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Abstract. We have analyzed the properties of a sample of 33
groups and clusters of galaxies for which both optical and X-
ray data were available in the literature. This sample was built
to examine the baryon content and to check for trends over a
decade in temperature down to 1 keV.

We examine the relative contribution of galaxies and ICM
to baryons in clusters through the gas-to-stellar mass ratio
(Mgas/M∗). We find that the typical stellar contribution to the
baryonic mass is between 5 and 20%, at the virial radius. The
ratio (Mgas/M∗) is found to be roughly independent of tem-
perature. Therefore, we do not confirm the trend of increasing
gas-to-stellar mass ratio with increasing temperature as previ-
ously claimed.

We also determine the absolute values and the distribution of
the baryon fractionwith the density contrast δwith respect to the
critical density. Virial masses are estimated from two different
mass estimators: one based on the isothermal hydrostatic equa-
tion (IHE), the other based on scaling law models (SLM), the
calibration being taken from numerical simulations. Comparing
the twomethods, we find that SLM lead to less dispersed baryon
fractions over all density contrasts and that the derivedmean ab-
solute values are significantly lower than IHE mean values: at
δ = 500, the baryon fractions (gas fractions) are 11.5–13.4%
(10.3–12%) and ∼ 20% (17%) respectively. We show that this
is not due to the uncertainties on the outer slope β of the gas
density profile but is rather indicating that IHE masses are less
reliable. Examining the shape of the baryon fraction profiles, we
find that cluster baryon fractions estimated from SLM follow a
scaling law.Moreover, we do not find any strong evidence of in-
creasing baryon (gas) fraction with temperature: hotter clusters
do not have a higher baryon fraction than colder ones, neither
do we find the slope β to increase with temperature.

The absence of clear trends between fb andMgas/M∗ with
temperature is consistent with the similarity of baryon fraction
profiles and suggests that non-gravitational processes such as
galaxy feedback, necessary to explain the observed luminosity–
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temperature relationship, do not play a dominant rôle in heating
the intra-cluster gas on the virial scale.
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1. Introduction

Clusters of galaxies are fascinating objects because their obser-
vations can in principle allow one to constrain the parameters of
the standard cosmological model. In particular, they are widely
used as indicators of the mean matter density of the universe.
Galaxy clusters have been shown to harbour very large quanti-
ties of dark matter since the pioneering work of Zwicky (1933),
but its exact quantity, its spatial distribution and above all its
very nature are still awaiting answers.

Clusters are the most massive objects for which both the
luminous baryonic mass (consisting of the X-ray emitting intr-
acluster gas and the visible part of galaxies) and the total grav-
itating mass can be estimated. Most often, the assumption of
isothermal hydrostatic equilibrium (IHE) of the intra-cluster
gas within the dark matter potential well is adopted to derive
the total mass of clusters from X-ray observations, although
many clusters exhibit obvious substructures, both in the galaxy
distribution and in the X-ray emission morphology.

Beyond the classicalM/L ratio, clusters are at the center of
new cosmological tests of the mean density, which are differ-
ent in spirit and which are more global. Partly because of this
new perspective, general observational properties of clusters
have been investigated in detail in recent years. These studies
were triggered by analytical arguments as well as numerical
simulations which indicated that clusters might have similar
properties in their structure. A first means of determining the
mean density from clusters is to use their abundance as well
as their relative evolution with redshift (Oukbir & Blanchard
1992; Bartlett 1997). A further important property of clusters is
that their baryon fraction fb is expected to be identical (White
et al. 1993), reflecting the universal baryonic content of the uni-
verse. As primordial nucleosynthesis calculations provide very
strong constraints on the value of the baryonic density param-
eter Ωb, determining the baryonic fraction in galaxy clusters
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allows to derive the matter density parameter Ω0 = Ωb/fb.
This surmise, when applied to a set of clusters, leads to a high
mean baryon fraction fb, of the order of 20 h

−3/2
50 % (David et

al. 1995, hereafter D95; White & Fabian 1995; Cirimele et al.
1997; Evrard 1997). Consequently, the critical value Ω0 = 1
is disfavored (as the primordial nucleosynthesis is indicative of
Ωb = 0.0776h−2

50 η10/5.3±7%, one obtainsΩ0 ∼ 0.4). White
et al. (1993) have reviewed this critical issue in the case of the
Coma cluster.

Some caution is necessary though, since there exists an ap-
preciable dispersion in the range of published baryon fractions.
This scatter may be due to intrinsic dispersion in baryon frac-
tions of different clusters. If real, it is important to understand
the origin of such a scatter. However, Evrard (1997) did not
find any convincing evidence for a significant variation in the
baryon fraction from cluster to cluster. Such a result is in con-
trast with Loewenstein & Mushotzky (1996) and D95. These
latter authors, from their study of ROSAT PSPC observations
of a sample of groups and clusters of galaxies, have found a
correlation between the gas fraction and the gas temperature,
breaking the simplest self-similar picture (the different conclu-
sion of Evrard could be due to the limited range of temperatures
he used). A possible explanation for such variations, if real,
could in principle be the development of a segregation between
baryons and dark matter occurring during the cluster collapse,
operating more efficiently in massive clusters. However, this
mechanism has been shown by White et al. (1993) to be in-
sufficient to significantly enhance the baryon fraction and it is
therefore unlikely that such a phenomenon could lead to a sub-
stantial scatter in baryon fractions. Another possibility is that in
poor clusters and groups, a part of the gas has been swept away in
the shallow dark matter potential well by galactic winds, being
thus less concentrated than in massive clusters. This scenario
would also be consistent with the claim that the gas to stel-
lar mass ratio increases monotonically with the temperature of
the cluster (David et al. 1990, hereafter D90). Finally, a further
possibility is that mass estimates are not accurate and that a sys-
tematic bias exists with temperature. In any case, D95 derived
this correlation from a very reduced set of objects (7 clusters
and 4 groups) and it would deserve further investigation based
on a larger sample.

As a consequence, it was one of our aims to address these
questions with improved statistics. Moreover, in the baryon
problem, the reliability ofmass estimates is rather crucial and as-
sumptions such as equilibrium and isothermality may introduce
systematic differences in the results that we wish to examine
in detail. The validity of mass estimates has been questioned
by Balland & Blanchard (1997). We have therefore taken the
opportunity of this study to perform a comparison between the
standard mass estimate based on the IHE β–model and an al-
ternative method derived from scaling arguments and numeri-
cal simulations including gas physics (see Sect. 3.3), hereafter
called the scaling law model (SLM).

