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To bypass uncertainties indroduced by extinction by dust in the optical, we examine to what
extent the radio continuum can probe star formation in dwarf galaxies. We provide JVLA
C{band C-array (4{8 GHz) radio continuum images with integrated ux densities for 40 dwarf
galaxies taken from LITTLE THINGS. We nd 26 harbour signi cant emission coincident with
SF tracers; 17 are new detections. We infer the average thermal fraction to be (42 24)%, and
the non{thermal fraction to be (58 24)%. The LITTLE THINGS galaxies follow the Condon
radio continuum { star formation rate relation down to a star formation rate of 0:1M yr 1. At
lower star formation rates, they follow a power{law characterised by a slope of 1:2 0:1 with a
scatter of 0:2dex. We interpret this as an underproduction of both the thermal radio continuum
due to a truncated stellar initial mass function and the non{thermal radio continuum component
not due to a lower magnetic eld strength (found to be typically (9:3 4:2) G), but due to the
escape of Cosmic Ray electrons perhaps facilitated by a small magnetic eld scale height. The
LITTLE THINGS galaxies fall below the radio continuum { far infrared relation; the observed
radio continuum falls a factor of 2 below that predicted from the far infrared consistently across
our range of dwarf galaxies. We observe a power{law slope of  1:05 0:08 with a scatter of
0:25dex | consistent with a linear trend suggesting that the ‘conspiracy’ of the radio continuum
{ far infrared relation continues to hold even for dwarf galaxies. However, we also nd tentative
evidence that t Qidio continuum becomes de cient with respect to far infrared emission when
looking at the gi5sparameter ] this may be explained by the rising importance of the interstellar
radiation eld (as opposed to massive stars) as a heating source for dust in low star formation
rate systems such as LITTLE THINGS.

Subject headings: dwarf galaxies: star formation ]| dwarf galaxies: magnetic elds | dwarf galaxies:
radio continuum || dwarf galaxies: individual(NGC 1569, NGC 4214, Holmberg I, Holmberg Il, Sextans
A, Sextans B, IC 10, IC 1613,)
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The Radio Continuum (RC) { Far Infrared
(FIR) relation of galaxies holds over 4 orders of
magnitude in luminosity, irrespective of galaxy

type (Helou et al. 1985; de Jong et al. 1985; Yu
al. 2001). It displays only a 0:26 dex scatter (o

et al. 2001) and has been observed to hold to a
redshift of 3 (Appleton et al. 2004). The RC (see
Condon 1992, for a review) and the FIR have long
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been attributed to the input of energy following a
star formation (SF) event. In C{band (4{8 GHz or
7:50{3:75cm), the RC comprises two main contri-
butions: a thermal component (RC+) and a non{
thermal component (RCnth). The RCyp comes
about as follows: photons of 912A ionise
hydrogen surrounding the most massive, short-
lived stars (M & 18 M , tjire - 10 Myr; Hunter
& Elmegreen 2004). The resulting plasma then
radiates due to, primarily, free electrons interact-
ing with free ions leading to Bremsstrahlung emis-
sion. The RCyy is mostly con ned to Hii re-
gions, and is dependent on these most massive,
short-lived stars which end their existence as su-
pernovae (SNe) approximately 1{10 Myr after the
SF episode. The RCnth  Nds its origins in the
remnants of core{collapse SNe (SNR) whose pro-
genitors are massive, short-lived stars (Maeder &
Meynet 1989 nd the lifetime of 120M stars to
be 3:4Myr, whilst 8M stars have lifetimes of
50 Myr). The supernova shock accelerates Cos-
mic Ray electrons (CRe) to ultra{relativistic ve-
locities, which then spiral around magnetic elds
producing synchrotron radiation. CRe may last,
typically, 100 Myr after their initial acceleration,
and an ensemble of CRe may di use or be ad-
vected out to typically a kpc from the SF region
of origin. The RC+, and RCnth thus operate on
di erent time and spatial scales. The FIR origi-
nates from the black-body radiation of interstellar
dust that is heated by the interstellar radiation

eld (Walter et al. 2007; Wyder et al. 2009; Roy-
chowdhury & Chengalur 2012).

The classical scenario is that of a galaxy act-
ing as a calorimeter (Volk 1989) ] one that re-
tains both its dust{heating photons and CRe. The
model assumes that dust{heating photons (e.g.,
optical and UV) are absorbed by dust which even-
tually reradiates the energy gained as FIR. It
also requires that magnetic elds retain all CRe
which eventually produce synchrotron radiation.
Since all the energy contained within the CRe
is radiated, the strength of the magnetic eld
is irrelevant, i.e., whether the energy contained
in the CRe is radiated over 1Myr in a strong
magnetic eld, or over 1Gyr in a weak mag-
netic eld, the total energy emitted is the same.
The calorimter assumption implies that the mean-
free-path of dust-heating photons is less than the
galaxy disk scale height, and that the typical en-

ergy loss timescale of CRe is less than the di usion
timescale. Clearly, the calorimeter model is not
perfect as dust-heating photons are observed com-
ing from galaxies, and RCntr emission is observed
in the haloes of larger spirals (Heesen et al. 2009).
Therefore, for galaxies to follow the RC{FIR re-
lation, the escape of CRe from galactic magnetic

elds must be in proportion to the escape of dust{
heating photons from the disk. Some of the earli-
est evidence of this comes from Klein et al. (1991)
who state that the de ciency of RCntn ‘happens
to be balanced’ by a lack of dust in Blue Compact
Dwarfs (BCDs). This is known as the ‘conspiracy’
between the emission of RC and FIR (e.g., Bell
2003; Dale et al. 2009; Lacki et al. 2010).

In the case of dwarf galaxies, observations show
that they contain less dust than spirals (Lisen-
feld & Ferrara 1998; Bigiel et al. 2008), yet still
follow the RC{FIR relation (Price & Duric 1992;
Yun et al. 2001). To complicate the picture yet
further, heating of the di use cold dust by pho-
tons may not be su cient to make the RC{FIR
relation as tight as is observed; Xu (1990) found
that a signi cant fraction of the heating of di use
cool dust could not be accounted for by UV ra-
diation in their sample of 40 spiral galaxies. An
alternative source to compensate for the insu -
cient UV{heating could be heating by CRe (e.g.,
in Ultra{Luminous Infrared Galaxies (ULIRGS);
Papadopoulos 2010); however, it is not known how
e ective this source of heating is in systems of such
low dust densities as dwarf galaxies.

The de ciency of the RC can be explained by
an underproduction of both thaRC+y, and RCnTh
components. A truncated sQr IMF in dwarf
galaxies may lead to fewer high mass stars being
born for a given SFR (Wyder et al. 2007; Lee et

al. 2009; Plokinger et al. in prep.); with feuQ
high mass stars producing the ionising photd:

needed to create Hii regions, less H (and RC+)
is emitted. For the least active dwarf galaxies
(SFR. 10 *M yr 1), the H emission under-
estimates the SFR given by FUV by a factor_of
10. Only the highest mass stars (M & 18N{ )
produce a signi cant number of photons to ionize
the surrounding Hi; having a de cit of these stars
signi cantly reduces the amount of H emission,
while the FUV emission is not a ected as much
since a larger fraction of the stellar population con-
tributes to the FUV emission. Additionally, dwarf
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galaxies generally lack di erential rotation (Gal-
lagher & Hunter 1984), and are not able to stretch
small scale magnetic eld pertubations (this {
I process happens in larger, grand-design spirals
leading to ordered elds of 5 G between the
optical arms; Be 09). The low mass of dwarf
galaxies makes tfrerr episodic (e.g., Stinson et al.
2007, liken the SF history of isolated dwarf galax-
ies to ‘breathing’) and vulnerable to the energy
input following major SF episodes ]| the buoyancy
of hot plasma manifests itself as advective winds
taking resident CRe out of the galaxy and into the
intragalactic medium (Heesen et al. 2009; Dubois
& Teyssier 2010; Heesen et al. 2011). The energy
input also disrupts ordered elds ] this is why re-
gions of SF (i.e., optical arms of spirals, Hii re-
gions in dwarf galaxies) are dominated by turbu-
lent magnetic elds. For the same reason, po-
larised emission is expected to be weak.

The fact that dwarf galaxies follow the RC{FIR
relation of spiral galaxies is intriguing || especially
when we consider that dwarf galaxies are di erent
from spiral galaxies in terms of their magnetic eld
(e.g., Chyzy et al. 2011; Roychowdhury & Chen-
galur 2012), rotation (e.g., Gallagher & Hunter
1984), dust content (e.g., Lisenfeld & Ferrara 1998;
Bigiel et al. 2008; Ficut-Vicas et al. 2013), and
stellar initial mass function (IMF) (e.g., Weidner
& Kroupa 2005; Lee et al. 2009; Plokinger et al. in
prep.). For all these di erences, the RC{SFR and
RC{FIR relations are expected to break down in
dwarf galaxies, even for integrated measurements;
it is puzzling why the RC, FIR, and SFR are re-
lated so closely.

To more fully understand the role that episodic
SF plays in the RC{SFR and RC{FIR relations,
examining SF on galactic scales in dwarf galax-
ies might be simpler than examining their larger,
more complex spiral cousins. Dwarf galaxies, gen-
erally having had no major mergers to date, being
devoid of Active Galactic Nuclei (AGN) contam-
ination, pave a more accessible route to under-
standing the RC{SFR and RC{FIR relations.

Historically, spatially resolved studies of the RC
in dwarf galaxies have been limited by their in-
trinsically low surface brightness. Limitations in
instrument sensitivity forced investigations of the
RC in dwarf galaxies to either: 1) a case{study
orientated approach if resolved studies were de-
sired, or 2) an approach based on integrated prop-

erties if the behaviour of a population was being
investigated. Resolved observations have been re-
served for the elite few || the near and bright IC 10
(Heesen et al. 2011), IC 1613 (Chyzy et al. 2011),
NGC 4214 (Kepley et al. 2011), NGC 1569 (Lisen-
feld et al. 2004; Kepley et al. 2010), and the Magel-
lanic Clouds (Filipovic et al. 1995, 1998). Studies
into the RC emission of dwarf galaxies as a pop-
ulation have been few and far between. Studies
have been characterised by upper limits on glob-
ally integrated quantities (e.g., Altschuler et al.
1984; Klein 1986; Price & Duric 1992; Klein et al.
1992; Hoppe et al. 1994). All{sky surveys never
reached the sensitivities to probe the population
of dwarf galaxies | the NRAO! VLA Sky Survey
(NVSS; Condon et al. 1998) and Faint Images of
the Radio Sky at Twenty-cm (FIRST; White et
al. 1997) were only able to detect the brightest
few. Despite NVSS non{detections of individual
galaxies, Roychowdhury & Chengalur (2012) used
57 stacked NVSS images to infer magnetic eld
properties in faint dwarf galaxies.

In 2011, the NRAO Karl G. Jansky Very Large
Array (VLA) completed a major upgrade increas-
ing receiver sensitivity as well as introducing a 20{
fold increase of bandwidth coverage across C-band
(4{8 GHz). This 0 ered the opportunity to revisit
the RC in dwarf galaxies. More importantly, it
provided the tantalising prospect for a spatially
resolved study of the RC in a considerably sized
sample of dwarf galaxies.

We concentrate on nearby gas-rich dwarf galax-
ies. In this paper, we present JVLA C-band im-
ages of 40 such dwarf galaxies corresponding to the
LITTLE THINGS? sample (Hunter et al. 2012).
We focus on describing the sample, our calibration
and imaging process, and presenting our analysis
in conjunction with star formation rate (SFR) in-
dicators.

We will diSCLQhe integrated measurements.
A study singling ividual regions of SF will be

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

2Based on data from the LITTLE THINGS Survey (Hunter
et al. 2012), funded in part by the National Science Foun-
dation through grants AST-0707563, AST-0707426, AST-
0707468, and AST-0707835 to US{based LITTLE THINGS
team members and with generous support from the Na-
tional Radio Astronomy Observatory.
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the subject of a subsequent paper (G. Kitchener
et al. in prep.).

The ultimate aim is to increase our understand-
ing of the RC{SFR relation of low mass, low
metallicity systems. With the development of the
SKA, calibrating the RC{SFR relation in quies-
cent/low SFR galaxies will become more impor-
tant than ever. Our calibration of the RC{SFR

relation may provide a sound foundation on whid( )

to base high redshift surveys which will be signi ~=
cantly populated by normal star forming galaxies.

