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ABSTRACT

We measured the velocity anisotropy profile, β(r), of different galaxy cluster member populations by analysing the stacked projected
phase space of nine massive (M200c > 7 × 1014 M�) galaxy clusters at intermediate redshifts (0.18 < z < 0.45). We selected our
sample of galaxy clusters by choosing the most round and virialised objects among the targets of the CLASH-VLT spectroscopic
programme, which offers a large spectral database. Complementary MUSE observations of most of these clusters allowed us to
identify an unprecedented number of cluster members, strongly enhancing the precision of our measurement with respect to previous
studies. Our sample of cluster members is divided into four classes: the first two are based on colour (red and blue galaxies), and the
other two on stellar mass (high and low). To study the velocity anisotropy profile of each cluster-member population, we employed
two parallel techniques, namely the MAMPOSSt method (parametric in β(r)) and the inversion of the Jeans equation (non-parametric
in β(r)). The results from both techniques are found to be in agreement for any given cluster member population, and suggest that the
orbital anisotropy in galaxy clusters grows from the centre (where β ≈ 0.2−0.4) to the virial radius (β & 0.8), and it is similar for the
different cluster-member populations. We also find an interesting dynamical feature emerging from the Jeans inversion results, that is,
a sudden drop in β(r) at a distance of ∼250 kpc from the cluster centre. We provide robust anisotropy estimates from our exploration
of a highly significant number of model combinations: 72 with MAMPOSSt (varying the mass, surface number density, β(r) model, and
galaxy population) and 18 (varying total mass model and galaxy population) in the Jeans inversion. Such an extensive investigation of
the velocity anisotropy profile in galaxy clusters is a wide basis for future studies of cluster dynamical masses and cluster cosmology
in the era of large spectroscopic surveys.
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1. Introduction

Galaxy cluster dynamics is a powerful tool for investigating sev-
eral fundamental properties of these structures, such as their
evolution history and their total masses. Among the dynami-
cal processes that shape cluster’s assembly, the virialisation (or
relaxation) is a key step that has long been investigated (e.g.
Chandrasekhar 1942; Lynden-Bell 1967). Relaxed clusters are
indeed optimal candidates for an astrophysical analysis, since
they reached dynamical equilibrium and they are often approxi-
mately spherical. Under these hypotheses, many theoretical tools
can be exploited to study these structures, and in this work we
made use of the Jeans equation (JE) of dynamical equilibrium
(e.g. Binney & Tremaine 1987). A key quantity in this equa-
tion is the velocity anisotropy profile, β(r), which is classically
defined as

β(r) = 1 −
σ2
ϑ(r) + σ2

ϕ(r)

2σ2
r (r)

= 1 −
σ2
ϑ(r)

σ2
r (r)

, (1)
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where σ2
r (r), σ2

ϑ(r), and σ2
ϕ(r) are the diagonal elements of the

velocity-dispersion tensor, and the second equality follows under
the assumption of no streaming motions. The velocity anisotropy
profile is tightly related to the shape of the orbits of cluster mem-
bers: if β = 1, orbits are purely radial; if β → −∞, orbits are
circular; if β = 0, orbits are isotropic. The JE establishes a direct
connection between the total mass profile M(r), the velocity dis-
persion profile along the radial direction, σr(r), and the number
density profile of the tracers of the gravitational potential, ν(r):

M(r) = −
rσ2

r (r)
G

{
d ln ν(r)

d ln r
+

d lnσ2
r (r)

d ln r
+ 2β(r)

}
. (2)

It is hence clear that in order to make an accurate dynamical mea-
surement of the total mass profile in galaxy clusters, as well as
other dynamics-related quantities, obtaining precise knowledge
of the orbital velocity anisotropy is a matter of highest prior-
ity. This will become more and more important with the huge
amount of spectroscopic data that will come in the near future
from all the current and next-generation facilities.

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A264, page 1 of 20

https://doi.org/10.1051/0004-6361/202557879
https://www.aanda.org
http://orcid.org/0000-0003-3397-8761
http://orcid.org/0000-0002-0857-0732
http://orcid.org/0000-0002-5926-7143
http://orcid.org/0000-0001-9261-7849
http://orcid.org/0000-0001-5654-7580
http://orcid.org/0000-0003-3445-0483
mailto:enrico.maraboli@unimi.it
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Maraboli, E., et al.: A&A, 708, A264 (2026)

In this work, we also adopted a different parametrisation of
the velocity anisotropy, that is, β′(r) = σr/σϑ = 1/

√
1 − β(r).

This parametrisation offers better insights into the behaviour of
the velocity anisotropy, especially when orbits are more radial
since, unlike β(r), β′(r) is not capped at 1. The JE has always
been a key tool for studying dynamically relaxed objects, and
with the ever-growing availability of spectroscopic data (e.g.
Rosati et al. 2014; Treu et al. 2015; Bezanson et al. 2024) it has
been more and more exploited in galaxy cluster analyses to mea-
sure the velocity anisotropy profile.

Another important constraining method for β(r) is the anal-
ysis of the whole projected phase space (PPS; e.g. Merritt
1987; Wojtak et al. 2008, 2009; Wojtak & Łokas 2010), which
in recent years has been many times performed with MAMPOSSt
(Mamon et al. 2013) and its extension to modified gravity the-
ories MG-MAMPOSSt (Pizzuti et al. 2021, 2023). MAMPOSSt per-
forms a parametric fit of the total mass profile, M(r), and
the velocity anisotropy profile, β(r), based on the surface den-
sity of the cluster member distribution in the PPS. Although a
Gaussian assumption on the 3D velocity distribution does not
allow us to recover the correct kurtosis at all projected radii (as
already recognised in the original MAMPOSSt paper), MAMPOSSt
were shown to produce unbiased and precise estimates of
the velocity anisotropy profiles via several tests based on
simulated halos (Mamon et al. 2013; Aguirre Tagliaferro et al.
2021; Read et al. 2021). Its vast applications in the litera-
ture (Biviano et al. 2013, 2016, 2017, 2024; Annunziatella et al.
2016; Capasso et al. 2019; Mamon et al. 2019; Sartoris et al.
2020; Pizzuti et al. 2025a; Valk & Rembold 2025) proved this
method among the most tested and reliable ones to study veloc-
ity anisotropy profiles in galaxy clusters.

In this work, we focused our efforts on characterising β(r)
with an unprecedented precision through the resolution of the
JE, exploiting the constraining power of the high number of
cluster members offered by stacking multiple galaxy clusters.
This method has been employed several times in the literature,
because it allows us to overcome the problem of small num-
ber statistics for individual clusters (Biviano & Katgert 2004;
Biviano & Poggianti 2009; Biviano et al. 2016) and therefore to
enhance the statistical significance of the results (Biviano et al.
2017; Mamon et al. 2019; Capasso et al. 2019; Pizzuti et al.
2025a; Valk & Rembold 2025). The resulting stacked cluster
exhibits the mean properties of the cluster sample. Biviano et al.
(2026) recently studied the β(r) of the individual clusters we
use in the stacking, but due to insufficient number statistics,
they did not separate different cluster galaxy populations. Spot-
ting peculiar features of the various galactic populations is
truly crucial to understanding the evolutionary path followed by
the whole galaxy cluster throughout its life (Butcher & Oemler
1978; Dressler et al. 1997). The orbits of cluster members trace
the dynamical evolution of their corresponding populations, and
it is worth the effort studying each of them.

The stacking technique not only provides much better statis-
tics than those available for individual clusters, it also allows us
to reduce the impact of systematics. In fact, the stacked cluster
is by construction “more spherical” and has with less evident
internal sub-structures than its parent clusters; thus, it is a better
candidate to meet the assumptions of the spherical JE.

The paper is organised as follows. In Sect. 2 we present the
adopted cluster sample and the photometric and spectroscopic
data employed in detail. In Sect. 3 we illustrate the whole cluster-
member selection process alongside the evaluation of the spec-
troscopic completeness of our sample, which allowed us to build
the projected number density profiles. The subsequent categori-

sation of the galaxies in our sample is then explained in Sect. 4.
The two methods of our analysis, namely the MAMPOSSt method
and the Jeans inversion (JI), are presented in Sect. 5. In Sect. 6
we show the outcomes of our analysis in all the tested config-
urations of the two methods. Finally, in Sect. 7 we thoroughly
review all the relevant features of both our results and method-
ologies. Throughout the paper, we assume a flat Λ cold dark
matter cosmological model, in which the Hubble constant value
is H0 = 70 km s−1 Mpc−1 and the total matter density value is
Ωm = 0.3.

2. Datasets

We chose a sample of nine massive (M200c > 0.75 × 1015 M�)1

galaxy clusters at intermediate redshifts (0.18 < z ≤ 0.45)
from the Cluster Lensing And Supernova survey
with Hubble (CLASH; Postman et al. 2012), partic-
ularly among those belonging to the CLASH-VLT
(Rosati et al. 2014) spectroscopic follow-up programme
at ESO VLT: Abell 383, Abell 209, RX J2129.7+0005,
MS2137−2353, RXC J2248.7−4431, MACS J1115.9+0129,
MACS J1931.8−2635, MACS J1206.2−0847, and
MACS J0329.7−0211. In Table 1 we report the main fea-
tures of the clusters studied herein, such as their redshifts,
M200c values, c200c values, and number of selected members.
Hereafter, we refer to them by their shortened names: A383,
A209, R2129, MS2137, AS1063 (from Abell S1063, the other
name for RXC J2248.7−4431), M1115, M1931, M1206, and
M0329. These clusters are round and virialised, making them
optimal candidates for the requirements of the techniques
that involve the JE. The sphericity of the clusters is justified
by the similar R200c values obtained in the lensing analyses
of Umetsu et al. (2018) and Umetsu et al. (2014), the former
adopting an elliptical Navarro–Frenk–White (NFW) profile
and the latter a spherical one. Likewise, the virialised status is
indicated by the fact that similar mass estimates are obtained
from gravitational lensing and from kinematics (Biviano et al.
2026). The virialised status of the cluster is indeed a funda-
mental requirement of the JE, and for our stack it is inherited
from the original sample. Moreover, the top-quality data that
are available for these galaxy clusters allowed us to use a very
wide sample of cluster members, lowering the statistical errors
and allowing an insightful characterisation of their orbits. In this
work, we exploited the photometric dataset provided mostly by
the 8.3 m Subaru Telescope and a mixed spectroscopic dataset
(mainly by VIMOS and MUSE), as we explain in the following.

