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Cosmic rays and magnetic fields in galaxies
why study them?

• Feedback in galaxies is very efficient


• Enhancement of outflows and 
suppression of accretion of matter


• Difficult to explain theoretically


• Cosmic rays may help, particularly in 
Milky Way-like galaxies
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Fig. 2 Top: From left to right the images show the starburst galaxy M82 (infrared in red: NASA/JPL-
Caltech/Univ. of AZ/Engelbracht; optical in yellow: NASA/ESA/STScI/AURA/The Hubble Heritage
Team; X-ray in blue: NASA/CXC/JHU/Strickland), Fermi Bubbles in the Milky Way (Platz et al. 2022, re-
produced with permission from A&A), and a LOFAR image of the giant elliptical galaxy M87 (de Gasperin
et al. 2012, reproduced with permission from A&A). Bottom: Stellar-to-halo mass ratio as a function of
dark matter halo mass (Moster et al. 2010); reproduced with permission from ApJ.

coupled to the plasma via particle-wave interactions facilitated by CR driven plasma
instabilities as well as direct inelastic collisions with the gas. These processes result
in CRs imparting momentum to and heating of the plasmas, and can change in fun-
damental ways the properties and evolution of astrophysical objects. In fact, the CR
energy density (↑ 1 eV cm↓3) is close to equipartition with the thermal, magnetic,
and turbulent energy densities in the ISM of our Milky Way (Boulares & Cox 1990),
suggesting that CRs are dynamically very important in regulating star formation.

Despite travelling at speeds close to the speed of light, c, arguments based on
the production of secondary CRs via spallation reactions and the observed boron-
to-carbon ratio reveal that CRs are confined to the Galactic disk over timescales
(ωdiff ↑ 3 ↔ 107 yr) much longer than the light crossing time of the disk thickness

Ruszkowski & Pfrommer (2023)
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Cosmic rays
and radio continuum emission

• Energy density ~ magnetic field ~ thermal gas 
~ 1 eV cm-3


• GeV-protons energetically most important


• GeV-electrons are observed in the radio


• But they are only at 1 per cent of the proton 
energy density

3

Lenok (2022), Ruszkowski & Pfrommer (2023)

Cosmic ray feedback 5

Fig. 1 Cosmic ray spectrum obtained using variety of instruments. Original figure adopted from Lenok
(2022, see references therein for data sources) and extended to include electron and positron data detected
by Voyager 2 (Stone et al. 2019). Note that Voyager 2 data has been measured outside the magnetopause
and is thus free from the effects of solar modulation (shown with a fading color gradient towards small
energies below 10 GeV for protons and below higher energies for heavier ions). Thin colored lines con-
necting the Voyager to Earth-bound low-energy CR data indicate the shape of the interstellar CR spectra
in the Local Bubble. Notably the Voyager 2 data show an electron flux that dominates over that of protons
at the lowest energies.

magnetized solar wind) is about Kep → 0.02. Elemental abundances of CR nuclei
closely track those seen in the Solar System, with the notable exception of lithium,
beryllium, and boron (as well as the elements surrounding titanium, chromium, and
manganese), which are more abundant in CRs. This deviation can be attributed to the
spallation process in which CR carbon nuclei (for the light elements) and CR iron nu-
clei (for the heavy element groups) collide with interstellar medium (ISM) hydrogen
atoms to form these more abundant elements.

The spectrum of CRs exhibits a number of important features. At proton ener-
gies well below several GeV (and for heavier nuclei below energies that are larger
by a factor equal to the ion charge), it is a power-law characterized by a spectral
index ω ↑ 0 (dn/dE ↓ E↔ω). When observed close to Earth, the spectrum in this
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Cosmic ray-driven winds
from theory and simulations

4

• Cosmic rays obtain only 10 per cent of 
the kinetic energy in supernovae


• Yet, the can accelerate gas in the halo


• Leads to bipolar outflow in post-
starburst phase


• Cosmic ray-driven winds theory (Breitschwert et 

al. 1992, Everett et al. 2008, Recchia et al. 2016) and simulations 
(Girichidis et al. 2018, Thomas et al. 2023)

Salem & Bryan (2014)

3320 M. Salem and G. L. Bryan

Figure 5. The surface density of stars (left), CRs (centre) and gas (right) at t = 302 Myr. Although there exists a one-to-one correspondence between clumps
in all three quantities, many of the brightest star clusters are much fainter in CR surface density, implying that these clumps are older, and producing fewer
new stars (and thus fewer CRs). The projection of the diffusive CRs shows less structure than the gas plot or even the stellar plot. Bright patches highlight only
the most recent star formation.

Figure 6. Slices of mass flux, thermal gas pressure, CR pressure and ⋆ = PCR/PT at t = 37.7 Myr during our fiducial run. This snapshot displays the most
violent burst of star formation in the fiducial run, and thus an ideal study of the anatomy of our winds.

shows far more filamentary/cavity structure than either the stellar
or CR distributions. The CR fluid thus appears to be a good tracer
of recent star formation.

