (a) shows the advection speed as function of SFR,
(b) as function of SFR surface density and (c) as function of the rota-
tion speed. Best-fitting advection scaling relations (Table 3) are shown

as solid lines. Values for the filled circular data points are from Ta-
ble 2; grey stars show UV absorption line measurements for a different
sample of galaxies which were taken from Heckman et al. (2015)

Table 3 Advection speed scaling relations

Advection speed in km s−1 ρs

v = 102.13±0.05(SFR/M� yr−1)0.41±0.06 0.75

v = 103.23±0.25(�SFR/M� yr−1 kpc−2)0.41±0.13 0.70a

v = 102.085±0.056(vrot/100 km s−1)1.40±0.20 0.54

aIC 10 excluded from fit

Vollmer et al. (2020) used elliptical smoothing kernels
aligned with the magnetic field as measured from linear po-
larisation and found slight indication that the CRe− are pref-
erentially transported along magnetic field lines. An indirect
way to study the influence of the magnetic field may be
using the radio spectral index as a proxy for CRe− confine-
ment times. In face-on galaxies, we find steep radio spec-
tral indices in inter-arm regions with strong ordered mag-
netic fields. Such areas may be the places where the CRe−
are stored by disc-parallel magnetic fields, before they can
escape into the halo. Prominent examples are NGC 5055
(Heesen et al. 2019a), NGC 5194 (M 51; Mulcahy et al.
2014) and NGC 6946 (Tabatabaei et al. 2013). Corroborat-
ing the influence of the magnetic field, galaxies lacking a
large-scale spiral magnetic field, such as the dwarf irregular
galaxy IC 10, show a flat spectral index throughout the disc
(Heesen et al. 2018a).

In NGC 253, Heesen et al. (2011) found that the CRe−
diffusion across a magnetic filament perpendicular to the
field direction is quite fast, with a diffusion coefficient of
D⊥ = 1.5 × 1028 cm2 s−1. This is a fairly high diffusion
coefficient for pure perpendicular diffusion, which can be
explained by a small amount of turbulence in the magnetic
field. One can also take the radio haloes as a proxy for
anisotropic diffusion. In this case diffusion coefficient tend
to be quite high of the order 1029 cm2 s−1 (Dahlem et al.
1995; Heesen et al. 2009). Buffie et al. (2013) provided a
theoretical explanation for the ratio of the perpendicular to

parallel diffusion coefficient, which involves the turbulent
component of the magnetic field which can be described
by the so-called correlation length (similar to the field line
bend-over length).

7.4 Advection speed scaling relations

The advection speed scaling relations with SFR, �SFR, and
the rotation speed vrot were already investigated by Heesen
et al. (2018b). For this review, we have re-evaluated their
sample which we extended to 16 galaxies (Table 2). In our
sample, three galaxies are diffusion-dominated, which we
exclude in the fitting process but present them in the plots for
comparison. In Table 3 an overview of the scaling relations
discussed can be found.

The advection speed as function of the SFR is presented
in Fig. 18(a), where the advection speed scales with the SFR
as v ∝ SFR0.4. Similarly, the advection speed scales with
the SFR surface density as v ∝ �0.4

SFR as shown in Fig. 18(b).
However, this relation only holds if the starburst dwarf ir-
regular galaxy IC 10, analysed by Heesen et al. (2018a), is
excluded from the fitting. IC 10 has a very high SFR surface
density, but only a relatively small advection speed. This
outlier may point to the limitations of a scaling with �SFR.
The advection speed scales also with the rotation speed of
the galaxy as v ∝ v1.4

rot (Fig. 18(c)). The fact that the ad-
vection speed is related to the SFR surface density may be
a consequence of a supernovae-driven blast wave (Vijayan
et al. 2020). In contrast, for cosmic ray-driven wind mod-
els, or for any other wind model, the advection speed is ex-
pected to scale with the escape velocity as long as gravity is
included (Ipavich 1975; Breitschwerdt et al. 1991; Everett
et al. 2008), so the scaling with rotation speed is expected as
well. Including IC 10 gives an indication that a wind model
is preferred, but clearly more dwarf irregular galaxies need
to be studied.
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Fig. 19 Advection speed in NGC 3556 (M 108) as an example
for advection-dominated CRe− transport with an accelerating wind.
Shaded ares show the expected escape velocity for different dark matter
halo distributions. The dashed line shows the best-fitting model with a
constant advection speed for comparison. From Miskolczi et al. (2018)

7.5 Accelerated advection speed

With the advent of LOFAR, we are now able to probe
the areas in the halo far away from the star-forming mid-
plane with height the excess of 10 kpc, where we can probe
compatibility of our data with accelerating winds. Miskol-
czi et al. (2018) have shown that in the galaxy NGC 3556
(M 108) an accelerating wind fits better than advection with
a constant wind speed, where they assumed a linearly ac-
celerating wind accelerating from 123 km s−1 near the mid-
plane to 350 km s−1 at 14 kpc distance (see Fig. 19). This is
the first time, where an accelerating wind fits better, whereas
with GHz-observations a constant wind speed fits equally
well as an accelerating wind (Schmidt et al. 2019). An ac-
celerating wind has the advantage that one can have en-
ergy equipartition between the cosmic rays and the mag-
netic field in the halo. For instance, Mora-Partiarroyo et al.
(2019a) have shown that a constant advection speed can lead
to a divergence between the cosmic-ray energy and the mag-
netic field of up to a factor of 40 in the halo. For an accel-
erating wind, cosmic rays can be in equipartition with the
magnetic field and possibly even with the warm neutral and
the warm ionised gas (see Fig. 20), which is physically more
plausible.

