
Chapter 36
Galaxy Clusters and Modified Gravity

Ippocratis D. Saltas and Lorenzo Pizzuti

36.1 What Makes Galaxy Clusters Interesting for Testing
Gravity?

Put simply, a galaxy cluster is a self-gravitating system built out of dark matter,
hot gas and baryonic tracers in the form of galaxies. What makes galaxy clusters
attractive as tests of gravity is that they lie on the borderline between astrophysical
and cosmological scales, allowing to test different aspects and predictions of gravity
theories.

Traditionally, the combination of kinematical/dynamical measurements in a clus-
ter with lensing observations allows to reconstruct the underlying mass distribution.
In General Relativity (GR) the two are expected to be the same, however, this is
no longer true within general families of theories beyond GR which predict that
pressureless matter and light respond differently to gravity, in turn implying differ-
ent predictions for the cluster’s inferred dynamical/kinematical and lensing mass
profiles. This idea has formed the basis for the construction of consistency checks
studied predominantly within scalar-tensor theories such as f (R), Brans–Dicke and
(Beyond Horndeski) theories.

Disentangling genuine gravitational effects from the complicated astrophysical
processes at cluster scales is, however, a subtle task and requires an adequate knowl-
edge of the underlying systematics. In addition, since the bulk of the cluster’s mass
comes from dark matter, an adequate modelling of the dark matter density distribu-
tion is necessary, which proves challenging without knowledge of the actual physics
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of the dark sector. Therefore, the underlying assumptions for constraints on gravity
in this regard have to be challenged and testes before conclusive statements are to be
made.

Our goal here is to briefly review progress on the methods and constraints on
theories beyond GR with the physics of galaxy clusters, along with a discussion on
the associated hurdles from astrophysical and observational systematics.

36.2 Consistency Conditions Based on the Mass Profiles of
Galaxy Clusters

36.2.1 Generalities

It is instructive to start with a recap of some useful concepts from cosmological per-
turbation theory. In galaxy clusters, matter collapses in a non-linear fashion, however,
gravity remains linear implying that, the gravitational wells are sufficiently small for
linear perturbation theory to hold. In this regard, the Poisson equation relates the
Newtonian potential � to the matter density as ∇2� = 8πGNρm , while the gravita-
tional slip parameter relates� to the relativistic potential� through the gravitational
slip parameter η ≡ �/�. The weak-lensing potential satisfies a Poisson-like equa-
tion as ∇2(� + �) = 8πGNρlens , where ρlens is the matter density inferred through
lensing probes—we will get back to this later.

Hydrostatic equilibrium in a galaxy cluster is achieved through the balance
between gravity and the gas pressure as

dPtot.
dr

= ρgas
d�

dr
, (36.1)

with the total pressure given by the sum of thermal and non-thermal pressure Ptot. =
Ptherm. + Pnon-therm.. The thermal pressure comes predominantly from the hot gas,
as Ptherm. = ngaskTgas. Writing d�/dr = GNM(r)/r2, Eq. (36.1) then provides a
definition of the (non-)thermal mass profile. The bulk of the pressureless matter
sourcing the potential � comes from dark matter. The most popular density profile
to model it is the Navarro–Frenk–White (NFW), which is a 2-parameter profile
depending on a characteristic density and radius as

ρNFW = ρs

(r/rs)(1 + r/rs)2
, ρs ≡ 1

3
· ρc(z)�vir · c3
log(1 + c) − c(1 + c)−1

, (36.2)

with ρc ≡ 3H 2(z)/(8πGN ) corresponds to the critical density of the Universe. The
concentration parameter, c ≡ rvir/rs , relates the viral radius with the scale rs , with
the former defining the region of the cluster that encloses a mean over density equal
to ρc�vir. The popularity of the NFW profile relies in that it provides a good fit to
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haloes within N-body simulations, and for large range of masses both in Newtonian
and modified gravity. In particular, Ref. [1] showed that the NFW profile provides
equally good fits to N-body simulations in f (R) gravity as the standard Newtonian
case, which was later confirmed by Ref. [2] considering the particular case of the
Hu-Sawicki f (R) model. Since here we will be mostly interested in constraints on
the theory space of modified gravity, for more details on actual the hallo modelling
beyond GR we refer to [1–5].

