
With contributions from Michal Stein, Arpad Miskolczi, Julien Dörner, Finn Welzmüller, Milan Staffehl, 
Tim-Leon Klocke, Sebastian Schulz, Henrik Edler, Ralf-Jürgen Dettmar and Julia Tjus

Radio Observations 
4th graduate school on Plasma-
Astroparticle physics 
Volker Heesen (University of Hamburg)

1



Volker Heesen, Radio Observations – 4th Graduate School on Plasma-Astroparticle Physics

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

Hatfield, 13 September 2016

To whom it may concern,

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

With kind regards,
Volker

—

Dr. Volker Heesen
Hamburger Sternwarte

Universität Hamburg
Gojenbergsweg 112

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

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

Hamburg, 13. Sep. 2016

/ 50 

Motivation
Radio continuum emission from star-forming galaxies

• Radio continuum is an extinction free star-formation tracer


• Ground-based astronomy in the `radio window’


• Interferometry allows us to obtain high resolution (few arcsec) 
(or even ~ 1 arcsec or better with LOFAR ILT)


• Low radio frequencies have low thermal contamination
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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
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Zweibel (2013)
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Cosmic ray electrons (CRE)
as observed in the radio continuum

4

E(GeV) = ( ν
16.1 MHz )

1/2

( B
μG )

−1/2

τ = 34.2 ( ν
GHz )

−1/2

( B
10 μG )

−3/2

(1 +
Urad

UB )
−1

Myr

CRE energy:

CRE lifetime:

These CRE we observeSynchrotron and inverse Compton losses: ~E2

Spectral ageing (CRE with highest energy, lose energy faster)

Low-frequency: CREs are the oldest!

Klein and Fletcher (2015)
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Radio spectral index
as a proxy for cosmic-ray electron age

5

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)
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Radio continuum emission
from star-forming galaxies

UV radiation

 
shock 

acceleration

Massive stars

free–free radiation

synchrotron 
emission

HII region

supernova

SNR

6

UHH / D. Engels



Volker Heesen, Radio Observations – 4th Graduate School on Plasma-Astroparticle Physics

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

Hatfield, 13 September 2016

To whom it may concern,

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

With kind regards,
Volker

—

Dr. Volker Heesen
Hamburger Sternwarte

Universität Hamburg
Gojenbergsweg 112

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

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

Hamburg, 13. Sep. 2016

/ 50 

But there are some complications
with both methods of measuring SFRs

• Hybrid SFR


• Leakage of Ly α photons from 
galaxies


• Small effect  
(< 10 per cent)

7

• Radio SFR


• Leakage of cosmic-ray electrons from 
galaxies


• Unknown, but may be larger than 50 
per cent
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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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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 Two-metre Sky Survey (LoTSS)
Data release 2

• 144 MHz effective frequency


• 6 and 20 arcsec resolution


• Sensitivity: 50–150 µJy beam-1

9

A&A 622, A1 (2019)