Several possible advection profiles were investigated by
Miskolczi et al. (2018), where they parametrised the advec-
tion velocity using equation (26). For β = 1, the wind is
a linearly accelerating, for β = 0.5 the wind acceleration
is high near the disc and then tailors off in the halo. They
found that β = 1 fits best to the observations. Schmidt et al.
(2019) also use a linear advection velocity profile success-
fully. Hence, a linear advection speed profile appears to be

Fig. 20 Vertical profiles of the energy densities in the dwarf irregu-
lar galaxy IC 10 of the magnetic field (B), the warm neutral medium
(H I), the warm ionised medium (Hα), and the cosmic rays (CRs). From
Heesen et al. (2018a)

favoured by observations thus far. In Schmidt et al. (2019),
the local advection speed was investigated as well. Surpris-
ingly, the advection is smaller in the centre of the galaxy.
This is in contrast to the stronger gravitational acceleration
in the centre of the galaxy should lead to higher advection
speeds as Breitschwerdt et al. (2002) demonstrated for the
case of the Milky Way.

8 Stellar feedback-driven wind

Thus far we have used the CRe− as tracers for a galactic
wind and neglected the dynamical influence that the cos-
mic rays have themselves on the wind. Together with the
thermal gas they may be able to drive a wind as a result of
stellar feedback as is now widely accepted in the literature
(e.g. Ipavich 1975; Breitschwerdt et al. 1991; Everett et al.
2008; Recchia et al. 2016; Mao and Ostriker 2018). In this
section, we present a simple approach that tries to emulate
such a wind model, but sidestepping the details of cosmic-
ray transport which is needed to create such a wind in the
first place. For the latter, it is usually assumed that either dif-
fusion or streaming in addition to advection is needed to pre-
vent the adiabatic cooling of the wind. Without such detailed
modelling it is not possible to distinguish between the dy-
namical influence of the thermal and cosmic-ray gas, hence
we refer this model to as generic ‘stellar feedback-driven
wind’. Nevertheless, our approach already fulfils some of
the requirements we identified in Sect. 7:

• (i) advection speed is a ‘wind solution’;
• (ii) energy equipartition between cosmic rays and the

magnetic field;
• (iii) linearly increasing advection speed.

Assumption (i) is motivated by the fact that a tight corre-
lation between advection speed an escape velocity (i.e. ro-
tation velocity) is observed (Sect. 7.4). Assumption (ii) is



117 Page 20 of 30 V. Heesen

made such that energy equipartition is required as suggested
by the tight radio–SFR relation (Sect. 6.2). The magnetic
fields should be approximately exponential since that is the
shape of the vertical intensity profiles (Sect. 4.1.1). Assump-
tion (iii) fulfils our finding that linear profiles are well fitting
the LOFAR data (Sect. 7.5). We attempt to meet these re-
quirements with a simple iso-thermal wind model.

8.1 Motivation

We assume that the cosmic rays are advected in the flow of
magnetised plasma, which is directed vertically and expands
adiabatically. We use the following functional term for the
cross-sectional area:

A(z) = A0

[
1 +

(
z

z0

)β
]

, (28)

which describes the ‘flux tube’ geometry. It has been widely
used in semi-analytic 1D cosmic ray-driven wind models
(Breitschwerdt et al. 1993; Everett et al. 2008; Recchia et al.
2016). This choice eases the comparison with these afore-
mentioned models. If β = 2 then the model is an expand-
ing cone with a constant opening angle. We may possibly
identify these flux tubes with the bubble-like features that
definitely play a role as well and disc–halo interface may be
more akin to a ‘boiling disc’ found in radio continuum ob-
servations (Stein et al. 2020) but also in simulations (Krause
et al. 2021). Once these bubbles break out of the thin gaseous
disc, the field lines open up and a chimney is formed (Nor-
man and Ikeuchi 1989). These bubbles and chimneys then
may merge and form together a kpc-sized superbubble that
expands further into the halo, something that is suggested by
the properties of warm dust in the halo (Yoon et al. 2021).
The boundary of such a bubble may be related to the X-
shaped structures centred on the nucleus, but with footpoints
at a galactocentric radius r0. Thus then would define the
midplane flow radius, which may be the boundary of this
outflow (Veilleux et al. 2021, see also Fig. 21). We now also
need an equation that governs the magnetic field strength:

B = B0

( r0

r

)
×

(v0

v

)
, (29)

where B0 is the magnetic field strength in the galactic mid-
plane, and r0 and v0 are the mid-plane flow radius and ad-
vection speed, respectively. This is the expected behaviour
for radial and toroidal magnetic field components in a quasi-
1D flow (Baum et al. 1997). Since we do not take rotation
into account, we cannot include any dynamical effect that
the magnetic field might have on the wind (see Steinwandel
et al. 2020, for a simulation of a magnetically driven wind).
The continuity equation needs to be fulfilled:

ρvA = const., (30)

Fig. 21 Outflow geometry for the stellar feedback-driven wind model.
The conical expanding cross-section can be described by the flux tube
approximation. From Heald et al. (2021)

where v is the advection speed and ρ is the gas density. The
momentum conservation is governed by the Euler equation:

ρv
dv

dz
= dP

dz
− gρ, (31)

where P is the combined cosmic-ray and gas pressure and g

is the gravitational acceleration. With such a setup, we ob-
tain approximate energy equipartition. Integrating the Eu-
ler equation leads to a wind equation, where we assume for
simplicity that the compound sound speed v2

c = P/ρ is con-
stant. It can be shown that the wind velocity profile is in
linear approximation:

v = vc

(
1 + z − zc

z0

)
, (32)

where z = zc is the so-called critical point of the wind so-
lution and v = vc is the velocity at the critical point equiva-
lent to the compound sound speed (Heald et al. 2021). This
means we can parametrise the wind velocity profile in a lin-
ear way as required.

