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The BIG questions

• What regulates SF in small, gas-rich 
galaxies?

• What is the relative importance of 
sequential triggering?

• What is the role of turbulence for SF?

• What happens to the star formation 
process in the outer parts of disks?
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Analoguoes to the “first galaxies”

Stellar feedback: galactic winds “Missing satellites” problem

Burst-like SF history
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Local Irregulars That 
Trace Luminosity 
Extremes, The H I 
Nearby Galaxy Survey

• 41 irregulars 
• 376 hr VLA time
• B, C, D-config
• 6–10” arcsec angular 
resolution
• 2.6 km s-1 velocity 
resolution
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The Astronomical Journal, 148:130 (16pp), 2014 December Ashley et al.

Figure 2. IC 10’s natural-weighted moment maps from VLA observations. (a) Integrated H i intensity map blanked at a 2σ level where 1σ = 14.7 × 1019 atoms cm−2.
(b) Intensity weighted velocity field. (c) Velocity dispersion field.
(A color version of this figure is available in the online journal.)

Figure 3. Colorscale map of IC 10’s natural-weighted, main disk H i column density overlaid with stellar contours (note that this map is on a different scale than those
in Figure 2): left: Hα; right: V-band.
(A color version of this figure is available in the online journal.)
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HI streamer
Infalling cloud

IC 10: infalling HI cloud

Ashley et al. 2014

HI data cube

Hunter et al. 2012

HI velocity field
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VLA continuum survey

• 2010: IC10 + IC1613 
(RSRO) VH11+, VH15+

• 2012: entire sample 
@6 cm Kitchener+, submitted

• 2014–now: 
subsample spectral 
index study 1–20 cm

IC 10 6.2 GHz VLA + Effelsberg
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Motivation

• Hardly anything known about RC in dwarfs

• Single-dish data are confusion dominated

• Interferometric data needed

• RC–FIR “conspiracy”

• CRe escape in galactic wind

• Dust heating photons escape as well

Bell 2003, Lacki+10
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Radio&Con)nuum&over&the&disk&
•  80%&of&galaxies&yield&a&radio&conRnuum&non1detec5on&
when&we&integrate&over&the&disk+
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N = 8/40

You&wanna&PhD,&Ged?&
Yeah?&Well...&

I&don’t&give&a&flux&

Disc integrated flux

Kitchener, Brinks, VH et al. 2015, submitted

• Integration over disc

• 40 galaxies @ 6cm

• 8 galaxies directly 
detected
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Fig. 1.— Multi-wavelength coverage of DDO50 displaying a 7′ × 7′ area. We show total RC flux density
at the native resolution (top left) and again with contours (top centre). The lowest contour highlights low–
surface brightness emission at a level of 21.9µJy beam−1—this is 2.5 times the rms after smoothing the
native image by a factor of 2.5. The other contours are placed following (2 + 2n)σnative, where n ≥ 0 and
both the rms (σnative = 6.11µJy beam−1) and the resolution (FWHMnative = 3.1 × 2.4 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: Hα (middle left); RCNTh inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24µm (bottom left); Spitzer 70µm (bottom centre); FUV+24µm–inferred ΣSFR

from Leroy et al. 2012 (bottom right). We also show the RC that was isolated by the RC–based masking
technique (top right). The greyscale intensity scales used are arbitrary to best highlight structure.

12

Multi-wavelength picture
DDO 50
Holmberg II
H-alpha
GALEX FUV
Spitzer 24µm
Spitzer 70µm

Kitchener+15
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Increasing the S/N
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Fig. 2.— GALEX FUV emission of DDO133 overlaid by
our RC contours. Our procedures allowed us to attribute
RC emission as being from: the galaxy itself (G; green);
a background galaxy (B; red); an unknwon or ambiguous
source (?; Blue). We also overlay the optical disk size (de-
fined by the Holmberg radius; purple).

source, we characterised that source as being a
background galaxy.

’Ambiguous’ sources After cross matching
with NED, there remained sources that we could
not attribute as coming from a background galaxy,
but at the same time were not close enough to a
SF site to be confidently classified as originating
from the target galaxy; we refer to these sources
of RC emission as ‘ambiguous’. To illustrate our
definition of ‘ambiguous’ RC emission, we present
four of our observations that contained such a
source in Figure 3; we show DDO46 and DDO63
that each contained a strong unresolved source,
and also DDO69 and IC 1613 that each contained
significant extended emission.

Most observations contained an ‘ambiguous’
source; none of these had a non–thermal lumi-
nosity that exceeded that of a known bright SNR
(1 × 1019 WHz−1 or 3.3mJy at 5Mpc at 6GHz),
and so may indeed be SNRs.

This was based on SNR N4449-12 in the dwarf
galaxy NGC4449 having S6cm = 4.84mJy and
α = −0.7 between 20 cm and 6 cm at a distance
of 4.2Mpc in 2002 (Chomiuk & Wilcots 2009).
For comparison, this is 10 times the luminosity
of CasA. Since the luminosity terminally declines

for the majority of the SNR’s lifetime, we treat
the observed luminosity of SNR N4449-12 in 2002
as an approximate empirical upper limit to the lu-
minosity of a supernova remnant. We justify our
use of SNR N4449-12 as it was the most lumi-
nous from a sample of 43 SNRs from 4 irregular
galaxies (35 of which are in galaxies that overlap
with our sample—namely NGC1569, NGC2366,
and NGC4214).

3.2.2. Global quantities (over entire disk)

With background sources removed (see § 3.2.1),
emission was integrated from within the dwarf
galaxy optical disk (see Table 6 for the disk pa-
rameters). The semi-major axis of the disk was
based on optical isophotes: using either the Holm-
berg radius (defined as the isophote where B–
band surface brightness drops to a magnitude of
26.66; Hunter & Elmegreen 2006) or 3 times the
V–band disk scale length (Hunter & Elmegreen
2006) if the B–band radius was not defined. The
major–to–minor axis ratio and position angle were
taken from Hunter & Elmegreen (2006). All emis-
sion outside this radius was masked. This tech-
nique isolates all emission that originates from the
galaxy including any low surface brightness emis-
sion below our sensitivity limit.

Only ∼ 20% of our RC observations yield a
signal–to–noise of greater than 3.

3.3. Optimising the RC signal–to–noise

The majority of galaxies only exhibit significant
RC in isolated pockets which is attributed to the
episodic nature of SF in dwarf galaxies (e.g., Stin-
son et al. 2007) combined with the surface bright-
ness sensitivity set by our observations. When in-
tegrated over the disk, the signal from most galax-
ies ends up being dominated by the contribution
of noise from the individual beams within the in-
tegration area: the uncertainty, δN , is given by
σrms

√
N , where σrms is the rms noise level and N

is the number of individual beams. This motivates
the use of masks to isolate genuine emission from
background noise (i.e., reduce the integration area
which is proportional to N) in order to improve
the RC signal–to–noise.

