
A&A 676, A66 (2023)
https://doi.org/10.1051/0004-6361/202346226
c� The Authors 2023

Astronomy
&Astrophysics

Dynamics of the galactic component of Abell S1063 and
MACS J1206.2�0847

G. Ferrami1,2, G. Bertin1, C. Grillo1,3, A. Mercurio4,5, and P. Rosati6

1 Dipartimento di Fisica, Universitá degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy
2 School of Physics, University of Melbourne, Parkville, VIC 3010, Australia

e-mail: gferrami@student.unimelb.edu.au
3 INAF-IASF Milano, Via A. Corti 12, 20133 Milano, Italy
4 Dipartimento di Fisica “E.R. Caianiello”, Universitá degli Studi di Salerno, Via Giovanni Paolo II 132, I-84084 Fisciano, SA, Italy
5 INAF-Osservatorio Astronomico di Capodimonte, Via Moiariello 16, 80131 Napoli, Italy
6 Dipartimento di Fisica e Scienze della Terra, Universitá degli Studi di Ferrara, Via Saragat 1, 44122 Ferrara, Italy

Received 23 February 2023 / Accepted 8 June 2023

ABSTRACT

Context. The galactic component in clusters is commonly thought to be generally nonrotating and in a dynamical state di↵erent from
that of a collisionally relaxed system. In practice, a test for such conditions is often not available.
Aims. We consider the member galaxies of the two clusters Abell S1063 and MACS J1206.2�0847 and study the possible presence
of mean rotation and some properties of their distribution in phase space. We look for empirical evidence of factors normally found
in collisionally relaxed systems and other characteristics of violently relaxed collisionless systems.
Methods. Starting from the CLASH-VLT data, we obtained positions, stellar masses, and individual line-of-sight velocities for a
large number of galaxies (NAS1063 ⇡ 1200 and NM1206 ⇡ 650) extending out to ⇡1.6 (Abell) and ⇡2.5 (MACS) times the radius r200.
We studied the spatial distribution of the galaxy velocities and the properties of the available galaxy sets when divided into stellar
mass bins. To test the presence of velocity dispersion anisotropy, we compared the results based on the Jeans equations with those
obtained by assuming a specific form of the galaxy distribution function incorporating the picture of violent relaxation, where the
total gravitational potential is imposed as set by the available gravitational lensing observations.
Results. We find evidence of systematic rotation in both clusters, with significant rotation in each core (within 0.50 from the center)
and no signatures of rotation at large radii. While no signs of energy equipartition were found, there is a clear indication of (stellar)
mass segregation. Velocity dispersion anisotropy is present and qualitatively similar to what has been found in violently relaxed
collisionless systems. This last conclusion is strengthened by the overall success in matching the observations with the predictions of
the physically justified distribution function.

Key words. galaxies: clusters: individual: Abell S1063 – galaxies: clusters: individual: MACS J1206.2�0847 –
galaxies: kinematics and dynamics

1. Introduction

Clusters of galaxies are the largest gravitationally bound struc-
tures in the universe. Their total mass is made of three main com-
ponents: a dark matter (DM) halo, a hot and optically thin plasma
(the intracluster medium, or ICM), and hundreds or thousands
of galaxies (with their baryonic and dark constituents). The tem-
perature of the ICM is consistent with the observed line-of-sight
velocities of galaxies and suggests that the two visible compo-
nents are in a state of quasi-equilibrium within a common grav-
itational potential well. The mass of galaxies and hot plasma is
not su�cient to explain the depth of the potential well, which
implies that most of the mass in clusters is in the form of DM
(Bahcall 1977; Kravtsov & Borgani 2012). Apparently, the lumi-
nous stellar component is just a tracer of the total gravitational
field in clusters because up to 85% of the total mass of a cluster
is in the form of DM, whereas the mass of the ICM is generally
thought to exceed that of the galactic component, as shown in
studies that combine gravitational lensing and hydrostatic ICM
models (e.g., see Bonamigo et al. 2018; Sartoris et al. 2020).

Of course, the interplay between shapes, angular momentum,
and velocity dispersion anisotropy (also referred to as pressure

anisotropy) of the three main components of clusters can pro-
vide important clues for the interpretation of specific cases but
can also be a source of enormous complexity. Therefore, it is
very important to have a clear empirical determination of the
dynamical state of the visible components, that is, galaxies and
the ICM. Examples that may give an idea of how vast the gen-
eral research area related to these concepts is include the fol-
lowing. In cosmology, we would like to clarify the role of tidal
torques on the angular momentum of structures formed in the
course of evolution through theoretical arguments (see Peebles
1969), simulations (e.g., see Bailin & Steinmetz 2005), or obser-
vations (e.g., see Wang et al. 2021). In the galactic context, under
the assumption that the hot X-ray emitting plasma is in hydro-
static equilibrium and traces the underlying potential well, great
expectations have been placed on interpreting the observed mis-
alignment between X-ray isophotes and stellar isophotes (for
example, in NGC 720) as indications of the presence of a signif-
icant DM halo (Buote & Canizares 1994; but see the following
studies by Buote et al. 2002 and Humphrey et al. 2011). Sim-
ilar investigations have also been performed in the context of
clusters of galaxies (for 5 Abell clusters; see Buote & Canizares
1992). However, it is not clear whether the assumption of
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hydrostatic equilibrium for the hot plasma is justified. In fact,
attempts have recently been made at determining the conditions
for a direct measurement of an appreciable rotation in the ICM
(Bianconi et al. 2013; Liu & Tozzi 2019).

Coming now to the focus of the present paper, three main
facts set the dynamics of the galactic component of clusters of
galaxies, as N-body systems, well apart from the dynamics of
other gravitating systems (such as elliptical galaxies or globular
clusters): the number of galaxies in clusters is rather small; some
relevant timescales (in particular, dynamical time, classical relax-
ation time, and age) are often not well separated from one another;
and the galaxies are a minority component that contributes little
to the total gravitational field. Furthermore, especially for distant
clusters, we have only recently achieved the capability of collect-
ing accurate and reasonably complete kinematical data for their
galaxies and making an accurate measurement of the total grav-
itational field. Under these circumstances, it is natural that some
questions related to the dynamical state of the galactic compo-
nent, de facto already posed almost a century ago by Zwicky
(1933) and Smith (1936), still remain unanswered.

Thus, we are interested in whether there are clusters in
which galaxies are endowed with significant amounts of total
orbital angular momentum (i.e., mean rotation). Flattening is
often caused by rotation, but we know that, in general, bright
ellipticals (collisionless stellar systems) are not flattened by rota-
tion. Moreover, when examined in detail, rather round globu-
lar clusters (weakly collisional stellar systems), such as M 15,
47 Tuc, and (the basically collisionless) ! Cen (e.g., see the
Bianchini et al. 2013) have recently been found to show clear
evidence of rotation. The detailed origin of the flattening of the
galactic component of clusters is still an open problem.

After the pioneering work of the 1930s (Smith 1936 drew his
conclusions on the absence of mean rotation in the Virgo cluster
based on only 32 kinematical data points), early studies on the
galactic component of nearby rich clusters tended to rule out the
presence of internal mean motions (e.g., for the highly flattened
cluster A2029, see Dressler 1981). Actually, indications of rota-
tion were claimed in some cases. The possibility of slow rotation
for the Coma cluster was noted by Gregory & Ti↵t (1975) and
for SC0316-44 by Materne & Hopp (1983). A recent survey per-
formed by Hwang & Lee (2007) on the kinematics of the galactic
component in 56 rich Abell clusters (starting from a survey on
the galactic membership of 899 clusters) found 12 system candi-
dates to be in significant rotation (in that case, the significance of
rotation was defined by a threshold set arbitrarily by the authors).
Curiously, for these 12 clusters, the position angles of the minor
axes of the isophotes of the visible component distributions do
not appear to correlate with the position angles of the identified
rotation axes.

Other open questions (largely independent of the issue of
rotation) are related to the relaxation state of the galactic com-
ponent of clusters. Presumably, galaxies should be treated as
a collisionless component (see for example Bahcall 1977 and
Sarazin 1988). Given their apparent quasi-equilibrium state, we
do not actually know whether their phase-space properties gen-
erally conform to the paradigm of incomplete violent relaxation
(see Lynden-Bell 1967; van Albada 1982) or, for some reason,
they happen to conform to properties naturally expected in more
collisional systems. Given the rather small number of galaxies
that are involved, we lack rigorous, decisive theoretical argu-
ments in favor of one definite scenario, and thus we may prefer
to look for answers by means of a direct empirical approach. In
particular, collisional systems are expected to evolve toward a
dynamical state characterized by isotropic velocity dispersion,

energy equipartition, and mass segregation. In contrast, colli-
sionless systems should behave di↵erently. We are interested in
identifying empirical signs that make the galactic component of
clusters closer to a collisional stellar system, or rather to the
products of a collisionless collapse.

