
Humboldt Kolleg – Kitzbühel 2019

Cosmology with Clusters of Galaxies

Jochen Weller

Universitäts-Sternwarte, Fakultät für Physik, Ludwig-
Maximilians Universität München

Max-Planck Institute for Extraterrestrial Physics 

Excellence Cluster Origins



Galaxy Clusters as a Probe of Structure 

Formation in the Universe

• If linear density 

perturbation exceeds 

threshold density the 

region will collapse and 

form a cluster

• Mass function; density 

of clusters at a given 

mass and redshift

• Mass function sensitive 

to amplitude of 

perturbations  (s8 ) and 

mass contents of the 

Universe (Wm ); but also 

other cosmological 

parameters.
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The Distribution of Dark Matter Haloes 

• Simple: assume Gaussian distributed density 

fluctuations

• calculate probability that region with overdensity δ
larger than some critical density δc is found

• Normalize to account for total mass-density in the 

Universe: fudge factor 2

• Press-Schechter mass function (Press, Schechter 

1974)

• Suffers from cloud-in-cloud problem; can be properly 

addressed by excursion sets (Bond, Cole, Efstathiou

and Kaiser; 1990): Get automatically factor of 2
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The Calculation of the Threshold

• Assume local overdensity

spherical collapse of overdense

region

• linearize dynamics

• calculate overdensity at collapse

• In flat matter dominated 

Universe: δc = 1.686

• can be calculated for other 

cosmologies

• mild cosmology 

dependence

• Feed into mass function of 

haloes

• Extension to ellipsoidal collapse 

(Sheth & Tormen 2002)
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Overcoming Analytical Uncertainties:
Counting Halos in Simulations !
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• Count halos in N-body 
simulations

• Measure “universal” 
mass function - density 
of cold dark matter 
halos of given mass

more low
mass clusters

more low 
redshift clusters



Universality of the Mass Function - I
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• Almost universal 

parameterization in 

terms of linear 

fluctuation σ(M)

• Tinker et al. 2008 find 

additional redshift 

dependence (strongest 

effect in amplitude, but 

also shape)

• This effect can be 

included in 

parameterization

Tinker et al. 2008



The parameterization of the mass 

function
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• Dependence on mass 

density
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The parameterization of the mass 

function

dn

dM
= f(�)

⇢̄m
M

d ln��1

dM

• Dependence on mass 

density

• Power Law Dependence 

on fluctuation 

amplitude
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The parameterization of the mass 

function

dn

dM
= f(�)

⇢̄m
M

d ln��1

dM

• dependence on mass 

density

• power law dependence 

on fluctuation 

amplitude

• strong power law 

dependence on growth 

of structures
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Predicting Cluster Number Counts

• Survey sky coverage

• Redshift bins

• Volume element

• Limiting mass of survey (redshift dependent)

• Cosmology dependence driven by volume element 

and mass function
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Predicting Cluster Number Counts

• Survey sky coverage

• Redshift bins

• Volume element

• Mass bin       (mass-observable relation)

• Cosmology dependence driven by volume element 

and mass function
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Predicting Cluster Number Counts

• Survey sky coverage

• Redshift bins

• Volume element

• Mass bin 

• Cosmology dependence driven by volume element 

and mass function
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concordance cosmology: 

Wm= 0.3; 

s8= 0.78; n=1, h=0.72; 

w=-1, DW = 4.000 deg2

Mlim = 1.7´1014h-1M¤

Wm = 0.4

s8 = 0.85

w = - 0.8

w = - 0.7

w = -1+0.2(1-a)change in

volume
change in growth 

factor

Cosmology Dependence of Number Counts
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pDE =  wρDE



Modified Gravity vs. Neutrinos

• Large Scale Extensions

of Einstein Gravity – for

example scalar tensor

theories – f(R) 

• Massive Neutrino
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Hagstotz et al. 2018

S =

Z
d4x

p
�g

✓
R+ f(R)

16⇡G
+ Lm

◆

f(R) ⇡ �2⇤� fR0
R2

0

R

fR0 ⌘ �2⇤m2/R2
0



Observation of Galaxy Clusters
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• x-ray signature of intra-cluster gas

• Sunyaev-Zel’dovich decrement in effective 
temperature of cosmic microwave background 
photons