13

• Radio mask

• Remove background 
sources (2” cross 
match)

• Remove ambiguous 
sources

• Further 20 sources
detected

Radio 6 cm contours
+GALEX FUV

Kitchener, Brinks, VH et al. 2015, submitted
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RC–far infrared
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Fig. 10.— Galaxy–wide total C–band luminosity as a function of Spitzer 70µm FIR. Definite background sources have been
removed, whilst the ‘ambiguous’ sources were retained in the left panel and removed in the right panels. The solid line is the
best–fit power law to our sample. We show the Yun et al. (2001) RC–FIR relation as described in Equation 7 including the
uncertainties introduced by our conversion (grey shaded band).

and find,

L6GHz

WHz−1
= (5.88± 1.76)× 10−3

(

L70µm

WHz−1

)0.99

,

(7)
where we convert the IRAS 60µm luminosity to
the equivalent Spitzer 70µm luminosity by scaling
up by a factor of 1.27 (this assumes the Yun et al.
2001 galaxies are in a quiescent mode of SF, and
that there is no significant emission from warm
dust; β = 1.82 and Tdust = 35K). We also convert
their VLA 1.4GHz RC data by a factor of 2.83 to
derive predicted equivalent JVLA 6GHz flux den-
sities assuming a constant spectral index of −0.7
between L– and C–band. The uncertainty given
takes into account an uncertainty in the spectral
index of 0.1 and a 15K uncertainty in the dust
temperature.

We find that the RC–FIR relation in Fig-
ure 10 (left panel) is slightly sub–linear—we find
a power–law gradient of ∼ 0.9± 0.1 with a scatter
of 0.3 dex.

A number of dwarfs in Figure 10 (left panel)
are significantly radio ‘bright/loud’ even with re-
spect to the Yun et al. (2001) sample. These data
points (e.g., DDO69, DDO210, and Haro 29) har-

bour ‘ambiguous’ RC emission. Given that our
dwarf galaxies may be affected by a RC excess in-
troduced by including RC emission from unrelated
background sources, we assume that the ‘ambigu-
ous’ sources of RC emission are of background
origin and remove them from our analysis. We
present the RC–FIR relation (free from ‘ambigu-
ous’ emission) in Figure 10 (right panel). This en-
sures that all of the isolated emission is from the
dwarf itself, however, it is possible that we remove
a fraction of dwarf emission (e.g., a SNR that we
erroneously assume is a background galaxy).

We find that removing the ‘ambiguous’ sources
does not significantly alter our results—our RC–
FIR relation is characterised by a linear power–
law index of 1.05± 0.08 with a scatter of 0.25 dex.
Our RC–FIR relation shows a tentative divergence
from the Yun et al. (2001) relation, although given
the uncertainties in our power–law fit and the large
scatter, we can not be conclusive on this. We do
note that the dwarfs systematically fall under the
Yun et al. (2001) relation—our dwarf galaxies are
about a factor of 2 deficient in RC given what the
FIR emission predicts.

24

Kitchener, Brinks, VH et al. 2015, submitted

RC

WHz�1
= 1018.16±0.09

✓
70µmFIR

1021 WHz�1

◆

• Slope 1.05+/- 0.08 
(slightly super-linear)

• Factor of 2 radio weak 
compared with spirals

• Conversion fct.:

Wednesday, 24 June 15



10−4 10−3 10−2 10−1

SFRFUV+24µm / M⊙ yr−1

1016 1016

1017 1017

1018 1018

1019 1019

1020 1020

C
-b
an
d
R
C
N
T

/
W

H
z−

1

NGC 1569

NGC 3738

DDO 69

Haro 29

IC 1613

NGC 4214

NGC 2366

DDO 50

DDO 53
WLM

C-band RCNT (RC-masked) vs. SFRFUV+24µm (over disk)
LITTLE THINGS

Condon et al. 2002

12 + log O

H
> 8.0

8.0 > 12 + log O

H
> 7.6

12 + log O

H
< 7.6

‘Ambiguous’ sources removed

A = 1017.81±0.06 at x = 10−2

n = 1.34± 0.08
σ = 0.12 dex
N = 12/40

Fig. 8.— Galaxy–wide total C–band RCNTh luminosity
as a function of the FUV–inferred SFR (Leroy et al. 2012);
SFRs have been corrected for internal extinction from dust
if 24µm data was available using the Leroy et al. (2012)
prescription. Note that the abscissa and ordinal values were
yielded by integrating emission over distinct regions. Both
definite background sources and ‘ambiguous’ sources have
been removed. The solid line is the best–fit power law
to our sample. We show the Condon et al. (2002) RC–
SFR relation as described in Equation 5 corrected by 0.75
(i.e., to represent just the RCNTh component) including the
errors introduced by our conversion (grey shaded band).

2.68±0.12, where the subscript 70 : 6 refers to the
ratio of 70µm FIR to 6GHz RC. The uncertainty is
calculated by assuming a 0.1 error on the spectral
index between L– and C–band, and 15K on the
dust temperature. We compare our q70:6 values
with Yun et al. (2001) in Figure 9.

Figure 9 shows that our low–SFR galaxies
(70µm ! 1021WHz−1) may be continuing the
trend of the Yun et al. (2001) sample to exhibit
high q70:6 values; however, our values are not accu-
rate enough to state whether there is a deviation
from q70:6 = 2.68 or whether they are consistent
with it. If this is a genuine deviation, then this
is further evidence that the RC is deficient for a
given SFR (see Section 4.2 where we found evi-
dence that our sample falls below the Condon et
al. (2002) RC–SFR relation).

A tendency for dwarf galaxies to exhibit larger
q70:6 values could be evidence of the subtle differ-
ence between the mechanisms for generating RC
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This study
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Fig. 9.— q70:6 parameter as a function of 70µm lumi-
nosity. Both obvious and ‘ambiguous’ background sources
have been removed. We also show the Yun et al. (2001)
data points (purple) and their q-parameter appropriately
corrected to our observation bands (dashed) including the
errors introduced by our conversion (grey shaded band).

and FIR emission. While RCTh emission is highly
dependent on the truncated stellar IMF in dwarfs
(Hα emission under-predicts SFRs by a factor of
10 in galaxies with a SFR of ∼ 10−3M⊙ yr−1; Lee
et al. 2009), FIR emission is not as affected since
a lower proportion of dust-heating comes from
massive stars and, in fact, it is the ISRF that is
the main contributor to dust-heating (Irwin et al.
2013).

4.4. The RC–FIR relation

The FIR is known to be well correlated with
RC (e.g., de Jong et al. 1985; Price & Duric 1992).
Figure 10 shows the RC–FIR relation for our sam-
ple. We use Spitzer 70µm emission for our FIR
values. The left panel shows the relation when we
include the ‘ambiguous’ sources, whereas the right
panel shows the relation with ‘ambiguous’ sources
removed.

