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Cosmic rays and magnetic fields in galaxies
why study them?

• Regulate outflows and accretion of 
matter


• Are important for galaxy evolution


• Cosmic rays follow magnetic field 
lines


• Magnetic fields play crucial role in 
star formation
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Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk
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Cosmic rays
and radio continuum emission

• Energy density ~ magnetic field (1 eV cm-3)


• Small anisotropy (10-4) => scattering on B-field


• GeV-protons energetically most important


• GeV-electrons are observed in the radio

3

Zweibel (2013)
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Radio spectral index
as a proxy for cosmic-ray electron age

4

A&A proofs: manuscript no. sfr_low

Fig. 3. NGC 5194. (a) Radio spectral index distribution between 145 and 1365 MHz, presented in a cube-helix colour scale ranging from �1.2 to
�0.4. Dashed contours are at �0.85 and �0.65, thus separating the galaxy in three zones. Areas with young CREs (↵ > �0.65) are predominantly
found in spiral arms; areas with CREs of intermediate age (�0.85  ↵  �0.65) are predominantly found in inter-arm regions; and areas with old
CREs (↵ < �0.85) are found in the galaxy outskirts. (b) Error of the radio spectral index distribution between 145 and 1365 MHz at logarithmic
stretch, ranging from 0 to 0.2. As can be seen, the spectral index error only becomes larger than ±0.1 in areas with ↵ < �0.85. In both panels, the
maps were convolved to a circular synthesised beam of 17.1⇥17.1 arcsec2 resolution, which is outlined in the bottom left corner. A mask has been
applied to background sources and the central regions of NGC 5194 and its companion galaxy, NGC 5195. A 3� cut-o↵ was applied to both the
145 and 1365 MHz maps prior to combination.

Table 4. Spatially resolved RC–SFR relation, the (⌃SFR)RC– (⌃SFR)hyb relation, at 1.2-kpc spatial resolution.

Galaxy a1 b1 �1,1200 a2 b2 �2,1200 FWHM1200
(dex) (dex) (arcsec)

(1) (2) (3) (4) (5) (6) (7) (8)
NGC 3184 0.46 ± 0.02 �1.49 ± 0.06 0.12 0.60 ± 0.02 �0.98 ± 0.05 0.10 22.29
NGC 4736 0.72 ± 0.02 �0.74 ± 0.07 0.10 0.80 ± 0.03 �0.21 ± 0.08 0.12 52.64
NGC 5055 0.68 ± 0.02 �0.53 ± 0.04 0.15 0.84 ± 0.02 �0.13 ± 0.05 0.16 24.50
NGC 5194 0.51 ± 0.02 �0.69 ± 0.04 0.20 0.76 ± 0.02 �0.08 ± 0.05 0.22 30.93
Combineda 0.59 ± 0.02 �0.77 ± 0.05 0.31 0.79 ± 0.02 �0.23 ± 0.04 0.25 �
Young CREb 0.93 ± 0.03 �0.21 ± 0.06 0.21 0.91 ± 0.03 �0.04 ± 0.06 0.21 �

Notes. Columns (1) data plotted; (2+3) best-fitting parameters for equation (3) for ⌫1 ⇡ 140 MHz; (4) standard deviations for ⌫1;
(5+6) best-fitting parameters for equation (3) for ⌫2 = 1365 MHz; (7) standard deviations for ⌫2; (8) angular resolution given as
FWHM of the map, which is equivalent to a projected spatial resolution of 1.2 kpc; (a) relation for the plot of the combined data
points from the galaxy sample as presented in Fig. 5; (b) relation for young CREs using only data points for which ↵ > �0.65 as
presented in Fig. 6.

directly proportional to the RC intensity, and b is a constant o↵-
set. The resulting best-fitting parameters can be found in Table 4.
We find the slope of the relation is 0.46–0.72 for LOFAR and
0.60–0.84 for WSRT. This confirms our earlier result of sublin-
ear slopes (Heesen et al. 2014). For each galaxy we find that the
LOFAR slope is even flatter than for WSRT, such as we already
hinted in the study of the morphology (Section 3.1).

