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ABSTRACT
Dwarf spheroidal (dSph) galaxies are key objects in near-�eld cosmology, especially in con-
nection to the study of galaxy formation and evolution at small scales. In addition, dSphs
are optimal targets to investigate the nature of dark matter. However, while we begin to have
deep optical photometric observations of the stellar population in these objects, little is known
so far about their diffuse emission at any observing frequency, and hence on thermal and
non-thermal plasma possibly residing within dSphs. In this paper, we present deep radio ob-
servations of six local dSphs performed with the Australia Telescope Compact Array (ATCA)
at 16 cm wavelength. We mosaicked a region of radius of about 1 deg around three �classical�
dSphs, Carina, Fornax, and Sculptor, and of about half of degree around three �ultrafaint�
dSphs, BootesII, Segue2, and Hercules. The rms noise level is below 0.05 mJy for all the
maps. The restoring beams full width at half-maximum ranged from 4.2 arcsec × 2.5 arcsec to
30.0 arcsec × 2.1 arcsec in the most elongated case. A catalogue including the 1392 sources
detected in the six dSph �elds is reported. The main properties of the background sources are
discussed, with positions and �uxes of brightest objects compared with the FIRST, NVSS, and
SUMSS observations of the same �elds. The observed population of radio emitters in these
�elds is dominated by synchrotron sources. We compute the associated source number counts
at 2 GHz down to �uxes of 0.25 mJy, which prove to be in agreement with AGN count models.

Key words: catalogues � galaxies: dwarf � radio continuum: galaxies.

1 INTRODUCTION

Dwarf galaxies are the most common type of galaxy throughout
the Universe and are interesting objects for many different reasons.
First of all, they dominate � by number � the total galaxy pop-
ulation. Dwarf galaxies are also our closest neighbours, allowing
us to collect data of the highest quality available about galaxies
besides our own. Their structure, chemical composition, and kine-
matics pose important challenges to our theoretical understanding
of galaxy formation (see for example, Mateo 1998; McConnachie

� E-mail: regis.mrc@gmail.com

2012, for reviews). Finally, dwarf spheroidal (dSph) galaxies have
been recognized as key probes for the presence and the nature of
dark matter (DM). They are the most DM-dominated objects dis-
covered in the local Universe. Their stellar population (spread on
scales �100 pc) have central velocity dispersion >5 km s�1, which
lead to an inferred dynamical mass of �107 M�, and imply very
large mass-to-light ratios, up to (103�104) M�/L�.

On the other hand, very little is known about them, partially
because these objects are small and dimly lit.

Recent searches for dwarf galaxies in the Sloan Digital Sky Sur-
vey (SDSS) data have more than doubled the number of known
dSph satellite galaxies of the Milky Way (MW), and have revealed
a population of ultrafaint galaxies, less luminous than any galaxy
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previously known (Willman et al. 2005; Belokurov et al. 2007; Mc-
Connachie et al. 2008). In the last decade, 25 new dwarf galaxy
companions of the MW and M31 have been discovered. The SDSS
analysis and survey completeness studies suggest that their detec-
tion is complete only within an �50 kpc radius from us (Koposov
et al. 2009; Walsh, Willman & Jerjen 2009). Applying luminosity
bias corrections, Tollerud et al. (2008) found that a few hundreds of
these extremely faint MW satellites should be discovered at larger
distances and in different angular regions of the sky.

Spectroscopic studies have revealed that the recently discovered
dSphs are the faintest (the most extreme ultrafaint dwarfs have
luminosities smaller than the average globular cluster LV � 103�
104 L�), most DM-dominated (see for example, Strigari et al.
2008), and most metal-poor galaxies in the Universe [with mean
stellar metallicity �[Fe/H]� � �2 (Tolstoy, Hill & Tosi 2009)].

dSphs are unique probes for testing structure formation models
at small scales and early times. They have challenged the stan-
dard cold DM cosmological paradigm (with, for example, the so-
called missing satellite problem; Klypin et al. 1999; Moore et al.
1999), demanding a deeper understanding of the ef�ciency of small
DM haloes at forming stars, and of the dSph star formation feed-
backs and chemical enrichment. Forthcoming instruments and deep
dSph searches will in fact extensively scrutinize the low-luminosity
threshold of galaxy formation (Bullock et al. 2009).

