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Clusters of Galaxies
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IllustrisTNG Collaboration
Ionized gas 12%

Galaxies 3%

Dark matter 85%

● Clusters of Galaxies

Largest gravitationally bound structures in the Universe

Dominated by dark matter

Intra-Cluster Medium (ICM) : 
Hot ionized gas ⇠ 5� 10 keV

Mtot ⇠ 1014 � 1015M�

z 2 [0, 3]

Total mass:

Typical redshift:
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Galaxy cluster observables: SZ effect
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• Sunyaev-Zel’dovich effect (SZ) 

CMB spectral distorsion

Compton scattering of CMB photons by high-energy ICM electrons
CMB photons gain energy

SZ effect is redshift independent

Sunyaev & Zel’dovich CoASP (1972)

Carlstrom et al. ARA&A (2002)

ySZ /
Z

Pe dl
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SZ effect Amplitude : Compton parameter

ICM electronic Pressure

143 GHz 217 GHz 353 GHz

 A 2319  
(Planck)
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● X-ray emission

Bremsstrahlung emission induced by hot ICM electrons

ICM electron Density and Temperature

X-ray surface brightness:
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Hydrostatic mass: combination of Pressure / Density

MHSE(r) /
r2

ne(r)
⇥ dPe(r)

dr
X-rays

SZ effect

Continuous spectrum

Change of electron quantum state in heavy elements
Emission lines

Chandra X-ray map: MOOJ1142

Ruppin et al., ApJ, 2020a

Galaxy cluster observables: X-ray emission
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Spitzer infrared map: MOOJ1142

Ruppin et al., ApJ, 2020a

● Optical/IR emission

Light coming from stars and interstellar medium
Continuous spectrum + emission / absorption lines

Best observable to know cluster redshift  
(essential for cosmology / astrophysics)

RCS2 032727-132623 

NASA; ESA; J. Rigby and K. Sharon

Galaxy distribution of cluster members 
(very useful to study merger dynamics)

Gravitational lensing
Matter distribution + cluster total mass

Galaxy cluster observables: optical/IR emission
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Cosmology with galaxy clusters
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Large galaxy cluster survey

• Catalog of detected clusters:

- redshift
- mass
- signal-to-noise
- observable O500

<latexit sha1_base64="RWsKDVUtDblpwORq8tilIuP2/wI="></latexit>

⇠m
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M500
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z
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- position (l, b)
<latexit sha1_base64="4V+ct12GvLKRL2xaqVVNN56XVyE="></latexit>

Large number of galaxy clusters to do cosmology

• Examples of surveys : in SZ with Planck, SPT, ACT
in X-ray with eROSITA
in optical/IR with Euclid and the Rubin Observatory

• Abundance of clusters in bins of observable and redshift
d2N

dO500dz
<latexit sha1_base64="hY2p4GR2XcNC5RGY+UT0NiPvzDA="></latexit>



�9Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

z
<latexit sha1_base64="Ulgsz3mZF5gFJw9VY6xCmep/yHc="></latexit>

O500
<latexit sha1_base64="RWsKDVUtDblpwORq8tilIuP2/wI="></latexit>

d2N

dM500dz
(⇠ > ⇠cat) =

Z
d⌦

Z
dO500

Z 1

⇠cat

d⇠ P [⇠|⇠m(O500, l, b)]P [O500|z,M500]
d2V

dzd⌦

dn

dM500
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Comoving 
volume

Mass 
function

Mass-Observable 
scaling relation

Selection 
functionExpected cluster abundance:

Per unit of mass and redshift

Cosmology with galaxy clusters

Probability to detect a cluster
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z
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O500
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Probability to detect a cluster

Cosmology with galaxy clusters

d2N

dM500dz
(⇠ > ⇠cat) =

Z
d⌦

Z
dO500

Z 1

⇠cat

d⇠ P [⇠|⇠m(O500, l, b)]P [O500|z,M500]
d2V

dzd⌦

dn

dM500
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Mass-Observable 
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functionExpected cluster abundance:

Per unit of mass and redshift
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z
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Cosmology with galaxy clusters
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Depends on cosmological parameters        ,          ,        ,       ,            ,         ,�8
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Fig. 9.— Combined constraints on w and �8. The CMB power
spectrum data from Planck+WP shows a strong degeneracy, while
the purely geometric constraints from H0+BAO+SNe do not con-
strain �8. The cluster data simultaneously constrains the two pa-
rameters, improving the joint CMB+H0+BAO+SNe constraints
both through breaking the w-�8 degeneracy present in the CMB
constraints, and the direct measurement of w.

However, in contrast to other probes of dark energy, the
cluster abundance measurement is very sensitive to the
e↵ect of w on the growth of structure, primarily �8(z)
(e.g., Wang & Steinhardt 1998; Haiman et al. 2001).
In Figure 8, we show constraints on the dark energy

equation of state parameter w and the energy density of
dark energy today ⌦DE for di↵erent cosmological probes.
With the SPTCL+H0+BBN dataset, we obtain

w = �1.28± 0.31 (24)

and
⌦DE = 0.738± 0.046. (25)

This is in good agreement, and of comparable precision,
with the constraints when considering other cosmological
probes, including Planck+WP, BAO, and SNe, as can
be seen in Figure 8. Since all these probes except the
cluster abundance measurement are geometrical tests in
this plane, the consistency between the cluster-implied
parameter constraints, and those from other datasets,
o↵ers an important systematic test of dark energy. This
measurement is limited primarily by our knowledge of
the redshift evolution of the ⇣ - M scaling relation, CSZ.
Specifically, both ⌦m and w are correlated with CSZ at
the ⇠ 60% level, whereas the correlation with AX is only
⇠ 30%.
As shown in Figure 9, the Planck+WP measurements

of the primary CMB show a strong degeneracy between
w and �8. The addition of cluster data breaks the de-
generacy and results in the marginalized constraints

w = �1.04± 0.17 (26)

and
�8 = 0.803± 0.045. (27)

This level of w-uncertainty is ⇠2.5 times larger compared
to the constraints when adding either of the BAO or SNe
data sets to the Planck+WP measurements (Aubourg
et al. 2015; Betoule et al. 2014).

