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Radio continuum as star-formation tracer
the radio-SFR relation

• Radio continuum observations are 
unaffected by dust and have high 
angular resolution


• However, many processes affect the 
radio-SFR relation such as cosmic-
ray transport, magnetic fields, and 
electron energy losses


• Therefore, need for a reliable 
calibration
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MIGHTEE: Evolving Radio Luminosity Functions 11

Figure 6. Star-formation rate density, 𝐿SFR, as a function of redshift. Solid lines show the evolution assuming the SED-derived conversion to SFR from radio
luminosity (Cook et al. 2024). The fixed-𝑀 track is denoted by the red curve (with 68% confidence band) and the evolving-𝑀 track by the blue line (with 68%
confidence band). We also show an alternative line with 𝑀tot → (1 + 𝑁)↑0.07 (orange). For comparison, the dashed lines show the SFRD based on the FIR-based
conversion from radio luminosity to SFR with fixed-𝑀 (red) and evolving-𝑀 (blue). The brown dashed curve shows the radio-only model from Matthews et al.
(2021). We also show the radio derived SFRD from Novak et al. (2017) (green dashed line), Cochrane et al. (2023) (blue errorbars) and Matthews et al. (2024)
(purple inverted triangles). The black dotted line is the UV+IR compilation fit of Madau & Dickinson (2014). We only show the confidence region for our
baseline model for clarity.

form:

SFR/M↓ yr↑1 = 101.014±0.003
(

𝐿1.4

5 ↔ 1022 WHz↑1

)0.868±0.005
. (14)

For a similar evolving 𝑀 to that described by Delhaize et al. (2017)
and Novak et al. (2017), this leads to

𝑀tot (𝑁) = 5.31(1 + 𝑁)↑0.14, (15)

where, in this case 𝑀tot denotes the evolving relation between SFR
and 1.4 GHz luminosity defined using the Cook et al. (2024) relation
at 𝑁 = 0. This then leads to an alternative evolutionary form:

SFR𝑀tot/M↓ yr↑1 = 𝑂IMF 10↑24 10𝑀tot (𝑁)
(

𝐿1.4

W Hz↑1

)0.868
. (16)

The evolution of the SFRD shown by the lines labelled “SED-
derived” in Fig. 6 use this calibration. This relation results in lower
overall SFRs for a given radio luminosity compared to Eqns. 11 and
12. Indeed, the di!erence in SFR at the knee of the luminosity func-
tion at 𝐿SF

↗ = 1021.32 W Hz↑1 where the bulk of the SFRD arises, is
a factor of 1.8, which can account for the factor of ↘ 2 higher nor-
malisation in the low-redshift SFRD. Fig. 6 demonstrates this, and
also largely reconciles the apparent discrepancy between previous

work on the SFRD derived from deep radio data compared to UV
and far-infrared data.

We also show how adopting the relationship between SFR and
radio luminosity from Cook et al. (2024), alongside a non-evolving
dependence of this relation with redshift (red line in Fig 6), which
shows excellent agreement with the similar study by Cochrane et al.
(2023) using deep LOFAR data, at least out to z ↘ 1.

However, it should also be noted that the closer agreement between
the SFRD based on the Cook et al. (2024) relation and the UV+FIR
derived SFRD from Madau & Dickinson (2014), is inevitable to a
certain degree, and not based on a deeper understanding of the phys-
ical processes involved. By insisting that the SFR derived from radio
luminosity is tied to SFR derived from the full SED fitting, we should
obtain the same normalisation in the SFRD as one would obtain from
using the UV–far-infrared data, assuming that both samples are com-
plete to a given SFR. This highlights the importance of using the
correct relation between radio luminosity and SFR, but also high-
lights that when enforcing consistency at the lowest redshifts then
we find that the radio-derived evolving SFRD closely matches that
of the dust-corrected SFRD (Madau & Dickinson 2014).

Beyond 𝑁 ↘ 1, the non-evolving model using Eq. 14 generally over-
predicts the SFRD compared to the UV- and far-infrared tracers. On

MNRAS 000, 1–25 (2026)
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Radio-SFR relation
approximately linear relation

• Thermal radio continuum is ideal SFR tracer (Murphy + 2011)


• Non-thermal emission dominates below 10 GHz 
 (e.g. Tabatabaei + 2017)


• Radio-SFR relation (Murphy et al. 2011):  
 

4

Modelling the radio emission of 19 starbursts 787

Figure 1. The observed data and preferred SED modelling of IRAS F23389-
6139. The overlaid model exhibits two distinct FFA turnovers. Highlighted
regions represent the 1σ uncertainty sampled by EMCEE.

Figure 2. A comparison of the 60 µm and 1.4 GHz luminosities of our 19
source sample and the Yun et al. (2001) sample. Luminosities have been
estimated in the observed frame with no k-correction applied.

preferred model judged strictly by the Bayes evidence values. We
include model specific features where possible as additional over-
laid components. Highlighted regions of all plotted components
represent the 1 (68 per cent) confidence interval.

To examine how our sample resided on the FRC, we compared
it to the sample of 1809 objects of Yun et al. (2001). The Yun
et al. (2001) sample cross-referenced the IRAS 2 Jy sample with the
National Radio Astronomy (NRAO) Observatory Very Large Array
(VLA) All-Sky Survey ( Condon et al. 1998) to investigate the FRC
over many orders of magnitude. To remain consistent with their
work, no k-correction was applied. We see in Fig. 2 that our sample

Figure 3. The FRC, as parametrized by the q parameter, of our sample and
Yun et al. (2001). The solid horizontal line represents the mean q = 2.34, as
calculated by Yun et al. (2001). The dotted lines represent the radio-excess
(below) and IR-excess (above) objects, which we defined as three times the
standard deviation (SD) of q (SD =0.25) from the Yun et al. (2001) sample.

is consistent with the trend seen by Yun et al. (2001), where only
three of our objects (IRAS F06035-7102, IRAS F20117-3249 and
IRAS F23389-6139) have a slightly elevated 1.4 GHz luminosity.
The q parameter, which is the logarithmic ratio between the FIR flux
and 1.4 GHz flux density of an object, is a further useful illustration
of the FRC, where q is defined as

q ≡ log10

(
FIR

3.75 × 1012 W m−2

)
−

log10

(
S1.4 GHz

W m−2 Hz−1

)
. (11)

S1.4 GHz is the flux density at ν = 1.4 GHz and FIR is defined as

FIR ≡ 1.26 × 10−14 (
2.58S60 µm + S100 µm

)
W m−2, (12)

where S60 µm and S100 µm are the 60 and 100 µm band flux den-
sities, respectively, from IRAS in Jy (Helou, Soifer & Rowan-
Robinson 1985). The mean q value between 60 µm and 1.4 GHz is
typically taken as 2.34 for star formation galaxies (Yun et al. 2001).
Any deviation from this value can be a critical diagnostic of
the physical processes driving some object. IR-excess sources
(q > 3) may be highly obscured compact starburst galaxies or dust-
enshrouded AGNs). Radio-excess objects (q < 1.6) are caused by
excess radio emission originating from an AGN component in the
galaxy (Yun et al. 2001). Some of the dispersion may be influenced
in part by variation in extinction and dust temperature, as well as
varying time-scales associated with different SFR indicators. We
show in Fig. 3 the distribution of the q parameters as a function of
60 µm luminosity and highlight the regions that radio or infrared
excess sources occupy.

