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Typical	  proper=es	  

•  100	  –	  1000	  galaxies	  

•  Mass	  :	  1014-‐15	  Msun	  

•  Temperature	  :	  1-‐10	  keV	  

•  Electron	  number	  density	  :	  
0.01	  cm-‐2	  

A.	  Bonaldi	  24-‐03-‐2014	   3	  Moriond	  Cosmology	  2014	  



=	  integrated	  gas	  pressure	  	  
	  	  	  along	  the	  line	  of	  sight	  
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Sunyaev-‐Zeldovich	  Effect	  
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Frequency	  dependence	  	  
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Cosmological	  	  
volume	  element	  	  

Survey	  area	   Reference	  mass	  func=on:	  
Tinker	  et	  al.	  2008	  
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Cluster	  number	  counts	  

Limi=ng	  mass	  
determined	  from	  flux	  limit	  

key	  unknown	  	  
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logY! = "0.19 ± 0.02

! = 1.79 ± 0.08

"log Y = = 0.075 ± 0.01

where	  	  

M. Douspis, 03/04/2013, Cosmology from Planck SZ cluster counts

Scaling and bias
• From 71 clusters in the sample 

with good XMM-Newton data

• Scaling YSZ re-extracted with 
Xray size&position vs MYX 

• lognormal scatter on Y

• Ratio between our scaling and 
numerical simulation scalings 
from litterature
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Calibrated	  on	  71	  clusters	  with	  
Planck	  SZ	  data	  and	  	  
X-‐ray	  XMM-‐Newton	  data	  
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Y-‐M	  bias	  

•  We	  have	  hidden	  the	  astrophysics	  in	  1-‐b	  
	  -‐	  it	  parameterizes	  the	  extent	  to	  which	  X-‐rays	  
don’t	  measure	  the	  true	  mass!	  

•  We	  argue	  that	  	  
	  -‐	  1-‐b=0.8	  is	  the	  best	  value	  
	  -‐	  with	  a	  range	  of	  [0.7,1.0]	  being	  reasonable	  
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SZ	  clusters	  detec=on	  
see	  Planck	  2013	  XXIX	  paper	  

•  Matched	  Mul=	  Filter	  (MMF)	  	  
– exploits	  frequency	  dependence	  of	  SZ	  effect	  and	  
informa=on	  on	  cluster	  profiles	  

– applied	  to	  100-‐857	  GHz	  maps	  

•  1227	  clusters	  and	  candidates	  
– 683	  known	  
– 178	  new	  -‐	  confirmed	  
– 366	  candidates	  
– z	  in	  [0,1],	  M	  in	  [1,20]1014	  Msun	  
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Examples	  
from	  	  
Planck	  

Planck Collaboration: Planck catalogue of Sunyaev–Zeldovich sources

1. Introduction
This paper, one of a set associated with the 2013 release of data
from the Planck1 mission (Planck Collaboration I 2013), de-
scribes the construction and properties of the Planck catalogue
of SZ sources (PSZ).

Clusters of galaxies play several important roles in astro-
physics and cosmology. As rare objects, their number density is
especially sensitive to properties of the cosmological model such
as the amplitude of primordial density perturbations (Peebles
1980), and their development with redshift probes the growth of
cosmic structure, hence perhaps helping to distinguish between
dark energy and modified gravity explanations for cosmic accel-
eration (e.g., see reviews by Borgani & Kravtsov 2009; Allen
et al. 2011). The galaxies, hot gas and dark matter held in their
gravitational potential wells provide a sample of the universal
abundance of these components (e.g., Voit 2005), while the ther-
mal state of the gas probes both the cluster formation mecha-
nism and physical processes within the cluster such as cooling
and energy-injection feedback (e.g., reviews by Fabian 2012;
McNamara & Nulsen 2012). The study of the constituent galax-
ies, including the brightest cluster galaxies normally found at
their centres, allows sensitive tests of galaxy formation models.