We can better understand these flows by plotting mass flux
and both relevant pressures (thermal and CR). Fig. 6 does so at
t = 37.7 Myr, during an early burst of particularly intense star for-
mation. Here we show an edge-on slice through the galaxy, in four

different quantities. Since these flows exhibit noticeable asymme-
tries, Fig. 6 shows only the upper left-hand quadrant of the slice
in each quantity, flipped horizontally and vertically to appear as a
complete picture. An indicated in the figure caption, the quadrants
represent (1) pressure of the thermal gas; (2) pressure of the CR
fluid; (3) vertical mass flux and (4) a ratio of CR pressure to com-
bined pressure, ⋆ ⊙ PCR/(PTH + PCR). In this last quadrant, deep
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The prime example of a galactic wind
in the post-starburst galaxy M 82

• Double-peaked emission-line 
profiles are observed along the 
minor axis


• Can be modeled as an outflow 
along a hollow biconical 
structure


• X-ray emission encompassed 
by Halpha emission 
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Why are no 10-kpc sized bubbles observed?
Spectral ageing, weak magnetic fields, sensitivity of radio images

• Fermi bubbles in the Milky Way


• kiloparsec-sized bubbles related 
to active galactic nuclei


• But flared radio haloes with X-
shaped magnetic fields

6

948 A. Hota and D. J. Saikia

Figure 3. Left-hand panel: VLA A-array image of the radio bubbles at 1400 MHz with an angular resolution of ∼1.3 arcsec. Contour levels are 0.052×(−4,

−2.82, 2.82, 4, 5.65, 8, . . .) mJy beam−1 in steps of
√

2. Middle panel: VLA B-array image of the same region at 4985 MHz with an angular resolution of

∼1.2 arcsec. Contour levels are 0.054×(−4, −2.82, 2.82, 4, 5.65, 8, . . .) mJy beam−1. Right-hand panel: spectral index map of the region obtained by smoothing

the 4985-MHz image to the same resolution as that of the 1400-MHz image. The contour level of −0.7 demarcates the regions of flatter and steeper spectral

indices.

Figure 4. Left-hand panel: GMRT image of the radio bubbles in NGC 6764 at 1408 MHz with an angular resolution of ∼2.7 arcsec. Contour levels are

0.15×(−4, −2.82, 2.82, 4, 5.65, 8, . . .) mJy beam−1. Middle panel: VLA C-array image of this region at 8460 MHz with the same resolution as that of the

GMRT image. Contour levels are 0.039×(−4, −2.82, 2.82, 4, 5.65, 8, . . .) mJy beam−1. Right-hand panel: spectral index map of the region generated from

these two images. The contour level of −0.7 demarcates the regions of flatter and steeper spectral indices.

northern and southern sides, respectively, while the flux densities

at 1400 MHz are 42 and 62 mJy, respectively. In addition to the

asymmetry in the extents of the bubbles along the minor axis of

the galaxy, the radio emission in the circumnuclear region which

is roughly orthogonal to this axis is also asymmetric relative to the

radio peak or the position of the optical nucleus, which is marked

with a + sign. The emission on the eastern side extends for ∼5 arcsec

(0.8 kpc) from the radio peak compared with 2.5 arcsec (0.4 kpc)

on the western side. At a somewhat lower resolution of 2.7 arcsec,

our GMRT image at 1408 MHz and the VLA archival image at

8460 MHz with the same resolution (Fig. 4: left-hand and middle

panels) show the bubbles to have similar asymmetric morphologies.

A spectral index image between 1400 and 4985 MHz (Fig. 3:

right-hand panel) made by smoothing the 4985-MHz image to the

resolution of the 1400-MHz image and using only those pixels which

are over three times the rms noise, shows that the mean spectral

index is ∼ −0.72. The western side appears to have a somewhat

flatter spectral index, with a mean value of ∼ −0.56, compared with

∼−0.77 for the rest of the source. The spectral index image between

1408 and 8460 MHz (Fig. 4: right-hand panel) shows a mean spectral

index of ∼−0.85. This spectral index map also shows a similar trend

of a flatter spectral index on the western side. The lateral or east–

west asymmetry which is seen in the circumnuclear region is also

apparent in parts of the bubbles, as seen in the VLA A-array image

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 371, 945–956

V. Heesen et al.: The magnetic field structure in NGC 253 1133

transport in a galactic wind by Breitschwerdt et al. (1991) and
follow-up works assumed a wind speed of only a few 10 km s−1

at the starting point in the galactic midplane which accelerates to
the escape velocity at larger distances to the disk (Breitschwerdt
et al. 1993; Zirakashvili et al. 1996; Breitschwerdt et al. 2002).
On the other hand, Everett et al. (2008) found a high wind speed
of 170 km s−1 in the plane of the Milky Way in order to ex-
plain the soft X-ray emission in the halo. Our value measured in
NGC 253 does not exclude any of these models. It will be left to
future observations to provide an accurate estimate of the wind
speed at different heights above the galactic plane.

