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Abstract

Context. The mean pressure profile of the galaxy cluster population plays an essential role in cosmological analyses. An accurate characterization of the shape, intrinsic scatter, and redshift evolution of this profile is necessary to estimate some of the biases and systematic effects that currently prevent cosmological analyses based on thermal Sunyaev-Zel’dovich (tSZ) surveys from obtaining precise and unbiased cosmological constraints. This is one of the main goals of the ongoing NIKA2 SZ large program, which aims at mapping the tSZ signal of a representative cluster sample selected from the Planck and ACT catalogs and spans a redshift range 0.5 <  z <  0.9.

Aims. To estimate the impact of intracluster medium (ICM) disturbances that can be detected by NIKA2 on the mean pressure profile of galaxy clusters, we realized a study based on a synthetic cluster sample that is similar to that of the NIKA2 SZ large program.

Methods. To reach this goal we employed the hydrodynamical N-body simulation Marenostrum MUltidark SImulations of galaxy Clusters (MUSIC). We simulated realistic NIKA2 and Planck tSZ observations, which were jointly analyzed to estimate the ICM pressure profile of each cluster. A comparison of the deprojected profiles with the true radial profiles directly extracted from the MUSIC simulation allowed us to validate the NIKA2 tSZ pipeline and to study the impact of ICM disturbances on the characterization of the ICM pressure distribution even at high redshift. After normalizing each profile by the integrated quantities estimated under the hydrostatic equilibrium hypothesis, we evaluated the mean pressure profile of the twin sample and show that it is compatible with that extracted directly from the MUSIC simulation in the scale range that can be recovered by NIKA2. We studied the impact of cluster dynamical state on both its shape and associated scatter.

Results. We observe that at R500 the scatter of the distribution of normalized pressure profiles associated with the selected morphologically disturbed clusters is 65% larger than that associated with relaxed clusters. Furthermore, we show that using a basic modeling of the thermal pressure distribution in the deprojection procedure induces a significant increase of the scatter associated with the mean normalized pressure profile compared to the true distribution extracted directly from the simulation.