Because of these uses, there is considerable interest in devel-
oping large galaxy cluster catalogues that can be used for pop-
ulation and cosmological studies (e.g., Schuecker et al. 2003;
Böhringer et al. 2004). Clusters are genuinely multi-wavelength
objects that can be selected in several ways: optical/infrared
(IR) imaging of the galaxy populations; X-ray imaging of
bremsstrahlung radiation from the hot cluster gas; and through
the Sunyaev–Zeldovich (SZ) effect (Sunyaev& Zeldovich 1972;
Sunyaev & Zeldovich 1980) whereby scattering of cosmic mi-
crowave background (CMB) photons from that hot gas distorts
the spectral shape of the CMB along lines of sight through clus-
ters and groups.

Construction of cluster catalogues in the optical/IR and in
the X-ray are relatively mature activities. The first large opti-
cal cluster survey is now over 50 years old (Abell 1958; Abell
et al. 1989), and current catalogues constructed from the Sloan
Digital Sky Survey data contain over a hundred thousand clus-
ters (e.g., Koester et al. 2007; Wen et al. 2012). In X-rays,
large samples first became available via ROSAT satellite ob-
servations (e.g., Vikhlinin et al. 1998; Böhringer et al. 2000;
Gioia et al. 2003; Böhringer et al. 2004; Burenin et al. 2007;
Ebeling et al. 2007), but also more recently for instance from
dedicated or serendipitous survey with XMM-Newton (Pacaud
et al. 2007; Fassbender et al. 2011; Takey et al. 2011; Mehrtens
et al. 2012). Currently several thousand X-ray selected clus-
ters are known (see for instance the meta-catalogue MCXC by
Piffaretti et al. 2011). By contrast, although proposed about fif-
teen years ago (e.g., Barbosa et al. 1996; Aghanim et al. 1997),
it is only very recently that SZ-selected samples have reached
a significant size, with publication of samples containing sev-
eral hundred clusters from the Early SZ (ESZ) catalogue from
the Planck Satellite (Planck Collaboration VIII 2011), the South
Pole Telescope (SPT, Reichardt et al. 2013) and the Atacama
Cosmology Telescope (ACT, Hasselfield et al. 2013).

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

Fig. 1: The Shapley super-cluster as seen in the Planck survey.
Upper panel: reconstructed thermal SZ map 3.2!1.8 square de-
grees from MILCA (Hurier et al. 2010). The dotted circles rep-
resent apertures of !500 from the MCXC meta-catalogue around
the resolved clusters. Lower panel: composite view of the opti-
cal from DSS images, X-rays from ROSAT (light pink) survey
and from the thermal SZ effect as seen in Planck (cyan).

The usefulness of the different selection methods, particu-
larly for cosmology, depends not just on the total number of clus-
ters identified but also on how readily the selection function of
the survey can be modelled, and on how well the observed clus-
ter properties can be related to quantities such as the total cluster
mass that are most readily predicted from theory (e.g., see Voit
2005). It has proven difficult to capitalize on the large size of
optical/IR cluster samples because the observable, the number
of galaxies in each cluster, exhibits large scatter with respect to
the total cluster mass (e.g., Johnston et al. 2007). In this regard
the X-ray selected samples are considerably more powerful, due
to the tighter correlations of X-ray properties with mass (Arnaud
et al. 2005; Vikhlinin et al. 2006; Pratt et al. 2009; Reichert
et al. 2011; Maughan et al. 2012). Simulations predict that SZ-
selected surveys may do even better, with a very tight relation
between SZ signal and mass (e.g., da Silva et al. 2004; Motl
et al. 2005; Nagai 2006; Wik et al. 2008; Aghanim et al. 2009;
Angulo et al. 2012). Moreover, this relation, except at low red-
shifts, corresponds to a nearly redshift-independent mass limit,
thus allowing such surveys to reach to high redshift and provide
a strong lever arm on growth of structure.

