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Abstract

We present a high-precision joint gravitational-lensing and kinematic analysis of nine mas-
sive galaxy clusters from the CLASH and CLASH-VLT surveys to test chameleon screening
gravity and its f(R) sub-class at Mpc scales. We investigate the dependence on the assumed
parametrization of the total cluster mass profile by adopting three models, namely Navarro—-
Frenk-White (NFW), Burkert, and Hernquist. When cuspy models (NFW or Hernquist)
are assumed in the general chameleon framework, the combined constraints from the nine
clusters are fully consistent with General Relativity (GR), excluding large regions of the
modified-gravity parameter space (the coupling constant Q and the background chameleon
field ¢oo), providing one of the tightest bounds on general chameleon models with clusters
to date. In contrast, adopting a Burkert profile—disfavored by lensing data—leads to a
mild (~ 20) departure from the GR expectation in joint analysis. When considering the
f(R) sub-case, we obtain a bound on the background scalaron field of |fz| <2 —5 x 107>
(95% C.L.) for NFW and Hernquist models, in agreement with current constraints at cosmo-
logical scales, and an apparent deviation from standard gravity of log,, |fr| = —4.7 £ 1.2
for the Burkert case. We investigate the impact of systematics in the kinematical analysis,
showing that the tension is mitigated when clusters exhibiting clear dynamical disturbance
are excluded from the sample. Our results show that galaxy clusters provide competitive
tests of screened modified gravity at mega-parsec scales, while highlighting the critical
role of accurate mass modeling and dynamical-state assessment. The upcoming generation
of wide-field lensing surveys and spectroscopic follow-up programs will enable similar
analyses on substantially larger samples, offering the prospect of tightening cluster-based
constraints on gravity and the dark sector.

Keywords: galaxy clusters; kinematics; dark energy; modified gravity

1. Introduction

Since its discovery, the origin of the low-redshift accelerated expansion of the Uni-
verse [1,2] has became one of the fundamental open questions in cosmology. In the current
cosmological paradigm, formalized by the so-called ACDM model, this acceleration arises
from a cosmological constant, A, in Einstein’s field equations of General Relativity (GR,
hereafter), for which standard physics has found no natural explanation (e.g., [3,4]). In the
simplest interpretation, the cosmological constant encapsulates the contribution of a new
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unknown component accounting for ~68% of the energy budget of the universe [5], dark
energy (DE) [6], characterized by a constant equation of state pp = wpp, withw = —1.

While the ACDM model remarkably describes a large variety of phenomena across
different scales, the increase in the quality and quantity of datasets has highlighted several
tensions between early and late time observations (see, e.g., [7,8]). In addition, recent DESI
results [9] have provided evidence in favor of a dynamical DE evolving with cosmic time
w = w(z), lowering the efficacy of the ACDM model even more and suggesting the need
for some modification. However, more recent Bayesian studies [10] have shown that DESI
DR2’s deviation from ACDM is largely driven by inter-dataset tensions, and it may be
reduced once residual systematic effects are properly accounted for. This highlights the
subtle interplay among systematics, dataset consistency, and theoretical modeling when
testing non-standard cosmological scenarios.

Among the various possibilities, a large-scale remodeling of the gravitational interac-
tion (i.e., modifying GR) is also being taken in consideration. While GR has been tested
with enormous success on small scales [11-13], modifications at a cosmological level may
still be viable and provide a phenomenology which mimics the background evolution of
the ACDM paradigm [14,15]. Both dark sector and modified gravity (MG) alternatives
change the formation and evolution of cosmic structures through the introduction of new
(dynamical) degrees of freedom. In this regard, galaxy clusters emerge as exceptional labo-
ratories to constrain the ACDM framework [16] and possible signatures of new physics at
a cosmological level [17-19]. In fact, they are the largest and most massive self-gravitating
systems in the universe, constituting the endpoint of the structure formation process [20].

The internal shape of a cluster and the distribution of both baryonic and dark matter
carry pivotal information on the nature of gravity and of the dark sector [21,22]. Indeed,
MG or new dynamical components change the relation between matter perturbation and
gravitational potentials. Non-relativistic (galaxies and gas) and relativistic (photons) tracers
of the mass profile respond differently to gravitational interaction if GR is modified; thus,
joint analyses combining lensing [23] and kinematics [24] mass reconstruction can be used to
constrain MG models at Mpc scales. Since GR predictions fit Solar System and galactic tests
almost perfectly, in order to preserve their efficacy, viable MG theories need to implement a
screening mechanism [25-27], which suppresses the new degrees of freedom and restores
standard gravity at small scales. The details of the screening—namely how efficiently the
suppression is achieved —determine the resulting phenomenology, imprinting distinctive
signatures on the mass distribution and dynamical properties of galaxy clusters (e.g., [28]).

In this work, we focus on the popular chameleon screening theories [29-31]—a branch
of scalar-tensor theories of gravity—where the new degree of freedom generates a fifth force
affecting the motion of non-relativistic particles, which depends on the matter density itself.
If appropriately tuned, in high-density regions the resulting effective mass of the chameleon
field becomes so large that the fifth-force results are negligible and GR is re-established.
The strength of the modification depends on the background value of the chameleon field
¢ and the coupling with matter Q. A widely studied sub-class of chameleon models
is the f(R) gravity [32,33]. In this framework the Einstein-Hilbert action is generalized,
introducing a function of the Ricci scalar, f(R). As a result, the geometry of spacetime
is modified, and an additional fifth force is mediated by the scalaron field, fr = df/dR,
which can be mapped onto the chameleon field. A large number of stringent constraints
has been obtained for both general chameleon models and specific f(R) realizations across
a wide range of physical scales [34—40].

