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ABSTRACT

We use cosmological hydrodynamical simulations to study the effect of screened modified gravity models on the mass estimates of
galaxy clusters. In particular, we focus on two novel aspects: (i) we study modified gravity models in which baryons and dark matter
are coupled with different strengths to the scalar field, and; (ii) we put the simulation results into the greater context of a general
screened-modified gravity parametrization. We have compared the mass of clusters inferred via lensing versus the mass inferred via
kinematical measurements as a probe of violations of the equivalence principle at Mpc scales. We find that estimates of cluster masses
via X-ray observations is mainly sensitive to the coupling between the scalar degree of freedom and baryons – while the kinematical
mass is mainly sensitive to the coupling to dark matter. Therefore, the relation between the two mass estimates is a probe of a
possible non-universal coupling between the scalar field, the standard model fields, and dark matter. Finally, we used observational
data of kinetic, thermal and lensing masses to place constraints on deviations from general relativity on cluster scales for a general
parametrization of screened modified gravity theories which contains f (R) and Symmetron models. We find that while the kinematic
mass can be used to place competitive constraints, using thermal measurements is challenging as a potential non-thermal contribution
is degenerate with the imprint of modified gravity.
Key words. large-scale structure of Universe – dark energy – gravitation – galaxies: clusters: general – X-rays: galaxies: clusters –
galaxies: kinematics and dynamics

1. Introduction
Over a decade has passed since the indisputable discovery of
the accelerated expansion of the Universe (Riess et al. 1998;
Perlmutter et al. 1999) but its physical origin is still unknown.
A possible – and rather popular – solution is to modify the theory of general relativity (GR). This has been done for a number
of years and lead to numerous theories of modified gravity (for
reviews, see, e.g., Amendola & Tsujikawa 2010; Clifton et al.
2012). The main challenge for many modified gravity theories
are measurements of the gravitational strength on Earth and in
the solar system (e.g., Bertotti et al. 2003; Will 2006; Williams
et al. 2004), which confirm the predictions of GR with great
precision. One viable solution to this is to employ a so-called
screening mechanism which restores GR in the solar system.
Screening mechanisms are usually triggered by large local matter density or space-time curvature and lead to a convergence of
the gravitational strength to its value predicted by GR.
For the sub-category of the extension of GR in the scalar
sector1 , that is, by adding a coupled scalar field to the EinsteinHilbert action, several possible screening mechanisms are on the
market (see, e.g., Khoury 2010; Joyce et al. 2015). They can be
categorized as follows:
– Screening because of the scalar field value – also often denoted as Chameleon screening. This group can be further
1

Also, other extensions of GR, for example, in the vectorial sector are
possible. However, apart from managing theoretical difficulties they are
also obliged not to violate the local constraints mentioned, and, thus
might also employ a screening mechanism.

