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Motivation: radio–SFR relation

• Radio continuum as an extinction free SF tracer

• No cryogenic satellites needed

• Physical reasons behind it

• (1) CRE (cosmic-ray electrons) calorimetry

• (2) Energy equipartition B–CR

• Cosmic-ray transport

• Diffusion in the disc 

• Advection in the halo (galactic wind)
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Star-formation surface density (SFRD)

• GALEX FUV: young massive stars

• Spitzer 24 μm: dust emission (SF regions)

• Linear combination: FUV + 24 μm

(Leroy et al. 2008, 2012)

NGC 6946





NGC 5194 (The ‘Whirlpool Galaxy’)

LOFAR 140 MHz LOFAR 140 MHz

Lucia Perez

FWHM = 7 arcsec
rms = 130 µJy/beam

FWHM = 20 arcsec
rms = 350 µJy/beam

Mulcahy et al. (2014)Processed with FACTOR



Radio spectral index SFRD

Spectral ageing of cosmic-ray electrons (CREs)

140–1400 MHz FUV + 24 µm

Young CREs in spiral arms, old CREs in 
interarm regions and outskirts



Radio–SFRD relation
WSRT 1.4 GHz LOFAR 140 MHz

⌃
SFR,hyb / ⌃0.67±0.02

SFR,radio ⌃
SFR,hyb / ⌃0.51±0.02

SFR,radio

Spatially resolved relation (1.2 kpc):

CRE diffusion causes sub-linear radio-
SFRD relation

Heesen et al. (2014)
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Cosmic-ray diffusion

Star formation rate surface density 22cm radio continuum

Smoothing

Gaussian convolution kernel (at 1.4 GHz)
FWHM = 3.4 kpc ---> 1.7 kpc diffusion length
(Berkhuijsen et al. 2013; Tabatabaei et al. 2013; Heesen et al. 2014)

NGC 6946

12 kpc



LOFAR SFRD

NGC 5055 (The ‘Sunflower Galaxy’)
FWHM = 7 arcsec
rms = 100 µJy/beam

Cierra Huff

Spectral Index

⌃
SFR,hyb / ⌃0.64±0.02

SFR,radio



NGC 3184

LOFAR SFRD
FWHM = 15 arcsec
rms = 300 µJy/beam

Spectral Index

⌃
SFR,hyb / ⌃0.23±0.02

SFR,radio

Jacob Woolsey



NGC 4736
LOFAR SFRD

SFR
hyb

/ SFR0.75±0.03
radio

WSRT 1400 MHz:

Edward Buie II

LOFAR data
currently
analysed ...



IC 10: a starburst dwarf galaxy

Heesen et al. 2017, in prep.

HI Halpha

Halpha Facet



VLA 1600 MHzGMRT 325 MHzLOFAR 140 MHz

Consistency with other data

•Structure is broadly consistent with higher 
frequencies
•Very flat spectral index  (alpha = -0.4)
•Halo is not spherical (like NGC 1569, Sridhar et 
al. in prep.)

Heesen et al. 2017, in prep.



Cosmic-ray transport models

Minor axis profiles
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(SPINNAKER, Heesen et al. 2016)

https://github.com/vheesen/Spinnaker

D=1027 cm2s-1

https://github.com/vheesen/Spinnaker
https://github.com/vheesen/Spinnaker
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Conclusions

• Former results from WSRT

• Integrated linear relation (slope=1.11+/-0.08)

• Resolved RC–SFR relation (1 kpc scale)

• Sub-linear resolved relation (slope 0.63+/-0.25)

• Cosmic-ray transport (spectral ageing)

• New results from LOFAR

• RC–SFR relation even more sub-linear

• Improved non-thermal radio spectral indices



Integrated radio–SFR relation

y–axis:
 – Use 
Condon 
relation to 
calculate SFR
– 22 cm 
radio

x–axis: SFR from 
GALEX FUV + 
Spitzer 24 μm

In the plot:
Black: Condon 
relation (1:1)
Red: Fit to data

Integrated Ratio:

(Heesen, Brinks et al. 2014)

RC–SFR slope: SFR
radio

/ SFR1.11±0.08
hyb

< =
SFR

radio

SFR
hyb

= 0.8± 0.4

The Astronomical Journal, 147:103 (39pp), 2014 May Heesen et al.
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(a)
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Figure 4. Comparison between the integrated SFRs from the total RC emission
and hybrid SF tracers. The black line shows the relation expected from the
Condon relation, i.e., would correspond to a linear (one-to-one) relation. The
red line is a fit to the data points. (a) For the total RC emission. (b) For the
non-thermal RC emission alone. The error bars, in both x- and y-direction,
are smaller than the size of the symbols.
(A color version of this figure is available in the online journal.)

we find for the total RC emission
〈

SFRRC

SFRhyb

〉
= 0.78 ± 0.38,

where the ratio is the arithmetic average and the quoted error
is the standard deviation of our measurement set. Similarly, we
find for the non-thermal RC emission only

〈
SFRRC

SFRhyb

〉

nt

= 0.70 ± 0.39.

