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Figure 8. The CM diagram and the best-fitting relation for the clusters AS1063 (left-hand panel) and M1149 (right-hand panel) for all samples are shown.
The black solid lines are the best-fitting CM relations shown in Fig. 6. The red and pink dashed lines mark the 1σ and 3σ thresholds, respectively. Green
circles, sea green pentagons, pink down triangles, red up triangles, orange squares, and blue stars are ETG, ellipticals, red (at 3σ ), red (at 1σ ), passive, and
spectrophotometrically selected samples, respectively.

This suggests that there is a 10 per cent difference between the visual
and the Sérsic index classification, although this number varies from
cluster to cluster.

Then, we compare the sample of galaxies classified both as ETG
and red. Only 29 and 31 ETGs in AS1063 are classified also as
red galaxies at 1σ and at 3σ from the best-fitting CM relation,
respectively, while, in M1149, they are 30 and 35. Thus, 93 and
89 per cent of the sample of red at 1σ and at 3σ are also ETG
for M1149, while, for AS1063, they are the 70 and 67 per cent
(Fig. 8). A visual inspection of the residuals of the fit reveals that, in
both clusters, the ETGs having blue colours could be contaminated
either by gravitational arcs or by nearby blue galaxies, which are
visible only after subtracting the model galaxy, while red galaxies,
which are not ETGs, show a late-type morphology, suggesting that
they could have had their star formation truncated by environmental
effects or they could appear red due to dust reddening.

The comparison of the passively evolving sample with the ETG
sample shows the presence of six and seven ETGs, which are not
classified as passive, and five and three passively evolving galaxies,
which are not classified as ETGs, in AS1063 and M1149, respec-
tively. As for the first sub-sample, two galaxies for each cluster
show emission lines in their spectra, which could be due to a recent
burst in their star-formation activity. For four galaxies in AS1063
and two galaxies in M1149, we could have missed weak emission
lines, since the S/N of the spectrum is ∼5. For the remaining three
in M1149, these are excluded from the passive sample, since the fit
of the spectrum with PPXF does not converge due to its low S/N. The
second sub-sample is constituted by passive galaxies with Sérsic
index n < 2.5. From the visual inspection of the residuals of the
surface brightness fit for these sources, they seem to be, indeed, late-
type galaxies, so they could be ‘dusty’ spirals or late-type galaxies
in which the star formation has been quenched recently.

Both for the passively evolving and the ETG sample, from Fig. 8,
it is clear how the colour selection misses few ETGs and passive
galaxies. More interestingly, it is evident the presence of a number
of red galaxies (both at 1σ and at 3σ ) that are classified neither
as ETGs nor as passives. This suggest how a selection based only
on the CM relation may contaminate the sample from which one
derives the KR.

Considering the four classifications, 28 galaxies are classified
simultaneously as early, ellipticals, red at 1σ and passively evolving
in AS1063, while 30 in M1149.

5 TH E KO R M E N DY R E L AT I O N A S A
F U N C T I O N O F SA M P L E S

In this section, we discuss the analysis of the KR, ⟨µ⟩e = α +
β log Re, for the two clusters AS1063 and M1149, considering the
four samples defined in the previous section. In particular, we com-
pare the KRs as a function of the different samples, while, in the next
section, we compare the KRs of the present work with the literature.
As discussed in Section 2, we limit our analysis to galaxies brighter
than the completeness limit (mF814W ≤ 22.5 ABmag). The linear
regression analysis is carried out using the method of the Bivariate
Correlated Errors and intrinsic Scatter estimator (BCES) described
in Akritas & Bershady (1996). The BCES is a direct extension of
the ordinary least square fitting. It has the advantage that it allows
to consider the case in which both variables are affected by errors
and in which the errors on the two variables are not independent.
From now on, the scatter we refer to is the combination of the in-
trinsic scatter of the relation plus the photometric errors. All the
results presented in this section are in physical units, i.e. ⟨µ⟩e in
mag arcsec−2 and Re in kpc. We correct the surface brightness for
cosmological dimming effect.