The LoTSS survey is one of several ongoing or recently
completed very wide-area low-frequency radio surveys that
are providing important scientific and technical insights.
Other such surveys include the Multifrequency Snapshot Sky
Survey (MSSS; Heald et al. 2015), TIFR GMRT Sky Sur-
vey alternative data release (TGSS-ADR1; Intema et al.
2017), GaLactic and Extragalactic All-sky MWA (GLEAM;
Wayth et al. 2015; Hurley-Walker et al. 2017), LOFAR Low-
band Sky Survey (LoLSS; de Gasperin et al. 2019), and the
Very Large Array Low-frequency Sky Survey Redux (VLSSr;
Lane et al. 2014). However, LoTSS is designed to push further
into new territory. This survey aims to provide a low-frequency
survey that will remain competitive even once the Square
Kilometre Array (Dewdney et al. 2009) is fully operational, and
will not be surpassed as a low-frequency wide-area northern sky
survey for the foreseeable future. The LoTSS can provide the
astrometric precision that is required for robust identification
of optical counterparts (see e.g. McAlpine et al. 2012) and a
sensitivity that, for typical radio sources, exceeds that achieved
in existing very wide area higher frequency surveys such as
the NRAO VLA Sky Survey (NVSS; Condon et al. 1998),
Faint Images of the Radio Sky at Twenty-Centimeters (FIRST;
Becker et al. 1995), Sydney University Molonglo Sky Survey
(SUMSS; Bock et al. 1999; Mauch et al. 2003), and WEster-
bork Northern Sky Survey (WENSS; Rengelink et al. 1997) and
rivals forthcoming higher frequency surveys such as the Evo-
lutionary Map of the Universe (EMU; Norris et al. 2011), the
APERture Tile In Focus survey (e.g. Röttgering et al. 2011) and
the VLA Sky Survey (VLASS1). More specifically the primary
observational objectives of LoTSS are to reach a sensitivity of
less than 100 µJy beam�1 at an angular resolution, defined as the
full width half maximum (FWHM) of the synthesised beam,
of ⇠600 across the whole northern hemisphere, using the High
Band Antenna (HBA) system of LOFAR (see Fig. 1).

In the first paper of this series (Paper I: Shimwell et al.
2017) we described LoTSS and presented a preliminary data
release. In that release the desired imaging specifications were
not reached, as no attempt was made to correct either for errors
in the beam models or for direction-dependent ionospheric dis-
tortions, which are severe in these low-frequency data sets.
However, there has since been substantial improvements in the
quality, speed, and robustness of the calibration of direction-
dependent e↵ects (DDEs) and imaging with the derived solutions
(see e.g. Tasse 2014; Yatawatta 2015; van Weeren et al. 2016;
Tasse et al. 2018). Furthermore, LOFAR surveys of smaller areas
of sky have demonstrated that the desired imaging specifications
of LoTSS are feasible by making use of direction-dependent cal-
ibration (e.g. Williams et al. 2016; Hardcastle et al. 2016). These
newinsightshavefacilitated thefirst fullqualitypublicdata release
(LoTSS-DR1), which we present here in Paper II of this series.

As part of this series we also attempt to enrich our radio
catalogues by locating optical counterparts using a combina-
tion of likelihood ratio cross matching and visual inspection
(discussed in Paper III of this series: Williams et al. 2019). In
addition, where counterparts are successfully located, we pro-
vide photometric redshift estimates and host galaxy properties
(Paper IV: Duncan et al. 2019). In the near future, to improve on
the redshifts for many sources, the William Herschel Telescope
Enhanced Area Velocity Explorer (WEAVE; Dalton et al. 2012,
2014) multi-object and integral field spectrograph will measure
redshifts of over a million LoTSS sources as part of the WEAVE-
LOFAR survey (Smith et al. 2016).

1 https://science.nrao.edu/science/surveys/vlass

Fig. 1. Image rms, frequency, and angular resolution (linearly propor-
tional to the radius of the markers) of LoTSS-DR1 in comparison to a
selection of existing wide-area completed (grey) and upcoming (blue)
radio surveys. The horizontal lines show the frequency coverage for
surveys with large fractional bandwidths. The green, blue, and red lines
show an equivalent sensitivity to LoTSS for compact radio sources with
spectral indices of �0.7, �1.0, and �1.5, respectively.

In Sects. 2 and 3 we describe the observations, the data pro-
cessing procedure for the present data release, and the quality
of the resulting images. In Sect. 4 we give a brief overview of
the optical cross matching and the photometric redshift estima-
tion. Finally, we outline some upcoming developments in Sect. 5
before concluding in Sect. 6.