As we do not solve the energy equation explicitly, we
have to check whether the energy conservation is indeed ful-
filled. This is done via a cloud entrainment factor ε, where
the total energy flux in the wind is limited by the cosmic-
ray luminosity (equation (1)) LCR = 1/2εṀv2 with Ṁ the
global mass-loss rate. This entrainment factor is expected to
be of order unity for a cosmic ray-driven wind.
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8.2 Application to NGC 5775

The model is applied to LOFAR 150-MHz and CHANG-
ES 1.5-GHz observations of NGC 5775 (Heald et al. 2021).
The data can be indeed well fitted, with a linear acceleration
of the advection speed as a result of the wind model (equa-
tion (32)) and an expanding bi-conical outflow (see Fig. 21).
Using the compound sound speed, the thermal electron den-
sities can be calculated. The electron density decreases from
a few 10−3 cm−2 s−1 by a factor of 10 at the detection limit
of the halo at z ≈ 15 kpc. This phase seems to be most con-
sistent with the hot ionized medium (HIM). There are in-
dications that in certain places the warm ionized medium
(WIM) may be entrained in certain places, in particular near
the Hα filaments (Tüllmann et al. 2000). The implied mass-
loss rate Ṁ is a few solar masses per year. As the advection
speeds exceeds the escape velocity at the edge of the halo,
it is suggested that the mass is lost entirely from the galaxy.
The mass-loss efficiency η = Ṁ/SFR would then be of or-
der unity. However, we point out that there is substantial un-
certainty arising from the outflow geometry and the poorly-
understood distribution of ISM material entrained in the ver-
tical flow.

9 Spectroscopic observations

9.1 Wind speed

The arguably most direct way to identify outflows and mea-
sure outflow speeds are spectroscopic observations. In the
optical wavelength range, the interstellar Na I absorption
line can be used (Martin 2005; Rupke et al. 2005), although
the drawback of this particular line is that it works only in
galaxies at the higher end of the luminosity scale. This lim-
itation was remedied with the Cosmic Origins Spectrograph
(COS) aboard the Hubble Space Telescope (HST), which
made it possible to use ultraviolet absorption lines such as
of Si II (Chisholm et al. 2015) and C II, Si III, Si IV, and
N II (Heckman et al. 2015; Heckman and Borthakur 2016).
These data trace the warm ionized phase, which is supposed
to carry the bulk of the mass in an outflow and so allows us
to trace winds in normal star-forming galaxies. This phase
can be also seen in emission using the Hα line, but this
again requires high SFRs, so that the galaxies are classified
as (U)LIRGs (Arribas et al. 2014).

Our advection speeds increase with the SFR, �SFR and
rotation speed vrot, which indicates that they are tracing stel-
lar feedback-driven winds (Sect. 7.4). We now compare the
advection speed scaling relations (Table 3) with the equiv-
alent relation of the gaseous tracers. The UV-absorption
line measurements by Chisholm et al. (2015) point to a
weak dependence of the outflow speed with the SFR of

v ∝ SFR0.08−0.22 and similarly with the rotation speed of
v ∝ v0.44−0.87

rot . In contrast, Heckman and Borthakur (2016),
also using UV-absorption lines, find much stronger depen-
dencies with v ∝ SFR0.32±0.02 and v ∝ v1.16±0.37

rot (see also
Heckman et al. 2015). Martin (2005) used Na I and K I ab-
sorption lines in ultra-luminous infrared galaxies and found
v ∝ SFR0.35.

On the subject of whether the wind speed depends on
�SFR, the literature is even more divided. Chisholm et al.
(2015) did find no notable correlation, whereas Davies et al.
(2019) claim a strong correlation of v ∝ �0.34±0.10

SFR . No-
tably, the sample of Davies et al. (2019) contains mostly
star bursts with �SFR = 0.1–1 M� yr−1, whereas the sam-
ple by Chisholm et al. (2015) covers also lower values of
�SFR. Heckman and Borthakur (2016) claimed a correlation
of v ∝ �0.34

SFR up to a value of 100 M� yr−1, flattening out at
even higher values. In Fig. 18, we compare the UV measure-
ments of Heckman et al. (2015) with our advection speeds.
In general, we find a good agreement with their wind speeds
as function both of the SFR and rotation speed, although
the scatter is fairly large for the UV measurements. For the
comparison with the SFR surface density, there is no such
good agreement, with our winds happening at much lower
values of �SFR. In part this may be explained by our dif-
ferent definition of �SFR, which employs the full extent of
the star-forming disc whereas Heckman et al. (2015) use an
effective (half-light) star-forming disc radius.

