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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

Cosmology with Galaxy clusters

Galaxy clusters are tracers of the matter density field over cosmic evolution

Cosmological probes based on galaxy clusters

• Number count : the numerical distribution in intervals of mass and 
redshift

• Cluster clustering : the spatial distribution 

• Gas fraction as a standard ruler fgas ⇠
⌦b

⌦m
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Illustris

Peaks of the matter density
at the intersection of the filaments of the cosmic web

Composition:
• 85% Dark matter halo
• 12% hot ionised gas = the Intra-Cluster Medium (ICM)
• 3% galaxies

Scale-invariant (self-similar) : they are all built from the same universal model
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• Masse M = 1013 - 1016 Msun

• Redshift    0 < z < 3 

s8: amplitude of the
linear matter density field
in spheres of 8 h-1Mpc

© Florian Ruppin



Cluster observables

X-ray Sunyaev-Zel’dovich EffectOptical/IR

Stellar light of the galaxies

Strong and Weak lensing
Richness
Velocity dispersion

F. Ruppin et al.: tSZ observation of PSZ2 G144.83+25.11with NIKA2
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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The ICM is a strong
X-ray emittor:

§ Photometry

SX =
1

(1 + z)4

Z
n2
e(l)⇤ dl

Bremsstrahlung of the electrons

§ Spectrometry

Line emission of the metal elements

3D radial profile of the temperature

§ The amplitude of the effect

y =
�T

mec2

Z
Pe dl

§ The integrated Compton parameter

Y500 =
�T

mec2
2

Z R500

0
Pe(r)dl(r)
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Deprojection : 3D radial pressure profile : Pe (r)

Inverse Compton scattering of the CMB 
photon on the ICM electrons

§ Spectral distortion

Independent of the redshift

3D radial profile of the density 𝑛! 𝑟

Sunyaev&Zel’dovich 1970

2

Temperature ≥ 107 K  
(~ 1 keV)



combined. Due to the higher spatial resolution of the
instruments, both the ACT DR5 and SPT samples reach to
significantly lower mass limits than the PSZ2 catalog for
z> 0.2. As Figure 18 shows, the SPTpol sample (Huang et al.
2020a) is more sensitive to lower mass clusters than ACT DR5
when a similar detection threshold is applied, although this
survey covers only 94 deg2.

Inspection of Figure 18 suggests that there may be a deficit
of clusters in the redshift range 1< z< 1.1. This is extremely
unlikely to be a real feature and may arise from a bias in the
photometric redshifts. We will investigate this further with
future spectroscopic follow-up of such high-redshift systems.

4.2. Comparison with the ACT DR3 Cluster Catalog

As discussed extensively in Choi et al. (2020) and Aiola
et al. (2020), there have been many changes to the ACT data

processing pipelines at all levels of the analysis since the data
release that the Hilton et al. (2018) ACTPol cluster catalog
(ACT DR3 hereafter) is based on. In this work, we have used
maps produced using a new coadding procedure that
incorporates data from all observing seasons and, for the first
time, includes data taken during the daytime (N20). As noted in
Section 2.1, these coadded maps include preliminary data from
the 2017 and 2018 observing seasons that have not been
subjected to the full battery of tests as used in the CMB power
spectrum analysis presented in Choi et al. (2020) and Aiola
et al. (2020). In this work, we also use a different,

Figure 16. The left panel displays a wedge plot showing the contents of the ACT DR5 cluster catalog, drawn in the equatorial plane. R.A. is used as the angular
coordinate, with 0° R.A. pointing to the right from the origin and increasing counterclockwise. The radial coordinate is comoving distance in Mpc. Each point
represents a cluster in the catalog, with the size of each point scaling with cluster mass. The dashed circles mark the distances equivalent to redshifts 0.5, 1.0, 1.5, and
2.0, starting from the observerʼs location at (0, 0). The larger number of clusters seen on the right of the plot compared to the left reflects the fact that ACT surveyed
much more sky area at those R.A. coordinates (see Figure 1). The right panel shows a 3D projection of the same information in spherical polar coordinates; here the
axes are comoving distance in Mpc.

Figure 17. Redshift distribution of the ACT DR5 cluster sample. The sample
spans the redshift range 0.04 < z < 1.91 (median z = 0.52). The distribution
split according to redshift type (spectroscopic or photometric) is also shown;
39.3% of the clusters in the sample have spectroscopic redshifts.

Figure 18. Comparison of the ACT DR5 cluster sample in the (mass, redshift)
plane with other blind SZ surveys: PSZ2 (Planck Collaboration et al. 2016b),
SPT-SZ (Bocquet et al. 2019), SPT-ECS (Bleem et al. 2020), and SPTpol
(Huang et al. 2020a). The large blue points show the ACT DR5 sample
selected with S/N2.4 > 5, which is similar to the detection thresholds used in
the other surveys. The small blue points extend this to include the full ACT
DR5 sample. The ACT DR5 SZ masses displayed here have been rescaled
according to a richness-based weak-lensing mass calibration, which is a close
match to the SPT mass scale (see Section 5.1). Mass measurements from the
SPT surveys and PSZ2 are as reported in the respective catalogs. The ACT
DR5 sample has been plotted behind the other surveys to aid clarity.

17
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Atacama Cosmology Telescope (ACT)

Catalogues of several thousands of clusters detected via the SZ effect

Sunyaev-Zel’dovich effect measurements

Planck Collaboration: A map of the thermal Sunyaev-Zeldovich effect

-3.5  5.0 y x 106

NILC tSZ map

-180

-180

-1
60

-160

-1
40

-140

-120
-120

-100 -100

-80 -80

-60
-60

-40

-4
0-20

-2
0

0

0

20

20

40

40

60
60

80 80

100 100

120
120

140

14
0

160

16
0

-60

-40

-20
0

20

40

60

-3.5  5.0 y x 106

MILCA tSZ map

-180

-180

-1
60

-160

-1
40

-140

-120
-120

-100 -100

-80 -80

-60
-60

-40

-4
0-20

-2
0

0

0

20

20

40

40

60
60

80 80

100 100

120
120

140

14
0

160

16
0

-60

-40

-20
0

20

40

60

Fig. 2: Reconstructed Planck all-sky Compton parameter maps for NILC (top) and MILCA (bottom) in orthographic projections.
The apparent difference in contrast observed between the NILC and MILCAmaps comes from differences in the residual foreground
contamination and from the differences in the filtering applied for display purposes to the original Compton parameter maps. For the
MILCA method filtering out low multipoles reduces significantly the level of foreground emission in the final y-map. The wavelet
basis used in the NILC method was tailored for tSZ extraction. For details see Planck Collaboration XXII (2015).

difference maps the astrophysical emission cancels out, which
makes them a good representation of the statistical instrumental
noise. These half-difference maps are used to estimate the
noise in the final Compton parameter map. In addition, survey
maps, which are also available for each channel, will be used to
estimate possible residual systematic effects in the y-map.

For the purpose of this paper we approximate the Planck ef-
fective beams by circular Gaussians, the FWHM estimates of
which are given in Table 1 for each frequency channel.

2.2. Simulations

We also use simulated Planck frequency maps obtained from
the Full Focal Plane (FFP) simulations (Planck Collaboration

3

Planck satellite

South Pole Telescope (SPT)

§ PSZ2:  ~2000 clusters via the SZ effect
§ ACT DR5: 

§ > 4000 confirmed clusters at 𝑧"!# ≈ 0.5
§ > 200 of which are at z > 1

§ SPT: ~ 350 confirmed clusters at 𝑧"!# ≈ 0.5

Hilton+2020

Bleem+2020Huang+2020

Full-sky map of the Compton parameter

3



Planck 2015 
Results XXII

A&A 594, A22 (2016)

Fig. 16. 2D and 1D likelihood distributions for the combination of cosmological parameters �8(⌦m/0.28)3/8, and for the foreground parameters
ARad.PS, ACIB and AIR.PS. We show the 68.3% and 95.4% contours. The red and black contours correspond to a fixed mass bias of 0.2 and 0.4,
respectively.