Of our sample objects, IRAS F20117-3249 and IRAS F23389-
6139 have q values (1.61 and 1.54, respectively) that are approach-
ing the radio-excess region, indicating the potential presence of
AGN activity in the observed 1.4 GHz radio continuum (see Fig. 3).

MNRAS 474, 779–799 (2018)
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Observed radio–SFR relation
super-linear relation observed

• Observations show slightly to 
significantly super-linear 
relations

GAMA (Davies et al. 2017)


CHANG-ES (Li et al. 2016)


HERSCHEL-ATLAS (Gürkan et al. 2018)


Virgo Cluster (Edler et al. i2024)

5

Smith et al. (2021)

Other examples:
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A&A 556, A2 (2013)

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

For the majority of the array located in the Netherlands, the
geographic distribution of stations shows a strong central con-
centration with 24 stations located within a radius of 2 km re-
ferred to as the “core”. Within the core, the land was purchased
to allow maximum freedom in choosing station locations. This
freedom allowed the core station distribution to be optimized to
achieve the good instantaneous uv coverage required by many of
the KSPs including the epoch of reionization (EoR) experiment
and radio transients searches (see Sect. 13). At the heart of the
core, six stations reside on a 320 m diameter island referred to as
the “Superterp”; “terp” is a local name for an elevated site used
for buildings as protection against rising water. These Superterp
stations, shown in Fig. 1, provide the shortest baselines in the ar-
ray and can also be combined to e↵ectively form a single, large
station as discussed in Sect. 12.10.

Beyond the core, the 16 remaining LOFAR stations in the
Netherlands are arranged in an approximation to a logarithmic
spiral distribution. Deviations from this optimal pattern were
necessary due to the availability of land for the stations as well
as the locations of existing fiber infrastructure. These outer sta-
tions extend out to a radius of 90 km and are generally classified
as “remote” stations. As discussed below, these remote stations
also exhibit a di↵erent configuration to their antenna distribu-
tions than core stations. The full distribution of core and remote
stations within the Netherlands is shown in Fig. 2.

For the 8 international LOFAR stations, the locations were
provided by the host countries and institutions that own them.
Consequently, selection of their locations was driven primarily

by the sites of existing facilities and infrastructure. As such, the
longest baseline distribution has not been designed to achieve
optimal uv coverage, although obvious duplication of baselines
has been avoided. Figure 3 shows the location of the current set
of international LOFAR stations. Examples of the resulting uv
coverage for the array can be found in Sect. 12.

4. Stations

LOFAR antenna stations perform the same basic functions as the
dishes of a conventional interferometric radio telescope. Like
traditional radio dishes, these stations provide collecting area
and raw sensitivity as well as pointing and tracking capabili-
ties. However, unlike previous generation, high-frequency radio
telescopes, the antennas within a LOFAR station do not physi-
cally move. Instead, pointing and tracking are achieved by com-
bining signals from the individual antenna elements to form a
phased array using a combination of analog and digital beam-
forming techniques (see Thompson et al. 2007). Consequently,
all LOFAR stations contain not only antennas and digital elec-
tronics, but significant local computing resources as well.

This fundamental di↵erence makes the LOFAR system both
flexible and agile. Station-level beam-forming allows for rapid
repointing of the telescope as well as the potential for multi-
ple, simultaneous observations from a given station. The result-
ing digitized, beam-formed data from the stations can then be
streamed to the CEP facility (see Sect. 6) and correlated to pro-
duce visibilities for imaging applications, or further combined

A2, page 4 of 53

Low-frequency Array (LOFAR)
a European radio interferometer

• 46 Dutch stations


• 16 international stations


• Low-band dipoles (30–85 MHz)


• High-band tiles (110–180 MHz)

6

van Haarlem et al. (2013)
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LOFAR observations
144 MHz data

• LOFAR Two-metre Sky Survey  
(LoTSS; Shimwell et al. 2017, 2019, 2022, 2026)


• LoTSS data release 2 (45 galaxies)


• LoTSS data release 3 (70 galaxies)


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


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

7

plot by F. Welzmüller
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Star formation rates
two methods used

• Global data: dust-corrected Halpha 
luminosities 
Hα + mid-infrared (24 µm)


• Local data: dust-corrected far-ultraviolet 
FUV + mid-infrared (24 µm)

8

No. 6, 2008 STAR FORMATION EFFICIENCY IN NEARBY GALAXIES 2837

Figure 40. Atlas of data and calculations for NGC 6946.

Leroy et al, 2008
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Comparison radio with star formation
spatial resolution of 1.2 x 1.2 kpc2

9

A&A 622, A8 (2019)

Fig. 2. NGC 5194. Panel a: RC emission at 145 MHz, as derived from LOFAR HBA observations. The intensities were converted into a map of
the radio SFR surface density, (↵SFR)RC, using the 1.4 GHz relation of Condon scaled with a radio spectral index of �0.8. This map is shown at
a logarithmic stretch ranging from 10�4 to 3 ⇥ 10�1

M/ yr�1 kpc�2. Panel b: same as panel a, but using a 1365 MHz map from WSRT–SINGS.
Panel c: hybrid SFR surface density map, (↵SFR)hyb, derived from a linear superposition of GALEX 156 nm FUV and Spitzer 24 µm MIR emission,
presented as inverted heat colour scale. Panel d: ratio,�, of the LOFAR (↵SFR)RC map divided by the hybrid (↵SFR)hyb map. The map is shown at
logarithmic stretch using the heat colour scale, ranging from 10�1.1 to 101.6. Areas that are light are radio bright, whereas dark areas are radio dim
when compared with the hybrid ↵SFR-map. All maps have been convolved to a circular Gaussian beam with a resolution of 17.1 ⇥ 17.1 arcsec2.
The representation of the beam is shown in the bottom left corner of each panel. Panels a–c: unmasked maps, whereas panel d shows the area after
masking background sources and the AGN-contaminated central area. In all panels, a 3� cut-o⌃ has been applied.

