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Fig. 18. Composite of NGC 891: LOFAR 146 MHz at 1200 ⇥ 1200
resolution (blue), optical from DSS2 (green), and H↵ from Rand et al.
(1990; red). The size of the image is 90 ⇥ 120.

– We find no significant flattening of the spectrum by ther-
mal emission towards higher frequencies of up to 15.5 GHz,
suggesting that the synchrotron component is still domi-
nant in this frequency range. Further observations at higher
frequencies are necessary to confirm this result.

– In the star-forming disk, our map of nonthermal spectral
index between 146 MHz and the CHANG-ES data at
1.5 GHz reveals areas with significant spectral flattening
towards lower frequencies, with values significantly flatter
than �0.5. This is likely caused by free–free absorption in
the ionized gas.

– In the halo, we observe nonthermal spectral indices between
146 MHz and 1.5 GHz within a range of �0.6 to �0.8, signif-
icantly flatter than the spectral indices at higher frequencies.
This supports the expectation that cosmic-ray electrons
(CREs) emitting at low frequencies suffer less from energy
losses. Consequently, low-frequency observations are better
suited to estimate the magnetic field in the halo if one
assumes energy equipartition between cosmic rays and
magnetic fields.

– The mean magnetic field strength in the halo is 7 ± 2 µG.
Due to the significant free–free absorption, we cannot
confidently estimate magnetic field strengths in the disk
of NGC 891. High-frequency observations are more suited
for this task, while low-frequency observations are more
suitable to estimate magnetic field strengths in the halo.

– Radio emission from the halo at 146 MHz is detected out
to a maximum of 7.3 kpc distance from the major axis. The
similar extension compared to the new CHANG-ES image
at 1.5 GHz is most likely due to the lower sensitivity at
146 MHz.

– The scale heights of the nonthermal halo emission at
146 MHz are consistently larger at all radii than those at
1.5 GHz, with a mean ratio of 1.7 ± 0.3, as predicted by
diffusive CRE propagation. This ratio also suggests that
spectral ageing of the CREs, caused by radiation losses,
is important and hence that the halo is at least a partial
calorimeter for CREs, i.e. they are losing a significant
fraction of their energy before they can escape.

– The scale height of the nonthermal halo emission at
146 MHz correlates with the magnetic field strength with
an exponent of �1.2 ± 0.6, consistent with diffusive or
advective CRE propagation. The negative exponent is a
signature of dominating synchrotron losses in the halo. IC
losses appear to be less important.

– The low-frequency radio halo in NGC 891 seems to be
different from the ones observed in the CHANG-ES sample
at GHz frequencies that are escape-dominated (i.e. non-
calorimetric). More low-frequency observations of edge-on
spiral galaxies are needed in order to decide whether this is
a specific property of the low-frequency halo in NGC 891 or
holds true for spiral galaxies in general.

– The linearly steepening spectral index profiles of the
nonthermal emission in the halo seem to favour advection
of CREs in a galactic wind (Heesen et al. 2016). Further
studies are forthcoming, using refined modelling of CRE
propagation and exploiting the combined LOFAR and
CHANG-ES data at 1.5 and 6 GHz.

– To measure energy losses and propagation of CREs and
magnetic field strengths in the disk and halo with higher
accuracy, further observations of NGC 891 and other edge-
on spiral galaxies over a wide frequency coverage and with
high spatial resolution are needed.
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Motivation: cosmic-ray transport

• Stellar feedback plays vital role for galaxy evolution

• Cosmic ray-driven winds are:

• cooler: 104 K rather than 106 K

• denser: resulting in higher mass loading

• With radio continuum observations

• we trace cosmic-ray electrons (CRe)

• isotropic/ansiotropic diffusion in the disc 

• advection in the halo (galactic wind)
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Flattening of the low-frequency radio spectrum

Chyzy et al. (2018)
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Figure 5. Family of one-zone SPINNAKER advection models with various CRe energy injection indices (γ inj = 2.1. . . 3.0, note that the order of the lines
in the plots and in the legend are identical). The advection speed is V = 200 km s−1, the magnetic field strength in the galactic disc is B0 = 10 µG and the
ratio of the energy densities of the IRF to that of the magnetic field is UIRF/UB = 0.3 (constant ratio everywhere). The magnetic field scale height was varied
with hB = 4 kpc (left panels), hB = 8 kpc (middle panels) and hB = 104 kpc (i.e. constant magnetic field, right panels). Vertical profiles of the CRe number
density (top panels) and of the non-thermal radio continuum intensity (middle panels) are for λ22 cm (solid lines) and for λ6 cm (dashed line), respectively.
The non-thermal radio spectral index between λλ 22 and 6 cm is shown in the bottom panels.

CRe radiation losses. Hence, a diffusion profile is steeper both at
small and large z than a Gaussian profile would predict.

Non-thermal radio spectral index profiles. For advection, the
non-thermal radio spectral index steepens rather gradually with
increasing distance from the disc (Fig. 5, bottom panels). The profile
can be approximated by a linear function, with the curvature only
becoming more prominent if the magnetic field is constant. For
diffusion, the profile of the non-thermal radio spectral index has a
characteristic shape, where the slope is very flat in the inner part and
progressively steepens dramatically in the outer parts (Fig. 6, bottom
panels). We have chosen µ = 0.5; a higher energy dependence of
the diffusion coefficient (0.5 < µ ≤ 0.7) leads to less steepening,
contrary, a lower energy dependence (0 ≤ µ < 0.5) steepens the
spectral index.

Non-thermal radio continuum scale heights. One important re-
sult of our modelling is that it is always possible to find a good
fit to the profile of the non-thermal spectral index, choosing an ap-
propriate combination of advection speed (or diffusion coefficient)
and magnetic field scale height. A large magnetic field scale height

can be balanced by either a large advection speed or diffusion co-
efficient. But this has an effect on the non-thermal radio continuum
scale heights, leading to higher values as well. The combination of
spectral index profiles and radio continuum scale heights constrains
both parameters fairly well.