For the dataset combination H0+BAO+SNe, which
does not include primary CMB data, �8 is not deter-
mined. Adding the cluster data improves the w con-
straint by 37% through a direct measurement of the dark
energy parameters w and ⌦DE, rather than by breaking
the w-�8 degeneracy. For this combination, we find

w = �1.08± 0.07. (28)

Finally, when considering the Planck+WP+H0+BAO
+SNe datasets, w is constrained to �1.062± 0.048. The
allowed parameter space shows a significant w-�8 degen-
eracy, which allows the addition of the cluster data to
improve this constraint by 14%, to

w = �1.023± 0.042, (29)

consistent with ⇤CDM where w = �1.

7. COMPARISON TO OTHER CLUSTER SURVEYS

In this section, we compare the SPTCL cosmological
constraints to results using other cluster surveys. We fo-
cus on the ⇤CDM constraints from §6.2, which employed
a SPTCL+H0+BBN dataset, and where we constrained
�8 (⌦m/0.27)0.3 = 0.797± 0.031 and �8 = 0.784± 0.039.
When comparing to other results, we will discuss di↵er-
ences where appropriate.
Other SZ cluster-based constraints include results from

the Atacama Cosmology Telescope (ACT, Hasselfield
et al. 2013) and Planck (Planck Collaboration et al.
2014b, 2015) cluster surveys. However, comparisons to
both are complicated by di↵erences in the assumed mass
calibration. In Hasselfield et al. (2013), the ACT collab-
oration reported cosmological constraints using 15 SZ-
selected clusters between 0.2 < z < 1.4. Several sets of
constraints were presented, which assumed di↵erent pri-
ors on the SZ-scaling parameters and also included a cali-
bration based on the dynamical mass measurements from
Sifón et al. (2013). The latter relied on a scaling relation
between velocity dispersion and cluster mass, which was
later found to be biased high by ⇠20% when using more
recent simulations (Kirk et al. 2015). Using a fixed SZ-
scaling relation based on the simulations from Battaglia
et al. (2012) i.e., without including any uncertainty in the
cluster mass calibration, the ACTCL+H0+BBN dataset
was used to constrain �8 (⌦m/0.27)0.3 = 0.848 ± 0.032
and �8 = 0.872 ± 0.065, consistent with the constraints
presented in this work.
The Planck collaboration has produced two cluster-

based cosmological analyses (Planck Collaboration et al.
2014b, 2015). Planck Collaboration et al. (2014b) used
a sample of 189 SZ-selected clusters between 0.0 < z <

0.55 with a median redshift of 0.15, which is lower red-
shift than the SPT cluster sample due to the Planck selec-
tion function. Assuming an identical H0+BBN dataset
to our work and assuming a fixed scaling relation except
for an overall mass-bias factor b with a uniform prior be-
tween 0.7 and 1.0, they constrained �8 (⌦m/0.27)0.3 =
0.774 ± 0.024 and �8 = 0.77 ± 0.03, consistent with our
results. In Planck Collaboration et al. (2015), the pre-
vious scaling relation calibration was compared to more
recent weak lensing measurements (H15, WtG), which
are also used in this work. For example, H15 found a
mass-bias factor of 0.76 ± 0.08 for the Planck clusters
in their lensing sample. While no numerical constraints

�8
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de Haan, et al. (2016)

Cosmology with galaxy clusters
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Cosmology with galaxy clusters
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P[O500|z,M500]
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Scaling relation:

Y500 /
Z R500

0
Pe d

3r• SZ observable: integrated Compton parameter

SZ survey

Y500
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Observable: 

M500
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Mass: 

Mean pressure profile

Scaling relation

Main ingredients: pressure profile and scaling relation

• Calibration of current scaling relations:

- Main ingredients considered for entire cluster population

• Self-similar assumption: cluster = scaled objects

- low-redshift cluster samples (                   )  z < 0.5
<latexit sha1_base64="YUn2zhMuxQQBQz+9ODnkxT3cvA8="></latexit>
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Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M

YX
500 relation is

E
�2/3(z)

2
66664

D
2
A Y500

10�4 Mpc2

3
77775 =

10�0.19± 0.01

2
666664

M
YX
500

6 ⇥ 1014 M�

3
777775

1.79± 0.06

. (A.7)

The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the

A20, page 14 of 20
h
(z
)�

2
/
3
Y
5
0
0
[M

p
c2
]
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Scaling relation

Systematics on the SZ-mass scaling relation
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Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M

YX
500 relation is
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The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the
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Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M
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500 relation is
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The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the
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- low-redshift cluster samples (                   )  z < 0.5
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The NIKA2 SZ Large Program

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020
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The NIKA2 SZ Large Program in one diagram
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Fig. 3. Contours at 95% for di↵erent signal-to-noise thresholds, q =
8.5, 7, and 6, applied to the 2015 MMF3 cosmology sample for the
SZ+BAO+BBN data set. The contours are compatible with the 2013
constraints (Planck Collaboration XX 2014), shown as the filled, light
grey ellipses at 68 and 95% (for the BAO and BBN priors of Sect 5.2;
see text). The 2015 catalogue thresholded at q > 8.5 has a similar num-
ber of clusters (190) as the 2013 catalogue (189). This comparison is
made using the analytical error-function model for completeness and
adopts the reference observable-mass scaling relation of the 2013 anal-
ysis (1 � b = 0.8, see text). The redshift distributions of the best-fit
models are shown in Fig. 4. For this figure and Fig. 4, we use the one-
dimensional likelihood over the redshift distribution, dN/dz (Eq. (4)).

stronger than the BAO constraints used in the 2013 analysis, and
the grey contours shown here are consequently smaller than in
Planck Collaboration XX (2014).

Limiting the 2015 catalogue to q > 8.5 produces a sam-
ple with 190 clusters, similar to the 2013 cosmology catalogue
(189 objects). The two sets of constraints demonstrate good con-
sistency, and they remain consistent while becoming tighter as
we decrease the signal-to-noise threshold of the 2015 catalogue.
Under similar assumptions, our 2015 analysis thus confirms the
2013 results reported in Planck Collaboration XX (2014).

The area of the ellipse from q = 8.5 to q = 6 decreases by a
factor of 1.3. This is substantially less than the factor of 2.3 ex-
pected from the ratio of the number of objects in the two sam-
ples. The di↵erence may be related to the decreasing goodness-
of-fit of the best model as the signal-to-noise decreases. When
incorporated, the uncertainty on the mass calibration 1 � b will
also restrict the reduction of the ellipse area.