Conclusions. We conclude that the NIKA2 SZ large program will facilitate characterization of the potential redshift evolution of the mean pressure profile properties due to the performance of the NIKA2 camera, thereby allowing for a precise measurement of cluster morphology and ICM thermodynamic properties up to R500 at high redshift.
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1. Introduction
In the concordance model of cosmology, the hierarchical growth of structures culminates with the formation of galaxy clusters. These gravitationally bound objects are the most recent to form and can therefore be used as powerful probes of the intrinsic properties of the universe during the latest stage of its evolution (e.g., Voit 2005). Galaxy clusters are thus highly complementary to geometrical probes such as the primary anisotropies in temperature and polarization of the cosmic microwave background (CMB; Planck Collaboration VI 2018), baryon acoustic oscillations (Anderson et al. 2014), or type Ia supernovae (Perlmutter et al. 1997), which all enable exploring different epochs of the universe history. For example, the abundance of galaxy clusters and its evolution with resdshift provides constraints on the total matter density of the universe Ωm and the amplitude of the linear matter power spectrum at a scale of 8 h−1 Mpc, σ8, (e.g., Planck Collaboration XXIV 2016). A comparison of the cosmological constraints established from the study of the statistical properties of galaxy cluster with those obtained using high redshift probes provides valuable information on the large scale structure formation processes and may highlight potential defects of the standard cosmological model (e.g., Böhringer & Chon 2016).
Although most of the matter content of galaxy clusters is under the form of dark matter, about 12% of the total mass of these clusters is constituted of hot gas trapped in their gravitational potential well called the intracluster medium (ICM). This gas leaves an imprint on the CMB known as the Sunyaev-Zel’dovich effect (SZ; Sunyaev & Zeldovich 1972), which is a redshift independent probe that can be used to detect galaxy clusters and study their ICM properties up to high redshift. The thermal SZ effect (tSZ) can be used to measure directly the ICM pressure distribution. Furthermore, the integrated tSZ signal over a solid angle is proportional to the thermal energy content of galaxy clusters, which is expected to be closely related to the overall cluster mass (see Arnaud et al. 2010; Planck Collaboration XX 2014). The tSZ effect is therefore an excellent cosmological probe that enables the establishment of nearly mass-limited samples of galaxy clusters on a wide redshift range (e.g., Planck Collaboration XXVII 2016) and that provides a low-scatter mass proxy that can be used to constrain the mass function and its evolution with redshift.
At present, the systematic biases and uncertainties affecting the measurement of the cluster thermodynamic properties represent the main limiting factors of cosmological constraints derived from the study of the statistical properties of the cluster population (e.g., Salvati et al. 2018). These systematic uncertainties are caused by projection effects due to unidentified substructures along the line of sight, by the presence of nonthermal pressure support within unvirialized regions of the ICM (e.g., supernovae induced winds, gas turbulence, and feedback from active galactic nuclei) or by deviations from hydrostatic equilibrium (e.g., shocks due to merging events; see Mroczkowski et al. 2019, for a review). The mean pressure profile of the cluster population plays a fundamental role among the different components of a cosmological analysis based on a tSZ survey. The overall amplitude and shape of the mean pressure profile define those of the matched filter used to define a catalog of galaxy clusters and estimate their integrated tSZ signal (e.g., Melin et al. 2006). The mean pressure profile properties also characterize the global amplitude of the tSZ power spectrum and its shape at high multipole (e.g., Bolliet et al. 2018). At redshifts 0.5 <  z <  1, the normalized radial range R/R500 ∈ [0.1, 1], where the transition between the inner and outer slopes of the pressure profile of a typical cluster of mass M500  =  5 × 1014 M⊙ is expected, corresponds to angular scales between 10 arcsec and 2.5 arcmin, respectively. Mapping the tSZ signal of galaxy clusters at an angular resolution better than an arcminute is therefore a mandatory step in performing an accurate characterization of the mean pressure profile properties, which is essential to realize unbiased cosmological analyses using results from tSZ surveys. Indeed, a detailed study of the spatial distribution of the tSZ signal within clusters will enable us to improve our knowledge of the mean pressure profile, and help reduce the systematic uncertainties and part of the biases associated with the current mass estimates based on this probe.
The new IRAM KIDs Array 2 (NIKA2) camera installed at the Institut de Radio Astronomie Millimetrique (IRAM) 30 m telescope on Pico Veleta (Spain) and its pathfinder NIKA have already proven to be excellent instruments to map the tSZ signal of intermediate and high redshift galaxy clusters (see Adam et al. 2014, 2015, 2016, 2017a,b, 2018a; Ruppin et al. 2017; Romero et al. 2018). In particular, the first tSZ observations with NIKA2 (Ruppin et al. 2018) have shown that the characteristics of the camera in terms of angular resolution and field-of-view extension make it possible to identify disturbed regions within galaxy clusters and study their impact on the ICM pressure distribution.
The NIKA2 SZ large program consists in mapping the tSZ signal of a representative sample of 50 galaxy clusters at high angular resolution and in the 0.5 <  z <  0.9 redshift range (Comis et al. 2016). The main goal of this project is to constrain the mean pressure profile and the scaling relation that links the tSZ observable to the cluster mass. The tSZ data measured by NIKA2 will be used jointly with X-ray observations made by the XMM-Newton observatory on the same sample in order to constrain the hydrostatic mass of each cluster. In addition, these multi-probe analyses will allow us to study all the ICM thermodynamic properties and thus to understand the phenomenons that lead to the physical evolution of massive halos in the universe through the accretion processes and merger events with subclusters. This will result in a better characterization of the tSZ-mass scaling relation, mean pressure profile, and their potential evolution with redshift. Furthermore, the NIKA2 SZ large program will enable us to characterize the proportion of clusters with morphological and dynamical disturbances at high redshift. It is therefore important to examine the impact of the ICM dynamical state on the characterization of the mean pressure profile, which is one of the key elements of cosmological analyses based on tSZ surveys.
Hydrodynamical simulations enable us to validate the methods that are used to estimate the ICM properties of galaxy clusters by comparing the results obtained by deprojecting mock observations of synthetic clusters to the actual ICM properties that can be directly extracted from the three-dimensional cube of the simulation. This can help improve the analysis tools developed to estimate the ICM pressure distribution from tSZ observations by characterizing the systematic uncertainties resulting from oversimplified hypotheses and instrumental effects in the deprojection procedure. This paper presents the analysis performed on a sample of clusters from the hydrodynamical simulation Marenostrum MUltidark SImulations of galaxy Clusters (MUSIC; Sembolini et al. 2013). In this study, we assume that galaxy clusters are spherical objects in hydrostatic equilibrium and we analyze the impact of deviations from spherical symmetry and disturbed ICM regions that can be identified by NIKA2 on the mean pressure profile of a synthetic twin of the NIKA2 cluster sample. This synthetic sample is extracted from the MUSIC simulation in the same region of the mass-redshift plane as that considered for the NIKA2 SZ large program. The simulated cluster sample that we defined helps characterize the analysis methodology used to extract the ICM properties of each cluster of the NIKA2 SZ large program. It will also enable us to study the impact of the different hypotheses underlying the standard definition of the mean pressure profile and the tSZ-mass scaling relation of the sample (e.g., spherical symmetry, hydrostatic equilibrium, self-similarity).
This paper is organized as follows. The main characteristics of the NIKA2 instrument and the cluster sample of the NIKA2 SZ large program are described in Sect. 2. We present the characteristics of the MUSIC simulation and the simulated clusters that are considered for this study in Sect. 3. We then describe the procedure applied to simulate NIKA2 and Planck tSZ maps from MUSIC clusters in Sect. 4. The selection method used to define a synthetic twin of the cluster sample of the NIKA2 SZ large program is also presented. The method used to analyze the simulated tSZ maps to estimate the mean pressure profile associated with the cluster sample is finally presented in Sect. 5 and the results are interpreted given the known dynamical state of the MUSIC clusters. Finally, we present our conclusions in Sect. 6.
2. NIKA2 SZ large program
2.1. Thermal Sunyaev-Zel’dovich effect
In this study, we assume that the total SZ signal measured for each cluster in the NIKA2 SZ large program will be dominated by the tSZ effect and thus use the term “tSZ observations” throughout the paper.
The tSZ effect (Sunyaev & Zeldovich 1972, 1980) is due to the inverse Compton scattering of CMB photons by high-energy ICM electrons. It induces a distortion of the CMB blackbody spectrum toward higher frequency and results in an intensity shift relative to the CMB given by
[image: thumbnail](1)
where f(ν, Te) is the frequency dependence of the tSZ spectrum (Birkinshaw 1999; Carlstrom et al. 2002), Te is the electronic temperature of the ICM, and y is the Compton parameter that characterizes the amplitude of the spectral distortion. This parameter is a dimensionless measure of the line-of-sight integral of the thermal pressure Pe for a given position in the sky, i.e.,
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where me is the electron rest mass, σT the Thomson scattering cross section, and c the speed of light. The spherical integral of the ICM pressure distribution enables us to estimate the integrated Compton parameter Ytot that is expected to provide a low-scatter mass proxy for galaxy clusters. In this paper, we consider the spherically integrated Compton parameter up to a cluster radius R500 for which the mean cluster density is 500 times the critical density of the Universe.
The temperature dependence in the shape of the tSZ spectrum is due to relativistic corrections that induce a shift of the null frequency of the tSZ effect toward higher frequencies (Itoh et al. 1998; Pointecouteau et al. 1998). Furthermore, its global effect for frequencies lower than ∼500 GHz is to decrease the amplitude of the intensity variation induced by the tSZ effect as the ICM electron temperature increases. In this paper, we consider the relativistic corrections to be negligible in comparison to the rms noise induced by the atmospheric and electronic noise contaminants in the NIKA2 mock observations (see, e.g., Remazeilles et al. 2018 for details on the importance of relativistic corrections in tSZ analyses). Therefore, we do not take these relativistic corrections into account when we simulate the NIKA2 tSZ maps from the MUSIC data set and for the pressure profile estimation from the simulated maps (see Sects. 4 and 5).
2.2. Instrument: the NIKA2 camera
The NIKA2 camera is a continuum instrument installed at the 30 m telescope of IRAM. Three arrays of frequency-multiplexed kinetic inductance detectors (KIDs; Monfardini et al. 2010; Roesch et al. 2012) are installed at the focal plane of the instrument. These arrays enable observing the sky in a field of view of 6.5 arcmin simultaneously at 150 and 260 GHz. The main beam full width at half maximum (FWHM) measured during the commissioning phase of the camera are 17.7 and 11.2 arcsec at 150 and 260 GHz, respectively. The point source sensitivities of the instrument averaged over various atmospheric conditions and for different sources are 8 mJy s1/2 and 33 mJy s1/2 at 150 and 260 GHz, respectively. Further information on the NIKA2 camera can be found in Adam et al. (2018b), Calvo et al. (2016), and Bourrion et al. (2016).
The NIKA2 camera is, together with MUSTANG2, AzTEC, and ALMA, one of the only four instruments currently in service that is suitable for high angular resolution tSZ mapping thanks to its resolution, sensitivity, and its capacity to observe in two frequency bands. The MUSTANG2 (Dicker et al. 2014) camera installed at the Green Bank Telescope has a better angular resolution (9 arcsec at 90 GHz) but a smaller field of view (4 arcmin). The AzTEC instrument (Sayers et al. 2019) installed at the Large Millimeter Telescope has an angular resolution of 6 arcsec at 270 GHz and a field of view of 2.4 arcmin. The Atacama Large Millimeter/submillimeter Array (ALMA) in the compact array configuration reaches an angular resolution of about 2 − 5 arcsec for tSZ observations (e.g., Kitayama et al. 2016). However, the tSZ signal can only be mapped in limited regions of the observed clusters. The NIKA2 camera is therefore very well suited to map the tSZ signal of high redshift galaxy clusters over a field of view comparable to that of the X-ray observatories considered so far to constrain the pressure profile and scaling relation used in cosmological analyses.
2.3. Custer sample
The selection strategy considered by the NIKA2 collaboration to build the cluster sample for the NIKA2 SZ large program is mainly motivated by the need to select a representative sample of galaxy clusters. The analysis of a representative cluster sample makes it possible to characterize the scaling relation Y500 − M500 and the average pressure profile applicable to the entire population of galaxy clusters regardless of their dynamical state. In addition, the results obtained from the analysis of a representative cluster sample can be used to characterize the global properties of clusters and obtain better control of systematic effects generated by different processes such as merger events with substructures, energy injection into the ICM driven by AGNs or supernovae winds, and gas turbulence. It is however important to note that it is challenging to discriminate among the different origins of ICM disturbances with tSZ observations only. Since the integrated Compton parameter is directly related to the thermal energy content within the clusters (see Sect. 2.1), a selection cut on this parameter meets the requirement of establishing a representative sample, unlike a selection based on the X-ray luminosity, which favors relaxed clusters with a dense core (Rossetti et al. 2016, 2017; Andrade-Santos et al. 2017). The representative cluster sample of the NIKA2 SZ large program has been extracted from the tSZ catalogs established by the Planck and the Atacama Cosmology Telescope (ACT) collaborations (Planck Collaboration XXVII 2016; Hilton et al. 2018). Two redshift bins have been considered, i.e., 0.5 <  z <  0.7 and 0.7 <  z <  0.9. The selected clusters are distributed uniformly in five mass bins above the selection cut fixed at M500 >  3 × 1014 M⊙. More details on the NIKA2 SZ large program cluster sample can be found in Perotto et al. (2018).
2.4. Mean pressure profile at high redshift
One of the main goals of the ongoing NIKA2 SZ large program is to explore and test the regularity of the pressure profile of galaxy clusters at z >  0.5. The methodology applied in this program follows the approach used by Arnaud et al. (2010) using the XMM-Newton observatory to estimate the universal pressure profile from a sample of low redshift clusters at z <  0.2 and simulations to explore the radial range up to 4R500. However, using the tSZ effect as a cluster observable allows us to probe directly the pressure distribution in the ICM. In addition, the characterization of the statistical properties of the pressure profiles, in relation to the dynamical state of the selected clusters, brings key information in understanding the selection function of cosmological surveys based on the observation of the tSZ effect and the systematic effects affecting analyses based on the study of the tSZ power spectrum.
Each galaxy cluster in the NIKA2 SZ large program sample has to be analyzed using the same set of hypotheses and procedures to estimate their pressure profile regardless of their morphology or dynamical state. Indeed, as the mean pressure profile of galaxy clusters is used for both the catalog extraction of tSZ surveys (e.g., Melin et al. 2006) and tSZ cosmological analyses based on a mass function (e.g., Salvati et al. 2018), it is essential to preserve the consistency between the halo definition in simulations and that in the NIKA2 SZ large program based on clusters detected in tSZ surveys. It is therefore important to characterize the systematic uncertainties associated with the deprojected pressure profile of galaxy clusters when we consider them as spherical objects in hydrostatic equilibrium, while their morphology and dynamical state can be significantly different from this oversimplified model. The challenge of the NIKA2 SZ large program for cosmology lies in the accurate estimation of the total error budget associated with the pressure profile of each cluster in the sample given their morphology and dynamical state. The procedure used to constrain the mean pressure profile of the galaxy clusters observed by NIKA2 is developed in detail in Sect. 5.2.
3. MUSIC-simulated sample of galaxy clusters
Numerical hydrodynamical simulations are valuable tools to study the origin of deviations from the pure gravitational collapse scenario of cluster formation, which predicts a self-similar scaling of the tSZ observable with the cluster mass (see Borgani & Kravtsov 2011, for a review). Although the integrated tSZ signal has been found to be rather insensitive to the baryonic and sub-grid physics assumed in hydrodynamical simulations (e.g., Shaw et al. 2008), the comparison of observational results related to star formation, radiative cooling, galactic, and AGN feedback with simulations is fundamental to improving our understanding of the poorly known impact of these phenomena on the ICM pressure distribution.
The fundamental equations of any numerical hydrodynamical simulation are based on a cosmological model as well as on the laws of gravitation and fluid dynamics (see the review of Dolag et al. 2008, for more details on N-body simulation techniques). The main interest of numerical simulations for cosmology comes from their ability to take into account the nonlinearities inherent to the large structure formation processes in order to estimate the expected shape of the mass function giving the expected abundance of halos as a function of mass and redshift (e.g., Tinker et al. 2008). The mass functions estimated at the end of simulations are therefore assumed to be more realistic than those obtained from the extended Press-Schechter formalism (Lacey & Cole 1993). This is why these mass functions are used in current cosmological analyses to constrain cosmological parameters from cluster surveys.
Numerical simulations also enable the study of the systematic effects related to known astrophysical processes within galaxy clusters on the characterization of the profiles of their thermodynamic properties and the scaling relations used in cosmological analyses (e.g., Planelles et al. 2017). These studies have become possible because of the increasing mass resolution in the simulations and therefore in their ability to generate processes for which the characteristic scales are smaller than the typical cluster physical scales. This type of analysis is the main goal of the MUSIC simulation (Sembolini et al. 2013, 2014). The purpose of this section is to present the fundamental characteristics of the MUSIC simulation in relation with the analysis developed in this paper. This section introduces the basic elements used in Sect. 4 and the mean thermodynamic properties of the MUSIC clusters that are considered.
3.1. Overview of the MUSIC simulation
The MUSIC data set is based on the cosmological N-body dark matter-only simulation MultiDark (Prada et al. 2012), which has been made by considering a cube of 1 h−1 Gpc side length. The MUSIC simulation considers the low-resolution execution of MultiDark containing a total of 16.8 million of dark matter particles. The simulation procedure is based on an adaptive mesh refinement grid initialized to a redshift z = 65. It considers a standard cosmological model according to the parameters constrained by WMAP7, i.e., Ωm = 0.27, Ωb = 0.0469, ΩΛ = 0.73, h = 0.7, σ8 = 0.82, and n = 0.95 (Komatsu et al. 2011).
The 283 most massive halos in the MultiDark simulation were selected independently of their morphological properties to be simulated again at high resolution by including gas particles. This new simulation is the MUSIC simulation. The selected systems correspond to clusters with a mass enclosed within the viral radius greater than 1015 h−1 M⊙ at z  =  0 and constitute the MUSIC-2 database considered in the analysis developed in this study. This cluster sample represents a large improvement of the statistics compared to the MUSIC-1 database, which contains 164 clusters including 82 systems specifically selected to have the morphological properties of major mergers (Forero-Romero et al. 2010). The MUSIC simulation was performed using GADGET (GAlaxies with Dark matter and Gas intEracT), a code devoted to hydrodynamic simulations developed by Springel et al. (2001). The GADGET code is based on the smoothed particle hydrodynamics (SPH) numerical method, particularly suitable for describing physical processes related to fluid dynamics such as the ICM. The MUSIC simulation applies the zoom-in technique developed by Klypin et al. (2001), which uses the particle phase space trajectories of the MultiDark simulation to initialize the dynamical quantities of the new particles contained in the 283 selected systems. Each cluster is simulated within a sphere with a radius of 6 h−1 Mpc at z = 0 at a resolution such that the masses of dark matter and gas particles are given by mDM = 9.0 × 108 h−1 M⊙ and mg = 1.9 × 108 h−1 M⊙, respectively. The MUSIC clusters are therefore resimulated improving the original MultiDark resolution by a factor of 8. The regions adjacent to each sphere are also simulated with a decreasing resolution with radius until the resolution of the MultiDark simulation is reached. This enabled us to take into account the physical processes located in the periphery of the MUSIC clusters while optimizing the computing time allocated to the simulation. In addition to the standard equations of gravitation and fluid dynamics, the MUSIC simulation includes additional physical processes such as gas cooling by thermal emission, stellar formation, and energy injection into the environment by supernovae winds (Springel & Hernquist 2003). A total of 15 instant captures of the properties of each cluster are made between the redshifts z  =  9 and z  =  0. These snapshots enabled us to trace the dynamical behavior of the MUSIC clusters over the relevant redshift interval to study the galaxy cluster formation processes.
The analysis developed in this paper relies on the MUSIC snapshots made at redshifts z = 0.54 and z = 0.82 to study the thermodynamic properties of the MUSIC clusters in a range of redshifts that is similar to those considered for NIKA2 SZ large program. The MUSIC clusters at redshifts z = 0.54 and z = 0.82, which are selected in Sect. 4 to build a twin sample of the NIKA2 SZ large program sample are thus called members of bins 1 and 2, respectively.
3.2. MUSIC y-maps and three-dimensional pressure profiles
In order to carry out an analysis of the impact of the ICM disturbances that can be identified by NIKA2 on the estimation of the pressure profile at high redshift, it is first necessary to obtain Compton parameter maps and thermodynamic profiles associated with each simulated cluster.
Compton parameter maps are computed by considering a single line of sight for each cluster. The pressure associated with the gas particles contained in a cylinder is integrated along its axis, aligned with the considered line of sight. The length of the cylinder corresponds to six times the virial radius Rvir of the considered cluster and its base has a radius equal to 3Rvir ≃ 5R500. We defined all the MUSIC Compton parameter maps using a square grid of 10 Mpc on each side with a pixel size of 10 kpc. At the redshifts considered for this study, this corresponds to a field of view of about 23 arcmin wide and a pixel resolution of about 1.4 arcsec. These maps are therefore well adapted to the instrumental characteristics of NIKA2 because the spatial distribution of the tSZ signal is defined over the entire NIKA2 field of view and the pixel size is small enough compared to the beam extension of NIKA2 at 150 GHz. We used the MUSIC Compton parameter maps in the method developed in Sect. 4 to simulate the NIKA2 and Planck tSZ maps of the selected MUSIC clusters.
It is also necessary to obtain the thermodynamic profiles of the MUSIC clusters to constrain the impact of ICM disturbances on the pressure profile estimated by deprojection of the tSZ signal from the simulated maps. In this paper, the cluster centers considered for the profile extraction from the simulation cube and from the simulated y-maps (see Sect. 5.1) were fixed to the positions obtained from the halo definitions in the MultiDark simulation to maintain the consistency between the definitions of halo centers. The radial distributions of the ICM pressure, density, temperature, entropy, and the cluster total mass were calculated for each cluster at the two redshifts considered by averaging the values of the thermodynamic quantities associated with the particles of the simulation in concentric spherical shells. The total sphere considered has a radius equal to 3Rvir and the binning of the spherical shells is 10 kpc. The uncertainty associated with each pressure point corresponds to the error on the mean of the pressure values contained in the considered spherical shells. The uncertainties on the profiles increase in the cluster outskirts because of the increase in the standard deviation of the thermodynamic quantities caused by deviations from spherical symmetry and hydrostatic equilibrium in these regions. Moreover, it should be noted that the decrease in the resolution of the simulation in the periphery of the clusters (see Sect. 3.1) implies that the number of particles considered to average the thermodynamic quantities is also reduced. The pressure profiles extracted directly from the simulation are nevertheless very well constrained from the center of the clusters to radii on the order of 3R500. We thus compared these profiles in Sect. 5.2 to the pressure distribution estimated by deprojection of the tSZ signal in the simulated NIKA2 maps.
3.3. Integrated parameters of the MUSIC synthetic clusters
To determine the intrinsic dynamical properties of the MUSIC clusters, we estimated the mass and integrated Compton parameter of each cluster at the two considered redshifts. The quantities M500 and Y500 represent the fundamental quantities for cosmological analyses. The mass M500 is defined from the radius R500 using the following relation:
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The integrated Compton parameter Y500 is obtained by the spherical integral of the pressure profile up to R500. The R500 radius is therefore an essential quantity to define the integrated parameters of the clusters. The mass profile M(r) of each simulated cluster is used to calculate a mean matter density profile ⟨ρ⟩(r) using the volume profile [image: equation] to define the radius R500 and therefore the quantities M500 and Y500. We used two different procedures to estimate the mass profile M(r) of the simulated clusters.
The first procedure is based on the total mass profile Mtrue(r) extracted from the MUSIC simulation by computing the total mass induced by dark matter and gas particles inside spheres of increasing radius. The radius [image: equation] is estimated from the mean matter density profile obtained with this mass profile. The Eq. (3) is used to calculate [image: equation]. The pressure profile extracted from the simulation (see Sect. 3.2) is integrated up to [image: equation] to estimate [image: equation].
The second procedure is motivated by the fact that the observations made by NIKA2 for its SZ large program cannot be used to estimate the radius [image: equation]. Indeed, we will not have access to unbiased mass measurements for the clusters of the large program. A possible way to compute the mass profile with NIKA2 consist in using the assumption of hydrostatic equilibrium and considering the estimated pressure profile and a gas density profile deprojected from X-ray observations. The advantage of this approach is that we do not need to consider a previously calibrated scaling relation or assumptions on the gas mass fraction to estimate the mass of the considered clusters. We thus calculated for each MUSIC synthetic cluster the hydrostatic mass profile MHSE(r) assuming spherical symmetry by combining their pressure Pe(r) and density ne(r) profiles using the following equation:
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where mp is the proton mass, μ is the mean molecular weight fixed to a value of 0.621, and G is the gravitational constant. As of the Mtrue(r) mass profile, this mass profile is used to estimate the value of [image: equation]. The latter allowed us to define the integrated quantities [image: equation] and [image: equation] associated with each MUSIC cluster.
The estimates of the true total mass of the simulated clusters and their mass calculated under the hydrostatic equilibrium hypothesis make it possible to constrain the value of the hydrostatic bias for each MUSIC cluster at an overdensity equal to 500, i.e.,
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The mean of the b values obtained at the two considered redshifts are compatible2. The left panel of Fig. 1 represents the distribution of the b values for all the MUSIC clusters at z = 0.54 and z = 0.82. The mean hydrostatic bias associated with the MUSIC clusters is given by μb = 0.37, which is compatible with the observations made by the project Weighing the Giants (von der Linden et al. 2014), although higher than most current constraints between 0.1 and 0.3 (see, e.g., Fig. 10 in Salvati et al. 2018). We also observe on the histogram of the b values obtained in the simulation that the hydrostatic bias is subject to a large scatter: σb = 0.21. Furthermore, the extreme values of the bias are mainly associated with major mergers for which the hydrostatic equilibrium hypothesis is not reliable. This is discussed later in Sect. 4.1.
	[image: thumbnail]	Fig. 1.
Left: distribution of the hydrostatic bias values computed for all MUSIC clusters at redshifts z = 0.54 and z = 0.82. Right: distribution of the bias on the corrected integrated Compton parameter for the same clusters. The mean and the standard deviation of each histogram are indicated in the upper left corner of the panels.