We report on the construction and properties of the PSZ cat-
alogue, which is to date the largest SZ-selected cluster catalogue
and has value added through compilation of ancillary informa-

2

Planck Collaboration: Planck catalogue of Sunyaev–Zeldovich sources

Fig. 22: Stacked signal in the nine Planck frequencies (30 to 857GHz from upper to lower row). From left to right are displayed
the Planck SZ detections identified with known clusters, the CLASS1 high-reliability Planck SZ candidates, the CLASS2 good-
reliability Planck SZ candidates, and finally the CLASS3 low-reliability SZ sources. The three lowest-frequency-channel images
were convolved with a 10 arcmin FWHM Gaussian kernel, whereas the remaining six highest-frequency-channel images were
smoothed with a 7 arcmin FWHM Gaussian kernel.
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Planck Collaboration: Planck catalogue of Sunyaev–Zeldovich sources

Fig. 19: Five selected nearby and extended clusters not included in the PSZ catalogue. All exhibit an extended SZ signal detected in
the Planck survey. From top to bottom: Perseus cluster and Abell 1060 (in the point-source mask); Ophiuchus cluster and 3C 129.1
(in the Galactic mask); and Virgo cluster (below the S/N threshold of the catalogue). Left panels: reconstructed thermal SZ maps
from the MILCA algorithm (Hurier et al. 2010). The dashed circles represent the apertures of !500 from the MCXC catalogue.
Each SZ-map covers an area of 4!500 ! 4!500. Right panels: composite images of the optical (DSS), X-ray (ROSAT) and SZ signal
(Planck). The size of the composite images is adapted to optimize the display (Perseus: 2 ! 2 square degrees; Abell 1060: 1 ! 1
square degree; Ophiuchus: 1! 1 square degree; 3C 129.1: 0.77! 0.77 square degrees; Virgo: 3.84! 3.84 square degrees). The solid
circle in the left corner shows, both in the SZ Planck map and in the composite image, a 10 arcmin field of view; except for Virgo
for which it shows a 30 arcmin field of view.
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Selec=on	  func=on	  
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•  Noise	  map	  from	  MMF	  
for	  all	  detec=on	  patches	  

•  Threshold	  in	  S/N	  

Limi=ng	  mass	  per	  patch	  
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Cosmological	  sample	  

•  65%	  of	  sky	  
•  189	  clusters	  at	  S/N>7	  

Planck Collaboration: Cosmology from SZ clusters counts
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Fig. 1. The distribution on the sky of the Planck SZ cluster sub-sample used in this paper, with the 35% mask overlaid.

The present-day expansion rate of the Universe is quantified by
the Hubble constant H0 = 100 h km s−1 Mpc−1.

The cluster number counts are very sensitive to the ampli-
tude of the matter power spectrum. When studying cluster counts
it is usual to parametrize this in terms of the density variance
in spheres of radius 8h−1 Mpc, denoted σ8, rather than overall
power spectrum amplitude, As. In cases where we include pri-
mary CMB data we use As and compute σ8 as a derived param-
eter. In addition to the parameters above, we also allow the other
standard cosmological parameters to vary: ns representing the
spectral index of density fluctuations; and Ωbh2 quantifying the
baryon density.

The number of clusters predicted to be observed by a survey
in a given redshift interval [zi, zi+1] can be written

ni =

� zi+1

zi

dz
dN
dz

(1)

with

dN
dz
=

�
dΩ
�

dM500 χ̂(z,M500, l, b)
dN

dz dM500 dΩ
, (2)

where dΩ is the solid angle element and M500 is the mass within
the radius where the mean enclosed density is 500 times the crit-
ical density. The quantity χ̂(z,M500, l, b) is the survey complete-
ness at a given location (l, b) on the sky, given by

χ̂ =

�
dY500

�
dθ500P(z,M500|Y500, θ500) χ(Y500, θ500, l, b) . (3)

Here P(z,M500|Y500, θ500) is the distribution of (z,M500) for a
given (Y500, θ500), where Y500 and θ500 are the SZ flux and size
of a cluster of redshift and mass (z,M500).