A8, page 6 of 23

A&A 622, A8 (2019)

Fig. 2. NGC 5194. Panel a: RC emission at 145 MHz, as derived from LOFAR HBA observations. The intensities were converted into a map of
the radio SFR surface density, (↵SFR)RC, using the 1.4 GHz relation of Condon scaled with a radio spectral index of �0.8. This map is shown at
a logarithmic stretch ranging from 10�4 to 3 ⇥ 10�1

M/ yr�1 kpc�2. Panel b: same as panel a, but using a 1365 MHz map from WSRT–SINGS.
Panel c: hybrid SFR surface density map, (↵SFR)hyb, derived from a linear superposition of GALEX 156 nm FUV and Spitzer 24 µm MIR emission,
presented as inverted heat colour scale. Panel d: ratio,�, of the LOFAR (↵SFR)RC map divided by the hybrid (↵SFR)hyb map. The map is shown at
logarithmic stretch using the heat colour scale, ranging from 10�1.1 to 101.6. Areas that are light are radio bright, whereas dark areas are radio dim
when compared with the hybrid ↵SFR-map. All maps have been convolved to a circular Gaussian beam with a resolution of 17.1 ⇥ 17.1 arcsec2.
The representation of the beam is shown in the bottom left corner of each panel. Panels a–c: unmasked maps, whereas panel d shows the area after
masking background sources and the AGN-contaminated central area. In all panels, a 3� cut-o⌃ has been applied.

A8, page 6 of 23

V. Heesen et al.: Low-frequency radio to SFR relation at 1 kpc scale

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

assuming that synchrotron and IC radiation losses dominate as
they do outside of the dense, gaseous spiral arms (Basu et al.
2015). Figures 2a and b hint that this is indeed the case with the
contrast of the LOFAR map being even lower than that of the
WSRT map.

Before we conclude this section, we briefly discuss the find-
ings for the other three sample galaxies, the maps of which can
be found in Appendix A. NGC 3184 (Figs. A.1 and A.2) is only
little inclined, and thus nearly in a face-on position. The spiral
arms in the hybrid ⌃SFR map has faint counterparts in the radio
maps. The other two galaxies are moderately inclined, NGC
4736 (Figs. A.3 and A.4) and 5055 (Figs. A.5 and A.6), with
i = 41� and i = 59�, respectively. As in NGC 5194, we found
that the radio ⌃SFR maps extend further along the minor axis
than the hybrid maps, more so than expected from thin inclined
discs, suggesting the existence of radio haloes. All three galax-
ies show the same behaviour, namely that the radio emission is
a smoothed version of the hybrid ⌃SFR map, the LOFAR maps
even more so than the WSRT maps.

Notable features are a large (10 arcmin) radio galaxy south-
west of NGC 4736 (Figs. A.3a and b), where the northern lobe
overlaps slightly with the emission of the galaxy. The hybrid
⌃SFR map (Fig. A.3c) shows a filamentary extension to the west,
of which we detect no counterpart in the radio. This emission
is spatially coincident with a spiral arm visible in Hi emis-
sion (Walter et al. 2008), and thus may be a tidal tail caused
by past interaction. This feature connects to a second outer
ring visible in Hi, which may be caused by the Lindblad reso-
nance (Schommer & Sullivan 2016). In NGC 5055, the WSRT

map (Fig. A.5b) shows two extensions south-east and north-
west of the main body. We find no counterpart in the LOFAR
map (Fig. A.5a) and neither is there one in either the hybrid
⌃SFR map (Fig. A.5c) or in a map of Hi emission. This galaxy
has an extended, warped Hi disc (Battaglia et al. 2006) and also
an extended M 83-like FUV disc (Thilker et al. 2007). However,
their morphology is di↵erent, which has maxima north-east and
south-west of the bright, inner disc, whereas the WSRT exten-
sions lie on the perpendicular axis. Hence, we conclude that this
emission may be an artefact of the data reduction and we exclude
this part of the galaxy from further analysis.

3.2. Radio spectral index

In Fig. 3, we present the 145–1365 MHz radio spectral index
distribution in NGC 5194 with the corresponding error map; this
is the total spectral index since we do not correct for thermal
emission. The map is highly structured, where the galaxy can
be roughly divided into three areas: (i) the spiral arms, where
� > �0.65; (ii) the inter-arm regions, where �0.85 ⇥ � ⇥ �0.65;
(iii) and the galaxies outskirts, where � < �0.85. We varied
the boundaries in the spectral index selection in order to best
separate these regions based on the spectral index alone. The
radio spectral index is nowhere flatter than �0.5, which is the
expected injection index of young CREs from the theory of dif-
fusive shock acceleration (Bell 1978). This is supported obser-
vationally by the radio spectral index of supernova remnants,
which is �0.5 ± 0.2 (Reynolds et al. 2012). However, without a
fully sampled radio spectrum from the MHz to the GHz regime,
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Semi-calorimetric radio–SFR relation
super–linear with L144 ~ SFR1.2-1.4

10

Lν ∝ ηSFR

CR injection
calorimetric efficiency

Radio luminosity:

Heesen et al., 2022

A&A 664, A83 (2022)

(a) (b)

Fig. 6. Integrated radio–SFR relation at 144 MHz. Blue lines indicate the best-fitting relations using a bisector fitting method as fitted in the log–log
space. The dashed green line shows the best-fitting linear relation as fitted in linear space. Shaded bands represent the 3� confidence intervals
from the 1000 Monte–Carlo realisations. Panel a: the SFR is calculated from the TIR luminosity; in the panel b: the SFR is calculated using either
the hybrid H↵ + 24 µm SFR calibration or a 24 µm only calibration. For both SFR calibrations, the radio–SFR relation is clearly non-linear.

practice to fit the relation log–log space, which is equivalent to
fitting log(L144 MHz) = log a + b log(SFR). Below are the results
of the bisector fit (Isobe et al. 1990) for radio–SFR, with SFR
determined using TIR:

✓
L144 MHz

W Hz�1

◆
= 10(21.576±0.044)

 
SFR

M� yr�1

!(1.402±0.072)

. (9)

For this best-fitting relation, we find �2
⌫ = 0.9 and a rms scat-

ter of � = 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
✓

L144 MHz

W Hz�1

◆
= 10(21.61±0.05)

