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ABSTRACT

Context. We present the analysis of the baryonic content of 52 X-ray luminous galaxy clusters observed with Chandra in the redshift
range 0.3–1.273.
Aims. Our study aims at resolving the gas mass fraction in these objects to place constraints on the cosmological parameters Ωm , ΩΛ
and the ratio between the pressure and density of the dark energy, w.
Methods. We deproject the X-ray surface brightness profiles to recover the gas mass profiles and fit a single thermal component to the
spectrum extracted from a region around the cluster that maximizes the signal-to-noise ratios in the observation. The measured values
of the gas temperature are used to evaluate the temperature profile with a given functional form and to estimate the total gravitating
mass in combination with the gas density profiles. These measured quantities are then used to statistically estimate the gas fraction
and the fraction of mass in stars. By assuming that galaxy clusters are representative of the cosmic baryon budget, the distribution
of the cluster baryon fraction in the hottest (T gas > 4 keV) systems as a function of redshift is used to constrain the cosmological
parameters. We discuss how our constraints are aﬀected by several systematic eﬀects, namely the isothermality, the assumed baryon
fraction in stars, the depletion parameter and the sample selection.
Results. By using only the cluster baryon fraction as a proxy for the cosmological parameters, we obtain that Ωm is very well
constrained at the value of 0.35 with a relative statistical uncertainty of 11% (1σ level; w = −1) and a further systematic error of
about (−6, +7)%. On the other hand, constraints on ΩΛ (without the prior of flat geometry) and w (using the prior of flat geometry)
are definitely weaker due to the presence of greater statistical and systematic uncertainties (of the order of 40 per cent on ΩΛ and
greater than 50 per cent on w). If the WMAP 5-year best-fit results are assumed to fix the cosmological parameters, we limit the
contributions expected from non-thermal pressure support and ICM clumpiness to be lower than about 10 per cent, also leaving room
to accommodate baryons not accounted for either in the X-ray emitting plasma or in stars of the order of 18 per cent of the total cluster
baryon budget. This value is lowered to zero for a no-flat Universe with ΩΛ > 0.7.
Key words. galaxies: clusters: general – galaxies: fundamental parameters – intergalactic medium – X-rays: galaxies: clusters –
cosmology: observations – dark matter

1. Introduction
Several tests have been suggested to constrain the geometry and
the relative amounts of the matter and energy constituents of the
Universe (see Peebles & Ratra 2003 and references therein). A
method that is robust and complementary to others is obtained
using the gas mass fraction, fgas = Mgas /Mtot , as inferred from
X-ray observations of clusters of galaxies. In this work, we consider two independent methods for our purpose: (i) we compare
the relative amount of baryons with respect to the total mass observed in galaxy clusters to the cosmic baryon fraction to provide
a direct constraint on Ωm (this method was originally adopted by

Appendix A is only available in electronic form at
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White et al. 1993 to show the limitation of the standard cold dark
matter scenario in an Einstein-de Sitter Universe); (ii) we limit
the parameters that describe the geometry of the universe by assuming that the gas fraction is constant in time, as first suggested
by Sasaki (1996).
Starting from these pioneering works, many studies have followed this approach to constrain the cosmological parameters
(White & Fabian 1995; David et al. 1995; Ettori & Fabian 1998;
Rines et al. 1999; Roussel et al. 2000; Allen et al. 2002; Ettori
et al. 2003; Castillo-Morales & Schindler 2003; Sadat et al.
2005; Allen et al. 2008). We present here a revised and updated
version of the work discussed in Ettori et al. (2003, Paper I).
The main diﬀerences with respect to Paper I are the following:
(1) the present dataset contains 60 objects that spans homogeneously the redshift range between 0.06 and 1.27, whereas in
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the previous analysis 17 objects were selected, 9 at z <
∼ 0.1 and 8
at z > 0.7; (2) several assumptions on, e.g., the star mass fraction
and the depletion parameter are tested against diﬀerent measurements from observations and numerical simulations; (3) a more
extensive analysis is performed to assess the systematics that affect our results on the constraints of the cosmological parameters.
The outline of our work is the following. In Sect. 2, we describe the cosmological framework that allows us to formulate
the cosmological dependence of the cluster gas mass fraction.
In Sect. 3, the dataset is presented and the physical quantities
under examination are computed. The method based on using
the gas mass fraction as a cosmological probe is discussed in
Sect. 4. The results on the cosmological parameters are shown
in Sect. 5, along with a discussion on their robustness against
systematic eﬀects. The summary of our findings and the conclusions are drawn in Sect. 6. Throughout this work, if not otherwise stated, we plot and tabulate values, with errors quoted at
the 68.3 per cent (1σ) level of confidence, that are estimated by
−1
−1
assuming H0 = 70 h−1
and Ωm = 1 − ΩΛ = 0.3.
70 km s Mpc

2. The cosmological framework
We refer to Ωb as the baryon matter density, to Ωm as the total matter density (i.e. Ωm = Ωb + Ωc , where Ωc is the cold
dark matter component), to ΩΛ as the dark energy density,
that we consider both in its static and homogeneous form as
a cosmological constant and with an equation of state varying
with cosmic time as “quintessence” (e.g. Turner & White 1997;
Caldwell et al. 1998). All these densities are expressed in units
of the critical density, ρc = 3H02 /(8πG), where H0 is Hubble’s
constant and G is the gravitational constant. In our computation, we neglect (i) the energy associated with the cosmic radiation, Ωr ≈ 4.16 × 10−5 (T CMB /2.726K)4; and 
(ii) any possible contributions from light neutrinos, Ων h270 = mν /45.5 eV,
that is
 expected to be less than 0.01 for a total mass in neutrinos, mν , lower than 0.62 eV (see, e.g., Hannestad & Raﬀelt
2006). Therefore, we adopt the Einstein equation in the form
Ωm + ΩΛ + Ωk = 1, where Ωk accounts for the curvature of
space. From, e.g., Carroll et al. (1992, cf. Eq. (25)), we can then
write the angular diameter distance as
S (ω)
dlum
c
=
,
H0 (1 + z) |Ωk |1/2
(1 + z)2
 z
dζ
,
ω = |Ωk |1/2
0 E(ζ)

dang =

(1)

where dlum is the luminosity distance, S (ω) is sinh(ω), ω, sin(ω)
for Ωk greater than, equal to and less than 0, respectively. In
addition, we define

1/2
E(z) = Ωm (1 + z)3 + Ωk (1 + z)2 + ΩΛ λ(z)

  z
1 + w(z)
dz ·
λ(z) = exp 3
1+z
0

(2)

The above equations (i) do not include the evolution with redshift of the radiation component, Ωr (1 + z)4 , that at z ≈ 1 is
about 1.4 × 10−3 and therefore negligible in the overall budget;
(ii) consider the dependence upon the ratio w between the pressure and the energy density in the equation of state of the dark
energy component (Caldwell et al. 1998; Wang & Steinhardt
1998). Hereafter we consider both a pressure-to-density ratio w
constant in time that implies λ(z) = (1 + z)3+3w and a simple

parameterization of its evolution with redshift (e.g. Rapetti et al.
2005; Firmani et al. 2005)
w(z) = w0 + w1

z
·
1+z

(3)

In particular, the case of a cosmological constant requires w =
−1.