7.2.1. Dependence on cluster physics

As discussed in Planck Collaboration XXI (2014), we also ex-
pect the tSZ power spectrum amplitude to be sensitive to the
physics of clusters of galaxies. To explore this dependence
we have considered a set of predicted tSZ spectra for various
physical models. In Fig. 18 we compare these models to the
foreground-cleaned Planck tSZ power spectrum derived above,
as well as to the Atacama Cosmology Telescope (ACT) and the
South Pole Telescope (SPT, George et al. 2015) power spectrum
estimates. We consider the predictions derived from hydro-
dynamical simulations (Battaglia et al. 2010, 2012), from N-
body simulations plus semi-analytical models (Trac et al. 2011,
TBO2) and from analytical calculations (Shaw et al. 2010).
These models were originally computed for the set of cosmo-
logical parameters in Hinshaw et al. (2012) with �8 = 0.8 and
have been rescaled in amplitude to our best-fit value for �8

8⌦
3
m.

We note that there is some dispersion in the predicted ampli-
tudes and shapes of the tSZ power spectrum. These di↵erences
reflect the range of methodologies and assumptions used both
in the physical properties of clusters and in the technical details
of the computation. The latter includes di↵erences in the red-
shift ranges and also in the mass intervals probed by the limited
sizes of the simulation boxes of the hydrodynamical simulations.
Analytical predictions are also sensitive to the model ingredi-
ents, such as the mass function, mass bias and scaling relations
adopted.

We see from Fig. 18 that the models presented above (the
tSZ template for CMB analyses, plus the Battaglia et al. 2012;
Shaw et al. 2010; and TBO2 models) provide reasonable fits
to the data for multipoles above 200. For lower multipoles the
Shaw et al. 2010 and TBO2 models are not consistent with the
data.
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Fig. 17. NILC–MILCA F/L cross-power spectrum after fore-
ground subtraction (red points), compared to the Atacama Cos-
mology Telescope (ACT; cyan dot) and the South Pole Tele-
scope (SPT; orange, George et al. 2015) power spectrum estimates.
The black line shows the tSZ power spectrum template (EM12,
Efstathiou & Migliaccio 2012) used in the Planck CMB cosmologi-
cal analysis (Planck Collaboration XVI 2014; Planck Collaboration XI
2016) with its best fit amplitude AtSZ (Planck Collaboration XI 2016).
The grey region allows comparison with the ±2� interval.

We have also performed a simplified likelihood analysis to
evaluate the uncertainties on cosmological parameters induced
by the uncertainties in the modelling of the cluster physics. We
replace our own model of the tSZ power spectrum by the mod-
els discussed above and recompute �8(⌦m/0.28)3/8, ACIB, Arad
and AIR from a simple linear fit to the NILC-MILCA F/L cross-
power spectrum. In the case of a mass bias of 0.2, we obtain val-
ues for �8(⌦m/0.28)3/8 between 0.77 and 0.80, which lie within
the 1� uncertainties (0.03) presented above.

A22, page 18 of 24

Planck Collaboration: Planck 2015 results. XXIV.

Fig. 5. Comparison of constraints from the one-dimensional (dN/dz)
and two-dimensional (dN/dzdq) likelihoods on cosmological param-
eters and the scaling relation mass exponent, ↵. This comparison
uses the MMF3 catalogue, the CCCP prior on the mass bias and the
SZ+BAO+BBN data set. The corresponding best-fit model redshift dis-
tributions are shown in Fig. 6.

Fig. 6. Redshift distribution of best-fit models from the four analysis
cases shown in Fig. 5. The observed counts in the MMF3 catalogue
(q > 6) are plotted as the red points with error bars, and as in Fig. 5 we
adopt the CCCP mass prior with the SZ+BAO+BBN data set.

parameter constraints. Although the one-dimensional likelihood
prefers a steeper slope than the X-ray prior, the two-dimensional
analysis does not, and the cosmological constraints remain ro-
bust to varying ↵.

We define a generalized �2 statistic as described above, now
over the two-dimensional bins in the (z, q)-plane. This general-
ized �2 for the fit with the X-ray prior is 43 (PTE = 0.28), com-
pared to �2 = 45 (PTE = 0.23) when ↵ is a free parameter.

Figure 6 displays the redshift distribution of the best-fit mod-
els in all four cases. Despite their apparent di�culty in match-
ing the second and third redshift bins, the PTE values suggest
that these fits are moderately good to acceptable. We note that,
as mentioned briefly in Sect. 5.1, clustering e↵ects will increase
the scatter in each bin slightly over the Poisson value we have as-
sumed, causing our quoted PTE values to be somewhat smaller
than the true ones.

Fig. 7. Comparison of constraints from the CMB to those from the clus-
ter counts in the (⌦m,�8)-plane. The green, blue and violet contours
give the cluster constraints (two-dimensional likelihood) at 68 and 95%
for the WtG, CCCP, and CMB lensing mass calibrations, respectively,
as listed in Table 2. These constraints are obtained from the MMF3 cata-
logue with the SZ+BAO+BBN data set and ↵ free (hence the SZ↵ nota-
tion). Constraints from the Planck TT, TE, EE+lowP CMB likelihood
(hereafter, Planck primary CMB) are shown as the dashed contours
enclosing 68 and 95% confidence regions (Planck Collaboration XIII
2016), while the grey shaded region also includes BAO. The red
contours give results from a joint analysis of the cluster counts and
the Planck lensing power spectrum (Planck Collaboration XV 2016),
adopting our external priors on ns and ⌦bh

2 with the mass bias param-
eter free and ↵ constrained by the X-ray prior (hence the SZ notation
without the subscript ↵).

7. Cosmological constraints 2015

We extract constraints on ⌦m and �8 from the cluster counts in
combination with external data, imposing the di↵erent cluster
mass scale calibrations as prior distributions on the mass bias.
In Sect. 7.1, we compare our new constraints to and then com-
bine them with those from the CMB anisotropies in the base
⇤CDM model. We study parameter extensions to the base model
in Sect. 7.2. In the following, we adopt as our baseline the 2015
two-dimensional SZ likelihood with the CCCP mass bias prior,
↵ free and � = 2/3 fixed in Eq. (7). All quoted intervals are 68%
confidence and all upper/lower limits are 95% confidence.

7.1. Base ⇤CDM

7.1.1. Constraints on ⌦m and �8: comparison to primary
CMB parameters

Our 2013 analysis brought to light tension between constraints
on⌦m and�8 from the cluster counts and those from the primary
CMB in the base ⇤CDM model. In that analysis, we adopted a
flat prior on the mass bias over the range 1�b = [0.7, 1.0], with a
reference model defined by 1�b = 0.8 (see discussion in the Ap-
pendix of Planck Collaboration XX 2014). Given the good con-
sistency between the 2013 and 2015 cluster results (Fig. 3), we
expect the tension to remain under the same assumptions con-
cerning the mass bias.

Figure 7 compares our 2015 cluster constraints (MMF3
SZ+BAO+BBN) to those for the base ⇤CDM model from the
Planck CMB anisotropies. The cluster constraints, given the
three di↵erent priors on the mass bias, are shown by the filled
contours at 68 and 95% confidence, while the dashed black

A24, page 9 of 19
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Cosmological probes from SZ measurements

Cluster count

dN

dz
=

Z
d⌦

Z
dM500 �̂(M500, z,x)

dN

dM500dzd⌦

Spatial distribution:

Y500 – M500   scaling relation

Selection function
Comoving volume and 
Mass function

Planck Collaboration: A map of the thermal Sunyaev-Zeldovich effect

the inhomogeneous properties of the noise, and the systematics
and foreground contamination should be taken into account in
different ways as described in this paper. Regions masked by
the point source mask should never be used. In the case of pixel
based analyses quality flags can be defined by combining the
information from the variance map and the various foreground
masks. For power spectrum, cross correlation and higher order
statistic analyses we remind the fact that the y-maps present sig-
nificant foreground contamination that needs to be taken into ac-
count both by masking highly contaminated regions (namely the
Galactic plane region) and by using adequate foreground mod-
els to which the ILC weights are applied. Taking these necessary
precautions, the Planck y-maps will prove a very useful tool for
the community.
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Appendix A: Modelling the expected tSZ signal

A.1. tSZ power spectrum

The representation of the y-map in spherical harmonics, Y`m,
reads

y(n) =
X

`m

y`m Y`m(n). (A.1)

Thus, its angular power spectrum is given by

C
tSZ
` =

1
2 ` + 1

X

m

y`my
⇤
`m. (A.2)

Note that C
tSZ
` is a dimensionless quantity here, like y.