A second result is that the o↵set from Condon’s relation is
a function of the radio spectral index. Areas with steep spec-
tral indices (green and blue data points) are relatively speak-
ing ‘radio bright’, compared with what is expected from Con-

don’s relation. Data points representing areas with young CREs
(red data points) are in good agreement with the Condon rela-
tion. Interestingly this is not a function of the hybrid ⌃SFR. In
NGC 4736, which has the highest spatially resolved RC–SFR
slope, data points with young CREs can be found from 3 ⇥ 10�4

to 6 ⇥ 10�2 M� yr�1 kpc�2. These data points are in good agree-
ment with Condon’s relation (within a factor of 2), in particu-
lar for LOFAR.4 On the other hand, we find in NGC 5055 and
5194 young CREs only in areas where the hybrid ⌃SFR map

4 For WSRT the agreement can be improved, depending on the nor-
malisation of the Condon relation.

Article number, page 8 of 23

Young CREs in spiral arms, old CREs in inter-
arm regions and outskirts

Radio spectral index: 144–1365 MHz

Spectral ageing

Klein and Fletcher (2015)



Volker Heesen – Cosmic rays and magnetic fields in galaxies – International School of Space Science 

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

/ 35 

Radio continuum emission
from star-forming galaxies

UV radiation

 
shock 

acceleration

Massive stars

free–free radiation

synchrotron 
emission

HII region

supernova

SNR
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But there are some complications
with measuring radio star-formation rates

6

• Leakage of cosmic-ray electrons from 
galaxies


• Unknown, but may be larger than 50 
per cent


• Cosmic ray-driven winds (Breitschwert et al. 1992, 

Everett et al. 2008, Recchia et al. 2016)

Cosmic ray driven galactic outflows 3319

Figure 4. Face on (top) and edge on (bottom) projection of CR energy density for our fiducial run. In all but one panel, we show just one quadrant of the disc.

regions, both within and above the disc. From the edge-on view in
Fig. 4, we see rays flow out into the halo in a manner similar to the
thermal gas, but with a smoother distribution.

Fig. 5 shows a face-on projection of stars in the disc compared
to both CRs and gas density. Bright clumps of stars and CRs show
a one-to-one correspondence across the projections, although some
of the largest central star clumps do not figure as prominently in
the CR surface density because they are older and so generating

few CRs. The CR energy density in a clump is set by a competition
between injection from star formation and diffusion/advection. This
results in the CR energy density having a lower contrast than the gas;
however, a net pressure gradient in the CR component still persists,
which – as we will show – can drive significant outflows. Many star
clusters have interacted, producing tidal tails. These gravitational
features are absent from the CR plots. These dense clumps also
appear in the thermal gas plot (rightmost panel), although this fluid
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Salem & Bryan (2014)
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3018 G. Gürkan et al.

Figure 4. Top: The distribution of LOFAR 150-MHz luminosities of SFG detected at 150 MHz as a function of their SFRs. The best fit obtained using all
SFGs and LOFAR 150-MHz luminosities and errors on the best fit are shown as red shaded region and the blue shaded region shows the best fit to all data
points of SFG obtained using L1.4 and scaled to 150 MHz assuming α = 0.8. The dashed lines around the best fits show the dispersion around the best-fitting
line implied by the best-fitting dispersion parameter σ . The results of the stacking analysis for two stellar mass bins are also shown for L150 as large cyan and
maroon crosses. Open circles indicate the bins in which sources were not detected significantly. Bottom: The L150–SFR ratios for two stellar mass bins are
shown as cyan and maroon crosses, and the best fit divided by the SFR (red line) are shown.

and how our results can be compared with the relations previously
obtained using higher radio frequencies.

We fitted models to the all data points of SFGs to determine
the relationship between the MAGPHYS best-fitting estimate of SFR
and 150-MHz luminosity, including the estimated luminosities of
non-detections that were treated in the same way as detections.
The relationship was obtained using MCMC (implemented in the
emcee PYTHON package: Foreman-Mackey et al. 2013) incorporating
the errors on both SFR and L150 and an intrinsic dispersion in the
manner described by Hardcastle et al. (2010). Initially, we fitted a
power law of the form

L150 = L1ψ
β , (1)

where ψ is the SFR in units of M! yr−1; L1 has a physical inter-
pretation as the 150-MHz luminosity of a galaxy with an SFR of
1 M! yr−1. A Jeffreys prior (uniform in log space) is used for L1

and the form of the intrinsic dispersion is assumed to be lognormal,
parametrized by a nuisance parameter σ . The derived Bayesian es-
timates of the slope and intercept of the correlation with their errors
(one-dimensional credible intervals, i.e. marginalized over all other
parameters.) are β = 1.07 ± 0.01, L1 = 1022.06±0.01 W Hz−1, and
σ = 1.45 ± 0.04.

