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ABSTRACT: We investigate the anisotropic stress parameter, n = ¥/®, defined as the ratio of
the gravitational potentials in the linearly perturbed Friedmann-Lemaitre Robertson-Walker
metric, as a probe of deviations from general relativity across astrophysical to cosmological
scales. Using mass profiles reconstructed from high-precision lensing and kinematics of nine
galaxy clusters from the CLASH-VLT sample, we derive n(r) as a function of the radial
distance from the cluster centres, over the range [0.1Mpc, 1.274], where 74, is virial radius
best-fit from lensing data. When using a Navarro-Frenk-White or an Hernquist profile to
model the total matter distribution, we find consistency with general relativity (n = 1)
within 20 for the full radial range for all the sampled clusters. However, adopting a Burkert
profile introduces mild tension with general relativity, reaching the 3o level in two systems.
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Assuming a negligible time-dependence in the redshift range spawned by the clusters, we
obtain the joint constraint n(r = 1.0 Mpc) = 0.937935 (stat) +£0.47 (syst) at 95% confidence
level — an improvement of approximately 40% over previous estimates. We discuss the
impact of systematics on the constraints, and we highlight the implications of this result
for current and upcoming cluster surveys.
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1 Introduction

The discovery of the Universe’s accelerated expansion (e.g. ref. [1, 2]), more than two decades
ago, remains one of the most profound mysteries in modern cosmology. The current best
description of a large variety of independent cosmological phenomena across different scales
(e.g. ref. [3]) is the ACDM model. In this scenario, the observed acceleration is attributed to
a cosmological constant, A, present in the field equations of Einstein’s General Relativity
(GR). However, the physical origin of this constant remains unknown (e.g. ref. [4, 5]).

Recent observations on both large and small scales have increasingly highlighted tensions
between the predictions of the ACDM model and empirical data, as well as discrepancies
among independent datasets. Notable examples include the Sg tension (e.g. ref. [6, 7]), the
CMB anisotropy anomalies (e.g. ref. [8, 9]), the 50 Hubble tension (e.g. ref. [10]) between
the high-redshift estimates of Hy from the Cosmic Microwave Background (CMB) data (e.g.
ref. [11]) and local measurements based on distance indicators (e.g. ref. [12]). Additionally,
recent analyses combining DESI and CMB data indicate a time-dependent equation of state
for Dark Energy (DE) (e.g. ref. [13]).

However, whether these tensions arise from an unknown systematic effect or signal the
need for new physics beyond the ACDM model remains an open question. Nevertheless, the
increasingly complex observational landscape has motivated the exploration of alternative
models to the standard cosmological framework. Over the last 20 years, many theoretical
models have been proposed to address these tensions. In addition to addressing these
discrepancies, such models often seek to offer a more fundamental understanding of the nature
of dark matter (DM) and DE components — introduced in ACDM to account for observations
— which together constitute approximately 95% of the Universe’s total energy/matter budget.



A possible solution is to extend the ACDM model by introducing new interactions within
the dark sector (DE+DM) or incorporating exotic fields characterized by non-standard
equations of state. Among the various proposed possibilities, particular interest has been
given to Modified Gravity (MG) theories (e.g. ref. [14]), in which GR is modified to mimic
the effect of the dark sector at large scales in order to reproduce observations.

Whether by modifying gravity or redefining the physics of the dark sector, viable extensions
to the ACDM model inevitably introduce new degrees of freedom that influence the formation
and evolution of cosmic structures. Galaxy clusters - the largest structures in the Universe that
have undergone gravitational collapse — are an excellent target of cosmological studies. Most
of the matter content in clusters (roughly 85%) is understood to be in the form of invisible
collisionless DM (e.g. ref. [15, 16]). While processes involving ordinary (baryonic) matter play
a central role in the core of these structures, the overall cluster’s dynamics is dominated by the
gravitational interaction, making them ideal laboratories for investigating deviations from GR
and probing the properties of the dark sector. Their internal mass distribution is dependent
on the underlying cosmology, and they further probe both the relativistic and non-relativistic
sectors of the gravitational interaction, through lensing and internal kinematics (of gas or
member galaxies), respectively. For this purpose, galaxy clusters have been extensively used
to test MG models through their mass profile reconstruction (with kinematics or lensing
techniques, e.g. ref. [17]), abundance and spatial distribution (e.g. ref. [18, 19]).

One way to parametrize generic departures from standard gravity is to study the
anisotropic stress 7 — aka gravitational slip. 7 is defined as the ratio between the rel-
ativistic and non-relativistic gravitational potentials, ¥/®, that are components of the
linearly perturbed Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. In GR, and in
models where additional degrees of freedom are minimally coupled to gravity, n = 1; this is
no longer true in a general MG scenario. Here and in the following we further assume that
DM is pressureless, and its contribution to the anisotropic stress tensor is negligible. Thus, a
genuine departure from 7 = 1 can be linked to a departure from GR (e.g. ref. [20]).

In this work, we constrain 7 by using precise determinations of cluster mass profiles
obtained from gravitational lensing and kinematic analyses of member galaxies. While
galaxies move under the influence of the non-relativistic potential, ®, photons propagate
along null geodesics, reflecting the contribution of both relativistic, ¥, and non-relativistic
potentials, Piens = (P +P)/2. A proper combination of lensing and kinematics mass estimates
of clusters can thus be used to probe deviations from GR, under the assumption that possible
systematic effects are under control.

Through a similar approach to the one in ref. [17], we compute the radial profile n(r)
in the region r > 0.1 Mpc for nine clusters. These nine clusters were chosen based on the
availability of high-precision imaging and spectroscopic data obtained from the Cluster
Lensing and Supernova Survey with Hubble (CLASH) collaboration, along with its follow-up
observations using the VIMOS spectrograph at the Very Large Telescope (CLASH-VLT).
The kinematic mass profiles were reconstructed by analysing the positions and line-of-sight
velocities of cluster members with the MG-MAMPOSST code (e.g. ref. [21]). We then
combined these results with the strong+weak gravitational lensing posteriors from ref. [22].
In our analysis, we explore various models for both lensing and kinematic mass profiles, while



also addressing the impact of systematics. A particular focus is placed on deviations from
spherical symmetry and the equilibrium configuration.