dSph galaxies have been also recognized as optimal laboratories
for indirect DM searches (Colafrancesco, Profumo & Ullio 2007).
Due to their proximity, high DM content, and low level of astro-
physical backgrounds, dSphs are widely considered to be among
the most promising targets for detecting the diffuse electromagnetic
radiation possibly induced by DM annihilations or decays. A recent
attempt in this direction making use of single dish radio observa-
tions was performed by Spekkens et al. (2013) and Natarajan et al.
(2013) with the Green Bank Telescope. The �eld of view (FoV)
of Draco, Ursa Major II, Coma Berenices, and Willman I were
mapped at 1.4 GHz with a resolution of 10 arcmin and a sensitivity
of 7 mJy beam�1 (after discrete source subtraction). No signi�cant
emission was detected from the dSphs, with 95 per cent con�dence
level bounds being about two orders of magnitude above the ex-
pected �ux for a reference model of synchrotron emission induced
by annihilation of DM particles with 100 GeV mass. For a more
extended discussion, see Natarajan et al. (2013).

Studies of possible truly diffuse emission in dSph are also impor-
tant for assessing the amount of thermal and non-thermal plasma
in those structures, as well as the presence of large-scale magnetic
�elds, for which very little information is available up to date.
Full use of dSphs as DM laboratories will require synergy between
large-area photometric surveys, deep spectroscopic and astromet-
ric follow-ups, and subsequent observations at multifrequency with
telescopes operating from radio to gamma-rays for DM indirect
detection (see for example, Bullock et al. 2009, for an outlook of
future perspectives).

Our project moves along this context. We present here deep mo-
saic radio observations of a sample of six local dSphs. Data have
been collected making use of the Australia Telescope Compact
Array (ATCA) observing at 16 cm wavelength. Three �classical�
dSphs (CDS), i.e. Carina, Fornax, and Sculptor, and three �ultra-
faint� dSphs (UDS), i.e. BootesII, Segue2, and Hercules, were ob-
served. In this paper (Paper I), we present the small-scale sources
detected in the six �elds of investigation. Our experimental setup is
speci�cally designed to seek a diffuse radio continuum signal from
particle DM (on the scale of a few arcminutes). However, the ex-
periment also allows detection of radio emission on scales of a few

Table 1. Average restoring beam parameters
across all mosaic panels for each FoV, for
the robust �1 maps with no Gaussian taper.
The angular resolutions of the NVSS (Condon
et al. 1998), SUMSS (Mauch et al. 2003), and
FIRST (Becker, White & Helfand 1995) sur-
veys are included for comparison. The rms sen-
sitivity of the three surveys amounts to approx-
imately 0.45 mJy beam�1, 1 mJy beam�1 and
0.14 mJy beam�1, respectively. For the rms of
the observations presented here, see Fig. 6.

FoV FWHM Position angle
(arcsec × arcsec) (deg)

Carina 4.2 × 2.5 �6.4
Fornax 7.7 × 2.2 4.0

Scultpor 8.0 × 2.2 �0.8
BootesII 30.0 × 2.1 1.2
Hercules 28.5 × 1.9 �1.3
Segue2 17.1 × 1.9 1.5

NVSS 45 × 45
SUMSS 45 × 45 cos �
FIRST 5.4 × 5.4

arcseconds to about 15 arcmin, with a sensitivity of approximately
50 µJy at 2 GHz. The results concerning the diffuse emission are
presented in Regis et al. (2015, hereafter Paper II) and Regis et al.
(2014, hereafter Paper III).

Searches for point-like radio emissions in dSphs are essential
for understanding the star formation and evolution in dSphs. The
knowledge of background sources is crucial as well, in the identi-
�cation of any kind of dSph diffuse emission (including the signal
from DM annihilations). Indeed, one of the major issues that needs
to be addressed in this context is the contamination of maps by
both unresolved and truly diffuse radio background sources. The
arcsecond scale spatial resolution of the employed ATCA telescope
con�guration allows us to distinguish between background point-
source contributions and diffuse emission (for the latter, we refer to
scales of the order of the dSph size, which is about a few arcmin-
utes).

We produced a deep search for background radio sources in the
dSph FoVs, which add up to about 8 deg2 of the sky (covered by
means of a mosaic strategy). The average synthesized beams ranged
from 4.2 arcsec × 2.5 arcsec, �6.4 deg in major and minor axes full
width at half-maximum (FWHM) and position angle, respectively
(Carina), to 30.0 arcsec × 2.1 arcsec, 1.2 deg in the most elongated
case (Bootes), see Table 1. The low level of Galactic contamination
towards the six selected objects and the good spatial resolution and
sensitivity of our ATCA observations allowed us to reach an rms
noise value � 50 µJy in all the dSph maps. Our radio sample is thus
complete at 5� con�dence level (hereafter C.L.) down to �250 µJy,
in terms of peak �ux density. This sensitivity level allowed us to
extract a total of 1392 radio sources. This number is suf�ciently
large to derive precise source number counts at 2 GHz.