This paper is organized as follows: in Sec-
tion 2 we describe the observations, calibration,
and imaging of our sample. We present our results
(images and integrated emission) in Section 3. We
then discuss our results, paying particular atten-
tion to the RC{SFR and RC{FIR relations in Sec-
tions 4.2 and 4.4, respectively. We summarise our
results and conclude in Section 5.
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The Galaxy Sample (see end of document for how Table should look like)

Table 1

R © Rp© logio Hrr:p logio 5P¥.o
Galaxy Other names? Refb (arcmin) (kpc) E(B M yr 1 kpc 2)e ™M yr 1 kpc 2)e 12 + log1o O:Hf Re
Im Galaxies
CVnldwA UGCA 292 3.6 1 0.87 0:57 0:12 0.01 2:58 2:48 0:01 7:3 0:06 24
DDO 43 PGC 21073, UGC 3860 7.8 2 0.89 0:41  0:03 0.05 1:78 1:55 0:01 8:3 0:09 25
DDO 46 PGC 21585, UGC 3966 6.1 1:14 0:06 0.05 2:89 2:46  0:01 8:1 0:1 25
DDO 47 PGC 21600, UGC 3974 5.2 3 2.24 1:37 0:06 0.02 2:70 2:40 0:01 7:8 0:2 26
DDO 50 PGC 23324, UGC 4305, Holmberg 11, VIIZw 223 3.4 1 3.97 1:10 0:05 0.02 1:67 1:55 0:01 7:7 0:14 27
DDO 52 PGC 23769, UGC 4426 10.3 4 1.08 1:30 0:13 0.03 3:20 2:43 0:01 @.7) 28
DDO 53 PGC 24050, UGC 4459, VIIZw 238 3.6 1 1.37 0:72 0:06 0.03 2:42 2:41 0:01 7:6 0:11 27
DDO 63 PGC 27605, Holmberg I, UGC 5139, Mailyan 044 3.9 1 2.17 0:68 0:01 0.01 2:32 1:95 0:00 7:6 0:11 27
DDO 69 PGC 28868, UGC 5364, Leo A 0.8 5 2.40 0:19 0:01 0.00 2:83 2:22  0:01 7:4 0:10 29
DDO 70 PGC 28913, UGC 5373, Sextans B 1.3 6 3.71 0:48 0:01 0.01 2:85 2:16 0:00 7:5 0:06 30
DDO 75 PGC 29653, UGCA 205, Sextans A 1.3 7 3.09 0:22 0:01 0.02 1:28 1:07 0:01 7:5 0:06 30
DDO 87 PGC 32405, UGC 5918, VIIZw 347 7.7 1.15 1:31 0:12 0.00 1:36 1:00 0:01 7:8 0:04 31
DDO 101 PGC 37449, UGC 6900 6.4 1.05 0:94 0:03 0.01 2:85 2:81 0:01 8:7 0:03 25
DDO 126 PGC 40791, UGC 7559 4.9 8 1.76 0:87 0:03 0.00 2:37 2:10 0:01 (7.8) 28
DDO 133 PGC 41636, UGC 7698 3.5 2.33 1:24 0:09 0.00 2:88 2:62 0:01 8:2 0:09 25
DDO 154 PGC 43869, UGC 8024, NGC 4789A 3.7 1.55 0:59 0:03 0.01 2:50 1:93 0:01 7:5 0:09 27
DDO 155 PGC 44491, UGC 8091, GR 8, LSBC D646-07 2.2 9 0.95 0:15 0:01 0.01 1:44 7:7 0:06 29
DDO 165 PGC 45372, UGC 8201, I1Zw 499, Mailyan 82 4.6 10 2.14 2:26 0:08 0.01 3:67 7:6 0:08 27
DDO 167 PGC 45939, UGC 8308 4.2 8 0.75 0:33 0:05 0.00 2:36 1:83 0:01 7:7 0:2 26
DDO 168 PGC 46039, UGC 8320 4.3 8 2.32 0:82 0:01 0.00 2:27 2:04 0:01 8:3 0:07 25
DDO 187 PGC 50961, UGC 9128 2.2 1 1.06 0:18 0:01 0.00 2:52 1:98 0:01 7:7 0:09 32
DDO 210 PGC 65367, Aquarius Dwarf 0.9 10 1.31 0:17 0:01 0.03 2:71 0:06 (7.2) 28
DDO 216 PGC 71538, UGC 12613, Peg DIG, Pegasus Dwarf 1.1 11 4.00 0:54 0:01 0.02 10 0:07 3:21 0:01 7:9 0:15 33
F564-Vv3 LSBC D564-08 8.7 4 0:53 0:03 0.02 2:79 0:02 (7.6) 28
IC 10 PGC 1305, UGC 192 0.7 12 0:40 0:01 0.75 11 0:01 8:2 0:12 34
IC 1613 PGC 3844, UGC 668, DDO 8 0.7 13 9.10 0:58 0:02 0.00 2:56 0:01 1:99 0:01 7:6 0:05 35
LGS 3 PGC 3792, Pisces dwarf 0.7 14 0.96 0:23  0:02 0.04 3:88 0:06 (7.0) 28
M81dwA PGC 23521 3.5 15 0:26  0:00 0.02 2:26  0:01 (7.3) 28
NGC 1569 PGC 15345, UGC 3056, Arp 210, VIIZw 16 3.4 16 0:38 0:02 0.51 0:19 0:01 0:01 8:2 0:05 36
NGC 2366 PGC 21102, UGC 3851, DDO 42 3.4 17 4.72 1:36 0:04 0.04 1:67 1:66 0:01 7:9 0:01 37
NGC 3738 PGC 35856, UGC 6565, Arp 234 4.9 3 2.40 0:78 0:01 0.00 1:66 1:53 0:01 8:4 0:01 25
NGC 4163 PGC 38881, NGC 4167, UGC 7199 2.9 1 1.47 0:27 0:03 0.00 2:28 1:74 0:01 7:9 0:2 38
NGC 4214 PGC 39225, UGC 7278 3.0 1 4.67 0:75 0:01 0.00 1:03 1:08 0:01 8:2 0:06 39
SagDIG PGC 63287, Lowal’s Object 1.1 19 0:23 0:03 0.14 2:97 2:11  0:01 7:3  0:1 35
UGC 8508 PGC 47495, 1Zw 60 2.6 1 1.28 0:27 0:01 0.00 2:03 7:9 0:2 38
WLM PGC 143, UGCA 444, DDO 221, Wolf-Lundmark-Melott 1.0 20 5.81 0:57 0:03 0.02 2:77 2:05 0:01 7:8 0:06 40
BCD Galaxies

Haro 29 PGC 40665, UGCA 281, Mrk 209, | Zw 36 5.8 21 0.84 129 0:01 0.00 0:77 0:01 1:07 0:01 7:9 0:07 41
Haro 36 PGC 43124, UGC 7950 9.3 169 0:01 0.00 1:86 0:01 1:55 0:01 8:4 0:08 25
Mrk 178 PGC 35684, UGC 6541 3.9 8 1.01 133 0:01 0.00 1:60 0:01 1:66 0:01 7:7 0:02 42
VI1iZw 403 PGC 35286, UGC 6456 4.4 22,23 1.11 :52 0:02 0.02 1:71 0:01 1:67 0:01 7:7 0:01 25

Aselected alternate identifications obtained from NED.

bReference for the distance to the galaxy. If no reference is given, the distance was determined from the galaxy’s radial velocity, given by de Vaucouleurs et al

and a Hubble constant of 73 km's 1 Mpc

. (1991), corrected for

infall to the Virgo Cluster (Mou

CRH is the Holmberg radius, the radius of the galaxy at a B-band isophote, corrected for reddening, of 26.7 mag arcsec 2, Rp is the disk scale length measured from V -band images. (Table from Hunter & EIme

dForegr‘ound reddening from Burstein & Heiles (1984).

eSFRB is the SF rate, measured from H , normalized to the area R%. where R is the disk scale length (Hunter & Elmegreen 2004). SFREUV is the SF rate determined from GALEX FUYV fluxes (Hunter et

an update of the GALEX FUV photometry to the GR4/GRS5 pipeline reduction).

fValues in parentheses were determined from the empirical relationship between oxygen abundance and Mg given by Richer & McCall (1995) and are particularly uncertain.



YReference for the oxygen abundance.
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al. 2003b; (9) Tolstoy et al. 1995a; (10) Karachentsev et al. 2002; (11) Meschin et al. 2009; (12) Sakai et al. 1999; (13) Pietrzynski et al. 2006; (14) Miller et al. 2001; (15) Freedman et al. 2001; (16) Grocholski et al. 2008; (17)
Tolstoy et al. 1995b; (18) Gieren et al. 2006; (19) Momany et al. 2002; (20) Gieren et al. 2008; (21) Schulte-Ladbeck et al. 2001; (22) Lynds et al. 1998; (23) Mendez et al. 2002; (24) van Zee & Haynes 2006; (25) Hunter &
Hoffman 1999; (26) Skillman, Kennicutt, & Hodge 1989; (27) Moustakas et al. 2010; (28) Richer & McCall 1995; (29) van Zee et al. 2006; (30) Kniazev et al. 2005; (31) Croxall et al. 2009; (32) Lee et al. 2003b; (33) Skillman et

al. 1997; (34) Lequex et al. 1979; (35) Lee et al. 2003a; (36) Kobulnicky & Skillman 1997; (37) Gonzalez-Delgado et al. 1994; (38) Moustakas & Kennicutt (2006); (39) Masegosa et al. 1991; (40) Lee et al. 2005; (41) Viallefond &
Thuan 1983; (42) Gonzalez-Riestra et al. 1988.



2. Observations and Data Reduction

2.1. Observations

The LITTLE THINGS sample consists of 40
gas{rich dwarf galaxies all within 11 Mpc (refer to
Hunter et al. 2012, for sample details). In general,
the sample spans 4 dex in both SFR and gas mass,
and a factor of 50 in metallicity.

Observations (Project ID: 12A-234) were taken
in 9 observing runs between March and May of
2012 with the NRAO JVLA. Following the culmi-
nation of upgrades to the WIDAR correlator in
January 2012, the new C{band receivers provided
2 GHz bandwidth coverage, which we split into
two intermediate frequencies (IFs) of width 1 GHz,
each IF at full polarisation. Each IF holds 8 spec-
tral windows which, in turn, contain 64 channels
of width 2 MHz. To optimise coverage in the (u,v)
plane, we placed the centres of each IF near the
extremities of the Q and frequency coverage (i.e.,
at 5 and 7.4 GHE=hd observed our targets in
hourly stints of 10{14 minutes, with the objective
of gaining a total of 40{50 minutes on-source inte-
gration time. Given the intrinsically faint nature
of dwarf galaxies and the desire to obtain a re-
solved picture of the RC, we opted for the JVLA
to be arranged in C{con guration, as this was the
setup which would give the best compromise be-
tween resolution and surface brightness sensitivity.
For a typical observation of duration 1 hour, the 27
antennae of the JVLA at C{band generate a the-
oretical synthesised beam of width 3arcsec at half
maximum and an rms noise of 5{6 Jybeam 1!
when robust=0.0 weighting is used?>.

2.2. Calibration and imaging

We calibrated the data using the Common As-
tronomy Software Applications (CASA) package,
not straying too far from the tutorial of 3C 391
which can be found on the CASA homepage®.

2.2.1. Flagging and calibration

Before calibration was started, we used two re-
cently developed automatic agging algorithms,
namely tflagdata:tfcrop (O ringa et al. 2010,

SCalculated from the o cial VLA Exposure Calculator
(obs.vla.nrao.edu/ect/)
4http://casaguides.nrao.edu/index.php?title=EVLA_ Con-
tinuum_Tutorial _3C391

2012; implemented into CASA by Rau & Corn-
well 2011) and tflagdata:rflag (based on AIPS;
Greisen, 2011), to automatically ag bad visibil-
ities. The tfcrop algorithm works by splitting
each baseline into ‘chunks’ along the frequency{
domain (each channel) and time{domain (every 50
seconds). The amplitude of all visibilities within
a given chunk were averaged and then any chunks
that exhibited an amplitude greater than 4 .
from the mean were agged. Here, pr refers
to the pre-calibration dispersion of amplitudes
around the mean. We opted for a high thresh-
old value as, at this point, we were only con-
cerned with removing extremely high{amplitude
data such that subsequent steps in the calibration
would not be a ected. Rogue baselines, scans and
channels, as well as wide{band radio frequency in-
terference (RFI) were generally caught by the al-
gorithm although the measurement sets were man-
ually checked as well to catch any discrepant visi-
bilities missed by the program.