To be able to make a consistent comparison with the high-
frequency radio luminosity–SFR relation we used the 1.4-GHz
luminosities of the same SFGs, derived using FIRST fluxes as de-
scribed in Section 2.2.2, and fitted them in the same way (including
non-detections). We obtained different values: β1.4 = 0.87 ± 0.01,
L1, 1.4 = 1021.32±0.03 W Hz−1, and σ = 4.02 ± 0.3. In the top panel
of Fig. 4 shows the distribution of the 150-MHz luminosity of SFGs

detected at 150 MHz against their SFRs, together with the best fits
that were obtained from the regression analysis.

We investigated the mass dependence of the L150–SFR relation by
carrying out a stacking analysis. The L150 of SFGs classified by the
BPT, independent of whether they were detected at 3σ at 150 MHz,
were initially divided into two stellar mass bins and then stacked
in 8 SFR bins (chosen to have an equal width as well as to have
sufficient sources for stacking analysis) using the SFR derived from
MAGPHYS. For two stellar mass ranges we determined the weighted
average values (treating detections and non-detections together) of
the L150 samples in individual SFR bins, which are shown as large
cyan and maroon crosses in Fig. 4. Errors are derived using the
bootstrap method. The stacking analysis allows us not to be biased
against sources that are weak or not formally detected. No fitting
analysis was carried out using the stacks but we show them in our
figures to allow visualization of the data including non-detections.
In the bottom panel of Fig. 4, we show the L150 −SFR ratios for
each SFR bin as large cyan and maroon crosses for two stellar mass
bins. The red line shows the best fit, obtained from the regression
as described above, divided by SFR.

In order to examine quantitatively whether sources in the bins
were significantly detected, we measured 150-MHz flux densities
from 100 000 randomly chosen positions in the field and used a
Kolmogorov-Smirnov (KS) test to see whether the sources in each
bin were consistent with being drawn from a population defined by
the random positions. The SFR bins, the number of sources included
in each bin and the results of the KS test are given in Table 3. It
can be seen from these values that SFGs in most bins (except the
second SFR bins for both mass ranges: 6.0 ≤ log10(M∗) < 9.5 and
9.5 ≤ log10(M∗) < 13.0) are significantly detected. Low values of

MNRAS 475, 3010–3028 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/3010/4795315
by Bibliothekssystem Universität Hamburg user
on 19 April 2018

GAMA (Davies et al. 2017)


CHANG-ES (Li et al. 2016)


ELAIS-N1 (Smith et al. 2021)


Virgo Cluster (Edler et al. in prep)

super-linear radio-SFR 
relation

L150 MHz ∝ SFR1.1
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Gürkan et al. (2018)

Other examples:

3016 G. Gürkan et al.

Figure 2. Top panel: The distribution of best-fitting MAGPHYS SFRs of all galaxies in the sample as a function of their MAGPHYS stellar masses. The dash–dotted
line shows the local main-sequence relation (Elbaz et al. 2007b). Diagonal lines in the lower part of this panel are the result of discreteness in the specific
SFR of the models fitted in MAGPHYS: this does not affect results in the paper as the SFR of non-SFG are not used in any quantitative analysis. Bottom panel:
MAGPHYS stellar mass distribution of all galaxies in the sample versus redshift. Symbols and colours as for Fig. 1.

is that we can incorporate the H-ATLAS and WISE data available
for this sample in a consistent way and that we are unlikely to
be affected by reddening. In Appendix B, we compare MAGPHYS

SFRs to H α-SFR and discuss in more detail why the MAGPHYS SFR
estimates were used in this work.

