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Cosmology from the tSZ power spectrum

• Mass function

Number density of clusters per unit of mass and redshift

Distribution of galaxy clusters:
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• Large amplitude variations for different        and        values �8
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Hierarchical structure formation:

• Little things collapse first, big things collapse later

• The Halo model: spherical collapse + virialization

• Self-similar model: cluster properties given by gravitational physics 

Halo mass function
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Cosmology from the tSZ power spectrum
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• Power spectrum of the tSZ effect:

Volume 
element

Mass 
function

Scaling 
parameter

2D Fourier transform of  the 
mean pressure profile

IP(`500) =

Z
x2 sin(`x/`500)

`x/`500
P(x) dx
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With

And : the mean pressure profile 

• Amplitude of the tSZ power spectrum depends on:

�8
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and : amplitude of the mass function

h
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Hubble parameter    : volume element

b
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Hydrostatic bias    : included in the scaling parameter

tSZ power spectrum
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Current status of tSZ cosmology

Planck Collaboration, A&A 594 A24 (2016)Tension between cosmological constraints from CMB and Planck cluster catalog for               b = 0.2
<latexit sha1_base64="jExBnVoVERGj0U8HvGXf0lNBVok="></latexit>

b = 0.2

Planck Collaboration: Planck 2015 results. XXIV.

Fig. 12. Constraints on
P

m⌫ from a joint analysis of the cluster counts
and primary CMB. The solid and dashed, red and black lines reproduce
the marginalized posterior distributions from Fig. 11. The solid blue line
is the posterior from a similar analysis, but marginalized over the addi-
tional parameter AL (see text). If applied to the present Planck cluster
cosmology sample, a future mass calibration of 1 � b = 0.78 ± 0.01
would result in the bold, dotted green posterior curve.

Fig. 13. Prediction of cluster constraints with a possible future mass
bias prior of 1 � b = 0.78 ± 0.01. The black shaded region and
dashed contours reproduce the current primary CMB and primary
CMB+BAO constraints from Planck for the base ⇤CDM model. The
red shaded contours present the constraints expected from this mass
bias prior applied to the present Planck cluster cosmology sample with
the SZ+BAO+BBN data set.

precise cluster cosmology expected in the future, and it provides
clear motivation for further significant e↵ort in mass calibration.
This e↵ort will continue with larger samples of clusters with
gravitational shear measurements, and also with the new tech-
nique of CMB lensing cluster mass measurements.

In general, the mass bias is expected to depend on both mass
and redshift. A more precise mass calibration study based on
much larger samples, e.g., Euclid or LSST, would be required to
determine functional forms for the mass bias. A dependence on
mass/redshift can be accounted for by appropriate values for ↵/�
in our formalism.

8. Summary and discussion

Our 2015 analysis incorporates a number of improve-
ments and new information relative to our first study in
Planck Collaboration XX (2014). With more data, we have a
larger cluster cosmology sample, increased by more than a fac-
tor of 2, and we implement a two-dimensional likelihood over
the counts in both redshift and signal-to-noise. We have also per-
formed new tests of the selection function using MCXC and SPT
cluster catalogues as truth tables. The selection function from
these external checks and internal simulations of the Planck cat-
alogue construction agree with each other and can be reasonably
modelled by a simple analytical expression derived by assum-
ing noise is the dominant factor (see Appendix A). One possible
systematic e↵ect that warrants further study is IR emission from
cluster member galaxies. Finally, we have examined the impli-
cations of three recent determinations of the cluster mass bias
parameter, 1 � b. The two-dimensional likelihood with the 2015
catalogue and mass bias priors will be implemented in CosmoMC.

Our analysis confirms the results of the 2013 study. The
counts are consistent with those of 2013, illustrated by the agree-
ment in the constraints on ⌦m and �8 when using the same
SZ observable-mass relations (see Fig. 3). The gain in statis-
tical precision is less than expected from the larger catalogue,
which is likely related to the fact that the fit to the redshift
distribution with the X-ray prior on ↵ is only marginal. Our
new two-dimensional approach yields consistent but more ro-
bust constraints than the one-dimensional likelihood over just
the redshift distribution; it is less sensitive to the slope of the
scaling relation, ↵, and it provides a better fit to the counts than
in the one-dimensional case.

Using the two-dimensional likelihood as our baseline, we ex-
tracted new cosmological constraints using three di↵erent clus-
ter mass scales represented by the mass bias prior distributions
given in Table 2. The first two come from galaxy shear obser-
vations of samples of Planck clusters. They di↵er by about 1�,
with the WtG result favouring larger mass bias. We have also
implemented a novel method for measuring cluster masses based
on lensing of the CMB temperature anisotropies behind clusters
(Melin & Bartlett 2015); it gives a mass bias averaged over the
entire cluster cosmology sample, although with larger statistical
uncertainty.

As a new method requiring further exploration, we con-
sider CMB lensing less robust at present than galaxy lens-
ing mass measurements, but highly promising. Similar CMB-
based mass measurements have recently been published by SPT
(Baxter et al. 2015) and ACT (Madhavacheril et al. 2015). The
approach is appealing because it is subject to di↵erent system-
atic e↵ects than gravitational shear and because it can be applied
to large cluster samples, thanks to the extensive sky coverage of
the CMB experiments, with Planck of course covering the entire
sky. Gravitational shear surveys will attain large sky coverage in
the near future with the Dark Energy Survey (DES), and in the
more distant future with the Euclid and WFIRST space missions
and the Large Synoptic Survey Telescope.

Our central result from analysis of the 2015 Planck cluster
counts is shown in Fig. 7. Depending on the mass bias prior, we
find varying degrees of tension with the primary CMB results, as
in 2013. The mass bias required to bring the cluster counts and
CMB into full agreement is larger than indicated by any of the
three priors and corresponds to 1 � b = 0.58 ± 0.04. Figure 8
illustrates the situation. The WtG prior almost eliminates the
tension, but not quite, while both the CCCP and CMB lensing
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● Option 2 : Bias and systematic effects● Option 1: Limit in the standard             model
Neutrino mass
Modified gravity
Etc.
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Fig. 13. Prediction of cluster constraints with a possible future mass
bias prior of 1 � b = 0.78 ± 0.01. The black shaded region and
dashed contours reproduce the current primary CMB and primary
CMB+BAO constraints from Planck for the base ⇤CDM model. The
red shaded contours present the constraints expected from this mass
bias prior applied to the present Planck cluster cosmology sample with
the SZ+BAO+BBN data set.
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This e↵ort will continue with larger samples of clusters with
gravitational shear measurements, and also with the new tech-
nique of CMB lensing cluster mass measurements.

In general, the mass bias is expected to depend on both mass
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L. Salvati et al.: Joint analysis of CMB, tSZ cluster counts, and power spectrum

Fig. 2. Two-dimensional probability distributions for ⌦m and �8 in
the ⇤CDM scenario, only power spectrum (grey), only number counts
(orange), the combination of the two probes (green), only CMB (red),
and the combination of all the probes (blue).

Table 2. Figures of merit (FoM) for tSZ spectrum alone, number counts
alone, the combination of the two probes, and for⌦m and �8 parameters
in the ⇤CDM scenario.