We proceeded with the usual calibration steps
by using one of four NRAO calibrators to calibrate
the ux scale, and a nearby (< 10 ) calibrator to
correct the complex gain on timescales of around
10 minutes (see Table 2).

Once calibration was completed, the measure-
ment set was inspected a nal time for low{level
RFI. First, a manual check was performed to ag
baselines, scans, or channels that exhibited de-
viant amplitudes or phases. In addition to this,
a second round of automated agging was per-
formed (this time designed to catch chunks greater
than 3:5 pose from the mean). Here, st refers
to the post{calibration dispersion of amplitudes
around the mean. This agging on the calibrated
data often reduced the rms noise in subsequent
imaging by a further  10% (compared to when
this second round of agging was omitted).

2.2.2. Radio Continuum imaging

An initial image was created to ascertain the
rms background level and the spatial scales of RC
emission. Following this, the science quality image
was created.

We generated images of our targets by means
of clean, using the Multi{Scale, Multi{Frequency
Synthesis (MS{MFS) algorithm as developed by
Rau & Cornwell (2011). Since the (u,v) plane
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Table 2
C-band Observation and Imaging Properties of LITTLE THINGS

Observation Imaging
Galaxy Date Flux Cal. Gain Cal. Phase Centre Scale Res. Noise Notes
Name Name Name R.A Dec. pc arcsec 1 arcsec Jybeam 1
[€D) @ (©) (€] ) (6 @ @) (&) (10)
CVn | dwA 17 Mar 2012 3C286 J1310+3220 123840:2 +324540:0 6.3 3:0 3:0 4:3 R
DDO 43 22 Mar 2012 3C286 J0818+4222 072817:8 +404613:0 8.5 2:5 2:3 6:9 S
DDO 46 22 Mar 2012 3C286 J0o818+4222 07 41 26:6 +4006 39:0 8.5 3:0 2:8 5:1 R
DDO 47 20 Mar 2012 3C286 JO738+1742 07 4155:3 -+16 48 08:0 8.0 3:2 3:0 5:0 R
DDO 50 17 Mar 2012 3C147 J0841+7053 081908:7 +704325:0 5.2 3:1 2:4 6:1 S
DDO 52 22 Mar 2012 3C286 J0818+4222 08 28 28:5 +415121:0 9.3 2:2 2:0 8:3 S
DDO 53 16 Mar 2012 3C147 J0841+7053 0834 08:0 +661037:0 5.6 2:8 2:2 6:5
DDO 63 25 Mar 2012 3C286 J0841+7053 0940 30:4 +711102:0 5.9 5:1 2:8 5:0 R
DDO 69 20 Mar 2012 3C286 J0956+2515 09 59 25:0 +304442:0 1.2 2:7 25 5:9
DDO 70 20 Mar 2012 3C286 J0925+0019 1000 00:9 +051950:0 2.0 3:1 26 6:3
DDO 75 20 Mar 2012 3C286 J1024-0052 101059:2 044156:0 2.0 3:3 2:4 9:7 S
DDO 87 25 Mar 2012 3C286 J1048+7143 104934:7 +653146:0 10.3 3:8 2:2 6:2
DDO 101 17 Mar 2012 3C286 J1221+2813 115539:4 -+313108:0 13.9 3:1 3:0 15:1 S.P
DDO 126 05 Apr 2012 3C286 J1215+3448 12 27 06:5 -+370823:0 7.6 2:9 2:4 6:9 S
DDO 133 17 Mar 2012 3C286 J1310+3220 123255:4 +313214:0 9.4 3:2 3:2 4:9 R,S
DDO 154 17 Mar 2012 3C286 J1310+3220 1254 06:2 —+270902:0 6.6 2:2 2:2 7:3
DDO 155 17 Mar 2012 3C286 J1309+1154 1258 39:8 +141310:0 3.4 2:6 2:5 6:4
DDO 165 25 Mar 2012 3C286 J1313+6735 1306 25:3 +674225:0 7.4 3:7 2:8 4:5 R
DDO 167 20 Apr 2012 3C286 J1327+4326 131322:9 +461911:0 6.5 3:3 3:0 5:1
DDO 168 20 Apr 2012 3C286 J1327+4326 131427:2 +455546:0 5.4 2:6 2:4 6:0
DDO 187 17 Mar 2012 3C286 J1407+2827 141556:7 +230319:0 3.9 2:7 25 6:9 R,S
DDO 210 19 May 2012 3C48 J2047-1639 2046 52:0 125051:0 1.4 3:1  1:7 4:6 R
DDO 216 31 Mar 2012 3C48 J2253+1608 232835:0 +144430:0 1.4 3:1 2:9 5:1 R
F564-V03 20 Mar 2012 3C286 J0854+2006 09 0253:9 +200429:0 9.6 3:3 30 5:4
Haro 29 20 Apr 2012 3C286 1219+484 1226 16:7 -+48 29 38:0 8.3 2:6 2:4 6:1
Haro 36 20 Apr 2012 3C286 1219+484 1246 56:3 +513648:0 13.9 2:7 2:5 6:7
IC 1613 31 Mar 2012 3C48 J0108+0135 010502:5 -+020900:0 1.1 3:9 3:7 6:1
IC 10 28 Apr 2012 3C84 J0102+5824 002017:3 +591814:0 1.5 2:6 23 7:8
LGS 3 31 Mar 2012 3C48 J0112+2244 010355:2 +215239:0 0.9 3:0 2:8 5:5 R
M81 dwA 17 Mar 2012 3C147 J0841+7053 082357:2 +710151:0 5.6 2:7 1:9 10:8 S,P
Mrk 178 20 Apr 2012 3C286 1219+484 113329:0 +491424:0 6.0 2:6 25 6:5
NGC 1569 16 Mar 2012 3C147 J0449+6332 04 3049:8 +645051:0 3.9 2:7 23 6:8
NGC 2366 16 Mar 2012 3C147 J0841+7053 07 28 48:8 +691222:0 4.9 2:9 2:3 6:5
NGC 3738 20 Apr 2012 3C286 J1146+5356 113549:0 +543123:0 7.6 2:5 25 7:6 S
NGC 4163 05 Apr 2012 3C286 J1215+3448 121209:2 -+361013:0 4.3 3:3 2:9 4:5 R
NGC 4214 05 Apr 2012 3C286 J1215+3448 121539:2 +361938:0 4.5 2:9 2:4 7:2 S
Sag DIG 19 May 2012 3C48 J1911-2006 193000:6 174056:0 1.7 3:5 1:4 8:2
UGC 8508 20 Apr 2012 3C286 J1349+5341 133044:9 +545429:0 4.0 2:6 2:5 6:0
VIIZw 403 25 Mar 2012 3C286 J1153+8058 1127 58:2 +785939:0 6.8 3:6 2:2 6:3
WLM 19 May 2012 3C48 J2348-1631 000159:2 1527 41:0 1.5 5:0 1:5 5:3 R

Note. | Column 1: Name of dwarf galaxy observed; Column 2: Date of observation; Column 3: Name of flux calibrator; Column 4: Name of complex
gain calibrator; Column 5: Phase centre of observation (dwarf galaxy); Column 6: Scale of image (parsecs per arcsecond); Column 7: Resolution of
image. Note that some images were made using robust=0.0 and others using robust=0.5 where CASA robust values range between 2 (uniform weighting)
and +2 (natural weighting); Column 9: The rms background level in the centre of the map prior to correction for primary beam attenuation; Column
10: Comments regarding deviations from the typical imaging process.

RThis galaxy has been cleaned with clean:robust=0.5 instead of 0.0.
Sself-calibration was performed on this observation to minimise effects of artefacts from sources that exceeded a flux density of 10 mJy.

PThe resultin image suffered greatly from a nearby background source of 0:1Jy. Self-calibration failed due to the time varying primary beam,
and so to minimise the effect of the offending source, about a quarter of the bandwidth was used in such a way as to place the offending source as
near as possible to the first null of the primary beam.




is naturally dominated by short baselines, images
were cleaned using Briggs’ method (robust=0.0).
This cleans the image by weighting each point on
the (u,v) plane by its uv-distance. This ensures
that the image is not dominated by large scale
emission from the more numerous short baselines.
This method improves the resolution and results
in a synthesised beam that more closely resem-
bles a Gaussian shape, at the expense however of
a slight ( 20%) increase of the rms noise to 5{
6 Jybeam *.

Typical rms noise values in the cleaned images
fell between 6{8 Jybeam ! in close agreement
with theoretical values.

For those targets where a detection was ten-
tative or non{existent, images were generated
using an approach closer to natural weight-
ing (robust=0.5; note that robust values in
CASA range between 2 for uniform weighting,
and +2 for natural weighting). This approach
was taken for observations where the signal-to-
noise ratio (S/N) was low (12 of the 40 ob-
servations), which were: CVnlIDwA, DDO 46,
DDO 47, DDO 63, DDO 133, DDO 165, DDO 187,
DDO0 210, DDO 216, LGS 3, NGC 4163, and WLM
and are marked in Table 2. Natural weighting
allows all the signal captured by the interfer-
ometer to be used to its full potential, at the
expense of creating a non-Gaussian synthesised
beam. Typical rms noise values fell between 4:5{
6:0 Jybeam ! Ja signi cant improvement com-
pared to using robust=0.0 ] but besides these
images having a lower resolution, any low level fea-
tures (e.g., artefacts from nearby bright sources;
RFI) were more prominent.

Self{calibration (phase only) was performed on
11 of our 40 observations to improve the dynamic
range across the image and to minimise e ects
of sidelobes from bright sources. In only one
case, (NGC4214) the emission originating from
the galaxy itself produced strong enough artefacts
to warrant self{calibration; in all other cases, the
o0 ending source was an unresolved background
object. The a ected galaxies were: DDOA43,
DDO50, DDO52, DDO 75, DDO 101, DDO 126,
DDO 133, DDO 187, M81DwA, NGC 3738, and
NGC 4214 and are marked in Table 2.

Two observations (DDO 101 and M81DwA,;
again marked in Table 2) harboured the strongest
background sources in our survey ( ux density of

> 0:1Jy located approximately 9° and 6° from the
observation’s phase centre, respectively). Self{
calibration was not successful in improving the
dynamic range. This was attributed to the fact
that both o ending sources resided near the edge
of the primary beam and, due to the antennae
operating on an alt{az mount, these sources (the
primary beam has a FWHM of 10 at 4:5 GHz and
5:7° at 7.9 GHz) show a time{varying signal due to
the source passing through the sidelobes of the pri-
mary beam. The result is that the MS{MFS clean
algorithm cannot successfully remove the sidelobes
of the confusing source. Since these sources are
not of interest to the current paper, and the fact
that they lie beyond the full{width half{maximum
(FWHM) of the primary beam anyway, we decided
to select solely the spectral windows least a ected
by the o ending background source, i.e., by choos-
ing 2 or 3 spectral windows for which the o ending
source was located close to the rst null of the pri-
mary beam. In doing this, the rms noise was ap-
proximately doubled to 15 Jybeam ! while the
side lobes of the confusing source are considerably
suppressed. We note that in an earlier study, Stil
& lsrael (2002) do not list an RC ux density for
DDO 101 for the same reason.

We maintained as much consistency as possible
by using the same calibration and imaging pipeline
for all observations. Inevitably, deviations from
our pipeline were needed on a galaxy{by{galaxy
basis, and these are summarised in Appendix A.
We ended up with good quality images prior to
primary beam correction ] good quality was de-

ned as having: a at noise background lack-
ing in structure; no artefacts from nearby strong
(= 0:5mJy) sources; and all genuine emission suc-
cessfully modeled (i.e., residual maps comprise a
Gaussian distribution of beams consistent with
pure noise || average of 0 and variance of ). Most
images indeed possessed a at background, free
of artefacts except CVnldwA, DDO 52, DDO 75,
DDO 165, DDO 187, DD0O210, NGC 3738, and
WLM. We checked that all emission was retrieved
by looking for a negative bowl. We Qd that all
our images had a at background ba—NGC 1569
and NGC 4214.