The hydrostatic bias associated with each cluster of the NIKA2 SZ large program is not known a priori. The hydrostatic mass [image: equation] is thus usually corrected using the mean hydrostatic bias from the results of other studies. In the case studied in this paper, we estimated the corrected hydrostatic mass of each MUSIC cluster using the following relation:
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The correction of the hydrostatic mass by the mean hydrostatic bias makes it possible to cancel on average the bias observed between the mass estimates but has no effect on the dispersion σb of the distribution. Using the mass [image: equation] allowed us to define a value of [image: equation] by applying the Eq. (3) that can be used as an outer boundary in the integration of the pressure profile to estimate the integrated Compton parameter [image: equation] for each cluster. The right panel of Fig. 1 shows the histogram of the bias on the Y500 measurement made by considering the estimate of the [image: equation] radius as an outer boundary of the integral of the pressure profile of each cluster instead of the [image: equation] radius. The histogram obtained is centered on 0 but has a standard deviation of 15%. The use of the hydrostatic equilibrium hypothesis and a mean hydrostatic bias thus induces an additional scatter over all the measured integrated quantities. The Y500 − M500 scaling relation calibrated using X-ray and tSZ measurements therefore has an increased dispersion compared to its intrinsic dispersion owing to the use of the hydrostatic equilibrium hypothesis. It is important to take this systematic effect into account when the tSZ-mass scaling relation associated with the sample of the NIKA2 SZ large program is estimated.
3.4. Mean pressure profile of the MUSIC synthetic sample
The objective of this section is to estimate the mean pressure profile of the MUSIC clusters based on the profiles extracted directly from the simulation. The uncertainty associated with the mean pressure profile also takes into account the number of profiles considered for its estimation and can be propagated in a cosmological analysis based on a tSZ survey up to the constraints on the cosmological parameters. However, we are more interested in the intrinsic scatter associated with the mean pressure profile of a cluster sample in this study because it corresponds to the potential systematic error made if the self-similarity hypothesis cannot be applied to the whole cluster population.
We estimated the mean pressure profiles of the MUSIC clusters by considering all their associated profiles at z = 0.54 and z = 0.82. The left panel of Fig. 2 represents all pressure profiles (red curves) of the MUSIC synthetic clusters at redshift z = 0.54 after normalization of the radius by the value of [image: equation] associated with each cluster and the pressure by the amplitude factor [image: equation]. This factor gives the scaling relation between the pressure content and the cluster total mass in the self-similar model (Arnaud et al. 2010)
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	[image: thumbnail]	Fig. 2.
Left: normalized pressure profiles extracted from the MUSIC simulation for all the clusters located at a redshift z = 0.54 (red lines). The mean pressure profile is represented in black and the intrinsic scatter of the distribution at 1σ is given by the blue region. Right: comparison of the mean normalized pressure profiles estimated from the MUSIC profiles extracted at z = 0.54 (green), and at z = 0.82 (blue). The difference between the two profiles divided by the mean of their associated uncertainties is shown in red in the lower panel.




