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•  5 x 22m antennas 

•  2 x 2 GHz bands  
  @ 17 & 19 GHz 

•  2048 frequency channels  
  in each band 

•  2.6 arcmin antenna FWHM; 20 arcsec synthesized beam in final image 

•  Full polarization 

•  3x8 hrs in 75-m array; 2x12hr in 168m array 

•  2 pointing centres at the X-ray peaks – separation 1.5 arcmin 

2009 Upgrade ! 2x2 GHz bandwidth (CABB) 
Sensitive galaxy cluster observations possible 

Figure courtesy Compact Array Narrabri staff 
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Background 

•  High-radio-frequency (≳ 10 GHz) sky relatively unexplored 

•  WMAP survey (Gold et al. 2011) at 23-94 GHz 

o Whole sky complete to ~ 2 Jy 

•  AT20G survey (Ricci et al. 2004; Sadler et al. 2006; Massardi et al. 2008, 2010; 
Murphy et al. 2010) carried out using ATCA at 20 GHz 

o Whole southern sky complete to ~ 100 mJy 

•  9C survey (Waldram et al. 2003, 2010) carried out using the Ryle Telescope 
(RT) at 15.2 GHz 

o  520 deg2 complete to 25 mJy 
o  115 deg2 complete to 10 mJy 
o  29 deg2 complete to 5.5 mJy 

•  10C survey (Franzen et al. and Davies et al. 2011) carried out using the 
Arcminute Microkelvin Imager (AMI) Large Array (LA) at 15.7 GHz 

o 27 deg2 complete to 1 mJy 
o 12 deg2 complete to 0.5 mJy 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



Background 

•  High-frequency radio surveys are highly time consuming 

o  Interferometer primary beam area: ∝ ν-2 

o  Typical synchrotron spectra of radio sources: S ∝ ν-0.7 

o  Hence survey time scales as ν3.4 

•  Play a vital role in characterizing and removing astrophysical 
foregrounds for CMB experiments 

•  Provide unbiased view of rare, interesting, classes of sources 
with flat spectra up to high frequencies - blazars, GPS sources 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



CBI excess 

•  Using the Cosmic Background 
Imager at 31 GHz, Sievers et 
al. (2009) measured a 
significant excess of power over 
intrinsic CMB anisotropy at 
angular multipoles ≳ 2000 

•  Still not clear whether or not 
this excess of power is due to 
incorrect subtraction of 
extragalactic radio point 
sources 

•  1.4-GHz data were used to 
characterize the source 
population at a much higher 
frequency 

CSIRO. The 10C Survey: Investigating the faint high-radio-frequency source population 



Unified scheme for radio-loud AGN 

•  Based on 2 parent populations: 
high radio-power FRII galaxies 
and moderate radio-power FRI 
galaxies 

•  Both populations exhibit 
anisotropic radiation arising from 
superluminal motion of the radio 
jets 

•  In addition, obscuration by a 
dusty torus contributes to the 
orientation-dependent 
appearance of FRIIs 

•  FRII radio galaxies are the 
parents of all radio quasars (and 
some BL Lac-type objects) 

•  FRI radio galaxies are the 
parents of BL Lac-type objects 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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Differential counts at 20 GHz predicted by De Zotti 
et al. (2005) for classical radio sources 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

Dotted line: flat-spectrum radio quasars (beamed FRIIs) 
Dashed line: flat-spectrum BL Lacs (beamed FRIs) 
Triple dot-dashed line: steep-spectrum radio galaxies (unbeamed FRIs and FRIIs) 
Thin solid line: sum of contributions from 3 pop. 
Thick solid line: overall total counts 



•  Improved flux sensitivity 
of the LA, compared 
with the RT, used to 
explore the 15-GHz 
band sky to sub-mJy 
levels, as part of the 
10C survey 

•  16 GHz with 4.3-GHz 
bandwidth 

•  Resolution ~ 30 arcsec 

•  Sensitivity ~ 3 mJy in 1 s 
 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

The AMI LA near Cambridge 



10C survey - Matthew Davies, Thomas Franzen, Elizabeth Waldram & 
AMI Consortium. Astrophysics Group, Cavendish Lab. 