36.2.2 Probes Based on Mass Profiles from Galaxy
Kinematics and Lensing

Under the assumption of spherical symmetry, the Poisson equations for the potentials
� and � + � allow us to derive the following expressions

�(r) = GN

∫ r

r0

ds

s2
Mdyn(s), (36.3)

�(r) = GN

∫ r ds

s2
(
2Mlens − Mdyn

)
. (36.4)

Equation (36.3) serves as a definition of the dynamical mass of the cluster, i.e the
mass inferred from dynamical probes, while it is easy to see that for the lensing mass
Mlens = r2

2G
d
dr (� + �). Assuming that member galaxies are collision less tracers

of the underlying gravitational field �, their velocity dispersion field satisfyies the
Jeans equation

∂(νσ 2
r )

∂t
+ 2β(r)

νσ 2
r

r
= −ν(r)

∂�

∂r
, (36.5)

where ν(r) is the number density of tracers,σ 2
r the velocity dispersion along the radial

direction and β ≡ 1 − (σ 2
θ + σ 2

φ )/2σ 2
r the velocity anisotropy profile. The latter,

accounts for the neglected velocity component in along-the-light-of-sight observa-
tions, and it introduces an important source of uncertainty which has to be accounted
for, as we will discuss in Sect. 36.3. In principle, the choice of ν(r) is also model
dependent and its effect on any constraints needs to be investigated.

The combination of lensing and dynamics of a galaxy cluster can provide a pow-
erful test based on the gravitational slip parameter η. Combining (36.3) and (36.4)
we may derive an expression for the gravitational slip in terms of the dynamical and
lensing mass profiles as

η(r) =
∫ r ds

s2
[
2Mlens(s) − Mdyn(s)

]
∫ r ds

s2 Mdyn(s)
. (36.6)
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Therefore, the existence of gravitational slip can be viewed as a consistency condition
between the dynamical and lensing mass of the cluster—In GR, and in the presence
of perfect fluid matter, it is Mdyn = Mlens and η = 1, but this is not true anymore as
soon as gravity is modified. In this view, the existence of new gravitational degrees of
freedom will manifest itself as a tension in the mass profile inferred from kinematics
and lensing.

The above idea formed the basis of Ref. [6] which combined kinematical and
lensing observations of the relaxed cluster MACS J1206.2-0847 (hereafter MACS
1206), at redshift z = 0.44 (at redshift z = 0.44) from the CLASH1 and CLASH-
VLT2 surveys to reconstruct the slip parameter η as a function of the distance from
the cluster’s center. In particular, it considered line-of-sight velocity measurements
and projected positions for 592 member galaxies to perform a phase-space analysis
using the code MAMPOSSt of Ref. [7], which solves the Jeans equation (36.5) to
provide a maximum likelihood fit to the mass profile parameters. Assuming an NFW
profile, a model for β(r), and a Newtonian form for �, combination of dynamics
and lensing led to the constraint

η(r = 1.96Mpc) = 1.00+0.31
−0.28 (statistical) ± 0.35 (systematic). (36.7)

The assumption of the NFW profile for the total matter distribution was challenged
by repeating the analysis with an Hernquist and Burkert profile, where it was found
that NFW provided the highest likelihood fit to the kinematic data. The same concept
was followed in Ref. [8], which forecasted the ability of galaxy clusters to constraint
η using the procedure outlined above. In particular, dynamical mass profiles were
re-constructed from a set of 15 spherical mock clusters in equilibrium solving (36.5),
followed by amaximum likelihood analysis for the NFWparameters (rs, r200). Lens-
ing information was simulated from the based on the observations of MACS 1206.
Results showed that η can be constrained at the ∼9% level (2σ ) when assumed to
be scale-independent, and at 21% when scale-dependence is accounted for.

Reference [9] implemented a similar combination of kinematics and lensing for
MACS1206 with real data, but introducing the effect of the fifth-force in the gravita-
tional potential within f (R) gravity and a simplified approach for screening. Under
the assumption of an NFW profile and the form of the anisotropy profile, it quoted
the upper bound on the fifth force’s Compton wavelength as

λ f (R) ≤ 1.61 (statistical) + 0.30 (systematic) Mpc. (36.8)

Notice that, λ f (R) is related to themass of the scalar field as λ f (R) ∼ 1/m2
f (R) ∼ fRR .

