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Abstract

Aims. By means of the r-band luminosity function (LF) of galaxies in a sample of about 4000 clusters detected by the cluster finder AMICO in the KiDS-DR3 area of about 400 deg2, we studied the evolution with richness and redshift of the passive evolving (red), star-forming (blue), and total galaxy populations. This analysis was performed for clusters in the redshift range [0.1, 0.8] and in the mass range [1013 M⊙, 1015 M⊙].

Methods. To compute LFs, we binned the luminosity distribution in magnitude and statistically subtracted the background. Then, we divided the cluster sample in bins of both redshift and richness/mass. We stacked LF counts in each 2D bin for the total, red, and blue galaxy populations; finally, we fitted the stacked LF with a Schechter function and studied the trend of its parameters with redshift and richness/mass.

Results. We found a passive evolution with z for the bright part of the LF for the red and total populations and no significant trends for the faint galaxies. The mass/richness dependence is clear for the density parameter Φ⋆, increasing with richness, and for the total population faint end, which is shallower in the rich clusters.
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1. Introduction
One of the fundamental constraints on the different scenarios of galaxy evolution and formation is how the luminosity function (LF) of galaxies in clusters changes with redshift and environment. The LF is defined as the number density of galaxies per absolute magnitude as a function of luminosity (Peebles 1971); the observed LFs can be well described by a Schechter function (Schechter 1976) as follows:
[image: thumbnail](1)
This function is parametrized by a characteristic amplitude Φ⋆ and magnitude M⋆, and by a faint-end slope α, each of those parameters being related to some cluster property or physical process relevant to galaxy evolution.
Studies of the LFs animated the debate about the deficit of faint red galaxies with increasing redshift (De Lucia et al. 2004, 2007; Goto et al. 2005; Tanaka et al. 2005), which has implications for the two main evolutionary scenarios: the hierarchical and the passive evolution model. In the case of the red galaxies deficit (supporting the first evolutionary scenario), the LF faint-end slope α parameter becomes shallower with z for the red-sequence galaxies (as suggested by De Lucia et al. 2007; Stott et al. 2007; Gilbank et al. 2008; Rudnick et al. 2009; De Filippis et al. 2011; Martinet et al. 2015; Lin et al. 2017). If α remains constant (as found by de Propris et al. 2007, 2013, 2015; de Propris et al. 2016; Andreon 2006, 2008; Strazzullo et al. 2006, 2010; Mancone et al. 2012; Wylezalek et al. 2014; Cerulo et al. 2016; Sarron et al. 2018), then the second scenario is favoured. The result that M⋆ evolves passively out to about z = 1.5 (Strazzullo et al. 2010; Mancone et al. 2010; Andreon 2013; Andreon et al. 2014; Wylezalek et al. 2014) indicates that, at least for bright cluster galaxies, the latter is the preferred scenario.
The disagreement among these studies and results is hard to interpret given the differences in the cluster samples and their selection function, the presence of cluster-to-cluster LF variations, surface brightness selection effects on galaxies (de Propris et al. 2013), and even dissimilarities in the methods adopted to compute single cluster or stacked LFs. Moreover, the LF evolution in cluster environments depends on properties relative to the whole cluster, such as mass (Gilbank et al. 2008; Hansen et al. 2009; Lan et al. 2016) and dynamical state (Wen & Han 2015; de Propris et al. 2013; Zenteno et al. 2020), as well as on properties of member galaxies, such as galaxy types (star-forming or passive) (Goto et al. 2002; Muzzin et al. 2007), environment, and density (de Propris et al. 2003; Hansen et al. 2005; Lanzoni et al. 2005; Popesso et al. 2006; De Filippis et al. 2011).
Our present understanding of galaxy evolution arises from the comparison between local large cluster samples detected optically (e.g. Sloan Digital Sky Survey; York et al. 2000) or in X-rays (ROSAT All-Sky Survey; Ebeling et al. 1998; Böhringer et al. 2000, 2004) and high-redshift cluster samples derived from surveys of few square degrees, sometimes using infrared data. More recently, the Sunyaev-Zel’dovich effect (Sunyaev & Zeldovich 1970) has been used in wide surveys, such as those carried out with the South Pole Telescope (SPT-SZ; Bleem et al. 2015) and with Planck (Planck Collaboration XXIX 2014), to enlarge the sample of distant and massive clusters (Zenteno et al. 2016). Moreover, ongoing optical surveys, for example the Dark Energy Survey (DES; Rykoff et al. 2016), the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Oguri et al. 2018), and the just-completed Kilo Degrees Survey (KiDS; de Jong et al. 2017) have begun to provide cluster samples in wide ranges of redshift and mass (Maturi et al. 2019; Hennig et al. 2017) enabling more comprehensive studies. Future wide-field optical surveys planned on the new projects Euclid (Euclid Collaboration 2019) and Large Synoptic Survey Telescope (LSST; LSST Collaboration 2009) will be crucial to settle the discrepancies in the observations and to validate one of the two evolutive scenarios.
A very important role in the study of galaxy clusters is played by the cluster detection algorithm. The most popular method at optical or infrared wavelengths, efficient at low (z <  0.3) and intermediate (0.3 >  z >  0.6) redshifts, is based on the presence of the red sequence (Rykoff et al. 2014): this method has been used for SDSS, DES, and for the HSC-SSP Survey (Camira; Oguri 2014). At higher redshift, where the red sequence is expected to be less prominent, it could be useful to adopt criteria not based on colour selection such as searching for galaxy over-densities or using weak-lensing convergence maps of background galaxies (Miyazaki et al. 2018; Hamana et al. 2020). In this work, we used a linear optimal matched filter algorithm, which takes advantage of the photometric redshifts and the magnitude of the galaxies. In this way, forming clusters, which have a relevant fraction of blue young galaxies and whose red sequence is still not well defined, are not penalized by an explicit colour selection of the galaxy population.
In this paper we study the evolution of the r-band LF of the galaxies belonging to the AMICO-KiDS-DR3 cluster sample (Maturi et al. 2019) for the total, the early-type (ET), and late-type (LT) galaxy populations as a function of cluster richness/mass and redshift. The structure of the paper is as follows: We first describe the cluster catalogue, how it was derived from the KiDS-DR3 data, and the outcomes (Sect. 2). In Sect. 3 we describe the methods used to construct and parametrize the single and the composite LFs and we discuss the red and blue galaxies selection. The results are given in Sect. 4, compared with literature in Sect. 5, discussed in Sect. 6, and the conclusions are drawn in Sect. 7. Throughout the paper, we assume a ΛCDM model with ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km Mpc−1 s−1.
2. Cluster sample: Catalogue derivation and features
In our study we consider data coming from KiDS, which is an ESO Public Survey in the ugri bands (with limiting magnitudes of 24.3, 25.1, 24.9, 23.8, respectively) carried out with the Very Large Telescope Survey Telescope (VST) and the OmegaCAM wide-field camera. The KiDS survey comprises 1350 deg2 divided between two regions: an equatorial stripe (KiDS-N) and a south Galactic pole stripe (KiDS-S). At the moment, available public data releases are KiDS-DR2 (∼100 deg2; de Jong et al. 2015), KiDS-DR3 (∼440 deg2; de Jong et al. 2017), and KiDS-DR4 (∼1000 deg2; Kuijken et al. 2019), the latter including ZYJHKs photometry from the VIKING survey on the VISTA telescope.
The cluster catalogue used in this work (Maturi et al. 2019) was derived from the KiDS-DR3 photometric data on which we run the Adaptive Matched Identifier of Clustered Objects (hereafter AMICO; Bellagamba et al. 2018). We selected AMICO to be implemented in the Euclid pipeline as the result of the Euclid Cluster Finder Challenge (Euclid Collaboration 2019) and AMICO was first applied to KiDS data on the ∼100 deg2 DR2 area (Radovich et al. 2017). The AMICO-KiDS-DR3 catalogue, considered in this work, contains 7988 clusters in the redshift range 0.1 <  z <  0.8 detected in ∼400 deg2 with a signal-to-noise ratio S/N ≥ 3.5.
The colour properties of this cluster sample were investigated in Radovich et al. (2020). These authors define how to select the brightest central galaxy (BCG); then, they define the criteria to classify blue and red cluster members. Finally, they statistically analyse the red/blue fraction of the brightness and stellar mass of the central galaxy and the magnitude gap as a function of redshift and cluster mass.
As previously mentioned, AMICO was built on a cluster model, which takes into account the luminosity and spatial distribution of galaxies, but disregards any colour selections. The a priori radial profile is modelled as a Navarro-Frenk-White (NFW; Navarro et al. 1997). The prior model for the LF is the Schechter function with characteristic parameters from Hennig et al. (2017): these parameters were derived from a Sunyaev Zel’dovich selected clusters sample observed by DES (Hennig et al. 2017; Zenteno et al. 2016). In particular, regarding the LF parameters, Hennig et al. (2017) found that the shape of the characteristic magnitude evolution with redshift, m⋆(z), is compatible with a stellar population evolutionary model with a decaying starburst at redshift z = 3 (decay time = 0.4 Gyr) and a Chabrier initial mass function (Bruzual & Charlot 2003); they also found a mean faint-end slope α of −1.06.
Maturi et al. (2019), employing mock galaxy catalogues based on the KiDS-DR3 data, derived the sample purity and completeness for the AMICO cluster catalogue: the purity approaches 95% over almost the whole richness and redshift range (see Fig. 12 of Maturi et al. 2019), and the completeness is larger than 80% at low/intermediate redshift and for high/intermediate richness. The AMICO cluster catalogue lists, among other properties, position, redshift, and the mass proxy λ⋆ (for a complete list, see Table 3 of Maturi et al. 2019).
The intrinsic richness λ⋆ is derived by summing the probabilities over the galaxies brighter than the characteristic magnitude m⋆(z)+1.5 and within a fixed radius, defined as the r̃200 for a typical cluster with a mass of M̃200 = 1014 M⊙/h; m⋆(z) is the same used in the LF model. This richness definition samples a radial distance from the cluster centre that is large enough to encompass a comprehensive fraction of galaxies in a broad mass range. It also samples, for each cluster, the same portion of the LF that is faint enough not to be affected by incompleteness; this ensures that λ⋆ is a redshift independent mass proxy.
Bellagamba et al. (2019) performed a weak-lensing stacked analysis by binning the cluster catalogue in redshift and λ⋆. In this way, these authors provide a calibration of the relation between the cluster mass M200 and the mass proxy λ⋆, which is fundamental for astrophysical and cosmological studies (Lesci et al., in prep.; Nanni et al., in prep.). Each candidate cluster falling in the redshift range 0.1 <  z <  0.6 has an associate mass estimated from richness; for higher redshift the scaling relation has to be used as an extrapolation. Thanks to the AMICO performances, the calibration extends to low-mass groups, down to M200  ∼  2 × 1013 M⊙/h at z = 0.2 and M200 ∼ 5 × 1013 M⊙/h at z = 0.5 (Bellagamba et al. 2019).
3. Cluster galaxy luminosity functions
3.1. Luminosity function by statistical subtraction
To determine the cluster LF, we use the r band because it is deeper and has better seeing than the other filters. The main step is the selection of the member galaxies and the determination of their distribution in luminosity. The AMICO cluster finder returns a probabilistic association of galaxies to each cluster; in particular it produces, for each galaxy i, the probability Pi(j) of belonging to the jth cluster detection. But we decided not to use it because it is model dependent.
To perform our analysis, we chose the approach for which the background contribution to the galaxies counts, locally estimated in an annulus around the cluster, is statistically subtracted by the number of galaxies within a projected radial distance rin from the cluster centre. This method allows us to take into account the field non-uniformity of the projected galaxy density at cluster scales. The background annulus should be close enough to the cluster over-density to be representative of the field galaxies distribution along the cluster line of sight. At the same time, contaminations by the cluster galaxies, which dilute the cluster signal (see Paolillo et al. 2001), should be avoided by choosing the annulus not too close to the central region. Therefore, we define the background annulus from 2 to 3 ⋅ rin (see Fig. 2).
Since our cluster catalogue was obtained by running AMICO on the single tiles of the KiDS-DR3, a correct estimate of the background is possible only for those over-densities lying not too near to the borders, so that the background region is completely included in the belonging tile. For this reason, we excluded those clusters whose distance from the tile edge is less than the outer radius of the background annulus.
We also removed all the clusters affected by areas masked because of image artefacts; the parameter MASKFRAC in the cluster catalogue (see Table 3 of Maturi et al. 2019) indicates the masked fraction of the detection area, and we excluded the detections with MASKFRAC ≥0.1 (i.e. a masked area of <10%).
When applied independently, the constraint on edges proximity eliminates 3622 candidates and the MASKFRAC constraint discards 3134 against the complete original catalogue of 7988 clusters. If we jointly consider the two constraints, 3890 clusters are dropped and we obtain a clean sample of 4098 clusters in the same redshift range (0.1 <  z <  0.8), as the parent range. In Fig. 1 we show the redshift distributions of the clean sample and of the whole KiDS-DR3 sample.
	[image: thumbnail]	Fig. 1.
Redshift distribution for the KiDS-DR3 cluster sample (7988 clusters – in magenta) and for the sub-sample extracted for the purposes of this study (4098 clusters – in dark blue).




