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ABSTRACT

Aims. Several recent studies used the hot gas fraction of galaxy clusters as a standard ruler to constrain dark energy, which provides
competitive results compared to other techniques. This method, however, relies on the assumption that the baryon fraction in clusters
agrees with the cosmic value Ωb/Ωm, and does not differ from one system to another. We test this hypothesis by measuring the gas
mass fraction over the entire cluster volume in a sample of local clusters.
Methods. Combining the Sunyaev-Zel’dovich thermal pressure from Planck and the X-ray gas density from ROSAT, we measured
for the first time the average gas fraction ( fgas) out to the virial radius and beyond in a large sample of clusters. We also obtained
azimuthally-averaged measurements of the gas fraction for 18 individual systems, which we used to compute the scatter of fgas around
the mean value at different radii and its dependence on the cluster’s temperature.
Results. The gas mass fraction increases with radius and reaches the cosmic baryon fraction close to R200. At R200, we measure
fgas,200 = 0.176 ± 0.009 (0.166 ± 0.012 for the subsample of 18 clusters in common between Planck and ROSAT). We find significant
differences between the baryon fraction of relaxed, cool-core (CC) systems and unrelaxed, non-cool core (NCC) clusters in the outer
regions. On average, the gas fraction in NCC clusters slightly exceeds the cosmic baryon fraction, while in CC systems the gas
fraction converges to the expected value when accounting for the stellar content, without any evidence for variations from one system
to another.
Conclusions. We find that fgas estimates in NCC systems slightly disagree with the cosmic value approaching R200. This result could
be explained either by a violation of the assumption of hydrostatic equilibrium or by an inhomogeneous distribution of the gas mass.
Conversely, CC clusters are found to provide reliable constraints on fgas at overdensities Δ > 200, which makes them suitable for
cosmological studies.
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1. Introduction

The outskirts of galaxy clusters are the regions where the current
activity of structure formation is taking place through the accre-
tion of smaller structures onto massive clusters. In addition, they
are the regions where the transition between virialized gas from
clusters and accreting material from the large-scale structure oc-
curs. Non-gravitational effects such as turbulence (e.g., Dolag
et al. 2005; Vazza et al. 2011a) and cosmic rays (e.g., Vazza
et al. 2012; Pfrommer et al. 2007) are expected to play a more
important role in these regions than in cluster cores, and the in-
fall of smaller structures along large-scale filaments may cause
the material in these regions to be clumpy (Nagai & Lau 2011;
Simionescu et al. 2011) and asymmetric (Vazza et al. 2011b;
Eckert et al. 2012). These effects may bias the measurements of
cluster masses using X-ray and Sunyaev-Zel’dovich (SZ) prox-
ies (Rasia et al. 2004; Nagai et al. 2007b; Piffaretti & Valdarnini
2008), thus setting limitations on the use of galaxy clusters as
high-precision cosmological probes (Allen et al. 2011).

Baryons in galaxy clusters, mainly in the form of hot X-ray
emitting plasma with some contribution from stars in member
galaxies, are subjected to gravitational and radiative processes

that, in a cold dark matter (CDM) scenario, affect their distribu-
tion in the DM halo accordingly. By forming in the highest peaks
of the primordial gravitational fluctuations, massive galaxy clus-
ters are relatively well-isolated gravity-dominated structures,
suggesting that their mass function and relative baryon budget
are highly sensitive tests of the geometry and matter content of
the Universe. In particular, estimates of the gas and total mass
content of relaxed hot clusters in hydrostatic equilibrium can be
obtained using X-ray observations, allowing one both to place
a lower limit on the cluster baryon mass fraction, which is ex-
pected to match the cosmic value Ωb/Ωm (e.g., White et al.
1993), and to constrain the cosmic dark energy by imposing the
gas mass fraction as standard ruler (see e.g. Ettori et al. 2003,
2009; Allen et al. 2008).

