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ABSTRACT

Context. In the local universe, the relative fractions of galaxy types differs in galaxy clusters in comparison to the field. Observations
at higher redshift provide evidence that cluster galaxies evolve with lookback time. This could be due either to the late assembly of
clusters, which is predicted by bottom-up scenarios of structure formation, or to cluster-specific interaction processes.

Aims. To disentangle various effects, we explore the evolutionary status of galaxies from the center of clusters out to their infall
regions in z = 0.25 clusters.

Methods. We conducted a panoramic spectroscopic campaign with MOSCA at the Calar Alto observatory. We acquired low-resolution
spectra of more than 500 objects. Approximately 150 of these spectra were of galaxies that are members of six different clusters, which
differ in intrinsic X-ray luminosity. The wavelength range allows us to quantify the star formation activity by using the [O11] and the
Hea emission lines. This activity is examined in terms of the large-scale environment expressed by the clustercentric distance of the
galaxies as well as on local scales given by the spatial galaxy densities.

Results. The general decline in star-formation activity observed for galaxies inside nearby clusters is also seen at z ~ 0.25. A global
suppression of star-formation is detected in the outskirts of clusters, at about 3R,;;,, Where the galaxy densities are low and the intra-
cluster medium is very shallow. Galaxies with ongoing star-formation have similar activity, regardless of the environment. Therefore,
the decline of the star-formation activity inside the investigated clusters is driven mainly by the significant change in the fraction of
active versus passive populations. This suggests that the suppression of the star-formation activity occurs on short timescales. We
detect a significant population of red star-forming galaxies whose colors are consistent with the red-sequence of passive galaxies.
They appear to be in an intermediate evolutionary stage between active and passive types.

Conclusions. Since a suppression of star-formation activity is measured at large clustercentric distances and low projected densities,
purely cluster-specific phenomena cannot fully explain the observed trends. Therefore, as suggested by other studies, group prepro-
cessing may play an important role in transforming galaxies before they enter into the cluster environment. Since models predict that
a significant fraction of galaxies observed in the outskirts may have already transversed through the cluster center and intracluster
media, the effects of ram-pressure stripping cannot, however, be neglected; this is, in addition, true because ram-pressure stripping

may even be effective, under certain conditions, inside group environments.
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1. Introduction

The study of the galaxy population inside clusters dates back
to Hubble (1936), who noted that cluster of galaxies are domi-
nated by elliptical and lenticular galaxies, and the surrounding
field by spirals. Several modern studies have quantified this ef-
fect (e.g. Dressler 1980; Goto et al. 2003), which is now known
as the morphology-density relation. It has been suggested that
spiral galaxies are being transformed into SOs by cluster-specific
processes. Further evidence is provided by Dressler et al. (1997),
who noted that the fraction of SO galaxies decrease strongly at
moderate redshifts with spiral galaxies filling the gap.

* Table 3 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/486/9

** Visiting astronomer of the German-Spanish Astronomical Center,
Calar Alto, operated by the Max-Planck-Institut fiir Astronomie,
Heidelberg, jointly with the Spanish National Commission for
Astronomy.

Since galaxy types correlate strongly with spectral proper-
ties, similar behaviors have been found. for colour and spectro-
scopic data. For example, Butcher & Oemler (1978) noted an in-
crease in the blue-galaxy fraction inside clusters at intermediate
redshifts. This result has been confirmed by many subsequent
studies (e.g. Kodama & Bower 2001; Ellingson etal. 2001).
Also colors are a strong function of environment (Balogh et al.
2004b) and according to the SDSS-based studies of Hogg et al.
(2003) and Blanton et al. (2005) broad-band colors correlate
more strongly with environment than morphology, breaking in
part the degenerate effect of different physical properties and
indicating that the processes that change the stellar population
properties are acting on different timescales than those that trans-
form the galactic structure.

However, colors can be unreliable indicators of current star
formation. Galaxies may have already shut down their star-
formation activity and still show blue colors as evidence of
previous activity (e.g. Kauffmann 1996; Ellingson et al. 2001).
Although, models predict that when a galaxy quenches its
star-formation it moves onto the red-sequence quite rapidly
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(~400 Myr, Harkeretal. 2006). Evidence of this is pro-
vided by the strong bimodality observed in galaxy colors
(e.g. Balogh et al. 2004b), which cannot be simply explained
otherwise.

The question about the environmental dependence of galaxy
physical properties can be addressed by studies that use
more reliable indicators, such as emission lines. Those stud-
ies find strong correlations between star-formation activity and
galaxy environment (e.g. Balogh et al. 1999; Lewis et al. 2002;
Goémez et al. 2003; Pimbblet et al. 2006; Haines et al. 2007).
Furthermore, these relations do not appear to depend on the mass
of the system in which the galaxies are embedded (Popesso et al.
2007).