If the large-scale magnetic field is frozen into the thermal gas
in the wind the halo magnetic field has an azimuthal component
and winds up in a spiral. The field configuration is similar to that
of the sun with the Parker spiral magnetic field (Parker 1958;
Weber & Davis 1967). The azimuthal component increases with
height, so that above a certain height the magnetic field is almost
purely azimuthal. Up to the Alfvénic point the stiff magnetic
field lines corotate with the underlying disk. If the azimuthal
component of the halo magnetic field is small, the observable
radio halo is within the corotating regime and the Alfvén radius
is larger than the vertical extent of the halo. As an azimuthal
halo component cannot be excluded (Sect. 5.3), the Alfvénic ra-
dius may be smaller than 2 kpc, which is the scaleheight of the
polarized emission in the halo.

The existence of a disk wind has important consequences
for the transport of angular momentum. As we have shown in
Paper I the CR bulk speed is fairly constant over the extent of the
disk, i.e. it does not depend on the galactocentric radius. If this
is also true for the speed of the disk wind, angular momentum is
effectively transported to large galactocentric radii (Zirakashvili
et al. 1996). Moreover, the angular momentum of the wind per
unit wind mass is proportional to the Alfvén radius as shown by
Zirakashvili et al. (1996). An Alfvén radius of ≈2 kpc agrees
with their models for which they found a significant loss of an-
gular momentum over the lifetime of a galaxy. We note that the
disk wind can account for larger angular momentum losses than
the superwind in the center (at small galactocentric radii).

6.3. The origin of X-shaped halo magnetic fields

The distribution of the halo magnetic field is X-shaped in both
orientation and intensity. As the intensity of the polarized emis-
sion depends on the perpendicular component of the ordered
field, a possible explanation of the intensity distribution is limb
brightening in the conical halo magnetic field. We modeled
this effect using a halo magnetic field lying on a cone with an
opening angle of 90◦ and the inclination angle of NGC 253.
The model can reproduce indeed an increased vertical extension
along the limbs.

The halo magnetic field follows the lobes of the heated gas
that are regarded as walls of huge bubbles expanding into the sur-
rounding medium. The large-scale magnetic field may be com-
pressed and aligned by shock waves in the walls. These shock
waves are also able to heat a pre-existing cold halo gas, so that
the gas becomes visible as Hα and soft X-ray emission. The cold
halo gas seen in H  emission surrounds the superbubbles and
shows the same asymmetric distribution as expected if this gas
is the source for the heated gas in the halo. A cartoon of the
halo structure including the large-scale magnetic field is shown
in Fig. 19.

Both the disk wind model and the superwind model, in
conjunction with a large-scale dynamo action, can explain the
X-shaped halo magnetic field. We should note, however, that

Fig. 19. Halo structure of NGC 253. Reproduced from Boomsma et al.
(2005) and extended. The superbubble, filled with soft X-rays emit-
ting gas, expands into the surrounding medium (indicated by dotted
lines with arrows). The halo magnetic field is aligned with the walls
of the superbubble. Dashed lines denote components that are not (or
only weakly) detected in the southwestern half of NGC 253.

such magnetic field structures are observed in several edge-on
galaxies. These galaxies show a very different level of star for-
mation (Krause 2009). Most of them do not possess a starburst in
the center and hence they have no superwind. While the classical
α-Ω dynamo can not explain such an X-shaped halo field, model
calculations of a galactic disk within a spherical halo including
a galactic wind showed a similar magnetic field configuration
(Brandenburg et al. 1993). Hydrodynamical simulations show
that the wind in spiral galaxies has a significant radial compo-
nent due to the radial gradient of the gravitational potential. The
wind flow reveals an X-shape when the galaxy is seen edge-on
(Dalla Vecchia & Schaye 2008). New MHD simulations of disk
galaxies including a galactic wind are in progress and may ex-
plain the halo X-shaped field (Gressel et al. 2008; Hanasz et al.
2009a,b). The first global galactic-scale MHD simulations of a
CR-driven dynamo give very promising results showing directly
that magnetic flux is transported from the disk into the halo
(Hanasz et al. 2009c). Therefore we suggest that in NGC 253
the X-shaped halo field is connected rather to the disk wind than
to the superwind. The superwind gas flow may be collimated by
the halo magnetic field.

The transport of CRs and magnetic fields has important con-
sequences for the possibility of a working dynamo in NGC 253.
The α-Ω dynamo relies on the differential rotation of the galac-
tic disk (Ω-effect) and the cyclonic motions of the ionized gas
(α-effect). The latter one can be generated by subsequent super-
nova explosions (Ferrière 1992). The amplification of magnetic
fields by an α-Ω dynamo requires expulsion of small-scale heli-
cal fields (see e.g. Brandenburg & Subramanian 2005). Sur et al.
(2007) showed that galactic winds can transport the helicity flux
by advection. A galactic wind may be thus vital for a working
dynamo.