divided into screening mechanisms that affect directly the
coupling strength – such as the Dilaton (Damour & Polyakov
1994) and the Symmetron (Hinterbichler & Khoury 2010;
Hinterbichler et al. 2011) screening – as well as mechanisms that alter the range of the additional force. The latter screening is often dubbed Chameleon screening (Khoury
& Weltman 2004b,a; Gannouji et al. 2010; Mota & Shaw
2007).
– Screening due to derivatives of the field value – also called
Vainshtein-like screening. Here, one can differentiate between screening due to the first or the second derivative
of the scalar field. Screening mechanisms belonging to the
former group are the k-Mouflage (Babichev et al. 2009;
Zumalacarregui et al. 2010; Brax & Valageas 2014) and DBionic screening (Burrage & Khoury 2014) whereas the latter group consists of the eponymous Vainshtein screening
(Vainshtein 1972).
It is important to differentiate between the screening mechanism and the particular theory of gravity employing this mechanism. For instance, particular theories employing the Vainshtein
screening are the DGP model (Dvali et al. 2000), Galileons
(Nicolis et al. 2009), and, massive gravity (de Rham 2014).
This wealth of theoretical alternatives to GR stands in stark
contrast to the observational findings which, so far, confirm GR
on a variety of environments & scales (for observational reviews
see, e.g., Koyama 2016; Baker et al. 2015; Bull et al. 2015) although deviations in many observables are predicted. Apart from
the background cosmology (e.g., Koennig et al. 2014; Brax et al.
2004; Hinterbichler et al. 2011, for the Vainshtein, Chameleon
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and Symmetron, respectively) usually N-body codes are used
to study screened modified gravity models (for a review of the
numerical techniques, see Winther et al. 2015). The most common approach is to start a Λ cold dark matter (ΛCDM) and
a modified gravity simulation using the same initial conditions
and then analyze the deviations between the simulation outputs
at later times. In this way, deviations in the matter power spectrum (Oyaizu et al. 2008; Li et al. 2011, 2012, 2013; Bourliot
et al. 2007; Llinares & Mota 2013; Puchwein et al. 2013), the
halo mass function (Schmidt 2010; Barreira et al. 2013; Clifton
et al. 2005; Davis et al. 2012; Achitouv et al. 2015), the velocity
field (Corbett Moran et al. 2014; Hellwing et al. 2014; Gronke
et al. 2015a; Fagernes Ivarsen et al. 2016), gravitational lensing
(Barreira et al. 2015b; Tessore et al. 2015; Higuchi & Shirasaki
2016) and many other quantities have been found. These predictions give valuable insights into the way in which mechanisms
act on the environment. However, exactly how transferable to
observations they are, is questionable due to the neglecting of
baryonic effects which are somewhat degenerate with the enhancement of gravity (Puchwein et al. 2013; Arnold et al. 2014;
Hammami et al. 2015), and, more importantly the direct comparison with another, alternative “Universe” – a technique which is
certainly not possible with real data.
Another problem associated with the confrontation of the numerical predictions with real data is the richness of the modified gravity landscape. Not only is the above mentioned number of models incomplete (and steadily increasing) but each
model has its own (often multi-dimensional) parameter space.
This makes the classical approach, by which we mean, using
a suite of N-body simulations to constrain the model parameter spaces one-by-one, unfeasible. One alternative is to speed up
the numerical simulations tremendously as done by Mead et al.
(2015), Barreira et al. (2015a) and Winther & Ferreira (2015).
Alternatively, one can try to unify the predictions of several
modified gravity models potentially allowing to rule out (parts
of parameter spaces) of several models at once. This path was
taken theoretically by Brax et al. (2012a,b) who developed a
framework in which it is possible to describe the Chameleonlike screening mechanisms with two free functions. Gronke et al.
(2015b) present a fully empirical parametrization of screened
modified gravity models using three parameters which captures
a number of models & model parameters.
In this paper, we want to revisit some classical quantities associated with screened modified gravity models, namely the dynamical, lensing and thermal mass estimates of clusters of galaxies in the light of (i) the Gronke et al. (2015b) parameterisation,
and; (ii) the possibility of unequal coupling; that the enhancement of gravity is not the same for baryons and dark matter.
−2
2
In this work, we use MPl
≡ 8πG, ρc = 3H 2 MPl
, and, denote
values today with a subscript zero.

2. Methods
2.1. Screened modified gravity models

In this subsection we introduce very briefly the Symmetron
(Hinterbichler & Khoury 2010; Hinterbichler et al. 2011) and
the Hu & Sawicki (2007) f (R) model. For more details we refer
to the original papers, to reviews featuring these models (e.g.,
Clifton et al. 2012; Khoury 2013), or, to our previous work where
we introduce the models in more detail (e.g. Gronke et al. 2014;
Hammami et al. 2015).
The Hu & Sawicki (2007) f (R) model is a f (R) model featuring the Chameleon screening mechanism, i.e., it has a reduction
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Table 1. Overview of the equal coupled model parameters for the
Symmetron and f (R) models.

Symmetron models
Symmetron A
Symmetron B
Symmetron C
Symmetron D
f (R) models
FofR04
FofR05
FofR06

β
1.0
1.0
2.0
1.0
fR0
10−4
10−5
10−6

aSSB
0.5
0.33
0.5
0.25
n
1
1
1

λψ
1.0
1.0
1.0
1.0

of both the range and the strength of the fifth force in high density regions. The model features two free parameters, | fR0 | and n,
where former controls the range of the fifth force in vacuum and
the latter does not have much impact (Hu & Sawicki 2007). We
consider three models with log10 | fR0 | = (−4, −5, −6) and n = 1.
For the Hu & Sawicki (2007) f (R) model, the maximum enhancement of the gravitational force with respect to GR is fixed
f (R)
to γmax
= 1/3.
The Symmetron (Hinterbichler & Khoury 2010;
Hinterbichler et al. 2011) inherits a symmetry breaking
effective potential leading to a diminishing fifth-force in
high-density environments. The model parameters are the scale
factor of average symmetry breaking assb , the range of the force
in vacuum λψ , and, the coupling parameter β. The maximum
enhancement of gravity is in this case (Gronke et al. 2015b)
"
 a 3 #
ssb
Symmetron
γmax
= 2β2 1 −
·
(1)
a
2.2. N-body simulations and halo selection

