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Abstract. Self-gravitating systems such as elliptical galaxies appear to have a constant integrated specific entropy and obey a
scaling law relating their potential energy to their mass. These properties can be interpreted as due to the physical processes
involved in the formation and evolution of these structures. Dark matter halos obtained through numerical simulationshave also
been found to obey a scaling law relating their potential energy to their mass with the same slope as for ellipticals, and very
close to the expected value predicted by theory. Since the X-ray gas in clusters is weakly dissipative, we test here the hypothesis
that it verifies similar properties. Comparable propertiesfor the dark matter component are also investigated.
With this aim, we have analyzed ROSAT-PSPC images of 24 clusters, and fit a Sérsic law to their X-ray surface brightness
profiles. We found that: 1) the Sérsic law parameters (intensity, shape and scale) describing the X-ray gas emission arecorrelated
two by two, with a strong correlation between the shape and scale parameters; 2) the hot gas in all these clusters roughly has
the same integrated specific entropy, although a second order correlation between this integrated specific entropy and both the
gas mass and the dynamical mass is observed; 3) a scaling law links the cluster potential energy to its total mass, with thesame
slope as that derived for elliptical galaxies and for dark matter halo simulations. Comparable relations are obtained for the dark
matter component. All these correlations are probably the consequence of the formation and evolution processes undergone by
clusters of galaxies.

Key words. cosmology: theory – cosmology: dark matter – galaxies: clusters: general – X-rays: galaxies: clusters

1. Introduction

Clusters of galaxies are known to be the largest gravitationally
bound objects in the Universe. The amplification of primordial
density fluctuations by gravity is thought to be the origin of
structure formation, however the details of the formation pro-
cess are not yet well understood and the study of the struc-
ture and properties of dark matter halos and of the intra cluster
plasma in virialized systems can give important clues to un-
derstand the physics involved in the formation and evolution
of galaxy clusters. Nowadays, these studies have undergone
great improvements with the developement of advanced obser-
vational facilities and techniques, together with the progress of
numerical simulations.

Many works have been developed during the last decades
on this respect. Secondary infall and the effects of this process
on the cluster structure were discussed by Gunn & Gott (1972),
and self-similar solutions for dark matter halos and gas were
studied in numerical simulations carried out e.g. by Fillmore &
Goldreich (1984), Bertschinger (1985), Teyssier et al. (1997)
and Subramanian (2000). Cold Dark Matter (CDM) studies

Send offprint requests to: R. Demarco, e-mail:demarco@iap.fr
? Based on data obtained from the public archive of ROSAT at the

Max-Planck-Institut für Extraterrestrische Physik.

based on high-resolutionN-body simulations performed by
Navarro et al. (1996, 1997) suggest a cuspy and universal dark
matter (DM) density profile in galaxies and clusters of galaxies,
independent of mass scale and cosmology; this result is contra-
dicted by Jing & Suto (2000). However, some important obser-
vational facts seem not to be reproduced by these studies: nu-
merical simulations based on the CDM scenario predict density
profiles with steep inner slopes which fail to reproduce the rota-
tion curves of low surface brightness (LSB) galaxies (Flores &
Primack 1994; Moore et al. 1999). Although other works claim
that cuspy DM profiles are consistent with the available data
for dwarfs and LSB galaxies (van den Bosch & Swaters 2001),
microlensing studies towards the center of our galaxy also sup-
port the incompatibility between CDM simulations and obser-
vational evidence (Binney & Evans 2001). To explain the dis-
crepancy concerning the central slopes of DM halos (Navarro
et al. 1997; Moore et al. 1999), the lack of sufficient resolution
in the central regions of simulated halos has been proposed;
Point Spread Function (PSF) effects together with insufficient
resolution on galaxy rotation curves (van den Bosch & Swaters
2001) may be also at the origin of the discrepancy between
models and observations.
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Observations in the X-ray band provide valuable informa-
tion on the hot Intra Cluster Medium (ICM). A popular model
used to fit the spatial distribution of the X-ray gas is the so
called β-model (Cavaliere & Fusco-Femiano 1976; Sarazin
1988) which assumes an isothermal ICM. However, this model
may not be good enough to describe the cluster gas component,
since the isothermality of the ICM is still rather controversial.
Cooling flows are known to produce a drop of the gas tem-
perature towards the center of the cluster; besides, outside the
cooling flow region things are still not clear. Temperature pro-
files based on ASCA (White 2000) and ROSAT (Irwin et al.
1999) data were found to be consistent with the isothermal hy-
pothesis. On the other hand, Markevitch et al. (1998) found
from ASCA observations that cluster temperatures decrease
significantly with radius. Irwin & Bregman (2000) analysed
BeppoSAX data and claimed a slight rise in cluster tempera-
ture with radius, a result which is at odds with De Grandi &
Molendi (2002), who found that for a set of 21 clusters the
temperature profile has a clear isothermal core (excluding the
cooling flow region) followed by a rapid radial decline. Note
that such a core is consistent with Chandra observations
of cooling flow clusters, where the temperature profile rises
rapidly with radius, then remains approximately constant out
to ∼0.8 Mpc (Allen et al. 2001b). Finally, XMM-Newton ob-
servations e.g. of Coma (Arnaud et al. 2001) and Abell 1795
(Tamura et al. 2001) show small but significant radial variations
of the temperature. Numerical simulations seem to confirm a
decline of temperature profiles with radius, but are not ableto
reproduce the flatness of these profiles in the innermost regions
(Frenk et al. 1999; Loken et al. 2002). This disagreement may
be due to additional physical processes that must be taken into
account in future numerical simulations. Another point is that
a singleβ value cannot always fit the X-ray surface brightness
profile of clusters (Allen et al. 2001a,b; Hicks et al. 2002).

The ICM density and temperature distributions are of fun-
damental importance because they can be used to determine
the specific entropy distribution of the ICM, thus providingim-
portant information to understand nongravitational internal and
external processes that may contribute to the ICM thermal his-
tory, such as external preheating and energy injection through
supernova-driven galaxy winds (Brighenti & Mathews 2001;
Dos Santos & Doré 2002). Non-gravitational processes may be
responsible for the observed breaking of the self-similar rela-
tion between X-ray luminosity and temperature predicted by
theory (Arnaud & Evrard 1999; Rosati et al. 2002 and refer-
ences therein) and for the so called Entropy Floor (Ponman
et al. 1999; Helsdon & Ponman 2000; Lloyd-Davies et al.
2000).

With the assumption that the X-ray plasma in clusters
of galaxies is weakly dissipative, clusters considered as self-
gravitating systems are likely to verify properties similar to
those recently found in elliptical galaxies, considered asself-
gravitating systems. Namely, the optical surface brightness
profiles of elliptical galaxies can be fit by a Sérsic law (Sérsic
1968; Caon et al. 1993; Ciotti & Bertin 1999):

Σ(s) = Σ0 exp
[

−

( s
a

)ν]

(1)

characterized by three parameters:Σ0 (intensity),a (scaling)
and ν (shape). For a sample of 132 ellipticals belonging to
three galaxy clusters, the Sérsic parameters were found tobe
correlated two by two, and in the three-dimensional space de-
fined by these three parameters they are located on a thin line.
These properties have been interpreted as due to the fact that,
to a first approximation, all these elliptical galaxies havethe
same specific entropy (entropy per unit mass) (Gerbal et al.
1997; Lima Neto et al. 1999; Márquez et al. 2000), and that
a scaling law exists between the potential energyU and the
massM for these galaxies:U ∝ M1.72±0.03 (Márquez et al.
2001). Each of these relations defines a two-manifold in the
[logΣ0, loga, ν] space. The thin line on which the galaxies are
distributed in this space is the intersection of these two two-
manifolds. Such relations are most probably a consequence of
the formation and evolution processes undergone by these ob-
jects, since theory predictsU ∝ M5/3 under the hypothesis
that energy and mass are conserved (Márquez et al. 2001).

Interestingly, numerical simulations of cold dark matter
haloes in two different mass ranges lead to a similar scaling
law between the potential energy and mass of the haloes. In
the mass range 4× 105 ≤ M ≤ 4 × 108 M� (unviri-
alized clusters), Jang-Condell & Hernquist (2001) find a re-
lation consistent withU ∝ M5/3, while in the mass range
1012 ≤ M ≤ 1015 M� (virialized clusters) Lanzoni (2000)
findsU ∝ M1.69±0.02.

In this work, we present a study aimed at testing whether
results similar to those found in elliptical galaxies can also be
obtained for galaxy clusters, based on an accurate modeling
of the cluster X-ray surface brightness. We use a de-projection
of the Sérsic profile (Eq. (1)) to obtain the gas and DM den-
sity distributions, temperature profiles, dynamical mass distri-
butions and estimations of the integrated specific entropies of
the gas and DM components for a set of 24 nearby galaxy
clusters and a group. Interesting correlations between physical
quantities are found, comparable to those observed in elliptical
galaxies, which can give important clues to understand better
the formation and evolution of galaxy clusters. This paper is
structured as follows: our sample is described in Sect. 2; the
calculations of the physical quantities used in this paper are
presented in Sect. 3; the method used to determine the gas den-
sity profile from the X-ray surface brightness is described in
Sect. 4; the methods used to derive the temperature profile and
the dark matter distribution are explained in Sect. 5; results are
presented in Sect. 6 and conclusions in Sect. 7.

2. The sample

We have retrieved data taken with the PSPC-B camera of
ROSAT from the ROSAT archive at MPE. The energy range
considered is 0.44−2 keV, corresponding to the four energy
bandsR4 to R7 (Snowden et al. 1994). These bands were cho-
sen in order to avoid the low signal to noise ratio in the lower
bands due to the high absorption by the hydrogen column.
The spatial resolution of the PSPC is 25′′ and its energy res-
olution corresponds to 0.43% at 0.93 keV. We selected obser-
vations with the longest exposure times and where the clus-
ter showed a regular shape, with no obvious mergers and a
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Table 1.Cluster sample and observational data from the literature.

Cluster z Exp. time (s) T0 (keV) LX(1044 erg s−1)

A85 0.0518 10 240 6.20+0.40
−0.15 19.52+1.35

−1.35

A478 0.0881 21 969 6.90+0.35
−0.35 32.00+4.08

−4.08

A644 0.0704 10 246 6.59+0.17
−0.17 18.92+2.17

−2.17

A1651 0.0860 7429 6.10+0.20
−0.20 18.78+2.21

−2.21

A1689 0.1810 13 957 9.02+0.40
−0.30 55.73+8.92

−8.92

A1795 0.0631 26 172 5.88+0.14
−0.14 25.42+1.47

−1.47

A2029 0.0765 12 550 8.47+0.41
−0.36 41.93+2.96

−2.96

A2034 0.1510 8952 7.00 6.86

A2052 0.0348 6211 3.10+0.20
−0.20 4.27+0.34

−0.34

A2142 0.0899 6186 9.70+1.30
−1.30 61.12+3.95

−3.95

A2199 0.0299 40 999 4.10+0.08
−0.08 7.09+0.25

−0.25

A2219 0.2250 11 200 12.40+0.50
−0.50 64.56+6.96

−6.96

A2244 0.0970 2963 8.47+0.43
−0.42 25.32+2.14

−2.14

A2319 0.0559 3169 9.12+0.15
−0.15 39.74+2.17

−2.17

A2382 0.0648 17 444 2.90 0.91

A2390 0.2310 10 335 11.10+1.00
−1.00 63.49+14.87

−14.87

A2589 0.0416 7289 3.70+1.30
−0.70 3.42+0.38

−0.38

A2597 0.0852 7163 4.40+0.40
−0.70 15.37+1.79

−1.79

A2670 0.0761 17 679 4.45+0.20
−0.20 4.97+0.92

−0.92

A2744 0.3080 13 648 11.00+0.50
−0.50 62.44+14.41

−14.41

A3266 0.0594 13 547 8.00+0.30
−0.30 16.48+0.64

−0.64

A3667 0.0552 12 560 7.00+0.60
−0.60 22.70+4.20

−4.20

A3921 0.0960 11 997 4.90+0.55
−0.55 10.92+1.52

−1.52

A4059 0.0460 5439 3.97+0.12
−0.12 5.78+0.54

−0.54

HCG62 0.0137 19 639 1.1+0.05
−0.05 0.12

For A2034 and A2382, the temperatures and X-ray luminosities were taken from Ebeling et al. (1996) who do not provide error bars.

smooth light curve (no strong scattered solar X-ray contamina-
tion). We thus built a sample of 24 clusters (see Table 1) with
redshifts ranging between 0.01 and 0.3. Redshifts were taken
from the SIMBAD data base (except for A2199 for which the
redshift was obtained from Wu et al. 1999), and gas tempera-
tures and luminosities from Wu et al. (1999), except for A2034
and A2382 for which temperatures were taken from Ebeling
et al. (1996). We assumeH0 = 50 km s−1 Mpc−1, Ω0 = 1,
andΛ = 0 throughout this analysis. In order to increase the
range inTX, in particular to include cooler systems when draw-
ing the LX − TX relation, we intended to add several groups
to our sample of clusters. However, we only included in our
sample the group HCG 62, the one with the longest expo-
sure time and best signal to noise ratio (we also tried to in-
clude HCG 94, but discarded it because of its signal to noise
ratio). More groups will be considered in forecoming works.

The data reduction was done using the software devel-
oped by Snowden et al. (1994). The routines in the software
provide the best available modeling and subtraction of vari-
ous non-cosmic background components and corrections for

exposure, satellite wobbling, vignetting and variations of de-
tector quantum efficiency. A flat-field correction of the images
was applied and the non-extended sources were masked, except
the cluster centers. The whole procedure was carried out only
in clusters without strong scattered solar X-ray contamination;
for each cluster, we checked the light curves in the 4 energy
bands considered, and all those with count rate peaks larger
than 3 counts s−1 in their light curves were excluded.

3. Estimating physical quantities

3.1. Gas density profile

The observed X-ray emission of the ICM is directly related to
the gas distribution in the dark matter halo gravitational poten-
tial. Thus, in order to compare theory with observations, a de-
scription of the gas distribution is needed. Using a parameter-
dependent model for the gas density profile, it is possible to
re-construct the 3D X-ray emission of the cluster which, once
projected and compared to the observations (Sect. 4), will
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allow us to derive the best set of values for the model param-
eters. We have chosen a 3D deprojection of a Sérsic profile
(Sérsic 1968) to describe the gas distribution in clusters. This
choice was motivated by the fact that we already used this pro-
file to fit the optical surface brightness of elliptical galaxies, and
computed all the physical quantities needed here, such as the
entropy, potential energy, etc., as a function of the three Sérsic
parameters (see Márquez et al. 2001 and references therein).
Note that from a mathematical point of view, since the Sérsic
profile has three parameters instead of two (compared to other
models as for instance theβ-model), the fitting process is more
flexible. Besides, the fact that the volume integral of this pro-
file does not diverge at large radii allows us to compute im-
portant quantities such as the total mass, potential energyand
entropy of the system without any extra mathematical require-
ment such as a cutoff radius, for instance. Note also that the
Sérsic law (Eq. (1)) is a non-homologous generalization of
the de VaucouleursR1/4 profile (de Vaucouleurs 1948). The
3D deprojection of such a profile corresponds to a generalized
form of the Mellier-Mathez profile (Mellier & Mathez 1987)
given by:

ρgas(r) = ρ0 (r/a)−p exp[−(r/a)ν] (2)

whereρ0 is the volume gas density associated to the central
column densityΣ0 and the parametersp andν are related by
the numerical approximation (Márquez et al. 2001):

p ' 1.0− 0.6097ν+ 0.05563ν2 (3)

which gives the best approximation to the Sérsic law when
Eq. (2) is projected. The Sérsic profile defined by Eq. (1) cor-
responds to a surface mass density while Eq. (2) is the volume
mass density. The condition that the mass obtained by integrat-
ing Eq. (1) must be equal to the mass obtained by integrating
Eq. (2) implies:

ρ0 =
1
a
Σ0

Γ( 2
ν
)

2Γ( 3−p
ν

)
(4)

where Γ(a) is the complete gamma function defined
by Γ(a) =

∫ ∞

0
xa−1e−xdx.

3.2. Dark matter distribution and dynamical mass

Once the gas distribution is known, a reasonable hypothesis
can be used to derive the dark matter distribution in the cluster.
Previous works on X-ray clusters suggest a power law relation
between the distributions of dark matter and gas (e.g. Gerbal
et al. 1992; Durret et al. 1994). We will assume here a relative
distribution of the DM and gas of the formρDM/ρgas = R(r),
whereR(r) is a power law of the form:

R(r) = κ
( r
a

)−α

· (5)

Under this hypothesis, the dark matter also follows a Sérsic
law: it decreases exponentially above a certain radius and its
asymptotic behavior towards the cluster centre is a power law
of slopep′ = −(p + α). The values forκ, assumingα = 0.25
are given in Table 2 (see Sect. 4).

Using Eqs. (5) and (2), the total amount of mass contained
within a spherical region of radiusr is given by the integral:

MDyn(r, κ, α) =
∫ r

0

[

κ

(u
a

)−α

+ 1
]

ρgas(u)4πu2du

=
4πρ0a3

ν

{

κ γ

[

3− (p+ α)
ν

,

( r
a

)ν
]

+ γ

[

3− p
ν
,

( r
a

)ν
]}

(6)

where γ(a, z) is the incomplete gamma function defined
by γ(a, z) =

∫ z

0
xa−1e−xdx.

3.3. Gas temperature profile

An important point in our study is to compute the temperature
distribution of the ICM. This can be achieved by estimating the
gas density profile, obtained by fitting the observations, and as-
suming that clusters of galaxies are systems in a nearly hydro-
statical equilibrium sate. A hypothesis on the state equation of
the ICM gas is also needed. An ideal gas state equation can be
considered as a good approximation, although its application
to self-gravitating systems has been questioned in the past(see
Bonnor 1956 and references therein).

Therefore, the equation of hydrostatical equilibrium:

∇P(r) = −G
MDyn(r)

r2
ρgas(r) (7)

is then combined with the equation of state for the hot intra-
cluster plasma:

P(r) =
ρgas(r)

µmp
kBTgas(r) (8)

to provide the following equation from which the ICM temper-
ature as a function of radiusTgas(r) can be derived once the gas
number density as a function of radiusngas(r) is known:

MDyn(r) = −
kB

µmpG
r2

{

Tgas(r)
d ln[ngas(r)]

dr
+

dTgas(r)

dr

}

(9)

whereG is the gravitational constant,kB is the Boltzman con-
stant,µ is the plasma molecular weight (we assumeµ = 0.6
for the ICM) and mp the proton mass. The electron num-
ber density and the gas mass density are related byngas(r) =
ρgas(r)/(1.14 mp). The gas temperature profile can be ob-
tained as a function ofκ andα by replacing Eqs. (6) and (2)
into Eq. (9), and performing a Gauss-Laguerre integration of
the latter. The solution is of the form:

T(r, κ, α) =
(

w

νa

) ( r
a

)p
e( r

a)
ν

t(r, κ, α) (10)

wherew ≡ 4πG
µmp

kB

ρ0a3

ν
= 1.54× 1038

(

ρ0a3

ν

)

m keV, and

t(r, κ, α) =
∫ ∞

( r
a)
ν

{

κγ

[

3− (p+ α)
ν

, x

]

+ γ

[

3− p
ν
, x

]}

x−
(p+ν+1)
ν e−xdx. (11)

Equation (10) will be used together with a model for the hot
plasma spectrum to derive the best set of values forκ andα,
in agreement with quantities already observed in clusters of
galaxies such as their mean X-ray temperature and luminosity
and their baryonic mass fraction (see Sect. 5).
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3.4. Potential energy and specific entropy

Changing the upper limit of the integral in Eq. (6) to∞ we
obtain the total dynamical mass:

MDyn =
4πρ0a3

ν

{

κ Γ

[

3− (p+ α)
ν

]

+ Γ

(

3− p
ν

)}

· (12)

The total potential energy of the cluster is given by:

Upot = G
M2

Dyn

Rg
(13)

where the gravitational radiusRg is defined byRg = a R∗g,
wherea is the scale parameter andR∗g is a dimensionless radius
given by the numerical approximation:

ln(R∗g) '
0.82032− 0.92446 ln(ν)

ν
+ 0.84543

(Márquez et al. 2001).
In spite of the X-ray emission, which is responsible in many

cases for cooling flow processes affecting the equilibrium state
of the cluster in the inner regions, we may consider clusters
as structures where dissipating processes are negligible com-
pared to their gravitational energy, thus settling into a nearly
thermodynamic equilibrium at large scale. This can be inferred
by a simple order of magnitude calculation: the potential en-
ergy of a cluster of mass∼1015 M� and radius∼1 Mpc is
about 8× 1064 ergs. The energy lost through X-ray emission
during a Hubble time (∼2 × 1017 s) by a cluster of X-ray lu-
minosity∼1045 erg s−1 is around 3× 1062 ergs, a value which
is almost 300 times smaller than its potential energy. We can
therefore estimate the gas entropy of such a configuration.

The specific entropy of the intra-cluster gas can be com-
puted from the distribution function in the phase space,f (x, v),
of the gas particles using the microscopic Boltzmann-Gibbs
definition:

s= −

∫

f ln( f ) d3x d3v
∫

f d3x d3v
(14)

where the Boltzmann constant iskB = 1. Note that this ex-
presion gives us the specific entropy of the entire system (gas
or DM) because the integration covers the total volume in phase
space. This definition then corresponds to an integrated specific
entropy, and it will be referred to as “global” specific entropy.
It is important to say that when we use the words “integrated”
or “global” for the specific entropy, we are referring to thisdef-
inition applied to the gas or DM separately and not to the sum
of these two components.

To find the distribution function some simplifying hypothe-
ses are needed. The first one is that our system is spherically
symmetric, and the second one is that the velocity dispersion
of the gas particles is isotropic (we neglect any possible rota-
tion of the gas). Thus the distribution functionf , depending ex-
plicitly only on the total energy, can be obtained from the den-
sity profile by an Abel inversion (Binney & Tremaine 1987).
In this way, f = f (ρ) and the integrated specific entropy can
be computed numerically as a function of the Sérsic parame-
ters only, providing a way to estimate the integrated specific

entropy of the ICM from its surface brightness fit. It is im-
portant to emphasize here that the Boltzmann-Gibbs definition
of the specific entropy makes no assumption on the equation
of state, in particular the ideal gas equation for the ICM, and
no assumption either on the validity of a hydrostatic equilib-
rium state of the system; this definition is therefore a general
one since it only assumes spherical symmetry and an isotropic
velocity dispersion tensor. Since the method we present here,
based on the cluster X-ray surface brightness fitting, provides
a good constrain on the gas density profile, this density profile,
together with Eq. (14) can be used to obtain a good estimate of
the global ICM specific entropy.