6.4. The origin of the gas in the halo

The cold gas in the halo of NGC 253 is necessary to explain the
halo structure with the superwind model. Its origin, however, is
yet unknown. Boomsma et al. (2005) discussed a gas infall in
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A&A 556, A2 (2013)

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

For the majority of the array located in the Netherlands, the
geographic distribution of stations shows a strong central con-
centration with 24 stations located within a radius of 2 km re-
ferred to as the “core”. Within the core, the land was purchased
to allow maximum freedom in choosing station locations. This
freedom allowed the core station distribution to be optimized to
achieve the good instantaneous uv coverage required by many of
the KSPs including the epoch of reionization (EoR) experiment
and radio transients searches (see Sect. 13). At the heart of the
core, six stations reside on a 320 m diameter island referred to as
the “Superterp”; “terp” is a local name for an elevated site used
for buildings as protection against rising water. These Superterp
stations, shown in Fig. 1, provide the shortest baselines in the ar-
ray and can also be combined to e↵ectively form a single, large
station as discussed in Sect. 12.10.

Beyond the core, the 16 remaining LOFAR stations in the
Netherlands are arranged in an approximation to a logarithmic
spiral distribution. Deviations from this optimal pattern were
necessary due to the availability of land for the stations as well
as the locations of existing fiber infrastructure. These outer sta-
tions extend out to a radius of 90 km and are generally classified
as “remote” stations. As discussed below, these remote stations
also exhibit a di↵erent configuration to their antenna distribu-
tions than core stations. The full distribution of core and remote
stations within the Netherlands is shown in Fig. 2.

For the 8 international LOFAR stations, the locations were
provided by the host countries and institutions that own them.
Consequently, selection of their locations was driven primarily

by the sites of existing facilities and infrastructure. As such, the
longest baseline distribution has not been designed to achieve
optimal uv coverage, although obvious duplication of baselines
has been avoided. Figure 3 shows the location of the current set
of international LOFAR stations. Examples of the resulting uv
coverage for the array can be found in Sect. 12.

4. Stations

LOFAR antenna stations perform the same basic functions as the
dishes of a conventional interferometric radio telescope. Like
traditional radio dishes, these stations provide collecting area
and raw sensitivity as well as pointing and tracking capabili-
ties. However, unlike previous generation, high-frequency radio
telescopes, the antennas within a LOFAR station do not physi-
cally move. Instead, pointing and tracking are achieved by com-
bining signals from the individual antenna elements to form a
phased array using a combination of analog and digital beam-
forming techniques (see Thompson et al. 2007). Consequently,
all LOFAR stations contain not only antennas and digital elec-
tronics, but significant local computing resources as well.

This fundamental di↵erence makes the LOFAR system both
flexible and agile. Station-level beam-forming allows for rapid
repointing of the telescope as well as the potential for multi-
ple, simultaneous observations from a given station. The result-
ing digitized, beam-formed data from the stations can then be
streamed to the CEP facility (see Sect. 6) and correlated to pro-
duce visibilities for imaging applications, or further combined

A2, page 4 of 53

Low-frequency Array (LOFAR)
a European radio interferometer

• 46 Dutch stations and16 international 
stations


• LOFAR Two-metre Sky Survey (LoTSS)


• High-band tiles (110–180 MHz)

7

van Haarlem et al. (2013)
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CHANG-ES at the Jansky Very Large Array
JVLA survey of 35 edge-on galaxies

8

Heesen et al. (2024)

© NRAO

Heesen, V., et al.: A&A proofs, manuscript no. aa51569-24

Fig. 1. Radio continuum emission in the halo of NGC 4217. Left: JVLA 3 GHz radio continuum emission at 700 angular resolution, shown as
the grey-scale background map. Contour lines show the 2, 3, and 5� levels at 144 MHz (red, green, and blue) observed with LOFAR at 2000
angular resolution (indicated by the filled circle in the bottom-left corner). Confusing background sources have been subtracted from the 2000 map.
Right: LOFAR radio continuum emission at 144 MHz imaged with enhanced di↵use extended emission at 2000 angular resolution (for details see
Sect. 2.2). The contour line is at 320 µJy beam�1 with a resolution of 4000, equating to 0.8�. Confusing background sources have been subtracted.
The coloured emission displays polarised intensity at ⇡900 resolution at 3 GHz observed with JVLA, and the corresponding vectors show the
orientation of the magnetic field (the vector length is proportional to the polarised intensity). Thick grey lines show the assumed shape of the CRE
transport in the superbubble (Sect. 3.4).

shows total magnetic field strengths of 11.0 µG; the mean disc1

field strength is 9.0 µG; and the halo magnetic field is roughly2

constant at a value of 7.4 µG. These values are in good agree-3

ment with the values of other spiral galaxies (Beck et al. 2019).4

3.4. Cosmic-ray electron transport5

In order to study the transport of CREs in the superbubble, we6

used the vertical radio spectral index profile between 144 MHz7

and 3 GHz. As the superbubble shows up as distinct component8

in the intensity profiles with a large scale height (Sect. 3.2),9

we first subtracted the thick radio disc. The resulting intensity10

profiles in the radio bubble together with the spectral index11

profile are shown in Fig. 5. We can see that the radio spec-12

tral index gradually steepens between the disc and edge of the13

halo. The outer edge is here shown at a distance of 16 kpc,14

where the last significant detection is made at 3 GHz. The grad-15

ual, almost linear, steepening can be well fitted with a cosmic-16

ray advection model for the electrons implemented in spin-17

naker (SPectral INdex Analysis of K(c)osmic-ray Electron18

Radio-emission; Heesen et al. 2016, 2018). We used the flux19

tube model described in Heald et al. (2022) that assumes a heli-20

cal magnetic field in the outflow (see also Stein et al. 2023).21

The flow of the plasma is governed by the Euler equation:22

⇢v
dv
dz
= �dP

dz
� g⇢, (1)