This distribution is obtained from the scaling relations be-
tween Y500, θ500, and M500, discussed later in this section. Note
that χ̂(z,M500, l, b) depends on cosmological parameters through
P(z,M500|Y500, θ500), while the completeness in terms of the ob-
servables, χ(Y500, θ500, l, b), does not depend on the cosmology
as it refers directly to the observed quantities.

For the present work, we restrict our analysis to the quan-
tity dN/dz which measures the total counts in redshift bins.
In particular, we do not use the blind SZ flux estimated by
the cluster candidate extraction methods that, as detailed in
Planck Collaboration VIII (2011), is found to be significantly
higher than the flux predicted from X-ray measurements. In con-
trast to the blind SZ flux, the blind S/N is in good agreement with
the S/N measured using X-ray priors. Figure 2 shows the blind
S/N (S/Nblind) versus the S/N re-extracted at the X-ray position
and using the X-ray size (S/NX). The clusters follow the equality
line. In Sect. 3, we use the (S/Nblind) values to define our cosmo-
logical sample, while for the predicted counts (defined in Sect. 2)
we use the completeness based on S/NX. Our analysis relies on
the good match between these two quantities.

To carry out a prediction of the counts expected in a survey,
given cosmological assumptions, we therefore need the follow-
ing inputs:

– a mass function that tells us the number distribution of clus-
ters with mass and redshift;

– scaling relations that can predict observable quantities from
the mass and redshift;

– the completeness of the survey in terms of those observables,
which tells us the probability that a model cluster would
make it into the survey catalogue.

These are described in the remainder of this section and in the
next.

2.2. Mass function

Our main results use the mass function from Tinker et al. (2008),
which is given by

dN
dM500

(M500, z) = f (σ)
ρm(z = 0)

M500

d lnσ−1

dM500
, (4)

where

f (σ) = A
�
1 +
�σ

b

�−a�
exp
�
− c
σ2

�
, (5)

3
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Dependence	  on	  cosmological	  
parameters	  
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Ωm=0.3,	  σ8=0.8	  
σ8±0.02	  
Ωm±0.02	  
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Dependence	  on	  cosmological	  
parameters	  
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σ8±0.02	  
Ωm±0.02	  
ΩK±0.2	  
w=±0.2	  



Likelihood	  

•  Cash-‐C	  sta=s=cs	  (based	  on	  Poisson	  sta=s=cs)	  

A.	  Bonaldi	  24-‐03-‐2014	   16	  

catalogue	  counts	  predicted	  counts	  
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•  BBN	  
-‐	  Ωbh2	  =	  0.022	  +/	  0.002	  

•  BAO	  or	  HST	  
	  -‐	  BAO	  from	  SDSS,	  6dF,	  WiggleZ	  &	  BOSS	  	  
	  -‐	  HST	  prior	  on	  H0	  =	  (73.8	  +/-‐	  2.4)	  km	  sec-‐1	  Mpc-‐1	  

•  Planck	  CMB	  prior	  on	  ns	  =	  0.963	  +/-‐	  0.009	  

•  Fix:	  1-‐b=0.8	  
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Addi=onal	  informa=on	  used	  
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Constraints

9

ns, !b, Y*, ", S marginalised over [+BBN prior & (1-b)=0.8]

SZ+BAO
SZ+HST

degeneracy 
σ8(Ωm/0.29)0.32

!8

! !m

0.27

"0.3
= 0.782 ± 0.010
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Constraints	  from	  SZ+priors	  

1-‐b=0.8	  

Ωm=	  0.29	  ±	  0.02	  
σ8	  	  =	  0.77	  ±	  0.02	  



Planck Collaboration: Cosmology from SZ clusters counts

Fig. 6. Planck SZ constraints (+BAO+BBN) on ΛCDM cosmological parameters in red. The black lines show the constraints upon
substituting the BAO constraints for HST constraints.

in redshift are thus spread between 0.001 and 0.1. Most of the
clusters in the cosmological sample have spectroscopic redshifts
(184 out of 189) and we checked that the uncertainties in redshift
are not at all dominant in our error budget and are thus neglected.
The cluster without known redshift is incorporated by scaling the
counts by a factor 189/188, i.e., by assuming its redshift is drawn
from the distribution defined by the other 188 objects.