As in (Planck Collaboration XX, 2014) the tSZ power spec-
trum is modelled using a 2-halo model to account both for intra-
halo and inter-halo correlations:

xC
SZ
` = C

1halo
` +C

2halos
` . (A.3)

Following (Komatsu & Seljak, 2002) the 1-halo term reads:

C
1halo
` =

Z
zmax

0
dz

dVc

dzd⌦

Z
Mmax

Mmin

dM
dn(M, z)

dM
|ỹ`(M, z)|2 , (A.4)

where dVc/(dzd⌦) is the comoving volume per unit redshift and
solid angle and n(M, z)dM dVc/(dzd⌦) is the probability of hav-
ing a galaxy cluster of mass M at a redshift z in the direction
d⌦. The quantity ỹ` = ỹ`(M, z) is the 2D Fourier transform on
the sphere of the 3D radial profile of the Compton y-parameter
of individual clusters,

ỹ`(M, z) =
4⇡rs

l
2
s

 
�T

mec2

! Z 1

0
dx x

2
Pe(M, z, x)

sin(`x/`s)
`x/`s

(A.5)

where x = r/rs, `s = DA(z)/rs, rs is the scale radius of the 3D
pressure profile, DA(z) is the angular diameter distance to red-
shift z and Pe is the electron pressure profile.

The 2-halos term (Komatsu & Kitayama, 1999; Diego &
Majumdar, 2004; Taburet et al., 2011) is given by:

C
2halos
` =

Z
zmax

0
dz

dVc

dzd⌦
⇥

"Z
Mmax

Mmin

dM
dn(M, z)

dM
|ỹ`(M, z)| B(M, z)

#2

P(k, z), (A.6)

where P(k, z) is the 3D matter power spectrum at redshift z.
B(M, z) is the time-dependent linear bias factor that relates the
matter power spectrum, P(k, z), to the power spectrum of the
cluster correlation function. Following Komatsu & Kitayama
(1999, see also Mo & White 1996) we adopt B(M, z) = 1 +
(⌫2(M, z) � 1)/�c(z), where ⌫(M, z) = �c(M)/D(z)�(M), �(M) is
the present-day rms mass fluctuation, D(z) is the linear growth
factor, and �c(z) is the threshold over-density of spherical col-
lapse.

Finally, we use the Tinker et al. (2008) mass function,
dn(M, z)/dM, including an observed-to-true mass bias b, as dis-
cussed in detail in Planck Collaboration XX (2014) , and we
model the SZ Compton parameter using the pressure profile of
Arnaud et al. (2010).

A.2. Nth moment of the tSZ field

Assuming a Poisson distribution (1-halo term) of the clusters
on the sky and neglecting clustering between clusters the Nth
moment of the tSZ signal (Komatsu & Kitayama, 1999; Wilson
et al., 2012; Planck Collaboration XX, 2014) reads
Z

zmax

0
dz

dVc

dzd⌦

Z
Mmax

Mmin

dM
dn(M, z)

dM

Z
d

2✓ y(✓,M, z)N , (A.7)

where y(✓,M, z) is the integrated Compton parameter along the
line of sight for a cluster of mass M at redshift z.

A.3. Bispectrum

The angular bispectrum is given by

B
m1m2m3
`1`2`3

=
⌦
y`1m1 y`2m2 y`3m3

↵
, (A.8)

where the angle-averaged quantity in the full-sky limit can be
written as

b(`1, `2, `3) =
X

m1m2m3

 
`1 `2 `3
m1 m2 m3

!
B

m1m2m3
`1`2`3

, (A.9)

and satisfies the conditions m1+m2+m3 = 0, `1+`2+`3 = even,
and

���`i � ` j

���  `k  `i + ` j, for the Wigner 3 j function in brack-
ets. Assuming a Poissonian spatial distribution of the clusters as
above, the bispectrum reads (Bhattacharya et al., 2012)

b(`1, `2, `3) ⇡
r

(2`1 + 1)(2`2 + 1)(2`3 + 1)
4⇡

 
`1 `2 `3
0 0 0

!

⇥
Z

zmax

0
dz

dVc

dzd⌦

Z
Mmax

Mmin

dM
dn(M, z)

dM
ỹ`1 (M, z)ỹ`2 (M, z)ỹ`3 (M, z).

Appendix B: Bispectrum cosmic variance

Following (Lacasa, 2014, chapter 2), the bispectrum
cosmic variance is composed of a Gaussian term, a
bispectrum⇥bispectrum term, a spectrum⇥trispectrum term
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2D Fourier transform of the

Measure of the angular power spectrum of the y-map

mean pressure profile
4



Planck cosmological constraints

Salvati et al.: Joint analysis of CMB, tSZ cluster counts and power spectrum

Fig. 1. Two-dimensional probability distributions for ⌧ and �8

for various values of optical depths (see text). We compare re-

sults for SZ number counts alone (pink and purple) and for CMB

data alone (blue and light blue).

and polarization anisotropy data, from the tSZ power spec-
trum alone (CtSZ

` ), from tSZ number counts alone (NCtSZ),
from 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 show the
results in Fig. 2 and we summarize the constraints (68%
c.l.) in Tab. 3 for the various datasets.

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).

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 (FoM)
for the various datasets in Tab. 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 parameter degeneracies
between the two tSZ probes drive this small improvement,
as shown in Fig. 4. As for the comparison between con-
straints from the CMB and tSZ combined probes, we find a
slightly larger discrepancy, of ' 1.8�, than the case of the
CMB versus tSZ counts alone.

FoM C
tSZ
` NCtSZ

C
tSZ
` + NCtSZ

1

��8�⌦m

567 1462 1592

Table 2. Figures of merit (FoM) for tSZ spectrum alone, num-

ber counts alone, the combination of the two probes, and for ⌦m

and �8 parameters in the ⇤CDM scenario.

Fig. 3. One-dimensional probability distribution for the mass

bias (1� b) for various dataset combinations: the complete tSZ

combination 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).

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 (2014b,
2016e), 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. 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 combined 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
(2016e). On the one hand, we find that the bias needed to

Article number, page 5 of 11

Cluster-based vs CMB-based cosmological results

Pratt et al. ISSI review (2019) 

§ SZ-based cosmology favored low-vallue of the amplitude of the linear matter density field w.r.t primary CMB cosmology
§ Trend towards low-s8 from cluster cosmology at all wavelengths

First task: ascertain the accuracy of the tools needed for cluster cosmology (Y-M relation and mean pressure profile)

Most likely explanation: cluster-based cosmology may be impacted by the lack of knowledge on the cluster physics

5

Salvati+2018
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A bit of cluster complexity

● Hydrostatic bias and mass function from 
hydrodynamic cosmological simulations

[Planck 2013 results XX]

[Planck intermediate 
results V (2013),  ]

[Planck intermediate results  V (2013)]

● Scaling relation from tSZ 
(Planck), X-rays (XMM)  

low redshi; clusters

● Pressure profile from tSZ 
(Planck), X-rays (XMM)  

low redshi; clusters

Arnaud+2010, 
Planck coll. 2013

§ Infered from 20 clusters at z<0.2 observed in X-ray only

�G(1� b)MHSE,X

r2
=

1

{⇢gaz = µmpngaz}
dPgaz

dr

Status: the universal (average) properties of the galaxy clusters are measured from samples of closeby and massive clusters

Precise temperature measurements requires very high-quality spectroscopic data (prohibitive integration
time for distant low-mass clusters)

Status and difficulties

Difficulties : 

6

Y500 – M500   scaling relation Mean pressure profile

§ Calibrated using nearby clusters observed in SZ and X-ray

§ Measured using 33 clusters at z<0.2 observed in X-ray

Pgaz = kB ngazTgaz

Pratt+2010, 
Arnaud+2010



F. Ruppin et al.: tSZ observation of PSZ2 G144.83+25.11with NIKA2
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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SZ
Ruppin+2018

kBTe(r) =
Pe(r)

ne(r)

y =
�T

mec2

Z
Pe(l)dl

kBTe(r) =
Pe(r)

ne(r)
(High-quality Spectroscopy )   

§ The Hydrostatic mass profile is measured from a direct observable of the gas pressure

§ « bypass » of the X-ray spectroscopy : measurement of temperature profile at high-z

SX =
1

(1 + z)4

Z
n2
e(l)⇤ dl

MHSE(r) /
r2

ne(r)

dPe(r)

dr

Mapping the SZ effect with the same angular resolution as the X-ray observatories to fully exploit the X-ray/SZ synergy

Kéruzoré+2020X-rays

Independent of redshift

This programme requires an experience such as NIKA2 ! 