• weak and strong lensing

• Member galaxies
• counting

• spectroscopy



The Relation between Mass and 
Observable
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• assign likelihood for observed mass for a true mass 
p(Mobs | M ) with a bias and a scatter included; allow 
to differ in redshift and mass bins

• completely free form does not allow cosmology fit 
(Lima & Hu)

• e.g. ln Mbias = A+n ln(1+z)

• better form for particular selections, see later

• e.g. σln M
2 = A+Bz+Cz2+…

• this is ad hoc 

General form: 



Simple Scatter Analysis
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• dashed and dotted lines

d=20%, 30%, 40%

Lima & Hu 2005



Impact of Uncertainty in Scatter
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• However: UNCERTAINTY IN 

SCATTER is problem

• Problem - mass - observable 

nuissance parameters are 

degenerate with cosmology

• Prior on uncertainty in 

scatter required !

Lima & Hu 2005



Observing Galaxy Clusters in the Cosmic 
Microwave Background

• Compton Scattering: 
e- + g ® e- + g

• Conservation of overall number 
of photons

• Decrease in flux or temperature 
in Rayleigh - Jeans part of the 
spectrum

• Decrement independent of 
redshift. Cosmic diming ~(1+z)-4

is balanced by larger density of 
photons ~(1+z)4 which are 
(inverse) Compton scattered.

• First detection: Coma cluster by 
Parijskji 1972

• First unequivocal: Birkinshaw et 
al. 1984
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CMB photons

(Sunyaev+Zel’dovich: 1970)

SUNYAEV-ZEL’DOVICH EFFECT



The Planck 2013 Cluster Sample

• Trade-off between 

purity and large sample

• 189 with S/N>7

• 188 with redshifts (184 

spectroscopic)

• 71 used for scaling 

calibration
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Modelling of the Planck Cluster Counts

Humboldt Kolleg – Kitzbühel 2019

• Mass function: Tinker et al.

• Scaling relation: Y-M from 71 Clusters

• Selection Function: Planck Noise Maps

• Sample: 189 PSZ Clusters

dN

dz
=

Z
d⌦dM500�̂(z,M500, l, b)

dN

dzdM500d⌦



Scaling Relation

• 71 Clusters with XMM-

Newton Data

• Scaling YSZ

• log-normal scatter on Y

• allowed bias in scaling 

relation (compare to 

simulations): (1-b)=0.8 

or [0.7-1.0]

Humboldt Kolleg – Kitzbühel 2019

E��(z)


d2A(z)Ȳ500
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The Number Counts of the 2013 Planck 

Sample
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Planck 2013



Cosmological Constraints from the 2013 
Sample
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SZ+HST

SZ+BAO

Priors

ns, Ωb, Y*, ασY500 marginalized (1-b)=0.8 fixed

BBN prior

Planck 2013



Influence of Priors

• Standard Analysis

• Redshift evolution of 

scaling relation (β)

• Mass Function (Watson 

et al.)

• (1-b) in [0.7-1.0]
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BBN prior

Planck 2013



The Planck SZ2 Catalogue
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1653 SZ sources with S/N>4.5 
obtained from the full mission data  

The PSZ2 (Legacy) catalogue 

Red: deleted IR-flagged 
Green: retained IR-flagged 

1653 sources

with S/N > 4.5

Planck 2015: XXVII

Corresponding author: D. Sutton



The Mass-Redshift Distribution of the 

Planck 2015 Sample
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Planck 2015



Using Counts in Redshift and Observable
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Different Mass Priors
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Fig. 2: The cluster mass scale determined by CMB lensing. We
show the ratio of cluster lensing mass, Mlens, to the SZ mass
proxy, MYz, as a function of the mass proxy for clusters in the
MMF3 2015 cosmology sample. The cluster mass is measured
through lensing of CMB temperature anisotropies in the Planck

data (Melin & Bartlett 2014). Individual mass measurements
have low signal-to-noise, but we determine a mean ratio for the
sample of Mlens/MYz = 1/(1� b) = 0.99± 0.19. For clarity, only
a fraction of the error bars are plotted (see text).

1�b = 0.78±0.07 (stat) ±0.06 (sys) for a set of 20 common clus-
ters, which is in good agreement with the fiducial value adopted
in our 2013 analysis. In our analysis we add the statistical and
systematic uncertainties in quadrature (see Table 2).