Of course, some di↵erences in the galactic populations of
clusters may have a di↵erent origin related to processes of for-
mation and mergers that need not be associated with the dynam-
ics of N-body systems and the role of galaxy–galaxy collisions in
the context of classical relaxation. In any case, a clarification of
the general dynamical state of the galactic component is desired.
Further support for this last statement is obtained when recall-
ing that several morphological classifications of galaxy clusters
have been proposed, mainly based on the properties of the galac-
tic component as seen projected along the line of sight. Clus-
ters can be arranged on a scale ranging from regular to irregular.
For example, Zwicky et al. (1961) classified clusters as compact,
medium compact, or open based on the concentration of galaxies
projected on the sky. Bautz & Morgan (1970) gave a classifica-
tion system based on the degree to which the cluster is dominated
by its brightest galaxies. Bahcall (1977) reported no evidence of
segregation in regular clusters at magnitudes fainter than 2 mag
below the brightest cluster galaxy (BCG). The irregular, spiral-
rich clusters showed no evidence of mass segregation at any of
the studied magnitude intervals in Bahcall (1977).

The objective of this paper is to study the dynamical state
of the galactic component of two clusters, Abell S1063 and
MACS J1206, at z ⇡ 0.4. Accurate and radially extended pho-
tometric and spectroscopic observations are available for each
cluster, and the structure of the two clusters has been studied
previously in great detail. Their visible components are signifi-
cantly flattened. In one case, the observed kinematics have been
argued to reflect the presence of a recent merger, but the two
systems otherwise appear to be characterized by remarkable reg-
ularity. In particular, as illustrated by Fig. 2 in Bonamigo et al.
(2018), the distributions of the DM, ICM, and galactic compo-
nents are very well aligned with each other and associated with
a well-defined common center.

In this paper, we focus on two specific points: the possi-
ble presence of mean rotation and selected empirical signatures
of the type of relaxation that characterizes the galactic com-
ponent quasi-equilibrium state (i.e., mass segregation, energy
equipartition, and velocity dispersion anisotropy). In this study
we found evidence of mean rotation and energy equipartition,
but we also found significant evidence of mass segregation. As
to the velocity space distribution, we resorted to two di↵erent
continuum descriptions within idealized spherically symmetric
models. First, we examined the available galaxy line-of-sight
velocity distribution by means of the Jeans equations and obtained
indications regarding the relevant anisotropy dispersion profile.
Because the qualitative behavior that was found is similar to that
occurring in stellar systems formed by incomplete violent relax-
ation, we then proceeded to apply a second method of investi-
gation by assuming that the galactic component can be described
by a physically justified distribution function, which in other con-
texts is known to incorporate the main features of the process of
collisionless violent relaxation. The novel aspect of the method
is that the total gravitational potential in the distribution function
is provided empirically and imposed as an external potential on
the basis of the modeling carried out separately for the two clus-
ters (using gravitational lensing information). The two di↵erent
approaches support each other and confirm that the phase-space
properties of the two clusters are qualitatively similar to those that
characterize the products of incomplete violent relaxation.
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This paper is organized as follows. In Sect. 2, we present
the photometric and spectroscopic data used in our investigation.
In Sect. 3, we summarize some basic properties of the galactic
component. In particular, we describe the projected density and
line-of-sight velocity dispersion profiles of the two clusters. In
Sect. 4, we test the possible presence of mean rotation in three
ways. In Sect. 5, we examine the possible presence of energy
equipartition and (stellar) mass segregation. In Sect. 6, we apply
the two dynamical models, one based on the Jeans equations and
one bbased on a specific form of the galaxy distribution func-
tion, to fit the available data. A discussion and conclusions are
presented in Sect. 7.

Throughout this paper, we adopt H0 = 70 km s�1 Mpc�1,
⌦m = 0.3, and⌦⇤ = 0.7. At the clusters redshift, 1 arcmin corre-
sponds to 0.29 Mpc (AS1063, z = 0.35) and 0.35 Mpc (M1206,
z = 0.44).

2. Data sample

The data used in this paper rely mostly on the outcome of
the CLASH-VLT project, presented in Rosati et al. (2014). The
CLASH-VLT program builds upon the Cluster Lensing And
Supernova survey with Hubble (CLASH) project (Postman et al.
2012), a panchromatic, photometric survey that collected obser-
vations from the near-ultraviolet to the near-infrared of 25 mas-
sive clusters of galaxies at a median redshift of z ⇡ 0.4.
The CLASH-VLT program performed a spectroscopic cam-
paign with the VIsible MultiObject Spectrograph (VIMOS)
instrument, a wide field imager and multi-object spectrograph
(Le Fèvre et al. 2003), mounted on the Very Large Telescope
(VLT) to identify cluster members and lens multiple images
associated with the subsample of 13 clusters from CLASH visi-
ble from the Atacama sky.

The CLASH-VLT campaign was significantly enhanced and
complemented in the cluster core by the observations collected
with the integral field spectrograph Multi Unit Spectroscopic
Explorer (MUSE) (Bacon et al. 2010). This dataset o↵ers the
opportunity of trying to answer some of the still open questions
discussed in this paper since it contains as much information as
currently available on the dynamics of the galactic component of
clusters of galaxies.

The two clusters analyzed in this work, Abell S1063 and
MACS J1206.2�0847, were chosen because they are some of
the best studied objects in the CLASH-VLT sample, and they
both have additional observations with other spectrographs. Both
clusters have large-field photometry in the Rc band, performed
with the Wide Field Imager (WFI) at the MPG/ESO telescope
(Baade et al. 1999) for Abell S1063 and with the Suprime-Cam
(Miyazaki et al. 2002) on SUBARU telescope (Umetsu et al.
2012) for MACS J1206.2�0847. Bonamigo et al. (2018) showed
that the DM, ICM, and galactic components of both clusters are
almost perfectly concentric (within ⇡10 kpc).

Abell S1063 is an intermediate symmetry I-II Bautz-Morgan
type cluster (Abell et al. 1989). MACS J1206.2�0847 has been
found to be an optically very rich system with a single domi-
nant central galaxy and no obvious subclustering (Ebeling et al.
2009), making it a likely Bautz-Morgan type I cluster. Figure 1
shows a view of the member galaxies of Abell S1063 and
MACS J1206.2�0847.

2.1. Abell S1063 data

The cluster Abell S1063 (also known as RXC J2248.7�4431,
labeled as AS1063) was first observed by Abell et al. (1989)

and subsequently studied in detail as part of the CLASH and
CLASH-VLT campaigns as well as by the Hubble Frontier
Fields program of Lotz et al. (2017). AS1063 is a massive clus-
ter (Sartoris et al. 2020 estimated a virial value of about 2 ⇥
1015

M�) at redshift z = 0.35. Although the cluster has a regu-
lar shape, Gómez et al. (2012) and Rahaman et al. (2021) found
from X-ray flux analyses that it may have recently undergone
an o↵-axis merger. This hypothesis is challenged by the con-
centric distributions of the di↵erent mass components found
by Bonamigo et al. (2018) (see also Beauchesne et al. 2023 for
an independent X-ray and strong lensing analysis). The ICM
in this cluster reaches temperature values of kBT ⇡ 12 keV.
AS1063 is an optimal gravitational lens that presents a set
of 55 spectroscopically confirmed multiple images from 20
background sources distributed over a wide range of redshifts
(0.73 < zsource < 6.11, see Caminha et al. 2016). The CLASH-
VLT spectroscopic campaign yielded 3607 reliable redshifts,
measured over a region of ⇡25 ⇥ 25 arcmin2, 1109 of which
are classified as cluster members according to techniques that
use the projected phase-space distribution of galaxies around
the median redshift value z = 0.3457 ± 0.0001 of the clus-
ter (Mercurio et al. 2021). The catalog of cluster members and
multiply lensed sources resulting from MUSE observations in
the 1 ⇥ 2 arcmin2 central region was presented in Caminha et al.
(2016), along with the first cluster strong lensing model. The
full catalog was presented in Mercurio et al. (2021). The MUSE
data provided 175 new secure redshifts, 104 of which are clas-
sified as cluster galaxies. By considering 21 additional redshifts
from the literature (for more information about the data sam-
ple, see Sect. 2 in Sartoris et al. 2020), a total of 3850 spectro-
scopic redshifts were analyzed, and 1234 cluster members were
selected for the dynamical analysis presented in that work (see
also Mercurio et al. 2021). Additional photometric data, col-
lected through the WFI, were necessary to measure the values
of stellar mass of the cluster member galaxies from compos-
ite stellar population models. In the following analysis, we use
the set of 1215 spectroscopically confirmed member galaxies
with a stellar mass estimate. Following Mercurio et al. (2021),
we inferred the stellar mass of the member galaxies from the
information on the spectral energy distribution (SED) given by
the available multiband photometry using composite stellar pop-
ulation models based on Bruzual & Charlot (2003) templates.
The stellar mass values were estimated by assuming a Salpeter
(1955) stellar Initial Mass Function (IMF), a delayed exponential
star formation history, solar metallicity, and the presence of dust
according to Calzetti et al. (2000). The radial completeness of
our spectroscopic sample is discussed in Mercurio et al. (2021)
and summarized in Table 1. The completeness of the sample is
defined as the percentage of the cluster members with appar-
ent magnitudes in the range 18.0 < mRc