Cluster mass measurements with high-angular resolution SZ mapping

7



NIKA2 in a nutshell

…with an angular resolution < 20’’ and 
an instantaneous field of view of 6.5’ in 
diameter…

Thousands KID-based camera… …cooled at 150 mK…

… operating at 150 and 
260 GHz …

(…and sensible to 
polarization at 260GHz)

One of the two 1140 
KID arrays at 260 GHz

Design of the cryogenic stages

Measured spectral transmission

IRAM 30-meter telescope at Pico Veleta, 
2870m, Spain

Adam et al. (2018) A&A 609, A115

A millimetric continuum camera of 2 900 Kinetic Inductance Detectors (KID), operating at 150 and 260 GHz, installed at the 
IRAM 30-meter telescope, and operating since 2017

Perotto et al. (2020) A&A 637, A71

8



150 GHz 260 GHz

FOV diameter 6.5‘ 6.5’

Angular resolution: 
FWHM 17.6’’ ± 0.1’’ 11.1’’ ± 0.2’’

RMS calibration 
uncertainties 3% 6%

Absolute calibration 
uncertainties 5% 5%

Systematic
uncertainties <1% <1%

Sensitivity: NEFD 9 ± 1 mJy.s1/2 30 ± 3 mJy.s1/2

Mapping speed
arcmin2 /mJy2 / hours 1388 ± 174 111 ± 11

Performance well-suited for SZ mapping

9

Two frequency bands to 
observe the SZ decrement
and a slight positive signal
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Capabilities to simultaneously resolve high-redshift clusters 
while mapping the clusters’ outskirts

Stability and high sensitivity

• at 150 GHz to map clusters including low-mass ones

• at 260 GHz to detect and remove point sources

F. Kéruzoré’s PhD Thesis

Perotto+2020



Laurence Perotto |    LPSC Millimeter Universe at NIKA2   |   2021-06-28

• Cosmology with Galaxy clusters 
• Implication of high-angular resolution SZ mapping of galaxy clusters

• Why NIKA2 is well-suited for SZ  ?

• The Sunyaev-Zel’dovich Large Program
• Main science goals & products
• Status of the observations
• Status of the analysis
• First results
• On-going studies and prospectives

The NIKA2 Sunyaev-Zeldovich Large Program



The Sunyaev-Zeldovich Large Programme

High angular resolution thermal SZ mapping of a 
representative sample of galaxy clusters for Cosmology
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• 300 hours of Guaranteed Time at the IRAM 30-m telescope

• PI : Frédéric Mayet, coPI : Laurence Perotto

• 45 clusters at   0.5  < z < 0.9 

• Follow-up of Planck and ACT (Atacama Cosmology Telescope)

• Representative: selected in mass and redshift in the Planck and 
ACT catalogues

• X-ray observation available (XMM-Newton and Chandra) 

Main goals

• Mean pressure profile (and thermodynamical properties of the 
Intra-cluster medium)

• Y-M scaling relation

• Probe the low-mass and high-redshift clusters

Provide the community with tools to improve the accuracy of 
Cosmology with galaxy clusters

10
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The Sunyaev-Zeldovich Large Programme

F. Ruppin et al.: tSZ observation of PSZ2 G144.83+25.11with NIKA2
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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NIKA2 = First generation of SZ experiments for exploiting the synergy between X-rays and SZ at the same angular resolution

PSZ2 G144@                 Planck                                                               NIKA2                        XMM-Newton

Ruppin+2018
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Deep integration-time spectroscopy

§ Full characterization of the Intra-Cluster Medium from the core to the outskirts

§ Hydrostatic equilibrium Mass profile from a direct observable of the gas pressure

§ Gas temperature profile of high-redshift clusters

A&A proofs� manuscript no. NIKA2_ACT

the flux of each source is given by the probability density obtained
from the SED extrapolation (see §4.2). This has the advantage of
naturally taking into account the uncertainty on the extrapolated
source fluxes. Sources S5&6, for which we could not fit and
extrapolate a SED, are directly subtracted from the data using
their fluxes and positions measured in the NIKA2 150 GHz map
(see §4.3). Since they are far from the cluster (outside R500), this
reduces the number of parameters of our MCMC analysis without
altering the quality of the recovered profiles. The resulting surface
brightness map is then convolved with the transfer function to
account for filtering e�ects due to data processing. We also ran
the joint fit with flat priors on the point sources fluxes in order
to ensure that our results were prior-independent and that the
fluxes recovered by the joint fit without prior were compatible
with those extrapolated from the SED adjustment of each source
(see Appendix A).

Our ability to constrain the pressure profile in the outskirts of
the cluster, represented in our model by the external slope of the
pressure profile b, is limited by the angular coverage of NIKA2.
Constrains on the large-scale emission can be obtained by using
the integrated SZ signal within an aperture of radius R500:

D2
A Y500 = 4⇡

��

mec2

π R500

0
r2Pe(r) dr, (5)

where DA is the angular diameter distance at the cluster redshift.
The integrated Compton parameter was measured in the ACT
survey, D2

A YACT
500 = (4.07± 1.13)⇥ 10�5 Mpc2 (Hasselfield et al.

2013). We take this into account in our likelihood. For each set of
parameters sampled in our MCMC, the value of Y500 is computed
and compared to that of the ACT survey.

To summarize, at each iteration of the MCMC, the model
map is computed from the following set of parameters #:

– P0, rp , a, b, c: the parameters describing the gNFW pressure
profile of the ICM (Eq. 4), with Gaussian priors around the
A10 universal pressure profile values,

– Fi
150, i = 1 . . . 4: the fluxes of every point source near our

cluster, with priors given by the extrapolation of the SED of
sources in the NIKA2 bandpass (§4.2),

– Cconv, Z: the y-to-Jy/beam conversion coe�cient and the
zero-level of the map.

The probability that these parameters describe our data is ob-
tained by combining our prior knowledge of the data with the
likelihood that compares the model M with the data D:

logL(#) = � 1
2

nNIKA2
pixels’
i=1

⇣
M(#) �D

⌘T
C�1

⇣
M(#) �D

⌘�
i

� 1
2

 
YACT

500 � Y500(#)
�YACT

500

!2

(6)

where C the noise covariance matrix, which is evaluated by com-
puting the covariance of Monte-Carlo noise realizations gen-
erated from the correlated noise power spectra (see previous
NIKA(2) papers, e.g. Adam et al. 2014; Ruppin et al. 2018).

6. Results

The MCMC procedure described in the previous section is used
to find the parameters that best fit the NIKA2 150 GHz map as the
sum of the SZ signal for an ICM described by a gNFW pressure

profile and of contamination by 4 point sources, convolved by the
NIKA2 instrumental response and by the data processing transfer
function. The 2D model and residuals are shown in Fig. 5. Since
no high-SNR structures are seen in the residuals map – save for
the western structure at the edge of the map, well outside the
cluster –, we can say that there is no evidence for substructures or
departure from sphericity in the NIKA2 data. In addition, Fig. 6
shows the surface brightness profiles of the NIKA2 map and of
the model. We see no significant o�set between the two profiles,
further indicating that the gNFW + point sources model is a good
description of our data. We insist on the fact that this figure is
only an illustration of the compatibility between the data and
model in 1D, and that the fit was performed in the NIKA2 map,
not on the radial profile.

6.1. Thermodynamic profiles

The pressure profile obtained from our MCMC adjustment is
presented on the top left panel of Fig. 7. The blue line marks
the best-fitting gNFW profile. The error envelopes are obtained
by computing a pressure profile for each set of sampled parame-
ters after a burn-in cuto� and computing the dispersion of these
profiles.

We compare this pressure profile with that inferred from the
combination of X-rays density and temperature profile (Fig. 2).
The comparison between these two profiles is interesting because
they represent two independent measurements of the pressure
distribution in the ICM in the specific case of a distant cluster.
The X-ray only data is superimposed in white on the top left
panel of Fig. 7. The two measurements are in agreement within
the error bars. The pressure recovered by NIKA2 appears to be
higher than the X-ray only pressure in the central region of the
ICM, but this e�ect is not significant given the error bars on both
profiles.