4.2. Markov chain Monte Carlo

In order to impose constraints on cosmological parameters from
our sample(s) given our modelled expected number counts, we
modified CosmoMC (Lewis & Bridle 2002) to include the like-
lihood described above. We mainly study constraints on the
spatially-flat ΛCDM model, varying Ωm, σ8, Ωb, H0 and ns,
but also adding in the total neutrino mass,

�
mν, in Sect. 6. In

each of the runs, the nuisance parameters (Y∗, α, σlog Y ) follow
Gaussian priors, with the characteristics detailed in Table 1, and
are marginalized over. The redshift evolution of the scaling, β, is
fixed to its reference value unless stated otherwise.

4.3. External datasets

When probing the six parameters of the ΛCDM model, we
combine the Planck clusters with the Big Bang nucleosynthesis
(BBN) constraints from Steigman (2008),Ωbh2 = 0.022±0.002.
We also use either the H0 determination from HST by Riess et al.
(2011), H0 = (73.8±2.4) kms−1Mpc−1, or baryon acoustic oscil-

lation (BAO) data. In the latter case we adopt the combined like-
lihood of Hinshaw et al. (2012) and Planck Collaboration XVI
(2013), which uses the radial BAO scales observed by 6dF-
GRS (Beutler et al. 2011), SDSS-DR7-rec and SDSS-DR9-rec
(Padmanabhan et al. 2012; Anderson et al. 2012), and WiggleZ
(Blake et al. 2012).

5. Constraints from Planck clusters: ΛCDM

5.1. Results for Ωm and σ8

Cluster counts in redshift for our Planck cosmological sample
are not sensitive to all parameters of the ΛCDM model. We fo-
cus first on (Ωm,σ8), assuming that ns follows a Gaussian prior
centred on the best-fit Planck CMB value3 (ns = 0.963± 0.009).
We combine our SZ counts likelihood with the BAO and BBN
likelihoods discussed earlier. We also consider uncertainties on
scaling parameter estimates as stated in Table 1. Allowing the
bias in the range [0.7− 1.0], we find the expected degeneracy
between the two parameters,σ8(Ωm/0.27)0.3 = 0.764±0.0254,
with central values and relative uncertainties respectively of
Ωm = 0.29 ± 0.02 and σ8 = 0.75 ± 0.03 (Fig. 6, red con-
tours, and Table 2). When fixing the bias, (1 − b) = 0.8,
the constraints on Ωm are unchanged while the constraints
on σ8 are stronger: σ8(Ωm/0.27)0.3 = 0.782 ± 0.010 and

3 Table 2 of Planck Collaboration XVI (2013).
4 We express it this way to ease comparison with other works.
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0.27

"0.3
= 0.764 ± 0.025

1-‐b=[0.7,1.0]	  

Constraints	  from	  SZ+priors	  
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Comparison	  with	  CMB	  
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Table 2. Best-fit cosmological parameters for various combinations of data and analysis methods. Note that for the analysis using Watson et al.
mass function, or (1-b) in [0.7-1], the degeneracy line is different and thus the value of σ8(Ωm/0.27)0.3 is just illustrative

