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The problem of the physics of radio 
galaxies and quasars and the 
cosmological problem are strangely 
linked; we appear to be living in an 
evolving Universe, so that very distant 
sources which, due to the signal travel 
time, we observe as they were when 
the Universe was younger, may be 
systematically different from a sample 
of nearby sources. 

Martin Ryle, Nobel Lecture, 1974
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5C5 survey (One-Mile Telescope, 1973)
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IAU Symposium 74, Radio Astronomy and Cosmology, 1976, Cambridge 
and two papers in MNRAS



Interpreting source counts and redshift data 

Jasper’s approach:

(1)a simple numerical technique which makes efficient use of the 
data, 

(2)the comparison of models with observations using appropriate 
statistical procedures, and 

(3)the determination of which new observations are most important 
in defining the cosmological evolution with greater precision.

We want to know the generalized radio luminosity function 

which describes the comoving space density of radio sources as a 
function of radio power P, redshift z (i.e. epoch — we assume that 
redshifts are cosmological distance indicators), and radio source type. 
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684 J. V. Wall, T. J. Pearson and M. S. Longair 

methods have been used to extend the high-frequency N(S) relations to source densities 
comparable with those of the low-frequency counts. 

The increased precision with which the overall source counts are now known and 
improved determinations of the luminosity distributions have prompted us to investigate 
what new bounds can be set to the evolution of the radio source population as a function of 
cosmological epoch or redshift. In particular, we want to know how much can be added to 
the early conclusions which were drawn from the source counts, namely (i) that the counts 
(of necessity at frequencies of < 408 MHz) indicated strong cosmological evolution for the 
steep-spectrum sources, the comoving densities of powerful sources exceeding present-day 
densities by factors ^ 103 at redshifts of 2 or 3, and (ii) that the evolution is confined to 
powerful sources, those in the Tipper end’ of the luminosity function. 

These conclusions were supported by applications of the luminosity—volume (F/Fmax) 
test to samples of QSOs from low-frequency surveys (e.g. Schmidt 1968; Lynds & Wills 
1972). This test provides the more direct demonstration of the change of density with 
cosmic epoch, although the results are not independent of the results of source-count 
analysis (Longair & Scheuer 1970) — indeed they cannot be so, since the same objects are 
involved. The F/Fmax test is necessarily confined to limited samples of objects with 
measured redshifts which span a small range in flux density. The count data now span flux- 
density ranges of 104, based on several thousand radio sources and analyses in which radio 
and optical data on individual objects are systematically incorporated can yield significant 
additional information on the spatial distribution of all source types or populations which 
constitute these counts. 

The present paper (the first of two) is the first step towards such a systematic inter- 
pretation of the modem data. The emphasis is threefold: (1) the description of a simple 
numerical technique which makes efficient use of the data, (2) the comparison of models 
with observations using appropriate statistical procedures, and (3) the determination of 
which new observations are most important in defining the cosmological evolution with 
greater precision. 

The scheme and some of these results were summarized at IAUSymposium No. 74 (Wall, 
Pearson & Longair 1977). The present paper describes the procedure in greater detail and 
incorporates new results which have become available since that time. It concentrates on the 
interpretation of the source counts at low frequencies, whilst the companion paper (Paper 
II) deals with the problems of the high-frequency source counts with the emphasis upon the 
counts at 2.7 GHz. 

Section 2 presents the method and contrasts it with earlier techniques. The 408-MHz data 
to which the method is applied in this paper are discussed in Section 3. In Section 4 some 
unsatisfactory models which have been widely used in the literature are examined critically, 
together with two new models which meet with greater success. The discussion of Section 5 
compares the results of the present scheme with results derived by other authors. 

2 The Scheme 

We want to know the generalized radio luminosity function 

p {Pf z, radio source type) 

which describes the comoving space density of radio sources as a function of radio power P, 
redshift z (i.e. epoch — we assume that redshifts are cosmological distance indicators), and 
radio source type. This last parameter includes the other information about the sources: 
spectrum, structure, optical properties etc. We shall regard radio source type & para- 
meter distinguishing a number of discrete populations of radio source whose evolution 
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408 MHz source counts and 3 models

Dependence of luminosity function in redshift in 2 models



Ever since radio sources were first identified with optical sources 
(galaxies and quasars), of moderate and high redshift, it has been 
obvious that the radio source population was quite different at early 
cosmological times than at present (Pooley & Ryle 1967; Schmidt 1968; 
Rees 1971). As beautifully shown by Wall et al. (1977), when source 
counts, local radio luminosity function, and redshift data are combined, 
it is clear that it is the bright (FR II) end of the luminosity function that 
was much more populous in the past. At the present epoch powerful 
radio sources and quasars are rather rare.