Figure 4 overlays the observed cluster redshift distribution
on the predictions from the best-fit model in each case. We see
that the models do not match the counts in the second and third
redshift bins (counting from z = 0), and that the discrepancy,
already marginally present at the high signal-to-noise cut cor-
responding to the 2013 catalogue, becomes more pronounced
towards the lower signal-to-noise thresholds. This discrepancy
cannot be attributed to redshift errors in the first bins because
the majority of the redshifts are spectroscopic and the size of
the bins is large (�z = 0.1); for example, the first two redshift
bins contain 208 clusters, of which 200 have spectroscopic red-
shifts. The dependence on signal-to-noise may suggest that the
data prefer a di↵erent slope, ↵, of the scaling relation than al-
lowed by the prior of Table 1. We explore the e↵ect of relaxing
the X-ray prior on ↵ in the next section.

Fig. 4. Comparison of observed counts (points with error bars) with pre-
dictions of the best-fit models (solid lines) from the one-dimensional
likelihood for three di↵erent thresholds applied to the 2015 MMF3 cos-
mology sample. The mismatch between observed and predicted counts
in the second and third lowest redshift bins, already noticed in the 2013
analysis, increases at lower thresholds, q. The best-fit models are de-
fined by the constraints shown in Fig. 3. For this figure and Fig. 3, we
use our one-dimensional likelihood over the redshift distribution, dN/dz

(Eq. (4)), with the mass biased fixed at (1 � b) = 0.8.

6.2. Constraints on ⌦m and �8: two-dimensional analysis

In Fig. 5 we compare constraints from the one- and two-
dimensional likelihood with ↵ either free or with the prior
of Table 1. For this comparison, we continue with the
“SZ+BAO+BBN” data set, but adopt the CCCP prior for the
mass bias and only consider the full 2015 MMF3 catalogue at
q > 6.

The grey and black contours and lines in Fig. 5 show results
from the one-dimensional likelihood fit to the redshift distribu-
tion using, respectively, the X-ray prior on ↵ and leaving ↵ free.
The redshift counts do indeed prefer a steeper slope, with a pos-
terior of ↵ = 2.23 ± 0.18 in the latter case and a shift of the
constraints along their degeneracy ridges. To explore this pref-
erence, we split the analysis into low and high redshift bin sets
divided at z = 0.2, finding that neither the high nor the low red-
shift bin set prefers the steeper slope by itself; it appears only
when analyzing all the bins. As described further in Appendix A,
there is a subtle interplay between parameters that is masked
by the degeneracies and di�cult to interpret with the present
data set.

A related issue is the acceptability of the model fit. We
define a generalized �2 measure of goodness-of-fit as �2 =
PNz

i
N̄
�1
i

⇣
Ni � N̄i

⌘2
, determining the probability to exceed (PTE)

the observed value using Monte Carlo simulations of Poisson
statistics for each bin with the best-fit model mean N̄i. The ob-
served value of the fit drops from 17 (PTE = 0.07) with the X-ray
prior, to 15 (PTE = 0.11) when leaving ↵ free. When leaving ↵
free, ⌦m increases and �8 decreases, following their correlation
with ↵ shown by the contours, and their uncertainty increases
due to the added parameter.

The two-dimensional likelihood over dN/dzdq better con-
strains the slope when ↵ is free, as shown by the violet curves
and contours. In this case, the preferred value drops back towards
the X-ray prior: ↵ = 1.89 ± 0.11, just over 1� from the central
X-ray value. Re-imposing the X-ray prior on ↵ with the two-
dimensional likelihood (blue curves) does little to change the

A24, page 8 of 19

Cosmological parameters

CL J1226.9+3332 NIKA2

12h27m04s 00s 26m56s 26m52s

33�34’00”

33’00”

32’00”

31’00”

Right Ascension (J2000) [hr]

D
ec

lin
at

io
n

(J
20

00
)[

de
gr

ee
]

�2.4

�1.8

�1.2

�0.6

0.0

0.6

1.2

1.8

2.4

S
ur

fa
ce

br
ig

ht
ne

ss
[m

Jy
/b

ea
m

]

Y500 = 5.61+0.68
�0.59 ⇥ 10�4 arcmin2

Pr
es

su
re

[k
eV

.c
m

�
3
]

R/R500

SZ (NIKA+Planck)

NIKA+Planck gNFW fit

X-ray (XMM)

1e-05

0.0001

0.001

0.01

0.1

1

0.1 1

1

R/R500

Pressure profile

P
re
ss
io
n
[k
eV

.c
m

�
3
]

Raw data 
analysis

SZ pipeline: deprojection

NIKA2 SZ Large Program

Cosmology 
pipeline

A&A 571, A20 (2014)

Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M
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500 relation is
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The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the

A20, page 14 of 20

NIKA2 scaling relation

Masse [M�]

S
ig
n
al

S
Z
(Y

5
0
0
)
[a
rc
m
in

2
]

Pr
es

su
re

[k
eV

.c
m

�
3
]

R/R500

SZ (NIKA+Planck)

NIKA+Planck gNFW fit

X-ray (XMM)

1e-05

0.0001

0.001

0.01

0.1

1

0.1 1

1

R/R500

P
re
ss
io
n
[k
eV

.c
m

�
3
]

Mean pressure 
profile

NIKA2 Pipeline

Analysis of systematic effects at each step of the program

⌦m
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
8

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Échantillons

Fr
éq

ue
nc

e 
[H

z]
30 m

Observations

150 GHz

From cluster observations to cosmological parameters

NIKA2 Raw Data NIKA2 SZ map



�20

Estimation of the pressure profile
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Estimation of the pressure profile

F. Ruppin et al., Astron. Astrophys. 597, A110 (2017)
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Markov Chain Monte Carlo analysis (MCMC) 
N constrained points + power law interpolation

• Standard method: parametric model

• New method: non-parametric deprojection

Multi-probe analysis code: official NIKA2 SZ pipeline

Decrease of computation time (analytical integration)
Shock identification (pressure profile discontinuities)

Adapted to relaxed clusters

F. Ruppin et al., Astron. Astrophys. 615, A112 (2018)
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Hydrodynamic simulation: prospective studies

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

F. Ruppin et al., Astron. Astrophys. 631, A21 (2019a)

Impact of ICM dynamics on the mean pressure profile

• Work with MUSIC hydrodynamic simulation

• Collaborators in Rome and Madrid

• Study of a twin sample of the NIKA2 SZ Large Program: 
Mean pressure profile and intrinsic scatter



�22

From the mean pressure profile to cosmology

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020
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Cluster Cosmology: Planck SZ power spectrum
Impact of a modification of the mean pressure profile on       and�8 ⌦m