2. Observations and data reduction

We describe the status of LoTSS observations in the first subsec-
tion. The second subsection outlines the direction-independent
calibration of the data; at present, the main challenge is retriev-
ing and processing the large volume of archived data. The
third subsection describes the direction-dependent calibration
and imaging, where the focus is on the development and exe-
cution of a robust and automated pipeline. The final subsection
summarises the mosaicing and cataloguing of the DR1 images.

2.1. Observation status

The ambitious observational objectives for LoTSS are outlined
in Fig. 1. To achieve these objectives at optimal declinations,
LoTSS observations are conducted in the hba_dual_inner con-
figuration with 8 h dwell times and a frequency coverage of 120–
168 MHz. The entire northern sky is covered with 3168 point-
ings. By exploiting the multi-beam capability of LOFAR and
observing in 8-bit mode two such pointings are observed simul-
taneously. As of May 2018, approximately 20% of the data have
now been gathered and a further 30% are scheduled over the
next two years (see Fig. 2); a total of approximately 13 000 h
observing time are required to complete the entire survey with
the present capabilities of LOFAR.

As in Shimwell et al. (2017), in this paper we focus on 63
LoTSS data sets (2% of the total survey) in the region of the
HETDEX Spring Field that were observed between 2014 May
23 and 2015 October 15. Each 8 h observation was bookended
by 10 min calibrator observations (primarily 3C 196 and 3C 295)
and the data are archived with a time resolution of 1 s and a fre-
quency resolution of 16 channels per 195.3 kHz sub-band (SB)

A1, page 2 of 21

Shimwell et al. (2019)
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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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(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
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Low-frequency Array (LOFAR)
a European radio interferometer

• 46 Dutch stations


• > 10 international stations


• Low-band dipoles (30–85 MHz)


• High-band tiles (110–180 MHz)

11

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
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Radio–SFR relation for LOFAR
super–linear with L144 ~ SFR1.4-1.5
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V. Heesen et al.: Nearby galaxies in LoTSS-DR2: insights into the non-linearity of the radio–SFR relation

(a) (b)

(c) (d)

Fig. 5: The radio spectral index as function of several fundamental galaxy parameters. Panel (a) shows the dependence on SFR as
calculated from the TIR luminosity; (b) shows the dependence of the star formation radius, which is derived from the extent of the
3-f contours in the 20 arcsec LoTSS images; (c) shows the dependence on the total mass calculated; (d) shows the dependence on
the rotation speed. In all panels, the blue line is the best-fitting relation and the shaded areas show 1f confidence intervals. The
colour of the data points in panel (b) indicates the rotation velocity, in the other panels the di�erent sub-samples.

most of the edge-on galaxies, these regions are co-spatial with
the nucleus. Also, in the edge-on galaxies, the spectral index is
relatively flat in the galactic mid-plane with Ulow & �0.7, but then
decreases at larger distances from the mid-plane, reaching values
of �0.9 . Ulow . �0.7, with even steeper spectra (Ulow ⇡ �1.1)
found far away from the disc.

The galaxies which are not classified as late-type spirals,
with classifications as Sa, S0, E, P, or Ir, have visibly di�erent
radio continuum emission. They have integrated spectral indices
of U ⇡ �0.3. Since their radio continuum emission is compact,
they may be more a�ected by free–free absorption and CRE

bremsstrahlung and ionization losses and CRE escape. The only
notable exception is NGC 4125, which has the steepest spectrum
in our sample (Ulow = �0.84). There appears to be little or no
star formation, corroborated by the relatively red appearance of
the optical image. Possibly, star formation has ceased and with it
the injection of young CRE, causing strong spectral ageing. Most
likely though, the emission is caused by the weak AGN, which is
classified as a transition object between H �� and LINER object
(Ho et al. 1997).
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Semi-calorimetric radio–SFR relation
Influence of cosmic-ray electron (CRE) transport

Lν ∝ ηSFR

CR injection
calorimetric efficiency

Radio luminosity:
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How to estimate calorimetric efficiency?
Answer: compare loss and escape time-scales!