2.1. Photometric data

The photometric dataset that we employed in our work is based
on the wide-field observations of the Suprime-Cam imager
(Miyazaki et al. 2002) at the Subaru telescope, which covers a
field of view of 34′ × 27′. All the clusters in our sample were
observed with this instrument, except for AS1063, which is too
southern for Subaru. Instead, we employed the AS1063 obser-
vations by Gruen et al. (2013) with the Wide-Field Imager at
the ESO 2.2 m MPG/ESO telescope at La Silla. In Umetsu et al.
(2014), Sect. 4.2 (as well as in Tables 1 and 2), there is a detailed
description of the available multi-band images for each galaxy
cluster considered by us. To summarise, in these observations

1 M200c corresponds to the total mass within a sphere, inside which the
mean mass density is 200 times the value of the critical mass density of
the Universe at the redshift of the cluster.
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Table 1. Galaxy clusters studied in this paper.

Cluster z M200c (1015 M�) c200c Members

A383 0.187 1.02 ± 0.43 2.5 ± 1.6 523
A209 0.209 1.93 ± 0.36 3.4 ± 0.7 1001
R2129 0.234 0.78 ± 0.24 2.9 ± 1.2 333
MS2137 0.313 1.08 ± 0.32 2.4 ± 1.0 371
AS1063 0.348 1.98 ± 0.60 1.6 ± 0.7 1142
M1115 0.352 1.79 ± 0.38 2.5 ± 0.7 638
M1931 0.352 1.16 ± 0.28 7.8 ± 1.7 359
M1206 0.439 1.51 ± 0.32 5.8 ± 1.7 543
M0329 0.450 1.27 ± 0.22 5.4 ± 1.3 438

Notes. For each cluster, the columns show, from the left to right, (1)
shortened name; (2) (mean) redshift; (3) M200c values; (4) c200c values;
and (5) number of selected members. All M200c and c200c values come
from Umetsu et al. (2018).

every cluster was observed in at least four optical passbands (B,
V, R, and I), the exposures of which range from 1000 to 10 000 s
per passband.

The processing of these ground-based photometric observa-
tions follows basically the procedure described in Appendix A.1
of Mercurio et al. (2021), that we summarise hereafter. First, the
SExtractor software (Bertin & Arnouts 1996) for the identifica-
tion of luminous sources is employed, together with the point
spread function deconvolution operated by the PSFEx software
(Bertin 2011), to create the photometric catalogues of each con-
sidered galaxy cluster. In this work, we analysed B, V, R, I band
images and made an independent catalogue for each of these
wavebands, that is then matched with the other three through
the STILTS library (Taylor 2006). To build each catalogue, we
adopted a two-phase method (also employed in Mercurio et al.
2015) to better identify all the sources in every field of view.
This method consists of running SExtractor in two modes: the
first (cold mode) focuses on properly de-blending the brightest
and extended sources; the second (hot mode) focuses on find-
ing faint objects and splitting close sources. At the end of the
procedure, we merged the two catalogues produced by the cold
and the hot mode, respectively, deleting multiple detections of
extended sources and replacing these objects in the catalogue of
sources detected in hot mode.

To distinguish galaxies from point-like sources, for each
galaxy cluster, exactly as in the upper right corner of Fig. A.1 in
Mercurio et al. (2021), we plot the R-band Kron magnitude and
the half-flux radius measured by SExtractor. This plot allowed us
to separate stars from the rest of the sample, since their half-flux
radius is almost constant for all R-band magnitudes. At high-R
magnitudes, the locus occupied by the stars is no longer dis-
tinguishable from that occupied by the galaxies, but the mag-
nitude cuts that we present in the next section prevent any star
contamination. Finally, the catalogues in all bands were visually
inspected on the images to check the residual presence of spuri-
ous or misclassified objects.

2.2. Spectroscopic data

The main source of spectroscopic data for the galaxy clus-
ters in this paper is the CLASH-VLT programme (Rosati et al.
2014), based on the VIsual Multi-Object Spectrograph (VIMOS;
Le Fèvre et al. 2003), which had a field of view of about 10 Mpc
at the median redshift (z ≈ 0.4) of the cluster sample, and each
galaxy cluster in our sample was covered with eight to twelve
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Fig. 1. Membership selection with CLUMPS on the PPS for the cluster
M1115. The green dots represent the galaxy cluster members, while the
red dots represent background and foreground galaxies.

pointings, with a total area of ≈15 × 20 arcmin2. Depending on
the specific cluster, spectroscopic observations were made in
the MOS low-resolution blue configuration, which has a spec-
tral resolution of ∼120 over the 3700−6700 Å spectral range,
and a spectral sampling of 5.3 Å/pix, or in MOS medium-
resolution configuration, that has a spectral resolution of ∼580
over the 5000−10 000 Å spectral range, and a spectral sampling
of 2.5 Å/pix. The other main spectroscopic data source for the
galaxy clusters in this paper is the Multi Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010), which has a 1 arcmin2 field
of view, a spatial sampling of 0.2 arcsec, a spectral resolution of
∼2.4 Å over the spectral range 4750−9350 Å, and a spectral sam-
pling of 1.25 Å/pix. MUSE observations are available for every
galaxy cluster studied in this work, except for MS2137. In total,
our spectroscopic collection from the nine galaxy clusters con-
tains 24100 high quality redshifts, with an average of more than
2650 redshifts per pointed cluster.

3. Membership and completeness

Before our membership and completeness analyses, we intro-
duce an R-band magnitude cut for each cluster photometric and
spectroscopic catalog at R = 23, except for A383 (R = 23.5),
AS1063 (R = 23.5), and M1931 (R = 22.5), to reduce the con-
tamination of the cluster samples from background galaxies.

3.1. Member selection

We based our choice of the cluster members on the CLUMPS algo-
rithm (see Appendix A in Biviano et al. 2021, 2026). In sum-
mary, CLUMPS looks for local minima of the surface number
density of spectroscopic objects in the PPS, with no assump-
tion about the internal dynamics of the cluster. In this work, we
employed a modified version of CLUMPS that returns a mem-
bership probability of Pmem for each spectroscopic object, with
re-calibrated parameters dR and dV . We calibrated the dR and
dV parameters of CLUMPS on a sample of halos of similar
mass and richness to our clusters from the GAlaxy Evolution
and Assembly semi-analytical model (GAEA; De Lucia & Blaizot
2007; De Lucia et al. 2024), which is based on the Millennium
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simulation (Springel et al. 2005). We adopted dR = 450 kpc and
dV = 200 km/s, which allowed us to reach a purity of ≥85% and
a completeness of ≥99% for galaxies with a CLUMPS member-
ship probability of ≥0.5. In Fig. 1, we report the results of the
membership selection for M1115 as an example, and we per-
formed this operation separately for all the clusters.

3.2. Spectroscopic completeness and number density profile

To compute the projected number density of the stacked clus-
ter members N(R), we had to re-scale the projected distances
of the cluster members from their corresponding cluster centre.
We re-scaled each distance in units of the corresponding R200c
of the cluster in order to compare member distances of differ-
ent clusters and merge them to compute the N(R) profile. The
evaluation of N(R) can be affected by completeness issues of
the spectroscopic dataset of each individual cluster. Not account-
ing for spectroscopic incompleteness could lead to an erroneous
estimation of the intrinsic ν(r), if the completeness function is
radius-dependent. On the other hand, the velocity distribution
is not affected by completeness issues, since the observational
selection does not operate in redshift space within the narrow
redshift range spanned by each cluster.

To determine the radial completeness of the cluster mem-
bers only, we applied two colour cuts (described in detail in
Appendix A) to our full photometric and spectroscopic samples
in order to limit interloper contributions. The cutting process, as
well as the whole spectroscopic completeness determination rou-
tine, was applied to every galaxy cluster in the sample separately.
We assumed the position of the corresponding brightest cluster
galaxy (BCG) as the centre of each galaxy cluster, since our sam-
ple only contains round and virialised galaxy clusters with a sin-
gle BCG. We divided the region within 0 and 600 kpc into ten
linearly spaced bins, while we divided the outer region from 600
to 6000 kpc into five logarithmically spaced bins. The aim of this
spacing is to better sample the inner, more populated, regions of
the considered galaxy clusters. For each radial bin, we computed
the ratio between the number of spectroscopic objects, mem-
bers and non-members, and the number of photometric objects
that are within the considered bin after the two colour cuts. This
ratio is the spectroscopic completeness of our sample. Hence, we
assigned the corresponding completeness coefficient, namely Ci,
to every cluster member according to their radial distance from
the BCG.