We notice that, constraints on gravity from statistics of a sample of galaxy clusters
should be in principle weighted over an appropriate mass function. In fact, the abun-
dance of clusters in modified gravity have provided tight constraints on the allowed
theory space of f (R) scalar-tensor theories, since the fifth forcemodifies the collapse

1 http://www.stsci.edu/~postman/CLASH/.
2 https://kyle.na.astro.it/CLASH-VLT/Public/index.html.

http://www.stsci.edu/~postman/CLASH/
https://kyle.na.astro.it/CLASH-VLT/Public/index.html
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of matter at large scales, leading to an enhancement of the mass function. This has
been the topic of investigation in Refs. [10–16]. In particular, Ref. [12] combined
geometrical probes with CMB and cluster abundance data to quote an upper bound
on the parameter B related to the scalaron’s Compton wavelength 3 for the so-called
designer f (R) model as B(z = 0) < 1.1 · 10−3 (95% C.L). An updated analysis
using a similar combination of observables and galaxy clusters up to z ∼ 0.5 derived
the tighter constraint B(z = 0) < 1.78 · 10−4 (95.4% C.L) [14]. It should be noticed
that, the designer model does not assume a fixed, a priori functional form for f (R),
but rather fixes it implicitly by requiring that the predicted background evolution of
the Universe matches with observations.

36.2.3 Probes Based on Thermal and Lensing Mass Profiles

An alternative route to test scalar-tensor theories with a conformal coupling between
the scalar field and curvature, such as Brans–Dicke or f (R) theories, can be followed
through the construction of tests based on the cluster’s thermal and lensing mass. In
particular, the coupling between the scalar field andmatter is expected to have a direct
impact on the cluster’s inferred thermalmass, but not on the lensingone, since photons
travel on null geodesics. This is the main idea followed in [17], which considered the
phenomenological implications of the coupling between the chameleon scalar field
with the baryonic and dark matter component in the cluster.

The chameleon field is sourced by the scalar potential and matter density accord-
ing to

∇2φ = ∂V (φ)

∂φ
+ β

√
8πGNρeβ

√
8πGNφ, (36.9)

with β a dimensionless coupling strength, and β = 1/
√
6 for the case of f (R) grav-

ity. Sufficiently deep within the cluster, ∇2φ ≈ 0, and the scalar field acquires a
minimum, φ0. In this region, the fifth-force is screened. Towards the outskirts of
the cluster, a sizeable field gradient builds up, leading to a fifth-force effect with
Fφ = −β

√
8πGN

dφ

dr . The contribution of the fifth-force to the r.h.s of the hydro-
static equilibrium (36.1) will in turn affect the gas and temperature profiles of the
cluster. Typically, one assumes that outside the cluster the chameleon scalar acquires
its ambient cosmological value, φcosm., which is the free, model parameter to be
constrained. In the language of f (R) gravity,

∂ f

∂R
≡ fR = −

√
16πGN

3
φ. (36.10)

3 B ≡ fRR
1+ fR

R′ H
H ′ , with ′ ≡ d/dlna where a(t) is the scale factor and R the Ricci scalar.
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Reference [17] started with a generalised NFW profile for dark matter, ρ = ρs/

[(r/rs)(1 + r/rs)]
b, and a polytropic one for the gas. In the presence of the chameleon

field, the gas distribution becomes steeper at the outskirts of the cluster (compared
to GR), where the fifth force is operative. From an observational viewpoint, this in
turn causes a decrease in the predicted X-ray surface brightness of the cluster at large
radii. Using the X-ray temperature profile observations from the Hydra A cluster,
Ref. [17] was able to derive the bound φcosm. < 10−4/

√
8πGN (at redshift z = 0)

assuming β = 1. Notice that, this result is insensitive to the details of the potential
V (φ).

The case of f (R) gravity (β = 1/
√
6) was studied with a more thorough anal-

ysis in [18] adopting a conceptually similar strategy. The work reconstructed the
3-dimensional X-ray temperature and surface brightness profiles, as well as the
expected Sunyaev–Zel’dovich (SZ) effect in the presence of the chameleon force
under sufficiently general assumptions for the modeling of the gas temperature pro-
file and pressure. With the aid of an MCMC analysis, and the observations of the
Coma cluster, the best-fit values for the gas/dark-matter and modified gravity param-
eter space were inferred, leading to the 2σ constraints φcosm. � 7 · 10−5/

√
8πGN .