In Fig. 9, the KRs for the ETG samples of AS1063 (left-hand
panel) and M1149 (right-hand panel) are shown. The slopes of the
two KRs (the first row in Table 2) are consistent within errors.

In Fig. 10, we show the KRs for the elliptical samples of AS1063
(left-hand panel) and M1149 (right-hand panel). The slopes of the
two KRs (the second row in Table 2) are consistent within errors
between themselves and with those obtained with the ETG sample.

In Fig. 11, the KRs for the sample of red galaxies at 1σ (upper
panels) and at 3σ (lower panels) from the best-fitting CM relation
of AS1063 (left-hand panels) and M1149 (right-hand panels) are
shown. The two fits for AS1063 show larger scatters (σ = 1.10) than
those obtained for ETGs (σ = 0.76) and for ellipticals (σ = 0.77)
and the best-fitting slopes have higher values with the respect to the
ETG and the ellipticals sample (the first three best-fitting parameter
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Figure 14. The best-fitting KRs of all analysed samples with m ≤ 22.5 in the F814W waveband are shown for the two clusters AS1063 and M1149 (left-hand
and right-hand panels, respectively). Green circles, sea green pentagons, pink down triangles, red up triangles, orange squares, and blue stars are ETG, ellipticals,
red (at 3σ ), red (at 1σ ), passive and spectrophotometrically selected samples, respectively. Grey diamond is the BCG. Dashed lines are the best-fitting KRs
colour-coded according to the sample. It is worth noticing how, for both clusters, the best-fitting KRs for the ETG, ellipticals, passive and spectrophotometrically
selected samples show the same behaviour, while for the red samples not.

Figure 15. Simultaneous fit of SED and spectrum is shown. Left-hand panel: best-fitting composite stellar population model Bruzual & Charlot (2003) of
the 12 HST photometric band observed by CLASH (Postman et al. 2012), with the filter transmission curves in light grey. Observed fluxes with 1σ errors
are represented with blue empty circles and bars, model-predicted fluxes are shown as orange filled circles. Right-hand panel: best-fitting composite stellar
population model (in red) of the observed spectrum (in black). Light blue regions highlight the masked regions, where we expect residual of sky subtraction
emission lines or sky absorptions. In both panels, the best-fitting model is in red.

Saracco et al. (2014) investigated the KR for a sample of 16
morphologically selected elliptical galaxies belonging to the clus-
ter RDCSJ0848+4453 at z ∼ 1.27. They found a slope of βB =
3.2 ± 0.5 in the rest-frame B band and βR = 2.6 ± 0.7 in the rest-
frame R band. Both are consistent within errors with the KR slope
of the ellipticals sample of AS1063 and M1149. (Saracco et al.
2017) analysed 56 cluster ellipticals in three clusters in the redshift
range of 1.2 < z < 1.4, selected according to their morphologies.
They found β = 3.0 ± 0.2, which is consistent within errors with
the ellipticals samples of both clusters we analysed.

Despite the fact that the study of the evolution of the KR zero-
points with redshift is beyond the scope of this paper; for the sake
of completeness, we compare our zero-points with those at z ∼ 0
and at high redshifts in the rest-frame B and R bands.

In order to consistently compare the zero-points of both clus-
ters with themselves and with the literature, we have to derive the
KRs in the same rest-frame wavebands. To do that, we model the
multicolour photometry, composed by 12 HST bands (optical-NIR)