F. Ruppin et al., MNRAS 490, 784 (2019b)

- Significant impact on the estimation of cosmological parameters  
- Cancel the tension between the CMB and cluster constraints

• SZ power spectrum: depends on cosmological parameters and the mean pressure profile

• Comparison with Planck CMB results

• Cosmological analysis: MCMC for each profile
Mean pressure profiles

Cosmology 
pipeline

A&A 571, A20 (2014)

Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M

YX
500 relation is

E
�2/3(z)

2
66664

D
2
A Y500

10�4 Mpc2

3
77775 =

10�0.19± 0.01

2
666664

M
YX
500

6 ⇥ 1014 M�

3
777775

1.79± 0.06

. (A.7)

The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the
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NIKA2 scaling relation
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Fig. 3. Contours at 95% for di↵erent signal-to-noise thresholds, q =
8.5, 7, and 6, applied to the 2015 MMF3 cosmology sample for the
SZ+BAO+BBN data set. The contours are compatible with the 2013
constraints (Planck Collaboration XX 2014), shown as the filled, light
grey ellipses at 68 and 95% (for the BAO and BBN priors of Sect 5.2;
see text). The 2015 catalogue thresholded at q > 8.5 has a similar num-
ber of clusters (190) as the 2013 catalogue (189). This comparison is
made using the analytical error-function model for completeness and
adopts the reference observable-mass scaling relation of the 2013 anal-
ysis (1 � b = 0.8, see text). The redshift distributions of the best-fit
models are shown in Fig. 4. For this figure and Fig. 4, we use the one-
dimensional likelihood over the redshift distribution, dN/dz (Eq. (4)).

stronger than the BAO constraints used in the 2013 analysis, and
the grey contours shown here are consequently smaller than in
Planck Collaboration XX (2014).

Limiting the 2015 catalogue to q > 8.5 produces a sam-
ple with 190 clusters, similar to the 2013 cosmology catalogue
(189 objects). The two sets of constraints demonstrate good con-
sistency, and they remain consistent while becoming tighter as
we decrease the signal-to-noise threshold of the 2015 catalogue.
Under similar assumptions, our 2015 analysis thus confirms the
2013 results reported in Planck Collaboration XX (2014).

The area of the ellipse from q = 8.5 to q = 6 decreases by a
factor of 1.3. This is substantially less than the factor of 2.3 ex-
pected from the ratio of the number of objects in the two sam-
ples. The di↵erence may be related to the decreasing goodness-
of-fit of the best model as the signal-to-noise decreases. When
incorporated, the uncertainty on the mass calibration 1 � b will
also restrict the reduction of the ellipse area.

Figure 4 overlays the observed cluster redshift distribution
on the predictions from the best-fit model in each case. We see
that the models do not match the counts in the second and third
redshift bins (counting from z = 0), and that the discrepancy,
already marginally present at the high signal-to-noise cut cor-
responding to the 2013 catalogue, becomes more pronounced
towards the lower signal-to-noise thresholds. This discrepancy
cannot be attributed to redshift errors in the first bins because
the majority of the redshifts are spectroscopic and the size of
the bins is large (�z = 0.1); for example, the first two redshift
bins contain 208 clusters, of which 200 have spectroscopic red-
shifts. The dependence on signal-to-noise may suggest that the
data prefer a di↵erent slope, ↵, of the scaling relation than al-
lowed by the prior of Table 1. We explore the e↵ect of relaxing
the X-ray prior on ↵ in the next section.

Fig. 4. Comparison of observed counts (points with error bars) with pre-
dictions of the best-fit models (solid lines) from the one-dimensional
likelihood for three di↵erent thresholds applied to the 2015 MMF3 cos-
mology sample. The mismatch between observed and predicted counts
in the second and third lowest redshift bins, already noticed in the 2013
analysis, increases at lower thresholds, q. The best-fit models are de-
fined by the constraints shown in Fig. 3. For this figure and Fig. 3, we
use our one-dimensional likelihood over the redshift distribution, dN/dz

(Eq. (4)), with the mass biased fixed at (1 � b) = 0.8.

6.2. Constraints on ⌦m and �8: two-dimensional analysis

In Fig. 5 we compare constraints from the one- and two-
dimensional likelihood with ↵ either free or with the prior
of Table 1. For this comparison, we continue with the
“SZ+BAO+BBN” data set, but adopt the CCCP prior for the
mass bias and only consider the full 2015 MMF3 catalogue at
q > 6.

The grey and black contours and lines in Fig. 5 show results
from the one-dimensional likelihood fit to the redshift distribu-
tion using, respectively, the X-ray prior on ↵ and leaving ↵ free.
The redshift counts do indeed prefer a steeper slope, with a pos-
terior of ↵ = 2.23 ± 0.18 in the latter case and a shift of the
constraints along their degeneracy ridges. To explore this pref-
erence, we split the analysis into low and high redshift bin sets
divided at z = 0.2, finding that neither the high nor the low red-
shift bin set prefers the steeper slope by itself; it appears only
when analyzing all the bins. As described further in Appendix A,
there is a subtle interplay between parameters that is masked
by the degeneracies and di�cult to interpret with the present
data set.

A related issue is the acceptability of the model fit. We
define a generalized �2 measure of goodness-of-fit as �2 =
PNz

i
N̄
�1
i

⇣
Ni � N̄i

⌘2
, determining the probability to exceed (PTE)

the observed value using Monte Carlo simulations of Poisson
statistics for each bin with the best-fit model mean N̄i. The ob-
served value of the fit drops from 17 (PTE = 0.07) with the X-ray
prior, to 15 (PTE = 0.11) when leaving ↵ free. When leaving ↵
free, ⌦m increases and �8 decreases, following their correlation
with ↵ shown by the contours, and their uncertainty increases
due to the added parameter.

The two-dimensional likelihood over dN/dzdq better con-
strains the slope when ↵ is free, as shown by the violet curves
and contours. In this case, the preferred value drops back towards
the X-ray prior: ↵ = 1.89 ± 0.11, just over 1� from the central
X-ray value. Re-imposing the X-ray prior on ↵ with the two-
dimensional likelihood (blue curves) does little to change the

A24, page 8 of 19

Cosmological parameters

⌦m
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
8

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525 0.550 0.575

F = �8 (⌦m/B)0.4 h�0.21

0

20

40

60

80

100 Ph

Pl

Pm

Planck+18 CMB+BAO

Planck+16 tSZ PS

�23Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

Cluster Cosmology: Planck SZ power spectrum
Impact of a modification of the mean pressure profile on       and�8 ⌦m

F. Ruppin et al., MNRAS 490, 784 (2019b)

- Significant impact on the estimation of cosmological parameters  
- Cancel the tension between the CMB and cluster constraints

• SZ power spectrum: depends on cosmological parameters and the mean pressure profile

• Comparison with Planck CMB results

• Cosmological analysis: MCMC for each profile
Cosmological constraints

Cosmology 
pipeline

A&A 571, A20 (2014)

Table A.1. Parameters for the Y500–M500 relation, expressed as E
�2/3(z)

h
D

2
AY500/10�4 Mpc2

i
= 10A

h
M500/6 ⇥ 1014

M�
i↵

.

