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Abstract. The NIKA2 Guaranteed-Time SZ Large Program (LPSZ) is dedi-
cated to the high-angular resolution SZ mapping of a representative sample of
45 SZ-selected galaxy clusters drawn from the catalogues of the Planck satellite,
or of the Atacama Cosmology Telescope. The LPSZ sample spans a mass range
from 3 to 11 ⇥ 1014 M� and a redshift range from 0.5 to 0.9, extending to higher
redshift and lower mass the previous samples dedicated to the cluster mass cal-
ibration and universal properties estimation. The main goals of the LPSZ are
the measurement of the average radial profile of the ICM pressure up to R500 by
combining NIKA2 with Planck or ACT data, and the estimation of the scaling
law between the SZ observable and the mass using NIKA2, XMM-Newton and
Planck/ACT data. Furthermore, combining LPSZ data with existing or forth-
coming public data in lensing, optical/NIR or radio domains, we will build a
consistent picture of the cluster physics and further gain knowledge on the mass
estimate as a function of the cluster morphology and dynamical state.
We give an overview of the LPSZ, present recent results and discuss the future
implication for cosmology with galaxy clusters.

1 Introduction

Clusters of galaxies are powerful cosmological probes of the large-scale structure growth and
of the Universe expansion over cosmic time (see e. g. [1]). However, galaxy cluster-based
cosmology is currently limited by the accuracy with which the mass of these objects can be
inferred [2]. Galaxy clusters being scale-invariant, scaling laws that relate their mass to an
observable can be built from representative sub-samples of clusters. In particular, from X-
ray photometric and spectroscopic observation towards clusters, the spherical profiles of both
the density and the temperature of the Intra-Cluster Medium (ICM) can be reconstructed,
enabling the estimation of the mass under the hydrostatic equilibrium assumption. The main
drawback of this method lies in the high-exposure time needed to achieve the data quality that
permits an accurate estimate of the temperature profile, which become prohibitive for faint
or distant clusters. As a consequence, widely-used reference samples, from which the mass-
observable relation and universal properties of clusters are measured, are limited to massive
and low-redshift clusters [3, 4].

With the advent of high-angular-resolution millimeter-domain experiments, such as
NIKA2, resolved observations of the Sunyaev-Zel’dovich e↵ect (SZ [5]) towards clusters
o↵er a way of improving the accuracy and extending the coverage in mass and redshift of
the relation between the hydrostatic mass and the integrated Compton parameter. Such ob-
servations also enable measuring the mean pressure profile of clusters. The SZ e↵ect being
independent on the redshift and proportional to the line-of-sight integral of the pressure of
the ICM, accurate pressure profiles can be inferred in clusters up to high-redshift. Pressure
profiles drawn from resolved SZ observations can then be combined with density profiles
extracted from photometric X-ray observations to derive a hydrostatic mass estimate. More-
over, the mean pressure profile of clusters can be estimated in cluster samples from a direct
observable of the pressure.

NIKA2 is a millimetre-domain camera installed at the IRAM 30-m telescope and opened
to the community since 2017 [6–8]. It operates in two frequency bands centered at 150
and 260 GHz, with an angular resolution of 17.6 and 11.100, respectively, and o↵ers high
mapping speeds [9]. With an angular resolution comparable to that of the XMM-Newton
space observatory, NIKA2 will therefore enable the full deployment of the combined SZ and
X-ray methods to infer the hydrostatic mass, and unveil the pressure distribution of the ICM.
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Figure 3. Distribution of the 62 Planck clusters used in order to estimate the mean normalized pressure profile at low redshift (purple) in the mass-redshift
plane. The NIKA2 and REXCESS samples are also shown in orange and green respectively. The di↵erent shades of blue give the expected cluster abundance,
i.e. the cluster number per unit of mass and redshift computed from Eq. (10).

and mass estimates obtained from weak gravitational lensing (e.g.
Sereno et al. 2017).