In this paper, we combine the SZ pressure profiles from the
sample of 62 galaxy clusters observed with the Planck satellite
(Planck Collaboration 2013, hereafter P13) with the ROSAT gas
density profiles presented in Eckert et al. (2012, hereafter E12) to
reconstruct gravitating mass profiles assuming hydrostatic equi-
librium. This allows us to provide the first measurements of the
gas fraction in cluster outskirts on relatively large samples, prob-
ing a volume several times larger than the typical XMM and
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Chandra limits and the entire azimuth (as opposed to most of
the Suzaku results). We study the importance of additional ef-
fects (non-thermal pressure support, gas clumping, asymmetry)
on the quantities recovered by assuming that the gas is in hydro-
static equilibrium. Similar results are also presented for a subset
of 18 individual clusters (6 CC and 12 NCC) that are in com-
mon between the samples of P13 and E12. In a companion pa-
per (Eckert et al. 2013, hereafter Paper I), we demonstrate the
validity of the method and apply it to infer the average thermo-
dynamic properties of galaxy clusters.

Throughout the paper, we assume a ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1. We also re-
fer to the best-fit results on the ΛCDM model provided from
WMAP-7 years (see e.g. Table 8 in Jarosik et al. 2011), which
imply a cosmic baryon fraction Ωb/Ωm = 0.167 ± 0.011.
Because our cluster sample is located at redshift below 0.2, the
differences between these cosmological models affect the esti-
mates of the gas mass fraction presented in this work by less
than 1 per cent, through the variation of the angular diameter
distance.

2. Basic formalism

For this work, the two main observables are the pressure from
SZ measurements and the gas number density from X-ray ob-
servations. In this case, the hydrostatic mass is simply given by

Mhyd(<r) = − r2

Gμmpngas

dPgas

dr
, (1)

where μ = 0.6 is the mean molecular weight, while the gas
mass profiles can be computed directly by integrating the den-
sity profiles,

Mgas(<r) = μmp

∫ r

0
ngas(r

′)4πr′2 dr′. (2)

An estimate of fgas(r) = Mgas(<r)/Mhyd(<r) can thus be obtained
in a straightforward way. To describe the pressure and the gas
density, we fit the data points using general parametric functions
(see Paper I for details). Following P13, the pressure is described
by a generalized Navarro-Frenk-White profile (GNFW, Navarro
et al. 1997; Nagai et al. 2007a). The pressure gradient can be
expressed analytically by differentiating the GNFW profile. The
pressure profiles are taken from P13, for the average population
as well as for the 18 individual clusters in common between the
two samples.

For the density, we used a simplified version of the func-
tional form introduced by Vikhlinin et al. (2006). This func-
tional form was projected along the line-of-sight and fit to the
ROSAT emission-measure profiles. The error budget was esti-
mated through a Monte-Carlo Markov chain (MCMC) method,
which allows us to compute the envelopes of the curves de-
rived from the fitting procedure. Alternatively, we also used de-
projected density profiles as computed in E12, and interpolated
them along a common grid through a cubic spline method. For
more details and a thorough validation of the method, we refer
the reader to Paper I, also for the details of the error calcula-
tion. In Fig. 1 we show the gas fraction profiles derived for the
18 individual systems and the average pressure and density pro-
files. Since we focus our work on the outer regions, the MCMC
procedure was performed only on the data beyond 0.2 R500,
which causes the bumps at low radii. Beyond 0.5 R500, the most
strongly deviating profile is that of A2163, a violently merg-
ing cluster that is likely out of hydrostatic equilibrium (see
Appendix C of Paper I for a discussion of this system).
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Fig. 1. Observed gas mass fraction profiles for CC (blue) and NCC (red)
clusters. All profiles stop at the maximum detection radius (2σ above
the background) in ROSAT/PSPC. The green-shaded region shows the
fgas profile from the average gas density and Planck pressure profiles.
The most strongly deviating profile is that of A2163.