We used a modified version (Hammami et al. 2015) of the ISIS
(Llinares et al. 2014) simulation, which in turn is based on the
adaptive-mesh code RAMSES (Teyssier 2002). The initial conditions were created using Grafic (Bertschinger 1999) starting at
a redshift z = 49. The simulation parameters used are (ΩCDM0 ,
Ωb0 , ΩΛ0 , H0 , B, N) = (0.227, 0.045, 0.727, 70 km s−1 Mpc−1 ,
200 Mpc h−1 , 256) for the f (R) simulation set and (0.3, 0.05,
0.65, 65 km s−1 Mpc−1 , 256 Mpc h−1 , 256) for the Symmetron
simulation set, where B denotes the side-length of the simulation box and N the number of particles in the box. Furthermore,
the modified gravity parameters used are identical to Hammami
et al. (2015), Hammami & Mota (2015) and are summarized in
Tables 1 and 2. The simulations contains both dark matter particles and baryons which are treated as a simple ideal fluid2 . All
the results in this paper comes from analyzing the z = 0 snapshot
of the simulations.
The halos were identified using the spherical overdensity
halo finder AHF (Amiga Halo Finder, Knollmann & Knebe
2009). For the analysis we used only halos consisting of at least
100 particles which limits the smallest halo we can probe to
M ∼ 3 × 1012 M h−1 . In the high mass end the simulation-box
limits the maximum halo-masses we can study and the largest
halos in our simulations has mass M ∼ 2−3 × 1015 M h−1 . We
have checked that the mass-function of our simulation agrees
to ∼10%−20% to simulations with larger box-size and also to
the Tinker et al. (2008) fit to the mass-function in the range
2

This means that no additional baryonic-physics is included in our
simulations like star-formation, cooling, feedback etc.
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Fig. 1. Ratio of kinetic and lensing mass for the analyzed f (R) models (left panel) and Symmetron models (right panel). The horizontal lines and
markers show the width and center of the transition region as defined in Sect. 2.4, respectively.

M ∈ [1013 , 8 × 1014 ] M h−1 . The total number of halos in this
mass-range in our simulations, which is what we used for the
upcoming analysis, is ∼8000.
2.3. Halo mass estimates

After identifying the halos with AHF we define three kinds of
mass estimates:
1. the lensing mass Mlens as the M200c as given by AHF;
2. the thermal mass Mtherm constructed using the temperatureand density profiles as
!
kB r2 T thermal (r) d ln ρthermal d ln T thermal
Mtherm = −
+
, (2)
µmpG
dr
dr
where kB is the Boltzmann constant, r ∼ R200c is the virial
radius of the halo, mp is the proton mass and µ = 0.59 is the
mean molecular weight of the gas3 ; and
3. the kinetic mass Mkin calculated from the velocity disperion
via
!1/α
σDM
Mkin = M0
(3)
σ0
where M0 , σ0 and α are fitting values, and, σDM is the
one-dimensional velocity dispersion of all the dark matter particles within the virial radius R200c . For (M0 , σ0 , α)
we adopt the values found by Evrard et al. (2008), namely
(M0 , σ0 α) = (1015 M h−1 , 1082.9 km s−1 , 0.3361).
2.4. A universal parametrization of screened modified gravity
models

The parametrization of Gronke et al. (2015b) is based on the simple idea that in screened modified gravity theories, the fifth force
is screened for the most massive halos, while being completely
unscreened for the very lightest halos and voids, where the fifth
force is in full play and achieves it’s theoretical maximum value.
3

Note, that we did not include the non-thermal pressure component
here to match observational procedure. See Sect. 4.2.2 and Appendix A
for a discussion of the non-thermal contribution and its implications.

This implies that there has to be a transition scale where the enhancement of the gravitational force is about half its theoretical
maximum.
In Gronke et al. (2015b), this transition scale is phrased in
terms of halo mass (M200 ), and thus, dubbed µ200 . In other words:
The (mass weighted) average fifth force in a halo with mass µ200
is roughly γmax /2 that of the Newtonian prediction. The second
parameter is the width of this transition region, say, when the enhancement of gravity is between 20 and 80 percent of γmax . This
width is quantified with a third half-width parameter W. In conclusion, this means that fully screened (completely unscreened)
halos are expected to have masses .µ200 /W (&µ200 W) and, thus,
the effective gravitational constant in these halos is simply G
(γmaxG).
In order to map the parameters of several screened-modified
gravity theories Gronke et al. (2015b) solved the full field equations on an isolated NFW density profile obtaining full gravitational force profiles – and hence also the mass averaged enhancement of gravity – for a wide range of model parameters and halo
masses. Additionally, they also use the more general screened
modified description of Brax et al. (2012b) to obtain a similar semi-numerical mapping. As a result Gronke et al. (2015b)
provide fitting formulas for the DGP, Hu-Sawicki f (R) and
Symmetron model parameters to the universal (µ200 , γmax , W)
set of which we use the latter two in Sect. 4.2. For more details on how these re-mapping rules were developed we refer the
reader to Gronke et al. (2015b).