The paper is structured as follows: section 2 reviews the definition of the anisotropic
stress and its connection to the clusters’ total mass profiles; in section 3, we present the
dataset, further elaborating on the kinematic mass reconstruction with MG-MAMPOSST.
Section 4 is devoted to the main results, which are further summarised in section 5.

Throughout this paper, we assume a flat ACDM cosmology with Hy = 70 km s~! Mpc™!,
h = Hp/(100 km s~' Mpc™1), Q,, = 0.3, Qy = 0.7.

2 Theoretical background

While galaxy clusters are highly non-linear perturbations of the matter density field, their
geometry can still be described by a linear perturbation of the FLRW metric (e.g. ref. [17]).
In the conformal Newtonian gauge, the line element reads:

ds? = — (1 + 2;) 2dt® + d?(t) (1 - 2;’) |dr? 4 r2a0?] | (2.1)

where ®(t, ¥) and ¥(t, &) are the two gauge-invariant non-relativistic and relativistic potentials,
respectively. In GR, for a fluid with a negligible anisotropic stress-energy tensor, one has
® = U at all points in spacetime, a relation valid up to second-order corrections (< 1) in the
relativistic expansion of the potentials. Assuming such a configuration, generic departures
from standard gravity can be quantified with the anisotropic stress n = ¥/®, which is a general
function of scale and time and whose specific form depends on the assumed model. Following
the work done in ref. [17, 23], we employ a phenomenological, nearly model-independent
determination of n(r,t) using the mass profiles of galaxy clusters derived from kinematic
and lensing analysis. The dependence on the scale is encapsulated in the free parameters
of the mass density profiles.

Under the assumption of dynamical relaxation, member galaxies in clusters move smoothly
under the non-relativistic potential, ®, and follow the Jeans’ equation:

2 2
(jl((I;?) + 2[3(7‘)V7ai =—u(r) de

T (2.2)
where we have further assumed spherical symmetry; v(r), is the number density profile
of tracers, as a function of the 3-dimensional radial distance from the cluster center; o2,
is the velocity dispersion along the radial direction, and 8 = 1 — (0 + 02)/207 is the so
called velocity anisotropy. The ag and a?& are the velocity dispersion components along the
tangential and azimuthal directions, respectively. Spherical symmetry imposes ag = ai and
the expression of the anisotropy profile simplifies to 8 = 1 — o 2/02

The gradient of the potential is connected to the total (effective) dynamical mass through

the Poisson equation,
do GMdyn(T'>
— = 2.3
dr 72 ’ (2.3)

where

Mayn(r) = 477/0 "2 payn (r’) dr’ (2.4)



with payn(r) the effective dynamical density.!

Concerning the lensing mass, we can derive a similar expression by considering that
photon propagation is affected by both relativistic and non-relativistic potentials. The
potential experienced by photons — the source of gravitational lensing, commonly referred
to as the Weyl potential (e.g. ref. [24]) — is defined as Pjens = (P + ¥)/2, which satisfies
the analogous of eq. (2.3) for an effective lensing mass,

d(®+ W) 5 G Mens(7)

dr - r2 (2:5)
The resulting anisotropic stress comes as
froo {QMlens(T/) - Mdyn("",)} %
n(r) = e . (2.6)

froo Mayn (T,)r%
2.1 Mass modeling

In this work, we adopt three different models to describe the total effective mass profiles
of the clusters under analysis. The models were chosen such that they provide adequate
fits for both kinematics and lensing data (see section 3). All models are characterized by
two free parameters: the “virial” radius ropg, which is the radius of a sphere enclosing an
average density 200 times the critical density of the Universe at the cluster’s redshift; and
a scale radius rg, characterizing the change of slope from the inner to the outer part of
the matter distribution. The first model to consider is the popular Navarro-Frenk-White
(NFW) profile (e.g. ref. [25]) is given by

(L +7/rs) = iy o

In(1 + rogo/7s) — 7(130200{;?5)

Mnrw(r) = Maoo

where rs = r_o is the radius at which the logarithmic derivative of the density profile is —2.
The second is the Burkert model (e.g. ref. [26]), defined as

In[1+ (r/rs)%] +2In(1 + r/rs) — 2arctan(r/rs)

Mg, () = M. , 2.8
Bur (7) 200 In[1 + (ra00/7s)?] 4+ 21In(1 + 7200/7s) — 2 arctan(raoo/rs) (2.8)
where rg ~ 2/3r_5. Finally, we consider the Hernquist model profile (e.g. ref. [27]),
ro00 +75)2 12
Mye(r) = M200( 200 + 72) (2.9)

73500 (r+7s)?’

with ry = 2r_o. Note that, while the NFW and Hernquist models have a central density
which diverges as r~!, the Burkert model exhibits a core. For all three models, analytical
expressions of n(r) can be derived by integrating the total mass as in eq. (2.6). In the
following, we compute the anisotropic stress using the profile models to account for possible
systematics arising from the parametrization of the total cluster mass. For our reference
analysis, we adopt the NF'W model, which has been shown to provide the best fit of the
stacked lensing signal from the analysis of ref. [22].

'The term “effective” indicates that payn(r) may include contributions coming from additional degrees of
freedom in theories beyond ACDM, which are not explicitly modeled.