We corrected our image for primary beam at-
tenuation where we disregarded any parts of the
image below 40% of the primary beam maximum.
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2.3. Ancillary data

The LITTLE THINGS project has been highly
successful in acquiring a plethora of spatially re-
solved data on 40 dwarf galaxies. Our RC images
are complemented by broadband continuum im-
ages including: GALEX FUV (1350{1750 A; e ec-
tive wavelength 1516 A; 4° FWHM), Spitzer MIR
(e ective wavelength 24 m; 6 FWHM) and FIR
(e ective wavelength 70 m; 17%:5 FWHM), and
H line emission (see Hunter et al. 2012; Zhang et
al. 2012, for details of the ancillary data).

The H data h een continuum subtracted
and corrected for =] contribution. Hunter et
al. (2012) used Burstein & Heiles (1982) values
to correct H and FUV maps for foreground red-
dening. Internal extinction can generally be ne-
glected due to the fact that these dwarfs are low{
metallicity and consequently their dust{to{gas ra-
tio is reduced with respect to spirals (Ficut-Vicas
et al. in prep.), although it can be important in
some of the more actively star forming dwarfs.

The GALEX FUV maps were calibrated by the
GRA4/5 pipeline (except DDO 165 and NGC 4214
which have been processed through the GR6
pipeline). The images have been sky subtracted
and were geometrically transformed to match the
optical V{band orientation. Due to bright fore-
ground stars, 1C10 and UGC 8508 were not ob-
served. For surface brightness measurements, and
hence for extended emission, the estimated uncer-
tainty for the GALEX FUV maps is 0:15 mag (Gil
de Paz et al. 2007).

The Spitzer 24 and 70 m maps have been taken
from either the Local Volume Legacy (LVL) sur-
vey (see Dale et al. 2009, for details) or Spitzer In-
frared Nearby Galaxies Survey (SINGS). In sum-
mary, a pixel-dependent background subtraction
was performed and images were convolved with
a custom kernel to make a near Gaussian PSF.
For the Spitzer 24 m maps, the photometric un-
certainty is 2% for both unresolved sources and
extended emission (Engelbracht et al. 2007).
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3. Results

3.1. Radio Continuum images

All radio continuum ux density maps of the
LITTLE THINGS sample presented here are avail-
able in the online version of this paper (see Ap-
pendix B). We provide, as an example, maps of
DDO 50 in Figure 1 and show RC ux density con-
tours superposed on ancillary LITTLE THINGS
images (Hunter et al. 2012). As the dwarf galax-
ies are faint, extended RC emission does not show
well when plotting contours at the native resolu-
tion. Therefore, for the lowest surface brightness
contour, we smooth the RC image with a Gaussian
kernel up to 2:5 times the native resolution, and
use a contour level of 2:5 smooth Where smooth IS
the rms noise in the smoothed map. The remain-
ing contours are drawn at (2 +2") native, Where

native 1S the rms noise in the original maps (i.e.,
before smoothing) and n 0. The images include
H , FUV, and Spitzer 24 and 70 m images.
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3.2. Integrated emission from the disk

The integrated emission was taken from the
disk of each Qrf galaxy. The disk radius and
orientation wWes—de ned based the Holmberg disk
(where the semi-major and semi-minor axes are
de ned as the radius radius where the B{band
surface brightness falls to 26.66 mag), or, if the B{
band data was not available, 3 times the V{band
scale length (Hunter & Elmegreen 2006).

3.2.1. Masking out emission not related to the

target object

Contamination by background sources in the
RC is an issue since their emission is often brighter
than or similar to the emission originating from
the dwarf. Our resolved maps, which typically
have resolution elements of 3%, made it possible
to remove the e ects of contamination by singling
out emission that was not related to galactic emis-
sion. Low resolution observations reported in the
literature are predominantly single dish and will
have su ered from contamination to varying de-
grees.

We identi ed signi cant RC emission by in-
specting each eld by eye, and classifying fea-
tures in a manner similar to Chomiuk & Wilcots
(2009) ] attributing the ux as originating from:
1) the dwarf galaxy (exactly coincident with a SF
tracer), 2) a background galaxy (e.g., see Padovani
2011, for a discussion on the importance of normal
star{formi jalaxies on the micro{Jansky RC
populationjs;ambiguous emission of unknown ori-
gin (i.e., unable to discern between a) background
origin, or b) non{thermal emission from unre-
solved SNRs or di use non{thermal emission). As
an example, we show DDO 133 in Figure 2 along
with the classi cation attributed to each source of
RC emission.

RC emission originating from the same line{of{
sight as H i regions was assumed to originate from
the dwarf galaxy. The FWHM width of the I-
ter used for the H observations was 30 Acentred
on 6562:8 A(Hunter & Elmegreen 2004), meaning
that the observed emission in galaxies receding or
approaching at greater than ~ 700kms ! would
be missed. All galaxies in our sample have helio-
centric velocities and rotational speeds well below
this value (Hunter et al. 2012), and so all observed
H emission must be from the dwarf galaxy.
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To discern background galaxies and ambiguous
emission (points 2 and 3), we used our RC im-
ages (RCnth Where possible), and then applied the
following procedures to determine which sources
likely did not belong to our dwarf galaxy:

Isolating obvious background galaxies Back-
ground galaxies and SNRs look similar when un-
resolved, however SNRs are not expected to be
very far from SF regions. This is because the
stellar velocity dispersion in dwarf galaxies is Q
(Mateo 1998, measures & 7kms !, while Mars
et al. 2007, nd dispersions as Iow as 4kms l)
and is even lower for the population of high mass
stars (i.e., the core-collapse supernova progeni-
tors) since these generally sink to the bottom of
gravitational potentials. Thus, we take 5kms !
as the stellar velocity dispersion for the stars that
will eventually lead to the injection of CRe (and
thus RCnth emission). Given that a SNe progeni-
tor may live up to 50 Myr, we de ned a maximum
projected distance from obvious SFR regions (5
FUV or H emission || preferably FUV since it
was the more sensitive) in which RCnth emission
(e.g., SNRs) could exist ] this was 250 pc or 10%°
for a face{on galaxy at a distance of 5Mpc.

Any signi cant RC source, unresolved or ex-
tended, that was outside this region was marked
as a background source and was removed by plac-
ing a mask over the source. Most images were
made using robust=0.0 which makes the synthe-
sised beam Gaussian{like. For a Gaussian form,
99% of the power of an unresolved source is con-
tained within 3 FWHMpative. This was the size
of the mask placed over the background source.
Even for a strong background source (e.g., 1 mJy),
this removal technique leaves at most 10 Jy un-
masked in the image, whilst not masking out too
much of the dwarf galaxy.

Cross{matching with line{of{sight opti-
cal counterparts We manually cross matched
unresolved sources of RC emission with the
NASA/IPAC Extragalactic Database® (NED). If
an archived galaxy was found within 2% (approx-
imately half the FWHM of the synthesised beam
at the native resolution) of the unresolved RC

Shttp://ned.ipac.caltech.edu/forms/nearposn.html
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Fig. 1. ] Multi-wavelength coverage of DDO50 displaying a 7°  7° area. We show total RC ux 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 21:9 Jybeam ! | 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 + 2") native, Where n 0 and
both the rms ( native = 6:11 Jybeam 1) and the resolution (FWHMative = 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: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred sgr
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.
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Fig. 2. ] GALEX FUV emission of DDO 133 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-
ned 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 con dently classi ed as originating
from the target galaxy; we refer to these sources
of RC emission as ‘ambiguous’. To illustrate our
de nition of ‘ambiguous’ RC emission, we present
four of our observations that contained such a
source in Figure 3; we show DDO 46 and DDO 63
that each contained a strong unresolved source,
and also DDO 69 and I1C 1613 that each contained
signi cant 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 10°WHz *or 3:3mJy at 5Mpc at 6 GHz),
and so may indeed be SNRs.

This was based on SNR N4449-12 in the dwarf
galaxy NGC 4449 having Sgcm = 4:84mJdy and
= 0:7 between 20cm and 6cm at a distance
of 4:2Mpc in 2002 (Chomiuk & Wilcots 2009).
For comparison, this is 10 times the luminosity
of Cas A. Since the luminosity terminally declines
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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 NGC 1569, NGC 2366,
and NGC 4214).

3.2.2. Global quantities (over entire disk)

With background sources removed (see x 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 (de ned 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 de ned. 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 signi cant
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-
tegrei:t,ign area: the uncertainty, N, is given by

rms N, where ms 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.
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Fig. 3. | Examples of our de nition of ‘ambiguous’ emission (red circles). We show DDO 46 and DDO 63 that each contain
an unresolved source of 1 mJy (top{left panel) and 1:4 mJy (top{right panel), respectively. We also show DDO 69 and I1C 1613
that both contain an extended source (bottom panels). The RC emission could not be attributed as de nitely coming from a
background galaxy, but at the same time was not close enough to a SF site to be con dently classi ed as originating from the
target galaxy; accordingly, these sources were assigned ‘ambiguous’.
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3.3.1. Optimising the RC signal{to{noise

Our resolved maps allow us to single out dwarf
emission from background noise, and hence reduce
the e ects of signal dilution that can plague single
dish studies.

Firstly, we note that given a Gaussian distri-
bution of N independent thermal noise peaks, the
deviation of the furthest peak from the mean is
given by:

PS 1, 1.

2erf + 1 N D)
where ms is the rms of N beams and erf 1 is
the inverse error function. That is to say, given a
population of N independent beams, the probabil-
ity that a randomly chosen beam is max from the
mean is 1=N. We de ne max as the most deviant
that a ‘noise’ beam can be from the mean ] any
beams with ux density values higher than this are
interpreted as signi cant. The total number of in-
dependent beams ranged between 200 and 20; 000
per image, meaning that ax ranged between
2:8 and 4:1 perimage, respectively. Since anal-
ysis was performed on images of varying sizes and
resolutions, de ning max ON an image-by-image
basis was more robust than using a xed value for
all images as this technique removes subjectivity.

max( rms;N) = rms

RC{based mask To isolate all unresolved (and
strong extended) emission, we de ned max in the
native resolution image, and de ned all pixels with
a value greater than 5« to be signi cant unre-
solved (or strong extended) emission; that is to
say, the mask was de ned as:

Siij;
masked;

if Si;j > max( rms; N);
if Siij max( rms; N);

where S;;; refers to the surface brightness (Jy beam
in the RC image at the pixel coordinate (i;j).

To catch faint extended emission, we rst re-
moved the pixels that exceeded ax from the
map, and then smoothed the image up to 2:5 times
the native resolution. These pixels were removed
since a signi cant point source when smoothed
may still appear as signi cant, even though the
area of sky into which we smooth is void of emis-
sion. This would detrimentally a ect our S/N as
we would interpret an unresolved source as origi-
nating from a larger area of sky. We de ne max in

Siij = @

Y
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the smoothed image (which is lower than that of
the native resolution image since there are fewer
independent beams), and de ne all pixels with a
value greater than ax to be signi cant extended
emission.

In assuming that the RC background was void
of emission (confusion limit not reached), the sta-
tistical uctuations of the background follow a
Gaussian distribution centred on zero. Accord-
ingly, so as not to overestimate integrated ux
(i.e., by including only positive peaks above our
threshold), we also included peaks more negative
than the negative threshold in the masked RC im-
age.

For a given galaxy, identical masks were applied
to all images (RC; H ; FUV; 24 m MIR; 70 m
FIR; SFR density, sgr) to maintain consistency.
In all cases, masks (which until now, are based on
(i; j) pixel positions) were extended appropriately
to mimic the resolution of the image for which it
was intended. We extend masks by 3 FWHM
to ensure that 99% of the ux in individual
beams was isolated.

Background sources were masked. A mask of
size 3 FWHMupative IS Su cient to remove 99%
of the ux from these sources.

As an example, we show the disk{integrated
RC emission for a typical dwarf galaxy (DDO 168),
and show the improvement we get when we use our
masking technique (see Figure 4). When the RC is
integrated over the entire disk, it is consistent with
noise ( 403 456 Jy); when the RC{based mask
is applied, we record a 5 signal (374 68 Jy).
We note that the isolated RC tends to fall within
signi cant regions of 70 m emission or SF.

Our method of isolating RC emission is simi-
lar to, but more objective than, that employed by
Chyzy et al. (2011) who integrate emission in their
dwarf galaxies by using \polygonal areas encom-
passing all visible radio emission™.