3. The dataset
We consider the sample of 52 galaxy clusters at z > 0.3 presented in Balestra et al. (2007; see Table 1). The preparation,
reduction and analysis of this dataset is described below.
As local measurements, we consider the sample of 8 objects
at a redshift between 0.06 and 0.23 with a gas temperature higher
than 4 keV described in Vikhlinin et al. (2006; see Table 2). We
use the best-fit results of the gas temperature and density profiles
obtained by adopting the same functional form that is applied in
the present analysis to reproduce the ICM properties of the highz sample. The gas and total mass profiles are then recovered for
both the local and the z > 0.3 sample with the same method
described at the end of this section.
The histogram of the redshift distribution of the two samples
is shown in Fig. 1.
The only criterion adopted for the selection of these objects
is the availability of good exposures with Chandra of hot, massive, relaxed galaxy clusters over a significant redshift range. No
selection eﬀect is expected to occur in the application of the gas
mass fraction method once the clusters are selected to ensure:
(i) the use of the hydrostatic equilibrium equation to recover the
total mass (round, relaxed objects are required for that); and (ii) a
negligible contribution from non-gravitational energy in the region of interest to allow the use of cross-calibration with numerical simulations, such as the estimate of the depletion parameter
(the selection of hot, massive systems dominated energetically
by gravitational collapse satisfies this condition).
We have considered only Chandra exposures of the clusters
listed in Table 1. Data reduction is performed using the CIAO 3.2
software package with a recent version of the Calibration
Database (CALDB 3.0.0) including the correction for the degraded eﬀective area of ACIS-I chips due to material accumulated on the ACIS optical blocking filter at the epoch of the observation. We also apply the time-dependent gain correction1,
which is necessary to adjust the “eﬀective gains”, which drifts
with time due to an increasing charge transfer ineﬃciency (CTI).
The detailed procedure of data reduction is described in Balestra
et al. (2007).
A single thermal component (XSPEC model mekal; Arnaud
1996) absorbed by the Galactic column density is fitted to the
spectrum extracted from a circular region with radius Rspec (see
Table 1) around the cluster chosen to maximize the signal-tonoise ratio once the contaminating point sources are masked.
The only free parameters in the spectral fit are the temperature,
the normalization and the metallicity with respect to the abundance table from Grevesse & Sauval (1998) here assumed as
the reference. These temperature measurements are on average
3 per cent higher than the values obtained by assuming the standard metallicity table of Anders & Grevesse (1989).
We assume that galaxy clusters are spherically symmetric
gravitationally bound systems. We deproject the X-ray surface
brightness to obtain the electron density profile, ne (r), by correcting the emissivity by the contribution from the outer shells
1
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Table 1. Properties of the z > 0.3 cluster sample described in Balestra et al. (2007).
Cluster
MS1008.1 − 1224
MS2137.3 − 2353
A1995
MACS-J0308.9 + 2645
ZW1358.1 + 6245
MACS-J0404.6 + 1109
RXJ0027.6 + 2616
MACS-J1720.2 + 3536
ZW0024.0 + 1652
V1416 + 4446
MACS-J0159.8 − 0849
MACS-J2228.5 + 2036
MS0302.7 + 1658
MS1621.5 + 2640
MACS-J0417.5 − 1154
MACS-J1206.2 − 0847
V1701 + 6414
CL1641 + 4001
MACS-J1621.4 + 3810
MACS-J1824.3 + 4309
MACS-J1311.0 − 0311
V1525 + 0958
MS0451.6 − 0305
MS0015.9 + 1609
MACS-J1149.5 + 2223
MACS-J1423.8 + 2404
V1121 + 2327
SC1120 − 1202
RXJ0848.7 + 4456
MACS-J2129.4 − 0741
MS2053.7 − 0449
MACS-J0647.7 + 7015
RXJ0956.0 + 4107
CL0542.8 − 4100
RCS-J1419.2 + 5326
MACS-J0744.9 + 3927
RXJ1221.4 + 4918
RXJ1113.1 − 2615
RXJ2302.8 + 0844
MS1137.5 + 6624
RXJ1317.4 + 2911
RXJ1350.0 + 6007
RXJ1716.4 + 6708
RXJ0152.7 − 1357S
MS1054.4 − 0321
RXJ0152.7 − 1357N
1WGA-J1226.9 + 3332
CL1415.1 + 3612
RDCS-J0910 + 5422
RDCS-J1252 − 2927
RDCS-J0849 + 4452
RDCS-J0848 + 4453

z
0.306
0.313
0.320
0.324
0.328
0.355
0.367
0.391
0.395
0.400
0.405
0.412
0.424
0.426
0.440
0.440
0.453
0.464
0.465
0.487
0.492
0.516
0.540
0.541
0.544
0.545
0.562
0.562
0.570
0.570
0.583
0.584
0.587
0.634
0.640
0.686
0.700
0.730
0.734
0.782
0.805
0.810
0.813
0.828
0.832
0.835
0.890
1.030
1.106
1.235
1.261
1.273

kT gas
keV
6.90 ± 0.35
5.05 ± 0.11
8.61 ± 0.35
12.73 ± 1.02
6.78 ± 0.28
7.38 ± 0.90
8.76 ± 1.69
6.46 ± 0.33
4.32 ± 0.32
3.43 ± 0.20
9.43 ± 0.61
8.25 ± 0.59
4.78 ± 0.60
7.22 ± 0.75
10.84 ± 0.98
11.98 ± 0.85
4.36 ± 0.28
4.74 ± 0.54
6.62 ± 0.74
9.69 ± 2.82
8.17 ± 0.86
5.54 ± 0.40
9.11 ± 0.45
9.59 ± 0.43
13.10 ± 1.12
7.55 ± 0.59
5.24 ± 0.37
6.35 ± 1.15
3.42 ± 0.35
9.17 ± 0.90
5.77 ± 0.51
12.79 ± 1.59
7.59 ± 2.00
8.36 ± 1.09
4.35 ± 0.74
9.58 ± 0.67
8.37 ± 0.82
5.92 ± 0.76
8.39 ± 1.35
6.87 ± 0.52
4.51 ± 1.17
4.44 ± 0.67
7.04 ± 0.81
9.43 ± 2.35
7.91 ± 0.48
6.74 ± 1.03
12.14 ± 1.38
6.93 ± 0.74
6.43 ± 1.41
7.57 ± 1.18
5.21 ± 1.31
3.75 ± 1.86

(a0 , a1 , a2 /10−3 , a3 , a4 , a6 )
(0.928, 0.028, 3.9, 0.39, 1.13, 0.44)
(0.028, 0.204, 93.3, 0.37, 0.53, 0.47)
(0.142, 0.290, 7.3, 0.32, 0.30, 1.56)
(0.104, 0.230, 11.2, 0.30, 0.30, 0.96)
(0.006, 0.400, 143.5, 0.00, 0.35, 1.40)
(0.105, 0.125, 4.6, 0.00, 0.30, 0.19)
(0.676, 0.163, 2.0, 0.35, 0.89, 0.62)
(0.010, 0.533, 161.4, 0.00, 0.40, 2.03)
(0.375, 0.010, 13.2, 0.17, 0.66, 0.60)
(0.008, 0.544, 72.5, 0.00, 0.36, 2.19)
(0.011, 0.302, 167.0, 0.09, 0.40, 0.86)
(0.240, 0.079, 6.4, 0.42, 0.48, 0.23)
(0.015, 0.361, 50.7, 0.00, 0.37, 2.50)
(0.248, 0.212, 3.9, 0.12, 0.30, 0.96)
(0.015, 1.000, 137.1, 0.00, 0.40, 1.58)
(0.012, 0.316, 82.9, 0.00, 0.30, 1.11)
(0.011, 0.842, 66.4, 0.00, 0.39, 2.50)
(1.000, 0.135, 1.7, 0.44, 0.30, 1.34)
(0.301, 0.010, 139.1, 0.00, 0.30, 1.14)
(0.034, 0.343, 7.6, 1.50, 0.30, 0.00)
(0.086, 0.029, 39.8, 0.00, 0.44, 0.59)
(0.740, 0.092, 4.2, 0.00, 1.20, 0.59)
(0.481, 0.082, 14.4, 0.02, 0.82, 0.71)
(1.000, 0.256, 3.5, 0.38, 0.54, 1.18)
(0.769, 0.225, 5.0, 0.00, 1.20, 0.46)
(0.019, 0.875, 164.6, 0.00, 0.52, 2.50)
(0.811, 0.590, 1.4, 0.36, 1.20, 2.50)
(0.039, 0.037, 12.9, 0.00, 0.30, 0.47)
(0.150, 0.119, 2.8, 0.44, 0.30, 0.90)
(0.105, 0.830, 14.4, 0.32, 0.48, 2.50)
(1.000, 0.191, 1.0, 0.71, 0.30, 1.21)
(1.000, 0.311, 2.7, 0.57, 0.30, 1.92)
(1.000, 0.138, 3.5, 0.00, 1.18, 0.91)
(1.000, 0.168, 2.2, 0.41, 0.30, 1.03)
(0.053, 0.043, 29.0, 0.00, 0.30, 0.72)
(0.010, 0.217, 159.7, 0.00, 0.36, 0.59)
(1.000, 0.308, 2.1, 0.28, 0.30, 1.63)
(0.327, 0.035, 12.9, 0.00, 1.15, 0.79)
(0.116, 0.103, 7.0, 0.00, 0.30, 0.78)
(0.067, 0.427, 20.4, 0.00, 0.47, 2.18)
(0.110, 1.000, 3.6, 0.45, 0.60, 1.20)
(1.000, 0.538, 0.6, 0.78, 0.30, 2.50)
(1.000, 0.254, 1.5, 0.67, 0.30, 1.79)
(0.367, 0.533, 3.6, 0.35, 1.20, 1.20)
(1.000, 0.323, 5.6, 0.00, 0.30, 2.39)
(0.073, 0.642, 7.8, 0.00, 0.30, 2.50)
(0.077, 0.257, 29.1, 0.00, 0.46, 0.87)
(0.040, 0.316, 18.2, 1.02, 0.30, 2.50)
(0.147, 1.000, 3.4, 0.58, 0.36, 1.20)
(1.000, 0.089, 4.0, 0.32, 0.30, 1.20)
(0.046, 1.000, 10.3, 0.00, 0.36, 1.20)
(0.069, 1.000, 6.8, 0.00, 0.60, 1.20)