We compare our RC–FIR relation with that de-
rived by (Yun et al. 2001, see their Equation 4).
They relate the integrated total 1.4GHz RC of an
unresolved galaxy to the IRAS 60µm luminosity

23

Comparison with 
spirals

Kitchener, Brinks, VH et al. 2015, submitted
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Dwarfs are radio dim
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best–fit power law to our sample. We show the Condon et al. (2002) RC–SFR relation as described in Equation 5 including the
errors introduced by our conversion (grey shaded band).

and removing them before taking integrated quan-
tities. In doing this, while we may remove, at
worst, 10% of genuine RC emission (RC emission
from SNRs contribute < 10% of the total RC in
dwarf galaxies; Chomiuk & Wilcots 2009), con-
tamination from background sources will be en-
tirely removed. We present the RC–SFR relation
(free from ‘ambiguous’ emission) in Figure 7 (right
panel). This ensures that all of the isolated emis-
sion is from the dwarf itself, however, it is possible
that we remove a fraction of dwarf emission (e.g., a
SNR that we erroneously assume is a background
galaxy).

We find that removing the ‘ambiguous’ source
significantly alters our results—our RC–SFR di-
verges from the Condon et al. (2002) relation. The
divergence starts for systems that have a SFR of
about 0.1–1.0M⊙ yr−1 and is characterised by a
power–law index of 1.2 ± 0.1 with a scatter of
0.2 dex. Our brightest galaxies remain largely
consistent with the Condon et al. (2002) RC–
SFR relation, but as we probe lower SFR, the
RC luminosity drops at a faster rate—not only
are the dwarf galaxies radio ‘quiet/dim’ with re-
spect to the Condon et al. (2002) RC–SFR rela-

tion, but this effect is stronger for lower SFRs—the
RC luminosity observed in dwarfs with a SFR of
∼ 1 × 10−3M⊙ yr−1 is about a factor of 10 lower
than that predicted by the Condon et al. (2002)
relation. Interestingly, this is the same factor of
10 that Hα–inferred SFRs undercut FUV–inferred
SFRs in dwarf galaxies (Lee et al. 2009).

4.2.1. RCNTh–SFR relation

Figure 7 shows our RCNTh–SFR relation. We
find a slope of 1.34 ± 0.08 which agrees with the
1.33 predicted for turbulent magnetic field ampli-
fication. The RCNTh component is discussed in
more detail in Section 4.5.1.

4.3. q-parameter

Yun et al. (2001) found that the log of the ratio
of the IRAS FIR (a weighted combination of 60
and 100µm flux) to VLA 1.4GHz flux densities of
his sample,

qFIR:1.4 = log
FIR [Jy]

RC [Jy]
, (6)

was 2.34 ± 0.01. To match our own observations,
their qFIR:1.4 value is converted making q70:6 =

22

• Low magnetic field 
strengths (but B = 
9µG)

• Cosmic ray 
electron escape

• Different IMF

Kitchener, Brinks, VH et al. 2015, submitted
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Magnetic Field – SFR Relation

• Turbulent dynamo: 
B ~ SFR0.33

• Non-thermal: L ~ B3+α 

• RCnt–SFR:  RCnt~SFR1.33

• Weak B or CRs below
SFR=0.1 M yr–1

Kitchener, Brinks, VH et al. 2015, 
submitted
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Fig. 5.— Our results in the context of previous studies. We compare our RC and FIR coverage with that of Yun et al.
(2001) (left panel). Their VLA 1.4GHz data have been corrected to 6GHz and the IRAS 60µm data to Spitzer 70µm. We
also compare our RC and SFR coverage with that of Heesen et al in prep. (right panel). Their WSRT 22 cm data have been
corrected to 6GHz.

Others Klein (1986) find a number of ∼ 4σ de-
tections at 6.3GHz: 3.5 ± 1.0mJy for DDO126;
4 ± 1mJy for DDO133; 9 ± 2mJy for DDO52.
However, we observe less than a mJy for each of
these. In all cases, we find a nearby background
galaxies that will have entered their 2′.48 single
dish beam and contributed to their flux density to
some degree.

4.1.2. Composition of the radio continuum:
Thermal and non–thermal

We assume that, in C-band, the total RC emis-
sion is comprised of two continua: the RCTh and
the RCNTh. Since Hα and the RCTh both have
their origins in hot (∼ 104 K) plasma, a tight spa-
tial correlation between the two emissions is ex-
pected (e.g., Deeg et al. 1997; Murphy et al. 2011).
The Hα–RCTh relation taken from Deeg et al.
(1997) assumes the form:

RCTh

Wm−2
= 1.14× 10−25

( ν

GHz

)−0.1

×
( Te

104 K

)0.34 FHα

ergs s−1 cm−2
.(3)

On a spatially resolved basis, the RCTh flux den-
sity (see Equation 3) can be subtracted from the

total RC, yielding the RCNTh flux density (we as-
sumed an electron temperature of 104 K).

After the removal of known background galax-
ies and ‘ambiguous’ sources, the RC–based mask
was used to isolate both RC emission and RCTh

(scaled Hα) emission. When weighted by the mass
of the galaxy, we find that the average thermal
fraction for our sample is (42±24)% (upper limit),
whilst the non–thermal fraction is (58 ± 24)%
(lower limit). For comparison, thermal fractions in
dwarf galaxies have been quoted as 30% at 1.4GHz
for a sample of stacked faint dwarfs (Roychowd-
hury & Chengalur 2012), 50% in IC 10 at C–band
(Heesen et al. 2011), 23% in NGC1569 at 1.49GHz
(Lisenfeld et al. 2004), and 23% in NGC4449 at
1.49GHz (Niklas et al. 1997).

The RCNTh fraction is quoted as a lower limit
for two reasons: 1) our masking technique masks
out regions that are consistent with noise—it is in
these regions where low surface brightness RCNTh

is likely to exist, and 2) our interferometric obser-
vations may miss extended (! 4′) emission due to
lack of short spacing data—RCNTh naturally dif-
fuses through the ISM and so it is the RCNTh com-
ponent that is more prone to being missed (H ii
regions in our dwarf galaxies do not exceed scales
of 4′).

19

Schleicher & Beck (2013)

Wednesday, 24 June 15



RC–SFR relation

•SFR ~ H-alpha (Kennicutt 
1989)

•H-alpha ~ thermal RC

•SFR ~ Type II SN rate 
(> 8 Msolar)

•Scale non-thermal 
luminosity to Milky Way SN 
rate

Why it may work: Complications:

• need B–CR 
equipartition

• non-calorimetry

• weak B-fields

• time dependence
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far–IR: ISRF heating
A&A 543, A74 (2012)
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Fig. 1. Spitzer MIPS-24 µm (upper left panel), Herschel PACS-100 and 160 µm (upper middle and right panels, respectively) and SPIRE-250,
350, and 500 µm (lower left, middle and right panels, respectively). All maps are at their original resolution, and the FWHM of the beams (6′′,
6.7′′ × 6.9′′, 10.7′′ × 11.1′′ , 18.3′′ × 17.0′′ , 24.7′′ × 23.2′′, and 37.0′′ × 33.4′′ for 24, 100, 160, 250, 350, and 500 µm respectively) are indicated as
green circles at the bottom-left part in each panel. In the MIPS-24 µm map, three of the brightest HII regions are labeled for reference. The outer
ellipse shows the B-band D25 (semi-major axis length = 7.5 kpc; Paturel et al. 2003) extent of the galaxy. The brightness scale is given in units
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by Verley et al. (2008) by constructing the dust temperature vari-
ations as a function of radius from the center.