Sample Nc MB Mass A ↵ [�logY|M] int [�logY|M] raw Section

XMM-ESZ PEPXI 62 N M
YX
500 �0.19 ± 0.01 1.74 ± 0.08 0.10 ± 0.01 ... A.2.1

Cosmo sample 71 N M
YX
500 �0.175 ± 0.011 1.77 ± 0.06 0.065 ± 0.010 0.080 ± 0.009 A.2.1

Cosmo sample 71 Y M
YX
500 �0.186 ± 0.011 1.79 ± 0.06 0.063 ± 0.011 0.079 ± 0.009 A.2.2

XMM-ESZ 62 Y M
YX
500 �0.19 ± 0.01 1.75 ± 0.07 0.065 ± 0.011 0.079 ± 0.009 A.2.3

S/N > 7 78 Y M
YX
500 �0.18 ± 0.01 1.72 ± 0.06 0.063 ± 0.010 0.078 ± 0.008 A.2.3

Cosmo sub-sample A 10 Y M
HE
500 �0.15 ± 0.04 1.6 ± 0.3 ... 0.08 ± 0.02 A.3.2

Cosmo sub-sample B 58 Y M
HE
500 �0.19 ± 0.03 1.7 ± 0.2 0.25 ± 0.06 0.27 ± 0.06 A.3.2

Notes. Column 1, considered sample; Col. 2, number of clusters in the sample; Col. 3, Malmquist bias correction; if this column contains Y, a
mean correction for Malmquist bias has been applied to each point before fitting; Col. 4, mass definition; Cols. 5 and 6, slope and normalization
of the relation; Cols. 7 and 8, intrinsic and raw orthogonal scatter around the best-fit relation at a given mass; Col. 9, Section in which sub-sample
is discussed. The Cosmo sample highlighted in bold represents the baseline relation (see text for details).
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Fig. A.1. Best scaling relation between Y500 and M500, and the data
points utilized after correction of the Malmquist bias.

adapted from that described in Vikhlinin et al. (2009a) and Pratt
et al. (2009), where each data point is rescaled by the mean bias
for its flux, and the relation refitted using the rescaled points.
The method is described in more detail in Paper I. For the
baseline cosmological sample of 71 systems, the bias-corrected
Y500–M

YX
500 relation is

E
�2/3(z)

2
66664

D
2
A Y500

10�4 Mpc2

3
77775 =

10�0.19± 0.01

2
666664

M
YX
500

6 ⇥ 1014 M�

3
777775

1.79± 0.06

. (A.7)

The best-fit relation, together with Malmquist bias corrected data
points, is plotted in Fig. A.1.

The correction decreases the e↵ective Y500 values at a given
mass, an e↵ect larger for clusters closer to the S/N threshold. The
net e↵ect is small, a roughly 1� decrease of the normalization
and a slight steepening of the power-law slope (Table A.1).

A.2.3. Stability of slope and normalization

The slope and normalization of this relation are robust to the
choice of sample (Table A.1). We compared our results to those
obtained from:

– An extended sample of 78 clusters with S/N > 7 (71
in common with the baseline sample). This is built from
all objects falling in the 84% sky mask used to define
the SZ catalogue Planck Collaboration XXIX (2014), and
for which XMM-Newton data have been published by the
Planck Collaboration (Planck Collaboration IX 2011; Planck
Collaboration XI 2011; Planck Collaboration Int. I 2012;
Planck Collaboration Int. III 2013; Planck Collaboration
Int. IV 2013).

– The original 62 clusters from the ESZ sample published
in Planck Collaboration XI (2011), with updated SZ signal
measurements obtained from 15.5 month Planck data (62
in common with the baseline sample). These objects are all
known from X-ray surveys and all lie at z < 0.5. We use them
to test fit robustness to the inclusion of non-X-ray selected,
higher-redshift systems.

As indicated in Table A.1, there is agreement within 1� between
the various samples. The results are also in agreement with the
relation obtained from a simple combination of the Y500–YX re-
lation (discussed in Paper I) and the YX–M

HE
500 relation (Eq. (A.1)

above).

A.3. The observation-based Y500–M500 relation

A.3.1. Combination of the Y500–MYX

500
and the MYX

500
–M500

relations

We now combine Eq. (A.7) with the M
YX
500–M500 relation. This

will not change the best-fit parameters, but will increase their
uncertainties. As the determinations of the two relations are
independent, we added quadratically the uncertainties in the
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Fig. 3. Contours at 95% for di↵erent signal-to-noise thresholds, q =
8.5, 7, and 6, applied to the 2015 MMF3 cosmology sample for the
SZ+BAO+BBN data set. The contours are compatible with the 2013
constraints (Planck Collaboration XX 2014), shown as the filled, light
grey ellipses at 68 and 95% (for the BAO and BBN priors of Sect 5.2;
see text). The 2015 catalogue thresholded at q > 8.5 has a similar num-
ber of clusters (190) as the 2013 catalogue (189). This comparison is
made using the analytical error-function model for completeness and
adopts the reference observable-mass scaling relation of the 2013 anal-
ysis (1 � b = 0.8, see text). The redshift distributions of the best-fit
models are shown in Fig. 4. For this figure and Fig. 4, we use the one-
dimensional likelihood over the redshift distribution, dN/dz (Eq. (4)).

stronger than the BAO constraints used in the 2013 analysis, and
the grey contours shown here are consequently smaller than in
Planck Collaboration XX (2014).

Limiting the 2015 catalogue to q > 8.5 produces a sam-
ple with 190 clusters, similar to the 2013 cosmology catalogue
(189 objects). The two sets of constraints demonstrate good con-
sistency, and they remain consistent while becoming tighter as
we decrease the signal-to-noise threshold of the 2015 catalogue.
Under similar assumptions, our 2015 analysis thus confirms the
2013 results reported in Planck Collaboration XX (2014).