3. Results
In this section we present the results from the numerical N-body
simulation in the case of universal (Sect. 3.1) and non-universal
coupling (Sect. 3.2).
3.1. Models with universal coupling

Figure 1 shows the ratio of the lensing and kinetic masses (as
given by Eq. (3)) for the simulated f (R) (left panel) and the
Symmetron models (right panel). The shaded bands in this figure denote the error of the mean in each bin. Similarly, Fig. 2
shows the ratio of the thermal mass and the lensing mass for the
analyzed models.
A78, page 3 of 10
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Fig. 2. Ratio of thermal and lensing mass for the analyzed f (R) models (left panel) and Symmetron models (right panel). The horizontal lines and
markers show the width and center of the transition region as defined in Sect. 2.4, respectively.
0.8
LCDM200
LCDM256
DM1G1
DM1G0.1
DM0.1G1

1.2
ΛCDM256
ΛCDM200
DM1G0.1
DM0.1G1
DM1G1

1.0
0.8

0.4
MThermal
−1
MLens

Mkinetic /Mlens − 1.0

0.6

0.2

0.6
0.4
0.2

0.0

0.0

−0.2 13
10

1014
Mlens (M h−1 )

1015

−0.2
1013

1014

MLens (M h−1
0 )

1015

Fig. 3. Mass ratios for the analyzed models with non-universal coupling. The left panel shows the ratio of the kinetic- and lensing mass and the
right panel shows the ratio of the thermal and lensing mass.

Both figures show the same – well known – features: (i) a
large deviation for smaller mass halos (which are unscreened);
(ii) a decline for intermediate masses when the screening kicks
in; and; (iii) the fully screened high-mass halos where the deviation is essentially zero. We want to highlight, however, that this
deviation is between measures of the same simulation. This is
in contrast to what is often presented in similar studies – where
the deviation between the modified gravity and the ΛCDM simulation is displayed. Therefore, finding similar trends as these
studies (e.g. Arnold et al. 2014; Gronke et al. 2014; Falck et al.
2015) is reassuring.
In addition to the data points, Fig. 1 also displays the estimated transition scales (as described in Sect. 2.4). Specifically,
the value of expected centroid of the transition scale µ200 and the
half-width of the transition W is marked with a matching symbol
and colored lines, respectively.
3.2. Models with non-universal coupling

Figure 3 shows the mass ratios Mkinetic /Mlens and Mthermal /Mlens
(left and right panel, respectively) for the models with nonuniversal coupling, i.e., for which the fifth force acts differently
on the baryons and the dark-matter. The models presented are
A78, page 4 of 10

variations of the Symmetron B model (see Table 2). Clearly, the
same trends as in Sect. 3.1 are visible. However, this time different coupling combinations are sensitive to different observables.
In particular, the model where dark matter is stronger coupled
is more sensitive to the kinetic mass estimate, and, the model
where the baryons are stronger coupled shows a (much) stronger
variation in the thermal mass.
This effect can be seen more clearly in Fig. 4 where we show
the ratio between the thermal and the kinetic mass. Here, the
model with stronger baryonic coupling shows a clear positive
deviation &50%, and the stronger dark matter coupled model
a negative deviation. This is interesting as the equally coupled
model is much closer to the ΛCDM prediction. Note, that the discrepancy between the two mass scales in both the ΛCDM cases
comes from the imperfect calibration of our mass-estimates and
the resulting small deviations at the low-mass end. This could
be overcome using higher-resolution simulations or better calibrated predictors.
This means that by studying solely the M x /Mlens ratios in
Fig. 3 one could construct a model which mimics the effect
of a universal coupling (or vice versa). For instance, increasing the dark-matter coupling to βDM ∼ 1.0 (while leaving
βgas = 0.1 untouched) one could obtain a similar kinematic mass
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Table 2. Overview of the mixed coupled models.

Unequal coupled models
DM1G1
DM0.1G0.1
DM0.1G1
DM1G0.1

βDM
1.0
0.1
0.1
1.0

βGas
1.0
0.1
1.0
0.1

Notes. All other parameters are identical to the “Symmetron B ” model
(see Table 1).
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0.6
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0.0
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10 14

Mlens (M¯ h −1 )
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Fig. 4. Mass ratios between the thermal and kinematic mass for the
models with non-universal coupling (see Sect. 3.2).

estimate as in the Symmetron B model. Or, to state another example, increasing the coupling to baryons for the “DM0.1G1”
model slightly will lead to an thermal mass estimate as found in
Symmetron B . However, this degeneracy can be broken when
comparing directly the thermal, and, kinetic mass estimates as in
Fig. 4.