In this paper, we present an analysis of a sample of 26 galaxy
clusters and 7 groups taken from the literature. We required that
optical data were available for our objects and searched for a

precise information on the galaxy spatial distribution and lu-
minosity function, on the X-ray temperature and on the gas
density profile, in order to be able to build up the density and
mass profiles for galaxies, gas and dark matter. This allows to
compute properly the baryon fraction rather than only the gas
fraction as is often done. This is especially important for low
mass objects, in which the stellar component is generally be-
lieved to be relatively more important. Our sample comprises
clusters with temperatures from 1 to 14 keV, and therefore al-
lows us to investigate several interesting quantities beyond gas
and baryon fractions, like the mass to light ratio and the ratio
of galaxy baryonic mass to gas mass (possibly providing im-
portant constraints on galaxy formation), over a wide range of
temperatures. All the data used here come from the literature,
with the exception of Abell 665, for which we have analysed
an archival ROSAT image to obtain the gas density profile. In
fact, this cluster has already been studied from Einstein data by
two teams (Durret et al. 1994; Hughes & Tanaka 1992), finding
in each case a surprisingly very high gas fraction (respectively
� 50% and 33%). We will see this cluster provides a striking
example of the scatter in different mass determinations.

The sample is presented in Sect. 2. The methods to compute
the various quantities for each cluster in the sample is presented
in Sect. 3 and the results are presented in Sect. 4. In Sect. 5, we
examine the trend with temperature for several quantities.

In all the present study, we assumed a H0 =
50 km s−1Mpc−1 and q0 = 0.5 cosmology.

2. The sample

We looked in the literature for objects studied thoroughly
enough to allow us to compute the baryonic mass in galaxies,
the mass in gas and in dark matter at any radius. This is quite
not a refinement, since both the baryon fraction and the galaxy
to gas mass ratio can vary very rapidly with radius, as will be
seen in the next section. We therefore needed detailed informa-
tion, which drastically reduced the possible number of objects
that could be included in the sample. When a same object was
studied by several teams, we applied straightforward selection
criteria: for spatial X-ray data, for instance, we systematically
prefer ROSAT observations, because of its improved spatial res-
olution and sensitivity, whereas for X-ray temperatures, Ginga
andASCA satellites were preferred to EinsteinMPC,most tem-
peratures of which come from the catalogue of David et al.
(1993). Recently, it has been noted that cluster luminosities and
temperatures might change noticeably when the central cooling
flow emission is removed (Markevitch 1998; Arnaud & Evrard
1999). It is not clear which temperatures are to be used (espe-
cially when using a mass-temperature relationship derived from
numerical simulations). In order to keep our sample as homoge-
neous as possible,we did not use cooling flow-corrected temper-
atures which are not always available. Furthermore Markevitch
(1998) found that temperatures corrected for central emission
are in the mean 3% larger, which will be of weak consequence
in our average quantities. However, our treatment of the uncer-
tainties on temperatures leads to large error bars when a large
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Fig. 1. Surface brightness profile of the intracluster gas in A665, in
the ROSAT bands R4 to R7 (0.44 to 2 keV). Points represented by
an empty circle have been excluded from the fit because at these radii
some background or foreground X-ray sources appear in the map. The
dashed line is the fitted background level.

dispersion in measured temperatures exists (see Table 1), as for
instance in the presence of a strong cooling flow.

In some cases, optical data may be very uncertain because
of projection effects and magnitude limitations, especially for
groups whose galaxy membership is sometimes tricky to estab-
lish. However, we tried to identify objects for which data are
reasonably reliable and we derived mean dynamical quantities
for this sub-sample as well. Finally, it must be emphasized that
theX-ray limiting radius atwhich baryon fractions are estimated
is a crucial parameter, since both the galactic mass derived from
aKing profile and the X-ray gasmass given by the Hubble-King
model diverge respectively for ε ≤ 1 and β ≤ 1 (the definition
is given in Sect. 3), requiring that they be truncated. It is also
important that the baryon fractions of different clusters be com-
puted at an equivalent scale in order to test the scaling hypothesis
and if statistical conclusions are to be brought out from them,
i.e. that we use the radius containing the same overdensity, while
information is actually available only up to the X-ray limiting
radiusRX lim which primarily depends on the characteristics of
the observations (detector sensitivity, integration time...).

X-ray and optical data are summarised in Tables 1 and 2,
using a Hubble constant h50 = 1. Notes on clusters which
required a special treatment due to an incompleteness of data
can be found at the end.Optical luminosities are given in the blue
band. When the blue luminosity was not available, we used the
following colors, corresponding to standard values for elliptical
galaxies: B-V = 0.97, V-F = 0.76, r-F = 0.58 (Schneider et al.
1983) and R = F (Lugger 1989).

2.1. The case of Abell 665

This cluster is one for which large baryon fraction estimates
have been published in the literature. As these are surprisingly
high, we have found interesting to re-analyse this cluster using a

ROSAT archival image and the calibration routines of Snowden
et al. (1994). We found that the gas surface brightness profile is
well fitted by a Hubble-King law, and the X-ray emission can be
traced out to a very large radius. The background level, which
has been fitted together with the other parameters, is estimated
with comfortable confidence. Spherical symmetry was assumed
to derive the surface brightness profile in 0.5 arcmin wide an-
nuli, although the X-ray map shows significant departure from
sphericity; however, the effect of ellipticity on derived masses
is known to be negligible (Buote & Canizares 1996). The cen-
tral electron volume density ne0 was computed by matching the
theoretical count rate with the 0.547countss−1 collectedwithin
a 30arcmin radius (after subtraction of the background), which
amounts to solving:

n2e0 αE D T
− 1

2

∫ Emax

Emin

g(T,E) e−
E

kT e−σ(E)NH A(E)
E
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0

(
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(
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)2)−3β
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= 2π S0
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(
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θ
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)2)(−3β+ 1
2 )

θdθ, (1)

with αE = 1.02 10−17 SI and the angular distance D �
812Mpc, and whereA(E) stands for the energy dependence of
the transmission efficiency.