9.2 Mass loading

The mass-loading factor is defined as η = Ṁ/SFR, where
Ṁ is the mass-loss rate. The mass-loading factor is predicted
to increase strongly with decreasing rotation speed, so that
in dwarf galaxies the mass-loading factor could easily ex-
ceed unity, whereas in Milky Way-type L� galaxies, the fac-
tor is of order unity. Chisholm et al. (2017) parametrised the
mass-loading factor as:

η = 1.12 ± 0.27
( vrot

100 km s−1

)−1.56±0.25
, (33)

using UV-absorption line studied of outflows. Similarly,
Heckman and Borthakur (2016), also using UV-absorption
line studies, found a slightly flatter dependency of η ∝
v−0.98

rot . While we have not applied our stellar feedback-
driven wind model (Sect. 8) to a sample yet, we can use the
theoretical expectation of a similar cosmic ray-driven wind
model of η ∝ v

−5/3
rot (Mao and Ostriker 2018), which gives

quite reasonable agreement. It is also encouraging that our
one data point for NGC 5775 (Sect. 8.2) predicts a mass-
loading factor of order unity, which is in good agreement
with equation (33).
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9.3 Wind velocity profile

Wind velocity profile measurements are only few and far be-
tween since it requires spatially resolved line observations.
The wind velocity profiles from the optical measurements
look significantly differently than linear acceleration, where
the acceleration happens close to the disc and converges
quickly Chisholm et al. (2016). Notably, the acceleration
happens already largely within 1 kpc from the star burst re-
gion. Chisholm et al. (2016) attribute this velocity profile
to either radiation pressure or cosmic-ray pressure, assum-
ing that the accelerating force falls of with distance squared.
There are a handful of other galaxies where the wind veloc-
ity profile has been measured such as in NGC 253 (Westmo-
quette et al. 2011), where outflow speeds of a few hundred
km s−1 are found within a few 100 pc from the disc and
which increase linearly with height.

Our radio haloes may require acceleration in particular if
the lateral expansion needs to be limited as the morphol-
ogy of the radio haloes suggests. On the other hand, the
wind models such as of Chevalier and Clegg (1985) even
with the inclusion of cosmic rays (Samui et al. 2010; Yu
et al. 2020) all predict rapid acceleration near the disc even
when adopted to the flux tube geometry (Heald et al. 2021).
Hence, the jury is still out whether the wind velocity profiles
are more in agreement with a linear acceleration across the
size of the halo (∼10 kpc), possibly extending even further,
as some wind models predict that do not include an extended
area of mass-loading but inject all energy at z = 0 kpc Bre-
itschwerdt et al. (1991), Everett et al. (2008), Recchia et al.
(2016). While using the radio spectral index is a rather in-
direct way of measuring the velocity profile and subject to
assumptions about the magnetic field, some form of accel-
eration seems to be most plausible as it is also the result of
any stellar feedback-driven wind model (Sect. 8).

9.4 Outflow size

The outflow size in most absorption line studies is only a few
kpc at most (Heckman and Borthakur 2016), whereas radio
haloes are indicative of galaxy-wide outflows with radii typ-
ically a few kpc. Although the boundary of radio haloes is
poorly defined, but the size of the haloes is typically com-
parable to the size of the star-forming disc (Dahlem et al.
2006). The connection of the galaxy-wide outflows with
nuclear star bursts is rather uncertain (Westmoquette et al.
2011). A case in point is NGC 253, which does have a nu-
clear star burst with �SFR ∼ 1 M� yr−1 kpc−2, which shows
a well-defined nuclear outflow (Heesen et al. 2011). The
same galaxy has also a galaxy-wide advective radio halo
(Heesen et al. 2009) and an X-ray halo indicating a galaxy-
wide outflow as well (Bauer et al. 2008). It is possible that
the ‘down the barrel’ optical and UV spectroscopic surveys

do overlook the larger size of the outflow region due to sensi-
tivity issues since a broad component emission or absorption
line has to be identified.

When other measurement are used such integral field unit
(IFU) spectroscopy, the size of the haloes are much larger in
width. In the SAMI data of Ho et al. (2016), the velocity
field is widely asymmetric in galaxies indicating a larger
outflow size. In the CALIFA sample, López-Cobá et al.
(2019) identified outflows with increasing line ratios such
as [N II]/Hα along the semi-major axis. Such increasing ra-
tios are consistent with shock ionization in galactic outflows.
Again, the morphology points to galactic outflows.

9.5 Outflow threshold

The existence of a minimum value for the star-formation
rate surface density was first posed by Rossa and Dettmar
(2003b), who studied the extra-planar diffuse ionized gas
(eDIG) in edge-on galaxies. Their value is �SFR = 2 ×
10−3 M� yr−1 kpc−2, which was then corroborated by Tüll-
mann et al. (2006) who studied extra-planar hot ionized gas
via X-ray emission. In most galaxies, there is no extended
eDIG emission detected below this threshold, and if there
is a detection, the dust temperature is significantly higher.
This threshold is much lower than the canonical threshold
for galactic winds by Heckman et al. (2000), who suggested
�SFR ≈ 10−1 M� yr−1 kpc−2. Galaxies exceeding this value
are commonly referred to as ‘superwind’ galaxies and are
known to have extensive X-ray haloes (Strickland et al.
2004). More recent observations have shown this outflow
threshold to be potentially much lower, as for instance the
detection of a superbubble of warm dust in NGC 891 with
a local �SFR of 0.03 M� yr−1 kpc−2 suggests (Yoon et al.
2021). It is probably the local value of �SFR which needs to
be ∼ 10−2 M� yr−1 kpc−2 to allow the formation of chim-
neys facilitating outflows. The chimneys would form at spi-
ral arms and predominantly at smaller galactocentric radii
allowing an outflow in the inner parts of the galaxy (see in-
structive simulations by Krause et al. 2021).

