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ABSTRACT
We study the overdensity of point sources in the direction of X-ray-selected galaxy clus-
ters from the Meta-Catalog of X-ray detected Clusters of galaxies (MCXC; 〈z〉 = 0.14)
at South Pole Telescope (SPT) and Sydney University Molonglo Sky Survey (SUMSS)
frequencies. Flux densities at 95, 150 and 220 GHz are extracted from the 2500 deg2

SPT-SZ survey maps at the locations of SUMSS sources, producing a multi-frequency
catalog of radio galaxies. In the direction of massive galaxy clusters, the radio galaxy
flux densities at 95 and 150 GHz are biased low by the cluster Sunyaev-Zel’dovich
Effect (SZE) signal, which is negative at these frequencies. We employ a cluster SZE
model to remove the expected flux bias and then study these corrected source catalogs.
We find that the high frequency radio galaxies are centrally concentrated within the
clusters and that their luminosity functions (LFs) exhibit amplitudes that are char-
acteristically an order of magnitude lower than the cluster LF at 843 MHz. We use
the 150 GHz LF to estimate the impact of cluster radio galaxies on an SPT-SZ like
survey. The radio galaxy flux typically produces a small bias on the SZE signal and
has negligible impact on the observed scatter in the SZE mass-observable relation. If
we assume there is no redshift evolution in the radio galaxy LF then 1.8± 0.7 percent
of the clusters with detection significance ξ ≥ 4.5 would be lost from the sample.
Allowing for redshift evolution of the form (1 + z)2.5 increases the incompleteness to
5.6 ± 1.0 percent. Improved constraints on the evolution of the cluster radio galaxy
LF require a larger cluster sample extending to higher redshift.

Key words: galaxies: clusters: general; galaxies: active; galaxies: luminosity function,
mass function; submillimeter: galaxies; cosmology: observations
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1 INTRODUCTION

The first galaxy cluster sample selected through the
Sunyaev-Zel’dovich Effect (SZE; Sunyaev & Zel’dovich 1972)
emerged in the last decade (Staniszewski et al. 2009); since
then, high frequency mm-wave surveys by the South Pole
Telescope (SPT; Carlstrom et al. 2011), the Atacama Cos-
mology Telescope (ACT; Fowler et al. 2007), and Planck
(Planck Collaboration et al. 2011) have enabled the SZE se-
lection of large cluster samples and their use to constrain cos-
mological parameters (Vanderlinde et al. 2010; Sehgal et al.
2011; Benson et al. 2013; Reichardt et al. 2013; Hasselfield
et al. 2013; Bocquet et al. 2015; Planck Collaboration et al.
2015a; de Haan et al. 2016). In these analyses the connec-
tion between the cluster SZE signature and the underlying
halo mass – the so-called mass-observable relation – plays a
central role. Emission from cluster radio galaxies will con-
taminate the cluster SZE signature at some level, resulting
in incompleteness in the SZE selected cluster samples and
contributing to the scatter in the SZE mass-observable re-
lation. Although previous studies indicate that these effects
are small at high frequencies (Lin & Mohr 2007; Lin et al.
2009; Sehgal et al. 2010; Lin et al. 2015), these studies all
rely to some degree on extrapolations from the properties of
radio galaxies at low frequencies.

One way to study this phenomenon more directly is
to statistically examine the radio galaxy population using a
cluster sample selected in a manner that would be unaffected
by galaxy radio emission. In this work we carry out the first
such study at high frequencies, constructing the cluster ra-
dio galaxy luminosity function (LF) from the overdensity of
point sources in the SPT-SZ survey (Carlstrom et al. 2011;
Bleem et al. 2015) and the Sydney University Molonglo Sky
Survey (SUMSS Bock et al. 1999; Mauch et al. 2003; Murphy
et al. 2007) toward galaxy clusters in the Meta-Catalog of
X-ray detected Clusters of galaxies (MCXC, Piffaretti et al.
2011).

The measurement of the LF is not straightforward at
the 95 and 150 GHz SPT observing frequencies, because of
the presence of the negative SZE signature at these frequen-
cies. The cluster SZE signature biases our radio galaxy flux
measurements, and could indeed remove point sources from
a high frequency selected sample. Thus, to estimate the true
underlying radio galaxy flux, one must estimate the cluster
SZE flux at the positions of these point sources and then use
that to correct the radio galaxy fluxes. These corrections will
lead to additional point sources in a flux limited sample and
are therefore crucial for the LF analysis. We use the SUMSS
radio galaxies, observed at 843 MHz, to enable this correc-
tion and the construction of unbiased radio galaxy samples.
Specifically, we measure the SPT point source fluxes at the
locations of all SUMSS radio galaxies and apply an esti-
mated SZE correction. Using this corrected catalog we then
measure the LFs and use that information to estimate the
impact of the cluster radio galaxies on cluster samples se-
lected using high frequency observations of the SZE.

The plan of the paper is as follows: In section 2, we
discuss the observations and the data used in this work and
describe the corrections applied to the point source catalogs
at 95 and 150 GHz. Section 3 is dedicated to the studies of
surface density profiles and the LFs. In section 4 we estimate
the contamination by radio galaxies in SZE cluster surveys.

Section 5 describes the effect of cluster mass and point source
flux uncertainties on our results. We conclude in section 6.
Throughout this paper we assume a flat ΛCDM cosmology
with matter density parameter ΩM = 0.3 and Hubble con-
stant H0 = 70 km s−1 Mpc−1. We take the normalization
of the matter power spectrum to be σ8 = 0.83.

2 DATA AND RADIO GALAXY FLUX
CORRECTIONS

We study the overdensity of radio point sources in the direc-
tion of galaxy clusters in the MCXC. The radio sources are
selected from the SUMSS catalog observed at 843 MHz and
SPT observations are used to measure the source fluxes at
higher frequencies. We discuss these observations in the fol-
lowing sections. At 95 and 150 GHz frequencies, the source
fluxes in clusters can be biased by their SZE flux. Tak-
ing this into account we construct an unbiased catalog of
SUMSS sources at high frequencies using the independently
detected SPT point source catalog as well as SPT-SZ maps,
as described in section 2.4.

2.1 SPT Observations

The South Pole Telescope (SPT) is a 10-meter telescope lo-
cated at the Amundsen-Scott South Pole station in Antarc-
tica (Carlstrom et al. 2011). The 2500 deg2 SPT-SZ survey
has coverage in multiple frequency bands centered around
95, 150 and 220 GHz, corresponding to wavelengths of 3.2,
2.0 and 1.4 mm, respectively. The SPT angular resolution
at these three frequencies is approximately 1.′6, 1.′1 and 1.′0,
and the survey depths are approximately 40, 18 and 70 µK-
arcmin, respectively.

The data reduction procedure for SPT is described in
detail elsewhere (Staniszewski et al. 2009; Vieira et al. 2010;
Schaffer et al. 2011; Mocanu et al. 2013). To increase the
signal-to-noise ratio (S/N) of unresolved objects a matched
filter ψ (Tegmark & de Oliveira-Costa 1998) of the following
form is generated

ψ ≡ τTN−1

√
τTN−1 τ

, (1)

where τ is the source shape, which is a function of the beam
and filtering, and N is the noise covariance matrix, which
also includes astrophysical contaminants like primary CMB
anisotropy along with the instrument and atmospheric noise.
The purpose of this filtering is to increase the sensitivity of
the beam size objects by down-weighting signal from larger
and smaller scales where the S/N is small.

Sources in the filtered SPT-SZ maps were identified us-
ing the CLEAN algorithm (Högbom 1974). We again refer
the reader to Vieira et al. (2010) and Mocanu et al. (2013)
for details about the implementation of the CLEAN algo-
rithm to the SPT maps. The flux of the identified sources is
calculated from the filtered maps by converting the value of
the brightest pixel across the sources from the units of CMB
fluctuation temperature to the flux density as follows

S[Jy] = Tpeak ·∆Ωf · 1026 · 2kB
c2

(
kBTCMB

h

)2
x4ex

(ex − 1)2
, (2)

where x = hν/(kBTCMB), Tpeak is the peak temperature in
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a pixel, kB is the Boltzmann constant, c is the velocity of
light, TCMB is the present CMB temperature, h is the Planck
constant and ∆Ωf is the effective solid angle under the source
template. There are 4841 point sources detected by SPT
above a S/N of 4.5 in any of the three frequency bands
(Everett et al. in prep). Of these, we expect ∼80 percent
to have synchrotron dominated emission and the rest to be
dusty galaxies, consistent with the findings in the analysis
of 771 deg2 of the SPT-SZ survey (Mocanu et al. 2013).