3 Dataset and mass profiles

Our target is a sample of nine massive galaxy clusters, namely: Abell 383 (A383), Abell 209
(A209), RX J2129.740005 (R2129), MS2137—2353 (MS2137), RXC J2248.7—4431 (R2248,
also named Abell S1063), MACS J1931.8—2635 (M1931), MACS J1115.9+0129 (M1115),
MACS J1206.2—0847 (M1206), and MACS J0329.7—0211 (M329), spanning the redshift
range 0.18 < z < 0.45. The sample has been extensively studied within the CLASH (e.g.
ref. [28]) and CLASH-VLT (e.g. ref. [29]) collaborations. The full CLASH sample comprises
twenty-five galaxy clusters, of which twenty were selected for their high X-ray temperatures
(kTx > 5keV) and morphologically regular X-ray appearance, as observed with Chandra.
The two-dimensional weak-lensing analysis of [30] clearly detected the elliptical shapes of
cluster halos at a significance of 50 in a sample of 20 CLASH clusters. However, the measured
ellipticity for the CLASH sample shows a mild 1o hint of rounder halo shapes relative to
the ACDM prediction. The degree of dynamical relaxation in this sample - a fundamental
assumption for the analysis presented here - will be further examined below.

For our nine clusters, deep wide-field multi-band imaging was obtained and analyzed
as part of the CLASH program, as presented in ref. [31]. For eight clusters (excluding
R2248), the multi-band photometry was acquired with Suprime-Cam (e.g. ref. [32]) on the
8.2m Subaru Telescope. For R2248, the imaging was instead obtained with the Wide-Field
Imager on the 2.2m MPG/ESO telescope at La Silla, as reported by ref. [33]. We refer
the reader to ref. [31] for full details.

As for the spectroscopic information, essential for the kinematic analysis, the main source
of spectroscopic data for the nine clusters is the CLASH-VLT program (e.g. ref. [29]), based on
observations taken with the VIsual Multi-Object Spectrograph (VIMOS; e.g., ref. [34]), and
with the Multi Unit Spectroscopic Explorer (MUSE; e.g. ref. [35]), at the Very Large Telescope.
MUSE observations are available for eight of the nine clusters, with the exception of MS2137.

3.1 Lensing mass profiles

In this work, we derive marginalized posterior distributions for the (r_g,r200) parameters
of our nine CLASH clusters, using the combined weak and strong-lensing data products
presented in ref. [22], assuming the three mass profile models introduced in section 2.1. To
this end, we use the piecewise-defined convergence profiles and total covariance matrices
obtained by ref. [22] for the CLASH clusters (see their appendix B). In the lensing analysis, the
total covariance matrix accounts for multiple sources of uncertainty (see ref. [36]), including
statistical measurement errors, systematic effects primarily due to the residual mass-sheet
degeneracy, the cosmic noise covariance from uncorrelated large-scale structures projected
along the line of sight, and intrinsic variations in the lensing signal at fixed halo mass arising
from halo triaxiality and projection effects.

For all models, we adopt uninformative, log-uniform priors on both the halo mass,
Moo, and the halo concentration, cagg = 7200/r—2, With prior ranges defined as Mag €
[10'4,10%] =1 M, and eago € [1,20]. For each cluster and each mass model, we then infer the
posterior probability distribution in the (r_g,7209) parameter space. The resulting parameter
constraints are summarized in the third and fourth columns of table 1.



3.2 Kinematic mass reconstruction

The kinematic mass profiles are derived by means of the MG-MAMPOSST code (e.g.
ref. [21, 37]), a version of the MAMPOSST method of ref. [38] which jointly reconstructs
the velocity anisotropy and the mass profiles of clusters® using data of projected position,
R, and line-of-sight velocities, v,, in the cluster rest-frame, for cluster members. The points
(R,v,) define the projected phase-space (p.p.s. hereafter).

In this work, we employ the same setup as in Ref. [39]; in particular, we consider the
members selected in there by the application of the CLUster Membership in Phase Space
(CLUMPS) method of ref. [40], further refined by ref. [39].

For each cluster, we consider galaxies up to a projected radius R = 7, where ri, is the
value of the virial radius estimated by the lensing analysis of ref. [30]. This choice limits the
MG-MAMPOSST analysis to a region in which the Jeans equation is more reliably applied,
given that external cluster regions are less likely to be in dynamical equilibrium.

As we have done in previous works (see e.g. ref. [41, 42]), we checked that a variation
of ~ 10% of this limit does not produce relevant effects on the final results. As for the
lower limit, we excluded the central region R < 0.05 Mpc where the total mass profile and
the dynamics is strongly influenced by the brightest cluster galaxy (BCG) that dominates
the gravitational potential (e.g. ref. [16, 43]).

Assuming that the 3-dimensional velocity distribution of member galaxies is Gaussian,
the MG-MAMPOSST procedure solves the Jeans equation to obtain the radial velocity
dispersion ¢?(r) for a set of parameters describing the mass profile M(r), the velocity
anisotropy profile, §(r), and the number density v(r). The radial dispersion is then projected
along the line-of-sight. The code computes the probability ¢(R, vz|§) of finding a galaxy at
the point (R,v,) of the phase space, given the set of parameters g. The MG-MAMPOSST
log likelihood is then given by

In Larane () = I [g(RD, 0], (3.1)
i=1
where the sum runs over the N galaxies in the p.p.s.
For the Jeans analysis, we consider the generalized Tiret model for the velocity anisotropy
profile (e.g. ref. [44, 45]),
r

Bgr (1) = Bo + (oo — ﬁo)r s

(3.2)

where 8y and B represent the anisotropy at r = 0 and at very large radii, r > rg, respectively.
rg is a scale radius which is usually set to be equal to r_2 of the cluster mass profile. In
this work, we also explore the possibility of keeping r3 as an additional free parameter; we
further consider a different model of velocity anisotropy, the Pizzuti & Biviano profile, or
exponential Tiret (BP hereafter, see Maraboli et al., in prep.),

2 ()2
Bpp(r) = Bo + (B — Bo) 7'—:7*5 —i—:%e (%) ’ (3.3)

2Note that in general, the algorithm can be applied to any auto-gravitating system of particles moving
smoothly under the influence of a gravitational potential.
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Figure 1. Anisotropy profiles of the cluster A209 reconstructed from the kinematic analysis with the
MG-MAMPOSST method Left: gT model. Right: BP model. In both cases, a NF'W mass profile
has been used. The darker and lighter shaded regions indicate 1 and 2 ¢ limits, respectively. The red
dashed line in the plot on the right shows a BP profile with 5y = —0.5, S = 0.5 and rg = 0.5 Mpc,
for the only illustrative purpose of highlighting the features of the PB model.

which allows for a bump in the velocity anisotropy at r ~ 7g.