FoM C
tSZ
` NCtSZ

C
tSZ
` + NCtSZ

1
��8�⌦m

567 1462 1592

the combination of the two tSZ probes (CtSZ
` + NCtSZ), and

finally those from the complete combination of all datasets
(CMB + CtSZ

` + NCtSZ), adding BAO data as well. We stress
that from now on we always use the new prior for the optical
depth and that results for C

tSZ
` are always obtained by combining

Planck and SPT data. We present the results in Figs. 2, 3 and
4, we show the corresponding figure of merits (FoM) in Table 2
and we summarize the constraints (68% c.l.) in Table 3 for the
various datasets.

When considering the combination of tSZ number counts
and power spectrum, we note that the combination is driven by
tSZ counts since tSZ spectrum shows weaker constraints; see
comparison of the figure of merits for the various datasets in
Table 2. We nevertheless obtain a small improvement on the ⌦m
and �8 constraints, within 10% on individual error bars, and a
small shift towards lower values of ⌦m and �8, within 0.2 and
0.3�. The slight differences in scaling-cosmological parame-
ter degeneracies between the two tSZ probes drive this small
improvement, as shown in Fig. 4. As for the comparison between
constraints from the CMB and tSZ combined probes, we find a
slightly larger discrepancy, of '1.8�, than the case of the CMB
vs tSZ counts alone.

We now focus on the scaling-relation parameters and in
particular on the mass bias, which significantly affects the
values of �8. As noted in Planck Collaboration XX (2014);
Planck Collaboration XXIV (2016), low values of mass bias lead
to high values of �8 (see also Fig. 4). We show in Fig. 3 the
results from the tSZ combination probes, adding the CMB data,
together with the CCCP-based prior considered in our analysis.

Fig. 3. One-dimensional probability distribution for the mass bias
(1 � b) for various dataset combinations: the complete tSZ combina-
tion and BAO (orange); CMB and the complete tSZ combination (blue,
almost completely overlapped by the red line); CMB and number counts
(green); the combination of CMB and tSZ, adding the effect of massive
neutrinos (light blue); and the combination of CMB and tSZ, adding
the effect of varying the dark energy EoS parameter (red). All of these
combinations are compared to the CCCP prior we used in our analysis
(black).

In our updated analysis with the new optical depth, we find that
results from the tSZ combined probes are driven by the prior
distribution. Adding CMB data to the tSZ counts or to the com-
bined tSZ probes drives the mass bias to lower values; in this
case we do not add the BAO data in order to fully compare
with results from Planck Collaboration XXIV (2016). On the one
hand, we find that the bias needed to reconcile CMB constraints
with those from the tSZ number counts is (1 � b) = 0.62 ± 0.07,
which is comparable to the value (1 � b) = 0.58 ± 0.04 found in
Planck Collaboration XXIV (2016). However, the bias increases
to (1 � b) = 0.63 ± 0.04 when using the tSZ counts and power
spectrum.

4.2. Extensions to ⇤CDM

We now consider two extensions to the ⇤CDM model: adding
massive neutrinos and including the EoS of dark energy. For
these extensions to the standard model, we explore whether the
combination of the two tSZ probes can improve the constraints
on cosmological and scaling-relation parameters with respect to
only number counts. We compare these various results with con-
straints from only CMB and from the complete combination of
all datasets.

4.2.1. Massive neutrinos

For a given large-scale amplitude (constrained by CMB low
multipoles), adding massive neutrinos damps the amplitude of
matter power spectrum at small scales, which in turn lowers the
value of �8. We present in the left panel of Fig. 5 and in Table 4,
the new constraints on ⌦m and �8 obtained from number counts
alone, CMB alone, tSZ probes alone, and from the combination
of the three. In performing the analysis with massive neutrinos,
we exclude the values

P
m⌫ < 0.06 eV, ruled out by neutrino

oscillations experiments; see e.g. Patrignani & Particule Data
Group (2016). Constraints from CMB primary anisotropies alone
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and number counts and the complete combination of CMB
and tSZ probes, all using the updated value of the optical
depth. For the first case, we find a low value for the mass
bias (1 � b) = 0.62 ± 0.07 that is fully consistent with results
from Planck Collaboration XXIV (2016), while for the latter
case, the addition of tSZ power spectrum data increases the
bias of about 2� with respect to Planck Collaboration XXIV
(2016). This leads to (1 � b) = 0.63 ± 0.04. Hydrostatic mass
estimates from X-ray observations (used to derive the scal-
ing relation of Eq. (13)) are known to be biased low from
numerical simulation, but by not more than 20% (Lau et al.
(2013); Biffi et al. (2016), and a compilation of comparisons in
Planck Collaboration XX (2014), purple area in Fig. 10). With
higher number of high-resolution optical observations of clus-
ter samples and improved weak lensing mass measurements,
many comparisons were made between X-ray or tSZ masses
and WL masses. Assuming that WL reconstruction provides
unbiased estimates of the true mass, many teams derived bias
estimates (e.g. Medezinski et al. 2018; Sereno et al. 2017; Jimeno
et al. 2018; Parroni et al. 2017; Okabe & Smith 2016; Battaglia
et al. 2016; Applegate et al. 2016; Smith et al. 2016; Hoekstra
et al. 2015; Simet et al. 2015; Israel et al. 2015; von der Linden
et al. 2014; Donahue et al. 2014; Gruen et al. 2014; Mah-
davi et al. 2013, shown as black dots, from top to bottom, in
Fig. 10). These biases average around a value of (1 � b) ⇠
0.8 ± 0.08; one low mass bias was estimated in von der Linden
et al. (2014).

As seen in Fig. 10, where we plot the highest mass bias
possibly obtained from our combined analysis, we find values
of (1 � b) that do not agree with those derived from numerical
simulations and observations. Moreover, reducing the SZ-CMB
tension by allowing lower values of (1 � b) does not seem to be
sufficient for alleviating the global difference between low-z- and
high-z-based cosmological parameters.

Another way to reconcile CMB and tSZ is to relax
some assumptions of the standard model. In particular, we
find (1 � b) = 0.67 ± 0.04 when adding massive neutrinos and
(1 � b) = 0.63 ± 0.04 when opening the parameter space to a
varying EoS parameter. This implies that even by exploring
extension to ⇤CDM, the complete combination of CMB and tSZ
probes still points towards low values of (1 � b) and does not
allow us to fully reconcile the probes.

As of today, the cluster number counts do not suffer
from statistical uncertainty, but the counts are rather lim-
ited by systematic effects, mainly the mass estimates. The
tSZ power spectrum, in turn, is not measured with suffi-
cient accuracy, especially at small angular scales, to reduce
the tension with CMB. The tSZ cosmological analysis can be
improved by considering more realistic and complex hypothe-
ses on the mass bias (e.g. redshift and/or mass dependence),
the pressure profile, and mass function. Regarding the latter,
we recall here that the choice of mass function affects the
final results on cosmological parameters, as shown, for example
in Planck Collaboration XXIV (2016). For the current accuracy
and precision obtained by tSZ probes measurements, different
choices produce only a ⇠1� shift of constraints along the same
degeneracy line in the (⌦m,�8) plane of parameters, therefore
not affecting the discrepancy between tSZ probes and CMB
data. Nevertheless, with future and more accurate measurements,
it would also be necessary to marginalize over all the nui-
sance parameters (e.g. mass function fitting formula and bias
dependencies).

The analysis can also be improved by refining the likelihood
analysis, such as including correlations between probes, missing

Fig. 10. Comparison of estimates of the mass bias from combined
LCDM SZ and CMB analysis, WL-hydrostatic mass ratio, and simu-
lations. See text for references to the mass bias estimates from the WL
analyses.

or inaccurate redshifts (e.g. Bonaldi et al. 2014), and additional
tSZ probes (e.g. bispectrum; Hurier & Lacasa 2017).