Other thermodynamic quantities can be derived by combin-
ing this pressure profile with the density profile obtained from
X-ray data without spectroscopic information. Namely, we can
compute the temperature Te(r), entropy Ke(r) and hydrostatic
mass MHSE(< r) profiles through

k�Te(r) =
Pe(r)
ne(r)

, Ke(r) = Pe(r) n�5/3
e (r), (7)

and through the equation of hydrostatic equilibrium:

MHSE(< r) = � 1
µmpG

r2

ne(r)
dPe

dr
, (8)

where mp is the proton mass, µ the mean molecular weight of
the gas, and G the gravitational constant.

We use the pressure profile recovered from the NIKA2 data
in combination with the density profile from XMM-Newton ob-
servations. The density profile is interpolated by a power law in
order to compute the value of the density at any given radius.
Fig. 7 shows the constraints put on the temperature, entropy and
hydrostatic mass profiles (in blue) that can be compared with the
same profiles inferred using X-ray only data with spectroscopy
(in white). As for the pressure, the profiles exhibit a strong agree-
ment, illustrating the complementarity of high-resolution X-ray
and SZ data.

The agreement between the thermodynamic profiles recov-
ered with NIKA2+XMM and XMM-only observations is a great
assessment of the possibility to retrieve quality information on
the ICM with NIKA2. Indeed, while the cluster was observed for
comparable times with the two instruments, this compatibility
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SX =
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(1 + z)4

Z
n2
e(l)⇤ dl

MHSE(r) /
r2

ne(r)

dPe(r)

dr
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NIKA2 LP-SZ first results

The demonstrator : PSZ2 G0144 The challenging : ACT-CL J0215 

§ Science verification, April 2017
§ t_obs = 11h = 5 x t_LPSZ
§ Atmospheric opacity ≈0.3 at 150 GHz

§ PSZ2-G0144.83+25.11 
§

§ ACT-Cl  J0215 
§ z = 0.865 M500 = 3.5⇥ 1014M�z = 0.58 M500 = 7.8⇥ 1014M�

§ N2R14, January 2018 
§ t_obs = 9h = t_LPSZ
§ Atmospheric opacity ≈0.2 at 150 GHz

F. Ruppin et al.: tSZ observation of PSZ2 G144.83+25.11with NIKA2
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Fig. 1. NIKA2 maps of the cluster in the 150 GHz (left) and 260 GHz (right) bands. Both maps are shown in a 4.5’⇥4.5’ square centered on the
observed coordinates. In both maps, contours show signal-to-noise levels starting from ±3� with a 1� spacing. The left (right) map is smoothed
with a 10” (6”) gaussian kernel for display purposes. The e�ective FWHM for each map is represented as a white disk in its bottom left corner.

level of residual correlated noise, with large noise bands sur-
rounding the SZ decrement of the cluster. Given this noise level,
we assume the contribution of the kinetic SZ e�ect (kSZ) to the
signal to be negligible; hence, all further mention of the SZ e�ect
will only refer to the thermal SZ e�ect.

We also note hints of strong contamination by point sources.
Indeed, sub-millimeter or radio sources emit a flux that can com-
pensate the SZ decrement and create “holes” in the apparent
shape of the ICM. This seems to be the case in the NIKA2 150
GHz map, where we see positive point sources very close to the
cluster, as well as possible holes1. This is particularly concerning
in the case of this cluster because of its small spatial extension:
the area with a signal-to-noise ratio greater than 3� is⇠1 arcmin2,
corresponding to ⇠10 times the solid angle of the NIKA2 instru-
mental beam at 150 GHz. A single point source near the cluster
can therefore have a great impact on the observed shape of the
ICM.

In the right panel, corresponding to the 260 GHz map, we do
not see any indication of SZ detection. The SZ signal, which is
expected to be slightly positive in this frequency channel, is not
detected given the noise level. For this cluster, the peak amplitude
of the SZ signal of the cluster is expected to be ⇠ 0.2 mJy/beam,
which is ⇠ 4 times smaller than the instrumental noise at the
center of the map. However, this map allows us to clearly identify
point sources very near the center of our cluster, indicating that
a careful evaluation of the contamination by these sources must
be performed before we can retrieve accurate information on the
ICM.

3.2. X-ray observations of ACT-CL J0215.4+00309

ACT-CL J0215.4+0030 was observed by XMM-Newton for a
total observation time of 37 ks. Data (OBSID: 0762290501)
were retrieved from the archive and the standard procedures (see
e.g. Bartalucci et al. 2017) were followed to produce cleaned and
calibrated event files; apply the vignetting correction; produce
background files; detect and exclude point sources; and subtract

1 Note that the “holes” are actually positive signal compensating the
negative SZ, and therefore “bumps”.

the background. The observation time after cleaning was 35/29
ks (MOS/pn).

The wavelet-smoothed image of the cluster shown in Fig. 2
indicates that the object may be somewhat disturbed. Depro-
jected, PSF-corrected gas density and temperature profiles were
produced from the X-ray data as described in e.g. Pratt et al.
(2010). In view of the likely perturbed nature of the object, we
produced the density and temperature profiles both for the X-ray
and the SZ peak, although the resulting profiles are not markedly
di�erent. The density and temperature profiles, centred on the
SZ peak, are shown in Fig. 2. The projected temperature profile,
extracted directly from 2D spectra, is also shown for reference,
but only the deprojected profile will be used in this paper. The
hydrostatic total mass profile, obtained under the assumption of
spherical symmetry, was derived using the Monte Carlo proce-
dure described in detail in Démoclès et al. (2010) and Bartalucci
et al. (2018). This profile is shown in Fig. 7.

4. Contamination by point sources

As discussed in §3.1, a precise estimation of the contamination
by point sources is crucial in order to be able to retrieve accurate
properties of the cluster via the SZ e�ect. This is because the flux
of point sources can partially or fully compensate the SZ decre-
ment and disturb the apparent shape of the cluster. In the case of
ACT-CL J0215.4+0030, this e�ect is even more important due
to the fact that the cluster is faint (with a peak surface brightness
lower than 1 mJy/beam at 150 GHz) and has a small spatial
extension compared to the NIKA2 camera resolution. In this sec-
tion, we investigate the origin of the contamination and detail the
procedure used to estimate the amplitude of this contamination
in the NIKA2 150 GHz map.

4.1. Identification of point sources

The SZ decrement can be a�ected by positive point sources
that are either foreground sources, background ones, or sources
that belong to the cluster. In any case, they can be dusty sub-
millimeter galaxies (SMGs), with stronger emission at frequen-
cies higher than the those covered by the NIKA2 bandpasses,

Article number, page 4 of 13

§ 13.5 sigma measurement at peak
§ Thermal SZ sigma detected up to1.5’  ( > 0.5 Mpc) 

§ 9 sigma measurement at peak
§ SNR > 3 in a disk of 1 arcmin square

Ruppin et al. (2018) A&A 615 A112  Kéruzoré et al. (2020)  A&A 644  A93 

14



1015

MYX
500 [MØ]

10°5

10°4

10°3

E
°

2/
3

z
D

2 A
Y

50
0

[M
p
c2

]

Planck scaling relation
Planck sample
PSZ2 G144.83+25.11 with mask
PSZ2 G144.83+25.11 without mask

Evidence of an over-pressure region

PSZ2-G144: Implication for the LP-SZ Cosmology Program

Impact on the hydrostatic mass profile 

Significative impact on 
the pressure profile

MHSE(r) /
r2

ne(r)
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used to relate the observable to the mass
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Sensitivity to the intrinsic dispersion of the Mass-Observable relation 

Ruppin et al. (2018) A&A 615 A112  
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Florian Kéruzoré 
NIKA2 telecon 

17/06/2020
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MCMC RESULTS
12

NIKA2 data Best fit Residuals = data — best fit

NB: SMG5&6 were subtracted

Residuals compatible with noise


→ The NIKA2 data are well-described by a gNFW pressure profile + point sources:


No significant evidence of substructure / departure from sphericity
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→ The NIKA2 data are well-described by a gNFW pressure profile + point sources:


No significant evidence of substructure / departure from sphericity
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NIKA2 telecon 

17/06/2020
NIKA2 MAPS OF THE CLUSTER

5

◦  detection 
SNR levels from  with  spacing 
Accounts for correlated noise 

◦ Small spatial extension:  
Area of  

◦ Hints of point source contamination 
(“holes” in the cluster’s shape)