The outline of the paper is the following: in Section 2, we de-
scribe the dSph observations performed with the ATCA. The process
of data reduction is presented and discussed in Section 3. We de-
scribe the procedure adopted for source extraction and building of
the source catalogue in Section 4. We compare the results of our
source catalogue with previous radio surveys in Section 5 and we
derive the radio source number counts in Section 6. We �nally
discuss results and draw conclusions in Section 7.
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2 OBSERVATIONS

The observations presented in this paper were performed during
2011 July/August with the six 22-m diameter ATCA antennas oper-
ating at 16 cm wavelength. As mentioned in the Introduction, three
CDS (Carina, Fornax, and Sculptor), and three UDS (BootesII,
Hercules, and Segue2) were observed. The project was allocated a
total of 123 h of observing time.

The spectral setup included the simultaneous observation of a
2 GHz-wide band centred at 2100 MHz with a 1 MHz spectral
resolution for continuum observations (recording all four polariza-
tion signals), and of a 32 MHz × 64 MHz-channel band centred at
1932 MHz to observe the 1420 MHz H I spectral line. The latter
con�guration allowed the use of �zoom bands� and the spectral res-
olution for the line observations is 32 kHz. In this paper, we will
consider the results obtained from the analysis of the continuum
band only, while the H I-line emission will be presented in further
papers from our collaboration.

The observations of Carina, BootesII, Segue2, and part of Her-
cules were conducted with the hybrid array con�guration H214 with
maximum baseline of 214 m for the �ve antennas in the core of the
array, while for Fornax, Sculptor, and the second part of Hercules,
the hybrid con�guration H168 with maximum baseline of 168 m
was used. A sixth antenna located at about 4.5 km from the core
of the array can be used to earn sensitivity on the smaller angular
scales. In these con�gurations, the primary beam ranges between
42 arcmin at 1.1 GHz and 15 arcmin at 3.1 GHz. The synthesized
beams are �3.5 and �1 arcmin at the extreme of the frequency band
if we do not include the long baselines involving antenna 6, while
it is �12 and �4 arcsec if we do include it.

The mapping of the three CDS required a 19 �eld-mosaic with
a total on-source integration time of about 1 h/�eld. For BootesII
and Hercules, a 7 �eld-mosaic with an on-source integration time of
about 2 h/�eld was chosen, while Segue2, due to its smaller size, was
imaged with a 3 �eld-mosaic with about 4 h/�eld of integration time
(with the purpose of maximizing the sensitivity). More precisely, a
total of 16.5, 15.0, 17.0, 13.0, 10.9, 9.6 h were spent on-source for
Carina, Fornax, Sculptor, BootesII, Hercules, Segue2, respectively.

The pointing grid pattern for the mosaic has been chosen to be an
hexagonal grid following Nyquist sampling of the primary beam,
which leads to a spacing of �15 arcmin, and an image of nearly
1 deg of radius for CDS and about half-degree for UDS (except for
Segue2, where observations involved a row made by three pointings,
as mentioned).

For the short baselines of interest, the time taken for a baseline to
rotate to a completely independent point is about 50 min. In order
to ensure a good UV plane coverage, we set the time to perform
a cycle over all mosaic pointing centres to half of such time, and,
more precisely, the dwell time has been �26 min/(np + 1), where
np is the number of mosaic panels.

The nominal rms sensitivity in each panel for the actual observing
time is 36, 38, 35, 25, 28, 20 µJy for Carina, Fornax, Sculptor,
BootesII, Hercules, Segue2, respectively. It has been computed by
means of the ATCA sensitivity calculator1 and assuming no �agging
and natural weighting.

For typical spectral indices of synchrotron sources (as found in
our catalogue, see next the sections), the average observing fre-
quency is ��� � 2 GHz.

1 http://www.narrabri.atnf.csiro.au/cgi-bin/obstools/atsen8.pl

3 DATA REDUCTION

The data were reduced using the MIRIAD data reduction package
(Sault, Teuben & Wright 1995). We followed the standard reduc-
tion procedure recommended in the MIRIAD user guide2 to calculate
and apply the instrumental bandpass, gain, phase, and �ux density
calibration.