6. Conclusion
We have updated the constraints on cosmological parameters
from tSZ cluster counts and power spectrum, using the most
recent optical depth value from Planck and performing a com-
bined analysis of the two probes; we have also added CMB data.
In the ⇤CDM case, we find that the combined analysis of tSZ
counts and power spectrum improves the accuracy on ⌦m and
�8 constraints slightly and leads to a discrepancy of almost 1.8�
on �8 when compared to CMB results.

We then consider the effect of massive neutrinos, finding
that the combination of tSZ counts and power spectrum allows
us to obtain an upper limit on the neutrino mass,

P
m⌫ <

1.88 eV, resulting in an improvement of almost 30% compared
to number counts alone. Despite being weak compared to other
cosmological probes, tSZ data alone provide us with an indepen-
dent constraint that can be combined in particular with CMB.
In this case, the combination of tSZ probes and CMB leads
a 95% upper limit on massive neutrinos of

P
m⌫ < 0.23 eV.

Moreover, because of the enlargement of CMB constraints, we
find that CMB results and combined tSZ results on �8 agree
within 1.3�. When we allow the EoS parameter w for the
dark energy to vary, the tSZ and CMB still show a higher
3.6� discrepancy on �8. The full combination of probes pro-
vides w = �1.03 ± 0.07 that is consistent with the standard
w = �1 value.

Finally, we find that the complete combination of tSZ probes
and CMB data points towards low values of the mass bias
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2nd Assumption: tension not fully due to wrong estimate of hydrostatic bias

• Most recent analyses: - take into account new Planck cosmology
- take into account uncertainties on mass bias measurements

Tension between cosmological parameters is not significant

• Joint analysis CMB+clusters                            in tension with values from observations+simulations             b ⇠ 0.4
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Mean pressure profile of the cluster population

Planck Collaboration: Pressure profiles of galaxy clusters from the Sunyaev-Zeldovich effect
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Fig. 3: Left: individual profiles (grey lines) and scaled stacked profile (red points) for our sample of 62 clusters. The light-red shaded area
marks the dispersion about the average stacked profile, with its upper and lower limits highlighted by the two dashed red lines. The points within
each individual profile are correlated at about the 20% level (see Sect. 4.3.1). The error bars on the Planck data points are purely statistical
and correspond to the square root of the diagonal elements of the covariance matrix. The solid black line (labeled in the legend as “Expected
from PA10”) is the average stacked profile obtained from the expected SZ individual profiles drawn from the universal pressure profile of A10,
parameterised according R500 and Y500 derived from the XMM-Newton data analysis presented in Planck Collaboration XI (2011). The two dotted
black lines indicate the associated dispersion about this model profile. The bottom panel shows the value of χ at each point with respect to the
expectations from the universal profile taking into account the measured errors. Right: matrix of the correlation coefficient for the observed radial
stacked profiles. Both panels are illustrated here for the MILCA results.

(2011) and only fitted the normalisation, Y500. Given the agree-
ment, we used the MMF3 values to compute Φ for each cluster
(Eq. 12).

Appendix B presents a detailed investigation of the conver-
gence between stacked profiles derived from each of the three
different methods of SZ signal reconstruction. We find that all
three methods agree remarkablywell over the entire radial range,
both for simulated and observed SZ profiles. The three SZ re-
construction methods lead to profiles fully compatible with each
other. Across the range of radii over which the profiles have been
computed (i.e., [0–10]×R500), accounting for the correlated er-
rors of each profile, the reduced χ2 of NILC and GMCA with
respect to MILCA are 0.48 and 0.62, respectively3.

The left panel of Fig. 3 shows the stacked MILCA profile
for the 62 clusters in the ESZ–XMM sample compared to the
individual profiles (see Sect. 4.2). The SZ signal is statistically
detected over more than two decades in intensity, and out to a
remarkably large radius of ∼ 3R500, reaching far into the clus-
ter outskirts. Assuming that the virial theorem can be applied
(which at such large radius might be breaking down), the outer
radius of our statistical detection corresponds to a density con-
trast of δ∼ 50. More conservatively, we can assume that we are
statistically probing the average SZ and pressure distribution
down to regions of density contrast of δ∼ 50–100. The disper-
sion about the mean profile dominates the statistical uncertain-

3 As our three reconstruction methods are remarkably consistent, for
the clarity of display and discussion, hereafter we illustrate our pre-
sentation with one of the three methods only. In each case the specific
method used will be indicated.

ties. It is minimal (by construction) at ∼ 20% around R500, but in-
creases towards the centre and the outskirts to ∼ 50% and ∼ 65%
at 0.3 and 2×R500, respectively. At the most external radius of our
statistical detection, i.e., ∼ 3×R500, the dispersion of the individ-
ual profiles about the mean is more than 100%, as at these large
radii, the individual SZ profiles are fully dominated by noise.

The right panel of Fig. 3 shows the correlation coefficient
matrix for the stacked profiles presented on the left panel, and il-
lustrates the degree of correlation between the points in the pro-
files.

5.4. Comparison with expectations from universal profile

The stacked model used for comparison was computed as de-
scribed in Sect. 4.3. When considering the statistical errors only,
the measured stacked profile is significantly above the model.
Taking into account the error on the model and the correlated er-
rors between points of the reconstructed SZ profile, we obtained
a reduced χ2 value of 3.53 within 3R500. If we omit the error
on the model, this value becomes 7.48 As our tests on simula-
tions show a very good agreement between the input model and
the output reconstructed profiles (see App. B), the difference ob-
served here between the measured SZ profiles and the predicted
model from X-ray constraints is not an artefact of the method,
but an intrinsic difference. This difference is significant at a 2–
3σ level from around R500 out to 3R500.
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M. Arnaud et al.: Pressure properties of the REXCESS 3

Fig. 1. The pressure profiles of the REXCESS sample. Pressures are
estimated at the effective radii of the temperature profile (points with
errors bars). A line connects the data points for each cluster to guide the
eye. The data are colour coded (from cold–blue to hot–red) according
to the spectroscopic temperature, TX.

tion and PSF effects (Pointecouteau et al. 2004) and weighting
the contribution of temperature components to each ring as pro-
posed by Vikhlinin (2006) to correct for the spectroscopic bias
mentioned above. A Monte Carlo procedure is used to compute
the errors, which are then corrected to take into account the
fact that parametric models over-constrain the 3D profile. Full
details will be given in a forthcoming paper. As the temperature
profiles are measured on a lower resolution radial grid than
the density profiles, the pressure profiles, P(r) = ne(r)T (r),
are estimated at the weighted effective radii (Lewis et al. 2003)
of each annular bin of the 2D temperature profiles. They are
presented in Fig. 1.

Since the sample contains systems in a variety of dynam-
ical states, we choose to use YX as a mass proxy rather than
the hydrostatic mass. Extensive discussion of how this could
affect our results is presented in Sec. 3.4. For each cluster,
M500 is estimated iteratively from the M500–YX relation, as
described in Kravtsov et al. (2006). We used the updated cal-
ibration of the M500–YX relation, obtained by combining the
Arnaud et al. (2007) data on nearby relaxed clusters observed
with XMM-Newton with new REXCESS data (Arnaud et al.,
in prep). The sample comprises 20 clusters: 8 clusters from
Arnaud et al. (2007), excluding the two lowest mass clusters
whose M500 estimate requires extrapolation, and the 12 relaxed
REXCESS clusters with mass profiles measured at least down to
δ = 550. The derived M500–YX relation

h(z)2/5 M500 = 1014.567±0.010
⎡
⎢⎢⎢⎢⎢⎣

YX
2 × 1014 h−5/270 M⊙ keV

⎤
⎥⎥⎥⎥⎥⎦

0.561±0.018

h−170 M⊙ (2)

is consistent with the relation derived by Arnaud et al. (2007) but
with improved accuracy on slope and normalization.