The recently launched Herschel Space Observatory offers
the possibility to study M 33 at FIR and submm wavelengths
in more detail than possible before. The PACS (Poglitsch et al.
2010) and SPIRE (Griffin et al. 2010) instruments combined al-
low us to produce images over the wavelength range between
70 µm and 500 µm with unprecedented sensitivity and superior
resolution. In this paper, we use PACS (100 µm and 160 µm)
and SPIRE (250 µm, 350 µm, 500 µm) imaging, taken as part
of the Herschel M 33 extended survey (HerM33es; Kramer et al.
2010), an open-time key program, along with a two-component
modified blackbody model in order to improve our understand-
ing of the nature of the continuum emission of M 33. With this
approach, we hope to shed some light on the temperature and
luminosity distributions of M 33, being aware of the simplis-
tic nature of the model that is used. A more realistic analysis
(within the framework of the HerM33es open-time key program)
is presented elsewhere (Rosolowsky et al., in prep). In Sect. 2,
we present the observations and the data reduction techniques
that we use, Sect. 3 gives a brief description of the morphology
of the galaxy at the Herschel wavelengths, Sect. 4 describes the
modeling of the data, and the results of our study are presented
in Sect. 5 and discussed in Sect. 6. We finally present our con-
clusions in Sect. 7.

2. Observations and data reduction

The Local Group galaxy M 33 was observed on 7 and
8 January 2010 with PACS and SPIRE covering a field of

70′ × 70′. Observations were made using the PACS and SPIRE
parallel mode with a scanning speed of 20′′/s providing simulta-
neous observations at 100 µm and 160 µm, as well as at 250 µm,
350 µm, and 500 µm. The PACS maps presented in this paper
were reduced using the scanamorphos algorithm (Roussel 2012)
discussed in detail in Boquien et al. (2011) and in Rosolowsky
et al. (in prep.). The SPIRE maps were reduced using HIPE 7.0
(Ott 2010) and the SPIRE calibration tree v. 7.0. SPIRE charac-
teristics (point spread function, beam area, bandpass transmis-
sion curves, and correction factors for extended emission) were
taken from the SPIRE Observers’ Manual (v2.4 2011). A base-
line algorithm (Bendo et al. 2010) was applied to every scan
of the maps in order to correct for offsets between the detector
timelines and remove residual baseline signals. Finally, the maps
were created using a “naive” mapping projection. Regarding
the errors in the PACS and SPIRE photometry, we adopted a
conservative 15% calibration uncertainty for extended emission
(Boquien et al. 2011; SPIRE Observers’ Manual, v2.4 2011).

In addition to the Herschel maps, we also used the
publicly available mid-infrared (MIR) maps at 5.8 µm and
8 µm obtained with the IRAC instrument, and the 24 µm and
70 µm obtained with the MIPS instrument on-board the Spitzer
Space Observatory. To account for the stellar pollution in the
5.8 µm and 8 µm fluxes, we used the IRAC-3.6 µm data as
a reference point assuming that fluxes at this waveband only
trace stellar emission. This, however, is a crude approximation
since dust contamination, especially in the bright HII regions,
may be present in 3.6 µm. We then corrected the 5.8 µm and
8 µm maps by assuming a stellar light contamination dictated by
the 3.6 µm measurements scaled by a Rayleigh-Jeans law.

A74, page 2 of 11

(Xilouris, Tabatabaei et al. 2012)

M33
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“Hybrid” star formation tracer

(Leroy et al. 2008, 2012)NGC 6946

The Astronomical Journal, 147:103 (39pp), 2014 May Heesen et al.
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Figure 2. NGC 6946. (a) Radial distribution of the (ΣSFR)RC from λ22 cm RC emission (dark blue), hybrid (FUV + 24 µm) (ΣSFR)hyb (orange), 24 µm alone (green),
and FUV alone (violet). (b) Ratio R of RC to hybrid ΣSFR as a function of galactocentric radius. Open symbols represent the non-thermal RC emission alone. The
solid line shows a least-squares fit to the data points assuming a constant ratio (dashed line for the non-thermal RC emission alone).
(A color version of this figure is available in the online journal.)

The thermal contribution was then subtracted from the radio data
before further analysis (Sections 3.3 and 3.4). We did not correct
for the contribution by [N ii], which according to Kennicutt et al.
(2008) is typically 40% in our sample. Kennicutt et al. (2008)
provided only global estimates of the [N ii]/Hα ratio, so we
do not have any spatial information of the [N ii] contribution.
On the other hand, as mentioned in Section 2.4, we did not
correct the Hα emission for internal extinction, which in normal
galaxies is typically in the 0–1 mag range at Hα. In Figures 1(c)
and (d) we present the distribution of the thermal RC emission
and the fraction of thermal emission in NGC 6946, respectively.

These maps can be compared with the those by Beck (2007),
who separated thermal and non-thermal emission based on
observations at λλ20 and 3 cm, assuming a constant non-thermal
spectral index of αnt = −1.0 in NGC 6946. Another approach
to derive maps of the thermal emission was taken by Tabatabaei
et al. (2013b), who de-redden the Hα maps by first modeling
the dust spectral energy distribution. Qualitatively these maps
of the thermal RC are all quite similar. Given that the integrated
thermal fraction is on average less than 10% across the angular
scales discussed here, we consider our estimate for the thermal
RC contribution at λ20 cm adequate. In Appendix B we present
relevant maps for the entire sample.

We notice that we did correct for thermal RC emission to
measure the integrated non-thermal spectral index, but not for
the spectral index on a 1 kpc scale. This is because in the pixel
measurements, the uncertainty in the Hα maps would contribute
to the already relatively high error of the radio spectral index.
The integrated non-thermal radio spectral index is typically only
0.1 steeper than the integrated radio spectral index.

3.3. Radial Profiles

As the first step we analyzed the data using azimuthal
averaging. We convolved the radio and hybrid ΣSFR maps
with a Gaussian kernel to bring them to the same resolution
and regridded the maps to a common coordinate system. The
resolution is either 13.′′5, set by the hybrid ΣSFR maps, or limited
by the resolution of the radio maps. We used inclination and
position angles for the elliptical annuli as given in Table 1. We
created azimuthal averages by using elliptical annuli spaced by
one FWHM using the task iring of AIPS. This results in plots
of the ΣSFR based on the RC emission at λ22 cm or the hybrid
ΣSFR maps as a function of galactocentric radius.

The two dwarf irregular galaxies, Holmberg II and IC 2574,
are only barely detected in RC emission, even though they

are quite prominent in SFR maps based on UV or optical/
IR wavelengths. For these two galaxies we chose the center of
the elliptical annuli to be centered on the brightest emission
visible in the RC maps. For all other galaxies we chose the
center of the elliptical annuli to coincide with the center of the
galaxies.

We converted the averaged RC brightnesses into averaged
ΣSFR in each annulus using Equation (3). For the hybrid ΣSFR
we integrated them in the same annuli and calculated again the
averaged ΣSFR. We note that the ΣSFR are inclination corrected.
In Figure 2 we show the results for NGC 6946 as an example.
We present both the radial distributions of the radio and hybrid
ΣSFR and their ratio. The results for the entire sample are shown
in Appendix B.