 
SFR

M� yr�1

!
, (10)

this time with �2
⌫ = 2.1. Similarly, below are the results of a

bisector fit for radio–SFR, with SFR determined using H↵ +
24 µm:

✓
L144 MHz

W Hz�1

◆
= 10(22.030±0.060)

 
SFRH↵+24 µm

M� yr�1

!(1.519±0.110)

, (11)

with �2
⌫ = 1.8 and � = 0.38 dex. If we force a linear fit, we find

✓
L144 MHz

W Hz�1

◆
= 10(21.91±0.06)

 
SFRH↵+24 µm

M� yr�1

!
, (12)

with �2
⌫ = 17.4. These best-fitting non-linear and linear rela-

tions are presented in Fig. 6 with their respective ±1� confi-
dence intervals. For the H↵+ 24-µm 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

too low. This was the case for the CHANG-ES galaxies investi-
gated by Vargas et al. (2018) who conclude that the 24-µm 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. Gürkan 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 L150/W Hz�1 = 1022.06±0.01(SFR/M� yr�1)1.07±0.01. 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% (0.041 dex). 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 ⌫LAGN = 1036 erg s�1, which is equivalent to a 144-MHz spec-
tral luminosity of log10(LAGN/W Hz�1) = 20.5 (assuming ↵ =
�0.7; Baldi et al. 2021). The contribution from AGN to the radio
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How to estimate calorimetric efficiency?
use low-frequency radio spectral index!

11

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

Fast electron escape: η = 0 α = − 0.6

Spectral ageing

steep spectrum

flat spectrum

Klein and Fletcher (2015)
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Galaxy size determines radio spectral index
spectral index does not depend on ΣSFR

h: scale height ~ r★ 

(Krause et al. 2018) 
v: wind velocity ~ ΣSFR 

(Heckman et al. 2015, Heesen et al. 2018)

B: magnetic field strength 
B ~ ΣSFR1/3 

(Beck 2015,Tabatabaei et al. 2018)

tesc

tsyn
∝ r*Σ0.1

SFRradio spectral index

13
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Spatially resolved relation
and radio spectral index

• Observed: I𝜈–ΣSFR0.6–0.8


• Integrated: L𝜈–SFR1.1–1.5


• Radio spectral index dependence

14

Heesen et al. (2024) 
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Smoothing experiment
diffusion length in face-on galaxies

15
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Calorimetric efficiency
and the radio–SFR relation

• Ratio of radio-to-hybrid SFR


• Dependence on radio spectral 
index


• Old CRE are bright, young are faint

16
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Global radio-SFR relation
now including LoTSS-DR3 data

• Are under-luminous in the radio 
continuum


• Challenges radio-SFR relation at low 
masses


• Important to observe low mass 
systems

17
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Table 1: Best-fitting global relations using the equation
log10(y) = a log10(x) + b for y = L144 or y = a log10(x) + b for
y = ω. The variable ε denotes Spearman’s correlation coefficient.

y a b x ε
L144 1.480 ± 0.070 21.957 ± 0.057 SFR 0.90
L144 1.180 ± 0.051 21.57 ± 0.048 SFRTIR 0.93
ω →0.131 ± 0.015 0.76 ± 0.15 Mϑ →0.68
ω 0.132 ± 0.019 →0.590 ± 0.014 SFR →0.55
ω 0.107 ± 0.016 →0.553 ± 0.014 SFRTIR →0.55
ω →0.28 ± 0.03 →0.28 ± 0.03 rϑ →0.70
ω →0.420 ± 0.045 0.34 ± 0.10 vrot →0.67
ω 0.023 ± 0.014 →0.416 ± 0.089 ΣSFR 0.24
ω 0.006 ± 0.016 →0.53 ± 0.09 ΣSFR,TIR 0.15

In a few cases (IC 2574 and DDO 53) instead of using the
published flux densities, we re-measured the flux densities di-
rectly from the published maps using our own apertures. The rea-
son is that our assumed apertures were very different from those
in the literature. The reason is that the LOFAR maps show more
extended emission, hence our integration regions were larger. In
NGC 4236 and 4254 we measured the flux densities with our
own regions and also subtracting background sources as we did
for the LOFAR data.

2.6. Uncertainties, binning, and fitting of data

We assumed an absolute flux-density scale uncertainty of 10 %,
following Shimwell et al. (2026). For the galaxies from the VIC-
TORIA survey we assumed 20 % (Edler et al. 2023). The SFR
measurements from total infrared are about 50 % accurate at best
(Leroy et al. 2012) for global measurements. This is for the con-
version into SFR values, the actual measurement uncertainties
are smaller. We therefore used only those uncertainties which we
assume to be 8 %. This value should be considered as flux uncer-
tainty only, assuming 15 % uncertainty of the Hω flux (Kennicutt
et al. 2009) and 2 % for the mid-infrared flux (Jarrett et al. 2013).
This assumes that both are contributing about the same to the
SFR (Leroy et al. 2012). Local measurements in the radio con-
tinuum may have also a larger uncertainty, in particular in areas
of low signal-to-noise ratios. This we have attempted to mitigate
using a 3ϖ lower cut-off in radio continuum intensities, where
ϖ the RMS noise value of the intensity map.

We binned our local data into twelve bins, separated by
0.25 dex in SFR values. For these we calculated the mean of the
logarithmic radio luminosities and the mean of the logarithmic
SFR values as well as the mean radio spectral index. For uncer-
tainties we took the standard deviation of the mean. These data
are referred to as ‘binned local data’. We fit our data to both
global and binned local data, unless otherwise mentioned. This
in effect applies a weighting to the fitting such that we prevent to
give a lot of weight to the local measurements since they are so
many more of them.

Best-fitting f (x) relations were obtained with the orthogonal
distance regression (odr) method. This method can take x un-
certainties into account. In our case, this was done where x is
either the SFR or the radio spectral index. For best-fitting f (x, y)
bivariate relations with two variables we took only errors of the
fitted values into account.

�4 �3 �2 �1 0 1
log10[SFR/(M� yr�1)]

17

18

19

20

21

22

23

24

lo
g 1

0[
L

14
4/

(W
H

z�
1 )

]

global data

local data

best fit

binned local data
�1.2

�1.0

�0.8

�0.6

�0.4

�0.2

0.0

R
ad

io
sp

ec
tr

al
in

de
x

(�
)

Fig. 1: Radio-SFR relation. Radio continuum luminosity at
144 MHz as function of the SFR. Large data points show global
and small data points local measurements. The best-fitting radio-
SFR relation to the global data is shown as well (with a ±1ϖy

interval). Red data points with error bars show binned local data.
The SFR was derived from a combination of mid-infrared data
with either Hω (global) or far-ultraviolet (local data). Data points
are coloured according to their radio spectral index between 144
MHz and approximately 1400 MHz.