The slope differs from that expected in the standard self-
similar model (α = 3/5) by only ∼ 2σ. We will thus also con-

Fig. 2. The scaled pressure profiles of the REXCESS sample, colour
coded according to the (thermo)dynamical state (see labels and Sec. 2).
The radii are scaled to R500 and the pressure to P500 as defined in Eq. 5,
with M500 estimated from the M500–YX relation (Eq. 2). Full lines: pres-
sure profile as in Fig. 1 with data points omitted for clarity. Dotted
lines: extrapolated pressure (see text). The thick black line is the aver-
age scaled profile and the grey area corresponds to the ±1σ dispersion
around it. Middle panel: ratio of the average profile of cool core (blue)
and disturbed (red) systems to the overall average profile. Bottom panel:
The solid line is the statistical dispersion as a function of scaled radius.
Dotted line: additional dispersion expected from the intrinsic dispersion
in the M500–YX relation. Dash-dotted line: quadratic sum of the two dis-
persions. Dashed line: dispersion obtained for M500 estimated from the
standard slope M500–YX relation (Eq. 3).

sider the M500–YX relation obtained by fixing the slope to its
standard value:

h(z)2/5 M500 = 1014.561±0.009
⎡
⎢⎢⎢⎢⎢⎣

YX
2 × 1014 h−5/270 M⊙ keV

⎤
⎥⎥⎥⎥⎥⎦

3/5

h−170 M⊙ (3)

3. Scaled pressure profiles
3.1. Scaled profiles

The scaled pressure profiles

p(x) =
P(r)
P500

where x =
r

R500
(4)

are presented in Fig. 2. The pressure is normalised to the char-
acteristic pressure P500, reflecting the mass variation expected

CtSZ
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Z
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dzd⌦
dz

Z
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• Mean pressure profile: 
amplitude of the tSZ power spectrum and shape at high `
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• Most widely used profiles: 
computed at high mass and low redshift z . 0.4
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Potentially not representative of the cluster population

Planck pressure profile

REXCESS 

pressure profile

Planck collaboration et al., A&A, 2013

Arnaud et al., A&A, 2010

• Slight difference between outer slopes of 
Planck and REXCESS profiles

ICM thermodynamics in X and SZ

• Redshift evolution: 
- relaxed VS disturbed cores/morphologies

• Importance of the intrinsic scatter: 
- selection function, distribution skewness
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Mean pressure profile of the cluster population

Planck Collaboration: Pressure profiles of galaxy clusters from the Sunyaev-Zeldovich effect
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Fig. 3: Left: individual profiles (grey lines) and scaled stacked profile (red points) for our sample of 62 clusters. The light-red shaded area
marks the dispersion about the average stacked profile, with its upper and lower limits highlighted by the two dashed red lines. The points within
each individual profile are correlated at about the 20% level (see Sect. 4.3.1). The error bars on the Planck data points are purely statistical
and correspond to the square root of the diagonal elements of the covariance matrix. The solid black line (labeled in the legend as “Expected
from PA10”) is the average stacked profile obtained from the expected SZ individual profiles drawn from the universal pressure profile of A10,
parameterised according R500 and Y500 derived from the XMM-Newton data analysis presented in Planck Collaboration XI (2011). The two dotted
black lines indicate the associated dispersion about this model profile. The bottom panel shows the value of χ at each point with respect to the
expectations from the universal profile taking into account the measured errors. Right: matrix of the correlation coefficient for the observed radial
stacked profiles. Both panels are illustrated here for the MILCA results.

(2011) and only fitted the normalisation, Y500. Given the agree-
ment, we used the MMF3 values to compute Φ for each cluster
(Eq. 12).

Appendix B presents a detailed investigation of the conver-
gence between stacked profiles derived from each of the three
different methods of SZ signal reconstruction. We find that all
three methods agree remarkablywell over the entire radial range,
both for simulated and observed SZ profiles. The three SZ re-
construction methods lead to profiles fully compatible with each
other. Across the range of radii over which the profiles have been
computed (i.e., [0–10]×R500), accounting for the correlated er-
rors of each profile, the reduced χ2 of NILC and GMCA with
respect to MILCA are 0.48 and 0.62, respectively3.

The left panel of Fig. 3 shows the stacked MILCA profile
for the 62 clusters in the ESZ–XMM sample compared to the
individual profiles (see Sect. 4.2). The SZ signal is statistically
detected over more than two decades in intensity, and out to a
remarkably large radius of ∼ 3R500, reaching far into the clus-
ter outskirts. Assuming that the virial theorem can be applied
(which at such large radius might be breaking down), the outer
radius of our statistical detection corresponds to a density con-
trast of δ∼ 50. More conservatively, we can assume that we are
statistically probing the average SZ and pressure distribution
down to regions of density contrast of δ∼ 50–100. The disper-
sion about the mean profile dominates the statistical uncertain-

3 As our three reconstruction methods are remarkably consistent, for
the clarity of display and discussion, hereafter we illustrate our pre-
sentation with one of the three methods only. In each case the specific
method used will be indicated.

ties. It is minimal (by construction) at ∼ 20% around R500, but in-
creases towards the centre and the outskirts to ∼ 50% and ∼ 65%
at 0.3 and 2×R500, respectively. At the most external radius of our
statistical detection, i.e., ∼ 3×R500, the dispersion of the individ-
ual profiles about the mean is more than 100%, as at these large
radii, the individual SZ profiles are fully dominated by noise.

The right panel of Fig. 3 shows the correlation coefficient
matrix for the stacked profiles presented on the left panel, and il-
lustrates the degree of correlation between the points in the pro-
files.

5.4. Comparison with expectations from universal profile

The stacked model used for comparison was computed as de-
scribed in Sect. 4.3. When considering the statistical errors only,
the measured stacked profile is significantly above the model.
Taking into account the error on the model and the correlated er-
rors between points of the reconstructed SZ profile, we obtained
a reduced χ2 value of 3.53 within 3R500. If we omit the error
on the model, this value becomes 7.48 As our tests on simula-
tions show a very good agreement between the input model and
the output reconstructed profiles (see App. B), the difference ob-
served here between the measured SZ profiles and the predicted
model from X-ray constraints is not an artefact of the method,
but an intrinsic difference. This difference is significant at a 2–
3σ level from around R500 out to 3R500.
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M. Arnaud et al.: Pressure properties of the REXCESS 3

Fig. 1. The pressure profiles of the REXCESS sample. Pressures are
estimated at the effective radii of the temperature profile (points with
errors bars). A line connects the data points for each cluster to guide the
eye. The data are colour coded (from cold–blue to hot–red) according
to the spectroscopic temperature, TX.

tion and PSF effects (Pointecouteau et al. 2004) and weighting
the contribution of temperature components to each ring as pro-
posed by Vikhlinin (2006) to correct for the spectroscopic bias
mentioned above. A Monte Carlo procedure is used to compute
the errors, which are then corrected to take into account the
fact that parametric models over-constrain the 3D profile. Full
details will be given in a forthcoming paper. As the temperature
profiles are measured on a lower resolution radial grid than
the density profiles, the pressure profiles, P(r) = ne(r)T (r),
are estimated at the weighted effective radii (Lewis et al. 2003)
of each annular bin of the 2D temperature profiles. They are
presented in Fig. 1.