observed by CLASH (Postman et al. 2012), plus the spectra, ob-
served by MUSE, of the member galaxies, to obtain mainly the
rest-frame photometry and the stellar mass of these objects. We
consider composite stellar populations (CSP) based on Bruzual &
Charlot (2003) models with Z ∈ [0.5,1.5] Z⊙, with a Salpeter
stellar IMF (Salpeter 1955), delayed exponential star formation
histories and no reddening. In Fig. 15, we show a typical exam-
ple of the SED (right-hand panel) plus spectral fitting (left-hand
panel) of an ETG galaxy. In the left-hand panel, the blue empty
circles and the bars are the observed magnitudes with 1σ errors.
Orange filled circles are the magnitudes measured on the best-
fitting model (in red), using the filter transmission curves (in light
grey). In the right-hand panel, the best-fitting CSP model (in red)
is shown, superimposed on the observed spectrum (in black). From
those best-fitting models, we compute the rest-frame B- and R-
band magnitudes for all the galaxies in our samples. We reserve
the study of the physical properties of those sources to a future
work.
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Figure 18. The comparison between the KRs of Saracco et al. (2014) and ours in the rest-frame R-band is shown. Red and pink points represent ETGs in
AS1063 and M1149, respectively, while the green and the orange point represents the BCG of each cluster. Red and pink dashed lines refer to AS1063 and
M1149 best-fitting KRs, respectively. The latter are computed fixing the slope to the R band z ∼ 0 value obtained in Saracco et al. (2014). Black and blue
dash–dotted lines refer to the z ∼ 0 and z ∼ 1.27 (Saracco et al. 2014) KRs, respectively. In the upper right part of the plots, the best-fitting zero-points in the
rest-frame R band are reported.

explained by passive evolution only, since the latter accounts only
for nearly half of that. However, we reserve the detailed analysis of
these zero-points differences to a future work.

7 SU M M A RY A N D C O N C L U S I O N S

In this paper, we investigate the variation of the KR as a function
of the sample selection and the influence of this variation on the
studies of the KR parameter evolution. We analyse spectroscopically
confirmed cluster galaxies of two HST FF clusters, Abell S1063
(z = 0.348) and MACSJ1149.5+2223 (z = 0.542) in the F814W
photometric band.

We propose a new methodology for the estimate of structural
parameters of galaxies in crowded environments, such as that of
a cluster. This methodology consists of an iterative approach that
analyse images of increasing size to deal with closely separated
galaxies and consists of different background estimations to deal
with the ICL contamination in flux.

At high redshift, an accurate classification based only on struc-
tural parameters and/or spectral features by themselves is challeng-
ing. Therefore, the sample of galaxies for which we measure the KR
is selected using both photometric and spectroscopic methods. We
perform a cut in magnitude, selecting only those galaxies with m ≤
22.5 ABmag in the F814W waveband to be fully complete in magni-
tude in both clusters. According to the best-fitting model templates,
this limit roughly corresponds to a stellar mass of M∗ ∼ 109.8 M⊙
and M∗ ∼ 1010.0 M⊙ for AS1063 and M1149, respectively, for the
typical SED we are interested in and considering a Salpeter IMF.

We classify as ETGs those galaxies having Sérsic index n ≥
2.5 (37 in AS1063 and 36 in M1149), as ellipticals those galaxies
showing elliptical morphologies according to the visual inspection
of galaxy images and residuals after the best-fitting model subtrac-
tion (35 in AS1063 and 32 in M1149), as red galaxies those that
are redder than the best-fitting CM relation of the cluster minus
1 and 3 standard deviation (41 and 46 in AS1063 and 32 and 39
in M1149) and as passively evolving galaxies those whose MUSE
spectra present no emission lines and weak Hδ absorption (37 in

AS1063 and 29 in M1149). Galaxies which are classified as ETG,
ellipticals, red at 1σ and passive, simultaneously, constitute the
spectrophotometrically selected sample (27 in AS1063 and 24 in
M1149).

We build the KR for each of the samples described above, both
for AS1063 and M1149. From the analysis of the KR as a function
of samples, we find the following:

(i) ETG, elliptical and passive galaxies have KRs with remark-
ably similar slope and intercept (at fixed wavebands) in both clus-
ters, suggesting that they constitute an homogeneous population.

(ii) Using the CM diagram (Fig. 8), the marginal consistency
between the red samples and the others is due to the presence
of a large number of red galaxies that are not classified also as
ETGs, ellipticals, or passives. Therefore, a sample based on colour
selection is contaminated by late-type galaxies.

(iii) On the other hand, ETG, elliptical, and passive galaxies
have similar distributions on the CM diagram and very few ETGs
are not classified as passive objects and vice versa. Furthermore, the
distribution of ETGs, ellipticals, and passives is also very similar in
Fig. 14, where we compare the KRs of all samples.