Rspat Rspec
kpc kpc
688 490
698 362
855 479
1039 577
869 419
1398 782
642 550
974 546
672 341
677 397
994 639
1211 753
369 328
1003 658
1259 785
1259 785
729 370
341 287
893 458
765 506
631 478
834 490
1167 625
1408 626
1147 944
805 504
647 447
297 318
380 196
1199 639
568 357
832 584
450 424
714 539
276 303
1079 695
901 562
290 286
930 393
590 367
202 184
526 483
565 408
420 400
848 599
582 442
677 497
425 318
230 201
329 287
222 197
112 165

R500
kpc
1176 ± 116
940 ± 26
1317 ± 46
1423 ± 68
1157 ± 73
887 ± 63
1299 ± 269
1200 ± 104
879 ± 100
797 ± 100
1214 ± 62
1052 ± 61
1041 ± 92
977 ± 79
1340 ± 105
1336 ± 75
826 ± 98
848 ± 139
980 ± 102
930 ± 189
1055 ± 72
901 ± 113
1292 ± 86
1177 ± 54
1536 ± 150
1176 ± 138
1053 ± 167
795 ± 132
648 ± 91
1339 ± 81
903 ± 132
1440 ± 149
1046 ± 332
946 ± 116
685 ± 140
963 ± 43
990 ± 81
934 ± 177
856 ± 84
893 ± 123
693 ± 112
615 ± 146
844 ± 124
1162 ± 248
962 ± 92
866 ± 179
1126 ± 166
857 ± 93
576 ± 144
636 ± 123
504 ± 152
432 ± 151

fgas
(<R500 )
0.135 ± 0.045
0.152 ± 0.016
0.091 ± 0.011
0.131 ± 0.020
0.106 ± 0.021
0.205 ± 0.039
0.067 ± 0.054
0.103 ± 0.034
0.098 ± 0.035
0.135 ± 0.058
0.139 ± 0.025
0.217 ± 0.033
0.055 ± 0.023
0.153 ± 0.040
0.201 ± 0.043
0.161 ± 0.028
0.146 ± 0.051
0.079 ± 0.059
0.152 ± 0.041
0.136 ± 0.072
0.106 ± 0.026
0.137 ± 0.050
0.129 ± 0.025
0.180 ± 0.020
0.103 ± 0.031
0.091 ± 0.041
0.071 ± 0.043
0.083 ± 0.057
0.074 ± 0.039
0.089 ± 0.014
0.075 ± 0.036
0.077 ± 0.027
0.088 ± 0.130
0.126 ± 0.045
0.157 ± 0.114
0.192 ± 0.026
0.114 ± 0.026
0.039 ± 0.058
0.090 ± 0.028
0.089 ± 0.040
0.042 ± 0.026
0.151 ± 0.102
0.110 ± 0.055
0.030 ± 0.037
0.147 ± 0.038
0.117 ± 0.094
0.085 ± 0.040
0.059 ± 0.026
0.117 ± 0.092
0.079 ± 0.061
0.103 ± 0.100
0.052 ± 0.295

R̂500
kpc
1303 ± 179
997 ± 35
1429 ± 60
1491 ± 77
1256 ± 100
850 ± 68
1421 ± 351
1345 ± 143
957 ± 144
894 ± 148
1286 ± 81
1091 ± 82
1167 ± 104
1006 ± 106
1465 ± 141
1416 ± 95
910 ± 150
902 ± 189
1037 ± 146
873 ± 223
1112 ± 85
1002 ± 168
1446 ± 124
1279 ± 78
1734 ± 201
1343 ± 187
1217 ± 225
795 ± 163
679 ± 127
1526 ± 92
975 ± 183
1586 ± 192
1152 ± 457
984 ± 164
709 ± 192
995 ± 53
1064 ± 103
1046 ± 238
876 ± 95
968 ± 172
751 ± 130
660 ± 219
904 ± 166
1326 ± 309
1067 ± 128
975 ± 265
1222 ± 226
960 ± 121
570 ± 208
662 ± 172
512 ± 216
456 ± 192

fˆgas
(<R500 )
0.112 ± 0.044
0.135 ± 0.016
0.076 ± 0.010
0.120 ± 0.017
0.090 ± 0.019
0.215 ± 0.038
0.055 ± 0.048
0.078 ± 0.028
0.083 ± 0.031
0.110 ± 0.058
0.125 ± 0.022
0.205 ± 0.032
0.041 ± 0.016
0.146 ± 0.039
0.171 ± 0.036
0.144 ± 0.025
0.123 ± 0.050
0.070 ± 0.055
0.137 ± 0.037
0.145 ± 0.069
0.096 ± 0.023
0.115 ± 0.048
0.099 ± 0.020
0.155 ± 0.018
0.079 ± 0.025
0.067 ± 0.033
0.050 ± 0.031
0.082 ± 0.058
0.068 ± 0.039
0.066 ± 0.009
0.065 ± 0.033
0.061 ± 0.021
0.072 ± 0.122
0.119 ± 0.043
0.148 ± 0.107
0.183 ± 0.024
0.101 ± 0.022
0.030 ± 0.049
0.087 ± 0.026
0.075 ± 0.037
0.037 ± 0.021
0.140 ± 0.121
0.097 ± 0.051
0.022 ± 0.026
0.120 ± 0.031
0.095 ± 0.094
0.071 ± 0.035
0.045 ± 0.020
0.116 ± 0.096
0.073 ± 0.061
0.099 ± 0.103
0.047 ± 0.436

Column (1): name; Col. (2): adopted redshift; Col. (3): best-fit gas temperature within Rspec ; Col. (4): best-fit parameters of the gas density profile
in Eq. (5) fitted over the radial range 0−Rspat ; Col. (5): outer radius Rspat where the signal-to-noise ratio is above 2; Col. (6): radius Rspec of the
circular region adopted in the spectral fit; Cols. (7–8): R500 and fgas estimated by assuming the temperature profile in Eq. (6); Cols. (9–10): R500
and fgas estimated by assuming a constant temperature equal to kT gas . A cosmology of (H0 , Ωm , ΩΛ ) = (70 km s−1 Mpc−1 , 0.3, 0.7) is adopted here.

moving inwards. We consider the profiles from the deprojection
of the background-subtracted surface brightness S , with error S ,
up to the radial limit, Rspat , beyond which (S / S ) < 2. The gas
density profiles, normalized to the critical density at the cluster’s
redshift, are shown in Fig. 2. We note that the average profile
measured in local (z < 0.3) clusters is definitely more peaked
than the ones observed at higher redshift, with a central gas density that is a factor of 2 higher than in systems at 0.3 < z < 0.6
and almost a factor of 5 higher than in objects at z > 0.6. This
follows recent evidence that cooling cores, at relativly higher
central density, preferentially form later in time (e.g. Santos et al.
2008; Ettori & Brighenti 2008).

To estimate the gas and total mass profiles, we fit the electron
density profiles with a functional form adapted from Vikhlinin
et al. (2006):


−a6 /a5
2 −1.5a4 +a3 /2
3
ne (r) = a2 x−a
× 1 + xa15
(4)
0 × 1 + x0
x0 = r/a0
x1 = r/a1 .
The number of free parameters is reduced according to the number of datapoints Ndat available, in the following order of priority: a5 = 3 (always), a6 = 1.2 (when 6 ≤ Ndat < 8, otherwise free
to vary between 0 and 2.5), a4 = 0.6 (when Ndat = 5), a3 = 0
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Table 2. Properties of the local cluster sample from Vikhlinin et al.
(2006).
Cluster

z

A133
A1795
A2029
A478
A1413
A907
A383
A2390

0.057
0.062
0.078
0.088
0.143
0.160
0.188
0.230

kT gas
keV
4.15 ± 0.07
6.10 ± 0.06
8.46 ± 0.09
7.95 ± 0.14
7.38 ± 0.12
5.96 ± 0.08
4.80 ± 0.12
8.90 ± 0.17

R500
kpc
1027 ± 38
1320 ± 47
1419 ± 32
1398 ± 62
1377 ± 49
1149 ± 32
983 ± 34
1489 ± 50

fgas
(<R500 )
0.087 ± 0.006
0.108 ± 0.006
0.128 ± 0.007
0.125 ± 0.011
0.112 ± 0.007
0.129 ± 0.006
0.129 ± 0.007
0.147 ± 0.009

Column (1): name; Col. (2): adopted redshift; Col. (3): best-fit spectral
temperature; Col. (4): R500 ; Col. (5): gas mass fraction within R500 . A
cosmology of (H0 , Ωm , ΩΛ ) = (70 km s−1 Mpc−1 , 0.3, 0.7) is adopted
here.