2.2 SUMSS Catalog

The Sydney University Molonglo Sky Survey (SUMSS, Bock
et al. 1999; Mauch et al. 2003; Murphy et al. 2007) imaged
the southern radio sky at 843 MHz using the Molonglo Ob-
servatory Synthesis Telescope (MOST, Mills 1981; Robert-
son 1991). The survey was completed in early 2007 and cov-
ers 8100 deg2 of sky with δ≤−30◦ and |b|≥10◦. The catalog
contains 210,412 radio sources to a limiting peak bright-
ness of 6 mJy beam−1 at δ≤−50◦ and 10 mJy beam−1

at δ>−50◦. At the SUMSS selection frequency, we expect
nearly all sources above the flux selection threshold to be
synchrotron dominated (de Zotti et al. 2005). The position
uncertainties in the catalog are always better than 10′′. In
fact, for sources with peak brightness A843≥20 mJy beam−1,
the accuracy is in the range 1′′ to 2′′. The flux density mea-
surements are accurate to within 3 percent. The catalog is
complete to 8 mJy at δ≤−50◦ and to 18 mJy at δ>−50◦.
There are approximately 56,000 SUMSS sources in the SPT
region at 100 percent completeness.

2.3 MCXC Catalog

For our analysis, we use the Meta-Catalog of X-ray detected
Clusters of galaxies (MCXC, Piffaretti et al. 2011), which
is compiled from the publicly available ROSAT All Sky
Survey-based catalogs, such as, NORAS (Böhringer et al.
2000), REFLEX (Böhringer et al. 2004), BCS (Ebeling et al.
1998, 2000), SGP (Cruddace et al. 2002), NEP (Henry et al.
2006), MACS (Ebeling et al. 2001), CIZA (Ebeling et al.
2002; Kocevski et al. 2007) and serendipitous catalogs such
as, 160SD (Mullis et al. 2003), 400SD (Burenin et al. 2007),
SHARC (Romer et al. 2000), WARPS (Perlman et al. 2002;
Horner et al. 2008), and EMSS (Gioia & Luppino 1994;
Henry 2004). The catalog contains a total of 1,743 clusters in
the whole sky. The cluster coordinates are those of the clus-
ter centroid determined from X-ray data (apart from the 47
clusters in the sub-catalogue EMSS (Gioia & Luppino 1994)
which have the coordinates of the cluster optical position).
The masses are estimated from the homogenized luminosi-
ties using the power law relation described in Piffaretti et al.
(2011). The redshift range of the MCXC catalog spans from
0.003 to 1.26 with a median of 0.14, and the mass range is
9.6× 1011M�≤M500≤2.2× 1015M� with a median mass of
1.76× 1014M�. Here M500 describes the mass of the cluster
within the sphere where the density is 500 times the critical
density of the Universe. We use an NFW profile with the ex-
pected concentration from large scale structure simulations
to convert from M500 to M200 (Duffy et al. 2008; Navarro
et al. 1997).

There are 139 and 333 MCXC clusters in the SPT-
SZ and SUMSS regions, respectively. In the SPT-SZ region

10-1 100 101

∆ (σP)

105

106

107

108

Σ
to
t

Figure 1. Distribution of offsets between SUMSS and SPT point

sources in units of the total positional uncertainty σP. Lines rep-
resent best fit level of random associations (green), Gaussian core

(blue) and core plus random (orange). We limit matches to lie

within 5σP and estimate only 3 percent of those are random as-
sociations.

these systems span a mass range 6.5×1012M�≤M500≤1.2×
1015M� with a median mass of 1.5×1014M�. In the SUMSS
region the corresponding mass range and median mass are
6.5 × 1012M�≤M500≤1.2 × 1015M� and 1.8 × 1014M�, re-
spectively. The median redshift for both samples is z ∼ 0.1,
and the highest redshift system is at z = 0.686. So, using the
MCXC cluster sample to identify cluster radio galaxies al-
lows us to examine primary low redshift systems that cover
the mass range from groups to clusters.

2.4 Catalog of Cluster Radio Galaxy Candidates

The intrinsic flux of a point source residing along the line
of sight to a galaxy cluster is biased by the cluster SZE
flux. The SZE flux corrections are expected to be small for
non-central sources, but when one defines a radio galaxy
sample using a flux limit the presence of this SZE flux bias
inevitably means that some sources that should be in the
flux limited catalog will drop out of it. Thus, we employ the
SUMSS catalog in building a catalog of high frequency radio
galaxies.

As described in the following sections, this requires
matching the SUMSS and SPT catalogs for the subset of
radio galaxies that are bright enough to have made it into
the SPT catalog and extracting a flux density measurement
directly from the appropriately filtered SPT maps for the
rest of the sources. We describe here the results of the cat-
alog matching, the SZE flux bias correction and then the
characteristics of the final analysis-ready SUMSS selected
catalog at SPT frequencies.

2.4.1 Matching SUMSS and SPT Sources

The S/N and fluxes of 4,841 SPT detected point sources
are measured at 95, 150 and 220 GHz with the methodology

MNRAS 000, 000–000 (0000)



4 Gupta et al.

described in section 2.1. The positional uncertainty σSPT

along one dimension of these point sources depends upon
the S/N of the sources as well as the beam size σF (Ivison
et al. 2007), where FWHM=

√
8 ln 2 σF, and is given by

σSPT =
√

2
σF

S/N
. (3)

We choose the smallest value of σSPT out of the three SPT
bands as the positional uncertainty of each point source.

To select the radio galaxy population, we look for the
SUMSS counterparts within a region of radius 5σp around
the SPT selected point sources, where σp is the quadrature
sum of the SPT and SUMSS positional uncertainties

σ2
p = σ2

SPT + σ2
SUMSS. (4)

We choose the 5σp limit to search for SUMSS counterparts,
because the surface density of the SUMSS sources within
distance ∆σp of SPT point sources drop to a uniform back-
ground level at ∆σp ∼ 5 (see Fig. 1). We find 3,558 (72 per-
cent) of the SPT detected point sources to have SUMSS
counterparts. This fraction is similar to the 71 percent of
sources with SUMSS counterparts found by Mocanu et al.
(2013) in the first 771 deg2 of the SPT-SZ region.

We fit a Gaussian model along with a constant back-
ground to the surface density profile of SUMSS sources in
SPT as shown in Fig. 1. Using this fit we estimate that the
purity of the sample selected within 5σp is 97 percent.

2.4.2 SZE Flux Bias and Correction

The flux of sources in the direction of galaxy clusters is sup-
pressed by the negative SZE signature. Thus, to recover the
true flux we need to correct for the SZE flux bias. To do this,
we first create an SZE map of the overlapping cluster using
a circularly symmetric Compton Y profile (Arnaud et al.
2010) extending to a radius 5R200, appropriate for a cluster
of the mass given in the MCXC catalog. Specifically, SZE
maps with the same pixel size as the SPT maps are created
by scaling the Y signal in a pixel by the pixel area. We then
filter these cluster maps using the matched filter technique
for unresolved sources as discussed in section 2.1.

The filtered mock SZE maps of the galaxy clusters give
us the peak temperature of an unresolved source as a func-
tion of position within the cluster. We translate this into the
flux using equation (2). The SZE flux extracted from the fil-
tered mock maps is then used to boost the observed point
source flux. This flux correction depends upon the position
of the point source in the cluster as well as the mass and the
redshift of the cluster.

As the angular size of a cluster decreases with redshift, a
larger fraction of its SZE signature lies within a single SPT
beam, and the angular distance of a cluster radio galaxy
from the cluster center decreases. For both these reasons
the SZE flux bias correction tends to grow with redshift. For
example, two clusters with masses M500 ∼ 4.3×1014M� that
are at redshifts z = 0.075 and z = 0.175 have 150 GHz SZE
flux corrections of 6.41 mJy and 8.61 mJy, respectively, for a
point source residing at their centers. This flux is 1.2 percent
and 7.3 percent of the total SZE flux in their θ500 regions.

It is important to note that the correction is only an ap-
proximation to the true flux bias, because there will in gen-
eral be departures between the true (unobserved) Compton

101 102

1013

1014

1015

M
50

0 
[M

¯
]

101 102

S150 [mJy]

10-2

10-1

z

SUMSS in SPT

SUMSS in SPT, SZ corrected

Missing point sources

Figure 2. SPT 150 GHz flux versus cluster redshift (bottom) and
mass (top) for SUMSS selected radio galaxies with S150 > 6 mJy

that lie in the projected θ200 regions of clusters from the MCXC

X-ray selected cluster catalog. Green (brown) points show fluxes
before (after) SZE flux corrections. The SZE flux correction, in

general, is larger for high mass and distant clusters compared to

the low mass and nearby clusters, ranging between 0 and 24 mJy.
Seven radio galaxies that would not have made the SPT flux cut

because of the SZE flux bias from their host galaxy clusters are

marked with stars.