3.2. Single cluster LF
To estimate the total counts (cluster+background) over the central region we chose rin = 1.2 r200, accounting in this way for the uncertainty in the derivation of the cluster centre in a conservative way. The value r200 is computed from the mass M200 assuming a NFW cluster profile and M200 is the cluster mass estimated from richness by means of the scaling relation calibrated in Bellagamba et al. (2019).
Before computing single cluster LF, for each cluster all the galaxies brighter than the BCG identified by Radovich et al. (2020) and within rin were excluded. Moreover, we removed from the background annulus every over-density detected by AMICO falling into it.
As an example, in Fig. 2 we show the density map (left panel) of the AMICO-KiDS detection AK3 J091606.48-002328 (Abell 0776), detection with the highest signal-to-noise ratio (S/N = 9.68) in our sample and an estimated mass of M200 = (6.2 ± 3.8) × 1014 M⊙ h−1. We plot the spatial distribution of the galaxies (black dots) brighter than rlim = 24.0; we mark the cluster area (red circle) within rin ∼ 1.9 Mpc and the background annulus (green circles) that for this cluster has radii from 3.8 Mpc to 5.7 Mpc. In the right panel, we show the colour composite (g, r, i) stamp centred at the peak position identified by AMICO.
	[image: thumbnail]	Fig. 2.
AMICO-KiDS detection AK3 J091606.48-002328 or Abell 0776. Left panel: galaxy map of AK3 J091606.48-002328 (RA = 139.027, Dec = −0.3913, S/N = 9.68, z = 0.37, λ⋆ = 137): the region spans an area of ∼50′ × 50′. The black dots represent the galaxies brighter than rlim = 24.0. The red circle encloses the central area within r200 ∼ 6′; and the two green circles delimit the area over which the background is estimated (in this case, an annulus with radii from 12′ to ∼18′). The white holes in the galaxies distribution indicate masked areas. Right panel: colour composite (g, r, i) image relative to AK3 J091606.48-002328. The stamp shows a ∼6′ × 6′ region centred on the location identified by AMICO.