Since the hierarchical mass assembly with time is a natural
prediction of ACDM cosmologies, it is obvious to link the de-
cline of the volume-averaged star-formation rate (Hopkins 2004,
and references therein) and the galaxy evolution in general to the
growth of structure. However, the relative importance of the dif-
ferent processes that act, is not yet clear.

Observations suggest that, at least, two different phenomena
are required. One process acts on the stellar populations to termi-
nate the star-formation activity and another process changes the
galaxy structure. Ram-pressure stripping (e.g. Quilis et al. 2000)
is known to be very effective in removing the galaxy cold gas
and thus quenching the star-formation activity, but only works
under special conditions present in cluster cores where the intra-
cluster gas density and the relative galaxy velocities are high.
The softer variant of ram-pressure stripping, strangulation or
starvation (e.g. Bekki et al. 2002), removes the thin gaseous halo
present around galaxies, and the star-formation continues until
the remaining disk gas is consumed.

Other possible mechanisms are galaxy-galaxy merging and
low-velocity galaxy interactions that trigger an episode of high
star-formation, which consumes a high fraction of gas in a short
time and may stripp the remaining via gravitational shocks and
feedback processes (e.g. Larson & Tinsley 1978; Bekki 2001).
This may provide explanation to modern observations where the
decrease of star formation activity has been detected already
at very low galaxy densities (Lewis et al. 2002; Gémez et al.
2003). However, other mechanisms are necessary to explain the
change in morphology. Mergers are known to be efficient in
changing late-type galaxies into ellipticals (Toomre et al. 1977,
Hernquist 1992), but the relative velocities must be low, which is
not the case in clusters. But the galaxy structure can be changed
on longer timescales by harassment (Moore et al. 1998) due
to high-velocity encounters between cluster galaxies (see also
Gnedin 2003).

Despite the accumulation of observational evidence over the
years, the link between the growth of structure with time and
galaxy evolution remains elusive and the fundamental questions
remain unanswered. How rapidly and significantly is supressed
the star-formation activity in infalling galaxies? What exactly is
the environmental dependence of the star-formation activity? Is
it suppressed mainly due to local or global processes? What is
the predominant mechanism?

Studying clusters at higher redshift may provide new clues
about the processes involved, because the global star-formation
activity was higher in the past and clusters show at all redshift
much lower activity when compared with the surrounding field
(e.g. Balogh et al. 1999). Models also predict that in the past the
galaxy-infalling rate must have been higher (e.g. Bower 1991).
The processes at work must therefore have been increasingly
more effective at increasingly higher redshift, and at higher

redshift the probability of observing the processes in action,
increases.

Several studies at higher redshift have focused on the central
parts of clusters (e.g. Balogh et al. 1999, 2002a; Poggianti et al.
2006), but, as studies at z ~ 0 show, the relation between
star-formation activity and density is already discernible at low
galaxy densities, inside the infalling regions where the galaxies,
which are infalling from the field, may begin to experience the
influence of cluster, and interactions become more frequent.

Even in the distant universe, clusters of galaxies project a
large solid angle, and wide-field observations are therefore re-
quired. The contamination due to foreground and background
objects is larger, and extensive spectroscopic surveys are there-
fore required.

We report the results of a project to study galaxy evolution
from the infalling regions to the cluster centers, covering pro-
jected radial distances out to 4 virial radii for six clusters at
(z) = 0.25. First results for two clusters were already published
by Gerken et al. (2004). In Sect. 2 we describe the observations
as well as the method used to measure the important parameters
of the galaxies. In Sect. 3 we describe cluster identification and
other general properties including the environmental definition.
In Sect. 4 we describe in detail each observed field. In Sect. 5 we
show the main results, discussing their implications in Sect. 6. In
Sect. 7 we explore some properties of the star-forming popula-
tion. Our summary and conclusions are provided in Sect. 8.

Throughout this paper, we use a cosmology of Hy =
70km s~ Mpc™!, Q, = 0.3 and Q4 = 0.7.

2. The data
2.1. Cluster selection

The sample was selected from the X-ray Dark Cluster Survey
(XDCS, Gilbank et al. 2004) whose aim was to compare X-ray
and optical identification algorithms of clusters. For this pur-
pose, deep, optical imaging of RIXOS fields (Mason et al. 2000)
was acquired, which were imaged in the X-ray by the ROSAT
Position Sensitive Proportional Counter (PSPC). Some of the
X-ray data were also analyzed by Vikhlinin et al. (1998), and
later by Mullis et al. (2003), from which the X-ray fluxes were
taken. The XDCS provides us with V and /-band photometry
taken with the Wide Field Camera (WFC) at the Isaac Newton
telescope (La Palma, Spain). This camera has a field of view
(FOV) of 34 x 34 arcmin.