We also use iring to measure integrated values of the RC flux
densities, hybrid SFRs, and thermal RC flux densities. We use
an ellipse with the major axis of the galaxy and a minor axis
corresponding to an aspect ratio for an inclination angle of 40◦.
This ensures that we include the RC emission in the halos of
the galaxies. These integrated values are listed in Table 2. We
note that these values are usually lower than the values given
in Braun et al. (2007), because we masked the maps to exclude
AGNs and background galaxies (see Section 2.5). The values we
present should represent the best estimate of the RC emission
in each galaxy that originates from SF.

3.4. Pixel-by-pixel Analysis

We subsequently investigated the relation between the radio
and hybrid ΣSFR by averaging in “pixels,” for which we chose
squares with a constant linear scale for all galaxies. Taking into
account the various angular resolutions and distances across our
sample, we chose two linear scales of 0.7 kpc and 1.2 kpc,
respectively. These scales are chosen in order to be able to
analyze most galaxies at a set resolution. We can analyze six
galaxies at 0.7 kpc, and this number increases to 12 for a scale
of 1.2 kpc. These linear scales are similar to recent studies of
resolved ΣSFR in THINGS galaxies (Leroy et al. 2008; Bigiel
et al. 2008).

The maps were convolved with a circular Gaussian kernel to
the angular resolution corresponding to the linear scale studied.
A grid with the corresponding resolution was overlaid, and the
pixel values were determined in Miriad using imstat. We used
a cutoff level of three times the rms noise level for the radio
and hybrid ΣSFR data. We calculated the radio spectral index
between λλ22 and 18 cm using the convention that Sν ∝ να ,

6
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FUV is important in the
outskirts of galaxies.
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RC–FIR “conspiracy”

• Dwarfs lie a factor 
of 2 below the 
RC–FIR 
correlation

• Slope 1.05

• Dwarfs lie below 
the RC–SFR relation

• Slope 1.21

• Up to a factor of 10 
radio weak

Radio deficiency is balanced by escaping
dust heating photons
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Global power-law relations
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IC 10
D = 0.7 Mpc
SFR = 0.1 M yr-1

Wolf-Rayet stars
Star burst
few Myr star 
clusters

Hunter et al. 2012
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Radio continuum 1.5–8.8 GHz
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“NT conspiracy”
Non-thermal flux density: 
58 mJy (@6.2 GHz)

Power-law
Spectral index: -0.41

Non-thermal RC:
spectral curvature

1.4 GHz
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10 GHz

Chyzy et al. 2003

Thermal RC
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Figure 1. Total power radio continuum intensity at 6.2 GHz, with the position of IC 10 X-1 marked by a white cross. (a) Total emission, i.e. the superposition
of thermal and non-thermal radio continuum at 3.3 arcsec angular (equivalent to 11 pc spatial) resolution, with the size of the synthesized beam indicated by
the boxed circle in the bottom left corner. The dashed line indicates the region surrounding the non-thermal superbubble presented in panels (b) and (c). (b)
Non-thermal radio continuum of the superbubble and its environment (FWHM = 3.4 arcsec). The dashed line indicates the region, which is used for integrating
the emission for the spectrum of the non-thermal superbubble. (c) Thermal radio continuum of the same region as in (b), constructed from a superposition of
H α and 32 GHz emission (FWHM = 3.4 arcsec). The dashed line indicates the 80 per cent attenuation level of the primary beam at 32 GHz.

diative cooling. Hence, the thermalization fraction of clustered SNe
is higher than for randomly distributed SNe (Krause et al. 2013).

One of the best studied examples is the non-thermal super-
bubble (NSB; Yang & Skillman 1993) in the nearby dwarf irreg-
ular galaxy IC 10, a member of the Local Group at a distance of
0.8 Mpc (Sakai et al. 1999). It has several young star clusters, con-
taining massive stars (Hunter 2001) and an unusually high number
of WR stars (Massey & Holmes 2002). Thus, IC 10 is supposed to
be an dwarf irregular galaxy that is currently undergoing a starburst
phase. Close to the centre of the NSB is one of the heaviest stellar-
mass black holes known at a remnant mass of > 23 M⊙ (Silverman
& Filippenko 2008), which forms together with the massive WR
star [MAC92] 17A a highly variable luminous X-ray binary, known
as IC 10 X-1 (J2000.0, R.A. 00h20m29s.09, dec. 59◦16′51.′′95,
Bauer & Brandt 2004). It has been speculated that a core collapse
of the IC 10 X-1 progenitor in a ‘hypernova’ could be responsible
for the NSB, rather than a series of SNe (Lozinskaya & Moiseev
2007).

In this letter, we present new broad-band radio continuum ob-
servations with the Karl G. Jansky Very Large Array (VLA) to
study the non-thermal radio continuum spectrum of the NSB. A
subset of these data was already presented in Heesen et al. (2011),
in a special issue of the Astrophysical Journal Letters dedicated
to early science with the refurbished VLA. The observations were
taken as part of a radio continuum companion survey to LITTLE
THINGS, a VLA H I survey of 41 nearby dwarf galaxies (Hunter
et al. 2012). Here, we are focusing on the NSB, using a frequency
range between 1.4 and 32 GHz, at high spatial resolution. As we
will show, the non-thermal spectrum of the NSB shows a conspicu-
ous downturn at high frequencies, which is frequently used to mea-
sure the age of the relativistic plasma in the lobes of radio galaxies
(e.g., Heesen et al. 2014b), but has so far only rarely observed in

star forming galaxies (Lisenfeld et al. 1998). This highlights the
usefulness of broad-band radio continuum observations of nearby
galaxies, opening new avenues to explore the physics of the non-
thermal ingredients to the ISM.

2 OBSERVATIONS

We observed IC 10 with the NRAO1 VLA under the resident shared
risk program (RSRO; project ID: AH1006). RSRO observations
were taken in D-configuration in 2010 August and September in
L-band (1.4–1.6 GHz),C-band (4.5–5.4 and 6.9–7.8 GHz), X-band
(7.9–8.8 GHz) and Ka-band (27–28 and 37–38 GHz) with ≈3 h on-
source time each. In addition, we observed in C-configuration in L-,
C- and X- with ≈3 h on-source time each in 2012 February to April
(ID: 12A-288) and 2013 August (ID: 13A-328). A ‘primary’ flux
calibrator (3C 48) was observed either at the beginning or the end of
the observations, and observations of IC 10 were interleaved every
15 min with a 2 min scan of a nearby ‘secondary’ phase calibrator
(J0102+5824). We also have used L-band B-configuration data ob-
served with the historical VLA in 1986 September (ID: AS0266),
already presented by Yang & Skillman (1993).