Recent works have further explored general screened modified gravity using strong-
lensing observables on galactic and sub-galactic scales. In particular, ref. [41] introduced a
phenomenological parametrization of MG in terms of a post-Newtonian slip parameter ypn

https:/ /doi.org/10.3390/universe12050124


https://doi.org/10.3390/universe12050124

Universe 2026, 12, 124

30f23

and a screening scale A, modeling the transition from GR to a modified regime as a sharp
change in the relation between the metric potentials. Using time delays in strong lenses,
they obtained constraints of the form |ypy — 1| < 0.2 (A/100kpc), effectively probing
scales in the range A ~ 10-200 kpc. Similar approaches have been adopted in galaxy-scale
analyses combining strong lensing and stellar dynamics to constrain deviations from GR in
a largely phenomenological framework (e.g., [42]).

More recently, strong lensing of gravitational waves has been proposed as a novel
probe of screened MG models by constraining ypy (e.g., [43]). These analyses provide a
new window on gravity at large scales, being sensitive to the relativistic sector and to the
behavior of gravitational waves across cosmological distances.

These approaches are complementary to the present work, but conceptually different.
First, chameleon-like theories are characterized by a screening mechanism that depends pri-
marily on the local gravitational potential (or density), rather than on a fixed physical scale.
In this case, the transition between screened and unscreened regimes can be associated with
an effective screening radius S, defined implicitly by the structure of the density field, typi-
cally of O(Mpc), making possible deviations hard to detect in galactic environments. In this
regard, galaxy clusters remain a particularly interesting regime to explore; they lay at the
interface between astrophysics and cosmology, where screening mechanisms may operate
in a non-trivial and potentially observable way, leaving characteristic imprints on cluster
mass profiles. Second, while strong-lensing analyses probe the relativistic sector typically
on galaxy scales, the analysis presented in this work exploits a joint comparison between
relativistic (strong and weak lensing) and non-relativistic (galaxy kinematics) tracers at Mpc
scales. This allows us to directly constrain the physical parameters of chameleon gravity,
namely the coupling Q and the background field value ¢, extending existing constraints
to environments where the chameleon mechanism is expected to operate differently due to
the diverse densities and potentials involved.

Moreover, despite its relative simplicity, chameleon gravity provides a controlled yet
versatile theoretical framework that makes it an interesting case study to fully exploit the
constraining power of clusters, and to develop methodologies that can later be extended to
more complex MG scenarios.

In the following, we use high precision gravitational lensing and member galax-
ies” kinematical information of nine massive galaxy clusters, extensively studied within
the CLASH [44] and CLASH-VLT [45] collaborations, in order to constrain the general
chameleon gravity and the sub-class of f(R) models. By means of the MG-MAMPOSST
code [46], we obtain the joint lensing-kinematics posterior distributions of the free param-
eters describing the chameleon model to constrain the allowed region of the parameter
space. Since the efficiency of the chameleon screening is strongly related to the structure
of the matter distribution, we explore how different prescriptions of the total cluster mass
profile affect the results. This follows from the theoretical analysis performed in [47], where
we implemented semi-analytical solutions of chameleon gravity for different mass ansatze
and we validated them against simulated halos; here, we apply such a framework to real
cluster datasets for the first time. We further discuss the impact of systematics, in particular
deviation dynamical relaxation and the presence of substructures in the distribution of the
member galaxies.

This paper is structured as follows: in Section 2 we provide a brief overview of the
chameleon model; in Section 3 we present the dataset and the methodology used for the
analysis before presenting the main results in Section 4. Finally, we highlight our main
conclusions in Section 5.
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2. Theoretical Background

Scalar—tensor theories with screening mechanisms provide a well-motivated frame-
work to reconcile modifications of gravity on cosmological scales with stringent local
constraints. Among them, the chameleon formalism [29] represents a prototypical example,
in which the scalar degree of freedom dynamically adapts its mass to the surrounding
environment, suppressing deviations from GR in high-density regions while remaining
active on large scales.

The dynamics of a chameleon scalar field ¢, conformally coupled to matter fields g,
is described by the Einstein-frame Lagrangian

M> 1 N
L= /=g|~FR+5@0) + V()| + L( 9, 8110 ) M

where Mp| = (87TG)’1/ 2 is the reduced Planck mass, and G is the gravitational constant.
Matter fields follow geodesics of the Jordan-frame metric

853 — ¢—2Qi¢/ (Mpic?) S, )

with Q; denoting the dimensionless coupling between the scalar field and the i-th matter
species, and c being the speed of light. Throughout this work, we adopt a universal
coupling Q for both baryonic and dark matter components, as commonly assumed in
phenomenological analyses (e.g., [38,48]).

A particularly relevant case is provided by metric f(R) theories of gravity, which
can be recast as scalar-tensor models with a chameleon-like screening mechanism. In this
correspondence, the scalar degree of freedom is identified with fr = df/9R, and the
coupling takes the fixed value Q =1/ V6 [49,50]. The connection between the chameleon
field and the scalaron is given by the following equation (see, for example, [51]):

2
|fR|:exp<—Mif2>—1, 3)

where the quantity ¢/ Mp carries the dimension of a gravitational potential. As a result,
the formalism we develop below applies equally to generic chameleon models and to the
class of viable f(R) theories considered in this work.

The self-interaction of the scalar field is encoded in a monotonic potential, which can
be described with an inverse power-law form (e.g., [52]),

V(g) = A", (4)

where nn > 0 and A set the characteristic energy scale, typically associated with the dark-
energy scale [40,47].