We selected for follow-up spectroscopy three fields contain-
ing, in projection, two clusters each, thus increasing the prob-
ability of targeting a cluster member. The clusters have a wide
range of X-ray luminosities and probably different evolutionary
states. They are at similar redshifts, making them good candi-
dates to probe evolution uniquely due to environmental effects
at a cosmological epoch with look-back times of ~3.0 Gyr.

A summary of the cluster properties can be found in Table 1.
Details of how the different quantities were calculated are
described in the forthcoming sections.

2.2. Observations

The spectroscopy was performed with the multi-object spectro-
graph MOSCA mounted at the 3.5m telescope at Calar Alto
Observatory® (Spain). These observations were carried out in
two runs, from 10 to 15 February and 20 to 24 March, 2002.

3 CAHA, Centro Astronomico Hispano Aleman.
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Table 1. Main parameters for the cluster sample. The cluster denominations come from Vikhlinin et al. (1998, VMF) and Gilbank et al. (2004,
XDCS). Coordinates are given with respect to the X-ray centroid. X-ray fluxes are taken from Mullis et al. (2003). R,j; is the virial radius and o
the velocity dispersion. N is the number of members identified in each cluster.

Field Cluster Alternative name RA Dec z e Lx pol o Rysia N
[107"* erg/s cm?] [10® erg/s] [kms™'] [Mpc]
R220 VMF194  RX1J1729.0+7440 17:29:02  74:40:46 0.210 173 5.01 282 +52 0.742 8
XDCS220 cmJ172333+744410"  17:23:33  74:44:10 0.261 0.3 0.14 621+2712 1535 15
R265 VMF131 RX J1309.9+3222 13:09:56  32:22:31 0.294 9.0 6.03 476 £110  1.132 29
VMF132  RX J1313.2+3229 13:11:13  32:28:58 0.247 46.7 24.5 774 +150 1945 18
R285 VMF73  RX J0943.5+1640  09:43:32 16:40:02 0.254 23.1 12.3 66165  1.647 44
VMF74 RX J0943.7+1644 09:43:45 16:44:20 0.180 21.2 4.79 48179 1.313 34
Each field was observed using 7-8 slit masks, each covering 1000 — _'ohotometric sample |
~11 x 11 arcmin FOV, therefore the original WFC fields are ad- c spectroscopic sample P
equately covered by the spectroscopic observations. Each MOS L 0.6 o
mask contains 20 to 30 slits of ~25 arcsec of length to subtract i . 2
the sky accurately. 100 | A e
We used the low-resolution grism GREEN_500, which en- F ] e
compasses a wide wavelength range, from 4300 A to 8200 A, = L ] 0.4 §
allowing us to study both the [O11]43727 and the Ha emission r i o
lines, at the targeted redshifts, which are critical to study star- 10 & il a
formation activity in galaxies. The grism provides a spectral res- E - Jdoe g
olution of R ~ 10—15 A, which corresponds in the rest-frame to C : g =
8—12 A, for our slit width of 1 arcsec. i ]
The exposure times ranged between one and three hours de- 1 :—I | 1 0

pending on the apparent magnitudes of the objects selected. In
a few cases these times were increased to account for variations
in the weather. The magnitude distribution of the final sample in
Fig. 1. The selection of objects for spectroscopy was based only
on their /-band magnitudes to avoid any color bias. Additional
restrictions were imposed by masks geometry.

In total, 537 spectra were acquired. For our analysis, we
included in addition 21 spectra from our previous projects
“Low X-ray luminosity clusters” (Balogh et al. 2002a) in the
R265 field and “X-dark cluster survey” (Gilbank et al. 2004) in
the R220 field. This was possible because those spectra were
observed using a similar instrumental setup. However, we reex-
amined all spectra to be able to apply the same criteria for the
whole sample. Finally, we found that 297 spectra were suitable
for analysis (see below for the precise criteria used).

2.3. Data reduction

Our data reduction procedures were described in Gerken et al.
(2004) and can be summarized by the following steps: bias sub-
traction, extraction of individual slits, correction of the distortion
induced by the focal reducer in MOSCA, flat-fielding, sky sub-
traction, extraction of the one-dimensional spectra, wavelength
calibration, and combination of the individual exposures.

All of these tasks were performed within the MIDAS* envi-
ronment, interactively, using custom-made routines. Each spec-
trum was visually-inspected to detect pecularities that may affect
the measurements.

2.4. Individual redshift determination

Individual galaxy redshifts were determined by fitting a
Gaussian profile to a set of prominent emission and absorption

4 MIDAS, the Munich Image Data Analysis System is developed and
maintained by the European Southern Observatory (ESO).

—_
(o]

18 20
[ magnitude

Fig. 1. The combined selection function for the whole sample. The his-
tograms show the /-band magnitude distribution for the photometric
(dashed red line) and spectroscopic (blue solid line). The points show
the fraction of galaxies for which we derived redshifts. The error bars
are Poisson distributed errors (Gehrels 1986).

lines ([O11]43727, CaK, G-band, HB, [O1T1]25007, Mgb, Fe5335,
NaD and He). For each galaxy, we defined the galaxy redshift to
be the mean value of the individual line redshifts; we note that
not all lines were always visible in each galaxy spectrum. The
redshift error was the standard deviation of the redshift deter-
mined from at least four clearly-identifiable lines.