We followed the standard data reduction procedure, using the
Common Astronomy Software Applications package (CASA), de-
veloped by NRAO, and utilizing the flux scale by Perley & But-
ler (2013). We self-calibrated the data (except Ka-band, where
this was not necessary) with two rounds of phase only antenna
gain corrections, using images from the C-configuration data as

1 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

c⃝ 0000 RAS, MNRAS 000, 000–000

Spectral ageing with the JVLA

Some details:
•Subtract thermal RC w/ H–alpha
•Correct missing flux w/ Effelsberg
•Estimate B from equipartition

IC10 VLA+Effelsberg 6.2 GHz (Heesen, Brinks, Krause et al. 2015)
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agram of the NSB and its surroundings, presented in Fig. 2. We
find a cavity of little prominence, centered on R.A. 00h20m29s.71,
dec. 59◦16′51.′′9, which is 4.8 arcsec east of IC 10 X-1. It is either a
single H I hole with a diameter of 100 pc and an extent in velocity
space of 30 km s−1, or consists of two smaller H I holes with diam-
eters of 76 pc and extents in velocity space of 18 km s−1 each. For
a single hole the expansion velocity is 15 km s−1, leading to an es-
timate of the bubble’s dynamical age of τdyn = 3.8 ± 0.5 Myr, with
a similar age for the double hole scenario.

For further analysis, we fed the radio continuum data into the
Broadband Radio Analysis ToolS (BRATS; Harwood et al. 2013).
The spectrum of the NSB presented in Fig. 3 (flux densities are
tabulated in Table 1) shows a conspicuous curvature, which can
be well fitted by a Jaffe–Perola (JP; Jaffe & Perola 1973) model,
shown as red solid line, with an injection spectral index of αinj =
0.6 ± 0.1. The JP model describes the evolution of radio contin-
uum emission from a CRe population within a constant magnetic
field strength following a single-injection. There exist variations
to the JP model, such as the KP (Kardashev 1962) and Tribble
(Tribble 1993) model. Our data can not differentiate between them
as any differences are only notable close to the break frequency.
Assuming energy equipartition and using the revised equiparti-
tion formula by Beck & Krause (2005), we find a total magnetic
field strength of 44 ± 8 µG (UB = 7.7 ± 0.4 × 10−11 erg cm−3).
The total infrared luminosity from Spitzer MIPS 24–160 µm maps
from Dale & Helou (2002) lead to a radiation energy density of
Urad = Ustar +UIR = 5 ± 1 × 10−11 erg cm−3, where the contribution
from stellar light is taken as Ustar = 1.73 × UIR as measured in the
solar neighbourhood (Draine 2011).

The spatially resolved distribution of the spectral age is shown
in Fig. 4, where we applied a S/N-cutoff of 5 in each pixel. There
is an East–West gradient, where the age in the eastern part is τ =
1.0 Myr. The JP model fit to the spatially resolved data is better
(⟨χ2red⟩ = 0.6) than for the integrated spectrum (χ2red = 1.3), because
a superposition of spectral ages cannot be described by a single
JP model. This leads us to conclude that our best estimate of the
spectral age is τspec = 1.0 ± 0.3 Myr. The error is a combination of
the magnetic field error and the formal fit error of the JP model.

Finally, in order to exclude a power-law spectrum we con-

ducted a few more tests: firstly, we fitted a power-law fit to the
integrated spectrum and found χ2red = 4.5, far inferior to the JP
model fit. Secondly, a power-law fit to data points > 1.5 GHz pre-
dicts a flux density at 1.5 GHz of 19 per cent above to the actual
value, about 15 times larger than its error of 1.3 per cent (made up
of 1 per cent flux calibration error and rms map noise) as shown in
Fig. 3. Thus, we can exclude a spectrum without curvature.

4 DISCUSSION

We first review the parameters derived for the IC 10 NSB: the inte-
grated current cosmic ray energy in the NSB is 1 × 1051 erg, where
we modelled the bubble as a sphere and used the assumption of en-
ergy equipartition (UCR = UB), injected approximately 1 Myr ago.
Following the calculations of Bagetakos et al. (2011) we can derive
the energy required to create the H I hole as 0.2–1 × 1051 erg, with
the upper value appropriate if two holes were formed, where the
ambient density of the neutral, atomic gas is 0.8–2.2 cm−3 (includ-
ing Helium). The contribution from turbulent gas within the NSB
traced in Hα (Thurow & Wilcots 2005) is probably not significant
when taking into account that the filling factor for emission line gas
is probably low.

We can compare our findings with 3D simulations by Krause
et al. (2013, 2014). They predict that superbubbles reach diameters
of the order of 100 pc even before the first SN. Each SN then first
heats the bubble, accelerates the shell, and then dissipates the in-
jected energy entirely at the leading radiative shock wave, and via
radiative cooling in mixing regions at the location of the shell, on
a timescale of a few 105 yr. The shell slows down accordingly, re-
sulting in a discrepancy between spectral and dynamical age. The
rather low shell velocity of the IC 10 NSB (high-velocity super-
bubbles have a few times faster shells, compare e.g. Oey 1996) is
indeed expected if the last embedded SN exploded about 1 Myr
ago, as suggested by the non-thermal emission. The CRe would
have been accelerated as the accompanying shock wave traversed
the bubble. Using the method of Bagetakos et al. (2011) on the
aforementioned 3D simulations at a similar time, we find 1051 erg
as minimum energy to create the cavity, in agreement with the up-
per limit from the observations. The energy found in cosmic rays is
however surprisingly large. Assuming an acceleration efficiency of
10 per cent (e.g. Rieger et al. 2013), at least 1052 erg would have to
have been released.

Could this have happened in a single explosion? Highly en-
ergetic SNe are thought to be related to long duration gamma ray
bursts (e.g. Mazzali et al. 2014, and references therein). The asso-
ciated type Ic SNe have energies of up to a few times 1052 erg, ade-
quate to account for our observations. We note that a higher energy
than the standard 1051 erg would also better explain the high shell
velocities in some high-velocity superbubbles (Oey 1996; Krause
& Diehl 2014). It is noteworthy that the NSB is centered to within
16 pc on IC 10 X-1, suggesting an association. This system con-
tains at least one massive star, [MAC92] 14A, which has a mass
larger than 17 M⊙ and more likely 35 M⊙ (Silverman & Filippenko
2008), also a possible progenitor for a type Ic SN. Alternatively,
multiple SNe may have exploded in the past 1 Myr. We can not
rule this out from the spectral ageing analysis, because a constant
CRe injection rate since approximately 1 Myr would still lead to
a spectral downturn, caused by the oldest CRe. However, the po-
sition of the stellar clusters (Fig. 1(a)) and the distribution of the
thermal radio continuum emission and hence that of massive stars
(Fig. 1(c)), argues against this scenario, because there is no spatial
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Figure 2. Position–Velocity (PV) diagram of the NSB and its surroundings,
from the LITTLE THINGS H I data cube. The position of the slice is shown
in Fig. 1(a). South-east is to the left, north-west to the right.

Table 1. Non-thermal flux densities of the NSB.