After this, we defined another set of 100 bins linearly span-
ning from 0 to 6000 kpc, and for the i-th bin we computed the
projected number density of members through the weighted sum
of cluster members:

N(R̄i) =
1

π(R2
i+1 − R2

i )

∑
bin

1
Ci
, (3)

where R̄i = (Ri+1 + Ri)/2, and Ri is the re-scaled radial boundary
of the considered bin. The uncertainty ε(R), which we assigned
to the N(R) profile, is that associated with Poissonian errors over
counts, that is,

ε(R̄i) =
1

π(R2
i+1 − R2

i )

√∑
bin

1
Ci
· (4)

To minimise its effect on the cluster dynamical state, we
restricted our dynamical analysis to the virial region, which we
define as the inner 1.2 R200c region, corresponding to radii of
≤R100c.

Table 2. Number of spectroscopically confirmed cluster members for
each galaxy cluster.

Cluster Red, HM Blue, HM Red, LM Blue, LM

A383 135 104 151 174
A209 320 155 320 206
R2129 157 36 94 34
MS2137 128 70 58 115
AS1063 425 159 322 236
M1115 254 96 164 124
M1931 218 66 42 33
M1206 237 70 141 95
M0329 183 168 21 66
Total 2057 924 1313 1083

Notes. Number of selected cluster members in the different sub-classes,
where HM and LM stand for high (stellar) mass and low (stellar) mass,
respectively. The total number of cluster members is 5377, 3370 of
which are red, 2007 blue, 2981 HM, and 2396 LM galaxies.

4. Colour and mass sub-sampling

The core of this work consists of studying the velocity anisotropy
profile of different populations of cluster members. In this paper,
we focus on four classes of galaxy cluster members: the first two
are distinguished as red and blue galaxies, while the other two
are classed as high mass (HM) or low mass (LM). In Table 2
we report the corresponding population subdivision, while in the
next sub-sections we explain in detail how we assigned every
cluster member in each category.

4.1. Colour subdivision

We selected the red and blue members through a recursive lin-
ear fit of each cluster’s red sequence in the R-band magnitude
versus B−R colour plot. In the i + 1-th iteration of the linear
fit, we excluded cluster members that fall outside the 2 or 1σ
region (depending on the cluster case) around the best fit of the
i-th iteration. The algorithm stops when the mi+1 angular coef-
ficient of the linear best fit satisfies (mi+1 − mi)/mi < 0.03. In
Fig. 2, we show an example of colour subdivision for M0329, in
which the red dots mark the cluster members belonging to the
red sequence. Member galaxies in the so-found red sequence are
classified as ‘red’, while the others are labelled ‘blue’.

4.2. Mass subdivision

The second subdivision we opted for is related to the stel-
lar mass, M∗, of the selected cluster members. We divided
our sample in two classes of galaxies: HM and LM mem-
bers. For the purposes of this simple subdivision, we adopted
the I-band magnitude of cluster members as a stellar mass
proxy (see e.g. Pozzetti et al. 2007; Mercurio et al. 2021) as it
allowed an easy identification of the two categories. We sep-
arated the two components by identifying a dip in the I-band
magnitude distribution of each cluster, at magnitude Idip, as it
represents the crossing point of two different galactic mass func-
tions (Annunziatella et al. 2016; Mercurio et al. 2021). Hence,
we define cluster members with I < Idip as HM and those with
I > Idip as LM.
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Fig. 2. Colour subdivision for the members of M0329, both on the colour-colour plane (V−I versus B−R; left panel) and on the R-band magnitude
versus B−R colour plane (right panel). The latter is the plot used to determine which galaxies are red and which are not, according to the recursive
red sequence linear fit. The “all-matched” entry in the legend, corresponding to the yellow points, represents the objects in the photometric
catalogue that have a match in the spectroscopic catalogue.

5. Methods of the dynamical analysis

Following a common practice in the existing literature, we
stacked the cluster members of our sample in a normalized
PPS, under the hypothesis of homology between galaxy clusters
(Navarro et al. 1996, 1997, 2004). We normalized the cluster-
centric distance of each member galaxy with respect to the orig-
inal cluster R200c value and their rest-frame line-of-sight (LOS)
velocity with respect to the quantity

v200 =

√
GM200c

R200c
· (5)

We then re-scaled the normalized cluster-centric radii and rest-
frame LOS velocities by the mean values of R200c and v200,
respectively, to emulate a real cluster. The newly formed stacked
cluster is composed of 4176 cluster members, which belong
to different populations; in Fig. 3, we present how differ-
ent galaxy populations were distributed within the re-scaled
PPS.

In this work we implemented two different strategies to
measure the velocity anisotropy profile, β(r), in the stacked
galaxy cluster. The first approach to the dynamical prob-
lem is through a parametric description of the β(r) profile,
which was realized via the MAMPOSSt (Mamon et al. 2013)
method using the MG-MAMPOSSt (Pizzuti et al. 2021, 2023)
code; the second approach is through the inversion of the
JE (see e.g. Binney & Mamon 1982; Solanes & Salvador-Sole
1990; Dejonghe & Merritt 1992 or Appendices A and B in
Mamon et al. 2019 for equivalences between different inversion
methods), with the aim of computing β(r) in a non-parametric
way. Employing two different methods also allowed us to cross-
check the results that we show in Sect. 6.

5.1. Parametric analysis with MAMPOSSt

As mentioned in the introduction, MAMPOSSt adopts para-
metric profiles for ν(r), M(r), and β(r). Throughout this
paper, we explore different combinations of the following
models.

For the number density, ν(r), we tested two well-known mod-
els:

– the NFW profile (Navarro et al. 1997), given by

νNFW(r) =
ν0,NFW

r
rNFW

(
1 + r

rNFW

)2 (6)

– the Hernquist profile (Hernquist 1990), given by

νH(r) =
ν0,H

4π
1

r
rH

(
1 + r

rH

)3 · (7)

We directly fitted the projected number density profile, N(R),
with both the NFW and the Hernquist profiles, through a max-
imum likelihood Bayesian algorithm (see Maraboli et al. 2025),
and we give the resulting parameter values as an input to
MG-MAMPOSSt. In Fig. B.1, we show the projected number den-
sity profiles, N(R), for the different galaxy populations studied in
this work, and the corresponding NFW (and Hernquist) profile
fits.

For the total mass profile, M(r), we employed the NFW
model again, that is,

MNFW(r) = 4πρNFWr3
NFW

[
ln

(
1 +

r
rNFW

)
−

r
r + rNFW

]
, (8)

and the Hernquist model,

MH(r) =
ρHr3

H

2
r2

(rH + r)2 · (9)
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Fig. 3. PPS of major cluster-member populations of this work, re-scaled by the mean value of R200c and v200. The scale at the right of every plot
represents the number of objects in each bin. We note that the blue galaxies, as expected, are more concentrated towards the outer regions of our
ensemble cluster, while the red ones are mostly found in the inner regions. The HM population, despite it being radially distributed almost the
same as the LM population, is slightly less spread out in terms of velocity than the latter.

Finally, for the velocity anisotropy profile, β(r), we tested
two models from a general class of models, written as

β(r) = β0 + (β∞ − β0)
rδ

rδ + rδβ
· (10)

Here, we have four free parameters: β0 = β(r = 0), β∞ =
limr→+∞ β(r), rβ is a scale radius, and δ is a fixed exponent.
In this work, we tested the specific cases in which δ = 1,
that is, with the known generalised Tiret (gT) model (Tiret et al.
2007); and in which δ = 2, with the generalised Osipkov–Merritt
(gOM) model (Osipkov 1979; Merritt 1985). For these models,
MAMPOSSt assumes that rβ = r−2 = rNFW = rH/2, where r−2 is
the radius at which d ln ρ/d ln r = −2 and ρ(r) is the total mass
density profile. We remark that in our analysis we took into con-
sideration all the possible combinations of the ν(r), M(r), and
β(r) profiles.

5.2. Numeric Jeans inversion

The second method that we employed is the so-called JI,
which is an almost fully non-parametric solution of the JE that
allows users to extract the β(r) profile (Binney & Mamon 1982;
Solanes & Salvador-Sole 1990; Dejonghe & Merritt 1992). This
technique does not need to fit the stacked cluster’s N(R) or its
σlos(R) profiles, which we just smoothed with the LOWESS
method (see e.g. Gebhardt et al. 1994), and it only needs the total
mass profile as an input.

Our code for the JI solves the JE in the formula-
tion Solanes & Salvador-Sole (1990) and Dejonghe & Merritt
(1992), which splits the problem in a set of simpler equations.
Since these equations contain integrals up to infinity, we had to
extrapolate N(R) and σlos(R) to a sufficiently large radius that
can mimic infinity. We chose to set this ‘infinity radius’ Rinf at
30 Mpc from the stacked cluster centre, and in Sect. 7 we thor-
oughly discuss how the choice of this and other arbitrary param-
eters affects the results of the JI.

5.2.1. Extrapolation of N(R) and σlos(R)

The extrapolation process follows that described in Biviano et al.
(2013), in which the N(R) and the σlos(R) profiles were treated
separately. Beyond the last observed radius, Rlast, the extrapola-
tion was done according to Eq. (10) in Biviano et al. (2013) for
N(R); for completeness, we report it here:

N(R > Rlast) = η
(Rinf − R)ξ

Rζ
, (11)

where

ζ =
d log N
d log R

∣∣∣∣∣∣
Rlast

− ξ
Rlast

Rinf − Rlast
(12)

and

η = N(Rlast)
Rζ

last

(Rinf − Rlast)ξ
· (13)
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We note that the only free parameter in this formulation is ξ.
For our analysis, we set ξ = 0.5 based on our experience, and
we discuss the impact of this (and of Rinf) choice on the results
in Sect. 7. The extrapolation method of σlos(R) instead assumes
that σlos(Rinf) = fσmax, where σmax is the σlos(R) peak value and
f a fixed as constant, and it is a log-linear interpolation:

σlos(R > Rlast) = ( fσmax − σlast)
log R − log Rlast

log Rinf − log Rlast
+ σlast, (14)

where σlast = σlos(Rlast). We set the value of f to 0.2,
since with this value we observe that σlos(Rinf) assumes values
comparable to the velocity dispersion of field galaxies. Once
N(R) and σlos have been extrapolated, they can be employed
in the JI equations of Solanes & Salvador-Sole (1990) and
Dejonghe & Merritt (1992).