The specific entropy can also be obtained from the follow-
ing set of equations (Balogh 1999):

s(r) = cv

{

ln

[

2π(µmp)8/3K0(r)

h2

]

+
5
3

}

(15)

and

K0(r) =
kBTgas(r)

µmpρgas(r)2/3
(16)

wherecv is the specific heat capacity at constant volume of the
plasma. These widely used equations require, however, the fol-
lowing assumptions on the ICM: the gas is considered to be
monoatomic and the equation of state for an ideal gas is sup-
posed to hold. By knowing the ICM density and temperature
distributions, Eqs. (15) and (16) can then be used (see Sect.6.3)
to compute the gas specific entropy profile for each cluster. Gas
density profiles are obtained from the X-ray surface brightness
fit (see Sect. 4) while temperature profiles are derived by as-
suming both the hydrostatic equilibrium condition and the ideal
gas state equation for the ICM, as explained before. Since the
physical quantities involved here are intensive, these equations
cannot be integrated to derive the integrated specific entropy of
the gas, and Eq. (14) will have to be used for this purpose.

The entropy is of fundamental importance to understand
the effects of non-gravitational processes on the thermodynam-
ical history of clusters. Previous studies refer to the gas entropy
at 0.1rvir, wherervir is the cluster virial radius (e.g. Ponman
et al. 1999; Lloyd-Davies et al. 2000), while in this work we
estimate the gas specific entropy for the entire cluster. Ourcal-
culations take into account all possible sources of heatingand
cooling, regardless of the distance to the centre, thus providing
a good quantitative basis to which models can be compared in
order to disentangle the different processes that affect the inter-
nal energy of the ICM during its history since the earlier epochs
of the cluster formation.

We also notice that our assumption concerning the
ρDM/ρgas ratio (Eq. (5)) implies that the resulting DM density
distribution is also Sérsic-like, with a central density distribu-
tion described by a power law varying asr−(p+α). Under the hy-
pothesis already stated concerning the distribution function of
particles in phase space, we can in principle also compute the
integrated specific entropy of the DM halo by using Eq. (14)
and the DM density profile. Therefore the DM specific entropy
is calculated numerically from the equation:

s= −
1
M

∫ Ψ(0)

0

dM
dε

ln f (ε)dε , (17)
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which can be derived from Eq. (14), and whereε represents
the binding energy,M the total halo mass, andΨ the relative
gravitational potential (see Magnard 2002).

4. Fitting method and density profile

Finding the gas density profile amounts to deriving the best
set of values for the Sérsic parameters. This has required to fit
the ROSAT images by a pixel-to-pixel method, which creates
a three-dimensional model of the X-ray emission which is then
projected by integration along the line of sight, taking into ac-
count the energy response and the point spread function of the
detector. The result is a synthetical image which can be com-
pared to the observation, and the best set of Sérsic parameters
is obtained by successive iterations. The gas density profile de-
fined by Eq. (2) is used to model the bremsstrahlung emission,
and the free-bound and bound-boundX-ray emissions are taken
into account. The code computes the X-ray emissivityεν in ev-
ery point; it is then projected to obtain the surface brightness.
This projected image is then convolved with the ROSAT point
spread function (PSF), which varies as a function of position
(and energy) on the detector. We have used in our fits a FWHM
of 2 pixels which corresponds to the central PSPC PSF.

The cluster redshift and the mean gas temperature are re-
quired as input parameters. To obtain an initial guess for the
free parameters in Eq. (2) we fit a Sérsic profile (Eq. (1)) to
the X-ray surface brightness of each cluster. In order to stay as
close as possible to our hypothesis of spherical symmetry, we
selected clusters presenting the most round and uniform pro-
jected X-ray emission. However, this emission is not perfectly
circular and due also to the fact that what we observe is always
a projection on the plane of the sky of a three dimensional struc-
ture, we decided to take into account during the fitting process
the ellipticity of the projected emission supposing also that all
the clusters are oblate spheroids, i.e., that the third axisalong
the line of sight is a major axis. Ifa is the semi–major axis,
which also corresponds to the scale parameter in the Sérsicpro-
file, andb is the semi–minor axis, we define the ellipticity of
the projected X-ray emission bye=

√

1− (b/a)2. The elliptic-
ity and semi-major axis position angle of the X-ray distribution
are thus considered as free parameters for the fit and given as
inputs for the code. The gas was assumed to be isothermal as a
first approximation.

After obtaining the initial guesses for each free parameter,
we use these values together with Eq. (2) to make a new syn-
thetic image, then compare it to the actual ROSAT image. The
parameter values are then changed and the comparison pro-
cess is repeated iteratively, until it finds the 3D X-ray emission
which best fits the surface brightness profile of the observa-
tion when projected. The fitting process is carried out with the
MIGRAD method in the CERN MINUIT library (James 1994).
In this process, the gas temperature is kept constant, as a first
approximation. The exact shape of the temperature profile is
not crucial when finding the set of values for the parameters,
because the emissivity does not have a strong dependence on
temperature as compared to its dependence on density; indeed,
we find that modifying the temperature profile changes the

Fig. 1. Comparison of our best model of the X-ray surface brightness
(dot-dashed ellipses) with the corresponding ROSAT image for the
cluster A2597. The X-ray iso-contours are 0.5, 1, 3, 10 and 100 times
the background; they were made after smoothing the originalimage
with a Gaussian kernel ofσ = 3.2 pixels.

values of the Sérsic parameters by at most a few percent, as
explained in Sect. 5.

The fitting process directly gives us the best estimates for
the semimajor axisa and shape parameterν. However, the cen-
tral electronic number densityne0 given by the fit is not accu-
rate enough, and is estimated by another method (see Sect. 5).

We evaluated errors with the MINUIT error function
MINOS, which calculates parameter errors taking into account
both parameter correlations and non-linearities. Resulting er-
rors correspond to a 1σ deviation.

All the equations presented in Sect. 3 refer to spherical
symmetry, for which we had to define an equivalent scale pa-
rameter,aeq in order to go from the oblate geometry considered
in the fit to the spherical geometry of the model. This new scale
is defined asaeq = (a2b)1/3 and will be used instead ofa to com-
pute the specific entropy, the dynamical mass and the potential
energy of a spherically symmetric X-ray region.

We show in Fig. 1 a comparison of our best fit Sérsic model
of A2597. The good fit of the cluster surface brightness can
clearly be seen, confirming the capability of the Sérsic profile
to reproduce the cluster X-ray emission.

5. Gas temperature and dark matter to gas ratio

The fitting process described above provides the best val-
ues ofaeq and ν for a given gas temperature profile, assum-
ing as a first approximation that each cluster has an isother-
mal ICM, and then obtaining, through an iterative procedure,
the best compatible gas density and non-isothermal tempera-
ture profiles, assuming hydrostatic equilibrium and spherical
symmetry.
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Table 2. Best fit values for the Sersic parameters of the ICM,κ from Eq. (5), and radiusr200 within which the mean density is 200 times the
critical density of the Universe.

Cluster ν aeq (kpc) ne0 × 10−3 (cm−3) κ r200 (kpc)

A85 0.55± 0.01 260± 5 5.72± 0.11 7.17± 0.32 2714

A478 0.50± 0.01 143± 4 18.51± 0.52 7.04± 0.42 2607

A644 0.82± 0.01 389± 6 3.58± 0.06 7.19± 0.21 2421

A1651 0.74± 0.02 385± 9 3.57± 0.11 6.59± 0.25 2453

A1689 0.58± 0.01 198± 9 14.26± 0.82 7.90± 0.35 2594

A1795 0.54± 0.00 164± 2 12.30± 0.23 7.64± 0.21 2462

A2029 0.49± 0.01 151± 4 16.63± 0.52 8.65± 0.43 2946

A2034 1.00± 0.03 811± 18 1.72± 0.04 3.58± 0.43 2450

A2052 0.47± 0.01 100± 5 11.70± 0.72 9.90± 0.67 1930

A2142 0.81± 0.01 528± 6 3.86± 0.05 4.26± 0.50 2824

A2199 0.60± 0.00 180± 1 6.82± 0.06 9.42± 0.20 2142

A2219 0.85± 0.02 689± 15 3.40± 0.08 4.04± 0.24 2887

A2244 0.56± 0.02 237± 17 6.38± 0.68 13.05± 0.70 3039

A2319 0.80± 0.01 755± 13 1.86± 0.04 5.13± 0.10 3294

A2382 1.17± 0.04 831± 19 0.49± 0.01 6.61± 0.66 1900

A2390 0.59± 0.02 313± 16 8.61± 0.48 5.13± 0.62 2658

A2589 0.72± 0.02 312± 8 2.31± 0.07 9.25± 1.73 2008

A2597 0.39± 0.01 37± 4 71.44± 46.76 12.42± 1.60 2035

A2670 0.52± 0.03 215± 27 4.05± 0.74 11.44± 0.58 2331

A2744 1.35± 0.07 877± 25 2.26± 0.07 4.82± 0.29 2506

A3266 1.18± 0.01 935± 7 1.22± 0.01 5.66± 0.20 2973

A3667 0.89± 0.01 990± 9 1.07± 0.01 3.29± 0.36 2723

A3921 0.81± 0.02 653± 15 1.41± 0.04 3.66± 0.50 2090

A4059 0.64± 0.01 233± 8 4.34± 0.18 8.46± 1.02 2033

HCG62 0.36 22 17.4 36.9± 1.63 −

In order for thene0 normalization to give the observed
number of counts, we first computed the cluster fluxF, af-
ter substraction of point sources and background (obtainedby
the 2D fit). The masked source pixel counts were set to the
mean value taken within ellipses. Thenne0 was chosen so that
a bremsstrahlung XSPEC model convolved by a hydrogen col-
umn absorption would give the same flux as seen by ROSAT:

F =
3.02× 10−15

4πd2
L

∫

nenIdV

=
3.02× 10−15

4πd2
L

22+ 2p−3
ν

ν
a3ne0

2πΓ

[

3− 2p
ν

]

wheredL is the luminosity distance to the cluster, andnI is the
number density of plasma ions.

Equations (10) and (11) provide the ICM temperature pro-
files as families of solutions depending on the parametersκ

andα. Since these are found to be different from those assumed
to estimate the Sérsic parameters, the fitting process mustbe

repeated, using the new temperature profile, in order to obtain
a new set of parameters for each cluster, until convergence.

We tested on one cluster (A2029) the effect of a temperature
gradient on the gas density profile from distances close toreff/4
outwards, wherereff corresponds to an effective radius which
contains half of the cluster gas mass. For this, we did a second
fit of the surface brightness of A2029 using a new temperature
profile given by a power law of the formT(r) = T0(r/reff)β

where reff ' 2800 kpc.T0 was set in order to have a non-
weighted mean temperature equal to the mean cluster temper-
ature (Table 1) and we considered the casesβ = −0.5 and−1.
After the first iteration, the values found forne0, aeq, andν re-
mained almost unchanged for both values ofβ: the scale and
shape parameters changed by about 1%, and the central elec-
tronic density by 4% with respect to the isothermal fit.

We therefore decided to keep the Sérsic values given by
the original fit as the definitive ones. Equation (10) can be re-
written in the formT(r, κ, α) = κT1(r, α) + T2(r). We produced
a set ofT1(r, α) profiles corresponding to values ofα between 0
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and 2 with steps of∆α = 0.1. These curves together with their
correspondingT2(r) profiles and an adequate set of values forκ
were used to find which combination ofκ andα gives the clos-
est values to the observed global temperatures and luminosities
(Ebeling et al. 1996; Wu et al. 1999), and baryon mass fractions
(Arnaud & Evrard 1999; Mohr et al. 1999; Schindler 1999).
These quantities are evaluated as follows. The two profilesne(r)
and T(r, κ, α) plus the hypothesis of a gas metallicity equal
to 0.3Z� (see Renzini 1997) and the emission process deter-
mine the cluster X-ray emission. We used the XSPEC software
to simulate the corresponding spectra with a bremsstrahlung
emission model (to be coherent with the emission model used
in the fitting program). We summed up the spectra from shells
of constant electronic density and temperature over radius, con-
sidering only the volume intersected by the ROSAT observa-
tion cylinder. The spectrum obtained is then convolved witha
photoelectric absorption model and with the ROSAT response
function to produce the simulated spectrum. A fit is then per-
formed on this spectrum to derive the X-ray temperature and
luminosity (the metallicity and hydrogen column density are
fixed).

The set ofκ and α has to produceLX and T in agree-
ment with the observed data within errors. Moreover, the gas
mass fractions should stay inside the observed limits. So we
performed a minimization of the distance between the ob-
served data and the predictions from our model. We found that
the bestα is often very close to zero, which is not in good
agreement with results obtained from numerical simulations by
Teyssier (2002) which show aρDM/ρg ratio varying globally
asr−0.25; besides our values ofα are not well constrained. We
therefore chose to imposeα = 0.25; κ was then recomputed to
give luminosities and temperatures as close as possible to the
observations.

To each temperature profileT(r, κ, α) corresponds a couple
of simulated observational parameters (Tsim, Lsim). The value
of κ is constrained by imposing these parameters to be close
(within error bars) to the real observational values. The gas
mass fraction is checked to be compatible with the isothermal
hypothesis.

6. Results

6.1. Mass distributions and parameter correlations

The 3D gas density profiles were computed with Eq. (2) for
all the clusters in our sample, using the sets of parameters ob-
tained from the surface brightness fitting process (described in
Sect. 4) of the PSPC images and listed in Table 2. By means of
Eq. (5), the corresponding DM distribution can be recovered.
In Fig. 2 we show the 3D gas and DM density profiles for ev-
ery cluster divided by the critical density of the Universe at the
cluster redshift (e.g., Ettori et al. 2002):ρc(z) = 3H2(z)/(8πG),
where the Hubble constant at redshiftz is defined by
H(z) = H0

√

Ωm(1+ z)3 + 1− Ωm.
Both DM and gas distributions are Sérsic-like, implying

that the corresponding profiles decrease exponentially out-
wards above a certain distance from the cluster centre; on the
other hand, whenr goes to zero they follow a power law in

Fig. 2. 3D deprojected gas (full lines) and dark matter (dashed lines)
density profiles divided by the critical density of the Universe at the
cluster redshift.

radius with a logarithmic slope tending asymptotically to−p(ν)
for the gas and to−(p(ν) + α) for the DM.

The values forκ, obtained as described in Sect. 5, are in
most cases smaller than 10, while the value forα was fixed
to 0.25 (see above). Although DM halos are denser than the
ICM gas, as implied by theκ factor and the asymptotic slope
differenceα, the general shapes of both profiles look quite sim-
ilar, implying that dark matter and gas are distributed in a com-
parable way. This effect is a natural consequence of the hy-
potheses and conditions imposed to our model. However such
a behaviour seems to be the case for massive systems (like
those in our sample – see total masses in Table 3), as shown by
observations of galaxy clusters at moderate and high redshifts
(Schindler 1999). The gas would be accreted into the form-
ing structure and once the system reaches a relaxed state, the
gas just accommodates into the halo potential. This is true at
the scale of massive galaxy clusters where the potential well
is deep enough to prevent the gas from expansion due to non-
gravothermal processes. In this case, both dark matter and gas
present similar distributions in contrast with what is observed
in smaller systems such as groups of galaxies and even galax-
ies, where the gas can produce extended cores as result of
energy injection due to supernova explosions or shock winds
(Bryan 2000; Bower et al. 2001; Brighenti & Mathews 2001).
It is also important to mention that Eq. (5), based on galaxy
cluster observations, may no longer be valid for low mass sys-
tems such as groups of galaxies, in which case our DM model
would be inappropriate to describe groups.

The averaged gas density profile for our set of 24 galaxy
clusters is well fit by a Sérsic profile with parameters:ρ0 =

7.4 × 10−24 kg m−3, aeq = 367 kpc andν = 0.56. The latter
gives p(ν) = 0.67 which makes the corresponding DM den-
sity profile vary asr−0.92 when r goes to zero. This central
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Table 3. Gas and dynamical masses, potential energy, central gas column density and integrated specific entropy for gas and DM as derived
from Sérsic parameters.

Cluster Mgas(×1014 M�) MDyn(×1015 M�) Upot × 1058 (kg m2 s−2) Σ0 (kg m−2) Gas Spec. Entr. DM Spec. Entr.

A85 5.11± 0.41 2.59± 0.35 0.78± 0.20 0.36± 0.01 204.3± 0.18 206.1± 0.91

A478 4.98± 0.56 2.29± 0.35 0.72± 0.21 0.68± 0.03 204.1± 0.24 205.7± 1.00

A644 1.80± 0.13 1.18± 0.16 0.39± 0.10 0.26± 0.01 201.3± 0.15 203.7± 0.87

A1651 2.53± 0.29 1.46± 0.24 0.46± 0.14 0.27± 0.01 202.3± 0.25 204.4± 0.98

A1689 4.11± 0.85 2.35± 0.52 1.05± 0.41 0.65± 0.05 203.3± 0.43 205.3± 1.22

A1795 3.10± 0.20 1.63± 0.20 0.45± 0.10 0.50± 0.01 203.0± 0.14 204.9± 0.88

A2029 6.14± 0.69 3.26± 0.46 1.26± 0.31 0.66± 0.03 204.6± 0.25 206.5± 1.00

A2034 4.44± 0.44 1.79± 0.42 0.64± 0.29 0.23± 0.01 203.1± 0.22 204.6± 0.93

A2052 1.67± 0.38 0.95± 0.21 0.13± 0.05 0.32± 0.02 202.4± 0.49 204.3± 1.31

A2142 5.11± 0.22 2.17± 0.40 0.94± 0.35 0.38± 0.01 203.4± 0.09 205.0± 0.80

A2199 1.27± 0.04 0.86± 0.08 0.18± 0.03 0.28± 0.01 201.2± 0.07 203.5± 0.79

A2219 8.55± 0.85 3.56± 0.75 2.17± 0.89 0.42± 0.01 204.4± 0.22 205.9± 0.94

A2244 3.92± 1.45 3.33± 1.15 1.53± 0.88 0.36± 0.05 203.7± 0.75 206.4± 1.60

A2319 7.45± 0.62 3.64± 0.63 1.79± 0.61 0.26± 0.01 204.5± 0.19 206.4± 0.90

A2382 0.96± 0.01 0.67± 0.11 0.11± 0.03 0.06± 0.01 200.4± 0.22 202.9± 0.91

A2390 9.06± 2.17 3.72± 1.01 1.78± 0.85 0.62± 0.05 205.0± 0.51 206.5± 1.31

A2589 0.97± 0.12 0.73± 0.11 0.13± 0.04 0.15± 0.01 200.6± 0.28 203.2± 1.00

A2597 2.30± 2.14 1.26± 1.13 0.22± 0.49 0.78± 0.52 203.1± 1.69 204.9± 1.94

A2670 2.86± 2.09 2.03± 1.35 0.46± 0.59 0.22± 0.05 203.6± 1.24 206.0± 2.18

A2744 4.00± 0.52 2.20± 0.47 1.36± 0.55 0.26± 0.01 202.3± 0.28 204.4± 0.95

A3266 3.33± 0.11 2.03± 0.31 0.92± 0.28 0.17± 0.01 202.4± 0.07 204.7± 0.77

A3667 6.93± 0.31 2.52± 0.57 0.83± 0.38 0.19± 0.01 204.4± 0.10 205.7± 0.81

A3921 3.53± 0.40 1.34± 0.31 0.29± 0.13 0.17± 0.01 203.1± 0.25 204.5± 0.98

A4059 1.24± 0.20 0.80± 0.14 0.15± 0.05 0.22± 0.01 201.2± 0.34 203.5± 1.09

slope for the DM halo is shallower than the self-similar so-
lution for spherical collapse in an expanding universe found
by Bertschinger (1985) (ρ ∝ r−2.25), than the asymptotic be-
haviour found by Moore et al. (1999) in their numerical sim-
ulations (ρ ∝ r−1.5) and than the NFW (Navarro et al. 1996,
1997) universal density profile. However it is steeper than the
ρ ∝ r−0.75 critical solution found by Taylor & Navarro (2001)
for galaxy-sized CDM halos based on the study of their phase-
space density distribution. This critical solution can be inter-
preted as a maximally “mixed” configuration, where the phase-
space distribution across the system is the most uniform one
compatible with a monotonically decreasing density profile
and with the power-law entropy distribution. This configuration
would be the result of non-spherically symmetric formation
processes through hierarchical merging. Mass shells are conti-
nously mixed and the density profiles tend to be shallower than
the NFW profile at the center, converging to theρ ∝ r−0.75 dis-
tribution for maximal mixing (Taylor & Navarro 2001).

One important advantage of the Sérsic density profile is that
its volume integral converges when integrated up to infinity,

making it thus possible to determine the total cluster mass,and
the potential energy and entropy of the system without intro-
ducing a cutoff radius, in contrast to the popularβ-model, for
instance. Total dynamical masses can thus be computed (see
Eq. (12)) and the resulting values for all clusters are given
in Table 3.

Figure 3 shows the resulting cumulative dynamical mass
profiles for every cluster as obtained by means of Eq. (6) with
the corresponding Sérsic parameters. Every profile has been
normalized to the corresponding cluster total mass,Mdyn (see
Eq. (12)), and the radial coordinate has been normalized to the
corresponding clusterr200 radius, which is defined as the radius
within which the mean density is 200 times the critical density
of the universe,ρc, as defined above. In general, we can define
a radiusr∆ within which the mean density is∆ timesρc andr∆
can be obtained from the relationM(r < r∆)/(4πr3

∆
/3) = ∆ρc).

The averaged cumulative dynamical mass distributions showa
logarithmic slope d logM/d logr ∼ 1 at r ∼ 0.7 r200. Further
out this slope decreases rather fast. According to our model, the
cumulative mass profiles converge only aroundr ∼ 10 r200, but
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Fig. 3. Synthetic cumulative dynamical mass profiles normalized to
the corresponding total integrated cluster massMDyn. The radial coor-
dinate is normalized to the clusterr200 radius.

the mass variation is only of a factor of two, going fromM ∼
1015 M� at∼r200 to M ∼ 2× 1015 M� at∼10 r200.

The analysis by Ettori et al. (2002) of BeppoSAX data in-
cludes some clusters of our sample. They estimate masses for
∆ = 1000 and 2500, by using either a NFW or a King pro-
file for the total mass distribution. Comparing our results with
theirs for the same clusters, we see that our mass estimates,de-
rived from the Sérsic profile for these two values of∆ within
the samer∆ radii as indicated in their Table 2 are in quite
good agreement. In most cases, our masses differ by about 10%
or less, with differences reaching about 20% for a few cases.
These differences are likely to be due to the use of different
functional forms (the Sérsic, NFW and King models) to de-
scribe the mass profile. Moreover, from our sample we find
in averager200 ∼ 2.5 ± 0.4 Mpc (see Table 2). These val-
ues are about 78% of those found in numerical simulations by
Navarro et al. (1996) for cluster sized systems of comparable
masses. Moreover, we note that the values of our scale param-
eter aeq are comparable to those of the scale radiusrs of the
NFW profile for similar mass ranges. In this way, we obtain
in averageaeq/r200 ∼ 0.12 in good agreement with the value
of rs/r200 ∼ 0.14 (Navarro et al. 1996), the difference being of
only 14%. We can therefore say that the Sérsic profile is ableto
describe the mass distribution in clusters in as much the same
way as other models as the NFW and King models, the differ-
ences being due to the mathematical natures of the models.