Since the sample contains systems in a variety of dynam-
ical states, we choose to use YX as a mass proxy rather than
the hydrostatic mass. Extensive discussion of how this could
affect our results is presented in Sec. 3.4. For each cluster,
M500 is estimated iteratively from the M500–YX relation, as
described in Kravtsov et al. (2006). We used the updated cal-
ibration of the M500–YX relation, obtained by combining the
Arnaud et al. (2007) data on nearby relaxed clusters observed
with XMM-Newton with new REXCESS data (Arnaud et al.,
in prep). The sample comprises 20 clusters: 8 clusters from
Arnaud et al. (2007), excluding the two lowest mass clusters
whose M500 estimate requires extrapolation, and the 12 relaxed
REXCESS clusters with mass profiles measured at least down to
δ = 550. The derived M500–YX relation

h(z)2/5 M500 = 1014.567±0.010
⎡
⎢⎢⎢⎢⎢⎣

YX
2 × 1014 h−5/270 M⊙ keV

⎤
⎥⎥⎥⎥⎥⎦

0.561±0.018

h−170 M⊙ (2)

is consistent with the relation derived by Arnaud et al. (2007) but
with improved accuracy on slope and normalization.

The slope differs from that expected in the standard self-
similar model (α = 3/5) by only ∼ 2σ. We will thus also con-

Fig. 2. The scaled pressure profiles of the REXCESS sample, colour
coded according to the (thermo)dynamical state (see labels and Sec. 2).
The radii are scaled to R500 and the pressure to P500 as defined in Eq. 5,
with M500 estimated from the M500–YX relation (Eq. 2). Full lines: pres-
sure profile as in Fig. 1 with data points omitted for clarity. Dotted
lines: extrapolated pressure (see text). The thick black line is the aver-
age scaled profile and the grey area corresponds to the ±1σ dispersion
around it. Middle panel: ratio of the average profile of cool core (blue)
and disturbed (red) systems to the overall average profile. Bottom panel:
The solid line is the statistical dispersion as a function of scaled radius.
Dotted line: additional dispersion expected from the intrinsic dispersion
in the M500–YX relation. Dash-dotted line: quadratic sum of the two dis-
persions. Dashed line: dispersion obtained for M500 estimated from the
standard slope M500–YX relation (Eq. 3).

sider the M500–YX relation obtained by fixing the slope to its
standard value:

h(z)2/5 M500 = 1014.561±0.009
⎡
⎢⎢⎢⎢⎢⎣

YX
2 × 1014 h−5/270 M⊙ keV

⎤
⎥⎥⎥⎥⎥⎦

3/5

h−170 M⊙ (3)

3. Scaled pressure profiles
3.1. Scaled profiles

The scaled pressure profiles

p(x) =
P(r)
P500

where x =
r

R500
(4)

are presented in Fig. 2. The pressure is normalised to the char-
acteristic pressure P500, reflecting the mass variation expected
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Potentially not representative of the cluster population

Planck pressure profile

REXCESS 

pressure profile

Planck collaboration et al., A&A, 2013

Arnaud et al., A&A, 2010

• Slight difference between outer slopes of 
Planck and REXCESS profiles

ICM thermodynamics in X and SZ

• Redshift evolution: 
- relaxed VS disturbed cores/morphologies

• Importance of the intrinsic scatter: 
- selection function, distribution skewness
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Fig. 5.— Average pressure profiles for 80 SPT-selected clusters. In all panels, the colored regions represent the data, with dark and light
regions corresponding to 1σ and 90% confidence, respectively, while the solid horizontal line corresponds to the median value. The best fit
GNFW profile (Eq. 8) is shown in solid black, while comparisons to V06, A10, and P13 are shown in dotted and dashed lines. The relative
spatial coverage of A10 and P13 are shown at the top, for reference. For the low-z subsample, the agreement between all three samples is
excellent. For high-z clusters, there appears to be slightly less pressure both in the core (r < 0.1R500) and outskirts (r > R500).

cally, at 0.2R500 < r < 1.5R500, our results are fully
consistent at the ∼ 1σ level with both A10 and P13. At
r < 0.2R500, the cool cores from A10 appear to have
higher pressure. This may be due to their different cool
core classification, based on central density, which also
varies as a function of total mass (Vikhlinin et al. 2006).
Alternatively, the difference could be due to a difference
in centering – we use the large-area centroid, while A10
use the X-ray peak – but these should both agree for re-
laxed, centrally-concentrated systems. The difference in
the core pressure is less dramatic when the full samples
are considered.
Non-cool core clusters (both high- and low-z) appear

to have a deficit of pressure in their cores relative to
A10 and P13, both at the 1–2σ level. Again, this may
be a result of different centering choices: A10 and, pre-
sumably, P13 choose the X-ray peak as the cluster cen-
ter, while we have measured the cluster center at larger
radii in order to minimize the effects of core sloshing (see
e.g., ZuHone et al. 2010). Our choice of centering allows
for the X-ray peak to be offset from the chosen center,
which would lead to lower central pressure. An exam-
ple of the difference between the X-ray peak and the
“large-radius centroid” is shown in Figure 6 for SPT-
CLJ0014-4952. At large radii, the cluster is clearly cir-
cular on the sky. However, the X-ray peak, presumably
representing a sloshing cool core, is located at a distance
of ∼ 0.3R500 from the large-radius centroid. It is most
likely these off-center emission peaks that are leading to
the small differences between our stacked pressure pro-
file and those of A10 and P13, specifically at r ! 0.1R500
and r " R500. We would argue that, for non-cool core
clusters, our choice of the cluster center is more repre-
sentative of the true dark matter distribution.
We find that high-z cool core clusters have lower cen-

z = 0.752SPT-CLJ0014-4952

Fig. 6.— Top: Smoothed X-ray image of SPT-CLJ0014-4952.
The X-ray peak and large-annulus centroid are depicted with blue
and red crosses, respectively. The two red dashed circles corre-
spond to radii of 0.3R500 and R500. Bottom: Electron density
profile, derived using the two different centers. For “disturbed”
clusters the X-ray peak can be significantly offset from the large-
scale centroid, leading to a deficit of core pressure (∼50%) and
slight excess pressure at large radii (∼15%) if the latter is chosen
as the cluster center.

