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ABSTRACT
We present 30-GHz Sunyaev–Zel’dovich (SZ) observations of a sample of four galaxy clusters
with a prototype of the One Centimetre Receiver Array (OCRA-p) which is mounted on
the Torun 32-m telescope. The clusters (Cl 0016+16, MS 0451.6–0305, MS 1054.4–0321 and
Abell 2218) are popular SZ targets and serve as commissioning observations. All four are
detected with clear significance (4–6σ ) and values for the central temperature decrement are
in good agreement with measurements reported in the literature. We believe that systematic
effects are successfully suppressed by our observing strategy. The relatively short integration
times required to obtain these results demonstrate the power of OCRA-p and its successors for
future SZ studies.

Key words: galaxies: clusters: individual: Cl 0016+16 – galaxies: clusters: individual:
MS 0451.6–0305 – galaxies: clusters: individual: MS 1054.4–0321 – galaxies: clusters: in-
dividual: A2218 – cosmic microwave background – cosmology: observations.

1 I N T RO D U C T I O N

The Sunyaev–Zel’dovich (SZ) effect is a spectral distortion of the
cosmic microwave background (CMB) caused by the inverse Comp-
ton scattering of CMB photons off the hot plasma found in clusters
of galaxies. At low radio frequencies the SZ effect manifests itself
as a fractional decrement in the CMB of the order of 10−4, whereas
at frequencies greater than ∼220 GHz an increment is observed.

Since the first SZ detections in the 1970s (Birkinshaw, Gull &
Northover 1978) much progress has been made. Extensive inter-
ferometric studies have been undertaken, from the first SZ images
(Jones et al. 1993), to the use of cluster samples to perform cosmo-
logical studies (e.g. Grego et al. 2001; Reese et al. 2002; Saunders
et al. 2003; Jones et al. 2005; Bonamente et al. 2006). Radiometers
(e.g. Myers et al. 1997) and bolometers (e.g. Benson et al. 2004) have
also been used to good effect. More recently, purpose-built CMB in-
struments have proved their worth in SZ studies (Udomprasert et al.
2004; Lancaster et al. 2005), although contamination from primor-
dial anisotropies can severely limit the achievable signal-to-noise
ratio.

Measurements of the thermal and kinematic SZ effects are stud-
ied for the unique information that they can provide on cosmology
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and the structures of cluster atmospheres (see reviews of Birkin-
shaw 1999 and Carlstrom, Holder & Reese 2002). Although most
work in the field of SZ studies to date has been performed using
non-ideal instruments, numerous purpose-built SZ observatories are
currently under construction (e.g. AMiBA, Lo, Chiueh & Martin
2000; AMI, Kneissl et al. 2001; SZA, Loh et al. 2005; ACT,
Kosowsky 2003; SPT, Ruhl et al. 2004) all with the common aim
of performing blind surveys. Such work will exploit the unique red-
shift independence of the SZ effect to produce catalogues which are
essentially mass-limited, and thus less affected by the biases which
plague selection via optical or X-ray methods. Studies of number
counts will be used to further constrain the cosmological model and
study cluster evolution from formation until the present. Those tele-
scopes which have the capability to produce high-quality imaging
will additionally provide the opportunity to better understand cluster
physics.

The One Centimetre Receiver Array (OCRA) (Browne et al.
2000) is a planned 100-element continuum receiver which will have
excellent surveying and imaging capabilities, and will thus be ideal
for performing blind surveys in order to study radio source popu-
lations and SZ clusters. The prototype for OCRA, OCRA-p, is a
two-element receiver mounted on the 32-m telescope at the Torun
Centre for Astrophysics of the Nicolas Copernicus University,
Poland. Even at this preliminary stage, while the instrument
concept is being tested, high-sensitivity SZ measurements are
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ABSTRACT

Aims. To measure the 30-GHz flux densities of the 293 sources in the Caltech-Jodrell Bank flat-spectrum (CJF) sample. The measure-
ments are part of an ongoing programme to measure the spectral energy distributions of flat spectrum radio sources and to correlate
them with the milliarcsecond structures from VLBI and other measured astrophysical properties.
Methods. The 30-GHz data were obtained with a twin-beam differencing radiometer system mounted on the Toruń 32-m telescope.
The system has an angular resolution of 1.2′.
Results. Together with radio spectral data obtained from the literature, the 30-GHz data have enabled us to identify 42 of the CJF
sources as Giga-hertz Peaked Spectrum (GPS) sources. Seventeen percent of the sources have rising spectra (α > 0) between 5 and
30 GHz.