The area of the ellipse from q = 8.5 to q = 6 decreases by a
factor of 1.3. This is substantially less than the factor of 2.3 ex-
pected from the ratio of the number of objects in the two sam-
ples. The di↵erence may be related to the decreasing goodness-
of-fit of the best model as the signal-to-noise decreases. When
incorporated, the uncertainty on the mass calibration 1 � b will
also restrict the reduction of the ellipse area.

Figure 4 overlays the observed cluster redshift distribution
on the predictions from the best-fit model in each case. We see
that the models do not match the counts in the second and third
redshift bins (counting from z = 0), and that the discrepancy,
already marginally present at the high signal-to-noise cut cor-
responding to the 2013 catalogue, becomes more pronounced
towards the lower signal-to-noise thresholds. This discrepancy
cannot be attributed to redshift errors in the first bins because
the majority of the redshifts are spectroscopic and the size of
the bins is large (�z = 0.1); for example, the first two redshift
bins contain 208 clusters, of which 200 have spectroscopic red-
shifts. The dependence on signal-to-noise may suggest that the
data prefer a di↵erent slope, ↵, of the scaling relation than al-
lowed by the prior of Table 1. We explore the e↵ect of relaxing
the X-ray prior on ↵ in the next section.

Fig. 4. Comparison of observed counts (points with error bars) with pre-
dictions of the best-fit models (solid lines) from the one-dimensional
likelihood for three di↵erent thresholds applied to the 2015 MMF3 cos-
mology sample. The mismatch between observed and predicted counts
in the second and third lowest redshift bins, already noticed in the 2013
analysis, increases at lower thresholds, q. The best-fit models are de-
fined by the constraints shown in Fig. 3. For this figure and Fig. 3, we
use our one-dimensional likelihood over the redshift distribution, dN/dz

(Eq. (4)), with the mass biased fixed at (1 � b) = 0.8.

6.2. Constraints on ⌦m and �8: two-dimensional analysis

In Fig. 5 we compare constraints from the one- and two-
dimensional likelihood with ↵ either free or with the prior
of Table 1. For this comparison, we continue with the
“SZ+BAO+BBN” data set, but adopt the CCCP prior for the
mass bias and only consider the full 2015 MMF3 catalogue at
q > 6.

The grey and black contours and lines in Fig. 5 show results
from the one-dimensional likelihood fit to the redshift distribu-
tion using, respectively, the X-ray prior on ↵ and leaving ↵ free.
The redshift counts do indeed prefer a steeper slope, with a pos-
terior of ↵ = 2.23 ± 0.18 in the latter case and a shift of the
constraints along their degeneracy ridges. To explore this pref-
erence, we split the analysis into low and high redshift bin sets
divided at z = 0.2, finding that neither the high nor the low red-
shift bin set prefers the steeper slope by itself; it appears only
when analyzing all the bins. As described further in Appendix A,
there is a subtle interplay between parameters that is masked
by the degeneracies and di�cult to interpret with the present
data set.

A related issue is the acceptability of the model fit. We
define a generalized �2 measure of goodness-of-fit as �2 =
PNz

i
N̄
�1
i

⇣
Ni � N̄i

⌘2
, determining the probability to exceed (PTE)

the observed value using Monte Carlo simulations of Poisson
statistics for each bin with the best-fit model mean N̄i. The ob-
served value of the fit drops from 17 (PTE = 0.07) with the X-ray
prior, to 15 (PTE = 0.11) when leaving ↵ free. When leaving ↵
free, ⌦m increases and �8 decreases, following their correlation
with ↵ shown by the contours, and their uncertainty increases
due to the added parameter.

The two-dimensional likelihood over dN/dzdq better con-
strains the slope when ↵ is free, as shown by the violet curves
and contours. In this case, the preferred value drops back towards
the X-ray prior: ↵ = 1.89 ± 0.11, just over 1� from the central
X-ray value. Re-imposing the X-ray prior on ↵ with the two-
dimensional likelihood (blue curves) does little to change the

A24, page 8 of 19

Cosmological parameters

⌦m
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
8

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

From the mean pressure profile to cosmology



Galaxy cluster cosmology

Mass - Observable scaling relation

Mass functions from simulations

Cluster observables and cosmological analysis

Systematic effects and cosmological impacts

Systematic effects and observational constraints

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020



�25Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

dn

dM500
<latexit sha1_base64="tNn6PSiEPMxoqudvVt4JPY9jNZ4="></latexit>

Systematic effects on the mass function:

• Calibrated from numerical simulations (mostly N-body)

• Hydrodynamic simulations: different cluster abundance
Impact of gas properties and feedback on cluster abundance

• Significant cosmological impact

Observational priors to improve cosmological simulations

• Not enough knowledge on: - AGN feedback
 - heat dissipation within the ICM

A&A proofs: manuscript no. szcosmo2014

Fig. A.2: Robustness to the choice of mass function. The grey
shaded contours give the cosmological constraints when using
the Tinker et al. (2008) mass function, corresponding to our fi-
nal result. This is compared to constraints obtained when using
the Watson et al. (2013a) mass function, shown as the red shaded
contours. In this figure we adopt the SZ+BAO+BBN data set and
the CCCP mass bias prior.

constraints. We note that we use the general fit from Eq. (12)
of Watson et al. (2013a) (independent of redshift). This was not
the case for our 2013 paper (Planck Collaboration XX 2014)
where we adopted the AHF fit with parameters varying with red-
shift in the first posted version of the paper (see Watson et al.
2013b, on ArXiv.org), which was subsequently found to be in-
correct.

Appendix A.3: Redshift evolution of the Y-M relation

Throughout our baseline analysis, we fix the redshift evolution
exponent � = 0.66 (self-similar prediction) in Eq. (7). Here we
examine the impact of allowing this parameter to vary. Con-
straints when leaving � free are shown in Fig. A.3. The “� fixed,
↵ constrained” case corresponds to the two-dimensional N(z, q)
likelihood (CCCP mass bias prior and ↵ constrained) combined
with BAO and BBN, as in Fig. A.2. This contour is also identical
to the N(z, q) contour with ↵ constrained, shown in Fig. 5. For
the “� constrained” cases, � is allowed to vary over the range
0.66 ± 0.50 (Table 1). This increases the size of our constraints
along the major degeneracy between ⌦m and �8, but does not
bring them into any closer agreement with the primary CMB.