4. Discussion
4.1. Comparison to semi-analytic predictions

The semi-analytic predictions of Gronke et al. (2015b) for the
position and width of the transition scale as well as the maximum
enhancement of gravity (see Sect. 2.4) can be tested against the
results from the N-body simulation.
Our findings can be summarized as follows:
– The centroid of the transition region, µ200 , is lower in the
N-body simulations than predicted by the semi-analytic
model. This is clearly visible for the FofR05 model, as here
the full transition is within the mass scale of our simulation.
In this case the offset is circa half an order of magnitude.
This offset is due to the fact that in Gronke et al. (2015b) the
impact of the fifth force on a complete, isolated halo – i.e.,
out to R = 10Rvir – was analyzed. As in reality, e.g., tidal
effects from nearby halos play an important role for the behavior in the outer regions, we constraint our analysis here to
1Rvir – which is also closer to observations. Other, however,
sub-dominant factors are the inclusion of baryonic effects in
this study (see Hammami et al. 2015, for a full discussion
of baryonic effects on modified gravity simulations), and,

the higher environmental density of the halos in the N-body
simulation.
– The half-width of the transition region, W, can only be compared to the FofR05 model for the reasons explained above.
In this one case, the prediction fit quite well.
– For a virialized halo, the velocity dispersion squared is proportional to the gravitational constant – as per definition a in
a virialized halo two times the kinetic is equal to minus the
potential energy. Using now the definitions of the velocity
dispersion (Eq. (3)), of γ, and requires that Mkin → Mlens for
γ → 0, one finds
Mkin /Mlens = (γ + 1)1/2α .

(4)

Thus, the maximum deviation found for this mass ratio for
the f (R) models (see Fig. 1) fits the theoretical estimate of
∼0.53 using γmax = 1/3 (and α = 0.3361 as described in
Sect. 2.3). For the Symmetron models considered, the unscreened masses lie below the mass resolution of our simulations making the prediction untestable.
– Likewise we can construct a relation for the thermal mass.
Using the relation of Terukina et al. (2014) M = MGR + MFψ ,
we obtain Mthermal /Mlens ∝ γ + 1. The maximum deviation
found for the thermal mass ratio for the f (R) models can then
be read from Fig. 2, and is consistent with the theoretical
prediction γmax = 1/3.
Figure 5 shows the µ200 − γmax predictions (filled symbols) with
the width of the transition region marked as horizontal line. The
same figure displays the resulting parameters from the N-body
simulation as unfilled symbols with arrows denoting limits due
to the mass resolution of the simulations.
4.2. Observational constraints

Masses of clusters can be inferred using different massestimates. Within conformally invariant modified gravity theories with a screening mechanisms, different mass-estimates may
result into different inferred values for the mass. For instance,
while the mass inferred via lensing gives the same value as in
General Relativity (independently of the size and the environment of the halo), the mass measured via dynamical methods
(e.g. inferred from velocity dispersion measurements) may result into a different value, specially for small and isolated halos
(Winther et al. 2012). In this section, we use existing lensing
and dynamical mass measurements and compare them with each
other in order to constrain the modified gravity parameter space.

4.2.1. Lensing versus kinetic mass measurements

We use lensing and kinematic mass measurements from the
Sloan Digital Sky Survey (SDSS, Sheldon et al. 2009). In particular, we use the lensing and kinetic mass estimates from
Johnston et al. (2007) and Becker et al. (2007), respectively. In
order to combine the two masses, we use the richness of a cluster Ñ200 which represents the number of detected galaxies associated with a cluster4 and is therefore independent of the chosen
mass estimate. This procedure allows us to constrain the maximally allowed deviation from GR across several mass-scales.
4
Ñ200 is dependent on the limiting magnitude of the survey. Therefore,
we ensured that the our mass measurement data both used the Sloan
Digital Sky Survey (SDSS, Sheldon et al. 2009) Ñ200 data.
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Fig. 5. Observational constraints on screened modified gravity theories
presented in the µ200 − γmax parametrization described in Sect. 2.4. The
filled symbols with horizontal lines show the semi-analytic µ200 and W
predictions. The unfilled symbols show the simulation results with arrows denoting limits due to the mass resolution of the simulations. The
black line shows the constraints from Mkin and Mlens observations resulting in the exclusion of the grey shaded region (see Sect. 4.2 for details).