16

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

Fast electron escape: η = 0 α = − 0.6

Semi calorimeter: η = 0…1 α = − 1.1… − 0.6

steep spectrum

flat spectrum
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Faster winds compensate stronger B-fields
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

SFR

A&A proofs� manuscript no. dr2_data

Fig. 7: Radio spectral index as function of the SFR surface density
⌃SFR = (�'/(cA2

¢). Data points are coloured which indicates
the radius of the star-forming disc A¢. The radio spectral index
depends only weakly on ⌃SFR but significantly on A¢ (compare
with Fig. 5(b)). This is in agreement with escape of CRs by
advection in a wind (see Eq. 13).

radio spectral index on the radius with steeper spectra at larger
radii as indeed found in Fig. 5(b). On the other hand, there is no
correlation between the radio spectral index and the SFR surface
density (ds = 0.16) as shown in Fig. 7. Again, this is in good
agreement with the prediction by Eq. (13).

4.3. Semi-calorimetric radio–SFR relation

As shown in this paper, the radio–SFR relation has a slope (in
logarithmic scales) slightly above one, whereas results from pre-
vious works reveal some variation. The radio–SFR relation is
has a slope in agreement with unity in several cases, including
spatially resolved observations (Dumas et al. 2011). While this
could be explained with a calorimetric radio–SFR relation, our
spectral indices in agreement with the injection spectrum argue
against such a picture, although this might be accurate in starburst
galaxies (Galvin et al. 2018). The radio spectral index variation
suggests that more massive galaxies with steeper spectral indices
are better electron calorimeters than less massive galaxies. Radio
continuum luminosity is not only driven by SFR, the dependence
on radio spectral index indicates that another physical parameter
is required. One way to is to include the calorimetric synchrotron
fraction [ of the CRE, so that the semi-calorimetric radio–SFR
relation, which takes CRE escape into account, becomes (e.g.
Pfrommer et al. 2021)2:

!144 / [SFR. (14)

2 Where we have neglected the small super-linearity that Pfrommer
et al. (2021) have predicted due to the changing magnetic field strength
of their model as function of the SFR

The calorimetric fraction is closely related to the radio spectral
index, which itself is a function of star-forming radius, rotation
speed, and total mass (Section 4.2).

Hence, we may parametrise [ with the total mass, as the
second parameter of the ‘semi-calorimetric’ radio–SFR relation,
as this is a quantity is closely related to the stellar mass, which
can be fairly easily measured from photometric measurements
even for high-I galaxies. The parametrisation of Gürkan et al.
(2018) is then used where assume a linear dependence on the
SFR:

!144 = !⇠

✓
SFR

1 M� yr�1

◆ ✓
"tot

1010 M�

◆W
(15)

results in W = 0.25 ± 0.05 and a normalisation of !⇠ =
1021.518±0.044 W Hz�1. We have also attempted to fit a non-linear
SFR dependence, as Gürkan et al. (2018) have done, however
this does not result in a significantly improved fit. The parametri-
sation of Eq. (15) takes hence CRE calorimetric fraction into
account in a simple way. The CRE calorimetric fraction is the
fraction of CRE energy that is radiated via synchrotron emission
before the CRE are able to escape from the galaxy.

We now try a heuristic derivation of the found relation. For
this we assume the calorimetric fraction the CRE as [ = CCRE/Csyn,
where CCRE is the e�ective CRE lifetime, considering both escape
and synchrotron losses, and Csyn is the synchrotron lifetime. In
our model, the e�ective CRE lifetime is then:

1
CCRE

=
1
Csyn

+ 1
Cesc

. (16)

It can be shown that for Cesc ⇠ Csyn, which is a reasonable assump-
tion for galaxies as they fall in between the calorimetric and the
non-calorimetric case (Lacki et al. 2010), we have:

[ =
1

Csyn

Cesc
+ 1

⇡ 1
2

s
Cesc

Csyn
. (17)