5.2.2. Ensemble mass profile

The last input required to obtain the β(r) anisotropy
profile from the JI equations is the total mass profile
of the stacked cluster. Following a common method in
the literature (Biviano & Katgert 2004; Katgert et al. 2004;
Biviano & Poggianti 2009; Mamon et al. 2019), we built a mass
profile that mimics the average properties of the real galaxy clus-
ters in our sample. We based this process on three fundamental
considerations:
(a) The projected numerical density N(R) of the stacked cluster

is the mean of each cluster N(R), naturally weighted by their
respective numbers of cluster members.

(b) The average of more analytic mass profiles, such as NFW or
Hernquist, is not an analytic mass profile, whereas an ana-
lytic mass profile with average parameter values is.

(c) The physical scales of a cluster, such as its R200c or M200c, are
the most important ones to reproduce through the averaging
process.

The first key point led us to perform every average using the
number of cluster members as weights. Hence, within this
section the mentioned averages are always weighted on the num-
ber of members of the respective galaxy cluster and written as
〈·〉. The second key point led us to compute the total mass pro-
file via averaged parameters instead of averaging different total
mass profiles. In doing so, we were able to link the behaviour of
the velocity anisotropy profiles that we show in Sect. 6 to a well-
identified total mass profile. The last key point is directly linked
to the computation of the total mass profile, where we refer to
Eq. (11) in Mamon et al. (2019) and its reformulation in terms
of virial quantities:

M(r) = M200c
M̃(c200cr/R200c)

M̃(c200c)
, (15)

where

M̃NFW(x) =
ln(x + 1) − x/(x + 1)

ln 2 − 1/2
and M̃H(x) = 9

( x
x + 2

)2
(16)

are the expressions for the NFW and Hernquist model, respec-
tively. Hence, there are two quantities needed to compute these
profiles are two to be chosen from R200c, c200c, and r−2 =
R200c/c200c. From Umetsu et al. (2018), we obtained the corre-
sponding R200c, c200c, and r−2 ≡ rNFW for every galaxy cluster in
our sample. We set the value 〈R200c〉 = 2.13 ± 0.20 Mpc as R200c
of the ensemble cluster; from this, the corresponding M200c value
of (1.51 ± 0.41) × 1015 M� (assuming 〈z〉 = 0.315 as the redshift

of the stacked cluster) follows. Since 〈r−2〉 , 〈R200c〉/〈c200c〉 and
so on with the other relations among R200c, c200c, and r−2, fol-
lowing key point (c) we defined the average concentration of the
‘synthetic’ mass profile as

c̄200c =
〈R200c〉

〈r−2〉
· (17)

We remark that the data from Umetsu et al. (2018) concerning
M200c and c200c were obtained through a NFW fit of the cosmic
shear measurements, and it is worth checking their robustness
when transposed to a Hernquist model. Naturally, in our sample
of round and virialised galaxy clusters, each of them should have
a single value of r−2 of their mass density distribution, which can
be consequently identified as r−2 ≡ rNFW ≡ rH/2. However, the
r−2 predicted from the NFW fit can be shifted by some systemat-
ics in the analysis with respect to a hypothetical Hernquist fit of
the cosmic shear measurements. Hence, we tested the ‘single r−2
hypothesis’ by exploiting the results of Maraboli et al. (2025),
in which the authors fitted the total mass profile of each clus-
ter in their sample with different mass models, including NFW
and Hernquist. We find that for all the clusters in Maraboli et al.
(2025), the relative discrepancy between rNFW

−2 and rH
−2 is 10% <

(rNFW
−2 − rH

−2)/rNFW
−2 = δ < 15%. Then, from Umetsu et al. (2018)

we were able to directly obtain rNFW
−2 for each galaxy cluster in

our sample, compute c̄NFW
200c = 〈R200c〉/〈rNFW

−2 〉, and repeat the
process for c̄H

200c = 〈R200c〉/〈rH
−2〉, where the rH

−2 of each clus-
ter is computed as rH

−2 = (1 − δ)rNFW
−2 . With this recipe for the

total mass profiles (as we did in the MAMPOSSt analysis) we also
used the JI to study two different cases: the NFW and the Hern-
quist profile. For these two models, we computed the following
scale values according to our method: rNFW = 0.81 ± 0.44 Mpc,
c̄NFW

200c = 2.7 ± 1.5, rH = 1.43 ± 0.8 Mpc, and c̄H
200c = 3 ± 1.7.

6. Results

Throughout our analysis, we tested a great number of different
combinations of models (for mass, projected number density,
and velocity anisotropy profiles) and galaxy populations. In the
whole MAMPOSSt analysis, we explored all the possible configu-
rations among two total mass models (NFW and Hernquist), two
N(R) models (again, NFW and Hernquist), two β(r) models (gT
and gOM), three colour population choices (red and blue pop-
ulations and a combination), and three mass population choices
(HM or LM populations and both together), for a total of 72
combinations. On the other hand, in the JI analysis the inputs are
just the two choices of the total mass profile, the three colour
population choices, and the three mass population choices, for a
total of 18 combinations.

The confidence intervals that we report for the MAMPOSSt
analysis are defined as follows: we extracted 500 samples of
parameters from the Markov chains produced by MG-MAMPOSSt,
which generated 500 new β(r) profiles; then, at any radius, r0,
we took the 16th and the 84th percentiles of the β(r0) value dis-
tribution, and we considered them as the boundaries of our con-
fidence levels. The best-fit profile is the one generated by the
median value of the fitted parameters. For the confidence inter-
vals of the JI, we followed a method similar to the previous one,
which we explain in full detail in Sect. 7.4.1. The best JI profile
was computed as described in Sect. 5.2, with all the parameter
values that we list there.

In Fig. 4, we show both the MAMPOSSt and the JI results
for the whole population of cluster members. We added to this
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Fig. 4. Comparison between β(r) profiles from the two methods of the whole cluster member population. In the left panel, we plot all the MAMPOSSt
outcomes with an NFW total mass profile, as well as both the JI results (NFW and Hernquist) for reference. In the right panel, similarly, we plot
all the MAMPOSSt outcomes with a Hernquist total mass profile. The vertical black line represents the R200c of the stacked cluster.

comparison a new anisotropy profile, indicated as BP
(Pizzuti et al. 2025b), discussed in detail in Sect. 7.2.

6.1. MAMPOSSt results

The β(r) and β′(r) profiles obtained from the MAMPOSSt analysis,
shown in Figs. B.2 and B.3, outline two major features:

– The choice of total mass and projected number density model
can impact the resulting velocity anisotropy profiles.

– In the vast majority of model configurations, there are no sig-
nificant changes in the β(r) and β′(r) shapes for the different
cluster members.

We plot all the MG-MAMPOSSt configuration results in
Appendix B. Moreover, we report the median values of β0 and
β∞ for each configuration of mass, number density, anisotropy
model, and galaxy population in Tables B.1 and B.2.

It is easy to verify that the anisotropy profiles computed
with a gT model (Fig. B.3) are strongly consistent with the cor-
responding anisotropy profiles computed with a gOM model
(Fig. B.2; see also Fig. 4), as is naturally expected. Moreover,
in every configuration there is a monotonic growth of the veloc-
ity anisotropy values with the cluster-centric distance, outlining
a predominance of radial orbits in the outskirts of the cluster and
more isotropic orbits towards the centre.

6.1.1. Major populations

The behaviour of the major cluster member populations (red, blue,
HM, and LM galaxies, and all of them together) is, at most radii,
not depending on the population itself, and all their corresponding
anisotropy profiles result to be consistent with each other. We find
that the anisotropy values are most sensitive to the choice of the
projected number density model, and they were, in general, higher
when we adopted the NFW model and lower with the Hernquist
model. Among all galaxy populations, the red one is the least sen-
sitive to N(R) changes, while the LM one is the most influenced.
The general sample is also sensitive to N(R) changes.

We note a more marked discrepancy between red and blue
galaxies at large radii. Nevertheless, the entity of such discrep-
ancies is highly dependent on the chosen models for M(r), N(R),
and β(r). Overall, we can conclude that the major galaxy popu-
lations follow almost the same anisotropy profile, although there
are hints of a possible differentiation between red and blue clus-
ter members.

6.1.2. Minor populations

The β(r) profiles of minor cluster member populations (red with
high M∗, red with low M∗, blue with high M∗, blue with low
M∗) do not exhibit significant differences in terms of anisotropy
values, and we were able to reach almost the same conclusions
obtained for the major populations. Due to the smaller num-
ber of objects in each class, the results for the minor popula-
tions are naturally more sensitive to the model choice, and they
have larger confidence intervals; this limited our possibilities for
observing significant differences among them.

6.2. Jeans inversion results

As for the MAMPOSSt results, in Fig. C.1 we show the veloc-
ity anisotropy radial profiles resulting from the JI for both
of the considered total mass profiles. This technique allows a
sharper inspection of the velocity anisotropy profile, due to its
un-parametrised formulation, overcoming the rigidity of a fixed
functional form as those implemented in the MG-MAMPOSSt code.