where P = Pgas + PCR is the combined gas and cosmic-ray pres- 23

sure, g the gravitational acceleration, and ⇢ the gas density. Here 24

we assume PCR = 1/3uCR and Pgas = 2/3ugas, where uCR and 25

ugas are the energy densities of the cosmic-ray and thermal gas, 26

respectively. We assume uCR = 4.8⇥10�12 erg cm�3 (in equiparti- 27

tion with the magnetic field in the disc at z = 0, so uCR = uB with 28

uB = B
2
0/(8⇡) with B0 = 11 µG) and ugas = 1.2 ⇥ 10�12 erg cm�3. 29

Li & Wang (2013) studied the thermal gas energy density in 30

galactic haloes and found that it is equivalent to a hot gas with a 31

temperature of 0.5 keV and a number density of 2 ⇥ 10�3 cm�3. 32

The same authors found in their 70 ks Chandra observation of 33

NGC 4217 that the total 0.5–2 keV luminosity from hot gas is 34

2 ⇥ 1039 erg s�1 and the vertical scale height is ⇡4 kpc. This sug- 35

gests an electron scale height of approximately 8 kpc. 36

We assume the following functional term for the cross- 37

sectional area (parallel to the disc): 38

A(z) = A0

2
666641 +

 
z

z0

!�377775 , (2)

where z is the distance to the disc (assuming cylindrical sym- 39

metry). This form describes an expanding flow, which has 40

been used previously in semi-analytic 1D wind models (e.g. 41

Breitschwerdt et al. 1991). Here A0 = ⇡r2
0 is the area in the 42

mid-plane and z0 is the flux tube scale height. The parameter 43

� describes the shape of the flux tube, where � = 2 means the 44

flux tube has a constant opening angle, so that its shape can 45

Article number, page 4 of 9

S-band data (2–4 GHz)

LOFAR data (144 MHz)
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A 20-kpc sized bubble
re-imaged data from LoTSS

• Discovery with LOFAR


• Edge-brightended and aligned with 
X-shaped fields


• Edges seen with the JVLA at 3 GHz 
as flared halo 

9

Heesen et al. (2024)

Heesen, V., et al.: A&A proofs, manuscript no. aa51569-24

Fig. 1. Radio continuum emission in the halo of NGC 4217. Left: JVLA 3 GHz radio continuum emission at 700 angular resolution, shown as
the grey-scale background map. Contour lines show the 2, 3, and 5� levels at 144 MHz (red, green, and blue) observed with LOFAR at 2000
angular resolution (indicated by the filled circle in the bottom-left corner). Confusing background sources have been subtracted from the 2000 map.
Right: LOFAR radio continuum emission at 144 MHz imaged with enhanced di↵use extended emission at 2000 angular resolution (for details see
Sect. 2.2). The contour line is at 320 µJy beam�1 with a resolution of 4000, equating to 0.8�. Confusing background sources have been subtracted.
The coloured emission displays polarised intensity at ⇡900 resolution at 3 GHz observed with JVLA, and the corresponding vectors show the
orientation of the magnetic field (the vector length is proportional to the polarised intensity). Thick grey lines show the assumed shape of the CRE
transport in the superbubble (Sect. 3.4).

shows total magnetic field strengths of 11.0 µG; the mean disc1

field strength is 9.0 µG; and the halo magnetic field is roughly2

constant at a value of 7.4 µG. These values are in good agree-3

ment with the values of other spiral galaxies (Beck et al. 2019).4

3.4. Cosmic-ray electron transport5

In order to study the transport of CREs in the superbubble, we6

used the vertical radio spectral index profile between 144 MHz7

and 3 GHz. As the superbubble shows up as distinct component8

in the intensity profiles with a large scale height (Sect. 3.2),9

we first subtracted the thick radio disc. The resulting intensity10

profiles in the radio bubble together with the spectral index11

profile are shown in Fig. 5. We can see that the radio spec-12

tral index gradually steepens between the disc and edge of the13

halo. The outer edge is here shown at a distance of 16 kpc,14

where the last significant detection is made at 3 GHz. The grad-15

ual, almost linear, steepening can be well fitted with a cosmic-16

ray advection model for the electrons implemented in spin-17

naker (SPectral INdex Analysis of K(c)osmic-ray Electron18

Radio-emission; Heesen et al. 2016, 2018). We used the flux19

tube model described in Heald et al. (2022) that assumes a heli-20

cal magnetic field in the outflow (see also Stein et al. 2023).21

The flow of the plasma is governed by the Euler equation:22

⇢v
dv
dz
= �dP

dz
� g⇢, (1)