Both gT and BP models are general enough to capture quite a broad range of orbit
phenomenology for galaxies in clusters. MG-MAMPOSST works using the scaled anisotropy
parameters, Ag, A, defined as Ag /o, = (105 /oo)_l/ 2. Radial (tangential) orbits correspond
to A > 1 (< 1, respectively), and A = 1 corresponds to isotropic orbits (8 = 0).

In figure 1 we plot an exemplary case of the anisotropy profiles. This corresponds to
the A209 cluster obtained by means of the MG-MAMPOSST procedure, assuming a gT
model (left) and the BP model (right). The resulting profiles are almost identical within the
errors. We also plot a BP model with 8y = —0.5, S = 0.5, and rg = 0.5 Mpc (red dashed
line in the right plot) to highlight the features of this new model. The similarity of the gT
and PB profiles indicates that the additional feature in the PB model with respect to the gT
model does not provide an improved representation of the cluster 8(r).

The last ingredient needed for the kinematic analysis is the number density profile of the
galaxies. This can be obtained by fitting the radial density distribution N(R) in projection,
after correcting for the completeness of the sample, before running the MG-MAMPOSST
procedure. Note that only the scale radius r, of the profile is required in the Jeans analysis,
as the normalization simplifies in the expression of ¢2(r). Here, we rely on the results of
ref. [39], where the projected NFW (pNFW) model (e.g. ref. [46]) and the King profile (e.g.
ref. [47]) are fitted to the p.p.s. with the method of ref. [48], which doesn’t require binning of
the data. The pNFW model provides a better fit than the King model for all clusters except
for the A209; the constraints on r, with the 1 ¢ uncertainties are listed in column 7 of table 1.



To account for variability in the number density scale radius, r, is treated as a free
parameter in MG-MAMPOSST, with a Gaussian prior whose standard deviation corresponds
to the 68% confidence interval from the external fit.

For each cluster, we perform a Monte-Carlo Markov-Chain (MCMC) sampling of the
likelihood distribution of (3.1) for 110 000 points in the parameter space. We discard the first
10 000 points as a burn-in phase. As done in previous works (e.g., ref. [42]), the convergence
is ensured by running 5 chains for every model choice and checking that the condition for
the Geller-Rubin coefficient B < 1 is satisfied.

We consider un-informative, flat priors in r999 € [0.3,5.0] Mpc, 74,75 € [0.05,4.0] Mpc,
Ag Joo € [0.5,7.0]; for r, the above mentioned Gaussian prior is assumed. The resulting 1o
and 2 o posterior distributions in the ropg-r_o space are shown for each cluster in appendix A,
adopting the reference model gT for 3(r), compared to the lensing posteriors of ref. [22].

A visual inspection of figures 7, 8, 9, reveals that the kinematic reconstruction exhibits
little variation when changing the mass model in the MG-MAMPOSST procedure, differently
from the lensing case. This confirms the robustness of the kinematic analysis against different
choices of the total mass profile. This is further indicated by the fact that the value of
Ax? = —2A(In Lys4p) among the three models is always smaller than 1.0. An exemption
occurs for the R2129 for which the NFW profile is mildly preferred with a Ay? > 3.

However, some clusters show a mild (< 20 ) tension between the lensing and kinematic
distributions, as one can visually determine again from figures 7, 8 and 9; and by comparing
the values listed in columns 3 and 4 of table 1 with the corresponding values in columns 5 and
6, where we report the MG-MAMPOSST constraints on ropg and rg for the NFW+gT case.

The shift is evident in the scale radius of A209 and in the virial radius of M1115, where
the kinematic analysis predicts systematically lower values of rs and roqg, respectively, with
respect to the lensing case. The opposite trend is instead found for R2248, with overall
larger dynamical masses. While M1115 does not exhibit strong evidence of unrelaxation
(e.g. ref. [49]), A209 may have undergone (or is currently undergoing) a merging event, see
ref. [50] and references therein. As for R2248, an indication of an off-axis merging event
has been found by ref. [51], suggesting that the cluster is not dynamically relaxed. We
marked in bold these clusters in table 1.

It is also worth pointing out the slight tension in M1206, which was not found in the
case study of ref. [17]. In this, full consistency was shown between the kinematic and lensing
profiles. As explained in ref. [43], the new p.p.s. membership selection, based on the CLASH-
VLT+MUSE data, has been able to identify a foreground group which is located close to
R = 0 in projection, and which therefore is not considered in the MG-MAMPOSST run.
However, this substructure has not been excluded in the strong+weak lensing analysis of
ref. [22], producing a slight disagreement between the two mass determinations.