The general trend followed by the resulting β(r) is similar to
that outlined by the MG-MAMPOSSt analysis; we again find more
isotropic orbits towards the centre of the cluster, and more radial
orbits towards the outskirts of the ensemble cluster. In addition
to this, the JI results present a very interesting feature at interme-
diate radii. In every studied population (as well as in the whole
sample of cluster members), we observe a local maximum in
β(r) at ∼250 kpc from the cluster centre and a consequent local
minimum at ∼r−2, while after that point β(r) starts increasing
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again, returning to the original growing trend. As we find in the
MAMPOSSt analysis, there are no significative changes between
the velocity anisotropy profiles of different cluster member pop-
ulations, since the 1σ confidence intervals of the presented β(r)
are often overlapping. However, in concordance with what we
show in the previous sub-section for MAMPOSSt, these β(r) pro-
files might suggest that red galaxies have more radial orbits in
the outskirts. In any case, according to the JI analysis these dif-
ferences are too small to be conclusive, and we can state that the
orbital anisotropy of cluster members does not depend on the
chosen galaxy population.

The two tested total mass profiles do not produce signifi-
cantly different β(r) results. Nevertheless, this fact matches our
expectations: since the choice of the mass model is just a way
to represent the same true total mass profile of a cluster, the out-
comes of the two models are not very different.

7. Discussion

So far, several studies have investigated the velocity anisotropy
profiles of different cluster member populations, both from the
observational and simulation points of view. Starting from the
simulation side, much effort has been put in the analysis of the
general anisotropy properties of dark-matter halos (Wojtak et al.
2005; Hansen & Moore 2006; Ascasibar & Gottlöber 2008;
Lemze et al. 2012), while, only recently there has been a focus
on more specific cluster member populations (Lotz et al. 2019;
He et al. 2024; Abdullah et al. 2025). The results of these cos-
mological N-body simulations consistently agree on what the
typical β(r) values in galaxy clusters should be: a growing pro-
file with central values of β0 & 0 and β(R200) ≈ 0.5−0.7.
As we show in Sect. 6, the anisotropy profiles that we find in
the MAMPOSSt analysis provide an excellent confirmation of the
simulation results; the JI results, except for the central peak at
R ∼ 0.25 Mpc, confirm this trend as well. The general growth
of the anisotropy values can be observed in almost any config-
uration that we considered (Figs. B.2, B.3, B.4, and B.5), and
the values that we find are also very similar to the correspond-
ing mock populations (see for reference, Figs. 11 and 13 in
Lemze et al. 2012 or the upper right panels of Fig. 3 in Lotz et al.
2019).

On the other hand, the observed anisotropy profiles present
a wider phenomenology, probably due to the variety of sam-
ple characteristics explored in the literature. Biviano & Katgert
(2004) studied the ESO Nearby Abell Cluster Survey (ENACS;
Katgert et al. 1996) sample by subdividing the cluster members
into morphological categories. They determined the total mass
profile, using elliptical and S0 kinematics, under the assump-
tion of isotropic orbits, which was supported by the analysis
of the shape of their velocity distribution (Katgert et al. 2004).
They found that spirals move on radial orbits (see Figs. 6 and 8
therein). It is interesting to compare their spiral galaxy results
with our blue sample and its subdivisions into HM and LM blue
galaxies; we can see that, although we find anisotropy values
slightly higher than theirs for these populations, our blue sam-
ple (especially the LM part, which is the majority) is generally
more isotropic than the other populations. This is at variance
with what was suggested by Biviano & Katgert (2004). We think
that this difference could be ascribed to the different categorisa-
tion of cluster member populations, based on morphology rather
than on colour. Another possibility is that the isotropic assump-
tion of Biviano & Katgert (2004) for elliptical and S0 orbits is
not completely fulfilled. Another possibility is an evolution with
redshift of the anisotropy profiles, since our clusters are located

at higher z than those of Biviano & Katgert (2004). However,
a more recent study by Mamon et al. (2019) did not find a sig-
nificant difference in the orbits of cluster galaxies of different
morphologies at lower redshifts, using the spectroscopic dataset
of the clusters of the Wide-field Nearby Galaxy-clusters Sur-
vey (WINGS; Cava et al. 2009; Moretti et al. 2014) that is lim-
ited to 0.04 < z < 0.07. In this low-z sample, β(r) also shows
the same growing trend with r for all considered cluster galaxy
populations.

An argument in favour of the redshift dependence of the
anisotropy profile was presented by Biviano & Poggianti (2009,
see Fig. 4 therein), in which the high-z sample is more simi-
lar to ours since the considered clusters have 0.393< z< 0.794
(albeit the considered cluster mass values, M200c, are in the
0.7−13.6 × 1014 M� range, with a mean (median) value of
2.8 (4.4) × 1014 M�). They divided their cluster member sam-
ple into two galaxy populations (by the presence or absence of
emission lines in their spectra), and they did not find signifi-
cant differences between the corresponding anisotropy profiles.
Our extensive work confirms this result, providing much stronger
evidence of the common shape of β(r) regardless of the galaxy
population.

Two other very recent works (Valk & Rembold 2025;
Pizzuti et al. 2025a) investigated the orbital behaviour of differ-
ent cluster member populations, adopting the same techniques as
ours. Valk & Rembold (2025) studied a stack of 642 low-redshift
(z . 0.2) galaxy clusters from the Sloan Digital Sky Survey
(SDSS; York et al. 2000), both with MAMPOSSt and JI, which
were divided into relaxed and non-relaxed clusters according
to a Gaussianity criterion applied to the observed LOS veloc-
ity probability distribution. The relaxed sample, which has an
overall β(r) profile strongly consistent with other low-z samples
such as Biviano & Poggianti (2009) and Mamon et al. (2019,
see the upper panel of Fig. 4 therein), was further divided
into four populations: active galactic nuclei and star-forming,
transition, and quiescent objects. All four populations show
very similar anisotropy values (Fig. 6), confirming the growing
trends and corroborating the evidence of a ‘universal’ anisotropy
profile. Pizzuti et al. (2025a) analysed a stack of 75 clusters
from the CHEX-MATE sample (CHEX-MATE Collaboration
2021), spanning a wide redshift range up to z = 0.55, with
MG-MAMPOSSt. They found a possible hint of a correlation
between cluster mass and anisotropy profile.

To sum up, from the comparison of our results to other rel-
evant works in this field, we conclude that there is no signif-
icant evidence of a different β(r) for different cluster galaxy
populations in the explored redshift ranges. In the compan-
ion work by Biviano et al. (2026, which is based on the same
sample used here), we find evidence of β(r) evolution of the
total cluster member population by comparing the Biviano et al.
(2026) anisotropy profiles with those of galaxy clusters at z ' 0
(Mamon et al. 2019; Valk & Rembold 2025). Specifically, orbits
appear to become more isotropic with time. Instead, it is more
difficult to conclude if different galaxy populations evolved their
orbits together or at separate times. While Biviano & Poggianti
(2009) suggested β(r) evolution for the quiescent population and
not for the star-forming one, their result is not statistically sig-
nificant. As a matter of fact, both in our sample and in the higher
z sample of Biviano et al. (2021), the red and quiescent popu-
lations have β(r) values slightly higher than those of the blue
and star-forming populations, at least outside the cluster centre.
However, in the low-z sample of Mamon et al. (2019), the early-
type galaxies display a lower β(r) with respect to the late-type
galaxies. Comparing these results is not straightforward, because
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of the different characterisation of the different cluster galaxy
populations based on colour, morphology, or star-formation
activity, and because the different samples have different stellar
mass limits.

7.1. Orbital evolution and cluster history

The general framework that is suggested by the comparison
between our work and the existing literature may lead to a com-
prehensive interpretation of a galaxy cluster history based on
its orbital behaviour throughout time. Numerical simulations
(see e.g. Lemze et al. 2012; Abdullah et al. 2025) show that the
orbital behaviour of cluster members, i.e. β(r), depends on the
mass of the considered cluster, as well as on its redshift and
relaxation status. Particularly, the higher the cluster mass or red-
shift, the higher its anisotropy values.

The anisotropy-relaxation relation is more complex and may
depend on the phase of the relaxation process. Collisions and
major mergers disrupt the phase-space distribution of cluster
members, causing violent relaxation (Lynden-Bell 1967), which
erases ordered motions and causes isotropisation of the orbits
(Lemze et al. 2012). After a dynamical time, the cluster relaxes
and proceeds with a smooth accretion process of field galax-
ies from surrounding filaments, on radially elongated orbits, so
radial anisotropy develops again but mostly in the external clus-
ter regions (Lapi & Cavaliere 2011). Therefore, it is not trivial
to determine the interplay between these processes and which
prevails on the others. However, the measurements made in the
last ∼20 years of different (in terms of mass, redshift, and relax-
ation status) galaxy cluster samples can help to draw a picture of
the cluster’s dynamical history and evolution. At high redshifts,
right after the birth of a cluster, its total mass is low, the viri-
alisation has not been completed yet, and the orbits are almost
isotropic (Biviano et al. 2016, 2021). At intermediate redshifts,
as we observe in this work, the virialisation process has been
fully completed2, and a galaxy cluster had enough time to accrete
and raise its total mass through cosmic filaments. The newly
accreted cluster members are naturally moving along very radial
orbits, and this fact makes anisotropy values rise at all radii.
At very low redshifts, there has been enough time to allow the
majority of the observed clusters to undergo multiple collisions
or major mergers, which can bring them back to a more isotropic
state, as observed, for example, by Mamon et al. (2019) and by
Mitra et al. (2024).