We assigned to each spectrum a number representative of its
quality, based on how clearly the lines could be seen in com-
parison to the continuum noise, how many lines were visible or
whether the lines were contaminated by artifacts. Spectra des-
ignated with a quality O (zero) were of the highest quality and
those with 7 (seven) the poorest. Spectra of a quality value of
above 3 (three) were, in general, considered not trustworthy and
were excluded from our final analysis.

Redshifts and other parameters for individual galaxies are
provided in Table 3, which is only available in electronic form at
the CDS.

2.5. Quality and completeness

We recognize that to assign a quality number based on eye
perception may be highly subjective. The main risk is an over-
representation of star-forming galaxies, since emission lines are
easily visible and identifiable. Those galaxies have a greater
chance to be included in the final sample, although they can
be systematically fainter than passive galaxies. To test for a
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Fig. 2. V-band apparent magnitude versus continuum signal-to-noise ra-
tio as measured in Sect. 2.5. Open red diamonds are galaxies without
emission lines, whereas filled blue diamonds are galaxies with at least
one emission line.

presence a a bias, an accurate estimation of the continuum noise
is required.

Each spectrum was normalized by a polynomial fit to the
continuum, in the range of interest, from [O11] to Ha. In the nor-
malized spectra, the standard deviation was calculated, using a
3-0 clipping algorithm over five iterations, as an estimation of
the continuum noise.

The algorithm used to fit the polynomial ignored emis-
sion lines and other small-scale prominent features, such as
sky-line residuals and telluric lines. We present in Fig. 2 our
measurements of continuum noise as a function of V-band ap-
parent magnitude, which is a measure of the total flux. Although
the selection of the objects for observing was made using /-band
magnitudes, the V-band magnitudes provide a more accurate
measure of the galaxy continuum in the spectroscopic wave-
length range of interest and provides a good estimation of the
total flux. No significant difference in the distribution of star-
forming versus passive galaxies was observed, with the excep-
tion of two faint star-forming galaxies.

2.6. Selection function

In all fields, only a fraction of the galaxies below our spectro-
scopic limit (/ ~ 19.5 mag) was observed. Therefore, selection
effects may be present and need to be corrected. This is achieved
by constructing a selection function. However, as part of the
fields were covered by a different number of slit masks (some
had only one, others two), and the galaxy distribution is not uni-
form across the field, we developed two selection function for
each field taken into consideration these effects.

The individual selection functions were calculated by count-
ing the number of objects with successful spectroscopy (i.e. re-
liable redshifts) versus the number of photometrically detected
objects up to the spectroscopic limit (I = 19.5) inside the areas
covered by the corresponding spectroscopic masks, in different
magnitude bins. No background correction was applied, because
we only needed to know the relative number of photometrically
and spectroscopically observed galaxies to evaluate the success
of our spectroscopy (see also Sect. 2.4). The resulting functions
were applied to the cluster galaxies in the form of weights to
the statistical properties of the cluster galaxies. The combined

selection function is shown in Fig. 1. However, some tests have
shown us that the results depend little on the weighting applied
and are robust against other considerations.

2.7. Equivalent widths and star-forming galaxies

We use equivalent widths (hereafter EWs) as a measure of the
line strengths of the absorption and emission lines. We mea-
sured EWs automatically using a custom-made routine, which
automatically corrects for the effects of cosmic expansion. In
the case of [O11] and He, which are used as tracers of ongoing
star formation, we adopted the definition given by Balogh et al.
(1999). We adopt the convention that typical emission lines are
shown with positive values when detected, but also, that typical
absorption lines (e.g. HY) are positive in absorption.

The He definition used, effectively isolates the targeted line
from the adjacent [NII] (which was also measured). Each spec-
trum was visually inspected to find out whether any lines fell
into the prominent telluric bands (A & B), were affected by sky-
subtraction residuals or by artifacts in the spectra. In some cases,
the lines were flagged and not used in subsequent analyses.

Usually the minimum EW that could be reliably measured
was 5 A (see Balogh et al. 2002a, for a demonstration based on
similar data), therefore galaxies with equivalent widths Wy >
5 A, either in [O11] or Har (or both), are considered star form-
ing galaxies. We will show later in this paper (in Sect. 7 and in
the Appendix A) that this classification is robust and physically
meaningful.