Under (36.10) this translates to

fR0 � 6 · 10−5. (36.11)

In a similar context, Ref. [19] extended the analysis formultiple clusters, analysing
58 stacked cluster profiles observed within 0.1 < z < 1.2, using X-ray and lensing
data from theXMMCluster Survey and theCanadaFranceHawaii TelescopeLensing
Survey respectively. It is important that, the clusters were found to be living in
unscreened environments, since otherwise the fifth force would be environmentally
screened. The analysis concluded that, fR0 � 6 · 10−5 at 2σ . The methodology of
the latter works was further verified in [20], through the study of hydrodynamical
simulations in f (R) gravity. Most notably, it confirmed the validity of the NFW
profile whenmodelling weak-lensing mass profiles in f (R) gravity and the spherical
symmetry of the stacked cluster profiles.

Galaxy clusters have been also employed to probe a broader part of the theory
space of scalar-tensor theories, beyond a conformal coupling. In particular, the so-
called BeyondHortndeski theories have been shown to exhibit an intriguing breaking
of the Vainshtein mechanism within compact matter sources such as stars or galaxy
clusters. A fundamental difference with conformally-coupled theories is that, here,
lensing is directly affected by the fifth force. In particular, for the Beyond Horn-
deski theories exhibiting a breaking of the Vainshtein mechanism, the two scalar
gravitational potentials within a compact object can be shown to be,

d�(r)

dr
= −GNM(r)

r2
+ Y1GN

4
· d

2M(r)

dr2
, (36.12)

d�(r)

dr
= −GNM(r)

r2
+ 5Y2GN

4r
· dM(r)

dr
, (36.13)
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where Y1 and Y2 are dimensionless couplings. For Y1 = 0 = Y2 the standard expres-
sions are recovered. The gas in the cluster responds to �, hence will be sensitive
to Y1, whereas the lensing potential will probe both Y1,Y2. Reference [21] used the
same data and methodology of [19] for the modelling of the X-ray and lensing pro-
files to produce stacked profiles of 58 clusters. A simultaneous fit of the X-ray and
lensing to the data with an MCMC analysis, lead to the following constraints for the
fifth-force couplings,

Y1 = −0.11+0.93
−0.67 and Y2 = −0.22+1.22

−1.19. (36.14)

In the context of Beyond Horndeski theories it has been also investigated whether
the fifth force associated with the breaking of Vainshteinmechanism couldmimic the
effect of darkmatter in galaxy clusters. In particular, Ref. [22] considered a sample of
galaxy clusters from the CLASH survey, and reconstructed their gas density from the
observed X-ray profiles. It was then shown that for the particular sample of clusters,
and assuming a �CDM background cosmology, the model can provide a good fit to
the lensing of observations without the introduction of dark matter component. In a
similar follow up analysis by the same authors, and assuming that Y1 = Y2, an upper
bound at 2σ was derived as [23]

Y1 ≤ 0.16. (36.15)

36.3 A Brief Discussion on Systematics

The previously discussed constraints rely on various simplifications regarding the
modeling of the cluster, e.g the assumption of relaxation. Departures from these
assumptions in realistic observations introduce systematics which need to be
accounted for, if constraints need to be consistent and robust. Here, we will briefly
discuss the impact of such systematics.

The Jean’s equation is a powerful method to infer the local potential � in the
cluster, however, applications of the method are limited by observational constraints,
such as the fact that only the velocity dispersion along the line of sight σ 2

r and the
projected number density profile of galaxies can be measured directly. Tangential
velocities are generally small and direct measurements of the velocity anisotropy
are complicated. To infer β(r) one can proceeds parametrically, assuming a model
for the anisotropy and determining the parameters of the profile along with the mass
profile with a Maximum Likelihood fit to the data (see e.g. Ref. [24]). Nevertheless,
some non-parametric techniques based on inverting the Jeans’ equation can be found
in literature (e.g., Refs. [25, 26]), but their application generally requires additional
information and assumptions. From both observations of galaxy clusters (e.g., Ref.
[27]) and analyses of halos in cosmological simulations (e.g., Refs. [28, 29]) it has
been found that generally orbits tend to be isotropic in the center (i.e. β = 0) while
the anisotropy grows with radius.