5.2 Cosmic ray transport in NGC 7090

5.2.1 Advection or diffusion?

NGC 7090 has a thin and a thick radio disc (Section 3.1.1), so that
we modelled the magnetic field accordingly with a two-component
exponential profile (with the thin disc at |z| ≤ 1 kpc). As pointed
out in Section 3.1.1, we cannot distinguish between an approxi-
mately exponential or Gaussian profile, so that we modelled the
thin/thick disc with an advection/advection, advection/diffusion,
diffusion/advection and diffusion/diffusion model in order to cover
all possible combinations. The vertical profiles of the radio spec-
tral index shown in Fig. 4(b) display a characteristic steepening

MNRAS 458, 332–353 (2016)
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Cosmic ray transport in galactic haloes 343

Figure 6. Family of one-zone SPINNAKER diffusion models with various CRe energy injection indices (γ inj = 2.1. . . 3.0, note that the order of the lines in
the plots and in the legend are identical) The diffusion coefficient is D = 3 × 1028E0.5

GeV cm2 s−1. Otherwise same as Fig. 5.

in the inner parts at |z| ≤ 2 kpc and a possible flattening at larger
heights, which has to be explained by the modelling. We can rule
out a diffusion/diffusion model (χ2 = 8, both haloes), where the
steep spectral index in the thin disc at |z| ≤ 1 kpc requires a small
diffusion coefficient of D ≈ 0.5 × 1028E0.5

GeV cm2 s−1, which results
in no significant emission in the thick disc regardless of the diffu-
sion coefficient chosen there. This can be understood in such a way
that the diffusion coefficient prescribes the curvature rather than the
slope of N(E, z). Hence, even increasing the diffusion coefficient
in the thick disc to large values (a few 1029E0.5

GeV cm2 s−1) will still
result in too low emission levels. Notably, an advection/diffusion
model works, but it is unphysical, because we would expect a galac-
tic wind or outflow to become more efficient further away from the
disc.

Hence, advection has to dominate in the thick disc, which leaves
the advection/advection and diffusion/advection models that de-
scribe the data equally well (χ2 = 1.3–2.3). The thin disc can
be fitted by hB1 = 0.8 ± 0.1 kpc with either D = 0.5+0.2

−0.1 ×
1028E0.5

GeV cm2 s−1 or V = 150 ± 50 km s−1. In the thick disc, the
minimum advection speed is 100 km s−1 with the upper limit un-
constrained, since the radio spectral index does not steepen in the
halo (Fig. 4b). This shows that the advection speed is sufficiently
high, so that radiation losses are not dominating in the halo.

5.2.2 Best-fitting advection model

In order to better constrain the value of the advection speed, we
fitted an advection/advection model with equal advection speeds in
the thin and thick disc. The upper limit of the advection speed
is then largely determined by the thin disc and may be poten-
tially higher in the thick disc. In Fig. 7(a) we show the reduced
χ2 as function of advection speed and magnetic field scale height
in the thick disc. The best-fitting parameters are an advection
speed of V = 150+50

−20 km s−1 and a magnetic field scale height of
hB2 = 5.5+1.3

−1.0 kpc in the northern halo and V = 150+100
−30 km s−1 and

hB2 = 4.0+1.0
−0.9 kpc in the southern halo. The parameters used in the

fitting procedure are summarized in Table 5. It is instructive to
compare the magnetic field scale heights with the values that we
would obtain from equipartition. In the northern halo we would
expect a magnetic field scale height of 6.8 kpc (assuming a non-
thermal spectral index of αnt = −1) and in the southern halo of
6.1 kpc (from the λ22 cm scale heights). Hence, the scale heights
as inferred from our modelling are 20–35 per cent lower than the
equipartition values. This suggests that the assumption of energy
equipartition breaks down in the halo.

A complication we have not yet discussed is the fact that the
thin disc consists of a mix of young and old CRe, so that the

MNRAS 458, 332–353 (2016)
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Advection Diffusion

1D CR-transport models
• Advection:

• Exponential intensity 
and linear spectral 
index profiles

• Diffusion:

• ‘Gaussian’ intensity and 
parabolic spectral 
index profiles

• Spectral Index 
Numerical Analysis of 
K(c)osmic-ray Electron 
Radio-emission

• www.github.com/
vheesen/Spinnaker

For details see: 
Heesen et al. 2016

Distance to galactic disc (kpc)

Sp
ec

tr
al

 in
de

x
In

te
ns

ity
C

R
E 

de
ns

ity

http://www.github.com/vheesen/Spinnaker
http://www.github.com/vheesen/Spinnaker
http://www.github.com/vheesen/Spinnaker
http://www.github.com/vheesen/Spinnaker


Volker Heesen, Galactic winds in the radio continuum with LOFAR

SPINTERACTIVE Developed by Arpad Miskolczi

SPINNAKER & SPINTERACTIVE: https://github.com/vheesen/Spinnaker
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The radio halo in NGC 3556 (M108)
A&A proofs: manuscript no. paper

Fig. 1. Radio images in contours superimposed on a three-color opti-
cal image from SDSS. Top panel: LOFAR 144-MHz image in contours
ranging from 3� = 1.2 mJy beam�1 and increasing by a factor of two.
Middle panel: 1–2-GHz (L band, combined C- and D-array) image in
contours starting at 3� = 171 µJy beam�1 and increasing by a factor
of two. Bottom panel: 4–8-GHz (C band, D array) image in contours
starting at 3� = 66 µJy beam�1 and increasing by a factor of two. Some
CLEAN artifacts are visible in the form of symmetric features on the
south side of the galaxy. In all panels, the synthesized beam of 2100
FWHM is shown as a filled white circle in the bottom left corner.

CHANG-ES maps show a lesser vertical extent of the halo than
the LOFAR map, although the extent of the total intensity along
the major axis barely changes.

In L band, the C- and D-arrays have been combined to attain
the extended emission found in compact arrays, while keeping a
resolution close the resolution of the extended array. Within the
first contour, the total power flux density at 1.5 GHz amounts

to 280 ± 10 mJy, where the first contour starts at a noise level
of 3� (171 µJy beam�1). In C band (6 GHz), the total flux den-
sity measured within the first contour amounts to 92 ± 3 mJy,
where the first contour starts at a level of 3� (66 µJy beam�1).
At 1.5 GHz, the flux density agrees within the uncertainties with
that of Wiegert et al. (2015), who used only the D-array data. At
6 GHz, our flux density is slightly higher than that of Wiegert
et al. (2015), which we ascribe to our lower angular resolution,
helping us to detect faint emission in the halo.

Fig. 2. Flux density measurements of NGC 3556 from the published lit-
erature and from this work. A linear fit to the logarithmic values results
in a spectral index of �0.67 ± 0.06.

3.2. Spectral index

Comparing the obtained flux densities to known values from the
literature at di↵erent frequencies allows us to calculate the global
radio continuum spectrum.6 In Fig. 2, we show a logarithmic
plot of the literature values and a fit to the values, resulting in
a spectral index of ↵ = �0.67 ± 0.06. This fits well with the
expected synchrotron spectral index of ↵ = �0.7 as typically
found in spiral galaxies (Beck 2015).