3.3.2. Globhal quantities

We used the RC{based mask to extract RC
uxes from the galaxy disk. For all other emis-
sion (H , FUV, 24 m, 70 m, SFR), quantities
were integrated over the entire galaxy disk without
masking. Table 6 lists these integrated quantities.
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Fig. 4. | Image of RC emission from the disk (left panel) and that isolated using the RC{based masking technique (right
panel) for DDO 168. An improvement in precision is gained when using this masking technique. Signi cant amounts of low
surface brightness emission are not masked out.
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A total of 26 out of the 40 LITTLE THINGS
galaxies exhibit signi cant RC emission that orig-
inates from the dwarf | 17 are new RC detections.

The RC-FIR relation traditionally samples
the parameter space above FIR luminosities of

1022 WHz 1; we extend this to lower luminosi-
ties by 3dex. Similarly, studies into the RC{SFR
relation do not extend to the values typical of
dwarf galaxies (e.g., Heesen et al. in prep.). We
extend on their parameter space by 2 dex down to
SFRs of 10 *M year 1.

Our aim is to increase our understanding of the
RC{SFR and RC{FIR relations of low mass, low
metallicity systems. As Figure 5 shows, our data
provide the means by which to do so.

4. Discussion

4.1.
4.1.1.

The Radio Continuum
Comparison with literature ux densities

There are very few signi cant RC detections
of dwarf galaxies in the literature. Of the galax-
ies that overlap with our sample, the literature is
dominated by non{detections (e.g., Altschuler et
al. 1984; Wynn-Williams & Becklin 1986; Klein et
al. 1992; Hoppe et al. 1994). On closer inspec-
tion, the seemingly high Klein (1986) detection
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rate of 40% is actually dominated by 1{3 detec-
tions and likely in uenced by the unwitting inclu-
sion of background galaxies in the large E elsberg
beam. Therefore, we are very limited by the num-
ber of dwarfs with ux densities in the literature
which we can con dently compare with. The solid
RC detections in the literature mostly come from
deeper case{studies of individual dwarf galaxies

e.g,:

NGC 1569 Lisenfeld et al. (2004) nd a VLA
8.415GHz ux density of 125 12 mJy and spectral
index of  0:47, which makes its equivalent 6:2 GHz

ux density 144 14 mJy which agrees with ours;

NGC 4214 Kepley et al. (2011) nd a VLA
4.86 GHz ux density of 34:0 6:8mJy (D-array)
and spectral index of 0:43, which makes its
equivalent 6:2GHz ux density 30 6 mJy which
agrees with ours. We note that there is the possi-
bility that we have missed large scale emission;

DDO50 Daleetal. (2009) nda20cm ux den-
sity of 20 3mJy and we nd a 6:2GHz ux den-
sity of 6:1  0:1 mJy. This implies a spectral index
of 0:83 0:02 which is a reasonable. We note
that there is the possibility that we have missed
large scale emission;

NGC 3738 Stil & lIsrael (2002) nd a 1.4GHz
ux density of 13 2mJy and we nd a 6:2GHz
ux density of 2.9 0:2mJy. This implies a spec-

tral index of 1:02 0:04 which is quite high. Our

image was strongly a ected by artefacts from a

nearby bright source, as would have been their im-

age;

Haro29 Condon et al. (1998) nd a 1.4GHz
ux density of 4.5 0:5mJy and we nd a 6:2GHz
ux density of 1:7 0:1mJy. This implies a spec-

tral index of 0:65 0:08 which is reasonable;

NGC 2366 Condon et al. (2002) nd a 1.4 GHz

ux density of 19:9mJy and we nda6:2GHz ux
density of 11:6  0:2mJy. This implies a spectral
index of 0:36 0:10 which is reasonable. We note
that there is the possibility that we have missed
large scale emission which would make the two
results more discrepant;
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Table 3
Integrated emission over the dwarf disk See end of document for how this table should

look like
Galaxy R.A Dec. size P.A  fgisk C{band RC H FUV 24 m MIR 70 m FIR C{band RCnThH Beq
hhmmss.s  ddmmss.s Q) ) (%) mJy) (10 1Bergss lem 2) (mJy) 10 23y) @o 23y) mly) ()
@ @ 3) “) (©)] ) (@) ®) © (10) an a2 as)
CVvn | dwA 123840:2 +324540 1:7 1:4 80 12 :01) 1:95 0:03 0:99 0:02 0:30 0:01 3:58 0:05 0:05 0:04 ( 0:01) =6
DDO 43 072817:8 +4046 13 1:8 1:2 6 5 :00) 1:16 0:02 0:66 0:01 0:25 0:05 (0:00) 10
DDO 46 07 4126:6 +40 06 39 3:8 314 84 6 :31) 1:00 0:02 1:16 0:01 1:35 0:08 (1:31) 6
DDO 47 074155:3 +16 48 08 4:5 2:3 79 3 :09) 2:88 0:02 2:31 0:01 0:32  0:05 (0:09) 7
DDO 50 081908:7 +704325 7:9 5:7 18 3 :59) 57:32 0:46 32:24 0:15 20:18 0:03 359:90 0:32 3:63 0:14 (0:57) 10
DDO 52 082828:5 +415121 2:2 14 4 2 H :00) 0:27 0:01 0:45 0:00 0: 0:00 2:05 0:06 0:11  0:04 (0:00) < 10
DDO 53 083408:0 +66 10 37 2:7 1:4 81 4 B :14) 4:25 0:04 1:99 0:02 2: 0:00 28:53 0:03 0:25 0:05 (0:13) 8
DDO 63 094030:4 +711102 4:3 43 [} 6 1: :53) 4:12  0:02 3:41 0:02 2: 0:01 4:32  0:11 1:64 0:07 (1:52) 6
DDO 69 095925:0 +3044 42 4:8 2:7 64 3 0: :68) 1:66 0:01 4:11 0:02 0:01 13:22  0:08 0:85 0:08 (0:68) 9
DDO 70 1000 00:9 +051950 7:4 4:4 88 2 1: :54) 6:09 0:04 9:07 0:05 0:02 70:15 0:15 1:72 0:09 (1:54) 6
DDO 75 101059:2 04 41 56 6:2 5:2 42 1 0: 128) 43:30 0:10 23:74 0:07 0:02 102:60 0:25 0:39 0:13 (0:26) =9
DDO 87 1049 34:7 +653146 2:3 1:3 76 8 0: :10) 0:67 0:01 0:59 0:01 0:00 6:78 0:04 0:10 0:05 (0:10) =7
DDO 101 115539:4 +313108 2:1 1:5 69 4 0: :00) 0:79 0:01 0:33 0:00 0:01 0:77 0:04 0:00 0:08 (0:00) = 10
DDO 126 1227 06:5 +37 0823 3:5 1:7 41 3 0: :00) 3:61 0:04 2:62 0:02 0:01 17:12  0:06 0:17  0:05 (0:00) 7
DDO 133 123255:4 +313214 4:7  3:2 6 5 0: :52) 4:53 0:04 3:72  0:03 0:02 35:31 0:20 0:55 0:07 (0:51) 6
DDO 154 1254 06:2 +27 0902 3:1 16 46 (o] 0: :00) 2:18 0:02 3:49 0:02 0:01 3:54 0:05 0:01  0:01 (0:00) =13
DDO 155 1258 39:8 +14 1310 1:9 1:3 51 7 0: :00) 4:65 0:06 0:01 18:20 0:08 0:04 0:05 (0:00) =9
DDO 165 1306 25:3 +67 4225 4:3  2:3 89 6 0: :01) 1:47 0:01 0:01 7:79 0:06 0:16  0:06 (0:01) <5
DDO 167 131322:9 +461911 1:5 1:0 24 (o] 0: :00) 0:79 0:01 0:97 0:01
DDO 168 1314 27:2 +4555 46 4:6 2:9 25 2 0: :11) 5:80 0:03 4:91 0:03 0:01 44:96 0:14 0:26 0:07 (0:11) 7
DDO 187 141556:7 +230319 2:1 17 37 1 0: :00) 0:55 0:01 0:95 0:01 0:01 2:57 0:10 0:05 0:03 (0:00) < 10
DDO 210 2046 52:0 125050 2:6 1:3 85 3 0: B :32) 0:53 0:01 0:01 6:08 0:04
DDO 216 232835:0 +144430 8:0 3:6 58 1 0: 0:0. :05) 0:10 0:01 1:15 0:01 0:01 10:73 0:09 0:01 0:04 (0:05) =7
F564-Vv03 090253:9 +2004 29 1:3 1:0 7 7 0:06 0:03 ( 0:00) 0:08 0:00
Haro 29 1226 16:7 +4829 38 1:7 1:4 85 17 1: 0:0 B 12:95 0:36 8:91 0:24 6:71 0:01 36:08 0:05 0:53  0:08 (0:00) 9
Haro 36 1246 56:3 +51 36 48 1:5 1:2 90 9 0: 0:0! 2:19 0:02 2:56 0:05 1:07 0:00 26:65 0:06 0:15  0:05 (0:00) =8
IC 1613 010500:0 +02 06 55 18:2  14:7 71 17 1: 0:2 46:28 0:19 54:47  0:27 4:09 0:05 364:30 0:50 1:72  0:21 (0:50) 6
IC 10 002017:5 +591814 11:6 9:1 38 8 5: 0:3 90:78 0:44 89:79  0:30 (0:00) 19
LGS 3 010355:2 +2152 39 1:9 1:0 3 1 0: 0:0. 0:06 0:00
M81 dwA 082357:2 +710151 1:5 1:1 86 1 0: 0:33 0:00
Mrk 178 113329:0 +4914 24 2:0 0:9 51 8 B 0:0! 0:49 0:01 0:00 0:51 0:00 0:42  0:05 (0:00) 10
NGC 1569 043049:8 +64 5051 2:3  1:3 59 100 151:50 0:24 (1:60) 156:70 0:97 2:43 0:04 3:05 4069:00 3:04 136:70  0:25 (1:60) 24
NGC 2366 07 2848:8 +691222 9:4 4:0 33 6 11:62 : 91:03 1:08 27:69 0:18 0:02 572:10 0:36 5:04 0:21 (0:06) 9
NGC 3738 113549:0 +543123 4:8 4:8 o 19 2:87 0:15 15:99 0:17 10:31 0:15 0:01 279:70 0:46 1:71 0:15 (0:00) 10
NGC 4163 121209:2 +36 1013 2:9 1:9 18 2 0:06 0:02 1:43 0:02 2:27  0:05 0:01 10:93 0:12 0:06  0:02 (0:02) =7
NGC 4214 121539:2 +36 19 38 9:3 8:5 16 6 23:40 0:26 (0:45) 175:60 0:89 68:53 0:35 0:06 2715:00 1:26 11:57  0:27 (0:77) 12
Sag DIG 193000:6 17 40 56 4:3 23 88 4 0:44 0:11 1:04 0:01 1:65 0:01 0:44  0:11 (0:42) 9
UGC 8508 133044:9 +54 54 29 2:5 1:4 60 3 0:58 :04 2:83 0:04 0:45 0:01 14:79 0:06 0:53 0:04 (0:50) 10
VI1Zw 403 112758:2 +7859 39 2:2  1:1 11 16 0:89 7 7:06 0:12 2:70 0:05 2:14 2:20 64:66 1:26 0:31  0:07 (0:00) 7
WwWLM 000159:2 1527 41 11:6 5:1 2 15 2:10 (0] 15:80 0:06 21:59 0:07 4:97 0:01 128:10 0:20 1:41  0:20 (0:14) 5

Note. | Column 1: Name of dwarf galaxy ; Columns 2/3: Celestial coordinates (J2000) of centre of optical disk; Column 4/5: Size (major and minor axes) and position angle (P.A) of optical disk (Hunter & Elmegree
Column 6: Proportion of the disk isolated by the RC{based masking technique; Column 7: C{band ( 6 GHz) radio continuum flux density. The RC quantity in parenthesis is the amount that was regarded as ‘amt
Column 8: H flux; Column 9: GALEX FUV flux density; Column 10: Spitzer 24 m MIR flux density; Column 11: Spitzer 70 m FIR flux density; Column 12: C{band ( 6 GHz) radio continuum non{thermal (sync
flux density. All RCyTp emission is assumed to be synchrotron and is inferred by subtracting the RCtp component from the total RC (Deeg et al. 1997). The quantity in parenthesis is the amount that was reg;
‘ambiguous’; Column 13: Egipartition magnetic field strength in the plane of the sky (see Equation 3 of Beck & Krause 2005).