Ho et al. (2016) suggests much lower values of globally
averaged star formation rates with �SFR = SFR/(πr2

e ) with
values of 10−3–10−1.5 M� yr−1 kpc−2, where re is the ef-
fective radius. López-Cobá et al. (2019) suggest �SFR >

10−2 M� yr−1 kpc−2 in conjunction with a centrally con-
centrated gas distribution. Clearly, this value depends on
the detection method. The radio continuum method suggests
also a low threshold of around the value as for the exis-
tence of eDIG. This threshold is identified by the transition
from diffusion-dominated haloes to advection-dominated
ones (Sect. 4.1 and Fig. 18(b)). That this property of ra-
dio haloes fits to the optical observations raises the pos-
sibility that the vertical profile of radio haloes (Gaussian
and exponential, Sect. 4.1) and the multi-component fitting
(Sect. 4.1.3) allow us already to distinguish between galax-
ies with outflows and those that do not have outflows.
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9.6 Cosmic-ray calorimetry

The detection of γ -rays from star-forming galaxies with
Fermi has allowed us to compare the γ -ray luminosity with
expectations from cosmic-ray calorimetry (Ackermann et al.
2012). Lacki et al. (2011) show that the star-burst nuclei of
NGC 253 and M 82 are closest to calorimetry, although there
is some uncertainty with regards to the GeV-emission from
secondary CRe−. Yoast-Hull et al. (2013) showed that M 82
is a good electron calorimeter but not proton calorimeter,
while for NGC 253 the situation is more complex (Yoast-
Hull et al. 2014). It has been recently suggested by Hopkins
et al. (2020) that the other galaxies at lower SFRs are only
poor cosmic-ray proton calorimeters. This requires a fast es-
cape of cosmic rays either by diffusion, as facilitated with
a high diffusion coefficient (Hopkins et al. 2020), or via a
galactic wind.

9.7 Extra-planar gas

The extra-planar gas comprises several phases, the warm
neutral medium traced by H I, the WIM traced by Hα, and
the HIM traced by X-ray emission. The HIM as traced by
X-ray emission has electron density scale heights between
4 and 8 kpc with exponential profiles preferred over Gaus-
sian or power-law profiles (Strickland et al. 2004; Hodges-
Kluck and Bregman 2013). These data would be in approx-
imate agreement with what is expected for an outflow of
a hot wind. In contrast, the WIM as traced by Hα emis-
sion has much smaller scale heights of ∼1 kpc (Dettmar
and Soida 2006), although in places there can be filaments
with much larger scale heights of 3–5 kpc (Boettcher et al.
2013). These profiles can be again approximated by expo-
nential functions. The atomic gas as traced by H I emission
has a large variety of scale heights (Zschaechner et al. 2015),
sometimes with both a thin and thick in the order of between
a few 100 pc and a few kpc.

Because both the H I and Hα are line emissions, one
can measure the rotation speed of edge-on galaxies as func-
tion of height. It is observed that the rotation speed of
the gas decreases approximately linearly with height. This
is referred to as ‘rotational lag’ and has an amplitude of
5–20 km s−1 kpc−1 (Heald et al. 2006; Zschaechner et al.
2015).

10 Inferences from theory

10.1 Cosmic ray-driven wind models

For cosmic rays to able to drive a wind, they have to be ef-
fectively confined in the galaxy for some time. We recall
that the cosmic-ray mean free path is only a few pc, so that

galaxies are effectively optically thick for cosmic rays. The
cosmic rays then transfer a small part of their momentum
and energy on the gas every time they interact via Alfvén
waves, which they generate themselves via the streaming
instability (‘self-confinement’ picture Zweibel 2013). The
1D cosmic ray-driven wind models by Breitschwerdt et al.
(1991) and Everett et al. (2008) showed that cosmic rays
streaming along the magnetic field lines can compensate for
the adiabatic cooling of the wind fluid and so the compound
sound speed increases slightly in the halo. This is required
for a wind solution to go through the critical point where
the gravitational acceleration is approximately constant as
in the case for a galaxy halo (Mao and Ostriker 2018). The
wind velocity profiles are approximately linear before the
speed converges to a few times the rotation speed (Everett
et al. 2008). One of the limitations of these wind models is
that all the energy and mass are injected at z = 0, which is
not very physical. The widely used analytical wind model
of Chevalier and Clegg (1985) has a driving region where
the energy and momentum are injected, which is more re-
alistic. This model was extended by Samui et al. (2010) to
include cosmic rays, which shows rapid acceleration in the
driving region and nearly constant velocity at larger radii. As
the driving region is rather confined to the disc plane with a
height of ∼ 100 pc, similar to the gaseous scale height of
the warm neutral medium, the acceleration will be small at
heights �1 kpc.