The single cluster LFs are computed by subtracting from the galaxy counts in magnitude bins of 0.5 mag, the background counts normalized to the cluster area. In Fig. 3, we plot the magnitude distribution of all the galaxies belonging to the region inside r200, the magnitude distribution of the background galaxies belonging to the annulus and the resulting cluster LF after the background subtraction, which is fitted by a Schechter function. The best-fit parameters α and M⋆ are −1.04 ± 0.14 and −21.83 ± 0.21, in agreement within the errors with the expected values (α = −1.06 and M⋆ = −21.79) at this cluster redshift by the Hennig et al. (2017) model. The confidence regions at 1σ and 3σ for the values of α and M⋆ resulting from the fit, are reported in the inset in Fig. 3.
	[image: thumbnail]	Fig. 3.
Luminosity function for AK3 J091606.48-002328. The magenta dots represent the total counts coming from the region inside r200; the green dots represent the background counts coming from the background annulus only; and the black dots refer to the background subtracted counts, fitted by a Schechter function (black solid line) in the magnitude range delimited by the two grey vertical dotted lines. Inset: The confidence plot for the values of α and M⋆ resulting from the fit; the contours at 1σ and 3σ are reported.




3.3. Stacked LF
Thanks to the sensitivity and the reliability of the AMICO code, our clusters sample spans a wide range of richness/mass, including groups of low mass, down to few 1013 M⊙/h. Because of the low galaxy number counts in the low-mass or high-redshift groups, we cannot perform individual studies for these systems. In the following, we perform a stacked analysis of the LF, in bins of cluster redshifts and richness. In this way, it is also possible to make a robust analysis of the LF for clusters with low richness or high redshifts, where the LF of individual clusters would be too noisy.
To build the stacked LF we transform the apparent magnitude in absolute magnitude according to
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where DL is the luminosity distance and kcorr the k corrections, computed by EzGal (Mancone & Gonzalez 2012), assuming that the main population of our clusters are passive evolving galaxies at the cluster redshift. Evolutive correction is not applied since we want to investigate this.
In this work, the stacking of the LF is done as proposed by Garilli et al. (1999), since the Colless (1989) method was shown in Ricci et al. (2018) to assign more weight to the poor clusters. Following these prescriptions, the stacked LF is built by summing the cluster galaxies in absolute magnitude bins and scaling it by the richness of their parent clusters as follows:
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where Ncj is the number of galaxies in the jth absolute magnitude bin of the stacked LF; Nij is the number of galaxies in the jth bin of the ith cluster LF; mj is the number of clusters with the limiting magnitude deeper than the magnitude of the jth bin; and wi is the weight of each cluster, given by the ratio of the number of galaxies of the ith cluster to the number of galaxies brighter than its magnitude limit in all clusters with fainter magnitude limits. The formal error in the stacked LF is computed as
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3.4. Colour selection
To constrain the evolutionary scenarios of cluster galaxies, we studied the two main galaxy populations, red passive and blue star forming galaxies, separately. We applied the colour selection of Radovich et al. (2020) to derive the LFs of our cluster sample for the overall population as well as for the red and blue galaxies population. In Andreon et al. (2006) it is shown that identifying the red galaxies as those inside the colour stripe around the red sequence, because of colour evolution with redshift, introduces a bias so that at higher redshifts red galaxies could be wrongly classified as blue, spuriously enhancing the Butcher-Oemler effect (Butcher & Oemler 1984). To circumvent this problem, Radovich et al. (2020) derived two models for galaxies E and Sa by using EzGal (Mancone & Gonzalez 2012); on the colour-magnitude diagram the colours of the ellipticals E and the Sa at the cluster redshift indicate a strip where red galaxies lie. Instead, blue galaxies are those lying below the colour of the Sa. To account for the quality of the red/blue galaxies separation, we change the colour at higher redshift: g − r for clusters with z <  0.4 and r − i for clusters with z >  0.4.
4. Results
In this section, we present our results. We first study the evolution of the stacked LFs with the redshift (Sect. 4.1) and the dependence on richness/mass (Sect. 4.2). Then, in Sect. 4.3, we analyse the joint dependence on these two parameters in the 2D space of z and λ⋆. With this procedure, we want to take into account the differences of mass distribution that occur at different redshifts. For example, at low redshift the low-mass clusters population dominates because rich clusters are rare, while at higher redshift high-mass clusters should be more detectable and, therefore, better sampled.
We divided the redshift range in four bins [0.1, 0.32], [0.32, 0.46], [0.46, 0.52], and [0.52, 0.8], as well as the λ⋆ range [0, 15], [15, 28], [28, 50], and [50, ∞] (see Tables A.1 and A.2). This partition was a compromise among the following criteria: bins in richness were chosen to enclose roughly the same number of clusters and bins in redshift were defined to be approximately equally spaced. The only exception are the bins on the highest redshift and richness values that contain fewer clusters, with a difference from several hundred to few tens. The lower number of clusters for these bins is compensated by the large richness, that is a large pool of galaxies, which guarantees solid statistical results. In the sample that we used for the LF estimate, which encompasses about half of the AMICO-KiDS clusters, we only have two clusters of richness λ⋆ >  100 in the lower redshift bin (nine clusters in the whole DR3 catalogue). In terms of mass, there are 33 clusters with M200 ≥ 1014.5 (133 in the whole AMICO-KiDS-DR3 catalogue).
The Schechter fits of the stacked LFs for the total galaxies, red (ET) and blue (LT) are performed by the R package nlm. Errors are Poissonian and are computed using the formulae of Gehrels (1986).
4.1. Luminosity function redshift evolution
In this section, we analyse the LF dependence on redshift. The redshift evolution of the LF is presented in Fig. 4. The points represent the counts: grey dots for the total counts, red for ET and blue for LT counts; the shaded coloured regions show the 97.5% confidence intervals around the Schechter fitted curves. The confidence regions are obtained by bootstrap resampling with 1000 iterations. The Schechter fit parameters are listed in Table A.1. In some cases (see the blue galaxies in the bin with the lowest redshift and mass), the fit did not converge to a single Schechter function (see Popesso et al. 2005), and we lack the values of the parameters α, M⋆, and Φ⋆.
	[image: thumbnail]	Fig. 4.
Redshift evolution of the LFs for stacked galaxy clusters in bins of z. The grey, red, and blue dots correspond to the total, red, and blue galaxies LF counts normalized to 1 deg2, respectively. For each panel, the number of clusters contributing to the stacking (Ncl), the total number of galaxies inside r200 belonging to these clusters (Ngal), and the redshift range are reported. The dashed lines (assuming the same colour code) are the fit to the Schechter function; the shaded regions enclose the 97.5% confidence interval. The LF counts are plotted in the two cases of fits that do not converge (left panel, blue galaxy populations), but not the Schechter curves.




If we look at the brighter part of the LF, −24 >  rabs >  −20, we note that the red counts are above the blue counts and intersect at increasingly bright magnitudes with redshift. The area bounded by red and blue LFs, which is related to the ratio of bright red to bright blue galaxies, shrinks down to disappear at higher redshifts. In parallel, the blue faint-end slope, which is steeper than the red one at low redshift, approaches the red faint-end slope for increasing z, becoming shallower. This could be interpreted as the decline of the faint blue fraction, which at higher redshifts approaches the faint red galaxy fraction.
In Fig. 5, we plot the trends with redshift of α, M⋆,  and Φ⋆ for the red, blue, and total populations; one z bin corresponds to each point. To quantify the significance of these trends, we performed a linear fit represented in the figure by the overplotted red, blue, and black lines. The coefficients and the significance levels are listed in Table A.4. We note that, in the upper panel showing the α trend with z, the red dots are above the blue and grey dots: this means that the red galaxies have a distinctly less steep faint-end slope than the blue and total populations across the whole redshift range. The value α increases with redshift for the red, blue, and total populations with a low significance (≲2σ, see Table A.4), the LF slope becoming less steep; it flattens for the total and blue population and becomes shallower for the red galaxies. In the middle panel, we show that the absolute magnitude characteristic parameter M⋆ decreases for the red galaxies (<1.2σ) and remains constant for the other two populations. The normalization Φ⋆ mildly increases with redshift for the total and red populations at ∼3σ and for the blue population at 1.4σ. The density of the red galaxies, which are larger (the red dots above the blue dots) at low to intermediate redshifts, approaches the blue one at high redshift.
	[image: thumbnail]	Fig. 5.
Redshift evolution of the Schechter fit parameters for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted.