2.8. Absolute magnitudes

We use the software KCORRECT (Blanton & Roweis 2007) to
calculate k-corrections and thus absolute magnitudes for galax-
ies in our spectroscopic sample. This code is based on the latest
stellar population models of Bruzual & Charlot (2003) and pho-
toionization models of Kewley et al. (2001). As a byproduct of
the k-correction, the code also derives stellar masses, which will
be used in Sect. 7.

The fields R265 and R285 were also imaged by SDSS’
(York et al. 2000), therefore, we can use the advantage of multi-
color photometry. Unfortunately, the remaining field (R220) was
not observed by the SDSS and we have to use the available V
and /-band magnitudes provided by Gilbank et al. (2004) and
therefore, larger uncertainties are expected in the calculations.
However, we can test the accuracy of the magnitudes by com-
paring the results obtained using the two-band photometry and
the multi-band photometry in the other two fields. For our anal-
ysis, we obtained B, V and R rest-frame absolute magnitudes (in
the Vega system using Johnson-filter definitions).

We found scatters of ~0.2 mag and offsets of ~0.15 mag be-
tween the magnitudes obtained in either way. The offsets depend
on redshift and can be corrected using a linear fitting. The scat-
ter is in agrees with values found by Blanton et al. (2005) for
transformations between different filter systems. These differ-
ences are small and hardly change the conclusions in this study.

We selected the original absolute magnitudes calculated us-
ing the SDSS photometry for the R265 and R285 fields and ap-
plied the redshift correction for the galaxies in R220 to only the
magnitudes derived using the V and /-band photometry. All ap-
parent magnitudes were corrected for Galactic extinction using
the maps of Schlegel et al. (1998). No correction for internal ab-
sorption was attempted, since we do not have information, in

5 Sloan Digital Sky Survey, http://www.sdss.org
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Fig. 3. Redshift distribution of the targets in the three fields, with the
cluster names marked. The small arrows mark the position of the group
candidates (see Sect. 4).

many cases, about galaxy inclination, and the Balmer decrement
cannot be used in all cases because Hf is rarely detected for
emission lines galaxies, and uncertainties for passive galaxies
will remain. No important differences were found between the
absolute magnitude distributions for the field and cluster sample.
The stellar masses were tested against the formulae of
Bell et al. (2005) using our restframe B and V-band magni-
tudes. We found deviations only at the high mass end. Since the
KCORRECT code is reliable in predicting magnitudes between
the SDSS and our system, we preferred to use its data outputs.

3. The clusters
3.1. Cluster membership

In each field, the redshift distribution was analyzed to detect
prominent structures. The clusters studied had already known
redshifts, with the exception of those in the R220 field whose
redshifts were unclear (see Sect. 4 for details), but were con-
firmed. The mean cluster redshift (z) and velocity dispersion (o)
were calculated using the bi-weight estimators of Beers et al.
(1990) and iteratively excluding galaxies beyond 3-o of the
mean redshift until the solution converged. We applied a boot-
strapping technique to check the stability of the results and cal-
culate the errors in the velocity dispersion. The results can be
found in Table 1 and the redshift distribution in Fig. 3.

3.2. Galaxy colors

We use the spectroscopic information to separate the galaxy
population. Galaxies with emission lines are considered star-
forming and those without emission, passive (see Sect. 2.7).
Plotting the V — I color versus I-band magnitude (Fig. 4) for
cluster galaxies shows that all clusters have clear red-sequences.
Only few cluster galaxies have blue colors but no emission lines.
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Fig. 4. Color-magnitude diagrams of the members of the six observed
clusters. Filled blue diamonds are star-forming galaxies, whereas open
red diamonds are passive galaxies. The shaded areas are defined by the
3-0 deviation of the least squares fits to the passive galaxies. The ver-
tical dashed line mark M; ~ —21.4 used in the density calculation (see
Sect. 3.5). We note the red star-forming galaxies belonging to the red-
sequence and even redder in some of the clusters.

The distribution of the passive galaxies, the red-sequence, is
well described by simple least-squares fits. The weighted mean
dispersion of the red-sequences is o = 0.05 mag, which is the
typical error in the photometry. All galaxies redder than the
lower 3-0 limit are considered red galaxies, and blue otherwise.
Given this criterion, we note the existence of a population of red
star-forming galaxies belonging to the red-sequence and even
redder. More striking is the high number of those galaxies be-
longing to the cluster VMF74. Some of the characteristics of
this sub-population will be described in Sect. 7.

3.3. X-ray luminosities

The X-ray luminosities of the intracluster medium and cluster
velocity dispersions are indicators of cluster masses. The corre-
lation between these two parameters has been extensively stud-
ied (e.g. Markevitch 1998; David et al. 1993; Xue & Wu 2000)
and is interpreted as a sign of dynamical equilibrium, even
though the large scatter in the local relation indicates deviation
from this equilibrium. Nevertheless, later studies have found that
cluster masses derived from using independent methods, includ-
ing gravitational weak-lensing, correlate with relative small scat-
ter (e.g. Hicks et al. 2006), solving a long-standing controversy.