Bpisk parameters are derived from the Holmberg radius of B{band images.
VB{band data was not available, so disk parameters are derived from 3 times the V{band disk scale length.

L\When the RC emission was integrated over the entire disk, the S/N did not exceed 3.
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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 1:4 GHz data have been corrected to 6 GHz and the IRAS 60 m data to Spitzer 70 m. 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 6 GHz.

Others Klein (1986) nd a number of 4 de-
tections at 6:3GHz: 3:5 1:0mJy for DDO 126;
4 1mJy for DDO133; 9 2mJy for DDO 52.
However, we observe less than a mJy for each of
these. In all cases, we nd a nearby background
galaxies that will have entered their 2°:48 single
dish beam and contributed to their ux 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 RC+ and
the RCnth. Since H and the RC+, both have
their origins in hot ( 10* 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 {RC+ relation taken from Deeg et al.
(1997) assumes the form:

RC+h 25 0:1
= 114 10 —
Wm 2 GHz
T. 0:34

104K

Fr
(3
ergss tcm 2 )

On a spatially resolved basis, the RCt+, ux den-
sity (see Equation 3) can be subtracted from the
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total RC, yielding the RCnth  Ux density (we as-
sumed an electron temperature of 10* K).

After the removal of known background galax-
ies and ‘ambiguous’ sources, the RC{based mask

was used to isolate both RC emission and RC

(scaled H ) emission. When weighted by the mass
of the galaxy, we nd 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 1:4 GHz
for a sample of stacked faint dwarfs (Roychowd-
hury & Chengalur 2012), 50% in 1C 10 at C{band
(Heesen et al. 2011), 23% in NGC 1569 at 1:49 GHz
(Lisenfeld et al. 2004), and 23% in NGC 4449 at
1:49 GHz (Niklas et al. 1997).

The RCnh fraction is quoted as a lower limit
for two reasons: 1) our masking technique masks
out regions that are consistent with noise J it is in
these regions where low surface brightness RCnh
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 RCnt com-
ponent that is more prone to being missed (Hii
regions in our dwarf galaxies do not exceed scales
of 4%).


dah
Sticky Note
Useful to state what kind of galaxies the lit studies are about.

dah
Sticky Note
Including stellar mass? DM? Where did the masses come from?
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Fig. 6.] Signi cant amounts of low surface brightness
emission are not masked out when using the RC{based

Qnask I for the dwarf galaxies that show signi cant pock-
ts of RC emission, this amount is consistent with the RC

emission when integrated over the entire disk (right panel).
Note, however, that uncertainties on disk-integrated quan-
tities are very large.

In dwarf galaxies, the RC emission tied up in
SNRs has a low contribution | Chomiuk & Wilcots
(2009) nd that, at 20cm, discrete SNRs make
up 6% of the non{thermal RC in NGC 1569 and
NGC 4449, and 7% of the total RC in NGC 2366.
ragiven SFR, the H and therefore expected
RC+h produced is less in dwarf galaxies than in
spirals (Lee et al. 2009). Despite this, the ther-
mal fraction is high which implies that the non{
thermal continuum too is de cient for the same
SFR.

We do not remove any signi cant amount of low
surface brightness RC emission through our mask-
ing procedure. For the dwarf galaxies that exhibit
signi cant pockets of RC emission, this amount is
consistent with the RC emission when integrated
over the entire disk (see Figure 6). We note how-
ever, that uncertainties on disk-integrated quanti-
ties are very large.

For the more extended dwarf galaxies, RCnth
may be missed due to lack of short spacing data
from our interferometric observations. In partic-
ular, DDO 50 and NGC 2366 (disk size of 7:9 and
9:4°, respectively) exhibit unrealistic non{thermal
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fractions. Using the Deeg et al. (1997) H {to{
RC+h conversion factor, we predict the RC+,  ux
from within the disk of DDO50 to be 5:4mJy
which exceeds the total C{band RC ux we ob-
serve (4:5 0:9mJy). Similarly, the RCty, ux pre-
dicted for NGC 2366 is 8:7 mJy which implies an
unrealistically high thermal fraction of 95% given
that the total RC ux we observe is 9:2  0:8mJy.

This is evidence that a lack of short spacing
data has led to extended emission being missed.
Heesen et al. (2011) encounter similar problems
with their VLA observations of the dwarf galaxy
IC 10 | their C{band C{con guration observations
yield 30% less emission than their D{con guration
observation, and even their D{con guration obser-
vations yield ???% less emission than E elsberg
single{dish observations.

Note that it is not just the RCnth that is prone
to being tied up in di Qtructures. A ‘signif-
icant fraction’ of RCtp ied up in ‘a di use
component or in low-luminosity Hii regions’, too
(Chomiuk & Wilcots 2009).

4.2. The RC{SFR relation

Using the ancillary data, we are able to mea-
sure SFRs and compare them with our RC. We
use FUV{inferred SFRs calculated through the
Leroy et al. (2012) prescription for three rea-
sons: 1) it corrects the FUV{inferred SFR by
any internal dust that obscures the optical emis-
sion (which is relevant mostly for our more ac-
tively star forming dwarfs), 2) the FUV has been
proven to be a reliable SF indicator at low SFR
in comparison to H {inferred SFRs (e.g., Lee et
al. 2009; Ficut-Vicas et al. in prep.), and 3) the
timescale of RCntn emission is more similar to
FUV{inferred SF timescales than to, e.g., H {
inferred SF timescales. Galactic foreground ex-
tinction is taken into account through extinction
corrections (see Hunter et al. 2012, for details).
To correct for internal extinction, Bigiel et al.
(2008) and Leroy et al. (2012) use Spitzer 24 m
dust emission to empirically correct GALEX FUV

uxes for the fraction of dust-obscured SF on the
assumption that a proportion of energy absorbed
by internal dust is reradiated at 24 m (this is
based on the original idea by Calzetti et al. 2007,
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who use H instead of FUV). They yield:

SFR

lFuv
M yr lkpc 2 081

: MJysr 1

I24 m
+0:0032 ———: (4
MJysr 1 )
This FUV+24 m prescription was needed for our
more actively forming galaxies and, to maintain
consistency, the same prescription has been used
on all galaxies.

Figure 7 shows our RC{SFR relation. We used
FUV{inferred SFRs and, where Spitzer 24 m was
available, corrected for internal dust extinction
using the prescription in Equation 4. For those
galaxies where Spitzer 24 m was not available, we
used the FUV{inferred SFR without any correc-
tion. The RC{based masking technique was used
to isolate the RC signal (see Section 3.3.1) thus
providing the best measurement of the integrated
RC emission; the FUV{inferred SFR was inte-
grated over the entire galaxy disk. The left panel
shows the relation when we include the ‘ambigu-
ous’ RC sources, whereas the right panel shows
the relation with ‘ambiguous’ sources removed.

We compare our RC{SFR relation with that de-
rived by Condon et al. (2002) (see their Equation
28). They relate the integrated total RC of an
unresolved galaxy to the SFR and nd,

LsGHz
WHz 1

SFR ®)

100 —— — .
M yr 1

(4:8 2:5)
Their relation is derived for high{mass star for-
mation above 5M , but is extrapolated down to
0:1M using a Salpeter stellar IMF. The SFR ex-
pressed by the Leroy et al. (2012) prescription is
based on a Miller-Scalo stellar IMF however and
their derived SFRs are lower than the Salpeter
IMF by a factor of 1:59 in the same mass range,
so we correct for this. We converted Condon et
al. (2002)’s 1.4 GHz luminosity to C{band lumi-
nosity, LegHz, Using a spectral index of 0:7. The
error (in Equation 5 and the grey band in Fig-
ure 7) takes into account the uncertainties of our
conversion i.e., an uncertainty in the spectral in-
dex of 0:1 and a canonical factor of 2 uncertainty
in the SFR (Leroy et al. 2012).

We performed a bivariate linear regression to
quantify the relation between the RC luminosity
and SFR. We rst linearised the data ] we took
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the log of both the abscissa (RC){ and ordinal
(SF indicator){values assuming the data followed
a power law function of the form y = Ax" or
log(y) = nlog(x) + ¢, where ¢ = log(A). We
used the odr® module from scipy, which takes
four arrays of the data points (the data points:

logx and logy; the 1 errors in log{space: <

and 73’) and the model function, and works to
minimise the squares of the orthogonal distance
between data points and the model, ultimately re-
turning best{ t values and their standard devia-
tions. Data points with low signi cance (less than
3 ) were excluded from the t as these were the
images dominated by noise (including low{level
image artefacts, RFI, etc.) and thus susceptible
to recording image artefacts as genuine emission.

We nd that the RC{SFR relation in Figure 7
(left panel) is not consistent with the Condon
et al. (2002) relation J although, we nd a linear
power{law gradient of 1.0 0:1 with a scatter
of 0:24 dex, there is an indication that our galaxies
are radio ‘quiet/dim’ || for a given SFR, the dwarf
galaxies consistently fall approximately a factor of
2 below the Condon et al. (2002) relation. The
brightest galaxies are largely consistent with the
Condon et al. (2002) RC{SFR relation; the major-
ity of the deviation comes from the dwarf galaxies
that have a SFR . 2 10 °M yr 1.

A number of dwarfs in Figure 7 (left panel)
are signi cantly radio ‘bright/loud’ with respect
to the rest of our sample. These data points (e.g.,
DDO63, DDO 69, and DDO 210) are faint dwarf
galaxies dominated by ‘ambiguous’ RC emission.
If these ‘ambiguous’ sources are background galax-
ies that themselves lie on the Condon et al. (2002)
RC{SFR relation, then we would infer that the
dwarf too lies on the Condon relation. This would
have been an important problem in earlier studies
(e.g., de Jong et al. 1985): signi cant contamina-
tion from background galaxies (the kind of galax-
ies on which the RC{SFR is based) made the dwarf
galaxies appear to stay true to the RC{SFR rela-
tion.

Given that our dwarf galaxies may be a ected
by contamination from the emission of unrelated
background sources, we perform the same analy-
sis but, this time, assuming that the ‘ambiguous’
sources of RC emission are of background origin

Shttp://www.scipy.org/doc/api_docs/SciPy.odr.odrpack.html
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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 24 m 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. De nite 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{ t 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 nd that removing the ‘ambiguous’ source
signi cantly 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 ! and is characterised by a
power{law index of 1:2  0:1 with a scatter of
0:2dex. 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-
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tion, but thise ect is stronger for lower SFRs | the
RC luminosity observed in dwarfs with a SFR of

1 10 3M yr ! 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
nd a slope of 1:34  0:08 which agrees with the
1:33 predicted for turbulent magnetic eld ampli-
cation. The RCnth component is discussed in
more detail in Section 4.5.1.

4.3.

Yun et al. (2001) found that the log of the ratio
of the IRAS FIR (a weighted combination of 60
and 100 m ux) to VLA 1:4GHz ux densities of
his sample,

g-parameter

FIR [Jy].
RC [Jy]’
was 2:34  0:01. To matcha
their JFIR:1:4 value is co

6)

OFir:1:4 = log

r own observations,
ted making Q70,6 =
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Fig. 8. ] Galaxy{wide total C{band RCnp luminosity
as a function of the FUV{inferred SFR (Leroy et al. 2012);
SFRs have been corrected for internal extinction from dust
if 24 m 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
de nite background sources and ‘ambiguous’ sources have
been removed. The solid line is the best{ t 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 RCnTp 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 70 m FIR to 6 GHz 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 (0. values
with Yun et al. (2001) in Figure 9.