R/R500
<latexit sha1_base64="uZLyrU0t/Vv3bnHEydEW5AvX8Mw="></latexit>

P
/P

5
0
0
/h
f(
M
)i

<latexit sha1_base64="UY5YstjeQSQ3LaXSneByWELFm0A="></latexit>

0.01
<latexit sha1_base64="hTeYS5K+aEQye8LDzTnl5sQVYiA="></latexit>

0.1
<latexit sha1_base64="hTKyTuldk8jaUT2022IIzIZ2wqk="></latexit>

1.0
<latexit sha1_base64="s/TBi6aCmTqphuCq1H6bLx+LQgk="></latexit>

10�1
<latexit sha1_base64="wymPtvmVmHWiyWn48ytinSBul7U="></latexit>

101
<latexit sha1_base64="a9Z8iDrQyRnuTlZDS+2Xy1WWZOk="></latexit>

10�1
<latexit sha1_base64="wymPtvmVmHWiyWn48ytinSBul7U="></latexit>P

/P
5
0
0
/h
f(
M
)i

<latexit sha1_base64="UY5YstjeQSQ3LaXSneByWELFm0A="></latexit>

100
<latexit sha1_base64="tRobt2pKWRJSAiT1zJMLjDbbmng=">AAACyXicjVHLSsNAFD2Nr1pfVZdugkVwVZIq6LLoRnBTwT6gVknSaY3m5WQi1tKVP+BWf0z8A/0L74xTUIvohCRnzr3nzNx73STwU2FZrzljanpmdi4/X1hYXFpe Ka6uNdI44x6re3EQ85brpCzwI1YXvghYK+HMCd2ANd3rQxlv3jKe+nF0KgYJ64ROP/J7vucIohq2dT60RhfFklW21DInga1BCXrV4uILztBFDA8ZQjBEEIQDOEjpacOGhYS4DobEcUK+ijOMUCBtRlmMMhxir+nbp11bsxHtpWeq1B6dEtDLSWliizQx5XHC8jRTxTPlLNnfvIfKU95tQH9Xe4XEClwS+5dunPlfnaxFoId9VYNPNSWKkdV52iVTXZE3N79UJcghIU7iLsU5YU8px302lSZVtcveOir+pjIlK/eezs3wLm9JA7Z/jnMSNCple6dcOdktVQ/0qPPYwCa2aZ57qOIINdTJ+wqPeMKzcWzcGHfG/WeqkdOadXxbxsMHlQ+RIg==</latexit>

101
<latexit sha1_base64="a9Z8iDrQyRnuTlZDS+2Xy1WWZOk="></latexit>

• Observed redshift evolution of the mean pressure profile:
- In X-ray: ICM seems slightly cooler at high    (McDonald et al., ApJ, 2014)z

<latexit sha1_base64="a41l8B5Lg595kxzlf7J84FhwMCY=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVdIq6LIoiMsW7ANqkWQ6rUPTJMxMhFr0B9zqt4l/oH/hnTEFXRR7Q5I7555z5t6ZIAmF0p73kXOWlldW1/LrhY3Nre2d4u5eS8WpZLzJ4jCWncBXPBQRb2qhQ95JJPfHQcjbwejS1NsPXCoRRzd6kvDe2B9GYiCYrwlqPN4VS5WyZ8Odn5SQRT0uvuMWfcRgSDEGRwRNeQgfip4uKvCQENbDlDBJmbB1jicUSJsSixPDJ3RE3yGtuhka0dp4KqtmtEtIrySliyPSxMSTlJvdXFtPrbNB53lPrafpbUL/IPMaE6pxT+h/uhlzUZ2ZRWOAczuDoJkSi5jpWOaS2lMxnbu/ptLkkBBm8j7VJeXMKmfn7FqNsrObs/Vt/dMyDWrWLOOm+DJdLnbBrWq5clKuNk5LtYvsqvM4wCGO6T7PUMM16mha7xe84s25ckJHOekP1cllmn38Cef5G3gjj4Y=</latexit>

- In SZ: on-going NIKA2 SZ large program, 45 clusters at 0.5 < z < 0.9
<latexit sha1_base64="TIaHMY4JkrTkLWBLTpxDsJVqbR8="></latexit>

• Importance of the gas mass fraction:

MHSE(r) /
r2

ne(r)
⇥ dPe(r)

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

ICM density

ICM pressure

Hydrostatic mass:

For a given cluster mass: less gas           less thermal pressure

Mean normalized pressure profiles

Gas mass fraction profiles

Eckert et al., A&A, 2013

Eckert et al., A&A, 2019



Florian Ruppin - mm Universe @ NIKA2 6

Mean pressure profile of the cluster population

100
<latexit sha1_base64="tRobt2pKWRJSAiT1zJMLjDbbmng=">AAACyXicjVHLSsNAFD2Nr1pfVZdugkVwVZIq6LLoRnBTwT6gVknSaY3m5WQi1tKVP+BWf0z8A/0L74xTUIvohCRnzr3nzNx73STwU2FZrzljanpmdi4/X1hYXFpe Ka6uNdI44x6re3EQ85brpCzwI1YXvghYK+HMCd2ANd3rQxlv3jKe+nF0KgYJ64ROP/J7vucIohq2dT60RhfFklW21DInga1BCXrV4uILztBFDA8ZQjBEEIQDOEjpacOGhYS4DobEcUK+ijOMUCBtRlmMMhxir+nbp11bsxHtpWeq1B6dEtDLSWliizQx5XHC8jRTxTPlLNnfvIfKU95tQH9Xe4XEClwS+5dunPlfnaxFoId9VYNPNSWKkdV52iVTXZE3N79UJcghIU7iLsU5YU8px302lSZVtcveOir+pjIlK/eezs3wLm9JA7Z/jnMSNCple6dcOdktVQ/0qPPYwCa2aZ57qOIINdTJ+wqPeMKzcWzcGHfG/WeqkdOadXxbxsMHlQ+RIg==</latexit>

8

Fig. 5.— Average pressure profiles for 80 SPT-selected clusters. In all panels, the colored regions represent the data, with dark and light
regions corresponding to 1σ and 90% confidence, respectively, while the solid horizontal line corresponds to the median value. The best fit
GNFW profile (Eq. 8) is shown in solid black, while comparisons to V06, A10, and P13 are shown in dotted and dashed lines. The relative
spatial coverage of A10 and P13 are shown at the top, for reference. For the low-z subsample, the agreement between all three samples is
excellent. For high-z clusters, there appears to be slightly less pressure both in the core (r < 0.1R500) and outskirts (r > R500).

cally, at 0.2R500 < r < 1.5R500, our results are fully
consistent at the ∼ 1σ level with both A10 and P13. At
r < 0.2R500, the cool cores from A10 appear to have
higher pressure. This may be due to their different cool
core classification, based on central density, which also
varies as a function of total mass (Vikhlinin et al. 2006).
Alternatively, the difference could be due to a difference
in centering – we use the large-area centroid, while A10
use the X-ray peak – but these should both agree for re-
laxed, centrally-concentrated systems. The difference in
the core pressure is less dramatic when the full samples
are considered.
Non-cool core clusters (both high- and low-z) appear

to have a deficit of pressure in their cores relative to
A10 and P13, both at the 1–2σ level. Again, this may
be a result of different centering choices: A10 and, pre-
sumably, P13 choose the X-ray peak as the cluster cen-
ter, while we have measured the cluster center at larger
radii in order to minimize the effects of core sloshing (see
e.g., ZuHone et al. 2010). Our choice of centering allows
for the X-ray peak to be offset from the chosen center,
which would lead to lower central pressure. An exam-
ple of the difference between the X-ray peak and the
“large-radius centroid” is shown in Figure 6 for SPT-
CLJ0014-4952. At large radii, the cluster is clearly cir-
cular on the sky. However, the X-ray peak, presumably
representing a sloshing cool core, is located at a distance
of ∼ 0.3R500 from the large-radius centroid. It is most
likely these off-center emission peaks that are leading to
the small differences between our stacked pressure pro-
file and those of A10 and P13, specifically at r ! 0.1R500
and r " R500. We would argue that, for non-cool core
clusters, our choice of the cluster center is more repre-
sentative of the true dark matter distribution.
We find that high-z cool core clusters have lower cen-