Key words. Astronomical data bases: miscellaneous – Radio continuum: galaxies

1. Introduction

The emission from most flat-spectrum radio sources, from ra-
dio frequencies through gamma-rays, is thought to arise in rela-
tivistic jets and be beamed synchrotron self-Compton emission.
Often described as blazar emission it is characterized by two
peaks in the spectral energy distribution (SED), one synchrotron
and one inverse Compton. From object to object the peak fre-
quency can occur anywhere between 1010 Hz to 1015 Hz. There
are claims that where the peaks occur depends systematically on
radio luminosity (Fossati et al. 1998; Ghisellini et al. 2002). The
correlation is in the sense that the synchrotron peak frequency
increases as the luminosity decreases. This is potentially an im-
portant result but has been questioned by several authors (e.g.
Antón & Browne 2005). A major problem is, however, the lack
of good quality SEDs on well-defined samples of objects and for
this reason we have embarked on a programme to try to rectify
this deficiency. Flux density measurements at centimeter wave-
lengths and shorter are the most important in order to define the
position of the synchrotron peak. Here we report measurements
with a new receiver, OCRA-p on the Torun 32m Telescope at a
wavelength of 1cm.

The CJF sample is currently the best studied sample of flat-
spectrum radio sources. The CJF sample (Taylor et al. 1996)
consists of 293 sources selected from three previous VLBI
surveys: the PR survey (Pearson & Readhead 1988), the first
Caltech-Jodrell (CJ) survey (CJ1: Polatidis et al. 1995) and the
second Caltech-Jodrell survey (CJ2: Taylor et al. 1994). The se-
lection criteria were:

Send offprint requests to: S. R. Lowe

1. S 4.85 GHz ≥ 350 mJy

2. α4.85 GHz
1.4 GHz

≥ −0.51

3. δ(1950) ≥ 35◦

4. |b| ≥ 10◦

In addition to the structural information obtained in the CJ VLBI
surveys, extensive follow-up observations have been made with
the VLBA (Britzen et al. in prep) to study the statistics of su-
perluminal motions; redshift information is available for > 90%
of the sample. Furthermore, all 293 sources have been observed
in soft X-rays, either as part of the ROSAT All-Sky Survey or
in ROSAT pointed observations (Britzen et al. 2002). The CJF
sample is therefore a natural starting point for a programme
aimed at understanding the relationships between the broad-
band SEDs and the spatial structure, kinematics and X-ray prop-
erties of compact radio sources. Several different types of ob-
jects are found in samples selected, like CJF, from radio sur-
veys made at relatively low (few GHz) frequencies. While the
sample is dominated by highly-relativistic “core-jet” sources it
also contains the precursors of large-scale double sources (the
Compact Symmetric Objects, CSOs: e.g. Wilkinson et al. 1994;
Readhead et al. 1996a,b) and perhaps a few ULIRGS (typically
more distant and luminous versions of the starburst galaxy, Arp
220). VLBI observations immediately distinguish between these
different types: the core-jet sources are highly asymmetric, in
contrast to the CSOs, while ULIRGS are highly resolved.