3. Results

For a fiducial cluster with a virial temperature kT = 5 keV, we
used the universal pressure profiles from P13 together with the
median gas density profiles from E12 to extract gas fraction pro-
files using the hydrostatic equilibrium equation (Eq. (1)). Unlike
the gas fraction profiles presented in Sect. 7.3 of P13, no ex-
trapolation is needed to compute the gas fraction. In Fig. 2, we
show the average gas fraction profile obtained by combining the
average profiles from P13 and E12, computed through the para-
metric forward-fitting method (green-shaded area) and the geo-
metrical deprojection method (red points). Excellent agreement
is found between the results obtained between the two methods,
and hence the results presented here are stable against the as-
sumed deprojection technique. The profiles obtained from the
sample-averaged profiles are also compared to the median of the
18 individual objects for both deprojection methods. The un-
certainties in the median were estimated using 1000 bootstrap
reshufflings of the sample (see Paper I). Below 1.7 R500

1, all
methods show a remarkable level of agreement, demonstrating
the reliability of the measurements. In the following and for the
sake of simplicity we focus on the results obtained with the para-
metric form, as in Paper I. However, we stress that the geometri-
cal deprojection method always leads to consistent results.

At R500, we find fgas,500 = 0.132 ± 0.005, which agrees well
with previous estimates from Chandra (e.g., Vikhlinin et al.
2006) and XMM-Newton (e.g., Ettori et al. 2010). The mea-
sured gas fraction reaches the cosmic baryon fraction (Ωb/Ωm =
0.167, Jarosik et al. 2011) at R = 1.4 R500 and slightly exceeds
it beyond this radius, although it remains consistent within the
error bars. At R200, we measure 0.176 ± 0.009 (0.160 ± 0.019
in the subsample of 18 objects) with the forward-fitting method,
0.158 ± 0.019 (0.160 ± 0.028) with the deprojection technique.
Given that the stellar mass contributes another 10−20% of the
baryon fraction (e.g., Gonzalez et al. 2007; Laganá et al. 2011),
the gas fraction recovered assuming hydrostatic equilibrium ex-
ceeds the expected value in cluster outskirts at the 2σ level.
Although the confidence level is low, this may indicate that ei-
ther the mass recovered through hydrostatic equilibrium is bi-
ased low, as suggested from present hydrodynamical numerical

1 For a given overdensity Δ, RΔ is the radius for which MΔ/(4/3πR3
Δ
) =

Δρc.
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Fig. 2. (Left) Average gas fraction profile computed from the sample-average pressure and density profiles and from the subsample of 18 individual
objects. We show the profiles obtained through parametric forward fitting with MCMC error envelopes for both cases (sample average, green
shaded area; median of 18 objects, black circles), and by interpolating the deprojected density profiles (sample average, red triangles; median
of 18 objects, blue circles). The error bars are given at the 1σ level. (Right) Average gas fraction profiles for the CC (blue) and NCC (red)
populations separately. The shaded areas represent the profiles obtained from the sample-averaged profiles, while the data points show the median
of the 18 individual systems.
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Fig. 3. Distribution of the gas mass fraction estimates normalized to the cosmic baryon fraction (Jarosik et al. 2011) as a function of the cluster’s
temperature (from E12) and core state at different overdensities. The error bars are given at the 1σ level. The dashed lines show the best fit to the
entire sample using Eq. (3). For better readability, A2163 (kT ∼ 18 keV) is not shown in the plots.

simulations (e.g., Rasia et al. 2006, 2012; Nelson et al. 2012;
Burns et al. 2010), or that inhomogeneities in the gas distribution
bias high the estimated Mgas (Nagai & Lau 2011; Simionescu
et al. 2011), or a combination of the two effects.

Similar to the entropy (see Paper I), we observe differences
in the gas fraction profiles computed for the 6 CC and 12 NCC
clusters independently (see Fig. 2). The NCC profiles tend to in-
crease more steeply in cluster outskirts compared to CC profiles.
From the sample-averaged profiles, at R200 NCC clusters slightly
exceed the cosmic baryon fraction ( fgas,NCC = 0.169 ± 0.010
using the average profiles; 0.178 ± 0.016 for the 12 individual
NCC systems), while the gas fraction in CC systems is close to
the expected gas fraction around R200 ( fgas,CC = 0.134 ± 0.011;
0.143 ± 0.015 for the subsample of 6 CC objects). Despite its
low statistical significance (less than 2σ), this result likely indi-
cates that hydrostatic equilibrium breaks down in the outskirts
of NCC systems, while in CC (relaxed) clusters the behavior is
closer to self-similar expectations, in agreement with our results
for the entropy (see Paper I).