Based on a de-projected Sérsic model for the gas density
profile, the best set of values ofne0, aeq andν for each cluster
is given in Table 2. These three parameters are displayed two
by two in Figs. 4–6. A clear correlation between the shape (ν)
and scale (aeq) parameters is seen, while the correlations we
find for Σ0 − ν andΣ0 − aeq (Σ0 being obtained fromρ0 by us-
ing Eq. (4)), are clear but show a somewhat larger scatter. Note
that these three correlations have shapes similar to those found

Fig. 4. Correlation between the density profile parametersaeq andν.

in elliptical galaxies. This may indicate, as for ellipticals, the
existence of an entropic line on which galaxy clusters lie, in
which case the correlation shown in Fig. 4 may just be the pro-
jection of this isentropic relation on the log(ν)− log(aeq) plane.
In the case of elliptical galaxies, this entropic line was inter-
preted as the intersection of two surfaces in the [logΣ0, log a,
log ν] space: the entropic surface and the energy-mass surface
(Márquez et al. 2001). In this work, we find that these two sur-
faces exist for our galaxy clusters as well, and these clusters
are also located on a line corresponding to the intersections
of the two surfaces (see Sect. 6.5). A complete discussion on
this point will be presented in a forecoming paper (Magnard,
in preparation). It is worth noting that, although from the math-
ematical point of view no correlation between the model pa-
rameters is expected, the fact that we observe such correlations
probably indicates that they are due to the physics underlying
the X-ray emission distribution.

6.2. Temperature profiles

We show in Fig. 7 the 3D non-weighted temperature profile
for every cluster in our sample, calculated with the parame-
ters given in Table 2 and normalized to the corresponding me-
dian temperature from the literature (see Table 1). As for the
total mass profiles, the radial coordinate has been normalized
to the corresponding clusterr200 radius. All the profiles are
very similar: they slightly increase from the center, then remain
approximately constant to finally decrease at large radii. The
mean temperature profile is consistent with an almost isother-
mal distribution for radii smaller than 0.25 r200 (∼625 kpc), in
agreement with other works (Allen et al. 2001; De Grandi &
Molendi 2002), followed by a rapid decrease for radii larger
than 0.25 r200, with a logarithmic slope of the order of−0.6 for
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Fig. 5. Correlation between the density profile parametersΣ0 andν.

Fig. 6. Correlation between the density profile parametersΣ0 andaeq.

radii around 0.63 r200. This decrease results to be quite similar
to the slope of−0.64 found by De Grandi & Molendi (2002) at
radii larger than∼750 kpc for their mean temperature profile,
taking into account the cooling and non-cooling flow clusters
of their sample. The results of Markevitch et al. (1998) based
on ASCA observations show similar trends for the temperature
distribution. The characteristic central drop we obtain inour
temperature profiles is due to the mathematical properties of

Fig. 7. Synthetic 3D temperature profiles calculated from Eqs. (10)
and (11) with the values ofκ given in Table 2. The temperature is
normalized to the global cluster temperature and the radialcoordinate
is normalized to the clusterr200 radius.

the density profile rather than to a real physical effect, but the
lack of resolution of the PSPC impedes from properly address-
ing this issue, and we cannot tell anything about the tempera-
ture distribution within the central cooling flow region.

In Fig. 8 we show the re-projected emission weighted tem-
perature profile for every cluster, defined by:

Tew(R) =

∫

n2
e(r)T(r)dz

∫

n2
e(r)dz

· (18)

The LX − TX relation derived from our calculations is shown
in Fig. 9. Our power law fit (excluding HCG 62) isLX ∝

T2.65±0.17
X ; the exponent is in agreement with Markevitch

(1998), who findsLX ∝ T2.64±0.27
X , but our line is shifted to-

wards higher luminosities. This shift is probably due to thefact
that we include the central region in our luminosity evaluation,
while Markevitch excises it.

6.3. ICM and DM specific entropies

The global specific entropysgasof the ICM is given in Table 3.
It is found to vary very little from one cluster to another, asfor
the specific entropy of stars in elliptical galaxies (Márquez et al.
2001 and references therein). This is, however, a first order
behavior. Numerical simulations of elliptical galaxies formed
in a hierarchical merging scheme, show that their specific en-
tropy varies a little with mass, most probably due to merg-
ing processes (Lima Neto et al. 1999; Márquez et al. 2000).
The situation is not different in galaxy clusters. We show in
Fig. 10 that the global specific entropy of the ICM and the gas
mass are indeed clearly correlated, although this is a second
order effect (about 2%), small compared to the dominant rela-
tion sgas ∼ constant that we observe. The difference with el-
liptical galaxies is that the slope in Fig. 10 is steeper thanfor
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Fig. 8.Re-projected emission weighted temperature deduced from our model. The projected radiisare normalized to the correspondingrv = r200

radii, and the temperatures are normalized to the observed isothermal temperatures.

Fig. 9. Relation betweenLX andTX. The point at the lower left corner
corresponds to the group HCG 62. The solid line shows the bestfit
(see text) and the dotted line is the fit found by Markevitch (1998).

ellipticals: if we writesgas= s0 + β ln(Mgas), our best fit to the
data givesβ = 1.86± 0.15 compared toβ ' 1 for ellipticals
(with s0 constant). The error bars correspond to 1σ deviations
and were computed from the parameter errors given by MINOS
and by means of Monte Carlo simulations. Every parameter
was modeled by a gaussian distribution withσ equal to the
corresponding 1σ deviation from MINOS. These distributions
were then used to derive the total mass and specific entropy
distributions and the corresponding 1σ errors for each cluster.
For the linear fit we used a linear least-squares approximation
in one dimension, taking into account the error bars in both
directions at the same time. A comparable relation is found be-
tween the integrated specific entropysgas of the ICM and the
dynamical mass of the cluster, with a somewhat steeper slope
of 2.67±0.12. In our fitting of the cluster X-ray surface bright-
ness we have also taken into account the cluster center, thusour
estimation of the gas specific entropy necessarily takes into

account the effects of the central cooling flow. This information
is integrated together with the other non-gravitational thermal
processes affecting the intra cluster gas.

The integrated specific entropy of the X-ray gas is dis-
played in Fig. 11 as a function of the observed isothermal gas
temperature. The entropy appears to increase with the temper-
ature, consistently with a power law (the best fit to our data is
shown in Fig. 11 and corresponds tosgas∝ T4.92). However, the
dispersion is quite large. Note that such a relation has already
been observed by Ponman et al. (1999) and Lloyd-Davies et al.
(2000), and predicted by gravitational simulations (Borgani
et al. 2001; Muanwong et al. 2002). The only group shown in
this plot does not exhibit a significant entropy floor, but other
groups need to be added. It would be important to get a good
evaluation of this entropy floor as it is a strong constraint on the
non-gravitational energy injection (Lloyd-Davies et al. 2000).

The derived gas density and temperature profiles can be
used to compute the gas specific entropy profile for each cluster
by using Eqs. (15) and (16).

The K0(r) profiles are shown in Fig. 12, where the radial
coordinate is normalized to ther200 radius. All these profiles
are consistent with a gas specific entropy increasing with ra-
dius, indicating that the gas has been heated by shock fronts
at successive epochs when collapsing into the cluster potential
well, before being virialized. Thus, the specific entropy pro-
file provides useful information about the ICM thermal history.
Some of the profiles flatten towards the center below 0.8 r200,
while others correspond to power laws throughout. The aver-
age of the profiles defined by Eq. (16) has a logarithmic slope
d logK0/d logr ∼ 1 at about 0.6r200 and it is in agreement
with results obtained by Tozzi & Norman (2001) who stud-
ied the effect of an entropy excess in the ICM gas before ac-
cretion into the DM halo. No entropy core is present, perhaps
due to the effect of central cooling, although this could also
be due to the mathematical nature of the profiles derived from
the Sérsic model. In general our profiles are in agreement with
external heating models for rich clusters (Tozzi et al. 2000;
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Fig. 10.Relation between the gas integrated specific entropy,sgas and
the gas mass. The best fit line is indicated (see text).

Fig. 11. Relation between the gas integrated specific entropy and the
mean gas temperature taken from the literature (see text). The point at
the lower left corner corresponds to the group HCG 62.

Tozzi & Norman 2001). However, we notice that theK0(r) pro-
files obtained from our density and temperature distributions
are about a factor of 7 larger than those inferred by Tozzi &
Norman (2001). This is probably just due to a normalization
effect related to the way the density and temperature are com-
puted; it is mainly the entropy variations that are a reliable
physical quantity.

The assumed relation (5) between the dark matter and gas
densities allows us to also compute the global dark matter en-
tropy (see Table 3) numerically from Eq. (17), which comes out
directly from the definition given in Eq. (14). The correspond-
ing entropy-mass relation thus found for the dark matter is very
close to that obtained for the gas, withβ ' 1.90± 0.17 as seen
in Fig. 13.

6.4. Potential energy – mass relation

The relation between the dynamical mass and potential energy,
previously shown for elliptical galaxies (Márquez et al. 2001)
and in numerical simulations (Lanzoni 2000; Jang-Condell &
Hernquist 2001), is displayed in Fig. 14 for our set of clusters.
If we write it as ln(Upot) − I ln(Mdyn) = const, the best fit to

Fig. 12.K0 profiles based on density and temperature models.

Fig. 13. Relation between the dark matter integrated specific entropy
and mass. The best fit line is indicated (see text).

our data implyI = 1.68± 0.08, in excellent agreement with
the theoretical value of 5/3. The error bars and linear fit are
computed in the same way as explained in the previous section.

6.5. Discussion

The correlations presented in the previous sections between
the mass, potential energy and integrated specific entropy,
confirm the existence of an entropic surface,s(Σ0, a, ν) −
β ln(M(Σ0, a, ν)) = const (see Eq. (14)), and a potential energy-
mass surface, ln(Upot(Σ0, a, ν)) − I ln(Mdyn(Σ0, a, ν)) = const,
in the Sérsic parameters space, remarkably similar to the case
of elliptical galaxies (Márquez et al. 2001). Indeed, we ob-
serve the clusters in our sample to be located at the intersection
of these two surfaces, indicating the existence of an “entropic
line” for galaxy clusters (see Magnard 2002). We have checked
by simulations that this line is also recovered for a random set
of values of the Sérsic parameters, suggesting the possibility
that this relation could be a consequence of the model assumed
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Fig. 14. Relation between the dynamical mass and the potential en-
ergy. The solid line corresponds to the best fit to the data andthe
dashed line is the theoretical slope ofI = 5/3 defined by the rela-
tion ln(Upot) − I ln(Mdyn) = const.

to describe the final viralized system (in our case a Sérsic pro-
file). However, the fact that a Sérsic profile reproduces very
well the X-ray surface brightness of clusters, and hence the
gas distribution of the ICM, supports the idea that the physi-
cal processes operating during the formation and evolutionof
galaxy clusters, which are of course responsible for the final
structure reached by the ICM and DM halo, are indeed at the
origin of the entropic line. To confirm this, the same method
as in this work, but with different models for the gas density
profile should be used. Moreover, the existence of both an en-
tropic surface and a potential energy-mass surface for galaxy
clusters implies that these objects can be considered as a single-
parameter family, described by one of the Sérsic parameters
only (e.g. Márquez et al. 2001). Interestingly, analogouscor-
relations have been obtained for galaxy clusters by Fujita &
Takahara (1999). The importance of the above mentioned cor-
relations resides in the fact that they are probably the result
of the physics ruling cluster formation. A correlation between
the global specific entropy and the mass conserves information
on the various events affecting the thermodynamical history of
clusters. The observed variation ofsgas with dynamical mass
in clusters suggests that dissipating processes in clusters play
an important role as generators of entropy. These mainly cor-
respond to Bremsstrahlung emission (L ∝ M4/3) and cooling
flows. Merging processes between clusters are of importance
in such a relation, because of their impact on the final total
mass and on the amount of entropy produced during the clus-
ter formation. Violent merger events can be accompanied by
an important dissipation of energy and creation of entropy,
while minor mergers can be translated in an adiabatic ac-
cretion of matter without a significant production of entropy.
These energy losses, however, are all negligible compared to
the cluster gravitational energy. Thus the value of the slope β
in the specific entropy-mass relation reflects the impact of such
processes on the cluster history. Clusters with higher global

specific entropy could have undergone more episodes of hier-
archical merging through their histories, thus becoming more
massive.

On the other hand, considering the collapse of matter to
form a virialized gravitational system, the correlation between
the potential energy and the total mass of the final structureis
a natural consequence of the conservation of energy and mass
during its formation. A self-similar relation defined byU ∝
M5/3 is expected from theory (see Márquez et al. 2001) and
we show that it is indeed also followed by our observed galaxy
clusters.

All these results strongly suggest that the formation pro-
cesses affecting galaxies and clusters of galaxies are quite sim-
ilar regardless the scale involved.

7. Conclusions

We have shown in the present work that the Sérsic profile can
be used as a good tracer of the matter distribution in clusters,
under the assumption that clusters are well relaxed structures,
as it was the case in elliptical galaxies. Its mathematical proper-
ties make it an interesting and useful tool that can be employed
to explore the physics of relaxed systems, although any other
appropriate profile can be used. The density profiles obtained
here reproduce well the X-ray surface brightness profiles ofthe
ROSAT PSPC images. The asymptotic behaviour of these pro-
files towards the cluster center turns out to be shallower than
the NFW profile, but still within the limits predicted by numer-
ical simulations concerning the central slope of galaxy-sized
DM halos. Temperature profiles derived here (considering the
hydrostatical equilibrium hypothesis for the cluster structure)
are in agreement with other works. We estimate the integrated
specific entropy content for galaxy clusters and our specificen-
tropy profiles are consistent with the predicted shape of theen-
tropy distribution for massive clusters, obtained by simulations
which take into account pre-heating and cooling processes.

We have shown that both for the gas and for the dark mat-
ter the integrated specific entropy and the potential energyhave
behaviors comparable to those observed for stars in elliptical
galaxies: the integrated specific entropy is constant to first or-
der and in reality increases slightly with mass as a logarith-
mic function, while the potential energy scales with mass asa
power law. Note that the index of this power law is close to the
theoretical value of 5/3 for elliptical galaxies and clusters. This
strongly suggests that all these self gravitating systems behave
similarly, even though they may have very different masses and
thermodynamical histories. Elliptical galaxies could then be
considered as scaled down versions of galaxy clusters (Moore
et al. 1999). Moreover, integrated specific entropy-mass and
potential energy-mass correlations should be the result ofthe
formation history of the clusters. Heating mechanisms and
merger events play an important role here and total mass and
energy are conserved during the whole formation process of the
final virialized structure.

It would be interesting to apply the Sérsic model to high
redshift galaxy clusters in order to test the possible evolution of
the scaling relations found in this work. The use of Chandra and
XMM-Newton data will be crucial in these kinds of studies due
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to their higher resolution and sensitivity compared to ROSAT.
We also note that a similar analysis could be carried out in sam-
ples of synthetic clusters derived from numerical simulations.
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formation and redistribute
existing stars into spheroid

clusters, more gas is 
accreted

Over time and outside 
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removes remaining gas 

mergers promote starphase: energy ejected 

in a super-wind.

Gas clouds with
on-going star

clouds of cool gas

More gas cooling,
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ejected gas may be 
accreted again to from
a new disk.

If gas does not fall
back, an E galaxy is
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Classical Model Hierarchical Model
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In a isolated galaxy,
NB. there is no inbuilt link between
morphology and star formation history

Energy from SNe regulates
star formation as if in
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ABSTRACT

We present deepChandraandXMM-Newtonobervations of the galaxy cluster RDCS1252.9–2927, which was
selected from the ROSAT Deep Cluster Survey (RDCS) and confirmed by extensive spectroscopy with the VLT at
redshiftz �1�237. With theChandradata, the X-ray emission from the intra-cluster medium is well resolved and
traced out to 500 kpc, thus allowing a measurement of the physical properties of the gas with unprecedented accu-
racy at this redshift. We detect a clear 6.7 keV Iron K line in theChandraspectrum providing a redshift within 1%
of the spectroscopic one. By augmenting our spectroscopic analysis with theXMM-Newtondata (MOS detectors
only), we significantly narrow down the 1σ error bar to 10% for the temperature and 30% for the metallicity, with
best fit valueskT �6�0�0 7!0 5 keV, Z �0�36�0 12!0 10Z". In the likely hypothesis of hydrostatic equilibrium, we mea-
sure a total mass ofM500 � #1�9 $0�3%1014h

!1
70 M" within R∆&500 '536 kpc. Overall, these observations imply

that RDCS1252.9–2927 is the most X-ray luminous and likely the most massive bona-fide cluster discovered to
date atz (1. When combined with current samples of distant clusters, these data lend further support to a mild
evolution of the cluster scaling relations, as well the metallicity of the intra-cluster gas. Inspection of the cluster
mass function in the current cosmological concordance model #h)Ωm)ΩΛ% � #0�7)0�3)0�7% andσ8 �0�7 *0�8
shows that RDCS1252.9–2927 is anM+ cluster atz �1�24, in keeping with number density expectations in the
RDCS survey volume.

Subject headings:X-rays: galaxies: clusters — galaxies: clusters: individual (RDCS 1252.9-2927) —
cosmology: observations

1 Based in part on observations obtained at the European Southern Observatory using the ESO Very Large Telescope on Cerro Paranal (ESO program 166.A-0701).
1
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1. INTRODUCTION

X-ray studies of galaxy clusters over the last decade have
driven considerable observational progress in tracing theevolu-
tion of their global physical properties. Based on X-ray selected
samples covering a wide redshift range, convincing evidence
has emerged for modest evolution of both the space density of
the bulk of X-ray clusters and their thermodynamical properties
sincez�1 (see Rosati et al. 2002 for a review). With the ad-
vent of ChandraandXMM-Newton, and their unprecedented
sensitivity and angular resolution, these studies have been ex-
tended beyond redshift unity and, in low redshift clusters,have
revealed the complexity of the thermodynamical structure of
the Intra-Cluster Medium (ICM) (e.g. Fabian et al. 2003b).
Specifically, deepChandraobservations of the handful of clus-
ters known to date atz�1 (Stanford et al. 2001, 2002) have
shown, for the first time at such large look-back times, the struc-
ture of the ICM at scales below 100 kpc and have allowed emis-
sion weighted temperatures to be measured. The newChan-
dra data have provided a crude determination of cluster scal-
ing relations at large lookback times and a first study of their
evolutionary trends (e.g. Holden et al. 2002, Vikhlinin et al.
2002, Ettori et al. 2003b). In more distant and complex sys-
tems, such as putative proto-clusters dominated by a power-
ful radio galaxy,Chandradeep pointings have only revealed
non-thermal components in the diffuse plasma so far (Fabian
et al. 2003a, Scharf et al. 2003).XMM-Newtonobservations
of very distant clusters, although affected by source confusion
in some circumstances, have the ability to collect a large num-
ber of photons, thus improving temperature determinationsand
allowing an estimate of the ICM metallicity (Hashimoto et al.
2002, Tozzi et al. 2003).

The discovery and the study of systems beyond redshift
unity provides the strongest leverage for testing cluster for-
mation scenarios. This, however, has been a challenging
task with current X-ray searches due to the limited survey ar-
eas covered at faint fluxes. In this paper, we presentChan-
dra and XMM-Newtonobservations of the fourth cluster at
z �1 discovered in theROSATDeep Cluster Survey (RDCS,
Rosati et al. 1998) at the very limit of theROSATsensitiv-
ity: RDCS1252.9–2927 which has been confirmed atz�1	237
with an extensive spectroscopic campaign carried out with the
VLT. Chandraobservations of the other three distant RDCS
clusters, RDCS0910+5422 (z�1	10), RDCS0848.9+4452 (z�
1	265), RDCS0848.6+4453 (z�1	273) were presented in Stan-
ford et al. 2002, 2001. We describe the optical and near-
infrared data for RDCS1252 elsewhere (Rosati et al. in prepa-
ration, Lidman et al. 2003), while we focus here on the X-ray
observations carried out withChandra, augmented with a par-
tial XMM-Newtondata set. We derive physical parameters of
the ICM and measure gas metallicity from the clear presence of
the iron K line in the X-ray spectrum. We also derive the total
mass of the cluster with a 16% accuracy by resolving the gas
profile with theChandradata and by combiningChandraand
XMM-Newtonspectra to improve the temperature determina-
tion. Our analysis takes advantage of the complementarity be-
tween the XMM andChandradata sets: the superb angular
resolution ofChandrais used to study morphological features
of the ICM and to flag point sources contaminating the cluster
emission, while the XMM data are used to boost the signal-
to-noise of the diffuse component thus improving its spectral

analysis. Overall, these data imply that RDCS1252.9–2927 is
the most X-ray luminous and likely the most massive bona-fide
cluster discovered to date atz�1.

H0 �70 km s
1Mpc
1�Ωm �0	3�ΩΛ �0	7 are adopted
throughout this paper.

2. OBSERVATIONS AND X-RAY DATA REDUCTION

2.1. Discovery of RDCS1252.9–2927

RDCS1252.9–2927 (hereafter RDCS1252 for brevity) was
selected as an extended X-ray source (with a significance of
3	2σ ) in the RDCS, which used a wavelet-based algorithm to
detect and characterize X-ray sources in 180 ROSAT/PSPC
archival fields down toflim(0.5-2 keV)�10
14 erg cm
2 s
1

(Rosati et al. 1998). The source was found in the field with
ROSAT ID WP300093 (exposure time�15	7 ksec) at an off-
axis angle of 13.9�with 31 net counts, corresponding to a flux of
2	5�0	9�10
14 erg cm
2 s
1 in the 0.5-2 keV band. At fluxes�2 �10
14 erg cm
2 s
1, the RDCS covers an effective area

of 5 deg2 and has maximum sensitivity forL� clusters atz�12.
As a result, the four RDCS clusters atz �1, with LX �L�X ,
were found in the faintest flux bin (Rosati et al. 1999, Stanford
et al. 02). A 30 minuteI -band image obtained at the CTIO
4-m telescope with the Prime Focus camera in February 1997,
revealed only a faint (I �21	7) galaxy pair very close to the X-
ray centroid position. As part of a program to follow-up faint
RDCS cluster candidates in the near-IR,J andK band imaging
was obtained with the SOFI camera at the NTT in November
1998, which showed a clear overdensity of red galaxies with
J �K �1	9, typical of early type galaxies atz �1 (see Lid-
man et al. 2003). RDCS1252 has more recently been the core
of a VLT Large Programme which included optical imaging
with FORS2, deep near IR imaging with ISAAC (Lidman et al.
2003) and extensive spectroscopy with FORS2. Results from
this program are described elsewhere; to date 36 cluster mem-
bers have been confirmed with a median redshift ofz�1	237
and a velocity dispersionσv �800 km/s.