Fig. 2. Radial gas density profiles in units of the critical density at the
cluster redshift. Green, black and red lines indicate objects at redshift
<0.3, 0.3−0.6 and >0.6, respectively. The bottom panel shows the ratio
(and relative dispersion) of the mean density profiles observed in the
redshift range 0.3−0.6 (green line) and z > 0.6 (red line) with respect to
the local profile.

Fig. 1. Redshift distribution of the clusters in the whole sample (dashed
region) and of the selected hottest objects (shaded regions).

(when Ndat ≤ 4). The best-fit parameters that reproduce the electron density profiles up to the outer radial limit Rspat are quoted
in Table 1. All the electron density profiles and the best-fit lines
are shown in Fig. A.1.
The total and gas masses are then evaluated at RΔ = R500
that describes the sphere within which the cluster overdensity
with respect to the critical density is Δ = 500. This value of
overdensity is maintained fixed in all the cosmologies studied
and at any redshift. Under the assumption of isothermality, we
calculate therefore
kT gas r d log ne
,
Mtot (< r) = −
μmuG d log r

1/3
3Mtot (< R500 )
R500 =
,
4π500ρc,z
 R500
Mgas (< r) =
1.155mune (r) 4πr2 dr,
0

where 1.155 is the value associated to a cosmic mix of hydrogen and helium with 0.3 times solar abundance in the remaining
elements with a relative contribution that follows Grevesse &
Sauval (1998), μ = 0.600 is the corresponding mean molecular
weight, mu = 1.66 × 10−24 g is the atomic mass unit and ρc,z
is the critical density at redshift z and is equal to 3Hz2 /(8πG)
with Hz = H0 E(z) (see Eq. (2)). The gas mass fraction is
then fgas (RΔ ) = Mgas (< RΔ )/Mtot (< RΔ ). The distribution of
Rspat /R500 and of Rspec /R500 as a function of redshift is shown
in Fig. 3.
All the errors are determined at 1σ confidence level from the
16th and 84th percentile of the distribution of the values obtained
by repeating the calculations 1000 times after a new surface
brightness profile and gas temperature are considered by selecting normally-distributed random values according to the original
measurements and their relative errors. A new total mass profile
is then estimated and new R500 and gas mass measurements are
obtained by following Eqs. (5).
Our estimates of the gas fraction rely upon the determination of the total gravitating mass obtained under the assumption
of an isothermal gas. To check the eﬀect of the presence of a
temperature profile on the measured total mass and, hence, gas
fraction, we assume the expression for the temperature profile
that Vikhlinin et al. (2006) showed to reproduce well the temperature gradients in nearby relaxed systems:
T (r) = 1.23

(5)

T spec
(x/0.045)1.9 + 0.45
(x/0.045)1.9 + 1 (x/0.6)2 + 1

0.45

,

(6)

where x = r/R500 and the factor 1.23 comes from Eqs. (8) and (9)
in Vikhlinin et al. (2006). Starting from the value of R500 measured under the assumption of isothermality, we calculate (i) the
temperature gradient; (ii) the total mass using the hydrostatic
equilibrium equation (Mtot ∝ T (r) × r × d log(ne T )/d log r); and
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component in the core is expected to bias downwards the
emission-weighted cluster temperature. We have checked the
statistical eﬀect of this bias by considering the sample of 90 clusters with temperatures >4 keV for which Maughan et al. (2007)
obtained from Chandra observations a measure of the temperature both in the range (0−1)R500 and in the range (0.15−1)R500 .
We obtain a mean T 0.15−1 /T 0−1 of 1.01, with a dispersion of 0.14,
suggesting that, even though on average a cool core does not significantly aﬀect the cluster temperature, the scatter in the distribution of the measured temperatures can be high.
Overall, these results suggest that some systematics (e.g., the
background subtraction, the energy range adopted for spectral
fitting; see discussion in Appendix of Balestra et al. 2007), of the
order of 10–20 per cent and comparable to the mean statistical
error of 10 per cent, aﬀect the estimates of the global temperatures. These uncertainties propagate also to the measurements
of the gas mass fraction. To assess the role of these errors on
the robustness of our constraints, we investigate in Sect. 5.4 how
our results depend upon the sample selected according to the
measured relative error on the gas mass fraction, an error that is
propagated from the uncertainties on T gas .
Fig. 3. Ratios between the maximum radial extension in the gas density
profile, Rspat , and R500 (diamonds) and the extraction radius of the circular region used to map the object in the spectral analysis, Rspec , and
R500 (dots). The dashed and solid lines show the average values of these
ratios, Rspat /R500 and Rspec /R500 respectively, in bins of ∼10 objects.

(iii) a new estimate of R500 . The calculations are repeated until
R500 , that is evaluated from the total mass profiles and adopted
in Eq. (6), converges. This happens after 2–6 iterations. At the
newly estimated R500 , we measure the gas and total masses.
We find that introducing a temperature profile decreases R500
by 7 per cent, on average, and increases fgas (< R500 ) by about
16 per cent with respect to the estimates obtained under the assumption of isothermality. The changes induced in the determination of R500 and of fgas are shown in Fig. 4.
As a reference, for (h70 , Ωm = 1−ΩΛ ) = (1, 0.3), in the
overall sample of 52 objects at z > 0.3, we measure fgas,500 =
(0.106, 0.113, 0.044) (median / mean / dispersion), when a gas
temperature profile is assumed, and (0.096, 0.099, 0.043), when
a constant kT is adopted.
In the following analysis, we make use of the estimates obtained with a temperature profile to limit the cosmological parameters for the case of reference, and leave to the discussion on
the systematics the case with a constant temperature.
3.1. Comparison with previous work

We compare our results with recent determinations of the gas
mass fraction obtained from a similar X-ray dataset.
Allen et al. (2008) presented an extensive cosmological
study which uses the gas mass fraction in 42 hot (kT > 4 keV)
relaxed clusters. When we consider the 16 objects in common
with the present work, the mean (dispersion) of the ratios of the
estimated fgas at R2500 between their measurements and our estimates obtained by assuming a temperature profile is 1.14(0.24).
Also within the scatter observed in this small sample used for
comparison is the ratio between the spectroscopic measurements
of the gas temperature (T Allen /T this work = 1.06, rms = 0.17).
We recall here that our gas temperatures are measured
in spectra obtained to maximize the signal-to-noise ratio, including the contribution from the core emission. Any cool

4. The cluster gas fraction as cosmological probe:
the method
We start with a grid of values for the cosmological parameters
we want to investigate, specifically Ωm and ΩΛ or w. We compute then
Ndat

χ2 =
i=1

( fbar,i /bi − Ωb /Ωm )2
·
2
2
2 2
2
2
bar,i /bi + ( fbar,i bi /bi ) + Ωb /Ωm

(7)

In the above equation, we use the following definitions:
1. fbar = fgas + fcold , where the gas mass fraction fgas is directly
measured from our X-ray observation and depends upon the
cosmological parameters through the angular diameter distance, dang , defined in Eq. (1), being fgas = Mgas /Mtot ∝
5/2
ngas R3 /R ∝ dang
/dang ∝ dang (Ωm , ΩΛ , w)3/2 (see Fig. 5 for
the relative dependence upon diﬀerent cosmologies), while
the mass fraction in cold baryons, fcold = Mcold /Mtot , is estimated statistically as described in the next subsection;
2. the error on fbar , bar , is the sum in quadrature of the uncertainties on fgas , fstar and on the assumed value of Hubble’s
constant H0 (see below) propagated through the following
dependence: fgas ∝ H0−1.5 and fcold ∝ H0−1 ;
3. the depletion parameter b (with error b ) represents the fraction of cosmic baryons that fall in the cluster dark matter
halo and is estimated from hydrodynamical simulations as
discussed in Sect. 4.2;
4. we assume Ωb h270 = 0.0462 ± 0.0012 (error at 1σ level)
from the best-fit results of the joint analysis in Komatsu
et al. (2008) of (i) the power spectrum of the temperature anisotropy measured from the Wilkinson Microwave
Anisotropy Probe five year data release (WMAP 5-year,
Dunkley et al. 2008); (ii) a combined set of magnitudes
of type Ia supernovae (Riess et al. 2007; Astier et al.
2006; Wood-Vasey et al. 2007); (iii) the Baryon Acoustic
Oscillations measured in a survey of galaxies at z = 0.2 and
z = 0.35 (Percival et al. 2007).
We note that the recent compilation of the best-fit results
from the Primordial Nucleosythesis calculations on Ωb provides comparable constraints (see, e.g., Steigman 2006,
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Fig. 4. Changes in estimates of R500 and fgas once the temperature profile in Eq. (6) is assumed. Median relative error bars are shown.