3. Results

3.1. Radio-SFR relation

First, we investigate the global radio-SFR relation. For this we
parametrise the relation in the following way:

log10(L144) = a log10(SFR) + b, (3)

where L144 is the spectral luminosity at 144 MHz in units of
W Hz→1and SFR is the star-formation rate in units of M↑ yr→1.

Therefore, first, we investigate the global radio continuum
luminosities at 144 MHz as function of the SFR. The result-
ing relation is presented in Fig. 1. The data points fitted include
only the global measurements, but for comparison we also show
the local measurements. We find a best-fitting power-law as de-
scribed Equation (3) with a = 1.48±0.07 with a RMS data scatter
of ϖy = 0.43 dex. We recall that for the global relation we find
a = 1.4–1.5 (Heesen et al. 2022), meaning a strong super-linear
relation. In contrast, for the local relation we find a = 0.6–0.8,
meaning a strong sub-linear relation (Heesen et al. 2024). There-
fore, we do not expect that we can fit both data sets simultane-
ously. Still, fitting both global and local data together results in
a large scatter of ϖy = 0.67 dex.

We now compare our spatially resolved measurements with
the global relation. These are shown as the small data points in
Fig. 1. These points lie all on the left side of the plot at low values
of the SFR. As can be seen clearly, they do not fit to the global re-
lation, but mostly lie above it. The deviation is a strong function
of radio spectral index with data points with a steep spectrum
lying furthest above the relation. Mostly, only data point with a
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Radio-to-SFR ratio 
global and local data

• Global and local data follow 
approximately the same trend


• This means we may be able to 
define a unified global and local 
relation

18
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V. Heesen et al.: A fundamental plane of the radio–SFR relation
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Fig. 2: Radio-to-SFR ratio as function of radio spectral index.
We show the ratio of radio continuum luminosity to the SFR as
function of radio spectral index. Large data points show global
measurements and small data points local measurements. The
blue line shows the best-fitting relation. The orange shaded thick
line shows a model for a semi-calorimetric galaxy with cosmic-
ray electrons radiation losses (see Sect 4.1).

radio spectral index indicative of a flat spectrum are in agreement
with the global relation. This behaviour has been interpreted in
the literature as a result of cosmic-ray transport such as diffu-
sion (Heesen et al. 2023). In our previous work we argued that
energy-independent diffusion describes the data best (Heesen
et al. 2024). Aside from cosmic-ray transport there may be influ-
ences of bursty star formation which can increase the scatter in
the radio-SFR relation due to the different time-scales involved
and the reliability of SFR estimates (Haskell et al. 2023). On the
other hand, one may expect H ii regions to lie below the global
relation since radio emission is absorbed and CRE quickly es-
cape these regions. We do not see such data points, possibly this
can only be observed at frequencies below 100 MHz (Gajović
et al. 2025).

3.2. Radio-to-SFR ratio

In this section, we investigate the origin of the radio-to-SFR ra-
tio, which is defined as the ratio of radio continuum luminosity to
the SFR. As shown in Sect. 3.1), the radio-to-SFR ratio depends
on the radio spectral index. This is shown quite clearly in Fig. 2.
We find that galaxies that are fairly radio bright in comparison to
their SFR, have a steep radio continuum spectrum. The opposite
is true for those galaxies with a flat spectrum. This trend can be
observed for the global and the local measurements. The inter-
esting question was whether both measurements follow the same
trend. This is approximately the case, although the global mea-
surements have slightly lower ratios than the local measurements
at the same radio spectral index. Nevertheless, the agreement is
in general quite good.

Hence, the parametrisation of the radio-to-SFR ratio with ra-
dio spectral index using both global and local data is as follows:

log10(L144)→ log10(SFR) = (→3.12±0.05)ω→ (19.95±0.03), (4)

using again the odr method. This result includes both the global
and local data. The relation is slightly steeper than the one using
only local data (Heesen et al. 2024).

3.3. Fundamental plane of the radio–SFR relation

Our results presented in Sect. 3.2 show a strong correlation be-
tween radio-to-SFR ratio and radio spectral index. In our previ-
ous work in Heesen et al. (2024) we had introduced a parametri-
sation where we correct the radio luminosity using Eq. (4). How-
ever, the more general parametrisation is as follows:

log10(L144) = a log10(SFR) + bω + c, (5)

where a, b, and c are constants. We performed a bivariate least-
squares fitting of our data with Eq. (5) including both binned
local and global measurements. Our best-fitting parameters are
a = 1.10 ± 0.06, b = →1.72 ± 0.29, and c = 20.91 ± 0.18. We
found a standard deviation (scatter of data points around the best-
fitting model) of 0.38 dex. This standard deviation is the lowest
when compared with the other two-dimensional projections. For
L144–SFR we found 0.59 dex; SFR–ω has a standard deviation of
1.22 dex and L144–ω has one of 1.10 dex. It is obvious that only a
comparison with L144–SFR is necessary when considering that it
is the only strong correlation with a Spearman’s correlation coef-
ficient of ε = 0.93 whereas the other correlations have |ε| ↑ 0.3.

Hence, we find that the radio luminosity is correlated with
both SFR and the radio spectral index ω, at a highly signifi-
cant level. In particular, we show for the first time that the data
points define a ‘Fundamental Plane’ in the [log(L144), log(SFR),
ω] space. This is shown in Fig. 3 where we present a three-
dimensional representation of these parameters. We have cho-
sen a view point such that we looking onto the plane at an angle
such that the top part is closer to us (with flat radio spectrum in
yellow-green colour) than the bottom rear part (with a steep radio
spectrum with a dark blue colour). In general, however, the data
points lie in a plane. We note that the two-dimensional projection
in the log(SFR)–log(L144) plane is the radio-SFR correlation as
presented in Fig 1.

There are only a few non-detected galaxies in the sample,
but theoretically this could distort the results somewhat since we
bias towards galaxies with high radio luminosities at low SFRs.
The bias would result in somewhat smaller slopes of the radio-
SFR relation as function of SFR. However, because their number
(six) is so small, we expect the influence of this bias to be rather
small.

3.4. Unified radio-SFR relation

The three-dimensional representation of the radio-SFR relation
in the fundamental plane, allows us to define a unified relation
that works both for global and local data. To this end we can
choose a best-fit plane on which the most of the data lies.