2.2. Chandra data

RDCS1252 was observed with theChandra ACIS–I de-
tector in VFAINT mode in two exposures of 26 ks
(Obs ID 4403) and 163 ks (Obs ID 4198). The data
were reduced using the the CIAO software V2.3 (see������������� !� "�#"$��%�&�) starting from the level 1
event file. We used the tool��%'� &�#'' #!#(�'with the!)�%(�*+#'option to flag and remove bad X-ray events which
are mostly due to cosmic rays. Such a procedure reduces the
ACIS particle background significantly compared to the stan-
dard grade selection3, whereas source X-ray photons are prac-
tically unaffected (only�2% of them are rejected, indepen-
dently of the energy band, provided there is no pileup). We
also applied the correction to the charge transfer inefficiency
to partially recover the original spectral resolution of ACIS–I.
The data were filtered to include only the standard event grades
0, 2, 3, 4 and 6. We removed�10 hot columns via visual in-
spection. We searched for flickering pixels (defined as those
with more than two events contiguous in time, where a sin-
gle time interval was set to 3.3 s), however most of them are
already removed by the filtering of bad events for exposures

2 We note that observations suggestL,X -z.1/01044 erg s11, in the 0.5-2 keV band (Rosati et al. 2002).
3 see2334566789:27;<7;=:>=?697@6ABCD86E9B8679B86F7@ 4;G=86<HIDJ;C=6
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taken in VFAINT mode. We then applied a 3–σ clipping fil-
tering of time intervals with high background levels using the
script������� ����	, part of the CIAO distribution. The total
effective exposure time is 188 ks after the application of this
reduction procedure.

In Fig. 1, we show part of the ACIS-I field. The diffuse X-ray
emission from the cluster is detected with a high signal-to-noise
(S/N peaks to
21 within a radius of 35��), and can be traced
out tor �59�� (2σ above the background). TheChandraimage
(see bottom left of Fig. 1) immediately shows that point sources
do not significantly contaminate the cluster emission, as itis
sometimes the case (e.g. Stanford et al. 01). In most cases,
sources close to the cluster core in projected distance havebeen
found to be foreground or background AGN. In the RDCS1252
field we have only a few identifications of point sources to date
(8 within a 6� 6� area), of which only one is at the cluster
redshift (Fig. 1).

We performed the spectral analysis in two circular regions
(35�� and 59�� radii) around the centroid of the photon distri-
bution after masking out point sources. In these apertures we
detected approximately 850 and 1220 net counts in the 0.3–10
keV band. The background is obtained from a large annulus
around the cluster position, after subtraction of point sources.
The background photon file is scaled to the source file by the
ratio of the geometrical area. We checked that variations of
the background intensity across the chip do not affect the back-
ground subtraction, by comparing the count rate in the source
and in the background at energies larger than 8 keV, where the
signal from the source is null. The response matrices and the
ancillary response matrices were computed for each exposure
with the toolacisspecapplied to the extraction regions. We ap-
plied the script����� �������by Chartas and Getman to take
into account the degradation in the ACIS QE due to material
accumulated on the ACIS optical blocking filter since launch4.
We manually decreased the effective area below 1.8 keV by
7% to homogenize the low–energy calibrations of ACIS–S3 and
ACIS–I (see Markevitch & Vikhlinin 2001).

2.3. XMM-Newton data

The XMM–Newton observations were carried out in two
epochs, on January 1 and 11 2003, for a total of 69�71�
69�71 � 139�42 ksec, using the European Photon Imag-
ing Camera (EPIC) PN and MOS detectors (observation Id
0057740301/401). The PN data were negatively affected by one
of the CCD gaps which fell on the outskirt of RDCS1252, mak-
ing it difficult to extract regions for a merged MOS+PN spectro-
scopic analysis. After experimenting with different apertures,
masking and background subtraction techniques, we decided
to use the MOS1�MOS2 only for this analysis to avoid sys-
tematics which are at present not fully understood. Nonethe-
less, as shown below, data from the two MOS detectors sig-
nificantly improved the signal-to-noise of the extracted spectra
when combined with theChandradata. We used the XMM
Standard Analysis System (SAS) routines (SASv5.4.1) to ob-
tain calibrated event files for the MOS1, MOS2 cameras. Time
intervals in which the background was increased by soft pro-
ton flares were excluded by rejecting all events whenever the
count rate exceeded 20 cts/100s in the 10–12 keV band for each
of the two MOS cameras. The final effective exposure time
amounts to 137 ks for the two MOS detectors. The spectrum
was extracted from an aperture of 42�� radius (see Fig. 1), which

avoids all point sources clearly visible in theChandraimage. In
this aperture, we measured 2110 MOS1�MOS2 net counts in
the 0.5-8 keV band used for spectral fitting (1410 net counts
in 0.5-2 keV band). Comparison of theChandraand XMM-
Newtonimages shows the well known complementarity of the
two observatories:XMM-Newtonhas lower sensitivity to point
sources and is prone to confusion, however its large collecting
area yields high count rates on extended sources, much needed
for spectroscopic analysis.Chandraallows ICM morphology
and profiles to be studied even at these large redshifts, by sepa-
rating the diffuse component from faint field sources.

3. RESULTS

3.1. Spectral analysis

The spectra are analyzed with XSPEC v11.2.0 (Arnaud
1996) and fitted with a single temperature MEKAL model
(Kaastra 1992; Liedahl et al. 1995), where the ratio betweenthe
elements are fixed to the solar value as in Anders & Grevesse
(1989). These values for the solar metallicity have recently
been superseded by the new values of Grevesse & Sauval
(1998), who used a 0.676 times lower Fe solar abundance.
However, we prefer to report metallicities in units of the Anders
& Grevesse abundances since most of the literature still refers
to these old values. Since our metallicity depends only on the
Fe abundance, updated metallicities can be obtained simplyby
rescaling by 1/0.676 the values reported in Table 1. We model
the Galactic absorption with the tool�����(see Wilms, Allen
& McCray 2000).

The fits are performed over the energy range 0.6–8 keV. We
exclude photons with energy below 0.6 keV in order to avoid
systematic biases in the temperature determination due to un-
certainties in the ACIS calibration at low energies. We used
three free parameters in our spectral fits: temperature, metallic-
ity and normalization. We freeze the local absorption to the
Galactic neutral hydrogen column densityNH �5�95 1020

cm�2, as obtained from radio data (Dickey & Lockman 1990),
and the redshift toz�1�237, as measured from the optical spec-
troscopy. Spectral fits are performed using the Cash statistics
(as implemented in XSPEC) of source plus background pho-
tons, which is preferable for low signal–to–noise spectra.We
also performed the same fits with theχ2 statistics (with a stan-
dard binning with a minimum of 20 photons per energy channel
in the source plus background spectrum) and verified that our
best–fit model always gives a reducedχ2 
1. All quoted er-
rors below correspond to 1σ , or 68% confidence level for one
interesting parameter.

TheChandrafolded and unfolded spectra of RDCS1252 are
shown in Fig. 2 for the larger aperture. A prominent Fe K is
visible at kT �3 keV, which represents the first clear detec-
tion of an iron line from an ICM atz �1. Using onlyChan-
dra data, the fit to the spectrum in the inner 35�� radius gives a
best fit temperature ofkT �6�4�1�0

�0�8 keV, and a best fit metal-
licity of Z �0�47�0�21

�0�18Z�. Our Fe K-line diagnostic is simpler
and more robust than that based on the line–rich region around
1 keV, where the line emission is dominated by the L–shell tran-
sition of Fe, and the K–shell transitions of O, Mg, and Si. As a
consistency check, if we leave free the Galactic absorption, we
obtain a best fit value ofNH �2�9 1020 cm�2, with an upper
limit of 6 �3 1020 cm�2 at 1σ , thus consistent with the Galac-
tic value ofNH �5�95 1020 cm�2. In this case, the best fit

4 See�������� �!�"#$"#%!&%'��(")���#&"%*�"��+, "�(*"-*�
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temperature is consistent (within 1σ ) with the aforementioned
best fit value. Interestingly, leaving the redshift free, a four pa-
rameter fit yieldsz�1�234�0�033�0�035, which shows how accurately
the redshift can be determined from the X-ray data alone due to
the high signal-to-noise detection of the Fe line.

It is useful to repeat the analysis using the larger apertureto
test systematic effects in the background subtraction. Thefit
to the spectrum extracted from the 59�� aperture gives a tem-
perature somewhat lower,kT �5�2�0�7�0�6 keV, and a metallicity
of Z �0�64�0�20�0�18Z	. The difference between the temperature
measurement in the two apertures is not significant enough to
be attributed to a temperature gradient. We also measured tem-
peratures in two independent radial bins (r 
35���35�� 
r 

59��) and could find only weak evidence (1σ ) of a temperature
drop outward. The best fit redshift in this case is still consis-
tent within 1σ with the spectroscopic redshift:z�1�27�0�02�0�03.
The spectral analysis of theChandradata also yields a flux
within the 59�� aperture of 2�9�10

�14 erg cm
�2 s

�1 in the 0.5-
2 keV band, in good agreement with the ROSAT value. This
corresponds to a luminosity of 1�9 �1044 erg s

�1h
�2
70 in the

rest frame 0.5-2 keV band, and a bolometric luminosity of
6�6 �1044 erg s

�1h
�2
70 . One can use the best fitβ -model of the

surface brightness profile described below to extrapolate these
luminosities at larger radii. For example, values need to bemul-
tiplied by a factor 1.3 to encircle the flux withinr �1 Mpc (or
2�).

Using theXMM-Newtondata from the MOS detectors only,
we extracted a spectrum in the energy range 0.5-8 keV (contain-
ing 2110 counts as opposed to 800 in theChandraspectrum)
and verified that the best fit temperature and metallicity are
consistent, within 1σ , with the Chandramesurements above.
The XMM/MOS spectrum is shown in Fig. 3. To enhance the
photon statistics, we performed a combined fit of theChan-
dra spectrum extracted from the 59�� region, and the two MOS
spectra from the 137 ksecXMM-Newtonobservations. Thus,
we obtain a best fit temperaturekT �6�0�0�7�0�5 keV, and a best fit
metallicity Z �0�36�0�12�0�10Z	. If we leave the redshift free, we
obtain a best fit value ofz�1�221�0�024�0�017, i.e. within 1% of the
spectroscopic redshift.

In Fig. 4, we show confidence contours in theZkT, zkT
planes relative to the spectral fits discussed above. The com-
binedChandraandXMM-Newtonanalysis yields a temperature
accuracy of 10%, which is unprecedented at these redshifts.We
defer the analysis of extended and point sources from the full
XMM-Newtondata set, combined withChandraand HST-ACS
observations of the field (Blakeslee et al. 2003), to anotherpa-
per (Mainieri et al. in preparation).

For completeness, we briefly report on the serendipitous
group CXJ1252.6–2924 located at 12h52m34�2s –29�24�59��
(J2000), 2.5� NW of RDCS1252 (see Fig. 1). Extracting a
spectrum from theChandradata with an aperture of 30�� ra-
dius, we detect several low ionization metal lines. The bestfit
MEKAL model yields: kT �1�6�0�16�0�31 keV, Z �0�42�0�33�0�35Z	,
and a redshiftz�0�32�0�02�0�10. In this aperture, we measure 320
net counts, a flux of 8�7�10

�15 erg cm
�2 s

�1 in the 0.5-2 keV
band, corresponding toLX �0�52keV� �3�5 �1042 erg s

�1,
andLbol �6�3 �1042 erg s

�1. Inspection of our CTIO I band
image shows a galaxy group dominated by a luminous elliptical
galaxy at the X-ray centroid.

3.2. Mass determination

The angular resolution provided byChandraand the detec-
tion of the X-ray emission out to 1� (i.e. 0.5 Mpc) radius allows
an accurate modeling of the gas profile of RDCS1252. This in-
formation, assuming hydrostatic equilibrium and isothermality
of the gas, leads to a robust estimate of the total mass. The sur-
face brightness profile is obtained from the exposure-corrected
image by fixing the number counts per bin to 50 and is fit-
ted with an isothermalβmodel (Cavaliere & Fusco-Femiano
1976) providing a core radius of 79��13�h�1

70 kpc (or 9.5�� ) and
β �0�529��0�035� (see Fig. 5 and Ettori et al. 2003b for de-
tails). The model provides a reasonably good fit to the profile
(χ2 �168, with 156 degree of freedom), which does not require
any further component (e.g. a doubleβmodel) from a statis-
tical point of view. We recover the gas density and total grav-
itating mass profile using analytic formula associated withthe

βmodel:ngas�n0�gas�1�x2��3β�2 andMtot �3 β Tgas rc
Gµmp

x3

1�x2 ,

wherex�r�rc, µ is the mean molecular weight in atomic mass
unit (�0�6), G is the gravitational constant,mp is the proton
mass; the central density,n0�gas, is obtained from the combina-
tion of the best-fit results from the spectral and imaging anal-
yses as described in Ettori, Tozzi & Rosati (2003a). The er-
rors are obtained from the distribution of the values after 1000
Monte-Carlo simulations. We measure masses within the ra-
diusR∆ encompassing a fixed density contrast,∆z �500 in an
Einstein-de Sitter universe, with respect to the critical density,
ρc�z, i.e. ∆z �3Mtot�
R∆���4πρc�zR3

∆�. At R500 �536
�

40
kpc, corresponding to an overdensity of 457 at the cluster
redshift (or ∆ �500 in an Einstein-de Sitter universe), we
measureMgas��1�8�0�3�1013h

�5�2
70

M	 and M500 ��1�6�
0�4�1014h

�1
70 M	. These values are associated with theChan-

dra temperature measurement,Tgas�5�2 keV. If we take the
best fit temperature of 6.0 keV from the combinedChandraand
XMM-Newtonanalysis, the total mass scales up accordingly
and the error bar decreases:M500 ��1�9�0�3�1014h

�1
70 M	.

In order to estimate the cluster virial mass, we can extrapolate
our mass measurement to larger radii using a typical Navarro,
Frenk & White profile with concentrationc �5. This yields
Mvir �M∆�200 �1�4M500 �2�7 �1014h

�1
70 M	. We also find

a gas mass fractionfgas��0�10
�

0�04�h�3�2
70

, consistent with
other measurements in distant clusters (e.g. Ettori et al. 2003a).

4. DISCUSSION AND CONCLUSIONS

Taking advantage of the complementarity betweenChan-
dra andXMM-Newtonobservations, we have measured phys-
ical properties of RDCS1252 atz�1�237 with unprecedented
accuracy at these redshifts. TheChandradata allow the gas
profile to be traced and modeled out to�500 kpc, free of con-
fusion from field sources, and therefore enables the mass to be
accurately derived. By augmenting our spectroscopic analy-
sis with theXMM-Newtondata (MOS detectors only), we nar-
rowed down the 1σ error bar to 10% for the temperature and
30% for the metallicity. In Table 1, we report a summary of
the main physical properties of RDCS1252 measured from the
X-ray data.

In Fig. 6, we show a color composite image of the field with
overlaidChandracontours. The color image combines deep
near-infrared imaging with ISAAC and optical imaging with
FORS at the VLT, with limiting AB magnitude of�26 (Lid-
man et al. 2003, Rosati et al. in preparation). Cluster earlytype
galaxies stand out as red objects which cluster strongly toward
the centroid of the X-ray emission. The two central galaxies,
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which are 2�� apart with Vega magnitudesK �17�5, lie near the
peak of the X-ray emission. The overall distribution of clus-
ter galaxies, well mapped by our spectroscopic and photomet-
ric redshifts, appear flattened along the E-W direction (Toft et
al. in prep.). A close inspection of theChandradata reveals
an interesting feature in the X-ray surface brightness distribu-
tion of RDCS1252. In Fig. 5, the surface brightness profile
azimuthally averaged in two separate sectors shows a disconti-
nuity on the west side, atr �15�� (or 125 kpc). This could be
the origin of the relatively lowβ value (0.53) obtained by the
King profile fit. A relatively sharp edge on the west side is vis-
ible in the rawChandraimage (Fig. 1), and is apparent in the
adaptively smoothed X-ray color image (see upper right inset of
Fig. 5), which is the composite of the three energy bands [0.5-
1], [1-2], [2-7] keV. A close inspection of this image reveals
a comet-like shape of the X-ray emission in the cluster core,a
feature resembling the remarkable shock front discovered in the
cluster 1E0657–56 atz�0�3 (Markevitch et al. 2002), which is
the result of a merging process of a cluster subclump. However,
the relatively low photon statistics of theChandradata prevent
us from further speculating on the physical nature of this feature
in RDCS1252. No major subclumps are visible in the distribu-
tion of the cluster galaxies, however we note the coincidence
between the mild E-W asymetry of the gas and the E-W elon-
gation of the cluster members. This could be the result of the
infall of cluster galaxies along a major filament associatedwith
a cold-front morphology of the gas due to the merger of a sub-
clump just exiting the cluster core along the E-W direction.

The physical properties of RDCS1252, as derived from the
Chandradata, help to constrain the high redshift end of clus-
ter scaling relations and study their evolution. For example the
LX �T, M�T relations, the entropy and metallicity of the ICM
as function of redshift. We refer to the analysis of Ettori etal.
(2003b), which used a sample of 26 clusters atz�0�4, also in-
cluding RDCS1252. We note here that the values ofLbol andT
of RDCS1252 are consistent with the localL�T relation mea-
sured by Markevitch (1998), and when combined with all the
other data available on distant clusters in theChandraarchive,
suggest only a mild positive evolution of theLX �T relation
(see discussion in Ettori et al. 2003b and references therein).
Our best fit value of the metallicity,Z �0�36

�
0�12	0�10Z
, lends fur-

ther support to a lack of evolution of the ICM mean metallicity
measured out toz�1�3 (see analysis by Tozzi et al. (2003),
which did not include RDCS1252).

Overall, our analysis implies that RDCS1252 is the most
X-ray luminous and likely the most massive bona-fide clus-
ter discovered to date atz �1. Despite the large look-back
times probed by these observations, RDCS1252 appears al-
ready well thermalized, with thermodynamical properties,as
well as metallicity, very similar to those of clusters of thesame
mass at low redshift. This is consistent with a scenario in which
the major episode of metal enrichment and gas preheating by
supernova explosions occurred atz�3.

X-ray selected cluster surveys in the ROSAT era have led to
routine identification of clusters out toz �0�85, with only a
few examples at higher redshifts (Rosati et al. 1999, Ebeling
et al. 2001, Stanford et al. 2002, Rosati et al. 2002). Al-
though the redshift boundary for X-ray clusters has recededto
z�1�3 recently, a census of clusters atz�1 has just begun
and the search for clusters atz �1�3 remains a serious ob-

servational challenge. Extrapolating the RDCS yield toXMM-
Newtonor Chandrabased serendipitous surveys now underway
(e.g. Romer et al. 2001, Boschin 2002), one expects�10 clus-
ters as luminous as RDCS1252 in a 50 deg2 area. An inspection
of the underlying cluster mass function atz�1�24 (e.g. Borgani
et al. 2001), for our adopted cosmology andσ8 �0�7�0�8,
shows that RDCS1252, withMvir �3 �1014M
, could well
represent a typicalM cluster at these redshifts. Moreover, we
note that the presence of such a cluster in the RDCS survey vol-
ume (see Fig.5 in Rosati et al. 2002) is in agreement with pre-
dictions based on the current cosmological concordance model
(e.g. Bennett et al. 2003). Specifically, for the assumed cos-
mology andσ8 �0�8, we expect to find one cluster as massive
as RDCS1252 or more in 1�5 �107�h	1

70 Mpc�3 atz�1�2.
Using high-z radio galaxies as signposts for proto-clusters

has been the only viable method so far to break this redshift
barrier and push it out toz�4 (e.g., Venemans et al. 2002,
Kurk et al. 2003). If there is an evolutionary link between these
strong galaxy overdensities around distant radio galaxiesand
the X-ray clusters atz�1�2, viable evolutionary tracks should
be found linking the galaxy populations in these systems, using
their spectrophotometric and morphological properties. Recent
follow-up Chandraobservations of high redshift radio galaxies
have revealed the presence of diffuse X-ray emission, in addi-
tion to a central point source (3C294 atz�1�786: Fabian et
al. 2003a; 4C41.17 atz�3�8: Scharf et al. 2003). However,
their spectral energy distribution and other energetic arguments
indicate that the extended emission is likely non-thermal,and
due instead to inverse Compton scattering of the CMB pho-
tons by a population of relativistic electrons associated with the
radio source activity. The serendipitous detection of thermal
ICM at z�1�5 associated with�L clusters remains extremely
difficult, not only for the lack of volume in current X-ray sur-
veys, but also for the severe�1�z�4 surface brightness dim-
ming which affects X-ray observations. These limitations will
eventually be overcome by surveys exploiting the Sunyaev–
Zeldovich (SZ) effect (e.g. Carlstrom et al. 2002), which will
explore large volumes atz�1. It is worth noting, however, that
the current sensitivity of SZ observations is still not sufficient
to detect any of the known X-ray clusters atz�1, all having
LX �0�5�2keV� �3 �1044 erg s

	1, such as RDCS1252. The
current generation of large area optical surveys (e.g. using the
z-band; Gladders & Yee 2000) remain a valid alternative to un-
veil a sizeble number of clusters atz�1, while the next genera-
tion of large area surveys in the near-IR (e.g. Warren 2002) will
push this boundary even further. Without a correspondingly
large area X-ray survey, however, our ability to glean physical
properties necessary to test structure formation scenarious, as
well deriving cosmological parameters, will be rather limited.
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TABLE 1

X-RAY PROPERTIES OFRDCS1252.9–2927AT z�1�237 �

RA Dec L�0�5�2�0�
a L�bol

�a Tx
b Zgas

b Mgas
c Mtot

c

J2000 1044 erg s�1 1044 erg s�1 keV Z� 1013M� 1014M�

12h52m54	4s –29
27�17�� 1	9�0�3
�0�3 6	6�1�1

�1�1 6	0�0�7
�0�5 0	36�0�12

�0�10 1	8�0�3
�0�3 1	9�0�4

�0�4


Adopted cosmology:H0 �70 km s�1 Mpc�1, Ωm �0	3, andΩΛ �0	7.

aLuminosity within an aperture of 60�� (or 500 kpc)

bFrom combinedChandraandXMM-Newtonspectral analysis
cMass measured out toR500 �536�40 kpc
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FIG. 1.— Top: Grey scale image ofChandraACIS-I 188 ksec observations in the 0.5-2 keV band showing 9�6� �8�1� field around RDCS1252.9–2927 (a
serendipitous low redshift group, CXOU J1252.6–2925, is also visible). The image has been smoothed by a gaussian withσ �2

��
and the grey-scale has a square

root scaling; the dashed circle shows the 59
��

aperture used to extract spectra. The box marks a 3
� �

3
�
area around RDCS1252 shown in the bottom panels. Left:

adaptively smoothedChandraimage in logarithmic scale. Sources with spectroscopic redshift are marked, the faint one (circle) is at the cluster redshift. Right:
XMM-NewtonMOS image (137 ksec) in the 0.5-2 keV band. The image has been smoothed by a gaussian withFWHM �9

��
and the grey-scale has square root

scaling; the spectroscopic aperture of 42
��

radius is also shown.
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FIG. 2.— X-ray spectrum (data points) and best fit MEKAL model (solid line) from Chandraobservations (188 ksec) of RDCS1252–2927 atzspec�1�237; from
top to bottom: unfolded, folded spectrum and relative residuals; A clear redshifted Fe 6.7 keV line is visible. The spectrum is extracted from a 59�� radius region.