4.2. Luminosity function dependence on richness
In this section, we analyse the LF dependence on richness. In this case, the clusters in each richness/mass bin and at all redshifts are stacked together. The Schechter fit parameters are listed in Table A.2. In the plots of Fig. 6, We see very small difference in the area bounded by the red and blue LFs at bright magnitudes in bins of increasing richness/mass; the blue faint-end slope is steeper than the red one at low richness and approaches it as richness increases.
	[image: thumbnail]	Fig. 6.
Richness/mass dependence of the stacked LFs. The legend is the same as in Fig. 4. Moreover, we report the median λ⋆ in the bin and the corresponding mass range.




In Fig. 7, we plot the trends as a function of richness of α, M⋆ and Φ⋆, for the red, blue, and total populations; one λ⋆ bin corresponds to each point. The red, blue, and black lines represent the linear fit, whose coefficients and significance are listed in Table A.4.
	[image: thumbnail]	Fig. 7.
Dependence of the Schechter fit parameters on richness/mass for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted, except for the lower panel where Φ⋆ is increasing but with a clear non-linear trend.




As for the redshift evolution, the red LF is less steep than the total/blue LF (the red dots are above the blue dots and the grey dots are in the middle) independent of richness. The parameter α increases (the LF slope becomes less steep) with richness/mass with a significance level weaker for blue/red galaxies (∼1σ), and a significance of 1.7σ for the total population. Moreover, at low richness the total population follows the red population in the bright part and the blue population in the faint part; in the left panel of Fig. 6, the grey and blue dots are very close; as the richness increases, the total faint-end slope approaches the red one (in the last panel of Fig. 6). The characteristic absolute magnitude parameter M⋆ is compatible with no richness/mass dependence for the red, blue, and total populations. The characteristic density parameter Φ⋆ depends on richness/mass for the total galaxy population, as expected since it is directly related to richness.
4.3. Luminosity function in richness/redshift 2D bins: Breaking the degeneracy between redshift and mass
Our sample comprises a large number of clusters over a wide range of mass and redshift, which allows us to disentangle possible effects of the blending of different richnesses and redshifts dependences. To do this, we split each redshift bin into four bins of λ⋆ already listed and used in Sect. 4.2, and we built a set of 16 2D bins of both redshift and richness, in which we derive the stacked LFs and the Schechter parameters α, M⋆, and Φ⋆.
The stacked LF counts, normalized to 1 deg2 area and corresponding to a given 2D bin, are shown in each panel of Fig. 8. From left to right, each column represents bins of increasing redshift, whereas each row from top to bottom corresponds to a given range of growing richness/mass. The stacked LFs are plotted for the total population of galaxies, ET, and LT galaxies. As in the previous sections, we overplot the fits to the Schechter function and the shaded regions enclosing the 97.5% confidence interval. The fit parameters are listed in Table A.3 and plotted in Fig. 9 as a function of the median redshift (left panels) and richness (right panels) for the total, red, and blue galaxy populations with the usual colour code. The left column of panels, illustrating the redshift evolution, is analogue to Fig. 5, where this time each data point has been split in four bins of λ⋆; whereas the right column, showing the Schechter parameters dependence on our mass proxy, λ⋆, is akin to Fig. 7, whose data points were also split into four z bins.
	[image: thumbnail]	Fig. 8.
Redshift and richness/mass evolution of the stacked LFs in bin of z and λ⋆ for the total population of galaxies (black dots), red galaxies (red dots), and blue galaxies (blue dots); LF counts are normalized to 1 deg2. The dashed lines are the fit to the Schechter function; the shaded regions enclose the 97.5% confidence interval. In those few cases where the LF cannot be fitted to a Schechter, at least the LF counts are plotted.




	[image: thumbnail]	Fig. 9.
Evolution of the Schechter fit parameters with redshift and richness/mass for all galaxies (grey), ETs (red), and LTs (blue). The trend lines represent the Eq. (5) at fixed values of z = 0.35 for the richness dependence (right panels) and λ⋆ = 22.5 for the redshift dependence (left panels).




We then fit the evolution with redshift and the richness dependence of the Schechter parameters following the prescriptions of Ricci et al. (2018), who assumed a linear dependence from the two independent variables and fit them conjointly. With this analysis we disentangle the interplay between richness and redshift. Following Ricci et al. (2018), we consider the relation
[image: thumbnail](5)
where Y takes on the meaning of each of the three parameters of the Schechter function, α, M⋆ e Φ⋆; ⟨z⟩ and ⟨λ⋆⟩ are the median redshift and median richness, respectively, of the given bin; a, b, and c are the coefficients of the linear model to be constrained. We fit our sample of 16 data points, corresponding to the redshift-richness 2D bins, adopting Eq. (5) by using the R package “lira”, which performs Bayesian linear regression (Sereno 2016). The results are listed in Table A.6. In Fig. 9, we overplot the best-fit lines graphically representing Eq. (5) at fixed values of z = 0.35 for the richness dependence (right panels) and λ⋆ = 22.5 for the redshift dependence, respectively (left panels).
The parameter α still increases with redshift for the blue population at 2σ, while for the red and total populations the redshift dependence seems to be negligible when the λ⋆ variable is introduced. The absolute magnitude characteristic parameter M⋆ decreases for the red and total populations (at 2.1σ and 1.5σ) and remains constant for the blue galaxies, a trend compatible with passive evolution for the red and total populations and with no evolution for the blue galaxies. The splitting in richness bins makes the mild Φ⋆ increase with z we see in Fig. 5 disappear. We would like to point out that the distance between red dots (always above the blue dots) and blue dots decreases with redshift. This means that the red density approaches the blue density as the redshift increases; a similar trend is found for the red/blue fractions of galaxies, which we discuss in Sect. 4.4.
There is clear evidence of an α increasing (LF faint-end slope becoming less steep) with richness/mass for the total populations, significant at 5.2σ, and for a less significant dependence for the red/blue galaxies. The parameter Φ⋆ obviously increases with richness in all the three cases, whereas M⋆ becomes slightly fainter with richness/mass for the red galaxies and for the total population at a low level of significance (∼1σ), and does not depend on richness for the blue population.
In Fig. 10, we show the comparison between the evolution model of m⋆(z) (Hennig et al. 2017), adopted by the detection algorithm AMICO (Bellagamba et al. 2018), and the observed M⋆ evolution. The 1σ confidence region of the best fit to our data is reported. Our estimate of the characteristic magnitude is compatible with (Hennig et al. 2017), that is a very mild redshift dependence.
	[image: thumbnail]	Fig. 10.
Comparison between the evolution model for M⋆ (Hennig et al. 2017) (green dashed line), used as a reference in the detection algorithm, and the observed M⋆ evolution (grey dots). The 1σ confidence region (shaded area) of the best fit (black line drawn for λ⋆ = 22.5) to our data is reported.