σ8(Ωm/0.27)0.3 Ωm σ8 1 − b

Planck SZ +BAO+BBN 0.782 ± 0.010 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +HST+BBN 0.792 ± 0.012 0.28 ± 0.03 0.78 ± 0.03 0.8
MMF1 sample +BAO+BBN 0.800 ± 0.010 0.29 ± 0.02 0.78 ± 0.02 0.8
MMF3 S/N > 8 +BAO+BBN 0.785 ± 0.011 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (MC completeness) 0.778 ± 0.010 0.30 ± 0.03 0.75 ± 0.02 0.8
Planck SZ +BAO+BBN (Watson et al. mass function) 0.802 ± 0.014 0.30 ± 0.01 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (1 − b in [0.7, 1.0]) 0.764 ± 0.025 0.29 ± 0.02 0.75 ± 0.03 [0.7,1]

      
 

  

  

  

  

 
 

10
0

10
1

10
2

0.0 0.2 0.4 0.6 0.8 1.0
z

dN
dz

Best model from Planck CMB
Best model from y-map
Best model
Planck counts

Fig. 7. Distribution in redshift for the clusters of the Planck cos-
mological sample. The observed number counts (red), are com-
pared to our best model prediction (blue). The dashed and dot-
dashed lines are the best models from the Planck SZ power spec-
trum and Planck CMB power spectrum fits, respectively. The
uncertainties on the observed counts, shown for illustration only,
are the standard deviation based on the observed counts, except
for empty bins where we show the inferred 84% upper limit
on the predicted counts assuming a Poissonian distribution. See
Sect. 6 for more discussion.

To investigate how robust our results are when changing our
priors, we repeat the analysis substituting the HST constraints
on H0 for the BAO results. Figure 6 (black contours) shows that
the main effect is to change the best-fit value of H0, leaving the
(Ωm,σ8) degeneracy almost identical.

5.2. Robustness to observational sample

To test the robustness of our results, we performed the same anal-
ysis with different sub-samples drawn from our cosmological
sample or from the PSZ, as described in Sect. 3, following that
section’s discussion of completeness. Figure 8 shows the likeli-
hood contours of the three samples (blue, MMF3 S/N > 8; red,
MMF3 S/N > 7; black, MMF1 S/N > 7) in the (Ωm,σ8) plane.
There is good agreement between the three samples. Obviously
the three samples are not independent, as many clusters are com-

Fig. 8. 95% contours for different robustness tests: MMF3 with
S/N cut at 7 in red; MMF3 with S/N cut at 8 in blue; and MMF1
with S/N cut at 7 in black; and MMF3 with S/N cut at 7 but as-
suming the MC completeness in purple.

mon, but the noise estimates for MMF3 and MMF1 are different
leading to different selection functions. Table 2 summarizes the
best-fit values.

We perform the same analysis as on the baseline cosmologi-
cal sample (SZ+BAO+BBN), but assuming a different computa-
tion of the completeness function using the Monte Carlo method
described in Sect. 3. Figure 8 shows the change in the 2D like-
lihoods when the alternative approach is adopted. The Monte
Carlo estimation (in purple), being close to the analytic one,
gives constraints that are similar, but shifts the contour along
the (Ωm,σ8) degeneracy.

5.3. Robustness to cluster modelling

A key ingredient in the modelling of the number counts is the
mass function. Our main results adopt the Tinker et al. mass
function as the reference model. We use the Watson et al. mass
function to check for possible differences in our results due to
the most massive/extreme clusters. Figure 9 shows the 95% con-
tours when the different mass functions are assumed. The main
effect is a change in the slope of the degeneracy betweenΩm and
σ8, moving the best-fit values by less than 1σ.

We also relax the assumption of standard evolution of the
scalings with redshift by allowing β to vary with a Gaussian prior
taken from Planck Collaboration X (2011), β = 0.66±0.5. Once
again, the contours move along the σ8–Ωm degeneracy direction
(shown in blue in Fig. 9).
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Fig. 9. Comparison of the outcome using the mass functions of
Watson et al. (black) and Tinker et al. (red). Allowing the bias
to vary in the range [0.7, 1.0] enlarges the constraints perpendic-
ular to the σ8–Ωm degeneracy line due to the degeneracy of the
number of clusters with the mass bias (purple). When relaxing
the constraints on the evolution of the scaling law with redshift
(blue), the contours move along the degeneracy line. Contours
are 95% confidence levels here.