The results of this analysis are the following (for the bands
R4 to R7 of ROSAT): β = 0.763±0.023, θc = (112±5)arcsec
(which corresponds to 0.44 Mpc at the distance of A665),
ne0 = (2.85 ± 0.38) 10−3 electrons cm−3 and RX lim =
10 arcmin (= 2.36Mpc) with a central surface brightnessS0 =
(3.53 ± 0.26) 10−2 counts s−1 arcmin−2 and a background
surface brightness b = (2.2±0.6) 10−4 counts s−1 arcmin−2.
We used the gas temperature and foreground absorbing hydro-
gen column density given by Hughes & Tanaka (1992) from
their Ginga analysis, together with the formula of Mewe et
al. (1986) for the Gaunt factor and that of Morrison & Mc-
Cammon (1983) for the interstellar absorption cross section. At
RX lim, the inferred gas mass isMgas = (2.46±0.76)1014M�,
which is similar to the values found by Durret et al. (1994) and
Hughes & Tanaka (1992). The hydrostatic mass is Mhydro =
(1.60 ± 0.24) 1015M�. Our mass estimate from NFW’s dark
matter profile, computed with the EMN normalization (see sec-
tion below) isMdark = (1.41±0.25)1015M�, and the resulting
total mass isMSLM = (1.68±0.33)1015M�. The baryon frac-
tion amounts to respectively (16.3± 7.5)% and (15.6± 6.4)%.
Hence A665 is a quite ordinary rich cluster whose baryon frac-
tion seems reasonable if compared to previous values.

We have also compared our gasmass estimates for thewhole
samplewith other published analyses and foundgood agreement
while themain differences are on fb, coming from the estimation
of total masses as will be discussed in Sect. 5.
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3. Analysis methods

3.1. The stellar mass profile

The stellar matter content can be computed at any radius from
the cluster center using the projected number density profile of
galaxies, their luminosity function and a mass to light ratio for
the stellar population calibrated on the observation of nearby
galaxies. Most often, the density profile is fitted by the common
King form:

σgal(r) = σ0

(
1 +

(
r

rc

)2)−ε

with ε = 1, (2)

where rc is the galactic core radius. The case ε = 1 is an ap-
proximation to the isothermal sphere, in which galaxies have
reached their equilibrium distribution. The advantage of such a
model is that the volume density is obtained by an analytical de-
projection. However, de Vaucouleurs profiles, which are much
steeper in the cluster core, provide a better approximation to the
real distribution (Rhee & Latour 1991; Cirimele et al. 1997), at
the same time leading to a finite total number of galaxies:

σgal(r) = σ0 exp
(

−
(
r

rv

)γ)
. (3)

This sort of profile was deprojected using the formula:

ν(r) = − 1
2πr

d

dr

∫ +∞

r2

σ(p)√
p2 − r2 dp

2, (4)

p being the projected distance to the cluster centre and r the true
distance. Because this deprojection is numerically unstable, we
computed it by assuming σ(p) to be constant inside a grid step
and then integrating analytically the denominator. The mass to
light ratio applied to all clusters and groups (but the supposed
fossil group RXJ 1340.6+4018 consisting of only one giant el-
liptical galaxy, for which we usedM∗/LB = 8.5h50M�/LB�)
isM∗/LB = 3.2h50M�/LB�, obtained byWhite et al. (1993)
by averaging over the Coma luminosity function theM∗/L ratio
from van der Marel (1991) given as a function of luminosity for
bright ellipticals. Then, using the Schechter luminosity func-
tion:

n(L)dL = N∗
(
L

L∗

)−α

e−
L

L∗ d

(
L

L∗

)
, (5)

the luminosity emitted by a shell of thickness dr and situated at
the radius r writes as:

dL(r) = Ltot × (4πr2 νgal(r)dr) / N(> Llim)

where N(> L) = N∗ Γ(1 − α,L/L∗) is the total number of
galaxies brighter than L, Llim being the limiting luminosity of
the observations, and Ltot = N∗L∗ Γ(2−α). The stellar mass
enclosed in a sphere of radius R can eventually be written as:

M∗(R) =
M∗
L

L∗Γ(2− α)
Γ(1− α, Llim

L∗ )

∫ R

0
4πr2 νgal(r)dr. (6)

When no parameters for the luminosity function were found in
the literature, we adopted the standard ones (Schechter 1975):
α = 1.25 andM∗

V = −21.9 + 5 log h50.
As a few clusters observed in X-rays do not have any avail-

able spatial galaxy distribution (or with too poor statistics), but
only either a luminosity profile or even several total luminosities
given at different radii, we then assumed aKing profile and fitted
the few points by the resulting integrated luminosity profile:

L(< R) = L0


ln


R
rc

+

(
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R

rc

)2) 1
2



−R
rc

(
1 +

(
R

rc

)2)− 1
2

 (7)

by varying simultaneouslyL0 and rc. In addition to those cases,
RXJ 1340.6+4018 was treated in a special way: we deprojected
a de Vaucouleurs luminosity profile (Ponman et al. 1994).

3.2. The X-ray gas mass profile

In their pioneering work, Cavaliere & Fusco-Femiano (1976)
have shown under the isothermality assumption that the X-ray
gas profile is described by:

ρgas(r) = ρ0

(
1 +

(
r

rcX

)2)− 3
2 β

, (8)

which translates to the observed X-ray surface brightness with
the following simple analytical form (the so-called β-model):

S(θ) = S0

(
1 +

(
θ

θc

)2)−3β+ 1
2

. (9)

The slopeβ and the core radius rcX, which are interdependent in
their adjustment to the surface brightness, are generally found
to range between 0.5 and 0.8 and between 100 and 400 kpc
respectively. Very often, central regions of clusters have to be
excluded from the fit, due to cooling flows resulting in an emis-
sion excess. The gas mass can be inferred accurately from the
knowledge of S0, β and θc. Uncertainties in the gas mass are
small in general, as long as it is computed inside a radius at
which the emission is detected. The relationship between the
electron number density and the gas mass density used here is
ρ0 = 1.136mp ne0 (assuming a helium mass fraction of 24%
and neglecting metals).