This is shown in Fig. 4. On the y-axis, the radio continuum
luminosity is divided by a correction factor using the radio spec-
tral index. In the ideal case, we would now expect a linear radio-
SFR relation where, both, local and global measurements fol-
low the same trend. This is indeed at least approximately the
case. The relation is slightly sub-linear where global and local
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Fundamental plane
of the radio-SFR relation

• Parametrisation with radio 
spectral index


• Radio-SFR relation: 



• Global and local data points lie in 
a `fundamental plane’

log10(L144) = a log10(SFR) + bα + c
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Fig. 3: Fundamental plane of the radio-SFR relation. The grid shows the radio continuum luminosity for an equidistant set of lines in
the (SFR, alpha) space with the colour coded with radio spectral index. It indicates the position of the fundamental plane. Large data
points with black boundaries show global measurements (individual galaxies), red data points show binned local measurements, and
small data points show local measurements. The colour of the data points is coded with the radio spectral index as indicated by the
colour bar. Additionally, we show projected two-dimensional relations of L144–SFR (blue, cf. Fig. 1), ω–SFR (orange), and ω–L144
(green data points).

measurements now line up quite nicely. Comparing Fig. 1 with
Fig. 4, the improvement is remarkable, in particular the agree-
ment of local and global measurements. This means that we can
reduce the scatter around the best-fitting relation by a signifi-
cant amount using two frequencies instead of one, as we effec-
tively do because we are using a two-point radio spectral index.
Similar results were already found by Tabatabaei et al. (2017) at
gigahertz frequencies for global measurements. The new aspect

of our work is that this applies even to local (kiloparsec sized)
measurements.

Figure 4 also shows that the trend of global data is not quite
consistent. The global data could be fit with a slightly steeper lin-
ear relation than our combined fit. Consequently, the slope a in
Eq. (5) depends on the binning of the local data. No binning re-
sults into sub-linear slopes. Whereas binning the local data as we
did results in slightly super-linear slopes. Hence, we may want to
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Fundamental plane
of the radio-SFR relation

• Parametrisation with radio 
spectral index


• Radio-SFR relation: 



• Global and local data points lie in 
a `fundamental plane’

log10(L144) = a log10(SFR) + bα + c
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Unified radio–SFR relation
for global and local data

• Edge-on view of the fundamental 
plane


• Almost linear radio–SFR relation


• Scatter much reduced
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Fig. 4: Unified radio-SFR relation. We show the edge-on pro-
jection of the fundamental plane of the radio-SFR relation. The
y-axis shows the radio continuum luminosity corrected for the
radio spectral index, log(L144)→ bω (cf. Eq. 5), and the x-axis the
SFR. Large data points with black boundaries show global mea-
surements, large data points with red boundaries binned local
measurements, and small data points local measurements. The
best-fitting relation together with the ±1εy interval are shown as
well. To be compared with Fig. 1.

keep in mind that the systematics of the binning may dominate
the uncertainties of the best-fitting parameters of Eq. (5).

3.5. Influence of fundamental galaxy parameters

We now investigate the correlations of the global radio spectral
index with fundamental galaxy parameters. Best-fitting correla-
tions are presented in Table 1. We can see clear indications of
correlations with SFR, stellar mass, size, and rotation velocity.
As an example, we present the correlation with stellar mass in
Fig. 5. As found in our earlier work (Heesen et al. 2022), the
radio continuum spectrum steepens with increasing mass of the
galaxy. But, of course, the mass of the galaxy is highly corre-
lated with SFR, size, and rotation speed. We find that the corre-
lations are equally strong with the exception of the SFR where it
is slightly weaker (as indicated by Spearman’s rank correlation
coefficient). Similar results were found for a different sample of
nearby galaxies by Grundy et al. (2025).

This correlation implies that galaxies with higher masses
and higher SFRs have steeper radio continuum spectra. This can
explain the super-linear radio-SFR slopes for global measure-
ments. It is unknown which parameter determines the radio spec-
tral index the most but the strongest correlations are with size,
mass, and rotation speed. Notably, we find no correlation with
the SFR surface density (as in Heesen et al. 2022). In Heesen
et al. (2022) we presented a heuristic model that explains why
size may be the most important parameter while the SFR sur-
face density plays no role. However, Smolinski et al. (2026) find
a weak dependence on SFR surface density for the radio spec-

6 8 10
Stellar mass [log10(M�/M�)]

�0.8

�0.6

�0.4

�0.2

0.0

R
ad

io
sp

ec
tr

al
in

de
x

(�
)

best fit

�3.0

�2.5

�2.0

�1.5

�1.0

�0.5

0.0

0.5

1.0

lo
g 1

0[
SF

R
/(

M
�

yr
�

1 )
]

Fig. 5: Radio spectral index as a function of stellar mass. each
data point is an individual galaxy. The blue line is the best-fitting
relation and the shaded areas show ±1εy RMS data scatter inter-
vals. The data points are coloured according to their SFR values.

tral index of the thick disc. Also, Tabatabaei et al. (2017) find
such a correlation for the global spectral index at gigahertz fre-
quencies. This may imply that other processes play a role at low
frequencies, such as free-free absorption (Gajović et al. 2025)
and cosmic ray ionisation losses (Gajović et al. 2024) that can
flatten the spectrum.

On the other hand no such correlation is found for global
measurements between radio spectral index and SFR surface
density (Heesen et al. 2022, and this work). A correlation is
found for gigahertz frequencies (Tabatabaei et al. 2017) or for
the halo emission at low frequencies (Smolinski et al. 2026).

An important question is whether mass and spectral index are
independent parameters for the radio-SFR correlation or whether
they are related, and if so, which of the two parameters is more
fundamental. We suggest that the spectral index is more funda-
mental because the radio power is immediately related to the
spectral index, but only indirectly on mass. However, in the
future one needs to check whether mass or any other funda-
mental galaxy parameter also spans another dimension. The as-
sumption that massive galaxies are better calorimeters than low-
mass galaxies is based on the assumption that the CR escape
rate depends on mass. However, according to some simulations
(e.g. Pfrommer et al. 2017) this is controversial and it is un-
clear whether CRs are passively driven by the baryonic wind,
or whether the wind is driven by CRs. In the latter case, no mass
dependence of the escape rate is expected and the magnetic field
in the halo plays a role.