4.4. Red and blue fractions
The red/blue galaxy fraction is computed considering only the galaxies brighter than MV = −20.5 to sample the same region of the luminosity distribution for all the clusters. The reference magnitude MV = −20.5 is converted to the observed apparent r-band magnitude by means of EzGal, assuming (as in Sect. 3.3) that the main population of our clusters are passive evolving galaxies at the cluster redshift (see Radovich et al. 2020, for details). Applying the statistical subtraction of the background by the central region, for each cluster we obtain the galaxy counts in magnitude bins per unit area, we sum them over the magnitude range, and we multiply for the circular area encompassed by r200 to obtain the total number of galaxies inside r200 (Ngal, 200). We perform this computation for the total sample and for the red and blue galaxy samples, obtaining the number of all, red, and blue galaxies inside r200 with luminosity up to MV = −20.5. We define the red/blue fractions as the ratio of the red/blue galaxies to the total galaxies. We note that these fractions are derived using statistical subtraction and this means that the number of red plus blue galaxies is not exactly equal to the total number of galaxies if computed in the way we describe above. This generally prevents the sum of the red and blue fractions from being equal to 1. We checked the difference between the number of red plus blue galaxies and the total number of galaxies for each cluster in our sample and we find it to be on average of 1.5% and at maximum of 25% with only about 100 clusters exceeding 5%.
In Fig. 11 we show the stacked ET/LT fractions in the 16 bins of (z, λ⋆) already used across this paper (see Table A.3). In the upper panel, we represent the ET/LT fractions as a function of redshift in the four bins of richness/mass and in the lower panel, conversely, we plot the ET/LT fractions as a function of λ⋆ in the four bins of redshift. We compare our results with Radovich et al. (2020). These authors derived red/blue fractions from the same catalogue, but used member probabilities instead of statistical subtraction, which we used in this work. Neverthless, the trends for our fractions are in agreement with Radovich et al. (2020), who also find the red fraction to be higher than the blue fraction at low redshift and to decrease with z. Similar results were also found by Wen & Han (2018), Sarron et al. (2018), and Hennig et al. (2017). The crossing point occurs at increasing redshifts in bins of increasing richness/mass. The dependence on richness is in agreement with Radovich et al. (2020) in the different redshift bins except for high z clusters: the red fraction is always higher than the blue fraction, but the mean distance between them decreases with z. For the higher redshift bin, the blue fraction is larger than the red fraction, but in this bin the results are more uncertain because of the larger errors in the colour classification of the galaxies and the small number of massive clusters (the dot corresponding to high richness is missing).
	[image: thumbnail]	Fig. 11.
Red/blue galaxy fraction redshift evolution in richness/mass bins (upper panels) and red/blue galaxy fraction dependence on mass in redshift bins (lower panels). The red/blue dots represent the red/blue population, respectively. The error bars are smaller than the symbols size.




5. Comparison with other studies
A proper comparison of our results with other studies is hampered by the differences in the survey properties (area and depth) and in the detection algorithms. Most of these studies (excluding some very recent) have worked with much smaller samples than ours and have provided less reliable constraints, especially as concerns redshift evolution.
In Fig.12, in the plane (α, M⋆) we compare our Schechter parameters (filled symbols) with other derivations from literature (empty symbols). As we adopt a cluster aperture of r200 for our LFs, to make a reliable comparison we refer to those studies that map not only the central area of the cluster but a more extended region that is comparable with ours. Our M⋆ (red circles, representing the red population stacked in bins of z at all the richnesses) agree with Rudnick et al. (2009), who stack red-sequence galaxies in three bins in the range 0.4 < z < 0.8, plus another low-redshift bin coming from Sloan data, all for the Sloan r magnitudes. The symbols size is inversely proportional to the median redshift of the z-bin. Our low redshift M⋆ for the red population is also compatible with that of the passively evolving population derived by Lan et al. (2016) from SDSS data. The comparison with the star-forming population of Lan et al. (2016) is unfortunately impossible because we do not have a low zM⋆ for our blue population (see Sect. 4); then, we plot the values of α and M⋆ estimated by the Eq. (5) for z = 0.03 (the average redshift of the Lan et al. (2016) sample) and over λ⋆ ∈ [10, 100] (represented by the dashed error bars). In agreement with our results, Lan et al. (2016) find that M⋆ of the blue star-forming galaxies is brighter than that of the red passive galaxies. Our parameters for the total population are compatible within the errors with other colour-independent LF derivations in clusters (Goto et al. 2002; Popesso et al. 2005; Yagi et al. 2002) and also in the field (Blanton et al. 2001) for low-redshift samples.
	[image: thumbnail]	Fig. 12.
Comparison of our (filled symbols) derivation of the Schechter parameters with previous studies of composite LFs in the literature (empty symbols). Our red and total population parameters are those represented in Fig. 5 and were obtained by stacking LFs in bins of z at all richnesses; the single pale blue dot represents the estimate of our blue parameters by Eq. (5). The dimension of each symbol is inversely proportional to the median redshift of the z-bin. This also holds for the parameters from literature, where the used redshift is the median computed over the survey range.