Y profile of the cluster and the model we employ. Never-
theless, because the true observed Compton Y profiles of
clusters have been shown to be in reasonably good agree-
ment with the X-ray derived profiles (Plagge et al. 2010),
this correction should be approximately correct in the mean
as applied to an ensemble of cluster radio galaxies for a sta-
tistical study. We will discuss the systematics of this flux
correction more in section 5.2.

We note that as a result of the frequency dependent fac-
tor in equation (2), the SZE flux corrections at 150 GHz are
1.8 times larger than those at 95 GHz, for a fixed solid an-
gle. However, the SZE flux corrections to the point sources
at 95 GHz are found to be on average larger than the cor-
rections at 150 GHz. This is due to the larger beam size at
95 GHz, which results in a 2.2 times larger effective solid
angle for point sources (∆Ωf in equation 2) at 95 GHz than
at 150 GHz.

2.4.3 SUMSS Based SPT 6 mJy Flux Limited Sample

We focus on the locations of the SUMSS sources in the SPT
95, 150 and 220 GHz maps. To build a flux limited radio
galaxy catalog at SPT observing frequencies, we first check
for a counterpart in the SPT detected point source sample
using the method described in section 2.4.1. Because both
position and flux were determined simultaneously for the
SPT detected point sources, the SPT fluxes must be cor-

MNRAS 000, 000–000 (0000)
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rected to account for the resulting flux bias as

S [mJy] = σN

√
ξ2 − 2, (5)

where σN is the noise in the map and peak ξ is the filtered
S/N measured at the SPT location of the source. If there
is no counterpart in the SPT selected sample, we go to the
CLEANed SPT maps and estimate the SPT flux at the po-
sition of the SUMSS source. The CLEANed SPT maps are
those where all sources with S/N (ξ) greater than 4.5 have
been removed. These maps are less affected by artifacts as-
sociated with bright point sources.

In the SPT region, our sample contains 55,884 SUMSS
sources above the completeness limits presented in sec-
tion 2.2. Above a flux limit of 6 mJy at 150 GHz, we find
2,970 sources in the SPT point source catalog, but after the
flux debiasing we find 2,693 SPT counterparts of SUMSS
sources above 6 mJy. There are 37 sources above a flux limit
of 6 mJy in the SPT detected catalog within the θ200 of the
MCXC clusters. In the SUMSS selected catalog there are
36 sources with flux above 6 mJy overlapping the MCXC
clusters. The SPT selected sample has a single extra point
source, which lies just outside the cluster θ200 boundary ac-
cording to its SUMSS position but just inside according to
the SPT position. Interestingly, this point source also has
larger flux at 150 GHz as compared to 95 GHz and 843 MHz
observing frequencies, indicating that it is possibly an SFG.

We then apply the SZE flux corrections at 95 and
150 GHz for all the sources which are inside the MCXC
clusters, using the method described in the last sub-section.
The number of candidate cluster radio galaxies increases to
43 after the SZE flux correction. Thus, we recover 7 ad-
ditional sources, which were otherwise missing due to the
SZE flux bias at 150 GHz. Having a closer look at these
sources, we find that all but one of these sources have neg-
ative fluxes before the SZE flux correction and are present
in the central pixels of massive MCXC clusters, which are
also counterparts of SPT confirmed galaxy clusters. One of
the sources residing in a low redshift cluster has an SZE flux
correction of around 4 mJy, which boosts it into the 6 mJy
sample. These 43 SUMSS sources recovered in SPT maps
at 150 GHz are shown in Fig. 2 with the mass and redshift
information of the host clusters. Each point with its uncor-
rected flux is shown in green and with its corrected flux in
brown. The seven point sources recovered from the SUMSS
catalog after the SZE flux correction are marked with a star,
and in these cases we do not show the uncorrected flux.

2.5 Radio Galaxy Spectral Indices

Following the technique in Saro et al. (2014), we use a max-
imum likelihood analysis to estimate the spectral index (α)
of different samples of radio galaxies using different combi-
nations of fluxes S as

L(α) ∝
Nsource∏
i=1

exp

−1

2

(
S

(i)
ν1 R(α)− S(i)

ν2

)2
(

∆S
(i)
ν1 R(α)

)2
+
(

∆S
(i)
ν2

)2
 , (6)

where S
(i)
ν1 (∆S

(i)
ν1 ) and S

(i)
ν2 (∆S

(i)
ν2 ) is the flux (flux uncer-

tainty) of the ith source at 0.843 and 95 GHz, respectively,
for the estimation of α95

0.843 (similarily for α150
0.843 and α150

95 ).

Table 1. The characteristic spectral indices and 1σ uncertainties
for all SUMSS detected sources in the SPT region and a subset

of these, which we denote as BCGs, that lie within 0.1 × θ200 of

the MCXC cluster centers. Mean spectral indices are presented
for pairs of frequencies constructed from 150 GHz, 95 GHz and

843 MHz. The SZE correction is applied at 95 and 150 GHz.

Dataset α150
0.843 α95

0.843 α150
95

SUMSS −0.38+0.28
−0.29 −0.38+0.28

−0.31 −0.50+0.24
−0.23

SUMSS BCGs −0.63+0.34
−0.29 −0.64+0.33

−0.40 −0.77+0.32
−0.31

R(α) is given by

R(αν2ν1) =

(
ν2
ν1

)αν2ν1
. (7)

The most likely values of α95
0.843, α150

0.843 and α150
95 are

listed in Table 1 for all SUMSS sources in the SPT-SZ region
and for sources projected near the centers of the MCXC
clusters, which we term BCGs (Brightest Cluster Galaxies).
The SZE flux correction is applied to the source fluxes at
95 and 150 GHz. There is a tendency for the spectra to
steepen with frequency, and the central sources (BCGs) tend
to exhibit steeper spectra than the typical radio galaxies in
the field.

Similar spectral indices (within our quoted error bars
for central sources/BCGs in MCXC clusters) were found by
Lin & Mohr (2007) where they used the NRAO VLA Sky
Survey (NVSS, Condon et al. 1998) 1.4 GHz data together
with the 4.85 GHz data from the GB6 (Green Bank 6 cm sur-
vey, Gregory et al. 1996) and PMN (Parkes-MIT-NRAO sur-
vey, Griffith & Wright 1993). They reported α4.85

1.4 = −0.51
for most of the sources in the cluster, and they also found
steeper spectra for BCGs in their sample. Our results are
also consistent with other previous analyses (Condon 1992;
Cooray et al. 1998; Coble et al. 2007).

3 RESULTS

In this section we use the flux limited samples of radio point
sources to first study the radial profile of high frequency
cluster radio galaxies and to then study the LF. A radial
profile is needed for the deprojection of the measured LF
into the cluster virial volume.

3.1 Radial Distribution of Cluster Radio Galaxies

We examine the distribution of radio galaxies in the cluster
virial region by stacking all radio galaxies overlapping the
MCXC sample in the coordinate θ/θ200. We use the pro-
jected NFW profile (Navarro et al. 1997) as a fitting func-
tion for the radial distribution, where the projected profile
can be written as (Bartelmann 1996):

Σ(x) =
2ρsrs
x2 − 1

f(x), (8)

with ρs = ρcδc (where ρc is the critical density of the Uni-
verse and δc is a characteristic density contrast), rs is the
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10-2 10-1 100 101

x (θ200)
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SZE flux corrected

Figure 3. Surface density profiles for two flux limited S150 >
6 mJy samples of radio galaxies stacked within 139 MCXC clus-

ters. Both samples with SZE flux corrections (red) and without

(blue) are shown. The lines are the best fit NFW models (see
Table 2).

typical profile scale radius and f(x) is given by

f(x) =


1− 2√

x2−1
arctan

√
x−1
x+1

if x > 1,

1− 2√
1−x2

arctanh
√

1−x
x+1

if x < 1,

1/3 if x = 1.

Here x = r/rs and rs = R200/c, where c is the concentra-
tion parameter. Following Lin et al. (2004), we remodel the
projected NFW profile by integrating over equation (8) and
get the projected number of galaxies

N(x) =
N200

g(c)
g(x), (9)

where the normalization N200 is the number of galaxies pro-
jected in the cluster virial radius R200 and g(x) is given as

g(x) =

∫ x

0

x′f(x′)

(x′2 − 1)
dx′, (10)

where x is equivalent to c for r = R200 to give g(c). This
reduces the covariance between the normalization and con-
centration parameters of the NFW profile.