Figure 9 shows that our low{SFR galaxies
(70 m . 102*WHz ') may be continuing the
trend of the Yun et al. (2001) sample to exhibit
high g70:6 values; however, our values are not accu-
rate enough to state whether there is a deviation
from g70.6 = 2:68 or whether they are consistent
with it. If this is a genuine deviation, then this
is further evidence that the RC is de cient 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
g70:6 Values could be evidence of the subtle di er-
ence between the mechanisms for generating RC
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Fig. 9.1 dq70:6 parameter as a function of 70 m lumi-
nosity. Both obvious and ‘ambiguous’ background sources
have been removed. We also show the Yun et al. (2001)
data points (purple) and their g-parameter appropriately
corrected to our observation bands (dashed) including the
errors introduced by our conversion (grey shaded band).

and FIR emission. While RC+ emission is highly
dependent on the truncated stellar IMF in dwarfs
(H emission under-predicts SFRs by a factor of
10 in galaxies with a SFR of 10 M yr 1; Lee
et al. 2009), FIR emission is not as a ected 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 70 m 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 1:4 GHz RC of an
unresolved galaxy to the IRAS 60 m luminosity
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Fig. 10. | Galaxy{wide total C{band luminosity as a function of Spitzer 70 m FIR. De nite 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{ t 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 nd,
L L ¥0:00
6GHz __ . . 3 70 m .
—— = =(5:88 1:76) 10 _— ;
WHz 1 ( ) WHz 1
)

where we convert the IRAS 60 m luminosity to
the equivalent Spitzer 70 m 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 signi cant emission from warm
dust; = 1:82 and Tqust = 35K). We also convert
their VLA 1:4 GHz RC data by a factor of 2:83 to
derive predicted equivalent JVLA 6 GHz ux 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 nd that the RC{FIR relation in Fig-
ure 10 (left panel) is slightly sub{linear j we nd
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 signi cantly radio ‘bright/loud’ even with re-
spect to the Yun et al. (2001) sample. These data
points (e.g., DDO 69, DDO 210, and Haro 29) har-
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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., @ SNR that we
erroneously assume is a background galaxy).

We nd that removing the ‘ambiguous’ sources
does not signi cantly 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 tand 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 J our dwarf galaxies are
about a factor of 2 de cient in RC given what the
FIR emission predicts. |
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4.4.1. Thermal and non{thermal relations

We compare our RC+n{ and RCnTh{FIR rela-
tions with those derived by Price & Duric (1992)
in Figure 11. They found that, with the FIR lu-
minosity, the RC+y, component has a linear nature
whereas the RCnth component is related with a
power{law index of 1:3.

4.5. The interplay between SF, RC and

FIR

Current empirical relations derived from large
populations of medium to large{sized galaxies
(e.g., in this paper we concentrate particularly
on the L{band RC: Yun et al. 2001; Condon et
al. 2002) show that galaxy{wide RC emission is
directly proportional to both the SFR and FIR
emission of a galaxy. In these types of galaxies,
emission is bright meaning that contamination is
a small issue.

Since contamination is an issue in our dwarf
galaxies (especially at the faint end), we decide to
take the safe option by basing our results on the
removal of all possible background sources sources
(both obvious and ‘ambiguous’). When doing this,
we nd that RC emission in dwarf galaxies is di-
rectly proportional to FIR, but not to SFR.

The interplay between the SF, RC, and FIR
can be summarised in three equations. First the

RC{SFR relation we nd to be:

!1:21 0:09

SFR

RC =1 18:05 0:08
10 2M yr 1

WHz 1

(©)
Then, there is the RC{FIR relation which we nd
to be:
!1:05 0:08
70 m FIR

RC  _ 1018:16 0:09
1021WHz 1

WHz 1

9)
Equations 8 and 9 imply that the SFR and FIR
are related by:
!1:15
SFR

70 mFIR _
B M yr 1

WHz 1

23:15 (10)

What do Equations 8, 9, and 10 mean in a phys-
ical sense?

There appears to be a change in the RC{SFR
relation for systems forming stars at about 0:1{
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1:0M yr 1. Above this star formation activity,
galaxies follow a linear nature (e.g., Condon et
al. 2002), whereas below this, the relation steep-
ens to a power{law index of 1:2  0:1. Lee et al.
(2009) found that, for SFRs . 0:1M yr !, the
H emission in dwarfs is de cient for a given SFR

when compared to larger galaxies. This can be ex
plained by a truncated stellar IMF (see e.g., Wei

dner & Kroupa 2005; Plokinger et al. in prep.,
for a chemo-dynamical model of truncated stel-
lar IMFs in tidal dwarf galaxies), where a lack of
ionising photons from fewer high mass (& 18M )
stars results in less ionised Hii for a given SFR.
With a reduction in ionised regions, the free{free
emission mechanism becomes less commonplace
and accordingly the RC+y, too, underestimates the
SFR.

4.5.1. Magnetic Fields

In spiral galaxies, the RC+, fraction seldom ex-
ceeds 25% in C{band; however, the RC+, fraction
of our dwarf galaxies is about 40%. This is despite
the fact that RC+ emission, in an absolute sense,
is reduced (Lee et al. 2009). For the dwarf galaxies
to have a larger thermal fraction than larger galax-
ies (despite being de cient in RCt), there must
be a [larger] reduction in their RCnth emission.
To explain a reduction in the RCnTh emission, we
investigate the synchrotron emisivity in an opti-
cally thin region, NTh:

(11)

where ncgr is the number density of CRe
present in the dwarf’s galactic magnetic eld, B
is the strength of the transverse magnetic eld,
and is the power{law slope of the CRe injection
spectrum.

Usually, the assumption of equipartition is used
in galaxies so that the energy densities of the mag-
netic eld and the cosmic rays are in approximate
equilibrium. It is, however, conceivable that dwarf
galaxies in particular deviate from equipartition
which would lead to a reduction in synchrotron
emission (see Figure 8) in two di erent ways:

1) a low number density of CRe (ncre) present
in the dwarf’s galactic magnetic eld || galaxies
are probably not electron calorimeters, with the
possible exception of star burst galaxies (?).
Dwarf galaxies in particular are prone to galac-

_*1
NTh Z NcreB5?
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Fig. 11. | Galaxy{wide C{band RCty, (left) and RCnh (right) luminosity as a function of Spitzer 70 m FIR. Both de nite
background and ‘ambiguous’ sources have been removed. The solid line is the best{ t power law to our sample. We show the
Yun et al. (2001) RC{FIR relation as described in Equation 7 corrected by 0:25 for the RC+ component (left) and by 0:75 for
the RCn1h component (right) including the errors introduced by our conversion (grey shaded band).

tic out ows and winds (since they have low mass
and small disk scale heights), which can carry
plasma and resident CRe advectively away from
the galaxy.

2) the magnetic eld strength (B) being lower
than the equipartition value at which the energy
density of the magnetic eld is equal to that of
the cosmic rays (electrons and protons combined).
Dwarf galaxies may be sites of weak magnetic

elds. In the standard paradigm of a mean eld

{1 dynamo, the key ingredients are turbulence
and shear; these are both weak in dwarfs, so mag-
netic eld ampli cation may be less e cient.

In the following, the magnetic eld strength in
our sample of dwarf galaxies is estimated under
the assumption of equipartition; this is the only
practical way of estimating the eld strengths. We
used bField’ which uses the equipartition formula
for the total magnetic eld (see Equation 3 from
Beck & Krause 2005):

Beg = 4 (1 2)(Ko+1)I Ej*? (=2c1)
=( 2 De()lui @ % @
where is the spectral index of the synchrotron

“http://www3.mpifr-bonn.mpg.de/sta /mkrause/
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continuum®, 1 is the synchrotron surface bright-
ness at the frequency , Kg is the proton{to{
electron number density ratio (taken to be 100
for populations accelerated by the Fermi shock
accerelation mechanism; Beck & Krause 2005),
| is the line-of-sight distance through the emit-
ting medium (assuming the disk of the dwarf
galaxy has a scale height of 400pc; Baner-
jee et al. 2011), E, is the proton rest energy,

i = 3e=(4 m3c®), ¢ = ica( + D= +
1) (‘3121) 31;7’]1 cs = 3e%=(4 mec?), and c4

corrects for the inclination | for a regular eld
with constant inclination, this value is equal to
(cosi) *1=2 where = 1 2 s the injection
slope of the CRe.

The average sterse magnetic eld strength
of our sample i==-3 4:2) G (see column 13 of
Table 6) which is in excess of the 2 G found in

50 faint dwarf galaxies from the NVSS catalogue
(Roychowdhury & Chengalur 2012). Our high val-
ues come from the manner in which RCnth  UX
densities were extracted | we used the RC{based
mask to isolate signi cant regions of RCnth emis-

8note that whilst the spectral index of total RC is about
0:5 in dwarfs, the spectral index of just the synchrotron
component is expected to be 0:7 or steeper
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sion which means we were generally looking at just
regions of active SF.

The transverse eld strength we measured is
identical to that found in the WSRT SINGS sam-

has a power{law slope of 1:2 0:1 with a
scatter of 0:2dex. For SFRs of about 10 4{
10 3M yr 1, the observed RC is a factor
of 10 de cient with that predicted from the
Condon et al. (2002) relation ] a similar fac-

ple (9:7 G; Heesen et al. 2014). This suggests
that the magnetic eld may not be too low in
comparison with equipartition; rather, the cosmic
rays are escaping leading to less synchrotron emis-
sion. This escape does not even need to be facil-
itated by winds or out ows; CRe may di use out
of the dwarf easier than in spirals simply because
the magnetic eld scale height is probably lower.

tor to how H -derived SFRs undercut FUV-
inferred SFRs (Lee et al. 2009). We inter-
pret this as an underproduction of both the
RC+h due to a truncated stellar IMF (see
e.g., Lee et al. 2009) and the RCnth cOm-
ponent due to CRe escape or low magnetic

eld strengths (typically - 2:5 G over the
entire disk);

5. Summary Within the uncertainties, we cannot conclu-

sively say whether the dwarf galaxies con-
tinue the Yun et al. (2001) trend of devi-
ating from g7q.6, or whether they are consis-
tent with it. If there is a deviation, then this
could be evidence that, while RC+, emission
is highly dependent on the truncated stellar
IMF in dwarfs (Lee et al. 2009), FIR emis-
sion is not as a ected since it is the ISRF
that is the main contributor to dust-heating
(Irwin et al. 2013).

We used the VLA in C-array to make C{band
( =6GHzor =5cm) observations of 40 dwarf
galaxies taken from LITTLE THINGS (Hunter et
al. 2012). Our images have a resolution of 3¥ and
an rms noise of 6 Jybeam ! (in the centre of
the map prior to correction for primary beam at-
tenuation).

We summarise our ndings as follows:

Contamination from background sources
was a prominent issue in earlier, low res-
olution studies. Linear relations (e.g, RC{
SFR; the RC{FIR ‘conspiracy’) in dwarf
galaxies could, in part, be attributed to con-
tamination from background galaxies that
themselves fall on such relations;

The LITTLE THINGS galaxies also fall be-
low the Yun et al. (2001) RC{FIR rela-
tion. The observed RC is a factor of 2 de -
cient with the extrapolated Yun et al. (2001)
relation; this de ciency is constant across
our range of dwarf galaxies. We observe
a power{law slope of 1:.05 0:08 with a
scatter of 0:25 dex ] within the uncertainties,
our data are consistent with a linear trend
suggesting that the ‘conspiracy’ of the RC{

Our resolution allowed us to single out back-
ground sources. A total of 26 out of the
40 LITTLE THINGS galaxies exhibit sig-
ni cant RC emission originating from the

galaxy itself ] 17 are new RC detections.
The ux densities of our brighter dwarfs
agree with the literature, not di ering by
more than a factor of 2;

We nd that the average thermal fraction
is (42 24)%, whilst the non{thermal frac-
tion is (58 24)%. The RCyth fraction is
lower than that found in larger spirals; this
is despite the fact that the RC+, emission
is reduced, in an absolute sense (Lee et al.
2009), in dwarf galaxies;

The LITTLE THINGS galaxies diverge from
the Condon et al. (2002) RC{SFR relation
at a SFR of 0:1{1:0M yr 1. The sample
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FIR relation continues to hold even for dwarf
galaxies.

The typical strength of the transverse mag-
netic eld is 9:3 G (from only the re-
gions that exhibited signi cant RC emis-
sion). This value is similar to larger galax-
ies (e.g., 9:7 G in WSRT SINGS; Heesen et
al. 2014), which suggests that it is the es-
cape of CRe that is responsible for the de-
cient RCnTh emission. The escape of CRe
is probably facilitated by a small magnetic
eld scale height.


dah
Sticky Note
Why is our sample similar to the SINGS sample and not to the NVSS dwarf sample?
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A. Individual Notes

In this section, we provide individual notes on our RC observations. We focus on prominent features, and
also on notable diversions from our normal line of calibration and image generation.

CVnldwA: There were not any notable deviations from our calibration/imaging pipeline.