In a steady state and without considering internal losses,
the cosmic rays would transfer a fraction of their lumi-
nosity on the total energy flux in the wind, so LCR ≈
1/2(ε/0.5)Ṁv2, where ε is an efficiency factor. As we
shown in Sect. 8, this is consistent with a stellar feedback-
driven wind model in NGC 5775. A consequence of cos-
mic ray-driven winds is that the hydrodynamical equilib-
rium state of galaxies will be affected by the cosmic rays
(Crocker et al. 2020). Another property of cosmic ray-driven
wind models, which include gravity, is that the wind velocity
scales linearly with the rotation speed in the galaxy (Ipavich
1975). Such a behaviour is also expected for ‘momentum-
driven’ winds for which radiative cooling is important (Mur-
ray et al. 2005; Veilleux et al. 2020). The advection speed
scaling relation (Sect. 7.4) with the rotation speed is in good
agreement with such an expectation.

10.2 Simulations

Simulations have shown how important cosmic rays are in
order to create galaxy-wide outflows. There are now many
MHD simulations available that include cosmic rays such as
the one of Girichidis et al. (2018). They showed that cos-
mic ray-driven outflows are significantly cooler with a large
fraction of the gas staying at 104 K rather than 106 K for the
thermally driven case. The reason that cosmic rays are so ef-
fective at driving galactic winds is that they can diffuse out
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Table 4 Cosmic ray (CR)-driven 1D wind models

Model Driving Diffusion Streaming Gravity Rotation Reference

aConstant wind speed N/A × × × × Heesen et al. (2018b)
aAccelerated wind N/A × × × × Miskolczi et al. (2018)
bIso-thermal wind hybrid × × � × Heald et al. (2021)

CR-driven wind with streaming hybrid × � � × Everett et al. (2008)

CR-driven wind with diffusion hybrid � � � × Recchia et al. (2016)

CR-driven wind with rotation hybrid × � � � Zirakashvili et al. (1996)

CR-driven wind w. rot. & diff. hybrid � � � � Ptuskin et al. (1997)

Note: Hybrid driving means both a dynamical influence of the thermal gas (HIM) and the cosmic rays
aCRe− are only used as tracers with no dynamical influence of the cosmic rays
bCRe− are used as tracers with a simplified iso-thermal wind model that includes cosmic-ray pressure (Sect. 8)

of star-forming regions and then create a ‘background sea’
with a pressure gradient on kpc-scales (Salem and Bryan
2014). This gradient then can lift the gas into the halo. The
transport of cosmic rays is important as if the cosmic rays
are just advected with the gas, they act only as an additional
pressure component and so the gaseous disc is ‘puffed up’,
but no outflow is created (Ruszkowski et al. 2017).

The cosmological simulations by Pakmor et al. (2016b)
showed the influence of anisotropic cosmic-ray diffusion.
Galaxies with spiral magnetic fields created in part by dif-
ferential rotation, can store cosmic rays for longer. While a
wind develops both in the case of anisotropic and isotropic
diffusion, the isotropic diffusion suppresses the magnetic
field amplification in the disc. Again, without diffusion, a
wind does not form at all. In Jacob et al. (2018), simulations
of dwarf galaxies show spherical winds with slow speeds of
20 km s−1, whereas galaxies with higher masses have more
bi-conical outflows with higher speeds of 200 km s−1. Inter-
esting, for galaxies in excess of a virial mass of 1011.5 M�
do not form cosmic ray-driven winds beyond the virial ra-
dius. For all cases, the outflow speed is in good agreement
with the escape velocity near the galactic mid-plane. How-
ever, their wind speeds seem to be always on the low side
when compared with optical observations and our data.

10.2.1 Wind velocity profiles

The simulations by Girichidis et al. (2018) showed approx-
imately linearly accelerating mass-weighted velocity pro-
files. They simulated only the first 2 kpc near the galactic
mid-plane, so that it is not clear whether the escape velocity
is reached. The authors point out that further acceleration
is expected in the halo. The outflow speeds they find are
∼50 km s−1, so significantly lower than what we measure
near the disc. In MHD simulations of isolated galaxies with
cosmic rays, Jacob et al. (2018) found that the vertical ve-
locity profiles are in good agreement with the wind model

of Chevalier and Clegg (1985), with rapid acceleration near
the disc and then a nearly constant velocity in the halo.

10.2.2 Cloud entrainment

The entrainment of clouds is important to load the wind,
which contains mostly of the HIM, with further mass.
Banda-Barragán et al. (2020) showed that the hot wind is
able to accelerate clouds at a speed comparable to the escape
velocity within the first 1 kpc away from the disc. These
clouds form a ‘mist’ of WIM that can be further acceler-
ated in the wind. The wind is formed this close to the disc
as expanding superbubbles which are particularly good in
converting the kinetic energy of SNe into thermal energy,
i.e. the thermalization efficiency is quite high with a few 10
per cent (Sharma et al. 2014). What appears to be impor-
tant is that these clouds can then be considered as the start-
ing point for the reference level at 1 kpc where we start to
see advection-dominated haloes. It appears hence as possi-
ble that these clouds are advected as a thin mist with the fast
flow of the HIM and traced by the CRe−.

As noted in Sect. 9.1, there is a good agreement between
the scaling relations as found for the advection speeds and
the cool neutral and warm ionized outflows as measured
from UV interstellar absorption lines. This is the case for
both the magnitude of the outflow velocity as well as the
scaling relations slopes. This agreement, while assuming
that radio traces rather the HIM (Sect. 8.2), needs entrain-
ment of clouds in order to get similar wind speeds for the
clouds.