3 A NA LY SIS AND RESULTS

3.1 Radio luminosity and star formation

In Fig. 3, we show the distribution of L150 of all classified galaxies
in the sample as a function of their best-fitting MAGPHYS SFRs. It

should be noted that objects undetected by LOFAR are not plotted
to provide a clear presentation. There are several interesting features
of this figure. First, we see a clear correlation between SFR and L150

for the star-forming objects in the bottom right of the figure: this
is the expected L150–SFR relation that we will discuss in the fol-
lowing section. Known RLAGN from the BH12 catalogue occupy
the top left part of the diagram, as expected because radio emission
from AGN will be much higher than for normal galaxies. How-
ever, a very large fraction of the sources unclassified on the basis of
emission lines (which are, as shown above, mostly massive galaxies
lying off the main sequence of star formation) lie above the region
occupied by SFGs. These sources clearly have higher radio

MNRAS 475, 3010–3028 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/3010/4795315
by Bibliothekssystem Universität Hamburg user
on 19 April 2018

Gürkan et al. (2018)
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LOFAR observations
144 MHz data

• LOFAR Two-metre Sky Survey  
(LoTSS; Shimwell et al. 2017, 2019, 2022)


• 6 arcsec resolution is 300 pc at  
median distance of 11 Mpc


• Galaxies from KINGFISH, SINGS,  
and CHANG-ES


• Spitzer and Herschel infrared data (Kennicutt et al. 2003, 2011)


• High-frequency radio data from WSRT and JVLA (Braun et al. 2007, Wiegert et al. 2015)
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plot by M. Stein

A&A proofs� manuscript no. dr2_data

(a)

(b) (c)

Fig. 1: Properties of the full galaxy sample as presented in Appendix A. (a) Distribution of galaxy type; (b) star formation rate (SFR),
as function of total mass enclosed within the radius of the star-forming disc; (c) specific star formation rate (sSFR; per total mass) as
function of the optical galaxy diameter (projected apparent diameter ⇡25). The galaxies are grouped according to which respective
sub-sample they belong (Section 2.1).

weighting with robust = �0.5, whereas for the low-resolution
maps we used robust = �0.25 together with a Gaussian taper of
10 arcsec. The maps were deconvolved with the multi-scale and
auto masking options to remove any residuals comparable to the
size of the galaxies. The maps were then restored with a Gaus-
sian beam with a FWHM of 6 and 20 arcsec, respectively. We
checked that the integrated flux densities of the 6- and 20-arcsec
maps are identical for the same integration area (see Section 2.3)
and found and average ratio of (¢600/(2000 = 1.01 ± 0.06, where
(¢600 is the integrated flux density in the 20-arcsec integration area
of the 6-arcsec map and (2000 is the integrated 20-arcsec flux
density. Hence, we are confident that we have su�ciently de-
convolved both the high- and the low-resolution maps. In order
to match the flux densities with the LoTSS-DR2 scale, we com-
pared flux densities of point-like sources with the LoTSS-DR2
point source catalogue and applied a scaling factor to our maps.1
For a few galaxies (NGC 5055, NGC 5194/5, and NGC 5474) we
found the mosaics to be superiour to the re-calibrated data sets,
so we used them instead.

Galaxies included in this paper have been detected and are
contained within usable LoTSS-DR2 mosaics. There were a few
objects for which a mosaic was available, but no object was de-
tected (M81DwA, IC 2574, DDO 154 and DDO 165). We did
not attempt to improve detection rates by masking star-forming
regions, reducing the area, and thus increasing the signal-to-noise
ratio (Hindson et al. 2018). The analysis of dwarf irregular galax-

1 We used the following script to perform the re-scaling:
https://github.com/mhardcastle/ddf-pipeline/blob/master/scripts/align-
extrationimage-fluxes.py

ies with low star-formation rates, which are particularly a�ected,
will be deferred to future work (Sridhar et al. 2021, in prepa-
ration). For the 45 remaining galaxies, we made cutouts from
the maps using the Common Astronomy Software Applications
(����; McMullin et al. 2007). These cutouts were square regions
centred on the galaxy with an edge length equal to the optical
diameter of the galaxy (⇡25) plus 0�.1 rounded up to the nearest
tenth of a degree. A minimum edge length of 0�.3 was chosen to
ensure that the background can be measured reliably. The size
of the cutouts was su�cient even to include the faint di�use
emission in the outer discs.

