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• Connected checkerboard array 
• Operating range defined by 

electromagnetics and LNA 
• 1800-700MHz

• LNA - High-impedance, differential



Total bandwidth = 2.1THz per antenna

Processed data volume = 70 PB/year





Current ASKAP status
• All 36 antennas and infrastructure completed, 

• Engineering prototype  array (“BETA”) currently operating with 
prototype PAFs on 6 antennas giving 9 beams

• 4 MkII PAFS currently installed 

• Planned schedule
• 12 MkII PAFS installed by ~Dec 2015

• Mid 2016: “shared risk” ASKAP early science 
• All 30-36 MkII PAFs installed by mid-2016

• 2017: Full EMU/WALLABY surveys start ?????? 



CONTACT US
t 1300 363 400 
 +61 3 9545 2176 
e enquiries@csiro.au 
w www.csiro.au

FOR FURTHER INFORMATION

Flornes Yuen 
SKA Information Officer

t +61 2 9372 4339 
e flornes.yuen@csiro.au 
w www.atnf.csiro.au/projects/askap 
 www.atnf.csiro.au/ska

YOUR CSIRO
Australia is founding its future on 
science and innovation. Its national 
science agency, CSIRO, is a powerhouse 
of ideas, technologies and skills for 
building prosperity, growth, health and 
sustainability. It serves governments, 
industries, business and communities 
across the nation.

tŚŝůĞ�ƚŚĞ�ŝŵĂŐŝŶŐ�ĐĂƉĂďŝůŝƟĞƐ�ŽĨ���d��
ĂƌĞ�ƐƟůů�ůŝŵŝƚĞĚ�ĐŽŵƉĂƌĞĚ�ƚŽ�ƚŚŽƐĞ�ŽĨ�
ƚŚĞ�ĮŶĂů��^<�W͕ �ƚŚĞ�ƐǇƐƚĞŵ�ƉƌŽǀŝĚĞƐ�
ĂŶ�ŝŵƉŽƌƚĂŶƚ�ƚĞƐƚďĞĚ�ĨŽƌ�ŽƉƟŵŝƐŝŶŐ�
ďĞĂŵĨŽƌŵŝŶŐ�ŵĞƚŚŽĚƐ�ĂŶĚ�ŵĂǆŝŵŝƐŝŶŐ�
ƚŚĞ�ƐĐŝĞŶƟĮĐ�ŽƵƚƉƵƚ�ŽĨ�ƚŚĞ�ŝŶƐƚƌƵŵĞŶƚ͘

�ĂǀĞ�DĐ�ŽŶŶĞůů͕�ůĞĂĚĞƌ�ŽĨ�ƚŚĞ��^<�W�
�ŽŵŵŝƐƐŝŽŶŝŶŐ�ĂŶĚ��ĂƌůǇ�^ĐŝĞŶĐĞ�
ƚĞĂŵ͕�ŶŽƚĞƐ�ƚŚĂƚ�ƚŚĞ�ŝŶƚƌŽĚƵĐƟŽŶ�
ŽĨ�ƉŚĂƐĞĚ�ĂƌƌĂǇ�ĨĞĞĚƐ�ĂŶĚ�ĚŝŐŝƚĂů�
ďĞĂŵĨŽƌŵĞƌƐ�ƚŽ�Ă�ƌĂĚŝŽ�ƚĞůĞƐĐŽƉĞ�
ƉƌŽǀŝĚĞ�Ă�ŚƵŐĞ�ƐƚĞƉ�ŝŶ�ƚŚĞ�ƚĞĐŚŶŝĐĂů�
ĂƌŵŽƵƌǇ�ŽĨ�ƚŚĞ�ƌĂĚŝŽ�ĂƐƚƌŽŶŽŵĞƌ͘