where Ez is the ratio of the Hubble constant at redshift z to its present value H0, and h70 = H0/[70 km s−1 Mpc−1]. The normalized pressure distribution is modeled at each radius by an asymmetric lognormal distribution3 to constrain the mean pressure profile and its intrinsic dispersion. The computed profile is represented by a black line on the left panel of Fig. 2 and the standard deviation at 1σ of the distribution of the normalized pressure profiles is given by the blue region. The mean pressure profile shows a flattening for radii r >  2R500 around the splashback radius (More et al. 2015). In addition, the dispersion of the profile distribution increases significantly in the same radius range. This is because of the deviations from the gas dynamic equilibrium at radii larger than the virial radius. Accretion of the surrounding environment and the presence of dense substructures and gas shocks in these regions lead to an increase in the mean thermal pressure and fluctuations of the latter, which are responsible for the flattening of the mean pressure profile and the increase of its associated scatter, respectively.
We performed an identical analysis for the pressure profiles associated with the MUSIC clusters at redshift z = 0.82. The mean pressure profiles obtained at the two considered redshifts are represented in blue and green on the right panel of Fig. 2. The red curve shown in the lower panel of the figure corresponds to the difference between the two profiles divided by the mean dispersion observed at each radius. We note that no significant variation in the shape and amplitude of the mean pressure profile is observed between the redshifts z = 0.54 and z = 0.82 of the MUSIC simulation. We therefore chose to consider a mean pressure profile combining all the profiles estimated at these two redshifts in the analysis developed in Sect. 5.2.
In order to reduce the analysis time associated with the estimation of the pressure profile of each cluster considered in the study developed in Sect. 5.1, we chose to model the pressure distribution in the ICM by a parametric generalized Navarro-Frenk-White profile (gNFW; Nagai et al. 2007),
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where P0 is a normalization constant, rp is a characteristic radius, and a characterizes the size of the transition between the two profile slopes b and c at large and small radii, respectively. This model is therefore defined by only five free parameters while a nonparametric profile would contain more than twice as many constrained values for typical observations with NIKA2 (Ruppin et al. 2018). It is therefore necessary to check whether the gNFW model is appropriate to describe the mean pressure profile of the MUSIC clusters at the considered redshifts. Each pressure profile extracted from the MUSIC simulation at both redshifts is therefore fitted by a gNFW model and normalized by the corresponding values of [image: equation] and [image: equation]. The resulting distribution of gNFW profiles is used to estimate the mean pressure profile and its associated scatter. In Fig. 3, the mean pressure profile estimated using the gNFW model (orange line) is compared to the mean profile obtained by considering the pressure profiles extracted directly from the simulation (blue line). The weighted difference between the profiles is shown in the lower panel (red line). We do not observe any significant discrepancy between the two profiles for radii r <  3R500. In addition, the difference caused by the flattening of the pressure profiles extracted from the simulation observed between the mean profiles for radii greater than 3R500 results in a systematic bias on the integrated Compton parameter Y5R500 of about 6%. This difference is four times smaller than the typical relative uncertainty on the integrated tSZ signal measured by Planck (Planck Collaboration XXVII 2016). The gNFW profile is therefore well adapted to model the pressure distribution of the MUSIC clusters from a combined NIKA2/Planck analysis (see Sect. 5.1).
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Left: mean normalized pressure profiles estimated by considering the profiles extracted from the MUSIC simulation (blue) and the gNFW fits of these profiles (orange) for each cluster at z = 0.54 and z = 0.82. Right: mean pressure profiles obtained by normalizing the gNFW profiles associated with each MUSIC cluster by the values of [image: equation] and [image: equation] (orange) and by the values of [image: equation] and [image: equation] obtained after correction of the hydrostatic mass of each cluster by the mean hydrostatic bias of the MUSIC simulation at the two considered redshifts (magenta). The differences between the two profiles divided by the mean of their associated uncertainties are shown in red in each lower panel.