where P = Pgas + PCR is the combined gas and cosmic-ray pres- 23

sure, g the gravitational acceleration, and ⇢ the gas density. Here 24

we assume PCR = 1/3uCR and Pgas = 2/3ugas, where uCR and 25

ugas are the energy densities of the cosmic-ray and thermal gas, 26

respectively. We assume uCR = 4.8⇥10�12 erg cm�3 (in equiparti- 27

tion with the magnetic field in the disc at z = 0, so uCR = uB with 28

uB = B
2
0/(8⇡) with B0 = 11 µG) and ugas = 1.2 ⇥ 10�12 erg cm�3. 29

Li & Wang (2013) studied the thermal gas energy density in 30

galactic haloes and found that it is equivalent to a hot gas with a 31

temperature of 0.5 keV and a number density of 2 ⇥ 10�3 cm�3. 32

The same authors found in their 70 ks Chandra observation of 33

NGC 4217 that the total 0.5–2 keV luminosity from hot gas is 34

2 ⇥ 1039 erg s�1 and the vertical scale height is ⇡4 kpc. This sug- 35

gests an electron scale height of approximately 8 kpc. 36

We assume the following functional term for the cross- 37

sectional area (parallel to the disc): 38

A(z) = A0

2
666641 +

 
z

z0

!�377775 , (2)

where z is the distance to the disc (assuming cylindrical sym- 39

metry). This form describes an expanding flow, which has 40

been used previously in semi-analytic 1D wind models (e.g. 41

Breitschwerdt et al. 1991). Here A0 = ⇡r2
0 is the area in the 42

mid-plane and z0 is the flux tube scale height. The parameter 43

� describes the shape of the flux tube, where � = 2 means the 44

flux tube has a constant opening angle, so that its shape can 45
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Vertical intensity profiles
in the north-western halo

• Break at 5 kpc distance


• Second very extended component


• Scale height of 6 and 3 kpc


• Vertical extent ~20 kpc

10

Heesen, V., et al.: A&A proofs, manuscript no. aa51569-24

Fig. 2. Position of the vertical intensity profile of the superbubble in
NGC 4217 overlaid on the LOFAR map with boosted extended emis-
sion. We use the top-left strip for the analysis (highlighted in white). We
are probing the potential shell on the north-eastern side of the superbub-
ble (cf. Fig. 1, right panel).

Fig. 3. Vertical intensity profiles of the superbubble in NGC 4217.
Black-filled data points show 144 MHz emission, and unfilled blue data
points show 3 GHz emission. Dashed lines show two-component expo-
nential fits that account for the limited angular resolution.

be described as a conical frustum. We assume an initial outflow1

radius of r0 = 2 kpc.2

We also require an equation that governs the magnetic field3

strength:4

B = B0

 
r

r0

!�1  
v

v0

!�1

, (3)

where B0 is the magnetic field strength in the galactic mid-5

plane, and r0 and v0 are the midplane flow radius and advection6

speed, respectively. This is the expected behaviour for radial and7

toroidal magnetic field components in an axisymmetric, acceler-8

ating, quasi-1D flow (Baum et al. 1997).9

Fig. 4. Radio spectral index between 144 and 3000 MHz as a false-
colour representation at 700 angular resolution. The colour-code is
adopted from English et al. (2024).

Then we can write the Euler equation in the following way: 10

⇢v
dv
dz
= �v2c

d⇢
dz
� g⇢. (4)

This equation contains only the velocity v and the density ⇢. The 11

density can be eliminated with the continuity equation va⇢ = 12

const. and using the definition of the composite sound speed 13

v2c = P/⇢. The wind velocity is equivalent to the composite sound 14

speed in the critical point. CREs are injected in the disc plane 15

with a power-law in number density N / E
�� as function of the 16

CRE energy, E, where � is the injection spectral index. Spectral 17

ageing of the CREs is then created by a combination of syn- 18

chrotron and inverse Compton losses. 19

The best-fitting advection model is shown in Fig. 5 as 20

solid lines, and the best-fitting parameters are summarised 21

in Table 1. We find that the wind speed rises from approx- 22

imately 300–600 km s�1 at the edge of the bubble. This is 23

approximately equivalent to the escape velocity vesc ⇡ 3vrot 24

(Veilleux et al. 2020), where vrot = 188 km s�1 is the rotation 25

speed (Heesen et al. 2022). The best-fitting parameters are pre- 26

sented in Table 1. In Fig. 6 we show vertical profiles of the 27

relevant physical parameter of the wind. The advection speed 28

within the bubble implies a dynamical timescale of 35 Myr if 29

the bubble expands as fast as the CREs. We find tentative evi- 30

dence of cosmic-ray re-acceleration at approximately 14 kpc 31

from the disc, visible as spectral flattening. This would mean our 32

advection timescale is a lower limit. The magnetic field strength 33

decreases from 11 µG in the mid-plane to ⇡3 µG at the edge of 34

the bubble. 35

4. Discussion 36

4.1. The nature of the radio bubble 37

The apparent starburst-driven radio bubble on multiple kilopar- 38

sec scales we have discovered is, to our knowledge, a unique 39

feature in an external, star-forming, edge-on galaxy. However, 40

we should keep in mind that such structures may occur in other 41

galaxies too but may be hidden in the general radio halo. If the 42

bubble were a factor of only two to three smaller, it would be 43

hard to distinguish from the radio halo. Across a (5 kpc)2 region 44
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relevant physical parameter of the wind. The advection speed 28