< 23.0, which were
spectroscopically observed during the survey. The completeness
decreases with the projected distance from the cluster center. In
Appendix B, we test the robustness of our sample by running the
same analysis on the subsample of cluster members with appar-
ent magnitudes in the range 18.0 < mRc

< 22.0.

2.2. MACS J1206.2�0847 data

The cluster MACS J1206.2�0847 (M1206, hereafter) was
observed with the Hubble Space Telescope during the CLASH
survey and then with the VLT/VIMOS as part of the CLASH-
VLT program. The full redshift VIMOS catalog of MACS1206
consists of 3292 objects with measured redshifts mostly acquired
as part of our ESO Large Programme 186.A-0798 (P.I.: Piero

A66, page 3 of 17



Ferrami, G., et al.: A&A 676, A66 (2023)

Fig. 1. View of the cluster members of Abell S1063 (left) and MACS J1206.2�0847 (right). The gray scale background image on the left (right)
is the WFI (SUBARU) observation in the Rc band spanning an area of ⇡25 ⇥ 25 arcmin2. The member galaxies are plotted as colored dots. The
colors correspond to the stellar mass values of each galaxy as reported in the color bar. The three concentric yellow circles represent the distances
of 1.5, 3, and 4.5 Mpc (1, 3, and 5 Mpc) from the cluster center identified with the BCG. The green rectangle represents the ⇡1 ⇥ 2 arcmin2

(⇡1 ⇥ 2.63 arcmin2) area covered by the MUSE spectroscopic follow-up on the inner regions of the cluster.

Table 1. Completeness of AS1063 spectroscopic sample.

Radial interval 0 < R

(1 Mpc) < 0.25 0.25 < R

(1 Mpc) < 1 1 < R

(1 Mpc) < 2.75

Completeness 100% ⇡80% ⇡75%

Notes. The radial completeness of the spectroscopic sample up to Rc = 23.0 mag. More details are given in Mercurio et al. (2021). The typical
error on the completeness percentage is ⇡5%.

Rosati). Additional archival VIMOS data have been homo-
geneously reduced from programs 169.A-0595 (P.I.: Hans
Böhringer) and 082.A-0922 (P.I. Mike Lerchster). M1206 is a
massive galaxy cluster (Biviano et al. 2013 estimated a virial
mass of 1.4 ⇥ 1015

M�) at redshift z = 0.4398 ± 0.0002
(Girardi et al. 2015). The cluster has a regular shape, presents
a bright BCG, and its ICM has a temperature of kBT ⇡ 11.6 keV
(see Ebeling et al. 2009). A combined analysis of strong and
weak lensing, X-ray surface brightness and temperature, and the
Sunyaev-Zel’dovich e↵ect (see Sereno et al. 2017 and Chiu et al.
2018) showed that the gas component of M1206 is remark-
ably regular and in hydrostatic equilibrium. M1206 is an excel-
lent gravitational lens that presents 82 spectroscopic multiple
images belonging to 27 families spanning the redshift range
1.0 < zsource < 6.1 (see Caminha et al. 2017). For this clus-
ter, we merged two datasets taken from Biviano et al. (2013)
and Caminha et al. (2017). Biviano et al. (2013) obtained a final
catalog containing 2749 objects with reliable redshifts. Start-
ing from this, the authors adopted a combination of two algo-
rithms, the “Peak+Gap” method from Fadda et al. (1996) and
the “Clean” method from Mamon et al. (2013), to identify the
spectroscopic members of the cluster. They obtained a sam-
ple of 592 member galaxies (see also Annunziatella et al. 2014
for more information on this dataset). An additional 141 galax-
ies were observed with VLT/MUSE in the inner regions of the
cluster and were spectroscopically confirmed as members of
M1206 (see Caminha et al. 2017). By merging these two cata-
logs, we found that 44 members are in common between the
two, thus bringing the final total number of member galaxies to
689. Photometric data in five bands (B, V , Rc, Ic, z

0) obtained

with SUBARU are available for 658 of the 689 spectroscopi-
cally confirmed members. We used this multiband photometric
data to extend the catalog obtained in Annunziatella et al. (2014)
that reports the stellar masses of 497 of these cluster members,
adopting their fitting technique on the SED performed with the
code MAGPHYS (da Cunha et al. 2008). This code is based on
the stellar population synthesis models by Bruzual & Charlot
(2003), with a Chabrier (2003) stellar IMF, a continuum star for-
mation rate with superimposed random bursts, metallicity values
between 0.02 and 2 solar, and the dust model of Charlot & Fall
(2000). We converted the stellar mass values from a Chabrier
to a Salpeter IMF (Madau & Dickinson 2014) to properly com-
pare the stellar mass distributions of the two clusters. The com-
pleteness of the VIMOS sample is discussed in Biviano et al.
(2013), while the galaxy sample observed with the MUSE instru-
ment is approximately 100% complete in the magnitude range
18.0 < mRc

< 23.0.

3. Basic properties of the galactic component

From the data presented in the previous section, we derived some
basic properties of the galactic component of the two clusters,
in particular, the line-of-sight velocity and stellar mass distri-
butions. In addition, after a standard circularization, we derived
the related surface number density and velocity dispersion
profiles.

The velocity distributions for the two clusters are plotted in
Fig. 2. The velocity distribution of AS1063 exhibits two peaks
that are approximately 1000 km s�1 apart. The separation of the
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Fig. 2. Line-of-sight velocity distribution for the member galaxies of
the two clusters. The vertical dashed lines represent the corresponding
velocity dispersion �los. The binning procedure consisted of dividing
the range of observed line-of-sight velocities in bins of 200 km s�1.

two peaks could indicate the presence of overall rotation or
the existence of two di↵erent structures undergoing a merging
phase; it might also just be an artifact related to the adopted
binning. To test whether the two peaks in the velocity distribu-
tion of AS1063 are related to a bimodal distribution, we per-
formed the so-called dip test developed by Hartigan & Hartigan
(1985), which measures unimodality in a sample by the max-
imum di↵erence over all sample points between the empirical
distribution function and the unimodal distribution function that
minimizes that maximum di↵erence. The dip test gave a p-value
of 0.976, suggesting that the distribution is compatible with a
single Gaussian distribution. Other tests would thus be required
to study the possible presence of rotation (see Sect. 4) or merg-
ing. Furthermore, the dip test encourages us to consider the stan-
dard deviation of a Gaussian as a good choice for the global
velocity dispersion, even for the case of AS1063, which is appar-
ently associated with a two-peaked velocity distribution profile.
The velocity dispersions for AS1063 and M1206 are �AS1063

los ⇡
(1350 ± 26) km s�1 and �M1206

los ⇡ (1120 ± 29) km s�1, respec-
tively. For AS1063, Mercurio et al. (2021) obtained a velocity
dispersion value of 1380+26

�32 km s�1, which is compatible with our
estimate. For M1206, Girardi et al. (2015) obtained a velocity
dispersion value of 1035+27

�45 km s�1, which is lower than our
result. The di↵erence can be explained by the inclusion of
97 additional sources in our catalog that were detected with
VLT/MUSE (Caminha et al. 2017) in the inner regions of the
cluster, as mentioned in Sect. 2.

The stellar mass distributions are plotted in Fig. 3. The distri-
butions underestimate the number of low-mass galaxies because
of the observational limits in apparent magnitudes characterizing
the sample.

