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ABSTRACT

Context. Cosmic rays and magnetic fields are key ingredients in galaxy evolution, regulating both stellar feedback and star formation.
Their properties can be studied with low-frequency radio continuum observations that are free from thermal contamination.

Aims. We define a sample of 76 nearby (<30 Mpc) galaxies with rich ancillary data in the radio continuum and infrared from the
CHANGE-ES and KINGFISH surveys, which will be observed with the LOFAR Two-metre Sky Survey (LoTSS) at 144 MHz.
Methods. We present maps for 45 of them as part of the LoTSS data release 2 (LoTSS-DR2), where we measure integrated flux
densities and study integrated and spatially resolved radio spectral indices. We investigate the radio—star formation rate (SFR) relation
using SFRs derived from total infrared and Ha + 24-pum emission.

Results. The radio—SFR relation at 144 MHz is clearly super-linear with Lysqpp, SFR'*!3. The mean integrated radio spectral
index between 144 and ~1400 MHz is (@) = —0.56 + 0.14, in agreement with the injection spectral index for cosmic ray electrons
(CREs). However, the radio spectral index maps show variation of spectral indices with flatter spectra associated with star-forming
regions and steeper spectra in galaxy outskirts and, in particular, in extra-planar regions. We found that galaxies with high SFRs have
steeper radio spectra; we find similar correlations with galaxy size, mass, and rotation speed.

Conclusions. Galaxies that are larger and more massive are better electron calorimeters, meaning that the CRE lose a higher fraction
of their energy within the galaxies. This explains the super-linear radio—SFR relation, with more massive, star-forming galaxies
being radio bright. We propose a semi-calorimetric radio—SFR relation that employs the galaxy mass as a proxy for the calorimetric
efficiency.

Key words. cosmic rays — galaxies: magnetic fields — galaxies: fundamental parameters — galaxies: halos —radio continuum: galaxies

1. Introduction

In the study of galaxy evolution, both cosmic rays and galac-
tic magnetic fields are of special interest. Both comprise the
non-thermal components of the interstellar medium (ISM) and
have energy densities comparable to that of the gaseous parts
of the ISM (Cox 2005). With their high energy density, they

* Tables and fits maps are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/664/A83

have a major influence on the dynamics of galaxy develop-
ment and are a key factor in our understanding of galaxy evo-
lution. Cosmic rays for example are believed to be a driving
factor in the creation of galactic winds, transporting material from
the galaxy outwards (e.g. Uhlig et al. 2012; Socrates et al. 2008;
Everett et al. 2008; Salem & Bryan 2014; Girichidis et al. 2018).
Cosmic rays are transported from the star-forming gaseous disc
into the halo, where their pressure gradient slowly accelerates the
gas. This process is particularly important for cool galactic winds
that contain mostly warm and neutral gas (Veilleux et al. 2020).
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As galaxies require a steady influx of gas from the circum-
galactic medium in order to compensate for gas depletion due
to star formation and transport losses, the mechanisms of the
entire disc—halo cycle, including the impact of these galaxy-
wide winds, are an important factor in understanding the over-
all dynamics and evolution of galaxies (Tumlinson et al. 2017).
Without magnetic fields, cosmic rays would quickly escape
their host galaxy with relativistic velocities. Instead, they are
spiralling along the magnetic field lines and are scattered in
irregularities in the magnetic fields, making magnetic fields a
key influence on the transport of cosmic rays (Zweibel 2013).

Over recent years, simulations of galaxies have advanced
rapidly, and these include outflows and winds and take into
account magnetic fields and cosmic rays (Vogelsberger et al.
2020). However, many fundamental questions remain open,
such as those regarding the transport processes of cosmic rays.
Much of our knowledge about cosmic-ray dynamics stems
from observations of the Milky Way, but recently other galax-
ies have also come into focus as the view ‘from the out-
side’ now also includes the radio halo from these galaxies,
which is harder to observe in the case of our Milky Way (e.g.
Heesen et al. 2018a; Miskolczi et al. 2019; Schmidt et al. 2019;
Mora-Partiarroyo et al. 2019; Stein et al. 2019a,b). This is one of
the reasons why observations of cosmic-ray transport processes
are of special interest. These relativistic cosmic rays also include
cosmic-ray electrons (CREs), and radio frequencies are sensitive
to the emission of CREs in the GeV energy range. This energy
range also corresponds to the peak of the cosmic-ray spectrum in
general. We can therefore probe the cosmic-ray transport param-
eters, where they are dynamically most important.

Radio continuum emission offers further advantages. Radio
emission is not attenuated by dust, and as it originates from cosmic
rays accelerated in supernova remnants of massive young stars, it
can therefore be used as an extinction-free tracer of star forma-
tion (Condon 1992; Murphy et al. 2011). Current radio surveys
can serve to calibrate the radio—star formation rate (SFR) rela-
tion in order to extrapolate it to more distant galaxies at higher
redshifts. The radio—SFR relation has a spread of only =0.15 dex
(Tabatabaei et al. 2017), which is comparable to uncertainty of the
widely used hybrid star formation tracers such as the combina-
tion of He and 24-um mid-infrared (MIR) emission (Calzetti et al.
2007). The synchrotron emission that we see as radio continuum
depends both on the CRE and magnetic field content of galax-
ies. There is a degeneracy between having a high CRE energy
density and weak magnetic fields, or vice versa, strong magnetic
fields and a low CRE energy density. For reasons of dynamical
stability, energy equipartition between the cosmic rays and the
magnetic field is usually assumed, which is a good approxima-
tion for the Milky Way (Boulares & Cox 1990). Given the many
dependencies of the synchrotron emission, it is astonishing that
the radio—SFR relation is so tight. In particular, less-luminous
galaxies should be deficient in radio luminosity as the CREs are
expected to escape rapidly from their host. The fact that this does
not appear to be the case when the SFR is measured by infrared
(IR) star-formation tracers has been explained by authors invoking
a ‘conspiracy’ between the escape of the CRE and dust-heating
ultraviolet photons (Bell 2003; Lacki et al. 2010). While more
sensitive, spatially resolved observations of dwarf galaxies have
finally shown that the synchrotron emission is indeed suppressed
(Hindson et al. 2018), the influence of cosmic-ray transport on
the radio—SFR relation in L, galaxies is still largely unknown
(Lisenfeld et al. 1996; Li et al. 2016).

Low-frequency radio observations are particularly useful
for studying synchrotron emission from galaxies because the
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fraction of thermal radiation (i.e. bremsstrahlung from non-
relativistic electrons) is less than 10% (Tabatabaei et al. 2017).
At 150 MHz, the radio—SFR relation shows a possible excess
of radio emission in low-mass galaxies (Brown etal. 2017;
Giirkan et al. 2018) which is not seen at higher frequencies
(Schmitt et al. 2006; Li et al. 2016). Radio-continuum studies of
dwarf galaxies are influenced by unrelated background sources
(Hindson et al. 2018), and so spatially resolved studies are
important. The most suitable telescope for these kinds of stud-
ies is the LOw Frequency ARray (LOFAR; van Haarlem et al.
2013), which is composed of 51 stations spread throughout
Europe with two more stations under construction. The LOFAR
Two-metre Sky Survey (LoTSS; see Shimwell et al. 2017) is
currently exploring the northern sky and is more sensitive than
any previous or ongoing radio survey at a similar angular res-
olution. The first data release (LoTSS-DRI1; Shimwell et al.
2019) enabled successful work on cosmic-ray transport and the
radio—SFR relation (e.g. Heesen et al. 2014) explored for four
LOFAR galaxies (Heesen et al. 2019). Data release 2 (LoTSS-
DR2; Shimwell et al. 2022) covers a larger sky area at 144 MHz
with a bandwidth of 48 MHz at both 6 and 20 arcsec resolution
with a sensitivity of 50—100 uJy beam™".

This paper reports the first exploration of these data.
We investigated a sample of nearby galaxies at distances of
<30 Mpc, which corresponds to a redshift of less than z = 0.01.
As our main aim is to study spatially resolved scaling relations,
the sample selection was largely driven by the availability of
ancillary data in the radio continuum and IR. We selected galax-
ies from the CHANG-ES radio continuum survey (Continuum
HAlos in Nearby Galaxies: an EVLA Survey; Irwin et al. 2012),
consisting of 35 edge-on galaxies, and from the KINGFISH far-
infrared (FIR) survey (Key Insights on Nearby Galaxies: A Far-
Infrared Survey with Herschel; Kennicutt & Evans 2012), which
in turn is a descendent of the SINGS survey (The SIRTF Nearby
Galaxies Survey; Kennicutt et al. 2003), the sample of the for-
mer consisting of 65 galaxies. From these samples, all galaxies
also present in LoTSS-DR2 were included in our sample. The
galaxy sample is very diverse in optical classification, ranging
from elliptical and spiral galaxies to irregular galaxies. The sam-
ple has also a wide range of SFRs between 0.002 and 15 Mg yr~'.
The galaxies also cover a wide range of nuclear types, rang-
ing from the more quiescent HII and low-ionisation nuclear
emission-line region (LINER) nuclei to the more active Seyfert
nuclei. Similarly, the sample covers a wide range of total masses
(within the optical radius) of between 10® and 10'> M, and a
large size range of between 1 and 70 kpc. The sample is not com-
plete, but rather aims to capture a representative set of galaxies
with a range of primary parameters such as SFR, morphology,
mass, and size. Because of the limited sample size, secondary
parameters such as nuclear type and environmental properties
are not evenly sampled.

The structure of this paper is as follows: Sect. 2 presents
the methodology, including a description of the sample, a sum-
mary of how the LoTSS-DR2 data were obtained and reduced,
and how flux densities and radio spectral indices were measured.
This is followed by Sect. 3, where we present the radio maps for
one selected galaxy and also analyse integrated spectral indices
(Sects. 3.1-3.3), spatially resolved spectral indices (Sect. 3.4),
and the integrated radio—SFR relation (Sect. 3.5). We discuss our
findings in more detail in Sect. 4, focusing on the non-linearity
of the radio—SFR relation. Section 5 presents our conclusions
and a brief outlook on possible follow-up work. Details about
the complete sample are presented in Appendix A and our atlas
of maps can be found in Appendix B.
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2. Methodology
2.1. Galaxy sample

Appendix A presents the complete sample of galaxies in LoTSS
that were considered as part of this study. We selected galax-
ies from samples that have either high-frequency radio contin-
uum data, so that we can calculate radio spectral indices, or
IR data so that we can calculate SFRs. For the edge-on sam-
ple, we chose from the CHANG-ES sample (Irwin et al. 2012),
which contains 35 galaxies, 21 of which are located in the north-
ern sky and are therefore accessible to LoTSS. For the IR data,
we chose from the SINGS (Kennicutt et al. 2003) and KING-
FISH (Kennicutt et al. 2011) samples. SINGS contains 75 rep-
resentative star-forming galaxies within a distance of 30 Mpc,
48 of which are in the northern sky. Three galaxies were added,
which are only in the KINGFISH survey (NGC 2146, IC 342,
NGC 5457). Finally, we added another 4 galaxies, namely IC 10,
NGC 598 (M 33), NGC 4214, and NGC 4449. Three of these are
star-burst dwarf irregular galaxies and M 33 is the most nearby
galaxy, which we can easily image as it is less than 1° in apparent
size. This results in 76 galaxies, which will eventually be covered
by LoTSS. The four subsamples are referred to as CHANG-ES,
SINGS, KINGFISH+, and ‘Extra’.