3.3. The binding mass profile

Mass estimation is certainly the most critical aspect of recent
studies of the baryonic fraction in clusters. Clarifying this issue
is one important aspect of this paper. We derived the gravita-
tional mass in two ways:

• The hydrostatic isothermal β–model : First, we used the stan-
dard IHE assumption which, using spherical symmetry, trans-
lates into the mass profile:
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Mtot(r) = − k

Gµmp
TX r

dln ρgas(r)
dln r

=
3k

Gµmp
β TX r

(
1 +

(
r

rcX

)−2)−1
. (10)

The total mass thus depends linearly on both β and TX. Hence,
if the slope of the gas density is poorly determined (and this is
the case if the instrumental sensitivity is too low to achieve a
good signal to noise ratio in the outer parts of the cluster), it will
have a drastic influence on the derived mass. This mass profile
results in the density profile:

ρtot(r) ∝ 1
r2


3
(
1 +

(
r

rcX

)−2)−1

−2
(
1 +

(
r

rcX

)−2)−2 (11)

and in a flat density at the cluster centre. The isothermality as-
sumption can raise doubt, since Markevitch et al. (1998) found
evidence for strong temperature gradients in clusters,whichmay
lead to IHE mass estimates smaller by 30% (Markevitch 1998).
However, the reality of these gradients has recently been ques-
tioned (Irwin et al. 1999; White 2000).

• The universal density profile: An alternative approach is to
use the universal dark matter density profile of Navarro et al.
(1995, hereafter NFW) derived from their numerical simula-
tions:

ρdark(r)
ρc

= 1500
r3200

r (5r + r200)2
(12)

where r200 stands for the radius from the cluster center where
the mean enclosed overdensity equals 200 (this is the virial ra-
dius) and ρc is the critical density. It varies as r−1 near the
centre, being thus much steeper than in the hydrostatic case;
NFW claim this behavior fits their high resolution simulations
better than a flat profile. Furthermore, contrary to the β–model ,
the dark matter density profile obtained by NFW is independent
on the shape of the gas density distribution. This will introduce
a further difference. The normalization of the scaling laws en-
sures a relationship between temperature, virial radius and virial
mass. Here, this normalization is taken from numerical simula-
tions. Different values have been published in the literature (see
for instance Evrard 1997; Evrard et al. 1996, EMN hereafter;
Pen 1998; Bryan & Norman 1998, BN hereafter). Frenk et al.
(1999) investigated the formation of the same cluster with vari-
ous hydrodynamical numerical simulations. They found a small
dispersion in the mass-temperature relationship: the rms scatter
σ is found to be of ≈ 5%, EMN and BN lying at the edges of
the values found, representing a 4 σ difference. EMN provide a
scaling law between r500 and TX:

r500 = 2.48
(

TX
10 keV

) 1
2

h−1
50 (1 + z)−

1
2 Mpc (13)

(in terms of comoving radius) which was used here to compute
r200, writing:

δ(r500) = 500 =
(
4
3
πr3500

)−1 ∫ r500

0
4πr2

ρ(r)
ρc

dr

= 180f X−3
[
ln(1 + 5X)− 5X

1 + 5X

]
(14)

withX = r500/r200, where f = 1739/1500 is a corrective fac-
tor to transform darkmatter mass into total mass, so that δ(r200)
is really equal to 200. Solving this equation gives X = 0.66.
The relationship at z = 0 between virial mass and temperature
can then be written as:

TX = 4.73M15(r200)
2
3 keV. (15)

BN did provide the following constant of normalization:

TX = 3.84M15(r200)
2
3 keV. (16)

This difference is quite significant: it does correspond to a virial
mass 40% higher. Using this normalization will obviously sig-
nificantly change the inferred gas fraction.

4. Results

4.1. Distribution of the various components

The results from our analysis for each cluster in our sample
are summarised in Tables 3 to 6: in Tables 3 and 5 mass es-
timates at r200 are derived from the SLM with the TX –MV
calibrations respectively given by EMN and BN (used to com-
pute r200). Tables 4 and 6 contain mean dynamical quantities
over the sample at three different overdensities, r200, r500 and
r2000. The same quantities are also given with mass estimates
from the IHE model.

4.1.1. The binding mass

Mass profiles of the various components for a few clusters are
displayed in Fig. 2, together with mass ratio profiles (right side).
Fig. 3 shows baryon and gas fraction profiles for the whole sam-
ple. Quantities are plotted against the mean enclosed contrast
density, which is the natural variable in the scaling model. A
clear feature arising fromFig. 2 concerns the different behaviors
of hydrostatic masses and total masses deduced from NFW’s
dark matter profile, normalised by the EMN TX –MV relation-
ship: NFW profiles are more centrally concentrated, as could
be foreseen from Eqs. 11 and 12, a property which is in agree-
ment with the density profile of clusters inferred from lensing
(Hammer 1991; Tyson et al. 1990). In the outer part, where the
contrast density is smaller than a few 104, the shapes of the den-
sity profiles are quite similar, although some difference in the
amplitude exists. In fact, profiles calibrated from the EMN TX –
MV relationship tend to be systematically more massive than
with the isothermal hydrostatic model, with a significant disper-
sion. The last column of Tables 3 and 5 gives the ratio between
masses computed with both methods. The mean of masses es-
timated by the IHE β–model is significantly smaller than SLM
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Fig. 2. Mass and mass ratio profiles for a few objects. The meaning of line styles is as follows: Left panels: thick line: SLM mass; thin line: IHE
mass; dashes: gas mass; dot-dashed line: stellar mass. Right panels: thick lines: baryon fraction (continuous), gas fraction (dashed) and stellar
to total mass ratio (dot-dashed) in the SLM case (with EMN calibration); thin lines: same quantities for the IHE model; three-dots-dash: stellar
to gas mass ratio.
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Fig. 3. Profiles of the baryon fraction and gas fraction as a function of mean overdensity for objects with the most reliable data. Left panels show
these profiles in the case of the hydrostatic assumption and right panels for mass estimates derived from NFW’s dark matter profile, with EMN
normalization. Groups (TX ≤ 2 keV) are represented with dotted lines, cool clusters (TX ≤ 5 keV) with dashed lines and hot clusters with
continuous lines. The group with a very steeply rising baryon fraction in the IHE case has β = 0.31.

masses (atRX lim):MIHE/MSLM = 0.80± 0.03 with EMN’s
normalization, andMIHE/MSLM = 0.67 ± 0.026 with BN’s
normalization. Clearly, such a difference will translate into the
baryon fraction estimates.