Roger Blandford, David Meier, and Tony Readhead: “Relativistic Jets in 
Active Galactic Nuclei”, to appear in ARAA



About 30 years ago there was much 
talk that Geologists ought only to 
observe & not theorise; & I well 
remember some one saying, that at 
this rate a man might as well go into a 
gravel-pit & count the pebbles & 
describe their colours. How odd it is 
that every one should not see that all 
observation must be for or against 
some view, if it is to be of any service.
—

Charles Darwin, Letter to Henry 
Fawcett, 18 September 1861



CBI: cosmologizing in Chile

Fig. 1.—Extended mosaic images from the combined 2000+2001 observations. The angular resolution of these observations is !50 (FWHM).
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4.3. Results

4.3.1. JointMosaic Power Spectrum

The primary result of this paper is the power spectrum
of the CMB in the three mosaics treated jointly. For this
analysis we have estimated the power spectrum in bins of
width Dl ¼ 200, with two alternate locations of the bins.
The ‘‘ even ’’ binning has lB ¼ 200þ 200B (1 # B # 16),
while the ‘‘ odd ’’ binning has lB ¼ 100þ 200B
(1 # B # 16); here lB is the upper limit of the bin, as in
equation (12). In both cases the first bin is wider and
starts at l ¼ 0. While we included bins at higher l, we
report the results only for l < 3000: at higher l, the
mosaic data have very little sensitivity. The two sets of
bins are of course not independent. The results are given
in Table 2, which gives for each bin the band power qB,
the rms uncertainty in qB from the Fisher matrix, and the
centroid of the window function leff. The results are also
displayed in Figure 10, and the window functions are
shown in Figure 11.7 With Dl ¼ 200, the adjacent bins
are anticorrelated by about 16%. We have also computed
power spectrum estimates using narrower bins with
Dl ¼ 140, for which the anticorrelation of adjacent bins is
about 24%, again using overlapping ‘‘ odd ’’ and ‘‘ even ’’
bins. We have used all four binnings (Dl ¼ 140 odd and
even, and Dl ¼ 200 odd and even) for cosmological
parameter estimation (see Paper V), and all four give
consistent results. The component band powers (defined
in Paper IV) for instrumental thermal noise (CN ) and the
residual source correction (C res) are shown in Figure 12.
This figure shows that the residual source correction is

TABLE 2

Band Powers and Uncertainties

lRange leff

Band Power lðl þ 1ÞCl=ð2!Þ
(lK2)

Even Binning

0–400 ..................... 304 2790& 771
400–600.................. 496 2437& 449
600–800.................. 696 1857& 336
800–1000................ 896 1965& 348
1000–1200.............. 1100 1056& 266
1200–1400.............. 1300 685& 259
1400–1600.............. 1502 893& 330
1600–1800.............. 1702 231& 288
1800–2000.............. 1899 '250& 270
2000–2200.............. 2099 538& 406
2200–2400.............. 2296 '578& 463
2400–2600.............. 2497 1168& 747
2600–2800.............. 2697 178& 860
2800–3000.............. 2899 1357& 1113

Odd Binning

0–300 ..................... 200 5243& 2171
300–500.................. 407 1998& 475
500–700.................. 605 2067& 375
700–900.................. 801 2528& 396
900–1100................ 1002 861& 242
1100–1300.............. 1197 1256& 284
1300–1500.............. 1395 467& 265
1500–1700.............. 1597 714& 324
1700–1900.............. 1797 40& 278
1900–2100.............. 1997 '319& 298
2100–2300.............. 2201 402& 462
2300–2500.............. 2401 163& 606
2500–2700.............. 2600 520& 794
2700–2900.............. 2800 770& 980

Fig. 10.—Joint power spectrum estimates for the three CBI mosaics. Band power estimates have been made for two alternate divisions of the l range into
bins: ‘‘ even ’’ binning (green squares) and ‘‘ odd ’’ binning (blue circles). The error bars show &1 " uncertainties from the inverse Fisher matrix. Two minimal
inflation–based models are shown. Red: Fit to CBI plus COBE DMR; !tot ¼ 1:0, !bh2 ¼ 0:0225, !cdmh2 ¼ 0:12, !" ¼ 0:6, ns ¼ 0:95, #c ¼ 0:025, C10 ¼ 786
lK2. Black: Joint fit to CBI, DMR, DASI, BOOMERANG-98, VSA, and earlier data; !tot ¼ 1:0, !bh2 ¼ 0:02, !cdmh2 ¼ 0:14, !" ¼ 0:5, ns ¼ 0:925, #c ¼ 0,
C10 ¼ 887 lK2. For details, see Paper V.