The complementary radio spectral information is available
from hundreds of MHz to typically ∼ 10 GHz but information

1 S ∝ να
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essentially mass-limited, and thus less affected by the biases which
plague selection via optical or X-ray methods. Studies of number
counts will be used to further constrain the cosmological model and
study cluster evolution from formation until the present. Those tele-
scopes which have the capability to produce high-quality imaging
will additionally provide the opportunity to better understand cluster
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The One Centimetre Receiver Array (OCRA) (Browne et al.
2000) is a planned 100-element continuum receiver which will have
excellent surveying and imaging capabilities, and will thus be ideal
for performing blind surveys in order to study radio source popu-
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Centre for Astrophysics of the Nicolas Copernicus University,
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ABSTRACT

Aims. We report the results of a survey of 442 planetary nebulae at 30 GHz. The purpose of the survey is to develop a list of planetary
nebulae as calibration sources that could be used for high frequency calibration in future. For 41 PNe with sufficient data, we test the
emission mechanisms in order to evaluate whether or not spinning dust plays an important role in their spectra at 30 GHz.
Methods. The 30-GHz data were obtained with a twin-beam differencing radiometer, OCRA-p, which is in operation on the Toruń
32-m telescope. Sources were scanned both in right ascension and declination. We estimated flux densities at 30 GHz using a free-free
emission model and compared it with our data.
Results. The primary result is a catalogue containing the flux densities of 93 planetary nebulae at 30 GHz. Sources with sufficient
data were compared with a spectral model of free-free emission. The model shows that free-free emission can generally explain the
observed flux densities at 30 GHz thus no other emission mechanism is needed to account for the high-frequency spectra.

Key words. radio continuum: general – planetary nebulae: general

1. Introduction

The planetary nebula (PN) phase in the evolution of low mass
stars lasts only about 104 years. It begins once the central star
reaches an effective temperature of 20 000 K and ionises the shell
of material developed during asymptotic giant branch (AGB)
evolution. The end of this phase is defined by termination of
nuclear burning in a thin outer shell of the star and then rapid
dispersal of the nebula. At radio wavelengths, planetary nebulae
emit continuum radiation in a free-free process and are among
the brightest Galactic radio sources. Their radio flux densities
do not suffer the high levels of extinction present in the optical
regime. Since most planetary nebulae occupy the Galactic plane
where extinction is high, radio detections and radio flux density
measurements are important.

Planetary nebulae are mostly compact sources because they
are distant or intrinsically small. Their relatively strong and sta-
ble radio emission makes them good candidates as calibration
sources.

Many radio continuum observations of planetary nebulae
have been made at 1.4, 5 and 14.7 GHz (see Condon & Kaplan
1998; Acker et al. 1994; Aaquist & Kwok 1990; Milne & Aller
1982). There is still only limited data at frequencies above
30 GHz and most of those observations were obtained with in-
terferometers such as the VLA; relatively little comes from sin-
gle dishes. To extend the spectral range and to make total flux
density measurements, we have used the new One Centimetre
Radio Array prototype (OCRA-p) receiver to observe planetary
nebulae at 30 GHz. This receiver is mounted on Toruń’s 32-m
radio telescope and is described in Sect. 2. OCRA-p receiver is
outlined in detail by Lowe (2005). The survey for planetary neb-
ulae was one of the first successful observations made using this
system (together with measurements of flat-spectrum sources by
Lowe et al. (2007), and observations of the Sunayaev Zel’dovich
effect by Lancaster et al. (2007)). The purpose was to make a list

of high frequency calibrators, which can be used to support sky
surveys and to test the emission mechanisms in order to evalu-
ate whether or not spinning dust plays an important role in PN
spectra.

Our new survey of planetary nebulae brought detections of
93 sources at 30 GHz out of 442, for which the selection crite-
ria are described in Sect. 3. The observing techniques and data
reduction process are described in Sect. 3. The results are de-
scribed in Sect. 4. The comparison of flux densities with the free-
free emission model proposed by Siódmiak & Tylenda (2001) is
described in Sect. 5. Section 6 contains the final conclusions.
The measured 30-GHz flux densities of all detected PNe are
given in Table 2.

2. OCRA-p

OCRA-p is a 2-element prototype for OCRA (Browne et al.
2000) – a 100-element array receiver. The OCRA-p receiver
was constructed at the University of Manchester and was funded
by a EU Faraday FP6 grant together with the Royal Society
Paul Instrument fund. It has been mounted on the Toruń 32-m
radio telescope owned by the Centre for Astronomy, Nicolaus
Copernicus University, Toruń in Poland.