4. Discussion

4.1. Cosmic-ray electron calorimetry

Here, we investigate whether the strong dependence of the
radio-to-SFR ratio on the radio spectral index (Sect. 3.2) can be
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Mass dependency of radio–SFR relation
relation with stellar mass

• Radio spectral index depends on 
mass


• Mass parametrisation: 
 




• Good agreement with LoTSS-
DR2 wide-fields results 
(Shenoy+2026)

L144

W Hz−1
= 1021.87±0.18 ( M*

1010M⊙ )
0.23±0.05

( SFR
M⊙ yr−1 )

1.10±0.06
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Fig. 4: Unified radio-SFR relation. We show the edge-on pro-
jection of the fundamental plane of the radio-SFR relation. The
y-axis shows the radio continuum luminosity corrected for the
radio spectral index, log(L144)→ bω (cf. Eq. 5), and the x-axis the
SFR. Large data points with black boundaries show global mea-
surements, large data points with red boundaries binned local
measurements, and small data points local measurements. The
best-fitting relation together with the ±1εy interval are shown as
well. To be compared with Fig. 1.

keep in mind that the systematics of the binning may dominate
the uncertainties of the best-fitting parameters of Eq. (5).

3.5. Influence of fundamental galaxy parameters

We now investigate the correlations of the global radio spectral
index with fundamental galaxy parameters. Best-fitting correla-
tions are presented in Table 1. We can see clear indications of
correlations with SFR, stellar mass, size, and rotation velocity.
As an example, we present the correlation with stellar mass in
Fig. 5. As found in our earlier work (Heesen et al. 2022), the
radio continuum spectrum steepens with increasing mass of the
galaxy. But, of course, the mass of the galaxy is highly corre-
lated with SFR, size, and rotation speed. We find that the corre-
lations are equally strong with the exception of the SFR where it
is slightly weaker (as indicated by Spearman’s rank correlation
coefficient). Similar results were found for a different sample of
nearby galaxies by Grundy et al. (2025).

This correlation implies that galaxies with higher masses
and higher SFRs have steeper radio continuum spectra. This can
explain the super-linear radio-SFR slopes for global measure-
ments. It is unknown which parameter determines the radio spec-
tral index the most but the strongest correlations are with size,
mass, and rotation speed. Notably, we find no correlation with
the SFR surface density (as in Heesen et al. 2022). In Heesen
et al. (2022) we presented a heuristic model that explains why
size may be the most important parameter while the SFR sur-
face density plays no role. However, Smolinski et al. (2026) find
a weak dependence on SFR surface density for the radio spec-
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Fig. 5: Radio spectral index as a function of stellar mass. each
data point is an individual galaxy. The blue line is the best-fitting
relation and the shaded areas show ±1εy RMS data scatter inter-
vals. The data points are coloured according to their SFR values.

tral index of the thick disc. Also, Tabatabaei et al. (2017) find
such a correlation for the global spectral index at gigahertz fre-
quencies. This may imply that other processes play a role at low
frequencies, such as free-free absorption (Gajović et al. 2025)
and cosmic ray ionisation losses (Gajović et al. 2024) that can
flatten the spectrum.

On the other hand no such correlation is found for global
measurements between radio spectral index and SFR surface
density (Heesen et al. 2022, and this work). A correlation is
found for gigahertz frequencies (Tabatabaei et al. 2017) or for
the halo emission at low frequencies (Smolinski et al. 2026).

An important question is whether mass and spectral index are
independent parameters for the radio-SFR correlation or whether
they are related, and if so, which of the two parameters is more
fundamental. We suggest that the spectral index is more funda-
mental because the radio power is immediately related to the
spectral index, but only indirectly on mass. However, in the
future one needs to check whether mass or any other funda-
mental galaxy parameter also spans another dimension. The as-
sumption that massive galaxies are better calorimeters than low-
mass galaxies is based on the assumption that the CR escape
rate depends on mass. However, according to some simulations
(e.g. Pfrommer et al. 2017) this is controversial and it is un-
clear whether CRs are passively driven by the baryonic wind,
or whether the wind is driven by CRs. In the latter case, no mass
dependence of the escape rate is expected and the magnetic field
in the halo plays a role.

4. Discussion

4.1. Cosmic-ray electron calorimetry

Here, we investigate whether the strong dependence of the
radio-to-SFR ratio on the radio spectral index (Sect. 3.2) can be
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Mass dependency of radio–SFR relation
using the mass–size scaling relation

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

η =
1

1 +
tsyn

tesc

≈
1
2

tesc

tsyn

η ∝ SFR0.05 M0.27
tot

depends only on 
galaxy radius

Mtot ~r★1/3

23
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Cosmic ray escape in winds

• Scale heights ratios (144 MHz / 3GHz)


• Large ratios in galaxies with flat spectra


• Cosmic-ray transport in galaxies with 
winds (Stein et al. 2023)
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Other influences at low frequencies
influence on the radio–SFR relation

• Free-free absorption


• Cosmic-ray ionisation losses


• Both flatten  
the spectrum

25

Gajović, L., et al.: A&A, 695, A41 (2025)

Fig. 7. Zoomed-in spectral index maps of H ii regions in M 101 between 54 and 144 MHz. The regions where the spectrum is measured (in
Sect. 4.2) are indicated with black circles and the centres of the regions (Table 3) are marked with an x. White areas below 2� are excluded. The
beam size is shown with the black ellipse in the bottom left corner of each panel.

an external model, the spectrum no longer has the optical depth
in the denominator, yielding (Wills et al. 1997)

S ⌫ = S 0

✓ ⌫
⌫0

◆⌘
e�⌧↵ . (4)

The external model leads to lower valued of EM because all
the absorption occurs in front of the source thus requiring less
ionised gas. The fit results for both models are in Table 4.

In most of the analysed H ii regions the flux density at
54 MHz is significantly lower than it would be if the power
law behaviour extended to lower frequencies. The exception is
the region NGC 5447 where the spectrum is entirely a power
law with no absorption at low frequencies. We exclude this
region from further collective analysis and analyse it separately
in Sect. 5.3.

We observe a flattening in the spectrum of H ii regions at
frequencies below 100 MHz. Assuming Te = 104 K and the
“internal” free–free absorption model we get values of the EM
between 4800 and 12 000 cm�6 pc. Fitting a di↵erent tempera-
ture does not change the fits because the parameter T�1.35

e · EM
enters the fit (Eq. (2)). Hence changing Te leads to a change in
the inferred value of EM. Kennicutt et al. (2003) measured Te
for each of the H ii regions and the values for Te vary between
9000 K and 12 000 K for the low-ionisation zones. This would
lead to a change in EM of 25% at most (which is less than other
uncertainties). The initial values of EM are of the same order
of magnitude but higher than the values determined for the spi-
ral arms of M51 assuming that the flattening in the spectrum is

caused by free–free absorption (Gajović et al. 2024). In Sect. 5.1
we compare the values of EM obtained by fitting the low fre-
quency radio absorption to a di↵erent tracer of EM.

