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This talk 

• Pathfinders 
 

• ASKAP 
 

• EMU (and its pathfinders) 
• One of the 2 key projects (with WALLABY) primarily driving 

ASKAP 
• 8 other projects also supported (e.g. POSSUM, DINGO, etc) 

 
• Why we need all-sky surveys 

See Baerbel Koribalski talk 



Next generation radio surveys 
SKA Pathfinders & precursors 
•  ASKAP-EMU 
•  Westerbork-WODAN 
•  Meerkat-MIGHTEE 
•  LOFAR 
•  JVLA-NVSS++? 
•  (eventually) SKA_Survey 
 
Distinguishing characteristic: Qualitatively 
different from existing radio surveys 
They change the radio-astronomy paradigm 



Observational phase space:  
Current major 20cm surveys 
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J-VLA 

Meerkat/Mightee (South Africa) 

ASKAP/EMU (Australia) 

WSRT 

NVSS 
75% of sky 
rms=450µJy 
2 million 
galaxies 

EMU 
75% of sky 
rms=10µJy 
70 million galaxies 
(would take  
~600 years with 
VLA, or 7 years 
with JVLA) 



  
But wait – there’s more! 
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SKA1_survey SKA2_survey? 

SKA1_survey in 2 yr 
75% of sky 
Rms=2µJy 
~500 million galaxies 
(would take  
~200 years with JVLA) 



Pathfinders of Pathfinders 

SKA1-SURVEY 
(2022-????) 
96 antennas MkIII PAF 

3π sr 
Rms=2 uJy 
500? million galaxies 

ATCA – ATLAS  
(2006-2013) 
6 antennas single-pixel 

7 sq deg 
Rms=15 uJy 
6000 galaxies 

ASKAP – EMU early  
(2015-2016) 
12 antennas MkII PAF 

1000 sq deg 
Rms=30 uJy 
0.5 million galaxies 

ASKAP – EMU  
(2016-2018) 
30-36 antennas MkII PAF 

3π sr 
Rms=10 uJy 
70 million galaxies 



7 sq deg in CDFS, ELAIS-S1 SWIRE fields 
15 uJy rms, plus polarisation, spectral index, etc. 
Deep coverage from SWIRE, SERVS, Hermes, VIDEO, etc 
Also spectroscopy, photometry, etc 
 
Data Release 1: Norris et al. 2006, Middelberg et al. 2008 
Data Release 2: Hales et al. 2013 
Data Release 3: Franzen et al 2014, Banfield et al. 2014 
Other multiwavelength follow-up, VLBI, etc. 
 
Science:  
Galaxy evolution (Lilly-Madau diagram, luminosity function, etc) 
AGN evolution (CSS, GPS, IFRS, Hi-z AGN, etc) 
AGN feedback & environment 
Clusters 
etc 
 



Australia Telescope Large Area Survey 
 



The EMU Pathfinder: 
ATLAS=Australia Telescope Large Area Survey 
7 sq deg to rms=15 µJy 

Mao et al. 2010MNRAS.406.2578M 

Cluster at z=0.2  
(Sorry, Anna) 



~10 clusters per square degree 
(Dehghan et al., 2014, submitted to MNRAS) 

In 4 sq deg of the ATLAS CDFS field, we find 
•  44 clusters via tailed galaxies (up to z~2) 
•  1 relic 
•  2 putative haloes 
•  Needs to be confirmed but Subrahmanyan  

et al. see similar numbers in ATLBS 
 
Scaling this up to EMU… 
•  300,000 clusters detected via tailed galaxies 
•  (maybe) 60,000 haloes 
 
c.f. eRosita ~100,000 expected 
SKA_survey will see ~5 times as many? 
Short baselines are important! 
 

Bent-Tailed Radio Sources in the ATLAS-CDFS 7

Figure 3. Top panel: The comparative radio structure of ID
11 detected via the ATLAS data and the NVSS data. The radio
contours based on the ATLAS, convolved ATLAS, and VLA data
are shown with the green, red, and blue contours, respectively.
The black circles represent the galaxy members of the Abell 3141
cluster. Bottom left panel: The spatial distribution of galaxies
in the galaxy cluster Abell 3141. The approximate extent of Abell
3141 is shown by a circle with the Abell radius (⇠ 1.87 Mpc).
The location of ID 11 is shown by a blue filled square. Bottom

right panel: The redshift distribution of galaxies within ⇠ 150

of ID 11. The blue dashed line represents the redshift location of
the WAT in the Abell 3141 cluster. The data were extracted from
the 2dFGRS (Colless et al. 2003) and the Southern Abell Redshift
Survey (SARS, Way et al. 2005).