00h

06h

12h

18h

•  Designed to complement other 
AMI science programmes, which 
require knowledge of 
contaminating radio sources 

•  Complete to 1 mJy over an area 
of 27.5 deg2 and to 0.5 mJy over 
an area of 12.0 deg2 

•  10 fields distributed more or less 
uniformly in HA 

•  1897 sources detected above 
5σ.  

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



Raster map of one of the survey fields 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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•  Source count between 
0.5 mJy and 1 Jy 
measured by combining 
9C and 10C data  

•  Differential source 
count best 
parameterized using a 
broken power law 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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for 2.2 mJy ≤ S ≤ 1 Jy  

for 0.5 mJy ≤ S ≤ 2.2 mJy  

Combined 9C and 10C 15.7-GHz differential source count 



•  Model counts by de 
Zotti et al. (2005) under-
predict total number of 
sources per unit area, 
over entire flux-density 
range, by ≈ 30% 

•  Deficit is attributable to 
model underestimating 
count at lowest flux 
densities 
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•  Over range of flux 
densities covered by 10C 
survey, fraction of steep-
spectrum sources 
decreases with decreasing 
flux density 

•  Steep-spectrum source 
defined as α < -0.79 to 
overcome problem of 
missing sources in NVSS 
at low flux density end 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

Matching with NVSS catalogue at 1.4 GHz 

 0

 10

 20

 30

 40

 50

 60

 1  10
Pe

rc
en

ta
ge

 w
ith

 α
1.

4
16

 <
 -0

.7
9

S16 GHz mJy-1



Spectra for compact and extended sources in 
AT20G survey (Chhetri et al. 2012) 

•  3403 AT20G sources were 
followed up with ATCA at 5.5, 9 
and 20 GHz 

•  Sources were classified as 
compact (< 15’’) or extended (> 
15’’) by measuring visibility data 
on 6-km baselines at 20 GHz 

•  Very strong correlation of 
compact and extended sources 
with flat- and steep-spectrum 
sources respectively  

•  Maximum value of joint 
probability that both flat- and 
steep-spectrum sources are 
correctly classified is at α = -0.46 
and 80% of sources are 
correctly classified 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

4 R. Chhetri et al.
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Figure 3. Spectral index distribution plotted against 6km visibility. The dot-
ted lines mark the limits of flat v steep-spectrum on the x-axis and compact
v extended sources on the y-axis. Solid line at y = 1 represents the expected
values of visibility for unresolved sources. The flux density for 1 GHz is
obtained either from SUMSS or NVSS catalogue while 5 GHz is obtained
from AT20G follow-up at 4.8 GHz.

separation between compact and extended sources at the 6km visi-
bility of 0.86, there is a very clean separation between compact flat-
spectrum and extended steep-spectrum sources at the ! ! -0.5 line.
The remarkably clean separation of compact flat-spectrum sources
and extended steep-spectrum sources gives a very firm physical ba-
sis for the traditionally used spectral index as a separator of com-
pact and extended sources. Only 111 out of 2347 (5%) flat spectrum
sources are extended while 406 out of 3160 (12%) compact sources
are steep-spectrum sources.

Fig. 4 shows the distribution of spectral index (!4.8
1 ) for both

compact and extended source populations. The mean and standard
deviation for Gaussian fits for the compact and extended source
populations are given in Table 2.

We can use the spectral index distributions for compact and
extended sources plotted in Fig. 4 to find the optimum value of the
spectral cut-off to classify the flat and steep-spectrum AGN pop-
ulations. We get slightly different answers depending on what we
want to optimise. The maximum value of the joint probability that
both flat and steep-spectrum sources are correctly classified is at
! = -0.46 and 80% of the sources are correctly classified (see Fig.
4). This is independent of the relative number of flat and steep-
spectrum sources in the survey, and consequently is only weakly
dependent on the survey frequency. This estimate is right between
the two values (-0.4 and -0.5) mostly used historically, for con-
sistency we recommend the use of a -0.5 cut-off in future studies.
However, if we want to maximise the total number of correctly clas-
sified compact sources this does depend on the relative amplitude
of the two populations and is dependent on survey frequency vary-
ing between ! = -0.4 for a survey frequency of 5 GHz to ! = -0.6
for a survey frequency of 20 GHz.

