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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


• GeV-protons energetically most 
influential


• GeV-electrons are observed in the 
radio as cosmic-ray electrons (CREs)
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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

Tumlinson et al. (2017)
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Radio continuum emission
from star-forming galaxies
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But there are some complications
with measuring radio star-formation rates

4

• Leakage of cosmic-ray electrons from 
galaxies


• Can be observed as radio haloes (Heald et al. 

2022; Stein et al. 2023)


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

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


• Thermal (free–free) absorption (talk by Gajovic)

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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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

MANGA (talk by Jin)

GAMA (Davies et al. 2017)


CHANG-ES (Li et al. 2016)


ELAIS-N1 (Smith et al. 2021)


Virgo Cluster (Edler et al. 2023, and 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
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Semi-calorimetric radio–SFR relation
super–linear with L144 ~ SFR1.4-1.5

7

Heesen et al. (2022), plot by A. Basu

Lν ∝ ηSFR

CR injection
CRE calorimetric efficiency

Radio continuum luminosity:
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How to estimate calorimetric efficiency?
Use low-frequency radio spectral index!

8

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 
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radio

Mass ~ v2 r

Rotation speed 
from HI line 

width

9
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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 

(Tabatabaei et al. 2018, Heesen et al. 2023)

tesc

tsyn
∝ r*Σ0.1

SFRradio spectral index

10



Volker Heesen – Cosmic Rays, galaxies and LOFAR – LOFAR Family Meeting 2023

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

/ 17

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

11
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Spatially resolved radio–SFR relation
and radio spectral index

• Local radio–SFR: I𝜈–ΣSFR0.6–0.8


• Radio spectral index dependence


• Steep spectrum: radio bright


• Flat spectrum: radio faint


• Global radio–SFR: L𝜈–SFR1.1–1.5

12

Heesen et al. (2023) in prep.
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Influence of cosmic-ray transport
on the radio–SFR relation

• Young CREs near the sources not 
affected by transport


• radio–SFR relation is almost linear 
with I𝜈–ΣSFR0.9 (Heesen et al. 2019)


• Also observed in spiral arms of 
individual galaxies (Dumas et al. 2011, Basu et al. 2012)

13

Heesen et al. (2023) in prep.



Volker Heesen – Cosmic Rays, galaxies and LOFAR – LOFAR Family Meeting 2023

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

/ 17 

Calorimetric efficiency
and the local radio–SFR relation

• Ratio of radio-to-hybrid SFR 
 
 
 
 

• Dependence on radio spectral 
index


• Old CRE are bright, young are faint

14

η(α) = (ΣSFR)RC/(ΣSFR)hyb

radio continuum / hybrid SFR surface density
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Corrected radio–SFR relation
on the radio–SFR relation

• Correct radio SFR for calorimetric 
efficiency


• Use parametrisation with radio 
spectral index 
 




• Almost linear radio–SFR relation

(ΣSFR)RC/η(α) ∝ (ΣSFR)1.05±0.02
hyb

15

Heesen et al. (2023) in prep.
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Universal radio–SFR relation
for both global and local measurements

• Correct global radio–SFR relation 
with CRE calorimetric efficiency


• Parametrisation with radio 
spectral index


• Same slope and normalisation as 
for local radio–SFR relation
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Heesen et al. (2023) in prep.

slope = 1.03 +/- 0.07
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Conclusions
and summary

• Non-linear global radio–SFR relation requires cosmic-ray escape such as 
observed as galactic winds in radio haloes


• Larger galaxies have to higher calorimetric efficiencies


• Sub-linear local radio–SFR relation requires cosmic-ray transport which is 
energy-independent diffusion


• Cosmic-ray electron calorimetric efficiency depends on radio spectral index


• Corrected radio–SFR relation is universal for both global and local SFRs
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