578 I. D. Saltas and L. Pizzuti

Fig. 36.1 From Fig. 3 of
Ref. [30]: constraints on η(r)
obtained for the CLASH
galaxy cluster MACS 1206
combining lensing and
dynamics mass profile
determinations. The mass
profile is parametrized as a
NFW model; different lines
correspond to different
ansatz in the velocity
anisotropy parametrisation.
The red shaded area indicates
the region between the 16th
and 84th percentile for the
reference model, “O” profile

In Fig. 36.1 (right panel of Fig. 3 in Ref. [30]) we show the constraints on the
gravitational slip, obtained by combining lensing and dynamics mass profiles of
the cluster MACS 1206 by Ref. [30], changing the parametrisation of the velocity
anisotropy profile in the dynamical analysis. All the three models used in the fit—the
constant anisotropy “C”, the Tiret model “T” of Ref. [31] and the Opposite model
“O” of Ref. [24]—produce bounds on η in agreement within the 68% C.L. given the
current uncertainties. However, with the expected precision achievable from future
surveys (see below), these effects would become a relevant source of systematics.

A natural question arisingwhen reconstructingmass profiles through a Jeans anal-
ysis is the dependence of the results on the number of tracers considered, since real-
istic observations typically come with a restricted number of spectroscopic velocity
measurements. In addition, understanding of this may aid the optimisation of future
cluster surveys. This question was investigated [8] in the context of forecasting con-
straints on η with future surveys, through a combination of simulated kinematical
and lensing information. It was found that, keeping the NFW parameters fixed and
assuming a scale-independent η, the effect on the forecasted errors is moderate when
varying the tracers number between 100 ≤ Ngalaxies ≤ 500, while it becomes practi-
cally negligible for Ngalaxies > 500.

Departures from dynamical relaxation and spherical symmetry produce a bias
in the estimation of the mass profile, introducing systematics in the constraints of
modified gravity parameters. In particular, this has been shown in Ref. [32], which
performed a detailed study on cosmological N-body simulations showing a strong
correlation between the constraints in modified gravity models and the effect of the
aforementioned departures; the analysis further identified two observational criteria,
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linked to the cluster’s dynamical properties, to be used in the selection of those
clusters suitable for the application of this kind ofmethods.Moreover the assumption
of dynamical equilibrium limits the validity of the Jeans’ equation out to the virial
radius, which at z = 0 corresponds to the radius r200. It is possible to employ other
techniques which doesn’t rely on the dynamical state of the cluster and thus they can
be used to reconstruct the mass profile in more external regions r > r200 (e.g., the
Caustic method of Ref. [33]); nevertheless, these methods suffer different kinds of
systematics, and the application can be more or less appropriate with respect to the
Jeans’ analysis depending on the case studied.

It is worth to notice that since both galaxies and the hot X-ray emitting gas
of the Intra Cluster Medium (ICM) perceive the same gravitational potential, the
two methods for reconstructing the mass profile are sensitive in the same way to
modification of gravity. However, diffuse gas and galaxies dynamics suffer different
systematics; for instance non-thermal pressure, e.g. associated with unthermalized
gas motions, leads to a biased estimate of the cluster mass from X-ray analyses
compared to other methods (see, e.g., Ref. [34] and references therein, Ref. [35]),
especially in the cluster outskirts where the contribution of non-thermal pressure
becomes large (e.g., Ref. [36]).

Moreover, analyses based on the dynamics of cluster member galaxies allow to
constrain the gravitational potential out to the virial radius r200 (or beyond, as dis-
cussed above) while X-ray observations are generally limited to r500; in addition,
gas clumping produces biased X-ray measurements in the outskirt of galaxy clusters
(see, e.g., Ref. [37]). Clearly, combined X-ray and Jeans’ analyses to infer the grav-
itational potential in the central region of relaxed clusters could in principle help in
tightening the constraints on the inner shape of the mass profile and to break possible
degeneracies between the dynamical parameters and additional degrees of freedom
in non-standard theories of gravity.

