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1. Introduction  

Clusters of galaxies arise as the last stage of the          
hierarchical structure formation, are the most massive       
gravitationally-bound structures in the universe, and      
represent the largest peaks in the matter density field.         
Thanks to the various mm-wavelength, optical/near-infrared      
or X-ray surveys undertaken in the last 15 years or so (e.g.,            
Planck, ​SDSS, DES, HSC, SPT​, Chandra, XMM-Newton​),       
clusters have now become a widely-used cosmological       
probe. Conversely to the so-called ​geometrical probes (e.g.,        
BAO, SNeIa), they are sensitive not only to the expansion          
history of the universe but also to the growth of structures.           
As such, they provide complementary constraints on the        
main cosmological parameters but are also a unique tracers         
of the hierarchical large-scale structure formation. They       
have been used to constrain various extensions of the         
minimal cosmological model, ​including the equation-of-state      
of dark energy, total mass of the neutrinos and modified gravity scenarios ​(e..g, ​Allen et al. 2011​; ​Cataneo                  
et al. 2014​; ​Mantz et al. 2015​; ​Böhringer & Chon 2016​; ​Bolliet et al. 2019​; ​Hagstotz et al. 2019​). Clusters                    
are inherently multi-wavelength objects: Bremsstrahlung emission of the hot intracluster gas is visible in              
X-rays; CMB photons, up-scattered by Compton interactions on the hot gas, produce the thermal SZ (tSZ)                
effect seen at mm-wavelength; the cluster galaxies and the gravitationally-lensed background galaxies are             
detected in the optical and infrared wavelengths (see Fig. 1); and cosmic-rays and magnetic fields can be                 
probed in the radio and gamma-ray bands. State-of-the-art cluster-based cosmological analyses already use             
multi-wavelength information (e.g., ​Mantz et al. 2015​, ​Bocquet et al. 2019​), but more could be achieved                
with deeper surveys, larger overlap between datasets and better control of systematic effects.  

The coming decade 2020-2030 will be a game changer as large surveys in the optical or near-IR                 
(​Euclid​, LSST) will come online, and ongoing efforts in X-rays (​e-Rosita​) and at mm wavelengths               
(SPT-3G, AdvACT) will keep going. Dedicated "cluster working groups" in both the ​Euclid and              
LSST/DESC collaborations, are already in place and paving the way to optimally use clusters from the                
two largest cosmological surveys of the next decade. 
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Despite the large statistical power they bring to cosmological analyses, surveys also highly benefit              
from dedicated programs that provide an in-depth view of the astrophysical objects used as tracers of the                 
cosmic web. The NIKA2 cluster-specific SZ Large Program is such a program. We are therefore at a                 
crossroads of opportunities to be valuable actors in the field of cluster cosmology in the next decade; for                  
this, we can capitalize on an already recognized expertise (with the ​Planck ​cluster analysis), ongoing work                
using targeted observations of clusters (with NIKA2 and ​XMM-Newton data) and active preparation of the               
future cluster analyses of ​Euclid​ and LSST. 

 ​2. Galaxy clusters as cosmological probes 
Galaxy clusters have been used for cosmology in a variety of ways, by e.g., i) measuring their gas                  

fraction or mass-to-light ratio (e.g. ​Carlberg et al. 1996​, ​Allen et al. 2008​,), ii) using their X-ray luminosity                  
function (e.g., ​Allen et al. 2002​, ​Pierpaoli et al. 2003​, ​Mantz et al. 2008​), iii) using information of their                   
spatial distribution, through the SZ power spectrum/non-gaussianity and clustering analyses (e.g., ​Hong et             
al. 2012​, ​Planck collaboration 2015​, ​Bolliet et al. 2018​, ​Marulli et al. 2018​), ​or iv) estimating their                 
abundances as a function of mass and redshift (e.g, ​Vikhlinin et al. 2009​; ​Planck collaboration 2015​;                
Bocquet et al. 201​9; ​Costanzi et al. 2018​). The last two methods have gained prominence in recent years                  
thanks to the increased size and/or depth of the cluster catalogues obtained from past or ongoing optical                 
(SDSS, DES, HSC) or mm-wavelength surveys (​Planck​, ACT, SPT).  