In addition to the IR data, we also have rich ancillary data in
the radio continuum. First, all CHANG-ES galaxies have 6-GHz
data from Wiegert et al. (2015) at approximately 15 arcsec res-
olution, observed with the Karl G. Jansky Very Large Array
(VLA) in D-configuration. There were also CHANG-ES data
taken at 1.5 GHz in C-configuration with a similar resolution,
which will be analysed in a forthcoming paper together with
the LoTSS data (Stein et al., in prep.). The SINGS galax-
ies were observed at 1.4 GHz by the WSRT-SINGS survey
(Braun et al. 2007), which includes 34 SINGS galaxies north of
declination 12?5 with an optical diameter of >5 arcmin. Approx-
imately a third of the complete sample galaxies have active
galactic nuclei (AGN) classified as either LINER, Seyfert or
transition object (Ho et al. 1997), with more galaxies possibly
containing hidden AGN that cannot be detected by optical spec-
troscopy (Satyapal et al. 2008). The AGN contribution to the
radio flux was estimated from the work by Baldi et al. (2018)
and Irwin et al. (2019), who present high-resolution maps for the
Palomar (Ho et al. 1995) and CHANG-ES samples. We found
that the galaxies with a radio-detected AGN in LoTSS-DR2 (10
galaxies in our sample of 45) have mostly AGN contributions
of less than 1% at 1400 MHz. The exceptions are NGC 2683
(1.7%), NGC 3079 (19%), and NGC 5866 (35%). We therefore
conclude that our galaxies are mostly not AGN contaminated,
but the mentioned galaxies require special attention.

One of the important characteristics of galaxies is their star
formation rate (SFR). We use two approaches for calculating
this. Our main method is to use total infrared (TIR) fluxes in
the wavelength range 3—1100 um, which are more reliable for
our edge-on sample, as the widely used MIR 24-um emission
becomes partially optically thick (Li et al. 2016; Vargas et al.
2018). Hence, in order to have consistent SFRs in our sam-
ple, this is the preferred method. Nevertheless, we also used
SFRs from Ha and MIR tracers, which should be particu-
larly reliable for spatially resolved SFRs in moderately inclined
galaxies (Murphy et al. 2011; Leroy et al. 2012). As this paper
is also a preparatory study of the spatially resolved radio—
SFR relation, we compare the two methods. The TIR lumi-
nosities were calculated using the prescription of Dale & Helou
(2002) using the flux densities from Dale et al. (2012), when
available. For those galaxies that are not included in either

SINGS or KINGFISH such as most of the CHANG-ES galax-
ies, we calculated their TIR luminosities from IRAS data using
the formulae by Dale & Helou (2002). The TIR luminosities
were converted into SFRs using the calibration presented in
Kennicutt & Evans (2012), which is based on work by Hao et al.
(2011) and Murphy et al. (2011). For SINGS and KINGFISH+,
Kennicutt et al. (2011) provide SFRs from a combination of Ha
and 24-um emission based on measurements by Calzetti et al.
(2010). The CHANG-ES galaxies have SFRs from 24-um emis-
sion (Wiegert et al. 2015) using the calibration of Rieke et al.
(2009).

Our galaxy sample covers a wide range of galaxy parame-
ters (see Fig. 1). Nearly all types of optical galaxy classifica-
tions are included, and there is a range of almost 10° in total TIR
luminosity as well as a range of 10? in physical size. SINGS
was chosen specifically to have a fairly even distribution of
optical galaxy types for the late-type spiral galaxies (Sa—Sd,
and magellanic-type galaxies Sdm and Sm as well as irregu-
lar galaxies Ir). In addition, there are a few elliptical galaxies
(E), lenticular galaxies (S0), and peculiar galaxies (P). This was
not the case with CHANG-ES, where a radio flux density cut
was used and so only galaxies with higher SFRs were included.
This means that the CHANG-ES galaxies tend to be heavier and
larger, and therefore our sample is biased towards massive galax-
ies with total masses of 210'° My and correspondingly larger
SFRs. The four galaxies from the Extra sample add a few galax-
ies with lower masses to balance the distribution slightly (com-
pare with Fig. 1). We note that the total mass is calculated as
My = 0.234(vy0¢ /100 km s’l)z(r*/kpc) x 10'° My, where we
have estimated r,, the size of the star-forming disc, using the
30 extent of the radio continuum emission at 144 MHz. Specif-
ically, we projected the major axis of the ayy- integration region
(Sect. 2.3) to obtain the physical size.

2.2. LoTSS-DR2 data

The LoTSS-DR2 data were obtained and reduced as described
in Shimwell et al. (2017, 2019). Here, we briefly summarise the
procedure. The LoTSS data were obtained with the High Band
Antenna (HBA) system of LOFAR. The data are taken with
the HBA_DUAL_INNER configuration with 8 h dwell time and
120—-168 MHz frequency coverage. The entire northern sky is
covered with 3168 pointings. The publicly available LOFAR
direction-independent calibration procedure was described in
detail by van Weeren et al. (2016) and Williams et al. (2016)
and makes use of the LOFAR Default Preprocessing Pipeline
(DPPP; van Diepen et al. 2018) for averaging and calibration
and BlackBoard Selfcal (BBS; Pandey et al. 2009). Because for
LOFAR the direction-dependent effects (DDEs) are important,
a lot of work has gone into improving their treatment during
calibration. LoTSS uses the pipeline KILLMS Smirnov & Tasse
(2015) to calculate DDE corrections and apply them to the
data during imaging using DDFACET (Tasse et al. 2018). Com-
pared with LoTSS-DR1 (Shimwell et al. 2019), LoTSS-DR2
(Shimwell et al. 2022) now provides a much improved imaging
capability for diffuse extended emission (Tasse et al. 2021).

The LoTSS-DR2 data are provided in two ways: either as
mosaics created from neighbouring pointings to improve sensi-
tivity, or as re-calibrated (u,v) data sets, where the calibration
is specially tailored to the target of interest (van Weeren et al.
2021). For most galaxies, we used the re-calibrated (u,v) data
and re-imaged and deconvolved the data with WSCLEAN V2.9
(Offringa et al. 2014; Offringa & Smirnov 2017). For the imag-
ing, we produced maps at 6 and 20 arcsec resolution, hereafter
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Fig. 1. Properties of the complete galaxy sample as presented in Appendix A. (a) Distribution of galaxy type; (b) SFR as a function of total
mass enclosed within the radius of the star-forming disc; and (c¢) specific SFR (sSFR; per total mass) as a function of the optical galaxy diameter
(projected apparent diameter D,s). The galaxies are grouped according to the respective subsample to which they belong (Sect. 2.1).

referred to as high- and low-resolution maps, respectively. For
the high-resolution maps, we used Brigg’s robust weighting
parameter of —0.5, whereas for the low-resolution maps we used
a robust parameter of —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
Gaussian 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
Sect. 2.3) and found an average ratio of Sg,, /S 20 = 1.01 +£0.06,
where S¢, is the integrated flux density in the 20-arcsec inte-
gration area of the 6-arcsec map and S~ is the integrated
20-arcsec flux density. Hence, we are confident that we have
sufficiently deconvolved both the high- and the low-resolution
maps. In order to match the flux densities with the LoTSS-DR2
scale, we compared flux densities of point-like sources with the
LoTSS-DR2 point-source catalogue and applied a scaling fac-
tor to our maps'. For a few galaxies (NGC 5055, NGC 5194/5,
and NGC 5474), we found the mosaics to be superior to the
re-calibrated data sets, and so we used them instead.

Galaxies included in this paper were detected and con-
tained within usable LoTSS-DR2 mosaics. There were a few
objects for which a mosaic was available but then no object was
detected (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 (S/N; Hindson et al. 2018). The analysis of dwarf irregu-
lar galaxies with low star-formation rates, which are particularly

! We used the following script to perform the flux re-scaling:

https://github.com/mhardcastle/ddf-pipeline/blob/
master/scripts/align-extrationimage-fluxes.py
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affected, is deferred to future work. For the 45 remaining galax-
ies, we made cutouts from the maps using the Common Astron-
omy Software Applications (CASA; 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 (Dss) plus 0°1
rounded up to the nearest tenth of a degree. A minimum edge
length of 023 was chosen to ensure that the background can be
measured reliably. The size of the cutouts was sufficient to even
include the faint diffuse 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 30--
contours. Around these contours, an elliptical region was cre-
ated such that it encloses the 3o-line surrounding the entire
galaxy. This approach is a compromise between choosing a suf-
ficiently large integration area so as not to underestimate the
emission of the galaxy and minimising the contamination by
background sources, which is ~20 uJy beam™" at 20 arcsec res-
olution (Williams et al. 2016). Another issue linked to extend-
ing the integration area below 30 is that the flux is not properly
deconvolved and the contribution from residual flux becomes a
problem (Walter et al. 2008). Galaxies have fairly well-defined
edges; the scale length of 2 kpc (Mulcahy et al. 2014) is equiva-
lent to 44 arcsec at the median distance of our sample. We esti-
mate that the flux between the 1o and the 30 contour lines is
about 5% of the integrated flux density. Our integration areas
enclose the 30 contours, and so in many cases also include emis-
sion at the 20" level, excluding some local radial extensions only.
Hence, the 5% estimate is an upper limit.

The position angle of the region was chosen to be the posi-
tion angle of the galaxy as listed in Table 1. Wherever other
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Table 1. Integrated 144-MHz flux densities, map properties and star formation rates of the 45 galaxies in LoTSS-DR2.

Galaxy PA Tgr agr X b6// Sé'/ a0 aryr X bgon SQQH SFRHQ/24 um
) (Wy/b)  (arcmin®) dy) (Wy/b.)  (arcmin®) dy) (Mo yr™)
(1 (2) (3 4) 5) (6) (7) 3 ©
NGC 598 22.7 [LED] 170 14.0x10.0 2.320+0.234 220 20.0x13.0 3.627 +£0.363 0.13 [H21]
NGC 855 67 [LED] 130 0.3x0.2 0.007 £ 0.001 150 0.7 0.6 0.010 £ 0.001 0.043 [H21]
NGC 891 22 [LED] 160 4.6 x2.0 2.985 +0.299 160 59x%x4.6 3.294 +£0.329 1.55[W15]
NGC 925 287 [BOS8] 90 44x2.3 0.197 + 0.020 130 5.6 x3.1 0.243 +0.024 0.54 [K11]

NGC2683 43.6 [LED] 70 26x1.1 0.284 + 0.028 110 3.6x24 0.362+0.036 0.09 [W15]
NGC2798 160 [LED] 80 0.6x0.6  0.220 +0.022 140 1.1 x0.8 0.222+0.022 3.38 [K11]

NGC 2820 65 [K18] 60 29%x09 0251 +£0.025 100 32x12  0.261+£0.026 0.62[WI15]
NGC 2841 153 [BO8] 80 3.1x23 0463 +£0.046 110 39x29 0501 +£0.050 245 [Kl11]
NGC2976 143 [LED] 60 1.8x1.0 0.109 +0.011 140 3.0x2.8 0.201 £0.020 0.082 [K11]

NGC3003 78.8 [LED] 70 21x09 0.132+£0.013 100 31x15 0.148+£0.015 0.67 [W15]
NGC3031 330.2 [BOS8] 90 10.0x5.6  1.883 +0.189 150 11.7x59 2.055+0.206 0.39[C10]

NGC3079 167 [K18] 60 32x2.0 3.708 +£0.371 110 39%x23 3746 +£0.375 3.46 [WI15]
NGC 3077 49 [LED] 70 0.8x0.6  0.059 +0.006 110 14x12  0.067+£0.007 0.094 [K11]
NGC3184 0™ 60 32x32 0.337+0.034 130 4.1x4.1 0377+0.038 0.66 [K11]
NGC3198  215[B08] 90 27x1.0 0.099 +£0.010 170 34x15  0.127+£0.013  1.01 [K11]

NGC3265 73.4 [LED] 80 04x0.5 0.023 £0.002 190 0.6x0.7  0.027+0.003 0.38 [K11]
Mrk 33 129.3 [LED] 60 0.5%x04  0.054 £0.005 150 0.8x0.7  0.055 £ 0.006 1.5 [K03]