In the quasi-static, non-relativistic regime relevant for galaxy clusters, the scalar field
equation of motion reads

2, Q 09/ (Mpi?)

where the sum runs over all matter components with density p;. The coupling to matter
gives rise to an effective potential,

Vert(@) = V() + ) _p; ) (6)
j
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whose minimum depends explicitly on the ambient density. Since current observational
constraints require ¢/ (MP]C2) < 1 [36,53,54], the exponential term can be linearized,
leading to

Q /
V2 ~ W}Zpﬁv (¢). (7)

In this form, ¢ plays the role of an additional gravitational potential, mediating a fifth force,
whose strength depends on the local density. In particular, assuming spherical symmetry,
the total gravitational acceleration acting on non-relativistic tracers can be written as

do _ GM(r) , Q do

dr r2 Mp dr’ ®
which motivates the definition of an effective mass associated with the scalar field,
Meg(r) = 2792 ©)
G Mp dr
The total dynamical mass inferred from kinematic probes is therefore
Mgyn(r) = Mcr(r) + Meg(7), (10)

where Mgg(r) is the total mass profile sourced by the matter components p;.

An important feature of chameleon and f(R) gravity is that null geodesics are invariant
under conformal transformations. As a consequence, gravitational lensing remains sensitive
only to the Newtonian potential generated by Mgr [31]. Lensing observations, thus,
provide an independent and (ideally) unbiased probe of the true mass distribution, which
we exploit as a prior in our analysis.

Semi-Analytical Solutions for the Chameleon Field

The chameleon mechanism naturally divides the phenomenology into two regimes.
Deep inside a massive object, where the density is high, the field rapidly relaxes to the
minimum of V¢ and spatial gradients become negligible. In this screened region, the scalar
field approximately satisfies

—1/(n+1)
Pt = (QP”> , (1)

n /\4+"MP1

with pior = Y pj. As a consequence, the fifth force is strongly suppressed and gravity
effectively reduces to GR. In the following, as usually done [47,55], we will assume ¢in¢ ~ 0.

At larger radii, where the matter density decreases and the field has not yet settled to
the minimum of the effective potential, the contribution of V’(¢) becomes subdominant.
In this unscreened regime, the scalar field obeys

vz4)0ut =~ MQPI Ptot- (12)

Assuming spherical symmetry, which is a good approximation for relaxed galaxy clus-
ters [56,57], this equation reduces to

1d <r2d4)out> — Q

o\ dr ) T My P 13)
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A single integration shows explicitly that the scalar-field gradient, and hence the fifth
force, is sourced by the enclosed mass profile

7’2 d¢0ut - g r

” /
dr ~ Mp Jo r"prot(r) dr’ + Cs, (14)

where Cs is an integration constant. The full scalar-field profile is obtained by matching
the interior and exterior solutions at a characteristic screening radius r = S, defined as
the scale at which the transition between the screened and unscreened regimes occurs
(e.g., [58,59]). Imposing a continuity of ¢ and its derivative at r = S uniquely fixes the
integration constant in Equation (14).

Within r < S, the field is strongly suppressed, ¢ < ¢, and the fifth force is negligible,
whereas at r > S the scalar field mediates a long-range modification of gravity. This
screening radius therefore encapsulates the environmental dependence of chameleon and
f(R) gravity and plays a central role in the phenomenology of galaxy clusters.

Indeed, as already pointed out in [47,60], Equation (14) depends on the profile assumed
to model the matter density distribution, impacting the shape of the chameleon field profile
and changing the efficiency of the screening mechanism. The analysis carried out by [47]
on simulated cluster-sized halos further demonstrates that the effect of mass modeling
does not introduce relevant biases or spurious detections in the constrained parameter
space, when other systematics are under control. However, this may be not the case for real
clusters, where observational systematics and assumptions in the mass reconstruction are
expected to affect the analysis [61].

In this work, we follow the approach of [61] and we consider three mass profile ansétze,
which have found to provide adequate fit to the total matter distributions in observed
clusters [24,62], namely the Navarro-Frenk-White (NFW) model [63],

In(1+4r/rs) — (11//;;5)

(Lt rano/rs) — et

Mnrw (r) = Mago (15)
In

where rg = r_; is the radius at which the logarithmic derivative of the density profile
assumes a value of —2; the Burkert model (e.g., Ref. [64]), is defined as

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

Mgy (r) = M , 16
Bur(7) 20071 [1+ (ra00/75)%] +21In(1 + rp00/1s) — 2 arctan(rao0 /7s) (16)
where rs ~ 2/37r_5, and, finally, the Hernquist profile (e.g., Ref. [65]),
faoo +75)% 12
Mper(r) = Mzoo( 200 ¥ 7) 17)

2o (r41s)?]

with ¢ = 27_5. All profiles are characterized by two free parameters, the scale radius
and the “virial” radius ryq9, defined as the radius of a sphere enclosing an average density
200 times the critical density of the universe at the cluster’s redshift. The corresponding
virial mass is Moy = M(7r290)-

Each model exhibits a different behavior at small and large scales; for r — 0 the
Burkert profile flattens, while the NFW and Hernquist models diverges as r~!. As r grows,
the Hernquist density decreases as ~r~4, faster than the other two (< r73).

Consequently, this translates to a distinct shape for the external gradient in the last
term in the RHS of Equation (8). More specifically, for the NFW model, one has

dfpout _ B 1 CS

- 1 D]+ =, 18
dr Ts X2 x+l+n(er ) Jr1@,3(2 (18)
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where x = r/rs, B = strg/ Mpj, Cs is the integration constant defined above and
ps(7s,7200) is the typical central density parameter. The conditions at the matching ra-
dius, x. = S/rs, are given by

= |2-1], G=—pe-bm( ). (19)

(P‘X’ (Poo
Above, the quantity ¢« represents the value of the field in the background and it is one of
the free parameters we aim to constrain. The exterior chameleon field gradient in the case

of a Burkert profile is given by

d(Pout _ Cs B 1 2 1 71 -1
& ol T {4 ln(x +1) + 2ln(x+1) 5 tan (x)} , (20)

and the matching with the inner solution is obtained when
1 2
Cs = 1[—2810g<xc +1> +7IB—4¢°0} .