8.5σ
3σ 1σ

SNR ⩾ 3 ≃ 1 arcmin2

◦ No SZ signal (none expected because 
of the tSZ spectrum shape and NIKA2’s 
sensitivity) 

◦ Point sources near the cluster 
confirmed
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NIKA2 2 mm NIKA2 1 mm

IDL Pipeline maps using the Common Mode One Block (“Most correlated Pixels”) decorrelation

SPIRE @ Herschel

MCMC fit using the probability distribution of the point source fluxes as prior

Fit of the point source flux in the 150 GHz band from
NIKA2@260GHz +  SPIRE@600, 800, 1200 GHz

Joint model
§ tSZ signal projected from a gNFW pressure profile (Nagai+2007)
§ Point sources 

Unbiased pressure profile estimate
The uncertainties on the estimation of point source fluxes are well-propagated

ACT-Cl-J0215: Impact of point sources

Probability distribution of the point source flux at 150 GHz

Kéruzoré et al. (2020)  A&A 644  A93 
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Pressure profile
with
NIKA2+ACT

+

Author list to be determined: NIKA2 observations of a low mass cluster

Fig. 8. Comparison of the deprojected pressure profile obtained from
the NIKA2 data with the universal pressure profiles from A10. ACT-
CL J0215.4+0030 exhibits a pressure profile similar to those identified
as disturbed in A10 (dashed black line).

Table 2. Characteristic values of ACT-CL J0215.4+0030 from the anal-
ysis of ACT, XMM-Newton and NIKA2+XMM-Newton data.

ACT XMM-Newton NIKA2+XMM

R500 877.8 ± 46.2 780.9 ± 19.8 810.1 ± 41.9[kpc]
D2

A Y500 4.07 ± 1.13 – 3.76 ± 0.39⇥
10�5 Mpc2⇤

M500 3.5 ± 0.8 2.48 ± 0.70 3.79 ± 0.58⇥
1014 M�

⇤

Notes. The ACT values were taken from Table 8 of Hasselfield et al.
(2013) – see §6.2.

surface brightness profile, which we fall slightly short of with 3�
at 0.7 ⇥ ✓500.

The most challenging aspect of the analysis proved to be the
treatment of the contamination by point sources. This contami-
nation greatly a�ects the SZ signal because of the small angular
size of the cluster, but also because of the strong fluxes of point
sources. We cross-matched the point sources identified in the
NIKA2 260 GHz map of the cluster region, where no SZ signal
is detected, with the ones reported in the Herschel Stripe82 survey
catalog (HerS82, Viero et al. 2014). Five sources were identified
this way. For all sources but the farthest from the cluster center,
we conducted a multi-wavelength analysis to account for their
contamination. We measured their fluxes in the NIKA2 260 GHz
map and combined it with the fluxes given in the HerS82 catalog
to reconstruct their SED. We fitted each SED with a modified
blackbody spectrum, which was then extrapolated in the NIKA2
150 GHz bandpasses to estimate the contamination of the cluster
signal by each point source. These results were then used as a
prior for a joint fit of the pressure distribution of the ICM and
of the point-source contamination. This way of dealing with the
point-source contamination allowed us to fully take into account
the uncertainty on the fluxes of point sources given by the SED
extrapolation.

The result of the joint fit gave us access to the pressure profile
of the cluster. We took advantage of the knowledge of the inte-
grated SZ flux from ACT to constrain the fit, YACT

500 e�ectively
providing us with constraints on the pressure at large angular
scales not accessible with NIKA2. This pressure profile is found
to be incompatible with the universal profile of A10, but compat-
ible with the profile of disturbed clusters. The resulting pressure
profile was compared with the one obtained from the standalone
analysis of XMM-Newton data. The results were found to be
compatible. The measurement of the integrated SZ flux from the
NIKA2 data is more precise than the one from ACT, illustrating
the gain of high angular resolution observations. Moreover, the
use of NIKA2 high angular resolution and dual-band capacities
allowed us to improve the accuracy of this measurement through
the thorough measurement of the point source contamination.
The combination of our NIKA2 pressure profile and of the den-
sity profile obtained from XMM-Newton allowed us to explore
more thermodynamical properties of the cluster. In particular, we
could compute the hydrostatic mass of the cluster. This mass was
found to be compatible with the one inferred from the Y500�M500
scaling relation applied to the ACT integrated SZ signal. More-
over, the thermodynamical profiles allowed us to identify the
cluster as having a disturbed core.

The precision of the thermodynamical profiles of the ICM
obtained by combining NIKA2 and XMM-Newton data is a very
promising result. The NIKA2+XMM results are found to be
compatible with those obtained from X-ray spectroscopy, with
comparable precision. This means that the combination of high-
resolution SZ and X-ray observations can be used to probe the
thermodynamics of the ICM without need for X-ray spectroscopy.

Our conclusions are as follows. NIKA2 already proved to be
very suited for SZ science on massive clusters. In this paper, we
studied a faint and compact cluster, with a low mass and at a high
redshift. ACT-CL J0215.4+0030 is one of the faintest clusters
of the NIKA2 LPSZ sample, and is therefore expected to be
one of the most di�cult to analyze. Our measurements are also
a�ected by the presence of strong point sources that compensate
the SZ flux of the cluster in a significant proportion of its area.
We demonstrated that the point-source contamination could be
accounted for in our fit, provided we had access to external data to
help us identify the point sources and evaluate the contamination.

In spite of the challenges of the analysis, we showed that
the results obtained from the combination of NIKA2 and XMM-
Newton are very competitive with those obtained using X-ray
spectroscopy. As the exposure time needed to be able to extract
spectroscopic information – and therefore a temperature profile –
from X-ray observations is much higher than the time needed to
be able to extract a density profile, and since this time increases
steeply with redshift, this means the combination of X-rays and
SZ is very well adapted for the measurement of thermodynamical
properties of the ICM at high-z. Finally, we also saw that the
high angular resolution observations of this cluster allowed us to
improve the precision of the integrated mass and SZ signal from
previous knowledge from the ACT survey. Since this analysis
was designed as a “worst-case scenario” for the NIKA2 SZ large
program clusters, we can expect that much precision for most of
the clusters of the LPSZ. This is therefore a promising indication
of our ability to use NIKA2 capabilities to achieve a precise
calibration of the tools needed for cluster cosmology using SZ-
detected catalogs of galaxy clusters.
Acknowledgements. We would like to thank the IRAM sta� for their support
during the campaigns. The NIKA dilution cryostat has been designed and built
at the Institut Néel. In particular, we acknowledge the crucial contribution of the
Cryogenics Group, and in particular Gregory Garde, Henri Rodenas, Jean Paul
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ACT-Cl-J0215: implication for the LP-SZ cosmology program
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Density profile
with
XMM-Newton

Precision improvement on Y_500 w.r.t. ACT

Precision improvement on M_500 w.r.t. 
• ACT (using a Y500-M500 scaling law) 
• and XMM-Newton ! 
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Status of the LPSZ observations

§ Total observed hours

• From 2017 Summer Semester to 2020 Winter Semester

• 170 hours out of 300

§ Status of the observation of the cluster sample

45 clusters 

• 31 already observed

• 3 started

• 7 scheduled (including 4 ACT clusters)

• 4 non-confirmed (not a cluster)

Bin 0.5-0.7 0.7-0.9

5 (high mass)
PSZ2 G155.27-68.42 
PSZ2 G111.61-45.71
PSZ2 G228.16+75.20
PSZ2 G209.79+10.23

PSZ2 G138.61-10.84

4

PSZ2 G183.90+42.99
PSZ2 G211.21+38.66
PSZ2 G045.32-38.46  
PSZ2 G144.83+25.11
PSZ2 G201.50-27.31

PSZ2 G091.83+26.11
PSZ1 G140.10+50.09 
PSZ1 G224.73+33.65 
PSZ2 G141.77+14.19
PSZ1 G080.66-57.87 

3

PSZ2 G212.44+63.19
PSZ2 G094.56+51.03
PSZ2 G193.31-46.13
PSZ2 G046.13+30.72
PSZ2 G099.86+58.45

PSZ2 G084.10+58.72
PSZ2 G086.93+53.18
PSZ2 G160.83+81.66
PSZ1 G226.65+28.43
PLCK G227.99+38.11

2

PSZ2 G081.02+50.57
PSZ2 G106.15+25.75 
PSZ2 G108.27+48.66
PSZ2 G133.59+50.68
PSZ2 G080.64+64.31

PSZ2 G104.74+40.42
PLCK G079.95+46.96

PSZ2 G088.98+55.07 weak
PSZ2 G087.39+50.92

PSZ2 G097.52+51.70 warning

1 (low mass)