FIG. 3.— X-ray spectrum (data points) and best fit MEKAL model (solid line) from XMM-Newtonobservations (MOS detectors only, 137 ksec) of
RDCS1252–2927. The spectrum is extracted from a 42�� radius region.
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FIG. 4.— Left: best fit temperature and metallicity of the gas obtained by combiningChandraACIS-I andXMM-NewtonMOS data (solid contours for 1�2�3σ
confidence levels for two interesting parameters). Dashed (dot-dashed) contours show the 1σ levels obtained from theChandradata only, with apertures of 60

��
(35

��
) radius. Right: best fit redshifts and temperatures of the ICM, with the horizontal line marking the spectroscopic redshift based on 36 cluster members.

FIG. 5.— Left panel: surface brightness profile of RDCS1252.9–2927 with best fitβ -model (solid line) and residuals.R∆
�R500 indicates the radius within

which the total and gas mass are calculated (1
�
corresponds to 500 kpc atz�1�24 for the adopted cosmology). Right panel: surface brightness profiles azimuthally

averaged in two separate sectors over the area shown in the lower left inset; the shaded areas correspond to 1σ error bar. The upper right inset shows the adaptively
smoothed, X-ray color image of the cluster core (2

� �
2
�
) showing the asymetric distribution of X-ray emission (seetext).

See attached jpeg figure

FIG. 6.— Color composite image showing a 2
� �

2
�

field on RDCS1252.9–2927 atz�1�24 with overlaidChandracontours. The image combines optical and
near IR bands from the FORS and ISAAC instruments on the VLT:B�V, R�z, andJ�Ks. Chandracontours show the smoothed X-ray emission (with a gaussian
FWHM of 5

��
) at the levels of 3, 5, 10, 20σ above the background.
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Abstract. We present deep SofI and ISAAC near-infrared imaging data ofthe X-ray luminous galaxy cluster RDCS J1252.9-
2927. The ISAAC data were taken at the ESO Very Large Telescope under very good seeing conditions and reach limiting
Vega magnitudes of 25.6 and 24.1 in theJ− andKs−bands respectively. The image quality is 0.′′45 in both passbands. We use
these data to construct a colour-magnitude (C-M) diagram ofgalaxies that are within 20′′ of the cluster center and brighter
thanKs = 24, which is five magnitudes fainter than the apparent magnitude of aL? galaxy in this cluster. The C-M relation
is clearly identified as an over-density of galaxies with colours nearJ − Ks = 1.85. The slope of the relation is−0.05± 0.02
and the intrinsic scatter is 0.06 magnitudes with a 90% confidence interval that extends from 0.04 to 0.09 magnitudes. Both the
slope and the scatter are consistent with the values measured for clusters at lower redshifts. These quantities have notevolved
from z = 0 to z = 1.24. However, significant evolution in the meanJ − Ks colour is detected. On average, the galaxies in
RDCS J1252.9-2927 are 0.25 magnitudes bluer than early-type galaxies in the Coma cluster. Using instantaneous single-burst
solar-metallicity models, the average age of galaxies in the center of RDCS J1252.9-2927 is 2.7 Gyrs.

Key words. galaxies:clusters:general – galaxies:evolution – galaxies:formation – galaxies:photometry

1. Introduction

The tight relation between colour and apparent magnitude for
early-type galaxies in massive galaxy clusters (the C-M rela-
tion) is seen at all redshifts, from the nearest clusters (Bower,
Lucy & Ellis 1992) to the most distant clusters currently known
(Rosati et al. 1999, Nakata et al. 2001; van Dokkum et al. 2001;
Stanford et al. 2002; Blakeslee et al. 2003, hereafter BFP).

Observations show that although the zero-point of the C-M
relation evolves considerably with increasing redshift (Aragón-
Salamanca et al. 1993; Stanford et al. 1998, hereafter SED; van
Dokkum et al. 2001; Stanford et al. 2002; BFP), the slope of the
relation and the scatter about it appear to evolve very little (Ellis
et al. 1997; SED, van Dokkum et al. 2000; BFP). However,
for some clusters atz ∼ 1, there is tentative evidence for a
flattening in the slope (van Dokkum et al. 2001; Stanford et al.
2002).

Send offprint requests to: C. Lidman: clidman@eso.org
? Based on observations obtained at the European Southern

Observatory using the ESO Very Large Telescope on Cerro Paranal
(ESO program 166.A-0701(B)) and the ESO New Technology
Telescope on Cerro La Silla (ESO program 61.A-0676(A)).

Complimentary studies of clusters up toz ∼ 1 show that
significant evolution is also occurring in the galaxy luminos-
ity function (De Propris et al. 1998; Massarotti et al. 2003;
Toft, Soucail & Hjorth 2003) and the fundamental plane (van
Dokkum et al. 1998, van Dokkum et al. 2003). Early-type
galaxies in rich galaxy clusters are uniformly becoming both
brighter and bluer as they become younger.

The monolithic collapse scenario of Eggen, Lynden-Bell &
Sandage (1962) is an attractive framework to model the ob-
servations. In this scenario, the bulk of the stars form in a
single burst over a relatively short period of time at redshifts
greater than two (Ellis et al. 1997; Bower, Lucy and Ellis,
1992). Hence, the scatter about the C-M relation and the slow
steady evolution in the colours and luminosities of early-type
galaxies are explained by the great age of the bulk of the stars.
Extensions to this model allow future merging and star for-
mation, but the scatter in the C-M relation limits the amount
of merging and star formation that can take place (Bower,
Kodama & Terlevich 1998).

This picture of passively evolving, very old early-type
galaxies in massive clusters should be compared to observa-
tions of moderately distant clusters (z = 0.2 to z = 0.8)
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which show that the fraction of late-type, star-forming galax-
ies in massive clusters increases with redshift (Dressler et al.
1997; Couch et al. 1998, van Dokkum et al. 2000; Nakata et al.
2001), while the fraction of early-type galaxies does the oppo-
site (Treu et al. 2003; van Dokkum et al. 2000). This picture
should also be compared to semi-analytic and directN-body
numerical simulations which show that galaxy formation and
evolution involves ubiquitous merging at all epochs (Kauffman
and Charlot, 1998; Cole et al. 2000; Pearce et al. 2001). The
simulations are able to reproduce the slope in the C-M relation
and the scatter about it in present day clusters, although some
difficulties, particularly at the high mass end, remain (Cole et
al. 2000). At higher redshifts, the slope is predicted to flatten
and the scatter is predicted to stay approximately constant, al-
though there is a slight increase in the scatter at the bright-
end of the C-M relation for clusters withz > 1 (Kauffman &
Charlot, 1998; Ferreras & Silk 2000).

Thus, there are two quite distinct pictures for the formation
of early-type galaxies. In hierarchical merger models, thebulk
of the stars form in disk-like galaxies that later merge to be-
come early-type galaxies. In monolithic collapse models, the
bulk of the stars form in early-type galaxies and subsequent
merging and star formation are limited. In both models, the C-
M relation is fundamentally a relation between the dynamical
mass of a galaxy and the average metallicity of the stellar pop-
ulation (Faber 1973). In hierarchical merger models, largeel-
lipticals are formed from large spirals, which are better able to
retain the metals that result from stellar evolution (Kauffman
and Charlot 1998). Similarly, in monolithic collapse models,
larger ellipticals are better able to retain their metals. Although
age differences can be used to explain the slope of the C-M re-
lation at low redshifts, the slope and the C-M relation itself are
lost by z = 0.2 (Kodama & Arimoto 1997) if age is the sole
reason for the slope.

The morphological evolution that is seen in hierarchical
models can lead to a bias (the progenitor bias) in morphologi-
cally selected samples (van Dokkum et al. 2000; van Dokkum
et al. 2001). The bias causes the progenitors of the youngest
low-redshift ellipticals to drop out of morphologically selected
high-redshift samples. Consequently, the C-M relation is simi-
lar to that of a single-age stellar population formed at veryhigh
redshift and the scatter in the relation is approximately redshift
independent. The progenitor bias is implicitly included inthe
semi-analytical simulations described above and allows the star
formation history of early-type galaxies in clusters to be con-
siderably more varied than that in monolithic collapse models.
The model predicts that the fraction of early type galaxies in
clusters decreases with increasing redshift.

The importance of progenitor bias depends on the origin of
the scatter in the C-M relation. If the scatter is entirely caused
by age differences, then progenitor bias is important. If the scat-
ter is partially caused by other effects, such as dissipationless
merging with little subsequent star formation (van Dokkum &
Ellis, 2003) or metallicity, then progenitor bias becomes less
important and both the average age of the galaxies and the de-
gree to which galaxies form coevally increase. The importance
of progenitor bias also depends on the method used to derive
C-M relations. C-M relations that are derived from morpholog-

ical catalogues are more likely to be biased than C-M relations
that are derived from photometric or complete spectroscopic
catalogues.

Although hierarchical models have become the standard
model for describing the formation of early-type galaxies in
both cluster and field environments, these models are unable
to describe all the observational data. Whereas the hierarchical
merging model predicts a dramatic difference in the star for-
mation histories of early-type galaxies in the field and in clus-
ters (Diaferio et al. 2001), only small differences are inferred
from observational data (Willis et al. 2002; Treu et al. 2002;
Treu 2003; van Dokkum & Ellis 2003). More stringent tests of
hierarchical models will come from observations of field and
cluster galaxies beyondz∼ 1.

In this paper we describe deep near-infrared (NIR) obser-
vations of RDCS J1252.9-2927, an X-ray luminous cluster of
galaxies at z=1.237 (Rosati et al. 2003). These observations al-
low us to construct a NIR C-M diagram of one of the most dis-
tant massive clusters known to an unprecedented depth and ac-
curacy. Throughout this paper, we assumeΩM = 0.3,ΩΛ = 0.7
andH0 = 70 km/s/Mpc. In this cosomology, 1′ on the sky cor-
responds to approximately 0.5 Mpc atz = 1.237. Unless spec-
ified otherwise, all colours and magnitudes are on the 2MASS
system.

2. Observations

2.1. SofI NIR imaging

As part of an NIR program to confirm high redshift galaxy clus-
ters in the ROSAT Distant Cluster Survey (Rosati et al. 1998),
RDCS J1252.9-2927 was observed during the nights of 1998
July 9th, 10th and 11th with SofI (Moorwood, Cuby & Lidman,
1998) on the ESO-NTT at the Cerro La Silla Observatory. SofI
is equipped with a Hawaii 1024x1024 HgCdTe array, which,
in the large field imaging mode, results in a pixel scale of 0.′′29
per pixel and a field of view of 4.′9. The observations were done
in J andKs, which, at the redshift of the cluster, approximately
correspond to the rest frameV− andz−bands.

Individual exposures lasted 10 seconds inKs and 20 sec-
onds inJ and six of these were averaged to form a single im-
age. Between images, the telescope was offset by 10′′ to 30′′ in
a semi-random manner.

The data were reduced in the standard way. From each im-
age, the zero-level offset was removed, a flatfield correction
was applied, and an estimate of the sky from other images in
the sequence was subtracted. Images with the best image qual-
ity (better than 0.9”) were then registered and combined. A
summary of the data is given in Table 1. The central part of
the SofIKs band image is shown in Fig. 1.

The atmospheric conditions at the time the data were taken
were very good. Zero Points (ZP) were derived by observ-
ing standards from the photometric catalogue of Persson et
al. (1998). Several standards were observed during each night.
The scatter in theJ andKs ZPs throughout the entire run were
less than 0.02 magnitudes. The SofIJ and Ks filters are a
good match to those used in the LCO (Persson) system, so
no colour corrections between the natural SofI system and the
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Table 1. A summary of the observations taken with SofI. The image
quality is derived from the FWHM of stellar objects in the combined
images. The detection limit is the 5σ detection threshold over an 1.′′4
diameter aperture, which is approximately twice the stellar FWHM.

Filter Exposure Image Quality Detection Limit
(seconds) (′′) (Vega magnitudes)

Ks 5400 0.68 21.1
J 5040 0.72 22.5

LCO (Persson) system are made. However, we do transform
the magnitudes and colours to the 2MASS system (Carpenter
2001)1. Since the 2MASS and LCO systems are very similar,
the transformations are small.

We used the SExtractor software (Bertin & Arnouts 1996)
to detect objects, to do the photometry and to classify sources
as either point like or extended. The colours are derived from
the flux within fixed apertures of 6 pixels (1.′′73). A small cor-
rection (0.02 magnitudes) is applied to the J band data to ac-
count for the slightly poorer image quality. The total magni-
tude was estimated using the “BEST” magnitude in SExtractor.
Since many of the sources in the center of the cluster are
blended, the total magnitude was more often than not the cor-
rected isophotal magnitude (Bertin & Arnouts 1996).

The flux of non-stellar sources are corrected for galactic
extinction. UsingE(B − V) = 0.075 (Bouwens et al. 2003),
the corrections forJ andKs are 0.067 and 0.027 magnitudes
respectively. Stellar sources are not corrected for galactic ex-
tinction.

About a dozen sources from the 2MASS point source cat-
alogue are visible in the SofI images. The photometry for ob-
jects brighter thanJ ∼ 12.5 andK ∼ 12 in the SofI images
is generally poor because of detector non-linearity. However,
for fainter objects, we can make a comparison between SofI
magnitudes and those in the 2MASS catalogue. The variance
weighted differences between the magnitudes in the 2MASS
catalogue and the SofI derived magnitudes for 9 objects in com-
mon is∆J = −0.01 and∆Ks = 0.02.

The C-M diagram of objects within 20′′ of the cluster cen-
ter is shown in figure 2. An over-density of galaxies with
J − Ks ∼ 1.85 is clearly seen in this diagram. Over the en-
tire SofI image other populations can be identified. Stars have
J− Ks colours that vary between 0 and 1.0, with a well defined
peak atJ−Ks = 0.8, which corresponds to early M-dwarfs, and
a less well defined peak atJ − Ks ∼ 0.5, which corresponds to
mid-G-dwarfs.

The co-incidence of X-ray emission with two relatively
bright galaxies (Ks ∼ 17.5) and the distinctive sequence of
galaxies withJ − Ks ∼ 1.85 showed that RDCS J1252.9-
2927 was probably a distant, rich galaxy cluster worthy of a
more detailed study. We therefore initiated a program to obtain
deep NIR images with ISAAC (this paper), deep optical and
comprehensive spectroscopic observations (Rosati et al. 2003,
Demarco et al. 2003) and deep X-ray observations (Rosati et
al. 2003).

1 See also http://www.astro.caltech.edu/2mass.

Fig. 1. The central part of the SofIKs-band image. The 3, 5 and 7σ
ROSAT X-ray contours are overlaid (Rosati et al. 1998). North is up
and East is to the left. The image is 90′′ on a side, which, for the
adopted cosmology, is 0.75 Mpc atz= 1.237.

Fig. 2. The C-M diagram of objects in the SofI data. The large sym-
bols are objects that are within 20′′ of the cluster center and the small
symbols are objects that are beyond 60′′ of the cluster center. Objects
that have been classified as stellar are plotted with open symbols and
non-stellar objects are plotted with solid symbols. No classification is
made for objects fainter thanKs = 20. The solid line is a fit to the C-M
relation that was determined from the ISAAC data.

2.2. ISAAC NIR imaging

RDCS J1252.9-2927 was re-observed with ISAAC (Moorwood
et al. 1999) on Antu (VLT-UT1) at the Cerro Paranal
Observatory. The observations were done in service mode and
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the cluster was observed on 25 separate nights, stating on 2001
March 12th and ending on 2001 July 9th.

ISAAC, like SofI, is equipped with a Hawaii 1024x1024
HgCdTe array, which, in the S2 imaging mode, results in a pixel
scale of 0.′′1484 per pixel and a field of view of 2.′5. The cluster
was imaged inJs andKs. TheJs filter is slightly narrower and
redder than typicalJ filters and the blue edge of the filter is de-
fined by the filter and not the atmosphere. This results in more
stable photometry at the expense of introducing a small colour
term.

We did not center the cluster within the ISAAC field of
view. Instead we used a series of pointings which put the clus-
ter into the four corners of the array. The resulting union of
images covers a region which is slightly smaller than the re-
gion covered by the SofI data, but is significantly deeper and
has significantly better image quality.

Individual integrations lasted 15 seconds inKs and 30 sec-
onds inJs, and four of these were averaged to form a single
image. Between images, the telescope was offset by 10′′ to 30′′

in a semi-random manner, and typically 30 to 40 images were
taken in this way in a single observing block. In total, approx-
imately 6 hours in bothKs andJs were spent at each pointing.
Since the cluster center was visible in all pointings, approxi-
mately 24 hours is spent on the cluster in bothJs andKs.

In addition to these deep images, two additional regions
that flank the eastern and western edges of the mosaic were
observed so that potential cluster galaxies could be identified
for later spectroscopic follow-up (Demarco et al. 2003). The
total exposure time in each of the these flanking fields is 18
minutes, so the depth in these images considerably shallower
that the depth obtained in the center of the mosaic. The details
are given in Table 2.

The data were reduced in a similar way to that used for the
SofI data, but with following additional steps.

– The difference in the relative level between odd and even
columns was removed. The relative difference is a function
of the average count level and it evolves with time.

– An electronic ghost, which is most easily seen when there
are bright stars in the field of view, was removed.

– Sky subtraction is done with object masking. We used the
XDIMSUM package for this step.

– Images were corrected for field distortion, which can
amount to several pixels at the edges of the ISAAC field
of view.

– Individual images were scaled to a common ZP before be-
ing combined.

The atmospheric conditions at the time the data were taken
were very good. All but two of the nights were photometric
and the image quality on the raw images varied between 0.′′25
to 0.′′8, with a median around 0.′′45. Zero points were derived
from the observations of photometric standards from the cata-
logue of Persson et al. (1998). The ISAACJs−Ks colours were
transferred to the LCO (Persson) system using the transforma-
tion

(J − Ks)LCO = 1.028∗ (Js − Ks)ISAAC − 0.011.

As with the SofI data, the colours and magnitudes were then
transferred to the 2MASS system (Carpenter 2001) and only
non-stellar sources are corrected for galactic extinction.

The ISAAC data were taken over a large number of nights
and, consequently, the image quality over the entire mosaicis
slightly variable. The dispersion in the image quality as mea-
sured from bright stars over the entire mosaic is about 8% inKs

and 5% inJs. The median ellipticity is 0.05 and 0.03 for theKs

andJs images respectively. In the central part of the mosaic, the
uniformity of the PSF is considerably better, since the central
part of the mosaic is common to all images.

We used the SExtractor software (Bertin & Arnouts 1996)
to detect objects, to do the photometry and to classify sources
as either point like or extended. TheJ−Ks colour for objects in
the central part of the mosaic are derived from the flux within
fixed apertures of 6 pixels (0.′′89 diameter). Since the image
quality in the central part of theJs andKs ISAAC mosaics are
very similar, there are no aperture corrections to theJ − Ks

colours. The photometric errors were calculated independently,
since the error in a fixed aperture is larger than the error that one
would derive by multiplying the noise in a single pixel by the
square root of the number of pixels in the aperture (Labbé etal.
2003).

The independently calibrated SofI images are used to check
the photometric accuracy of the ISAAC data. The difference in
the absolute calibrations are less than 0.02 magnitudes andthe
scatter in theJ−Ks colour of relatively bright objects (Ks < 19)
is 0.02 magnitudes over a region that is within 30′′ of the cluster
center. The scatter increases to 0.03 magnitudes if all objects
within the region covered in Fig. 3 are included. The scatter
increases with increasing area because image quality becomes
more variable as one moves away from the cluster center and all
colour measurements are based on aperture magnitudes. Unless
otherwise stated, we restrict the measurement of cluster proper-
ties in the analysis that follows to those galaxies that lie within
20′′ of the cluster center. We also cross checked the photome-
try of the brightest cluster galaxies. Although there is signifi-
cant dispersion in the total magnitude, about 0.15 magnitudes,
the dispersion in theJ−Ks colour is less than 0.02 magnitudes
and the mean difference is less than 0.01 magnitudes. The com-
parison between the independently calibrated SofI and ISAAC
data and the comparison between objects in the SofI data and in
the 2MASS catalogue suggest that the systematic error in our
J − Ks colours is no larger than 0.02 to 0.03 magnitudes.

The central 75′′ of the ISAACKs band image is shown in
Fig. 3. This images can be compared to the image taken with
SofI (Fig. 1), and it demonstrates the increased depth and spa-
tial resolution of the ISAAC data.

We mark the spectrally confirmed cluster members
(Demarco et al. 2003) that lie fully within Fig. 3 with arrows.
With the exception of one cluster galaxy, which has the mor-
phology of an edge on spiral and [OII] emission, the morpholo-
gies of the spectrally confirmed cluster members are consistent
with the morphologies of early-type galaxies. None of these
galaxies show detectable [OII] emission (Demarco et al. 2003).
For comparison, three spectrally confirmed field galaxies that
lie with 20′′ of the cluster center are circled. The colours and
morphologies of these three galaxies are quite different to the
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Table 2. A summary of the observations taken with ISAAC. The exposuretimes and detection limits of the mosaic refer to the centralpart
of the mosaic, where the exposures are deepest. In other areas, the exposure time will vary from one quarter to one half of this depending on
the overlap. The detection limit is defined as the 5σ detection threshold over an 0.′′9 diameter aperture. The image quality is derived from the
FWHM of stellar objects in the combined images.

Filter Region Exposure Image Quality Detection Limit
(seconds) (′′) (Vega magnitudes)

Ks Mosaic 81990 0.45 24.1
Js Mosaic 86640 0.45 25.6
Ks Eastern 1080 0.40 21.5
Js Eastern 1080 0.43 23.3
Ks Western 1080 0.32 21.5
Js Western 1080 0.40 23.3
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Fig. 3. The central part of the ISAACKs-band image. The image is 75′′ on a side, which, in the adopted cosmology, corresponds to 0.67 Mpc
at z = 1.237. The two galaxies near the center of the cluster are 1.′′8 apart. Spectrally confirmed cluster members and field galaxies (Demarco
et al. 2003) are marked with arrows and circles respectively. Two arc-like features are also marked.
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colours and morphologies of the spectrally confirmed cluster
members. One appears to be slightly disturbed edge-on spiral
and the other two have highly irregular morphologies.

There appears to be two relatively red arc-like features
about 20′′ from the cluster center. Their shape and distance
from the cluster are suggestive of giant gravitational arcs.
However, higher resolution imaging and spectroscopy would
be needed before conclusions could be drawn.

3. Results

3.1. The colour magnitude diagram

The ISAAC C-M diagram of objects within 20′′ of the cluster
center is shown in Fig. 4. Objects are plotted as solid sym-
bols if they were classified as extended or as a star if they were
classified as a point source. Objects fainter thanKs < 21 are
not classified and are plotted as solid symbols. Unlike the C-M
diagram that was derived from the SofI data (Fig. 2) and for
reasons of clarity, objects outside this radius are not plotted.
If they were, one would see a similar peak in the colours of
stellar-like objects aroundJ − Ks ∼ 0.8.

Spectrally confirmed cluster members and field galaxies are
marked with circles and crosses respectively. The field galaxies
are also marked in Fig. 3, and all of them are morphologically
distinct from the spectrally confirmed cluster members.