We also looked at the spatially resolved spectral index dis-
tribution, both between C- and L-band and between L band and
LOFAR 144 MHz. In Fig. 3, we show both spectral index maps.

The spectral index map between C- and L-band shows a thin
disk with a spectral index of about �0.7, except for the cen-
tral and western star forming regions where the spectral index is
⇡�0.5. In the spectral index map between 144 MHz and L band,
no clear disk structure is seen, and the disk and the halo appear
to have a very similar spectral index (↵ ⇡ �0.5). At a distance
of about 8 kpc from the disk, the spectrum steepens to values
of ↵ ⇡ �1 and lower. The steepening in the halo is expected if
spectral ageing plays an important role in the halo.

6 References to literature values:
Sramek (1975)
Gregory & Condon (1991)
White & Becker (1992)
Condon et al. (1998)
Heeschen & Wade (1964)
Gioia & Gregorini (1980)
Rengelink et al. (1997)
Hales et al. (1990b)
Israel & Mahoney (1990)
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Detection of the radio halo

A&A proofs: manuscript no. paper

The energy of CRe can be approximated by the relation:

E =
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, (12)

since the radiation of CRe is mostly synchrotron radiation, which
depends on the initial energy and the strength of the magnetic
field (Krause et al. 2018). Calculating this energy using the LO-
FAR observing frequency of 144 MHz and a magnetic field
strength of 9 µG, the lower limit of the values found in the center
of the galaxy, the resulting energy is 1 GeV.

Using equations from Heesen et al. (2009a) and Krause et al.
(2018), the synchrotron lifetime can now be calculated using

tsyn
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= 8.35 ⇥ 109
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. (13)

With a magnetic field strength of 9 µG, the field strength we
assumed for the cosmic ray propagation simulations in the disk
plane, and a CRe energy of 1 GeV, the resulting synchrotron
lifetime is on the order of 100 Myr. The calculated value for
the synchrotron lifetime is higher than the value obtained from
the accelerated wind model, therefore we can conclude that the
CRe can indeed escape from the galaxy before they are lost to
observations due to their synchrotron lifetime.

Another sign for a wind can be found in the Suzaku X-ray
observations of this galaxy, as shown in Fig. 13. This image is

Fig. 13. LOFAR 144-MHz radio continuum intensity contours over-
laid onto a Suzaku soft X-ray (0.3–2 keV) image. The contours start
at 600 µJy beam�1 and increase by factors of two. The filled red circle
represents the 2100FWHM beam size.

constructed in the 0.3–2 keV band with a 67.5-ks observation of
the X-ray Imaging Spectrometer, XIS-3, aboard the observatory.
The map was smoothed to a resolution of 2100 FWHM.

The lack of detailed correlation between the X-ray and radio
emission, however, indicate the outflows driven by the hot gas
and cosmic rays may have quite di↵erent dynamics, which are
yet to be investigated. These results led us to the conclusion, that
the measured values of the magnetic field strength and the fitted
propagation parameters fit well into simulations for this type of
a galaxy, which do indeed show the existence of a galactic wind
for such a galaxy.

5. Summary and conclusions

In this paper, we have utilized deep LOFAR observations from
the LoTSS survey at 144 MHz to study the nearby late-type spi-
ral galaxy NGC 3556. Its high inclination angle means that we
can study the galaxy in an edge-on position, giving us a good
view of its halo. We used further VLA observations from the
CHANG-ES survey at e↵ective frequencies of 1.5 and 6 GHz
to calculate radio spectral indices. We performed RM-Synthesis
in order to measure the linearly polarised emission to study the
structure of the magnetic field. Furthermore, we used 1D cosmic-
ray transport models applied to the electrons, assuming a steady
state with a balance between injection and energy losses. These
are our main results:

– We obtained polarization and rotation measure maps through
RM-Synthesis, which show that the polarized intensity is
only present on the eastern, approaching side of the galaxy.
Polarization maps in C band, however, show the outline of
what could be a quadrupolar magnetic field. This would ex-
plain the missing polarization in L band via a magnetic topol-
ogy that has been proposed by Braun et al. (2010).

– We analyzed the total power maps using stripe integration
techniques and found a scale height of 1.43 kpc for the thin
disk at 1.5 GHz and 1.86 kpc at 144 MHz. For the thick disk,
the scale heights are 3.28 and 5.93 kpc respectively.

– Using the equipartition assumption and an exponential fit to
the magnetic field profile, we calculated the magnetic field
strength in the galaxy to be 9 µG with a magnetic field scale
height 1.5 kpc. for the thin disk, and 23.7 kpc for the thick
disk.

– We simulated cosmic-ray propagation using 1D transport
models for pure di↵usion and advection. We found that we
can rule out di↵usion as the dominating transport process
since advection gives much better fits to the data. Our best-
fitting model is a linearly accelerating wind with an initial
wind speed of 123 km s�1 that reaches the escape velocity of
218 km s�1 at a height between 5.5 and ?? kpc, depending on
the assumed dark matter profile. In such a model, the cosmic
rays and the magnetic field are close to energy equipartition
in the halo with the cosmic rays dominating by a factor of a
few.

– We estimate the CRe lifetime at 1 GeV as seen by LOFAR to
be approximately 100 Myr, before they radiate their energy
away. From the cosmic-ray propagation model we calculated
that the CRe advective time-scale is 67 Myr to reach a height
of 15 kpc, the sensitivity limit of our observations. Hence,
this model is consistent with the CRe lifetime estimate.

Our work demonstrates the potential that LOFAR has in
studying the radio halos of nearby galaxies. Our discovery of a
very extended halo magnetic field component with a scale height
of at least 20 kpc shows that we have access to components in
galaxies that thus far have evaded detection at GHz-frequencies.
Our best-fitting model requires an accelerating wind, which, to
our knowledge, is also a first for modeling of radio halos in ex-
ternal galaxies. Our advection solution starts with a modest ad-
vection speed of 123 km s�1 to accelerate and reach the escape
velocity a few kpc away from the disk. Such a behaviour is pre-
dicted by the many models of cosmic ray–driven winds that have
recently gained traction. Radio continuum observations o↵er op-
portunities to measure the transport of cosmic rays outside of the
Milky Way to test these models. Since LoTSS is going to ob-
serve the entire northern hemisphere, we can be sure that many
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Radio halo much larger
with LOFAR than with JVLA
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Accelerating advection speed

Recchia et al. (2016)

Miskolczi et al. (2019)
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Cosmic-ray transport models
Minor axis profiles
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NGC 4013 – hybrid diffusion-advection halo
LOFAR 150 MHz (contours) Stein et al. (2019, in prep.)