As concerns the redshift evolution, we agree with Sarron et al. (2018). These authors studied the evolution with mass and redshift of 1371 cluster candidates extracted from 154 deg2 of the CFHT Legacy Survey using of the AMASCFI Cluster FInder. The sample has masses M200 >  1014 M⊙ and redshift z ≤ 0.7; they classify the galaxies in ET and LT by means of colours and derive the corresponding i-band LFs. In the two mass bins we have in common, which are 1013.9 M⊙ <  M200 <  1014.3 M⊙ and 1014.3 M⊙ <  M200 <  1014.6 M⊙, there is consistency for the α and M⋆ trends of red, blue, and total populations. The main difference is that their ET M⋆ is brighter than the LT one of about half magnitude, whereas we find the opposite. This may reflect the fact that they sample a cluster region that is further inward than ours, in which there are not enough blue bright galaxies; we note that Lan et al. (2016), who work on a more extended region around the cluster centre, found like us blue M⋆ brighter than red M⋆.
The Φ⋆ trends are also compatible with Sarron et al. (2018); at low z the density of the red galaxies are higher than the blue galaxies and the red fraction approaches unity, whereas at higher redshifts the reds reduce and the blues increase, approaching each other. As concerns the mass dependence, these authors estimate an α dependence on mass (which we find) to be confirmed with a more suitable data sample and find (in agreement with us) no trend of the characteristic magnitude with mass.
Our findings are consistent with Ricci et al. (2018). They investigate the LF of a sample of 142 X-ray selected clusters spanning a redshift range of about 0 <  z <  1 and a mass range of 1013 M⊙ <  M500 <  5 ⋅ 1014 M⊙. On the Canada France Hawaii Telescope Legacy Survey (CHTLS) photometric galaxy catalogue, associated with photometric redshifts, these authors study the evolution of the galaxy luminosity distributions with redshift and richness, separately analysing the brightest cluster galaxy and non-BCG members. They do not separate their sample into red and blue populations and therefore the comparison with our study concerns only the global population of galaxies. As in our case, their results are compatible with no redshift evolution (except passive evolution) for all the Schechter parameters, and no richness dependence for the characteristic magnitude. Moreover, their values for Φ⋆ and α increase with richness in agreement with our results; for α it means that the slope becomes shallower with richness.
Our results are also in agreement with Zhang et al. (2019), who derived the red galaxies LF of ∼100 X-ray selected clusters from the DES Science Verification data. The ranges of redshift and mass were 0.1 <  z <  1.05 and 13.5 ≤ log 10(M200)∼ <  15.0, respectively. These authors used a hierarchical Bayesian model to fit the cluster galaxy LFs with a Schechter function and find weak and statistically low significant (∼1.9σ) evolution in the faint-end slope versus redshift and no dependence in α or m⋆ with their X-ray inferred cluster masses.
Thanks to a mode-filtering technique for removing spatially variable backgrounds, Connor et al. (2017) produced very deep catalogues for the 25 CLASH (Postman et al. 2012) massive galaxy clusters at redshifts 0.2 ≲ z ≲ 0.9 obtained with the Hubble Space Telescope (HST). These authors measured the LF to depth of ∼5 mag fainter than M⋆ for the entire sample and to ∼M⋆+7 for the lowest-redshift clusters. They found a passively evolving value of M⋆ with redshift and no significant evolution in the population of faint galaxies, consistent with our work.
In summary, our results agree with several authors who find no evolution in the faint-end slope of red-sequence LFs with redshift (e.g. Andreon 2006; de Propris et al. 2007, 2013; Lin et al. 2006; Muzzin et al. 2007; Mancone et al. 2012; Chiu et al. 2016) in our (or higher) redshift range.
The already cited work of Lan et al. (2016) analysed the LF dependence on mass. These authors find no trend or steepening of α with mass, as they fit, respectively, the bright (Mr < −18) and the faint (−18 < Mr < −12) LF part with a double Schechter and this conflicts with our finding of α flattening with richness/mass when the total population was considered. If we compare their blue population LFs (which they fit with a single Schechter) and their bright part of the red population LFs (as our luminosity range spans just beyond Mr ∼ −18 in the lower z bin), we find agreement as our trends with richness/mass for these galaxy populations is weak and of low significance.
6. Discussion
As we discussed in Sect. 5, in agreement with Ricci et al. (2018) our total population α values increase with richness with high significance. In contrast, the values for the red and blue galaxies undergo a mild and less significant (not significant in the case of the blue galaxies) growth with richness. In the following, we try to explain this different behaviour of the total population compared to red and blue populations, taken separately. If we look at Fig. 9 (upper right panel), as well as at Fig. 8 (upper stripe of panels), we see that the behaviour of the faint population of poor groups is dominated by the blue galaxies: the grey dots follow the blue dots at the faint end in the LF plots of Fig. 8 or, in Fig. 9, α for the blue and total (grey) populations have similar value. Whereas in the rich clusters (see Fig. 8 lower stripe of panels) the total population LFs appear to be separated from the blue ones; the faint-end slope follows the red populations more closely than the blue, especially in the higher redshift bin. If we consider that in our sample there is a larger number of massive clusters at higher redshift (Ncl = 73 in the lower right panel and Ncl = 36 in the rest of the lower stripe), then we could say that the behaviour of the faint galaxies in the higher richness/mass bin is dominated by the higher redshift bin, where we found fewer faint blue galaxies (as we discuss in the following (see the lower right panel of Fig. 9). In our study, this balance explains the total faint population trend with richness.
Ricci et al. (2018), who could not divide the galaxy sample by colour, claim that scenario in which the total population faint-end slope gets shallower and the Φ⋆ parameter grows with richness requires the number of faint galaxies to be lower and the number of bright galaxies to be higher in the rich clusters compared to the groups. To explain this occurrence, they invoke luminosity enhancement by star formation in faint poor cluster galaxies; then, the number of intermediate (∼M⋆) galaxies increases and the faint-end slope becomes shallower. Moreover, we should consider the effects related to the higher errors in the photometry, which at high redshifts could bias the colour selection.
The parameter Φ⋆ is related to the number density of bright galaxies of magnitude ∼M⋆ and clearly increases with richness. The difference between the red and blue galaxies density, which is almost null in the groups, increases in rich clusters (see Fig. 9, lower right panel), in a consistent way with the red/blue fraction trend on λ⋆ (Fig. 11, lower panels). This implies that in massive clusters the contribution of bright red galaxies is higher than in low-mass clusters, as found also by Sarron et al. (2018).
Hints about the proportion of red and blue galaxies across the different [λ, z] bins are inferred by the area comprised between the red and blue LF counts. In Fig. 8 we see this area shrinking for increasing redshifts, indicating that if at the red bright galaxies are more abundant at low redshifts than the blue bright galaxies, at higher redshifts the blue and red counts are equal; this is confirmed by the overlapping of the blue and red dots in the lower left panel in Fig. 9 for z >  0.5 and by the red/blue fraction trend of Fig. 11. The blue faint galaxies, instead, exceed the red faint galaxies because the blue faint-end slope is steeper than the red one. This argument is supported by the α mild flattening with z (see Fig. 9, upper left panel), which is also found by Sarron et al. (2018).
As is already well known, the scenario depicted by our data is compatible with massive clusters dominated by red galaxies: this is true for the bright galaxies, as we can see from the red and blue fractions trend with richness and from the Φ⋆ trend with λ⋆; but the population of bright blue galaxies is also present in considerable quantity with a characteristic magnitude brighter than the red population. The lack of evolution in M⋆ and Φ⋆ is compatible with a scenario in which the bright part of the LF inside r200 is already in place at z ∼ 1 and does not significantly evolve afterwards, if not passively. The faint part of the red population is also not evolving, unlike the blue population, which mildly grows over time, probably accreted from the field.
7. Conclusions
We used the AMICO cluster catalogue from the KiDS-DR3 data (Maturi et al. 2019) to study the LF evolution in bins of redshift and richness/mass. We selected about 4000 clusters in the redshift range [0.1, 0.8] and in the mass range [1013 M⊙, 1015 M⊙], selecting those only mildly affected by incomplete field of view and masking. Our sample comprises a large number of clusters providing more solid constraints on redshift evolution than other studies based on much smaller samples. It encompasses a wide range of richness and mass, including poor groups. Moreover, we computed the LFs by mapping the radial distance from the cluster centre up to r200, and not just the central region like in many other studies, avoiding the introduction of environmental biases.
We divided both the redshift and richness/mass ranges into 4 bins, so that we have 16 bins covering the 2D space of (z, λ⋆). The bins were subdivided so as to have a large number of galaxies per bin, ensuring solid statistical results even if the number of clusters per bin could vary.
We separated red passive from blue star-forming galaxies by means of the colour selection prescribed by Radovich et al. (2020), in which the effect of colour evolution of the red sequence with z is taken into account.
As is already well known, our scenario is compatible with massive clusters dominated by red galaxies: this is true for the bright galaxies, as we can see from the red and blue fractions trend with richness and from the Φ⋆ trend with λ⋆; but the population of bright blue galaxies is also present in considerable quantity with a characteristic magnitude brighter than the red population.
To compute LFs, we binned in magnitude and statistically subtracting the background to derive a fully model independent measure. We stacked LF counts in each bin of (z, λ⋆) and for the total, red and blue galaxy populations, we fitted the stacked LF with a Schechter function and derived the parameters α, M⋆ and Φ⋆. Then, to study redshift evolution and richness/mass dependence, we performed a joint fit with z and λ⋆. We found as follows:

	
There is no faint-end redshift evolution for red and total population; the blue faint end mildly shallows, which means more faint blue galaxies at low z than at high z (faint blue galaxies increase).



	
The quantity M⋆ undergoes redshift passive evolution for red and total population; we do not find redshift evolution for the blue population.



	
There is no redshift evolution for density of the bright galaxies in clusters (Φ⋆).



	
There is a mild trend in the richness for the red and blue populations in contrast to a stronger trend for the total population.



	
There is no dependence on richness for M⋆.



	
There is a clear dependence on richness for Φ⋆: the density of blue galaxies, although lower, grows at a rate comparable with that of the red galaxies.



	
The values for blue M⋆ are on average brighter than for red M⋆.




These results indicate passive evolution for the LF bright part inside r200 (already in place at z ∼ 1) and a weak increase of blue faint galaxies probably accreted from the field. The massive clusters are dominated by red galaxies in the LF bright part, but less significantly for increasing redshift, where the population of blue galaxies is also present in comparable quantity. Future perspectives of this work are to use the AMICO cluster sample obtained from the KiDS-DR4 (which is in progress) to investigate how the environment and the cluster dynamical state can influence the redshift and richness/mass dependence.
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Appendix A:  Tables
Table A.1.