4.1.2. The X-ray gas

Second, the distribution of gas is more spread out than that of
dark matter, which results in steadily rising baryon fractions
with radius (Fig. 4), as was already pointed out by numerous
teams, among which Durret et al. (1994) and D95. NFW also
recover this trend in their simulations. This factmakes the choice
of the limiting radius an important matter. In particular, extrap-
olating masses to the virial radius (which is reached by the gas
emission in only five clusters among our sample) could be very
unsafe, especially for cool clusters, the gas of the most extended
of our objects with TX ≤ 5 keV being detected only out to
δ = 500.

4.1.3. Mass to light ratio

The derived mean mass to blue luminosity ratio is shown in
Fig. 4. As it can be seen, M/LB remains remarkably constant

from δ � 5000 to the outer parts of clusters, in the case of
total masses derived from SLM as well as that of hydrostatic
masses. Thus, the widely spread assumption that light traces
mass is confirmed, at least at r ≥ rc. The influence of the
choice of de Vaucouleurs galaxy density profiles as compared
to King profiles is also clearly highlighted. In fact, in the core,
dark matter is normally much more concentrated than galaxies,
but using a de Vaucouleurs distribution, it turns out that the
concentration factor is considerably lowered and even reversed
in the case of hydrostatic masses. Mixing the two shapes of
galaxy distribution in our sample, the result is an intermediate
behavior.

4.2. The baryon fraction

We find that inside a same object, the gas and baryon fractions
increase from the center to outer shells (Fig. 3 and Fig. 4), re-
flecting the fact that the distribution of gas is flatter than that of
dark matter, a trend similar to what is found by D95. Secondly,
an interesting feature can be noted from Fig. 3: the baryon frac-
tion profiles versus density contrast are remarkably similar and
seem to follow a regular behavior, consistent with a universal
baryon fraction shape, even in the central part (although with
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Fig. 4.Average profiles for all clusters (groups included) with the most
reliable data. Top: baryon fraction (continuous lines) and gas fraction
(dashes) in the case of SLM mass estimates with the EMN normal-
ization (thick lines) and hydrostatic masses (thin lines). Middle: mass
to luminosity ratio for the whole sample (continuous lines), for King
galaxy profiles only (dots) and for de Vaucouleurs profiles only (dash-
dots), with the same convention as previously. Bottom: stellar mass to
gas mass ratio, with the same line styles as for M/LB.

a larger dispersion). This behavior appears more clearly when
one is using the SLM model. This result is consistent with the
baryon fraction following a scaling law as it has been already

found for the emissivity profiles (Neumann & Arnaud 1999)
and gas profiles (Vikhlinin et al. 1999).

Thirdly, the comparison of the graphs of Fig. 3 shows that
the baryon fraction fSLM estimated from the NFW profile nor-
malized with the EMN TX –MV relationship is less dispersed at
all contrast densities. This effect is asymmetric: the high baryon
fractions fIHE found with the IHE method disappear. The fact
that fSLM appears less dispersed has already been found by
Evrard (1997) andArnaud&Evrard (1999). However, our work
indicates that this feature exists at any radius. We also plot in
Fig. 5 the histograms of baryon fractions derived from both the
IHE and SLMmethods, at the virial radius r200 but also at r2000,
chosen because each object of the sample is detected in X-rays
at least out to δ ∼ 2000. The comparison of the two indeed
provides evidence for SLM masses to lead to more tightened
baryon fractions than hydrostatic masses. At the virial radius,
we found that the intrinsic dispersion is 50% with the IHE and
20% with SLM. This bears an important consequence for the
interpretation of mass estimates as well as the interpretation of
the baryon fraction. Clearly the fact that the baryon fraction is
less dispersed in the SLM at all radii shows that this mass es-
timate is safer and that the IHE method provides less accurate
mass estimates, even in the central region where hydrostatic
equilibrium is expected to hold.

4.2.1. Stellar to gas mass ratioM∗/Mgas

Also shown in Fig. 4 is the meanM∗/Mgas ratio as a function
of overdensity, slowly going down after the central part. The
galaxy density is indeed steeper than that of gas, decreasing in
r−3 with ε = 1 instead of r−2 for a typical value of β = 0.66,
and the situation is even worse when a de Vaucouleurs profile
is used for the galaxy distribution. Again, the latter contributes
in a large amount to the steep decrease in the central regions,
whereas there the ratio is flat with King profiles.

4.3. Numerical results

Average numerical results are presented in Tables 4 and 6. It
is found that the mean baryon fraction using the SLM with the
TX –MV normalization of EMN is 13.4% and the gas fraction
11.5% at r500 to be compared with hydrostatic results: respec-
tively 19.2 and 17.0%. As expected, the two methods of mass
estimation lead to different baryon (gas) fractions. This differ-
ence is not negligible (≈ 40%) and is mainly due as already
noted, to the difference between the IHE mass and the SLM
mass. The IHE mass can be 50 to 60% lower with respect to the
SLMmass (this is the case, for instance, of the groups HCG 62,
NGC 2300 and NGC 4261). This difference between fSLM

b and
f IHE

b increases when using the TX –MV normalization of BN
(the mean baryon fraction being then 11.5 and the mean gas
fraction 10.3%). Cirimele et al. (1997) found fb = 23% for
their 12 clusters included in our sample (and 20% excluding
A76), instead of our result of 19% (and 16%) using their pa-
rameters and the same hydrostatic β-model and their limiting
radius (they choose a uniform RXlim = 1.5 Mpc) and of 13%
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Fig. 5. Histogram of baryon fractions at r2000 and r200, with IHE masses in grey and SLM masses in black. The object at fb = 0.7 is NGC
4261, which has the lowest X-ray slope β = 0.31.

using the SLMmethod. The disagreement is due to the adopted
stellar mass to light ratio (M/LB = 10.7 instead of our 3.2
value). From the results of D95, it comes out that their 7 clus-
ters also have a mean baryon fraction of fb ≈ 23%. Thus, this is
a confirmation of the divergence between hydrostatic β–model
mass estimates and SLM’s masses. From a sample of 26 clus-
ters among which 7 hot and 3 cool clusters are in our sample,
Arnaud & Evrard (1999) have made a similar analysis and de-
rived in the frame of simulation-calibrated virial masses a mean
gas fraction at δ = 500 of � 14% in rough agreement with
our value of 12%. If the comparison is restricted to hot cluster
subsamples, the agreement is as good (they found 16% to be
compared with our 14%), and also at r200. A somewhat higher
gas fraction (fg ≈ 17%) has been obtained recently by Mohr
et al. (1999), as compared to ours, which is probably due to the
difference in the normalization of the TX −MV relationship.