͞/ƚ�ŐŝǀĞƐ�ƚŚĞ�ĂƐƚƌŽŶŽŵĞƌƐ�ĐŚŽŝĐĞ�ŝŶ�
ƚŚĞŝƌ�ƐĞůĞĐƟŽŶ�ŽĨ�ƚŚĞ�ŵŽƐƚ�ĂƉƉƌŽƉƌŝĂƚĞ�
ƉƌŝŵĂƌǇ�ďĞĂŵ�ĂŶĚ�ĮĞůĚ�ŽĨ�ǀŝĞǁ�ŝŶ�
ƚŚĞŝƌ�ŽďƐĞƌǀĂƟŽŶ͕͟ �ƐĂǇƐ��ĂǀĞ͘

͞/Ŷ�ƚŚĞ�ĨƵƚƵƌĞ͕��^<�W�ǁŝůů�ĂůůŽǁ�ďĞĂŵƐ�
ƚŽ�ďĞ�ŽƉƟŵŝƐĞĚ�ĨŽƌ�ƐŚĂƉĞ͕�ƐĞŶƐŝƟǀŝƟĞƐ͕�
ƉŽůĂƌŝƐĂƟŽŶ�ƉƵƌŝƚǇ�ĂŶĚ�ĞǀĞŶ�ŝŵŵƵŶŝƚǇ�
ƚŽ�Z&/͘�EŽ�ƐƵĐŚ�ĐŚŽŝĐĞ�ŝƐ�ĐƵƌƌĞŶƚůǇ�
ĂǀĂŝůĂďůĞ�ǁŝƚŚ�ĐŽŶǀĞŶƟŽŶĂů�ƚĞůĞƐĐŽƉĞƐ�
ĞƋƵŝƉƉĞĚ�ǁŝƚŚ�ǁĂǀĞͲŐƵŝĚĞ�ĨĞĞĚ�ŚŽƌŶƐ͘͟ �

dŚĞ���d��ƐǇƐƚĞŵ�ƐƵƉƉŽƌƚƐ�ƚŚĞ�ĨŽƌŵĂƟŽŶ�
ŽĨ�ŶŝŶĞ�ƐǇŶƚŚĞƟĐ�ďĞĂŵƐ�ŽŶ�ĞĂĐŚ�
ĂŶƚĞŶŶĂ͕�ĂŶĚ�ƉƌŽǀŝĚĞƐ�ĂŶ�ĞǆĐĞůůĞŶƚ�
ƚĞƐƚďĞĚ�ĨŽƌ�ďĞĂŵĨŽƌŵŝŶŐ�ŵĞƚŚŽĚƐ�
ĂŚĞĂĚ�ŽĨ��^<�W�ĂŶĚ�ŝƚƐ�ϯϲ�ďĞĂŵƐ͘���

/Ŷ�ŽƌĚĞƌ�ƚŽ�ŐĂŝŶ�ƵŶĚĞƌƐƚĂŶĚŝŶŐ�ŽĨ�ďĞĂŵ�
ƐƚĂďŝůŝƚǇ�ĂŶĚ�ĞŶƐƵƌĞ�ŐŽŽĚ�ƐĞŶƐŝƟǀŝƚǇ�
ĂŶĚ�ŚŝŐŚ�ĚǇŶĂŵŝĐ�ƌĂŶŐĞ�ĚƵƌŝŶŐ�
ĐŽŵŵŝƐƐŝŽŶŝŶŐ͕���d��ŽďƐĞƌǀĂƟŽŶƐ�ĂƌĞ�
ďĞŝŶŐ�ŵĂĚĞ�ƚŽ�ƚĞƐƚ�ƉƌŝŵĂƌǇ�ďĞĂŵ�ƐŚĂƉĞ͕�
ƐŝĚĞͲůŽďĞƐ͕�ĨƌĞƋƵĞŶĐǇ�ĚĞƉĞŶĚĞŶĐĞ͕�ĚĞͲ
ƌŽƚĂƟŽŶ�ĐĂƉĂďŝůŝƚǇ�ĂŶĚ�ƐƚĂďŝůŝƚǇ�ŝŶ�ƟŵĞ͘