Schechter parameters derived by fitting the all, red, and blue populations stacked LFs (represented in Fig. 4) in each bin of z and for the whole λ⋆ range.


Table A.2.

Schechter parameters derived by fitting the all, red, and blue populations stacked LFs (represented in Fig. 6) in each bin of λ⋆ and for the whole z range.


Table A.3.

Schechter parameters derived by fitting the all/red/blue populations stacked LFs (represented in Fig. 8) in each 2D bin of (z, λ⋆).


Table A.4.

Trend coefficients and slope significance for the redshift evolution of the Schechter parameters (plotted in Fig. 5).


Table A.5.

Trend coefficients and slope significance for the Schechter parameters dependence on richness (plotted in Fig. 7).


Table A.6.

Coefficients resulting from the fit of the Eq. (5) to our 16 sets of Schechter parameters (plotted in Fig. 9).
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Redshift distribution for the KiDS-DR3 cluster sample (7988 clusters – in magenta) and for the sub-sample extracted for the purposes of this study (4098 clusters – in dark blue).
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AMICO-KiDS detection AK3 J091606.48-002328 or Abell 0776. Left panel: galaxy map of AK3 J091606.48-002328 (RA = 139.027, Dec = −0.3913, S/N = 9.68, z = 0.37, λ⋆ = 137): the region spans an area of ∼50′ × 50′. The black dots represent the galaxies brighter than rlim = 24.0. The red circle encloses the central area within r200 ∼ 6′; and the two green circles delimit the area over which the background is estimated (in this case, an annulus with radii from 12′ to ∼18′). The white holes in the galaxies distribution indicate masked areas. Right panel: colour composite (g, r, i) image relative to AK3 J091606.48-002328. The stamp shows a ∼6′ × 6′ region centred on the location identified by AMICO.
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Luminosity function for AK3 J091606.48-002328. The magenta dots represent the total counts coming from the region inside r200; the green dots represent the background counts coming from the background annulus only; and the black dots refer to the background subtracted counts, fitted by a Schechter function (black solid line) in the magnitude range delimited by the two grey vertical dotted lines. Inset: The confidence plot for the values of α and M⋆ resulting from the fit; the contours at 1σ and 3σ are reported.
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Redshift evolution of the LFs for stacked galaxy clusters in bins of z. The grey, red, and blue dots correspond to the total, red, and blue galaxies LF counts normalized to 1 deg2, respectively. For each panel, the number of clusters contributing to the stacking (Ncl), the total number of galaxies inside r200 belonging to these clusters (Ngal), and the redshift range are reported. The dashed lines (assuming the same colour code) are the fit to the Schechter function; the shaded regions enclose the 97.5% confidence interval. The LF counts are plotted in the two cases of fits that do not converge (left panel, blue galaxy populations), but not the Schechter curves.
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Redshift evolution of the Schechter fit parameters for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted.
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Richness/mass dependence of the stacked LFs. The legend is the same as in Fig. 4. Moreover, we report the median λ⋆ in the bin and the corresponding mass range.
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Dependence of the Schechter fit parameters on richness/mass for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted, except for the lower panel where Φ⋆ is increasing but with a clear non-linear trend.
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Redshift and richness/mass evolution of the stacked LFs in bin of z and λ⋆ for the total population of galaxies (black dots), red galaxies (red dots), and blue galaxies (blue dots); LF counts are normalized to 1 deg2. The dashed lines are the fit to the Schechter function; the shaded regions enclose the 97.5% confidence interval. In those few cases where the LF cannot be fitted to a Schechter, at least the LF counts are plotted.
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Evolution of the Schechter fit parameters with redshift and richness/mass for all galaxies (grey), ETs (red), and LTs (blue). The trend lines represent the Eq. (5) at fixed values of z = 0.35 for the richness dependence (right panels) and λ⋆ = 22.5 for the redshift dependence (left panels).
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Comparison between the evolution model for M⋆ (Hennig et al. 2017) (green dashed line), used as a reference in the detection algorithm, and the observed M⋆ evolution (grey dots). The 1σ confidence region (shaded area) of the best fit (black line drawn for λ⋆ = 22.5) to our data is reported.
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Red/blue galaxy fraction redshift evolution in richness/mass bins (upper panels) and red/blue galaxy fraction dependence on mass in redshift bins (lower panels). The red/blue dots represent the red/blue population, respectively. The error bars are smaller than the symbols size.
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Comparison of our (filled symbols) derivation of the Schechter parameters with previous studies of composite LFs in the literature (empty symbols). Our red and total population parameters are those represented in Fig. 5 and were obtained by stacking LFs in bins of z at all richnesses; the single pale blue dot represents the estimate of our blue parameters by Eq. (5). The dimension of each symbol is inversely proportional to the median redshift of the z-bin. This also holds for the parameters from literature, where the used redshift is the median computed over the survey range.
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AMICO-KiDS detection AK3 J091606.48-002328 or Abell 0776. Left panel: galaxy map of AK3 J091606.48-002328 (RA = 139.027, Dec = −0.3913, S/N = 9.68, z = 0.37, λ⋆ = 137): the region spans an area of ∼50′ × 50′. The black dots represent the galaxies brighter than rlim = 24.0. The red circle encloses the central area within r200 ∼ 6′; and the two green circles delimit the area over which the background is estimated (in this case, an annulus with radii from 12′ to ∼18′). The white holes in the galaxies distribution indicate masked areas. Right panel: colour composite (g, r, i) image relative to AK3 J091606.48-002328. The stamp shows a ∼6′ × 6′ region centred on the location identified by AMICO.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
Luminosity function for AK3 J091606.48-002328. The magenta dots represent the total counts coming from the region inside r200; the green dots represent the background counts coming from the background annulus only; and the black dots refer to the background subtracted counts, fitted by a Schechter function (black solid line) in the magnitude range delimited by the two grey vertical dotted lines. Inset: The confidence plot for the values of α and M⋆ resulting from the fit; the contours at 1σ and 3σ are reported.
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Redshift evolution of the Schechter fit parameters for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted.
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Dependence of the Schechter fit parameters on richness/mass for all galaxies (grey dots), red galaxies (red dots), and blue galaxies (blue dots). The trend lines for all (black lines), red, and blue galaxies are overplotted, except for the lower panel where Φ⋆ is increasing but with a clear non-linear trend.
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Red/blue galaxy fraction redshift evolution in richness/mass bins (upper panels) and red/blue galaxy fraction dependence on mass in redshift bins (lower panels). The red/blue dots represent the red/blue population, respectively. The error bars are smaller than the symbols size.
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Comparison of our (filled symbols) derivation of the Schechter parameters with previous studies of composite LFs in the literature (empty symbols). Our red and total population parameters are those represented in Fig. 5 and were obtained by stacking LFs in bins of z at all richnesses; the single pale blue dot represents the estimate of our blue parameters by Eq. (5). The dimension of each symbol is inversely proportional to the median redshift of the z-bin. This also holds for the parameters from literature, where the used redshift is the median computed over the survey range.



    

  
    Table A.1. 

Schechter parameters derived by fitting the all, red, and blue populations stacked LFs (represented in Fig. 4) in each bin of z and for the whole λ⋆ range.