A total of about 26 h were devoted to setup and calibration. PKS
1934�638, observed twice a day, was used as �ux density and band-
pass calibrator throughout. Secondary calibrators were taken from
the ATCA calibrators catalogue as bright sources close to the target
galaxies: PKS 0647�475 (Carina), PKS 0237�233 (Fornax), PKS
0022�423 (Sculptor), PKS 0823�500 (BootesII), PKS 0215+015
(Segue2), and PKS 1705+018 (Hercules). The secondary calibra-
tors were used also as gain calibrators. The calibration was per-
formed for four frequency bins equally spaced across the band, to
account for gain changes across the wide CABB frequency band.

The data were considerably contaminated by radio frequency
interference (RFI). Bad data were identi�ed through a combination
of handmade �agging and the automated �agging routines provided
by MIRIAD. Approximately one third of the data were �agged and
removed from each data set.

The data were imaged using the MIRIAD task MFCLEAN, an
implementation of the multifrequency CLEAN algorithm developed
by Sault & Wieringa (1994). For each target a four-iteration self-
calibration was performed for each mosaic panel. The �nal images
were cleaned to a sensitivity cutoff of about three times the nominal
rms sensitivity adjusted for �agged data, assuming that one third of
each data set is �agged.

Due to a correlator bug during the time of the observations, all
of the mosaic panels for each observation were correlated at the
position of the �rst panel. This was corrected for in the image
plane, by correcting the position information in the image headers.

The images displayed signi�cant w-term effects. These include a
systematic offset in source position across the �elds, increasing with
increasing distance from the phase centre. For a co-planar array, this
position shift is approximately (Cotton 1999):

position error �
�2

2 × 2.06 × 105 sin z, (1)

where � is the distance of a source from the phase centre, � 	

l2 + m2, and z is the zenith angle. Amongst our target source

list, Segue2 is most distant from the ATCA latitude, with the zenith
angle ranging from 50 to 68 deg. Fig. 1 shows equation (1) for these
zenith angles, plotted against a range of � up to the cutoff point of
the ATCA beam model (25.21 arcmin). The mean Segue2 restoring
beam (including long baselines) is 17 arcsec × 1.9 arcsec. Towards
the edge of the ATCA beam the position errors are an appreciable
fraction of this beam width, so that when the individual images
were mosaicked together bright sources incorrectly appeared to
have multiple slightly offset components. The arcs often associated
with wide-�eld effects are not present in these images, as the change
in position offset across the zenith angle range is not signi�cant
compared to the restoring beam dimensions. Even at the cutoff
point, where the position offset is largest, the difference between
the offset for the two zenith angles is less than an arcsecond.

In order to address this issue, the wide-�eld imaging capabilities
of the CLEAN task in the CASAPY software package were investi-
gated. We focused on the most problematic data set (in terms of

2 http://www.atnf.csiro.au/computing/software/miriad
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Figure 1. Position error of equation (1) as a function of distance � from
the phase centre. The two curves are for zenith angles of, respectively, 50
(lower) and 68 (upper) degrees (which are the extrema of the range covered
in the Segue2 observations).

w-term effects), which is the Segue2 one. A three-iteration self-
calibration was performed, imaging to the same �nal �ux as the
�nal MIRIAD images, and using two Taylor terms to correspond to
the MIRIAD MFCLEAN. The use of 256 wprojection planes was
found to correct the source positions. However, the MIRIAD imager
was still preferable, for a number of reasons: (i) the CASAPY CLEAN
�t for the restoring beam was poor, in some cases not converging
at all; (ii) the noise �oor of the CASAPY images was found to be 25
to 50 per cent higher than in the corresponding MIRIAD images; and
(iii) the CASAPY CLEAN with 256 wprojplanes was prohibitively
slow. We attribute the higher noise �oor of the CASAPY images to the
(relatively incomplete) UV-coverage of the ATCA data, making the
image-plane clean of the MIRIAD package more suitable.

We show an example of these �ndings in Fig. 2. The two images
compare a region of the central Segue2 panel imaged using the
MIRIAD MFCLEAN and CASAPY CLEAN. In both images the grey-
scale range is [�0.1 mJy, 1 mJy]. The contours on the MIRIAD image
indicate the positions of the sources (before the NCP projection was
enforced). The presence of larger noise and larger restoring beam in
the CASAPY case are clearly visible. The rms noise calculated in the
source-free top-right region of each image is 44 µJy for the CASAPY

image and 29 µJy for the MIRIAD image.
The MIRIAD imager was therefore still preferred. The w-term imag-

ing problem was solved by enforcing NCP projection. Indeed, the
long baselines (which are the ones between the sixth antenna and
each of the �ve antennas of the core) form approximately an east�
west array. In this case, the NCP projection reduces the imaging
problem to a 2D Fourier transform, without the need for w-term
approximations.