5 THE SPECTRA OF SOURCES WITH 6KM VISIBILITY

The overall spectral properties of AT20G sources show com-
plex spectral changes and flux density dependence (Massardi et al.
2011). In Fig. 5 we compare the spectra for compact and extended
sources for three different frequency ranges. We note the different

Table 2. Gaussian fits to the spectral index distribution of compact and ex-
tended sources in Fig. 4.

Survey Frequency 178 MHz 20 GHz

Data 3C! AT20G Extended AT20G Compact

Mean -0.85 -0.75 0.00
Sigma 0.20 0.23 0.42

*3C values for galaxies for spectral index between 0.75 and 5 GHz from
Kellermann et al. (1969).
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Figure 4. Distribution of Compact and Extended sources over spectral in-
dex. The spectral indices are calculated between SUMSS/NVSS 1 GHz and
AT20G 4.8 GHz flux densities. Mean spectral indices and dispersions from
Gaussian fits to extended and compact source population distributions are
given in Table 2. The solid curve is the joint probability of correctness (see
text). The histogram for extended sources are shifted by -0.05 to show both
populations at the steep-spectrum end.

characteristics between the three frequencies. Spectral index be-
tween two frequencies with larger separation is less susceptible to
errors due to flux measurement errors than spectral index between
two frequencies close to each other. For a 10% error in flux density
in Fig. 5, the !8.6

5 has an error of 0.16, the !20
8.6 has an error of 0.11

and !5
1 has an error of 0.06. The 5 and 8 GHz flux density mea-

surements were done within a month of the 20 GHz measurements.
Hence, they do not suffer much from variability of compact sources
(Massardi et al. 2011) . Although the 1 GHz flux densities were
measured at different epochs (between minimum of one to max-
imum of 15 years), variability is much less at lower frequencies.
Hence, errors in flux densities or due to variability do not explain
most of the differences seen in the three plots.

In Fig. 5, we note the appearance of a steep-spectrum ‘tail’
for compact sources in the top !20

8.6 plot. This indicates that while
compact sources are mostly flat spectrum at lower frequencies, a
fraction of compact sources have steeper spectra between 8 and
20 GHz. It is also evident that the population of compact inverted
spectrum sources, sources with spectral index > 1, at lower fre-
quencies shifts to lower spectral index and combines with the main
population of the compact sources at higher frequencies. These are
compact core sources that are rising at lower frequencies and have

c! 0000 RAS, MNRAS 000, 000–000

Joint probability of correctness  



Spectral-index shifts as revealed in data 
from the AT20G, 9C and 10C surveys 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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ATESP 5-GHz survey (Prandoni et al. 2006) 

•  111 radio sources, complete 
to ~ 0.4 mJy; find flattening of 
1.4-5 GHz spectral index with 
decreasing flux 

•  Sources studied by Mignano 
et al. (2008) in the optical 

•  Sources responsible for 
flattening thought to be FRIs 
with core-dominated radio 
emission 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

470 A. Mignano et al.: The ATESP 5 GHz radio survey. II.
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Fig. 13. Radio-to-optical ratio (R, top panel), linear
radio source size (d in kpc, middle panel) and 1.4 GHz
radio power (in W/Hz, bottom panel) against 1.4–
5 GHz spectral index for the radio sources from the
ATESP-DEEP1 sample: red filled circles (ETS); blue
stars (LTS/SB); green filled triangles (AGNs). Circled
symbols indicate sources with extended and/or two-
component radio morphology, typical of classical ra-
dio galaxies. Black open circles are for identified
sources that do not have a redshift/type determination.
Arrows indicate upper/lower limits. Vertical dashed
lines indicate the ! = !0.5 and the ! = 0 values,
above which source spectra are defined respectively
as flat and inverted. Horizontal dashed lines in the
three panels indicate, from top to bottom, values of
R = 1000, d = 30 kpc and P1.4 GHz = 1024 W/Hz,
respectively.