The basic OCRA design was based on the prototype demon-
strator for the Planck Low Frequency Instrument (Mandolesi
et al. 2000) and is similar to the K-band receivers mounted on
the WMAP spacecraft (Jarosik et al. 2003). The nominal system
specification is presented in Table 1. OCRA-p has two closely
spaced feeds in the secondary focus of the 32 m telescope and
thus there is very similar atmospheric emission in each beam.
The basic observing mode with this radiometer involve switch-
ing continuously between the two horns and between two states
of a 277−Hz phase switch (0 and 180◦), located in one arm of
the receiver. The switching frequency is much greater than the
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ABSTRACT
We present 30-GHz Sunyaev–Zel’dovich (SZ) observations of a sample of four galaxy clusters
with a prototype of the One Centimetre Receiver Array (OCRA-p) which is mounted on
the Torun 32-m telescope. The clusters (Cl 0016+16, MS 0451.6–0305, MS 1054.4–0321 and
Abell 2218) are popular SZ targets and serve as commissioning observations. All four are
detected with clear significance (4–6σ ) and values for the central temperature decrement are
in good agreement with measurements reported in the literature. We believe that systematic
effects are successfully suppressed by our observing strategy. The relatively short integration
times required to obtain these results demonstrate the power of OCRA-p and its successors for
future SZ studies.

Key words: galaxies: clusters: individual: Cl 0016+16 – galaxies: clusters: individual:
MS 0451.6–0305 – galaxies: clusters: individual: MS 1054.4–0321 – galaxies: clusters: in-
dividual: A2218 – cosmic microwave background – cosmology: observations.

1 I N T RO D U C T I O N

The Sunyaev–Zel’dovich (SZ) effect is a spectral distortion of the
cosmic microwave background (CMB) caused by the inverse Comp-
ton scattering of CMB photons off the hot plasma found in clusters
of galaxies. At low radio frequencies the SZ effect manifests itself
as a fractional decrement in the CMB of the order of 10−4, whereas
at frequencies greater than ∼220 GHz an increment is observed.

Since the first SZ detections in the 1970s (Birkinshaw, Gull &
Northover 1978) much progress has been made. Extensive inter-
ferometric studies have been undertaken, from the first SZ images
(Jones et al. 1993), to the use of cluster samples to perform cosmo-
logical studies (e.g. Grego et al. 2001; Reese et al. 2002; Saunders
et al. 2003; Jones et al. 2005; Bonamente et al. 2006). Radiometers
(e.g. Myers et al. 1997) and bolometers (e.g. Benson et al. 2004) have
also been used to good effect. More recently, purpose-built CMB in-
struments have proved their worth in SZ studies (Udomprasert et al.
2004; Lancaster et al. 2005), although contamination from primor-
dial anisotropies can severely limit the achievable signal-to-noise
ratio.

Measurements of the thermal and kinematic SZ effects are stud-
ied for the unique information that they can provide on cosmology

!E-mail: katy.lancaster@bristol.ac.uk

and the structures of cluster atmospheres (see reviews of Birkin-
shaw 1999 and Carlstrom, Holder & Reese 2002). Although most
work in the field of SZ studies to date has been performed using
non-ideal instruments, numerous purpose-built SZ observatories are
currently under construction (e.g. AMiBA, Lo, Chiueh & Martin
2000; AMI, Kneissl et al. 2001; SZA, Loh et al. 2005; ACT,
Kosowsky 2003; SPT, Ruhl et al. 2004) all with the common aim
of performing blind surveys. Such work will exploit the unique red-
shift independence of the SZ effect to produce catalogues which are
essentially mass-limited, and thus less affected by the biases which
plague selection via optical or X-ray methods. Studies of number
counts will be used to further constrain the cosmological model and
study cluster evolution from formation until the present. Those tele-
scopes which have the capability to produce high-quality imaging
will additionally provide the opportunity to better understand cluster
physics.