z = 0.752SPT-CLJ0014-4952

Fig. 6.— Top: Smoothed X-ray image of SPT-CLJ0014-4952.
The X-ray peak and large-annulus centroid are depicted with blue
and red crosses, respectively. The two red dashed circles corre-
spond to radii of 0.3R500 and R500. Bottom: Electron density
profile, derived using the two different centers. For “disturbed”
clusters the X-ray peak can be significantly offset from the large-
scale centroid, leading to a deficit of core pressure (∼50%) and
slight excess pressure at large radii (∼15%) if the latter is chosen
as the cluster center.
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• Observed redshift evolution of the mean pressure profile:
- In X-ray: ICM seems slightly cooler at high    (McDonald et al., ApJ, 2014)z
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Fig. 5.— Average pressure profiles for 80 SPT-selected clusters. In all panels, the colored regions represent the data, with dark and light
regions corresponding to 1σ and 90% confidence, respectively, while the solid horizontal line corresponds to the median value. The best fit
GNFW profile (Eq. 8) is shown in solid black, while comparisons to V06, A10, and P13 are shown in dotted and dashed lines. The relative
spatial coverage of A10 and P13 are shown at the top, for reference. For the low-z subsample, the agreement between all three samples is
excellent. For high-z clusters, there appears to be slightly less pressure both in the core (r < 0.1R500) and outskirts (r > R500).

cally, at 0.2R500 < r < 1.5R500, our results are fully
consistent at the ∼ 1σ level with both A10 and P13. At
r < 0.2R500, the cool cores from A10 appear to have
higher pressure. This may be due to their different cool
core classification, based on central density, which also
varies as a function of total mass (Vikhlinin et al. 2006).
Alternatively, the difference could be due to a difference
in centering – we use the large-area centroid, while A10
use the X-ray peak – but these should both agree for re-
laxed, centrally-concentrated systems. The difference in
the core pressure is less dramatic when the full samples
are considered.
Non-cool core clusters (both high- and low-z) appear

to have a deficit of pressure in their cores relative to
A10 and P13, both at the 1–2σ level. Again, this may
be a result of different centering choices: A10 and, pre-
sumably, P13 choose the X-ray peak as the cluster cen-
ter, while we have measured the cluster center at larger
radii in order to minimize the effects of core sloshing (see
e.g., ZuHone et al. 2010). Our choice of centering allows
for the X-ray peak to be offset from the chosen center,
which would lead to lower central pressure. An exam-
ple of the difference between the X-ray peak and the
“large-radius centroid” is shown in Figure 6 for SPT-
CLJ0014-4952. At large radii, the cluster is clearly cir-
cular on the sky. However, the X-ray peak, presumably
representing a sloshing cool core, is located at a distance
of ∼ 0.3R500 from the large-radius centroid. It is most
likely these off-center emission peaks that are leading to
the small differences between our stacked pressure pro-
file and those of A10 and P13, specifically at r ! 0.1R500
and r " R500. We would argue that, for non-cool core
clusters, our choice of the cluster center is more repre-
sentative of the true dark matter distribution.
We find that high-z cool core clusters have lower cen-

z = 0.752SPT-CLJ0014-4952

Fig. 6.— Top: Smoothed X-ray image of SPT-CLJ0014-4952.
The X-ray peak and large-annulus centroid are depicted with blue
and red crosses, respectively. The two red dashed circles corre-
spond to radii of 0.3R500 and R500. Bottom: Electron density
profile, derived using the two different centers. For “disturbed”
clusters the X-ray peak can be significantly offset from the large-
scale centroid, leading to a deficit of core pressure (∼50%) and
slight excess pressure at large radii (∼15%) if the latter is chosen
as the cluster center.
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• Observed redshift evolution of the mean pressure profile:
- In X-ray: ICM seems slightly cooler at high    (McDonald et al., ApJ, 2014)z
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Fig. 5.— Average pressure profiles for 80 SPT-selected clusters. In all panels, the colored regions represent the data, with dark and light
regions corresponding to 1σ and 90% confidence, respectively, while the solid horizontal line corresponds to the median value. The best fit
GNFW profile (Eq. 8) is shown in solid black, while comparisons to V06, A10, and P13 are shown in dotted and dashed lines. The relative
spatial coverage of A10 and P13 are shown at the top, for reference. For the low-z subsample, the agreement between all three samples is
excellent. For high-z clusters, there appears to be slightly less pressure both in the core (r < 0.1R500) and outskirts (r > R500).

cally, at 0.2R500 < r < 1.5R500, our results are fully
consistent at the ∼ 1σ level with both A10 and P13. At
r < 0.2R500, the cool cores from A10 appear to have
higher pressure. This may be due to their different cool
core classification, based on central density, which also
varies as a function of total mass (Vikhlinin et al. 2006).
Alternatively, the difference could be due to a difference
in centering – we use the large-area centroid, while A10
use the X-ray peak – but these should both agree for re-
laxed, centrally-concentrated systems. The difference in
the core pressure is less dramatic when the full samples
are considered.
Non-cool core clusters (both high- and low-z) appear

to have a deficit of pressure in their cores relative to
A10 and P13, both at the 1–2σ level. Again, this may
be a result of different centering choices: A10 and, pre-
sumably, P13 choose the X-ray peak as the cluster cen-
ter, while we have measured the cluster center at larger
radii in order to minimize the effects of core sloshing (see
e.g., ZuHone et al. 2010). Our choice of centering allows
for the X-ray peak to be offset from the chosen center,
which would lead to lower central pressure. An exam-
ple of the difference between the X-ray peak and the
“large-radius centroid” is shown in Figure 6 for SPT-
CLJ0014-4952. At large radii, the cluster is clearly cir-
cular on the sky. However, the X-ray peak, presumably
representing a sloshing cool core, is located at a distance
of ∼ 0.3R500 from the large-radius centroid. It is most
likely these off-center emission peaks that are leading to
the small differences between our stacked pressure pro-
file and those of A10 and P13, specifically at r ! 0.1R500
and r " R500. We would argue that, for non-cool core
clusters, our choice of the cluster center is more repre-
sentative of the true dark matter distribution.
We find that high-z cool core clusters have lower cen-

z = 0.752SPT-CLJ0014-4952

Fig. 6.— Top: Smoothed X-ray image of SPT-CLJ0014-4952.
The X-ray peak and large-annulus centroid are depicted with blue
and red crosses, respectively. The two red dashed circles corre-
spond to radii of 0.3R500 and R500. Bottom: Electron density
profile, derived using the two different centers. For “disturbed”
clusters the X-ray peak can be significantly offset from the large-
scale centroid, leading to a deficit of core pressure (∼50%) and
slight excess pressure at large radii (∼15%) if the latter is chosen
as the cluster center.
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• Observed redshift evolution of the mean pressure profile:
- In X-ray: ICM seems slightly cooler at high    (McDonald et al., ApJ, 2014)z
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- In SZ: on-going NIKA2 SZ large program, 45 clusters at 0.5 < z < 0.9
<latexit sha1_base64="TIaHMY4JkrTkLWBLTpxDsJVqbR8="></latexit>

• Importance of the gas mass fraction:

MHSE(r) /
r2

ne(r)
⇥ dPe(r)

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

ICM density

ICM pressure

Hydrostatic mass:

For a given cluster mass: less gas           less thermal pressure

Mean normalized pressure profiles

Gas mass fraction profiles

Eckert et al., A&A, 2013

Eckert et al., A&A, 2019



Mean pressure profile of the cluster population

1 - Previous results
2 - Definition of extreme cases
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R500
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M500
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P500
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SZ