Using the hydrostatic equilibrium hypothesis also has an effect on the mean pressure profile estimated from tSZ observations. As shown in Sect. 3.3 the value of [image: equation] estimated from the total mass, under the assumption of hydrostatic equilibrium, corrected by the mean hydrostatic bias, is not biased but is scattered around the value of [image: equation]. The same conclusion is made if we consider the normalization coefficient [image: equation]. As shown in the right panel of Fig. 3, the mean pressure profile obtained under the hydrostatic equilibrium assumption by correcting the integrated quantities by the mean hydrostatic bias (magenta curve) is identical to the mean pressure profile obtained by considering the values of [image: equation] and [image: equation] for the normalization (orange curve). However, its associated scatter is 5 to 60% higher for radii greater than 0.5R500. The estimation of the intrinsic scatter of the distribution of pressure profiles at high redshift is important for cosmological analyses as it traces the potential systematic uncertainty associated with the cluster self-similarity assumption. It is therefore important to investigate whether this increase in dispersion associated with the mean pressure profile, caused by the use of the hydrostatic equilibrium hypothesis, is comparable to the additional dispersion induced by systematic effects due to disturbances of the ICM on the reconstruction of the pressure profile from NIKA2 tSZ observations. Understanding the role of the different processes responsible for the dispersion of pressure profiles estimated from tSZ observations will allow us to establish methods that take these systematic effects into account in future cosmological analyses.
4. Simulation of NIKA2 SZ large program observations
In this section, we aim to present the method used to simulate NIKA2 and Planck tSZ maps of a sample of MUSIC clusters similar to the sample considered for the NIKA2 SZ large program. These maps constitute the data set used in the analysis developed in Sect. 5 to study the effect of ICM perturbations on the estimation of the mean pressure profile using the NIKA2 tSZ analysis pipeline.
4.1. Definition of the synthetic cluster sample
The galaxy cluster selection procedure used for the NIKA2 SZ large program (see Sect. 2.3) was applied to establish a synthetic sample based on the MUSIC data. In order to reduce the analysis time required in the study developed in Sect. 5.1 without increasing significantly the statistical uncertainties on the estimation of the mean pressure profile, we chose to populate each mass and redshift bin considered for the NIKA2 SZ large program by four MUSIC clusters instead of five. The number of clusters selected is thus comparable to the number considered for the NIKA2 SZ large program. The clusters of the synthetic sample are presented in the mass-redshift plane in the left panel of Fig. 4. All the simulated clusters of bin 1 are located at a redshift z = 0.54 and those of bin 2 at a redshift z = 0.82. However, only for display reasons, each cluster has a randomly generated redshift assuming a uniform distribution within their respective bins. Since the cluster selection procedure of the NIKA2 SZ large program was carried out by applying a mass cut in the Planck and ACT catalogs (see Sect. 2.3), we used the hydrostatic mass estimates of the MUSIC clusters [image: equation] to select the MUSIC clusters from the whole simulated sample. We only considered MUSIC clusters with a hydrostatic mass greater than 3 × 1014 M⊙ to populate the considered mass and redshift bins. This cut reduces the size of the initial MUSIC sample to a total of 82 clusters at z = 0.54 and 42 clusters at z = 0.82. Because the mass function decreases as a power law with both the mass and the redshift of galaxy clusters, the limited volume of the MultiDark simulation cube that enabled simulating the global properties of the MUSIC clusters is not large enough to populate the highest mass bin of the high redshift bin4 (see Fig. 4). In addition, the highest mass bin of the first redshift bin and the second-to-last mass bin of the high redshift bin cannot be completely filled for the same reason. Since the fraction of clusters with a disturbed ICM at high redshift is not a well known parameter, we chose to establish a sample containing nearly an equivalent number of dynamically relaxed and disturbed clusters to study the characteristics of the mean pressure profile of the two populations of clusters with an equivalent statistical power. A random selection would favor the selection of relaxed systems. Indeed, based on the three-dimensional morphological indicators presented in Cialone et al. (2018), the fractions of MUSIC synthetic clusters with a mass larger than 3 × 1014 M⊙ that are relaxed are equal to 63% and 71% at z = 0.54 and z = 0.82, respectively. The other mass and redshift bins were thus populated by choosing two morphologically relaxed and two disturbed clusters among all MUSIC clusters available in each bin.
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Left: distribution of the selected MUSIC clusters in the mass-redshift plane. The mass and redshift bins considered are identical to those of NIKA2 SZ large program. The redshifts in each bins are generated randomly using a uniform distribution within their respective boundaries for display reasons. Morphologically relaxed and disturbed clusters are indicated by blue dots and red triangles, respectively. Right: distributions of the morphological indicators computed for the selected MUSIC clusters for the relaxed (blue) and disturbed (red) subsamples. The vertical dash-dotted lines enclose the population of clusters with a hybrid dynamical state (see Sect. 4.1).




Estimating the dynamical state of the MUSIC clusters by morphological considerations is first performed by a visual inspection of the Compton parameter maps in each bin. As shown on the left panel of Fig. 5, a cluster is considered morphologically relaxed if it has a single tSZ surface brightness peak and its two-dimensional structure has a symmetry close to circular symmetry5. On the other hand, the so-called disturbed clusters (see right panel of Fig. 5) have a number of tSZ peaks greater or equal to two or an obvious deviation from circular symmetry. The M morphological indicator introduced by Cialone et al. (2018) to discriminate dynamically relaxed and disturbed clusters from Compton parameter maps is also used to confirm the selection made by visual inspection. This indicator combines several estimators of the dynamical state of the clusters (see Cialone et al. 2018 for the full list of parameters). The M indicator defined by the authors has been calibrated on the MUSIC sample after the segregation of the population for different dynamical states by common estimators applied in simulations. Dynamically relaxed clusters are such that M <  −0.41 and disturbed clusters have M >  0.41. The intermediate M values form a mixed class in which the dynamical state of the clusters is not clearly identifiable.
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Left: Compton parameter map of the MUSIC cluster n°7 at redshift z = 0.54 considered as a relaxed system in the definition of the simulated cluster sample in Sect. 4.2. Right: Compton parameter map of the MUSIC cluster n°130 at redshift z = 0.54 considered as a disturbed system. This represents an extreme case in which both individual substructures and an extension of the ICM of the main halo are clearly identified.




We show the distributions of the M indicator, discriminating the clusters between the relaxed and disturbed subsamples in the right panel of Fig. 4. The relaxed clusters in bin 1 have an average morphological indicator M = −0.74 ± 0.12 and are indicated by blue dots in the left panel of Fig. 4 and disturbed clusters (red triangles) of the same redshift bin are such that M = 0.52 ± 0.18. The clusters of the second redshift bin are such that M = −0.61 ± 0.11 for relaxed clusters and M = 0.82 ± 0.31 for disturbed clusters. We thus note an agreement between the visual characterization of the morphology of the selected clusters with the average results given by the M indicator. As shown in the right panel of Fig. 4, the higher dispersion associated with the mean values of the M indicator of the disturbed clusters is mainly caused by the two outliers at M ∼ 2 located in bin 1 and bin 2, respectively. These two clusters are ongoing mergers with a clear bimodal morphology and angular separations between the substructure SZ peaks enclosed between 2 and 3 arcmin. As it is also expected for the cluster sample of the NIKA2 SZ large program, some of the selected MUSIC clusters are defined by M indicators in the intermediate morphology class highlighted by two vertical lines in the right panel of Fig. 4. We find four clusters defined as relaxed with −0.41 <  M <  0 and seven clusters defined as disturbed with 0 <  M <  0.41. This higher fraction of disturbed clusters in the intermediate class is expected as there are only 33 MUSIC clusters at redshifts 0.54 and 0.82 with a mass larger than 3 × 1014 M⊙ that have M >  0 and 52% of these have a morphology such that M <  0.41. We emphasize that our goal is not to define precise categories of cluster morphological states but to build a cluster sample that is not significantly biased toward a given morphology. Our methodology to define the relaxed and disturbed subsamples for the NIKA2 SZ large program may evolve and be slightly different from the method considered in this paper. The defined cluster sample finally has a fraction of relaxed clusters of about 50%.
The distributions of the biases on the mass and integrated Compton parameter of the relaxed and disturbed selected subsamples are shown in Fig. 6. These distributions were obtained following the method presented in Sect. 3.3 using the MUSIC profiles associated with the selected clusters. The median values of the hydrostatic bias and integrated Compton parameter are equal to 0.29 and −0.01 for both the distributions associated with the relaxed (blue) and disturbed (red) subsamples, respectively. Therefore, the hydrostatic bias and Compton parameter bias measured for the selected subsamples are compatible with the those measured on the distributions shown in Fig. 1 for the whole population of MUSIC clusters at z = 0.54 and z = 0.82. However, we note a larger dispersion of both the hydrostatic bias and integrated Compton parameter values for the disturbed clusters compared to the results obtained for the relaxed clusters. In particular, the two outliers with a morphological indicator M ∼ 2 (see Fig. 4) are also associated with high values of the hydrostatic and integrated Compton parameter biases. This is expected as the hydrostatic equilibrium hypothesis is far from being valid for these major mergers. Furthermore, we note the presence of a third outlier in the distributions shown in Fig. 6. This cluster has a morphological indicator M = 0.57 and is therefore a member of the subsample of disturbed clusters. In addition, the ICM of this cluster is elongated to the southwest and the value of the Compton parameter is almost constant up to ∼600 kpc from the cluster core. The MUSIC density and pressure profiles of this cluster have a very shallow inner slope extending up to the same physical radius. The hydrostatic mass of this cluster is therefore significantly underestimated because the hydrostatic mass profile is very flat from the cluster center up to a large fraction of its virial radius. It is interesting to notice that some disturbed clusters present hydrostatic bias values close to 0. Shock regions around R500 are usually found in such clusters and are responsible for important discontinuities in their pressure profile. This results in a significant increase of the hydrostatic mass profile around R500 which then stabilizes rapidly at larger radii. For this reason, it is possible to measure values of [image: equation] that are very close6 to the true mass [image: equation], although a higher value of the hydrostatic bias would be measured at radii larger that R500 in these systems. While the scatter associated with the distribution of the integrated Compton parameter biases for our subsample of disturbed clusters is seven times larger than the scatter measured for the relaxed clusters, we note that it depends significantly on the dynamical state of the selected clusters. Indeed, if we discard the three outliers in the distribution shown in the right panel of Fig. 6, the dispersion of the biases on the integrated Compton parameters of the disturbed clusters around the median is only twice larger than that measured for the relaxed clusters.
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Distributions of the hydrostatic mass biases (left) and integrated Compton parameter biases (right) computed from the MUSIC profiles of the selected relaxed (blue) and disturbed (red) clusters. The methodology used to compute these quantities is explained in Sect. 3.3.