Galaxies that are within 20′′ of the cluster center lie on
a well defined C-M relation. The line in Fig. 4 is a fit to the
galaxies within the blue rectangle (i.e. galaxies withKs < 21,
J−Ks > 1.5 andJ−Ks < 2.1) and within 20′′ of the cluster cen-
ter. Even thought the fit has been done for galaxies brighter than
Ks = 21, the upper envelope in the colour of galaxies that are
as faint asKs = 24 is defined by this relation. We also indicate,
with boxes in Fig. 4, the location of five spectrally confirmed
cluster galaxies that are more than 20′′ form the cluster center
but within the area bounded by Fig. 3. These cluster galaxies
also lie on the C-M relation.

Recently, Labbé et al (2003) measured the galaxy number
counts to very faint NIR magnitudes. We have used their results
to estimate that, toKs = 21, six field galaxies are expected
within 20′′ of the cluster center, which is considerably fewer
than the 36 galaxies we do observe. We do not separate field
and cluster galaxies when fitting the C-M relation, since the
three spectrally confirmed field galaxies are already excluded
by our colour cuts, i.e. they lie outside the blue rectangle in
Fig. 4, and the remaining small number of unidentified field
galaxies are unlikely to bias our fit.

The fit to the C-M relation was determined by adjusting the
amount of intrinsic scatter that had to be added to the data until
the reducedχ2 was one. A floor to the error in the colour, as
determined by comparing the colours of the brightest galaxies
in the ISAAC and SofI data, was set to 0.02 magnitudes. Only
those objects within the blue rectangle in Fig. 4 were used in
the fit. Separate fits were done for regions of different radii cen-
tered on the cluster. In all cases, the dominant source of scat-
ter is the intrinsic scatter. For completeness, we also report the
fit to the slope of the C-M relation without adding additional

scatter. The fits, the observed scatter and the inferred intrinsic
scatter are reported in Table 3.

In measuring the intrinsic scatter, it is imperative that mea-
surement errors are accurately estimated. We checked the ac-
curacy of our measurement errors by adding artificial galaxies
directly to the reduced data and by processing the artificialand
real data in an identical manner. The errors estimated in this
way are in excellent agreement with the errors that are esti-
mated from the image noise. Representative error bars are plot-
ted in lower part of Fig. 4 for galaxies with apparent magni-
tudes ofKs = 18, 19, 20 and 21.

We also used this technique to check for biases in the pho-
tometry. There is a tendency for the SExtractor BEST magni-
tude to miss an increasing fraction of the flux as objects be-
come fainter. However, the error is less than 0.2 magnitudes
over the magnitude range in which the fit to the C-M relation
is done. Aperture magnitudes and the colours that are derived
from them are unbiased.

The slope of the C-M relation is -0.05 magnitudes per mag-
nitude, which is quite similar to the slope measured in clusters
with redshifts up toz ∼ 0.9 (SED). If the fit is done using
aperture magnitudes instead of the total magnitudes, the slope
steepens slightly, although the change is within the measure-
ment error. The scatter about the relation is unchanged. If the
fit was repeated just for the spectrally confirmed cluster galax-
ies that are marked in figure 3, the fitted slope and the measured
scatter are also similar.

Recent observations of clusters abovez ∼ 1 have pointed
to a possible flattening in the slope (van Dokkum et al. 2001;
Stanford et al. 2002). We see no evidence for a flattening in
the slope of the C-M relation in RDCS J1252.9-2927. The dot-
ted line in Fig. 4 is how the C-M relation of the Coma cluster
would appear if it were moved to the redshift of RDCS J1252.9-
2927 (Rosati et al. 1999). Within the measurement uncertain-
ties the slope for RDCS J1252.9-2927 is the same, but theJ−Ks

colours of galaxies in RDCS J1252.9-2927 are on average 0.25
magnitudes bluer. This result is consistent with the trend seen
in SED.

We estimate the intrinsic scatter to be 0.06 magnitudes with
a 90% confidence interval from 0.04 to 0.09 magnitudes. This
is similar to the scatter seen in clusters with redshifts up to
z∼ 0.9 (SED). Even, if we have grossly overestimated the mea-
surement errors, which is unlikely, the intrinsic scatter cannot
be much larger than the measured scatter (0.06-0.08 magni-
tudes).

Within 20′′ (0.16 Mpc) of the cluster center, 90% of galax-
ies brighter thanKs = 21, which is approximately 2.5 mag-
nitudes fainter than the apparent magnitude of anL? galaxy
in this cluster (Toft et al. 2003) and 3.5 magnitudes fainterthan
the brightest cluster members, lie on the C-M relation. Three of
the seven galaxies that do not lie on the sequence were found to
be non-cluster members from follow-up spectroscopy. Of the
other four, one is redder than the C-M relation and the other
three are fainter thanKs = 20. There is no progenitor bias in
the central regions of this cluster.

The average colour of aL? galaxy in RDCS J1252.9-2927
is J − Ks ∼ 1.85. This is similar to the colours measured
for the early-type galaxies in RX J0848.9+4452 atz = 1.26



%������ ��� � � �� �� ����� ������ �� �� � ���� � �� �� ��� � ��� ��� � �� �� ���

C. Lidman et al.: Deep near-infrared imaging of RDCS J1252.9-2927 7

Fig. 4.The C-M diagram of objects within 20′′ of the cluster center. The diagram is generated from the ISAAC data. The solid circles represent
objects that have been classified as extended and the stellarsymbol represents the object that was classified as a star. Spectrally confirmed
cluster members are circled and spectrally confirmed field galaxies are marked with an “X”. The solid red line is a fit to the C-M relation of
galaxies within the blue rectangle (see text) and the dottedline is where the E/S0 sequence of the Coma cluster would lie if it were placed at
z=1.24. The dot-dashed lines are monolithic collapse models (Kodama & Arimoto 1997). From top to bottom they represent formation redshifts
of z= 2,3 and 5. The error bars that are located near the bottom of the plot indicate the size of the colour and magnitude errors. Also plotted, as
open squares, are the spectrally confirmed cluster members that are more than 20′′ from the cluster center but within the field of view of Fig. 3.

(Rosati et al. 1999), which haveJ − K ∼ 1.85 on the UKIRT
system. However, the transformation between the UKIRT and
2MASS systems is uncertain, so it is not clear how compa-
rable the average colour of galaxies in these two clusters are.
Using the transformation equations in Hawarden et al. (2001),
the colours agree very well, but using the transformation equa-
tions of Carpenter (2001), one would find that the early-type
galaxies RX J0848.9+4452 are 0.1 magnitudes redder.

3.2. The epoch of galaxy formation

We have used the monolithic collapse models of Kodama and
Arimoto (1997) to illustrate how the C-M relation changes with
formation redshift. In these models, star formation occursdur-
ing gas infall and terminates when the energy from supernovae
ejecta exceeds the binding energy of the gas. Larger galaxies
are able to hold onto their gas longer, and, consequently, star
formation occurs over a more extended period of time and they
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Table 3.The fit to the C-M relation. Only objects within the blue rectangle of Fig. 4 are used in the fit.

Radius Number of Slope1 Slope2 Observed Intrinsic 90% confidence region
(′′) Objects Scatter Scatter for intrinsic scatter
10 14 -0.046 -0.058± 0.017 0.066 0.060 0.039 to 0.091
15 19 -0.052 -0.055± 0.015 0.068 0.058 0.041 to 0.086
20 29 -0.046 -0.048± 0.015 0.082 0.070 0.052 to 0.093

Notes:
1 No added scatter
2 With additional scatter

have higher mean metallicities. Three models (withzf = 2,3
and 5, wherezf is the redshift of formation) are plotted in Fig.
4 as the dot-dashed lines. They reproduce the measured slope
very well and would suggest that the bulk of the stars in this
cluster formed betweenz= 2 andz= 3.

We have also used the simple stellar population (SSP) syn-
thesis models of Bruzual and Charlot (2003) to estimate the
mean age and the age spread of galaxies in the center of RDCS
J1252.9-2927. We useJ − Ks = 1.85, which is the average
colour of aL? galaxy in the cluster, and a spread in colours
from J−Ks = 1.79 toJ−Ks = 1.91 to estimate the mean age and
the age spread. If we assume that the spread in colours is en-
tirely due to age difference, then, for instantaneous single-burst
models with solar metallicity, a mean age of approximately 2.7
Gyrs and an age spread from 2.2 to 3.2 Gyrs are derived. These
correspond to a mean formation redshift ofzf = 2.8 and a
spread in formation redshifts fromzf = 2.4 to 3.6. The up-
per limits are highly uncertain. An increase of 0.01 magnitudes
in J − Ks, which is smaller than our estimate of the system-
atic error, will move the upper limit beyondzf = 5. The model
colours in these simple models do not get much redder than
J − Ks = 1.93 for solar metallicities.

If these models are allowed to evolve passively toz = 0.5,
the corresponding scatter inJ − Ks evolves to less than 0.01
magnitudes, which is considerably less than the scatter mea-
sured in SED. However, we caution that there are differences
in the way C-M relations in this paper and Stanford et al. have
been built. The C-M relation in this paper is created from the
central 0.33 Mpc of the cluster, whereas those of SED are cre-
ated from larger areas. With additional optical and spectro-
scopic data on RDCS J1252.9-2927, one will be able to extend
the area over which the C-M relation is derived so that a more
robust comparison can be made.

Since the observed scatter inJ − Ks does not change from
z = 1.237 to the present day, and since the scatter in SSP and
monolithic collapse models should decrease as time goes on,
it seems unlikely that the observed scatter in RDCS J1252.9-
2927 is solely due to age differences. Alternative reasons for the
scatter are metallicity variations at constant luminosityand/or
dissipationless merging with little subsequent star formation.
Such mergers may have already been identified in both cluster
and field environments (vanDokkum et al. 1999; van Dokkum
et al. 2001; van Dokkum et al. 2003).

If most of the scatter is due to metallicity differences, the
mean age of formation does not change, but the range of red-
shifts over which galaxies would have formed narrows. If most

of the scatter is due to dissipationless merging, then, in the
monolithic collapse models of Kodama and Arimoto (1997),
the mean age increases and the formation redshift is pushed
higher, because galaxies will move left and down in the C-M
diagram after the merging has taken place. The directions that
galaxies move depend on the relative masses and metallicities
of the progenitors.

The derived formation epoch is directly related to the as-
sumed metallicity and the star formation history. If a lower
metallicity was assumed, an earlier formation epoch would be
derived. This is the well known age-metallicity degeneracy,
and the NIR imaging data that is presented here cannot break
the degeneracy. An advance in this area will require a com-
parison between deep spectroscopic data and the most recent
stellar population synthesis models (Bruzual & Charlot 2003).
However, in the SSP models that have been used here, the
galaxies in RDCS J1252.9-2927 cannot be much metal poorer
than solar, otherwise the formation epoch is pushed beyond
the big bang. Additionally, the metallicity of the intra-cluster
medium in this cluster is∼ 0.4 times solar (Rosati et al. 2003).

4. Conclusions

We have obtained very deep,J− andKs-band images of the X-
ray luminous galaxy cluster RDCS J1252.9-2927 atz = 1.237
with ISAAC on the ESO VLT and with SofI on the ESO NTT.
The data enable us to construct aJ−Ks versusKs C-M diagram
to Ks = 24, which is five magnitudes belowL? (Toft et al.
2003).

Galaxies within 20′′ of the cluster center define a tight C-
M relation. The slope of the relation is -0.05 magnitudes per
magnitude and is similar to the slope measured in clusters at
lower redshifts (SED). This strengthens the hypothesis that the
slope in the C-M relation is due to metallicity and not age. We
see no evidence for a flattening in the slope as predicted in
hierarchical models and tentatively observed in clusters at z∼ 1
(van Dokkum et al. 2001; Stanford et al. 2002).

More than 90% of the galaxies within 20′′ of the cluster
center and brighter thanKs = 21 lie on the C-M relation. There
is no progenitor bias in the centre of this cluster.

The intrinsic scatter in theJ − Ks colour of galaxies about
the C-M relation in RDCS J1252.9-2927 is 0.06 magnitudes
and is similar to the scatter measured in clusters fromz = 0 to
z∼ 0.9 (SED). Hence, the scatter has not evolved fromz= 1.24
to the present day. This weakens the hypothesis that the scatter
in the C-M relation is solely due to age. Dissipationless merg-
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ing and metallicity variations at constant luminosity could also
contribute to the scatter. We also see no evidence for increased
scatter in the colours of galaxies at the bright end of the C-M
relation.

Our results can be compared to those derived from high-
resolution optical images of RDCS J1252.9-2927 that were
taken with the Advanced Camera for Surveys on the Hubble
Space Telescope in the F775W and F850LP filters. BFP find a
tight C-M relation in thei775 − z850 versusz850 C-M diagram,
and they show that neither the slope of this C-M relation nor
the scatter about it have evolved fromz = 0 to z = 1.24. This
concurs with the findings of this paper.

Using instantaneous, single-burst, solar-metallicity models,
the average age of the bulk of the stars in the center of the
cluster is 2.7 Gyrs. This corresponds to a formation redshift of
zf = 2.8. If the scatter about the CM relation is due to age,
most of the galaxies in the center of this cluster were formed
betweenz= 2.4 andz= 3.6.
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ABSTRACT

We investigate the color-magnitude (CM) relation of galaxies in the distant X-ray selected cluster
RDCS 1252.9–2927 atz=1�24 using images obtained with the Advanced Camera for Surveys (ACS) on the
Hubble Space Telescopein the F775W and F850LP bandpasses. We select galaxies basedon morphological
classifications extending about 3.5 mag down the galaxy luminosity function, augmented by spectroscopic mem-
bership information. At the core of the cluster is an extensive early-type galaxy population surrounding a central
pair of galaxies that show signs of dynamical interaction. The early-type population defines a tight sequence in
the CM diagram, with an intrinsic scatter in observed (i775−z850) of 0�029�0�007 mag based on 52 galaxies, or
0�024�0�008 mag for�30 ellipticals. Simulations using the latest stellar population models indicate an age
scatter for the ellipticals of about 34%, with a mean age	L �
2�6 Gyr (corresponding tozL �
2�7), and the last
star formation occurring atzend�
1�5�Transforming to rest-frame (U−B), we conclude that the slope and scatter
in the CM relation for morphologically selected early-typegalaxies show little or no evidence for evolution out to
z�1�2. Thus, elliptical galaxies were already well establishedin X-ray luminous clusters when the universe was
a third of its present age.
Subject headings:galaxies: clusters: individual (RDCS 1252.9–2927) — galaxies: elliptical and lenticular, cD

— galaxies: fundamental parameters — cosmology: observations

1. INTRODUCTION

Present-day cluster ellipticals are a remarkably well-behaved
class of objects, with structural and chemical properties obey-
ing simple power-law scaling relations. But this could not al-
ways have been the case in a hierarchical universe. While most
galaxy formation models can be tuned to reproduce these re-
lations atz=0, a more stringent test lies in reproducing their
evolution with redshift. To this end, it is important to study
rich clusters out to the highest redshifts, when fractionalage
differences among the galaxies were proportionately greater. In
recent years, deep wide-field optical surveys and deep serendip-
itous X-ray surveys have uncovered significant numbers of rich
galaxy clusters to redshift unity and beyond (see reviews by
Postman 2002; Rosati 2003). These most distant, and most
massive, of known gravitationally bound structures can then be
studied in detail through targeted, high-resolution, follow-up
optical and near-infrared observations.

We have undertaken a survey of rich galaxy clusters in the
redshift range 0�8 �z �1�3 using the Advanced Camera for
Surveys (ACS; Ford et al. 2002) on theHubble Space Tele-
scope(HST). The aim of this survey is to establish new con-
straints on the cluster formation epoch and the evolution of
early-type galaxies. The first cluster observed, RDCS 1252.9–
2927 (hereafter RDCS 1252) atz=1�237 (Rosati 2003; Rosati
et al. 2003), was discovered as part of the ROSAT Deep Cluster
Survey (Rosati et al. 1998) and is among the highest-redshift

galaxy clusters with spectroscopic confirmation. This Letter
presents the first results from our ACS cluster survey, focusing
on the color-magnitude (CM) relation of the early-type galax-
ies in RDCS 1252. We adopt the best-fit WMAP cosmology:
(h�m�L) = (0�710�270�73) (Bennett et al. 2003), giving a
scale of 8.4 kpc per arcsec atz=1�237.

2. OBSERVATIONS AND IMAGE REDUCTIONS

RDCS 1252 was observed in the F775W and F850LP band-
passes (hereafteri775 andz850, respectively) with the ACS Wide
Field Camera as part of the guaranteed time observation pro-
gram (proposal 9290) during 2002 May and 2002 June. The
observations were done in a 2�2 mosaic pattern, with 3 and 5
orbits of integration ini775 andz850, respectively, at each of the
four pointings. There was nearly 1� of overlap between point-
ings; thus, the core of cluster was imaged for a total of 12 orbits
in i775 and 20 orbits inz850.

The data were processed with the “Apsis” pipeline described
by Blakeslee et al. (2003), with some recent updates. In par-
ticular, we used a version of the drizzle software (Fruchter&
Hook 2002) supplied by R. Hook that implements the “Lanc-
zos3” interpolation kernel (a damped sinc function). This ker-
nel produces a sharper point spread function (PSF) and greatly
reduces the noise correlation of adjacent pixels and the resulting
“moire” patterns. Apsis also now removes discontinuities in the
residual bias level at the amplifier boundaries, producing amore
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6 Department of Astronomy & Astrophysics, The Pennsylvania State University, University Park, PA 16802.
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FIG. 1.— Color composite of the core region of RDCS 1252, constructed from our ACS/WFC F775W and F850LP images, shown in the observed orientation.
The displayed field size is roughly 1� across, or less than 4% of the full mosaic.
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uniform background. An earlier processing of these images has
been used by Bouwens et al. (2003) for a study of the fainti775
dropout population atz�6. We calibrate our photometry to
the AB system using photometric zero points of 25.640 (i775)
and 24.843 (z850). These are uncertain at the�0.02 mag level,
which has no effect on our conclusions. We adopt a Galac-
tic reddening for this field ofE(i−z) = 0�041 mag based on the
Schlegel et al. (1998) dust maps.

3. OBJECT SELECTION AND PHOTOMETRY

Figure 1 shows the central�1� region of a color composite
made from our reducedi775 andz850 images. A red galaxy pop-
ulation is clearly visible. The central pair of galaxies aresep-
arated by 1���8 (15 kpc) and are each of magnitudez850 �21.
We used SExtractor (Bertin & Arnouts 1996) in “dual-image
mode” with low threshold and deblending settings to find ob-
jects in the reduced images and perform the initial photometry.
SExtractor “MAG_AUTO” values were used for the total mag-
nitudes. The (i775−z850) color effectively separates out evolved
galaxies atz�

�
1, and the cluster is obvious as a central con-

centration of galaxies with 0�80�(i775−z850) �1�05. Figure 1b
[removed from the ApJL version in order to meet the page limit]
shows histograms of isophotal color within 3 different radii
of the cluster center (defined midway between the two central
galaxies) for galaxies with totalz850 = 20–25 mag.

We selected an initial sample of 312 nonstellar objects
with z850 �24�8, in the broad isophotal color range 0�5 �
(i775−z850) �1�2, and inside a radius of 1��92. Our goal is
to study the early-type galaxy population in RDCS 1252, for
which we have limited spectroscopic data, and these cuts arede-
signed to select the vast majority of our target sample whilerea-
sonably limiting foreground/background contamination. The
color selection is roughly 7 times broader than the full-width of
the red sequence we find below. The radial cutoff corresponds
to about 1.0 Mpc for both our adopted WMAP cosmology and
an Einstein-deSitter cosmology withh=0�5.

“F IG. 1b.”— Histograms of (i775−z850) color for objects having 20	z850	
25 and within the specified radii of the center of RDCS 1252. The cluster galax-
ies are near (i775−z850) = 0
95, and make up an increasing fraction of the objects
within progressively smaller radii. [This figure was removed from the published
version because of space limitations.]

Our final colors are measured within galaxy effective radiiRe

to avoid biasing the CM slope due to color gradients. We follow
the basic approach outlined by van Dokkum et al. (1998, 2000).
We derive theRe values using the program “galfit” (Peng et al.
2002) by fitting each galaxy to a Sersic model (convolved with
the PSF), but constraining then parameter such that 1�n�4.
Bright neighboring galaxies were fitted simultaneously. We
note that subtraction of the model for the two central galax-
ies reveals evidence for interaction in the form of anS-shaped
residual.

Next, we deconvolvei775 andz850 postage stamp images of
each galaxy using the CLEAN algorithm (Högborn 1974) in or-
der to remove the differential blurring effects of the PSF, which
is�10% broader in thez850 band. To reduce noise, the CLEAN
maps are smoothed with a Gaussian of FWHM=1�5 pix before
adding the residual images to the maps to ensure flux conser-
vation. We then measure thei775 andz850 magnitudes of each
galaxy within a circular aperture of radiusRe, typically about 6
pix, or 0���3. We did not allow the radius to drop below 3 pix.
Photometric errors were determined empirically from the point-
ing overlap regions. We reprocessed the 4 pointings separately
and measured the color differences withinRe for 202 pairs of
measurements for 74 different early-type galaxies (classifica-
tions described below) in the overlap regions. We then median-
filtered to obtain the errors as a smooth function of magnitude.
The error thus determined for single-pointing (i775−z850) mea-
surements atz850 = 23 was 0.025 mag, rising to�0.05 mag at
z850 = 24�5.

Each galaxy in our initial sample was examined and mor-
phologically classified, following a procedure similar to that of
Fabricant et al. (2000). This was done independently of the pro-
file fitting, but the types show a good correlation with Sersicn
index. Here, we simply distinguish between E, S0, and later
types, where the intermediate S0 class indicates the apparent
presence of a disk without spiral or other structure. Full de-
tails on the classifications for a much larger sample, including
the spatial distribution of the various types, will be presented
by Postman et al. (2003, in preparation). About 180 galaxies
in this field have measured redshifts, obtained with VLT/FORS
(Rosati et al. 2003, in preparation), with 31 being cluster mem-
bers. All galaxies in our initial sample classified as early-type,
and not known to be interlopers from their spectra, are included
in our CM analysis in the following section. Of the 31 known
members, 22 are classified as early-type, and we include all of
these in our analysis even though one (an S0) happened to lie
beyond our 1 Mpc cutoff.

4. THE COLOR-MAGNITUDE RELATION AT z=1�24

We fitted the early-type galaxy CM relations using simple
linear least squares; other methods gave very similar results.
We estimate the scatter from both the standard rms and the bi-
weight scale estimator (Beers et al. 1990). No rejection was
done in fitting subsamples composed of known members, the
faintest of which hasz850 = 23�48, or�0�5L�B. We also per-
formed fits to samples with unconfirmed members, allowing us
to go 1 mag further down the galaxy luminosity function. How-
ever, here we iterate to reject the 3-outliers, as these are likely
to be interlopers: none of the 22 confirmed early-type members
is more than 2.3-discordant. After the iterative rejection pro-
cess, we find concordant scatters for those samples, and the rms
and biweight estimator are the same to within�0.001 mag.
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Figure 2 presents the CM relation for the RDCS 1252 galax-
ies. The fit to the full sample of early-type galaxies with
z850 �24�5 gives

(i−z) = (0�958�0�006)− (0�025�0�006)(z850− 23)� (1)
Other results are listed in Table 1. The mean locations of the
CM relations for the elliptical and S0 subsamples agree to well
within the errors, while the slopes are consistent at the 1.5-�
level. Eight known late-type members from Rosati et al. (2003,
in preparation) for which we have photometry are bluer than
the early-type galaxies by 0.25 mag, with a scatter of 0.14 mag
about this offset, indicating young stellar populations. We find
an intrinsic scatter�int = 0�023�0�007 mag for the 15 con-
firmed elliptical members. For a limit ofz850 �24�5, we de-
rive �int = 0�026 mag for the clipped sample of 31 ellipticals
and�int = 0�029 for the 52 E+S0 galaxies. At this limit, the
observational errors become dominant and classification isdif-
ficult, which could bias our�int estimates. Forz850 �24�0, still
3 mag down the luminosity function to about 0.3L�, we find
�int = 0�024 for 25 ellipticals (with no outliers).