4 Results

We reconstruct 7(r) by applying eq. (2.6) as follows: we consider 10° arrays of parameters
(rdyo, TE, 18, 7P), randomly extracted from the MCMC samples of the lensing and kinematic
posterior distributions. We then compute 7(r) in the radial range [0.1 Mpc, 1.2 TQLOO |, where
i, is the best fit value of rogp found by the lensing analysis of ref. [22]. The lower limit is



L L D D 2
Cluster z T30 rl 300 Ty % Ny A Fsub

A383 0187 1.7870% 0337030 1.79T01%  0.2370%5 0477058 425 0.65  0.20
A209 0.209 2.3370% 1.02708 2.39%017 o0.6170%; 0.66700; 864 0.75 0.40
R2129 0234 1.6270357 0317035 148703 146771 1.02703 185 0.36  0.46
MS2137 0313 2027030 083709 149708 09173 100703 140 075 047
R2248 0.348 2.2570%% 0.727077 2527021 0.7270%% 0.971050 688 1.02 0.50
M1931  0.352  2.27708T 0787008 1.93+0.30 0.647008 1137039 218 0.20 0.10
M1115 0.355 2.161035% 077704 1.677032 1.3671% 1.06701% 363 0.67 0.31
M1206  0.439 2157532 0627045 2027548 0287933 0677013 409 049 0.22
M329 0450 1.667325  0.257018 175702 0.67T0es 0707043 199 040 0.0

Table 1. Summary of the constraints on ryp9 and rg along with their 20 uncertainties for the set
of nine CLASH clusters analysed here. All radii are in Mpc units. We adopt the reference model
NFW for both lensing and kinematic masses, with a gT model for the velocity anisotropy profile.
First column: cluster denomination. Second column: redshift. Third and fourth columns: constraints
from the lensing analysis of [22]. Columns five and six: constraints from MG-MAMPOSST. Column
seven: scale radius of the number density profile along with its 1o uncertainties, adopted as Gaussian
priors in the kinematic MCMC run. Column eight: number of selected members within rZ,;. Column
nine: Anderson-Darling coefficient. Column ten: fraction of galaxies in substructures. We marked in
bold the clusters with signs of an un-relaxed state.

chosen to exclude the central cluster region, where the uncertainties on the lensing model
become larger (e.g. refs. [22, 52]) and the dynamics becomes more influenced by the BCG and
baryonic processes. As indicated by hydrodynamical simulations, the competition between
adiabatic contraction and AGN feedback can significantly alter the total mass profile in
the core (e.g. refs. [53, 54]). Recent observational works on individual clusters support this
complexity: for instance, a detailed multi-component kinematic analysis of M1206, ref. [43]
- modeling gas, galaxies, and BCG dispersion - favoured a shallower dark matter profile
compared to the NF'W prediction. Conversely, the cluster R2248 was found to be consistent
with the standard NFW model, ref. [16], though this might be related to its dynamical
un-relaxation state. Furthermore, baryonic effects are known to bias lensing mass estimates
in the central region of clusters (e.g. ref. [55]).

While a full multi-component approach combining lensing and kinematics would be ideal
to disentangle these effects - a topic we are currently addressing in a separate work, Pizzuti
et al., 2026, in prep. - it requires specific BCG data not uniformly available for our sample.
However, to assess the impact of this choice on our results, we performed robustness tests
by varying the lower radial cut of the n(r) profile down to » = 0 Mpc. We found that the
reconstructed n(r) profiles do not show any significant difference in the extended radial
range. This suggests that, given the current precision of the data, the systematic uncertainty
introduced by baryonic modeling in the core is sub-dominant compared to the statistical errors.

As for the upper limit, note that extending the analysis beyond 1999 is generally not
appropriate, as the assumption of dynamical equilibrium may break down at such large radii.
For the lensing data, parameter inference is limited to » = 2h~! Mpc ~ 2.9 Mpc, beyond
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Figure 2. Constraints on n(r = 1.0 Mpc) for the nine clusters in the sample. In each plot, a gT
model is assumed for the velocity anisotropy profile in the kinematic analysis. The blue segments

refer to 68% C.L., while the red lines indicate the 95% C.L. For Left: NFW model. Middle: Hernquist
model. Right: Burkert model. The black dashed vertical lines mark the GR expectation n = 1.

which the contribution from surrounding large-scale structure becomes increasingly significant
(see figure 3 of ref. [22]). Keeping all of this in mind, we quoted as our reference value for
each cluster n(r = 1.0 Mpc) as a fair trade-off between the upper and lower bounds. Note also
that around r ~ 1 Mpc the radial profiles n(r) tend to flatten (see figure 11 of appendix B).
Moreover, for many viable MG models, the innermost cluster region is totally screened,
masking additional effects induced by departures from GR (see e.g. ref. [56]).

In figure 2 we plot the constraints of n(r = 1.0 Mpc) derived at 1o and 20 for all the
clusters in the sample. Each plot corresponds to a different model of M (r), while the gT
profile is adopted for the velocity anisotropy in all cases. The full radial profiles of n(r) for
the reference model NFW+-gT are also reported in figure 11 of appendix B.

Independently of the mass model assumed, the GR expectation = 1 is always included
within 20, except for the Burkert case, where two clusters (R2248 and R2129) exhibit a ~ 3o
tension in favour of n < 1. Note, however, that the lensing analysis disfavors the Burkert
model when compared to the other two profiles (see e.g. ref. [22]). In order to provide a more
quantitative estimate of the relative performance of the three mass models, we compute the
difference in log-evidence with respect to the NFW profile, Aln Z = In Z,0de1 — In Znrw, (£
being the evidence) for each cluster. For the Hernquist profile we find

Aln Zger—NFW € [—0.25, 1.66], (4.1)

with typical values |[Aln Z| < 1. According to the Jeffreys scale, this corresponds at most to
weak evidence and indicates that, on a cluster-by-cluster basis, Hernquist and NFW provide
statistically comparable descriptions of the data, with no strong preference for either profile.
In contrast, the Burkert model is systematically disfavoured, yielding

Aln Zgur—NrFw € [—5.98, —1.99],

with negative values for all systems. In particular, for the two clusters that also display the
strongest tension in the anisotropic stress parameter, we obtain Aln Zg,_Nrw = —3.69, and
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Figure 3. Left: constraints on n(r = 1.0 Mpc) as a function of the redshift for the NFW+gT model.
The color code is the same as in figure 2. Right: Posterior distributions from the analysis of each
single cluster (dashed lines), computed at r = 1.0 Mpc, and combined distribution (solid line).