ν [GHz] S ν [mJy] ν [GHz] S ν [mJy] ν [GHz] S ν [mJy]

1.52 40.2 5.32 15.6 7.59 10.8
4.55 17.5 5.45 15.0 7.72 10.8
4.68 17.1 6.95 11.8 7.85 10.6
4.81 16.9 7.08 11.9 8.01 10.8
4.93 16.3 7.21 11.6 8.27 10.5
5.06 16.3 7.33 11.4 8.53 10.2
5.19 15.7 7.46 11.1 8.78 9.6

A post-deconvolution wide-band primary beam correction was ap-
plied to remove the effect of the frequency-dependent primary
beam. For the spectral analysis, we imaged subsets (‘spectral win-
dows’) of data with either 128 or 256 MHz bandwidth, varying
Briggs’ ‘robust’ parameter as function of frequency to achieve a
synthesized beam of a similar angular size. All data were con-
volved with a Gaussian kernel in AIPS2 to an identical resolution
of 5.1 arcsec and regridded.

Because the VLA can not record baselines smaller than ≈30 m
(elevation dependent), there is a limit to the largest angular scale
that can be observed, resulting broadly in flux densities that are too
low compared with single-dish measurements; this is known as the
‘missing zero-spacing flux’. Our VLA flux density at 1.5 GHz and
those at 2.6 and 10.5 GHz, measured with the 100-m Effelsberg
telescope (Chyży et al. 2003, 2011), of 343, 277 and 156 mJy, can
be fitted with a constant spectral index of −0.41. We can interpo-
late them to estimate the missing zero-spacing flux in each spec-
tral window. We found that at frequencies of 4–6 GHz, 10–20 per
cent of the flux density was missed by the VLA, which increased
to 30–40 per cent at frequencies of 7–9 GHz. In order to correct
for this, we merged the VLA and Effelsberg data using IMERG in
AIPS. We used the VLA 1.5 GHz map as a template for the large-
scale emission at the lower end of our frequency range, which has
the benefit of an improved angular resolution in comparison to the
2.6 GHz Effelsberg map. We hence interpolated the 1.5 GHz VLA
and 10.5 GHz Effelsberg maps at an angular resolution of 78 arc-

2 AIPS, the Astronomical Image Processing Software, is free software
available from the NRAO.
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Figure 3.Non-thermal spectrum of the NSB between 1.5 and 8.8 GHz. The
solid red line shows the Jaffe–Perola model fit to the data and the solid black
line is a linear fit to data points > 1.5 GHz.

sec, assuming a constant but spatially resolved spectral index, to
have a template of the large-scale emission in each spectral win-
dow. We merged the data of each spectral window with the appro-
priate template, making sure that the integrated flux densities of
several regions agreed to within 5–10 per cent and the discrepancy
between the total integrated flux densities was less than 4 per cent.
This was achieved by adjusting the ‘uvrange’ parameter in IMERG,
which prescribes the angular scale at which the single-dish image
is scaled to interferometric image; we used values within the range
of 0.8–1.8 kλ.

3 RESULTS

In Fig. 1(a) we present a 6.2 GHz contour map from combined VLA
and Effelsberg observations at 3.4 arcsec angular resolution, over-
laid on an integrated H I map from LITTLE THINGS (Hunter et al.
2012). The NSB is centered on R.A. 00h20m28s.85, dec. 59◦16′48.′′ ,
which is 5 arcsec south-west of IC 10 X-1, and has a diameter
of 54 arcsec or 184 pc. We created a map of the thermal (free-
free) emission from the Balmer H α emission map of Hunter &
Elmegreen (2004) following standard conversion (e.g., Deeg et al.
1997, Equation (3), T = 104 K), where we corrected for foreground
absorption using E(B − V) = 0.75 mag (Burstein & Heiles 1984).
This map was combined with our 32 GHz map of the south-eastern
starburst region, which we use as an extinction free measurement
of the thermal radio continuum emission (Fig. 1(c)). A comparison
between the two maps showed agreement to within 10–20 per cent
in areas outside of the compact H II regions (Ith < 1.0 mJy beam−1),
indicating that our estimate of the optical foreground absorption is
accurate.

The main fraction of thermal radio continuum is located in the
H II regions, north-west of the NSB. Whereas the NSB is promi-
nent in the non-thermal radio continuum, there has thus far been
little other evidence reported in the literature that the NSB consti-
tutes a cavity in the ISM. Wilcots & Miller (1998) find an H I hole
at its position, but do not report any signs of expansion. There
is weak, diffuse H α emission from ionized hydrogen and an in-
creased line width, corresponding to a thermal velocity dispersion
of 35 km s−1, but nothing to suggest an expanding shell (Thurow
& Wilcots 2005). Using the natural weighted H I data cube from
LITTLE THINGS (FWHM = 8.4 × 7.5 arcsec, P.A. = 37 de-
gree, Hunter et al. 2012), we have created a position–velocity di-
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Figure 1. (a) Integrated H I emission line intensity as grey-scale at 5.5 × 5.9 arcsec (P.A. = 16 degree) resolution of an approximately 1 square kpc region to
the south-east of the centre of IC 10. Contours show the 6.2 GHz radio continuum emission at 60, 120 and 800 µJy beam−1, i.e. the superposition of thermal
and non-thermal emission. The white line corresponds to the slice used to extract the PV-diagram at an angle of −45 degree, centered on the H I hole (see text
for details). Green plus signs show the position of stellar clusters (Hunter 2001). (b) Non-thermal radio continuum at 6.2 GHz of the superbubble, where the
dashed line indicates the region, used for measuring the spectrum of the non-thermal superbubble. (c) Thermal radio continuum of the same region as in (b),
constructed from a combination of H α and 32 GHz emission. The dashed line indicates the 80 per cent attenuation level of the primary beam at 32 GHz. In
panels (a)–(c) the magenta star indicates the position of IC 10 X-1 and the angular resolution of the radio data is 3.4 arcsec (equivalent to 12 pc).

wind of massive stars, especially during their Wolf–Rayet (WR)
phase, powers the early expansion of the bubble. Subsequent SNe
create strong shocks in the bubble interior that are responsible for
the thermal X-ray and the non-thermal synchrotron emitting gas
(Krause et al. 2014). Stellar feedback in the form of SNe is more
efficient for clustered SNe than for randomly distributed ones as
subsequent SNe explode in the tenuous gas of the bubble and their
shock waves are not suffering from strong radiative cooling. Hence,
the thermalization fraction of clustered SNe is higher (Krause et al.
2013).

An intriguing example of SN feedback is presented by what
has become known as the non-thermal superbubble (NSB; Yang &
Skillman 1993) in the nearby dwarf irregular galaxy IC 10, a mem-
ber of the Local Group at a distance of 0.7 Mpc (1 arcsec = 3.4 pc,
Hunter et al. 2012). It has several young star clusters, containing
massive stars (Hunter 2001) and an unusually high number of WR
stars (Massey & Holmes 2002). IC 10 is a dwarf irregular galaxy
that is currently undergoing a starburst phase. Close to the centre
of the NSB is one of the heaviest stellar-mass black holes known
at a remnant mass of > 23 M⊙ (Silverman & Filippenko 2008),
which forms together with the massive WR star [MAC92] 17A
a highly variable luminous X-ray binary, known as IC 10 X-1
(J2000.0, R.A. 00h20m29s.09, dec. 59◦16′51.′′95, Bauer & Brandt
2004; Barnard et al. 2014).