For the lensing masses we use the mass-richness relation
given by Johnston et al. (2007) who used 130 000 clusters of
galaxies. They found a relation given by
!1.28±0.04
13 Ñ200
M̃lens = (8.8 ± 1.17) × 10
M h−1
(5)
20
where Ñ200 is again the measured richness of the cluster.
The dynamical mass measurements were taken from Becker
et al. (2007) who found
!1.15±0.12
14 Ñ200
(6)
bv M̃kin = (1.18 ± 0.12) × 10
25
where bv denotes the bias.
When combining the observations we fixed the value of the
bias bv to its maximum value under the constraint that the two
mass measurements agree within 1σ throughout the considered
mass-range – i.e., in the range M/M h−1 ∈ [7 × 1012 , 5 × 1014 ]
which is the overlapping mass-range of the observations – yielding bv = 1.03. This leaves us with a conservative constraint for
the maximally allowed over-prediction of the kinetic mass compared to the lensing mass. This constrained can be converted
to a maximally allowed enhancement of gravity using Eq. (4)
for every halo-mass in the considered mass range, i.e., we can
map the observational limits of Mkin /Mlens to an maximally allowed γ(M) – or, in the language of the universal description of
Gronke et al. (2015b) introduced in Sect. 2.4 to a constraint in the
(γmax , µ200 )-plane. To recap: in this picture, µ200 is the halo mass
where the enhancement of gravity (and, thus, the ratio Mkin /Mlens
or Mtherm /Mlens reaches half of its theoretical value, and γmax is
this maximally enhancement of gravity (and, therefore, sets via
Eq. (4) the upper bound on the mass ratio).
Figure 5 shows the 2 − σ observational constraint as a black
line, and the resulting ruled out region of the γ − µ200 parameter space as grey shaded region. Note, that this region does not
extent to greater masses as one might naively assume as higher
kinetic masses throughout the entire probed mass-range can be
explained with a constant bias. However, these greater masses
A78, page 6 of 10

are ruled out by halo abundance measurements for γmax ∼ O(1)
(e.g. Cataneo et al. 2015).
In addition, Fig. 6 shows this constraint on the modeldependent parameter space for the Hu-Sawicki f (R) model with
n = 1 which we obtained by comparing our full simulation results (Fig. 1) to the allowed mass ratio deviation in each mass
bin. This means we did not use the semi-analytical (µ200 , γmax ) −
(Mkin , Mtherm )-relation but used the full simulation and, hence,
could rule out only some few values of | fR0 |. In spite of that this
rather conservative limit5 , using the kinematic mass estimates
of clusters is still competitive with other measurements at this
length-scale.
4.2.2. Thermal versus lensing mass measurements

In order to compare the lensing and thermal mass of the clusters
we took measurements from Zhang et al. (2010) and Mahdavi
et al. (2013). These two data-sets provide both thermal and lensing mass measurements and uncertainties for a total of 58 clusters in the mass range M/M h−1 ∈ [5 × 1013 , 3 × 1015 ] so there
was no need to combine the mass estimates in a similar fashion
as in the previous section. We divided the data for the thermal
mass measurements by the data for the lensing mass measurements while properly propagating the error. As we’re interested
in a systematic deviation, we binned the data in 6 (lensing) mass
bins which we stratified so that roughly the same number of halos are in each bin.
An important point to bear in mind when working with thermal mass estimates is the fact that the measured quantity in this
case is the temperature of the intracluster gas. The conversion to
a mass assumes hydrostatic-equilibrium (as done, e.g., in Zhang
et al. 2010; Mahdavi et al. 2013; Arnold et al. 2014). However,
it has been shown that in reality the pressure of the intracluster
medium will have a significant non-thermal component generated by random gas motions and turbulence (Evrard 1990; Rasia
et al. 2004; Kay et al. 2004; Dolag et al. 2005; Lau et al. 2009).
This means the inferred thermal mass given a temperature T will
be slightly lower than the true mass of the cluster.
While empirical models exist in order to quantify the magnitude of this deviation (where the non-thermal component yield
variations to the mass from 10% to 30%, Laganá et al. 2010)
we want to stress that these were calibrated against pure ΛCDM
simulations, and thus their results cannot be taken into account
when dealing with modified gravity. One has to consider instead
that if gravity is truly enhanced, the temperature of the intracluster medium will be hotter and, thus, the inferred thermal
mass will be greater (as shown in Sect. 3). This means the effect of any non-thermal physics (such as cosmic rays Pfrommer
2008) is degenerate with modified gravity and, consequently, at
the present time thermal measurements cannot be used to constrain modified gravity.
Figure 7 illustrates this degeneracy. Here, we compare the
Mtherm /Mlens results of the Symmetron D model and our ΛCDM
simulation (already shown in Fig. 2) to hypothetical measurements where we modeled the contribution of non-thermal pressure as
Pnon−thermal = Ptotal g̃(M200 )