X-ray

Mean pressure profile of the cluster population

Similar distributions in           but different mean normalized pressure profilesYtot
<latexit sha1_base64="xfe6UrqMe6UeHA7OvyLMELv/DdU="></latexit>

• Impact of gas mass fraction on mean pressure profile:

- Similar distributions of clusters in               planeYtot�z
<latexit sha1_base64="TPu2NMsPefC04oGUjCx/w0B6ZCk="></latexit>

- Pressure profiles and density profiles with different gas mass fractions           hydrostatic mass profiles 
- Scale pressure profiles using same definition of P500 / E8/3

z M2/3+0.12
500

<latexit sha1_base64="P2PfCCB1KLDFXLoKh6Hmr9Or3sA="></latexit>
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Mean pressure profile of the cluster population

• Definition of three mean pressure profiles:

• The mean pressure profile of the Planck collaboration
Similar to the A10 profile used for cosmological analyses

• Two extreme cases given:{
<latexit sha1_base64="B4HcJHHsGijZbUd3ZFRvV8TPpL0="></latexit>

- The intrinsic scatter of the 
profile distributions at low z
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- Current constraints on the 
gas mass fraction profiles 

• Assume NFW model for mass profile

• Gas mass fraction profiles knowing    ,          , and          :P(x)
<latexit sha1_base64="YmRtrNBFIx3M8nFF+nK0yh01GvM="></latexit>

M500
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z
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Mtot(r)
<latexit sha1_base64="qCk8JPZgIbEBodp8n3QFk7BxHcY="></latexit>

• Hydrostatic mass profile: 
MHSE(r) = (1� b)Mtot(r)

<latexit sha1_base64="LeSkcACp5jLTv4H4zL0Oi95H8rc="></latexit>

b 2 [0, 0.4]
<latexit sha1_base64="lSKk7yAjOuyeHkDyFaiJFKHQoeA="></latexit>

{
<latexit sha1_base64="B4HcJHHsGijZbUd3ZFRvV8TPpL0="></latexit>

• Density profile from HSE mass and pressure profile

Gas mass fraction: fgas(r) = Mgas(r)/Mtot(r)
<latexit sha1_base64="qJsL7h+UsCiTbHxc89eWPGqPTTg="></latexit>

Mean normalized pressure profiles

Associated gas mass fraction profiles
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Analysis of the Planck tSZ power spectrum
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• Use angular power spectrum of the tSZ effect measured by Planck Planck collaboration et al., A&A, 2016

• Power spectrum components:

- tSZ power spectrum

- Contaminants: 
- Cosmic Infrared Background (CIB)
- Radio and Infrared sources
- Spatially correlated noise{

<latexit sha1_base64="B4HcJHHsGijZbUd3ZFRvV8TPpL0="></latexit>

Fit Planck power spectrum for ` < 1000
<latexit sha1_base64="DfUdkmu12ieYXbehOa+4L4eL120="></latexit>
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Analysis of the Planck tSZ power spectrum

• New analysis of Planck tSZ power spectrum with the three mean pressure profiles
• Method: MCMC analysis with Tinker et al. mass function
• Results: Cosmological constraints + amplitude of contaminant power spectra
• Validation: Subtraction of the best-fit model to the Planck data

Residuals compatible with noise at all `
<latexit sha1_base64="/vBCbrNASnfBADEVwGGYtKaIMgw="></latexit>
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Impact of the pressure profile on tSZ cosmology
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• Cosmological constraints: significant differences for the three mean pressure profiles

11

• Estimates obtained with        profile compatible with previous constraints Pm
<latexit sha1_base64="mZDnZQvYvQ+XDpUtGKc0IolhzvE="></latexit>

• CMB constraints enclosed between the ones obtained with        and      profiles Pm
<latexit sha1_base64="mZDnZQvYvQ+XDpUtGKc0IolhzvE="></latexit>

Pl
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Cosmological tension can be solved with mean pressure profile variations
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Impact of the pressure profile on tSZ cosmology

• Possible future?

Tension with current CMB constraints

12

• Cosmological constraints on       and          ⌦m
<latexit sha1_base64="E6aOKWmPAhswe/vdFY0PibD1eSU="></latexit>

�8
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• Prior on:      
⌦m

<latexit sha1_base64="E6aOKWmPAhswe/vdFY0PibD1eSU="></latexit>

-         Baryon acoustic oscillations (BAO){
<latexit sha1_base64="B4HcJHHsGijZbUd3ZFRvV8TPpL0="></latexit>

-     Lensing VS X-ray/SZ massb
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b = 0.2± 0.08
<latexit sha1_base64="yZ2HP2eql5AhQQgeL7uL7Fe2NRo="></latexit>

⌦m = 0.3± 0.05
<latexit sha1_base64="ld6KxUhf8xHg39eTVUoixj2AM9w="></latexit>

Prior on hydrostatic bias b = 0.2± 0.01
<latexit sha1_base64="EABLO5SX9uXwCP+fbG8AgcraT7U="></latexit>

Better lensing mass estimates with e.g. Euclide

15% decrease of mean pressure profile        tension canceled 

No significant tension between CMB and tSZ PS constraints withPm
<latexit sha1_base64="mZDnZQvYvQ+XDpUtGKc0IolhzvE="></latexit>
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Conclusions / Perspectives

13

• If everything is taken into account: no cosmological tension BUT issue with hydrostatic bias value
Need to explore other sources of bias in tSZ cosmological analyses

• Mild indications of redshift evolution of ICM profiles
Wrong calibration of mean normalized pressure profile = potential source of bias

Perspectives:
- Need to estimate cluster thermodynamic properties at high         X-ray/SZ analysesz
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- Need to understand progenitor physics      low mass systems

• New analysis of Planck tSZ power spectrum using extreme cases for mean pressure profile
Significant impact of mean pressure profile modification on cosmological constraints
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• If everything is taken into account: no cosmological tension BUT issue with hydrostatic bias value
Need to explore other sources of bias in tSZ cosmological analyses

• Mild indications of redshift evolution of ICM profiles
Wrong calibration of mean normalized pressure profile = potential source of bias

Perspectives:
- Need to estimate cluster thermodynamic properties at high         X-ray/SZ analysesz
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- Need to understand progenitor physics      low mass systems

• New analysis of Planck tSZ power spectrum using extreme cases for mean pressure profile
Significant impact of mean pressure profile modification on cosmological constraints



Florian Ruppin - mm Universe @ NIKA2

0.5 1.0 1.5 2.0

z

1014

1015

M
5
0
0
[M

�
]

Planck

SPT

ACT

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

d
N

/
d
z
d
M

5
0
0
[M

�
�

1
]

d2
N
/d

zd
M

5
0
0
[M

�
�
1
]

<latexit sha1_base64="KnJwIWyjZt6DPZpdE1ylI/2IFuo="></latexit>

Conclusions / Perspectives

13

• If everything is taken into account: no cosmological tension BUT issue with hydrostatic bias value
Need to explore other sources of bias in tSZ cosmological analyses

• Mild indications of redshift evolution of ICM profiles
Wrong calibration of mean normalized pressure profile = potential source of bias

Perspectives:
- Need to estimate cluster thermodynamic properties at high         X-ray/SZ analysesz
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- Need to understand progenitor physics      low mass systems

• New analysis of Planck tSZ power spectrum using extreme cases for mean pressure profile
Significant impact of mean pressure profile modification on cosmological constraints
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Thank you

http://www.mit.edu/~ruppin/