—5.98 for R2129 and R2248, respectively, corresponding to Bayes factors of order el 2l ~ 40—
400 in favour of NF'W over Burkert. According to the standard Jeffreys classification, this
constitutes strong to very strong evidence against the Burkert profile. In summary, while NFW
and Hernquist are essentially indistinguishable from the point of view of the Bayesian evidence,
the Burkert profile is significantly disfavoured by our cluster sample, consistently with its
poorer performance inferred from the lensing analysis alone. The individual constraints of
n(r = 1.0 Mpc) are further shown in the second, fourth, and sixth columns of table 2, for
NFW, Hernquist, and Burkert total mass profiles, respectively.

In the left panel of figure 3, we plot n(r = 1.0 Mpc) as a function of the cluster redshift
z for the reference model NFW+gT. No evidence of time evolution has emerged from our
analysis in the redshift range explored; this statement motivates the possibility of combining
the single marginalized posterior distributions P[n(r = 1 Mpc)] to get the joint constraint
on the anisotropic stress for our cluster sample. The distributions for all the clusters, as
well as the combined posterior for the NFW+gT case, are plotted in the right panel of
figure 3. The left panel of figure 4 shows the effect on the distribution of adopting different
mass models in the analysis. While NFW and Hernquist profiles show similar results, in
agreement with GR expectation n = 1 within 68% C.L. and 95% C.L., respectively, the
Burkert ansatz provides a posterior significantly shifted towards n < 1. We find n(r =
1.0 Mpe) = 0937922 (1) 7345 (20) + 0.47 (syst), where the systematic uncertainties reflect
the variation of the peak of the distribution induced by the choice of the mass profile. In
particular, we have considered the distances (5171(11)2( = nr(nj\;f W) _ nfn)il, with X = Bur, Her,
and nﬁﬁf w.X) represents the value of 1 where the marginalized distribution exhibits the
maximum. The largest dn has been found for the Burkert case, 5n§£¥) = 0.47, that we

quote as our estimate of the systematic error.
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Figure 4. Left: posterior distributions of n(r = 1.0 Mpc) for the three mass models adopted in our
analysis. The gT profile is assumed for the velocity anisotropy. Right: same, but considering only
clusters with A% < 0.6 and fs,; < 0.3. In both plots, the dashed green vertical lines correspond to the
median of the NFW-case distribution, and the green shaded regions indicate the corresponding 1o
confidence interval. The black short-dashed vertical lines indicate the “GR” value n =1

The ~ 30 tension observed in the Burkert model can be explained again by inspecting
the distributions P(r200,7—2) in figure 8. Compared to the NF'W and Hernquist cases, the
lensing analysis for the Burkert profile prefers overall lower values of r_o and 7999 for many
clusters, with tighter constraints. From figure 4 of [22], it is clearly seen that when the
Burkert profile is forced to fit the stacked lensing signal, it tends to favor the inner region
where the signal-to-noise ratio is higher. As a consequence, the outer density profile is
significantly underestimated. A similar bias may be present in individual cluster analyses,
potentially explaining why both r999 and r_5 tend to be underestimated when modeling

the lensing signal with a Burkert profile.

4.1 Impact of dynamical relaxation, offsets and velocity anisotropy

In order to establish the robustness of our analysis, let us consider the effect of departures from
dynamical relaxation and the presence of substructures on the final constraints on 7. As done
in previous works (e.g. ref. [42, 57]), we adopt the Anderson-Darling coefficient A? of ref. [58],
which quantifies deviation from Gaussianity of the line-of-sight velocity distribution, in order
to estimate the magnitude of departures from dynamical equilibrium. The total fraction of
galaxies in substructures, fqup, is further considered as a proxy for the disturbed state of
clusters; for our sample, we use the values estimated in ref. [39], by running the DS+ algorithm
of ref. [59], which combines the information of spatial distribution and line-of-sight velocity
to detect subclusters. The values of fsu, and A2 are listed in the last columns of table 1.
In figure 5, the constraints on n(r = 1.0 Mpc) as a function of A% (left) and fy, (right)
are shown for the NFW+gT model. By visually inspecting both plots, no strong evidences of
correlation arise; moreover, when considering only the clusters with 4% < 0.7 and fqu < 0.3,
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Cluster NFW Her Bur

A383 1.04719 0667575 0.39751

A209  1.09152 os7tiid 076708
R2129  0.5170% o0.36+h4  0.071988

MS2137 2721545 2.85752%  1.927375

R2248  0.547035 0.387038  —0.087)%2

M1931  1.89F382 1671350 g7T220
M1115  1.817192 1877178 153136
M1206  1.65+19% 1457157 (.98+)2L

M329 0497520 0.33F1%  0.3310%2

Combined 0.93%048 0787044 (454034

Table 2. Constraints at 20 on n(r = 1.0 Mpc) for each individual cluster, adopting the three mass
models described in section 2, and for the combined distributions (last row).

n(1.0 Mpc)
N

n(1.0 Mpc)
B

N
N
Y

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4
A2 fsub

Figure 5. Constraints on n(r = 1Mpc) for the NFW+gT reference case as a function of the
Anderson-Darling coefficient A2 on the left, and the fraction of galaxies in substructures fs,, on the
right. The color code is as in figure 2.