In Fig. 5, we plot the bolometric X-ray luminosities against
the derived velocity dispersions. The clusters follow the local
Lx — o relation, with the notable exception of XDCS220, which
is underluminous for its velocity dispersion. This cluster dis-
plays a tail in the redshift space, which complicates the calcu-
lation of the velocity dispersion and implies, therefore, that it is
likely overestimated.
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Fig. 5. Bolometric X-ray luminosity plotted against velocity dispersion.
Open circles (Markevitch 1998), crosses (David et al. 1993) and stars
(Xue & Wu 2000) represent the Ly — o relation for local clusters. The
six clusters studied here are plotted as diamonds with error bars in the
velocity dispersion.

In addition, VMF194 is peculiar, because it has a velocity
dispersion that is too low for its X-ray luminosity. This effect
may come from two different sources. First, - may be underesti-
mated due to selection effects given the low number of members
identified. Second, we detect a background group at z ~ 0.24
of a relative large velocity dispersion (see Sect. 4.1), which may
have contaminated the X-ray measurements. Nevertheless, this
cluster does not appear to be so extremely offset from the Lx — o
relation as XDCS220.

With the exception of XDCS220, the cluster X-ray luminosi-
ties and velocity dispersions are similar to those of Virgo, A496
and Coma clusters (e.g. David et al. 1993; Rines et al. 2003) and
thus are expected to be clusters that are as equally massive.

3.4. Virial radius

From the results shown in the previous section, it is possible
to assume that the clusters sampled in this study are in gen-
eral in dynamical equilibrium® and therefore, the virial theorem
is applicable. The radius within which the virial mass is esti-
mated to be contained is called the virial radius. According to the
observationally-calibrated derivations of Carlberg et al. (1997),
Ryiriai 1s defined as the distance where the mean inner cluster
density is 200 times the critical density p(z) of the Universe and
it is also called ryp. Its relation to the velocity dispersion o is
given by

N3 o
10 H(z)

where H(z) = Ho/Qm(1 +2)? + Q, for a Hubble constant of
Hy =70kms™! Mpc™!, Q; = 0.7 and Q,, = 0.3.

Since ry09 (Ryirial) characterizes the size of clusters follow-
ing the assumption of a universal mass profile, it is useful as an
environmental indicator of mass density, given the clustercentric
distances of cluster galaxies. Therefore the distances of galax-
ies to the center of the cluster are normalized by the respective

()]

Ryirial = 00 =

6 Tt is probably not true for XDCS220, however for the sake of com-
parison it will be assumed that it is. VMF194 is also peculiar, but the
differences may arise from another sources.

cluster virial radius, allowing the entire sample to be combined
into a single cluster, increasing the statistical significance of our
analysis and reducing the effects of cluster-to-cluster variations.

3.5. Projected density

Another common indicator of environment is the local num-
ber projected (2-D) density of galaxies. Its calculation does not
make any assumption about the physical properties of the clus-
ters, but other precautions must be taken. First, the galaxy num-
ber density is a function of luminosity. The spectroscopic limit
of I = 19.5mag corresponds to M; ~ —21.4 for the further-
most cluster (z ~ 0.3) and M; =~ —-20.2 for the closest one
(z = 0.2), taking in consideration the typical k-corrections (see
Fukugita et al. 1995).

For each cluster, the photometric catalog was divided using
an apparent magnitude that corresponds on average, to the lumi-
nosity limit of the most distant cluster, which translates into an
apparent magnitude cut of / ~ 18.3 at z = 0.18 (see Fig. 4).

The projected density is defined by the area that encircles
the fifth nearest neighbor to this galaxy, which is referred as Zs.
However, significant foreground and background contamination
is expected and must be corrected before completing any statisti-
cal analyses. In the literature, several methods of different com-
plexity are described to deal with this problem. Most of them
subtract a value (local or global) from the calculated density,
making different assumptions. However, those methods often
yield unphysical values (i.e. negative numbers) for the density
estimates. Our case is even more complicated, because we do not
only have field contamination, but also contamination from the
other projected cluster. Therefore, we chose another approach
using in combination the photometric and spectroscopic data-
set.

If the frue number density of galaxies in a certain region of
the cluster is N (unknown) and the observed is M (determined
from the photometric catalog and including the contamination),
one has a relative fraction of f = N/M. From the spectroscopic
data set, we know that there are n galaxies belonging to the clus-
ter and m is the number of total observed galaxies in the same
area with secure redshifts. Since the selection was performed
randomly (based only on /-band magnitudes), we can assume
that we have the same fraction expressed now by f = n/m, thus
we can correct the observed value M, multiplying it by n/m, ob-
taining N.