A preliminary step required in calculating the number den-
sity and line-of-sight velocity dispersion profile is to define the
cluster center. For the two clusters, the distributions of galaxies,
hot ICM, and DM are almost concentric (see Bonamigo et al.
2018, who found that the corresponding centers are within
⇡10 kpc from one another and that they basically coincide with
the center of the cluster BCG). This is why we chose the posi-
tion of their BCGs in the sky as the center of the two clusters,
as they are well constrained by the available photometric data.

Fig. 3. Stellar mass distribution for the two clusters divided into bins
of 0.15 dex. Because the individual galaxies also contain DM halos and
gas, the total mass distribution would be shifted to the right of the dia-
gram and would possibly have a di↵erent shape.

The fact that the three main mass components are almost con-
centric provides strong observational evidence that the clusters
have reached a well-defined quasi-equilibrium state.

For simplicity, we assumed that the galactic projected num-
ber density distribution in the two clusters has contour lev-
els described by confocal ellipses with constant eccentricity,
defined in terms of the major and minor semi-axes a and b

as e =
p

1 � b2/a2. The eccentricities of the two clusters are
listed in Table 2. By converting these values into ellipticities
(" = 1�b/a), we note that the flattening that is involved is similar
to that of E3-E4 elliptical galaxies. We recall that the eccentricity
of a discrete distribution of points can be found from the second
moments of such distribution (for the derivation and an applica-
tion to galaxy clusters, see de Theije et al. 1995). Then, in con-
structing the number density and velocity dispersion profiles, we
referred to the circularized radius R =

p
ab, in which the pro-

jected distance of a galaxy from the cluster center is defined in
terms of the major and minor semi-axes of the isodensity contour
on which the galaxy is located.

The plots provided in Figs. 4 and 5 are profiles expressed as a
function of the dimensionless radius R/Rhm. Here, the half-mass
radius Rhm is defined as the (circularized) radius that encloses
half of the stellar mass projected on the sky. Remarkably, in this
representation, the surface number density and velocity disper-
sion profiles of the two clusters basically overlap out to approx-
imately 3 Rhm.

Figure 4 illustrates the surface number density profiles.
The observed surface number density can be approximated by
a monotonically declining power law, at least out to ⇡3Rhm,
with the exponent ⇡1.5. This is consistent with the findings of
Biviano et al. (2013) for M1206 (see Fig. 7 of that paper) and
of Sartoris et al. (2020) for AS1063 (see Fig. 3 of that paper).
Figure 5 shows the velocity dispersion profiles. The value of
the velocity dispersion in each radial bin was normalized to
the global velocity dispersion of the cluster considered. This
is also consistent with the velocity dispersion profile found by
Biviano et al. (2013) for M1206 (see Fig. 3 of that paper).

In the cosmological context, a commonly used scale for the
radius of a cluster is the so-called virial radius, generally denoted
as r200. We note that the ratio of r200 to Rhm for the two clusters

A66, page 5 of 17



Ferrami, G., et al.: A&A 676, A66 (2023)

Table 2. Structural properties of the two clusters.

# members z e �los M?,tot M200 r200 Rhm TD

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AS1063 1215 0.35 0.77 1350 km s�1 7.32 ⇥ 1013
M� 2.17 ⇥ 1015

M� 2.70 Mpc 1.98 Mpc 2 ⇥ 103 Gyr
M1206 658 0.44 0.75 1120 km s�1 5.38 ⇥ 1013

M� 1.40 ⇥ 1015
M� 1.97 Mpc 1.21 Mpc 7 ⇥ 102 Gyr

Notes. (1) Number of member galaxies for which the position in the sky, velocity along the line of sight, and stellar mass are available. (2) Average
cluster redshift z, based on the values of the redshift of the selected member galaxies. (3) Adopted eccentricity, as defined in the text (see Sect. 3).
(4) Global velocity dispersion, based on the velocity distribution shown in Fig. 2. (5) Total stellar mass M?,tot associated with the distribution
illustrated in Fig. 3. (6) Virial mass M200 and (7) virial radius r200, taken from Sartoris et al. (2020) for AS1063 and from Biviano et al. (2013) for
M1206. (8) Half-mass radius Rhm, defined as the circularized radius that encloses half of the stellar mass projected on the sky. (9) Relaxation time
TD, as defined in Eq. (1).

Fig. 4. Projected number density profile of the galactic component as a
function of the radial distance from the cluster center. For each cluster,
the circularized radius R was measured in terms of the half-mass radius
defined on the basis of its stellar mass distribution. The bins were obtained
by dividing the range of observed R/Rhm of each cluster into 20 subinter-
vals. The error bars are 1�. As briefly described in the text, the profiles
are a↵ected by the sample incompleteness in a nontrivial way.

is in the range of 1.1�1.6 (see Table 2). Therefore, we can state
that the similarities between the radial profiles of the two clus-
ters represented in Figs. 4 and 5 hold out to about 2�3 virial
radii.

Figure 5 shows that both clusters display a regular, monoton-
ically decreasing velocity dispersion profile within 3 half-mass
(i.e., ⇡2 virial) radii. This regularity seems to be in contradiction
with a possible recent merger in AS1063 (Gómez et al. 2012;
Rahaman et al. 2021; Mercurio et al. 2021; Beauchesne et al.
2023). The kinematic data on the cluster members of M1206
extend beyond this point, and it appears that the decreasing trend
is interrupted, which may be interpreted as an indication that
in those outer regions, the cluster has not yet reached a quasi-
equilibrium state.

In Table 2, we report an estimate of the relaxation time TD for
the two clusters considered in this paper based on the definition
(see Chandrasekhar 1941)

TD =
�3

8⇡G2m2n ln⇤
, (1)

where we have taken the standard estimate ln⇤ ⇡ 10, and for �,
n, and m, we have inserted the values obtained from the previ-
ous data by applying the following definitions: � = �los is the
global velocity dispersion, and m is the typical mass of a galaxy
(taken to be the mean value of the stellar mass distribution in
Fig. 3, ignoring the DM halo and gas contribution to the total
mass budget of a single galaxy, which are expected to be greater
than the stellar mass alone by a factor of about two to three).
The average number n density used to obtain the relaxation time

Fig. 5. Line-of-sight velocity dispersion profile of the galactic compo-
nent as a function of the radial distance from the cluster center normal-
ized to the global velocity dispersion �los of each cluster. As in Fig. 4,
for each cluster, the circularized radius R was measured in terms of the
cluster stellar half-mass radius, and the bins were defined according to
the same procedure. The vertical bars represent the errors evaluated as
�los(R)/

p
N(R), where �los(R) is the velocity dispersion relative to the

radial bin located at R, and N(R) is the number of galaxies inside the bin.

was derived from a power law fit on the measured surface num-
ber density (the average was performed within the radial interval
[0.1, 1] half-mass radii). By comparing these values to those of
the crossing time 2Rhm/�los ⇡ 2 Gyr and to the Hubble time, we
thus confirmed the common picture that the galactic component
in clusters should be considered as collisionless (see for example
Sarazin 1988).

4. Search for the presence of mean rotation

In the previous section, we noted that the spatial distribution of
galaxies in the two clusters is flattened, similar to E3-E4 galax-
ies. The principal axes of the galaxy distributions are aligned
with those of the central BCG. In addition, the ICM and DM, as
from X-ray and gravitational lensing analyses, are also charac-
terized by flat spatial distributions aligned with the galactic com-
ponent (Bonamigo et al. 2018). If rotation is responsible for the
observed flattening, gradients in the line-of-sight galaxy veloc-
ity distribution would be expected along the major axes, and
negligible gradients should be found along the minor axes. In
addition, as a reference value, we refer to the (V/�, ") diagram
in Fig. 1 of the article by Davies (1987), which suggests that
for E3-E4 oblate isotropic rotators (following the very simple
picture of the homogeneous self-gravitating classical ellipsoids,
as in Chandrasekhar 1969), the expected ratio of peak rotation
velocity |vrot| to velocity dispersion should be approximately 0.7
(and ⇡0.4 for prolate rotators). The quantity V/� is the ratio of
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Fig. 6. Sample of member galaxies divided into sectors along the major
(blue line) and minor (red line) axes for M1206 following the steps
introduced in Sect. 4. The dashed yellow circle represents the half-mass
radius Rhm. The sectors are identified as sector A in blue, sector B in
orange, sector C in green, and sector D in red. If rotation were respon-
sible for the observed flattening, gradients in the line-of-sight galaxy
velocity distribution would be expected along the major axes and not
along the minor axes.

the observed maximum of the rotation profile to the line-of-sight
velocity dispersion.