Gaussian intensity profile

6-GHz B-field vectors

Slow wind (20–50 km s–1); diffusion important
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Figure 2. Vertical profiles of the non-thermal radio continuum emission at 144 MHz at 20 arcsec FWHM angular resolution in strips
at various o↵sets along the major axis shown in panels (a)–(e) with the position of the strips shown in panel (f). Red, solid lines show
Gaussian model fits to the data. Vertical tick marks are at 2.5⇥, 5⇥, and 7.5⇥ the next labelled tick value below.

Figure 3. Non-thermal radio spectral index between 144 and
1570MHz at 20 arcsec FWHM resolution. The major axis has
been rotated, so that it is horizontal. The size of the synthesised
beam is shown in the bottom-left corner.

Table 1. Best-fitting di↵usion and advection models, di↵usion
coe�cients (D = D0(E/(1 GeV))µ), and advection speeds (V).

Strip LOFAR JVLA
�2

red �2
red D0 V

(di↵ / adv) (di↵ / adv) (1028 cm2 s�1) (km s�1)

2 North 0.74 / 1.16 1.50 / 0.38 3.1 (µ = 0.0) 81
2 South 0.40 / 0.92 1.84 / 0.54 2.1 (µ = 0.0) 67
4 North 1.60 / 5.16 6.96 / 2.26 1.5 (µ = 0.0) 53
4 South 0.94 / 3.31 0.62 / 0.13 0.7 (µ = 0.5) 81

4 CONCLUSIONS

We have observed the nearby edge-on spiral galaxy
NGC 4565 with LOFAR at 144MHz in the radio continuum
to measure the distribution of CRe and magnetic fields.

Figure 4. Best-fitting cosmic ray di↵usion model in strip 4 south.
From top to bottom: 144-MHz non-thermal intensities; 1570-MHz
non-thermal intensities; non-thermal radio spectral index. Red
lines show the best-fitting model.

(i) The radio continuum emission is constrained to a
very elongated thin distribution with a major to minor axis
ratio of around 5.

(ii) The vertical intensity profiles can be well fitted by a
one-component Gaussian function, a first at this frequency,
and only the second such case found for all frequencies. Our
explanation is that NGC 4565 has an old (⇡100Myr) pop-
ulation of CRe that has slowly di↵used away from the star-
forming disc.

(iii) NGC 4565 has a high mass surface density, while
having a low SFR surface density, to that outflows may be

MNRAS 000, 1–5 (2018)

NGC 4565 – diffusion-dominated halo

(Heesen et al. in prep.)

Gaussian intensity profiles cannot be described by advection

Diffusion coefficients: D = (0.7–3.1) x 1028 cm2 s-1 at 1 GeV
(mostly not energy dependent)

2 V. Heesen et al.

(e.g. Genzel et al. 2011; Swinbank et al. 2011), which occur
at high surface densities. At these velocity dispersions a ther-
mal runaway occurs making it easier for supernova material
to escape the galaxy (Scannapieco et al. 2012; Scannapieco
2013; Sur et al. 2016).

Advective halos provide an avenue for detecting the im-
pact of weaker outflows in somewhat lower surface density
environments. Such an interpretation is suggested by the
correlation between advection velocity and rotation speed
of a galaxy and, consequently, its escape velocity (Heesen
et al. 2018a). On the other hand, di↵usive haloes allow us
to measure di↵usion coe�cients and their energy depen-
dencies, giving us additional measurements beside those in
the Milky Way (Strong et al. 2007). Thus far, only one
such example has been found in NGC 7462 (Heesen et al.
2016). This galaxy has a SFR surface density of ⌃SFR =
1.6 ⇥ 10�3 M� yr�1 kpc�2, which is close to the threshold of
Rossa & Dettmar (2003) for the detection of extra-planar
ionised gas (eDIG) in galaxies.

A threshold ⌃SFR for advective haloes – and thus,
galactic winds – is corroborated by a possible threshold
for extra-planar X-ray emission, which is a direct tracer
of the hot, SNe-heated gas. Tüllmann et al. (2006) found
extra-planar X-ray emission only in galaxies with ⌃SFR >
3 ⇥ 10�3 M� yr�1 kpc�2. If such a simple threshold exists, it
will also depend on the distribution of star formation in
the disc, with galaxies that have more concentrated star
formation, such as nuclear starbursts, more likely to have
winds. Another key parameter that will influence any out-
flow or wind is its mass surface density (Krause et al. 2018).
These findings suggest that we can use galactic radio haloes
to study galactic winds, provided we can identify di↵usive
haloes.

In this Letter, we present first results from our survey
of nearby galaxies with the Low-frequency Array (LOFAR;
van Haarlem et al. 2013), observing with the same setup as
the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al.
2017). Low-frequency radio continuum observations have the
benefit that we see the oldest CRe far away from star for-
mation sites in the halo and that the contamination from
thermal emission is minimal. NGC 4565 is an Sbc late-type
spiral galaxy at an assumed distance of 11.9Mpc (Tully &
Fisher 1988; Radburn-Smith et al. 2011), at an almost edge-
on position with an inclination angle of 87.�5 (Zschaechner
et al. 2012), with a low ⌃SFR of 0.74–1.3⇥10�3M� yr�1 kpc�2,
depending on whether mid- or total infrared emission used to
estimate the SFR (Wiegert et al. 2015; Heesen et al. 2018a).
It has a total mass of 1011.3 M� , a mass surface density of
1.9⇥108 M� kpc�2, and a SFR of 1.32 M� yr�1 (Heesen et al.
2018a). Hence, NGC 4565 is a quiescent galaxy, having both
a low SFR and ⌃SFR, as well as a massive galaxy, having a
mass comparable to the Milky Way and, even more impor-
tantly, a high mass surface density.