The One Centimetre Receiver Array (OCRA) (Browne et al.
2000) is a planned 100-element continuum receiver which will have
excellent surveying and imaging capabilities, and will thus be ideal
for performing blind surveys in order to study radio source popu-
lations and SZ clusters. The prototype for OCRA, OCRA-p, is a
two-element receiver mounted on the 32-m telescope at the Torun
Centre for Astrophysics of the Nicolas Copernicus University,
Poland. Even at this preliminary stage, while the instrument
concept is being tested, high-sensitivity SZ measurements are

C© 2007 The Authors. Journal compilation C© 2007 RAS
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ABSTRACT

Aims. To measure the 30-GHz flux densities of the 293 sources in the Caltech-Jodrell Bank flat-spectrum (CJF) sample. The measure-
ments are part of an ongoing programme to measure the spectral energy distributions of flat spectrum radio sources and to correlate
them with the milliarcsecond structures from VLBI and other measured astrophysical properties.
Methods. The 30-GHz data were obtained with a twin-beam differencing radiometer system mounted on the Toruń 32-m telescope.
The system has an angular resolution of 1.2′.
Results. Together with radio spectral data obtained from the literature, the 30-GHz data have enabled us to identify 42 of the CJF
sources as Giga-hertz Peaked Spectrum (GPS) sources. Seventeen percent of the sources have rising spectra (α > 0) between 5 and
30 GHz.

Key words. Astronomical data bases: miscellaneous – Radio continuum: galaxies

1. Introduction

The emission from most flat-spectrum radio sources, from ra-
dio frequencies through gamma-rays, is thought to arise in rela-
tivistic jets and be beamed synchrotron self-Compton emission.
Often described as blazar emission it is characterized by two
peaks in the spectral energy distribution (SED), one synchrotron
and one inverse Compton. From object to object the peak fre-
quency can occur anywhere between 1010 Hz to 1015 Hz. There
are claims that where the peaks occur depends systematically on
radio luminosity (Fossati et al. 1998; Ghisellini et al. 2002). The
correlation is in the sense that the synchrotron peak frequency
increases as the luminosity decreases. This is potentially an im-
portant result but has been questioned by several authors (e.g.
Antón & Browne 2005). A major problem is, however, the lack
of good quality SEDs on well-defined samples of objects and for
this reason we have embarked on a programme to try to rectify
this deficiency. Flux density measurements at centimeter wave-
lengths and shorter are the most important in order to define the
position of the synchrotron peak. Here we report measurements
with a new receiver, OCRA-p on the Torun 32m Telescope at a
wavelength of 1cm.

The CJF sample is currently the best studied sample of flat-
spectrum radio sources. The CJF sample (Taylor et al. 1996)
consists of 293 sources selected from three previous VLBI
surveys: the PR survey (Pearson & Readhead 1988), the first
Caltech-Jodrell (CJ) survey (CJ1: Polatidis et al. 1995) and the
second Caltech-Jodrell survey (CJ2: Taylor et al. 1994). The se-
lection criteria were:

Send offprint requests to: S. R. Lowe

1. S 4.85 GHz ≥ 350 mJy

2. α4.85 GHz
1.4 GHz

≥ −0.51

3. δ(1950) ≥ 35◦

4. |b| ≥ 10◦

In addition to the structural information obtained in the CJ VLBI
surveys, extensive follow-up observations have been made with
the VLBA (Britzen et al. in prep) to study the statistics of su-
perluminal motions; redshift information is available for > 90%
of the sample. Furthermore, all 293 sources have been observed
in soft X-rays, either as part of the ROSAT All-Sky Survey or
in ROSAT pointed observations (Britzen et al. 2002). The CJF
sample is therefore a natural starting point for a programme
aimed at understanding the relationships between the broad-
band SEDs and the spatial structure, kinematics and X-ray prop-
erties of compact radio sources. Several different types of ob-
jects are found in samples selected, like CJF, from radio sur-
veys made at relatively low (few GHz) frequencies. While the
sample is dominated by highly-relativistic “core-jet” sources it
also contains the precursors of large-scale double sources (the
Compact Symmetric Objects, CSOs: e.g. Wilkinson et al. 1994;
Readhead et al. 1996a,b) and perhaps a few ULIRGS (typically
more distant and luminous versions of the starburst galaxy, Arp
220). VLBI observations immediately distinguish between these
different types: the core-jet sources are highly asymmetric, in
contrast to the CSOs, while ULIRGS are highly resolved.