DDO43: A bright source (87GB[BWE91] 0724+4053; ux density of 37mJy located 2:5° from the
image phase centre) exhibited prominent sidelobes which lled the FOV. DDO 43 was directly a ected by,
in particular, an E{W artefact.

DDO46: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO47: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO50: A bright source (NVSS J081920 +704907; ux density of 18mJy located 5:5' from the image
phase centre) exhibited weak sidelobes which lled the FOV. Selected parts of DDO 50 were directly a ected
by low{level artefacts. A single round of self{calibration was performed which was successful in minimising
the prominent sidelobes originating from NVSS J081920+704907.

DDO52: Two bright sources (NVSS J082842 +415056; ux density of 19mJy located 2:5' from the
image phase centre and NVSSJ082814+415353; ux density of 39mJy located 4° from the image phase
centre) exhibited weak sidelobes which lled the FOV. DDO 52 was directly a ected by the artefacts. Self{
calibration was not performed as it was not deemed necessary.

DDO63: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO69: There were not any notable deviations from our calibration/imaging pipeline.
DDO70: There were not any notable deviations from our calibration/imaging pipeline.

DDO75: A bright source (NVSS J101030 -044006; ux density of unknown ux density located 7°
from the image phase centre) exhibited weak sidelobes which Iled the FOV. Parts of DDO 75 were directly
a ected by low{level artefacts. A single round of self{calibration was performed which was successful in
minimising the prominent sidelobes originating from NVSS J101030-044006

DDO101: A bright source (NVSS J115618 +312805; unknown ux density located 9° from the image
phase centre) exhibited prominent sidelobes which lled the FOV. DDO 101 was directly a ected by the
artefacts. Self{calibration was not successful in minimising the e ects of the sidelobes, which was attributed
to the fact that the complex gain calibration of NVSS J115618+312805 became troublesome since it su ered
from a time{varying e ect whereby the interferometer picks up a strongly varying signal due to the source
passing through sidelobe peaks, and then nulls. We decided to use just 3 spectral windows for which
NVSS J115618+312805 fell near the primary beam null. This was successful in minimising the prominent
sidelobes originating from NVSS J115618+312805.

DDO126: A bright double{source (NVSS J122658 +370719; ux density of 4:6mJy located 1:5° from
the image phase centre) exhibited prominent sidelobes which lled the FOV. DDO 126 was directly a ected
by the artefacts. A single round of self{calibration was performed which was successful in minimising the
prominent sidelobes originating from NVSS J122658+370719.

DDO 133: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO154: Two bright sources (NVSS J125401 +270357; ux density of 18mJy located 5:5' from the
image phase centre and unknown; unknwon ux density located 5:5° from the image phase centre) exhibited
weak sidelobes which lled the FOV. DDO 154 was not a ected by low{level artefacts. A single round of
self{calibration was performed which was successful in minimising the prominent sidelobes originating from
NVSS J125401+270357 and the other unknown source. Due to the uniform weighting method (robust=0.0)
not yielding signi cant regions of galactic emission, another clean was performed using an approach closer
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to natural weighting (robust=0.5).

DDO 165: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO 167: There were not any notable deviations from our calibration/imaging pipeline.

DDO 168: There were not any notable deviations from our calibration/imaging pipeline.

DDO 187: A bright double{source (NVSS J141556 +230730; ux density of 55mJy located 4:5° from
the image phase centre) exhibited prominent sidelobes which lled the FOV. DDO 187 was directly a ected
by the artefacts. A single round of self{calibration was performed which was successful in minimising the
prominent sidelobes originating from NVSS J141556+230730.

DDO 210: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

DDO 216: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

F564V3: There were not any notable deviations from our calibration/imaging pipeline.

Haro29: There were not any notable deviations from our calibration/imaging pipeline.

Haro36: There were not any notable deviations from our calibration/imaging pipeline.

LGS 3: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

M81dwA: A bright source (NVSS J082451 +705808; unknown ux density located 5:5° from the image
phase centre) exhibited prominent sidelobes which lled the FOV. M81 dwA was directly a ected by the
artefacts. Self{calibration was not successful in minimising the e ects of the sidelobes, which was attributed
to the fact that the complex gain calibration of NVSS J082451+705808 became troublesome since it su ered
from a time{varying e ect whereby the interferometer picks up a strongly varying signal due to the source
passing through sidelobe peaks, and then nulls. We decided to use just 3 spectral windows for which
NVSS J082451+705808 fell near the primary beam null. This was successful in minimising the prominent
sidelobes originating from NVSS J082451+705808.

Mrk178: There were not any notable deviations from our calibration/imaging pipeline. The GALEX
FUV image was dropped from the analysis due to being of poor quality.

NGC 1569: There were not any notable deviations from our calibration/imaging pipeline. The Spitzer
24 m and 70 m images were dropped from the analysis due to being of poor quality.

NGC 2366: There were not any notable deviations from our calibration/imaging pipeline.

NGC 3738: A bright triple{source (NVSS J113545 +543319; combined ux density of 63mJy located 2°
from the image phase centre) exhibited prominent sidelobes which lled the FOV. NGC 3738 was directly
a ected by the artefacts. A single round of self{calibration was performed which was successful in minimising
the prominent sidelobes originating from NVSS J113545+543319.

NGC 4163: Due to the uniform weighting method (robust=0.0) not yielding signi cant regions of galactic
emission, another clean was performed using an approach closer to natural weighting (robust=0.5).

NGC 4214: NGC 4214 itself (especially the Hii region centred on 12"15M415.2 +36 19°04%.6) was bright
enough that prominent sidelobes were produced which lled the FOV. A single round of self{calibration was
performed which was successful in minimising the prominent sidelobes originating from NGC 4214,

UGC 8508: Two sources (not coincident with H emission) from the 4° square aperture were judged as
not originating from UGC 8508 and were accordingly masked out.

VIIZw403: There were not any notable deviations from our calibration/imaging pipeline. The Spitzer
24 m and 70 m images were dropped from the analysis due to being of poor quality.

WLM: A bright source (NVSSJ000141-154040; unknown ux density located 13’ from the image phase
centre) exhibited prominent sidelobes which Iled the FOV. WLM was directly a ected by the artefacts. A
single round of self{calibration was performed which was successful in minimising the prominent sidelobes
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originating from NVSS J000141-154040.

B. Images
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area. We show total RC ux 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 22:5 Jybeam ! | 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 + 2™) native, Where n

0 and

both the rms ( native = 4:27 Jybeam 1) and the resolution (FWHMative = 3:0  3:0 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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Fig. 13. ] Multi-wavelength coverage of DDO 43 displaying a 3° 3’ area. We show total RC ux 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 27:6 Jybeam ! | 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 +2") native, Where n 0 and
both the rms ( native = 6:89 Jybeam 1) and the resolution (FWHMative = 2:5 2:3 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle 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.

37



T PN T LT e - R IR T T T — T
DRO46:; C-bandRC 7L 15 DDOA46.;. (}bat% RCwith,conto%g_. Dy DDO 46 : C-band RC (with RC mask)
08'00°f gande 10 P Aes 0g'00°f s 0 Sy 08'00"}- E
R B Nk R O 5 592 3
¢ ok dh 1Y 3 Q o
g Yoy -(' g h 3 -‘— WSy g 4
g 0700+~ 7 AR RO E IOt g 070054 W s Mo T e T A 8 0700 ) 1
' 35 ROy 8 : R Ty g ) .
g % g ; < 4
E 1 T ¥ o AN g : . ‘ 3 4 AL N 9 3 -
[} 06t00"f: L - o et A a oslootfs Z 2 @ XIS S =} 06'00"F 1 v
; . PR
- ¢ LRI L ~
o s :
+40 05'00°F-4" YRR AN +40 0500 N TR R N L AN +40 0500°F 1
L >0 ’. A2 30:07 = 800pe 3 5 .‘ ey A2 X 3407 = 800pe X ) 309!":8007::
32 28 24 7hg1m0s % 32 é% 24 7h41m208 % 32 % 24 7h41m08
Right Ascension (J2000) Right Ascension (J2000) Right Ascension (J2000)
r ST r R TECs . r —S o r
DDO 46 : C-bandRConH 2 C.., hand RCyy' o a B DDO 46 : C-band RC on FUV X
Q e Ty 2 = ot 0 ,
08'00" ¥ %5 o ] 08'00"f g CATED 3 e 08'00"F >
O G R y
g n : 5 g oy ki ‘ g
g 07°00°F AR "ﬁ;’ T o ] 07°00°F <23 g T e e 8 07'00"F
H e 5 ' 53 e M
E | i G g , AN foomdad 3
e 06°00"F r ® ] e 06%007F: e A S 06100}
o ) =5 TV J
- i) . o e
o e o
+40 05007} £ E +40 0510074 T T e A3 +40 05'00°F - >
' s A BorEEg SN A O LSRR i e ] " & r B 0pe
36 32 28 24 7ha1m0s 36 32 28 24 7h41m208 36° 32 28 24 7ha1m08
Right Ascension (J2000) Right Ascension (J2000) Right Ascension (J2000)

Fig. 14. ] Multi-wavelength coverage of DDO 46 displaying a 4° 4% area. We show total RC ux 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 22:0 Jybeam ! J 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 + 2") native, Where n 0 and
both the rms ( native = 5:06 Jybeam 1) and the resolution (FWHMpative = 3:0  2:8 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle 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.
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Fig. 15. ] Multi-wavelength coverage of DDO 47 displaying a 5° 5% area. We show total RC ux 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 19:5 Jybeam ! J 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 + 2") native, Where n 0 and
both the rms ( native = 4:98 Jybeam 1) and the resolution (FWHMpative = 3:2  3:0 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle 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.
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Fig. 16. ] Multi-wavelength coverage of DDO 50 displaying a 7° 7° area. We show total RC ux 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 21:9 Jybeam ! | 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 + 2") native, Where n 0 and
both the rms ( native = 6:11 Jybeam 1) and the resolution (FWHMative = 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: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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Fig. 17. ] Multi-wavelength coverage of DDO 52 displaying a 4° 4° area. We show total RC ux 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 29:8 Jybeam ! | 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 + 2") native, Where n 0 and
both the rms ( native = 8:29 Jybeam 1) and the resolution (FWHMative = 2:2  2:0 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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3 area. We show total RC ux 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 28:6 Jybeam ! | 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 + 2™) native, Where n
both the rms ( native = 6:49 Jybeam 1) and the resolution (FWHMpative = 2:8

0 and
2:2 arcsec) are taken

from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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Fig. 19. ] Multi-wavelength coverage of DDO 63 displaying a 4° 4’ area. We show total RC ux 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 24:6 Jybeam ! | 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 + 2") native, Where = 0 and
both the rms ( native = 4:96 Jybeam 1) and the resolution (FWHMative = 5:1  2:8 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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Fig. 20. ] Multi-wavelength coverage of DDO 69 displaying a 5° 5’ area. We show total RC ux 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 18:1 Jybeam ! | 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 + 2") native, Where - 0 and
both the rms ( native = 5:88 Jybeam 1) and the resolution (FWHMpative = 2:7  2:5 arcsec) are taken
from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCnth inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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Fig. 21. ] Multi-wavelength coverage of DDO 70 displaying a 4°
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at the native resolution (top left) and again with contours (top centre). The lowest contour highlights low{
surface brightness emission at a level of 41:7 Jybeam ! | 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 + 2™) native, Where n
both the rms ( native = 6:33 Jybeam 1) and the resolution (FWHMative = 3:1

0 and

2:6 arcsec) are taken

from the native resolution image. These same contours are also superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RCntr inferred from Deeg et al. 1997 (middle centre); GALEX
FUV (middle right); Spitzer 24 m (bottom left); Spitzer 70 m (bottom centre); FUV+24 m{inferred SFRD
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.
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7% area. We show total RC ux 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 48 Jybeam !|this is 2 :5 times the rms after smoothing the

native image by a factor of 25. The other contours are placed following (2 +2') nhatve , Wheren

0 and

both the rms ( paive = 9:66 Jybeam 1) and the resolution (FWHM naive = 3:3 2:4 arcsec) are taken
from the native resolution image. These same contours are sb superposed on ancillary LITTLE THINGS
images where possible: H (middle left); RC yt, inferred from Deeg et al. 1997 (middle centre);GALEX
FUV (middle right); Spitzer24 m (bottom left); Spitzer70 m (bottom centre); FUV+24 m{inferred SFRD
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 usedre arbitrary to best highlight structure.
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