In all cases, we can see that the enclosed gas fraction in-
creases steadily with radius and gas temperature, as expected
from previous work (see e.g., Arnaud & Evrard 1999; Ettori &
Fabian 1999; Vikhlinin et al. 2006). To quantify the dependence

on the gas temperature at different mass overdensities (200, 500,
1000, and 2500, see Fig. 3), we fit a multi-linear function of the
form

fgas

fb,WMAP7
= bgas,500

(
Δ

500

)α ( Tvir

7 keV

)β
, (3)

where bgas = fgas/ fb,WMAP7 is the depletion factor. The best-
fitting values for the parameters are provided in Table 2. Only
the normalization b500 is found to change significantly between
the CC and NCC populations, in agreement with Fig. 2. The
quality of the fit, however, is found to change significantly when
comparing the CC and NCC populations, with only the fit to
CC objects being formally acceptable. This indicates a signifi-
cant cluster-to-cluster scatter in the latter population.

4. Discussion

We discuss here two important implications of our results on (i)
the use of gas mass fraction as cosmological probe and (ii) the
comparison with predictions from hydrodynamically simulated
objects.
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Table 1. Mean fgas values and intrinsic scatter σ f (in percent) obtained from various datasets and at different overdensity radii.

Dataset fgas,2500 σ f ,2500 fgas,1000 σ f ,1000 fgas,500 σ f ,500 fgas,200 σ f ,200

18 obj 10.1 ± 0.5 1.5 ± 0.4 12.7 ± 0.7 2.4+0.7
−0.6 14.9 ± 1.0 3.7+1.0

−0.8 16.6 ± 1.2 4.2+1.1
−0.9

6 CC obj 8.7 ± 0.5 0.9 ± 0.4 10.7 ± 0.5 0.6 ± 0.6 12.3 ± 0.6 <1.9 14.3+1.5
−1.4 2.8+1.4

−1.0

12 NCC obj 10.9 ± 0.5 1.2 ± 0.6 13.8 ± 2.8 2.8+1.1
−0.8 16.3 ± 1.4 4.4+1.4

−1.0 17.8 ± 1.6 4.7+1.5
−1.1

18 obj, T-scaled 9.9 ± 0.3 0.9 ± 0.4 12.6 ± 0.5 1.3 ± 0.5 14.6 ± 0.7 2.3+0.7
−0.6 16.4 ± 1.1 3.7+1.0

−0.8

6 CC obj, T-scaled 9.0 ± 0.4 <0.8 11.3 ± 0.5 <1.0 12.9 ± 0.6 <1.3 14.9+1.6
−1.5 2.8+1.5

−1.0

12 NCC obj, T-scaled 10.9 ± 0.5 1.9+0.6
−0.5 13.4 ± 0.7 1.6+0.7

−0.6 15.6 ± 1.0 2.8+0.9
−0.7 17.2+1.5

−1.4 4.0+1.4
−1.0

Notes. The datasets labeled “T-scaled” were rescaled by the quantity (Tvir/7 keV)β (see Eq. (3) and Table 2). Uncertainties are given at the 1σ
confidence level, while upper limits are 90%.

Table 2. Best-fitting parameters for the function given in Eq. (3).

Dataset bgas,500 α β χ2/d.o.f.
Total 0.854 ± 0.016 −0.20 ± 0.02 0.54 ± 0.05 154.4/69
CC 0.757 ± 0.024 −0.19 ± 0.03 0.52 ± 0.14 21.2/21
NCC 0.919 ± 0.021 −0.20 ± 0.02 0.46 ± 0.06 100.7/45

4.1. Implications on the use of clusters for cosmology

The use of fgas as a standard ruler for cosmology (Ettori et al.
2003; Allen et al. 2008) implies that galaxy clusters are represen-
tative of the cosmic baryonic budget. In the previous section, we
quantified how the gas mass fraction depends on the gas temper-
ature and matter overdensity, providing for the first time an ob-
servationally constrained calibration of the cluster baryon budget
in the hot X-ray emitting phase. We assess here the cluster-to-
cluster scatter of fgas at different overdensity radii. To compute
the intrinsic scatter of a given population, we used a maximum-
likelihood estimator as introduced by Maccacaro et al. (1988, see
also Appendix A of E12). This method allows the mean value
and the intrinsic scatter to be computed jointly. In Table 1 we
give the mean fgas values and the intrinsic scatter σ f at over-
densities of 2500, 1000, 500, and 200, for the entire population
as well as for the CC and NCC clusters separately. We also re-
port the scatter obtained when correcting the fgas values for their
dependence on the cluster’s virial temperature, i.e., by rescal-
ing each value by the quantity (Tvir/7 keV)β (see Eq. (3) and
Table 2).