NGC 3432 33 [LED] 70 37x09  0.274 £ 0.028 130 34x19  0304+0.030 0.15[WI15]
NGC3448 64.8 [LED] 80 1.1x0.6  0.173+0.017 240 1.8x1.2 0.195+0.019 0.92 [W15]
NGC 3556 79 [LED] 70 34x15 1.065 + 0.107 120 44x32 1.215+£0.122 2.17[W15]
NGC 3877 35 [K18] 60 1.8x0.7  0.147 £0.015 130 21x1.0 0.169+0.017 0.92 [W15]
NGC 3938 0™ 90 20x2.0 0.334+£0.034 300 30x3.0 0409+0.041 1.77 [K11]
NGC4013 65 [K18] 80 20x0.6 0.144+0.015 170 21x09 0.151+£0.015 0.48 [WI15]
NGC 4096 20 [LED] 70 22x09  0.169 £0.017 120 32x1.6  0.198+0.020 0.27 [W15]
NGC4125 95 [LED] 80 03x03 0.012 +0.001 110 03x03 0.012+0.001 0.58 [C10]
NGC4157 66 [K18] 70 27x14 0921 +£0.092 170 4.8x2.7 1.021 +£0.102  1.25 [W15]
NGC4214 0™ 60 1.5x09  0.090 + 0.009 160 27x14  0.126+£0.013 0.16 [H18]
NGC4217 50 [K18] 70 20x0.9 0427 +£0.043 100 24x18 0446+0.045 1.53[W15]
NGC4244 448 [LED] 60 59x%x09  0.049 £0.005 110 6.2x1.1  0.050+0.005 0.02[WI15]
NGC4449  50.8 [LED] 70 32x28  0.863 +0.086 110 46x46 1.032+0.103 0.32[C10]
NGC4559 148.3 [LED] 80 26x14  0.164 £0.017 120 47x22 0236+0.024 0.37[K11]
NGC 4625 0™ 70 0.8x0.6 0.017 £0.002 100 09x0.7 0.017+0.002 0.052 [K11]

NGC4631 85.7 [LED] 100 6.5%x35 4.031+£0.403 130 88x75 4.640+0.464 1.7 [K11]
NGC4725 35.7 [LED] 70 34x22  0.154 £0.016 170 38x24  0220+£0.022 0.44 [K11]
NGC4736 105 [LED] 80 23x1.8 0.803 +£0.080 110 36x29  0.897+0.090 0.38 [K11]
NGC5033 171.8 [LED] 60 48x3.1 1.133 +0.113 100 50x34 1.144+0.114 1.06 [H21]

NGC 5055 102 [BO8] 60 52x29  2262+0.226 90 6.6 x49  2286+0.229 1.04 [K11]
NGC5194 195 [H21] 50 62x50 6.707 £0.671 110 69x6.7 6363+0.636 2.36[C10]
NGC 5195 79 [LED] 50 20x1.8 1.084 + 0.108 110 20x1.8 1.004+0.100 0.26 [H21]
NGC5297 146.5 [LED] 50 1.8x0.8  0.107 £0.011 90 25x12  0.118+0.012 1.27 [WI15]
NGC 5457 0™ 80 8.6x8.0  2.493+0.250 120 11.3x11.3 3.226+0.323 233 [K11]

NGC5474  99.7 [LED] 60 0.5x0.5  0.008 +0.001 100 22x1.6 0.021+£0.002 0.091[K11]
NGC 5866 126.5 [LED] 80 0.6x04  0.059 +0.006 220 1.0x0.6  0.065+0.006 0.26 [K11]
NGC5907 155.6 [LED] 100 38x1.1  0.492 +0.049 130 58x%x2.0 0594 +£0.059 1.56 [WI15]
NGC 7331 168 [BO8] 150 42x20  2.077+0.208 250 54x28  2122+0.212 2.74 [K11]

Notes. Column (1) galaxy name; (2) position angle of the major axis, BO8 and O15 refer to the receding major axis, ¥ indicates uncertain value;
(3) rms noise of the 6-arcsec map; (4) semi-major and semi-minor axes of the integration ellipse for the 6-arcsec map; (5) integrated flux density
from the 6-arcsec map; (6) rms noise of the 20-arcsec map; (7) semi-major and semi-minor axes of the integration ellipse for the 20-arcsec map;
(8) integrated flux density from the 20-arcsec map; (9) alternative star formation rate from He [H18], hybrid He and 24 um [C10, K11, NGC 855,
NGC 5033], and 24 um [W15, NGC 5195].

References. Data are from the from HyperLEDA (LED; Makarov et al. 2014, http://leda.univ-1lyonl. fr/) and following references: BOS8:
de Blok et al. (2008); C10: Calzetti et al. (2010); H18: Hindson et al. (2018); H21: this paper, we used the Ha fluxes of Kennicutt et al. (2009) and
the 24-pum fluxes of Dale et al. (2005); KO3: Kennicutt et al. (2003); K11: Kennicutt et al. (2011); K18: Krause et al. (2018); W15: Wiegert et al.
(2015).
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sources outside of the disc of the galaxy were apparent or
where contours of the galaxy blended with those of other nearby
sources, we excluded them from the region. In a few cases, this
was not possible as the S/N was not sufficient to discern the
galaxy from the surroundings with only the 3o-lines. In these
cases, the region was drawn by eye and we attempted to enclose
the visibly discernible features of the galaxy as well as possible.

The flux density S, was then measured by integrating the
intensity /, in the integration regions. The error on the flux den-
sity was estimated by assuming a statistical error on the flux
density caused by the background noise as well as a relative cal-
ibration error of € = 0.1 (Shimwell et al. 2017), resulting in an
error of the form

gs, = \/(O- VNbeams)2 + (va)z,

where Npeams 1S the number of beams in the integration region.
For most galaxies, except the faintest, the 10% relative error is
the dominating contribution. Table 1 shows the resulting flux
densities, S¢- and Sp-, for the galaxy sample for both high
(6 arcsec) and low (20 arcsec) resolutions, respectively. The table
also shows the rms intensities for the background noise for the
respective cutout.

ey

2.4. Radio spectral indices
2.4.1. Integrated spectral indices

For further investigation, we calculated integrated radio con-
tinuum spectral indices. For those galaxies where L-band
maps are available, we integrated the flux densities within the
same ellipses as for the 20-arcsec LoTSS maps. These data
were taken mostly from WSRT-SINGS (Braun et al. 2007) at
1365 MHz and CHANG-ES (Wiegert et al. 2015) at 1575 MHz.
The CHANG-ES data are at a lower angular resolution of
FWHM 2z 30 arcsec; while we did not use them for the resolved
spectral index maps, they are sufficient to provide us with inte-
grated spectral indices. For the remaining maps, we used NVSS
data at 1400 MHz, either from Yun et al. (2001) or integrating
the NVSS map (Condon et al. 1998). We computed integrated
spectral indices using the low-resolution flux densities and the
flux density S ¢ from the reference data at v.r = 1400 MHz as
log ()
Qlow = W' 2)

Vref

The low-resolution data were chosen as they have a higher sur-
face brightness sensitivity and so have more reliable integrated
flux densities. Table 2 contains the resulting integrated radio
spectral indices. These values are presented in Table 2. We note
that LOFAR data, and LoTSS data in particular, have been exten-
sively compared with random field sources in order to gain con-
fidence in the overall reliability of the spectral indices between
LoTSS and higher frequency surveys (de Gasperin et al. 2018;
Shimwell et al. 2019).

We also calculated high-frequency radio spectral indices
using our L band flux densities and C band flux densities from
the literature. These high-frequency spectral indices, which are
calculated between ~1400 and ~5000 MHz, are referred to as
nigh (Table 2). These data are taken either from the 6000-MHz
flux densities presented in Wiegert et al. (2015), which are sensi-
tive enough for the fairly small galaxies so that missing spacings
play no role for the interferometric data. The remaining flux den-
sities were mostly single-dish data obtained at 4850 MHz with
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either the 100-m Effelsberg telescope (Tabatabaei et al. 2017)
or with the 110-m Green Bank Telescope (Gregory & Condon
1991).

2.4.2. Spatially resolved spectral index maps

We also determined radio spectral index maps for a subset of
galaxies. We used both C-band data from CHANG-ES survey
(Wiegert et al. 2015) at 6000 MHz and maps from the WSRT-
SINGS survey (Braun et al. 2007) at 1365 MHz. For two galax-
ies, instead of the 6000-MHz data from Wiegert et al. (2015),
we used the NGC 891 map from Schmidt et al. (2019) and the
NGC 4631 map from Mora-Partiarroyo et al. (2019). The reason
is that these maps are merged with single-dish data and so have
reliable flux densities. In total, we were able to compute spectral
index maps for 30 galaxies.

Prior to combination, at both frequencies, maps were masked
below 30. The error map of the spectral index was calculated
assuming a systematic map error of €y,p = 0.05 for both LoTSS
and the reference data:

g

Talow =

2
Tref 2
+(7) + 260

log (%)

This error underestimates the absolute error, but this smaller
error, dominated by the uncertainties in the deconvolution, is a
good estimate, because in spectral index maps we are most inter-
ested in the spatial variation. Table 2 presents the mean radio
spectral index in these maps within the flux-integration areas and
the corresponding standard deviation.

3

2.5. Image atlas

Figure 2 shows the maps of NGC 5194 (M 51). We present the
LoTSS-DR2 intensity maps as contour and grey-scale maps at
both resolutions, and include the spectral index maps as well.
The maps are also shown overlaid on the rgb SDSS image. The
full image atlas can be found in Appendix B.

3. Results

At the low frequencies of LoTSS, we expect the radio continuum
emission to be dominated by non-thermal (synchrotron) emis-
sion. For synchrotron emission from CREs with a distribution
N o E7P, the observed radio spectral index is @ = (1 — p)/2.
When spectral ageing is important, the CRE spectrum steep-
ens to N « E~P7! resulting in a spectral index of @ = p/2
(Longair 2011). Therefore, for CRE with an injection spectrum,
we expect @ = —0.5, which is corroborated by both observa-
tions and theory. For example, the average injection spectral
index of cosmic-ray energy spectra is measured from y-ray emis-
sion of young supernova remnants to be p = —2.3 + 0.3 (see
Fig. 4 in Mandelartz & Becker Tjus 2015), resulting in a non-
thermal radio spectral index of a@;,; = —0.65, consistent with
models of diffusive shock acceleration (Bell 1978). The CRE
spectrum is also constrained by radio spectral index measure-
ments of supernova remnants, which provide a value of aiy,; =
—0.5 = 0.2 (Reynolds et al. 2012). Some remnants show low-
frequency (<100 MHz) spectral turnovers, but some do not. This
is usually explained with an inhomogeneous, ionised medium in
the Galactic foreground (Kassim 1989).

The non-thermal radio spectral index is altered by sev-
eral processes which broadly fall into two categories. First,
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Table 2. Radio spectral indices a,, between 144 MHz and the reference frequency and ay;,, between the two reference frequencies.

Galaxy Vref S ref Ref. Qlow Vref,2 S ref,2 Ref. (high
(MHz) dy) (MHz) dy)

NGC 598 1400 1.99 + 0.10 TO7 -0.34 £ 0.05 4850 1.06 + 0.05 TO7 —-0.51+0.06
NGC 855 1400 0.006 + 0.001 C98 -0.22 £ 0.09 4850 0.0032 + 0.0007 T17 -0.51+0.22
NGC 891 1575 0.7432 £0.0105 WI15 -0.62+0.04 6000 0.2520 + 0.027 S19  -0.81 +£0.08
NGC 925 1365 0.078 +0.008 BO7 -0.51+£0.06 10700 0.038 +0.006 N95 -0.35+0.09
NGC 2683 1575 0.068 + 0.007 W15 —0.70 £ 0.06 6000 0.0203 + 0.0008 W15 -0.90+0.08
NGC 2798 1400 0.086 + 0.008 Y01 -0.42+0.06 4850 0.0338 + 0.0025 T17 -0.75+0.10
NGC 2820 1575 0.0764 + 0.0012 W15 -0.51 £0.04 6000 0.0191 + 0.0004 W15 -1.04+0.02
NGC2841 1365 0.097 +0.007 B0O7 -0.73 £0.05 4850 0.038 +0.004 T17 -0.74 £0.10
NGC2976 1365 0.072 = 0.005 BO7 -0.46 £0.05 4850 0.039 + 0.003 T17 —-0.48 £0.08
NGC3003 1575 0.0349 +0.0041 W15 -0.60+0.06 6000 0.0122 + 0.0008 W15 -0.79+0.10
NGC 3031 1400 0.624 +0.031 WB92 -0.52 +£0.05 4850 0.28931 + 0.014 B85 —0.62 +0.06
NGC3079 1575 0.808 = 0.016 W15 -0.64+0.04 6000 0.3654 + 0.0073 WI15 -0.59+£0.02
NGC3077 1400 0.030 +0.003 YO1 -0.35+0.06 4850 0.023 +0.001 T17 -0.21+0.09
NGC3184 1365 0.089 + 0.005 B0O7 —0.64 = 0.05 4850 0.028 + 0.003 T17 -091+0.10
NGC3198 1365 0.039 + 0.005 BO7 -0.52+0.07 4850 0.012 £ 0.001 T17 -0.93+0.12
NGC3265 1400 0.011 £ 0.001 YO1 -0.39+£0.06 4850 0.0057 + 0.0006 T17 -0.53+0.11
Mrk 33 1400 0.017 +£0.002 C98 -0.52 +£0.07 N/A N/A N/A N/A