The surface density of the clusters can have both cluster
and background components and is written as

ΣT = Σ(x) + ΣB, (11)

and in terms of the number of galaxies as

NT = N(x) + ΣBA, (12)

where A is the solid angle of the annulus or bin. Thus we
fit our stacked distribution of radio galaxies to a model with
three parameters: c, N200 and ΣB. We stack radio galax-
ies out to 10 × θ200 to allow for a good constraint on the
background density ΣB.

We employ the Cash (1979) statistic

C =
∑
i

(
N d

T,i ln(Nm
T,i)−Nm

T,i −N d
T,i ln(N d

T,i) + N d
T,i

)
,

(13)

in this fit, where Nm
T,i is the total number of galaxies from

the model as in equation (12) and Nd
T,i is the total number of

galaxies in the observed data in the ith angular bin. This is
just the difference in N(x) evaluated at the outer and inner
boundaries of each bin.

We use the Markov Chain Monte Carlo (MCMC) code,
emcee (a Python implementation of an affine invariant en-
semble sampler; Foreman-Mackey et al. 2013) to fit the
model to the data for two different datasets: (1) the SUMSS
based sample of radio galaxies with uncorrected fluxes, and
(2) the sample with SZE flux corrections. In the fitting we
adopt a bin size corresponding to θ200/1000 and fit over the
region extending to 10θ200. The concentration parameter is
sampled in log space during the fit.

The best fit values and uncertainties of the parame-
ters for different datasets are given in Table 2. The back-
ground subtracted number of galaxies N200 in the stack of
139 galaxy clusters is ∼ 30 (∼ 20) in the SZE flux cor-
rected (uncorrected) sample. There is an increase in the nor-
malization N200 in going from the sample with uncorrected
fluxes to the SZE bias corrected sample of approximately
50 percent, because the SZE flux bias correction only affects
sources lying projected onto the cluster virial region, and the
additional sources that come into the flux limited sample are
predominantly cluster radio galaxies.

ΣB is the background density [deg−2] which can be mul-
tiplied by the total solid angle (' 20.5 deg2) of the cluster
stack within θ200 to get an estimate of the number of back-
ground galaxies. NT is the total number of galaxies within
θ200 of the stacked clusters above our flux limit of 6 mJy,
and this is close to the sum of N200 and the number of
background galaxies obtained from the fit. Because N200 is
evaluated from a stack of clusters, we have between 0.15 and
0.20 radio galaxies per cluster. If we sum the virial masses of
the MCXC clusters we then have between 0.5 and 0.75 radio
galaxies per 1015M� of cluster mass. The profile is strongly
centrally concentrated with c ∼ 100, indicating that the ra-
dial distribution of cluster radio galaxies is consistent with
a power law distribution n(r) ∝ r−3. We use this behavior
in the next section to correct the projected LF to the LF
within the cluster virial region defined by r200.

In Fig. 3 we show the best fit surface density profiles
and data for each of the two datasets. To create these plots
we combined many bins to reduce the noise in the measured
radial profile. We normalize the y-axes of this plot with the
annulus area in each angular bin and the background level
density or the mean number density of sources (ΣB) in the
SPT region so that we can compare the surface density pro-
files from the two datasets. It is worth noting that ΣB is
not same as the background density (ΣB), where the latter
is one of the fit parameters. However, Fig. 3 shows that the
mean survey density is a good estimation of the background
number density of the clusters, as ΣT/ΣB is consistent with
1 outside of the cluster.

3.2 Cluster Radio Galaxy Luminosity Functions

In this section, we construct radio LFs using the excess of
radio sources toward galaxy clusters and assigning those ex-
cess sources to the cluster redshift (following Lin et al. 2004).
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Table 2. Best fit NFW model parameters for the radial profile of
radio galaxies with S150 ≥ 6 mJy in a stack of 139 MCXC clus-

ters. The samples with uncorrected and SZE corrected fluxes are

shown, and for each we present concentration c, N200, background
density ΣB, and the number of sources NT within θ200.

Dataset c N200 ΣB [deg−2] NT

Flux uncorrected 107+277
−51 19.7+5.7

−4.8 0.94 ± 0.02 36

Flux corrected 108+107
−48 28.7+6.2

−5.6 0.94 ± 0.02 43

We calculate the LFs not only for the SPT bands but also for
the SUMSS band. We compute the radio luminosity of the
SUMSS point sources overlapping the MCXC galaxy clusters
using the observed fluxes (before and after SZE correction)
and the redshift of the respective cluster. In the luminosity
calculations we apply the redshift dependent k -correction in
an attempt to estimate the luminosity at the same rest frame
frequency for all redshifts. Thus the radio source luminosity
is given by:

PνS = (4π D2
L) SνS

k(z)

(1 + z)
, (14)

where DL is the luminosity distance to the redshift z of the
cluster, SνS is radio source flux at frequency νS and k(z)
is the k -correction given by (1+z)−α. We choose a spectral
index α = −0.8 for the 843 MHz analysis and an α = −0.5
for the higher frequency analyses (see Table 1 for results at
higher frequency).

3.2.1 LF Fitting Method

To construct the LF we consider all the MCXC clusters that
lie in the SPT (or SUMSS) region, adding up the number of
point sources within θ200 in different logarithmic luminosity
bins (effectively placing all radio galaxies at the redshift of
the cluster). For each luminosity bin, we estimate the back-
ground counts from the population of observed sources in
the SPT (or the SUMSS) region, in the corresponding bins
in logN−logS space, where we use the cluster redshift to
transform from radio galaxy flux to luminosity. These back-
ground counts are corrected for the surface area of all the
clusters in our sample. We also keep track of the total mass
ΣM200 of the clusters, which are contributing to each of the
luminosity bins. We use this vector of total masses to nor-
malize our LF, allowing us to account for the fact that with
a particular flux limit the high redshift cluster radio galaxies
do not extend to as faint a luminosity as those in the low
redshift clusters. Another way is to normalize it with the to-
tal volume of these clusters. However, doing so introduces a
redshift dependence in the LF as we define the virial region
θ200 as the region with an overdensity of 200 times the crit-
ical density of the universe at that redshift, and the critical
density scales as E2(z). Thus, normalizing by total mass is a
good choice, because if the AGN activity were independent
of redshift we would expect to see the same LF defined as
the number of galaxies per unit mass at all redshifts. In ad-
dition, this normalization facilitates comparison of the field
and cluster LFs to determine whether AGN activity depends
on environment.
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Figure 4. The 150 GHz LF for sources within θ200 of the centers

of massive galaxy clusters. This LF is derived from the SUMSS

selected sample in the SPT region with (red) and without (blue)
SZE flux corrections. Lines are the best fitting LF models. The

increase in LF amplitude on the high luminosity end when using

the SZE flux bias corrected sample is clear. For convenience in
this figure the bins containing negative values in the background

subtracted counts are represented as points at the bottom of the

figure.

To fit the LF we again use MCMC analysis with the
Cash statistic as described in equation 13. We first attempt
to fit a Schechter function (Schechter 1976), but this is a
poor fit to the data. Thus we take the functional form used
in Condon et al. (2002) for our fits. The LF model is

log

(
dn

d logP

)
= y −

[
b2 +

(
logP − x

w

)2
]1/2

− 1.5 logP,

(15)

where the parameters b, x and w, control the shape of the
LF and y is its amplitude. The LF shape parameters are de-
termined in Condon et al. (2002) for AGN and star forming
galaxies (SFGs) at low frequency and for the field popula-
tion. The shape parameters are (b1, x1, w1) = (2.4, 25.8,
0.78) for the AGN and (b2, x2, w2) = (1.9, 22.35, 0.67) for
the SFGs. To evaluate the likelihood of a given model, we
take the LF model and scale by the total mass of the sam-
ple of clusters contributing to each luminosity bin and then
add the background number of galaxies determined from the
data for that bin. That is, we do not fit to the background
subtracted counts. We validate our code by analyzing simu-
lated samples created using the best fit LFs reported below,
demonstrating that we recover the input parameters.