The spectral indices of the H ii regions are very close for
both models. Their values are between �0.52 and �0.22 which is
fairly flat. Thermal emission has a spectral index �0.1 and non-
thermal radio emission has a spectral index higher than �0.7.
We observe a combination of thermal and non-thermal emission
coming from the centres of H ii regions.

We note that synchrotron self-absorption is not a viable
explanation for the spectral behaviour as it requires bright-
ness temperatures well in excess of the ones we measure (see
Gajović et al. 2024 for an exact calculation). Moreover, ionisa-
tion losses of the cosmic-ray electrons do not lead to spectral
down-turns but only to a flattening of spectra. Also, since HII
regions are already ionised, ionisation losses should not play a
major role.

5. Discussion

5.1. Comparison to other EM tracers

One can independently estimate the EM from the H↵ flux density
using the relation (Dettmar 1992; Voigtländer et al. 2013):

EM = 5 · 1017FH↵/⌦ (5)

where FH↵ is the H↵ flux density in erg cm�2 s�1, and ⌦ is the
collecting area in arcsec2 and EM is in cm�6 pc.

A41, page 7 of 14

Gajović, L., et al.: A&A, 695, A41 (2025)

Fig. 4. Spectra of four selected background sources. The spectra fol-
lows a power law as expected confirming that there are no flux density
problems in our images at small scales.

spectra of smaller regions that are not a↵ected by the missing
large-scale flux density.

3.2. H II region selection

More than a thousand H ii regions were identified in M 101
(Hodge et al. 1990), but we want to focus on the prominent
giant H ii regions. There is no consensus in literature on what
constitutes a giant H ii region, but they generally have a large
physical size and they are very bright at both optical and radio
frequencies. Therefore, we combine the most comprehensive
lists of giant H ii regions in M 101 (Skillman & Israel 1988;
Hippelein 1986; Dodorico et al. 1983) with coordinate positions
(Gordon et al. 2008) in Table 3.

For this paper, we selected the H ii regions that are prominent
at low radio frequencies, specifically in the 144 MHz map. We
chose the 144 MHz map because the frequency is high enough
to not be a↵ected by low frequency flattening. Additionally, the
144 MHz map has a good signal-to-noise ratio. In this selection,
we used the H↵ map by Hoopes et al. (2001) to define the H ii
region boundaries. First, we manually plotted circles that include
all the H↵ emission from the H ii region and mostly exclude
the surrounding emission. Second, we refined the H ii region
boundary by selecting everything above 10� in the H↵ image.
In Fig. 5, the H ii region boundaries defined from H↵ are plotted
on top of the 144 MHz map. Regions 0–5 show a clear excess
of emission compared to the disc surrounding them. For regions
0–5, surface brightness is higher than 7 mJy/beam while for the
other regions it is lower than 5 mJy/beam. We chose these six
regions (the galactic centre, NGC 5447, NGC 5455, NGC 5461,
NGC 5462, and NGC 5471) for the spectral analysis in this work.
Coincidentally, those are the same regions selected for analysis

Table 3. Coordinates of H ii regions considered for analysis. Regions
0–5 were selected.

No. Name RA(J2000) Dec(J2000) Ref.

0 Centre 14:03:12.48 +54:20:55.4 1
1 NGC 5447 14:02:28.18 +54:16:26.3 1,2,3,4
2 NGC 5455 14:03:01.13 +54:14:28.7 1,2,3,4
3 NGC 5461 14:03:41.36 +54:19:04.9 1,2,3,4
4 NGC 5462 14:03:53.19 +54:22:06.3 1,2,4
5 NGC 5471 14:04:29.35 +54:23:46.4 1,2,3,4
6 NGC 5449 14:02:26.0 +54:19:48.0 2,5
7 Hodge 1013 (a) , (b) 14:03:31.0 +54:21:14.5 1,2,4,6
8 Searle 5 14:02:55.05 +54:22:26.6 1,2
9 Searle 12 14:04:11.11 +54:25:17.8 1,2,4
10 Hodge 67 (a) 14:02:19.92 +54:19:56.4 1
11 Hodge 70/71 (a) 14:02:20.50 +54:17:46.0 1
12 Hodge 681 (a) 14:03:13.64 +54:35:43.0 1

Notes. (1) Gordon et al. (2008); (2) Hippelein (1986);
(3) Skillman & Israel (1988); (4) Dodorico et al. (1983); (5) Corwin
(1995); (6) Hodge et al. (1990). (a)Identification numbers according
to Hodge et al. (1990). (b)Also called Hodge 40, according to Hodge
(1969).

Fig. 5. H ii region boundaries determined from H↵ (Hoopes et al. 2001)
plotted on top of 144 MHz radio map. The region boundaries are red and
the blue numbers correspond to their identification numbers in Table 3.
For the analysis we select or only regions 0–5, which are bright at
144 MHz. Note that these boundaries were only used in the H ii region
selection.

by Israel et al. (1975), likely because of their brightness at radio
frequencies.

4. Results

4.1. Spectral index maps between 54 and 144 MHz

We calculated the radio spectral index of M 101 between 54 and
144 MHz. Both radio maps were convolved to the same beam
(26.5200 ⇥ 2000 beam with PA = 115�) and re-gridded to the same
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Diffusion coefficients
Energy dependence

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


• In radio haloes also non-energy 
dependent (Schmidt et al. 2019, Stein et al. 2023)


• Boron-to-carbon ratio supports this in the 
Milky Way (E < 10 GeV) (Becker-Tjus and Mertens (2020))
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Circumgalactic B-fields
Experimental setup
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Detection of circumgalactic B-fields
consistent with bipolar outflows

• Excess rotation measure


• At impact parameters <100 kpc near 
the minor axis


• RM = 4 rad m–2


• B = 0.5 µG
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Conclusions
and summary

• Super(sub)-linear global(local) radio–SFR relation


• Ratio radio-to-SFR depends strongly on radio spectral index (power-law slope 
of the radio continuum spectrum) for both global and local data


• Global and local data points form a fundamental plane defined by [log(L144), 
log(SFR), alpha]


• Unified global and local radio-SFR relation when using radio spectral index


• Mass dependency can be derived by spectral index parametrisation with 
mass
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Questions?
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