page 34: Ωb h270 = 0.0454 ± 0.0045). We consider the
WMAP 5-year limits in the following analysis.
We adopt a present-day Hubble’s constant of H0 = 72 ±
8 km s−1 (error at 1σ level) measured in the Hubble Space
Telescope Key Project by Freedman et al. (2001). This value,
assumed also as a Gaussian prior in the joint cosmological analysis from Komatsu et al. (2008), is in agreement
with their final result of H0 = 70.1 ± 1.3 km s−1 , but
is marginally in conflict with the value of H0 = 62.3 ±
1.3(random) ± 5.0(systematic) km s−1 Mpc−1 recently determined from type Ia supernovae calibrated with Cepheid variables in the nearby galaxies that hosted them (Sandage et al.
2006). We make use of these estimates of H0 in Sect. 5,
where we discuss the robustness of our cosmological constraints.
For a set of cosmological parameters {Ωm , ΩΛ , w}, the gas mass,
the total mass and the critical density ρc,z are evaluated by considering all their cosmological dependencies. A new gas fraction
for each cluster in the selected sample is then estimated at the
fixed overdensity of Δ = 500 following Eqs. (5).
4.1. The stellar mass fraction

Fig. 5. Sensitivity of the cluster baryon fraction method to the variation of the cosmological parameters. The shaded region indicates the
redshift range considered in the present study.

The stellar mass fraction, fstar = Mstar /Mtot , cannot be computed
individually for each single object for which most of the information of, e.g., the luminosity function of many clusters at
medium and high redshift is lacking. Therefore, a statistical approach is generally used by estimating fstar as a function of other
observed quantities for which it has been possible to confirm a
robust correlation on a small and local sample of galaxy clusters.
From the measurements of the optical luminosity and Rosat
X-ray surface brightness in Coma, White et al. (1993) found
fstar = 0.18(±0.05) fgas. Arnaud et al. (1992) quote fstar =
0.17(±0.03) fgas when their values are converted using a mass-tolight ratio for stars in the V band of 6(M/L) (see also Voevodkin
& Vikhlinin 2004). Similar results have been obtained from
Fukugita et al. (1998) by estimating the global budget of cosmic baryons. In the following analysis, we will refer to these
very similar recipes as fstar,W = 0.18(±0.05) fgas.

Lin et al. (2003) use the near-infrared light as a tracer of
the total stellar mass within cluster galaxies. They find a good
correlation between the stellar mass fraction obtained from the
K-band luminosity function measured using the Two Micron All
Sky Survey (2MASS) data and X-ray properties of 27 nearby
systems. Considering that their results apply to all the sample
that spans a gas temperature between 2 and 9 keV and that
they rely on total mass estimates obtained from scaling relations
taken from the literature, we use their measurements of Mstar and
their assumed T gas to recover an empirical relation valid for the
clusters with T gas > 4 keV that we will consider in our analysis. We obtain that, for these 10 very massive clusters, the ratio
1.5
Mstar,500 /T gas
is almost independent of the temperature itself and
is equal to 5.09(±1.73) × 1012 M (5 keV)−1.5 (weighted mean
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in the above-mentioned work, whereas fstar,W represents an upper limit. However, considering that the analysis has been performed self-consistently for the baryonic component for a sample of massive galaxy clusters that well fit the properties of the
objects studied in our work, we adopt this correlation between
fcold and fgas and propagate the estimated 20% uncertainty on
the fcold value.
As a reference, for (h70 , Ωm = 1−ΩΛ ) = (1, 0.3), we
obtain for the selected sample of massive objects fcold,500 =
(0.091/0.090/0.027) fgas,500 (median / mean / dispersion; see
Fig. 6) which represents about 10% of the total cluster baryon
budget (see discussion in Sect. 5.5).
We study further the eﬀect of (i) a diﬀerent recipe to evaluate
fstar ; and (ii) the possibility of a larger, up to 20 per cent, contribution of the ICL, when we discuss the robustness of our results
to some systematic errors in Sect. 5.4.
4.2. The depletion parameter
Fig. 6. Stellar mass fractions (cf. Eq. (8)) and ratios between their
values and the estimated gas mass fraction at R500 as function of
redshift. Dashed lines indicate the median value: fcold = 0.009 and
fcold / fgas = 0.091. The two diamonds indicate the values for RDCSJ0910 and RDCS-J1252 with the stellar masses estimated from the nearinfrared luminosity function in Strazzullo et al. (2006). A cosmology of
(H0 , Ωm , ΩΛ ) = (70 km s−1 Mpc−1 , 0.3, 0.7) is adopted here.

and dispersion after propagation of the errors on both Mstar,500 ,
for which we assume the relative error on the estimates of the luminosity, and T gas). The estimated stellar masses are then added
to the measured gas masses to evaluate the total baryon mass. We
will refer to fstar,L to indicate this method calculating the stellar
contribution to the total baryon budget.
An additional component of the cold baryon budget is the
intracluster light (ICL) at very low surface brightness, making the total cold baryonic content of galaxy clusters equal to
fcold = fstar + fICL . Numerical simulations (e.g. Willman et al.
2004; Murante et al. 2004, 2007) suggest that the ICL mostly
originates from the merging processes taking place during the
assembly of massive cluster galaxies. Consistently with observational results for the Virgo cluster (Feldmeier et al. 2004), simulations predict fICL ≈ 0.2 fstar in lower mass systems, with an
increasing fraction up to fICL ≈ fstar in 1015 M clusters (e.g.
Lin & Mohr 2004).
Gonzalez, et al. (2007) have presented a census of the
baryons in local systems with total masses in the range 6 ×
1013 M −1015 M . Including the ICL luminosity well mapped
within 300 kpc, but probably underestimated in the outskirts if
there is any significant contribution at larger radii, they found a
well defined correlation between the stellar mass fraction and
the total mass at Δ = 500 in the form of fcold = (0.009 ±
0.002)(M500/1015 M )−(0.64±0.13) .
Recently, Lagana et al. (2008) discussed in detail the baryonic content of five massive galaxy clusters, including an ICL
contribution. They conclude that the stellar-to-gas mass ratio
within R500 anti-correlates slightly with the gas temperature and
can be expressed through the relation

fcold = fstar + fICL = 0.18 − 0.012T gas fgas ,
(8)
where T gas is measured in keV. For clusters with T gas > 4 keV,
that is one of our selection criteria, fcold / fgas < 0.12. These values lie on the lower end of the stellar mass distribution presented

The depletion parameter b = fbar /(Ωb /Ωm ) indicates the amount
of cosmic baryons that are thermalized within the cluster potential. When measured over well-representative regions of a galaxy
cluster, this value tends to be lower than unity because not all
the accreting shock-heated baryons relax within the dark matter halo. However, the depletion parameter can presently only
be inferred from numerical simulations, where both the input
cosmic baryons are known and the amount of them accreting
into the cluster dark matter halo can be traced. For instance,
Eke et al. (1998) find in their smoothed particle hydrodynamics non-radiative simulations that the gas fraction within Rvir
is, on average, 87 per cent of the cosmic value. On the other
side, recent work with grid-based numerical codes estimates that
a larger amount of baryons are captured in the cluster potential (e.g. Kravtsov et al. 2005). In a set of SPH and Eulerian
simulations of a single cluster presented in the Santa Barbara
Comparison Project, Frenk et al. (1999) measure at the virial
radius b = 0.92 ± 0.07. In Ettori et al. (2006), we analyze the
b parameter in a set of four massive (M200 > 1015 h−1 M at
z = 0) galaxy clusters simulated by using the Tree+SPH code
GADGET-2. We consider here the distribution of the values of
b(< R500 ) measured in two sets of hydrodynamical simulations,
one with gravitational heating only, the other including radiative
processes, such as cooling and star formations with feedback
provided from weak winds (Fig. 7). We measure b(< R500 ) =
0.874 ± 0.023 at z = 0 and b(< R500 ) = 0.947 ± 0.037 at z = 1
in the first set, and b(< R500 ) = 0.920 ± 0.026 at z = 0 and
b(< R500 ) = 0.961 ± 0.028 at z = 1, when cooling and feedback
are considered. If we average over the redshift range 0–1, we obtain b(< R500 ) = 0.940 ± 0.023, or, by fitting a polynomial at 1st
order in redshift, b(< R500 ) = 0.923(±0.006) + 0.032(±0.010)z.
Considering that the four objects under consideration reached
M200 > 1015 h−1 M at z = 0 after they accreted mass by a
factor 2–6 from z = 1, we adopt two values for the depletion parameter, encompassing the results of our simulated dataset (see
Fig. 7):
b500 = 0.874 ± 0.023,