Andreon (2014) recently reanalyzed the subsample of 71
clusters used in Planck Collaboration XX (2014). Through a
joint fit to the normalization and redshift evolution of the Y-M re-
lation, he found a significant detection of non-standard redshift
evolution. It is possible that this conclusion is driven by sys-
tematic e↵ects in the X-ray and SZ measurements. In particular,
low-z objects have larger angular sizes, and so measurement of
their X-ray and SZ quantities are subject to di↵erent systematic
e↵ects compared to equivalent measurements for high-z objects.
Appendix D of Planck Collaboration XXIX (2014) includes a
comprehensive discussion of the various systematic e↵ects that
may have an impact on measurement of the Y-M relation. Given
these caveats, we believe that it is premature to draw definitive
conclusions on the evolution of the Y-M relation.

Fig. A.3: Robustness to redshift evolution in the SZ-mass scal-
ing relation. The di↵erent contours show the constraints when
relaxing the redshift evolution exponent, �, of Eq. (7). The black
contours result from fixing � = 0.66, our fiducial value through-
out, with ↵ constrained by the Gaussian X-ray prior of Table 1.
Applying a Gaussian the prior on � instead, from Table 1, pro-
duces the blue contours, while the red contours result when we
also leave ↵ free. In this figure we adopt the SZ+BAO+BBN
data set and the CCCP mass bias prior.

Appendix A.4: Slope of the Y � M relation

The one-dimensional analysis of the redshift distribution in
Sect. 6.2 preferred steeper values of the Y �M scaling exponent,
↵, than indicated by X-ray studies of local clusters (see Fig. 5,
case ↵ free, black contours and curves). This seems to be related
to the flattening in the redshift distribution around z = 0.2 seen in
Figures 4 and 6. To explore this, we separately extracted param-
eter constraints from low (z < 0.2) and high (z > 0.2) redshift
bin sets (two and eight bins, respectively) when leaving ↵ free.

Figure A.4 compares the constraints from these splits to
those from the full bin set (with ↵ free). Neither the low nor
the high redshift bin set on its own prefers the steep slope – the
posteriors peak near the X-ray value, i.e, the clusters in each sub-
sample follow the expected scaling relation. Cosmological con-
straints from the low-z data broaden compared to the full data
set, and bimodality appears in the distribution for ⌦m. The high-
z data, on the other hand, loose precision on ↵, although the peak
in the posterior shifts to the X-ray value, but maintain constraints
on the cosmological parameters that are similar to those from the
full data set.

Only the combined data covering the full redshift range pre-
fer the steep slope. The parameters are coupled in a subtle inter-
play that favours high values of ↵ and moves the cosmological
parameters along the degeneracy ridges to settle on their high-z
values. These degeneracies mask the interplay and unfortunately
make further exploration di�cult with the present data set.
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The effect of AGN feedback on the HMF 5

Figure 2. Effect of baryons on the halo mass function (HMF) for spherical overdensity (SO) halos. Each panel is the same as in Fig. 1,
but for the spherical SO HMFs with halo masses computed for ∆c = 2500 (left panel), 500 (middle panel) and 200 (right panel).

1014 h−1 M⊙. At ∆c = 500 and 200, the difference between
AGN and DM HMFs reduces, with a mild dependence on
halo mass: dn/dnDM ≈ 0.7,≈ 0.8 at M ≈ 1013 h−1 M⊙ to
dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.

In general, the effect of including baryons on the HMF
goes in the same direction, independent of whether FoF or
SO halo finders are used. While this holds at a qualitative
level, as expected quantitative differences between FoF and
SO results are found, especially for the AGN case. As we
will discuss in the following, the effect of including AGN
feedback is that of producing halos that are less concentrated
than in the CSF case. As a result, one expects that matching
SO and FoF HMFs requires in the CSF simulation a higher
∆c than in the AGN simulation. Many efforts are made to
rematch the two halo mass functions by tuning b and ∆c (for
example Lukić et al. 2009; Courtin et al. 2011; More et al.
2011). However, as shown in Watson et al. (2013), even in
dark-matter-only simulations, matching FoF HMFs to SO
HMFs not only depends on the choice of b and ∆c, but also
on the concentration parameter, pseudo mass evolution, and
the problems inside the two algorithms. These quantitative
differences between FoF and SO results make this matching
progress even more complex if baryon models are taken in
account.

In order to understand the origin of the baryonic ef-
fects on the HMFs predicted by our simulations, we further

focus on the difference of masses of matched halos at over-
density ∆c = 500 (see Section 3.3 for the description of
the matching procedure). We show in Fig. 3 the ratio be-
tween masses of matched halos in each one of the two hydro-
dynamical simulations and in the DM simulation (red and
green points for the CSF and AGN case, respectively). In
each panel, the thick lines show the mean value of these ra-
tios computed within each mass bin (magenta for CSF and
blue for AGN). As for the CSF case, the effect of baryons
is that of increasing halo masses by an amount which is
almost independent of redshift. At each redshift, the halo
mass ratio weakly decreases with halo mass, from ∼ 1.1 at
M500 = 1012.5 h−1 M⊙ to ∼ 1.05 at M500

>
∼ 1013.5 h−1 M⊙,

then becoming constant (see also Paper I). As for the AGN
simulation, the effect of baryons goes in the opposite di-
rection of decreasing halo masses, thereby decreasing the
corresponding HMF, as shown in Fig. 2. Also in this case,
there is no evidence for a redshift evolution of the halo mass
ratio, at least below z = 1.0. However, there is an obvi-
ous increase of this ratio with halo mass, that ranges from
∼ 0.8 at M500 = 1012.5 h−1 M⊙ to ≃ 1 for the most mas-
sive halos found in our simulation box. Similar trends are
also found for the mass ratio with ∆c = 2500, 200, both of
which also show no evidence of redshift dependence for both
hydrodynamical simulations. We verified that using the me-
dian value of those data points gives almost identical lines
to these mean lines. As discussed in the Appendix C, this
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halo mass: dn/dnDM ≈ 0.7,≈ 0.8 at M ≈ 1013 h−1 M⊙ to
dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.