4.2. Constraints from CMB lensing

Measuring cluster mass through CMB lensing has been dis-
cussed in the literature for some time since the study performed
by Zaldarriaga & Seljak (1999) (see also Lewis & Challinor
2006). We apply a new technique for measuring cluster masses
through lensing of CMB temperature anisotropies (Melin &
Bartlett 2014), allowing us to calibrate the scaling relations us-
ing only Planck data. This is a valuable alternative to the galaxy
lensing observations because it is independent and a↵ected by
di↵erent possible systematics. Additionally, we can apply it to
the entire cluster sample to obtain a mass calibration represen-
tative of an SZ flux selected sample. Similar approaches using
CMB lensing to measure halo masses were recently applied by
SPT (Baxter et al. 2014) and ACT (Madhavacheril et al. 2014).

Our method first extracts a clean CMB temperature map with
a constrained internal linear combination (ILC) of the Planck

frequency channels in the region around each cluster; the ILC is
constrained to nullify the SZ signal from the clusters themselves
and provide a clean CMB map of 5 arcmin resolution. Using a
quadratic estimator on the CMB map, we reconstruct the lensing
potential in the field and then filter it to obtain an estimate of the
cluster mass. The filter is an NFW profile (Navarro et al. 1997)
with scale radius set by the Planck mass proxy for each clus-
ter, and designed to return an estimate of the ratio Mlens/MYz,
where MYz is the Planck SZ mass proxy. These individual mea-
surements are corrected for any mean-field bias by subtracting
identical filter measurements on blank fields; this accounts for
e↵ects of apodization over the cluster fields and correlated noise.
The technique has been tested on realistic simulations of Planck

frequency maps. More detail can be found in Melin & Bartlett
(2014).

Table 2: Summary of mass scale priors

Prior name Quantity Value & Gaussian errors
Weighing the Giants (WtG) 1 � b 0.688 ± 0.072
Canadian Cluster Comparison
Project (CCCP) 1 � b 0.780 ± 0.092
CMB lensing (LENS) 1/(1 � b) 0.99 ± 0.19
Baseline 2013 1 � b 0.8 [�0.1,+0.2]

Notes. CMB lensing directly measures 1/(1 � b), which we implement
in our analysis; purely for reference, that constraint translates approxi-
mately to 1 � b = 1.01+0.24

�0.16. The last line shows the 2013 baseline — a
reference model defined by 1 � b = 0.8 with a flat prior in the [0.7, 1]
range.

Figure 2 shows Mlens/MYz as a function of MYz for all clus-
ters in the MMF3 cosmology sample. Each point is an individual
cluster7. For clarity, only some of the error bars on the ratio are
shown; the error bars vary from 1.8 at the high mass end to 8.5
at the low mass end with a median of 4.2. There is no indication
of a correlation between the ratio and MYz, and we therefore fit
for a constant ratio of Mlens/MYz by taking the weighted mean
(using the individual measurement uncertainties as provided by
the filter) over the full data set. If the ratio di↵ers from unity, we
apply a correction to account for the fact that our filter aperture
was not perfectly matched to the clusters. The correction is cal-
culated assuming an NFW profile and is the order of a percent.

The final result is 1/(1 � b) = 0.99 ± 0.19, traced by the
blue band in the figure. Note that the method constrains 1/(1 �
b) rather than 1 � b as in the case of the shear measurements.
The calculated uncertainty on the weighted mean is consistent
with a bootstrap analysis where we create new catalogues of the
same size as the original by sampling objects from the original
catalogue with replacement; the uncertainty from the bootstrap
is then taken as the standard deviation of the bootstrap means.

4.3. Summary

The three mass bias priors are summarized in Table 2, and we
will compare cosmological constraints obtained from each. We
will assume Gaussian distributions for 1�b (gravitational shear)
or 1/(1 � b) (CMB lensing) with standard deviations given by
the error column. We favour these three lensing results because
of their direct comparison to the Planck mass proxy.