within the bubble implies a dynamical timescale of 35 Myr if 29
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dence of cosmic-ray re-acceleration at approximately 14 kpc 31

from the disc, visible as spectral flattening. This would mean our 32
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the bubble. 35
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sec scales we have discovered is, to our knowledge, a unique 39

feature in an external, star-forming, edge-on galaxy. However, 40

we should keep in mind that such structures may occur in other 41

galaxies too but may be hidden in the general radio halo. If the 42

bubble were a factor of only two to three smaller, it would be 43

hard to distinguish from the radio halo. Across a (5 kpc)2 region 44

Article number, page 5 of 9



Volker Heesen – The radio superbubble in NGC 4217 – Radio 2024 @ Erlangen Center for Astroparticle Physics

www.astro.soton.ac.uk/~vh1n11

Hatfield, 13 September 2016

To whom it may concern,

attached is the export section of a copy of the V5C document for my car. The original document
has been submitted to the German car registration authority, who 

With kind regards,
Volker

—

Dr. Volker Heesen
Hamburger Sternwarte

Universität Hamburg
Gojenbergsweg 112

21029 Hamburg, Germany
Tel.:+44-23 8059 2111

Web: http://www.southampton.ac.uk/~vh1n11
e-mail: volker.heesen@hs.uni-hamburg.de

Hamburg, 13. Sep. 2016

/ 15 

Cosmic-ray electron transport
with Spinteractive

• Vary velocity until spectral index 
profile fits


• Magnetic field strength together 
with cosmic-ray electron density


• Best-fitting intensity profile

11

code developed by Arpad 
Miskolczi
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Stellar feedback-driven wind
Application to NGC 4207

• Wind velocity rises to escape 
velocity


• Uncertainties due to 
assumption of magnetic field 
geometry


• Size of outflow in good 
agreement with bubble size

12

Heesen et al. (2024)

Five more galaxies: Stein et al. 
(2023)

vesc
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Helical magnetic field structure

• Magnetic fields follows gas 
particle trajectories


• Winding up of field lines expected


• Further observational tests in the 
future

13

3038 T. Thomas, C. Pfrommer, and R. Pakmor 

MNRAS 521, 3023–3042 (2023) 

Figure 13. Individual magnetic field lines inside the inner CGM which 
anchor inside the galaxy and run through the inner galactic wind at t = 4 Gyr. 
The grey coloured field lines show the highly winded magnetic field lines in 
the outer wind, while the purple magnetic field lines separate the winded 
from the rather straight, orange-coloured field lines located in the inner 
wind. 

Inspection of the bottom-left panel of Fig. 1 or of Fig. 9 reveals 
that the Alfv ́en wave dark regions are localized and isolated in 
the sense that there is no smooth transition between regions that 
are filled with or devoid of the gyroresonant Alfv ́en waves along 
flowlines. These dark regions also appear to be clustered in the 
outer wind. This clustering also coincides with a transition of the 
magnetic field topology and hence a change of CR transport geometry 
from the inner to the outer wind. In Fig. 13 , we show magnetic 
field lines (generated by numerically integrating d x / ds = B /B, 
where s is the arc length along the magnetic field line) within the 
galactic outflow. The galaxy is visible as a dark accumulation of 
magnetic field lines in the centre of figure. Magnetic field lines 
are anchored in the disc but carried along with the galactic wind 
out of the ISM. This connects the galactic discs to the CGM by 
means of CR transport. The ratio of vertical-to-toroidal magnetic 
field component depends on the position inside the wind. Because 
the inner wind is faster, it is able to stretch the magnetic field 
lines in the vertical direction more easily. This leads to straighter 
appearance of magnetic field inside the inner wind. Contrarily, in the 
outer wind magnetic field lines are dominantly toroidal. As we mo v e 
from the outer to the inner wind, there is a smooth transition from 
the toroidal to the dominantly vertical magnetic field. We highlight 
magnetic field lines in each of the three different regions (inner 
wind, outer wind, and transition region) in Fig. 13 with different 
colours. 