As shown in Appendix A, the estimation of the mass bias is
not trivial and there is a large scatter amongst simulations. We
thus now allow the mass bias (1−b) to vary in the range [0.7, 1.0]
to reflect the uncertainty in the possible bias between the X-ray
mass and the true mass for our given sample. Figure 9 shows the
corresponding constraints from Planck SZ clusters + BAO+BBN
in purple. While Ωm is not affected much by relaxing the bias,
σ8 is now less constrained, due to the degeneracy with (1 − b).

6. Discussion
Our main result is the constraint in the (Ωm,σ8) plane
for the standard ΛCDM model imposed by the SZ counts,
which we have shown is robust to the details of our mod-
elling. We now compare this result first to constraints from
other cluster samples, and then to the constraints from the
Planck analysis of the sky-map of the Compton y-parameter
(Planck Collaboration XXI 2013) and of the primary CMB tem-
perature anisotropies (Planck Collaboration XVI 2013).

6.1. Comparison with other cluster constraints

We restrict our comparison to some recent analyses exploiting a
range of observational techniques to obtain cluster samples and
mass calibrations.

Benson et al. (2011) used 18 galaxy clusters in the first
178 deg2 of the SPT survey to find σ8(Ωm/0.25)0.3 = 0.785 ±
0.037 for a spatially-flat model. They break the degeneracy be-
tween σ8 and Ωm by incorporating primary CMB constraints,
deducing that σ8 = 0.795 ± 0.016 and Ωm = 0.255 ± 0.016. In
addition, they find that the dark energy equation of state is con-
strained to w = −1.09±0.36, using just their cluster sample along
with the same HST and BBN constraints we use. Subsequently
Reichardt et al. (2012a) reported a much larger cluster sample
and used this to improve on the statistical uncertainties on the
cosmological parameters. Hasselfield et al. (2013) use a sample
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Fig. 10. Comparison of constraints (68% confidence interval) on
σ8(Ωm/0.27)0.3 from different experiments of large–scale struc-
ture (LSS), clusters, and CMB. The solid line ACT point as-
sumes the same universal pressure profile as this work. Probes
marked with an asterisk have an original power of Ωm different
from 0.3. See text and Table 3 for more details.

of 15 high S/N clusters from ACT, in combination with primary
CMB data, to find σ8 = 0.786 ± 0.013 and Ωm = 0.25 ± 0.012
when assuming a scaling law derived from the universal pressure
profile.

Strong constraints on cosmological parameters have been
inferred from X-ray and optical richness selected samples.
Vikhlinin et al. (2009c) used a sample of 86 well-studied X-
ray clusters, split into low- and high-redshift bins, to conclude
that ΩΛ > 0 with a significance about 5σ and that w =
−1.14 ± 0.21. Rozo et al. (2010) used the approximately 104

clusters in the Sloan Digital Sky Survey (SDSS) MaxBCG clus-
ter sample, which are detected using a colour–magnitude tech-
nique and characterized by optical richness. They found that
σ8(Ωm/0.25)0.41 = 0.832 ± 0.033. Notably, the quoted uncer-
tainty on this quantity is similar to that from the 18 clusters in
the original SPT survey, even though they found over two orders
of magnitude more clusters; this is because the relationship used
between the optical richness and the mass has a very significant
uncertainty on the scatter and absolute mass scale. In both cases
much tighter constraints were found by incorporating a range of
other cosmological probes.