2.3. Flux density estimation

For all galaxies in the sample, we estimated the total radio flux
density for both the high and low resolutions within 3f-contours.
Around these contours, an elliptical region was created such that
it encloses the 3f-line surrounding the entire galaxy. This ap-
proach is a compromise between choosing a large enough inte-
gration area to not underestimate the emission of the galaxy and
minimising the contamination by background sources, which is
⇡ 20 `Jy beam�1 at 20 arcsec resolution (Williams et al. 2016).
Another issue of extending the integration area below 3f is that
the flux is not properly deconvolved and the contribution from
residual flux becomes an issue (Walter et al. 2008). Galaxies
have fairly well-defined edges, the scale length of 2 kpc (Mulc-
ahy et al. 2014) is equivalent to 44 arcsec at the median distance
of our sample. We estimate that the flux between the 1f and the
3f contour line is about 5 per cent of the integrated flux density.
Our integration areas enclose the 3f contours, so in many cases

Article number, page 4 of 65
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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


• 16 international stations


• Low-band dipoles (30–85 MHz)


• High-band tiles (110–180 MHz)

9

van Haarlem et al. (2013)
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Radio continuum observations
LOFAR, JVLA, ATCA, Effelsberg, Parkes, WSRT

Irwin et al. (2012) F. Welzmüller
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Semi-calorimetric radio–SFR relation
super–linear with L144 ~ SFR1.4-1.5

11

plot by A. Basu

Lν ∝ ηSFR

CR injection
calorimetric efficiency

Radio luminosity:



Volker Heesen – Cosmic rays and magnetic fields in galaxies – International School of Space Science 

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

/ 35 

How to estimate calorimetric efficiency?
Use low-frequency radio spectral index!

12

Slow electron escape: η = 1 Radio spectral index: α = − 1.1

Fast electron escape: η = 0 α = − 0.6

steep spectrum

flat spectrum

Spectral ageing

Klein and Fletcher (2015)
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SFR from total 
infrared

star-formation 
radius from 

radio

Mass ~ v2 r

Rotation speed 
from HI line 

width

13
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Mass dependency of radio–SFR relation
using the mass–size scaling relation

L144 MHz = LCSFR Mγ
tot (Gürkan et al. 2018, Smith et al. 2021)

η =
1

1 +
tsyn

tesc

≈
1
2

tesc

tsyn

η ∝ SFR0.05 M0.27
tot

depends only on 
galaxy radius

Mtot ~r★1/3

14
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Galaxy size determines radio spectral index
Spectral index does not depend on ΣSFR

h: scale height ~ r★ 
(Krause et al. 2018) 

v: wind velocity ~ ΣSFR 
(Heckman et al. 2015, Heesen et al. 2018)

B: magnetic field strength 
B ~ ΣSFR1/3 

(Beck 2015,Tabatabaei et al. 2018)

tesc

tsyn
∝ r*Σ0.1

SFRradio spectral index

15
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Magnetic field strength
Estimated from energy equipartition

• Mean magnetic field strength: 7.9 +/- 2.0 µG


• Dependent on the radio spectral index


• Ordered magnetic field strength from polarisation

16

Klein & Fletcher (2015)
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Magnetic field–gas relation
as estimated from energy equipartition

• Observed: B–Σgas0.3


• Theory: B–Σgas0.5 (constant velocity dispersion)


• Equipartition with kinetic energy density

17

Heesen et al. (2023)

B2

8π
=

f
2

ρv2
t
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Magnetic energy density
and equipartition

• In approximate energy equipartition


• Amplification by small-scale dynamo


• Magnetic field weak in areas of high gas 
densities

18

Heesen et al. (2023)

Parker instability
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Cosmic-ray transport
and galactic winds

• Galactic winds play an important 
role in galaxy evolution


• Cosmic rays can be both tracer 
and driver for a wind


• Advection, diffusion and streaming 
contribute to cosmic-ray transport

19

Evan Schneider/Princeton University and Brant Robertson/UC Santa Cruz
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How to detect galactic winds
with radio haloes