The halo mass function, ​i.e. the number of dark matter halos at a given redshift and as a function                   
of mass depends on the underlying cosmology. This dependence is particularly strong at the cluster scale                
(10​14​-10​15 M​sun​) and explains why measuring the galaxy cluster abundances with mass and redshift is a                
prime cosmological probe. The determination of the cluster masses, from the survey observable (​e.g. SZ in                
the mm, cluster richness in the optical) is currently the limiting factor of this approach and is where most                   
improvement is to be gained in the future. Whatever the wavelength at which the cluster catalog is built                  
(optical, SZ or X-ray data), the analysis will generally rely on all relevant multiwavelength information to                
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calibrate the mass-observable relation. This is illustrated in figure 2, where the pipeline used for the                
cosmological analysis of the SPT SZ cluster catalog by ​Bocquet et al. (2019) clearly highlights the need                 
and complementarity between SZ, X-ray and optical (weak lensing, WL) cluster data (blue boxes). 

 

3. Synergy of approaches in the next decade 
As hinted by the example analysis pipeline in figure 2, numerous aspects of the clusters cosmological                
analyses need to be carefully considered. Some are common to all wavelengths and some are specific to a                  
given one. The aim of this document is not to review them all. Instead, we focus below on some aspects of                     
the work we are engaged in or that we wish to develop as part of the "cluster-enabling" experiments with                   
current or possible involvement of IN2P3. 
 

3.1 Cluster cosmology: experimental landscape at IN2P3 

3.1.1 Cluster cosmology with LSST and ​Euclid 
LSST (​Abell et al. 2009​) is an 8-m class telescope being built in Chile, which will perform a                  

photometric survey of the visible sky in six optical band (​u, g, r, i, z, y​) over the course of ten years,                      
starting in 2022. The large 9.2 deg​2 field of view of the camera, coupled with the size of the primary                    
mirror, enables a ​wide, fast and deep survey of 18 000 deg​2​, reaching a limit magnitude ​r ​= 27.5 and the                     
measurement of about 3 billion galaxies after ten years of operation. Cosmological studies using LSST               
data are being handled by the international Dark Energy Science Collaboration (DESC), which focuses on               
cosmic shear, large scale structures, supernovae, strong lensing and galaxy clusters as main cosmological              
probes. 

The ​Euclid consortium is aiming at similar goals, on a similar time frame, with the space-borne                
Euclid experiment (​Laureijs et al 2011​). The latter will survey 15 000 deg​2 (​i.e. the full sky at the                   
exclusion of ecliptic and Galactic planes) from the L2 point down to magnitude ​H=​24, using a 1.2 m                  
mirror and two instruments: i) the visible instrument (VIS) will image the sky in a single large optical                  
band dedicated to WL studies via precise measurements of the shapes of galaxies; ii) the near-infrared                
spectrometer and photometer (NISP) will provide imaging in three infrared bands for 1.5 billion galaxies               
and spectra of 35 million galaxies . 1

Cluster abundance studies will be investigated from both LSST and ​Euclid data and we are               
already working at preparing these analyses. The depth of LSST will enable the detection of ~300,000                
clusters up to ​z​=1.2-1.4​1​. Thanks to its near-infrared capability, ​Euclid ​should detect clusters up to ​z​~2​1​. In                 
LSST, the default detection approach will consist in the identification of the red sequence galaxies using                
the redMaPPer algorithm, already widely tested on the ground-based photometric data of SDSS and DES               
(​Rykoff et al. 2013​; Rykoff et al. 2016​). This method is expected to be less efficient at high redshift, thus,                    
cluster detection in the ​Euclid survey will rather rely on photometric redshifts based techniques (see               
Euclid collaboration 2019​). Other cluster finding approaches are being explored, such as identifying peaks              
in the cosmic shear maps (e.g., ​Miyazaki et al. 2018​). Eventually, we could consider combining several                
cluster detection criteria using machine learning techniques. In any case, whatever the survey and              
detection algorithm, a careful evaluation of the cluster selection function based on simulations is required               
to derive robust cosmological constraints. 