In Fig. 14 , we analyse the transport of CRs along two magnetic 
field lines. The blue magnetic field line was selected to pass through 
an Alfv ́en wave dark region (as indicated in the upper panel), while 
the green magnetic field line does not intersect an Alfv ́en wave dark 
region at the image layer. In the following text, we call the points 
at which the field lines intersect the image panel points of interest . 
We interpolate the CR energy density ε cr and the ratio ! cr / ! a along 
the two magnetic field lines and display these quantities in the lower 

Figure 14. Top panel: same as the Alfv ́en wave energy density ε a = ε a, + 
+ ε a, − panel of Fig. 1 but o v erlaid are the projections of two magnetic field 
lines on to the image layer. Both magnetic field lines intersect with the image 
plane at the location marked with a cross in the image. The line plots show 
the interpolated CR energy density ε cr (middle panel) and the CR transport 
velocity in units of the Alfv ́en velocity ! cr / ! a (bottom panel) along the two 
magnetic field lines. The crosses mark the position along the magnetic field 
line that corresponds to the intersection with the image plane in the top panel. 
The blue magnetic field line passes through a Alfv ́en wave dark region at the 
image layer, while the green one does not. CRs are moving slower than the 
Alfv ́en waves inside the Alfv ́en dark region with ! cr < ! a . 
panels of Fig. 14 . We show the actually interpolated data, which 
contain noise due to the interpolation from the Voronoi grid on to 
the field lines, and a filtered version of the data, which remo v e some 
of the small-scale noise. The horizontal coordinate is the arc length 

D
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Circumgalactic B-fields
Experimental setup

14

Halo

Background source

Polarised light

Galaxy

Radio telescope

Impact parameter

Heesen, V., et al.: A&A 670, L23 (2023)

Fig. 2. Excess |RRM| at small impact parameters to the foreground galaxies. Left panel: |RRM| as a function of impact parameter for inclined
galaxies (i � 55�) where the background polarised source lies near the minor axis (|�| < 45�). Data points are coloured according to the stellar
mass of the foreground galaxy. Blue stars show the median |RRM| binned in 100 kpc intervals; the standard deviation is 0.57 ± 0.13 rad m�2

(b > 100 kpc) and 1.1 rad m�2 (b < 100 kpc). The solid blue line shows the running median of 29 binned data points, and the vertical dashed line is
at b = 100 kpc. Right panel: cumulative distribution function of the |RRM| for sightlines binned into 100 kpc intervals. The solid blue line shows
sightlines with b < 100 kpc, whereas the dashed coloured lines show them for b > 100 kpc.

Fig. 3. |RRM| as a function of the impact parameter for di↵erent
azimuthal angles relative to the disc minor axis for inclined galaxies.
The filled black circles with solid lines are the measured |RRM| values
close to the minor axis of the disc (i.e., |�| < 45�), and the dashed line
with filled diamonds give the measured |RRM| values near the major
axis of the disc (i.e., |�| > 45�). The error bars of the impact parameter
give the standard deviation and those of |RRM| the standard error of the
mean.

limit because the magnetic field strength may be higher since
magnetic field reversals can lower the RM. Assuming a ran-
dom distribution of the magnetic field with a coherence length of
lc ⇡ 30 kpc (as in the intra-cluster medium; Subramanian et al.
2006), the actual field strength would be a factor of

p
L/lc ⇡ 2

higher. We note that the contribution from turbulent fields in the
CGM on scales smaller than the projected size of the background
polarised emission can also, in part, contribute to an excess of
|RRM| (Basu et al. 2018). We have ignored such contributions
as this would require additional information on the nature of the
frequency-dependent Faraday depolarisation. Using data from
the Very Large Array Sky Survey (Condon et al. 1998), Nilsson
(2016) find a decrease in the amount of polarised sources near

Fig. 4. Dependence of the |RRM| on the azimuthal angle relative to
the disc minor axis for inclined galaxies. Three azimuthal angular bins
within 0� < |�| < 30�, 30� < |�| < 60�, and 60 < |�| < 90� of the
minor axis are defined for each of the three bins in terms of the impact
parameter: b < 100 kpc (red squares), 100 kpc < b < 200 kpc (blue
diamonds), and 200 kpc < b < 300 kpc (black circles). The error bars
of the angles are the standard deviation of the mean of the azimuthal
angles within that bin.

galaxies and interpreted this as evidence for depolarisation by
galactic halos.

The magnetic field strength in the CGM is about one-tenth of
the strength of the ordered magnetic field in the discs of galax-
ies, which points to a rather slow decrease with distance, r, from
the galactic disc. Observations of nearby galaxies show for the
total magnetic field B = B0 exp(�r/r0), where B0 ⇡ 10 µG and
r0 ⇡ 10 kpc (Beck 2015). For the ordered field, significantly
higher scale heights are found (Krause et al. 2020). Assuming
r0 ⇡ 20 kpc and B0 ⇡ 5 µG, the ordered field strength would
be the correct strength at r = 50 kpc. Such high magnetic field
strengths are indeed seen in simulations (Pakmor et al. 2020;
Thomas et al. 2022). One can also explain the higher polar RRM
with a specific chimney structure, such as seen in simulations,

L23, page 4 of 5
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Conclusions
and summary

• Cosmic ray-driven winds are predicted to be most important in Milky Way-
sized galaxies


• Galactic winds are observed often as bipolar, but radio continuum 
morphology is different


• NGC 4217 is typical with a flared radio halo and X-shaped magnetic fields


• A new LOFAR maps reveals a 20-kpc bubble with its aligned with the X-
shaped magnetic fields


• New observations are needed to measure 3D magnetic field structure
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