• Diffusion dominated: no wind


• Advection dominated: wind

20
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Heesen et al. (2009)
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Advection

More ageingAgeing

‘Young’ CRE ‘Old’ CRE‘Middle-aged’ CRE

Diffusion Steady-state solution to 
heat equation with sources
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Steady state solution
with injection and losses

• Injection at z = 0; constant B-field


• Advection: linear decrease


• Diffusion: Gaussian decrease

22

SPINNAKER
Spectral INdex Numerical
Analysis of K(c)osmic-ray
Electron Radio-emission
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Advection speed scaling relations
Star-formation rate

• Advection speed rises with SFR, ΣSFR, and vrot


• Correlations: v ∝ SFR0.4, v ∝ ΣSFR0.4, v ∝ vrot1.4

23

Heesen (2021)

ΣSFR ≈ 3 x 10-3 M⦿ yr-1 kpc-2

Momentum-driven  
galactic wind 

(Murray et al. 2005)
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The role of cosmic rays in galactic winds
Relation with magnetic fields

• X-shaped magnetic fields 
in the halo


• Cosmic rays can stream 
along field lines


• Assume constant 
compound (gas + cosmic 
rays) sound speed

24

Jayanne English and CHANG-ES consortium
ρv

dv
dz

= −
dP
dz

− ρgMomentum equation
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Cosmic ray streaming
as a means of transporting energy

• Transport length: L ~ 𝜈-0.5 (as advection)


• Transport speed: similar to Alfvén speed


• Few cases so far for global streaming


• Possible localised streaming along 
vertical magnetic field lines

25

Heald et al. (2021)
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SPINNAKER fitting
with Spinteractive

• Vary velocity until spectral index 
profile fits


• Magnetic field strength together 
with CRE density


• Best-fitting intensity profile

26

code developed by Arpad 
Miskolczi
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Stellar feedback-driven wind
Application to NGC 5775

• Electron density of 10-3 cm-3


• Wind velocity exceeds escape 
velocity


• Mass-loss rate of order M⦿ yr–1


• Mass-loading factor of order 1

27

Heald et al. (2021)

Five more galaxies: paper by  
Michael Stein

vesc
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Smoothing experiment
Diffusion length in face-on galaxies

28

54 MHz 144 MHz 1365 MHz

4850 MHz 8350 MHz ΣSFR

CRE injection

Lowest frequency
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Figure 3. This is an example figure. Captions appear below each figure. Give enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 3. This is an example figure. Captions appear below each figure. Give enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 4. This is an example figure. Captions appear below each figure. Give enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 4. This is an example figure. Captions appear below each figure. Give enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Sub-linear radio–SFR relation for spatially 
resolved case

Slope decreases further for 
lower frequencies


CRE are older, so they can be 
transported further

Lower frequencies, older CREs, decreasing slope

Lower frequencies, older CREs, decreasing slope

54 MHz 144 MHz 1365 MHz

4850 MHz 8350 MHz
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Diffusion coefficients
Energy dependence

• D = 1027-1029 cm2 s-1


• Mostly non-energy dependent:  
L ∝ 𝜈-0.25


• In radio haloes also non-energy 
dependent (Schmidt et al. 2019, Stein et al. 2022)


• Boron-to-carbon ratio supports this in the 
Milky Way (E < 10 GeV) (Becker-Tjus and Mertens (2020))
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3D Simulation
with wind and diffusion

• Diffusion coefficient confirmed


• No energy dependence


• Wind slower than estimated from 
radio haloes
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Faraday rotation

• Strongly wavelength dependent


• Foreground ‘screen’


• Background polarised sources


• Line-of-sight B-field
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Circumgalactic B-fields
Experimental setup
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Detection of circumgalactic B-fields

• Excess rotation measure


• At impact parameters <100 kpc


• RM = 4 rad m–2


• B = 0.5 µG
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Conclusions
and summary

• Non-linear Radio–SFR relation requires cosmic-ray escape


• Advection speed scaling relations in agreement with a momentum-driven 
wind, possibly cosmic-ray driven


• Magnetic field strength in equipartition with kinetic energy density


• Diffusion coefficients in agreement with Galactic values with no energy 
dependence


• Discovery of circumgalactic magnetic fields with Faraday rotation
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