7 The window functions and inverse Fisher matrices are available on the
CBIWeb site, http://www.astro.caltech.edu/~tjp/CBI.
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C-BASS: The C-band all-sky survey
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C-BASS: The C-band all-sky survey

• The	C-Band	All-Sky	Survey	(C-BASS)	is	a	project	to	produce	high	signal-to-noise	
all-sky	maps	at	a	central	frequency	of	5	GHz	in	intensity	and	linear	polarization	
(Stokes	I,	Q,	and	U).	

• C-BASS	uses	two	telescopes,	one	in	the	northern	hemisphere	at	the	Owens	
Valley	Radio	Observatory	in	California,	and	one	close	to	the	South	African	SKA	
site.	Angular	resolution	0.73°.		

• Novel	optical	design	to	minimize	sidelobes.	
• Nominal	bandwidth	1	GHz.	
• Thermal	noise	sensitivity	is	~3	mK√s	in	I	and	~2	mK√s	in	Q/U,	with	a	target	
survey	thermal	noise	level	of	0.1	mK.		

• Maps	at	this	frequency	are	dominated	by	synchrotron	radiation	and	largely	
uncorrupted	by	Faraday	rotation.	

12



Pearson 2016 September 1913

• The	CMB	B-mode	polarization	signal	is	confused	by	
foregrounds	at	all	frequencies,	even	in	clean	regions	of	
sky,	so	foregrounds	must	be	subtracted	with	high	
accuracy.	

• Low-frequency	foregrounds	(synchrotron,	free-free,	and	
AME	“spinning	dust”)	have	complicated	spectra.	

• Foreground	modeling	needs	ground-based	observations	
below	the	“space	microwave	band”,	i.e.,	<	20	GHz	

• Polarization	must	be	corrected	for	Faraday	rotation	and	
depolarization	

• 5	GHz	is	trade-off	between	sensitivity	and	Faraday	
rotation

Motivation

WMAP 23 GHz polarized intensity

DRAO/Villa Elisa 1.4 GHz
Sun et al. A&A 477, 573–592 (2008)

Planck Collaboration: The Planck mission

Fig. 17. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353 GHz
(Planck Collaboration X 2015). The left and right columns show the Stokes Q and U parameters, respectively. Rows show, from top
to bottom: CMB; synchrotron polarization at 30 GHz; and thermal dust polarization at 353 GHz. The CMB map has been highpass-
filtered with a cosine-apodized filter between ` = 20 and 40, and the Galactic plane (defined by the 17 % CPM83 mask) has been
replaced with a constrained Gaussian realization (Planck Collaboration IX 2015).
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Fig. 18. Brightness temperature rms of the high-latitude sky as a function of frequency and astrophysical component for temperature
(left) and polarization (right). For temperature, each component is smoothed to an angular resolution of 1� FWHM, and the lower
and upper edges of each line are defined by masks covering 81 and 93 % of the sky, respectively. For polarization, the corresponding
smoothing scale is 400, and the sky fractions are 73 and 93 %.

sources at small angular scales. Blindly-detected clusters in
this map are consistent with those from the PSZ2 catalogue
Planck Collaboration XXVII (2015), both in terms of cluster
numbers and integrated flux. Furthermore, by stacking individu-
ally undetected groups and clusters of galaxies we find that the
y-map is consistent with tSZ emission even for low S/N regions.
Using foreground models derived in Planck Collaboration XXIII
(2015) we are able to measure the tSZ angular power spectrum
over 50 % of the sky. We conclude that the y-map is dominated
by tSZ signal in the multipole range, 20 < ` < 800. Similar re-

sults are obtained from a high-order statistic analysis. The recon-
structed y-map is delivered as part of the Planck 2015 release.
We also deliver a foreground mask (with known point sources
and regions with strong contamination from Galactic emission
masked out), a noise variance map, the estimated power spec-
trum, and the weights for the NILC algorithm.
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Two Telescopes

OVRO California Klerefontein South Africa (SKA site)15



CBASS-N intensity

CBASS-north: sky map of total intensity. Night-time only data, all elevations 
(37, 47, 67, and 77 deg), non-linear color scale.
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CBASS-N: Intensity

• Night-time only data.
• All elevations (37,47,67 & 77 deg elevation)
• (Highly non-linear colour scale to show ~10,000:1 dynamic range features)



408 MHz – 5 GHz – 23 GHz

CBASS-north: three-color image : RED: Haslam et al 408 MHz map; GREEN: C-
CBASS 5-GHz map; BLUE: WMAP K-band with the CMB removed.  Colors balanced 
such that a temperature spectrum of index −2.7 would appear white.  Synchrotron 
emission appears as red or orange, free-free as white or light blue; AME as dark blue. 