DPS DEEP1). For the sources with spectral type/redshift esti-
mates available (either from multi-colour photometry or spec-
troscopy) we can distinguish between ETS (red filled circles),
LTS plus star-burst galaxies (blue stars) and AGNs (green dou-
ble triangles).

Figure 13 clearly shows that most of the flat-spectrum
sources have high radio-to-optical ratios (R > 1000), typi-
cally associated with the classical powerful radio galaxies and
quasars. Flat-spectrum sources with low R values are prefer-
entially identified with ETS, where the radio emission is again
probably triggered by nuclear activity (typical radio powers P "
1023!25 W/Hz, see Fig. 10 and discussion therein). Star-forming
galaxies (LTS and SB), on the other hand, are typically asso-
ciated to steep-spectrum sources, as expected for synchrotron
emission in galactic disks or in nuclear star-bursts.

A further radio/optical analysis of the ETS in the ATESP-
DEEP1 sample has shown that ETS with flat and/or in-
verted spectrum are preferentially compact (linear sizes d <
10!30 kpc, see Fig. 13, middle panel). Their rather low radio
luminosities (P1.4 GHz " 1022!24 W Hz!1, see Fig. 13, bottom
panel) and the absence of emission lines in the optical spectra
may suggest that these objects belong to the class of FRI radio
galaxies; but FRI radio galaxies are characterised, on average,
by steeper radio spectra and larger linear sizes (but see the linear
size – radio power relation found for B2 radio galaxies, de Ruiter
et al. 1990; and references therein).

The compactness of the sources, together with the
flat/inverted spectra, suggests core emission with strong syn-
chrotron or free-free self-absorption. This could be associ-
ated to either very early phases of nuclear radio-activity
(the so-called GHz peaked spectrum – GPS – radio sources,

O’Dea 1998; Snellen et al. 2000) or late phases of the evo-
lution of AGNs, characterised by low accretion/radiative e!-
ciency (advection-dominated accretion flow, i.e. ADAF; advec-
tion dominated inflow-outflow solutions, i.e. ADIOS). In the
first case, however, larger luminosities are expected (P1.4 GHz >
1025 W Hz!1), while in the latter case very low radio powers
are predicted (P5 GHz < 1021 W Hz!1; see Doi et al. 2005).
Another intriguing possibility is that in these sources ADAF
and radio jets coexist, as suggested for low luminosity AGNs,
(LLAGNs, see e.g. Doi et al. 2005 and reference therein). This
would explain the somewhat brighter luminosities than expected
by simple ADAF and can still be consistent with the presence
of flat/inverted radio spectra (see ADAF-jet model by Falcke &
Bierman 1999).

This class of objects may also be very similar to the compos-
ite class of the so-called low power (P408 MHz < 1025.5 W Hz!1)
compact (<10 kpc) – LPC – radio sources studied by Giroletti
et al. (2005). Their host galaxies do not show signatures of strong
nuclear activity in the optical (and X-ray) bands. Preliminary
results indicate that multiple causes can produce LPC sources:
geometrical-relativistic e"ects (low power BL-Lacertae objects),
youth, instabilities in the jets, frustration by a denser than aver-
age ISM, and a premature end of nuclear activity.

8. Summary

In this paper we have discussed the nature of the faint, sub-mJy,
radio population, using a sample of 131 radio sources that were
observed at 1.4 and 5 GHz with the ATCA (the ATESP-DEEP1
sample). A smaller sample of 85 radio sources is covered by
deep multi-colour images. These were optically identified down

Red: early type spectra;  Blue: late type spectra;  Green: AGNs 



AT20G-deep pilot survey (Elaine Sadler PI) 

•  Surveyed 2 fields with ATCA at 18-22 GHz in July 2009: CDFS 
field and SDSS Stripe 82 region.  