11 Missing physics

We have now approached a phase where we have demon-
strated that radio continuum observations can give us a com-
plementary view on galactic winds. What we have not yet
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been able to do though is to identify the mechanisms that al-
low us to probe the workings of a cosmic ray-driven galactic
wind. In our iso-thermal wind model we have only assumed
that the cosmic rays do not cool adiabatically and the sound
speed is constant (Sect. 8). This can be achieved both by
either cosmic-ray streaming along magnetic field lines or
anisotropic diffusion. This has been achieved already with
1D models in the literature, so their application remains to
be carried out in future work. In Table 4, we present an
overview of our pure phenomenological models and the 1D
wind models from the literature. We now discuss the main
physical effects.

11.1 Cosmic-ray streaming

The vertical spectral index profiles are well fitted with our
advection models, although our concave model profiles may
still be improved in order to fit the data better (Miskol-
czi et al. 2018). This would require a faster CRe− bulk
speed without the change in magnetic field as demanded
by the continuity equation and energy equipartition. Such a
change may hence be in agreement with cosmic-ray stream-
ing which does change the CRe− bulk speed. As it was
also suggested, the streaming speed can be even a few times
the Alfvén speed, when the cosmic rays decouple from the
magnetic field such as when neutral atoms suppress Alfvén
waves (Ruszkowski et al. 2017). This raises the possibility
to detect a particularly fast cosmic-ray bulk speed in areas
with an excess of H I emission.

An alternative suggestion is to measure the velocity dif-
ferential between the CRe− bulk speed and the ionized gas
in the outflow. For edge-on galaxies, the line-of-sight ve-
locity is of course fairly small depending on the outflow
opening angle. The entrained clouds should soon reach the
speed of the HIM, so that we can use these clouds as a
tracer for the outflow speed (Banda-Barragán et al. 2020).
The global wind speeds appear to be in good agreement with
what has been measured for the WIM using optical and UV
spectroscopy (Sect. 9.1), but there may still be local effects
in particular where the magnetic field has a strong vertical
component (Tüllmann et al. 2000).

11.2 Cosmic-ray diffusion

Near the galactic mid-plane, cosmic-ray diffusion is impor-
tant. The high-angular resolution images resolved on a 1-
kpc scale resolve the thin radio disc. Hence, the escape of
the cosmic rays is governed by the superposition and ad-
vection. Since we do not resolve this region well with our
observations, we have neglected its influence. However, as
Breitschwerdt et al. (1993) and Recchia et al. (2016) have
shown, this region is quite important for the launching of
the wind and also for the cosmic-ray spectrum (Ptuskin et al.

1997). Obviously, the escape of CRe− would have a bearing
also on the integrated radio spectral index, which we can
measure now over several decades in frequency. As pointed
out before, while we may neglect diffusion in comparison
to advection for simply measuring the transport of CRe−
(Sect. 2.2.1), from a theoretical point of view we cannot
trace the makings of a cosmic ray-driven wind without tak-
ing diffusion into account.

11.3 Rotation

We have neglected the influence of the magnetic pressure
on the outflow velocity. This is the case if the outflow fol-
lows the magnetic field lines, so that lines of magnetic force
are parallel to the wind velocity. Obviously, this will have
some consequence for the outflow geometry which we can
potentially test with linear polarisation measurements. Due
to the superposition of the azimuthal velocity and vertical
velocity, the magnetic field lines would wind up in a helical
shape in the halo. This may be potentially observable as a
rotation measure signal. So far linear polarisation measure-
ments have shown X-shaped magnetic fields but only little
or no large-scale rotation measure signal in the halo (Soida
et al. 2011).

What then also needs to be taken into account is a proper
treatment of the angular momentum in the outflow. This will
change the wind solutions as Zirakashvili et al. (1996) have
demonstrated. They also found that the dynamics of the ion-
ized gas in the halo is changed since some of the angular
momentum is transferred to this gas.

12 Summary

As we have demonstrated in this review, radio continuum
observations open up a new window on cosmic-ray trans-
port in nearby galaxies. These observations allow us to cali-
brate the influence that cosmic rays have on galactic winds,
a process that shapes and influences galaxy evolution in a
unique way. Cosmic rays are transported by diffusion, ad-
vection, and streaming, which all contribute to a different
degree. Since galaxies have complex magnetic field config-
urations, they are effectively optically thick to the scattering
of cosmic rays. With radio continuum observations we trace
cosmic-ray electrons in GeV-energy range, corresponding to
the peak of the cosmic ray energy density in the spectrum of
protons and heavier nuclei. In summary, our main results are
as follows:

1. Diffusion coefficients for GeV-cosmic rays are of order
1028 cm2 s−1, with either little or no energy dependence
(Sect. 7.1);
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2. Gaussian radio haloes are diffusion-dominated and are
found in galaxies with no winds, whereas exponential ra-
dio haloes are advection-dominated indicative of winds
(Sect. 4.1);

3. Advective radio haloes are predominant in galaxies with
�SFR ≥ 2 × 10−3 M� yr−1 kpc−2 (Sect. 4.1.1); this sug-
gests that there is a �SFR-threshold value for galactic
winds (Sect. 9.5);

4. The advection speed scales with SFR, �SFR, and vrot

(Sect. 7.4), corroborating stellar feedback as the cause
for radio haloes;

5. The high advection speeds, comparable to the escape ve-
locities, suggest that the gas can escape into the CGM
and contribute to the escape of baryons and metals;

6. The advection speed scaling relations are in good agree-
ment with what has been measured using optical and UV
spectroscopy, further corroborating galactic winds and
radio haloes have a common cause (Sect. 9.1);

7. A stellar feedback-driven wind model suggests that the
hot ionized medium is the main wind fluid (Sect. 8). If
cosmic rays are driving the wind, the mass-loading fac-
tor could be of order unity for Milky Way-type galaxies.
However, due to the uncertain geometry and entrainment
of warm ionized and cold neutral medium clouds, this
mass-loss rate might be substantially different.