namely M329, M1931, M1206 and A383, no substantial change in the combined distribution
is found, as it can be seen in the left panel of figure 4.
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Note that the evidently un-relaxed cluster R2248 is indeed characterised by the largest
value of both A% and f.up; thus the strong deviation of equilibrium may indeed produce
the observed bias in the n distribution. However, for other cases (e.g. M329) while the
criteria applied point towards a kinematic relaxation state, 17 exhibits a slight 1o tension
with the GR unity value. In this regard, it is worth pointing out that A% and fy, are related
to the kinematics of member galaxies only; other possible sources of systematics - such as
projection effects or halo triaxiality - may have a stronger impact in the lensing mass profiles
reconstruction (see e.g. [60]), explaining the trend 1 # 1 found for some clusters. As an
example, the aforementioned foreground group in M1206 can contaminate the strong-lensing
analysis by boosting the projected mass profile in the cluster core. In contrast, it has been
excluded from the kinematic phase-space selection. This foreground contamination may
therefore account for the discrepancy between the kinematic and lensing-based constraints
on (r_g,r900). As discussed in ref. [43], adding the mass profile of the foreground group
to the cluster mass profile obtained by MG-MAMPOSST reproduces the lensing mass
profile very well.

As an additional step, we discuss the impact of the velocity anisotropy profile model
assumed in the kinematic analysis as well as of the variation of the lower limit of the projected
radial range over which the kinematic data are considered in MG-MAMPOSST, up to
Ruin = 0.2Mpec (i.e. excluding the first 200 kpc), and down to Ryin = 0Mpe. For the
anisotropy ans’atz, besides the gT model, we run MG-MAMPOSST with the BP profile of
eq. (3.3); we also consider a third case where the usual assumption of rg = r_s is adopted in
the gT model. For each choice of the mass profile, we found that the resulting constraints
are identical, independently of the model of §(r), indicating that the choice of the model for
the velocity anisotropy profile does not constitute a relevant source of systematics in this
type of analysis. Similarly, the variation of the lower limit in the kinematic analysis does
not provide significant variations in the final distributions of . The posteriors obtained
assuming different 5(r), and different values of Ry, for the reference NF'W mass case, are
further reported in the left plot and right plot of figure 6, respectively.

A further potential source of systematic uncertainty is a mismatch between the centres
adopted in the lensing and dynamical analyses. In our fiducial setup, both the kinematic
analysis and the strong+weak lensing reconstruction are performed with respect to the
position of the BCG. In the context of the CLASH sample, previous works (e.g., [49]) have
shown that, for clusters selected as ‘relaxed’ by X-ray morphology, the BCG, the hot gas, and
the lensing mass distributions are typically well aligned at scales of ~500 kpc. However, more
recent analyses (e.g. [61]) emphasise that projection effects and potential mis-centering can
bias the reconstructed mass maps. They indicate that small projected offsets of order a few
tens of kpc between the BCG, the X-ray peak, and the peak of the total mass distribution
are not uncommon, especially in dynamically disturbed systems.

To quantify the impact of such offsets on our determination of n(r), we performed a
simple centering test at the level of the mass profiles. For each cluster and for each MCMC
sample of the lensing posterior (1, %), we constructed a “mis-centred” lensing mass profile

MR (r |0, m8) = Mlens(\/ 72+ RZg |7“§00a7"sL> ) (4.2)
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Figure 6. Left: posterior of n(r = 1.0 Mpc) for gT model of 3(r) (green solid), gT model with
rg = r_o (blue dash-dotted), and BP model (red dashed). The green vertical line is the mode of the
gT-case distribution. The black short-dashed line is the GR expectation n = 1. Right: posteriors
obtained varying Ry, in the MG-MAMPOSST fit to 0.2 (blue dash-dotted) and 0 (red dashed) Mpc.
The green solid line is the same as the left plot. For all cases, the NF'W mass model is assumed.

which approximates the suppression of the lensing signal when the tangential shear is measured
around an incorrect centre displaced by a projected offset Rog from the true mass centroid. We
considered values of Rog = 50 and 100 kpc, which bracket the typical range of offsets measured
between the BCG, X-ray, and lensing centroids in CLASH clusters (see, e.g., [22, 28]).
We then recomputed 7(r) by replacing Mjens(r) with M2
dynamical mass profiles unchanged. The resulting joint posterior distributions of n(r =

(r) in eq. (2.6), keeping the

1.0 Mpc) are statistically indistinguishable from the fiducial case: the shift in the mode of
the combined posterior is smaller than 0.05 for all the mass models, and remains well within
the 1o statistical uncertainty. This simple test shows that realistic centering offsets between
lensing and kinematics do not constitute a dominant source of error in our analysis, and
are effectively absorbed in our overall systematic error budget.

5 Conclusions

In this paper, we presented a parametric determination of the scale-dependent anisotropic
stress 7(r) = ¥(r)/®(r) in the radial range [0.1 Mpc, 1.274,]. The term n(r) is determined
from the combination of kinematic and lensing mass profiles of nine massive galaxy clusters of
the CLASH/CLASH-VLT sample. We used high-quality photometric and spectroscopic data
of positions and line-of-sight velocities of member galaxies to jointly reconstruct the mass
and velocity anisotropy profiles by means of the MG-MAMPOSST code of ref. [21]. For
different prescriptions for the mass profile models and the velocity anisotropy, we combined
the kinematic mass with posteriors obtained by the strong+weak lensing analysis of ref. [22],
allowing the constraint of 7(r).

For all clusters, when considering the Hernquist and NFW mass profiles, we found
consistency with the expectation of GR (n = 1) within 20. For the Burkert model, two
clusters show a quite strong (~ 30) indication of 7 # 1; however, the Burkert profile is
disfavored by the strong+weak lensing fit of ref. [22].
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No evidence of redshift evolution has emerged from our analysis, which allowed us to
combine the posterior distributions of the anisotropic stress for each cluster, obtaining
the constraint n(r = 1.0Mpc) = 0.937032 (10) T35 (20) £ 0.47 (syst). The systematic
encapsulates the effects of choosing different models for the lensing and kinematic mass
profiles, while no variation induced by the choice of the anisotropy model has been found.