However, the ATCA was not used in purely E�W mode for these
observations, and short baselines include antennas on the northern
spur. The w-component of the visibility data from these baselines is
not removed by enforcing the NCP projection, leading to artefacts
in the images including data from these baselines, predominantly
for the Segue and Hercules �elds, which were most distant from
the ATCA latitude. On the other hand, if the long-baselines data are
not included, the restoring beam size becomes larger than 1 arcmin.

Figure 2. Upper: image of a central region of the Segue2 FoV obtained with
CASAPY CLEAN. Lower: same of upper panel, but performing the imaging by
means of the MIRIAD MFCLEAN algorithm and enforcing NCP projection.
Above each source in the MIRIAD image is a contour showing the position of
sources with SIN projection.

This is suf�ciently large that the position offsets between baselines
(of the order of a few arcseconds) are not signi�cant.

We proceeded producing two maps for each target.3 The data
were �rst imaged with a Briggs robustness parameter of �1 (Briggs

3 Maps and source catalogue presented in this project can be retrieved at
http://personalpages.to.infn.it/�regis/c2499.html.
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Figure 3. Beams. Plots of the central region of the synthesized beam for the Fornax (upper panels) and BootesII (lower panels) �elds. Left-hand panels:
imaging with robustness parameter �1, with grey-scale range {�0.01, 0.01}. Right-hand panels: imaging with robustness parameter �1 and Gaussian taper
of 15 arcsec, with grey-scale range {�0.03, 0.03}.

1995) leading to a high-resolution map where short baselines are
down-weighted, and the offset issues are solved by enforcing the
NCP projection. Table 1 lists the average restoring beam parameters
over all mosaic panels for each �eld.

A second set of maps was then generated, by imaging again with
the same robustness parameter, but applying a Gaussian taper of
15 arcsec to the data before Fourier inversion. The beam becomes
suf�ciently large that the w-term corrections do not show up in the
images. The untapered robust �1 maps were used to determine the
source positions and to provide the lowest off-source image rms
noise. However, they are not sensitive to scales above a few tens
of arcseconds (since they basically rely on long-baselines data) and
can underestimate the �ux of extended sources. The tapered images
were used in conjunction with the untapered ones to determine the
total source �uxes, as we will describe below.

As described earlier, the H168 and H214 ATCA con�gurations
used for these observations had a compact core and a single 4.5 km
baseline. This creates a synthesized beam with a central peak on
the scale of the resolution provided by the 4.5 km baseline, and a
plateau on the scale of the compact core resolution. Examples of
this are shown in Fig. 3, for the �rst pointing of a CDS (Fornax)
and UDS (Bootes) �eld. A consequence of the beam shape is that
the noise in the �nal images is correlated on the scale of the 4.5 km
resolution (a few arcseconds) and the core resolution (arcminute).

The complex beam shape is echoed in deconvolution artefacts in
the images. These artefacts are accounted for in subsequent process-
ing through the use of a variable noise background in the source de-
tection algorithm, as discussed in Section 4. The noise background

is higher in localized regions around stronger sources, where de-
convolution errors are most extreme (see for example, Mauch et al.
2003).

4 SOURCE DETECTION AND CATALOGUES

The mosaicked robust �1 images of each �eld are presented in
Figs 4 and 5, alongside zoomed in images of the central regions of
each �eld. Fig. 6 shows the central regions of the 15 arcsec Gaussian
taper images, overlaid with NVSS and/or SUMSS contours for
comparison.

We considered two automated routines for source extraction
and cataloguing, which are provided by the SEXTRACTOR package
(Bertin & Arnouts 1996) and the task SFIND in MIRIAD. In MIRIAD,
the threshold for detection comes from the constraint of a maximal
false detection rate (FDR), while in SEXTRACTOR it follows from a
certain � level above the local background.

Previous analyses (see for example, Huynh et al. 2012, and ref-
erences therein) have found that mesh sizes with widths of about
10 times the synthesized beam produce reliable noise estimation
and completeness in deep radio continuum surveys. We estimated
the local rms noise by splitting the map in regions corresponding
to �10 × 10 of the synthesized beam. The rms maps obtained with
SEXTRACTOR for the high-resolution maps are shown in Fig. 7, up-
per panels. The SEXTRACTOR algorithm consists of computing the
mean and the standard deviation � of the distribution of pixel val-
ues within each subregion. The most deviant values are then taken
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