As an initial simple test of the possible presence of rotation
related to the observed flattening in the galactic component of
AS1063 and M1206, we divided each cluster into four sectors
in relation to its major and minor axes and then plotted the line-
of-sight velocity distribution for the galaxies inside each sector.
The sectors and the galaxy subsamples for the two clusters were
defined in the following way: member galaxies with a projected
distance from the cluster center R < Rhm are divided into four
circular sectors and grouped according to their closest principal
axis, whereas galaxies with R > Rhm are added to a sector if they
are within a distance D < (

p
2/2)Rhm from the closest princi-

pal axis. These sectors are highlighted in Fig. 6 for M1206. For
each cluster the line-of-sight velocities are the internal velocities
obtained after subtraction of the mean velocity of the full sam-
ple of galaxies, as in Fig. 2. The results for M1206 are illustrated
in Fig. 7, and some quantitative results for the two clusters are
recorded in Table 3. We produced position–velocity diagrams for
the cluster members found within a distance D < (1/2)Rhm from
the major and minor axis, as shown in Fig. 8. As summarized in
Figs. 7 and 8, both tests suggest that there is little or no evidence
for internal rotation, neither oblate nor prolate (of the kind dis-
cussed in Ebrová & Łokas 2017), in the galactic component of
the two clusters when considering the whole samples.

We should emphasize that the (V/�, ") relation involves
only global quantities (Binney 1978, Binney 2005). The dia-
gram shown in Davies (1987) should be significantly modified to
include inclination e↵ects and the change in pressure anisotropy
with radius (Cappellari et al. 2007). In addition, some self-
gravitating stellar systems exhibit clear evidence of solid-body
rotation only in their innermost regions (e.g., see Bianchini et al.
2013; Leanza et al. 2023).

To check whether the clusters have an isotropic (or mildly
anisotropic) core characterized by significant mean rotation, we
derived the rotation profile for the galaxies within a circular

Fig. 7. Distribution of the line-of-sight velocities of member galaxies
of M1206 contained in the sectors shown in Fig. 6. Upper histogram:
stacked distribution of velocities in the four sectors compared to the
total velocity distribution of Fig. 2. Lower histograms: velocity distri-
butions of the galaxies in each sector. The sectors are identified as sector
A in blue, sector B in orange, sector C in green, and sector D in red.

region of 0.50 radius from the center of each cluster (i.e., within
the MUSE pointings) by maximizing the number of galaxies
considered and thus avoiding a potentially sharp variation of the
sample completeness that occurs at larger radii.

We first identified the angle (PA) of the projected rotation
axis in the plane of the sky (defined as the angle between the
rotation axis and the right ascension axis). To identify the value
of PA, we followed a standard procedure in globular cluster stud-
ies (e.g., see Cote et al. 1995; Bianchini et al. 2013; Leanza et al.
2023): we computed the mean line-of-sight velocities in the two
subsamples obtained by dividing the cluster members by a line
passing through the cluster center with a given PA. The PA was
varied in steps of 10 deg, and the di↵erence between the mean
velocities �Vmean was plotted against the PA. The resulting pat-
tern was fitted with a sine function. The PA at which the max-
imum di↵erence in mean velocities was reached corresponds
to the (projected) rotation axis, and the amplitude of the sine
function is twice the rotation amplitude V . If the clusters are
characterized by the presence of mean rotation, the position-
velocity diagrams would show an asymmetry, and the galaxies
on each side of the rotation axis would be expected to be sampled
from distinct cumulative velocity distributions. The results of
this analysis are plotted in Fig. 9.

Figure 9 indicates that in the core of both clusters there is
significant evidence of rotation (V/� ⇡ 0.15). The minor axis
of the galaxy distribution in the core is o↵set by 30 deg from the
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Table 3. Summary of the mean velocities hvisec and velocity dispersion �los,sec inside each sector.

AS1063 M1206

Sector A Sector B Sector C Sector D Sector A Sector B Sector C Sector D

hvisec [km s�1] �3.6 �26.9 91.0 �199.1 �194.4 111.6 �333.8 191.2
�los, sec [km s�1] 1357.2 1483.9 1420.0 1327.2 1189.6 1104.2 1146.1 1171.6

Notes. The sectors are defined in Fig. 6, and the distribution of the line-of-sight velocities of member galaxies in each sector are represented in
Fig. 7. Sectors B and D are those relative to the major axes.

Fig. 8. Position-velocity diagrams of the member galaxies within a dis-
tance D < (1/2)Rhm from the major (left) and minor (right) axes of
AS1063 (cyan) and M1206 (green). These plots do not show any clear
rotation signature (which would o↵set the points in the diagrams toward
two diagonally opposite quadrants).

best-fit rotation axis. The eccentricity (ellipticity) of AS1063 and
M1206 within 0.50 from their centers is e = 0.60 (" = 0.2) and
e = 0.77 (" = 0.37), respectively. The ratio of peak rotation veloc-
ity to velocity dispersion required to sustain an edge-on oblate
isotropic rotator with the ellipticity of AS1063 (M1206) would
be V/� ⇡ 0.4 (⇡0.6). However, by relaxing the condition on
isotropy, the ratio of V/� required to maintain an oblate shape is
lowered (Cappellari et al. 2007). For example, a mild anisotropy
(this concept and the related definition are properly introduced in
Sect. 6.2) of � ⇡ 0.15 would be compatible with the requirement
of an oblate rotator with the shape of the core of AS1063.

A prolate rotator (of the kind studied in Binney 1978) would
require a lower amount of pressure anisotropy to sustain the
observed eccentricity of the cores. However, it would introduce
serious modeling complications, as the rotation axis is perpen-
dicular to the symmetry axis. Thus, the component of the spe-
cific angular momentum along the rotation axis is not an integral
of the motion.

As further confirmation of a rotating core, we note that
Fig. 22 in Sereno et al. (2017) shows a drop in the ratio of ther-
mal and nonthermal pressure (possibly related to the presence of
bulk motions, see Meneghetti et al. 2010) in the inner approxi-
mately 100 kpc h

�1 of M1206, which corresponds exactly with
the region within 5 arcmin from the cluster center where we
detected the presence of mean rotation.

In Appendix C, we apply the analysis discussed in this sub-
section to the whole sample and to the galaxies within 5 arcmin,
confirming the absence of rotation at large radii. As a side note, a
test for rigid rotation similar to that considered by Hwang & Lee
(2007) failed to give a clear signal of rotation in the center for
these two clusters (because of the low signal-to-noise ratio of the
mean rotational motion), while it correctly indicated the absence
of rotation at large radii.

5. Empirical evidence of the absence of collisional
relaxation

In relaxed thermodynamical (i.e., collisional) systems, two prop-
erties are expected to be established independently of the initial
conditions: energy equipartition, that is, the velocity dispersion
of particles of mass m should scale as m

�1/2, and mass segrega-
tion, that is, lighter particles should be characterized by a more
di↵use distribution than that of heavier particles (e.g., see Smith
1936; Spitzer 1987).

To look for hints of mass segregation, we divided the galac-
tic component in mass bins based on the galaxy stellar mass M?.
We then studied the ratio of the half-mass radius measured based
on the subdistribution of galaxies associated with each bin to
the global half-mass radius Rhm as a function of M?. As shown
in Fig. 10, we observed that a decreasing trend for Rhm(M?) is
indeed present in both clusters, though it is more pronounced in
M1206. Therefore, both clusters appear to be mass segregated,
relative to the stellar mass. Of course, in terms of total mass,
mass segregation is likely to be associated with a profile dif-
ferent from that of Fig. 10. Furthermore, the characteristics of
the profiles illustrated in Fig. 10 need not result from the slow
action of collisionality and can instead be from di↵erent evolu-
tionary processes, such as galaxy merging. At first glance, our
results might seem at odds with those of Biviano et al. (2013),
who found that the concentration of the luminosity density is
around 10% higher than the concentration of the luminosity den-
sity, reporting little evidence for mass segregation. This cumu-
lative approach ignores the stellar mass distribution shown in
Fig. 3. Massive galaxies are less common and therefore can be
segregated and still give a relatively small contribution to the
overall concentration.