2 OBSERVATIONS AND DATA REDUCTION

Our High Band Antenna (HBA) LOFAR observations were
taken on August 28th and October 12th 2017. We used the
LoTSS observing strategy (frequency and calibrator) setup,
observing the LoTSS pointing P194+27, which is 1.�5 away
from our target. We used the HBA-dual inner mode to con-

IC 3571

NGC 4562

Figure 1. Radio continuum emission at 144MHz presented as
contours on SDSS at 19.6 ⇥ 17.5 arcsec2 FWHM resolution. Con-
tours start at a level of 3� (390µJy beam�1), increasing by a factor
of 2. The size of the synthesised beam is shown in the bottom-left
corner.

duct 8-hr observations, with the 48-MHz bandwidth (120–
168MHz), book-ended by 10-min flux-calibrator scans (i.e.
8.3 h scans). We stored the data at 16 channels per sub-band
(12.2 kHz frequency resolution) and at 1 s time resolution.
The data were reduced with the facet calibration technique,
which mitigates the direction-dependent e↵ects of the iono-
sphere and beam response that impact low-frequency radio
continuum observations with aperture arrays, so that images
close to the thermal noise level can be obtained (van Weeren
et al. 2016; Williams et al. 2016).

First, the (u, v) data are calibrated with direction-
independent methods using the PREFACTOR pipeline
(de Gasperin et al. 2018). Following the amplitude calibra-
tion using the flux densities of Scaife & Heald (2012) for our
primary calibrator, 3C 196(?), the station gain amplitudes
and the phase variations due to the drift of the clocks and
the Earth’s ionosphere are determined. Once determined,
the instrumental calibration solutions are applied to the tar-
get data, which are then averaged to 10-s time resolution
and 2-channels-per-sub-band frequency resolution (channel
width of 97.656 kHz). Then the data are calibrated in phase
only using the Global Sky Model (GSM; Scheers 2011). With
the direction-independent calibration applied, the (u, v) data
are inverted and deconvolved with a wide-field CLEAN al-
gorithm. As final step of PREFACTOR, the CLEAN compo-
nents of all the sources within the 8�-field-of-view (FoV) are
subtracted from the (u, v) data.1

For the direction-dependent calibration we used the
FACTOR pipeline (Ra↵erty et al. 2018, in preparation).2 The
FoV was divided into approximately 20 facets around cali-
brator regions with integrated 167-MHz flux densities (of

1 https://github.com/lofar-astron/prefactor
2 https://github.com/lofar-astron/factor
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Dark matter in Canes Venatici I Vollmann et al. (2019, in prep.)

LOFAR 150-MHzRadial intensity profile

Upper limits comparable to Fermi–LAT in γ-rays!



Volker Heesen, Galactic winds in the radio continuum with LOFAR

Conclusions

• Radio haloes indicate presence of CRe

• Exponential intensity profile: advection

• Gaussian intensity profile: diffusion

• More important even: spectral index profile

• Accelerated outflow in M108 (NGC 3556)

• NGC 4565: diffusion-dominated

• IC10: possibly accelerated wind

• NGC 4013: hybrid diffusion-advection halo
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1D modelling of cosmic-ray transport

Advection:

N(E, z): Cosmic Ray electron number (column) density

Diffusion:

CRe losses:

inverse-Compton losses synchrotron
radiation

348 V. Heesen et al.

latter in anisotropic ones. Observations at shorter wavelengths are
needed to measure the Faraday rotation and distinguish between the
two scenarios.

7 D ISCUSSION

The outflow of cosmic rays has important ramifications for the ob-
served relation between the SFR and the radio continuum (RC) lu-
minosity, in the following RC–SFR relation (Condon 1992; Heesen
et al. 2014). The widely used semi-empirical ‘Condon relation’ as-
sumes that galaxies are electron calorimeters. This would imply that
the CRe lose all their energy exclusively within the galaxy, or, more
precisely, we are observing always the same fraction of possible
non-thermal synchrotron emission. This was already postulated by
Völk (1989), who predicted that the radio continuum emission of
a galaxy should, in case of a CRe calorimeter, only be a function
of the ratio of IC to synchrotron losses. But observational tests are
at odds with the calorimetric theory. The non-thermal radio spec-
tral index would have to be quite steep, ≈−1.2 (Lisenfeld & Völk
2000), which does not agree with the observed spectral index, where
studies find spectral indices of −0.83 (Niklas, Klein & Wielebinski
1997), −0.8 (Marvil, Owen & Eilek 2015). Furthermore, Heesen
et al. (2014) found that in spiral galaxies the average ratio of IC
to synchrotron losses is only 30 per cent, which means that we
cannot easily test the prediction by Völk (1989). The alternative
are non-calorimetric models, which assume (i) energy equipartition
between the cosmic rays and the magnetic field, and (ii), a relation
between either the magnetic field strength and gas density (Niklas
& Beck 1997), or a relation between the magnetic field strength and
SFR (Heesen et al. 2014).

Non-electron calorimetry can be caused, if the advection speed
is sufficiently high, so that the CRe lifetime is longer than the CRe
escape time: trad ≫ tesc. The escape time is here defined as the tesc

= hB/(2V), where hB/2 is the scale height of the magnetic field
energy density, assuming that the non-thermal intensity scales with
the magnetic field as Int ∝ B2 (exact for αnt = −1). We now define
the equivalent advection speed, where the CRe lifetime (equation 5)
is equal to the CRe escape time:

Vequiv ≡ hB

2 trad
= 200 km s−1

(
hB

4 kpc

) (
trad

10 Myr

)−1

. (18)

For example, in the northern halo of NGC 7090 (B = 3.3 µG at
z = 1 kpc, the base of the halo), the CRe lifetimes are 110 and
60 Myr at λλ 22 and 6 cm, so that the equivalent advection speeds are
25 and 50 km s−1, respectively. At higher wind speeds, the CRe are
transported faster along the gradient of the magnetic field and stellar
photon energy density than they lose their energy via synchrotron
and IC radiation. They are able to retain a non-vanishing fraction
of their initial energy and the galaxy is not an electron calorimeter.

Profiles of the CRe electron energy distributions for the northern
NGC 7090 are shown in Fig. 10.7 For our best-fitting model, at
the detection limit of the halo, z = 7 kpc, the CRe number density
has dropped by less than 40 per cent, so that the CRe retain at
least 60 per cent of their energy at 7 kpc height. In contrast, if the
advection speed is dropped to the critical speed (at z > 1 kpc), the
CRe number density drops by 90 per cent. At λ22 cm, equivalent

7 The CRe energies quoted here are computed according to their critical
frequency (equation A4) using B0, the magnetic field strength in the disc.
For a fixed observing frequency the CRe in the halo have a higher energy,
because the critical frequency decreases.