The selected sample of MUSIC clusters is processed in Sect. 5 as the sample of clusters from the NIKA2 SZ large program would be in order to constrain the mean ICM pressure profile for both the relaxed and disturbed subsamples.
4.2. Simulation of NIKA2 and Planck tSZ observations
This section describes the procedure used to compute the NIKA2 tSZ surface brightness and Planck Compton parameter maps from the Compton parameter maps associated with the selected MUSIC clusters. As we want to focus this analysis on the impact of the dynamics of the selected clusters on the mean pressure profile, we do not consider the contamination of the tSZ signal induced by the radio or submillimeter emission of point sources. These contaminants however increase the uncertainties associated with the pressure profiles deprojected from the NIKA2 and Planck maps of the clusters observed for the NIKA2 SZ large program (e.g., Adam et al. 2016).
The MUSIC Compton parameter maps are first converted into tSZ surface brightness maps by applying the conversion coefficient given by integrating the spectrum of the tSZ effect into the NIKA2 bandpass at 150 GHz. The spatial distribution of the tSZ signal in the resulting maps is then convolved by the 17.7 arcsec FWHM Gaussian beam and the NIKA2 transfer function at 150 GHz obtained from the first NIKA2 tSZ observations (Ruppin et al. 2018) to take into account the different filtering effects induced by the observations and the raw data analysis. The typical observation time considered for the clusters in each mass and redshift bin of the NIKA2 SZ large program is used to produce a map of the expected standard deviation per pixel associated with each MUSIC selected cluster. These observation times are estimated based on the respective integrated Compton parameter values [image: equation] of each cluster and the NIKA2 sensitivity at 150 GHz. These standard deviation maps and the noise power spectrum of the residual correlated noise observed in typical NIKA2 tSZ maps (Ruppin et al. 2018) allow us to simulate residual noise maps for each selected cluster. The sum of the filtered tSZ surface brightness signal and residual noise allows for the production of realistic NIKA2 tSZ maps of the selected MUSIC clusters. We note that CMB has a negligible contribution at the angular scales that can be recovered by NIKA2. Furthermore, as shown in Ruppin et al. (2018), the cosmic infrared background (CIB) signal is an order of magnitude lower than the rms noise otherwise caused by both the instrumental and atmospheric noise contributions. Therefore, we chose to ignore these contaminants in the simulation of the NIKA2 maps in this work. A potential improvement of the simulated observations would consist of including radio and submillimeter sources in the field. We did not include point source contaminants in our simulations in order to focus our study on the impact of cluster dynamics on the mean pressure profile.
The Planck Compton parameter maps of the selected MUSIC clusters are obtained with a similar procedure. The distribution of the tSZ signal in the MUSIC maps is first convolved by the 10 arcmin FWHM Planck beam. The pixels of the resulting maps are then combined to form 1.7 arcmin large pixels to limit the size of the simulated Planck maps while maintaining a sufficient number of pixels per beam. We estimated Planck noise maps for each cluster by considering the Planck noise power spectrum and different sky coordinates randomly drawn in the area observable by NIKA2, i.e., Dec > −11°. This allowed us to take into account both the spatial correlation and the variations in the amplitude of the residual noise in the Plancky-map given the position considered on the sky. The sum of the maps of the tSZ signal, smoothed at the Planck angular resolution, and of the correlated noise results in realistic Planck Compton parameter maps of the selected MUSIC clusters. We note that the tSZ signal outside the MUSIC field of view of about 23 arcmin is set to zero in this procedure. However the tSZ signal at a projected radius of 10 arcmin from the cluster center is already negligible in comparison to the Planck rms noise at this distance. Therefore, we did consider all the relevant tSZ signal in the simulation of the Planck maps.
The comparison of the simulated NIKA2 and Planck tSZ maps in Fig. 7 highlights the complementarity of these two experiments regarding the characterization of the spatial distribution of the tSZ signal of high redshift clusters. The left panel of Fig. 7 shows the Compton parameter map of a MUSIC cluster with a mass M500 = 5.5 × 1014 M⊙ at redshift z = 0.54 considering a field of view of 6.5 arcmin. As shown in the middle panel of the figure, the high angular resolution of the NIKA2 camera enables us to map the tSZ signal of the cluster up to a projected distance of about 2 arcmin from the tSZ peak. The large scale structures of the tSZ signal spatial distribution are lost because of the important filtering induced by NIKA2 on these scales. They are however partially recovered in the Planck Compton map (see right panel of Fig. 7), which does not provide any information on the internal structure of the ICM but enables the anchoring of the total integrated Compton parameter of the cluster. The simulated NIKA2 tSZ surface brightness and Planck Compton parameter maps constitute the data set used in the analysis developed in Sect. 5.
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Left: MUSIC Compton parameter map of a selected disturbed cluster in the first redshift bin. An ICM extension is clearly identified in the upper right region of the map. Middle: simulated NIKA2 tSZ surface brightness map at 150 GHz of the MUSIC cluster shown in the left panel. Right: simulated Planck Compton parameter map of the MUSIC cluster shown in the left panel. The field of view considered for the left and middle panels is shown as a black rectangle at the center of the map.




5. Characterization of the mean pressure profile of the synthetic sample
This section presents the analysis procedure and results obtained concerning the estimation of the mean pressure profile of the selected MUSIC clusters from the simulated NIKA2 and Planck tSZ maps. The impact of ICM disturbances on the individual profiles and the fraction of disturbed clusters on the mean pressure profile is discussed and placed within the framework of the future results of the NIKA2 SZ large program.
5.1. Estimation of the individual pressure profiles from the simulated tSZ maps
The simulated NIKA2 and Planck tSZ maps are jointly analyzed with the NIKA2 tSZ analysis pipeline (Ruppin 2018) based on a Markov chain Monte Carlo (MCMC) procedure using the Python package emcee (Foreman-Mackey et al. 2013) as described in detail in Ruppin et al. (2018). A review of the main steps of the analysis is provided in this section. The pressure distribution within the ICM of each selected MUSIC cluster is modeled by a gNFW pressure profile given the results obtained in Sect. 3.4. At each iteration of the MCMC algorithm, the pressure distribution is integrated along the line of sight to compute a model of the Compton parameter profile of the considered cluster (see Eq. (2)). The Compton parameter profile is then convolved with the beam profile of NIKA2 modeled as a two-dimensional Gaussian function with a 17.7 arcsec FWHM. The convolved profile is then projected on the pixelized grid considered for the NIKA2 simulated data. We applied the NIKA2 transfer function to the computed Compton parameter map to account for the processing filtering that suppresses signal on large scales. The filtered Compton parameter map is converted into a NIKA2 tSZ surface brightness map using a conversion coefficient obtained by integrating the tSZ spectrum within the 150 GHz NIKA2 bandpass. This conversion coefficient is associated with a flux calibration uncertainty of 10% and varies within a Gaussian prior in the analysis.
As almost all the scales of the spatial distribution of the tSZ signal are smoothed by the Planck beam, we used the integrated Compton parameter Y5R500, estimated by aperture photometry on the simulated Planck maps, to average the information contained in all the pixels of each Planck map in a single measurement point. The model of the integrated Compton parameter is given by the spherical integral of the current pressure profile up to 5R500. We then compared the NIKA2 tSZ map model [image: equation] and the Planck integrated Compton parameter model [image: equation] with the NIKA2 mock data MNIKA2 and the integrated Compton parameter measured on the simulated Planck map using the following likelihood function:
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where the uncertainty ΔY5R500 associated with the Y5R500 data point measured on the simulated Planck map corresponds to the dispersion of aperture photometry measurements performed around the cluster position where the noise is homogeneous. We stress that the flux calibration uncertainty is included in this likelihood as a Gaussian prior on the conversion coefficient used to compute MNIKA2. The NIKA2 correlated noise power spectrum considered to simulate the tSZ maps is used to estimate the noise covariance matrix CNIKA2 in the likelihood function (9). The MCMC analysis performed for each cluster is made by considering a total of 200 Markov chains on 20 CPUs in parallel. The convergence test of Gelman & Rubin (1992) is used to stop the MCMC sampling of the parameter space. Although the authors of emcee do not recommend using this test, we checked that the final chains also present short autocorrelation time values. The computation time required for the MCMC analysis to be completed is on the order of 2 to 3 days per cluster. At the end of each analysis the pressure profile obtained at the maximum likelihood is stored in a file along with the associated 1σ uncertainty on the pressure profile. The uncertainties are estimated by Monte Carlo sampling of the posterior using the Markov chains associated with each parameter of the gNFW model.
The maximum-likelihood pressure profile is compared with the pressure profile extracted directly from the MUSIC simulation (see Sect. 3.4). The upper and lower left panels in Fig. 8 present the simulated NIKA2 tSZ surface brightness map for a relaxed cluster of the penultimate mass bin of the low redshift bin and its associated pressure profile, respectively. The black curve corresponds to the pressure profile obtained at the maximum likelihood and the uncertainties at 1 and 2σ are given by the dark and light blue regions. The red dots correspond to the pressure profile extracted from the MUSIC simulation for this cluster. The profile constrained by the MCMC analysis using a deprojection of the tSZ signal contained in the NIKA2 and Planck simulated maps is therefore compatible with the radial pressure distribution of the considered MUSIC cluster. The slight relative differences observed at certain radii are due to deviations of the shape of the MUSIC pressure profile with respect to the smooth pressure distribution given by the gNFW model. These results validate the procedure used in the NIKA2 tSZ analysis pipeline to estimate the pressure distribution inside galaxy clusters from the combination of complementary tSZ data sets.
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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 3σ with 1σ 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 2σ 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 1σ 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.