We scale the LF amplitude to account for cluster ra-
dio galaxies projected onto the virial cylinder but not lying
in the virial sphere; this deprojection correction Dprj has a
very small impact for the radio galaxy case, because the ra-
dial distributions are so centrally concentrated. Specifically,
Dprj = 0.92 for an NFW concentration of 108, which is the
best fit value listed in Table 2. The 2-σ excursion from the
mean concentration to lower (34) and upper (460) values
correspond to deprojection values of 0.9 and 0.94, respec-
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Table 3. The best fit LF parameters for different samples of clus-
ter radio galaxies. The samples of SPT fluxes at SUMSS locations

“SUMSS in SPT”) are corrected for the SZE flux bias at 95 and

150 GHz, except for “SUMSS in SPT (U)”, which denotes the
sample with uncorrected fluxes.

Dataset ν (GHz) y1 x1

SUMSS 0.843 25.90+0.19
−0.18 26.81+0.20

−0.18

z < 0.1 0.843 26.10+0.40
−0.31 27.02+0.38

−0.30

z > 0.1 0.843 25.88+0.28
−0.27 26.86+0.30

−0.29

SUMSS in SPT 95 23.89+0.46
−0.37 25.57+0.51

−0.44

SUMSS in SPT (U) 150 22.47+0.70
−1.62 24.62+2.53

−0.89

SUMSS in SPT 150 23.46+0.62
−0.46 25.34+0.74

−0.57

SUMSS in SPT 220 22.58+0.33
−1.06 24.27+1.06

−0.77

tively, and thus the uncertainty on the concentration does
not impact our LF measurements significantly.

Following Lin & Mohr (2007), we first fit the sum of the
AGN and SFGs Condon et al. (2002) models to the SUMSS
data above the completeness limits at 843 MHz by allow-
ing the amplitudes (y1 and y2) and x-axis scales (x1 and
x2) to vary, while fixing the other shape parameters of the
function. We find that SFG population is not large enough
to get meaningful constraints on the SFG part of the func-
tion. This is expected, because at the SUMSS depths and
frequency 843 MHz we are probing well the more luminous
AGN population but not the fainter SFG population. In ad-
dition, in clusters we would expect the SFG population to
be suppressed, making it even harder to constrain. Thus, we
fit just for the AGN part of the LF by varying x1 and y1
parameters in the MCMC chain (while keeping other shape
parameters for the AGN part of the LF fixed to Condon
et al. 2002). We adopt this fitting approach of ignoring the
SFG contribution also for the high frequency LFs.

We also validate our fitting code using a much larger
sample of radio-loud AGN to construct the field LF (Best
& Heckman 2012). Fitting their dataset (see table 2 of their
paper) using the LF described in equation (15), we find (y1,
b1, x1, w1) = (33.79+0.51

−0.37, 1.88+0.5
−0.4, 25.48+0.08

−0.07, 0.74+0.04
−0.04),

in good agreement with Condon et al. (2002). We see only
small differences in our results if we keep b1 and w1 fixed
to either Condon et al. (2002) or Best & Heckman (2012)
values. Thus, we see no sensitivity of our fitting parameters
to the decision of whether to adopt Condon et al. (2002) or
Best & Heckman (2012) shape parameters.

3.2.2 LF Measurements

The 150 GHz LFs are shown in Fig. 4 for the SUMSS based
sample of radio galaxies with uncorrected fluxes, and the
sample with SZE flux corrections. In this figure as in all other
LF figures, we show the background subtracted observed
counts binned within much larger luminosity bins to improve
the signal to noise. These figures do not properly represent
the LF fitting method described above, but are convenient
for showing comparisons of data and best fit models.

The LF has higher amplitude at high luminosities after
the SZE flux correction. This increase is due to the addi-
tional sources that come into the sample once the bias cor-
rections are applied. While these are low flux sources, the
SZE corrections are larger at higher redshifts, so they have
a larger impact on the high luminosity radio galaxy popu-
lation. In Table 3 the datasets are listed in the first column
followed by the frequency of the sample and then the two
LF parameters y1 and x1. The best-fit parameters for the
150 GHz luminosity function before and after SZE correc-
tion are different, but given the uncertainties, the differences
are not statistically significant.

Next we construct the LF of SUMSS sources at 843 MHz
within the θ200 of MCXC clusters as shown in the right panel
of Fig. 5. Because the SZE flux is negligible at 843 MHz,
no correction is required in the flux measurements of the
SUMSS sources. We choose the flux cut at the 100 percent
completeness limits of the SUMSS catalog described in sec-
tion 2.2.

We probe for changes with redshift by measuring the
LFs in two different redshift bins. To do this, we separate
our MCXC cluster population into two redshift bins having
similar numbers of galaxy clusters. Given the low redshift
nature of the MCXC sample we split at redshift z = 0.1.
In the SUMSS region, we divide the cluster sample into two
parts with 159 (174) clusters over 8100 deg2 at z ≤ 0.1 (z ≥
0.1), and construct the LF for these samples (see the right
panel of Fig. 5). We see no evidence of redshift evolution of
the LF, and indeed the measurements that we list in Table 3
reflect this lack of evolution.

For the SUMSS based sources with fluxes measured in
the SPT maps, the low luminosity end of the LF at 150 GHz
mainly consists of galaxy clusters stacked at z ≤0.1, as
shown in the left panel of Fig. 5. At this frequency, there
are only 10 SUMSS detected sources within the θ200 of the
galaxy clusters above z ≥ 0.1, and 6 of them are there be-
cause of the SZE flux correction. Thus, there are not enough
data to constrain the redshift evolution, but certainly in
Fig. 5 the two subsamples do not appear to be different.
We do not present the best fit parameters of the two fits in
Table 3.

Finally in Fig. 6 we plot the best fit LFs at 0.843, 95,
150 and 220 GHz observing frequencies. For comparison we
include the 150 GHz LF before SZE flux bias corrections are
applied, whereas for 95 GHz only the SZE flux bias corrected
LF is shown. As discussed earlier, we fit these LFs using only
an AGN component (equation 15) with varying x1 and y1
with the other parameters fixed. These LFs are constructed
using data that are 100 percent complete at 843 MHz and
with a flux cut of 6 mJy at 95, 150 and 220 GHz frequencies
to enable a comparison of the radio galaxy populations to
the same flux limit. The number of candidate sources in clus-
ters at 95, 150 and 220 GHz is 65 (34.7), 43 (22.1) and 64
(16.8) before (after) background subtraction, respectively.
These numbers are small, and therefore it is not possible to
make precise comparisons between the LFs. Nevertheless, it
is evident from this plot that the amplitude of the 843 MHz
LF is approximately one order of magnitude higher than the
amplitude of the high frequency LFs. We show the 150 GHz
LF before and after the SZE correction, indicating the sig-
nificance of accounting for the cluster SZE bias at this fre-
quency. The best fit parameters for the Condon et al. (2002)
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Figure 5. Cluster Radio Galaxy LFs: The SUMSS based 150 GHz LF (left), which includes SZE flux bias corrections, and the SUMSS
843 MHz LF (right), which is constructed using MCXC clusters over the full 8100 deg2 SUMSS survey region. The datasets are fitted with

the AGN component of the LF by varying y1 and x1 parameters as discussed in section 3.2.1. The data points are shifted horizontally

to improve visibility. Different lines indicate the best fit model LFs (see Table 3). In both plots, we divide the samples into two different
redshift bins. However, the data are not enough to provide meaningful constraints on the redshift evolution for the 150 GHz LF. For

convenience in this figure the bins containing negative values in the background subtracted counts are represented as points at the bottom
of the figure.
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Figure 6. LF fits to samples at different observing frequencies.

As explained in section 3.2.1 the fit is done using an AGN fitting
function (Condon et al. 2002). The filled regions show the best

fit model and the 1σ confidence regions (see Table 3). The curves
show the decrease in the cluster radio galaxy population with
increasing frequency and increasing power, and – in the 150 GHz
case – the impact of the SZE flux bias correction.

fitting function are given in Table 3 at different frequencies
and for the different datasets.

4 RADIO GALAXY CONTAMINATION OF
CLUSTER SZE

The LFs presented in the last section describe the number
of radio galaxies inside a galaxy cluster of a given mass and

redshift. The collective flux of these cluster radio galaxies
can contaminate the SZE signature of a galaxy cluster, po-
tentially affecting the observability of the cluster and the
accuracy of the derived virial mass estimate. To quantify
these effects for an SPT-SZ like SZE cluster survey we use
the LFs derived from the SUMSS based measurements at
95 and 150 GHz in the SPT maps. These measurements in-
clude the SZE flux bias corrections and therefore are our best
available estimates of the true underlying 95 and 150 GHz
cluster radio galaxy LFs over the mass and redshift ranges
of the MCXC sample.

4.1 Characteristic Levels of Contamination

To estimate the cluster population of radio galaxies, we mul-
tiply the LF with the mass of the cluster of interest and in-
tegrate it in the luminosity range of 1021 to 1027 WHz−1,
producing an expectation value < NA > for the expected
number of cluster radio galaxies in this luminosity range.