cluster (see the bottom panel of Figure 3). However, fur-
ther spectroscopic data is required for a decent structure
analysis. It is worthwhile to note that the S-shape struc-
ture of the lobes in ID 11 may be the result of the host
galaxy’s orbital motion due to its companion along with
its relative movement through the ICM. In fact, previous
studies of WATs and NATs has suggested a close com-
panion is typically present (Rose 1982, Mao et al. 2009)
and recent detailed model of a similar WAT shows how
such morphology can be produced (Pratley et al. 2013).
ID 12 or S376 in the ATLAS catalog is a WAT ra-

dio galaxy with about a 90� opening angle. ID 12 with
2100extension, which corresponds to about 170 kpc at
photometric redshift of 1.04, appears to be laid in a com-
pact population of galaxies in the optical image. Note
that the detection of ID 12 were only made possible by

employing the 200resolution VLA data.
ID 13 or S291 in the ATLAS survey is an asymmetric

BT with a redshift of 0.3382 and an extent of 130 kpc,
which is smaller than average length of WATs. It appears
to be a weak radio galaxy in the early stage of evolution
to a WAT. ID 13 represents a straight and featureless
structure with a single bend towards the tail-end of the
eastern jet.
ID 21 has a complicated multiple-component radio

structure, including four major segments, of which two
are associated with optical identifications. Current radio
data are insu�cient to support a plausible scenario in
order to classify ID 21.
ID 24 or S447 has a peculiar radio structure consisting

of four radio components with an overall 1.4 GHz rest-
frame power of 7.85 ⇥1024 W Hz�1. As stated in Miller
et al. (2013), the north-eastern component coincides with
an optical ID and appears to be a single separate source
in the high resolution VLA image. Although ID 24 may
not be unambiguously classified as a WAT, it appears
to consist of a core galaxy with a pair of lobes to the
north and south, of which the latter undergoes a di↵use
90� bent. ID 24, which was reported the farthest such
source ever detected in Dehghan et al. (2011), has a cen-
tral component identified with an optical counterpart lo-
cated at z=1.9552. The discovery of ID 24 along with ID
52, at z=2.1688, extends the existence of distorted radio
sources as far back as formation of galaxy clusters, which
adds a valuable clue to the mutual evolution hypothesis.
ID 32 or S024, as reported in previous works (Mao et

al. 2010 & Dehghan et al. 2011), exhibits a clear emission
cut-o↵ between the host galaxy and two radio lobes. In
addition to the significant radio emission from the lobes,
a faint radio component is evident surrounding the core
galaxy. This emission along with a putative companion
within the host galaxy’s halo, may be indicative of an
AGN with recurrent jet activity, considering that close
companions are believed to be the principal trigger for
the AGN and radio activity (Koss et al. 2010).
ID 38 includes two significant radio components. Al-

though ID 38 may be classified as a single BT radio
galaxy with an optically faint core galaxy located at the
midpoint of the two intensity peaks, a more likely sce-
nario is two separate sources, considering that the north-
ern peak has an optical counterpart at its center. Fur-
thermore, the southern component with a di↵use struc-
ture is superimposed on a compact population of galax-
ies, making it a conceivable candidate for a radio halo at
the center of a presumptive cluster. Further and deeper
radio observations and spectroscopic data are required
to clarify whether the southern component of ID 38 is
indeed a radio halo.
ID 42 consists of four major radio components, each

of which coincides with at least one optical counterpart.
The central radio component may be ambiguously classi-
fied as a HT galaxy with one significant right-angle twist
towards the south, where it is concomitant with another
galaxy. The remaining radio components may be sepa-
rate radio galaxies, irrelevant to the central HT source,
or in an alternative scenario, all or part of the radio emis-
sion may be contributed from a radio halo within a pre-
sumptive galaxy cluster. Supplementary spectroscopic
data along with deep radio observation are required to
verify whether a radio halo is subject in this multiple-



• Deep radio image of 75% of the sky (to declination +30°) 
• Frequency range: 1100-1400 MHz 
• 40 x deeper than NVSS  

• 10 µJy rms across the sky 
• 5 x better resolution than  NVSS (10 arcsec) 
• Better sensitivity to extended structures than NVSS 
• Will detect and image ~70 million galaxies at 20cm 
• All data to be processed in pipeline 
•  Images, catalogues, cross-IDs, to be placed in public 

domain 
• Survey starts  2015(?) 
• Total integration time: ~1.5 years ? 