1 See the summary slide (slide 23) of E. Aubourg's presentation at 
https://indico.in2p3.fr/event/14719/contributions/62238/attachments/49065/62165/LSST-Euclid-Annecy-Jun2018.pdf  
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As mentioned above, the cluster mass determination is at the center of cluster cosmological              
studies. The mass proxy for both LSST and Euclid is the cluster richness (​i.e. ​the number of galaxies in the                    
cluster) and the parametric mass-richness scaling relation is to be determined accurately. While it can be                
obtained solely from optical data, using weak lensing (WL, ​Simet et al. 2018​; ​Murata et al. 2019​) or                  
galaxy dynamics within the clusters (​Capasso et al. 2019​), multiwavelength data of low-scatter mass              
proxies (X-ray and SZ) provide critical information on the shape and scatter of the parametric model                
(​Rozo et al. 2015​, ​Rettura et al. 2018​). Compared to mass estimates from X-ray or SZ, the WL mass does                    
not require assumptions on the thermodynamic state of the clusters and is used to provide the absolute                 2

mass calibration. However, the WL mass itself is not devoid of systematic effects (triaxiality and               
projection effects, miscentering, contamination by foreground and cluster galaxies, shear calibration of the             
shape measurement method, blending). Hence, simulation-based studies are required to improve the WL             
mass reconstruction and carefully estimate all sources of uncertainty.  

Cluster masses can highly benefit from the synergies between LSST and ​Euclid and their (at least)                
~7000 deg​2 sky coverage overlap. As described in ​Rhodes et al. (2017)​, the combination of ​Euclid ​NIR                 
photometry, VIS galaxy shape measurements, and LSST 6 optical band photometry and shapes can push               
WL cluster mass determination to z​cluster​≃1–1.3 (in particular thanks to an improved background galaxy              
selection and robust photometric redshifts beyond ​z​=1.4), in a regime hardly achieved so far. Joint cluster                
analyses between LSST and ​Euclid are therefore highly wished for. At high redshifts, the combination of                
richness mass estimates with SZ/X-ray mass proxies will also be crucial, making the multi-wavelength              
approach developed in this document all the more important.  

3.1.2 Cluster cosmology with NIKA2 
NIKA2 is a millimetre camera, made of Kinetic Inductance Detectors, installed at the IRAM 30-m               

telescope and opened to the scientific community since October 2017 (​Adam et al. 2018​, ​Perotto et al.                 
2019​). NIKA2 observes the sky in the millimeter (at 150 and 260 GHz), with a field of view of 6.5 arcmin,                     
a high-angular resolution (17.7 and 11.2 arcsec, respectively), and state-of-the-art sensitivity (9 and 30              
mJy.s​1/2​, respectively). NIKA2 will remain a resident instrument at the IRAM telescope, for the most part                
of the next decade. It is open to the scientific community but part of the observation time is guaranteed for                    
large programs defined by the NIKA2 collaboration. 

Thanks to the involvement of LPSC in the design and building of NIKA2, we are leading the SZ                  
large program, dedicated to cluster cosmology (​Mayet et al. 2017​). It is a follow-up of 50 ​Planck​- and                  
ACT-selected clusters, with redshifts ranging between 0.4 and 0.9. The excellent sensitivity of NIKA2              
allows us to obtain reliable SZ mapping of clusters of galaxies in only a few hours (1 to 5 hours). The                     
NIKA2 SZ data will be combined with ancillary data (X-ray, optical and radio). In particular, the study of                  
the thermodynamic properties of the clusters of galaxies will lead to significant improvements on the use                
of clusters of galaxies to draw cosmological constraints. The cluster catalog will be made publicly               
available. It will contain thermodynamic radial profiles (density, pressure, mass, temperature, entropy),            
150 and 260 GHz maps, flux of IR and radio point sources in the field.  