3 THE PLANCK TSZ POWER SPECTRUM

The Planck satellite enabled obtaining a sky map of the tSZ e↵ect
(Planck Collaboration 2016b). After masking the regions heavily
contaminated by foreground emissions (e.g. galactic di↵use emis-
sion, infrared and radio sources), this map has been used in order to
estimate the power spectrum of the tSZ e↵ect Cmap

� . The latter has
been computed using the Xspect method, developed by Tristram
et al. (2005), based on the crossed power spectra between the sky
maps of the tSZ e↵ect obtained by di↵erent detectors of the Planck
satellite. This method enables taking into account the masked re-
gions as well as the filtering induced by the Planck beam, the anal-
ysis of the raw data, and their projection on a pixelated grid. The
power spectrum that has been obtained is represented by the grey
points in Fig. 2. The multipole bins have been defined in order to
minimize the correlation between adjacent bins at low multipoles
and to increase the signal-to-noise at high multipole values (Planck
Collaboration 2016b). The error bars on the power spectrum ∆Cmap

�

associated with each bin are estimated analytically using the cross-
power spectra. They are important at low multipoles due to the
sampling variance and start increasing from � � 2000 due to the
spatially correlated residual noise in each map.

The component separation methods that has been used in or-
der to obtain the Planck y-map do not completely exclude all the
contaminants to the tSZ signal. Residuals caused by the cosmic
infrared background (CIB), unresolved infrared sources and radio
sources are still present in the final map used in order to compute
the power spectrum of the tSZ e↵ect. The spatially correlated resid-
ual noise is also responsible for a significant increase in the power
spectrum amplitude measured at high multipoles. The total power
spectrum therefore contains several components:

Cmap
� = CtS Z

� + ACIBĈCIB
� + AIRĈIR

� + ARSĈRS
� + ACNĈCN

� (9)

where Ĉi
� is the power spectrum associated with the ith compo-

nent and Ai its amplitude. We consider the tabulated models for the

power spectrum of the CIB, the infrared sources (IR), radio sources
(RS), and correlated noise (CN) estimated by the Planck collabo-
ration (Planck Collaboration 2016b). Since the power spectrum
of the correlated noise is largely dominant at high multipoles, we
use the last measurement point at � = 2742 in order to estimate
the amplitude of its power spectrum. We find that it is given by
ACN = Cmap

2742/Ĉ
CN
2742 = 0.903. The amplitudes ACIB, AIR and ARS

used in Fig. 2 correspond to those estimated by the MCMC analy-
sis developed in Sect. 5. The contributions of the contaminants in
the power spectrum measured by Planck are represented by col-
ored lines and their sum corresponds to the black line in Fig. 2.
Contaminants are thus dominant for all multipoles � ⇠> 1000. This
is the reason why we choose to fit the power spectrum measured by
Planck up to the multipole bin � = 959.5 in order to optimize the
computation time of the analysis while keeping the most constrain-
ing points for the power spectrum of the tSZ e↵ect.

4 THE MEAN NORMALIZED PRESSURE PROFILE

As shown in Eq. (6) and (7), the mean normalized pressure pro-
file is an essential component of the tSZ power spectrum. In this
section, we discuss the properties of the cluster samples that have
been used so far in order to estimate the mean normalized pressure
profile considered in cosmological analyses. We then explain why
the true mean normalized pressure profile of the cluster population
could be di↵erent from the ones inferred from these samples. The
profiles that will be considered in the analysis developed in Sect. 5
are finally defined.

4.1 Current estimates of the mean pressure profile

A significant part of the observed tension between the constraints of
σ8 and Ωm estimated from the analysis of the angular power spec-
trum of the CMB temperature anisotropies and the statistical prop-
erties of the galaxy cluster population could come from a biased
estimate of the mean normalized pressure profile considered in the
IP integral (6). We show in Fig. 3 the expected cluster abundance

MNRAS 000, 1–14 (2019)

Figure 1. Left: Distribution of the LPSZ cluster sample in the plane of the redshift (abscissa) and
the integrated Compton parameter (ordinate). The corresponding mass, as derived from the Planck
Y-M scaling relation is given in the right ordinate-scale. The sample comprizes clusters drawn from
the Planck (red) and ACT (blue) catalogs [10, 11], and already observed by XMM-Newton (stars).
Right: Comparison of the LPSZ sample (red) with previous samples dedicated to the cluster mass
calibration [3, 4] in the mass-redshift plane color-coded as a function of the predicted cluster abundance.
Figure extracted from [18].

The NIKA2 SZ Large Program (LPSZ) consists of 300 hours of Guaranteed-Time dedicated
to this goal.