Finally, as regards tests based on the slip parameter η, it is worth pointing out that
η = 1 in GR only if relativistic corrections to the gravitational potentials � and �

can be neglected. In fact, future constraints of η based on galaxy cluster observations
are expected to bring the statistical uncertainties down to few percents. At this level
of precision, tiny departures form � = � sourced by non-linear effects in GR, and
not by a modification of gravity, are no more negligible and could constitute a severe
limitation of the measurements of η. The contribution of these relativistic terms
should be taken into account as systematic effect from future analyses.

36.4 Future Outlook

In the next years, newgeneration surveyswill provide a significant amount of imaging
and spectroscopic data covering a large portion of the sky, within a broad redshift
range. Both ground-based (e.g., LSST and space-borne telescopes (e.g., Euclid are
expected to observe several billions galaxies in different bands, aiming at probing
the nature of dark energy and gravity at large scales. In particular, the forecasting
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analysis of Ref. [38] showed that Euclid’s weak lensing measurements will be able
to tighten the constraints on MG parameters placed by the Planck satellite mission
by two orders of magnitude.

As for mass determinations of galaxy clusters, the combination of data from
the aforementioned surveys with spectroscopic observations coming from next gen-
eration high-multiplexing spectrographs on 8m-class telescopes will provide joint
dynamics and lensing mass reconstruction of thousands clusters. The signal-to-noise
ratio will be much lower than what has been already achieved by current surveys
such as the CLASH and CLASH-VLT. Therefore, a good understanding of system-
atic effects, as discussed in the previous section, is required in order to take full
advantage of galaxy cluster analyses for testing gravity on cosmological scales.
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(Project: 21-16583M).

References

1. F. Schmidt, M.V. Lima, H. Oyaizu, W. Hu, Non-linear evolution of f(R) cosmologies III: halo
statistics. Phys. Rev. D 79, 083518 (2009). arXiv:0812.0545

2. L. Lombriser, K. Koyama, G.-B. Zhao, B. Li, Chameleon f(R) gravity in the virialized cluster.
Phys. Rev. D 85, 124054 (2012). arXiv:1203.5125

3. Y. Li, W. Hu, Chameleon halo modeling in f(R) gravity. Phys. Rev. D 84, 084033 (2011).
arXiv:1107.5120

4. L. Lombriser, B. Li, K. Koyama, G.-B. Zhao, Modeling halo mass functions in chameleon f(R)
gravity. Phys. Rev. D 87(12), 123511 (2013). arXiv:1304.6395

5. L. Lombriser, K. Koyama, B. Li, Halo modelling in chameleon theories. JCAP 1403, 021
(2014). arXiv:1312.1292

6. L. Pizzuti et al., CLASH-VLT: testing the nature of gravity with galaxy cluster mass profiles.
JCAP 1604(04), 023 (2016). arXiv:1602.03385

7. G.A. Mamon, A. Biviano, G. Boué, MAMPOSSt: modelling anisotropy and mass profiles of
observed spherical systems - I. Gaussian 3D velocities. Mon. Not. Roy. Astron. Soc. 429,
3079–3098 (2013). arXiv:1212.1455

8. L. Pizzuti, I.D. Saltas, S.Casas, L.Amendola,A.Biviano, Future constraints on the gravitational
slip with the mass profiles of galaxy clusters. Mon. Not. Roy. Astron. Soc. 486(1), 596–607
(2019). arXiv:1901.01961

9. L. Pizzuti et al., CLASH-VLT: constraints on f (R) gravity models with galaxy clusters using
lensing and kinematic analyses. JCAP 1707(07), 023 (2017). arXiv:1705.05179

10. F. Schmidt, A. Vikhlinin, W. Hu, Cluster constraints on f (r) gravity. Phys. Rev. D 80, 083505
(2009)

11. D. Rapetti, S.W. Allen, A. Mantz, H. Ebeling, The observed growth of massive galaxy clusters
- III. Testing general relativity on cosmological scales. Monthly Notices R. Astron. Soc. 406,
1796–1804 (2010)

12. L. Lombriser, A. Slosar, U. Seljak, W. Hu, Constraints on f(R) gravity from probing the large-
scale structure. Phys. Rev. D 85, 124038 (2012). arXiv:1003.3009