<ĞǇ�ƚŽ�ƚŚĞ�ŇĞǆŝďŝůŝƚǇ�ŽĨ�ƚŚĞ�W�&�ŝƐ�ƚŚĞ�
ĂďŝůŝƚǇ�ƚŽ�ĐŚŽŽƐĞ�Ă�͚ĨŽŽƚƉƌŝŶƚ͛�Ͷ�Ă�ƐƉĞĐŝĮĐ��
ĂƌƌĂŶŐĞŵĞŶƚ�ŽĨ�ƚŚĞ�ďĞĂŵƐ�Ͷ�ďĂƐĞĚ�ŽŶ��
ƚŚĞ�ŽďũĞĐƚ�Žƌ�ƌĞŐŝŽŶ�ŽĨ�ƚŚĞ�ƐŬǇ�ďĞŝŶŐ��
ŽďƐĞƌǀĞĚ͘

��d��ŽďƐĞƌǀĂƟŽŶƐ�ŚĂǀĞ�ĂůƌĞĂĚǇ�ƉƌŽĚƵĐĞĚ��
Ă�ŶƵŵďĞƌ�ŽĨ�ĞĂƌůǇ�ƌĞƐƵůƚƐ�ƵƐŝŶŐ�ĚŝīĞƌĞŶƚ�
ďĞĂŵ�ĨŽŽƚƉƌŝŶƚƐ͕�ŝŶĐůƵĚŝŶŐ�Ă�ĐŽŶƟŶƵƵŵ�
ŝŵĂŐĞ�ďĂƐĞĚ�ŽŶ�ŶŝŶĞ�ŽǀĞƌůĂƉƉŝŶŐ�
ďĞĂŵƐ�ĐĂƉƚƵƌĞĚ�ƐŝŵƵůƚĂŶĞŽƵƐůǇ�;ƐĞĞ�
ASKAP Update — June 2014Ϳ͖�ŵŽƌĞ�

ƌĞĐĞŶƚ�ƌĞƐƵůƚƐ�ĐĂŶ�ďĞ�ĨŽƵŶĚ�ŽŶ�ƚŚĞ�
�^<�W�ǁĞďƐŝƚĞ�;ƐĞĞ�ůŝŶŬ�ďĞůŽǁͿ͘

�Ŷ�ĞǆĂŵƉůĞ�ŽĨ�ƚŚĞ�ƌĂƉŝĚ�ƐƵƌǀĞǇ�ĐĂƉĂďŝůŝƚǇ�
ŽĨ���d��ŚĂƐ�ďĞĞŶ�ĚĞŵŽŶƐƚƌĂƚĞĚ�
ƵƐŝŶŐ�Ă�ƐƋƵĂƌĞ�ĨŽŽƚƉƌŝŶƚ�ŽŶ�ƚŚĞ�ƐŬǇ͕ �Ă�
ďĞĂŵ�ƉŽŝŶƟŶŐ�ƚĞĐŚŶŝƋƵĞ�ŬŶŽǁŶ�ĂƐ�
͚ŝŶƚĞƌůĞĂǀŝŶŐ͛�ĂŶĚ�ďĂƐĞĚ�ŽŶ�ƚŚƌĞĞ�ƐĞƉĂƌĂƚĞ�
ŽďƐĞƌǀĂƟŽŶƐ�;ŽĨ�ϳ͕�ϭϬ�ĂŶĚ�ϭϮ�ŚŽƵƌƐͿ�ŽĨ�
ƚǁŽ�ĂƌĞĂƐ�ŝŶ�ƚŚĞ�ĐŽŶƐƚĞůůĂƟŽŶ�dƵĐĂŶĂ͘�

�Ɛ�ƐŚŽǁŶ�ĂďŽǀĞ͕�ƚŚĞ�ŝŵĂŐĞ�ĐŽǀĞƌƐ�
ϱϬ�ƐƋƵĂƌĞ�ĚĞŐƌĞĞƐ�ŽĨ�ƐŬǇ�Ͷ�ƚŚĞ�
ĞƋƵŝǀĂůĞŶƚ�ŽĨ�ϮϱϬ�ĨƵůů�ŵŽŽŶƐ�Ͷ�ĂŶĚ�
ƌĞǀĞĂůƐ�ĂƉƉƌŽǆŝŵĂƚĞůǇ�ϮϬϬϬ�ƐŽƵƌĐĞƐ�
ĂďŽǀĞ�Ă�ƐĞŶƐŝƟǀŝƚǇ�ŽĨ�ϱ�ƐŝŐŵĂ͘�
�ĐƌŽƐƐ�ŵŽƐƚ�ŽĨ�ƚŚĞ�ŝŵĂŐĞ͕�ƐŝŐŵĂ�ŝƐ�
ĂƉƉƌŽǆŝŵĂƚĞůǇ�ϲϬϬ�ŵŝĐƌŽ�:ĂŶƐŬǇ͘ ��

��d��ĐŽŶƟŶƵĞƐ�ƚŽ�ďĞ�ĂŶ�ŝŶĐƌĞĚŝďůǇ�
ǀĂůƵĂďůĞ�ƚŽŽů�ĨŽƌ�ůĞĂƌŶŝŶŐ�ĂďŽƵƚ�ŚŽǁ�ƚŽ�ĚŽ�
ĂƐƚƌŽŶŽŵǇ�ƵƐŝŶŐ�W�&Ɛ͕�ĂŶĚ�ĂůƐŽ�ƉƌŽǀŝĚĞƐ�
ƐŽŵĞ�ŝŶĐƌĞĚŝďůǇ�ŝŵƉƌĞƐƐŝǀĞ�ŝŵĂŐĞƐ͘

ZĞƐƵůƚƐ�ĨƌŽŵ�ƚŚĞ�Ɛŝǆ�ĂŶƚĞŶŶĂ�ƚĞƐƚ�ĂƌƌĂǇ�
ĐŽŶƟŶƵĞƐ�ƚŽ�ƉƌŽǀŝĚĞ�ƉƌŽŽĨ�ƚŚĂƚ��^<�W�
ƌĞĂůůǇ�ǁŝůů�ĨƵŶĐƟŽŶ�ĂƐ�ŝŶƚĞŶĚĞĚ͘�

For the latest BETA commissioning results, see: www.atnf.csiro.au/projects/askap/BETA_results.html

х��ZĂĚŝŽ�ŝŵĂŐĞ�ŽĨ�ƚŚĞ�dƵĐĂŶĂ�
ƌĞŐŝŽŶ�ŵĂĚĞ�ŽǀĞƌ�ƚŚĞ�
ϳϭϭ�Ͳ�ϭϬϭϱ�D,ǌ�ďĂŶĚ͘�

dŚĞ�ŝŵĂŐĞ�ǁĂƐ�ŵĂĚĞ�ĨƌŽŵ�
ƚŚƌĞĞ�ƐĞƉĂƌĂƚĞ�ŽďƐĞƌǀĂƟŽŶƐ͗�ϳ�
ŚŽƵƌƐ�ĂŶĚ�ϭϬ�ŚŽƵƌƐ�ŽŶ�Ă�ƉĂŝƌ�ŽĨ�
ŝŶƚĞƌůĞĂǀĞĚ�ƉŽŝŶƟŶŐƐ�ĐĞŶƚƌĞĚ�Ăƚ�
ϮϮ͖ϱϬ͕ͲϲϬ�;ůĞŌ�ŚĂůĨͿ�ĂŶĚ�ϭϮ�ŚŽƵƌƐ�
ŽŶ�ƚŚĞ�ĂĚũĂĐĞŶƚ�ƌĞŐŝŽŶ�Ăƚ�ŚŝŐŚĞƌ�
ƌŝŐŚƚ�ĂƐĐĞŶƐŝŽŶ�;ƌŝŐŚƚ�ŚĂůĨͿ͘�

dŚĞ�ŝŵĂŐĞ�ĐŽǀĞƌƐ�ĂďŽƵƚ�
ϱϬ�ƐƋƵĂƌĞ�ĚĞŐƌĞĞƐ�ŽĨ�ƐŬǇ�
;ĂƉƌŽǆŝŵĂƚĞůǇ�ϮϱϬ�ƟŵĞƐ�ƚŚĞ�
ƐŝǌĞ�ŽĨ�ƚŚĞ�ĨƵůů�ŵŽŽŶ͕�ƐŚŽǁŶ�ƚŽ�
ƐĐĂůĞ�ŝŶ�ƚŚĞ�ƚŽƉ�ůĞŌ�ĐŽƌŶĞƌͿ͘�

dŚĞƌĞ�ĂƌĞ�ĂƉƉƌŽǆŝŵĂƚůĞǇ�ϮϬϬϬ�
ƐŽƵƌĐĞƐ�ĂďŽǀĞ�ϱ�^ŝŐŵĂ�;ƚŚĂƚ�ŝƐ�ĮǀĞ�
ƟŵĞƐ�ƚŚĞ�ŝŵĂŐĞ�ŶŽŝƐĞͿ͘��ĐƌŽƐƐ�
ŵŽƐƚ�ŽĨ�ƚŚĞ�ŝŵĂŐĞ͕�^ŝŐŵĂ�ŝƐ�
ĂƉƉƌŽǆŝŵĂƚĞůǇ�ϲϬϬ�ŵŝĐƌŽ�:ĂŶƐŬǇ͘

�ƌĞĚŝƚ͗��^/ZK͘

• 29-hour observation with BETA, covering 50 sq deg.
RMS =600 μJy (on track for ~10 μJy for EMU!) 

• ~2000 sources > 10σ
• This 6-antenna engineering protoype is already the 2nd-fastest survey

telescope in the world (beaten only by JVLA)

PAFs work (even with only 6 antennas)!



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  2017(?)

EMU Overview



ASKAP-EMU
75% of sky
Rms=10µJy, 
res ~ 10 arcsec
~70 million galaxies
Would take ~7 years with JVLA

VLA-NVSS
75% of sky
Rms=450µJy, 
res ~ 45 arcsec
~1.8 million galaxies

Uncharted 
observational
phase space



How	does	EMU	differ	from	earlier	surveys?
1. Scale	– increases	the	number	of	known	radio	
sources	by	a	factor	of	~30

2. Will	not	be	dominated	by	AGN	– about	half	the	
galaxies	will	be	normal	SF	galaxies

3. Ambition	– includes:
• Cross-identification	with	optical/IR	catalogues
• Ancillary	data	(redshifts	etc)
• Key	science	projects	as	an	integral	part	of	the	project

4. Explicitly	includes	“discovering	the	unexpected”



EMU and its pathfinders
ATCA – ATLAS 
(2006-2013)
6 antennas single-pixel

7 sq deg
Rms=15 μJy
6000 galaxies

ASKAP – EMU 
(2017-2018)
30-36 antennas MkII PAF

3π sr
Rms=10 μJy
70 million galaxies

ATCA – ATLAS - SPT
(2013-2015)
6 antennas single-pixel

100 sq deg
Rms=40 μJy
30,000 galaxies
300 clusters?

ASKAP – early science
(2016)
12 antennas MkII PAF

1000 sq deg
Rms=30 μJy
0.5 million galaxies

Comparison: NVSS
3π sr
Rms=450 μJy
1.8 million galaxies



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

Mao et al. 2010MNRAS.406.2578M



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-

~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

• Scaling	this	up	to	EMU…
• 300,000	clusters	detected	via	tailed	galaxies
• (maybe)	60,000	haloes

•
c.f.	eRosita	~100,000	expected

KSP: Clusters

See Andrew O’Brien talk on Thursday



A	fifth	EMU	cosmology	probe?
Finding	bent-tail	radio	sources
(suggested	by	Bruce	Bassett,	AIMS)