5. Analysis methodology

5.1. Likelihood

Our 2013 analysis employed a likelihood built on the cluster red-
shift distribution, dN/dz. With the larger 2015 catalogue, our
baseline likelihood is now constructed on counts in the (z, q)-
plane. We divide the catalogue into bins of size �z = 0.1 (10
bins) and � log q = 0.25 (5 bins), each with an observed number
N(zi, q j) = Ni j of clusters. Modelling the observed counts, Ni j,
as independent Poisson random variables, our log-likelihood is

ln L =

NzNqX

i, j

h
Ni j ln N̄i j � N̄i j � ln[Ni j!]

i
, (15)

7 The values can be negative due to noise fluctuations and the low
signal-to-noise of the individual measurements.
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Figure 11. The cluster MACSJ1621.3+3810 (z = 0.463). Each panel above
shows the 240 ⇥ 240 optical image composed of the SuprimeCam VJICz+ ob-
servations. The yellow contours in the top right panel indicate the distribution of
galaxies on the cluster red sequence, smoothed with a gaussian of 30width. The
blue contours in the bottom left panel illustrate the aperture mass map, starting
at 2.5� and increasing by 0.5� increments, reconstructed from the RC lensing
image. The outer radius of the Map filter function corresponds to 1.5 Mpc at
the cluster redshift. In the bottom right panel, the pink contours indicate the X-
ray emission. The white, thin contour illustrates the edge of the Chandra image
(merged from four exposures); the flux contours are spaced on a square root scale.
MACSJ1621.3+3810 is in the dynamically relaxed cluster sample of A08, though
not in the cosmology sample of M10. Despite its relative high redshift and low
X-ray flux, the multi-wavelength analysis reveals a wealth of information. The
cluster is embedded in a large filament, running from southeast to northwest in
the image. In an extension of the filament, (projected) 4 Mpc to the southeast of
MACSJ1621.3+3810, a secondary, less massive cluster is seen in both the red
sequence map and the lensing map. Another secondary cluster, possibly along a
weaker filament, is located 4 Mpc to the south-southwest. (The third such clus-
ter, in the northwest image corner, is detected in the IC band lensing image.) The
figure on the left shows the profile of the average tangential and radial shear (top
and bottom panels, respectively) measured with respect to the X-ray centroid,
which is at the center of the image. A coherent tangential shear signal is detected
out to ⇠3 Mpc.

c� 2014 RAS, MNRAS 000, 1–26



Best Fit Number Counts
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Planck 2015



Cosmological Constraints
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Planck 2015: XXIV

Corresponding Author’s: A. Bonaldi and M. Roman



Hydrostatic Bias
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Planck 2015: XXIV



Opening up the scaling relation
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Planck 2015: XXIV



Update 2019: Counts and Cluster 

Powerspectra
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Bolliet et al. 2019



A note on Tensions: Weak Lensing
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Joudaki et al. 2019



The Next Step – Cosmology with Dark 

Energy Survey Clusters

Humboldt Kolleg – Kitzbühel 2019

Analysis of optical selected cluster catalogs (SDSS, 
DES-SV) for cosmological parameter inference

●Modeling of the 
observable-mass 
relation and 
cluster finder 
effects (masking, 
projection, etc
etc)

●Modeling of the 
covariance matrix 
for cluster number 
counts analysis

●Combining with cluster shear profile 
measurements to self-calibrate the observable-
mass relation



SDSS redMapper Cluster Cosmology

• S8 = σ8 (Ωm / 0.3)0.5 

Cluster Normalization\

• Abundance and Weak

Lensing Mass

calibration
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Costanzi et al. 2018



Dark Energy Survey Results to come out 

soon
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Costanzi, DES collaboration, to be released 2019



Euclid Satellite as a Cluster Finder
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Sartoris et al. 2016



Potential Constraints on Scalar-Tensor 

Theories with Euclid like Survey

• Forecast: Constraints

from a Euclid like 

survey on scalar-tensor 

theories
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Hagstotz et al. 2018



Summary / Conclusions

• Clusters of Galaxies deliver interesting constraints on
cosmological parameters

• From SZ Clusters tension with primary CMB constraints

• Astrophysics of Clusters might need to be better understood

• Optically selected Clusters are beginning to deliver constraints

• Many more to come

• Dark Energy Survey – DES – ongoing; paper out soon

• eRosita – now launch July, 12th

• EUCLID - 2022
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