From this sample, we will define (for the first time in this redshift range) the mean pressure profile                  
and the observable-mass scaling relation, which are the main tools to extract cosmological constraints              
from large SZ-detected cluster samples. The hydrostatic mass bias will also be studied by combining               
NIKA2 and optical lensing data. NIKA2 deliverables will be used to reanalyze existing and forthcoming               

2 The assumption of hydrostatic equilibrium to derive X-ray and SZ mass estimates has yielded the so-called                 
hydrostatic mass bias, widely discussed in the literature to reconcile cosmological results from cluster abundance               
studies and ​Planck ​CMB analysis.  
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SZ surveys with the aim to bring cluster cosmology to the precision era (e.g. ​Ruppin et al. 2019​).                  
Moreover, as cluster science benefits from multiwavelength studies and probes, the comparison and             
combination of the SZ-observable mass scaling relation with the ​Euclid and LSST ones will be a powerful                 
tool to assess cosmological constraints drawn for clusters of galaxies. Finally, follow-up observations of              
clusters extracted from new upcoming catalogs (​e-Rosita​, ​Euclid​, LSST) may also be undertaken to benefit               
from corresponding high-resolution SZ observations. 

3.1.2 Cluster cosmology with ground-based CMB experiments 
Next-generation ground-based experiments to study the CMB in intensity and polarisation at            

arcminute scales are also very relevant to improve cluster cosmology. In particular, the large aperture               
telescope of the Simons Observatory (SO), first light expected in 2021, will detect 20,000 clusters of                
galaxies, which is an order of magnitude improvement with respect to the Planck survey (​The SO                
collaboration 2019​). CMB-S4 (​Abazajian et al. 2019​), first light expected in 2027, will boost this to                
70,000 clusters out to high redshifts. 

Cosmological parameters can be derived from the abundance of tSZ-detected clusters and            
statistics of component separated tSZ maps. In particular, the constraints on the sum of the neutrino mass                 
from SO and CMB-S4 cluster studies is expected to be around 10-30 meV. These new experiments also                 
open the way for a cosmological use of the kinetic SZ (kSZ) emission caused by the motion of galaxy                   
clusters in the CMB rest frame. The thermodynamic properties of galaxies, groups, and clusters can be                
obtained from combined tSZ and kSZ cross-correlation measurements. The kSZ also allows us to measure               
the amount of energy injected by feedback processes which could help quantify baryon effects in weak                
lensing. The kSZ effect can also constrain peculiar velocities, which are powerful probes of the growth of                 
structure and primordial non-gaussianity. The proper motion of reionization bubbles (around the first stars              
and galaxies), will contribute to the total kSZ signal and can be studied in detail if the late kSZ component                    
(from galaxy clusters) is known. Finally, high resolution ground-based CMB experiments can improve our              
knowledge of the mass-observable relation with the use of gravitational lensing of the CMB by the cluster                 
as a mass estimate (e.g, ​Melin and Bartlett 2015​; ​Louis and Alonso 2017​). 

In the next decade, SZ cluster cosmology will mostly be performed from the ground. Concepts for                
space-borne experiments, with spectroscopic capabilities that will enable excellent component separation           
and improve our use of clusters for cosmology on a longer timescale, are currently being defined (e.g.,                 
Delabrouille et al. 2019​). 