• Bent-tail	radio	sources	are	excellent	tracers	of	
clusters

• We	see	about	10	per	square	degree	in	ATLAS,	so	
expect	~	300,000	in	EMU

• c.f.	~a	few	thousand	currently	known
• Also	eRosita	expects	to	detect	about	300,000	

clusters	in	Xray
• (maybe)	can	also	measure	spatial	auto-correlation	

function	of	bent-tail	radio	sources	directly	as	a	
cosmological	probe	

• Should	be	fairly	easy	to	build	a	ML	algorithm	to	
detect	them



Radio image superimposed on the Hi-GAL image: 
color code   radio (red); PACS 70µm (blue), PACS  160 µm (green) 

From the “SCORPIO” EMU design study project
Slide courtesy of Grazia Umana and Corrado Trigilio

KSP:	The	deepest,	highest	resolution	atlas	yet	of	the	Galactic	
Plane



EMU	Key	Science	Projects Project Leaders

EMU	Value-Added	Catalogue Nick Seymour

Characterising	the	Radio	Sky Ian Heywood

EMU	Cosmology David Parkinson

Cosmic	Web Shea Brown 

Clusters	of	Galaxies Melanie Johnston-Hollitt
& Chiara Ferrari

Cosmic	star	formation	history	 Andrew Hopkins 

Radio-loud	AGN Anna Kapinska

Radio	AGN	in	the	EoR	 Jose Afonso

Radio-quiet	AGN	 Isabella Prandoni

Local	Universe Josh Marvil,
Michael Brown

The	Galactic	Plane Roland Kothes 

SCORPIO:	Radio	Stars	 Grazia Umana 

WTF:	Mining	Data	for	the	Unexpected Ray	Norris



KSP: Mining large surveys 
for the unexpected



What fraction of discoveries in astronomy 
were “Popperian”?

+1 for dark energy 
(2012)

Serendipity:11
Predicted: 7

From Ekers (2009) PoS(sps5)007



Project Key	
project

Planned? Nat.
Geo.	top
ten?

Highly	
cited?

Nobel	
prize?

Use	Cepheids to	improve	value	of	H0 ✔ ✔ ✔ ✔

study	intergalactic	medium	with
uv	spectroscopy		

✔ ✔

Medium-deep	 survey ✔ ✔

Image	quasar	host	galaxies ✔ ✔

Measure	SMBH	masses ✔ ✔

Exoplanet	atmospheres ✔ ✔

Planetary	Nebulae ✔ ✔

Discover Dark	Energy ✔ ✔ ✔

Comet	Shoemaker-Levy ✔

Deep	fields (HDF,	HDFS,	UDF,	FF,	etc) ✔ ✔

Proplyds in	Orion ✔

GRB	Hosts ✔

Discoveries	with	HST

from Norris et al. 2013: arXiv1210.7521 



Project Key	
project

Planned? Nat.
Geo.	top
ten?

Highly	
cited?

Nobel	
prize?

Use	Cepheids to	improve	value	of	H0 ✔ ✔ ✔ ✔

study	intergalactic	medium	with
uv	spectroscopy		

✔ ✔

Medium-deep	 survey ✔ ✔

Image	quasar	host	galaxies ✔ ✔

Measure	SMBH	masses ✔ ✔

Exoplanet	atmospheres ✔ ✔

Planetary	Nebulae ✔ ✔

Discover Dark	Energy ✔ ✔ ✔

Comet	Shoemaker-Levy ✔

Deep	fields (HDF,	HDFS,	UDF,	FF,	etc) ✔ ✔

Proplyds in	Orion ✔

GRB	Hosts ✔

Discoveries	with	HST	(see	e.g.	Lallo:	arXiv:1203.0002)

Summary:

Of the “top ten” HST discoveries:

§ 1 was a key project

§ 4 were planned by astronomers 
but were not key projects

§ 5 were totally unexpected (e.g. 
dark energy)



The discovery of pulsars

Jocelyn Bell:
• explored a new area of observational phase space
• knew the instrument well enough to distinguish interference from signal
• observant enough to recognise a sidereal signature
• open minded – prepared for discovery
• within a supportive environment
• persistent 

See Bell-Burnell (2009) PoS(sps5)014 for a personal perspective



Could Jocelyn Bell Discover the 
Unexpected in ASKAP data?