To model the effects of radio galaxies in a way that
accounts for the cluster to cluster variations of the popula-
tion, we randomly sample a Poisson distribution with mean
< NA > to determine the number NR of radio galaxies for a
cluster of particular mass and redshift. For each radio galaxy
we then assign a flux using the LF at that frequency as the
probability distribution function and then sum the fluxes
from the NR cluster radio galaxies to get the total contami-
nating cluster radio galaxy flux SA in that cluster. We define
the degree of contamination to be

s =

∣∣∣∣ SA

SSZE

∣∣∣∣ , (16)

where the total cluster radio galaxy flux is SA and the total
(negative) cluster SZE flux within θ200 is SSZE. The SZE
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Figure 7. Fraction of clusters contaminated above a degree of contamination s ≥ 0.1 for clusters as a function of mass M500 and redshift
at 150 GHz (left panel). This shows that there is a higher probability of missing the detection of low redshift and low mass clusters.

Right panel shows the fraction of clusters (with M500 = 3 × 1014M� and z = 0.25) above a given degree of contamination s at 95 and

150 GHz. The contamination is larger at 95 GHz, both because of the smaller SZE signature and the higher AGN fluxes at this frequency
as compared to that at 150 GHz.

flux of the cluster is derived from the integrated YSZ param-
eter, using the pressure profiles as described in Arnaud et al.
(2010) and is converted into the same units as the cluster
radio galaxy flux

SSZE = gνfνI0YSZE, (17)

where I0 is equivalent to 2(KBTCMB)3/(hc)2 ' 2.7033 ×
108 Jy/sr, YSZ has units of steradian, gν and fν give the
frequency dependence of the survey such that

gν = x coth
(x

2

)
− 4, (18)

fν =
x4ex

(ex − 1)2
, (19)

where x = hν/kBTCMB w ν/(56.78 GHz) for TCMB =
2.725 K.

To determine the distribution of contamination s we it-
erate this procedure 106 times for a given cluster mass and
redshift and obtain the fraction of clusters above a given
value of s, as plotted in Fig. 7. The color plot in the left
panel shows the fraction of clusters with s ≥ 0.1 for different
cluster masses and redshifts. One can see the contamination
– at any fixed redshift – is highest for low mass clusters. This
is simply because we have modeled our LF as M−1

500, implying
that the total flux of expected radio galaxies SA will scale
linearly with the mass of the cluster. On the other hand, the
SZE signature scales as SSZE ∝M5/3

500 . Thus the contamina-

tion s in equation (16) scales approximately as s ∝ M
−2/3
500 .

Also, note that at a fixed mass M500, the impact of the radio
galaxies is highest at low redshift. This follows because in
our preferred model the LF does not evolve with redshift (see
discussion of the impact of evolution in section 4.4 below),
and the SZE flux is approximately constant with redshift
(see discussion in Majumdar & Mohr 2003) while the flux of
a source of given luminosity falls as d−2

L (z) where dL is the
luminosity distance.

The plot on the right in Fig. 7 shows the fraction of
clusters contaminated above a given value of s for the two
frequencies relevant for SZE selection at a specific mass and
redshift (M500 = 3×1014M� and z = 0.25, which correspond
approximately to the lower mass and redshift limits for the
SZ-SPT survey). The contamination is higher at 95 GHz due
to the smaller SZE flux at 95 GHz as compared to 150 GHz
and the typically higher radio galaxy luminosity at 95 GHz
than at 150 GHz.

As the degree of contamination s reaches unity, the clus-
ter – if unresolved in the SZE maps – exhibits no net SZE
signature. We calculate that at redshift z = 0.25 a fraction
0.5 (1.4) percent of clusters with mass M500 = 3 × 1014M�
have no net SZE signature in observations at 150 (95) GHz.

Lin & Mohr (2007) found a much larger contamination
by a factor of ∼ 6 at mass M200 = 2× 1014M� and z = 0.6.
This discrepancy is rooted in the fact that, as they empha-
sized, their results involve an extrapolation of the 1.4 GHz
LF to 150 GHz using the distribution of spectral indices
measured between 1.4 GHz and 4.85 GHz together with an
additional break of 0.5 in α at 100 GHz. With this approach,
the rather small fraction of radio galaxies with positive α end
up populating a high luminosity portion (P > 1026 W Hz−1)
of the LF that we do not observe in our high frequency sam-
ple.

In a more recent study of 139 cluster radio sources se-
lected at 1.4 GHz and observed at 4.9, 8.5, 22 and 43 GHz
with the Very Large Array (VLA) (Lin et al. 2009), the LFs
are extrapolated by using spectral indices extracted from 1.4
→ 4.9 → 8.5 → 22 → 43 → 145 GHz. The 145 GHz LF is
consistent with our 150 GHz LF within the 1-σ model un-
certainties. In addition, their estimates for the fraction of
missing clusters are similar to our own. Sehgal et al. (2010)
analyzed a full-sky, half-arcminute resolution simulations of
the microwave sky matched to the observations from ACT
to study the correlation of radio galaxies with SZE clusters.
Their study suggests that at 148 GHz (90 GHz), for clusters
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with M200 > 1014M�, less than 3 (4) per cent of the clusters
have their SZE decrements biased by 20 per cent or more.

4.2 Incompleteness of SPT-Like Cluster Sample

To estimate the scale of the effect of cluster radio galaxy con-
tamination on the cluster sample detected in the 2500 deg2

SPT-SZ survey, we first construct the distributions of frac-
tional contamination s at different cluster masses and red-
shifts. Then we sample from the halo mass function (Tin-
ker et al. 2008; Eisenstein & Hu 1998) and use the mass–
observable relations to predict the SZE observable with and
without the radio galaxy flux biases. The SZE observable
is the detection significance ξ, which is related to the halo
mass through a two step process. First, ξ is biased through
the multi-scale matched-filter extraction (Melin et al. 2006),
specifically through the selection of the maximum value as
a function of position and scale. Thus, it is related to an un-
biased SZE significance ζ (Vanderlinde et al. 2010), which
is the signal-to-noise at the true, underlying cluster position
and the filter scale. The relation between ξ and ζ is

ζ =
√
〈ξ〉2 − 3. (20)

Second, the unbiased significance ζ is related to mass M500

as

ζ = ASZ

(
M500

3× 1014M�h−1

)BSZ
(
E(z)

E(0.6)

)CSZ

, (21)

where ASZ is the normalization, BSZ is the mass power
law index, CSZ is the redshift evolution parameter and
E(z) ≡ H(z)/H0. For our calculation we adopt the pub-
lished values for these parameters (Bleem et al. 2015). The
fractional intrinsic scatter in the ζ−mass relation, which is
assumed to be log-normal and constant as a function of mass
and redshift is given as DSZ ∼ 0.22. Rather than modeling
the individual subfields within the SPT-SZ survey, we use a
single field with a mean depth scale factor of 1.13 for ASZ

(see section 2.1 in Bleem et al. 2015, for details about SPT-
SZ subfields).

To select clusters from the mass function, we first inte-
grate the halo mass function over a mass range 1014M� ≤
M500 ≤ 1016M� and redshift in bins of ∆z = 0.1 in a red-
shift range of 0.25 to 1.55 to obtain the expected number of
clusters 〈NC(zi)〉 in each redshift bin zi. We then Poisson
sample the number of clusters NC in each bin, and for each
of these we assign the mass by sampling the mass function.
Given the mass and redshift, we use the ζ−mass relation
as in equation (21) and the log-normal scatter to calculate
the ζ for each cluster. We then transform from ζ to ξ us-
ing equation (20) and a normal distribution with standard
deviation of unity, which represents the observational noise
on the quantity ξ. In the end we apply a ξ based selection
exactly as it is done within the real SPT-SZ analysis; we
examine here the threshold ξ ≥ 4.5.

To study the effect of cluster radio galaxies on the clus-
ter number counts, we adopt the same procedure but in-
troduce a random contaminating flux appropriate for the
cluster mass and redshift. Specifically, we derive the con-
taminated SZE significance ζc as

ζc = ζ(1− sr), (22)

where sr is a randomly selected value of the radio galaxy con-
tamination s drawn from the calculated distribution of s for
the given cluster mass and redshift. Here the s distribution
not only accounts for the cluster to cluster variation, but
also takes into account the uncertainties in the best fit LF
parameters. We then calculate ξ from ζc as described above.
After applying the same selection threshold ξ ≥ 4.5, we find
that there is a 1.8± 0.7 percent reduction in the number of
galaxy clusters over the redshift range 0.25 ≤ z ≤ 1.55 in a
2500 deg2 SPT-like SZE survey. The error bars are evaluated
by generating 100 realizations of the survey and sampling the
s distributions as previously described. The decrease in the
number counts as a function of redshift is shown in Fig. 8 for
one of the realizations. The ratio of the recovered number of
clusters after contamination NObs to the number expected
without contamination N for these ξ > 4.5 samples varies
from ∼ 0.96 at z = 0.3 to ∼ 0.99 at z = 1.5. Given the size of
the current SPT sample (Bleem et al. 2015) the scale of this
systematic is small compared to the Poisson sampling noise
and therefore not important for recent cosmological studies
(e.g. Bocquet et al. 2015; de Haan et al. 2016).