(9)

that is related to the most massive systems, subjected only to the
gravitational heating, in the studied simulation and, thus, particularly appropriate for the high-temperature objects that are
analyzed in the present work over radial regions, beyond their
cores, where radiative processes (like cooling, star formation,
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To make extensive use of the information present in the gas mass
fraction distribution, we minimize Eq. (7) for a grid of values of
{Ωm , ΩΛ } that satisfy the condition Ωm + ΩΛ + Ωk = 1 (w = −1).
We obtain the best-fit results presented in Fig. 8 and quoted here
at the 1σ level of confidence on one single parameter (χ2 −χ2min ≤
1) after marginalization over the others:
Ωm = 0.35+0.03
−0.04

ΩΛ = 0.59+0.46
−0.56 .

(12)

The total χ2 is 58.9 for 57 − 2 degrees of freedom (see Fig. 10).
These results change slightly once the recent determination of Hubble’s constant, H0 = 62.3 ± 1.3(random) ±
5.0(systematic) km s−1 Mpc−1 by Sandage et al. (2006), is
adopted. With a χ2 = 66.5, we obtain
Ωm = 0.37+0.04
−0.04

ΩΛ = 0.63+0.46
−0.48 .

Fig. 7. Depletion parameter as a function of redshift as measured in cosmological hydrodynamical simulations in Ettori et al. (2006). The solid
and dashed lines show results for non radiative simulations and for radiative simulations, which include star formation and galactic winds,
respectively. These estimates are averaged over simulations of four massive clusters with M200 > 1015 M /h at z = 0. The dots and errorbars
indicate the average b500 and the scatter around it. The red solid line indicates the best-fit constant value b500 estimated at z = 0 in non-radiative
simulations (dotted lines show the dispersion around the mean). The
green solid line represents b500,z of Eq. (10) adopted in our analysis.

stellar feedback) are not expected to influence significantly the
ICM physiscs;
b500,z = 0.923(±0.006) + 0.032(±0.010)z,

(10)

that is the quantity measured when all the simulated dataset are
considered over the redshift range of interest.

5. Results on the cosmological parameters
We measure the gas mass fraction at R500 in 52z > 0.3 objects
with a median relative error gas of 36 per cent (1σ). In the local
sample, the relative error is about 6 per cent.
In the following analysis, we focus on the most massive objects present in our sample to work under the ideal hypothesis
that the physics of the X-ray emitting plasma is only determined
by the gravitational collapse. To define a sample of massive systems whose baryon content is expected to be representative of
the cosmic budget, we select the 49 objects at z > 0.3 with
T gas > 4 keV (see Fig. 1 and Table 1). We also consider the
8 galaxy clusters with T gas > 4 keV in the local sample of
Vikhlinin et al. (2006; see Table 2)
5.1. Constraints on Ωm and ΩΛ

We assume hereafter that Ωb h270 = 0.0462 ± 0.0012, H0 =
−1
−1
72
 ± 8 km s Mpc , b500 = 0.874(±0.023) and fcold =
0.18−0.012T gas fgas , with an associated 20 per cent relative error (at 1σ level). From the estimated mean gas mass fraction
within R500 of 0.11 (see Sect. 3), the resulting matter density
parameter is expected to measure (see Eq. (7))
Ωm =

b Ωb
≈ 0.32.
fgas + fcold

(11)

(13)

More stringent results are obtained when tighter constraints on
Hubble’s constant provided with a joint-fit with the cosmic microwave temperature anisotropies are considered. For example,
by using the best-fit values from WMAP 5-year data analysis by Komatsu et al. (2008; H0 = 70.1 ± 1.3 km s−1 Mpc−1 ,
Ωb = 0.0462 ± 0.0015; labelled “WMAP5” in Table 3), we obtain
Ωm = 0.32+0.03
−0.02

ΩΛ = 1.01+0.20
−0.28 ,

(14)

but with a χ2 = 148.9 mainly due to the propagation of the relative error on the Hubble’s constant value that is smaller than in
our reference case (2 per cent vs. 11 per cent).
5.2. Constraints on the equation of state of the dark energy

We investigate the constraints that the cluster baryon fraction
can place on the equation of state of the dark energy, w = P/ρ,
where P and ρ are the pressure and density of the dark energy
component, respectively. We consider both the case w = constant
and w = w(w0 , w1 ) as in Eq. (3). We present our reference results
in Fig. 9.
Under the assumption of a flat Universe (Ωm + ΩΛ = 1), the
best-fit values for our reference model are (χ2 = 58.9; 1σ level
of confidence on one single parameter):
Ωm = 0.32+0.04
−0.05

w = −1.1+0.60
−0.45 .

(15)

No significant limits are obtained for an evolving w (see Eq. (3)),
with w0 = −1.0+0.7
−0.7 and no constraints at 1σ level on w1 in the
range (−3, 3).
Similarly to the case for ΩΛ , changes in the assumed prior
distributions induce appreciable diﬀerences in the central values
of the best-fit parameters. As shown in Fig. 11, these diﬀerences
are however always within 2σ for w, even in the most extreme
cases, e.g. not considering the local (z < 0.3) objects or including
in the analysis only the hottest (kT > 8 keV) clusters. For the
measurements of Ωm , the behaviour is the same as discussed in
the previous section.
5.3. Do the data require ΩΛ > 0?

Considering our best-fit results presented in Sect. 5.1, we obtain
that ΩΛ > 0 with a significance in the range 1−3.6σ (see, e.g.,
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Fig. 8. Constraints in the Ωm −ΩΛ plane (w = −1) provided from the sample of 57 objects. (Left) Likelihood contours at 1, 2 and 3σ (Δχ2 =
2.30, 6.17, 11.8, respectively, for 2 degrees of freedom) for the constraints obtained through Eq. (7) (solid lines) and Eq. (16) by using the gas
fraction evolution only (dashed lines). (Middle) Marginalized probability distribution for Ωm . (Right) Marginalized probability distribution for ΩΛ .
The shaded regions show the constraints from the joint cosmological analysis of CMB+SnIa+BAO data in Komatsu et al. (2008).

Fig. 9. (Left) Constraints in the Ωm −w plane (Ωm + ΩΛ = 1) plane provided from the sample of 57 objects. Likelihood contours at 1, 2 and 3σ
(Δχ2 = 2.30, 6.17, 11.8, respectively, for 2 degrees of freedom) for the constraints obtained through Eq. (7) (solid lines) and Eq. (16) by using the
gas fraction evolution only (dashed lines). (Middle) Marginalized probability distribution on w overplotted on the best-fit constraints obtained from
the joint cosmological analysis of CMB+SnIa+BAO data in Komatsu et al. (2008). (Right) Constraints in the w0 −w1 plane from the definition
adopted in Eq. (3).

Table 3). In particular, for our reference case (Fig. 8), our dataset
requires a Δχ2 of about 1 when ΩΛ is fixed to zero (see Fig. 10).
Therefore, the baryonic mass fraction in galaxy clusters alone
can only provide marginal evidence for a no null contribution
from a dark energy component. This contribution is mainly due
to the assumption that the gas mass fraction does not evolve with
redshift in the “correct” cosmology. We can write it as
Ndat

χ =
2

i=1



fgas,i − fgas
2
gas,i

+

2
f

2

(16)

where fgas,i and gas,i are the single gas mass fraction measurements with the relative errors, fgas and f are the mean and the
error on the mean of the fgas,i values. In Fig. 8, the likelihood
contours are overplotted on the best-fit results. From these plots,
it is possible to appreciate the diﬀerent role played by the two
assumptions made to define the “correct” cosmology: while the
condition that the gas fraction is constant with look-back time
marginally influences the value of Ωm but, at the same time, significantly tilts the contours favouring an ΩΛ > 0 for Ωm ∼ 0.35,
the condition that the cluster baryonic fraction is representative
of the cosmic value has the greatest statistical weight, collapsing
the probability around the best-fit value of Ωm ≈ 0.35.