The complementary radio spectral information is available
from hundreds of MHz to typically ∼ 10 GHz but information
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ABSTRACT

Aims. We report the results of a survey of 442 planetary nebulae at 30 GHz. The purpose of the survey is to develop a list of planetary
nebulae as calibration sources that could be used for high frequency calibration in future. For 41 PNe with sufficient data, we test the
emission mechanisms in order to evaluate whether or not spinning dust plays an important role in their spectra at 30 GHz.
Methods. The 30-GHz data were obtained with a twin-beam differencing radiometer, OCRA-p, which is in operation on the Toruń
32-m telescope. Sources were scanned both in right ascension and declination. We estimated flux densities at 30 GHz using a free-free
emission model and compared it with our data.
Results. The primary result is a catalogue containing the flux densities of 93 planetary nebulae at 30 GHz. Sources with sufficient
data were compared with a spectral model of free-free emission. The model shows that free-free emission can generally explain the
observed flux densities at 30 GHz thus no other emission mechanism is needed to account for the high-frequency spectra.

Key words. radio continuum: general – planetary nebulae: general

1. Introduction

The planetary nebula (PN) phase in the evolution of low mass
stars lasts only about 104 years. It begins once the central star
reaches an effective temperature of 20 000 K and ionises the shell
of material developed during asymptotic giant branch (AGB)
evolution. The end of this phase is defined by termination of
nuclear burning in a thin outer shell of the star and then rapid
dispersal of the nebula. At radio wavelengths, planetary nebulae
emit continuum radiation in a free-free process and are among
the brightest Galactic radio sources. Their radio flux densities
do not suffer the high levels of extinction present in the optical
regime. Since most planetary nebulae occupy the Galactic plane
where extinction is high, radio detections and radio flux density
measurements are important.

Planetary nebulae are mostly compact sources because they
are distant or intrinsically small. Their relatively strong and sta-
ble radio emission makes them good candidates as calibration
sources.

Many radio continuum observations of planetary nebulae
have been made at 1.4, 5 and 14.7 GHz (see Condon & Kaplan
1998; Acker et al. 1994; Aaquist & Kwok 1990; Milne & Aller
1982). There is still only limited data at frequencies above
30 GHz and most of those observations were obtained with in-
terferometers such as the VLA; relatively little comes from sin-
gle dishes. To extend the spectral range and to make total flux
density measurements, we have used the new One Centimetre
Radio Array prototype (OCRA-p) receiver to observe planetary
nebulae at 30 GHz. This receiver is mounted on Toruń’s 32-m
radio telescope and is described in Sect. 2. OCRA-p receiver is
outlined in detail by Lowe (2005). The survey for planetary neb-
ulae was one of the first successful observations made using this
system (together with measurements of flat-spectrum sources by
Lowe et al. (2007), and observations of the Sunayaev Zel’dovich
effect by Lancaster et al. (2007)). The purpose was to make a list

of high frequency calibrators, which can be used to support sky
surveys and to test the emission mechanisms in order to evalu-
ate whether or not spinning dust plays an important role in PN
spectra.

Our new survey of planetary nebulae brought detections of
93 sources at 30 GHz out of 442, for which the selection crite-
ria are described in Sect. 3. The observing techniques and data
reduction process are described in Sect. 3. The results are de-
scribed in Sect. 4. The comparison of flux densities with the free-
free emission model proposed by Siódmiak & Tylenda (2001) is
described in Sect. 5. Section 6 contains the final conclusions.
The measured 30-GHz flux densities of all detected PNe are
given in Table 2.