7.2. Method comparison

The two methods presented here offer different approaches to
the same problem: the MG-MAMPOSSt code performs Monte
Carlo Markov chain (MCMC) fitting of parametric β(r) profiles,
inspired by the suggestions coming from cosmological simu-
lations (see e.g. He et al. 2024), while the non-parametric for-
mulation of the JI allows for a more flexible characterisation
of the orbital anisotropy. The MAMPOSSt and JI results are in
agreement for most of the considered projected radii, depend-
ing on the choice of the models used in MAMPOSSt, which, in
some cases, can create localised discrepancies at some radii (see
Figs. B.2, B.3, and C.1). For convenience, in Fig. 4 we over-
lap the gT, gOM, and JI results for the global population as an
example. From this plot, we can clearly see that the two meth-

2 At the mean redshift of the Biviano et al. (2021) sample, z̄B ≈ 1.1,
the look-back time is ≈8.1 Gyr, while at our mean redshift, z̄M ≈ 0.32,
the look-back time is ≈3.6 Gyr.

ods are in total agreement when characterising the anisotropy
profile at large radii, denoting highly radial orbits (β′(r) ≈ 2)
in that region. On the other hand, in the innermost regions both
methods highlight that orbits are closer to isotropy than in any
other region of the cluster. However, between 0.5 and 1.5 Mpc,
we find some differences for the two methods: although the con-
fidence intervals of the profiles are still slightly overlapping, the
monotonic trend observed in the MAMPOSSt profile is not fol-
lowed by the JI one. The shape of the JI β(r) has the peculiarity
of a sudden change of direction after a very steep increment of
the anisotropy values in the first ∼250 kpc, followed by an inter-
mediate region of more isotropic orbits that is later reconnected
to the outer region with higher anisotropy values. The built-in
MG-MAMPOSSt β(r) profiles are too “rigid” to capture such a fea-
ture, and they can only catch the general trend of it. Since the
NFW and the Hernquist profiles are robustly verified to be good
one-component total-mass models for clusters of galaxies (e.g.
Appendix C in Bonamigo et al. 2018; Maraboli et al. 2025), they
are also a suitable input for the JI process. This fact could indi-
cate the JI as a more accurate probe for the velocity anisotropy
profile, especially in this analysis of a very rich ensemble clus-
ter. To further check if this discrepancy comes from the rigidity
of the MG-MAMPOSSt β(r) models of Eq. (1), we implemented
and tested a new ansatz for the anisotropy, which is designed to
account for the bump found in the JI results (Pizzuti-Biviano,
hereafter BP; Pizzuti et al. 2025b):

βBP(r) = β0 + (β∞ − β0)

 r
r + rβ

+
r2

r2
β

e
−

(
r

rβ

)2
 , (18)

where rβ defines the position of the bump. We considered rβ as
a free parameter in the MG-MAMPOSSt fit. We show the results in
Fig. 4 for the total population. We checked for the significance of
the JI feature by comparing the MG-MAMPOSSt BP and gT model
results with the Bayesian information criterion (BIC; Schwarz
1978). With both the NFW and the Hernquist total mass profiles,
we find ∆BIC = BICBP−BICgT ∼ 6, indicating that the gT model
is strongly favoured compared to the BP model (Kass & Rafferty
1995), which made us question the physical reality of the β(r)
feature found in the JI analysis. Moreover, we carefully investi-
gated the possible origin of the JI feature with additional tests:
(1) we re-scaled with r−2 instead of R200c, but this parametrisa-
tion resulted to be weaker since r−2 is more poorly constrained
than R200c from the Umetsu et al. (2018) data (mostly because of
the large errors on the values of concentration); (2) we tested if
one of the clusters composing the stack was ‘problematic’, and
we re-ran the JI analysis, removing one cluster at a time from the
stack; (3) we tested if the JI feature was an artefact of the interpo-
lation to R = 0 made by the JI analysis software by recomputing
the velocity dispersion profile at smaller radii to limit the inter-
polated radial range. However, none of these tests succeeded in
removing the JI β(r) feature. We conclude that while the data,
taken at face value, indicate the existence of the β(r) feature, the
statistics provided by our dataset does not allow for a robust con-
firmation of it.

7.3. General interpretation

The behaviour of the velocity anisotropy profiles that we find
with both the adopted techniques can be traced back to some
known physical processes that involve galaxy clusters. Starting
from the outer regions of the ensemble cluster, the highly radial
orbits that we find in that area can be traced to the new infalling
galaxies that recently joined the cluster. This consideration
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explains why the velocity anisotropy values at those radii are
higher than in any other region of the cluster. When a galaxy falls
from the surrounding environment towards the cluster centre, its
orbit is mostly radial; instead, when we consider regions that are
below the virial radius, cluster members begin to be more and
more isotropic.

In the innermost regions of the cluster –below ∼250 kpc– we
find velocity anisotropy values that are lower than the others.
This time, we reconnected this specific behaviour to the pres-
ence of dynamical friction (Chandrasekhar 1943), because at
these radii the cluster environment is very crowded (as we can
see from Fig. B.1). Since the dynamical friction force is directly
proportional to the velocity of the object experiencing it, the
principal component of the orbital velocity will be affected the
most by friction, whether it is the tangential or the radial compo-
nent. Hence, this process results in the orbital velocity compo-
nents being roughly equal, and so it leads to isotropy.

At intermediate radii, where the two methods produce dif-
ferent results for β(r), the MAMPOSSt outcomes naturally return
a smooth transition between the radial orbits of the cluster out-
skirts and the more isotropic ones at the centre. The JI results,
instead, offer a more intriguing view on the dynamics of cluster
members at intermediate radii, between 250 and 1500 kpc.

7.4. Insight into the methodologies

The techniques that we adopted to study the velocity anisotropy
profiles have been thoroughly tested and have been proven to
be robust estimators of the β(r) profiles (e.g. Biviano & Katgert
2004; Biviano et al. 2013, 2024; Annunziatella et al. 2016;
Mamon et al. 2019; Sartoris et al. 2020; Biviano et al. 2026). As
every method, there are some aspects that we believe are worth
examining to better comprehend the results that we present in
Sect. 6. Further discussion about the JI technique can be found
in Appendix C.

First, we want to address how the adoption of the mass
profiles described in Sect. 5.2.2 affected our MAMPOSSt analy-
sis, since the scale radii (and their confidence intervals) deter-
mined in that section are directly involved in the priors given to
MG-MAMPOSSt. The code, as we report in Sect. 5.1, fixes the scale
radius of the selected beta model, rβ, to the r−2 of the total mass
profile. We set the prior for the total mass scale radius, rs, as a
uniform distribution between rguess

s − σr and rguess
s + 2σr, where

rguess
s is set as the value of rNFW or rH (depending on the chosen

configuration) computed in Sect. 5.2.2, and σr is its correspond-
ing error.

7.4.1. Jeans inversion error contributions

Another interesting topic relating to the total mass profile for the
stacked cluster is how this choice impacts the systematic errors
of our results. The confidence intervals that we report in Fig. C.1
are indeed the final product of many factors of uncertainty. We
identify and characterise two main sources of it below.

– First is the set of arbitrarily chosen parameters that were to be
made in order to compute the β(r) profile, as they represent
the most relevant component of the systematic errors in our
analysis. This set includes the smoothing factors for N(R)
and σlos(R); the constants ξ and f employed in Eqs. (11)
and (14), respectively; the infinity radius, Rinf ; and the scale
radii of the total mass profiles, rNFW and rH.

– Second is the statistical errors that naturally come from
our data, namely from the velocity dispersion radial profile,
σlos(R), and the projected number density profile, N(R).

Although the uncertainties related to the total mass profiles that
we adopted for the JI are related to those in Umetsu et al. (2018),
we included them among the systematics because of the profile-
building process that we describe in Sect. 5.2.2. The resulting
total mass profile was determined based on a set of reasonable,
but arbitrary, choices about its fundamental quantities, such as
the definition of the ensemble cluster concentration c̄200c (Eq. 17)
and the definition of its r−2.

In Fig. C.2 we report, as an example, the velocity anisotropy
profile for the whole sample of blue cluster members, with the
confidence intervals dissected according to the characterisation
explained above. From this plot, it is clear that the bootstrap of
the N(R) and σlos(R) profiles is the main source of uncertainty,
while the systematic one is marginal. We also notice some cor-
relation between the two kinds of errors, since the general con-
fidence interval width does not correspond to the sum of the two
interval widths.

7.4.2. Variance of the cluster sample

Our cluster sample offers the rare opportunity to analyse it both
through the stacking of its components, as we did in this work,
and in the cluster-by-cluster way described by Biviano et al.
(2026). In the latter a significant variance in β(r) emerged among
the considered clusters; however, their average β(r) is in good
agreement with the average β(r) from the GAEA-simulated halos
of similar mass and redshift, which is also consistent with our
results. Biviano et al. (2026) suggested that this variance could
be due to the different cluster orientations relative to their major
axis, and we refer to Sect. 5 of that work for an extended discus-
sion on the variance origins.

8. Summary and conclusions

In this work, we compared two robust techniques for measuring
the orbital velocity anisotropy profile, β(r), in a stack of galaxy
clusters, namely the MAMPOSStmethod and the JI. Thanks to our
very large number of cluster members, from these two parallel
analyses we were able to obtain a clear, general picture of how
the β(r) profiles behave for different cluster member populations.
We summarise our work herein the points listed below.

– We considered a sample of nine massive galaxy clusters at
intermediate redshifts (M200c > 7×1014 M�, 0.18 < z < 0.45;
see Table 1), selected from the CLASH-VLT (Rosati et al.
2014) targeted clusters. Our main goal was to study the
behaviour of the velocity anisotropy profile, β(r), for differ-
ent galaxy populations, and we did so by stacking the cluster
members in a re-normalised PPS and considering them as a
part of a single ensemble cluster.

– The selection of cluster members was based on a
re-calibrated version of the CLUMPS algorithm, which oper-
ates on the galaxy distribution in the PPS and looks for
local minima of the surface number density of spectroscopic
objects (see Fig. 1). The selected members were then labelled
as red or blue galaxies depending on their belonging to the
red sequence (Sect. 4.1). They are also labelled as high or
low stellar mass galaxies according to their I-band magni-
tude (Sect. 4.2).

