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Motivation

✤ Star formation (SF) drives galaxy evolution

✤ UV/optical tracers suffer uncertainty due to extinction

✤ MIR extinction correction or FIR SF tracers require high resolution 
satellite observations

✤ refurbished e-MERLIN & VLA, plus SKA precursors, have boosted 
radio continuum (RC) capabilities

✤ thermal RC (33GHz; Murphy et al. 2012) is a virtually extinction-free 
proxy for the SFR, but at T~104 K is weak.

✤ instead, explore synchrotron-dominated 1.5-6 GHz regime



Motivation

✤ (non-thermal) RC has potential to be a dust-free star formation rate 
(SFR) probe via RC-SFR (Condon) and the RC-FIR relation

✤ Heesen et al. (2014): RC-SFR study in spirals

✤ Kitchener PhD: RC-SFR & RC-FIR relation of dwarfs with VLA 
(~40 dIrr galaxies)

✤ Case study: IC10 multi-band, multi-configuration spatially 
resolved VLA study (Heesen et al. 2011)

✤ Westcott MSc: IC10 20cm e-MERLIN study, head count of SNR and 
(ultra-)compact HII regions → SFR



IC10

✤ RA, Dec = 0h20m17.3s, +59o18’14”

✤ l,b = 118.o96, -3.o33

✤ D = 0.7 - 1.0 Mpc (member of 
M31 sub-group)

✤ ISM dominated by HI/Hα shells

✤ non-thermal radio continuum 
bubble (Yang & Skillman 1993)



HI map
B-band on HI map



6cm on Hα

HI map
B-band on HI map



✤ Heesen et al. 2011, ApJ Lett., 739, L23

✤ ~4 hr, Full Stokes, C-array, 2 GHz @  C-band (6.2 GHz)

✤ 5 μJy rms @ I, Q, & U (expected thermal noise 4 μJy)

✤ ~2000:1 dynamic range

✤ MS-MFS mapping (Rau & Cornwell 2011)

✤ 9.4” x 7.3” resolution (~ 47 x 36 pc)



Polarised intensity and 
magnetic field orientation 
overlaid on the fractional 
polarisation (grey scale) at 15′′ 
resolution. Polarised intensity 
contours are at 3, 6, 10, and 20 
× 7 μJy beam−1 .

✤ No galaxy-wide B-
field

✤ Compression by 
shock waves?

non-thermal bubble



in-band spectral index on 6cm

non-thermal bubble

HII regions
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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 ! 4! 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 H" 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 H"–RCTh relation taken from Deeg et al.
(1997) assumes the form:

RCTh

Wm"2
= 1.14" 10"25

! #

GHz

""0.1

"
! Te

104 K

"0.34 FH!

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 H") 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!).
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RC-FIR & RC-SFR relations
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Fig. 7.— Galaxy–wide total C–band 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. Definite background sources have been
removed, whilst the the ‘ambiguous’ sources have been retained (left panel) and removed (right panel). 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 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 e!ect 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 H!–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 =
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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; ! = 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 a!ected 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.
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RC-FIR slope 1.05 ±0.08 (large 
spirals 0.99±0.01, Yun et al. 2001)
dispersion 0.25 dex
factor of 2 below Yun et al. (2001)
RC-FIR “conspiracy”

RC-SFR slope 1.21 ±0.09
dispersion 0.2 dex
deviates from Condon-relation 
below SFR < 0.1 M

☉

 yr-1

both thermal & synchrotron are 
down



3cm D-array



Contours: 3cm D-config
Grey-scale: Halpha



L-band C+D-array on Hα



Measuring Cosmic Ray aging
✤ Power-law “injection” spectrum breaks at 
νbrk(t)

✤ Above νbrk, spectrum depends on model 
assumptions (e.g. pitch angle scattering): 
Jaffe & Perola 1973, Kardashev 1962 & 
Pacholczyk 1970

✤ More complex models exist (e.g. Tribble 
1993)

✤ But radio spectral ages have a number of 
limitations….



Non-thermal superbubble

non-thermal bubble

Spectral age = 2–3 Myr

Some details:
– Subtract thermal RC based on Hα
– Correct for missing spacings with  
   Effelsberg (not crucial)
– Estimate B from energy equipartition

Using BRATS (Harwood et al. 2013)



L-Band e-MERLIN
observations of
IC10 [LeMMINGs]
Feb & Nov 2013
 σ ≲ 30 μJy



L-Band e-MERLIN
observations of
IC10 [LeMMINGs]
Feb & Nov 2013
 σ ≲ 30 μJy



First e-MERLIN IC10 Results

✤ ~ dozen sources related to IC10 (morphology; spatial correlation)

✤ ratio SNR/HII about 50/50

✤ Work in progress:

✤ will be looking for variability between Feb & Nov 2013 epochs

✤ proper ID using ancillary data

✤ create SNR luminosity function 

✤ investigate Σ-D relation for SNR



Summary: IC10

✤ Radio continuum correlates with Hα; RC is 30–50% thermal

✤ Radio continuum falls 2–3x below RC–SFR relation (truncated IMF? 
loss of CR electrons)

✤ Non-thermal bubble:

✤ Fractional polarisation 10–20%

✤ shock origin?

✤ spectral age ~2-3 Myr

✤ e-MERLIN finds ~dozen compact sources, 50% SNR, 50% HII region



The End