2 Overview of the LPSZ

The LPSZ program relies on the state-of-the-art performance of the NIKA2 camera for the
high-angular resolution mapping of the thermal SZ e↵ect in a representative sample of galaxy
clusters in view of improving the accuracy of cluster-based cosmology (P.I.: F. Mayet; co-P.I.:
L. Perotto).

2.1 Sample

The LPSZ sample consists of 45 galaxy clusters selected in intervals of mass and redshift in
the ACT [11] and Planck [10] cluster catalogs. Being SZ-selected, the sample is representa-
tive of the whole cluster population. It covers intermediate to high redshifts (0.5 < z < 0.9)
and spans a large range of masses from 3 to 11 ⇥ 1014M�. The distribution of the sample as
a function of the integrated Compton parameter and the redshift, as well as the mass and red-
shift bins defined for the sample selection, are shown in the left panel of Fig. 1. Most of the
targeted Planck clusters were observed in the X-ray domain with XMM-Newton or Chandra.
X-ray observations of the Planck and ACT LPSZ clusters will be completed by the end of the
program.

2.2 Main Goals

The main goal of the LPSZ is providing the community with tools to improve the accuracy of
the Cosmology with galaxy clusters, with a focus on the estimation of the mass. Combining
SZ and X-ray observations at a similar angular resolution, we will perform in-depth charac-
terizations of the thermodynamical properties of the ICM. For each cluster, we will provide
spherical profiles of the ICM pressure, density, hydrostatic mass, entropy and temperature,
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independently of any X-ray spectroscopic data. From the complete sample, we will estimate
the mean pressure profile of the clusters using SZ data only. In this endavour, we will benefit
from NIKA2 unique combination of an angular resolution better than 18” at 150 GHZ and a
6.5’ field-of-view to extend previous studies in spanning a radial range from the core to the
typical radius of the clusters. Moreover we will release a scaling relation between the inte-
grated Compton parameter and the hydrostatic mass extending to higher redshift and lower
mass previous estimates [3, 4], as illustrated in the right panel of Fig. 1.

2.3 Complementary projects

Several multi-wavelength analyses will be conducted. First of all, combining the integrated
line-of-sight mass density, which can be reconstructed from lensing data, with the LPSZ
estimates of the hydrostatic mass, we will study the lensing-to-hydrostatic-mass bias as a
function of the cluster morphology and dynamical state. The intersection of the LPSZ and
CLASH [12] samples o↵ers us a well-suited test bench of these studies [13]. Moreover about
50% of the LPSZ sample have deep-integration optical data (SDSS, PanStarrs) [14], allowing
us to explore the connexions between the hydrostatic mass and the richness or the dynamical
mass estimates. Finally, we will conduct dedicated studies of the non-thermal properties
of the ICM to gain knowledge on turbulences, AGN feedback or shocks, using e. g. cross-
correlation with radio-domain data.

We will use state-of-the-art hydrodynamical simulations, such as the Three-Hundred
project [15], to select a series of synthetic samples of the same statistical or morphologi-
cal properties as the LPSZ sample, and coming along with mock observations in SZ, X-ray
and optical. These twin samples will be key to test novel methods, to assess the impact of
dynamical state on cluster properties, to forecast the LPSZ sample sensitivity to redshift or
mass evolution, to obtain accurate uncertainties on scaling laws and biases and to explore the
LPSZ sample capability to measure the gas fraction or the Hubble parameter.

3 Status of the observation and the analysis

In order to achieve our main goals, the representativity of the sample must be preserved
at the level of both the observation and the analysis. The observation time allocated to a
cluster is defined so as to ensure a 3 measurement of the Compton parameter profile at the
angle R500/DA. Quantitatively, about half of the LPSZ Guaranteed Time has been spent to
observe about three quaters of the sample. Qualitatively, preliminary analysis permit us to
single out several interesting science case to study bimodality, merger events and shocks. A
standard analysis method has been devised: at the map level, the calibration and map making
use NIKA2 Baseline calibration method [9], while the angular scale filtering induced by the
data reduction is accounted for following [17]. A novel method, dubbed PANCO2, has been
developped for the reconstruction of the thermodynamical profiles from the maps, and further
developments are being conducted in view of the statistical analysis of the sample [16].