Note that the level of incompleteness presented here is
only due to the radio AGN in clusters. In principle, dusty
galaxies could also affect the SZE signal. However, we expect
the contamination due to dusty galaxies to be minor for
clusters in the mass range probed by SPT-SZ, because the
galaxy populations are dominated by red sequence galaxies
(Hennig et al. 2016), and in general the number of dusty
galaxies identified at the 95 and 150 GHz frequencies within
SPT-SZ data is smaller by a factor of ∼4 (Mocanu et al.
2013). In fact, the majority of these dusty sources are lensed
background sources (see Vieira et al. 2010; Mocanu et al.
2013, and references there in) because dusty star forming
galaxies are very rare within cluster populations.

There are two other comments of note. First, gravita-
tional lensing of sources behind the cluster increases their
observed flux, making it more likely that they appear in a
flux limited sample. We do not expect this to have any mea-
surable impact on our measured LFs (see, e.g., Chiu et al.
2016), and therefore we do not apply any correction. Sec-
ond, the mock SPT-SZ survey described here is modeled
with cluster selection at 150 GHz only, which differs from
the real SPT-SZ survey where information is incorporated
from both 95 and 150 GHz. Thus, we expect the contami-
nation in the real SPT-SZ survey to be slightly higher than
(but within the error bars) the results presented here.

4.3 Impact on ζ −M500 Scaling Relation

4.3.1 Scaling Relation Parameters

We examine the bias in the parameters of the ζ−mass re-
lation as described in equation (21), caused by AGN con-
tamination in clusters. For this purpose, we take all clusters
with ξ ≥ 4.5 in a redshift range of 0.25 to 1.55. Using an
MCMC and assuming the fixed cosmology used throughout
this work, we fit the scaling relation for the ζ and ζc distri-
butions of these clusters to get the best fit parameter values
and uncertainties. We find that the shift in the best fit pa-
rameters obtained from the uncontaminated signal (ζ) and
the AGN contaminated signal (ζc) is small and is well within
the 1-σ statistical parameter uncertainties in the two cases.
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These shifts are of the order of 1%, 2% and 12% for ASZ,
BSZ and CSZ, respectively.

In the cosmological analyses presented by the SPT col-
laboration, we do not assume a perfect knowledge of the
ζ-mass scaling relations, but vary these parameters using
Gaussian priors. Therefore, a particular bias on the SZE sig-
nal caused by radio sources is only important if that bias is
large compared to the width of our priors on the scaling rela-
tion parameters. The bias we evaluate here is much smaller
than the priors we assume in our most recent cosmological
analysis (de Haan et al. 2016).

4.3.2 Scatter

We also examine the contribution of the cluster radio galax-
ies to the intrinsic scatter in the ζ−mass relation. We cal-
culate the scatter σlns in the ζc/ζ (note that ζc/ζ ' 1− sr)
distribution for clusters with ξ ≥ 4.5 at different redshifts.
The combined distribution in a redshift range of 0.25 to
1.55 has σlns ∼ 0.028± 0.004. As noted previously, the cal-
ibrated total intrinsic scatter is 22 percent in the ζ−mass
relation, and therefore this contribution from cluster radio
galaxy contamination plays no significant role in explaining
the total observed scatter in the mass–observable relation
we employ for the SPT-SZ sample.

4.4 Redshift Evolution of the Luminosity
Function

So far in our analysis for contamination, we have assumed
that the LF at 150 GHz does not evolve with redshift. Our
analysis (see right panel of Fig. 5) supports this assump-
tion at lower observing frequency. The limited sample of
galaxy clusters we have in the SPT region with a low me-
dian redshift of 0.1 makes it difficult to probe for evolution
to higher redshift. This non-evolution, however, is very well
supported by a number of previous studies. For example,
Stocke et al. (1999) compared the 1.4 GHz observations of
19 X-ray selected galaxy clusters in the redshift range of 0.3
to 0.8, with nearby clusters from Ledlow & Owen (1996)
and found no evidence of evolution. Similar results were ob-
tained by Branchesi et al. (2006) for a sample of 18 X-ray
selected galaxy clusters in the same redshift range. Gralla
et al. (2011) constrain the evolution of the bright central ra-
dio source population in galaxy clusters from redshift 0.35 to
0.95 by statistically matching FIRST radio sources (Becker
et al. 1995) with 618 galaxy clusters from a uniformly, op-
tically selected sample RCS1 (Gladders & Yee 2005) and
find 0.14±0.02 and 0.10±0.02 radio sources per cluster in
the range of 0.35<z<0.65 and 0.65<z<0.95, respectively.
Fassbender et al. (2011) study a sample of 22 clusters at
0.9<z<1.6 and show that 30 per cent of them have a central
1.4 GHz radio source. Given the small sample used in this
study, the results are consistent with those from the more
comprehensive studies already mentioned.

In a recent study, Pracy et al. (2016) derived 1.4 GHz
LFs for radio AGN separated into Low Excitation Ra-
dio Galaxies (LERGs) and High Excitation Radio Galaxies
(HERGs), in the three redshift bins 0.005 < z < 0.3, 0.3
< z < 0.5 and 0.5 < z < 0.75. They found that the LERG

population displays little or no evolution (1+z)0.06
+0.16
−0.18 over
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Figure 8. The estimated decrease in the observed number of

galaxy clusters (NObs) due to the point source contamination as

compared to the theoretical number counts (N) for 2500 deg2

of the SPT survey with ξr ≥ 4.5. The decrease in the observed

number of clusters (NObs,z) is also shown for a possible redshift

evolution of the form (1 + z)2.5 in the number of point sources.

this redshift range, while the HERG population evolves more

rapidly as (1 + z)2.93
+0.46
−0.47 (assuming pure density evolution

in both cases). HERGs have bluer color and lower 4000 Å
breaks, which are indications of ongoing star formation ac-
tivity. LERGs, however, appear to be preferentially located
at the centers of groups or clusters and are fueled by ac-
cretion from their hot gas haloes (Kauffmann et al. 2008;
Lin et al. 2010; Best & Heckman 2012). Thus, the LFs pre-
sented in our work are presumably dominated by the LERG
population and would therefore not be expected to evolve
strongly with redshift.

Directly constraining the redshift evolution of the clus-
ter radio galaxy LF at high frequency will require a larger
sample of clusters extending to high redshift. In the current
analysis we simply bracket the range of possible redshift
evolution by examining incompleteness in the case where
the radio galaxy number density increases with redshift as
φ ∝ (1+z)2.5. We find that in this case there are 5.6±1 per-
cent of the clusters in the 2500 deg2 of the SPT survey at
150 GHz that would be expected to fall out of the ξ > 4.5
selected sample. Our estimated change in the number of
galaxy clusters with this kind of extreme evolution model
is also shown in Fig. 8 in different redshift bins, along with
the change we calculate with no redshift evolution.

In this evolutionary scenario we find that the shift in
the best fit parameters of the ζ−mass relation, obtained by
comparing uncontaminated signal (ζ) and contaminated sig-
nal (ζc) is within the 1-σ parameter constraints for BSZ and
CSZ. The best fit value of ASZ is however biased low by 3 per-
cent in the AGN contaminated case. We also calculate that
4.8±0.5 percent of the scatter in the ζ−mass relation would
come from the cluster to cluster variation in contamination
due to cluster radio galaxies. This is still small compared to
the empirically constrained scatter of 22 percent.
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5 SYSTEMATICS

In this section, we discuss the impact of systematic uncer-
tainties in the cluster masses and the radio galaxy fluxes on
our results.