NGC3432 1575 0.0833+£0.0019 W15 -0.54+0.04 6000 0.0263 + 0.0005 WI15 -0.86+0.02
NGC3448 1575 0.0465+0.0009 W15 -0.60+0.04 6000 0.0205 + 0.004 W15 -0.61+0.15
NGC 3556 1575 0.2909 + 0.0058 W15 -0.60 = 0.04 6000 0.0792 + 0.0047 W15 -0.97 +0.05
NGC3877 1575 0.0423+£0.0009 W15 -0.58+0.04 6000 0.0129 + 0.0003 WI15 -0.89 £0.02
NGC3938 1365 0.082 + 0.005 BO7 -0.71 £0.05 4850 0.0263 +0.0015 T17 -0.90 +0.07
NGC4013 1575 0.0378 + 0.0008 W15 -0.58 £ 0.04 6000 0.0126 + 0.0003 W15 -0.82+0.02
NGC4096 1575 0.0560 £0.0011 W15 -0.53+0.04 6000 0.0163 + 0.0003 WI15 -0.92+0.02
NGC4125 1365 0.0018 + 0.0002 B0O7 —0.84 +£0.06 N/A N/A N/A N/A

NGC4157 1575 0.1845 +0.0037 W15 -0.72 £ 0.04 6000 0.0551 +£0.0011 W15 -0.90+0.02
NGC4214 1400 0.062 + 0.005 Y01 -0.31+£0.06 6000 0.02316 £ 0.00009 HI18 —0.68 +0.06
NGC4217 1575 0.1116 £0.0022 W15 -0.58+0.04 6000 0.0354 + 0.0007 W15 -0.86+0.02
NGC4244 1575 0.0165£0.0006 W15 -046=+0.04 6000 0.009 = 0.0006 WI15 -0.45+0.06
NGC4449 1400 0.30+0.03 C98 -0.54 £0.06 4850 0.139 + 0.007 C00 -0.62+0.09
NGC4559 1365 0.081 +0.01 BO7 -0.48 £0.07 4850 0.038 +0.003 T17 -0.60+0.12
NGC 4625 1400 0.009 + 0.003 Y01 -0.26+0.15 4850 0.0031 + 0.0003 T17 -0.89 £0.27
NGC 4631 1575 1.134 + 0.037 W15 -0.59+0.04 4850 0.515 +0.04 M19 -0.70 = 0.07
NGC4725 1365 0.054 +0.005 B0O7 —0.62 +0.06 4850 0.03 + 0.002 T17 -0.46 +£0.09
NGC4736 1365 0.31 £0.02 BO7 -0.47+0.05 4850 0.125 +0.01 T17 -0.72 +£0.08
NGC 5033 1365 0.22 +£0.01 BO7 -0.73£0.05 4850 0.079 = 0.007 G966 -0.81+0.08
NGC 5055 1365 0.42 +0.01 B0O7 -0.75 £0.05 4850 0.167 + 0.008 T17 -0.73 +£0.04
NGC5194 1365 1.41 +0.01 BO7 -0.67 £0.04 4850 0.42 + 0.08 T17 -0.96 +0.15
NGC5195 1365 0.20 +0.02 BO7 -0.72+£0.06 4850 0.054 + 0.005 F11 -1.03+0.11
NGC 5297 1575 0.0238 + 0.0005 W15 —0.67 £ 0.04 6000 0.0067 = 0.0004 W15 -0.95+0.05
NGC5457 1400 0.808 + 0.08 WB92 -0.61+0.06 4850 0.31 £0.002 T17 -0.77 £0.08
NGC5474 1400 0.012 £ 0.01 C98 -0.25+0.06 4850 0.005 + 0.0006 T17 -0.70£0.12
NGC 5866 1400 0.023 +0.002 Y01 —0.46 +0.06 4850 0.0121 + 0.0008 T17 -0.52 +£0.09
NGC5907 1575 0.1187 £0.0036 W15 -0.67+0.04 6000 0.0515 £ 0.001 W15 -0.62+0.03
NGC 7331 1365 0.42 +0.02 BO7 -0.72+0.05 4850 0.1738 £ 0.0087 T17 —-0.70 £ 0.05

References. BO7: Braun et al. (2007); B85: Beck et al. (1985); C00: Chyzy et al. (2000); C98: Condon et al. (1998); F11: Fletcher et al. (2011);
G96: Gregory et al. (1996); H18: Hindson et al. (2018); M19: Mora-Partiarroyo et al. (2019); N95: Niklas et al. (1995); S19: Schmidt et al. (2019);
TO7: Tabatabaei et al. (2007); T17: Tabatabaei et al. (2017); W15: Wiegert et al. (2015); WB92: White & Becker (1992); YO1: Yun et al. (2001).

the observed radio continuum emission of a galaxy is affected
by radiation transfer. At low frequencies, both free—free
absorption (e.g. Carilli 1996; Adebahr et al. 2013) and syn-
chrotron self-absorption (e.g. Carillietal. 1991; Irwin et al.
2015; Callingham et al. 2015; Kapiriska et al. 2017) can lower
the radio continuum emission, and thus flatten the radio spec-
trum. The latter is in particular associated with AGN, although
the spectrum may be better explained by a low-energy CRE
cut-off (Lazio et al. 2006; McKean et al. 2016). Second, loss

processes of the CRE, which have various dependencies on
energy, will change the radio spectrum. Both ionisation losses
and bremsstrahlung flatten the radio continuum spectrum to
a ~ —0.2 in dense star-formation regions (e.g. Basu et al. 2015).
In contrast, both inverse Compton (IC) and synchrotron radiation
depend on the energy of CREs, meaning that the radio spectrum
is steepened to @ ~ —0.7 if the synchrotron loss time-scale of
~100Myr is similar to the CRE escape timescale. For the case
where a galaxy is an electron calorimeter with no CRE escape,
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Fig. 2. NGC 5194 (M 51). The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio
spectral index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle
shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the
6 and 20 arcsec images without contours and the radio spectral index error. The third row shows the 6 and 20 arcsec contours overlaid on an rgb
SDSS image as well as contours of the radio spectral index. Contours are at —1.0 (blue), —0.8 (green), —0.6 (yellow), and —0.4 (red). The filled
circle shows the synthesised beam. The scale bar shows the projected size at the distance of the galaxy.

@ = aipj — 0.50 = 1.1 (e.g. Lisenfeld et al. 1996). Finally, adi-
abatic losses and escape of the CRE will result in an unchanged
injection spectrum (e.g. Krause et al. 2018). We have to disen-
tangle these various processes in order to understand the low-
frequency radio continuum spectrum (Sects. 3.1-3.4) before we
turn to the radio—SFR relation (Sect. 3.5).

3.1. Low-frequency radio spectral index

The mean integrated radio spectral index and standard deviation
in our sample are {(@jow) = —0.55 = 0.14. Several galaxies in
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our sample have spectral indices that are lower than the injec-
tion spectral index. Most noticeable among them are NGC 855
and 5474, which have almost flat spectra with spectral indices of
—0.22 £ 0.09 and —0.25 + 0.06, respectively. Both are elliptical
galaxies and so have low star formation rates and may host AGN,
which are likely affected by absorption, which could explain
their flat spectra. Late-type spiral and irregular galaxies also have
spectral indices ajoy > —0.5, which are NGC 598, NGC 2798,
NGC 3077, NGC 3265, NGC 4214, and NGC 4625. Only a very
large fraction of thermal radiation could, in theory at least, flatten
the spectrum. While the thermal contribution is hard to estimate
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for our galaxies without radio data beyond 10 GHz, the ther-
mal fraction is expected to be at only a few percent level at
the LoTSS frequencies (e.g. Basu et al. 2012a; Tabatabaei et al.
2017; Klein et al. 2018). Thermal emission is therefore an insuf-
ficient explanation for the galaxies with significant deviations
from the injection spectrum, which leaves absorption effects and
CRE energy losses as the most likely cause.

Basu et al. (2015) modelled the relative importance of the
various CRE energy loss mechanisms in galaxy discs and
showed that, at 100 MHz, bremsstrahlung and ionisation losses
are of similar importance and dominate over synchrotron losses.
An integrated radio spectral index in agreement with the injec-
tion spectral index may be the result of a superposition of both
spectral flattening and steepening, such as by a flat radio spec-
trum in the gaseous disc and a steep radio spectrum in the halo
(Adebahr et al. 2013). The spectrum could also be explained by
a fast escape of the CREs, where energy losses due to escape and
adiabatic expansion dominate over synchrotron and IC radia-
tion losses (Krause et al. 2018). However, this would mean small
radiation losses due to synchrotron emission and so the galax-
ies would be underluminous in the radio continuum, as is the
case in dwarf irregular galaxies (Hindson et al. 2018). However,
this is not observed: the galaxies are in good agreement with
the radio—SFR relation even at the low frequencies of LoTSS
(Giirkan et al. 2018; Smith et al. 2021). We conclude that syn-
chrotron losses of the CRE are still important. We return to this
point in more detail in Sect. 4.

3.2. Spectral curvature

If both spectral flattening at low frequencies and spectral steep-
ening at high frequencies occurs (Sect. 3.1), the resulting spec-
trum is convex and has spectral curvature. Figure 3 shows
the high-frequency spectral indices as a function of our pre-
viously calculated low-frequency spectral indices between 144
and 1400 MHz. It can be seen that the ajo values are mostly
smaller than the apign values. If we define the spectral curvature
as A = Qow — Ahigh, We find a mean value of (Aa) = 0.20+0.18.
This indicates a convex spectral curvature, in agreement with
previous studies (Marvil et al. 2015; Chyzy et al. 2018).

In order to distinguish free—free absorption from CRE
bremsstrahlung and ionisation losses, we now investigate the
effect of the inclination angle and thus the length of the line of
sight on the spectral index (Israel & Mahoney 1990). We show in
Fig. 4a the radio spectral index as a function of cos(i), where i is
the inclination angle. If free—free absorption were important, we
would expect to see a flattening of the spectrum for high incli-
nation angles (see also Chyzy et al. 2018). Clearly, the expected
increase in « at low values of cos(i) is not observed; at best, a
weak trend is visible (Spearman’s rank correlation coefficient of
ps = 0.29), where the spectral index seems to be increasing with
cos(i), opposite to the expected trend. However, there is a bias
in the CHANG-ES sample for massive galaxies to have high
inclination angles, and these have intrinsically steeper spectra
because they are more massive (we return to this in Sect. 4.3).

Hence, in order to take out this possible dependence of the
spectral index, we also study the dependence of spectral curva-
ture on the inclination angle. As free—free absorption depends
strongly on frequency, the low-frequency radio spectral index
should be affected, whereas the high-frequency one should be
unchanged. As Fig. 4b shows, the spectral curvature has no cor-
relation with cos(i) either (o; = 0.08). Chyzy et al. (2018) mod-
elled the low-frequency radio continuum emission of galaxies
and showed that spectral flattening towards lower frequencies
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Fig. 3. Radio colour—colour diagram with a comparison of the high-
frequency radio spectral index ani,n (1400-5000 MHz) with the low-
frequency radio spectral index aoy, (144-1400 MHz) taken from
Table 2. The blue solid line indicates points of equal spectral index, indi-
cating a power-law radio continuum spectrum. Most of the data points
lie below the blue line indicating spectra with a convex curvature. Data
points above the blue line indicate concave spectra, as may be explained
by a higher thermal fraction at high frequencies.

cannot be solely due to free—free absorption. We note that incli-
nation dependence alone is not a sufficient argument to rule out
free—free absorption because in highly inclined galaxies, a mix
of absorption in the inner disc and steep spectrum in the outer
disc and halo (due to older CRE) could compensate. Further,
more rigourous investigation is needed to support this claim, for
instance by observing at 57 MHz (de Gasperin et al. 2021).