•  Complete to ≈ 2.5 mJy over 5 deg2  

•  Data now fully analyzed. 85 sources detected > 5σ 

•  Have good multi-wavelength and spectroscopic data 
o  ATLAS, NVSS, FIRST, SWIRE, SDSS, AAOmega 

•  Plan a larger proposal for full AT20G-deep survey (at least 500 
deg2 down to 5σ detection limit of 1 mJy) 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



AT20G-deep pilot survey 

•  Shift in spectral-index properties most rapid in flux density 
range 1-40 mJy 

•  New 20-GHz sources detected in AT20G-deep pilot survey fit 
into exactly this range, and so can help us understand what is 
driving this rapid change in source population 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

 0

 10

 20

 30

 40

 50

 60

 1  10  100  1000

Pe
rc

en
ta

ge
 w

ith
 α

116
/2

0  <
 -0

.7
9

S16/20 GHz mJy-1

AT20G
9C

9C deep
10C

AT20G-deep sources 



Survey strategy 

•  H75 array with 30 arcsec beam at 20 GHz 
• Mosaic mode; ≈ 3500 pointings per field; 2 10-s cuts per 

pointing 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

Noise ≈ 0.3-0.4 mJy 
87 components > 5σ 
2 doubles à 85 sources 



Joint versus individual approach when 
mosaic imaging at 20 GHz 

•  Individual approach: CLEAN each pointing separately before 
forming a mosaic  

•  Joint approach: CLEAN mosaiced image 
•  Joint approach gives significantly higher dynamic range 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 

Individual approach Joint approach 



Completeness 

• Monte Carlo simulations show that the survey completeness 
can be accurately quantified by use of the noise map and 
simple Gaussian statistics  

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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NVSS/AT20G-deep 
Both fields 
11 sources missing in NVSS 
 

ATLAS/AT20G-deep 
CDFS field 
1 source missing in ATLAS 

Matching with catalogues at 1.4 GHz 
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Comparison with S-cubed semi-empirical 
simulations (Wilman et al. 2008)  
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•  Get all galaxies with S18 GHz > 
2.5 mJy in central 5-deg2 of 
simulation; find a total of 62 
galaxies 

•  In comparison, 60 sources > 
2.5 mJy are detected in 
AT20G-deep pilot survey over 
same area of sky 

•  However, spectral index 
distributions are remarkably 
different, implying that the 
models need refining 

•  This comparison highlights the 
need for large samples of high-
frequency radio sources  

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



Conclusions 

•  Find a rapid and puzzling shift in the 15/20-GHz source 
population over the flux density range 1-40 mJy 

•  The typical spectral index becomes steeper for sources with 
decreasing flux densities above ~ 5-10 mJy; at fainter flux 
densities, this trend is reversed, with a move back toward a 
flatter spectrum population 

•  Pilot observations for AT20G-deep survey successful; 85 
sources detected > 5σ, 45% of which have flat or rising spectra.  

•  Compared AT20G-deep pilot survey with S-cubed semi-
empirical simulations; spectral index distributions found to be 
remarkably different  

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 



Future work 

•  Before starting to plan a larger proposal for the full AT20G-
deep survey, need to understand more about the source 
population seen in the pilot survey 

• Will follow up sources with ATCA at 5.5, 9 and 20 GHz 
o Measure variability in flux density over 3-year timescale 
o Obtain angular size information from 6-km visibility data 
o Investigate spectral curvature between 1.4 and 20 GHz 
o Verify reliability of AT20G-deep catalogue 

• Will combine the new radio data with optical imaging and 
spectroscopic data where available, with the aim of identifying 
the source population responsible for the rapid spectral-index 
shifts seen between 1 and 40 mJy 

Combining Australia and Cambridge surveys to investigate the high-radio-frequency source population 
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Flat- and steep-spectrum source counts 

CSIRO. The AT20G-deep pilot survey: Investigating the faint high-radio-frequency source population 
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