In this letter, we present multi-band radio continuum observa-
tions with the NRAO1 Karl G. Jansky Very Large Array (VLA) to
study the non-thermal radio continuum spectrum of the NSB. This
project follows on, and extends some preliminary results presented

1 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

in Heesen et al. (2011). The data cover the frequency range between
1.4 and 32 GHz, at high spatial resolution.

2 OBSERVATIONS

We observed IC 10 with the VLA (project ID: AH1006). Obser-
vations were taken in D-array in 2010 August and September at
L-band (1.4–1.6 GHz),C-band (4.5–5.4 and 6.9–7.8 GHz), X-band
(7.9–8.8 GHz) and Ka-band (27–28 and 37–38 GHz) with ≈3 hr
on-source time each. In addition, we observed in C-array at L-
, C- and X-band with ≈3 hr on-source time each in 2012 Febru-
ary to April (ID: 12A-288) and 2013 August (ID: 13A-328). A
flux calibrator (3C 48) was observed either at the beginning or the
end of the observations, and scans of IC 10 were interleaved ev-
ery 15 min with a 2 min scan of a nearby complex gain calibrator
(J0102+5824). We incorporated L-band B-array data observed with
the historical VLA in 1986 September (ID: AS0266) from Yang &
Skillman (1993).

We followed standard data reduction procedures, using the
Common Astronomy Software Applications package (CASA), de-
veloped by NRAO, and utilizing the flux scale by Perley & Butler
(2013). We self-calibrated the L-, C- and X-band data with two
rounds of phase-only antenna-based gain corrections, using im-
ages from the C-array data as a model. In C- and X-band we self-
calibrated in phase and amplitude, adding in the D-array data (self-
calibrated in phase), checking that the amplitudes did not change
by more than 1–2 per cent. For the imaging we used CASA’s im-
plementation of the Multi-Scale Multi-Frequency Synthesis (MS–
MFS) algorithm (Rau & Cornwell 2011), which simultaneously
solves for spatial and spectral structure during wide-band image re-
construction. A radio spectral index image was produced by MS–
MFS as well, which we used to refine the self-calibration model.
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Chyzy, Drazgra, Beck, et al. 2015, in prep.

“Synchrotron envelope” in IC 10
1.4 GHz VLA + Effelsberg 1.4–8.4 GHz spectral indx.
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Spectral index profile (z)
Assumptions:
•Exponential profile of B
•Constant wind speed V
Results:

•Concave profile
V > Vesc :CRe escape
•Convex profile
V < Vesc: CRe calorimeter

(Magnetic energy scaleheight: hB / 2)Vesc ⌘
hB

2 · trad

CR escape speed:
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Figure 10. (a) Profiles of the non-thermal spectral index between λλ 20 and 6 cm for various wind speeds in case of convective CRe transport. Parameters
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coefficients and energy dependencies in case of diffusive CRe transport. Parameters are as for NGC 7462 (B = 10 µG, hB = 2.75 kpc, Urad/UB = 0.18).

 3  3.5  4  4.5  5
Magnetic Field Scaleheight [kpc]

 100

 150

 200

 250

 300

 350

 400

 450

 500

W
in

d 
Sp

ee
d 

[k
m

 s
-1

]

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 2  2.5  3  3.5  4
Magnetic Field Scaleheight [kpc]

 2

 2.5

 3

 3.5

 4

 4.5

 5

 5.5

 6

D
iff

us
io

n 
C

oe
ffi

ci
en

t [
10

29
 c

m
2  s

-1
]

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 5

 5.5

 6(a) (b)

Figure 11. (a) NGC 7090. Distribution of the reduced χ2 from the spectral index fitting as function of the wind speed V and the magnetic field scaleheight
hB. Contours show the non-thermal radio continuum scaleheight at λ20 cm at 1.4, 1.6, 1.8, 2.0 and 2.2 kpc (increasing from bottom left to top right). (b)
NGC 7462. Distribution of the reduced χ2 from the spectral index fitting as function of the diffusion coefficient D and the magnetic field scaleheight hB.
Contours show the non-thermal radio continuum scaleheight at λ20 cm at 1.3, 1.5, 1.7, 1.9 and 2.1 kpc (increasing from bottom left to top right).

tical CR transport. In both galaxies we see little or no dependence
of the CR scale height on the electron lifetime.

NGC 7090. NGC 7090 has exponential vertical non-thermal
radio continuum profiles, making a convective transport more likely
according to our modelling. Furthermore, the vertical profiles of the
radio spectral index show a characteristic steepening in the inner
parts at z < 2 kpc and a flattening at larger heights. This can not
be explained with diffusion, where the spectral index profiles are
getting monotonically steeper with z, so that they have ‘concave’
spectral index profiles. It can be explained with convection, where
the electron lifetime is smaller than the escape time, so that the
spectral index asymptotically approaches a constant; in the case of
NGC 7090 αasymp = −1.6. This means that the CRe do not lose all
their energy, so that NGC 7090 is not an electron calorimeter. And
as stated earlier, the exponential profiles favour convection, so that
we conclude from the modelling that convection is the dominating
transport mode in NGC 7090.

In order to find the best-fitting solution, we have varied the
convection speed and magnetic field scaleheight and compared the
modelled spectral index profile with observed one. In Fig. 11(a)
we show the reduced χ2 as function of wind speed and magnetic

field scaleheight. As noted earlier one, a higher magnetic field
scaleheight can be balanced by a higher wind speed, so that there
is a degeneracy between the two parameters. However, contours
of the non-thermal radio continuum scaleheights are alinged al-
most perpendicular to the orientation to the ‘valley’ of small re-
duceed χ2, so that we can constrain both parameters fairly well.
In case of NGC 7090, the best fit parameters are a wind speed of
300 ± 50 km s−1 and a magnetic field scaleheight of 4.0 ± 0.5 kpc.
Our best-fit parameters are presented in Table 5. The magnetic field
scale height is with 4 kpc very close to the scaleheight expected
for a constant CRe energy density, but that does not mean that the
electrons are not losing any energy. Indeed, they lose most of the
energy within a height of 2 kpc, but from there on the spectral index
is rather constant, particularly in the northern halo.

But this finding explains why an increase of the CRe life-
time results in a small increase of the scale height. We have de-
termined the exponential scaleheight for the model as function of
the CRe lifetime, which are presented in Fig. 5 as a solid line. The
scaleheight remeains largely constant for CRe liftimes larger than
15Myr with a scaleheight of 1.7–1.9 kpc. For CRe lifetimes smaller
than 15 Myr the scaleheights are dropping linearily as expected
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Conclusions

• 26 out of 40 dwarfs RC detected

• 42% thermal RC fraction @6 cm

• 0.1–1.0 M yr-1 diverge from Condon’s relation

• 10-3–10-4 yr-1 factor of 10 radio deficient

• Radio factor of 2 deficient to FIR: “Conspiracy”

• Young (1 Myr) cosmic rays in IC 10

• Non-thermal outflows magnetize early Universe
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Thank you!
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