Another output from the present study is themean totalmass
to blue luminosity ratioM/LB � 270 at r2000 (the hydrostatic
assumption leading to M/LB � 200), groups and clusters of
all temperatures put together. However, when looking in more
detail at the three classes of groups (with TX ≤ 2 keV), cool
clusters (TX ≤ 5 keV) and hot clusters,M/LB (at r2000) goes
from 200 to 270 and 340 respectively, with similar statistics (7
groups, 10 cool clusters and 8 hot clusters). Hence, we disagree
with D95 who claim that the mass to light ratio is roughly con-
stant from groups to rich clusters (using the group NGC 5044
which also belongs to our sample with M/LB � 160, 2 cool
clusters and 4 hot clusters, 3 of which are also in common with
ours). It is worth noting that 2 of the 3 clusters in common have
a lowM/LB in our analysis: 150 for A85 and 170 for A2063.
This conclusion holds whatever the limiting radius: there is a
factor of 1.7, 1.9 and 1.9 respectively between groups and hot
clusters when examiningM/LB out to r2000, r500 or r200.

As to the mean gas to stellar mass ratioMgas/M∗, its values
are summarised in Tables 4 and 6.We have computed this quan-
tity to estimate the stellar contribution to the baryon fraction and
to investigate any correlation with temperature, which will be
discussed in the next section. Let us simply mention that our

value for groups at r2000 is in good agreement with the mean
value� 5 of Dell’Antonio et al. (1995) for 4 poor clusters, after
correcting for the differentM∗/L they have used.

5. Correlations of the baryon population properties
with temperature

In order to properly understand the baryon fraction in clusters it
is necessary to understand what the relative contributions of the
gas and stellar components are. Several previous studies found
that the stellar component is more dominant in low temperature
systems, the lower gas content of small clusters being possibly
due to feedback processes. Our sample, large and spanning a
wide range in temperature, allows us to study these questions
in detail.

5.1. TheMgas/M∗ – TX correlation

In this section, we examine a possible correlation between the
X-ray gas temperature and the ratio of gas mass to stellar mass,
Mgas/M∗, at various radii. A strong correlation has been pre-
viously found by D90: from the analysis of twelve groups and
clusters with temperatures ranging from 1 to 9 keV, D90 found
that this ratio varies by more than a factor of five from groups
to rich clusters. An increase ofMgas/M∗ with cluster richness
has also been reported by Arnaud et al. (1992).

This trend has been interpreted as due to the galaxy forma-
tion being less efficient in hot clusters than in colder systems.
D90 suggest that the scenario for structure formation of hierar-
chical clustering, in which large structures form after little ones
by successivemergers, is adequate to explain their result: in fact,
as mergers go on, the intra-cluster gas is progressively heated
by shocks to higher and higher temperatures, as the size of the
structures involved increases; the higher TX, the more difficult
it becomes for the gas to collapse and to form new galaxies.
Hence, after some time, further galaxy formation would be pre-
vented in hot clusters, producing an anti-bias.
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Fig. 6. Gas to galaxy mass ratio versus X-ray temperature. Open circles are for groups, filled circles are for clusters, and crosses refer to poor
quality optical or gas masses.

In Fig. 6 we have plottedMgas/M∗ against temperature at
the radii r2000 and r200. As can been seen, mean figures for
groups, cool clusters and hot clusters seem to show the sequence
observed by D90, but in a less pronounced way: we find that
cool clusters have Mgas/M∗ which is ∼ 3 times smaller than
for hotter ones instead of a factor of ≥ 5 in D90. Moreover, this
apparent sequence weakens when plotted at r200:Mgas/M∗ is
only twice smaller for groups than for hot clusters.

It should be kept in mind that in Fig. 6, we adopted a con-
stant galactic mass to luminosity ratio for clusters and groups,
whereas it is expected to be lower for late type galaxies than for
E-S0. As morphological segregation tends to raise the fraction
of early type galaxies in rich clusters, taking into account this
variation ofM∗/L with morphological type would in fact fur-
ther flatten the observed correlation betweenMgas/M∗ and TX,
as would do taking into account the difference in galactic output
from groups to clusters. We conclude that our sample does not
show a strong evidence, if any, of increasingMgas/M∗ with TX
as previously found by D90.

5.2. The fb – TX correlation

Our sample allows to test the somewhat puzzling evidence that
cool clusters have a lower mean gas fraction than hot clusters.
This trend has been first reported by D95 and seems to be con-
firmed (Arnaud & Evrard 1999). A modest increase of the gas
fraction with TX has also been reported by Mohr et al. (1999).
Such a trend is unexpected in a self-similar cluster evolution,
fgas and fb at a given overdensity being expected to be constant,
but would be naturally explained by non-gravitational processes
such as galaxy feedback (for instance, early supernovae-driven
galactic outflows), able to heat the intergalactic gas enough to
make it expand out (Metzler&Evrard 1994, 1997; Ponman et al.
1999). This is achieved more easily in shallower potential wells
like those of groups, which could even experience substantial
gas expulsion, thus reducing their gas fractions. Such scenarii

are necessary to explain the LX − TX relationship (Cavaliere
et al. 1997).

In order to examine this issue, we plot in Fig. 7 the baryon
fraction versus the temperature at different radii: RXlim, r2000
and r200. Error barswere estimated by considering uncertainties
on the temperature, and also on metallicity for groups. Uncer-
tainties onX-ray emission are small and lead to tiny errors on the
gas mass in the observed range (R < RX lim), while in the outer
part, where observations are lacking, robust estimates of the un-
certainties cannot be obtained, given that these uncertainties are
systematic in nature. In the case of groups, the metallicity un-
certainty can lead to significant errors on the gas mass, and was
therefore taken into account. As it can be seen, we do observe
no obvious trend with TX. The data are more consistent with
fb being constant and this whatever the mass estimator used.
Although a weak tendency could be seen (in the frame of SLM
masses), it appears swamped in the high dispersion affecting
objects of a same temperature. Therefore we do not confirm the
trend of increasing fb with TX (or size) as previously found by
D95. This is a rather robust conclusion as our sample covers a
wide range of temperature, from 1 to 14keV. This result is con-
sistent with the similarity of baryon fraction profiles we found
(Fig. 3) and the absence of trend ofMgas/M∗ with TX indicat-
ing that non-gravitational processes such as galactic feedback
are not dominant in determining the large scale structure of the
intracluster medium.