We further investigated possible relations between our results and the global degree of
relaxation estimated from kinematical proxies, such as the Anderson-Darling coefficient, A2,
and the total fraction of galaxies in substructures fqup. No strong indication of correlation was
found; when further restricting the analysis to relaxed clusters with A% < 0.7 and fqu < 0.3,
the joint constraints do not show significant changes.

The present analysis underscores two main findings. First, adopting the NF'W model
yields bounds on 7 that are approximately 40% tighter than previous determinations in the
same redshift range - obtained from clusters (e.g. ref. [17]) -, and comparable to those from
galaxy strong lensing (e.g. ref. [62]) or from combined probes such as CMB, weak lensing, and
galaxy clustering (e.g. ref. [63]). The results are in agreement with theoretical predictions
(e.g. ref. [23, 64, 65]). This confirms the constraining power of galaxy clusters as a test for
signatures of non-standard models; crucially, this tool will become increasingly relevant in
view of the large amount of imaging and spectroscopic data becoming available. Photometric
surveys such as the Legacy Survey of Space and Time (LSST, e.g. ref. [66]), the Euclid satellite
(e.g. ref. [67]) and the Nancy Grace Roman Space Telescope (e.g. ref. [68]) will not only provide
deep and wide-field imaging, enabling weak lensing mass measurements for thousands clusters,
but they will also detect over ~ 10° new galaxy clusters up to redshift z ~ 2 (e.g. ref. [69]).
The discovery of such a vast population allows for the strict selection of large, statistically
homogeneous samples of clusters over a vast range of cosmic history, which can be further
stacked in fine bins of mass and redshift to average out projection or a-sphericity effects.

At the same time, spectroscopic campaigns, such as DESI (e.g. ref. [70]) and 4AMOST (e.g.
ref. [71]), will provide redshift and velocity measurements for tens of thousands of galaxies.
These datasets will enable dynamical mass reconstruction and substructure analyses over
large statistical samples of galaxy clusters, allowing to constrain the evolution of n(r, z) with
unprecedented statistical precision, of order of few percent. In parallel, dedicated cluster-
focused surveys beyond CLASH, such as X-COP (e.g. ref. [72]), CHEX-MATE (e.g. ref. [73]),
and HeCS/HeCS-SZ (e.g. ref. [74, 75]), offer detailed mass profile determinations down to the
cluster core by combining multi-wavelength data (X-ray, SZ, and optical), providing stringent
bounds on the dark sector and potential deviations from GR.

On the other hand, the mismatch observed between lensing and kinematic mass profiles in
some clusters of the sample underscores the necessity of a thorough assessment and calibration
of systematic uncertainties. Furthermore, it points to the importance of identifying reliable
observational diagnostics - such as A% or feas - that can serve as selection criteria for a
“golden sample” of galaxy clusters, suitable for deriving robust constraints on alternative
theories of gravity. While here we have focused on kinematics mass profile reconstructions,
similar criteria related to lensing and X-ray data should be derived, integrating those already
existing in the literature in a full multi-probe atlas of systematic diagnostic.
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Note that for a few systems in our sample, such as M1206 or R2248, the availability of
kinematic data of the BCG as well as the precise measurements of gas and stellar components
allowed a more detailed mass profile determination down to ~ 1 kpc (e.g. refs. [16, 43]).
At the same time, refined strong lensing analysis has been performed to obtain the mass
distribution in the core of M1206 (e.g. ref. [76]). This upgraded information will be used
in future work to refine the single-cluster bounds on 7(r) as well as to get new insights on
the behavior of gravity between astrophysical and cosmological scales.

A Kinematic vs lensing posteriors

In figures 7, 8, 9 we present the 1 o and 2 o regions in the space (ra00,7—2) for the lensing
(blue) and MG-MAMPOSST kinematic (green) analyses. Each figure refers to a different
choice of the model for the total cluster mass. Note that r_o = r,/2 for the Hernquist profile
and r_o ~ 3rg/2 for the Burkert profile.

While the kinematic analysis shows consistency among the three mass choices, the lensing
results appear very different for the Burkert case (which, as mentioned in section 3, has been
found to poorly fit the stacked lensing signal in [22]). Clusters as A209, M1115, R2248 exhibit
a mild (< 20) tension between the lensing and kinematic distributions, which translates to a
constrain on 1 # 1. Interestingly, the disagreement is reduced for A209 when the Burkert
model is assumed. This can follow from the fact that A209 is the only galaxy cluster in the
sample showing a core in the galaxy distribution (ref. [39]). On the contrary, the tension
increases significantly in the case of R2248 and R2129 for the Burkert model.

Figure 10 further shows the radial mass profiles obtained from the lensing chains (blue
solid line, blue shaded areas) and those resulting from the MG-MAMPOSSt pipeline (red).
In all cases, we have assumed a NFW model.

B Radial profiles of n(r)

In figure 11 we plot the radial profiles of the anisotropic stress for the nine clusters in the
sample, adopting a NFW-+gT model. The darker and lighter shaded areas represent the
1 0 and 2 o confidence region, respectively, while the median values are represented by
the red solid line.
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Figure 7. Two dimensional posterior distributions P(rago,7—2) at 1 o (darker shaded regions) and 2
o (lighter shaded regions) for the lensing and kinematic analyses of the nine CLASH clusters. The
total mass is described by a NFW profile, and we adopted a gT model for the velocity anisotropy in
the MG-MAMPOSST fit. Blue: lensing. Green: kinematics.
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Figure 9. Same as figure 7 but for the Hernquist model assumed for the total mass profile.
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Figure 10. blue: strong+weak lensing radial mass profiles, in blue, compared to the mass profiles
derived with MG-MAMPOSST in red. The darker and lighter shaded regions indicate the 1o and 20
interval, respectively. Solid lines are the median profiles. All profiles are parametrised with the NFW
model.
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