The areas used to make these corrections are larger than the
areas considered by the individual density calculations. They en-
circle always 10 galaxies with secure redshifts, and we count
the number of cluster members versus the non-cluster galaxies.
Having a high-filling factor helps to the statistical reliability of
this simple method, because the areas sampled will have smaller
physical sizes and thus smaller deviations from the local density.
The results of the correction can be seen in Fig. 6. After this pro-
cess, a correlation between virial radius and projected density
becomes evident.

‘We would like to emphasize that the densities calculated here
are not directly comparable to those calculated elsewhere, be-
cause the magnitude cuts and approaches to subtract the back-
ground vary between different authors.

Finally, galaxies fainter than the individual cluster magni-
tude cut were not included in the composite cluster; this reduced
the final sample size to ~120 galaxies. We note that, many of the
galaxies excluded are member of the VMF74 cluster.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078735&pdf_id=5

M. Verdugo et al.: Galaxy populations in the infalling regions of z = 0.25 clusters 15

1000 ETTTTT T 1000 ET T T
E o E| E 3
Foe ° % o © 1 Foe ° Bl
~ . o
o o o® ‘o —_ . %0
2 o @O o%oo o go O.%. E lo Ooo ° o
© ) o 7L S 8 °e 8
© o ?. 4 © 02 lg
£ 100 P T T o0 e, & 4
S E ° @%Ogoo 3%: M E] Fo 0%9%° D'&l'o © E
S £ ® o §!>a > e 3 £ P88 8
2 HEX = %o, g0 ® O:f‘:c
— %O o o 0 0, % P ]
5 . 2 o wwet]
2. = °© o %o o
= 10F 4 2 10 KOS -
= E E &» °© E|
o ] £ o
| | ull C | | |
0.1 1 10 0.1 1 10
R/Ryiia R/ Ry

Fig. 6. Relation between virial radius and projected density before and
after correction for field contamination. The open red circles are passive
galaxies, whereas filled blue circles are star-forming galaxies.

4. Description of the fields

We describe each field, providing detail in particular of the gen-
eral cluster properties, candidate groups, and cluster substruc-
ture. Each cluster is represented separately in Fig. 7, with dif-
ferent symbols for star-forming and passive galaxies. The large
concentric circles represent one and two virial radii respectively
calculated according to Eq. (1).

The contours show the distribution of all galaxies down to
I = 23 mag with colors similar to the respective red-sequences
(see Fig. 4). They provide some information about the spatial
distribution of galaxies without spectroscopy. Since the CMR
for ellipticals has little scatter, the structures are probably at
similar redshifts. This technique has been successfully used
by other studies to detect substructures around clusters (e.g.
Kodama et al. 2001; Tanaka et al. 2005). In this case, however, it
is not possible to firmly state the significance of those structures
because only the V-1 color, provided by Gilbank et al. (2004), is
used and the red-sequences of each projected cluster have similar
colors (see Fig. 4). The use of the SDSS multi-color photome-
try does not help because their uncertainties are larger at faint
luminosities and the red-sequences become completely blended.
Therefore, the contours plotted in each figure must be taken only
as informative. Nonetheless, many of the spectroscopically iden-
tified members are actually associated with structures that show
up using this simple color cut.

4.1. R220

The R220 field is a very complex field. There is, first, a larger
number of objects than in the other fields. This is maybe due to
its lower galactic latitude. Our photometric catalog was cleaned
of star-like objects, but, the separation is not perfect and many of
our slits unintentionally contained stars, losing the advantage of
having an extra mask for this field (8 instead of 7). The redshift
distribution also looks more complex (see Fig. 3), with a number
of associations besides the two clusters.

The cluster VMF194 was found to be difficult to confirm op-
tically by Vikhlinin et al. (1998) and collaborators. According
to Gilbank et al. (2004), the proposed cluster corresponds to
“a very extended X-ray emission and the galaxy over-density
is similarly extended”. Here, VMF194 at (z) = 0.210 (see
Table 1) was unequivocally detected, but the data obtained
showed that the cluster has a surprisingly low velocity dispersion
for its X-ray luminosity (see Fig. 5). Three additional galaxies
have redshifts that imply cluster membership, according to the
previously-measured 3-sigma limits; these galaxies are located,
however, at large clustercentric radii (>7Ryiia1). When they are

included, the velocity dispersion does not change substantially,
and thus they were excluded as members, but not included in the
field sample.

At an angular distance of ~4.4 arcmin of VMF194 (i.e. al-
most overlapping positions), we detect a clump of galaxies at
redshift (z) = 0.243. This clump also shows up in the spatial
distribution: 8 out of the 11 galaxies are clustered in an area
smaller than ~0.3 x 0.7 Mpc . The velocity dispersion of this
group is o = 401 + 74kms~!, indicating that it may be quite
massive. No red-sequence is detected and 4 out of the 8 galax-
ies, show star-forming activity. This group may have been the
cause of confusion in all previous studies in this field. In fact,
the concentration of galaxies is more prominent for this group
than for VMF194 when selected by a color cut (see Fig. 7).