For [ ⇡ 0.5, the approximation in Eq. (17) is valid.3 With "tot /
A1/3
¢ (e.g. Mo et al. 1998), we obtain using Eq. (13):

[ / SFR0.05"0.27
tot . (18)

This is in good agreement with the found mass dependency of the
radio–SFR relation of Eq. (15). Obviously, such a derivation can
be only approximate. Numerical models by Werhahn et al. (2021)
support the semi-calorimetric model, although their calorimetric
synchrotron fractions of the CRE may be as small as [ ⇡ 10�2

due to low magnetic field strengths. We note that by combining
Eqs. (14) and (16) we can also explain a small super-linearity of
the radio–SFR relation. Our found mass dependence is slightly
smaller than that of Gürkan et al. (2018) and Smith et al. (2021),
who find W > 0.3.

In Fig. 8, we show the radio–SFR relation when using the
parametrisation of Eq. (15). As can be seen, the super-linear rela-
tion is well described. The advantage of such a semi-calorimetric
model is that it can both explain super-linear radio–SFR rela-
tions particularly at low frequencies and nearly linear relations at
high frequencies (Section 4.1). In essence, at low frequencies the
radiation e�ciency has a larger relative variation compared to
higher frequencies, resulting in a super-linear relation, whereas

3 Eq. (17) can be expressed as [ = G/(1+G) with G = Cesc/Csyn. The first
Taylor expansion around G ⇡ 1 leads to [ ⇡ 1/2(1 + G/2). The second
Taylor expansions then gives [ ⇡ p

G/2.
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Mass dependency of radio–SFR relation
using the mass–size scaling relation

L144 MHz = LCSFR Mγ
tot

V. Heesen et al.: Nearby galaxies in LoTSS-DR2: insights into the non-linearity of the radio–SFR relation

Fig. 8: Semi-calorimetric model fitted to the integrated radio–
SFR relation at 144 MHz. The blue line shows the best-fitting
semi-calorimetric relation as as defined by Eq. (15). The shaded
area indicates ±1f. Data points are coloured according to the
total mass of the galaxies.

the radio–SFR relation at higher frequencies is closer to a linear
relation. In contrast, at high frequencies the radiation e�ciency
is so high that only a small variation is expected. This means the
radio–SFR relation is closer to linear. Similarly, if the samples are
restricted to galaxies with a fairly uniform distribution of spectral
indices, then the relation will be close to be linear as well.

4.4. Equipartition magnetic fields

Even though in our non-calorimetric model the magnetic field
strength does not enter the formula for the radio continuum lu-
minosity directly, the magnetic field still plays an important role
by determining the CRE lifetime. Also, the magnetic field might
regulate the escape of cosmic rays by di�usion, streaming and
advection in a wind. Since there are good reasons to believe
that galaxies are generally in energy equipartition, we now try to
establish which conditions do then generally have to hold. For
energy equipartion to hold, the cosmic ray energy has to be equiv-
alent to the magnetic energy. In a stationary state the cosmic-ray
injection rate §⇢CR and the escape time-scale Cesc determine the
total cosmic-ray energy:

§⇢CRCesc = DB+ =
⌫2

8c
cA22⌘, (19)

where DB = ⌫2/(8c) is the magnetic energy density, + = 2cA2⌘
is the volume of the galaxy approximated by a cylinder, and ⌘ is
the cosmic-ray scale height. The cosmic-ray lifetime is set by the
escape time only since we neglect any cosmic ray losses other
than escape. With Cesc = ⌘/v, we obtain:

nCR ⌃SFR = DB v, (20)

where we have used the assumption that the cosmic-ray injection
rate is proportional to the SFR §⇢CR = nCRSFR with nCR = (1–3)⇥

1040 erg s�1 M�1
� yr (Socrates et al. 2008). If energy equipartition

holds, then DB = DCR and this equation states that in a steady state
the cosmic ray injection is balanced by the escape of cosmic rays
in a wind. We can now express the equipartition magnetic field
strength as:

⌫ =
✓
4nCR

⌃SFR

v

◆1/2
. (21)

Observations indicate that v / ⌃1/3
SFR, which is what is measured

using galaxies viewed from an edge-on orientation with spectral
ageing models in radio haloes (Heesen et al. 2018b). So then
we can derive ⌫ / ⌃1/3

SFR, which is the equipartition scaling.
However, we notice that in dwarf irregular galaxies the advection
speed is generally smaller than what would be expected from
the SFR surface density (Heesen et al. 2018c). This means these
galaxies have higher magnetic field strengths than what would
be estimated from energy equipartition. This has been shown
by Hindson et al. (2018) for an entire sample of dwarf irregular
galaxies.

This result is consistent with Tabatabaei et al. (2017), who
found ⌫ / SFR0.34±0.04. It should be noted that we have obtained
the ⌫–SFR relation indirectly from the radio continuum lumi-
nosity instead of directly using magnetic field strengths. It can
be refined further by actually calculating magnetic field strengths
and directly finding a ⌫–SFR relationship and comparing it with
this relation (see e.g., Chy�y et al. 2011; Basu et al. 2017). How-
ever, an estimate of magnetic fields from the data at hand is
beyond the scope of this work. The combination of ⌫ / ⌃1/3

SFR
with the global Schmidt–Kennicutt law yields ⌫ / d0.5, which
is consistent with Zeeman measurements of Galactic H � clouds
(Crutcher et al. 2010) and with estimates in galaxies both for
global averages (Niklas & Beck 1997) and spatially resolved
measurements (Chy�y et al. 2011; Basu et al. 2012, 2017).

5. Conclusions
The LOFAR Two-metre Sky Survey (LoTSS) maps the entire
northern hemisphere at 144 MHz with an unsurpassed combina-
tion of sensitivity and angular resolution (Shimwell et al. 2017,
2019, 2022). In this work, we define the LoTSS nearby galax-
ies sample, consisting of 76 nearby galaxies within 30 Mpc
(I . 0.01) distance. This sample is largely drawn from the
CHANG-ES radio continuum survey of edge-on galaxies (Irwin
et al. 2012) and the KINGFISH infrared survey of moderately
inclined galaxies (Kennicutt et al. 2011), providing us with rich
ancillary data both in the radio continuum and infrared. Here, we
present our first look at the LoTSS data release 2 (LoTSS-DR2), in
which 45 of these galaxies have maps that are suitable for further
analysis. We measure integrated flux densities at 144 MHz, cal-
culate integrated and spatially resolved spectral indices between
144 and 1400 MHz, and investigate the integrated radio–SFR
relation.

We found that radio spectral indices are flat in general with a
mean spectral index and standard deviation of hUi = �0.56±0.14
(Section 3.1). Of the 43 galaxies with measured spectral indices,
6 galaxies have spectral indices > �0.5 even when considering
the 1f uncertainties. These flat spectral indices, not in agree-
ment with the injection spectral index of Uinj ⇡ �0.6, cannot
be explained by thermal free–free emission. Instead they require
either a low-energy flattening of the CRE by ionization losses
or are caused by absorption of radio waves such as free–free
or synchrotron self-absorption. We also find these flat spectral

Article number, page 15 of 65

(Gürkan et al. 2018, Smith et al. 2021)

η =
1

1 +
tsyn

tesc

≈
1
2

tesc

tsyn

η ∝ SFR0.05 M0.27
tot

γ = 0.25 ± 0.05

depends only on 
galaxy radius

Mtot ~r★1/3
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What about magnetic fields?