FIG. 2.— Color-magnitude diagram for early-type galaxies inside 1��9 with
(i775−z850) �0�5, excluding spectroscopically known interlopers. Circles and
squares represent ellipticals and S0s, respectively; solid symbols are used in
the CM relation fits, while open symbols (all of which lack spectroscopic in-
formation) are rejected as outliers or as below the faint cutoff (indicated by
the dotted line). Two representative fits are shown: the fit tothe 15 ellipti-
cal members (solid line) and to the 52 early-type red-sequence galaxies. The
approximate luminosity conversion for RDCS 1252 is shown attop, assuming
the WMAP cosmology and−1�4 mag of luminosity evolution as described in
the text, such thatM�B = −21�7 (AB). The relation for the Coma cluster, trans-
formed to these bandpasses atz = 1�24 (no evolution correction), is indicated
by the dot-dashed line.

We estimateM�B 	−21�7 AB for RDCS 1252, based on lo-
cal surveys (Norberg et al. 2002), WMAP cosmology, and−1.4
mag luminosity evolution (Postman et al. 2001; van Dokkum
& Stanford 2003). The correction fromz850 to rest-frameB is
+0.3 mag for an early-type spectrum. Thus the brightest clus-
ter member atz850 = 21�0 corresponds to
4�8L�B. The clus-
ter red-sequence is about 0.1 mag bluer than predicted for non-
evolving elliptical templates (Coleman et al. 1980; Schneider
et al. 1983). For comparison, a Bruzual & Charlot (2003; here-
after BC03) solar metallicity model reddens by 0.11 mag and
fades by 1.5 mag in aging from
3 to
11.5 Gyr. The present-
day relation for the Coma cluster (transformed according tothe
relations given below) is also shown in Figure 2.

The tight CM relation allows us to constrain the scatter in
early-type galaxy ages, subject to model uncertainties. The evo-
lution in (i775−z850) at this redshift is complicated at young ages

becausez850 straddles the 4000 Å break and has its blue end
near the Balmer jump at 3700 Å. The Balmer jump reaches a
maximum at 0.5–1 Gyr, when the relative contribution from A
stars is greatest, resulting in a red color at these ages. It is inter-
esting that several of the S0s lieabovethe CM relation, possibly
indicating ages�1 Gyr. As the A star contribution lessens, the
color quickly evolves towards the blue, reaching a local mini-
mum near
1.5 Gyr, before commencing a roughly monotonic
reddening with age.

We have simulated the (i775−z850) colors of galaxies formed
under two simple star formation models, similar to those used
by van Dokkum et al. (1998). In Model 1, the galaxies form
in single bursts randomly distributed over the interval (t0�tend),
wheret0 is set to the recombination epoch andtend �tz �5�1
Gyr, the age of the universe atz = 1�24. In Model 2, galaxies
form stars at constant rates between randomly selected times
(t1�t2), wheret0 �t1 �t2 �tend. We varytend and at each step
calculate colors and luminosities for 10,000 “galaxies” byinter-
polation and integration of the BC03 solar metallicity models.
Assuming�int = 0�024 mag for the ellipticals, Model 1 imples
a minimum agetz−tend = 1�6 Gyr, i.e., all galaxies finish form-
ing at redshiftsz zend = 1�9; the mean luminosity-weighted
age is�L = 3�3 Gyr (corresponding tozL = 3�6) with a scatter of
30%. Model 2 givestz−tend = 0�53 Gyr,zend = 1�4, and�L = 2�6
Gyr (corresponding tozL = 2�7) with 38% scatter. Thus, al-
though some galaxies in Model 2 have formed stars recently,
the mean ages are still high. Both models give a mean color�
i775−z850�= 0�94, similar to that observed.

For the S0s, we findzend = 1�5 for Model 1 andzend = 1�3,
indicating recent star formation, and age scatters of 44–47%.
Finally, we note that the 1996 version of the BC models would
have predicted higher formation epochs, e.g.,zend 2�5 and
zend2�0 for the ellipticals in Models 1 and 2, respectively, and
an age scatter of only 20%, although the predicted color is then
redder by 0.1 mag. Overall, we conclude that the ellipticalsare
an evolved population, with a mean age�L 
2�6, a minimum
age
1�0�5 Gyr, and an age scatter of (34�15)%, where the
error reflects uncertainty in�int and scatter in the models.

5. DISCUSSION

To enable comparison with previous work, we convert ob-
served (i775−z850) quantities to rest-frame (U−B)z at z = 1�24.
The models (BC03; Kodama et al. 1998) and empirical tem-
plates indicate�(U−B)z = (1�8�0�4)��(i775−z850), where the
error bar reflects the scatter in the models at the relevant ages
and adds about 20% uncertainty to our transformed slope and
scatter. Figure 3 uses this conversion, and other transforma-
tions from van Dokkum et al. (2000), to compare our results
to some previous studies of the CM relation in intermediate-
redshift clusters withHST, as well as the results of van Dokkum
et al. 2001 on RX J0848+4453, the only cluster of comparable
redshift to have its CM relation measured.

Linear fits to the data shown in Figure 3 yield slopes of
−0�014�0�010 and 0�003�0�008 for the evolution in the abso-
lute slope and the scatter, respectively. Thus, the scatteris con-
stant, and there is at best marginal evidence for slope evolution,
which indicates that the slope is due to a variation in metallicity,
not age. Previous studies of cluster samples out toz
1 have
come to similar conclusions (e.g., Stanford et al. 1998; Kodama
et al. 1998; van Dokkum et al. 2000). Van Dokkum et al. (2001)
concluded that the slope atz = 1�27 was shallower than in the
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Coma cluster. However, as shown in the figure, our slope mea-
surement is consistent within the errors with both Coma and
RX J0848+4453. Further studies of a diversity of clusters at
similar redshifts are needed to explore this issue.

The lack of evolution in the CM relation scatter can be ex-
plained by progenitor bias (e.g., van Dokkum & Franx 2001):
galaxies selected as early-type at any epoch will have old stel-
lar populations, while the later-type progenitors of the youngest
ellipticals today will not be selected. The result is an underes-
timate in the color scatter for the progenitors of modern ellipti-
cals, and thus overestimated ages. An upper limit on the scatter
for elliptical progenitors may be estimated from a fit to all con-
firmed RDCS 1252 members; the result is 3–4 times larger than
for the early-type galaxies. A detailed study of the morpholog-
ical fractions in RDCS 1252 (Postman et al. 2003, in prepara-
tion) should help illuminate the magnitude of this bias. We also
note that the two central ellipticals themselves, based on their
proximity and irregular isophotes, appear likely to undergo dis-
sipationless merger to form a single�9L

�

B galaxy, similar to
local cD galaxies.

We conclude that massive, evolved early-type galaxies were
already present in rich clusters atz= 1�24. Our simple models
imply mean luminosity-weighted ages of 2.6–3.3 Gyr, corre-
sponding to formation atz= 2�7–3.6. However, the (i775−z850)
color is not ideal for the redshift of RDCS 1252, being better
suited to measuring the 4000Å break atz�1�1. Combining
our ACS data with deep, high-resolution near-IR imaging of
this field (Lidman et al. 2003) will enable a more robust assess-
ment of early-type galaxy ages. In addition, further studies of
the CM relations and morphologies of galaxies in otherz�

�
1

clusters are needed to improve the constraints on the formation
epoch of cluster galaxies and on the evolution of their stellar
populations and structural properties.

ACS was developed under NASA contract NAS 5-32864,
and this research has been supported by NASA grant NAG5-
7697. The STScI is operated by AURA Inc., under NASA con-
tract NAS5-26555. We thank our fellow ACS Team members
for their help, Taddy Kodama for helpful discussions and mod-
els, and Stephane Charlot for the BC03 models.

FIG. 3.— Slope (top) and scatter (bottom) of the rest-frame (U−B) CM re-
lation as a function of redshift. The filled circle is from thepresent work; open
symbols show results from, in order of increasing redshift,Bower et al. (1991);
van Dokkum et al. (1998); Ellis et al. (1998); van Dokkum et al. (2000); and
van Dokkum et al. (2001). The dotted lines indicate the average values.
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TABLE 1

RDCS 1252-2927 COLOR-MAGNITUDE RELATIONS

Sample z(lim)
850 Nr Nc Slope �bwt

a �bwt
b �int

Ec. . . . . . . . 15 15 −0�022
�

0�011 0.029 0�029
�

0�005 0�023
�

0�007
E+S0c. . . . . 22 22 −0�018

�
0�013 0.038 0�038

�
0�006 0�033

�
0�007

Ed. . . . . 24.0 25 25 −0�020
�

0�009 0.033 0�033
�

0�005 0�024
�

0�008
E+S0d. . 24.0 44 41 −0�025

�
0�008 0.045 0�038

�
0�004 0�029

�
0�007

Ed. . . . . 24.5 34 31 −0�019
�

0�007 0.053 0�036
�

0�005 0�026
�

0�008
E+S0d. . 24.5 58 52 −0�025

�
0�006 0.054 0�039

�
0�004 0�029

�
0�007

S0d. . . . 24.5 24 21 −0�042
�

0�013 0.058 0�039
�

0�006 0�032
�

0�008

aBiweight scatter based on raw number of galaxiesNr.

bBiweight scatter based onNc galaxies after 3-� clipping.

cSpectroscopically confirmed members of specified type only.
dAll red-sequence objects (known interlopers omitted) of specified type,z850 �z(lim)

850 and
within the area of analysis.
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Abstract. We derive theKs-band luminosity function (LF) of thez= 1.237 massive X-ray luminous cluster of galaxies RDCS
J1252.9−2927. Photometric redshifts, derived from deep multi-wavelength near infrared (NIR) and optical imaging data, and
calibrated using a large subset of galaxies with spectroscopic redshifts, are used to separate the cluster galaxy population from
the foreground and background field galaxy population. Thisallows for a simultaneous determination of the characteristic
magnitudeK∗s and faint end slopeα of the LF without having to make an uncertain statistical background subtraction. The
derived LF is well represented by the Schechter function with K∗s = 18.54+0.45

−0.55 andα = −0.64+0.27
−0.25. The shape of derived LF is

similar to that measured in local clusters at similar restframe wavelengths (in thez-band), but the characteristic magnitude is
brighter by∆M∗z = −1.3± 0.5 magnitudes. The brightening of the characteristic magnitude, and lack of evolution in the shape
of the bright end of the LF suggests that the massive cluster ellipticals that dominate the bright end of the LF were already
in place atz = 1.237. The derived passive luminosity evolution is in agreement with the luminosity evolution derived from
fundamental plane studies of clusters at similar redshiftsand the evolution of theK-band LF of field galaxies toz ∼ 1. Taken
at face value the derived faint end slope is similar to the value measured at similar restframe wavelengths in thez = 1 cluster
MG2016+112 and in clusters in the local universe, but due to the relatively large uncertainties, a modest evolution in the faint
end slope betweenz= 0 andz= 1.237 is not ruled out.

Key words. galaxies: clusters: individual: RDCS J1252.9-
2927 - galaxies: elliptical and lenticular, cD - galaxies: evolu-
tion - galaxies: formation -galaxies: luminosity function, mass
function - cosmology: observations

1. Introduction

The galaxy luminosity function (LF) is a powerful tool for
constraining models of galaxy formation and evolution. The
LF of both field and cluster galaxies have been shown to
be well represented by the Schechter functionφ(m)dm =

n∗
[

100.4(m∗−m)
]α+1

e−100.4(m∗−m)
dm, wherem∗ is the characteristic

magnitude of the distribution,α is the faint end slope, andn∗ is
a normalization constant describing the space density of galax-
ies.

Send offprint requests to: S. Toft
? Based on observations obtained at the European Southern

Observatory using the ESO Very Large Telescope on Cerro Paranal
(ESO program 166.A-0101).

The variation of the LF parameters with galaxy type (early-
type/late-type), wavelength (UV, optical, near-infrared [NIR])
and environment (cluster versus field) and their evolution with
redshift depends on the details of mass assembly and star for-
mation and therefore provide strong constraints on galaxy evo-
lution models.

At optical wavelengths, the local cluster galaxy LF has
brighterm∗ and flatterα than the field galaxy LF. Whileαmea-
sured in the field is approximatelyα ∼ −1.25 in all the optical
bands,α in clusters become increasingly flatter toward the red-
der bands, gradually dropping fromα = −1.40 in theu-band
to α = −0.58 in thez-band (Goto et al. 2002), consistent with
the hypothesis that clusters are composed of two distinct pop-
ulations: a population of bright red early-type galaxies domi-
nating the bright end and a population of fainter blue late-type
galaxies (similar to typical field galaxies) dominating thefaint
end. In the Coma cluster there is a tendency forα to steepen
with cluster centric distance, notably in the bluer opticalbands,
consistent with a star forming dwarf population that could be in
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the process of being accreted from the field (Beijersbergen et al.
2002). Rich evolved clusters with cD galaxies tend to have flat-
ter faint end slopes than poorer clusters, indicating a deficiency
star forming dwarf galaxies in rich clusters (Lopez-Cruz etal.
1997; Driver & De Propris 2003).

While the variation in the LF parameters at optical wave-
lengths are sensitive to the star formation properties and mor-
phological mix of the underlying galaxy population, the NIR
LF is an excellent probe of the mass function of clusters. The
K-band flux of a galaxy is a good tracer of its stellar mass
(e.g. Madau et al. 1998) it is not very sensitive to star forma-
tion and attenuation by dust (compared to the optical band) and
the k-corrections are fairly small and relatively independent of
galaxy type even at high redshifts (e.g. Mannucci et al. 2001).
The evolution of the mass function is directly predicted from
galaxy formation and evolution models, making theK-band LF
of field and cluster galaxies very useful for fundamental testing
of the models.

Locally, the field galaxyK-band LF has been derived us-
ing the 2 Micron All Sky Survey (2MASS, Jarrett et al. 2000).
Early-type and late-type field galaxies have similarly shaped
LF but the early-types are brighter (more massive) and less nu-
merous than the late-types (Kochanek et al. 2001). The evolu-
tion of the field galaxyK-band LF has been estimated in three
broad redshift bins centered onz = 0.5, 1.0 and 1.5 using the
K20 survey (Pozzetti et al. 2003). No evolution is found inα
to z = 1.0, in the highest redshift bin the data are not deep
enough to constrain it. The characteristicK-band magnitude of
the galaxies in thez= 1 bin (which includes galaxies in the red-
shift range 0.75< z< 1.3) is consistent with a mild luminosity
evolution in theK-band toz ∼ 1 of ∆M∗K = −0.54± 0.12. At
z= 1, the bright end of the LF is still dominated by ellipticals,
and only a small decrease in their space density is observed,
indicating that the field ellipticals are largely in place atz= 1.

In a deep study of the LF of the Coma cluster, de Propris
et al. (1998) find a characteristic magnitudeM∗K = −24.02 and
a faint end slope ofα = −0.78. If they restrict the fit to “bright”
galaxies (M < M∗ + 3) they findα = −0.9. de Propris et al.
(1999) studied 38 clusters in the redshift range 0.1 < z < 0.9
to look for an evolution in theK-band cluster LF. Their data
was not deep enough to constrain the faint end slope , so they
fixed it on the Coma cluster valueα = −0.9, and concentrated
on searching for an evolution in the properties of the bright
end. Using the same method as de Propris et al. (1999) the
sample has subsequently been extended to include a few clus-
ters in the redshift rangez = 1.0 − 1.2 (Kodama & Bower
2003; Nakata et al. 2001). The conclusion from these studies
is that the shape of the bright end of theK-band LF appears
unchanged toz= 1.2 and the evolution of the characteristicK-
band magnitude with redshiftK∗(z) is well described by pas-
sively evolving galaxies assembled atzf > 2.

A high formation redshift is also inferred from the evolu-
tion of the colour magnitude (CM) relation of cluster early-
types toz ∼ 1.3 (Bower et al. 1992; Aragon-Salamanca et al.
1993; Stanford et al. 1998, 1997; Rosati et al. 1999; van
Dokkum et al. 2001; Lidman et al. 2003). The simplest ex-
planation for the evolution of the CM relation is the mono-
lithic collapse models (e.g. Eggen et al. 1962) in which the

bulk of stars are formed in a single short duration burst at
high redshift and subsequently evolve passively, but it canbe
equally well explained by semi analytical hierarchical models
(e.g. Kauffmann & Charlot 1998) in which the stars are formed
in the disks of of late-type progenitors which later merge to
form the elliptical galaxies, provided that the merging does not
trigger significant star formation.

The K-band LF is predicted to evolve quite differently in
the two formation scenarios, due to its close relationship with
the evolution of the mass function.

If the galaxies were assembled at high redshift and subse-
quently evolved passively, as predicted by the monolithic mod-
els, we expect the characteristic magnitude to brighten with
redshift (as a consequence of the passive evolution of the stars)
but the shape of the LF to remain the same. If the galaxies were
build up through continuous merging over a broader redshiftin-
terval as predicted in hierarchical models, we expect the shape
of the LF to change with redshift to reflect the accretion his-
tory of the cluster and the merging history of the cluster galax-
ies. A deficiency of the brightest galaxies should appear as the
the most massive galaxies break up into their progenitors, re-
sulting in a steepening of the bright end of the LF with red-
shift. If small structures form first and subsequently mergeto
form larger structures, the faint end slope should steepen with
redshift as galaxies break up into their progenitors. In many
hierarchical models however, the cluster population grow by
accretion of surrounding structures. The accretion history, and
the mass spectrum of the accreted structures could influence
the evolution of the LF. The Butcher-Oemler effect (Butcher
& Oemler 1978) in intermediate redshift clusters is probably
due to star formation in low mass galaxies which have been
accreted from the field, induced by interaction with the cluster
environment (Butcher & Oemler 1984; Fabricant et al. 1991;
Smail et al. 1998; van Dokkum et al. 2000; de Propris et al.
2003). Such an accretion of primarily low mass galaxies could
cause the faint end slope to decline with redshift, as a smaller
number of low mass galaxies would have had time to be ac-
creted onto the cluster environment at high redshift.

The apparent passive evolution of the bright end of the clus-
ter LF to z ∼ 1 is a challenge for hierarchical models which
predict that the characteristic mass should be a factor of three
smaller atz∼ 1 than at present (Kodama & Bower 2003). None
of the studies mentioned above have been able to constrain the
evolution ofα. The first constraints onα at high redshift was
derived by Toft et al. (2003) who simultaneously fittedK∗ and
α in the z = 1 cluster MG2016+112. The derived constraints
on α are not strong (α = −0.60+0.39

−0.33), however it is important
to keep it free in the fit since it is coupled to the derived value
of K∗ and its uncertainties. Furthermore it is noted that sinceα
depends on wavelength, and theK-band corresponds roughly
to restframez-band atz ∼ 1, the derived value should be com-
pared to the local value measured in thez-band rather than in
theK-band when studying evolutionary patterns.

In this paper, we derive firm constraints onK∗ andα for the
K-band LF of the massive, X-ray luminous cluster of galaxies
RDCS J1252.9-2927 (Rosati et al. 2003b) atz = 1.237. We
apply the method of Toft et al. (2003) to high quality multi-
wavelength NIR and optical photometric data and extensive
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spectroscopic follow up observations covering a 4′ × 4′ field
around the cluster.

The outline of this paper is as follows: In§2 we give a brief
introduction to the data and describe how cluster galaxies are
separated from the field galaxy population using photometric
redshifts, calibrated using the spectroscopic data. In§3 we de-
rive the LF of the cluster galaxies, in§4 we compare to results
from studies of lower redshift clusters to look for an evolu-
tion and compare it to model predictions, and in§5 we summa-
rize and discuss the results. Throughout the paper we assume
a flat cosmology, withΩm = 0.3, ΩΛ = 0.7 andH0 = 70
km s−1 Mpc−1. Magnitudes are in the the Vega system.

2. Building a complete sample of cluster galaxies

The observational basis of this study consist of high quality
multi-wavelength NIR and optical photometric data of a 4′ ×4′

field around RDCS J1252.9-2927, supplemented by spectro-
scopic follow up observations, all obtained at the ESO Very
Large Telescope (with the ISAAC, FORS1 and FORS2 instru-
ments). The central part of the field was imaged for 24 hours in
each of the NIR wavebands:Js andKs, and for approximately
1 hour in each of the optical wavebands:B, V, R, I andz. The
full data set is described in detail in three companion papers:
a paper describing the NIR data (Lidman et al. 2003) a paper
describing the optical data (Rosati et al. 2003a) and a paper
describing the spectroscopic data (Demarco et al. 2003).

To derive the luminosity function of the cluster galaxies
in RDCS J1252.9-2927 we need a catalog of cluster galaxies
which is complete to a certain magnitude. In Fig. 1 we plot a
binned representation of the number of detected objects in the
Ks-band as function of magnitude (Lidman et al. 2003). From
visual inspection of the turnover magnitude in this figure we
estimate that theKs-band data are complete toKs = 22.5. To
build a sample of cluster galaxies which is complete to this
magnitude, the redshift distribution of all galaxies in thefield
must be determined in order to separate the cluster galaxy pop-
ulation from the foreground and background populations of
galaxies.

At faint magnitudes it is not feasible to obtain this solely
through spectroscopic observations. Instead we take advantage
of the extensive optical and NIR imaging data to derive pho-
tometric redshifts and calibrate and test these against a large
subset of galaxies with spectroscopic redshifts.

2.1. Photometry and photometric redshifts

We used SExtractor (Bertin & Arnouts 1996) for object detec-
tion in each of the available wave bands, for computing magni-
tudes in apertures of 2′′ and for cross-correlation of the result-
ing catalogues. The (3σ) limiting (Vega) magnitudes achieved
for the imaging in 2′′ apertures are:B = 26.72, V = 26.76,
R= 25.98, I = 25.68,z= 24.29, Js = 23.90,Ks = 22.47.

To obtain reliable colours we must take into account that the
imaging in the different wavebands was obtained under differ-
ent seeing conditions. To derive and apply these corrections we
did the following: first, we computed magnitudes in apertures
of 2′′ in each of the available (“original”) waveband images.

Fig. 1. Binned representation (bin size 0.2 mag) of the number of de-
tected objects as a function ofKs-band magnitude. The data are esti-
mated to be complete toKs = 22.5.