3.3. Radio spectral index and galaxy properties

In this section, we compare the radio spectral index with several
fundamental galaxy parameters. Our galaxies span a wide range
in mass, size, and star-formation activity, the influence of which
we now explore. In Fig. 5a, we show the radio spectral index as
a function of SFR. A clear trend is visible (o, = —0.61), with the
best-fitting relation

SFRfl ) —(0.555+0.015). (4)

low = (—0.136 + 0.026) log, (W
[0}

For higher SFRs, the radio continuum spectra become
steeper. Similar results were obtained by Marvil et al. (2015),
who studied 250 bright galaxies and measured mean spec-
tral indices of —0.45 between 74 MHz and 325 MHz, —0.55
between 325 MHz and 1.4 GHz, and —0.69 between 1.4 GHz
and 4.85 GHz. The spectra between 325 MHz and 1.4 GHz were
found to become steeper with increasing radio luminosity and
hence with increasing SFR.

Naively, one may expect galaxies with lower SFRs to exhibit
steeper spectra due to the ceased acceleration and subsequent
ageing of CRE. However, Fig. 5a shows the opposite trend
where steeper spectra are found for galaxies with higher SFRs.
Explanations for this effect could be the combination of CRE
escape, free—free absorption, the fraction of thermal emission,
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and CRE energy losses. While the escaping CREs leave mostly
the flat injection spectrum visible, absorption would further
flatten this spectrum which may explain the observed spectral
indices @ > —0.5. A high fraction of thermal emission could
have a similar effect, which is especially likely in dwarf galax-
ies (e.g. Basu et al. 2017), but also in other galaxies with very
low surface SFR (below about 10~ Mg kpc=2yr!), as these
are deficient in injecting CREs to produce synchrotron radia-
tion, leaving thermal radiation as a noticeable contribution to
the spectrum (Schleicher & Beck 2016). However, all galaxies of
our sample have larger values of surface SFR, and so dominant
thermal emission cannot explain the trend seen in Fig. 5a. This
leaves the competition between escape and synchrotron energy
loss of CREs as the probable reason for the dependence of spec-
tral index on SFR.

Figure 5b shows the radio spectral index as a function of
the size of the star-forming disc. This correlation is significant
(ps = —0.62)

Qlow = (—0.231 £ 0.047) log (7« /kpc) — (0.403 £ 0.039).  (5)
The radio spectral index also clearly depends on total mass
enclosed within the star-forming disc (Fig. 5c¢) with (o; = —0.70)

M,
Qow = (=0.133 £ 0.019) log, (W) —(0.516 £ 0.015). (6)
©

Similarly, we find a strong dependence on rotation speed (ps =

—0.70) as shown in Fig. 5d

Qow = (—0.432 £ 0.062) log (%) +(0.359 £ 0.134). (7)
ms

It is unclear whether there is a primary relation that drives the
remaining correlations. For instance, larger galaxies with large
values of r, tend to also be more massive, have larger values of
SFR, and rotate faster. The correlation between mass and SFR is
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well known, and is usually referred to as the main sequence of
galaxies (Brinchmann et al. 2004, compare with Fig. 1b). Sim-
ilarly, there is a mass—size relation for star-forming galaxies
(van der Wel et al. 2014), where larger galaxies have greater stel-
lar mass. Also, there is a size—velocity relation, where larger
galaxies have increased rotation speeds (Meurer et al. 2018).
Thus if size were the primary driver of the spectral index varia-
tion, the other relations would follow.

Ordered magnetic fields could be an additional driver of the
dependence of the radio spectral index on rotation speed. As
shown by Tabatabaei et al. (2016), the strength of the ordered
magnetic field in galaxy discs correlates with rotation speed.
Diffusion and streaming of cosmic rays is enhanced along the
field lines, meaning that CREs may be stored for longer in fast-
rotating galaxies.

3.4. Spatially resolved radio spectral index and galaxy
morphology

In the radio spectral index maps, we find regions with oy =
—0.4 — which are clearly flatter than the injection spectrum — in
many late-type spiral galaxies. Such regions are nearly always
compact and cover only a small fraction of the galaxies, with
the exception of NGC2976 and 4559 where they are more
widely distributed. In the moderately inclined galaxies, these
areas appear to be mostly co-spatial with star-formation regions,
whereas for 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 midplane with
alow 2 —0.7, but then decreases at larger distances from the mid-
plane, reaching values of 0.9 < @10 < —0.7, with even steeper
spectra (a1 =~ —1.1) found far away from the disc.

The galaxies that are not classified as late-type spirals, with
classifications such as Sa, SO, E, P, or Ir, have visibly dif-
ferent radio continuum emission, and have integrated spectral
indices of @ ~ —0.3. As their radio continuum emission is
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indicate the different subsamples.

compact, they may be more affected by free—free absorption,
CRE bremsstrahlung, ionisation losses, and CRE escape. The
only notable exception is NGC4125, which has the steepest
spectrum in our sample (@, = —0.84). There appears to be little
or no star formation, corroborated by the relatively red appear-
ance of the optical image. It is possible that star formation has
ceased and with it the injection of young CREs, causing strong
spectral ageing. However, it is most likely that the emission is
caused by the weak AGN, which is classified as a transition
object between a H1I and LINER object (Ho et al. 1997).

3.5. Radio—SFR relation

In this section, we study the integrated radio—-SFR relation at
144 MHz. We use the low-resolution flux densities (S ;o) mea-
sured from the 20-arcsec maps to calculate the spectral radio

luminosity (Liqsmu, = 47d>S 29) as

2
(L““‘—M“l)z 1197 x 102°(i) (Si) @®)
WHz~ Mpc Jy

where we have neglected the K-correction because our redshifts
are low with z < 0.01. These spectral luminosities are to be com-
pared to the SFR as listed in Appendix A, which were calculated
from the TIR luminosities (Sect. 2.1). We also used the SFRs
calculated from He and 24-pum emission (Sect. 2.1 and Table 1).

Figure 6 shows both resulting plots for the integrated radio—
SFR relation. We expect a scatter of at least 0.18 dex because that
is the accuracy of the integrated SFR value from either method
(Leroy et al. 2012). The scatter of the data points is slightly
larger than that, as expected, and a clear general non-linear trend
is found. We applied a least-square bisector fit, where it is best
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practice to fit the relation log—log space, which is equivalent to
fitting log(Li44muz) = log a + blog(SFR). Below are the results
of the bisector fit (Isobe et al. 1990) for radio—SFR, with SFR
determined using TIR:

(L144MHZ) _ 10(21.576:0.044)( SFR )(1'40%0'072) )

WHz! Mg yr!

For this best-fitting relation, we find )(?, = 0.9 and a rms scat-
ter of o = 0.27 dex. We assess the confidence intervals of the
derived model parameters using the Markov chain Monte Carlo
(MCMC) method. If we force a linear fit, we find the relation
(L]44MHZ) — 10(21.6110.05) ( (10)

SFR
W Hz! )

Mg yr-!

this time with X% = 2.1. Similarly, below are the results of a

bisector fit for radio—SFR, with SFR determined using Ha +
24 um:

1.519+0.110

(L144MHZ) — 10(22.03010.060) (SFRH(1+24pm )( 19+0.110) (11)

WHz! Mo yr! '

with)(?, = 1.8 and o = 0.38 dex. If we force a linear fit, we find
(L144 MHz ) _ 1021:91006) (SFRHQ+24 um ) (12)
WHz™! Mg yr!

with y2 = 17.4. These best-fitting non-linear and linear rela-
tions are presented in Fig. 6 with their respective =10 confi-
dence intervals. For the Ha + 24-um derived SFRs, the scatter is
slightly larger with 0.38 dex. As Fig. 6b shows, the CHANG-ES
data points tend to mostly lie above the best-fitting non-linear
relation. This means their radio luminosity is too large for a
given SFR, or, as we would argue, their SFR measurement is
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too low. This was the case for the CHANG-ES galaxies investi-
gated by Vargas et al. (2018) who conclude that the 24-um MIR
emission becomes partially optically thick in edge-on galaxies
(see also Li et al. 2016). Hence, in what follows we only study
the relation further using the TIR SFR measurements.

Now, we compare our results with previous studies of the
low-frequency radio—SFR relation using LOFAR. Giirkan et al.
(2018) studied approximately 1000 star-forming galaxies at
150 MHz using photometric SFRs in a redshift range of 0 <
z < 0.3. These authors also found a super-linear relation with
a Liso/WHz ! = 102200£001(SER /M yr—1)107#001 They also
posited that the stellar mass is a second parameter in the rela-
tion, with higher masses having a higher radio luminosity. These
results were largely confirmed by an even larger sample of galax-
ies at redshifts of z < 1 by Smith et al. (2021), with an intrinsic
scatter around the relation of ~0.3 dex, similar to our results.

The previous studies and our data show that it is possible
to establish a robust radio—SFR relation for low radio frequen-
cies. The scatter with 0.27 dex nevertheless exceeds the mar-
gin of error of the data which is the flux density uncertainty
of 10% (0.041dex). Hence, our scatter represents the intrin-
sic scatter of the radio—SFR relation. The scatter of 0.27 dex
is almost equal to that of the most robust known star-formation
tracers which have an uncertainty of 50%, equivalent to 0.18 dex
(Leroy et al. 2012). What is clear now is that the slope of the
integrated radio—SFR relation is significantly super-linear. This
can also be seen in Fig. 6, where the linear fit is shown as a
green dashed line. It is dominated by the data points at lower
SFRs, with most points at higher SFRs lying above the curve,
deviating from it much more than a few standard deviations. We
do not expect this super-linear slope to be the result of contribu-
tion from AGN. The mean AGN luminosity for spiral galaxies
is vLagn = 10% ergs™!, which is equivalent to a 144-MHz spec-
tral luminosity of log;,(Lagn/W Hz ') = 20.5 (assuming o =
—0.7; Baldi et al. 2021). The contribution from AGN to the radio
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continuum should therefore be subdominant except possibly at
the lowest SFRs.

4. Discussion
4.1. The non-linear radio—SFR relation

The low-frequency radio—SFR relation is well represented by a
slightly super-linear fit (Sect. 3.5), which is consistent with ear-
lier studies of LOFAR data with significantly larger samples by
both Giirkan et al. (2018) and Smith et al. (2021). This implies
that the radio emission is enhanced in comparison to the injec-
tion of CREs linearly proportional to the star-formation rate, if
the model of a CRE calorimeter applies (Volk 1989, see below).
Based on the stellar mass dependence of the radio—SFR relation,
Giirkan et al. (2018) suggested that the escape of the CREs from
galaxies plays a role as well. Galaxies with higher stellar masses
tend to be larger and so the CREs take longer to escape from the
galaxy, boosting radio continuum luminosity.

The slope of the radio—SFR relation (in logarithmic scales)
provides important information about the propagation of CREs
and the relation between CRs and magnetic fields in galaxies.
A linear slope indicates that CREs lose all their energy within
the galaxy, which means that the radio luminosity depends only
on the density of CREs, not on field strength (CRE calorime-
ter; Volk 1989). A super-linear relation can be interpreted as
a signature of energy equipartition between CRs and magnetic
fields (Niklas & Beck 1997), where the slope b depends on the
synchrotron spectral index « and on the exponents of the rela-
tion between magnetic field and gas density (B o« p*) and of
the global Kennicutt—Schmidt law (SFR o p™). Using @ ~ —0.7
(Sect. 3.1) and generic values of xk =~ 0.5 and n = 1.4 = 0.15
(Kennicutt 1998) yields b ~ 1.3. A sublinear radio—SFR relation
is expected under non-equipartition conditions; for example if
the CRs diffuse rapidly away from their places of origin in star-
forming regions (Berkhuijsen et al. 2013; Heesen et al. 2019).
The slope of the radio—SFR correlation shown in Fig. 6 is in
excellent agreement with the equipartition case.