In Table 1, we can see that the level of scatter increases
with radius, from ∼15% of the measured value at R2500 to ∼25%
at R200. As expected, when a temperature scaling is performed, a
lower scatter is measured in all cases. Interestingly, we note that
the level of scatter is substantially higher for the NCC population
than for the more relaxed, CC objects. When performing a tem-
perature scaling, the level of intrinsic scatter is even consistent
with 0 in CC systems out to R500, while at R200 some scatter at the
level of ∼18% is measured, indicating that at the outermost radii
even the most relaxed systems are affected by non-gravitational
physics and/or inhomogeneous gas distributions (see E12). In the
case of NCC systems, substantial cluster-to-cluster variations are
found at all radii.

We remark that the trend of increasing scatter with radius is
opposite to what we would expect when probing a larger vol-
ume, which shows that the the trend is likely caused by a phys-
ical effect. Both non-gravitational effects (turbulence, cosmic
rays) and inhomogeneous gas densities can qualitatively explain
this result. Indeed, numerical simulations show that non-thermal

effects can be several times stronger in NCC systems (e.g., Lau
et al. 2009; Pfrommer et al. 2007; Vazza et al. 2011a, 2012). Gas
clumping and large-scale asymmetries are also expected to be
more prominent along large-scale filaments (Nagai & Lau 2011;
Vazza et al. 2013), and thus the effect should be stronger in merg-
ing systems. For instance, if clumping biases the observed den-
sity high by ∼20%, as found in Paper I for NCC clusters, the
actual gas fraction for this class of objects would be consistent
with the expected hot gas fraction. For a more detailed discus-
sion of the implications of our results on the physics of cluster
outskirts, we refer the reader to Paper I.

To summarize, our findings (both on the global baryon bud-
get and the variations in fgas from one system to another) demon-
strate that the gas fraction of CC systems can be used efficiently
as a standard ruler, while in NCC systems non-gravitational ef-
fects and/or inhomogeneities in the gas distribution introduce
significant systematics in the computation of the gas fraction.
A very similar conclusion was recently obtained by Mahdavi
et al. (2012) by comparing X-ray and weak-lensing mass es-
timates. Indeed, X-ray mass estimates appear to be underesti-
mated by ∼15% in NCC clusters, while good agreement is found
for CC systems. The fact that a qualitatively similar result was
obtained using different samples and techniques thus reinforces
our conclusion.

4.2. Comparison with numerical simulations

Using the shock-capturing Eulerian adaptive mesh refine-
ment N-body + gas-dynamical adaptive refinement tree code,
Kravtsov et al. (2005) measured in the most massive system of
M200 ≈ 9.6 × 1014 M� a value of bgas that rises from 0.86 (at
Δ = 2500) to 1.04 (at the virial radius) in the run without dis-
sipation and from 0.56 to 0.76 when radiative cooling, star for-
mation, metal enrichment, and stellar feedback are considered.
The constraints we obtain lie between these predictions, suggest-
ing that both radiative processes are required and the feedback
provided has to be less incisive in its action on distributing the
intracluster medium (ICM).

In a set of hydrodynamical simulations of massive galaxy
clusters performed using the Tree+SPH code GADGET-2, Ettori
et al. (2006; see also De Boni et al. 2011) estimated, at z = 0
a bgas that increases from 0.82 to 0.89 from Δ = 2500 to 200
in runs with gravitational heating only. On the other extreme,
introducing cooling and star formation but no winds drastically
reduces the expected relative gas fraction (0.29 at Δ = 2500;
0.59 at Δ = 200). Overall, however, none of the feedback mod-
els explored in that work are able to reproduce the high bgas
value of 0.74−0.9 we observe at Δ < 500, apart from the case
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where the alternative artificial low-viscosity scheme from Morris
& Monaghan (1997) is considered, allowing about 30 per cent of
the ICM thermal energy in the form of turbulent motion.