4 First results

For the first LPSZ analysis, we chose PSZ2-G0144.83+25.11, a massive cluster of the first
redshift-bin of the sample, making it an ideal target for observation as part of the Science
Verification in April 2017. High-quality data were obtained enabling a 13.5  measurement
of the SZ peak in the 150-GHz map [17]. An over-pression region was evidenced, as shown
with the shaded area in Fig. 2 (left), which significatively impacts the pressure profile esti-
mates inferred from the map. In turn, whether the over-pressure region is included or masked
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Figure 2. First LPSZ results. Left: NIKA2 map at 150-GHz towards the massive (M500 = 7.8⇥1014 M�)
intermediate-redshift (z ⇠ 0.6) cluster PSZ2-G0144.83+25.11 after point source removal using NIKA2
260-GHz observation and ancillary data. The shaded sector shows the location of the over-pressure
region that was evidenced as discussed in [17]; Right: NIKA2 150-GHz map of the low-mass (M500 =

3.5 ⇥ 1014 M�) high-redshift (z ⇠ 0.9) cluster ACT-CL J0215.4+0030 before point source treatment,
as described in [19]. In both maps, contours show signal-to-noise levels starting from 3 with a 1
spacing.

out a↵ects the hydrostatic mass profile estimate, and finally the measured integrated Compton
parameter and mass of the cluster. As discussed in [17], this illustrates the capabilities of the
LPSZ to assess the impact of the morphology on the mass-observable scaling relation.

By contrast, one of the most observationaly challenging cluster of the LPSZ sample was
chosen as the object of the second LPSZ analysis: ACT-CL J0215.4+0030, a low-mass clus-
ter in the highest redshift bin of the sample. While the SZ peak measurement reached 9, the
contour of 3 signal-to-noise level in the map at 150 GHz encloses only one square arcmin,
as shown in Fig. 2 (right). The compactness of this cluster required special treatment of the
point sources using NIKA2 observation at 260 GHz and ancillary data, as described in [19].
Combining NIKA2, ACT and XMM-Newton data, the thermodynamical profiles of the clus-
ter ICM were estimated, and the integrated Compton parameter and hydrostatic mass were
inferred, improving the uncertainties on the hydrostatic mass measurements with respect to
both ACT and XMM-Newton measurements [19]. This shows that the powerful synergetic
SZ/X-ray method can be fully deployed even for the faintest and more compact cluster of the
LPSZ.

5 Conclusion

Improving the reliability of the cosmological model inferred from galaxy clusters requires a
better knowledge of cluster physics and in particular, an accurate estimate of their mass and
their universal properties. However the universal pressure profile and the hydrostatic mass of
clusters are estimated from X-ray observation of massive low-redshift cluster samples. Using
high-angular resolution observation of clusters in the millimeter-domain, we fully benefit
from the redshift-independence property of the thermal SZ e↵ect and from an observable
directly proportional to the pressure of the ICM. Therefore combining X-ray and resolved
thermal SZ observation of a representative sample of clusters is the key for extending to high
redshift and low mass the estimation of the observable-to-mass scaling law and the universal
pressure profile of clusters.

NIKA2 is perfectly suited for this endavour as it combines high-angular resolution at 150
and 260 GHz with a large field-of-view, enabling esquisite resolved SZ mapping of clusters.
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This will be done in the framework of the LPSZ, a NIKA2 Guaranteed-Time Large Program
dedicated to the observations of a representative sample of 45 SZ-selected clusters at 0.5 <
z < 0.9 from the Planck and ACT catalogs (300 hours, PI: F. Mayet, co-PI: L. Perotto).

The first LPSZ results demonstrate the synergetic capabilities of NIKA2 resolved SZ
and XMM-Newton X-ray observations for the in-depth study of the ICM thermal proper-
ties, including for the faintest more compact cluster of the sample, and hint at the future
implications for Cosmology of the whole sample analysis. As main LPSZ products, we will
deliver the mean pressure profile and the scaling relation between the integrated Compton
parameter and the mass, along with the surface brightness maps, the thermodynamical pro-
files and the codes that permits their inferrence. In addition to the X-ray/SZ analysis, we
will perform multi-wavelength analysis combining LPSZ data with lensing, optical photom-
etry/spectrometry, radio data to build a consistent picture of the cluster physics and further
the LPSZ implication on cluster-based Cosmology.
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