The super-linear radio—SFR relation found here is consistent
with the findings of Smith et al. (2021) for a large sample of
galaxies at redshifts below 1. These latter authors also found a
super-linear relation between SFR and radio luminosity, though
with a slope closer to one, between the pure equipartition case
(b =~ 1.3) and the pure calorimeter case (b = 1.0). The actual
conditions in the galaxies of the sample seem to be between
these two cases. Galaxies with higher SFRs such as luminous
infrared galaxies have stronger magnetic fields, which should
bring them nearer to the calorimeter case, as argued by Li et al.
(2016). Indeed, the mean synchrotron spectral index of a sample
of 19 starburst galaxies is @ = —1.06 (Galvin et al. 2018).

From the mass dependence of the radio/SFR ratio as seen
in their data, Smith et al. (2021) proposed that for lower mass
galaxies, CREs escape the galaxy quickly, thus removing energy
from the galaxy instead of radiating it as synchrotron radiation.
This is in agreement with the findings of this work, as the pre-
vious results have also already advocated for the loss of cos-
mic rays by advection and winds (Giirkan et al. 2018). The mass
dependence might also be an explanation for the high scatter in
the data points: Smith et al. (2021) elaborate that higher mass
galaxies have a higher luminosity at 150 MHz for a fixed SFR.
It is possible that the scatter between our points in Sect. 3.5 is a
result of large differences in mass at a given SFR.

Liet al. (2016) noted that the slope of the radio—SFR rela-
tion is frequency dependent. They find a slope of 1.13 + 0.07

at 1.6 GHz, but a slope of only 1.06 + 0.08 at 6 GHz. Simi-
larly, Hindson et al. (2018) find a slope of only 0.93 + 0.14 in
their sample of dwarf irregular galaxies at 6 GHz. Hence, both
relations are in agreement with linearity at 6 GHz. In contrast,
Heesen et al. (2014) found a slope of 1.24 + 0.04 at 1.4 GHz. In
galaxies out to a redshift of 1.2, Basu et al. (2015) found a slope
of 1.11 = 0.04 at 1.4 GHz. However, Davies et al. (2017) find
slopes of 1.3 and 1.5 at 1.4 GHz for TIR + ultraviolet and photo-
metric SFRs, respectively. We can test this trend for our sample,
exploiting the radio spectral index information. Using a stan-
dard least-square fit, we find slopes of 1.34 + 0.06 at 144 MHz,
1.16 + 0.06 at 1.4 GHz, and 1.08 + 0.06 at 5 GHz. A flattening
of the radio—SFR relation at 1.4 GHz in comparison to 144 MHz
across one sample was also found by Giirkan et al. (2018). We
propose that the flattening of the relation is caused by CRE prop-
agation (Sect. 4.2).

4.2. The influence of energy losses and cosmic ray transport

The findings in Sect. 4.1 suggest that energy-dependent CRE
escape may be behind the non-linearity of the radio—SFR rela-
tion. The best proxy for the importance of energy losses for the
CREs is the radio spectral index.

We now review the conditions that regulate the radio spec-
tral index. Krause et al. (2018) showed that the radio continuum
scale height is related to the radius r, of the radio disc, which is
similar to the radius of the star-forming disc ry, as & = 0.05 r,.
For advective transport, the escape time is therefore fes. o h/v o
r« /v, with v being the outflow speed. The synchrotron lifetime
scales as fyyn o VO3B o y09Eger 709 As the wind speed
increases with SFR as v o« X24 (Heesen et al. 2018b; Heesen

SFR
2021), the ratio of escape timescale to synchrotron timescale is

tesc
— &

V_O'S e Zg'];R I~ V_O'S SFRO.I r(l.S.
Tsyn

(13)

For any galaxy that is a CRE calorimeter, fosc > Iy, all the
CRE energy is radiated away via synchrotron emission and
IC emission. On the contrary, for a highly non-calorimetric
galaxy, fese < feyn, meaning almost free CRE escape. The
ratio feec/fsyn can be related to the (non-thermal) radio spectral
index a, because we expect & = ajpj in the non-calorimetric
case, meaning for a fast CRE escape the injection radio spec-
tral index is observed. Conversely, in the calorimetric case when
synchrotron radiation losses dominate, the radio spectral index is
@ = @iy — 0.5 (Lisenfeld & Vo6lk 2000). Therefore, Eq. (13) pre-
dicts strong dependence of the radio spectral index on the radius
with steeper spectra at larger radii as indeed found in Fig. 5b. On
the other hand, there is no correlation between the radio spectral
index and the SFR surface density (o; = 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) of slightly above one, whereas results from
previous works reveal some variation. The radio—SFR relation
has a slope that is 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
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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 explain our
data is to include the calorimetric synchrotron fraction 7 of the
CRE, so that the semi-calorimetric radio—SFR relation, which
takes 2CRE escape into account, becomes (e.g. Pfrommer et al.
2021)

Lygamu, o« nSFR. (14)

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 (Sect. 4.2).

We may therefore parametrise n with the total mass, as the
second parameter of the ‘semi-calorimetric’ radio—SFR rela-
tion, as this is a quantity that is closely related to the stel-
lar mass, which can be fairly easily measured from photomet-
ric measurements even for high-z galaxies. The parametrisation
of Giirkan et al. (2018) is then used, where, assuming a linear
dependence on the SFR,

Y
Mtot ) , (15)

SFR
Mg yr~! J\ 1010 M

results in y = 0.25 £ 0.05 and a normalisation of Lc =
1021518+0.044 W Hz~! We also attempted to fit a non-linear SFR
dependence, as Giirkan et al. (2018) have done, but this does
not result in a significantly improved fit. The parametrisation
of Eq. (15) therefore takes the 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 CREs are able to escape from the galaxy.

Ligamnz = LC(

2 Where we have neglected the small super-linearity that
Pfrommer et al. (2021) predicted because of the changing magnetic
field strength of their model as a function of SFR.
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We now try a heuristic derivation of the relation found herein.
For this we assume that the calorimetric fraction the CRE can be
parametrised as 7 = fcrg/tsyn, Where fcgg is the effective CRE
lifetime considering both escape and synchrotron losses, and gy,
is the synchrotron lifetime. In our model, the effective CRE life-
time is then

L = L + i (16)
ICRE tsyn Tesc

It can be shown that for fesc % tsyn, 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 1 fese
;Sg +1 2 Lsyn

For i ~ 0.5, the approximation in Eq. (17) is valid®. With M,y o
ri/3 (e.g. Mo et al. 1998), using Eq. (13) we obtain

n = (17)

n oc SFR™% p0:27, (18)

This is in good agreement with the mass dependency that
we find for the radio—SFR relation of Eq. (15). Obviously,
such a derivation can only be 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 7 ~ 1072 because of the 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.
The mass dependence that we find is slightly smaller than that of
Giirkan et al. (2018) and Smith et al. (2021), who find y > 0.3.

Figure 8 shows 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 explain both super-linear radio—SFR rela-
tions, particularly at low frequencies, and nearly linear relations
at high frequencies (Sect. 4.1). In essence, at low frequencies the
radiation efficiency has a larger relative variation compared to
higher frequencies, resulting in a super-linear relation, whereas
the radio—SFR relation at higher frequencies is closer to a linear
relation. In contrast, at high frequencies the radiation efficiency
is so high that only a small variation is expected. This means
the radio—SFR relation is closer to linear. Similarly, if the sam-
ples are restricted to galaxies with a fairly uniform distribution
of spectral indices, then the relation will be close to 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
luminosity 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 diffusion, streaming,
and advection in a wind. As there are good reasons to believe
that galaxies are generally in energy equipartition, we now try
to establish the conditions that must therefore generally hold.
For energy equipartition to hold, the cosmic-ray energy has to
be equivalent to the magnetic energy. In a stationary state, the

3 Equation (17) can be expressed as 7 = x/(1 + x) with X = fese/toyn-
The first Taylor expansion around x ~ 1 leads to n = 1/2(1 + x/2). The
second Taylor expansions then gives n ~ /x/2.
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cosmic-ray injection rate Ecg and the escape timescale 7., deter-
mine the total cosmic-ray energy
: B?

Ecrlese = upV = —mr?2h, (19)

8n

where ug = B?/(8m) is the magnetic energy density, V = 2nrh
is the volume of the galaxy approximated by a cylinder, and A
is the cosmic-ray scale height. The cosmic-ray lifetime is set by
the escape time only because we neglect any cosmic ray losses
other than escape. With f.sc = 1/v, we obtain

€CR ZSFR = UB U, (20)

where we have used the assumption that the cosmic-ray injec-
tion rate is proportional to the SFR as Ecg = €crSFR with
ecR = (1-3) x 10ergs™ M7 yr (Socrates et al. 2008). If
energy equipartition holds, then up = wucr 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

1/2
2SFR) /

B = (4€CR T (21)

Observations indicate that v « 2;{;311’ which is what is measured
using galaxies viewed from an edge-on orientation with spec-
tral ageing models in radio haloes (Heesen et al. 2018b). Con-
sequently, we can derive B « Zé/;R, 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 the findings of Tabatabaei et al.
(2017), who obtain B o SFR?3**004 1t should be noted
that we obtained the B—SFR relation indirectly from the radio
continuum luminosity instead of directly using magnetic field
strengths. It can be refined further by actually calculating mag-
netic field strengths and directly finding a B—SFR relationship
and comparing it with this relation (see e.g., Chyzy et al. 2011;
Basu et al. 2017). However, an estimate of magnetic fields from
the data at hand is beyond the scope of this work. The com-

bination of B o Zé/FSR with the global Schmidt—Kennicutt law

yields B o p0'5, which is consistent with Zeeman measurements
of Galactic HI clouds (Crutcher et al. 2010) and with estimates
in galaxies both for global averages (Niklas & Beck 1997) and
spatially resolved measurements (Chyzy et al. 2011; Basu et al.
2012b, 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 (z <
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 IR survey of moderately inclined
galaxies (Kennicutt et al. 2011), providing us with rich ancillary
data both in the radio continuum and IR. Here, we present our

10
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Fig. 8. Semi-calorimetric model fitted to the integrated radio—SFR rela-
tion at 144 MHz. The blue line shows the best-fitting semi-calorimetric
relation as defined by Eq. (15). The shaded area indicates +1¢. Data
points are coloured according to the total mass of the galaxies.
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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, calculate inte-
grated and spatially resolved spectral indices between 144 and
1400 MHz, and investigate the integrated radio—SFR relation.

We find that radio spectral indices are flat in general with a
mean spectral index and standard deviation of {(@joy) = —0.56 +
0.14 (Sect. 3.1). Of the 43 galaxies with measured spectral
indices, 6 galaxies have spectral indices >—0.5 even when con-
sidering the 1o uncertainties. These flat spectral indices, which
are not in agreement with the injection spectral index of a;y; ~
—0.6, cannot be explained by thermal free—free emission. Instead
they require either a low-energy flattening of the CRE by ioni-
sation losses or are caused by absorption of radio waves such as
free—free or synchrotron self-absorption. We also find these flat
spectral indices @jow 2 —0.4 in the spatially resolved spectral
index maps (Sect. 3.4). These are usually compact regions co-
spatial with star formation regions (e.g. NGC 2976 and 4736),
or they are located in the nucleus of galaxies (e.g. NGC 3556
and 4631). The nuclei of galaxies have plenty of ionised gas
(Law et al. 2009) and AGN activity (Satyapal et al. 2008), both
of which can affect the radio continuum spectra. The morphol-
ogy of the spectral index maps suggests that the flat spectral
index is confined to the star formation regions; in contrast, the
full emitting volume of the galaxy, as measured by the global
integrated radio spectral index, is instead dominated by steep
spectrum regions, in particular in large galaxies. These areas of
steep spectral indices (ajow < —0.8) are best seen in the haloes
of edge-on galaxies, but also show up in the outskirts of some
spiral galaxies (e.g. NGC 5055 and 5194).