– We stacked the member galaxies of different clusters in the
same PPS by normalising their distance from the cluster cen-
tre by the corresponding cluster, R200c, and their rest-frame
velocity by v200c =

√
GM200c/R200c. Then, we re-scaled the

galaxy PPS coordinates by 〈R200c〉 = 2.18 Mpc (〈·〉 denotes
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“average weighted” with respect to the number of cluster
members) and 〈v200c〉 = 1732 km/s, respectively.

– After the stacking procedure, we produced the surface num-
ber density profiles, N(R) (Fig. B.1), for the different cluster
member populations. This required properly accounting for
the spectroscopic completeness of our sample (Sect. 3.2),
which was consequently employed to weight the contribu-
tion of each cluster member to N(R).

– Finally, we analysed the cluster members via two different
methods: the MAMPOSSt method (Sect. 5.1), which performs
a MCMC fit of the PPS adopting the parametric profiles for
N(R), M(r), and β(r) presented in Eqs. (6), (7), (8), (9),
and (10); and the JI (Sect. 5.2), which returns a non-
parametric measure of β(r) upon providing the total mass
profile from Eqs. (8) and (9) as input.

The results of these two parallel analyses outline a growth of
the anisotropy values from the centre to the outskirts for every
considered cluster member population, with β′ = σr/σϑ values
of .1.4 at the very centre and of &2 at the virial radius. These
values can vary depending on the models and methods adopted,
but the general trend is always confirmed. We find a possibly
interesting feature in all the β profiles from the JI technique; that
is (see Fig. C.1), the sudden switch at 250−400 kpc from rapidly
increasing anisotropy values to a mild, but evident, decrement in
the following 500−700 kpc, which finishes with a final increase
that matches the high anisotropy values found in the MAMPOSSt
analysis.

We do not find significant differences in β(r) among the stud-
ied galaxy populations, although some differences are suggested
for certain choices of M(r), N(R), and β(r) between the red and
blue populations at large radii. As we discuss in Sect. 7, this
behaviour is consistently maintained throughout the evolution of
a galaxy cluster, which may change the overall orbital anisotropy
of its components.

The very high precision of our results, based on an unprece-
dented number of cluster member redshifts, and the robustness
of our techniques make the obtained β(r) profiles a reliable
measurement of velocity anisotropy in clusters of galaxies. The
mathematical simplicity of the anisotropy profiles found with the
MAMPOSSt method makes them a suitable and ready-to-use tool
for future dynamical mass measurements. On the other hand, the
freedom allowed by the JI in determining the true shape of the
velocity anisotropy profile sheds light on new potentially inter-
esting dynamical features of galaxy clusters. Measuring such
features could improve our current knowledge of galaxy clus-
ter structure and, consequently, provide new inputs for diverse
cosmological studies that rely on them.
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Appendix A: Colour cuts for completeness

Since we want to evaluate the radial completeness of the cluster members, we introduce the following two colour cuts, chosen by
visually inspecting the position of the spectroscopic cluster members, selected before, in two different colour diagrams:
(1) The first cut is applied in the colour-colour plane defined by B−R on the vertical axis and V−I on the horizontal one. The

cluster region is selected to maximise the purity of the sample enclosed within. We distinguish two main regions onto which
we apply the cut, corresponding approximately to the population of red cluster galaxies and to the blue-green one, respectively.
In Table A.1 we collect all the details about the cuts on the colour-colour plot of each galaxy cluster, and every cut is made as
follows: we choose the galaxies with Ak(V − I) + Bk ≤ B − R ≤ Ak(V − I) + Bk+Offset, where Ak, Bk, and "Offset" are different
coefficients for each region, and where V−I spans in the intervals specified in Table A.1. The purity of the selection is then
computed as the ratio between the number of cluster members and the total number of spectroscopic objects in the region.

(2) The second cut is applied on the subsample of galaxies selected from the first cut, and it is done by looking at the R magnitude
versus B−R colour plot. Here the main target of the cut is to eliminate carefully the brightest non-member galaxies, that clearly
are at lower redshifts than the cluster members. As we did for the first cut, we collect in Table A.2 the details of the final cut made
on each galaxy cluster, in which we choose the galaxies that follow the selection rule B−R≥ min{AfinalR+Bfinal, B − R threshold}.
We also report the new purities, recomputed after this second cut.

We report in Fig. A.1 an example of the two colour cuts that we apply on AS1063: in the left panel we depict the first cut on the
colour-colour plane, while in the right panel we show the second cut in the colour-magnitude plane. The details of every cut can be
found in Table A.1, in which we also report the purities of the selected subsamples. We remark that although we find an average
purity of ∼ 50%, it is almost impossible to achieve better values because of the lack of spectroscopic coverage on the outskirts
of the considered cluster. Since in these regions the interloper fraction is higher, but also the fraction of blue cluster members, the
purity of the blue cluster member population is expected to be lower than that of the red population. Hence, in the blue part of the
colour-colour plot we have far less cluster members among the spectroscopic objects, and this heavily affects our average purity. On
the other hand, in the red part of the colour-colour plot the purities can easily reach values of ∼ 80%, since in the inner regions of the
considered clusters (mostly populated by red galaxies) we have a higher chance that a spectrograph pointing catches the majority
of cluster members. This purity issue is the reason why we do the second colour-magnitude cut, that allows us to raise the purity by
some percentage points, as we show in Table A.2.

Table A.1. Values of the parameters employed for the first (colour-colour) cut.

Cluster Blue region Red region Overall Purity
V − I interval Ablue Bblue Offset Purity V − I interval Ared Bred Offset Purity

A383 [0.28, 0.55] 0.93 0.49 0.2 27% [0.55, 0.93] 2.5 −0.375 0.3 36% 33%
A209 [0.3, 0.6] 1.67 0.10 0.2 38% [0.6, 0.95] 1.43 0.24 0.7 80% 72%
R2129 [0.45, 0.75] 1.33 0.15 0.2 17% [0.75, 1.15] 1.88 −0.16 0.25 62% 45%

MS2137 [0.5, 1.1] 1.08 0.21 0.2 29% [1.1, 1.55] 1.27 0.01 0.25 71% 46%
AS1063 [0.25, 1.15] 0.78 0.36 0.35 34% [1.15, 1.8] 1.08 0.01 0.95 81% 57%
M1115 [0.3, 1.0] 0.86 0.64 0.2 31% [1.0, 2.1] 1.33 0.17 0.5 78% 51%
M1931 [0.4, 1.15] 0.93 0.73 0.15 26% [1.15, 1.57] 0.95 0.80 0.3 75% 50%
M1206 [0.8, 1.55] 0.93 0.00 0.25 42% [1.55, 2.05] 1.30 −0.52 0.45 84% 66%
M0329 [0.35, 1.3] 0.79 0.47 0.15 38% [1.3, 1.7] 1.00 0.40 0.5 71% 53%

Notes. We list the intervals, the inclinations and the resulting purities of the selection for both the red and the blue region of the colour-colour
plane (see text). In the last column, we report the combined purity computed as the ratio between the number of cluster members and the total
number of spectroscopic objects in the region.

Table A.2. Values of the parameters employed for the second cut.

Cluster Afinal Bfinal B−R threshold Final Purity

A383 −0.44 10.2 1.7 34%
A209 −0.24 6.0 1.6 73%
R2129 −0.40 9.5 1.85 53%

MS2137 −0.44 10.2 1.8 52%
AS1063 −0.59 13.3 1.7 60%
M1115 −0.49 11.3 1.8 56%
M1931 −0.59 13.6 2.0 56%
M1206 −0.88 19.4 1.7 70%
M0329 −0.44 10.4 1.7 60%

Notes. In the last column, we report the overall purity, that improves from the previous cut (see Table A.1) for all the considered clusters.
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Fig. A.1. Colour cuts operated on the AS1063 catalogues. In the left panel, we report the first cut (grey region marked by black boundaries) in
the colour-colour plane V−I versus B−R. In the right panel, we report the cut (second cut), operated in the R band magnitude versus B−R colour
plane, of the subsample extracted from the first cut. The selected objects in this panel are those above the black line. The "all-matched" entry in
the legend, corresponding to the red points, indicates the objects in the photometric catalogue that have a match in the spectroscopic catalogue.