 
3.2 Other very relevant approaches and observations 
 

Cluster clustering. ​Galaxy clusters are informative tracers of the cosmic web and their clustering              
properties brings interesting additional information to that of cluster abundances (​Annalisa et al. 2013​,              
Marulli et al. 2018​). ​The extensive methodological tools available to exploit the clustering properties of               
the galaxies will be transferable to galaxy clusters. Hence novel valuable probes will soon come in hands                 
with both the measurement of the power spectrum of the galaxy clusters and the higher-order statistic                
estimates.  

Rare galaxy clusters. As discussed above, the next decade will provide us with large cluster               
catalogs that will enable testing the ΛCDM structure formation scenario in depth. In this respect the                
observation of “rare-unusual” (​e.g. very massive, high redshift) clusters would rule out the current              
paradigm (​e.g., Harrison & Hotchkiss 2013​). Dedicated statistical tools are to be developed for such               
studies in combination with the interpretation of large cosmological simulations. 
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Galaxy clusters in gamma-rays. ​Galaxy clusters form via energetic processes which are            
expected to accelerate charged particles up to PeV energies (e.g. ​Brunetti and Jones, 2014​). Additionally,               
member galaxies may also directly inject cosmic rays (CR) into the intracluster medium (ICM). CR yield                
gamma ray emission primarily through the decay of neutral pions; this observation is a ​Key Science                
Project of the CTA consortium​. While the core science cases lie with dark matter searches or CR physics,                  
it is noteworthy that CR are expected to contribute to a few percent of the diffuse gas energy budget and                    
might become relevant for precision cluster cosmology based on ICM tracers in the next decade. 

Galaxy clusters at radio wavelength. ​At the other end of the electromagnetic spectrum, diffuse              
synchrotron emission (from CR electrons interacting with magnetic fields in the ICM) traces non-thermal              
processes occurring in clusters (e.g. particle acceleration from shocks and turbulence). Only a few tens of                
detection exists to date, but the Square Kilometer Array (SKA) and its precursors (e.g., MeerKAT) will                
bring a lot, allowing us to study statistical samples down to low masses and to cosmological scales (z~1,                  
French SKA white book​). Combined with tracers of the thermal component (SZ, X-rays), such              
measurements can provide a comprehensive view of galaxy cluster physics.  

4. Conclusions  
Galaxy clusters sit at the crossroads between cosmology and astrophysics. They are powerful             

probes of the expansion of the universe and of the growth of structures, while detailed astrophysical                
observations provide invaluable insights to understand their formation history but also robustify their use              
for cosmology. 

Several experiments will push cluster cosmology further in the next decade, essentially from a              
higher statistics, better determination of cluster masses, improved control of systematics, and exploration             
of the mass function at higher redshifts. These include the ​e-Rosita X-ray satellite which will provide the                 
largest catalog of X-ray-detected clusters by the mid-2020s, major efforts in SZ from new-generation              
ground-based instruments such as SO and CMB-S4, and the ground-breaking LSST and ​Euclid ​projects in               
the optical and NIR.  

LSST and ​Euclid present a large synergistic potential for cluster cosmology, and joint analyses               
should be planned for and undertaken. The cluster mass-observable relation is central to cluster cosmology               
and the best estimates make use of multi-wavelength information. In that sense, the NIKA2 SZ large                
program and other targeted observations, coupled with ancillary X-ray data, will allow an in-depth              
characterisation of the SZ-observable-mass relation that will be used to (re)-evaluate cluster-based            
cosmological constraints from past or ongoing/future SZ surveys. Other ways of using galaxy clusters for               
cosmology (​e.g. ​from kSZ) will also be considered, provided access to the relevant data can be secured.  

In conclusion, multi-wavelength galaxy cluster observations will enter a new era in the coming              
decade and will strengthen their use in the cosmological context. We are already playing an active role or                  
leading some of these important projects. To maximise the scientific return of these efforts it is however                 
highly desirable that IN2P3 supports these activities through human resources, and helps promote             
interactions between these projects but also with the wider astrophysical community. 
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