These findings are corroborated by the observed correla-
tions of the radio spectral index with star formation rate, radius
of the star-forming disc, rotation speed, and total mass. These
relations are indeed closely connected because of the correla-
tions between mass, SFR, radius, and rotation speed (Fig. 1 and
Sect. 3.3). It is not clear which of these parameters is primar-
ily responsible for determining the radio spectral index, if there
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is indeed one, or whether a combination of them is responsible.
The competing factors are advection speed, which regulates the
escape of the CRE, and magnetic fields, which regulate their syn-
chrotron lifetime. In simple terms, more massive galaxies have
stronger magnetic fields, which reduces the synchrotron lifetime
of the CRE, but they also have higher winds speeds, reducing the
escape timescale. The radio spectral index is determined by the
ratio of the escape timescale to the synchrotron timescale, and so
these effects do partially compensate each other. A wind veloc-

ity scaling with the SFR surface density of v o Eég{ would sug-
gest that the radius of the star-forming disc is the main physical
parameter, whereas the SFR surface density is of little impor-
tance (Eq. (13)). This is in good agreement with our observa-
tional data (Figs. 5b and 7). What makes such a velocity scaling
so intriguing is also that it ensures energy equipartition between
the cosmic rays and the magnetic field (Sect. 4.4), something that
appears to be the natural outcome of stability considerations in
galaxies (Crocker et al. 2021).

The variation of the radio spectral index as a function of
galaxy mass means that more massive galaxies are closer to an
electron calorimeter and so the CREs are losing a larger fraction
of their energy due to synchrotron losses. This in turn means
that galaxies are brighter with respect to the SFR, assuming that
the CRE injection luminosity is proportional to the SFR. Such
a dependence of the radio—SFR relation on mass was posited
by Giirkan et al. (2018) and Smith et al. (2021) and we can now
confirm their suggestion that this is indeed related to the escape
of CREs. In our sample, this manifests itself as a super-linear
radio—SFR relation (Sect. 3.5), with the more massive galax-
ies being those with a higher SFR (Fig. 1). In order to quantify
the influence of CRE escape on the radio—SFR relation, we use
the parametrisation of Giirkan et al. (2018), replacing the stellar
mass with the closely related total mass within the star-forming
radius (Sect. 4.3), which can account for the super-linearity of
the radio—SFR relation (Fig. 8). In dwarf galaxies, we would
expect the CRE escape to be fast and so they should be under-
luminous with respect to the SFR. Hindson et al. (2018) show
this to be the case, where galaxies with SFR < 0.1 My yr~! can
be a factor of ten below the radio—SFR relation extrapolated
from massive spiral galaxies. On the other hand, Giirkan et al.
(2018) suggest just the opposite trend, where galaxies with
SFR < 1 Mgyr~! are radio bright. Part of this difference may
be attributed to the fact that the stellar mass in these two studies
is very different, with Giirkan et al. (2018) probing more massive
galaxies (>10° M) and Hindson et al. (2018) dwarfs with stel-
lar masses of ~108 M. This warrants some additional LOFAR
observations of more dwarf irregular galaxies with LOFAR.

This study presents an analysis of integrated relations of the
data from LoTSS-DR2 and should be seen as a preparatory work
for exploiting the spatially resolved observations. For instance,
the radio—SFR relation can be studied at kiloparsec resolution
and the influence of the spectral index can be tested. As HI maps
from the THINGS survey are available for many of our galax-
ies (Walter et al. 2008), we can compare equipartition magnetic
fields with turbulent energy densities in the ISM and explore the
B—p relation. Edge-on galaxies will provide us with an excellent
view of the vertical transport of cosmic rays and so scaling laws
such as that with SFR surface density can be explored, which is
important for understanding whether or not energy equipartition
might hold (Sect. 4.4).
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Appendix A: The complete LoTSS galaxy sample galaxies, a subset of 45 galaxies are in LoTSS-DR2 and pre-

sented in this paper.

In this section, Table A.1 presents more information about the

complete sample of galaxies contained in LoTSS. Of these 76

Table A.1. The complete LoTSS sample of 76 galaxies, a subset of 45 galaxies are included in LoTSS-DR2.

Galaxy RA Dec i D5 d Mp Type  Nuc. Urot SFR
(hms) ") ) ") (Mpc) (mag) (kms™)  (Moyr)
(D 2 3) “4) (&) (6) (@) ¢S] © (10) (11)
IC10 0020173 591814 47[015] 7.2 0.7 [H12] —15.52 Ir H 37 [015] 0.010
NGC 598 0133509 303937 56[T88] 56.5 0.9 [P11] —-19.00  Scd H 100 [LED] 0.64
NGC 628 0136417 154701 15[D08] 7.0 7.2 [K11] -1994  Sc H* 217 [LO8] 1.19
NGC 855 0214305 275238 74[LED] 9.8 9.73 [K11] —-16.98 E N/A 40 [LED] 0.059
NGC 891 0222334 422057 90([S19] 122 9.1 [W15] -20.10 Sb H 212 [LED] 3.75
NGC925 0227169 333445 50[D08] 11.3 9.12[K11] -20.03 Sd H 136 [LO8] 0.75
1IC342 034648.5 680547 20[T88] 16.1 328 [KI11] -21.44  Scd H 230 [LED] 1.88
NGC2146 061837.7 782125 36[T88] 5.3 17.2 [K11] -21.19 Sab H 292 [LED] 14.93
NGC2403 0736514 653609 55[D08] 23.8 3.06 [T08] —-19.30  Scd H 134 [LO8] 0.90
HolIl 0819050 704312 31[D08] 8.2 3.05[K11] -16.68 Ir N/A 36 [L08] 0.009
M81DwA 0823551 710156 27[D08] 1.3 3.4 [J09] -11.39 Ir N/A 21 [LED] 0.0007
DDO 53 0834072 661054 33[D08] 1.9 3.61 [K11] —-13.49 Ir N/A 29 [015] 0.0015
NGC2683 085241.3 332518 79[I12] 9.1 6.27 [W15] -19.89 Sb  L2/S2 203 [LED] 0.97
NGC2798 0917228 415959 75[T88] 2.7 25.8 [K11] -19.56 Sa  L2/S2 154 [LED] 5.94
NGC2820 0921456 641529 88[Kl18] 4.1 26.5[W15] -20.76  Sc N/A 163 [LED] 1.49
NGC2841 092202.6 505835 69[D08] 6.6 14.1 [K11] -21.21 Sb L2 302 [LO8] 1.88
NGC2903 093210.1 213003 66[D08] 11.6 8.9 [WO08] -20.92  Sbc H 190 [D08] 5.96
Hol 094035.1 711046 27[D08] 3.7 39 [Kl11] —14.84 Ir N/A 53 [L08] 0.0019
NGC2976 0947155 675459 54[D08] 5.0 3.55[K11]  -17.73 Sc H 92 [L08] 0.12
NGC3003 094836.1 322517 85[KI18] 6.0 254 [K11] -20.86 Sbc H 121 [LED] 1.21
NGC3031 0955332 690355 59[D08] 22.1 3.44 [J09] -20.71  Sab S1.5 200 [DOS8] 1.48
NGC3034 0955527 694046 80[L15] 11.7 3.52 [J09] -20.07 P H 66 [LED] 14.92
HoIX 0957320 690245 41[KO03] 2.5 3.61 [D09] -13.76 Ir N/A 30 [LED] 0.0009
NGC3079 1001578 554047 84[K18] 7.7 20.6 [W15] -21.60 Sd S2 208 [LED] 9.86
NGC3077 100319.1 684402 38[LED] 54 3.83 [K11] —-17.72 P H 39 [LED] 0.12
M81DwB 1005306 702152 28[D08] 14 3.6 [K11] -13.72 Ir N/A 20 [LED] 0.0005
NGC3190 101805.6 214952 71[T88] 4.2 193 [K11] -20.03 Sa L2 215 [LED] 1.19
NGC3184 1018 18.9 412527 29[D08] 7.5 11.7[K11]  -20.03 Scd H 210 [LO8] 1.49
NGC3198 101955.0 453259 72[D08] 8.8 14.1 [K11] -20.81 Sc H 150 [LO8] 1.49
IC2574 1028235 682444 51[D08] 13.0 3.79[K11] -17.90 Sm H* 75 [DO08] 0.030
NGC3265 103106.8 284748 47[LED] 9.8 19.6 [K11] —17.53 E H* 95 [LED] 0.38
Mrk 33 103232.0 542402 28[T88] 1.1 154 [T16] —18.07 Ir H* 68 [LED] 0.53
NGC3351 1043577 114214 56[T88] 7.5 9.33 [K11] -19.71 Sb H* 196 [LO8] 1.19
NGC3432 105231.1 363708 85[KI8] 4.9 942 [W15] -19.28 Scd H 110 [LED] 0.56
NGC3448 1054392 541818 78[112] 49 24.5 [W15] -20.40 P H 122 [LED] 1.84
NGC3556 111131.0 554027 81[112] 7.8 14.09 [W15] -20.78 Scd H¢ 153 [LED] 4.31
NGC3627 112015.0 125930 61[D08] 8.0 9.38 [K11] -=20.77 Sb  T2/S2 192 [LO08] 3.75
NGC3628 112017.0 133523 87[T88] 14.8 8.5 [W15] -20.50 Sb T2 216 [LED] 6.75
NGC3735 1135573 703208 84[KI18] 4.0 42 [W15] -21.94  Sc S2? 241 [LED] 9.21
NGC3773 1138129 120643 41][T88] 1.6 124 [K11] -17.29 SO H* 55 [LED] 0.094
NGC3877 1146077 472940 85[K18] 5.1 17.7 [W15] -20.60 Scd H 156 [LED] 1.92
NGC3938 1152495 440715 36[T88] 4.9 179 [K11] -20.52 Sc H??* 128 [LED] 2.98
NGC4013 115831.2 415648 88 [KI8] 4.7 16 [W15] —-19.65 Sbc T2 182 [LED] 1.60
NGC4096 120601.1 472842 82[T88] 6.4 1032[W15] -20.06 Sc H 145 [LED] 1.18
NGC4125 120806.0 651027 36[T88] 6.6 2477 [NED] -21.43 E T2 150 [P10] 0.11
NGC4157 1211044 502905 83[KI8] 7.0 156 [W15] -19.99 Sb H 189 [LED] 3.27
NGC4214 1215392 361937 38[D08] 9.6 2.95 [J09] —17.44 Ir H 57 [L08] 0.078
NGC4217 1215509 470503 86[KI18] 5.1 20.6 [W15] -20.38 Sb H 188 [LED] 4.61
NGC4236 121642.1 692745 73[T88] 19.6 4.45[KI11] -19.22 Sdm H 68 [LED] 0.94
NGC4244 121729.7 374827 90[I12] 15.8 4.4 [W15] —-1849  Scd H 98 [LED] 0.18
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Table A.1. continued.