Figure 10. Profiles of the CRe number density at λλ 22 and 6 cm (solid and
dashed lines), equivalent to CRe energies of 2.9 and 5.4 GeV, respectively,
for the northern halo of NGC 7090 (advection) and for the southern halo of
NGC 7462 (diffusion).

to a CRe energy of 2.9 GeV, the CRe number density is at least
70 per cent at 7 kpc, the limit to which we can observe the halo.
This means that we potentially lose up to 70 per cent of the potential
radio luminosity, but we should keep in mind that the CRe number
density refers to those electrons that are able to leave the thin radio
disc. The thin radio disc has a non-thermal radio spectral index
of −1.0, so that radiation losses of the CRe are important and the
electrons have already lost some of their initial energy before they
are able to enter the outflow. In the thin radio disc, one probably
has a mix of young, freshly injected CRe, and older ones, which are
enclosed in the SNe-heated superbubbles, before they are able to
break out from the disc (Heesen et al. 2015). In contrast, diffusion
leads always to calorimetric haloes (for usual values of diffusion
coefficient and magnetic field scale height) as the CRe number
density profiles of NGC 7462 show.

Do we trace a galactic wind in NGC 7090? The minimum advec-
tive transport speed of 150 km s−1 is similar to the escape velocity
of Vesc =

√
2Vrot of 180 km s−1. Also, we have to keep in mind that

the advection speed is the sum of the wind speed and the Alfvén
speed, as cosmic rays can stream along the vertical magnetic field
lines. If the magnetic field is immersed in an outflow of hot X-ray
emitting gas, typical electron densities are 4–6 × 10−3 cm−3 with
scale heights of 3–7 kpc (Hodges-Kluck & Bregman 2013). With
an ordered magnetic field of 1µG in the halo, the Alfvén speed
VA = B/

√
4πρ is 30 km s−1. It remains thus difficult to exactly as-

certain the actual wind speed, with Vw = 120 km s−1 our best-fitting
value (for the better fitted northern halo), but with a large error in-
terval of 120–170 km s−1, stemming from the uncertainty of the
advection speed. Also, as pointed out earlier, the advection speeds
may be significantly higher in the halo, where our data provide us
only with a lower limit (Section 5.2).

8 C O N C L U S I O N S

We have used ATCA radio continuum polarimetry observations at
λλ 22 and 6 cm, in order to search for non-thermal radio haloes
with relativistic CRe and magnetic fields in two late-type edge-on
spiral galaxies. We have measured non-thermal radio continuum
scale heights and profiles of the vertical non-thermal radio spec-
tral index distribution. We modelled our measurements by solving
equations for stationary 1D transport of cosmic rays, estimating

MNRAS 458, 332–353 (2016)
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Scale heights in CHANG-ES galaxies
Krause et al. (2018)

Yellow: advection (escape)
Green: diffusion
Blue: advection (no escape)

Trend with diameter Trend with mass surface density
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NGC 4631:  Advection model

Exponential intensity profiles
+ linear spectral index profiles

Advection dominated
halo

10 V. Heesen et al.
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Figure 4. Vertical profiles in NGC 4631. (a) non-thermal radio continuum intensities at 1.37 and 4.86 GHz. We fitted a two-component
exponential function (solid line) and a two-component Gaussian function (dashed line) to the profile. (b) non-thermal radio spectral
index between 1.37 and 4.86 GHz. Blue lines show the best-fit advection models, with an advection speed of 300 km s−1 in the northern
halo and 200 km s−1 in the southern halo. (c) normalized non-thermal intensity model profile at 1.37 GHz, which is deconvolved from the
synthesized beam. The error bars stem from the uncertainties of the maxima and scale heights of the thin and thick discs. The red line
shows the intensities as predicted by the best-fitting advection model. (c) model of the magnetic field strength with uncertainties (grey
area). Distances z > 0 refer to the northern halo and distances z < 0 to the southern one. Black dashed lines in (a) show the effective
beam, which is Int (0) × exp(−z2/(2σ2)).

index profiles. In practice it can, however, be difficult to al-
low for a distinction since the uncertainties of the radio spec-
tral index are too large. Therefore, we fitted all our galaxies
with both an advection and diffusion model.

We find that only NGC 7462 can be fitted with a dif-
fusion coefficient roughly in agreement of what we would
expect, namely D0 ≈ 3 × 1028 cm2 s−1. All other galaxies
required values way in excess of this, with values between
1.2×1029 cm2 s−1 (NGC 55) and 4×1030 cm2 s−1 (NGC 4666).
There is no physical reason why the diffusion coefficient
should deviate so much from the Milky Way value, because
the magnetic field structure is not too dissimilar. Such high
diffusion coefficients would also lead to the cosmic rays effec-
tively leaving the galaxy without interaction, so that their
dynamical influence would be negligible. This is at odds with
cosmic ray driven wind models, which now have become very
popular (e.g. Breitschwerdt et al. 1991; Everett et al. 2008;
Samui et al. 2010; Salem & Bryan 2014). Recently, these
models have been extended to include anisotropic diffu-
sion; Pakmor et al. (2016) find that isotropic diffusion with
D0 ≥ 1028 cm2 s−1 will lead to a quick escape of cosmic rays.

Thus, we rule out models with D0 > 1029 cm2 s−1 and assume
that haloes are in this case advection dominated.

3.4 Fitting procedure

In Fig. 3 we show the radio continuum maps of NGC 4631,
a galaxy which is known to have one of the most impres-
sive radio haloes. We have created vertical profiles of the
non-thermal radio continuum emission, which we present in
Fig. 4(a). We fit two-component exponential and Gaussian
functions to them, which we present as solid and dashed
lines, respectively (see Appendix B for details). For this
galaxy, a two-component exponential function fits better
than a two-component Gaussian function with a reduced
χ2

exp = 0.4 as opposed to χ2
Gauss

= 3.0 (average of the north-
ern and southern halo at both frequencies). Using the fits to
the data, we create intensity models using either of the fre-
quencies, depending which data has the better quality. The
advantage of the models are, rather than fitting directly to
the data, that the intensities are deconvolved from the effec-
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Figure 5. NGC 4631. Reduced χ2 of the advection model fitting in the thick disc as function of magnetic field scale height and the
advection speed. The colour scale shows χ2 = χ2

int
+ χ2

spix
, where χ2

int
refers to the model intensity profile (Fig. 4c) and χ2

spix
refers to

the model spectral index profile (Fig. 4b). Solid lines show χ2
int,min

+ 1 and dashed lines show χ2
spix,min

+ 1. The best-fitting models (with

uncertainties) lie in the intersection of the two contours and are marked by yellow stars. The left panel is for the northern halo (z > 0)
and the right one for the southern halo (z < 0). The red line shows the escape velocity near the disc plane (Vesc =

√
2 ×Vrot).