13. D. Rapetti, S.W. Allen, A. Mantz, H. Ebeling, Testing general relativity on cosmic scales with
the observed abundance of massive clusters. Prog. Theor. Phys. Suppl. 190, 179–187 (2011)

14. M. Cataneo, D. Rapetti, F. Schmidt, A. Mantz, S. Allen, D. Applegate, P. Kelly, A. Von Der
Linden, R. Morris, New constraints on f (r) gravity from clusters of galaxies. Phys. Rev. D -
Part. Fields Grav. Cosmol. 92 (2015)

http://arxiv.org/abs/0812.0545
http://arxiv.org/abs/1203.5125
http://arxiv.org/abs/1107.5120
http://arxiv.org/abs/1304.6395
http://arxiv.org/abs/1312.1292
http://arxiv.org/abs/1602.03385
http://arxiv.org/abs/1212.1455
http://arxiv.org/abs/1901.01961
http://arxiv.org/abs/1705.05179
http://arxiv.org/abs/1003.3009


36 Galaxy Clusters and Modified Gravity 581

15. S. Ferraro, F. Schmidt, W. Hu, Cluster abundance in f (r) gravity models. Phys. Rev. D 83,
063503 (2011)

16. M. Cataneo, D. Rapetti, L. Lombriser, B. Li, Cluster abundance in chameleon f (R) grav-
ity I: toward an accurate halo mass function prediction. JCAP 1612(12), 024 (2016).
arXiv:1607.08788

17. A. Terukina, K. Yamamoto, Gas density profile in dark matter halo in chameleon cosmology.
Phys. Rev. D 86, 103503 (2012)

18. A. Terukina, L. Lombriser, K. Yamamoto, D. Bacon, K. Koyama, R.C. Nichol, Testing
chameleon gravity with the Coma cluster. JCAP 1404, 013 (2014). arXiv:1312.5083

19. H. Wilcox et al., The XMM cluster survey: testing chameleon gravity using the profiles of
clusters. Mon. Not. Roy. Astron. Soc. 452(2), 1171–1183 (2015). arXiv:1504.03937

20. H. Wilcox, R.C. Nichol, G.-B. Zhao, D. Bacon, K. Koyama, A.K. Romer, Simulation tests of
galaxy cluster constraints on chameleon gravity. Mon. Not. Roy. Astron. Soc. 462(1), 715–725
(2016). arXiv:1603.05911

21. J. Sakstein, H. Wilcox, D. Bacon, K. Koyama, R.C. Nichol, Testing gravity using galaxy
clusters: new constraints on beyond Horndeski theories. JCAP 1607(07), 019 (2016).
arXiv:1603.06368

22. V. Salzano, D.F. Mota, M.P. Dabrowski, S. Capozziello, No need for dark matter in galaxy
clusters within Galileon theory. JCAP 1610(10), 033 (2016). arXiv:1607.02606

23. V. Salzano, D.F. Mota, S. Capozziello, M. Donahue, Breaking the Vainshtein screening in
clusters of galaxies. Phys. Rev. D 95(4), 044038 (2017). arXiv:1701.03517

24. A. Biviano, P. Rosati, I. Balestra, A.Mercurio,M. Girardi,M. Nonino, C. Grillo,M. Scodeggio,
D. Lemze, D. Kelson et al., CLASH-VLT: the mass, velocity-anisotropy, and pseudo-phase-
space density profiles of the z = 0.44 galaxy cluster MACS J1206.2–0847. Astron. Astrophys.
558, A1 (2013). arXiv:1307.5867

25. J. Binney, G.A. Mamon, M/L and velocity anisotropy from observations of spherical galaxies,
or must M87 have a massive black hole. Mon. Not. Roy. Astron. Soc. 200, 361–375 (1982)

26. O.Host, S.H.Hansen, R. Piffaretti, A.Morandi, S. Ettori, S.T.Kay, R.Valdarnini,Measurement
of the dark matter velocity anisotropy in galaxy clusters. Astrophys. J. 690, 358–366 (2009).
arXiv:0808.2049

27. O. Host, Measurement of the dark matter velocity anisotropy profile in galaxy clusters. Nucl.
Phys. B Proc. Suppl. 194, 111–115 (2009). arXiv:0810.3676