5.3. The fb – β correlation

Analysing the baryon fraction versus temperature may hide or
reflect some correlations which are present among other param-
eters. Of special interest is to check whether a correlation with
β exists.

We first searched for a trend between β and the tempera-
ture. Previous studies have shown that low temperature systems
exhibit a more extended ICM distribution (low β values) than
hotter ones (Arnaud & Evrard 1999). From Fig. 8 we can see
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Fig. 7. Baryon fractions in the sample as a function of X-ray temperature. Top: at RX lim. Middle: at r2000. Bottom: at r200. Left: hydrostatic
masses. Right: SLM masses. Groups are shown as open circles and objects with poor quality temperature measurements (and therefore masses)
as crosses.

that no clear trend of increasing β with TX is found. Although
smaller β are found at the cool side, this might be due to a
larger dispersion in β for the smallest potentials. We note that
our result is consistent with the recent analysis of Mohr et al.
(1999).

We have also examined the way the baryon fraction varies
with β (Fig. 8). The baryon fraction derived from the hydro-
static β model, f IHE

b , does not vary with β in an obvious way:
if anything it decreases with increasing β (while no obvious cor-
relation is foundwithTX, see Fig. 7). Such a trend, if real, would
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Fig. 8. The slope β derived from the best-fit of a β–model to X-ray images plotted versus the temperature. On the right panel is plotted the
baryon fraction (at r200) in the IHE β–model (filled symbols) compared to the SLM (open symbols) as a function of β.

be unexpected. Using the SLMmass estimates, the baryon frac-
tion is much more constant and less dispersed, even at a fixed
β (for β ∼ 0.5–0.7 the dispersion on fb/fb is 0.23 with SLM
estimates while it is 0.31 with the IHE). The fact that fb is
constant with β again differs from what one would expect if
reheating would have a dominant rôle in redistributing the gas
inside clusters.

5.4. Implications on mass estimates

As we have seen (Sect. 4.2) the baryon fraction estimated with
the SLM method is less dispersed than with the IHE method.
This effect has been noted previously (Evrard 1997) and has
been interpreted as due to the observational uncertainties in the
estimation of β. The mass estimates (at some radius R) can be
written as:

MSLM = a1TR (17)

and

MIHE ∼ a2βTR. (18)

The fact that baryon fractions estimated withMIHE are more
dispersed can be understood just because of the extra dispersion
introduced by β (EMN; Arnaud & Evrard 1999). For this to be
due to the sole errors in the measurement of β, it would imply
that the dispersion in the measurements dominates the intrin-
sic dispersion, resulting in a tight correlation between β and
fb, which is not obvious from Fig. 8: most clusters have a β in
the narrow range 0.5–0.7, and the sample restricted to this range
shows a larger dispersion for the baryon fraction computed with
the IHE. Therefore, we conclude that the large dispersion ob-
served in the baryon fractions estimated from the hydrostatic β
model is intrinsic to the method itself leading to less reliable
mass estimates, rather than to the uncertainty on β measure-
ments.

6. Discussion and conclusions

Wehave analysed a sample of 33 galaxy clusters and groups cov-
ering a wide range of temperatures. For all clusters, X-ray and
optical data were gathered from the literature (except for Abell
665whoseROSATPSPCdata have been reanalysed by us). This
has allowed us to investigate the structure of the various bary-
onic components ofX-ray clusters.Mass estimateswere derived
from two different methods: first we have followed the stan-
dard hydrostatic isothermal equation (IHE method), secondly
we have estimated the virial mass and mass profile by using the
universal dark matter profile of NFW in which the virial radius
is deduced from the scaling relation argument (SLM method),
the normalization constant being taken from EMN and from
BN.

We find that virial masses (i.e. masses enclosed inside a
fixed contrast density radius) are systematically and signifi-
cantly lower when one is using the hydrostatic isothermal equa-
tion. After this paper was submitted, we have been aware of
a recent similar study by Nevalainen et al. (2000) who found
that taking into account temperature profiles exacerbates this
difference, as inferred masses are then smaller. Examination of
the baryon fraction versus contrast density has shown that the
baryon fraction ismore dispersed using the IHE.We have shown
that this is not due to uncertainties on the β measurement but
rather reflects the fact that the IHE method does not provide as
reliable amass estimate as the SLM, neither in the inner parts nor
in the outer regions. Moreover the tightening of fSLM

b profiles
supports the idea that baryon profiles in clusters do have a rather
regular structure, i.e. that gas distribution is nearly self-similar,
which is consistent with the recent studies by Vikhlinin et al.
(1999) and by Neumann & Arnaud (1999) who found evidence
of regularity in gas density profiles. However, when plugging
their mean standard density profile into the hydrostatic equa-
tion, these last authors found a mean total mass profile which is
different from the NFW profile (their mass profile is lower than
the one derived from numerical simulations). They have used



H. Roussel et al.: The baryon content of groups and clusters of galaxies 441

the hydrostatic isothermal equation to estimate their total mass
which probably explains this discrepancy.

Our mean gas fraction at the virial radius r200, using the
SLM, is found to be in the range 12.6–14.6% (for h = 0.5),
in rough agreement with Arnaud and Evrard (1999), when the
BN or EMN normalization is used. The mean baryonic fraction
is fSLM

b ≈ 13.7–16.0%. It is important to emphasize that our
analysis shows that a larger baryon fraction could be obtained
when the sole hydrostatic equation is used, but it is reasonable
to think that this is an overestimation due to the mass estimator
itself. Our analysis is consistent with an intrinsic dispersion of
20% in baryon fractions (but this could be due to some system-
atics), which means that our mean baryon fraction is uncertain
by less than 0.01.