In any case, mass segregation poses a contradiction to the
simple use of one-component models in the interpretation of the
observations. This point has already been addressed for M1206
by Biviano et al. (2013), who considered the populations of
passive and star-forming galaxies separately (which roughly cor-
respond to elliptical and spirals, respectively). In a di↵erent
physical context, to take into account the possible presence of
mass segregation, two-component models have also been con-
sidered in the literature to describe globular clusters (for exam-
ple, see de Vita et al. 2016; Torniamenti et al. 2019).
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Fig. 9. Diagnostic diagrams of the rotation signature detected in the core of the two clusters within 0.50 from the center. This corresponds to the
areas covered by the MUSE pointings. The left panels show the di↵erence between the mean velocities �Vmean on each side of a line passing
through the center with the given angle (PA) divided by the velocity dispersion �core

los in the core of each sample. The continuous line is the sine
function that best fits the observed patterns. In these panels, labels identify the number of galaxies within 0.50, the value of the PA that maximizes
|�Vmean| (PAr), the rotation velocity V (half of the amplitude) from the best-fit sine function, and the value of �core

los . The central panels show
the position–velocity diagrams constructed by considering the line-of-sight velocities as a function of the projected distances from the rotation
axis (XR) in arcminutes. The dashed lines are the least square linear fits to the data. The right panels show the cumulative line-of-sight velocity
distributions for the galaxies with XR < 0 (solid line) and for those with XR > 0 (dotted line). The labels provide the Kolmogorov-Smirnov p-value
indicating the probability that the two samples are extracted from the same parent distribution. The p-value should be close to zero if the clusters
are characterized by the presence of mean rotation.

Fig. 10. Evidence of mass segregation. The galaxies were divided into
bins according to their stellar mass. This plot shows the variation of
Rhm(M?), which is the half-mass radius of the cluster members inside
the nth bin normalized to the global half-mass radius, with galactic
mass. The errors were evaluated as sN/

p
N, where sN is the standard

deviation of the projected radius distribution inside the nth bin, and N

is the number of elements inside the nth bin.

In Fig. 11, we compare the velocity dispersion for galaxies
with di↵erent stellar masses, adopting the same binning proce-
dure as the one used in Fig. 10. The plot suggests that AS1063
and M1206 do not exhibit evidence of energy equipartition. Fur-
ther analyses focusing only on the central regions (R < (1/5)
Rhm) confirmed the absence of energy equipartition.

The absence of equipartition, in spite of the presence of some
mass segregation, supports the argument that the galactic compo-
nent in each of the two clusters should be considered a collision-
less component and that the origin of mass segregation should
reflect some evolutionary process in the formation of the two
clusters unrelated to galaxy–galaxy scattering.

Fig. 11. Absence of energy equipartition. The galaxies are divided in
bins according to their stellar mass. This plot shows the variation of
�los(M?), which is the velocity dispersion of the cluster members inside
the nth bin normalized to the global velocity dispersion, with galactic
mass. The errors were evaluated as �los(M?)/

p
N, where N is the num-

ber of elements inside the nth bin. In green is the trend expected in the
presence of complete energy equipartition (�los / M

�0.5
⇤ ).

6. Dynamical models

6.1. Number density from the observations

In the next subsection, we will apply the Jeans equations to make
dynamical predictions for the velocity dispersion profiles, test-
ing di↵erent hypotheses on the velocity dispersion anisotropy
present in the two clusters. To do so, we assumed that the number
density of galaxies is known (from the available number counts)
and that the overall potential well is also known (from pub-
lished gravitational lensing investigations). In the context of stel-
lar dynamics, spherically symmetric models have often proved
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Fig. 12. Observed surface number density of AS1063 (in green) fitted with the projected Ja↵e, dPIE, and NFW profiles (in red). Top row: profiles
resulting from the best-fit process. Bottom row: fractional deviations between the analytical model and the photometric data. The labels provide
the reduced �2 values.

successful in describing astrophysical objects with a wide variety
of apparent morphologies (e.g., see Saglia et al. 1992 Sect. 3.2,
in particular Fig. 1, for a test on the e↵ectiveness of spherical
models on strongly flattened – E4/E6 – elliptical galaxies). On
the other hand, the task of trying to take into account the dynam-
ical e↵ects of flattening or triaxiality would be nontrivial, and
the enormous complexity required in such modeling would not
be su�ciently justified by the available data.

For simplicity, we developed our models under the assump-
tion that each cluster is spherically symmetric.

In this context, one key step is the derivation of the volume
(three-dimensional) number density n(r) starting from the sur-
face (projected) number density ⌃(R) of the galactic component
of the two clusters1:

⌃(R) =
Z 1

�1
n(r)dz =

Z 1

R

n(r)
2rdrp
r2 � R2

, (2)

where r is the three-dimensional radius and R is the radius pro-
jected on the sky surface. Deriving the volume number den-
sity from the projected density ⌃(R) corresponds to the classical
problem known as Abel inversion. Here, we preferred to work on
the direct problem, starting from three well-known spherically
symmetric analytical power law volume density profiles, namely,
the Ja↵e (1983) profile, the Navarro–Frenk–White (NFW) pro-
file (see Navarro et al. 1997), and the spherical limit of the
dual Pseudo Isothermal Ellipsoid (dPIE, see Kassiola & Kovner
1993). These profiles depend on two scales (two scales and one
dimensionless parameter for the dPIE): a density scale and a
length scale.

The Ja↵e number density profile is

nJ(r) =
n0

(r/rs)2(1 + r/rs)2 . (3)

The NFW number density profile is

nNFW(r) =
n0

(r/rs)(1 + r/rs)2 . (4)

1 Given the incomplete information available on the galaxy mass dis-
tribution for the two clusters, we refer to the number density n instead
of the mass density ⇢.

The dPIE number density profile is

ndPIE(r) =
n0

[1 + (r/rcore)2][1 + (r/rcut)2]
, (5)

with rcut > rcore.
The Ja↵e profile was developed in the context of the dynam-

ics of elliptical galaxies. Close to the origin, it approaches the
profile of a singular isothermal sphere, and at large radii, it is
characterized by a decline that guarantees a finite total num-
ber of particles. The NFW profile is often adopted in the cos-
mological context because numerical simulations on the growth
of DM halos appear to be well modeled by this profile. The
dPIE profile is mostly used in gravitational lensing studies to
model the total mass distribution of a lens because of its con-
venient analytical properties: It is approximately constant below
rcore and scales approximately as n(r) ⇠ r

�2 in the radial range
rcore < r < rcut. These profiles admit a simple analytical expres-
sion for the projected density profile, that is, for the integral of
Eq. (2) (for an example, see Ciotti et al. 2019 for the Ja↵e profile
and Limousin et al. 2005 for the dPIE and NFW profiles).

We fitted the observed projected number density profiles
shown in Fig. 4 using these simple models. For the cluster
AS1063, the results are illustrated in Fig. 12 and show that the
three models all fit the available photometric data reasonably
well.

6.2. Jeans equations

Under di↵erent assumptions of the local anisotropy profile, �(r)
is defined as a function of the diagonal elements of the velocity
dispersion tensor �ii:

�(r) = 1 � 1
2
�2
✓✓ + �

2
��

�2
rr

. (6)

We tested whether the Jeans equations (for assigned galaxy num-
ber density profile and total gravitational field in the two clusters
AS1063 and M1206) predict line-of-sight velocity profiles for
the galactic component compatible with the observations. For
simplicity, the analysis was carried out under the assumption of
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Table 4. Cluster parameters derived for the total mass distribution
described by a spherical NFW model reconstructed from combined
strong-lensing, weak-lensing shear and magnification measurements.

Cluster M200 [1014
M�] c200 rs [Mpc]

AS1063 18.78 ± 6.72 3.6 ± 1.4 0.66 ± 0.32
M1206 18.17 ± 4.23 3.7 ± 1.1 0.60 ± 0.21

Notes. The virial mass and concentration parameter are respectively
indicated by M200 and c200 (e.g., the ratio between the virial radius r200
and the NFW scale radius rs). The fit to the relevant data was performed
out to 3 Mpc for the two clusters. The values of these parameters are
from Table 3 in Umetsu et al. (2016) (there the cluster AS1063 is listed
as RX J2248.7�4431).

spherical symmetry, absence of mean rotation, and proportion-
ality between number and mass density for the galactic compo-
nent. The relevant (radial) equation can be written as

1
n(r)

d(n(r) �2
rr

(r))
dr

+
2 �(r) �2

rr
(r)

r
= �GM(r)

r2 . (7)

The boundary condition adopted to solve this di↵erential equa-
tion is defined at large radii, where the velocity dispersion
�rr(r) is assumed to vanish. bIn the context of clusters of
galaxies, the function M(r) is the total mass enclosed in a
sphere of radius r dominated by the contributions of DM
and the ICM. bFor this reason, we refer to the final models
based on strong- and weak-gravitational lensing described in
Umetsu et al. (2016) (see Table 4). The total mass profile for an
NFW model expressed as a function of the parameters listed in
Table 4 is

M(r) = M200
ln (1 + r/rs) � r/(r + rs)

ln (1 + c200) � c200/(1 + c200)
. (8)

The number density profiles are from the analysis of Sect. 6.1.
In the following analysis, we refer only to the representation
in terms of a Ja↵e profile. The choice of a Ja↵e profile was
motivated by its regular properties (i.e., finite total mass). In
Appendix D, we show the results of the Jeans analysis using an
NFW number density profile, which turned out to be very similar
bto the outcomes of this section.