Fig. 10 and Table 3 summarize some of the current
constraints on the combination σ8(Ωm/0.27)0.3, which is the
main degeneracy line in cluster constraints. Cosmic shear
(Kilbinger et al. 2013), X-rays (Vikhlinin et al. 2009b), and
MaxBCG (Rozo et al. 2010) each have a different slope in Ωm,
being 0.6, 0.47, and 0.41, respectively (instead of 0.3), as they
are probing different redshift ranges. We have rescaled when
necessary the best value and errors to quote numbers with a
pivot Ωm = 0.27. Hasselfield et al. (2013) have derived “cluster-
only” constraints from ACT by assuming several different scal-
ing laws, shown in blue and dashed blue in Fig. 10. The con-
straint assuming the universal pressure profile is highlighted as
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Fit	  for	  massive	  neutrinos	  

CMB+SZ	  (1-‐b=
[0.7,1.0])+BAO	  :	  
(203+/-‐94)meV	  	  

CMB+SZ	  (1-‐b=0.8):	  
(527+/-‐191)meV	  	  

CMB+SZ	  (1-‐b=[0.7,1.0]):	  
(402+/-‐211)meV	  	  

CMB	  alone	  :	  <	  933	  meV	  



Conclusions	  

•  Cosmology	  with	  189	  SZ	  clusters	  	  
•  In	  agreement	  with	  other	  cluster	  studies	  

•  In	  agreement	  with	  Planck	  SZ	  power	  spectrum	  	  

•  Tension	  with	  primary	  CMB	  on	  σ8	  
– Astrophysics:	  mass	  bias	  
– Physics:	  massive	  neutrinos	  
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•  Cusworth,	  Kay,	  Batye	  &	  
Thomas	  (2014)	  
– mass	  func=on	  is	  
modified	  downwards	  by	  
the	  inclusion	  of	  baryons	  	  

– not	  enough	  to	  explain	  
the	  tension	  but	  in	  the	  
right	  direc=on	  

Recent	  developments:	  mass	  func=on	  	  



•  Von	  der	  Linden	  et	  al.	  (2014)	  	  
– Weak	  lensing	  WtG	  masses	  vs	  Planck	  X-‐rays	  masses;	  	  
find	  (1-‐b)~0.7	  that	  would	  reduce	  the	  tension	  

•  Applegate	  et	  al.	  (2014)	  
– WtG	  masses	  are	  20-‐25%	  higher	  than	  other	  WL	  masses	  
(e.g.	  Okabe	  et	  al.	  2010,	  Hoekstra	  et	  al.	  2012)	  

•  Israel	  et	  al.	  (2014)	  
– weak	  lensing	  400d	  masses	  vs	  X-‐ray	  masses;	  good	  
agreement,	  no	  evidence	  for	  a	  strong	  bias	  	  
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Recent	  developments:	  mass	  bias	  	  
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Recent	  developments:	  LSS	  and	  neutrinos	  	  
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•  Suppor=ng	  evidence	  for	  low	  
σ8	  from	  LSS	  or	  massive	  
neutrinos:	  	  
–  lensing	  (Batye	  &	  Moss	  2014,	  
covered	  by	  Adam’s	  talk)	  

–  redshix	  space	  distor=ons	  
(Macaulay,	  Wehus	  &	  Eriksen	  
2013)	  

–  BOSS	  data	  (Beutler	  et	  al.	  
2014)	  

–  etc	  
Batye	  &	  Moss	  2014	  



Conclusions	  

•  Cosmology	  with	  189	  SZ	  clusters	  	  
•  In	  agreement	  with	  other	  cluster	  studies	  
•  In	  agreement	  with	  Planck	  SZ	  power	  spectrum	  	  
•  Tension	  with	  primary	  CMB	  on	  σ8	  
– Astrophysics:	  mass	  bias	  
–  Physics:	  massive	  neutrinos	  

•  Triggered	  work	  suppor=ng	  both	  mass	  bias	  and	  
neutrinos	  explana=ons	  

•  New	  Planck	  SZ	  analysis	  to	  come,	  using	  lower	  S/N	  
catalogue	  
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