To get the screening radius S, one has to solve the numerical equation

2+1
In [(;C:l)z] +2tan"!(xe) = n—4%°, (21)

As for the Hernquist model, the gradient reads

dpout (x+1)_2(x—3x—1)8+ Cs

dr 2 x2 rex2’ 22)
with the conditions
200}
Xe = <4l;,°°) -1,
(23)
C.o— (1—2xc4+3x)
ST 214 xo)?

3. Cluster Dataset and Analysis Set-Up

In this work we consider a sample of nine massive galaxy clusters from the CLASH [44]
and CLASH-VLT [45] collaborations. The total CLASH sample includes 25 clusters for
which high quality imaging data have been collected by the Hubble Space Telescope;
14 systems, accessible from the southern hemisphere, have been targeted by the spectro-
scopic follow up with the VIMOS instrument at the Very Large Telescope (VLT), providing
a large amount—O (> 10?)—of confirmed spectroscopic cluster members with precise
velocity determination.

Five of the CLASH clusters have been selected for their strong lensing features, while
the other 20 systems have been chosen from Chandra observations for the high X-ray
temperatures (kTx > 5 keV) and morphologically regular shape. For a large subset of the
CLASH sample—including the nine clusters targeted in this work—deep ground-based
multi-band imaging was obtained and analyzed for detailed weak-lensing studies as part
of the CLASH program, as presented in [62]. The unprecedented quality of the CLASH
and CLASH-VLT dataset enabled accurate mass profile reconstructions using independent
probes, e.g., [57,62,66,67]. Several multi-band analyses have further addressed the dynami-
cal and morphological properties of the CLASH clusters, e.g., [68-73], which revealed com-
plex features suggesting that some systems may be far from an equilibrium configuration.
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A series of recent works [61,74,75] focused on a subsample of nine CLASH clusters—
Abell 383 (A383), Abell 209 (A209), RX J2129.7 + 0005 (R2129), MS2137 — 2353 (MS2137),
RXC J2248.7 — 4431 (R2248, also named Abell 51063), 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, to investigate dynamical properties
of member galaxies and to further constrain generic signatures of departures from GR.

Here we exploit the same nine systems to reconstruct the total gravitational potential
in chameleon gravity via the kinematics of the member galaxies, and to provide bounds
on the background scalaron field fgg in the f(R) sub-case. For each cluster, we adopt an
informative prior on the mass profile parameters r_j, 7299 which is based on the results of
the combined strong- and weak-lensing analyses of [62] for all the parametric mass models
discussed in Section 2. This step is fundamental to break the degeneracy arising between the
fifth force in chameleon screening and the parameters describing the matter distribution (see
e.g., [38]). The joint weak- and strong-lensing analysis of [62] was carried out with CLUMI
code [76,77], a likelihood-based framework formulated in terms of azimuthally averaged
radial profiles of lensing observables. In this approach, the projected mass distribution of
each cluster is represented by a piecewise-defined, radially binned convergence profile.
The analysis combines inner constraints from 16-band Hubble Space Telescope (HST)
observations [78] with wide-field multiband imaging obtained primarily with Suprime-
Cam on a Subaru Telescope [79]. By combining complementary lensing probes, this
framework not only improves the precision of the mass reconstruction but also enables a
better calibration of probe-dependent systematic effects.

Specifically, the mass reconstruction was based on a joint input data vector composed
of two sets of measurements: (1) central enclosed aperture-mass constraints at four equally
spaced integration radii (10-40 arcsec), derived from detailed strong-lensing and weak-
shear modeling of the CLASH-HST data [78]; and (2) weak-lensing shear and magnification-
bias measurements on larger scales, evaluated in 10 logarithmically spaced radial bins.
For all profiles, the position of the brightest cluster galaxy was adopted as the cluster centre.

To rigorously account for uncertainties in the reconstructed convergence profile,
ref. [62] used a full covariance matrix that includes four distinct contributions: (1) sta-
tistical observational errors from the joint likelihood analysis; (2) residual mass-sheet
uncertainty; (3) cosmic-noise covariance of an uncorrelated large-scale structure projected
along the line of sight; and (4) intrinsic variations in the projected cluster lensing signal,
driven primarily by halo triaxiality and correlated substructures.

Using the binned convergence profile and its full covariance matrix for each cluster,
the CLASH weak- and strong-lensing analysis derived the posterior distribution of the
halo structural parameters for the NFW, Burkert, and Hernquist mass models. In the
present work, we adopt the corresponding marginalized posterior distribution, denoted
Piens(*—2,7200), as a robust, data-driven prior.

As for the kinematic data, we consider the projected phase-space (p.p.s. hereafter) of
each cluster (R;,v,;), where R; is the projected position of the i-th member galaxy with
respect to the cluster center, and v, ; is the line-of-sight (los) velocity measured in the rest
frame of the cluster. The selection of cluster members was performed by [74] using the
CLUster Membership in Phase Space (CLUMPS) method of [80].