28. S.H. Hansen, B. Moore, A universal density slope Velocity anisotropy relation for relaxed
structures. New Astron. 11, 333–338 (2006). arXiv:astro-ph/0411473

29. G.A.Mamon,A.Biviano,G.Murante, The universal distribution of halo interlopers in projected
phase space. Bias in galaxy cluster concentration and velocity anisotropy? Astron. Astrophys.
520, A30 (2010). arXiv:1003.0033

30. L. Pizzuti, B. Sartoris, S. Borgani, L. Amendola, K. Umetsu, A. Biviano, M. Girardi, P. Rosati,
I. Balestra, G.B. Caminha, B. Frye, A. Koekemoer, C. Grillo, M. Lombardi, A. Mercurio,
M. Nonino, CLASH-VLT: testing the nature of gravity with galaxy cluster mass profiles. J.
Cosmol. Astropart. Phys. 2016, 023 (2016). arXiv:1602.03385

31. O. Tiret, F. Combes, G.W. Angus, B. Famaey, H.S. Zhao, Velocity dispersion around ellipticals
in MOND. A&A 476, L1–L4 (2007). arXiv:0710.4070

32. L. Pizzuti, B. Sartoris, S. Borgani, A. Biviano, Calibration of systematics in constraining
modified gravity models with galaxy cluster mass profiles (2019). arXiv:1912.09096

33. A. Diaferio, M.J. Geller, Infall regions of galaxy clusters. Astrophys. J. 481, 633–643 (1997).
arXiv:astro-ph/9701034

34. S. Ettori, A. Donnarumma, E. Pointecouteau, T.H. Reiprich, S. Giodini, L. Lovisari, R.W.
Schmidt, Mass profiles of galaxy clusters from X-ray analysis. Space Sci. Rev. 177, 119–154
(2013). arXiv:1303.3530

35. V. Biffi, S. Borgani, G. Murante, E. Rasia, S. Planelles, G.L. Granato, C. Ragone-Figueroa,
A.M. Beck, M. Gaspari, K. Dolag, On the nature of hydrostatic equilibrium in galaxy clusters.
Astrophys. J. 827, 112 (2016). arXiv:1606.02293

http://arxiv.org/abs/1607.08788
http://arxiv.org/abs/1312.5083
http://arxiv.org/abs/1504.03937
http://arxiv.org/abs/1603.05911
http://arxiv.org/abs/1603.06368
http://arxiv.org/abs/1607.02606
http://arxiv.org/abs/1701.03517
http://arxiv.org/abs/1307.5867
http://arxiv.org/abs/0808.2049
http://arxiv.org/abs/0810.3676
http://arxiv.org/abs/astro-ph/0411473
http://arxiv.org/abs/1003.0033
http://arxiv.org/abs/1602.03385
http://arxiv.org/abs/0710.4070
http://arxiv.org/abs/1912.09096
http://arxiv.org/abs/astro-ph/9701034
http://arxiv.org/abs/1303.3530
http://arxiv.org/abs/1606.02293


582 I. D. Saltas and L. Pizzuti

36. D. Martizzi, H. Agrusa, Mass modeling of galaxy clusters: quantifying hydrostatic bias and
contribution from non-thermal pressure (2016). arXiv:1608.04388

37. D. Nagai, E.T. Lau, Gas clumping in the outskirts of � CDM clusters. Astrophys. J. 731, L10
(2011). arXiv:1103.0280

38. M. Martinelli, E. Calabrese, F. De Bernardis, A. Melchiorri, L. Pagano, R. Scaramella, Con-
straining modified gravity with Euclid. Phys. Rev. D 83, 023012 (2011). arXiv:1010.5755

http://arxiv.org/abs/1608.04388
http://arxiv.org/abs/1103.0280
http://arxiv.org/abs/1010.5755

	36 Galaxy Clusters and Modified Gravity
	36.1 What Makes Galaxy Clusters Interesting for Testing Gravity?
	36.2 Consistency Conditions Based on the Mass Profiles of Galaxy Clusters
	36.2.1 Generalities
	36.2.2 Probes Based on Mass Profiles from Galaxy Kinematics and Lensing
	36.2.3 Probes Based on Thermal and Lensing Mass Profiles

	36.3 A Brief Discussion on Systematics
	36.4 Future Outlook
	References