ACT-CL J0219.8+0022 
ACT-CL J2152.9-0114 

ACT-CL J0240.0+0116 – 77%
ACT-CL J2302.5+0002 – 50%

ACT-CL J0223.1-0056

ACT-CL J0018.2-0022 
ACT-CL J0058.0+0030

ACT-CL J2130.1+0045 – 3%
ACT-CL J0119.9+0055 
ACT-CL J0215.4+0030
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Status of the LPSZ analysis pipeline

Both observation and analysis of the clusters must be homogeneous to preserve the representativity of the sample

§ From raw data to SZ maps

o Perform a noise decorrelation…

o …While preserving the large angular scales

Find an optimal trade-off between noise subtraction and induced filtering

Time Ordered Information of each KID k have correlated components of atmospheric and 
electronic origins

dk(t) = AtpSp +Natm(t) +N elec
k2box(t) +Nk(t)

<latexit sha1_base64="bQYbEKtauC6I1h3LqGNRegSj098="></latexit>

Pipeline

The angular scales filtering induced by the pipeline is modeled using a transfer function

in …                                   … out     TF =
< M̃outM̃ in >

< |M̃ in|2 >

<latexit sha1_base64="wj1JNER01n4P1VNwv87f5Ppoeq0="></latexit>
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Miren Muñoz-Echeverría’s talk #1

§ Control of the systematics: dealing with complex morphology

Emmanuel Artis’talk #1

PRELIMINARYPRELIMINARYPRELIMINARY



§ Point source detection and removal

§ Estimation of the thermodynamical profiles: Pressure, Temperature, HSE Mass

§ Statistical analysis tools for Cosmology :
how to measure an unbiased scaling relation and to estimate the intrinsic dispersion ? 

o Coming soon! PANCO2: the second Pipeline for the Analysis of NIKA2 Cluster Observation

o MCMC-based fast estimator of the thermodynamical profiles of the intracluster medium 

o Main contaminant: backgroup lensed galaxies, members, foregrounds

o Fluxes need to be estimated : use archival data + follow-ups ?

o Nice by-product of the LP-SZ : Release of a catalogue of point sources 
including high-z lensed galaxies candidates

150 GHz 260 GHz

…
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Status of the LPSZ pipeline

Florian Kéruzoré’s talk #1

Florian Kéruzoré’s talk #2

PRELIMINARY

PRELIMINARY



Validation and forecasts on simulation

§ The MUSIC LP-SZ twin sample

§ The 300th LP-SZ twin samples

F. Ruppin et al.: Simulation of the NIKA2 SZ large program with MUSIC clusters

Figure 10. Left: Mean normalized pressure profiles and associated 1� error on the mean for the relaxed (blue) and disturbed (red) clusters. The
di↵erence between the two profiles divided by the mean of their associated uncertainties is shown with the dark blue line in the lower panel. Right:
Mean normalized pressure profiles and associated 1� scatter for the whole sample of selected clusters computed from the true MUSIC pressure
profiles (green) and for the NIKA2/Planck deprojected profiles (purple) after normalization by the integrated quantities corrected from the mean
hydrostatic bias (see Sect. 3.3).

clusters with redshift can induce a significant change of the
measured intrinsic scatter associated with the distribution of
pressure profiles.

We present in the left panel of Fig. 10 the mean normalized
pressure profiles of the relaxed and disturbed subsamples and
the associated error on the mean. This error is computed from
the ratio of the intrinsic scatter of each distribution and the
square root of their respective number of profiles. The lower
panel of the figure shows the di↵erence between the two mean
pressure profiles divided by the average of the errors on the
means at each radius. For this particular sample, for which
the fraction of disturbed clusters is about 50%, we show that
di↵erences in the mean pressure profile of relaxed and disturbed
clusters can be identified by NIKA2 at a significance higher
than 2� for most of the scales recovered by the camera. This
significance would have been higher had our selected sample
been built using the same statistics of the NIKA2 SZ large
program sample, i.e., five clusters per bin instead of four (see
Sect. 4.1). Furthermore, given the results on the intrinsic scatter
associated with the mean pressure profiles of the relaxed and
disturbed subsamples (see Fig. 9), we expect this significance
on the di↵erence between the mean pressure profiles to increase
if the actual fraction of disturbed clusters in the cluster sample
of the NIKA2 SZ large program is between 50% and 70%.

Finally, we compared the mean pressure profile of the whole
selected cluster sample after a normalization by the corrected
integrated quantities R̂

HSE�corr
500 and P̂

HSE�corr
500 with the true mean

normalized pressure profile computed from the MUSIC pressure
profiles and the true integrated quantities R

true
500 and P

true
500 of each

cluster in the selected sample. The results are shown in the right
panel of Fig. 10 with the purple and green profiles, respectively.
As expected given the previous results, we do not measure
significant di↵erences between the mean profiles in the scaled
radius interval that can be probed by the NIKA2 SZ large
program i.e., 0.1R500 < r < R500. However, the intrinsic scatter
associated with the NIKA2/Planck deprojected profiles (purple
shaded region) is on average twice as large as that measured
on the true distribution of normalized profiles (green shaded

region). While 60% of this increase at R500 can be explained
by the normalization of the profiles using integrated quantities
corrected by the mean hydrostatic bias (see Sect. 3.4), most of
this di↵erence is explained by the fact that our deprojection
procedure cannot properly reproduce the spatial distribution of
tSZ signal of disturbed clusters. Furthermore, clusters identified
as relaxed might also be elongated along the line of sight. The
deprojected pressure profiles of such systems are also slightly
di↵erent from their true pressure profile extracted from the
simulated cube. Using a triaxial deprojection method (e.g.,
Sereno et al. 2012), based on the combination of the NIKA2 SZ
data and the XMM-Newton X-ray data in the NIKA2 SZ large
program, would be a way to include this systematic e↵ect in the
analysis.

The results shown in this section highlight the importance
of an accurate measurement of the morphological properties of
galaxy clusters at high redshift to probe a potential evolution of
the intrinsic scatter associated with the mean pressure profile of
a representative cluster sample at 0.5 < z < 0.9 compared to the
values measured at lower redshifts. As has been shown in Ruppin
et al. (2018), the instrumental performance of the NIKA2 cam-
era facilitate the characterization of the morphology and ICM
thermodynamic properties with high precision for radii enclosed
between 0.1R500 < r < R500 for the redshift range considered
in the NIKA2 SZ large program. We will therefore be able to
study the impact of ICM disturbances, detected by the NIKA2
camera, on the mean pressure profile as obtained under the hy-
pothesis of hydrostatic equilibrium. Furthermore, the use of mul-
tiwavelength data sets that will complement the NIKA2 SZ large
program will allow us to develop new analysis tools to take into
account the systematic e↵ects highlighted in this paper on the
measured distribution of normalized pressure profiles.

6. Conclusions

We have used synthetic clusters from the MUSIC simulation to
build a twin sample of the one that is currently considered for
the NIKA2 SZ large program. The clusters were selected in or-
der to avoid biasing the sample toward a given morphological
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Figure 8. Upper panels: Simulated NIKA2 tSZ surface brightness maps for a relaxed (left) and a disturbed (right) cluster. The signal-to-noise
contours (black lines) start at 3� with 1� steps. Lower panels: Pressure profiles estimated at the maximum likelihood from the MCMC analysis
of the maps shown in the above panels (black line) and associated 1 and 2� uncertainties (dark blue and light blue regions). The pressure profiles
extracted from the MUSIC simulation for each cluster are represented by the red dots with 1� error bars. A radius of 100 kpc corresponds to an
angular scale of 15.3 arcsec and 12.8 arcsec for the left and right panel, respectively.