We analyze the p.p.s using the MG-MAMPOSST code of [46], a version of the MAM-
POSST algorithm of [81] which performs a kinematic determination of the mass profile
of spherical self-gravitating systems under the assumption of dynamical equilibrium.
The method is based on the Jeans equations and it further assumes a Gaussian shape for
the three-dimensional velocity field. MG-MAMPOSST is equipped with general parame-
terizations of the gravitational potential describing a variety of dark matter, dark energy
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and modified gravity models viable at cosmological scales [57,82]. Note that solving the
Jeans equations requires knowledge of the number density distribution of the galaxies, v(r),
and of the orbits” anisotropy profiles , defined as

. o5 + 05 o
IB — 4 20_r2 ’ ( )
where 07, 03, and%% are the velocity dispersions along the radial, tangential, and azimuthal

components respectively; in spherical symmetry, 05 = (7(%. The velocity anisotropy defines
the average shapes of the orbits of galaxies in clusters, and it is generally a function of the
distance from the cluster center.

B(r) cannot be observed directly due to the so-called mass-anisotropy degeneracy
(e.g., [83]); MG-MAMPOSST overcomes this limitation by assuming a parametric model
for the anisotropy and fitting the parameters describing B(r) along with those of the
gravitational potential. We use the generalized Tiret model (e.g., [74,84,85]),

,
r+r!;'

Bsr(r) = Bo+ (Beo — Po) (25)
which has been shown to provide a good description for a large variety of galaxy orbits
in clusters [85]. In Equation (25), g and Be represent the anisotropy at r = 0 and at very
large radii, while g is a scale radius and is usually set to be equal to r_, of the cluster mass
profile [24,66].

As for the number density profile, we rely on the results of [74], who fitted the
projected distribution N(R) of the member galaxies, correcting for completeness, adopting
the method of [86]. All clusters’ projected number density profiles are well-described by
the projected NFW model, except for A209, for which the King model [87] is favored. While
both models are described by two free parameters, in the Jeans equations, the normalization
of v(r) simplifies it, and the only parameter left is the characteristic scale radius r,. In the
MG-MAMPOSST analysis, we consider a Gaussian prior on r, whose amplitude is set by
the uncertainties found by the fit of [74]. A summary of the clusters” dynamical properties
and the constraints on the mass profile parameters derived from lensing and kinematic
analyses (in standard gravity), and on the number density scale radius can be found in
Table 1 of [61].

Here we apply the same setup described in [61] and we consider galaxies within
the projected region R € [0.05Mpc, rk], where 14, is the value of the virial radius esti-
mated by the lensing analysis of Ref. [71]. As a consistency check, we varied the upper
bounds by ~10% for each cluster to ensure the final results are not significantly affected by
this assumption.

We implement the expression of the gravitational potential of Equation (8), assuming
the field profiles of Equations (18), (19) and (22) for the NFW, Burkert and Hernquist models
respectively. For the general chameleon framework, the magnitude of departures from
GR is entirely specified by the coupling constant Q and the background field value ¢e.
However, as discussed in Section 2, the shape of the fifth force also depends on the mass
profile parameters. We thus perform a Monte Carlo-Markov Chain (MCMC) exploration of
the full parameter space (7200, s, B0, Beos v, @, Poo). At each trial, we sample rpgg, 75 from the
lensing distribution, while assuming flat priors on Bg, Beo. Note that, in MG-MAMPOSST,
the scaled parameters Ay = 1//1 — Bo,c are used for the anisotropy, which are always
positive and < 1, = 1, and > 1 for tangential, isotropic, and radial orbits, respectively. We
consider Ag« € [0.4,7]; the scale radius is instead sampled from an informative Gaussian
distribution as described above. As for the chameleon parameters, we consider the rescaled
variables (e.g., [38,54]), Q> = Q/(1+ Q) and ¢ = 1 — exp[¢/(10* Mp})], which are
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in the range [0,1]. When focusing on the f(R) class, we instead assume a flat prior in
log,, fr € [—8,3]. For all the MCMC runs, we discard the first 5000 points as burn-in,
and we ensure convergence by performing a Geller—Rubin test as detailed in [61].

4. Results

We first consider a general chameleon scenario. In Figure 1 we show, as an illustrative
example, the allowed regions at 1 0 (darker shaded areas) and 2 o (lighter shaded areas) in
the 9y, ¢, plane obtained from the joint lensing and kinematical analysis of A209. Each
panel corresponds to a different assumption for the total cluster mass distribution.

Burkert Hernquist

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 02 0.4 0.6 0.8
Q> Q> (0]

Figure 1. Two-dimensional allowed regions at 1 (darker areas) and 2¢ (lighter areas) in the Oy, ¢»
plane from the MG-MAMPOSST analysis of A209. (Left): NFW mass profile. (Center): Burkert
profile. (Right): Hernquist profile.

All the three posterior distributions in Figure 1 remain in agreement with the standard
gravity expectation (@, = ¢ = 0) at the 20 level; nevertheless, a marginal variation of
the shape of the contours with the adopted mass profile can be observed in the regime
of large deviations, Q, 2 0.6, ¢ 2 0.6, where the excluded region slightly shrinks in the
case of the NFW profile. This behavior reflects the different efficiency of the screening
mechanism in clusters with distinct density slopes [47]. In particular, the NFW model
exhibits a more efficient screening for large values of the coupling constant, generally
leading to a larger allowed region in the parameter space, compared to the other two
profiles. The full set of posterior distributions for all clusters is shown in Figures A1-A3 of
Appendix A, corresponding to the NFW, Burkert, and Hernquist mass models, respectively.