The right panels in Fig. 8 correspond to the tSZ surface brightness map of a morphologically disturbed cluster of the second mass bin in the second redshift bin (top) and its associated pressure profile (bottom). Since this cluster is clearly bimodal and in a merger state in the NIKA2 simulated map, a single gNFW model does not allow us to constrain all the features of the ICM radial pressure distribution extracted from the MUSIC simulation. As shown by the comparison between the profile obtained at the maximum likelihood and the profile extracted from the MUSIC simulation, the pressure distribution estimated from the MCMC analysis is significantly different from the mean radial distribution obtained in spherical shells for radii between 700 and 1500 kpc. Although the use of a nonparametric profile would enable us to constrain part of this deviation from the decreasing shape of the gNFW model, it is important to note that any model based on a radial pressure distribution is not suitable for this particular cluster because the circular symmetry of the spatial distribution of the tSZ signal is broken. 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 difference on the measurement of [image: equation] of 67% compared to the expected value obtained by considering the Arnaud et al. (2010) universal pressure profile and the measurement of [image: equation] 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 density 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 [image: equation] considered to estimate the integrated quantities [image: equation], [image: equation], and [image: equation] (see Sect. 3.3). These quantities 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 described in Sect. 5.1, are normalized using the values of [image: equation] and [image: equation] computed for each cluster by the combination of the MUSIC density profile and the NIKA2/Planck deprojected pressure profile. As the uncertainties associated with the estimated pressure profiles for the disturbed clusters do not include the large modeling errors induced by the strong deviations from spherical symmetry and hydrostatic equilibrium (see Sect. 5.1), we decided to compare the estimated pressure profiles [image: equation] with the MUSIC profiles extracted from the simulation PMUSIC by computing the relative difference, i.e.,
[image: thumbnail](10)
The variations of ξ as a function of [image: equation] for all the selected MUSIC clusters are then used to compute the mean and the error on the mean of the distributions of ξ measured at each scaled radius for the disturbed and the relaxed clusters. The left panel of Fig. 9 shows the variations of the mean value of ξ as a function of the normalized radius [image: equation] for the relaxed (blue) and disturbed (red) simulated clusters. The shaded blue and red regions give the 1σ errors on the mean values of ξ computed at each radius as the standard deviation of the distributions divided by the square root of the number of relaxed and disturbed profiles, respectively. The relative difference between the deprojected pressure profile and that extracted in the three-dimensional volume of the simulation is always lower than 10% in the radius range where the tSZ signal is not filtered significantly by NIKA2, i.e., for R between [image: equation] and [image: equation]. Furthermore, the average of the mean relative difference in this radius range is equal to 0.9% and 0.05% for the disturbed and the relaxed clusters respectively. The variations of ξ around 0 are due to deviations of the shape of the simple gNFW model from the true pressure distribution of the simulated clusters. Although these deviations tend to be small for relaxed clusters (see the left panels of Fig. 8), they can reach an order of magnitude at specific radii for disturbed systems (see the right panels of Fig. 8). This explains why the error on the mean of ξ associated with the disturbed clusters is on average 90% larger than that measured for the relaxed clusters. We note however that the mean relative difference computed for the disturbed clusters in the radius range of interest for NIKA2 is not significantly larger than that measured for the relaxed clusters. This comes from the fact that the location of unvirialized structures in the ICM of the disturbed clusters is not always the same. The large relative differences measured in a given radius range thus tend to compensate each other for a sample of disturbed systems. This implies that the mean normalized pressure profiles obtained by analyzing the simulated NIKA2 and Planck data for the two subsamples are compatible with the mean profiles obtained by combining the profiles extracted directly from the MUSIC simulation for the selected clusters.
	[image: thumbnail]	Fig. 9.
Left: mean relative difference between the NIKA2/Planck deprojected pressure profiles and those extracted from the MUSIC simulation, presented as a function of the normalized radius for the relaxed (blue) and the disturbed (red) cluster subsamples. The shaded regions represent the 1σ error on the mean. Right: mean normalized pressure profiles and associated 1σ scatter obtained from the profile distributions of relaxed (blue) and disturbed (red) clusters.




The distribution of the normalized pressure profiles for the relaxed and disturbed selected clusters are treated separately to estimate the mean pressure profile associated with the two populations at high redshift using the method developed in the Sect. 3.4. The pressure values in each profile are weighted by the inverse of their associated error bars in the calculation of the mean profile (see Sect. 5.1). The resulting mean profiles are represented with the blue and red lines in the right panel of Fig. 9. The blue and red shaded regions represent the scatter of the distributions of normalized pressure profiles for the relaxed and disturbed clusters, respectively. The flattening of the mean pressure profile associated with the disturbed clusters in the core of the ICM compared to the profile associated with the relaxed clusters is consistent with the trend observed in different observational studies (e.g., Arnaud et al. 2010). The scatter associated with the mean profiles in the central region of the clusters (r <  0.1R500) and their outskirts (r >  2R500) are about 20 and 30% higher than those associated with the mean profiles estimated from the MUSIC profiles normalized by the same integrated quantities for the relaxed and disturbed clusters, respectively. The increase of the scatter observed for the relaxed clusters is due to the angular resolution of NIKA2 at 150 GHz and its 6.5 arcmin field of view, which do not allow the central parts of high redshift clusters to be resolved and their outskirts to be mapped without significant filtering. For disturbed clusters, the observed increase of the scatter is more significant, especially in the outskirts, because the constraints on the external slopes of the individual profiles are affected by the presence of substructures and deviations from circular symmetry. The scatter associated with the mean profile of the disturbed clusters is 65% greater than that observed for the profile distribution of the relaxed clusters at a radius R = R500. This result shows that a variation of the fraction of disturbed 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 difference 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 differences in the mean pressure profile of relaxed and disturbed clusters can be identified by NIKA2 at a significance higher than 2σ 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 difference 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%.
	[image: thumbnail]	Fig. 10.
Left: mean normalized pressure profiles and associated 1σ error on the mean for the relaxed (blue) and disturbed (red) clusters. The difference 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 1σ 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).




Finally, we compared the mean pressure profile of the whole selected cluster sample after a normalization by the corrected integrated quantities [image: equation] and [image: equation] with the true mean normalized pressure profile computed from the MUSIC pressure profiles and the true integrated quantities [image: equation] and [image: equation] 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 differences 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 difference 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 different 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 effect 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 camera 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 hypothesis of hydrostatic equilibrium. Furthermore, the use of multiwavelength data sets that will complement the NIKA2 SZ large program will allow us to develop new analysis tools to take into account the systematic effects 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 order to avoid biasing the sample toward a given morphological state because the fraction of morphologically disturbed clusters is still poorly known at z >  0.5. For each selected cluster, we computed the biases on the mass and integrated Compton parameter based on the true mass profile and that estimated under the assumption of hydrostatic equilibrium using the gas density and pressure profiles extracted from the simulation. We show that the distributions of these biases share the same median values for the subsamples of morphologically relaxed and disturbed clusters. However, the scatter associated with these distributions is significantly different for the two subsamples. If we consider the subsample of disturbed clusters, the fact that we rely on the hydrostatic equilibrium assumption to compute the integrated Compton parameter induces an additional scatter on this observable that is seven times larger than that obtained if the sample is only populated with morphologically relaxed clusters. While the actual value of this increase in the scatter strongly depends on the dynamical state of the selected clusters, this highlights the need to measure the hydrostatic bias parameter of each cluster in the sample to minimize this systematic effect that may significantly increase the intrinsic scatter associated with the Y500 − M500 scaling relation.
We simulated realistic NIKA2 and Planck tSZ observations of the selected synthetic clusters. The mock observations were analyzed with the NIKA2 tSZ pipeline to estimate the pressure profile of each selected cluster under the hypothesis of hydrostatic equilibrium. The deprojected profiles were used to estimate the mean normalized pressure profiles associated with the subsamples of relaxed and disturbed selected clusters.
We show that the NIKA2 tSZ analysis pipeline enables the recovery of the mean pressure profile of the relaxed and disturbed clusters at the percent level, although it relies on the hypothesis that clusters are objects in hydrostatic equilibrium. Furthermore, even though the number of selected synthetic clusters is lower than the number considered for the NIKA2 SZ large program, we find that we are able to detect > 2σ differences between the mean pressure profiles associated with the relaxed and disturbed subsamples in most of the radial range that can be constrained by NIKA2. Given the measured scatters on the distributions of pressure profiles for the relaxed and disturbed subsamples, we show that this significance would be even higher if the actual fraction of disturbed clusters in the NIKA2 sample is between 50% and 70%. We note however that this result strongly depends on the values of the measured scatters that are tied to the dynamical state of the selected clusters, which may vary significantly in the respective subsamples of morphologically relaxed and disturbed clusters in the NIKA2 sample.
We further show that ICM substructures that can be detected by NIKA2 have a significant impact on the mean pressure profile associated with the subsample of disturbed clusters. In particular, the intrinsic scatter of the pressure profile distribution associated with the selected subsample of disturbed clusters is 65% greater than that observed for the profile distribution of dynamically relaxed clusters at R500. Furthermore, we show that the measured scatter on the mean normalized pressure profile associated with the whole selected sample is on average twice higher than the measured scatter associated with the true mean profile of the sample computed from the data extracted directly from the simulation. In particular, at R500, this increase is caused at 60% by the normalization of the deprojected profiles with integrated quantities estimated under the assumption of hydrostatic equilibrium. Most of this increase in the scatter is however due to an incorrect modeling of morphologically disturbed clusters, which induces significant discrepancies between the shapes of their deprojected pressure profile and their true radial distribution of thermal pressure. This further impacts the estimates of the normalization quantities R500 and P500. We note that the galaxy clusters observed in the NIKA2 SZ large program will have different morphological properties that will lead to slightly different results on the intrinsic scatter of the measured distributions of pressure profiles. The fact that the NIKA2 SZ large program data will be complemented by X-ray and optical data sets will allow us to develop new deprojection procedures in order to minimize the systematic effects identified in this study. This will enable us to improve the characterization of the properties of the distribution of pressure profiles at high redshift.
If the self-similar hypothesis of cluster formation is not verified at high redshift, it will be essential to consider the intrinsic properties of the distributions of normalized pressure profiles, estimated on cluster samples in restricted mass and redshift ranges to minimize the bias associated with the pressure profile evolution on the constraints of cosmological parameters. The NIKA2 SZ large program will allow us to study the impact of high redshift ICM disturbances on both the shape and scatter of the pressure profile distribution. The high angular resolution of NIKA2 will be used to estimate the fraction of disturbed clusters in a representative sample of galaxy clusters at redshifts 0.5 <  z <  0.9 and to study its evolution with redshift. This task will not be trivial because it is challenging to define reliable morphological indicators that clearly separate relaxed and disturbed cluster populations from tSZ maps only. It will be necessary to combine morphological indicators specific to the X-ray maps of XMM-Newton and the tSZ maps of NIKA2 to improve the criteria currently used to characterize the morphology of galaxy clusters. These joint analyses will benefit from the different dependences of these observables on the thermodynamic properties of the ICM and their integral along the line of sight. The combination of NIKA2 and XMM-Newton observations will also enable us to estimate a potential deviation from the self-similar cluster formation processes by comparing the products of the NIKA2 SZ large program with the tSZ results obtained by other low redshift studies (e.g., Planck Collaboration Int. VII 2013).