Galaxy RA Dec i D»s d Mp Type Nuc. Urot SFR
(hms) (G0 ) ") (Mpc) (mag) (kms™)  (Moyr™)
(D 2 3 4) (5) (6) Q) (6] © (10) (11)
NGC4254 121849.6 142459 33[T88] 5.0 144 [K11] -20.62 Sc H 300 [LED] 5.94
NGC4321 1222548 154919 37[T88] 6.1 143 [K11] -20.95 Sbc T2¢ 279 [LED] 4.72
NGC4449 1228 11.1 440537 54[LED] 5.4 4.02 [S18] -19.04 Ir H 59 [LED] 0.72
NGC4450 122829.6 170506 50[T88] 5.0 14.07[NED] -20.28 Sab L19 185][LED] 0.30
NGC4536 123427.1 021117 69[T88] 6.3 145[K11]  -20.54 Sbc H¢ 156 [LED] 2.98
NGC4559 123557.6 275736 69[T88] 11.3 698 [K11] -19.62 Scd H 114 [LED] 0.47
NGC4565 1236208 255916 86[S19] 162 11.9[W15] -=-2141 Sb S1.9 244 [LED] 1.33
NGC4625 1241527 411626 23 [T88] 1.6 9.3 [K11] —-17.11  Sm N/A 39 [LED] 0.094
NGC4631 124208.0 323229 85[I12] 147 7.62[Kl11] -2142 Sd H 139 [LED] 3.75
NGC4725 125026.6 253003 43[T88] 10.5 11.9[K11] -20.70 Sab  S2? 257 [LED] 1.19
NGC4736 125053.1 410714 44[D08] 122 4.66[K11] -19.80 Sab L2 156 [LOS8] 0.94
DDO 154 1254053 270859 31[T88] 2.5 4.3 [K11] —14.44 Ir N/A 50 [L08] N/A
NGC4826 125643.6 214059 64[D08] 8.0 527 [K11] —-19.90 Sab T2 152 [LED] 0.59
DDO 165 1306249 674225 50[T88] 3.5 457 [K11] -16.02 Ir N/A 20 [LED] N/A
NGC5033 131327.5 363538 64[T88] 10.1 17.13[NED] -21.09 Sc S1.5 226 [LED] 3.93
NGC5055 1315493 420145 51[D0O8] 13.0 794[KI11] -20.61 Sbc T2¢ 192 [LO8] 2.98
NGC5194 1329527 471143 20[T74] 13.6 8.0 [WO08] -21.18  Sbc S2 219 [LO8] 11.89
NGC5195 132959.6 471558 46[T88] 6.3 8.0 [W08] -19.26 P L2?? 120 [LED] 0.60
NGC5297 134623.7 435220 89 [I12] 5.3 404 [W15] -21.70 Sc L2 189 [LED] 2.84
NGC5457 1403125 542056 30([D08] 23.8 6.7 [K11] -20.84  Scd H 274 [LED] 3.75
NGC5474 140501.6 533944 37[T88] 5.9 6.8 [K11] —18.05 Scd H 22 [LED] 0.075
NGC5775 145357.6 033240 86[KI18] 3.9 289 [WI15] -21.32 Sc H 190 [LED] 12.42
NGC5866 150629.5 554548 67[T88] 7.3 153 [K11] -20.25 SO T2 185 [N99] 0.94
NGC5907 1515538 561944 90([I12] 11.2 16.8[W15] -2142 Sc H? 227 [LED] 2.84
NGC6946 2034523 600914 35[D08] 11.2 6.8 [K11] -20.93  Scd H 186 [LO8] 4.72
NGC7331 223704.0 342456 77[D08] 9.7 145[K11] -21.62 Sbc T2 244 [LO08] 7.48

Notes. Column (1) galaxy name; (2) and (3) right ascension and declination at epoch J2000.0 from NED; (4) inclination angle (0° is face-on, 90°
is edge-on); (5) optical diameter to the 25 mag arcsec™2 isophote from T88; (6) distance; (7) absolute B-band magnitude corrected for foreground
extinction (from T88, corrected to our distances); (8) galaxy type from the Third Reference Catalog of Bright Galaxies (de Vaucouleurs et al.
1991); (9) spectral classification of the nucleus from Ho et al. (1997) or with “*’ are from NED, @ classified as AGN by Satyapal et al. (2008);
(10) rotation velocity; (11) star formation rate from total infrared luminosity 3—1100 um (see Section 2.1) using SFR = 0.39 Lz /(10¥ ergs™!)
from Kennicutt & Evans (2012).

References. Data are from the NASA extragalactic data base (NED; http://ned.ipac.caltech.edu) or from HyperLEDA (LED;
Makarov et al. 2014, http://leda.univ-1lyonl. fr/) and following references; DOS: de Blok et al. (2008); H12: Hunter et al. (2012); 112:
Irwin et al. (2012); J09: Jacobs et al. (2009); K11: Kennicutt et al. (2011); K18: Krause et al. (2018); N99: Neistein et al. (1999); L08: Leroy et al.
(2008); L15: Leroy et al. (2015); O15: Oh et al. (2015); P10: Pu et al. (2010); P11: Pellerin & Macri (2011); S19: Schmidt et al. (2019); T88:
Tully & Fisher (1988); W15: Wiegert et al. (2015).

Appendix B: Atlas of galaxies

We present maps for 45 galaxies, which are included in LoTSS-
DR2. There are two different sets of figures, with the first set
containing six panels for galaxies where no spectral index maps
were made (14 galaxies). The second set of figures includes three
additional panels, showing the radio spectral index.

In the first row, we show the 144-MHz radio continuum
intensity in units of Jy beam™! as heat maps with contour lines,
at 6 and 20 arcsec resolution, respectively. We also show inten-
sity contour lines, beginning at 30~ and rising in increments of
a power of two with each higher contour level. The same data
are also presented as grey-scale images without contour lines in
the second row. In the third row, we present overlays of these

* DSS images only used for NGC 891 and NGC 925 as these are
outside of the SDSS footprint. In these cases, optical observations
from DSS in the blue band were used in grey scale.

contours on optical colour images either from SDSS or DSS*.
In all panels, flux regions are shown in blue, D,s optical diame-
ters are shown as either black or white. Where available, we also
present radio spectral maps in the third column. In the first row,
we show the spectral index; in the second row the spectral index
error map; the third row presents the radio spectral index as con-
tours overlaid on the optical images from either SDSS or DSS.
Contour lines are at values of @ = —1 (blue), —0.8 (green), —0.6
(yellow) and —0.4 (red), respectively. We note that due to the
3o-clipping prior to combination, the radio spectral index maps
are blanked in parts of the maps, so that the contour lines may
be interrupted in places.

All of these maps are presented in Figs B.1-B.45.
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Fig. B.1. NGC 598 (M 33). The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at
30 with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rghb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
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Fig. B.2. NGC 855. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rghb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.3. NGC 891. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
DSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.4. NGC 925. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 23 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
DSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.5. NGC 2683. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.7. NGC 2820. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
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Fig. B.8. NGC 2841. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
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Fig. B.9. NGC 2976. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
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the distance of the galaxy.
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Fig. B.10. NGC 3003. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
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Fig. B.11. NGC 3031 (M 81). The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at
30 with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec

contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.

A83, page 30 of 64



V. Heesen et al.

: Nearby galaxies in the LOFAR Two-metre Sky Survey

=) -
o ]
=1
o~
= - (
] A
= - . LA -
© .
£
g
Pa® R | s —_—
‘e o=e B % i 18.0 kpc P 18.0 kpc
-0.00124 0.00189 0.00502 0.00814 0.01127 -0.0113 0.0214 0.0540 0.0867 0.1194 -09 -0.8 -0.7 -0.6 —05 -0.4 -03 -0.2
Jy/beam Jyfbeam Spectral index
| | 1 1 1 | | 1 1 | 1 1
. 55°45'— — = — — -
o
=1
=1
o
= .
5 : . )
3 40'— — — — — . —
.
=
o
]
[a]
35"~ . = — = — =
18.0 kpc o 18.0 kpc ® 18.0 kpc
-0.000921  0.001261 0.003443 0.005626 0.007808 -0.0149 0.0286 0.0721 0.1156 0.1590 0.02 0.04 0.06 0.08 0.10 0.12
Jy/beam Jy/beam Spectral index error
55°45'
-
o
o
o
~
=)
=
S
=S '
& 40
£
T
©
Q

18.0 kpc 18.0 kpc

18.0 kpc

10"03™M00s 02M30°% 00¢

01m30¢
Right Ascension (J2000)

00¢ 10"03™00% 02M30%

00¢
Right Ascension (J2000)

01m30¢ 00s 10"03mp0s 02m30% 00¢ 01m308

Right Ascension (J2000)

00¢

Fig. B.12. NGC 3079. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
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Fig. B.13. NGC 3077. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
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Fig. B.14. NGC 3184. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
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Fig. B.16. NGC 3265. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
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size at the distance of the galaxy.
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Fig. B.17. Mrk 33. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30 with
with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used to
integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.18. NGC 3432. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.19. NGC 3448. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.20. NGC 3556. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb

SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.21. NGC 3877. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.22. NGC 3938. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
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Fig. B.23. NGC 4013. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.

A83, page 42 of 64

0.000853

A&A 664, A83 (2022)

+ v v
.
d <
-]
° o el ]
- 0
1 s 2 e -
Q "
’ o ® ° ( \
() -
Ll
T * 5 o - L
Tagfs 4 ®
e °
® ¢ 00 . e
] 3 e
]
- 3, o
> @ ° % f _—
- [M] ’ _ o148 kpc © 14.0 kpc
-0.00137 0.00151 0.00439 0.00726 0.01014 -09 -0.8B -0.7 -0.6 —-0.5 -0.4 -03 -0.2
Jyfbeam Spectral index
| 1 | | 1 L [ 1 1
.
B - .8 —
° g 14% kpc ® 14.0 kpc
—-0.00152 0.00173 0.00498 0.00823 0.01147 0.02 0.04 0.06 0.08 0.10 0.12
Jyfbeam Spectral index error

11"59M20% 00°

58m40°
Right Ascension (J2000)

20°

—

140 kpc

00*

11"59m20%

14.0 kpc

00° 58m40° 20¢
Right Ascension (J2000)

00¢




V. Heesen et al

47°35'
=)
o
8
= 30"
c
e
=]
©
=
]
g 25
20"
-0.000291 —0.000001  0.000289  0.000579
Jy/beam
. I I 1
> - ‘
3 sapy
47°35' - g i . -
s v
(=]
S P
= 30— .. =
c 3.
] ¥ X
® 5 2
£ Sek,
E ;:
o 25" : e —
A .
! 9.0 kpe
20 < = -
-0.000283 -0.000020  0.000243  0.000506  0.000770
Jy/beam
47°35'
5
(=}
R
= 30
c
2
=
m
£
o
[ ]
o 25'

20"

12"06m30°
Right Ascension (J2000)

00®

05m30°

.. Nearby galaxies in the LOFAR Two-metre Sky Survey

el
_»
o
o
& "
8
2 o
= \
0 o
o ® o
o
| (-]
.
o ® .
L}
P o3 —_—
.
® ® 9.0 kpc
- a
—0.001064  0.001302 0.003668 0.006034 0.008400 —09 -08 -0.7 -0.6 —05 —-04 —03 -02
Jy/beam Spectral index
1 | | | 1 |
- L ] -
- [0
A
.
.
L]
— —
c 9.0 kpc @ 9.0 kpc
-0.001039  0.001270 0.003579 0.005888 0.008197 0.02 0.04 0.06 0.08 0.10 012
Jylbeam Spectral index error

12h06™30¢

00®

05m30¢

Right Ascension (J2000)

12"06™30% 00¢
Right Ascension (J2000)

05m30¢

Fig. B.24. NGC 4096. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
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SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.26. NGC 4157. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.27. NGC 4214. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
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Fig. B.28. NGC4217. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb

SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.29. NGC 4244. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
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Fig. B.30. NGC 4449. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec

contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.31. NGC 4559. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 27 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.32. NGC 4625. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec

contours overlayed on an rghb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.33. NGC4631. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
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the distance of the galaxy.
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Fig. B.34. NGC4725. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 30 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgh
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.35. NGC4736. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.36. NGC 5033. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 21 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.37. NGC 5055. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgh
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.38. NGC 5194. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at

the distance of the galaxy.
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Fig. B.39. NGC 5195. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb

SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.40. NGC 5297. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 1365 MHz at 20 arcsec resolution. Contours start at 30~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30~ contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
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the distance of the galaxy.
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Fig. B.41. NGC 5457. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec
contours overlayed on an rghb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
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Fig. B.42. NGC 5474. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec

contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.43. NGC 5866. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively. Contours start at 30
with with increments of a power of two. The black circle shows the optical D,s diameter and the blue ellipses show the 30~ contour extent used
to integrate the flux density. The second row shows again the 6 and 20-arcsec images without contours. The third row shows the 6- and 20-arcsec

contours overlayed on an rgb SDSS image. The filled circle in the bottom-left corner shows the synthesised beam. A scale bar shows the projected
size at the distance of the galaxy.
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Fig. B.44. NGC 5907. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 20 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
the distance of the galaxy.
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Fig. B.45. NGC 7331. The first row shows from left to right the 144-MHz maps at 6 and 20 arcsec resolution, respectively, and the radio spectral
index map between 144 and 6000 MHz at 23 arcsec resolution. Contours start at 3o~ with increments of a power of two. The black circle shows
the optical D,s diameter and the blue ellipses show the 30 contour extent used to integrate the flux density. The second row shows again the 6-
and 20-arcsec images without contours and the radio spectral index error. The third row shows the 6- and 20-arcsec contours overlayed on an rgb
SDSS image as well as contours of the radio spectral index. The filled circle shows the synthesised beam. A scale bar shows the projected size at
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