(iv) For AS1063, the KRs of the red samples show larger scatters
(σ = 1.10) than those obtained for ETGs (σ = 0.76) and ellipticals
(σ = 0.77). Moreover, although the slopes are consistent, the large
scatter combined with the large error on the slope (∼25 per cent
relative error) suggests that the red sample could be contaminated
by galaxies that are not ETGs. For M1149, the slope of the KR for
the red at 1σ sample is not consistent within errors with the ETG
or elliptical samples. This highlights the fact that, on cluster-to-
cluster basis, different selection criteria can have significant impact
on the KR parameters. As a consequence, the sample selection
has a crucial relevance on all of the studies aiming at constraining
the galaxy evolution through the analysis of the KR at different
redshifts. In fact, a not homogeneous selection over cosmic time
can bias the conclusions on the luminosity and size evolution. For
example, considering a fixed surface brightness ⟨µ⟩e = 18.5 mag
arcsec− 2, according to the KR in M1149 we expect an effective
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Figure 16. The KRs obtained in the rest frame and in the observed frame bands with the ETG samples for AS1063 (left-hand panel) and M1149 (right-hand
panel) are shown. Left-hand panel shows the comparison of the zero-points of the KRs for observed frame F814W band and the corresponding rest-frame R
band of AS1063, while the right-hand panel shows the same, but for the rest-frame V band of M1149. The coefficients of the best-fitting zero-points α are
shown at the top right of the plots. The dashed lines represent the best-fitting KRs colour-coded by the bands. Red and pink down triangles are the BCGs of
each cluster, but in different bands.

Figure 17. The comparisons between the KRs of Rettura et al. (2010), Saracco et al. (2014, 2017), and ours in the rest-frame B band are shown. Red, pink,
and navy blue points represent ETGs in AS1063, M1149, and RDCSJ0848+4453, respectively, while the green and the orange point represents the BCG of the
first two clusters. Red and pink dashed lines refer to AS1063 and M1149 best-fitting KRs, respectively. The latter are computed fixing the slope to the Coma
value obtained in La Barbera et al. (2003). Black, navy blue, skyblue, and dodger blue dash–dotted lines refer to the z ∼ 0 (La Barbera et al. 2003), z ∼ 1.24
(Rettura et al. 2010), z ∼ 1.27 (Saracco et al. 2014), and z ∈ [1.2–1.4] (Saracco et al. 2017) KRs, respectively. In the upper right part of the plot, the best-fitting
zero-points are reported.

To further check the robustness of our SED plus spectral fit-
ting, we compare the observed frame KRs with those obtained with
the corresponding rest-frame bands for both clusters. In Fig. 16,
the rest-frame R and V bands are compared to the observed frame
F814W band (blue points) for AS1063 (left-hand panel) and M1149
(right-hand panel), respectively. By fixing the slope of the rest-
frame KRs to that of the observed frame KRs, we find agreement
of the zero-points within errors for both clusters. The small dif-
ference of the values is due to the different shape of the observed
and rest-frame filters, confirming what we already highlighted in
Section 2.

In Fig. 17, we compare the rest-frame B-band zero-points of our
KRs with those of Rettura et al. (2010) and Saracco et al. (2014,
2017). The zero-points of both AS1063 and M1149, as expected,

are fainter than those of the z = 1.237 (Rettura et al. 2010), z ∼ 1.27
(Saracco et al. 2014), and z ∈ [1.2–1.4] (Saracco et al. 2017) clusters,
but brighter than the z ∼ 0 Coma cluster in La Barbera et al. (2003)
K-corrected to the B band.

Fig. 18 shows the comparison between Saracco et al. (2014) KR
and ours in the rest-frame R band. Also in this case, our zero-points
lie in between the z ∼ 0 and the high-redshift ones.

The fact that our results lie between the high redshift and the local
Universe ones confirm the evolution with redshift of the KR zero-
point already highlighted by the mentioned works. However, we
notice that in the rest-frame B and R bands the differences in zero-
point between AS1063 and M1149 are "αB = 0.60 ± 0.02 ABmag
and "αR = 0.59 ± 0.03 ABmag, respectively. This suggests that the
difference in zero-points between the two redshifts cannot be fully
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