(7)

which resembles the functional forms fitted to ΛCDM simulations (Shaw et al. 2010; Battaglia et al. 2012 and see also
5
In contrast to other studies, we (i) used a full N-body simulation with
baryonic effects as calibration, and; (ii) assumed a “worst-case” bias as
stated above.
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Fig. 6. Current constraints on the Hu-Sawicki f (R) model with n = 1. References (updated list from Lombriser 2014): dwarf galaxies (Jain &
VanderPlas 2011; Vikram et al. 2013), distance indicators in dwarf galaxies (Jain et al. 2013), solar system (Hu & Sawicki 2007; Lombriser et al.
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et al. 2011), galaxy infall kinematics (Zu et al. 2014), cluster abundance (Chandra, Schmidt et al. 2009; Ferraro et al. 2011), cluster density
profiles (maxBCG, Lombriser et al. 2012), supernova monopole radiation (Upadhye & Steffen 2013), CMB ISW-lensing bispectrum (Hu et al.
2013; Munshi et al. 2014).
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Fig. 7. Ratio of thermal and lensing mass for ΛCDM and Symmetron
D, the Symmetron model with the largest deviations from ΛCDM. Also
included is the hypothetical measurements obtained by including the
non-thermal contribution described in Sect. 4.2.2

Appendix A). Thus, our proposed non-thermal contribution is
not unreasonable. Modeling a non-thermal contribution as given
by Eq. (7) while keeping the total pressure Ptotal = Ptherm +
Pnon−thermal (and, thus, the halo structure) constant is equivalent
to rescaling the temperature as T ← T (1 − g̃) since naturally
Ptherm ∝ T .
As Fig. 7 shows in the case of a non-thermal contribution
the Mtherm measurement (which is carried out the same way as
done by observations, i.e., assuming no non-thermal contribution) matches the lensing mass reasonably well in the case of
modified gravity. We achieved this by choosing the functional
form of g̃ in Eq. (7) as
g̃(M) =

1
,
α̃
1 + ãM13

(8)

with M13 ≡ M/(1013 M h−1 ) and (ã, α̃) = (3/4, 2/3). This
serves as an example of how unknown non-thermal physics can

cancel out any signal originating from modified gravity – which
is a severe problem when trying to place constraints on the modifications of gravity using thermal measurements.
This problem will be alleviated once the contribution of nonthermal effects can be directly quantified using observational
data (e.g., by measuring directly the intra-cluster turbulence). In
the sequel of this subsection, we assume this has been done and
is has been shown the contribution of the non-thermal components is negligible. We do this in order to show which constraints
on modified gravity can be placed hypothetically using thermal
mass estimates.
Figures 5 and 6 show the resulting hypothetical constraints
where we used the Mthermal /Mlens ∝ γ + 1 relation described in
Sect. 4.1. Note that in this case we did not consider a constant
bias throughout the mass range which would shift the thermal
mass measurements. Instead, we simply allowed for a maximum
deviation from the (mean of the) measured mass ratio of 2σ. For
conversion to the f (R) constraints we used – as in the previous
section – our full simulation output (Fig. 2) and, thus, under the
discussed assumptions found the rather conservative limit | fR0 | <
10−4 as presented in Fig. 6.
4.3. Caveats

Using clusters of galaxies to constrain modified gravity theories can be challenging as several sources of uncertainty have to
be taken into account. From the observational side these uncertainties are immense for individual clusters but can be overcome
when using a large number of objects – if no effect alters the
measured kinematic or thermal masses systematically. As this is
uncertain in particular for the kinematic mass estimates we fixed
the bias to a conservative value which should counter-act the effect6 . This leads, however, to the fact that near constant modifications of gravity throughout the whole measured mass range
would not be detected.
6

This procedure relies on the fact that these potential systematic effects (as well as other uncertainties) are captured by the observational
error bars given.
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Another important cause of uncertainty is the theoretical
modeling where – although we included (basic) baryonic physics
– not all important physical effects are taken into account. For instance, it is expected that supernovea and AGN feedback mechanisms are somewhat degenerate with the enhancement of gravity and, thus, weaken constraints on modified gravity theories
(see e.g. Puchwein et al. 2013; Mead et al. 2016). This is in particular problematic for the thermal mass measurements as the
“non-thermal pressure component” is not well understood theoretically as well as essentially completely unconstrained observationally. As explained in Sect. 4.2.2 the non-thermal contribution is degenerate with the effect of modified gravity which
makes the use of thermal measurements in order to constrain
gravity only possible if there is independent measurements of
the non-thermal contributions. Future missions will be able to
measure the non-thermal pressure component and, hence, turn
this systematic degeneracy into a factor with (potentially large)
uncertainties (Laganá et al. 2010). Until then one has to resort to
other probes (such as the kinematic mass) in order to constrain
modified gravity theories. However, as these probes mainly rely
on the dynamics of dark matter, models which are only coupled
to baryons evade current constraints (see Sect. 3.2).
Overall, we want to stress that although clusters of galaxies
are a powerful tool to constrain gravity on intermediate scales,
also big uncertainties are associated with it which have to be
dealt with. Nevertheless, they have the potential to close the gap
between large-scale and local experiments as well as to probe
the impact of gravity on dark-matter and baryons independently.