5.4. Robustness to systematic errors

In this section, we investigate how our cosmological constraints
are aﬀected by potential systematic errors. To evaluate this, we
repeat the analysis described in the previous sections and apply
it to several diﬀerent subsets defined by changing one of the criteria adopted for the selection of the reference sample of 57 hot
galaxy clusters.
First of all, we do not observe any dependence of fgas on
both temperature and metallicity in our reference sample: once
objects with T gas > 4 keV are selected, the Spearman’s rank
correlation is about 0.1 implying an underlying correlation significant at less than the 1σ confidence level.
Moreover, we notice that the estimated gas mass fraction
within R2500 is about 75 per cent of the value measured at R500
(mean and standard deviation after 1000 bootstrap resampling
=75 ± 2; median =73 per cent), confirming its increased value
outwards.
As shown in the plots of Fig. 11 (and summarized in Table 3),
the largest uncertainties are related to the assumed prior on the
temperature profile. By using the values obtained by assuming
an isothermal ICM (see fˆgas in Table 1), and applying the method
described in Sect. 4, we obtain (total χ2 = 75.5; Ωm + ΩΛ + Ωk =
1, w = −1)
Ωm = 0.40+0.03
−0.02
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Fig. 10. Distribution of the measured baryon fractions in the sample
of 57 objects (49 of which are at z > 0.3) with T gas > 4 keV. The
error bars at 1σ include all the components listed in Sect. 4. The best-fit
results of the cosmological model used as the reference are assumed.
In the lower panel, the residuals with respect to the assumed value of
fbar /b × Ωm /Ωb = 1 are shown (solid line). The dashed line refers to the
distribution obtained by fixing all the cosmological parameters to the
best-fit results and assuming ΩΛ = 0.

ΩΛ <

0.46,

(17)

and (χ = 76.3; Ωm + ΩΛ = 1)
2

Ωm = 0.29+0.08
−0.05
w < −0.8.

(18)

The total χ2 shows a significant increase (Δχ2 = 17), suggesting
a poorer representation of the distribution of fgas and pointing
out the necessity for a robust and reliable determination of the
temperature profiles in galaxy clusters, possibly out to the region
where the gas mass fraction measurements are more representative of the cluster baryon content (r >
∼ R2500 ≈ 0.3R200 ).
The assumption on the stellar mass fraction does not significantly aﬀect the estimates of the cosmological parameters. As
discussed in Sect. 4.1, the stellar mass fraction that we adopt here
from Lagana et al. (2008) lies on the lower end of the distribution
available in the literature. By assuming instead fcold / fgas = 0.18,
independently from the cluster mass, as generally done in similar work (e.g. Ettori et al. 2003; Allen et al. 2008), we measure a
decrease in Ωm by about 9 per cent (see case labelled “ fstar,W ”).
To select our sample of 57 clusters, we have applied only the
selection criterion of T gas > 4 keV to consider only the most
massive systems for which the ICM physics should be mostly
determined by the process of gravitational collapse.
Once we add the further criterion that the relative uncertainty on the gas mass fraction values has to be lower than 0.5
( gas / fgas < 0.5), the sample is reduced to 41 objects and the
good fit obtained (χ2 = 34.6) provides marginally looser constraints on the cosmological parameters, but in better agreement
with WMAP 5-year limits. On the other hand, when very hot
systems (T gas > 8 keV) are considered, the sample is reduced to
only 22 objects and estimates of ΩΛ consistent with zero are obtained. Similar constraints are obtained when the local (z < 0.3)

8 clusters are excluded due to the insensitivity of the geometrical
part of the method to the dark energy component at high redshift.
In our selection, we do not consider the morphological aspect of the cluster. To study this eﬀect, we have considered the
measurements of the centroid shift for the 43 objects in common with the sample of 90 clusters analysed by Maughan et al.
(2007) with T gas > 4 keV. We consider as relaxed objects the
18 clusters with a centroid shift lower than the median value of
1.18 × 10−2 measured over the entire sample of 115 clusters (see
their Table 2). These 18 objects are part of the first sample, labelled cen0 . A second sample, cen1 , includes the 16 objects for
which an estimate of the centroid shift is not available, for a total number of 34 clusters. Through these two samples, we obtain
very similar results, with a relativly larger (smaller) contributions from the dark energy (matter) component compared to the
reference values.
Overall, we can attribute a systematic relative error of about
±5 per cent to the most robust cosmological constraint, Ωm . It
is estimated by considering the standard deviations of the values plotted in Fig. 11 and summarized in Table 3 around our
best-fit reference value of Ωm = 0.35. Similarly, we associate
a systematic uncertainty of (−0.25, +0.30) to our best-fit value
ΩΛ = 0.59 (about 45 per cent) and a relative systematic uncertainty of (−25, +34) per cent to our best-fit value of w = −1.1.
5.5. The reverse situation: the baryon distribution in X-ray
galaxy clusters after WMAP 5-year

In the previous sections, we have looked at the best-fit cosmological parameters that better reproduce the observed distribution of the cluster baryonic mass fraction. We now reverse the
the problem, by fixing the cosmological parameters to the values suggested from the analysis of the anistropies in the cosmic
microwave background and investigating the average physical
properties of the baryons in our X-ray luminous galaxy clusters.
Given the above measurements of the cluster gas and total
masses, and the estimated contribution from the stellar component, we can estimate the relative distribution of baryons
in galaxy clusters assuming that the cosmology is defined in
its components from best-fit results obtained after the WMAP
5-year release (Dunkley et al. 2008), combined in a joint analysis
with supernovae type Ia data and Baryon Acoustic Oscillations
constraints (see Komatsu et al. 2008). In the present work, we
follow the analysis described by Ettori (2003) and update the
results discussed there.
We estimate the relative contribution of the cluster baryons
to the cosmic value (Ωb /Ωm )WMAP = 0.165 ± 0.009, where the
best-fit results after the WMAP 5-year release are considered
(H0 = 70.1 ± 1.3 km s−1 Mpc−1 , Ωm = 1 − ΩΛ = 0.279 ± 0.013,
Ωb = 0.0462 ± 0.0015; see Table 1 in Komatsu et al. 2008).
We correct our baryon fractions by the depletion parameter with
consistent results both when we use b =constant and b = b(z). In
the panel on the left of Fig. 12, we show the mean values (after
1000 bootstrap resamplings) of the ratios between the mass fractions in hot / cold / the remaining baryons and the cosmic value
equals to b × (Ωb /Ωm )WMAP .
The requirement for the presence of other baryons apart from
the hot, X-ray emitting component and the cold, stellar phase can
be explained by either: (i) an underestimate by a factor of 3 of
the mass fraction in the form of cold baryons; or (ii) an underestimate by about 20 per cent of fgas .
Recently, McCarthy et al. (2007) obtained similar results by
combining fgas profiles collected from the literature, and corrected for (i) stellar mass contributions; (ii) violations of the
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Table 3. Best-fit results and 1σ (Δχ2 = 1) errors of the cosmological parameters constrained in our analysis under diﬀerent assumptions.
Ωm

REF
T = T0
b = bz
fICL , 0.2
fstar,W
fstar,L
z > 0.3
T > 8 keV
f < 0.5
cen0
cen1
H0 = 62
WMAP5

ΩΛ
w = −1
+0.03
+0.44
0.59−0.56
0.35−0.04
+0.03
+0.46
0.40−0.02 0.01−0.01
+0.05
+0.48
0.36−0.04
0.65−0.50
+0.03
+0.44
0.34−0.04
0.59−0.56
+0.03
+0.42
0.32−0.03 0.49−0.48
+0.02
+0.34
0.34−0.02 0.01−0.01
+0.04
+1.12
0.36−0.08 0.19−0.18
+0.03
+0.74
0.34−0.05 0.07−0.06
+0.02
+0.64
0.34−0.03 0.01−0.01
+0.08
+0.20
0.29−0.05
1.35−0.52
+0.04
+0.36
0.32−0.04
0.89−0.64
+0.04
+0.46
0.37−0.04 0.63−0.48
+0.03
+0.20
0.32−0.02 1.01−0.28

Ωm

−w
Ωk = 0
+0.04
+0.60
0.32−0.05
1.10−0.45
+0.08
+2.50
0.29−0.05 1.90−1.10
+0.04
+0.65
0.34−0.05
1.20−0.45
+0.04
+0.60
0.31−0.04
1.05−0.40
+0.03
+0.50
0.30−0.04 0.95−0.35
+0.04
+0.55
0.35−0.04 0.35−0.35
+0.10
+1.25
0.26−0.09 1.35−0.75
+0.08
+0.85
0.31−0.09 0.75−0.60
+0.04
+0.45
0.33−0.04 0.70−0.45
+0.08
+2.45
0.24−0.05
2.00−1.15
+0.05
+0.70
0.31−0.05
1.10−0.50
+0.04
+0.65
0.35−0.05 1.15−0.40
+0.02
+0.35
0.33−0.02 1.25−0.25

Comments
reference case (Sects. 5.1 and 5.2)
isothermal ICM (Sect. 3)
depletion parameter dependent on z (Sect. 4.2)
adding 20% to fcold (Sect. 4.1)
fstar from White et al. (1993; Sect. 4.1)
fstar from Lin et al. (2003; Sect. 4.1)
only high-z objects
only hot objects
only measurements with lower uncertainty
more relaxed objects (Sect. 5.4)
extended “cen0 ” sample (Sect. 5.4)
H0 from Sandage et al. (2006)
H0 and Ωb from Komatsu et al. (2008)

The quoted constraints are obtained for each parameter after marginalization. In Fig. 11, the same constraints are plotted and the number of clusters
in the sample and the total χ2 are indicated. The single samples are discussed in Sects. 5.1, 5.2 and 5.4.