17

408 MHz - 5 GHz – 23 GHz

This%map%is%a%three,colour image%
• RED:&&&&&&Haslam&et&al&408&MHz&map
• GREEN:&C7BASS&I&map
• BLUE:&&&&WMAP&(K7CMB)&band&~&high7! diffuse&emission&with&the&CMB&removed.&
• Colours balanced&such&that&temperature&spectrum&of&index&−2.7&would&appear&white.&



NCP region
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8 C. Dickinson et al.

Figure 3. Multi-frequency maps of the NCP region at a common resolution of 1� (see Table 2 for details). The panels are arranged in
increasing frequency order: 0.4, 1.42, 4.7, 22.8, 28.4, 33.0, 41.0, 545, 3000 GHz (100µm). The last three panels are ⌧353, followed by two
versions of the H↵ map (D03 and F03). The colour scales are all on a linear stretch. Radio sources are indicated by circles as in previous
figures. The dust-correlated AME structure (e.g., at 545GHz, 100µm, ⌧353) is clearly visible at 22.8 and 28.4GHz but not at 4.7GHz.
Striations and other artifacts are also visible in the 0.408/1.42GHz maps that are not seen in the C-BASS data.

reassuring to see that there is good correlation of the radio
maps at 0.408, 1.42 and 4.7GHz. However, there is signifi-
cant scatter (Pearson correlation coe�cient, r ⇡ 0.7) which
would not be expected given the high signal-to-noise ratio of
these maps. Part of this may be due to variations in the syn-
chrotron spectral index across the map and free-free emis-
sion, or to di↵erences in source subtraction in the maps.
However, inspection of the maps (Fig. 3) clearly reveals arte-
facts in the maps that are likely responsible for the majority
of the scatter. The brightest sources (red stars) can be seen
to have some e↵ect in some of the radio maps, pushing the
intensities to larger values, but in general they are not a ma-

jor issue; the C-BASS data have been source-subtracted and
those pixels containing sources above 600mJy are masked in
the analysis.

The best-fitting straight line, y = mx+ c, is plotted for
each combination of datasets, taking into account uncertain-
ties in both coordinates using the mpfitexy4 routine (Mark-
wardt 2009; Williams, Bureau & Cappellari 2010). Only un-
masked pixels are included in the fit. The slope, m, of each
T-T plot between frequencies ⌫1 and ⌫2, is related to the

4
http://purl.org/mike/mpfitexy

c� 2014 RAS, MNRAS 000, 1–18



CBASS-N polarized intensity

This map is polarized intensity (Stokes 
19

CBASS-N: Polarized Intensity



Polarized spectral indices 5 – 30 GHz

This map is polarized intensity (Stokes 
20

Spectral index map

Spectral index error map

3. Polarized Spectral Index
C-BASS/Planck 30 GHz, β

Nside 64



First full-sky C-BASS map
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Uncalibrated	intensity	map



Issues for the future

• We	need	maps	at	many	frequencies	to	fully	characterize	foregrounds	even	in	
the	cleanest	areas	of	sky	

• We	will	need	maps	like	C-BASS,	only	better,	at	multiple	frequencies,	with	
higher	resolution	than	C-BASS,	and	(ideally)	matched	beams	

• Problems	to	be	tackled:	
• Ground	pickup	(need	good	ground	screens)	
• RFI	(radio	frequency	interference)	–	getting	worse	
• Sun	and	other	sources	in	far	sidelobes	
• Instrumental	stability	(easier	in	space?)	and	control	of	systematics	
• Polarization	calibration	(C-BASS	is	tied	to	Tau	A,	which	is	uncertain	at	~	1%	
or	1	deg)	

• Zero	level	(cf.	ARCADE)	

22



C-BASS: The C-band all-sky survey
• C-BASS	is	a	collaborative	project	between:	
• Oxford	University	(UK)		supported	by	Oxford	University,	STFC,	and	the	Royal	Society	

• Angela	Taylor,	Mike	Jones,	Jamie	Leech,	Luke	Jew,	Richard	Grummit	

• Manchester	University	(UK)	
• Clive	Dickinson,	Paddy	Leahy,	Stuart	Harper,	Adam		Barr,	Mel	Irfan,	Rod	Davies,	Richard	Davis,	

Mike	Peel,	Joe	Zuntz	

• California	Institute	of	Technology	(USA)	+	OVRO	+	JPL		supported	by	NSF	and	NASA	
• Tim	Pearson,	Stephen	Muchovej,	Tony	Readhead,	Oliver	King,	Erik	Leitch,	Matthew	Stevenson,	

Sebastian	Kiehlmann	

• South	Africa			supported	by	the	Square	Kilometre	Array	project	
• Justin	Jonas,	Charles	Copley,	Cynthia	Chiang,	Jon	Sievers,	Moumita	Aitch,	Heiko	Heiligendorff		

• KACST:	King	Abdulaziz	City	for	Science	and	Technology	(Saudi	Arabia)	
• Yaser	Hafez
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