1) Evolution of SF from z=2 to the present day, 
•   using a wavelength unbiased by dust or molecular emission. 

2) Evolution of massive black holes  
•  how come they arrived so early? How do binary MBH merge? 
•  what is their relationship to star-formation? 

3) Explore the large-scale structure and cosmological 
parameters of the Universe. 

•  E.g, Independent tests of dark energy models 
4) Explore an uncharted region of observational parameter 

space 
•  almost certainly finding new classes of object. 

5) Explore Clusters & Diffuse low-surface-brightness radio 
objects  

6) Generate an Atlas of the Galactic Plane 
7) Create a legacy for surveys at all 

wavelengths (Herschel, JWST, ALMA, etc) 

EMU Science Goals 



1)  …into a new regime where surveys are dominated by 
normal star-forming galaxies rather than radio-loud 
galaxies 
 

2)  We currently know of ~2.5 million radio sources 
•  Dominated by NVSS 
•  Almost all are  

radio-loud AGN 
 
3) EMU increases that  
by a factor of ~30 

1)  ~45 million SF galaxies 
2)  ~25 million AGN 

Radio astronomy is crossing a threshold 
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Redshift distribution of EMU sources 

Based on SKADS (Wilman et al; 2006, 2008) 

<z>=1.1 for SF/SB 
<z>=1.9 for AGN 



SFR measurable (5σ) by EMU 

Arp220 
z=2 

M82 
z=0.4 

Milky Way 
z=0.1 

HyperLIRG 
z=4 

Measured radio SFR 
does not need any 
extinction correction 

Arp220 
z=2 

Milky Way 
Z=2 

HyperLIRG 
z=4 

We will directly measure 
SFR of ~ 45 million 
individual SF galaxies, 
and can stack on existing 
IR/optical surveys to go 
even fainter 



Why do all-sky continuum surveys? 

For specific science goals. E.g. 
•  Cosmology (resolves degeneracy – samples larger volume) 

•  See Mario Santos talk 
•  Diffuse large-scale emission from clusters & cosmic web 

•  See Kaustuv moni Basu talk 
•  Obtain large samples of rare but important transition stages of 

galaxy evolution 

•  Legacy: Radio photometry for every visible galaxy 
 
 

•  Serendipity: explore uncharted areas of observational phase 
space 



SKA as an instrument, not an experiment: 
Current SED fits & photo-z’s 

•  In the past, radio photometry inadequate for SED fitting except for a 
small number of cases 
 

•  EMU & SKA_survey change that PROVIDED we cover the whole sky (or 
as much as we can) 
 
 
 
 
 
 

• Paradigm buster: Almost every galaxy being 
studied by optical/IR astronomers will have radio 
photometry: radio-astronomy moves from niche to 
mainstream 
 



Western Australia 

For more info, see SKA Pathfinders Radio Continnum Survey Paper  
Norris+50 co-authors, 2013, PASA 
http://arxiv.org/abs/1210.7521 



Extracting science from survey data: 
current good practice 

Equation from Croton et al 2006 MNRAS 365, 11 
Data from Norris et al. 2006 AJ 1302 249 
Luminosity function from Mao et al. 2012, MNRAS, 426, 3334 

Data       Processing       Corrections       Representation       Models       Theory 

Understanding 

Really hard 
to get right 

Inconsistent result 
from different authors 

Really hard 
to model 
systematics 

Unclear whether it 
supports the theory 



Extracting science from survey data: 
New good practice for large surveys 

Equation from Croton et al 2006 MNRAS 365, 11 
Data from Norris et al. 2006 AJ 1302 249 
Luminosity function from Mao et al. 2012, MNRAS, 426, 3334 

Data       Processing       Corrections       Representation       Models       Theory 

Understanding 

Really hard 
to get right 

Inconsistent result 
from different authors 

Really hard 
to model 
systematics 

Unclear whether it 
supports the theory 

Simulate all effects 

Is model consistent with observed data? 

Evaluate likelihood that data can be produced by the model 



Challenge: difficult to get redshifts, or even 
optical/IR photometry 