1 Mass of the ICM particles in proton mass units (m = μmp).


2 We observe a relative difference of 4% between the mean hydrostatic biases estimated at the two redshifts.


3 The logarithm of the pressure is modeled by a Gaussian with two distinct standard deviations on either side of the distribution peak.


4 This is also the case for the cluster sample of the NIKA2 SZ large program.


5 This does not exclude halos with substructures aligned with the cluster center along the line of sight.


6 They can also be larger as shown in the left panel of Fig. 1.


7 We treat the MUSIC density profile as a profile that would be estimated from X-ray observations.
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All Figures
	[image: thumbnail]	Fig. 1.
Left: distribution of the hydrostatic bias values computed for all MUSIC clusters at redshifts z = 0.54 and z = 0.82. Right: distribution of the bias on the corrected integrated Compton parameter for the same clusters. The mean and the standard deviation of each histogram are indicated in the upper left corner of the panels.
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	[image: thumbnail]	Fig. 2.
Left: normalized pressure profiles extracted from the MUSIC simulation for all the clusters located at a redshift z = 0.54 (red lines). The mean pressure profile is represented in black and the intrinsic scatter of the distribution at 1σ is given by the blue region. Right: comparison of the mean normalized pressure profiles estimated from the MUSIC profiles extracted at z = 0.54 (green), and at z = 0.82 (blue). The difference between the two profiles divided by the mean of their associated uncertainties is shown in red in the lower panel.
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	[image: thumbnail]	Fig. 3.
Left: mean normalized pressure profiles estimated by considering the profiles extracted from the MUSIC simulation (blue) and the gNFW fits of these profiles (orange) for each cluster at z = 0.54 and z = 0.82. Right: mean pressure profiles obtained by normalizing the gNFW profiles associated with each MUSIC cluster by the values of [image: equation] and [image: equation] (orange) and by the values of [image: equation] and [image: equation] obtained after correction of the hydrostatic mass of each cluster by the mean hydrostatic bias of the MUSIC simulation at the two considered redshifts (magenta). The differences between the two profiles divided by the mean of their associated uncertainties are shown in red in each lower panel.
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	[image: thumbnail]	Fig. 4.
Left: distribution of the selected MUSIC clusters in the mass-redshift plane. The mass and redshift bins considered are identical to those of NIKA2 SZ large program. The redshifts in each bins are generated randomly using a uniform distribution within their respective boundaries for display reasons. Morphologically relaxed and disturbed clusters are indicated by blue dots and red triangles, respectively. Right: distributions of the morphological indicators computed for the selected MUSIC clusters for the relaxed (blue) and disturbed (red) subsamples. The vertical dash-dotted lines enclose the population of clusters with a hybrid dynamical state (see Sect. 4.1).
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	[image: thumbnail]	Fig. 5.
Left: Compton parameter map of the MUSIC cluster n°7 at redshift z = 0.54 considered as a relaxed system in the definition of the simulated cluster sample in Sect. 4.2. Right: Compton parameter map of the MUSIC cluster n°130 at redshift z = 0.54 considered as a disturbed system. This represents an extreme case in which both individual substructures and an extension of the ICM of the main halo are clearly identified.
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	[image: thumbnail]	Fig. 6.
Distributions of the hydrostatic mass biases (left) and integrated Compton parameter biases (right) computed from the MUSIC profiles of the selected relaxed (blue) and disturbed (red) clusters. The methodology used to compute these quantities is explained in Sect. 3.3.
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	[image: thumbnail]	Fig. 7.
Left: MUSIC Compton parameter map of a selected disturbed cluster in the first redshift bin. An ICM extension is clearly identified in the upper right region of the map. Middle: simulated NIKA2 tSZ surface brightness map at 150 GHz of the MUSIC cluster shown in the left panel. Right: simulated Planck Compton parameter map of the MUSIC cluster shown in the left panel. The field of view considered for the left and middle panels is shown as a black rectangle at the center of the map.
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	[image: thumbnail]	Fig. 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 3σ with 1σ 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 2σ 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 1σ 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.
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	[image: thumbnail]	Fig. 9.
Left: mean relative difference between the NIKA2/Planck deprojected pressure profiles and those extracted from the MUSIC simulation, presented as a function of the normalized radius for the relaxed (blue) and the disturbed (red) cluster subsamples. The shaded regions represent the 1σ error on the mean. Right: mean normalized pressure profiles and associated 1σ scatter obtained from the profile distributions of relaxed (blue) and disturbed (red) clusters.
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	[image: thumbnail]	Fig. 10.
Left: mean normalized pressure profiles and associated 1σ error on the mean for the relaxed (blue) and disturbed (red) clusters. The difference 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 1σ 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).
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Left: distribution of the hydrostatic bias values computed for all MUSIC clusters at redshifts z = 0.54 and z = 0.82. Right: distribution of the bias on the corrected integrated Compton parameter for the same clusters. The mean and the standard deviation of each histogram are indicated in the upper left corner of the panels.
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Left: normalized pressure profiles extracted from the MUSIC simulation for all the clusters located at a redshift z = 0.54 (red lines). The mean pressure profile is represented in black and the intrinsic scatter of the distribution at 1σ is given by the blue region. Right: comparison of the mean normalized pressure profiles estimated from the MUSIC profiles extracted at z = 0.54 (green), and at z = 0.82 (blue). The difference between the two profiles divided by the mean of their associated uncertainties is shown in red in the lower panel.
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Left: mean normalized pressure profiles estimated by considering the profiles extracted from the MUSIC simulation (blue) and the gNFW fits of these profiles (orange) for each cluster at z = 0.54 and z = 0.82. Right: mean pressure profiles obtained by normalizing the gNFW profiles associated with each MUSIC cluster by the values of [image: equation] and [image: equation] (orange) and by the values of [image: equation] and [image: equation] obtained after correction of the hydrostatic mass of each cluster by the mean hydrostatic bias of the MUSIC simulation at the two considered redshifts (magenta). The differences between the two profiles divided by the mean of their associated uncertainties are shown in red in each lower panel.
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Left: Compton parameter map of the MUSIC cluster n°7 at redshift z = 0.54 considered as a relaxed system in the definition of the simulated cluster sample in Sect. 4.2. Right: Compton parameter map of the MUSIC cluster n°130 at redshift z = 0.54 considered as a disturbed system. This represents an extreme case in which both individual substructures and an extension of the ICM of the main halo are clearly identified.
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Distributions of the hydrostatic mass biases (left) and integrated Compton parameter biases (right) computed from the MUSIC profiles of the selected relaxed (blue) and disturbed (red) clusters. The methodology used to compute these quantities is explained in Sect. 3.3.
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Left: MUSIC Compton parameter map of a selected disturbed cluster in the first redshift bin. An ICM extension is clearly identified in the upper right region of the map. Middle: simulated NIKA2 tSZ surface brightness map at 150 GHz of the MUSIC cluster shown in the left panel. Right: simulated Planck Compton parameter map of the MUSIC cluster shown in the left panel. The field of view considered for the left and middle panels is shown as a black rectangle at the center of the map.
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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 3σ with 1σ 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 2σ 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 1σ 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.
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Left: mean normalized pressure profiles and associated 1σ error on the mean for the relaxed (blue) and disturbed (red) clusters. The difference 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 1σ 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).
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