As the observed luminosity-temperature does not follow the
simple scaling expected from self-similarity, it is likely that non-
gravitational heating such as galactic winds and additional en-
ergy input by Type II supernovae play an important rôle in the
physics of the X-ray gas and may result in inflating the gas dis-
tribution. Metzler & Evrard (1997) have studied this possibility
and found that this is achieved more easily in low temperature
clusters (shallow potential wells). The consequence of such an
effect is an increasing gas fraction outwards within a cluster
and a decreasing gas fraction with decreasing temperature. This
effect is expected to be more pronounced in groups and cold
clusters. From our sample, we do not observe such a trend of
the baryon (gas) fraction with TX whatever the method we use,
suggesting that non-gravitational heating does not have a domi-
nant influence at the scale of the virial radius. In turn,we confirm
that the baryon fraction apparently increases significantly from
the center to outer parts of clusters.

Several previous studies have shown a clear trend of increas-
ing β with TX, while we do not find such a clear trend. Neither
do we find a trend of fb with β, which is consistent with the
absence of an fb–TX correlation, although we find a slightly
decreasing f IHE

b (derived from the IHE method) with increas-
ing β, but with a large dispersion. This result is important as
it shows that the scatter in the baryon fractions derived from
the IHE method is probably not due to the sole errors in the β
measurement, but is rather due to the IHE mass estimator itself.

Our sample does not show any evidence of the strong indi-
cation highlighted by D90 that in low temperature systems, a
larger fraction of baryons is present in the stellar component.
Although a trend could be present in our sample, the data are
certainly consistent with a stellar to gas mass ratio being con-
stant with temperature (or mass), a further argument that non-
gravitational processes are playing a minor rôle in the overall
distribution of gas in clusters.

Finally, it appears that the properties of X-ray clusters are
still difficult to quantify because of the lack of large homoge-
neous samples of clusters for which both optical and X-ray data
are available. Such a situation is likely to improve with Chan-
dra andXMM.Nevertheless, the samplewe have studied reveals
that clusters show important differences in the detail of the struc-
ture of their baryonic content, but that their global properties,

baryon fraction and stellar content do not show strong system-
atic differences with temperature.

Notes on individual clusters

– A85: Optical data for this cluster are unsafe and extend only
out to 900 kpc. We used the observations of Murphy (1984)
but, as the fit with an unusual galaxy density profile he per-
forms is rather poor (and suffers from an inconsistency be-
tween H0 = 50 and H0 = 60), we chose to replace it with
a standard King profile.

– A401: As Buote & Canizares (1996) do not give the central
electron density, we computed it with our program in the
sameway as forAbell 665, since both objects were observed
with ROSAT PSPC, using the galactic hydrogen column
density of David et al. (1993) and the count rate inside a
given radius provided by Ebeling et al. (1996).

– A2029: The same as for A401 applies.
– A2163: Optical data for this cluster are unsafe. No galaxy
distribution was available. We therefore fitted the integrated
luminosity profile given in Squires et al. (1997), but it was
not corrected for background galaxies and it extends only
to 1.3 Mpc whereas RX lim = 4.6 Mpc.

– AWM7: We used the list of galactic positions and magni-
tudes within 1o of the central cD of Beers et al. (1984) to
build an integrated luminosity profile, corrected for incom-
pleteness using their limiting magnitude and the standard
Schechter luminosity function. The optical core radius was
imposed to be the same as theX-ray core radius, which gives
very similar results as excluding the three innermost galax-
ies (otherwise, the fitted core radius is too small and in fact,
the King form is not a good representation of the central
parts of clusters).

– Hydra A: The same procedure as for A2163 was applied,
with the three points given by D90: LV/LV� = 8.2 1011 at
0.5 Mpc, 1.3 1012 at 1 Mpc and 1.9 1012 at 2 Mpc.

– HCG 62: We derived an integrated number count profile
from the list of galactic positions of Zabludoff & Mulchaey
(1998) (using their velocity criteria to select true members)
and fitted it with the function in Eq. 7, assigning to each
galaxy the mean luminosity derived from the limiting mag-
nitude of the observations and the standard Schechter lumi-
nosity function. The number of galaxies contained in this
“compact group” is much larger than usually assumed (45
members withmB < 17 instead of 4 in Hickson 1982).

– HCG 94: Ebeling et al. (1995) claim this object has been
misclassified and, from its X-ray emission, looks more like
a poor cluster rather than a compact group. Only 7 galaxies
are generally attributed to HCG 94 but we made use of the
indication of Ebeling et al. that 12 more galaxies are ob-
served within a 1 Mpc radius and at mB ≤ 18, to which
we attribute a mean luminosity as for HCG 62. The fit by
Eq. 7 we perform relies entirely on this point (fixing the
core radius at the X-ray value) since inclusion of the cen-
tral galaxies would lead to a physically unacceptable core
radius). Therefore, optical data for this object are unsafe.



442 H. Roussel et al.: The baryon content of groups and clusters of galaxies

– NGC 533: As no central electron density is given by
Mulchaey et al. (1996), we computed it from the gas mass
that they obtain at a given radius. For the optical part, this is
the same case as HCG 62. This group contains 36 members
withmB < 17 instead of 4 in Geller & Huchra (1983).

– NGC 2300: The same as for AWM7 applies, using magni-
tudes from the RC3 and excluding the two central galaxies
from the fit instead of fixing the core radius.

– NGC 4261: Since the central electron density Davis et al.
(1995) give is inconsistent with their total gas mass, we
computed it (this is again the same case as for A401 and
A2029). We also used optical data directly from Nolthenius
(1993) and applied the same method as for AWM7 with
magnitudes taken from the RC3 (except we did not have to
impose the core radius).

– RXJ 1340.6 has not been included in figures showing mass
ratios as a function of overdensity, because it is a very pe-
culiar case: the interior of the central giant elliptical galaxy
is seen through a very large range of overdensities (at least
out to δ = 7000).

– Several clusters have unreliable X-ray temperatures: A76,
A426 (very strong cooling flow), A1377, A1775 (likely
very strong cooling flow) and A2218 (steeply outwards-
decreasing temperature profile).

– Error bars on gas mass for groups include an estimate of
the metallicity uncertainty, which results in an uncertainty
on the electron density. This effect was taken into account
only for groups, because it is significant mostly in the case
of low temperatures.
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Ebeling H., Voges W., Böhringer H., et al., 1996, MNRAS 281, 799

(EVB96)
Ebeling H., Mendes de Oliveira C., White D.A., 1995, MNRAS 277,

1006 (EMW95)
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