	Type
	Range(z)
	Ncl
	[image: equation]
	[image: equation]
	[image: equation]
	α
	M⋆
	Φ⋆



	
	
	
	
	
	[1014 M⊙]
	
	[mag]
	[mag−1 deg−2]





	All
	[0.10, 0.32]
	755
	0.24
	12
	13.37 ± 0.02
	−1.04 ± 0.03
	−21.50 ± 0.03
	2.35 ± 0.17



	Red
	
	
	
	
	
	−
	−
	−



	Blue
	
	
	
	
	
	−0.53 ± 0.03
	−21.17 ± 0.02
	1.94 ± 0.12



	




	All
	[0.32, 0.46]
	1182
	0.41
	18
	13.63 ± 0.02
	−0.92 ± 0.05
	−21.59 ± 0.04
	3.91 ± 0.39



	Red
	
	
	
	
	
	−1.23 ± 0.05
	−21.44 ± 0.04
	1.76 ± 0.17



	Blue
	
	
	
	
	
	−0.54 ± 0.08
	−21.51 ± 0.07
	2.75 ± 0.37



	




	All
	[0.46, 0.55]
	939
	0.5
	22
	13.72 ± 0.01
	−0.87 ± 0.07
	−21.65 ± 0.05
	7.24 ± 0.67



	Red
	
	
	
	
	
	−1.26 ± 0.10
	−21.73 ± 0.08
	3.00 ± 0.51



	Blue
	
	
	
	
	
	−0.30 ± 0.08
	−21.42 ± 0.05
	5.10 ± 0.39



	




	All
	[0.55, 0.80]
	1222
	0.63
	29
	13.89 ± 0.01
	−0.63 ± 0.11
	−21.61 ± 0.05
	11.29 ± 1.21



	Red
	
	
	
	
	
	−0.82 ± 0.17
	−21.61 ± 0.08
	6.65 ± 1.24



	Blue
	
	
	
	
	
	−0.20 ± 0.17
	−21.41 ± 0.07
	6.84 ± 0.95






Notes. The number of clusters belonging to every bin, the median values of zcl, λ⋆, and log(M200) are reported.




  
    Table A.2. 

Schechter parameters derived by fitting the all, red, and blue populations stacked LFs (represented in Fig. 6) in each bin of λ⋆ and for the whole z range.




	Type
	Range(λ⋆)
	Ncl
	[image: equation]
	[image: equation]
	[image: equation]
	α
	M⋆
	Φ⋆



	
	
	
	
	
	[1014M⊙]
	
	[mag]
	[mag−1 deg−2]





	All
	[0, 15]
	944
	0.30
	12
	13.32 ± 0.004
	−1.05 ± 0.07
	−21.75 ± 0.10
	2.97 ± 0.40



	Red
	
	
	
	
	
	−1.25 ± 0.13
	−21.60 ± 0.16
	1.95 ± 0.60



	Blue
	
	
	
	
	
	−0.53 ± 0.02
	−21.51 ± 0.03
	2.31 ± 0.09



	




	All
	[15, 28]
	2040
	0.47
	21
	13.70 ± 0.003
	−0.73 ± 0.03
	−21.65 ± 0.02
	3.25 ± 0.20



	Red
	
	
	
	
	
	−0.91 ± 0.05
	−21.67 ± 0.03
	1.86 ± 0.18



	Blue
	
	
	
	
	
	−0.31 ± 0.02
	−21.44 ± 0.01
	2.20 ± 0.08



	




	All
	[28, 50]
	1005
	0.59
	34
	14.03 ± 0.004
	−0.46 ± 0.06
	−21.53 ± 0.03
	13.65 ± 1.27



	Red
	
	
	
	
	
	−0.75 ± 0.03
	−21.72 ± 0.03
	6.24 ± 0.40



	Blue
	
	
	
	
	
	−0.31 ± 0.04
	−21.58 ± 0.02
	6.22 ± 0.39



	




	All
	[50, 1000]
	109
	0.58
	57 ± 1
	14.43 ± 0.02
	−0.57 ± 0.10
	−21.52 ± 0.08
	157.49 ± 22.80



	Red
	
	
	
	
	
	−0.94 ± 0.09
	−21.70 ± 0.09
	59.91 ± 10.51



	Blue
	
	
	
	
	
	−0.22 ± 0.06
	−21.41 ± 0.05
	84.86 ± 6.62






Notes. The number of clusters belonging to every bin, the median values of zcl, λ⋆, and log(M200) are also tabulated.




  
    Table A.4. 

Trend coefficients and slope significance for the redshift evolution of the Schechter parameters (plotted in Fig. 5).




	
	Intercept
	z slope
	Slope significance





	α
	
	
	



	




	All
	−1.25 ± 0.16
	0.82 ± 0.38
	2.1σ



	Red
	−0.71 ± 0.20
	0.70 ± 0.45
	1.5σ



	Blue
	−1.50 ± 0.50
	0.78 ± 0.97
	0.8σ



	




	M⋆
	
	
	



	




	All
	−21.44 ± 0.12
	−0.33 ± 0.26
	1.2σ



	Red
	−21.13 ± 0.24
	−0.53 ± 0.51
	1.0σ



	Blue
	−21.41 ± 0.82
	−0.36 ± 1.50
	0.2σ



	




	Φ⋆
	
	
	



	




	All
	−0.06 ± 0.22
	1.74 ± 0.48
	3.6σ



	Red
	−0.05 ± 0.20
	1.40 ± 0.45
	3.1σ



	Blue
	−0.59 ± 0.80
	2.13 ± 1.52
	1.4σ







  
    Table A.5. 

Trend coefficients and slope significance for the Schechter parameters dependence on richness (plotted in Fig. 7).




	
	Intercept
	log(λ⋆) slope
	Slope significance





	α
	
	
	



	




	All
	−1.64 ± 0.56
	0.67 ± 0.40
	1.7σ



	Red
	−0.90 ± 0.44
	0.38 ± 0.30
	1.3σ



	Blue
	−1.49 ± 0.62
	0.39 ± 0.42
	0.9σ



	




	M⋆
	
	
	



	




	All
	−22.09 ± 0.30
	0.34 ± 0.21
	1.6σ



	Red
	−21.50 ± 0.43
	0.01 ± 0.29
	0.03σ



	Blue
	−21.45 ± 0.28
	−0.16 ± 0.19
	0.8σ



	




	Φ⋆
	
	
	



	




	All
	−1.41 ± 1.77
	1.74 ± 1.21
	1.4σ



	red
	−1.10 ± 1.61
	1.37 ± 1.10
	1.2σ



	Blue
	−1.17 ± 1.7
	1.38 ± 1.14
	1.2σ







  
    Table A.6. 

Coefficients resulting from the fit of the Eq. (5) to our 16 sets of Schechter parameters (plotted in Fig. 9).




	
	c [intercept]
	a [z slope]
	a significance
	b [log(λ) slope]
	b significance





	α
	
	
	
	
	



	




	All
	−2.44 ± 0.30
	+0.36 ± 0.93
	0.4σ
	1.08 ± 0.21
	5.2σ



	Red
	−1.13 ± 0.20
	+0.56 ± 0.67
	0.8σ
	0.5 ± 0.14
	3.5σ



	Blue
	−2.38 ± 3.64
	+2.34 ± 1.19
	2σ
	0.53 ± 2.29
	0.2 σ



	




	M⋆
	
	
	
	
	



	




	All
	−22.44 ± 0.42
	+2.58 ± 1.74
	1.5σ
	0.86 ± 0.82
	1σ



	Red
	−21.37 ± 0.44
	−4.67 ± 2.21
	2.1σ
	0.5 ± 0.28
	1.8 σ



	Blue
	−21.26 ± 0.51
	−0.68 ± 1.36
	0.5σ
	−0.23 ± 0.35
	0.6 σ



	




	Φ⋆
	
	
	
	
	



	




	All
	−2.12 ± 0.91
	+0.46 ± 1.75
	0.2σ
	2.71 ± 0.63
	4.3σ



	Red
	−1.58 ± 0.95
	−0.77 ± 1.98
	0.4σ
	2.28 ± 0.65
	3.5σ



	Blue
	−1.65 ± 0.92
	+0.61 ± 1.89
	0.3σ
	1.86 ± 0.62
	3.0σ
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