2. OCRA-p

OCRA-p is a 2-element prototype for OCRA (Browne et al.
2000) – a 100-element array receiver. The OCRA-p receiver
was constructed at the University of Manchester and was funded
by a EU Faraday FP6 grant together with the Royal Society
Paul Instrument fund. It has been mounted on the Toruń 32-m
radio telescope owned by the Centre for Astronomy, Nicolaus
Copernicus University, Toruń in Poland.

The basic OCRA design was based on the prototype demon-
strator for the Planck Low Frequency Instrument (Mandolesi
et al. 2000) and is similar to the K-band receivers mounted on
the WMAP spacecraft (Jarosik et al. 2003). The nominal system
specification is presented in Table 1. OCRA-p has two closely
spaced feeds in the secondary focus of the 32 m telescope and
thus there is very similar atmospheric emission in each beam.
The basic observing mode with this radiometer involve switch-
ing continuously between the two horns and between two states
of a 277−Hz phase switch (0 and 180◦), located in one arm of
the receiver. The switching frequency is much greater than the
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ABSTRACT
Small angular scale (high !) studies of cosmic microwave background anisotropies
require accurate knowledge of the statistical properties of extragalactic sources at cm-
mm wavelengths. We have used a 30 GHz dual-beam receiver (OCRA-p) on the Toruń
32-m telescope to measure the flux densities of 121 sources in VSA fields selected at
15 GHz with the Ryle Telescope. We have detected 57 sources above a limiting flux
density of 5 mJy, of which 31 sources have a flux density greater than 10 mJy, which is
our effective completeness limit. From these measurements we derive a surface density
of sources above 10 mJy at 30 GHz of 2.0 ± 0.4 per square degree. This is consistent
with the surface density obtained by Mason et al. (2009) who observed a large sample
of sources selected at a much lower frequency (1.4 GHz). We have also investigated
the dependence of the spectral index distribution on flux density by comparing our
results with those for sources above 1 Jy selected from the WMAP 22 GHz catalogue.
We conclude that the proportion of steep spectrum sources increases with decreasing
flux density, qualitatively consistent with the predictions of de Zotti et al. (2005). We
find no evidence for an unexpected population of sources whose spectra rise towards
high frequencies, which would affect our ability to interpret current high resolution
CMB observations at 30 GHz and above.
Key words: radio continuum: general – cosmology: observations – cosmic microwave
background

1 INTRODUCTION

Extragalactic radio sources are a serious contaminant in
observations of primordial Cosmic Microwave Background
(CMB) anisotropies on small angular scales (high l; e.g. Tof-
folatti et al. 2005). In order to estimate the CMB temper-
ature power spectrum with high accuracy, detailed infor-
mation about the foreground population is required. CMB
experiments can be designed to work at any of a range of fre-
quencies from ∼20 to ∼300 GHz, since the spectrum peaks
at ∼ 160 GHz. Extragalactic radio sources are problematic
over most of this range, with different source populations,
from active galaxies to star-forming galaxies, dominating the
contamination in different wavebands. However, information
on these contaminating populations is limited, since large-
scale high-resolution surveys of the radio sky are restricted
to lower frequencies, as for example in the NRAO VLA Sky
Survey (NVSS; Condon et al. 1998) at 1.4 GHz and the

Green Bank 4.85 GHz survey (GB6; Gregory et al. 1996).
Model-dependent predictions of the contaminating sources
at the frequencies of CMB experiments may be made (e.g.
Toffolatti et al. 1998; de Zotti et al. 2005), but these can
be unreliable. Source populations can exhibit a wide range
of spectral indices so that severe selection effects may arise
when extrapolating to high frequencies from the limited set
of surveys on which these predictions are based. Thus, for
maximum reliability in their cosmological interpretation, it
is essential that CMB observations are complemented by
deep and carefully-selected high-frequency radio source sur-
veys.

The CMB power spectrum has been measured over a
wide range of angular scales, from the early low-resolution
(7◦ per beam) work of the Cosmic Background Explorer
(COBE, Smoot et al. 1992), through the intermediate scales
probed by e.g. the Very Small Array (VSA, see e.g. Dick-
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