·ECRtesc =
B2

8π
πr2

*2h

Stability arguments suggest energy equipartition 
between cosmic rays and magnetic fields

volume

magnetic energy density

cosmic ray injection

B ∝ ( ΣSFR

v )
1/2

∝ Σ1/3
SFR

Kl
ei

n 
& 

Fl
et

ch
er

 (2
01

5)
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Magnetic fields
and galaxy evolution

• Play an important role in galaxy 
evolution


• Regulate star formation


• Amplified by a dynamo either 
small or large-scale

20

Fletcher and Beck (2011)
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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

21

Klein & Fletcher (2015)
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Magnetic field–SFR relation
Star-formation rate surface density

• Magnetic field strength rises with 
SFR


• B ~ SFR0.34


• Consequence of the radio–SFR 
relation

22
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Magnetic field–gas relation

• B–Σgas0.3


• Theory: B–Σgas0.5


• For a constant velocity dispersion


• Equipartition with kinetic energy density
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Heesen et al. (2023)
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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
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Heesen et al. (2023)
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What regulates magnetic fields in galaxies?
compression and amplification

• Compression of B-fields


• Isotropic compression: 𝜅 = 2/3


• Energy equipartition


• Constant velocity dispersion: 𝜅 = 1/2
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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

26

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

Tumliinson et al. (2017)
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NGC 891

Optical image
Stars (star-formation since Gyr)
Dust lanes

X-ray
Hot gas (~5 x 105 K)
Diffuse gas + X-ray binaries
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Nuclear outflow of H2
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Radio continuum
B-fields + CREs
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How to detect galactic winds
with radio haloes

• Diffusion dominated: no wind


• Advection dominated: wind
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More ageingAgeing
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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

31

α = –1.0

α = –0.5SPINNAKER
Spectral INdex Numerical
Analysis of K(c)osmic-ray
Electron Radio-emission
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Diffusive and advective haloes
and their respective intensity profiles

32

Diffusion

Advection
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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

33

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


• Dynamic effect of 
magnetic field may be of 
importance too

34

Jayanne English and CHANG-ES consortium
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Stellar feedback-driven wind
Basic assumptions

• Flux tube geometry


• Used in previous cosmic ray-driven 
winds models


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

35

22

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

equivalent to the compound sound speed (Heald et al.
2021). This means we can parametrise the wind veloc-
ity profile in a linear way as required.

As we do not solve the energy equation explicitly, we
have to check whether the energy conservation is indeed
fulfilled. This is done via a cloud entrainment factor ✏,
where the total energy flux in the wind is limited by the
cosmic-ray luminosity (equation 1) LCR = 1/2✏Ṁv2

with Ṁ the global mass-loss rate. This entrainment
factor is expected to be of order unity for a cosmic ray-
driven wind.

8.2 Application to NGC 5775

The model is applied to LOFAR 150-MHz and CHANG-
ES 1.5-GHz observations of NGC 5775 (Heald et al.
2021). The data can be indeed well fitted, with a linear
acceleration of the advection speed as a result of the
wind model (equation 32) and an expanding bi-conical
outflow (see Fig. 21). Using the compound sound speed,
the thermal electron densities can be calculated. The
electron density decreases from a few 10�3 cm�2 s�1

by a factor of 10 at the detection limit of the halo at
z ⇡ 15 kpc. This phase seems to be most consistent
with the hot ionized medium (HIM). There are indica-
tions that in certain places the warm ionized medium
(WIM) may be entrained in certain places, in partic-
ular near the H↵ filaments (Tüllmann et al. 2000).
The implied mass-loss rate Ṁ is a few solar masses per

year. As the advection speeds exceeds the escape ve-
locity at the edge of the halo, it is suggested that the
mass is lost entirely from the galaxy. The mass-loss
e�ciency ⌘ = Ṁ/SFR would then be of order unity.
However, we point out that there is substantial
uncertainty arising from the outflow geometry
and the poorly-understood distribution of ISM
material entrained in the vertical flow.