By projecting the solution for the radial velocity dispersion,
we obtained

�2
los(R) =

2
⌃(R)

Z 1

R

 
1 � �(r)

R
2

r2

!
n(r) �2

rr
(r) r drp

r2 � R2
(9)

for the predicted velocity dispersion along the line of sight
(the integration we implemented follows Appendix 2 of
Mamon & Łokas 2005). For the local anisotropy profile, we
decided to take the following three-parameter function:

�(r) = �1

0
BBBBB@

r
�

r� + r
�
�

1
CCCCCA . (10)

The function �(r) thus exhibits an isotropic (i.e., � = 0) center
and may be either radially (� > 0) or tangentially (� < 0) biased
at large radii (r > r�). The set of parameters considered in our
analysis are listed in Table 5.

The results of the Jeans equation approach are illustrated in
Fig. 13. For an easier reading, it shows the velocity dispersion pro-
files associated only with two choices of �(r), the isotropic (�1 =
0, r� = 0) and the so-called Osipkov–Merritt profile (�1 = 1,

Table 5. Set of parameters describing the velocity dispersion anisotropy
profile of Eq. (10).

Iso- Const. Const. Radially Osipkov-
tropic radial tangential biased Merritt

�1 0 1/2 �1/2 1/2 1
r� [Mpc] 0 0 0 1 1
� 0 0 0 1 2

Notes. The parameter �1 represents the value of the anisotropy in the
outer regions, r� is a scale length, and � sets the steepness of the profile.

Fig. 13. Line-of-sight velocity dispersion profile of the galactic com-
ponent obtained from the Jeans equation for AS1063 and M1206. The
plots show the data points (in green) derived from the spectroscopic data
(see Fig. 5) superimposed on the velocity profiles derived from the Jeans
equation for two choices of �(r): the constant isotropic � = 0 profile (in
cyan) and the Osipkov–Merritt anisotropy profile (in red). The confi-
dence regions were found by allowing the total mass M(r) to vary within
the uncertainties of the values of its parameters reported in Table 4. The
confidence levels were underestimated for R > 3 Mpc because, in this
region, the total mass M(r) is extrapolated and not directly constrained
by the observations.

� = 2). While the confidence regions of both solutions can repro-
duce the kinematical data reasonably well, it is clear that the
decreasing trend of the observed velocity dispersion profile is
better represented in the solution associated with the Osipkov–
Merritt anisotropy profile (in particular within 3 Mpc, which is
the range within which the gravitational field was obtained by
Umetsu et al. 2016). This result is consistent with other results
present in the literature, especially in the work by Biviano et al.
(2013) on M1206 (in particular, see Fig. 14 of this article) and by
Sartoris et al. (2020) on AS1063 (see Table 1 of this article). The
velocity dispersion anisotropy profiles suggest the presence of a
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Table 6. Distribution function parameters.

rs  A d

[Mpc] [s3 km�3 Mpc�3] [km�1/2 s�1/2]

AS1063 0.66 5.1 0.5 � 3.3 ⇥ 10�10 10�50
M1206 0.60 7.7 1.0 � 4.1 ⇥ 10�11 10�50

Notes. The scale radius of the external potential rs is from Umetsu et al.
(2016), and the concentration parameter  depends on the parameters
used to describe the NFW potential and a as described in Sect. 6.3.
The values of A and d are those associated with a reasonable fit to the
available data.

Fig. 14. Line-of-sight velocity dispersion profile of the galactic compo-
nent derived from the f

(⌫) distribution function with fitted parameters
for AS1063 and M1206 (see Table 6). The plot shows the data points
(in black) derived from spectroscopic data (see Fig. 5) superimposed on
the velocity profiles derived from the moments of the distribution func-
tion for five choices of the value of the parameter d (see Fig. 16 for the
associated anisotropy profile). Both clusters are well described by the
velocity dispersion curves associated with a value of d ⇡ 10�50.

mild anisotropy in the core (�(0.50) ⇡ 0.05) slightly less than the
quantity required to justify the shape of the core.

6.3. A dynamical model based on a physically justified
distribution function

In this last subsection, we explore the possibility that the
galactic component might be described by a distribution func-
tion of the form that was originally conceived to incorporate
formation by incomplete violent relaxation (in particular, see
Stiavelli & Bertin 1987; Bertin & Trenti 2003; Trenti & Bertin
2005). In the context of the dynamics of individual elliptical
galaxies, the function has been successfully used to model the
observations in not only the one-component case for galaxies in

Fig. 15. Projected number density profile of the galactic component
derived from the f

(⌫) distribution function with fitted parameters for
AS1063 and M1206 (see Table 6). The plot shows the data points (in
black) derived from photometric data (see Fig. 4) superimposed on the
projected number density profile derived from the moments of the dis-
tribution function for five choices of the value of the parameter d (see
Fig. 16 for the associated anisotropy profile). The value of the parame-
ter A was obtained after a best-fit against the observed profile performed
within 2Rhm. Both clusters are well described by the curves associated
with a value of d ⇡ 10�50, confirming the results of Fig. 14.

which DM appears to be lacking (as is the case of NGC 3379; see
Saglia et al. 1992; Bertin & Stiavelli 1993; Romanowsky et al.
2003) but also in self-consistent two-component models for
galaxies in which evidence of the presence of DM is signifi-
cant (as is the case of NGC 4472; see Saglia et al. 1992). In
this paper, we explore the use of this distribution function in a
completely di↵erent situation, that is, the case in which the com-
ponent described by the distribution function (i.e., the galaxies
of the two clusters) does not contribute significantly to the total
gravitational field in which it is embedded. In other words, the
mean gravitational potential that will appear in the distribution
function is assumed to be an external potential due entirely to
the ICM and DM components.

The distribution function that we considered is (see
Stiavelli & Bertin 1987; with ⌫ = 1)

f
(⌫) = A exp

 
�aE � d

J

|E|3/4
!
, (11)

where the specific energy E and the specific angular momentum
J are defined as E = v

2/2+�(r) and J = |r⇥v|. In the fully self-
consistent case in which the “particles” described by the distri-
bution function determine the mean gravitational potential, the
boundary conditions to the Poisson equation impose a relation
between the depth of the potential well �(0) and a dimension-
less parameter that depends on A, a, and d. In the contexr of
clusters of galaxies, the mean potential is external and imposed
– in our model, we refer to the total mass profile described by
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Fig. 16. Anisotropy parameter radial profile. The colored solid lines
show the anisotropy profile as a function of the free parameter d. The
distribution of the stellar orbits associated with the adopted distribu-
tion function is characterized by isotropy in the central region and
radially biased anisotropy in the outer parts, which becomes more
prominent as the value of d increases. The dashed, dashed-dotted, and
dotted gray curves represent, respectively, the isotropic, radial, and
Osipkov–Merritt anisotropy profiles of Table 5.

Umetsu et al. (2016) and introduced in Sect. 6.2. Therefore, the
three (positive) parameters can be adjusted independently to pro-
duce a best-fit to the available data for the galactic component
assumed to be described by the above distribution function. The
parameter A sets the scale of the density profile, whereas param-
eter a sets the scale of the velocity dispersion profile. The third
parameter, d, can be adjusted to determine the radius beyond
which the velocity dispersion is significantly anisotropic.

The relevant calculations are best carried out after a suitable
reduction to dimensionless variables. In particular, we defined
the imposed dimensionless potential as  = �a� and referred
to the dimensionless radial coordinate x = r/rs, where for each
cluster rs is the scale of the best-fit NFW potential of Table 4 so
that  (x) =  x

�1 ln (1 + x). By inserting the imposed potential
in Eq. (11), it is possible to compute the volume density n(r), the
radial velocity dispersion �rr(r), and the local anisotropy profile
�(r) from the distribution function. By suitable integration, these
profiles can be converted into projected profiles ⌃(R) and �los(R)
and compared with the observations. For each cluster, this pro-
cedure led to the determination of the best-fit parameters A, a.