Appendix B: Supplementary plots and tables of the MAMPOSSt analysis

Here, we report supplementary plots and tables of the MAMPOSSt analysis. In Fig. B.1 we plot the fitted N(R) profiles employed by
MG-MAMPOSSt. In Figs. B.2 and B.3 we show the results for, respectively, the gOM and gT anisotropy model of the major galaxy
populations, while in Figs. B.4 and B.5 we show the corresponding minor population plots. We also report in Tables B.1 and B.2
the median values of β0 and β∞ with the corresponding 1σ confidence intervals.
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Fig. B.1. Projected number density profiles, N(R), for all the considered subsamples of galaxy populations after stacking. In the left panel, we
show the N(R) of the main galaxy populations (all red galaxies, all blue galaxies, etc), as well as the N(R) of the whole sample of selected cluster
members. In the right panel, we show the four subcategories of the main populations (red with high M∗, blue with low M∗, etc)

Appendix C: JE full results and error dissection plots

In Fig. C.1 we report the full set of results for the JI analysis. We analyse the JI total error budget by splitting the systematic
and the statistical components. For the systematics, we compute 250 alternative β(r) profiles by varying the values of the set of
arbitrarily chosen parameters: we extract from a uniform distribution the values of ξ, f , Rinf , and the smoothing factors for N(R) and
σlos(R), while we extract the values of the total mass profile scale radius from a Gaussian distribution, centred on the best-fit value
of the scale radius and with the error on such scale radius as its standard deviation. For the statistical errors, we generate 250 new
N(R) and σlos(R) profiles through a bootstrap technique, and, consequently, we compute the corresponding β(r) profiles. Finally, to
evaluate the general (statistical + systematics) confidence intervals, we compute 250 alternative β(r) profiles made by picking N(R)
and σlos(R) from the bootstrapped sample and by extracting the arbitrary parameters from their assigned distribution. For all of these
sets of β(r), we take the interval between the 16th and the 84th percentile of the values of the newly generated β(r) at every radius,
and we consider it as the 1σ confidence interval of that kind of error. An example of his operation is shown in Fig. C.2.
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Fig. B.2. Results of the gOM anisotropy model for the major cluster member populations. In the left column, we show the β(r) values, while, on
the right one, we plot those of β′(r) = σr/σϑ. The four rows are organised to distinguish the different mass and number density models adopted
in each situation, and they are specified on the label of each vertical axis. The shadowed region represents the 1σ confidence interval, while the
yellow line represents the R200c of the stacked cluster.
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Fig. B.3. Results of the gT anisotropy model for the major cluster member populations. See Fig. B.2 for further details.
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Fig. B.4. Results of the gOM anisotropy model for the minor cluster member populations. See Fig. B.2 for further details.
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Fig. B.5. Results of the gT anisotropy model for the minor cluster member populations. See Fig. B.2 for further details.
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Fig. C.1. Results of the JI method for all cluster member populations. In the left column, we show the β(r) values, while on the right one we plot
those of β′(r) = σr/σϑ. In the upper half of this figure (see label of each vertical axis), results are based on a NFW total mass profile, while in the
lower half on Hernquist profile. The shaded regions represent the 1σ confidence intervals (see Sect. 7.4.1 for further details), while the yellow line
represents the R200c of the stacked cluster.
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Table B.1. Best-fit values of β0 and β∞ for the major galaxy populations.

gT All Red Blue High M∗ Low M∗
M(r) N(R) β0 β∞ β0 β∞ β0 β∞ β0 β∞ β0 β∞

NFW NFW 0.49+0.12
−0.15 0.82+0.07

−0.08 0.46+0.14
−0.16 0.85+0.07

−0.08 0.48+0.18
−0.29 0.67+0.12

−0.13 0.50+0.15
−0.19 0.79+0.08

−0.09 0.32+0.15
−0.17 0.95+0.03

−0.07
NFW HERN 0.34+0.06

−0.07 0.98+0.01
−0.02 0.44+0.08

−0.10 0.98+0.01
−0.03 0.37+0.24

−0.36 0.74+0.15
−0.14 0.41+0.09

−0.10 0.95+0.03
−0.07 0.28+0.10

−0.11 0.98+0.01
−0.02

HERN NFW 0.49+0.11
−0.12 0.88+0.08

−0.09 0.44+0.12
−0.14 0.95+0.03

−0.06 0.46+0.20
−0.32 0.73+0.17

−0.17 0.50+0.14
−0.16 0.87+0.09

−0.10 0.43+0.12
−0.12 0.95+0.03

−0.07
HERN HERN 0.43+0.06

−0.06 0.98+0.01
−0.03 0.53+0.06

−0.07 0.98+0.01
−0.02 0.44+0.20

−0.28 0.74+0.18
−0.17 0.48+0.08

−0.08 0.96+0.02
−0.07 0.39+0.09

−0.09 0.98+0.01
−0.02

gOM All Red Blue High M∗ Low M∗
M(r) N(R) β0 β∞ β0 β∞ β0 β∞ β0 β∞ β0 β∞
NFW NFW 0.57+0.08

−0.09 0.75+0.04
−0.05 0.53+0.11

−0.13 0.78+0.05
−0.06 0.54+0.14

−0.20 0.62+0.08
−0.09 0.59+0.10

−0.13 0.73+0.05
−0.06 0.44+0.12

−0.16 0.85+0.06
−0.06

NFW HERN 0.40+0.06
−0.07 0.95+0.03

−0.04 0.50+0.07
−0.08 0.97+0.02

−0.04 0.51+0.14
−0.19 0.64+0.08

−0.08 0.50+0.08
−0.09 0.86+0.07

−0.07 0.31+0.10
−0.10 0.97+0.01

−0.03
HERN NFW 0.58+0.07

−0.08 0.79+0.05
−0.05 0.56+0.09

−0.11 0.85+0.04
−0.05 0.56+0.12

−0.17 0.64+0.09
−0.10 0.62+0.08

−0.10 0.77+0.06
−0.06 0.48+0.11

−0.13 0.89+0.06
−0.07

HERN HERN 0.48+0.05
−0.06 0.96+0.02

−0.04 0.57+0.06
−0.07 0.97+0.01

−0.03 0.54+0.13
−0.16 0.66+0.10

−0.10 0.55+0.07
−0.08 0.90+0.06

−0.08 0.42+0.08
−0.09 0.98+0.01

−0.03

Notes. We report every combination of mass, surface number density, and velocity anisotropy model, as well as the 1σ confidence intervals of
each value.

Table B.2. Best-fit values of β0 and β∞ for the minor galaxy populations.

gT Red, high M∗ Blue, high M∗ Red, low M∗ Blue, low M∗
M(r) N(R) β0 β∞ β0 β∞ β0 β∞ β0 β∞

NFW NFW 0.57+0.13
−0.18 0.77+0.10

−0.11 0.52+0.17
−0.26 0.75+0.13

−0.13 0.42+0.14
−0.17 0.97+0.02

−0.04 0.27+0.33
−0.55 0.66+0.15

−0.17
NFW HERN 0.36+0.16

−0.23 0.96+0.02
−0.07 0.46+0.20

−0.27 0.83+0.13
−0.16 0.43+0.10

−0.13 0.98+0.01
−0.02 0.13+0.41

−0.59 0.73+0.16
−0.18

HERN NFW 0.43+0.19
−0.28 0.86+0.09

−0.14 0.46+0.20
−0.27 0.85+0.11

−0.17 0.50+0.11
−0.15 0.97+0.01

−0.03 0.01+0.49
−0.52 0.84+0.13

−0.25
HERN HERN 0.50+0.11

−0.16 0.97+0.02
−0.06 0.49+0.17

−0.22 0.86+0.10
−0.16 0.54+0.07

−0.08 0.98+0.01
−0.02 0.08+0.45

−0.47 0.82+0.15
−0.26

gOM Red, high M∗ Blue, high M∗ Red, low M∗ Blue, low M∗
M(r) N(R) β0 β∞ β0 β∞ β0 β∞ β0 β∞
NFW NFW 0.60+0.11

−0.15 0.73+0.08
−0.09 0.59+0.12

−0.19 0.69+0.09
−0.11 0.46+0.13

−0.17 0.92+0.04
−0.06 0.36+0.26

−0.48 0.59+0.09
−0.10

NFW HERN 0.50+0.10
−0.13 0.93+0.05

−0.09 0.57+0.13
−0.20 0.73+0.10

−0.11 0.46+0.09
−0.11 0.98+0.01

−0.02 0.29+0.30
−0.55 0.62+0.10

−0.11
HERN NFW 0.56+0.13

−0.21 0.76+0.09
−0.13 0.60+0.11

−0.18 0.73+0.10
−0.12 0.53+0.11

−0.13 0.96+0.02
−0.04 0.33+0.28

−0.61 0.65+0.14
−0.14

HERN HERN 0.57+0.09
−0.11 0.96+0.03

−0.06 0.59+0.12
−0.18 0.76+0.12

−0.13 0.56+0.07
−0.09 0.98+0.01

−0.02 0.30+0.28
−0.56 0.66+0.14

−0.15

Notes. We report every combination of mass, surface number density, and velocity anisotropy model, as well as the 1σ confidence intervals of
each value.

0.0 0.5 1.0 1.5 2.0 2.5

Radius [Mpc]

0.3

0.4

0.5

0.6

0.7

0.8

0.9

β

β profile with NFW; all members, high masses

Chosen features

Params 1σ

Bootstrap 1σ

Total 1σ

0.0 0.5 1.0 1.5 2.0 2.5

Radius [Mpc]

1.2

1.4

1.6

1.8

2.0

2.2

2.4

β
’

β’ profile with NFW; all members, high masses

Chosen features

Params 1σ

Bootstrap 1σ

Total 1σ

Fig. C.2. Dissection of the JI confidence intervals for the whole HM galaxy population (see Sect. 7.4.1). The dashed green lines represent the
systematic uncertainty, while the dashed blue lines represent the uncertainty from bootstrapping both N(R) and σlos(R). The dashed red lines and
the red shaded region mark the overall 1σ confidence interval. The vertical black line represents the R200c of the stacked cluster.

A264, page 20 of 20


	Introduction
	Datasets
	Photometric data
	Spectroscopic data

	Membership and completeness
	Member selection
	Spectroscopic completeness and number density profile

	Colour and mass sub-sampling
	Colour subdivision
	Mass subdivision

	Methods of the dynamical analysis
	Parametric analysis with MAMPOSSt
	Numeric Jeans inversion
	Extrapolation of N(R) and los(R)
	Ensemble mass profile


	Results
	MAMPOSSt results
	Major populations
	Minor populations

	Jeans inversion results

	Discussion
	Orbital evolution and cluster history
	Method comparison
	General interpretation
	Insight into the methodologies
	Jeans inversion error contributions
	Variance of the cluster sample


	Summary and conclusions
	References
	Colour cuts for completeness
	Supplementary plots and tables of the MAMPOSSt analysis
	JE full results and error dissection plots