There are a few caveats relevant to these conclusions,
however. One of them is that it can be difficult to distin-
guish advection and diffusion based purely on the radio
spectral index (Stein et al. 2019b). It is thus possible that
galaxies near the diffusion–advection boundary may be mis-
classified. Another uncertainty is the unknown contribution
from cosmic-ray streaming in edge-on galaxies, which may
lead to advection speeds overestimating wind velocities.
Hence, in the future a better modelling of streaming would
be required, incorporating it into the stellar feedback-driven
wind model (Sect. 7.2). In face-on galaxies, a better mod-
elling of cosmic-ray diffusion and streaming while account-
ing for the escape of CRe− would be necessary in order to
affirm measurements of the diffusion coefficient and to be
able to distinguish between these transport modes (Sect. 6).

Our long-term goal is the aim to inform cosmological
simulations of galaxies, which have to build in these kind
of physics as part of ‘subgrid’ models (Vogelsberger et al.
2020). With new radio facilities now producing many obser-
vational data sets we can test these models, we expect that
important input will come from observations for the foresee-
able future.
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Heesen, V., Vacca, V., Nowak, N., Paladino, R., Surma, P., Srid-
har, S.S., Heald, G., Beck, R., Conway, J., Sendlinger, K., Curyło,
M., Mulcahy, D., Broderick, J.W., Hardcastle, M.J., Calling-
ham, J.R., Gürkan, G., Iacobelli, M., Röttgering, H.J.A., Ade-
bahr, B., Shulevski, A., Dettmar, R.-J., Breton, R.P., Clarke, A.O.,

Farnes, J.S., Orrú, E., Pand ey, V.N., Pandey-Pommier, M., Pizzo,
R., Riseley, C.J., Rowlinson, A., Scaife, A.M.M., Stewart, A.J.,
van der Horst, A.J., van Weeren, R.J.: Astron. Astrophys. 619,
36 (2018). https://doi.org/10.1051/0004-6361/201833133. 1808.
10374

Condon, J.J.: Annu. Rev. Astron. Astrophys. 30, 575 (1992). https://
doi.org/10.1146/annurev.aa.30.090192.003043

Crocker, R.M., Krumholz, M.R., Thompson, T.A.: arXiv e-prints, 2006
(2020). 2006.15821

Dahlem, M., Lisenfeld, U., Golla, G.: Astrophys. J. 444, 119 (1995).
https://doi.org/10.1086/175587

Dahlem, M., Lisenfeld, U., Rossa, J.: Astron. Astrophys. 457,
121 (2006). https://doi.org/10.1051/0004-6361:20054787. arXiv:
astro-ph/0607102

Davies, R.L., Förster Schreiber, N.M., Übler, H., Genzel, R., Lutz,
D., Renzini, A., Tacchella, S., Tacconi, L.J., Belli, S., Burkert,
A., Carollo, C.M., Davies, R.I., Herrera-Camus, R., Lilly, S.J.,
Mancini, C., Naab, T., Nelson, E.J., Price, S.H., Shimizu, T.T.,
Sternberg, A., Wisnioski, E., Wuyts, S.: Astrophys. J. 873(2), 122
(2019). https://doi.org/10.3847/1538-4357/ab06f1. 1808.10700

Dettmar, R.-J., Soida, M.: AN 327, 495 (2006). https://doi.org/10.
1002/asna.200610569

Dumas, G., Schinnerer, E., Tabatabaei, F.S., Beck, R., Velusamy, T.,
Murphy, E.: Astron. J. 141(2), 41 (2011). https://doi.org/10.1088/
0004-6256/141/2/41. 1012.0212

Duric, N., Irwin, J., Bloemen, H.: Astron. Astrophys. 331, 428 (1998)
Enßlin, T., Pfrommer, C., Miniati, F., Subramanian, K.: Astron.

Astrophys. 527, 99 (2011). https://doi.org/10.1051/0004-6361/
201015652. 1008.4717

Everett, J.E., Zweibel, E.G., Benjamin, R.A., McCammon, D., Rocks,
L., Gallagher, J.S. III: Astrophys. J. 674, 258 (2008). https://doi.
org/10.1086/524766. arXiv:0710.3712

Farber, R., Ruszkowski, M., Yang, H.-Y.K., Zweibel, E.G.: Astro-
phys. J. 856(2), 112 (2018). https://doi.org/10.3847/1538-4357/
aab26d. 1707.04579

Girichidis, P., Naab, T., Hanasz, M., Walch, S.: Mon. Not. R. Astron.
Soc. 479, 3042 (2018). https://doi.org/10.1093/mnras/sty1653.
1805.09333

Heald, G.H., Rand, R.J., Benjamin, R.A., Bershady, M.A.: Astro-
phys. J. 647(2), 1018 (2006). https://doi.org/10.1086/505464.
astro-ph/0604588

Heald, G.H., Heesen, V., Sridhar, S.S., Beck, R., Bomans, D.J.,
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