In Figs. 14 and 15 we observed how the line-of-sight velocity
dispersion parameter and projected number density profiles vary
as a function of d. We note that the parameter range d = 10�50
leads to a self-consistent dynamical model that matches the pho-
tometric and spectroscopic observations and is characterized by
isotropic pressure in the center and radial pressure anisotropy in
the outer regions (see Fig. 16), as also indicated by the results
based on the Jeans equations in the previous subsection.

The velocity dispersion anisotropy profiles with d = 10�50
suggest the presence of mild anisotropy in the core �(0.50) ⇡
0.05. If the measurements of the anisotropy profiles are accurate
in the very central regions, we may argue that the cores do not
follow the standard (V/�, ") relation mentioned in Sect. 4.

For a detailed description, see Appendix A. In Appendix B,
we test the robustness of our sample by imposing a cut in mag-
nitude at mRc

 22.

7. Conclusions

In this paper, we investigated some dynamical properties of the
galactic components of two clusters of galaxies: Abell S1063

and MACS J1206. In particular, we addressed the question of
the possible presence of systematic rotation and the issue of
their general relaxation state. We found evidence for di↵eren-
tial rotation in both clusters, with slow rotation (Vr/� ⇡ 0.15)
in the centers tapering o↵ at larger radii and pressure anisotropy.
Di↵erential rotation and pressure anisotropy can contribute to
produce nontrivial gradients in the phase space. Therefore, it
would be useful to extend this study to more complex dynam-
ical models (for an example developed for globular clusters, see
Varri & Bertin 2012). It would be interesting to check whether
the ICM component of these two clusters is also characterized
by a lack of systematic rotation. Notably, an X-ray measurement
of this property is likely to become available in the near future
(see Bianconi et al. 2013; Liu & Tozzi 2019).

As to the relaxation state of the two clusters, no signs were
found of energy equipartition, but there is a clear indication of
(stellar) mass segregation. The presence of mass segregation in
the absence of equipartition suggests that the observed mass seg-
regation is associated with mechanisms that are unrelated to the
possible role of collisional processes (galaxy–galaxy encounters).

Indeed, velocity dispersion anisotropy was found to be
present in the two clusters and turns out to be qualitatively simi-
lar to what has been found in violently relaxed collisionless sys-
tems (see Sect. 6.2). This last conclusion is strengthened by the
overall success in matching the observations with the predictions
of a physically justified distribution function with an imposed
external potential, as described in Sect. 6.3.
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Appendix A: Some properties of the distribution
function

The choice of distribution function completely describes the
dynamics of a system. Moreover, its integration gives self-
consistent photometric and kinematic profiles (e.g. see Bertin
2014).

In this section, we discuss some of the properties of the
distribution function that we adopted to describe the galactic
component. The f

(⌫) distribution function was originally con-
ceived to incorporate the picture of formation by incomplete
violent relaxation (in particular, see Stiavelli & Bertin 1987,
Bertin & Trenti 2003, Trenti & Bertin 2005). The family of dis-
tribution functions was derived under the assumption that only
one additional quantity, Q = J

⌫(�E)
3
4⌫ , is conserved in addi-

tion to the total energy and the number of particles. With this
assumption and limiting the calculation to the spherical symmet-
ric case, the extremization of the entropy led to the expression of
f

(⌫) (with ⌫ = 1) as

f
(⌫) = A exp

 
�aE � d

J

|E|3/4
!
, (A.1)

where the specific energy E and the specific angular momen-
tum J are defined as E = v2/2 + �(r) and J = |r ⇥ v|. Dimen-
sionally, we observed that A = [ML

�6
T

3], a = [L�2
T

2] and
d = [L�1/2

T
�1/2].

Given a positive-definite distribution g(x) defined on an
interval [a, b], one defines the n

th moment of such a distribution
as

hxni =
Z

b

a

g(x)x
ndx. (A.2)

Accordingly, the density ⇢(r) is the zeroth moment of f (r, u, t)
integrating over the velocities

⇢(r, t) =
Z

f (r, u, t)d3v, (A.3)

and the velocity dispersion is the second moment weighted over
the density

�2(r) =

R
v2 f (r, u)d3v

R
f (r, u)d3v

. (A.4)

As discussed in Sect. 6, the three (positive) parameters A, a, d
can be adjusted independently to produce a best-fit to the avail-
able data for the galactic component assumed to be described by
the above distribution function. The parameter A sets the scale
of the density profile, whereas the parameter a sets the scale of
the velocity dispersion profile. The third parameter, d, can be
adjusted to determine the radius beyond which the velocity dis-
persion is significantly anisotropic.

The relevant calculations are best carried out after a suitable
reduction to dimensionless variables. In particular, we defined
the imposed dimensionless potential as  (r) = �a�(r) and
referred to the dimensionless radial coordinate x = r/rs, where
for each cluster rs is the scale of the best-fit NFW potential of
Table 4 so that  (x) =  x

�1 ln (1 + x). By inserting the imposed
potential in Eq. (11) from the distribution function, it is possi-
ble to compute the volume density n(r), the radial velocity dis-
persion �rr(r), and the local anisotropy profile �(r). By suitable
integration, these profiles can be converted into projected pro-
files ⌃(R) and �los(R) and compared with the observations.

To obtain an estimate for a, we can evaluate Eq. (A.4) for
r = 0, and after solving the Gaussian integral, we obtain:
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. (A.5)

We can then fit this value with the measured central veloc-
ity dispersion and obtain an estimate for the parameter a. In this
study, we ignored the projection e↵ect and the fact that the inner-
most observation is not at the exact origin r = 0. We can use
this first estimate as a prior to then fit the value of the parame-
ter a with the central projected line-of-sight velocity dispersion
(which depends weakly from the value of d)
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(A.6)

after an appropriate dimensionless scaling of the quantities ⇠ =
(a1/4

d)r, w2 = (a/2)v2.
From Eq. (A.3) we obtained
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(A.7)

The value of the parameter A can be found fitting the
surface number density after projecting Eq. (A.3) through
Eq. (2).

At last, we can derive the anisotropy parameter profile �

�(⇠) =1 �
�2

T

2�2
r

=

1�1
2

R ⇡

0

R p 
0 exp


�w2 +  �

p
2⇠w sin#
|w2� |3/4

�
w4 sin3 #dwd#

R ⇡

0

R p 
0 exp


�w2 +  �

p
2⇠w sin#
|w2� |3/4

�
w4 cos2 # sin#dwd#

,

(A.8)

where the tangential component of the velocity dispersion tensor
is �2

T
= �2

✓✓ + �
2
�� and the radial component is �2

rr
. After fixing

the value of a, the profile �(r) depends only on the choice of the
value of the parameter d.

Noting that �(0) = 0, the first order MacLaurin expansion of
�(r) is

�(r) ⇠ r
9⇡a
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d

16
p

2

2
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e
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w4dw
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e
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|w2 �  |3/4 , (A.9)

which indicates that the isotropic orbits in the center evolve
toward radially biased orbits for (r > 0).

Appendix B: Sample robustness

To test the dependence of our conclusions on the radial and
brightness completeness of our sample, we selected a smaller
sample for both clusters that excluded the faintest galaxy mem-
bers by imposing a cuto↵ in magnitude at mRc

 22. This yielded
648 galaxy members for AS1063 and 310 for M1206. We ran
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the same analysis performed on the full sample on this smaller
sample, and we found that the velocity dispersion and half-mass
radius vary by  5%. Furthermore, the phase-space distribution
of the smaller sample gave us results fully consistent with the
results in Sections 4, 5, and 6.

Appendix C: Rotation signatures at intermediate
and large radii

Figures C.1-C.2 represent the results of the analysis introduced
in Sect. 4.1 (see also Fig. 9) on clusters as a whole and within
50 from the centers. Fig. C.1 confirms that there is no evi-
dence of rotation when considering the complete samples, while
Fig. C.2 shows a slight increase in �Vmean/�los, as expected from
the results discussed in Sect. 4.

Fig. C.1. Diagnostic diagrams of the rotation signature detected in the clusters when considering all their galaxy members. See Fig. 9.

Fig. C.2. Diagnostic diagrams of the rotation signature detected in the clusters within 50 from the center. See Fig. 9.
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Appendix D: Jeans equations with
Navarro-Frenk-White density

Fig. D.1 shows the result for the line of sight obtained from the
Jeans equation when adopting the NFW profile obtained in Sub-
sect. 6.1.

Fig. D.1. Line-of-sight velocity dispersion profile of the galactic com-
ponent obtained from the Jeans equation for AS1063 and M1206 when
using an NFW profile for the galaxy number density. See Fig. 13.
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