The galaxies in our sample lie systematically slightly below,
although individually they fall well within one standard devi-
ation of the Condon relation. This is a remarkable success of
Condon’s relation, particularly if we consider the systematic ef-
fects involved in the way the relation was derived (Section 3.1).
The spread in the ratio Rint ranges from 0.31 (IC 2574) to 1.74
(NGC 5194). The first galaxy is a dwarf irregular Galaxy, and
the second one is a galaxy that is interacting with its nearby
neighbor. The standard deviation of 0.38 is about half of the
ratio Rint; hence, an individual galaxy can be either radio dim
or radio bright by a factor of ±50%. This is identical to the lower
limit for the uncertainty that is inherent to the hybrid SF tracers
as well when used for integrated SFRs (Leroy et al. 2012). We
can thus conclude that for integrated SFRs the RC luminosity
measurements are of similar accuracy as SF values derived on
the basis of other tracers. In the next sections we investigate
whether this holds also locally in galaxies.

4.2. Radial Profiles of Radio and Hybrid ΣSFR

As we have seen in Section 4.1, the integrated RC luminosity
and the SFR from the hybrid SF tracers are directly proportional,
as expected from the Condon relation. We next proceed to
investigate the behavior of the two SF tracers averaged in
elliptical annuli (Figure 2). We see that the two ΣSFR agree quite
well, with the radio ΣSFR offset by an almost constant distance
above the hybrid ΣSFR. This means that the ratio of the radio to
the hybrid ΣSFR is almost constant with galactocentric radius;
this is shown in a separate plot. We define the local ratio of the
radio ΣSFR to the hybrid ΣSFR as

R ≡ (ΣSFR)RC

(ΣSFR)hyb
, (7)

equivalent to the integrated SFRs in Equation (6). If the Condon
relation were fulfilled, then the ratio should be equal to one. In
the sample galaxy shown, NGC 6946, the ratio is R ≈ 1.4 and
is remarkably constant as a function of galactocentric radius.
There are some sinusoidal fluctuations with a period of ≈3 kpc
in radius. These may be caused by the prominent spiral arms
that are located at 2.4 and 5.4 kpc in the hybrid ΣSFR map. The
radii of the spiral arms agree with the minima in R, because
locally the hybrid SF tracer is proportionally higher than the
more diffuse RC-based tracer. There is a further minimum at
8 kpc where no obvious spiral arm is located, although there are
some SF regions in a northwestern direction (P.A. = −45◦) at
that distance from the nucleus. For NGC 6946 we find a radially
arithmetic average ratio of ⟨R⟩ = 1.35 ± 0.25, where the error
is the standard deviation of all data points. For this galaxy the
relative deviation of the ratio from its average is thus only 18%.
The integrated ratio as determined in Section 4.1 is Rint = 1.32,
so these two are identical. The non-thermal radially averaged
ratio is ⟨Rnt⟩ = 1.28 ± 0.26, identical within the error to the
value for the total RC emission, with a relative variation around
the mean of 20%.

This trend of a constant ratio R as a function of galactocentric
radius is also found in the other galaxies. In Table 2 we present
the integrated values of the SFR both from the radio (SFRRC)
and from the hybrid data (SFRhyb) and their ratio (Rint). We
also list the radially averaged ratio of the local ratio ⟨R⟩. It
is instructive to compare the radially averaged ratio with the
integrated ratio for all of our sample galaxies (Figure 5(a)).
Both ratios agree remarkably well, and the radial ratios agree
within the errors with the integrated ones. We can also see from
that figure that the radial variation compared to the average is
small for most of the galaxies. The mean standard deviation is
25% of the radially averaged ratio. NGC 6946 is thus a typical
example with respect to the amplitude of its radial variation
of the ratio. In Figure 5(b) we show the relation between the
radially averaged radio SFR and the SFR as measured from the
hybrid SF tracers, which can be compared with Figure 4(a).
The agreement between the two figures is striking, underlining
our conclusion that the azimuthally averaged ratios behave very
similarly to the integrated ones.

The radial variation is mostly changing quasi-periodic, which
means it cannot be described by a simple common function
like a constant slope. Generally speaking, the ratio tends to
increase with galactocentric radius rather than decrease. The
best example for this is NGC 628, where the ratio increases
almost monotonically with galactocentric radius. A more step-
like increase is seen in NGC 2403, where the ratio jumps at
a radius of 3 kpc from 0.3 to 0.45. There are no prominent
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SPINNAKER cosmic-ray transport models
https://github.com/vheesen/Spinnaker

Heesen et al. (2016)

https://github.com/vheesen/Spinnaker
https://github.com/vheesen/Spinnaker