5.1 MCXC Cluster Mass Uncertainties

Because MCXC is a heterogeneous catalog compiled from
different ROSAT X-ray Sky Survey-based catalogs (see sec-
tion 2.3), we do not have the information about the mass
uncertainties of these clusters. However it is known that the
X-ray luminosity–mass relation exhibits a scatter on the or-
der of 40 percent (Vikhlinin et al. 2009; Mantz et al. 2010).
Moreover, there is ongoing discussion in the literature about
the difference between X-ray hydrostatic masses and other
mass estimates, including velocity dispersions, weak grav-
itational lensing and calibration through the cluster mass
function (see Bocquet et al. 2015). Thus we construct our
LFs by increasing and decreasing the masses of all clusters
by 50 percent to see the maximum impact on our results.
The 50 percent decrease in cluster masses affects the LF
in three ways: (1) there are fewer sources inside the clus-
ters because the virial radius is smaller, (2) the SZE flux
correction for the point sources inside clusters is smaller by
≈ 50 percent and (3) the normalization of the LF rises as
we scale the observed population as M−1

500. We find that the
best fit LFs produced by increasing and decreasing cluster
masses are within the 2σ model uncertainties of the best
fit LF constructed from the central estimates of the cluster
masses. Accordingly, LFs from a 50 percent increase and de-
crease in the masses are found to lead to incompleteness in
an SPT-like sample of 1.4 ± 0.8 percent and 3.0 ± 0.7 per-
cent, respectively, in a redshift range of 0.25 to 1.55. This
compares to the 1.8± 0.7 percent incompleteness using the
published MCXC masses.

5.2 Radio Galaxy Flux Uncertainties

To fit the luminosity function we compare the observations
to the model to determine the likelihood without taking into
account the uncertainties in the point source fluxes. To ac-
count for the flux uncertainties we compare the observations
to the LF model after convolving it with the appropriate
flux uncertainties. Because each source has a different flux
uncertainty (corresponding to the uncertainty in the lumi-
nosity) this is done by taking a Gaussian weighted average
over the relevant part of the model (i.e we extracted a con-
volved value of the model) only for the luminosity bins where
there are measured galaxies. For the empty bins we convolve
the model with the luminosity uncertainty equivalent to the
maximum uncertainty from any source. We see a small dif-
ference in the best fit parameters for the LF, which is con-
sistent within the 1-σ parameter uncertainties from the LF
of the unconvolved model.

In addition, the radio galaxy source counts are a steep
function of flux and the uncertainties in flux could poten-
tially lead to some bias in the LF measurements. Following
Mortonson et al. (2011), we estimate this bias at the flux
cut to be much smaller than the statistical errors on the
LFs; thus this effect has no impact on the contamination
estimates.

6 CONCLUSIONS

We use the MCXC catalog of galaxy clusters, the SUMSS
catalog of radio galaxies, and the SPT-SZ survey maps to
measure the overdensity of radio galaxies associated with
clusters. We construct radio galaxy LFs and radial profiles at
843 MHz, 95 GHz, 150 GHz and 220 GHz. The MCXC sys-
tems in the SPT-SZ and SUMSS regions have a median red-
shift z ∼ 0.1, and the highest redshift system is at z = 0.686.
There are 139 MCXC objects in the SPT-SZ region and 333
in the SUMSS region; they span the mass range from groups
to clusters with a median mass M500 = 1.5 × 1014M� and
M500 = 1.7 × 1014M� in the SPT-SZ and SUMSS regions,
respectively.

To construct LFs at high frequencies, we examine SPT
maps at the locations of SUMSS sources, extracting the high
frequency fluxes and correcting for the cluster SZE flux at
95 and 150 GHz. We compare this sample with the 150 GHz
sample with uncorrected fluxes to examine the impact of
SZE flux biases, showing that they are significant – espe-
cially for high redshift clusters that are more compact on
the sky and for higher mass clusters that have stronger SZE
signatures. In essence, it is more challenging to find cluster
radio galaxies at high frequency in high redshift and high
mass clusters, because the SZE signature is biasing their
fluxes low.

We use the SUMSS selected sources with fluxes mea-
sured at SPT frequencies and correct for SZE flux bias (at
95 and 150 GHz) to construct the cluster radio galaxy sam-
ple for further analysis. We find that the radial profile is
centrally concentrated, consistent with an NFW model with
concentration c = 108+107

−48 . We examine the spectral indices
of the radio galaxy population, finding that the spectral in-
dex αmeasured between 95 and 150 GHz is steeper than that
measured between 843 MHz and these high frequencies. We
construct the LFs and find best fit parametrizations within
the context of Condon et al. (2002) models. In doing so, we
assume the overdensity of radio galaxies toward a cluster is
at the redshift of the cluster, and we apply a k-correction us-
ing the spectral indices extracted from the sample. Above a
luminosity of 1021 W Hz−1 the 150 GHz LF has roughly half
the amplitude of the 95 GHz LF (see Table 3 and Fig. 6).
The amplitude of the 843 MHz LF is approximately one
order of magnitude higher than the amplitude of the high
frequency LFs. Our high frequency radio galaxy sample is
not large enough to constrain redshift or mass trends in the
radio galaxy LF.

We use the measured high frequency cluster radio
galaxy LFs to examine the effect of the contaminating flux
on the SZE signatures of galaxy clusters. To do that, we
use the LF for a given cluster mass and redshift to obtain
the number and flux of cluster radio galaxies, sampling 106

times to recover the full range of behavior of the cluster radio
galaxies within the clusters. We define a quantity called the
contamination s, which is the absolute value of the ratio of
the total cluster radio galaxy flux from all the radio galaxies
with power > 1021 W Hz−1 to the total SZE flux of that
cluster within r200. With this information we calculate the
fraction of clusters with s ' 1, where the total cluster radio
galaxy flux in a cluster is equivalent to the negative SZE
flux. We find that 0.5 and 1.4 percent of clusters meet this
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criterion for cluster mass M500 = 3 × 1014M� and redshift
z = 0.25 at 150 and 95 GHz, respectively.

To estimate the impact of cluster radio galaxies on
the cluster sample from the SPT-SZ 2500 deg2 survey at
150 GHz, we use the theoretically predicted mass function
to produce 100 mock cluster samples. We then compare the
ξ > 4.5 cluster samples with and without cluster radio galax-
ies. We find that around 1.8± 0.7 percent of clusters would
be lost from the sample in a redshift range of 0.25 to 1.55 in
the 2500 deg2 SPT-SZ survey.

We evaluate the bias in the parameters of the ζ−mass
relation caused by radio galaxy contamination and find a
small shift in the mean parameter values which is well within
the current 1-σ parameter constraints. We also calculate the
contribution of the cluster radio galaxy contamination to
the intrinsic scatter in the ζ−mass relation for the observed
clusters, finding that cluster radio galaxies contribute a scat-
ter of 2.8± 0.4 percent out of a total empirically calibrated
∼22 percent scatter.

Finally, we note that with the MCXC sample we cannot
place strong constraints on the redshift evolution of the high
frequency radio galaxy LF. We review previous findings at
1.4 GHz, none of which provide evidence for strong redshift
evolution of the cluster radio galaxy LF. We attempt to
bracket the impact of possible redshift evolution by adopting
a radio galaxy LF evolution in the number of point sources
of the form (1 + z)2.5, showing that at 150 GHz there could
be a 5.6±1 percent incompleteness in a ξ > 4.5 SPT-SZ like
SZE selected cluster sample.

It has been noted that in the SPT and Planck SZE se-
lected cluster samples there is a preference for higher cluster
masses when these masses are calibrated in conjunction with
external cosmological constraints (e.g. Planck Collaboration
et al. 2015b) in comparison to direct calibration using weak
lensing, velocity dispersions, CMB lensing or X-ray hydro-
static masses (see fig. 2 and fig. 8, respectively, in Bocquet
et al. 2015; Planck Collaboration et al. 2015a). Incomplete-
ness in the SZE selected cluster samples is one of several
possible effects, including systematic mass biases or even
biases in the adopted theoretical mass function (see Boc-
quet et al. 2016) that could contribute to this preference.
Given the results of our high frequency cluster radio galaxy
study, it appears that incompleteness in SZE selected clus-
ter samples due to radio AGN is too small to be playing an
important role.

Clearly, a larger sample of non-SZE selected clusters
with accurate mass estimates and spanning a larger redshift
range is needed to resolve the issues of redshift evolution of
the radio galaxy LF and to improve the constraints on the
LFs at 150 and 95 GHz. More precise measurements of high
frequency radio galaxy LFs will also help us to accurately
estimate the incompleteness in the ongoing or upcoming SZE
surveys like SPTpol (Bleem et al. 2012), SPT-3G (Benson
et al. 2014) and CMB-S4 (Abazajian et al. 2015), which
are all expected to be sensitive to lower mass clusters. We
are exploring such samples using the Dark Energy Survey
(DES Collaboration 2005) today and are looking forward to
the opportunity to examine this population of galaxies in
the upcoming eROSITA X-ray survey (Merloni et al. 2012;
Predehl et al. 2014).
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Gioia I. M., Huchra J. P., 2006, ApJS, 162, 304
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