In general, the effect of including baryons on the HMF
goes in the same direction, independent of whether FoF or
SO halo finders are used. While this holds at a qualitative
level, as expected quantitative differences between FoF and
SO results are found, especially for the AGN case. As we
will discuss in the following, the effect of including AGN
feedback is that of producing halos that are less concentrated
than in the CSF case. As a result, one expects that matching
SO and FoF HMFs requires in the CSF simulation a higher
∆c than in the AGN simulation. Many efforts are made to
rematch the two halo mass functions by tuning b and ∆c (for
example Lukić et al. 2009; Courtin et al. 2011; More et al.
2011). However, as shown in Watson et al. (2013), even in
dark-matter-only simulations, matching FoF HMFs to SO
HMFs not only depends on the choice of b and ∆c, but also
on the concentration parameter, pseudo mass evolution, and
the problems inside the two algorithms. These quantitative
differences between FoF and SO results make this matching
progress even more complex if baryon models are taken in
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In order to understand the origin of the baryonic ef-
fects on the HMFs predicted by our simulations, we further

focus on the difference of masses of matched halos at over-
density ∆c = 500 (see Section 3.3 for the description of
the matching procedure). We show in Fig. 3 the ratio be-
tween masses of matched halos in each one of the two hydro-
dynamical simulations and in the DM simulation (red and
green points for the CSF and AGN case, respectively). In
each panel, the thick lines show the mean value of these ra-
tios computed within each mass bin (magenta for CSF and
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1014 h−1 M⊙. At ∆c = 500 and 200, the difference between
AGN and DM HMFs reduces, with a mild dependence on
halo mass: dn/dnDM ≈ 0.7,≈ 0.8 at M ≈ 1013 h−1 M⊙ to
dn/dnDM ≈ 0.9,≈ 1.0 (∆c = 500, 200, respectively) in the
high mass end.

In general, the effect of including baryons on the HMF
goes in the same direction, independent of whether FoF or
SO halo finders are used. While this holds at a qualitative
level, as expected quantitative differences between FoF and
SO results are found, especially for the AGN case. As we
will discuss in the following, the effect of including AGN
feedback is that of producing halos that are less concentrated
than in the CSF case. As a result, one expects that matching
SO and FoF HMFs requires in the CSF simulation a higher
∆c than in the AGN simulation. Many efforts are made to
rematch the two halo mass functions by tuning b and ∆c (for
example Lukić et al. 2009; Courtin et al. 2011; More et al.
2011). However, as shown in Watson et al. (2013), even in
dark-matter-only simulations, matching FoF HMFs to SO
HMFs not only depends on the choice of b and ∆c, but also
on the concentration parameter, pseudo mass evolution, and
the problems inside the two algorithms. These quantitative
differences between FoF and SO results make this matching
progress even more complex if baryon models are taken in
account.

In order to understand the origin of the baryonic ef-
fects on the HMFs predicted by our simulations, we further

focus on the difference of masses of matched halos at over-
density ∆c = 500 (see Section 3.3 for the description of
the matching procedure). We show in Fig. 3 the ratio be-
tween masses of matched halos in each one of the two hydro-
dynamical simulations and in the DM simulation (red and
green points for the CSF and AGN case, respectively). In
each panel, the thick lines show the mean value of these ra-
tios computed within each mass bin (magenta for CSF and
blue for AGN). As for the CSF case, the effect of baryons
is that of increasing halo masses by an amount which is
almost independent of redshift. At each redshift, the halo
mass ratio weakly decreases with halo mass, from ∼ 1.1 at
M500 = 1012.5 h−1 M⊙ to ∼ 1.05 at M500
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then becoming constant (see also Paper I). As for the AGN
simulation, the effect of baryons goes in the opposite di-
rection of decreasing halo masses, thereby decreasing the
corresponding HMF, as shown in Fig. 2. Also in this case,
there is no evidence for a redshift evolution of the halo mass
ratio, at least below z = 1.0. However, there is an obvi-
ous increase of this ratio with halo mass, that ranges from
∼ 0.8 at M500 = 1012.5 h−1 M⊙ to ≃ 1 for the most mas-
sive halos found in our simulation box. Similar trends are
also found for the mass ratio with ∆c = 2500, 200, both of
which also show no evidence of redshift dependence for both
hydrodynamical simulations. We verified that using the me-
dian value of those data points gives almost identical lines
to these mean lines. As discussed in the Appendix C, this
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• Radial distribution of gas entropy
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Need high-angular resolution X-ray/SZ observations at z > 1
Improvement of the simulations
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Properties of massive clusters at z > 1

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020
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F. Ruppin et al., ApJ 893, 74 (2020a)

• Clusters discovered in Optical/IR: MaDCoWS and IDCS surveys
• Sample of 10 clusters at 0.93 < z < 1.75

Large program of X-ray and SZ observations at z > 0.9 :

The case of MOO J1142: merging cluster at z = 1.2

• X-ray/SZ pipeline: entropy profile + temperature map 

- Entropy: profile 3 times more constrained than X-ray results
- Temperature: map of a merging cluster
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F. Ruppin et al., ApJ 893, 74 (2020a)

• Clusters discovered in Optical/IR: MaDCoWS and IDCS surveys
• Sample of 10 clusters at 0.93 < z < 1.75

Large program of X-ray and SZ observations at z > 0.9 :

The case of MOO J1142: merging cluster at z = 1.2

• X-ray/SZ pipeline: entropy profile + temperature map 

- Entropy: profile 3 times more constrained than X-ray results
- Temperature: map of a merging cluster

Properties of massive clusters at z > 1
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ICM evolution along a common evolutionary track

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

F. Ruppin et al., under reviewing (2020b)

Large program of Chandra X-ray observations:

• Sample of 67 clusters: progenitors of the most well-know clusters at z = 0

• New pipeline for the collaboration: SPT/Chandra combination          divide by 10 the requested Chandra exposures
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• SPT: South Pole Telescope for CMB observations

Cool-core fraction: stable for 9 Gyr of cluster growth
Incompatible with results from recent simulations
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Conclusions

Florian Ruppin  -  Action Dark Energy  -  October 14, 2020

• Galaxy Clusters: cosmological probe complementary to BAO, SNe, CMB - Robust constraints (systematics)
- Precise constraints (degeneracies)
- Tensions (new physics)

• Systematics on cluster abundance: - measurement of the observable
- mass calibration (scaling relation)
- halo mass function (simulations)
- selection function (instrument + analysis)

• NIKA2 SZ Large Program: new insights on redshift evolution of SZ-mass scaling relation            impact on cosmology

• Joint X-ray/SZ analyses: push the investigation of ICM evolution to low mass and high redshift           simulations 

High-angular resolution multi-wavelength follow-ups of clusters are essential to next generation cluster surveys



Thank you

Credit: Geoffrey Chen http://www.mit.edu/~ruppin/