When NFW or Hernquist profiles are assumed, no statistically significant (2 20) devia-
tion from GR is found for any cluster. A209 A383 and R2248 display mild (~ 1c) shifts away
from Qy = 0, ¢ = 0 when Hernquist is assumed, and M329 also when the NFW model
is chosen, although three of these systems are known to present dynamical complexity.
While the analysis of [73] revealed that M329 is not far from dynamical relaxation, the clus-
ter resides in a relatively rich environment; R2248 shows signs of disturbance [61,72,82],
and A209 exhibits evidence of a recent or ongoing merging event [70]. These factors may
enhance degeneracies between dynamical mass parameters and modified-gravity degrees
of freedom.

A slightly different behavior emerges when the cluster mass distribution is modeled
with the Burkert profile. In this case, the tension in R2248 increases to the ~3c level, while
A383, R2129 and M329 show a ~1¢ preference for larger chameleon parameters. This trend
is consistent with the strong+weak lensing analyses of [62], which slightly disfavor the
Burkert model relative to cuspy profiles for our cluster sample. In particular, for R2248 and
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R2129 the lensing data better adapt to significantly smaller values of 7509 and 75 than those
inferred from kinematics in GR (see Figure 8 of [61]).

Within the chameleon framework, part of this tension can be absorbed by the ad-
ditional parameters Q and ¢.. Owing to the structure of Equation (6), the projected
phase-space distribution of member galaxies can remain nearly unchanged if one compares
a deeper potential well in GR (larger rpgp) with a shallower mass profile supplemented
by non-zero modified-gravity parameters. Consequently, when the lensing prior favors
lower halo radii, the joint likelihood may shift probability toward parameter space regions
associated with deviations from GR.

To quantify whether these shifts correspond to genuine support for modified gravity,
we have further computed the Bayesian evidence In Z for each mass-profile assumption in
the joint kinematic+lensing analysis within the chameleon model. The values of In Z are
listed in Table 1 for all the nine clusters in the sample.

Table 1. Log-evidence (In Z) and differences with respect to the NFW model. Positive A In Z indicates
preference over NFW.

Cluster In ZnEw In ZHernquist In Zgyriert Aln Zye, Aln Zgy,
A209 8091.010 8088.988 8084.830 —2.022 —6.180
A383 3771.540 3772.372 3770.583 0.831 —0.957
M1115 3303.020 3301.360 3302.977 —1.660 —0.043
M1206 3297.369 3297.727 3298.346 0.358 0.977
M1931 2035.744 2036.559 2034.657 0.815 —1.08
M329 1797.017 1798.084 1797.753 1.068 0.737
MS2137 1264.760 1264.028 1263.575 —0.732 —1.185
R2129 1467.501 1467.064 1465.270 —0.437 —2.231
R2248 6535.780 6536.338 6532.533 0.558 —3.247

It is worth to notice that the differences in log-evidence between NFW and Hernquist
remain relatively small (|AIn Z| < 1-2), suggesting that the joint lensing and kinematic data
do not significantly discriminate between these cuspy parameterizations once the modified-
gravity sector is included. The Burkert profile is instead decisively disfavored in A209
(AInZ ~ —6 with respect to NFW), and moderately disfavored in R2248 (AInZ 2> —3) and
R2129 (AInZ 2 —2).

The evidence under examination thus indicates that the mild shifts toward Q, > 0
and ¢ > 0 observed in some Burkert-based runs may not be robust signatures of modified
gravity, but rather manifestations of the degeneracy between mass-profile parameters and
chameleon degrees of freedom under the adopted lensing priors. Kinematic-only runs
assuming flat log-priors on o9 and s, and shows no preference of any model, with AInZ
consistently smaller than 1. For completeness, we also evaluated the Akaike (AIC) and
Bayesian (BIC) information criteria (see e.g., [85]), which are based on the comparison of
the peak of the likelihoods and introduce penalties proportional to the number of free
parameters. However, since all the mass models considered here share the same number of
free parameters, these criteria reduce to a comparison based on the maximum likelihood,
yielding results that are fully consistent with the Bayesian evidence.

Figure 2 further shows the posterior distribution of the screening radius S derived for
each cluster assuming a NFW profile as a function of (rxqp, 7s, ¢2, Q2). For six clusters out
of nine, the distribution decreases by 90% above S ~ 1 Mpc, which is in agreement with
the physical scale of galaxy clusters, while R2248, M1115 and M1931 exhibit a shallower
posterior distribution at large S values.
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0.0 : . .
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Figure 2. Posterior distributions of the screening radius S obtained from the analysis of the individual
clusters. An NFW has been assumed to model the mass distribution.

In principle, the background chameleon field evolves with cosmological time (i.e.,:
$eo = Poo(2z)); this evolution is driven by the parameters characterizing the field potential
(e.g., [31,88,89]); however, given the limited redshift range (0.19-0.45) spawned by our
cluster sample, we can safely neglect the time evolution and combine the independent
distributions of ¢, Qy of all clustera together. The joint two-dimensional constraints for ¢
and Q; are shown in Figure 3 for the three mass models.

NFW Burkert Hernquist

1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Qs Q> Q;

Figure 3. Two-dimensional 1o (darker areas) and 2¢ (lighter areas) allowed regions in the parameter
space Qy, ¢, from the joint nine-clusters marginalized distribution. (Left): NFW. (Central): Burkert.
(Right): Hernquist. The vertical dashed lines refer to Q =1/ /6 (i.e., the sub-case of chameleon f(R)).

The NFW and Hernquist models show full agreement with GR, further providing
strong bounds on the allowed parameter space, excluding the region ¢,, @, 2 0.4. This
confirms the forecasts of [46,47] and it results in the most stringent constraints on the
general chameleon model at Mpc scale using galaxy clusters so far.