We then degraded the point spread function (PSF) of the origi-
nal images to match the worst seeing condition and recomputed
the 2′′ aperture magnitudes in the “degraded” images. The cor-
rections to be applied to the “original” magnitudes was then
derived by comparing the magnitudes derived for bright stellar
objects in the “original” and the “degraded” images.

We used the Bayesian photometric redshift () code of
Benı́tez (2000) to derive photometric redshifts. The advantage
of the Bayesian approach is the use ofa priori probabilities
by which it is possible to include relevant knowledge, such
as the expected shape of redshift distributions and the galaxy
type fractions, which can be readily obtained from existingsur-
veys. For our study we used the same set of templates as those
described in Benı́tez (2000): four Coleman et al. (1980) tem-
plates (E/S0, Sbc, Scd and Irr), and the spectra of two starburst
galaxies in Kinney et al. (1996). We derived two interpolated
SEDs between each pair of these spectral types. We used the
priors derived by Benı́tez (2000) from the Hubble deep field
north (HDFN) and Canada France redshift survey (CFRS) cat-
alogues.

To quantify the reliability of the photometric redshift esti-
mation we used a sample of secure spectroscopic redshifts from
our campaign in this area (Demarco et al. 2003). In the region
with multi-wavelength coverage described above, there are120
such spectroscopically identified sources.

In Fig. 2 we plotzphot versuszspec for the spectroscopic
sample. The photometric redshifts in general reproduce the
spectroscopic redshift well but are systematically smaller. This
is illustrated in Fig. 3 where we plot the distribution of de-
viations of the photometric redshifts from the spectroscopic
redshifts. The (sigma clipped) mean of the distribution is
〈

zphot− zspec

〉

= −0.04 and the standard deviation isσ = 0.18.
If we restrict the analysis to the spectroscopic cluster mem-
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Fig. 2.Photometric redshift (zphot) versus spectroscopic redshift (zspec)
for the full spectroscopic sample. Immediately recognizable is the
cluster of galaxies atz= 1.237.

Fig. 3.Distribution of deviations of the photometric redshifts from the
spectroscopic redshifts for the spectroscopic cluster member galax-
ies (filled histogram) and for the full spectroscopic sample(open his-
togram).

bers (the filled histogram in Fig. 3) the mean deviation is larger
〈

zphot− zspec

〉

= −0.13 and the standard deviation isσ = 0.16.

In Fig.4 we plot
〈

zphot− zspec

〉

as a function of redshift to in-
vestigate whether this is a consequence of a redshift depen-
dent systematic photometric redshift error, which could bein-
troduced by small errors in the photometric zero-points of one
or more of the filters. No significant dependency on redshift is

Fig. 4. Mean deviation of the derived photometric redshift from the
spectroscopic redshift as a function of spectroscopic redshift, calcu-
lated inδ = 0.1 bins. No significant dependency on redshift is ob-
served. The dotted line marks the mean offset−0.04 of the full sample.

observed. In the following we add 0.04 to all the derived red-
shift to empirically correct for the systematic deviation.

To compare the photometric redshifts errors with those
achieved in the literature we define for each object the re-
duced error in the photometric redshift estimation asδz =
(zphot−zspec)/(1+zspec). For the full sample we achieve a mean
offset〈δz〉=0.02 and an standard deviation ofσ(δz)=0.11. If we
restrict our analysis to the cluster members we have〈δz〉=0.05
andσ(δz)=0.09. The accuracy of our photometric redshifts are
comparable to the accuracy achieved by Barger et al. (2003)
in a similar Bayesian photometric redshift study of galaxies in
the Chandra deep field north. For the HDFN, Benı́tez (2000)
achieve a higher accuracy:σ(δz) = 0.06, probably due to higher
precession Hubble Space Telescope (HST) photometry.

2.2. The photometric cluster member sample

In this section we describe how the cluster galaxy population
is separated from the foreground and background field galaxy
population using the photometric redshift. We take into account
the uncertainty in the photometric redshift estimation by allow-
ing galaxies with photometric redshifts within∆z of the clus-
ter redshiftzcl to be classified as “photometric members”. The
choice of∆z is a trade off between cluster galaxy completeness
and field galaxy pollution. The interval must be sufficiently
broad to include as many “real” cluster galaxies as possibleand
sufficiently narrow to minimize pollution from field galaxies.
From Fig. 2-4 it can be seen that most cluster member galax-
ies atz = 1.237 are expected to have photometric redshifts in
the range

∣

∣

∣zphot− zcl

∣

∣

∣ ≤ 0.3. Since we are aiming at building
a sample of cluster galaxies which is complete toKs = 22.5
we prioritize not to exclude any cluster members and choose
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Fig. 5.Completeness function of the photometric member sample, cal-
culated as the fraction of simulatedz = 1.237 cluster galaxies recov-
ered by the photometric redshift analysis as a function of magnitude.

∆z = 0.3. In the following, galaxies with 0.935< zph < 1.535
are thus classified as photometric members.

To estimate the “completeness function” of the photomet-
ric member sample (the fraction ofz = 1.237 cluster galaxies
recovered by the photometric redshift analysis in the∆z in-
terval, as a function of magnitude) we did the following: for
eachδm = 0.5 mag bin in the observed range of magnitudes
Ks = 16 − 23, we generated a catalog of 1000 galaxies at
z= 1.237 as they would appear in a dataset with the same band-
passes and limiting magnitudes as the data of RDCS J1252.9-
2927. The catalog was generated using themakecatalogcode
in the package (Bolzonella et al. 2000) and were drawn
randomly from 7 template spectral types (E to Im). We then
applied to the catalogs. In Fig. 5 we plot the fraction of
input (z = 1.237) galaxies with derived photometric redshifts
within 0.935 < zph < 1.535 as a function ofKs-band mag-
nitude. Down to a magnitude ofKs = 21.5 about 90% of the
galaxies are recovered. AtKs = 22.5 the recovery rate is 70%.
The reason why appears to be performing slightly worse at
the brightest magnitudes, compared to at fainter magnitudes, is
that the simulated catalogs contain sizable fractions of bright
late-type galaxies which are very rare atz = 1.237, and there-
fore are assigned small probabilities by, resulting in a some
cases, in the most likely spectrum being a lower redshift spec-
trum of earlier type. The redshift evolution of the field galaxy
luminosity function, and its cosmic variance is not known with
sufficient accuracy to correctly incorporate the effects of pollu-
tion of field galaxies in the completeness function analysis. We
return to the issue of field contamination in§2.3 and§3.

Fig. 6. Contours of the smoothed density distribution of photometric
member galaxies overlayed on the∼ 4′ × 4′ mosaicKs-band ISAAC
image (Lidman et al. 2003). The contours are 2 times (dashed line)
and 4-10 times (full line) the density of galaxies in the HDFNwith
Ks < 22.5 and 0.935 < zph < 1.535 (Fernández-Soto et al. 1999).
Inside the dotted circle with radius 65′′ the contamination from field
galaxies in the photometric member sample is 25%. This circle marks
the aperture inside which we derive the cluster galaxy luminosity func-
tion of RDCS J1252.9−2927 in§3.

2.3. Spatial distribution of photometric member
galaxies

To investigate the spatial distribution of the photometricmem-
bers galaxies we constructed an image with the pixel value at
the centroid of the photometric cluster members equal to one
and the remaining pixel values equal to zero. This image was
then smoothed with a Gaussian kernel with FWHM=60 pix-
els (∼ 8.′′8). In Fig. 6 we overlay contours of the smoothed
density distribution of the photometric member galaxies onthe
Ks-band image of the cluster. The contours are 2− 10 times
the density of galaxies in the HDFN withKs < 22.5 and
0.935< zph < 1.535 (Fernández-Soto et al. 1999).

There is a large concentration of photometric member
galaxies in the central part of the field. In this region the pho-
tometric member sample must thus be dominated by cluster
galaxies. The density of photometric members in the outer parts
of the field is comparable to the density in the HDFN suggest-
ing that field galaxy pollution could make a significant contri-
bution to the photometric member sample in these regions. We
discuss this further in§3

3. Luminosity function

We now have a sample of cluster galaxies which is complete
to Ks = 22.5, or rather a sample which we know how to cor-
rect for incompleteness, and we can derive theKs-band lumi-
nosity function of the cluster galaxies without having to make
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uncertain statistical corrections to account for foreground and
background field galaxy contamination. The choice of∆z in
§2.2 ensures that all spectroscopically confirmed cluster mem-
bers are included in the photometric member sample. To take
full advantage of the data we apply the maximum likelihood
technique of Schechter & Press (1976) directly to the luminos-
ity distribution of the cluster galaxies rather than doing a“least
squares” fit to a binned representation. In this way we include
the information that in many magnitude intervals no galaxies
are found, and do not make the assumption of theχ2 method
that the underlying distribution is Gaussian. The “incomplete-
ness” of the photometric redshift selection is taken into account
through the completeness function shown in Fig. 5. This in
turn leads to more realistic error bars. For more details of the
method we refer to the appendix of Toft et al. (2003).

In §2.3 we argued that pollution from field galaxies in the
photometric member sample could be significant in the outer
parts of the 4′ × 4′ field. The amount of pollution can be es-
timated from the subsample of photometric member galaxies
with spectroscopic redshifts. The selection of the spectroscopic
sample was designed not to introduce biases on the cluster
galaxy populations, while minimizing the pollution of field
galaxies. This was accomplished by targeting galaxies with
Ks < 21, J − Ks < 2.1 andR − Ks > 3. Such criteria do
not penalize cluster galaxies, since atz = 1.237 even the lat-
est types are redder thanR− Ks = 3 and early types are bluer
thanJ − Ks = 2.1, however field contamination is significantly
reduced.

In Fig.7 the bottom panel shows the contamination derived
in apertures with increasing radius (centered on the cluster
core). In the central parts of the field the contamination is mod-
est. The pollution within 45′′ is∼ 10%, within 65′′ it is ∼ 25%,
and within 120′′ it is 50%.

To investigate the effects of the pollution on our analysis
we derived the luminosity function of the photometric mem-
ber sample in apertures of increasing size. The top and middle
panel in Fig.7 shows the variation of the luminosity function
parameters with aperture radius.

There is a tendency forK∗s to be slightly brighter andα
to be slightly smaller (less negative) in apertures encompassing
only the central regions where the contamination is small, com-
pared to in larger apertures where the contamination is more
pronounced, but the effect is barely significant since the error
bars are larger in the smaller apertures due to the smaller num-
ber of galaxies. Part of the effect could be caused by intrinsic
variation in the properties of the cluster galaxy LF with cluster
centric distance, and part of it could be a consequence of field
galaxy pollution. Since the effect is not statistically significant
however, field galaxy pollution is not likely to significantly af-
fect our results.

Based on Fig.7 we limit our cluster galaxy LF analysis to
galaxies within 65′′ of the cluster center, in order to maxi-
mize the number of galaxies while minimizing the pollution.
The photometric member sample contains 100 galaxies within
this distance, including 19 spectroscopically confirmed cluster
members and 7 interlopers with spectroscopic redshifts differ-
ent fromzcl. We remove the known interlopers from the sample

Fig. 7. The top and middle panel shows theK∗s andα parameters of
the LF of the photometric member galaxies derived in apertures of
increasing size, centered on the cluster core. Note that thetwo pa-
rameters are not independent, so the error bars in the two plots are
correlated. The bottom panel shows the contamination in apertures of
increasing size estimated from the subsample of photometric member
galaxies with spectroscopic redshifts. The contaminationis calculated
as the number of interlopers, i.e. photometric member galaxies with
spectroscopic redshifts different from the cluster redshift (defined as
1.22≤ zspec≤ 1.25), divided by the total number of photometric mem-
ber galaxies with spectroscopic redshifts. Inside the aperture with ra-
dius 65′′ (marked by the vertical dashed line), the contamination is
25%.

and study the luminosity function of the remaining 93 galaxies
in detail in the following.

The Schechter function provides a good fit to the data. In
Fig. 8 we plot 1− 3σ likelihood contours of the two Schechter
function parameters. There is some degeneracy between the
two parameters, but we are able to put firm constraints on both
the characteristic magnitudeK∗s = 18.54+0.45

−0.55 and the faint end
slopeα = −0.64+0.27

−0.25. Such accuracy is unprecedented at these
redshifts.

Since our analysis is based on photometric redshifts which
can be sensitive to photometric errors, the results could poten-
tially be affected by small changes in the photometry. To find
out whether this is the case, we carried out a series of Monte
Carlo simulations to investigate how sensitive the photometric
redshift distribution is to the photometric errors. We generated
10 realizations of the full dataset, by randomly perturbingthe
photometry of the galaxies within their 1σ error bars. We then
derived their photometric redshift distribution, defined aphoto-
metric cluster member sample, removed known interlopers and
derived their LF in exactly the same way as for the original data
set. The best fitting LF parameters of the perturbed datasets
(represented by small symbols in Fig.8) all fall within the 1σ
contour of the original dataset, indicating that the LF analysis
is robust with respect to photometric perturbations, and that the
effect of field galaxies scattering in and out of the∆z interval
as the photometry is perturbed is small, otherwise we would
expect to see larger variations in the LF parameters.

In Fig. 9 we plot the best fitting Schechter function and a
binned representation of the data. For comparison, we plot the
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local z-band cluster and field galaxy LFs, rather than the local
K-band cluster galaxy LFs, since the observedKs-band corre-
sponds roughly to restframez-band atz= 1.237. Following the
method of van Dokkum & Franx (1996) absolutez-band mag-
nitudesMz can be related to the observedKs-band magnitudes
through:

Mz,AB = Ks,AB− 5 ∗ log(dL/10)+ 5log(1+ z) + β(H − K)AB,(1)

wherez = 1.237 is the redshift,dL is the luminosity distance
in parsecs andβ(H − K)AB is a colour term to compensate
for the fact that the redshiftedz-band does not match the ob-
servedKs-band exactly. The basic assumption made to derive
this expression is that the flux at the redshiftedz-band can be
related to the observedH andKs-band flux byFν(νzband(z)) =
Fν(νH)βFν(νK)1−β. We adopt the value (H − K)AB(z = 1.25) =
0.57 predicted by the passive evolution models of Kodama &
Arimoto (1997) for an ellipticalL∗ galaxy formed atzf = 3 (the
mean formation redshift of cluster ellipticals derived from their
CM relation, Lidman et al. 2003) and calculateβ = 0.35 by as-
suming a simple power-law for the shape of the SED between
νH andνK .

To further investigate the effect of field galaxy pollution on
the results, we derived the LF of photometric members further
away than 90′′ from the cluster center, and found a fainter char-
acteristic magnitudeK∗s = 18.90+0.61

−0.95 and a steeper faint end
slopeα = −1.14+0.30

−0.32 than in the central region.
The LF of the photometric member galaxies in the central

region of the cluster is very similar to the local cluster galaxy
LF shifted to brighter magnitudes, while the LF of photometric
member galaxies in the outer parts of the field is more similar
to the local field galaxy LF. A likely explanation is that the
photometric member sample at large distances from the cluster
center becomes dominated by faint field galaxies, consistent
with the conclusions from Fig.7.

Contamination from faint field galaxies is not likely to sig-
nificantly affect the results derived for the cluster galaxy LF
in the central part of the field, where the photometric member
sample is dominated by bright galaxies, but we note that the
main effect of such an contamination would be to overestimate
the faint end slope, making the derived faint end slope a formal
upper limit to the intrinsic faint end slope of the cluster galaxy
LF.

4. LF evolution

From Fig.9 it can be seen that the characteristic magnitude of
the restframez-band LF atz = 1.237 is brighter than atz = 0.
By transforming the observedK∗s to M∗z using Equation 1 a
evolution of∆Mz = −1.3±0.5 mag is derived for the restframe
z-band characteristic magnitude. The observedK∗s can be con-
verted to absolute (restframe)Ks-band magnitude by applying
a k-correction:

MKs = Ks − 5 ∗ log(dL/10)− kKs(z= 1.237). (2)

If we adopt thekKs(z = 1.25) = −0.68 for the k-correction
(Mannucci et al. 2001) and compare toM∗K derived locally in

Fig. 8.Contour plot showing the constraints on the Schechter function
parameters derived from the maximum likelihood analysis. The big
cross marks the best fitting parameters, and the curves represent 1−3σ
confidence levels. The small crosses marks the best fitting parameters
for the catalogs with perturbed photometry (see text).

Fig. 9. The thick full curve is theKs-band LF of the photometric
member galaxies within 65′′ of the cluster center, represented by the
best fitting Schechter function, with parametersK∗s = 18.54+0.45

−0.43 and
α = −0.64+0.27

−0.25. The thick dashed curve is the localz-band cluster
galaxy LF which hasM∗z = −22.36± 0.06 andα = −0.58± 0.04, and
the thin dashed curve is the localz-band field galaxy LF which has
M∗z = −22.34± 0.06 andα = −1.24± 0.04 (Goto et al. 2002). The
filled symbols are a binned representation of the raw counts,while the
open symbols have been corrected for the incompleteness of the pho-
tometric redshift selection, using the completeness function in Fig.5.
The conversion between observedKs-band magnitude and restframe
z-band magnitude is given in the text.
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Fig. 10. Evolution of K∗s with redshift. The curves represent the evo-
lution of an L∗ galaxy formed atzf = 2, 3 and 5 predicted by the
passive evolution models of Kodama & Arimoto (1997), normalized
to the Coma cluster which haveK∗s = 10.9 (de Propris et al. 1998).
The “no evolution” predictions are calculated using the k-corrections
of Mannucci et al. (2001). The data points from the literature have
been derived with a fixedα = −0.9. (de Propris et al. 1999; Nakata
et al. 2001) except for thez = 1 value which was was derived withα
as a free parameter (Toft et al. 2003).

the Coma cluster, we derive an evolution in the restframeK-
band characteristic magnitude of∆MK = −1.4± 0.5 mag (as-
suming thatM∗K = M∗Ks

), in agreement with the evolution de-
rived in the restframez-band. The errors quoted for∆Mz and
∆MK are dominated by the uncertainty in the derivedK∗s.

Taken at face value the observed faint end slopeα =
−0.64+0.27

−0.25 is similar to the valueα = −0.60+0.39
−0.33 derived at sim-

ilar restframe wavelengths (in theKs-band) in thez= 1 cluster
MG2016+112 (Toft et al. 2003), and the valueα = −0.58±0.05
derived (in thez-band) in local clusters (Goto et al. 2002), but
due to the relatively large uncertainty in the high redshiftval-
ues, we can not rule out modest evolution inα betweenz = 0
andz∼ 1.

In Fig.10 we compare the derivedK∗s with values derived
for clusters at lower redshift and the predictions of passive
evolution models for the evolution of anL∗ galaxy formed at
zf = 2, 3 and 5 (Kodama & Arimoto 1997). The observed evo-
lution of K∗ to z= 1.237 is consistent with what is expected for
a passively evolving population of galaxies formed atzf >∼ 2.

5. Summary and discussion

In this paper we have taken advantage of an extensive NIR and
optical dataset of the massive, X-ray luminous cluster of galax-
ies RDCS J1252.9-2927 to derive the first secure constraintson
the shape of theKs-band LF atz > 1. The LF was found to be
well represented by the Schechter function over the observed
range of cluster galaxy magnitudes:Ks = [17.0− 22.5].

We tested our analysis for the influence of photometric er-
rors and pollution from field galaxies and found our results to
be robust and relatively insensitive to the effects of field galaxy
pollution in the central parts of the field where the constraints
of the cluster galaxy LF is derived. The characteristic magni-
tudeK∗s = 18.54+0.45

−0.55 is ∆Mz = 1.3± 0.5 magnitudes brighter
than the characteristic magnitude measured for clusters inthe
local universe at similar restframe wavelengths (in thez-band).

This is consistent with studies of the fundamental plane in
a cluster at similar redshift where a luminosity evolution of
∆MB = −1.50± 0.13 was found in the restframeB-band (van
Dokkum & Stanford 2003).

Apart from being shifted to systematically brighter magni-
tudes, the shape of the bright end of the LF atz = 1.237 ap-
pears similar to in the local universe. Since theK-band LF is a
good tracer of the stellar mass function of the cluster galaxies,
this suggests that the massive elliptical that dominate thebright
end of the LF were already in place atz= 1.237. This is a chal-
lenge for hierarchical models which predict the bright end of
theK-band LF to steepen andK∗ to become fainter at high red-
shift as the massive galaxies break up into their progenitors.
At z ∼ 1 current hierarchical models predict the characteristic
mass (closely related to the characteristicK-band magnitude)
to be a third of that in the local universe (Kodama & Bower
2003), which is clearly not the case for RDCS J1252.9-2927.

The brightening of the characteristic magnitude, and lack
of evolution in the shape of the bright end of the LF to redshift
z = 1.237 is consistent with a simple formation scenario in
which the massive elliptical galaxies that dominate the bright
end of theK-band LF are passively evolving systems assem-
bled at high redshiftzf ' 3.

This formation scenario is also in agreement with the ob-
served properties of the CM-relation of elliptical galaxies in
RDCS J1252.9-2927, which is identical to the CM relation
found in local clusters in terms of slope and scatter, but bluer
on average, consistent with old populations of stars formedat
2.7 < zf < 3.6 (Lidman et al. 2003; Blakeslee et al. 2003).
From the evolution of the CM relationship alone it is not pos-
sible to distinguish between formation scenarios where theold
stars are formed in monolithic collapse of the elliptical galax-
ies at high redshift, and scenarios where they are formed in the
disks of less massive late-type galaxies which later merge to
form the ellipticals, as long as the merging does not triggersig-
nificant star formation. From the lack of evolution in the shape
of the bright end of theK-band LF we can however deduce that
if the massive ellipticals in clusters formed through merging,
it took place at higher redshifts (z � 1) than is predicted by
current semi analytical models.

In the faint end of the LF we derive a slopeα = −0.64+0.27
−0.25

which is similar to the slope measured at similar restframe
wavelengths in the MG2016+112 cluster atz = 1 and in clus-
ters in the local universe. The lack of evolution can be inter-
preted as lack of evolution in the stellar mass spectrum of the
low mass galaxies that dominate the faint end of theK-band
LF, consistent with a high formation-redshift/passive-evolution
scenario similar to the one derived for the brighter cluster
galaxies. However, due to the relatively large uncertainties in-
volved, a modest evolution inα betweenz = 0 andz = 1.237
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is not ruled out. Such an evolution is expected from hierar-
chical models, and from observational evidence such as the
morphology-density relation (Treu et al. 2003), the Butcher-
Oemler effect (Butcher & Oemler 1984; van Dokkum et al.
2000; Nakata et al. 2001) and the enhanced fraction of merg-
ing galaxies in intermediate and high redshift clusters (van
Dokkum et al. 2000, 2001).

The results derived here for the evolution of the cluster
galaxyKs-band LF are similar to the results derived from the
K20 survey for the evolution of the field galaxyKs-band LF
(Pozzetti et al. 2003). The magnitude of the luminosity evolu-
tion (∆MK = −1.4± 0.5 mag toz = 1.237) cannot be directly
compared to the value derived in the field (∆MK = −0.54±0.12
mag toz = 1, Pozzetti et al. 2003) since the latter is a mean
value derived in a broad redshift interval, centered on a lower
redshift, but we note that they are broadly consistent.
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