Table 6. Advection speed V , diffusion coefficient D0 (D =

D0E
0.5
GeV

) and magnetic field scale height hB2 of the thick disc
in the northern (N) and southern (S) halo.

Galaxy V (N) V (S) hB2 (N) hB2 (S)
(km s−1) (kpc)

N 55 150++200
−−100

100+80
−10

4.0++2.0
−1.2

2.5+0.8
−0.7

N 253 400+200
−20

500++400
−120

2.8+0.2
−0.7

3.0+0.1
−0.5

N 891 600++600
−200

600++600
−200

3.0+0.2
−0.2

2.5+0.2
−0.2

N 3044 200++200
−−100

200+200
−50

4.5++4.5
−1.7

3.0+0.7
−0.6

N 3079 300+80
−40

400+80
−80

4.5+7.5
−2.0

8.0+7.0
−3.0

N 3628 250+250
−50

250++400
−50

2.6+0.3
−0.3

2.0+0.1
−0.3

N 4565 500++300
−220

250+150
−20

3.5+1.1
−0.5

4.0+0.2
−0.7

N 4631 300+80
−50

200+50
−20

5.0+0.6
−0.5

3.2+0.1
−0.2

N 4666 700++200
−100

500+80
−70

3.0+0.3
−0.3

4.0+0.4
−0.5

N 5775 400+100
−50

450++100
−−150

7.0+1.5
−1.0

4.0++2.0
−0.8

N 7090 200+310
−10

300++300
−120

5.5+1.0
−1.2

4.5+3.5
−2.7

N 7462 < 80 < 100 3.0+1.0
−0.2

3.5+0.7
−0.5

D0 (N) D0 (S) hB2 (N) hB2 (S)
(1028cm2 s−1) (kpc)

N 7462 2.2+0.4
−0.4

2.6+0.1
−0.6

3.0+1.0
−0.2

3.5+0.7
−0.5

Notes. Values with ‘++’ or ‘−−’ have no upper or lower limits.
Where no upper limit for V was measured, we use Int ∝ B1−αnt

for freely escaping CRe to estimate the lower limit of hB2 .

tive beam.8 We calculate the error bars using the uncertain-
ties of the maxima and scale heights in the thin and thick
discs.

8 The effective beam describes the vertical profile of a galaxy
with an infinitely thin disc in projection for a limited angular
resolution, see Appendix B.

In Fig. 4(b) we show the vertical profile of the non-
thermal spectral index in NGC 4631. The spectral index is
fairly flat in the disc plane with α ≈ −0.7 and steepens in the
halo to values of α ≈ −1.4. The profile shows a conspicuous
‘shoulder’, where the spectral index slope flattens at heights
|z | ! 1 kpc. This distance corresponds to the transition from
the thin to the thick disc seen in the intensity profiles. We
note that the slope of the spectral index profile can not be
resolved in the thin disc, because we can not deconvolve the
effective beam from the profile. In the halo, however, the in-
fluence of the effective beam can be neglected so that we can
study the spectral index profile there. In order to illustrate
this, we have shown the contribution of the effective beam in
Fig. 4(a); in case of NGC 4631 we restrict the fitting of the
spectral index to |z | ≥ 1.4 kpc. We show the fitting areas for
the rest of the sample in Figs D1–D12. In NGC 55 and 253
the fitting area has also an outer limit, because the L band
maps are affected by missing fluxes. In NGC 253 we do not
exclude this thin disc in the fit, since we do not resolve it
in the spectral index anyway and there would be otherwise
not enough data points for a meaningful fit.

We fit simultaneously for the advection speed (or diffu-
sion coefficient) and magnetic field scale height. In order to
find an ‘initial guess’, we first vary the magnetic field pro-
file to fit the intensity model at one frequency, varying the
scale height and choosing an advection speed (or diffusion
coefficient) that approximately fits the spectral index pro-
file. For NGC 4631, we show the best-fit intensity model in
Fig. 4(c) and the best-fit spectral index model in Fig. 4(b).
The corresponding profile of the magnetic field strength is
shown in Fig. 4(d). The error interval of the latter stems
from the uncertainties of the magnetic field scale heights
in the thin and thick disc, it does not include any uncer-
tainty from the total magnetic field strength estimate from
the equipartition assumption. The magnetic field strength
decreases rapidly and reaches a value of approximately half
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Figure 4. Vertical profiles in NGC 4631. (a) non-thermal radio continuum intensities at 1.37 and 4.86 GHz. We fitted a two-component
exponential function (solid line) and a two-component Gaussian function (dashed line) to the profile. (b) non-thermal radio spectral
index between 1.37 and 4.86 GHz. Blue lines show the best-fit advection models, with an advection speed of 300 km s−1 in the northern
halo and 200 km s−1 in the southern halo. (c) normalized non-thermal intensity model profile at 1.37 GHz, which is deconvolved from the
synthesized beam. The error bars stem from the uncertainties of the maxima and scale heights of the thin and thick discs. The red line
shows the intensities as predicted by the best-fitting advection model. (c) model of the magnetic field strength with uncertainties (grey
area). Distances z > 0 refer to the northern halo and distances z < 0 to the southern one. Black dashed lines in (a) show the effective
beam, which is Int (0) × exp(−z2/(2σ2)).

index profiles. In practice it can, however, be difficult to al-
low for a distinction since the uncertainties of the radio spec-
tral index are too large. Therefore, we fitted all our galaxies
with both an advection and diffusion model.

We find that only NGC 7462 can be fitted with a dif-
fusion coefficient roughly in agreement of what we would
expect, namely D0 ≈ 3 × 1028 cm2 s−1. All other galaxies
required values way in excess of this, with values between
1.2×1029 cm2 s−1 (NGC 55) and 4×1030 cm2 s−1 (NGC 4666).
There is no physical reason why the diffusion coefficient
should deviate so much from the Milky Way value, because
the magnetic field structure is not too dissimilar. Such high
diffusion coefficients would also lead to the cosmic rays effec-
tively leaving the galaxy without interaction, so that their
dynamical influence would be negligible. This is at odds with
cosmic ray driven wind models, which now have become very
popular (e.g. Breitschwerdt et al. 1991; Everett et al. 2008;
Samui et al. 2010; Salem & Bryan 2014). Recently, these
models have been extended to include anisotropic diffu-
sion; Pakmor et al. (2016) find that isotropic diffusion with
D0 ≥ 1028 cm2 s−1 will lead to a quick escape of cosmic rays.