On the other hand, the Burkert model leads to a ~2¢ departure from the GR expecta-
tion in the combined analysis of all nine objects. This apparent tension originates from the
slight cluster-by-cluster shifts in the posterior distribution towards ¢», @, > 0, which adds
coherency to the joint constraint.
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The f(R) Sub-Case

As a second step, we consider the f(R) class of chameleon models by fixing @ = 1/v/6
and identifying the scalaron field fr as a function of the chameleon field ¢ according to
Equation (3)'. We ran the MG-MAMPOSST analysis again on all the clusters in our sample;
the resulting one-dimensional distributions of log, | fr| are shown for NFW, Burkert and
Hernquist in the three plots of Figure 4. In each panel we depict the single-cluster posteriors
(solid lines with partial transparency) and the joint distribution obtained by combining the
nine marginalized posteriors (solid line with full opacity).

NFW Hernquist Burkert

M329
M1115
M1931
Ms2137
R2129
R2248
M1206
A209
A383

o
o

P(logiolfl)
P(logio|fl)
P(logiolfal)

o
=

o
N}

o
o

70 -65 -6.0 -55 -5.0 -45 -4.0 -7.0 -6.5 -6.0 -55 -50 -45 -4.0 -7.0 -6.5 -6.0 -55 -5.0 -45 -4.0
l0g10|fr| logiolfr| l0g10lfal

Figure 4. Marginalized distributions of the fr background field from the MG-MAMPOSST kinematic
+ lensing analysis of the nine clusters in our sample. (Left): NFW. (Central): Hernquist. (Right): Burk-
ert. The solid blue lines correspond to the joint distributions obtained considering all the clusters,
while the dashed black lines refer to the case where disturbed clusters are excluded.

Similarly to what found for the general chameleon framework, the joint posteriors for
NFW and Hernquist mass models are in agreement with |fg| — 0, despite a slight ~ 1¢
shift in the latter case.

In Figure 5, we further show an example of the triangle plots for all the parameters
involved in the analysis of A209 with the Hernquist profile. The shapes of the contours
reflect the degeneracy among the scalaron field and the mass profile parameters g, 7s.
In particular, the two-dimensional plane ry0 — log; | fr| shows that the effect of the fifth
force can be compensated by a shallower potential well (i.e., allowing for smaller ).

Overall, we obtain a joint constrain of |fr| < 2 x 107° and |fr| < 5 x 107° at 95%
confidence limit for NFW and Hernquist, respectively.

As expected, the systematic tension with GR is more pronounced when adopting the
Burkert profile, leading to a combined constraint of

logy, |fr] = —47+£1.2, (26)

which is in clear tension with current astrophysical and cosmological bounds (e.g., [40,90]).

To support the idea that this apparent deviation is driven by residual systematics rather
than by genuine modified-gravity signatures, we follow the procedure outlined in [61] and
restrict the joint analysis to dynamically relaxed systems. Specifically, we exclude clusters
showing clear evidence of dynamical disturbance, as quantified by two complementary
indicators: the fraction of galaxies in substructures, f¢, and the Anderson-Darling statistic
A? computed from the line-of-sight velocity distribution of member galaxies.

The A? parameter measures departures from Gaussianity in the velocity distribution
and has been shown to correlate strongly with the likelihood of spurious modified-gravity
signals induced by non-equilibrium dynamics [91]. The fraction of galaxies in substructures,
fq, was estimated by [74] using the DS+ algorithm developed by [92], which exploits the
full p.p.s. information to identify substructures. The corresponding values of A% and f; are
reported in the last two columns of Table 1 of [61], and we will not repeat them here.
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Figure 5. Marginalized one-dimensional (darker filled regions) and two-dimensional (lighter filled
regions) distributions of free parameters in the MG-MAMPOSST kinematic + lensing analysis of
A209in f(R) gravity. The Hernquist model has been assumed for the total mass profile.

Note that selecting clusters with low values of A2 and f; does not only isolate dy-
namically relaxed systems, but also indirectly favors systems with a more regular and
symmetric mass distribution. Indeed, relaxed clusters are expected to be closer to spherical
symmetry, while strongly disturbed systems are more likely to exhibit significant triaxiality
and projection effects.

This consideration is further supported by the properties of the CLASH sample itself,
which has been shown from dedicated cosmological hydrodynamical simulations to not
exhibit a significant orientation bias [93], making the use of spherical models a reasonable
approximation at the level of precision considered here. Therefore, this selection partially
mitigates potential systematics associated with departures from spherical symmetry. It is
also important to point out that triaxiality is already considered as a source of statistical
uncertainties in the strong+weak lensing covariance matrices, calibrated on numerical
simulations [62,79].

We remove from the joint fit the systems with f; > 0.3 and A? > 0.7, namely A209,
M1115, R2248 and MS2137; the resulting distributions are shown as the black dashed
lines in Figure 4. While the upper limits are almost unchanged, a rise in the marginalized
distribution at | fg| — 0 is found in all the cases, most notably for the Hernquist mass model.
This exercise stresses once again the importance of systematic calibration and accurate mass
modeling when using cluster mass profiles to test the nature of gravity. The fact that our
MG constraints remain stable when restricting the analysis to this sub-sample suggests that
residual triaxiality is not the dominant driver of the observed trends, and that the main
systematic effects are instead related to dynamical non-equilibrium.
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5. Conclusions

In this work we have performed a joint kinematic-lensing test of chameleon screening
gravity, and of its f(R) sub-class, using nine massive galaxy clusters drawn from the
CLASH and CLASH-VLT datasets. We modeled the dynamics of member galaxies with
the MG-MAMPOSST code under the assumptions of spherical symmetry and dynamical
equilibrium, and we adopted informative priors on the halo structural parameters (7290, 7s)
from strong+weak lensing reconstructions [62] (as implemented in [61]).