• Data volumes are huge – cannot sift by eye
• Instrument is complex – no single individual will be 

familiar with all possible artifacts
• ASKAP will be superb at answering well-defined questions 

(the “known unknowns”)
• Humans won’t be able to find the “unknown unknowns”
• Can we mine data for the unexpected, by rejecting the 

expected?

If not, ASKAP will not reach its full potential
i.e. it will not deliver value for money



What	does	ASKAP	need	to	do	to	discover	
the	unexpected?

• Maximise	the	volume	of	new	phase	space
• A	good	surrogate	is	to	use	#	of	known	objects
• Maximised	by	an	all-sky	survey

• Retain	flexibility	
• don’t	optimise	the	telescope	ONLY	for	science	goals

• Develop	data	mining	software	to	search	for	the	unexpected
• This	will	be	an	important	part	of	data-intensive	research



mining radio survey data for the 
unexpected

WTF? 
WTF = Widefield ouTlier Finder



Mining large data sets for the unexpected
WTF will work by searching the n-dimensional (large n) phase 

space of observables, using techniques such as
• Decision tree approach
• Zoo approach
• Cluster analysis
• k-nearest-neighbours
• self-organised maps
• Bayesian approach to combine 

all the above

Identified objects/regions will be either
• processing artifacts (important for quality control)
• statistical outliers of known classes of object (interesting!)
• New classes of object (WTF)

Quasars

Spiral galaxies

WTF?

Instrumental errors



WTF	Phase	1a	(July-October	2015)
• Received	a	grant	from	Amazon	Web	Services	to	develop	
WTF	on	the	AWS	cloud	platform

• Goals:	
• Implement	WTF
• Evaluate	AWS	platform	as	a	collaborative	research	environment

• Approach
• Set	up	challenges	consisting	of	data	(images	or	tables)	with	
embedded	“EMU	eggs”

• Data	include	both	simulations	and	real	data
• Invite	ML	and	other	algorithm	groups	to	discover	the	EMU	eggs
• Develop	visualisation tools	to	understand	the	process	and	data



WTF	Phase	2	(January-June	2016)

• Once	we	have	the	infrastructure	set	up,	and	
have	tested	the	process	using	in-house	
challengers,	we	will	open	it	up	to	all	interested	
groups

• Outcomes:
• Test	different	approaches	and	algorithms,	to	see	which	are	

best	at	discovering	WTFs
• Perhaps	even	make	a	real	discovery	on	the	real	data!



Other	potential	EMU	
machine	learning	projects



EMU	Data	Science	Challenges:
1.	Compact	Source	Extraction
Initial	data	challenge	study	showed	existing	
source	extraction	algorithms	not	up	to	the	job.
Need	to	build	on	this,	identify	problems,	using	
fix	existing	algorithms	or	develop	a	better	one.



EMU	Data	Science	Challenges:
2.	Extraction	of	diffuse	sources
• No	existing	algorithm	can	routinely	extract	

diffuse	sources
• A	number	of	algorithms	in	development	

(and	have	been	for	years!)
• We	need	this	soon	for	ATLAS-SPT!



EMU	Data	Science	Challenges:
3.	Cross-identification	with	optical/infrared

• Existing	algorithms	work	well	with	point	sources.
• They	fail	badly	on	typical	core-jet-lobe	radio	sources
• Currently	exploring	a	number	of	approaches
• Plan	to	start	a	ML	approach	– any	volunteers?



Western Australia

Would you like to be part of EMU?
Email me on Ray.Norris@csiro.au