Thus, we rule out models with D0 > 1029 cm2 s−1 and assume
that haloes are in this case advection dominated.

3.4 Fitting procedure

In Fig. 3 we show the radio continuum maps of NGC 4631,
a galaxy which is known to have one of the most impres-
sive radio haloes. We have created vertical profiles of the
non-thermal radio continuum emission, which we present in
Fig. 4(a). We fit two-component exponential and Gaussian
functions to them, which we present as solid and dashed
lines, respectively (see Appendix B for details). For this
galaxy, a two-component exponential function fits better
than a two-component Gaussian function with a reduced
χ2

exp = 0.4 as opposed to χ2
Gauss

= 3.0 (average of the north-
ern and southern halo at both frequencies). Using the fits to
the data, we create intensity models using either of the fre-
quencies, depending which data has the better quality. The
advantage of the models are, rather than fitting directly to
the data, that the intensities are deconvolved from the effec-
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Figure D12. NGC 7462. (a) radio continuum emission at 1.38 GHz. (b) radio continuum emission at 4.68 GHz. (c) thermal radio
continuum emission at 1.4 GHz. Contours in panels (a)–(c) are at (3, 6, 12, 24, 48 and 96) ×σrms, where σrms is the rms map noise. In
panel (c) the rms noise of the map shown in (b) is used to ease the comparison. (d) thermal fraction at 4.68 GHz, where the grey-scale
ranges from 0 to 40 per cent. (e) non-thermal radio spectral index between 1.38 and 4.68 GHz, where the grey-scale ranges from −1.8

to −0.5. The spectral index error is 0.4 in regions of low intensities and decreases to 0.1 in regions of high intensities. Panels (a)–(e)
are rotated so that the major axis (PA = 73◦) is horizontal and the synthesized beam is shown in the bottom left corner. (f) DSS
image obtained from ALADIN which is not rotated, i.e. the map is aligned in N-S direction. (g) vertical non-thermal intensity profiles at
both frequencies, where solid lines show two-component exponential fits and dashed lines two-component Gaussian fits. (h) normalized
non-thermal intensity model profile at 1.38 GHz. (i) vertical non-thermal radio spectral index profiles with best-fit diffusion model. (j)
reduced χ2 in the northern halo as function of diffusion coefficient and magnetic field scale height in the thick disc. (k) same as (j) but
in the southern halo. The red horizontal line shows the escape velocity near the disc plane. (l) vertical magnetic field profile.
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(g) NT intensity profiles (h) NT intensity model profile (i) NT spectral index profile

(l) Magnetic field model profile
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(d) 4.68 GHz thermal fraction (e) NT radio spectral index (f) DSS (not rotated)
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(c) 1.4 GHz thermal emission

Figure D12. NGC 7462. (a) radio continuum emission at 1.38 GHz. (b) radio continuum emission at 4.68 GHz. (c) thermal radio
continuum emission at 1.4 GHz. Contours in panels (a)–(c) are at (3, 6, 12, 24, 48 and 96) ×σrms, where σrms is the rms map noise. In
panel (c) the rms noise of the map shown in (b) is used to ease the comparison. (d) thermal fraction at 4.68 GHz, where the grey-scale
ranges from 0 to 40 per cent. (e) non-thermal radio spectral index between 1.38 and 4.68 GHz, where the grey-scale ranges from −1.8

to −0.5. The spectral index error is 0.4 in regions of low intensities and decreases to 0.1 in regions of high intensities. Panels (a)–(e)
are rotated so that the major axis (PA = 73◦) is horizontal and the synthesized beam is shown in the bottom left corner. (f) DSS
image obtained from ALADIN which is not rotated, i.e. the map is aligned in N-S direction. (g) vertical non-thermal intensity profiles at
both frequencies, where solid lines show two-component exponential fits and dashed lines two-component Gaussian fits. (h) normalized
non-thermal intensity model profile at 1.38 GHz. (i) vertical non-thermal radio spectral index profiles with best-fit diffusion model. (j)
reduced χ2 in the northern halo as function of diffusion coefficient and magnetic field scale height in the thick disc. (k) same as (j) but
in the southern halo. The red horizontal line shows the escape velocity near the disc plane. (l) vertical magnetic field profile.
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Figure D12. NGC 7462. (a) radio continuum emission at 1.38 GHz. (b) radio continuum emission at 4.68 GHz. (c) thermal radio
continuum emission at 1.4 GHz. Contours in panels (a)–(c) are at (3, 6, 12, 24, 48 and 96) ×σrms, where σrms is the rms map noise. In
panel (c) the rms noise of the map shown in (b) is used to ease the comparison. (d) thermal fraction at 4.68 GHz, where the grey-scale
ranges from 0 to 40 per cent. (e) non-thermal radio spectral index between 1.38 and 4.68 GHz, where the grey-scale ranges from −1.8

to −0.5. The spectral index error is 0.4 in regions of low intensities and decreases to 0.1 in regions of high intensities. Panels (a)–(e)
are rotated so that the major axis (PA = 73◦) is horizontal and the synthesized beam is shown in the bottom left corner. (f) DSS
image obtained from ALADIN which is not rotated, i.e. the map is aligned in N-S direction. (g) vertical non-thermal intensity profiles at
both frequencies, where solid lines show two-component exponential fits and dashed lines two-component Gaussian fits. (h) normalized
non-thermal intensity model profile at 1.38 GHz. (i) vertical non-thermal radio spectral index profiles with best-fit diffusion model. (j)
reduced χ2 in the northern halo as function of diffusion coefficient and magnetic field scale height in the thick disc. (k) same as (j) but
in the southern halo. The red horizontal line shows the escape velocity near the disc plane. (l) vertical magnetic field profile.
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Basu et al. (2017)

IC 10: a starburst dwarf galaxy Heesen et al. (2018c)
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Basu et al. (2017)

IC 10: a starburst dwarf galaxy Heesen et al. (2018c)

HI Halpha

Halpha
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VLA 1580 MHzGMRT 325 MHzLOFAR 140 MHz

Radio halo

•Structure is consistent with higher frequencies
•Flat non-thermal spectral index  (αnt = –0.5)
•Halo is not spherical, but boxy
•Similar to NGC 1569 (Sridhar et al. 2018, in prep.)
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Model III (accelerating wind):
– Reaches Vesc

– Self-consistent solution with equipartition:
– Magnetic fields
– Warm neutral medium (HI)
– Warm ionized medium (Hα)
– Cosmic rays

Cosmic ray-driven wind
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