For massive halos extracted from a non-radiative gas-
dynamical realization of the Millennium Simulations, Crain et al.
(2007) measured bbar of about 0.9 (and rms of 6 percent) with
almost no dependence on the radius between R500 and R200,
implying a relative contribution from stars, with respect to the
gas component, of 0.22 and 0.19 at the two radii, respectively,
slightly higher than the present observational constraints (e.g.,
<0.17 for M500 > 3 × 1014 M� in Laganá et al. 2011). In
the Millennium Gas Project, Young et al. (2011) studied the
baryon distribution in 170 objects, as SPH re-simulation of the
Millennium simulation, with gas temperature higher than 3 keV.
They considered models where the ICM is heated (i) solely
by gravitational process; (ii) by pre-heating in the order of
200 keV cm2 occuring at z = 4 combined with cooling; (iii) by
feedback from supernovae (SNe) and active galactic nuclei
(AGN) as expected from the semi-analytic predictions on galaxy
formation but not including radiative cooling. For the most
massive systems, they measured bgas in the range 0.88−0.91,
0.57−0.83, 0.70–0.82 between Δ = 2500 and 200 for cases (i),
(ii), (iii), respectively, suggesting that (a) some cooling is needed
to lower the gas fraction predicted in the inner part and (b) the
implemented action of either pre-heating or feedback from SNe
and AGN is probably too strong to fully explain the observed
gas fraction in the clusters’ outskirts.

5. Conclusion

Combining X-ray (ROSAT/PSPC) and SZ (Planck) data, we an-
alyzed the properties of the ICM at large radii using both sample-
averaged profiles and the data for 18 individual systems. This al-
lowed us to measure for the first time hydrostatic mass and gas
fraction profiles out to the virial radius in a relatively large sam-
ple of objects. The results on the thermodynamic properties of
galaxy clusters close to the virial radius are presented in a com-
panion paper. Our results can be summarized as follows:

– The gas fraction reconstructed through the hydrostatic equi-
librium equation increases with radius and reaches the value
of fgas,200 = 0.176 ± 0.009 around R200. Different input data
and deprojection techniques yield results that excellently
agree. This value is consistent with the cosmic baryon frac-
tionΩb/Ωm = 0.167 (Jarosik et al. 2011). Given that the stel-
lar content is expected to account for 10−20% of the baryons
in galaxy clusters, the measured gas fraction slightly exceeds
the expected value. A 15% bias either in raising the hydro-
static masses, as expected from numerical simulations, or in
lowering the gas mass allows us to reconcile our measure-
ment with the expected gas fraction.

– We observe differences between the gas fraction measured
in relaxed, CC systems compared to dynamically active,
NCC systems. In NCC clusters, the gas fraction exceeds the
cosmic baryon fraction significantly, indicating that hydro-
static equilibrium breaks down in the outer regions of per-
turbed systems, and/or that the gas is distributed in an inho-
mogeneous way. Conversely, in CC systems the gas fraction
converges to the expected hot gas fraction, confirming that
they correspond to more relaxed systems, which can be used
more efficiently for cosmological purposes.

– From the 18 objects comprising our sample, we measured
the scatter around the average fgas value using a maximum-
likelihood estimator. We find that the scatter increases with
radius, from 15% at R2500 to 25% at R200. In contrast to NCC
systems, in which we measure substantial cluster-to-cluster
variations at all radii, CC systems exhibit a negligible level
of scatter out to R500, confirming that they are better suited
for cosmological studies.

– We quantified the fgas dependence upon gas temperature
and matter overdensity with the relation fgas/ fb,WMAP7 =

b500 (Δ/500)α
(
Tgas/7 keV

)β
and measured b500 = 0.76 ±

0.02 in CC systems and 0.92 ± 0.02 in NCC clusters, α =
−0.2 and β = 0.5. The gas bias (or depletion) factor b500,
and its variation with temperature and radii, disagrees with
the results obtained for clusters extracted from recent hydro-
dynamical simulations, implying that the action of cooling
and AGN and/or SN feedback is indeed needed but has to be
regulated differently from what has been used so far.
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