9 Spectroscopic observations

9.1 Wind speed

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

Our advection speeds increase with the SFR, ⌃SFR

and rotation speed vrot, which indicates that they
are tracing stellar feedback-driven winds (Section 7.4).
We now compare the advection speed scaling relations
(Table 3) with the equivalent relation of the gaseous
tracers. The UV-absorption line measurements by
Chisholm et al. (2015) point to a weak dependence of
the outflow speed with the SFR of v / SFR0.08�0.22

and similarly with the rotation speed of v / v0.44�0.87
rot .

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

rot (see also
Heckman et al. 2015). Martin (2005) used Na i and K i
absorption lines in ultra-luminous infrared galaxies and
found v / SFR0.35.

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

SFR . Notably, the sample of Davies et al. (2019)
contains mostly star bursts with ⌃SFR= 0.1–1 M� yr�1,
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− 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
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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

37

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
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Heald et al. (2021)

Five more galaxies: paper by  
Michael Stein

vesc



Volker Heesen, Radio Observations – 4th Graduate School on Plasma-Astroparticle Physics

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

Hatfield, 13 September 2016

To whom it may concern,

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

With kind regards,
Volker

—

Dr. Volker Heesen
Hamburger Sternwarte

Universität Hamburg
Gojenbergsweg 112

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

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

Hamburg, 13. Sep. 2016

/ 50 

Wind velocity profile
Spectroscopic observations and theory

• Acceleration near the disc 
(< 1kpc) with a force ~r-2 
(CRs, radiation pressure)


• Hydrodynamic wind 
models also have 
acceleration in ‘driver’ 
region
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Chisholm et al. (2016)

Yu et al. (2020)
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Diffusion-to-advection transition
Gaseous discs may be diffusive

• Diffusion-to-advection transition


• 


• There is only a transition if there is a 
wind


• Diffusion-dominated haloes have no 
transition

z⋆ = 1.2 kpc
D

1028 cm2 s−1

v
100 km s−1

40

Recchia et al. (2016)

Advection

Diffusion
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Smoothing experiment
Diffusion length in face-on galaxies

41

54 MHz 144 MHz 1365 MHz

4850 MHz 8350 MHz ΣSFR

CRE injection

Lowest frequency



• Areas with young CREs agree with the 
theory


• But areas with old CREs lie above the 1:1 
line


• Assumed to be the result of CRE transport
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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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Spatially resolved radio–SFR relation

Hybrid star formation rate
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Radio spectral index

Red: Young CREs


Green: `middle aged’ CREs

Blue: Old CREs

Results:

Condon relation:
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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
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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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Convolve star formation map

estimate CRE transport

Linearise radio–SFR relation

Radio-SFR relation

Hybrid star formation rate

Ra
di

o 
co

nt
in

uu
m

 s
ta

r f
or

m
at

io
n 

ra
te

Linearised radio-SFR relation

Code developed by Sebastian Schulz

Hybrid star formation rate



exp ( r2

2l2
CRE )Gaussian kernel:

CRE transport length

Code developed by Sebastian Schulz

The hybrid SFR map is smoothed, until the radio–SFR relation is linear

Basic idea:

Random walk

Bronder (2020)

Gaussian distribution

Berkhuijsen, Beck and Tabatabaei (2013)

Actually, a Gaussian is only accurate for a time-dependent model


We assume that CREs are in a steady state with

injection = losses by synchrotron + inv. Compton


The CRE distribution is then approximately Gaussian

Heesen et al. (2019)
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Smoothing experiment

• CRE diffusion length of 1-5 kpc


• Longer at lower frequencies


• Diffusion coefficient

46

D =
L2

4τ

(isotropic 3D diffusion)
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Diffusion coefficients
Measured values in galaxies

• D = 1027-1029 cm2 s-1


• Most coefficients D = 1028 cm2 s-1


• Low values in dwarf irregular galaxies


• High values in galactic haloes

47

Murphy et al. (2012)
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Diffusion coefficients
Energy dependence

• 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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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
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