5. Conclusions
Using a hydrodynamic N-body code, we studied the effect of
screened modified gravity models on the mass estimates of
galaxy clusters. In particular, we focused on two novel aspects:
(i) we studied modified gravity models in which baryons and
dark matter are coupled with different strengths to the scalar
field, and; (ii) we put the simulation results into the greater context of a general screened-modified gravity parametrization.
Our findings in these matters can be summarized as follows:
– The lensing mass of a cluster can differ tremendously from
its kinematic or thermal mass in modified gravity theories.
In screened modified gravity theories the magnitude of variation varies from a maximum to zero from the unscreened
mass range to the screened one, respectively. This makes the
mass measurements of clusters a powerful probe of gravity
in different length scales and environments.
– Differently coupled dark matter and baryons are hard to detect observationally as degeneracies exist. However, as the
thermal mass is stronger affected by the baryonic coupling
than the kinetic mass, possessing information about the three
discussed mass estimates can break this degeneracy.
– We placed the specific Symmetron and f (R) models studied
on a common parameter space which we also constrained
using kinematic, lensing, and, thermal mass observations.
– The ratio of the kinetic and lensing mass yields competitive constraints on the modification of gravity. Using thermal measurements, on the other hand, is currently unfeasible
since the effect of non-thermal contributions is degenerate
with a potential signal of modified gravity. This well be alleviated when these contributions are quantified in a modelindependent way.
In conclusion, using various observational mass estimates for
cluster of galaxies are a powerful tool in order to constrain
A78, page 8 of 10

modified gravity theories which possess a screening mechanism
– especially as future surveys increase the number of observed
galaxies.
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Appendix A: Including the non-thermal pressure
component
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Fig. A.1. Ratio of the combined thermal and non-thermal mass and lensing mass for the analyzed f (R) models (left panel) and Symmetron
models (right panel). The horizontal lines and markers show the width and center of the transition region as defined in Sect. 2.4, respectively.

It has been shown (Evrard 1990; Rasia et al. 2004; Kay et al.
2004; Dolag et al. 2005; Lau et al. 2009) that the pressure of the
intracluster medium will have a significant non-thermal component generated by random gas motions and turbulence, so that
the total pressure PTot of a cluster is
PTot (<r) = Pthermal (r) + Pnon−thermal (r).

(A.1)

This results in the mass estimates will consist of a thermal and
non-thermal component as well
M(<r) = Mthermal (r) + Mnon−thermal (r)

(A.2)

r2
Gρgas (r)

dPthermal (r)
dr

(A.3)

2

dPnon−thermal (r)
Mnon−thermal (r) = −
·
Gρgas (r)
dr
r

(A.4)

By using Pthermal = kngas T gas , where ρgas = µmp ngas , we find that
dPthermal kT gas (r) dρgas (r) ρgas (r) dT gas (r)
=
+
dr
µmp
dr
T gas (r) dr

!
(A.5)

so that
Mtherm = −

!
kB r2 T thermal (r) d ln ρthermal d ln T thermal
+
,
µmpG
dr
dr

(A.6)

as show earlier in the paper.
Often, the non-thermal pressure is expressed as a fraction of
the total pressure
Pnon−thermal (r) = g(r)Ptotal (r) =
A78, page 10 of 10

g(r)
Pthermal ,
1 − g(r)

dPnon−thermal
1
dPthermal dg(r)
=
g(r)
+
Pthermal
dr
1 − g(r)
dr
dr
!
g(r) dg(r)
Pthermal .
+
1 − g(r) dr

(A.8)

A fit to the g-function has been found in Shaw et al. (2010),
Battaglia et al. (2012) who performed a series of 16 ΛCDM simulations to obtain
!n
! nm
r nt
M200
g(r) = αnt (1 + z)βnt
,
(A.9)
r500
3 × 1014 M
where the free variables have the ΛCDM best-fit values αnt =
0.18, βnt = 0.5, nnt = 0.8, and n M = 0.2. The derivative of the
g-factor is

where
Mthermal (r) = −

with the derivative

(A.7)

dg(r) nnt
=
g(r).
dr
r

(A.10)

Using the best fit we redo the analysis from before, now including the non-thermal pressure contribution, and present the results
in Fig. A.1.
As we can see the results now differ substantially from Fig. 2,
with the non-thermal pressure component having introduced a
strong mass dependence. However, we want to stress that this is
just one particular example as the current expression of the nonthermal pressure contribution is derived from standard gravity
simulations is strongly model dependent. Thus, we cannot simply use the expression as is for the modified gravity models.
In spite of this complication, we want to note that in principle it is possible to use the ratio between the thermal and lensing
mass to constrain screened modified gravity theories, and also –
when including the kinetic mass – to rule out certain combinations of non-universal coupling. All this, however, requires the
contribution of the non-thermal pressure to be “under control”,
i.e., the magnitude of the intra-cluster turbulence are at least limited by observations.