A way to characterize the bias induced by this mismodeling of
the pressure distribution would be to mask, in turn, the identified
main substructures of the disturbed clusters and perform the
same analysis for each of these in order to compute an additional
systematic uncertainty on the estimated pressure profile; see
Ruppin et al. (2018). This type of analysis will be carried out
for the clusters of the NIKA2 SZ large program but is beyond
the scope of this study as all the clusters defined as a single
halo in the simulation have to be modeled by a single pressure
profile to preserve consistency in a cosmological analysis (see
Sect. 2.4). We also note that the pressure profile estimated from
the simulated tSZ observations of this cluster leads to a relative
di↵erence on the measurement of Ŷ

HSE
500 of 67% compared to

the expected value obtained by considering the Arnaud et al.

(2010) universal pressure profile and the measurement of Ŷ5R500
computed by aperture photometry on the simulated Planck map.
This result highlights the impact of the NIKA2 high angular
resolution on the estimation of the integrated parameter of high
redshift clusters.

At the end of the MCMC analysis of each simulated tSZ
map, the constrained pressure profile is combined with the den-

sity profile extracted from the MUSIC simulation7 to estimate a
mass profile under the hydrostatic equilibrium hypothesis using
eq. (4). This mass profile is used to compute the value of the
characteristic radius R̂

HSE
500 considered to estimate the integrated

quantities M̂
HSE
500 , Ŷ

HSE
500 , and P̂

HSE
500 (see Sect. 3.3). These quanti-

ties are essential to estimate the mean pressure profile from all
pressure profiles obtained by this analysis.

5.2. Impact of the ICM dynamical state on the mean

pressure profile

This section is dedicated to the analysis of the impact of the ICM
dynamical state of the selected MUSIC clusters on their pressure
profiles estimated from the analysis developed in Sect. 5.1 and
on the mean pressure profile of the relaxed and disturbed cluster
subsamples.
The pressure profiles, estimated at the end of the analysis de-
scribed in Sect. 5.1, are normalized using the values of R̂

HSE
500

and P̂
HSE
500 computed for each cluster by the combination of the

7 We treat the MUSIC density profile as a profile that would be esti-
mated from X-ray observations.
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Figure 8. Upper panels: Simulated NIKA2 tSZ surface brightness maps for a relaxed (left) and a disturbed (right) cluster. The signal-to-noise
contours (black lines) start at 3� with 1� steps. Lower panels: Pressure profiles estimated at the maximum likelihood from the MCMC analysis
of the maps shown in the above panels (black line) and associated 1 and 2� uncertainties (dark blue and light blue regions). The pressure profiles
extracted from the MUSIC simulation for each cluster are represented by the red dots with 1� error bars. A radius of 100 kpc corresponds to an
angular scale of 15.3 arcsec and 12.8 arcsec for the left and right panel, respectively.

A way to characterize the bias induced by this mismodeling of
the pressure distribution would be to mask, in turn, the identified
main substructures of the disturbed clusters and perform the
same analysis for each of these in order to compute an additional
systematic uncertainty on the estimated pressure profile; see
Ruppin et al. (2018). This type of analysis will be carried out
for the clusters of the NIKA2 SZ large program but is beyond
the scope of this study as all the clusters defined as a single
halo in the simulation have to be modeled by a single pressure
profile to preserve consistency in a cosmological analysis (see
Sect. 2.4). We also note that the pressure profile estimated from
the simulated tSZ observations of this cluster leads to a relative
di↵erence on the measurement of Ŷ

HSE
500 of 67% compared to

the expected value obtained by considering the Arnaud et al.

(2010) universal pressure profile and the measurement of Ŷ5R500
computed by aperture photometry on the simulated Planck map.
This result highlights the impact of the NIKA2 high angular
resolution on the estimation of the integrated parameter of high
redshift clusters.

At the end of the MCMC analysis of each simulated tSZ
map, the constrained pressure profile is combined with the den-

sity profile extracted from the MUSIC simulation7 to estimate a
mass profile under the hydrostatic equilibrium hypothesis using
eq. (4). This mass profile is used to compute the value of the
characteristic radius R̂

HSE
500 considered to estimate the integrated

quantities M̂
HSE
500 , Ŷ

HSE
500 , and P̂

HSE
500 (see Sect. 3.3). These quanti-

ties are essential to estimate the mean pressure profile from all
pressure profiles obtained by this analysis.

5.2. Impact of the ICM dynamical state on the mean

pressure profile

This section is dedicated to the analysis of the impact of the ICM
dynamical state of the selected MUSIC clusters on their pressure
profiles estimated from the analysis developed in Sect. 5.1 and
on the mean pressure profile of the relaxed and disturbed cluster
subsamples.
The pressure profiles, estimated at the end of the analysis de-
scribed in Sect. 5.1, are normalized using the values of R̂

HSE
500

and P̂
HSE
500 computed for each cluster by the combination of the

7 We treat the MUSIC density profile as a profile that would be esti-
mated from X-ray observations.

13

MUSIC, Marenostrum MUltidark SImulations of galaxy Clusters

Ruppin et al, A&A, 631, A21, 2019

Selection based on morphology: disturbed relaxed

The Three Hundred Project, zoomed hydrodynamical simulation centered on the 324 most
massives haloes of the Multidark-Planck simulation at z=0,  Cui+2018, MNRAS, 480, 2898-2915

NIKA2	LPSZ	300th	Twin	samples
LPSZ Cluster Sample

• Selection in bins of redshift 
and Y500

LPSZ Twin Sample Hydro
• Closest hydrostatic 

equilibrium (HE) mass MHE 

LPSZ Twin Sample Total
• Closest total mass M

Future selections
• Closest Compton 

Parameter Y500


• Similar SZ and X-ray 
morphological parameters


• Statistical selection filling 
the Y500-z space 

Mock observations in X-ray, SZ, Optical, lensing

• Test novel methods on realistic simulation, assess the impact of dynamical state, z-evolution

• Forecast NIKA2 LP-SZ uncertainties on scaling laws and biases ( Y-M, MHSE-M, Richness-M )

• Forecast NIKA2 LP-SZ capability to measure fgas, H0
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Aishwarya Paliwal’s talk
Selection of the NIKA2 LPSZ 300th twin samples

Sembolini et al. 2013



Multi-wavelength analysis

Building a consistent picture of the cluster 
physics to gain accuracy on the mass estimates

F. Ruppin et al.: tSZ observation of PSZ2 G144.83+25.11with NIKA2
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 e↵ective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3� with 1� spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Optical
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Lensing: convergence maps from Hubble

LTM κ mapPIEMD+eNFW κ map

κ map       Σ = projected mass density

Σ can be modeled as a NFW 

    

Reproducing A. Ferragamo’s work

Get NFW parameters

NFW mass profiles

Lensing

R. Adam - On the possibility to combine NIKA2 + diffuse radio data - 13/04/2021

What can we probe?

3

→ n2
e

→ Pe
→

dnCRe

dE
& B

→ nevz→ TX

X-ray mm (SZ) Radio synchrotron

RadioThermal ICM properties

Hydrostatic Equilibrium mass

Substructures and fluctuations

Line-of sight integrated mass density

M_lens

Richness

Radial velocity -> Dynamical mass

Non-thermal ICM properties

Turbulence, AGN feedback, Shocks

HSE bias

Scaling laws

Physical origin
of HSE bias
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Miren Muñoz-Echeverría’s talk #2

About 50% of the LP-SZ sample have deep
integration optical data (SDSS, PanStarrs) 
van der Burg et al., 2018, A&A, 618, A140



Summary

§ Galaxy clusters are cosmological probes sensitive to the growth of structures over cosmic evolution

§ Fully exploiting clusters to set constraints on Cosmology requires better knowledge of cluster physics and in particular, 
accurate estimate of their mass and universal properties

§ To that aim, resolved SZ + X-ray is a must : estimation of the mass as a function of the cluster properties (morphology, 
dynamical state) up to high redshifts

§ NIKA2 is key to realise this program: SZ mapping at the same quality level as X-ray data 

§ The LPSZ: A Guaranteed-Time Large Program dedicated to the resolved SZ mapping of a representative sample of 45 
clusters at 0.5 < z < 0.9  (300 hours, PI: F. Mayet, co-PI: L.Perotto )

§ The resolved SZ capabilities were demonstrated with NIKA the pathfinder / First results of NIKA2 clusters are promising !

§ We will deliver the mean pressure profile and the Y-M scaling relation as main products (+the maps, all thermodynamical
profiles and the codes)

§ In addition to X-ray/SZ, we will combine with lensing, optical photometry/spectrometry, radio data to gain a consistent 
picture of the cluster physics à more implication on Cosmology
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