Fig. 11. Best-fit results on Ωm and ΩΛ (left) and Ωm and w (right) for the diﬀerent sources of systematics discussed in the text. The shaded regions
show the constraints from WMAP 5-year results (Komatsu et al. 2008). All the errors are at the 1σ level. The number of clusters that meets the
selection criteria and the total χ2 are indicated in the top panel.

hydrostatic equilibrium equation; and (iii) the depletion parameter, with the WMAP 3-year results (Spergel et al. 2007), concluding that the most likely explanation is that Ωm must lie in the
range 0.28 − 0.47, i.e. up to 70 per cent larger than the best-fit
from the WMAP 5-year analysis.
We emphasize, however, that our conclusion on a no null
contribution from other baryons not accounted for in X-ray emitting plasma and cold stars and intracluster light is drawn mainly
from fixing the cosmological parameters to the results of the
analysis after the WMAP 5-year release that strongly support
a flat Universe solution. On the other hand, our best-fit results
seem to suggest either a higher Ωm value or, if Ωm from the
WMAP 5-year constraints is adopted, a higher (lower) ΩΛ (w)
value, lowering the requested amount of fob (see panel on the
right in Fig. 12).
Moreover, by assuming that the WMAP 5-year data provide
the “correct” cosmology and, thus, fixing (H0 , Ωm = 1 − ΩΛ ) to
those values, we can attempt to limit the contribution of other

eﬀects that can further bias the estimates of the gas mass fraction. Among these, we consider the level of the ICM clumpiness (e.g. Mathiesen et al. 1999) and the presence of non-thermal
pressure support (e.g. Dolag & Schindler 2000). To weigh their
contribution, we look for a minimum χ2 in the parameter space
{α, C}, where α = PNon−thermal /Pthermal is the ratio, assumed constant in time and space, between a pressure of non-thermal origin and the pressure of the ICM and C = (n2gas /ngas 2 )0.5 is
a measure of the clumpiness of the ICM which is observed in
brightness as an average value of the square of the gas density n2gas . These two parameters aﬀect the gas mass fraction
estimates through propagation of corrections on the total and
gas masses in a degenerative way: Mtot,new = (1 + α)Mtot,old ,
Mgas,new = Mgas,old /C and, thus, fgas,new = fgas,old /[C(1 + α)]. The
net eﬀect is thus to further reduce the gas mass fraction value.
Adding this to the indication that the WMAP 5-year cosmology
does not account for the observed baryon census will further increase the measured discrepancy. Indeed, we obtain that, at a 3σ
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Fig. 12. (Left) Cluster baryonic pie obtained by fixing the cosmological parameters to the best-fit results after the WMAP 5-year release (Komatsu
et al. 2008) and considering the mean values of the hot ( fgas ), cold ( fcold ) and other ( fob ) baryon fractions normalized to the cosmic value,
b(Ωb /Ωm )WMAP . Ranges within two standard deviations (95.4% level of confidence) from the mean (obtained after 1000 bootstrap resamplings)
are indicated within the parentheses. (Right) Dependence of the average fob value upon the cosmological parameters (Ωm , ΩΛ ). The dotted line
indicates a flat Universe.

level of confidence with 2 degrees of freedom, our gas mass fraction measurements within R500 in a WMAP 5-year concordant
Universe constrain α < 0.13 and C < 1.01 (the best-fit results
require α = 0 and C = 1).

6. Conclusions
We study the baryonic content in 52 X-ray luminous galaxy
clusters observed with Chandra in the redshift range 0.3–1.273.
We include in the sample the measurements of 8 objects with
kT gas > 4 keV lying in the redshift range 0.06–0.23 presented in
Vikhlinin et al. (2006). We adopt the same functional form to estimate the gas density and temperature profiles to recover the gas
and total mass radial distribution. We estimate statistically the
average contribution from cold baryons in stars and intracluster
light to the total baryonic budget of each cluster. By using the
baryonic content determined in this way, we have investigated
the robustness of the cosmological constraints provided from the
cluster baryon fraction alone.
We show that the a-priori knowledge of the cosmic baryon
density Ωb and the Hubble constant H0 are essential to place
significant limits in the Ωm −ΩΛ /w plane. In particular, the determination of their central values are required to avoid the introduction of systematic diﬀerences in the estimate of the cosmological parameters. This systematic bias cannot be corrected
by simply enlarging the error bars on the assumed central values, but need a definitive input from other sources (for instance,
CMB measurements, type Ia supernovae data or primordial nucleosynthesis calculations; see, e.g., Allen et al. 2008).
We find that the gas mass fraction measured in our subsample of 57 hot (T gas > 4 keV) galaxy clusters, in combination
with a Hubble’s constant value of H0 = 72 ± 8 km s−1 Mpc−1
and Ωb h270 = 0.0462 ± 0.0012, provides a best-fit result of
+0.44
Ωm = 0.35+0.03
−0.04 and ΩΛ = 0.59−0.56 (1σ error; w = −1) and
+0.04
+0.6
Ωm = 0.32−0.05 and w = −1.1−0.5, when a flat Universe is considered.

We discuss in detail the systematic eﬀect on our best-fit constraints originating from: (i) the stellar mass fraction component,
expected to be of the order of 0.1−0.2 fgas ; (ii) the redshift dependence of the depletion parameter b; (iii) the isothermality of
the ICM. The latter eﬀect, in particular, increases the total χ2
by 17 and shifts the best-fit values by about 15 per cent, pointing out the necessity for a robust and reliable determination of
the temperature profiles in galaxy clusters, possibly out to the
region where the gas mass fraction measurements are more representative of the cluster baryon content (r >
∼ R2500 ≈ 0.3R200 ).
By fixing the cosmological parameters to the values from
the WMAP 5-year data analysis, we limit the contributions expected from non-thermal pressure support and ICM clumpiness
to be lower than about 10 per cent. Otherwise, there is room
to accommodate baryons not accounted for either in the X-ray
emitting plasma or in stars in the order of 18 per cent of the total cluster baryon budget. However, this value is lowered to zero
once a no-flat Universe is allowed, as suggested from the cluster
gas mass fraction distribution alone.
Bearing in mind that the fgas method to constrain the cosmological parameters is not self-consistent and needs a strong apriori knowledge of both the Hubble constant value and the cosmic baryon density, we conclude that it oﬀers well proven and
reliable results on Ωm (relative statistical error at 1σ of ∼11%,
with a further systematic eﬀect of ±5%), whereas it presents
weakness in terms of the assumptions on the astrophysics involved when applied to investigate the dark energy issue. On the
other hand, this method provides a complementary and independent constraint of the parameter space investigated from planned
dark energy experiments (e.g. Rapetti et al. 2008; see also Linder
2007 for a more pessimistic view) and should be supported for
this application.
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Appendix A: Fit of the deprojected gas density profiles
We show the electron density profiles, obtained from the deprojection of the surface brightness, of the objects in our high-z sample. We overplot
the best-fitted function form in Eq. (5) fitted over the radial range 0 − Rspat . Both the best-fit parameters and Rspat are quoted in Table 1.

Fig. A.1. Plots of the deprojected electron density profiles with the best-fit model in Eq. (5) overplotted and the residuals σi = (di − mi )/ i shown
in thebottom panel, where
 di , mi and i are the values of the data, model and error on the data at a given radius,
 respectively.Together with the
χ2 = (di − mi )2 / i2 = σ2i value, the R factor represents a measure of the overall residuals and is given by R = abs(di − mi )/ di . In 81 per cent
of the cases, R < 0.2.
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Fig. A.1. continued.
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