For the general chameleon scenario, we explored the parameter space (Q, ¢ ) adopt-
ing three alternative ansédtze for the total mass distribution (NFW, Burkert, and Hernquist).
When cuspy mass profiles are assumed (NFW or Hernquist), the combined nine-cluster
constraints are consistent with GR and exclude large regions of the (Qy, ¢) plane, roughly
ruling out Qy, ¢ 2 0.4 at high credibility. These results are broadly consistent with expec-
tations from previous cluster-scale forecasts [46,47] and analyses of real samples [38,54,58]
and show that joint lensing—-dynamics investigations can deliver stringent constraints on
screened modifications of gravity at Mpc scales.

A different behavior emerges when adopting a Burkert profile for the total mass
distribution. In this case, the cluster-by-cluster posteriors exhibit mild coherent shifts
toward Q, > 0 and ¢ > 0, which add up in the combined constraint and yield an apparent
~20 departure from the GR expectation. The evidence analysis indicates that these shifts
do not constitute robust support for modified gravity, but are more naturally interpreted
as a manifestation of the increased degeneracy between the modified-gravity sector and
the mass-profile parameters when the assumed inner slope is in tension with the lensing
constraints for part of the sample.

We then focused on the f(R) sub-case by fixing © = 1/+/6 and sampling the logarithm
of the scalaron field log, | fr| with a flat, uninformative prior. For NFW and Hernquist,
we find joint constraints consistent with | fg| — 0, and we obtain upper limits at the level
of [fr] £ 2—5x1075 (95% C.L.), in agreement with current cosmological constraints.
Conversely, assuming a Burkert profile leads to a combined posterior peak away from zero,
logy, | fr| = —4.7 £1.2, which is in tension with astrophysical and cosmological bounds
(e.g., [40,90]).

We have explicitly investigated the role of systematics in the dynamical state of the
clusters by repeating the analysis after excluding clusters that show clear indications of
non-equilibrium, based on the substructure fraction f, and the Anderson-Darling statistic
A2, This procedure led to a shift of the marginalized posteriors toward |fg| — 0 for all
mass models, supporting the interpretation that part of the apparent Burkert-driven tension
is induced by residual dynamical complexity of the systems. At the same time, this exercise
should be regarded as a targeted (and intentionally conservative) mitigation strategy rather
than as an exhaustive treatment of systematics: additional effects such as projection effects
and baryonic feedback are known to influence lensing mass determinations [94,95], see
also the review of [96]; furthermore, residual l.0.s. interlopers contamination and potential
modeling limitations of simple two-parameter mass profiles may still affect the inference at
a non-negligible level, demanding a more accurate, multi-component analysis (e.g., [57,60]).
Finally, it has been shown that triaxiality—although not being the dominant sources of
systematics—may boost the mass profile when observing clusters along the line of sight [91].
As concerns lensing analyses, if the sample of clusters suffers an orientation bias toward
alignment with the line of sight, then assuming either spherical or elliptical profiles would
still lead to a net bias in the mass estimates [71]. For this reason, a dedicated upcoming work
is addressing the extension of our framework to triaxial configurations of the mass profiles.

Note that strengthening cluster-scale tests of gravity requires both a broadening of the
statistical sample (i.e., more clusters) and a meticulous control of systematics through a
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more comprehensive multi-probe approach. This will become increasingly feasible thanks
to the combination of new-generation wide-field photometric surveys enabling precise
weak-lensing mass measurements—such as Euclid [97], the Vera Rubin Observatory [98],
and the Roman Space Telescope [99]—and dedicated spectroscopic follow-up programs
aimed at measuring member-galaxy velocities for large cluster samples (e.g., DESI [100],
4MOST [101], or MOONS/VLT [102]). In addition, several cluster-dedicated programs are
already providing high-quality, multi-wavelength mass reconstructions that are particu-
larly well suited for gravity tests at halo scales. Examples include X-COP [103], CHEX-
MATE [104], and HeCS/HeCS-5Z [105,106], which combine X-ray, Sunyaev—Zel’dovich,
and optical spectroscopic data to deliver accurate determinations of thermodynamic
and dynamical profiles from the cluster core to the outskirts. Extending joint lensing—
kinematics analyses to O(10?)-O(10%) systems will not only reduce statistical uncertainties,
but will also enable stringent consistency tests across dynamical state, mass, redshift,
and environment, thereby isolating (and potentially modeling) the dominant sources of
residual systematics.

Finally, while chameleon screening and simple f(R) parameterizations are nowadays
very well constrained, they remain an important and well-defined theoretical labora-
tory of modified gravity at cluster scales, offering a valuable baseline for more complex
scenarios (e.g., extended scalar—tensor models [107], environment-dependent couplings,
or beyond-Horndeski [108-110]/degenerate higher-order theories [111,112]) in which the
phenomenology at cluster scales may be richer. In this sense, the present analysis represents
a methodological stepping stone toward more general tests of gravity with upcoming
cluster datasets.
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Appendix A. Marginal Distributions for the General Chameleon Case

Figures A1-A3 show the two-dimensional marginalized distributions at 1o and 20
(darker and lighter shaded areas) for all the clusters in our sample. Each figure presents
the results for a different mass model used to describe the cluster matter profile in the
MG-MAMPOSST fit.
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Figure A1. Two-dimensional 1o (darker areas) and 2¢ (lighter areas) allowed regions in the parameter
space Qp, ¢, from the MG-MAMPOSST kinematic + lensing analysis of the nine clusters in our
sample. The NFW model has been assumed for the total matter distribution.
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Figure A2. Same as Figure Al but for the Burkert mass model.
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Figure A3. Same as Figure Al but for the Hernquist mass model.
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