We confirm the presence of the cluster at (z) = 0.261
detected by Gilbank et al. (2004), which is there referred as
XDCS cmJ172333+744410 (it is called here XDCS220 for
short). We confirm the redshift calculated there. This cluster has
a very low X-ray luminosity and passed undetected in the X-ray
analysis of Vikhlinin et al. (1998) and Mullis et al. (2003). It dis-
plays a large velocity dispersion (see Table 1), which is proba-
bly overestimated because of the existence of a tail in redshift
space. Excluding members that are located at large clustercentric
distances does not change the biweight estimate of the velocity
dispersion. We conclude that it is a real feature of the cluster,
which is probably in the process of relaxing or has an extended
structure along the line of sight. This cluster shows a clear red-
sequence and 5 out 14 galaxies show ongoing star-forming ac-
tivity.

Two other group candidates were found (see Table 2), one at
(z) = 0.04293 (+390kms~") with 6 members in 1 Mpc? (or 5
in 0.3 x 0.7 Mpc), all being star-forming galaxies, and the other
is at (z) = 0.05274 (x126kms~!), with four members in 0.3 x
0.4 Mpc.

4.2. R265

The central parts of the cluster VMF131 were previously ob-
served by Balogh et al. (2002a) as part of their low luminosity
X-ray cluster project, where it was known as CL1309+32, using
the same instrument and setup; we have therefore added their
data into our study. Since, it is the most distant cluster studied,
we were able to detect members up to clustercentric distances of
R > 4Ryiiia1. The color contours shows little substructure around
the cluster but the central overdensity is clearly visible in Fig. 7.

The cluster VMF132 is the richest cluster in our sample and
has the largest velocity dispersion and thus the largest virial ra-
dius, occupying a large proportion of the field. In spite of this,
the galaxy concentration is clearly irregular when color cuts are
applied and only sparse structures are detected.

An extended group was also detected at (z) = 0.186 %
0.001185 (349kms™") with 8 members in an area of 1 x 2 Mpc,
or 0.7 x 1.5 Mpc if one excludes one galaxy.

4.3. R285

The two clusters present in this field almost overlap in their po-
sitions on the sky (angular separation ~5 arcmin, see Fig. 7). In
addition, we placed more masks in the central parts of the clus-
ters, which led to a higher success rate compared with the other
fields. The cluster VMF73 at z = 0.254 has the largest number
of members identified (N = 44). Most of the identified members
of this cluster are located inside 1 Ry, in an elongated
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Fig. 7. Representation of the fields of the observed clusters as indicated by the names on the individual figures. Only cluster members are shown.
Blue filled and open red symbols represent star-forming and passive galaxies respectively. The cluster centers are marked with large vertical
crosses and the large concentric circles represent one and two virial radii respectively. The contours are the density maps of all galaxies with colors
compatible with the red-sequence of the respective cluster (see Sect. 4). The arrows in the VMF194 plot indicate the position of a rich background

group (see Sect. 4.1).

structure running approximately in the East-West direction. In
fact, when galaxies are selected by the colors of the red-sequence
this structure is clearly visible. Unfortunately, the foreground
cluster (VMF74) has a CMR with very similar colors (see Fig. 4)
and it is not possible to separate clearly both clusters using this
technique.

The cluster center is approximately at the middle of
this structure, but in one extreme, at a distance ~1Ryija, a
compact group (100 x 100kpc?) of bright, passive galaxies
is found. Their positions coincide with the extended X-ray
source XMMJ0943.9+1641 detected by Rasmussen & Ponman
(2004). The X-ray flux of this structure is fxj—2kev = 3 X
107'* ergem ™2 s~! (Rasmussen, private communication), which
yields an X-ray luminosity Lx po; = 1.38 X 10*} ergs™!, assum-
ing that the X-ray structure is associated with the VMF73 clus-
ter. This structure may be the center of a large, newly infalling
group of galaxies, although no peculiarities were detected in the
redshift distribution.

The cluster VMF74 has a surprisingly large number of star-
forming members: 19 out of 34, and many of them have colors
similar to the red sequence (see Fig. 4). It is also the closest
of the clusters studied with a mean redshift of z = 0.18. The
spectroscopically-identified members are also distributed in a
elongated structure in an almost North-South direction, although
less clear than in VMF73. It also shows up using color cuts. The
cluster center lies at the northern extreme of this structure.

According to the XMM-Newton X-ray analysis of
Rasmussen & Ponman (2004), both VMF clusters do not
exhibit peculiarities and are fairly typical for their masses.

4.4. Field sample

The field sample consist of all galaxies between 0.15 < z <
0.35, with at least 6-0 of distance in the redshift space from the
clusters. We included the galaxies belonging to the suspected
groups. Since the sample is built using the same observations
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Table 2. Main parameters for the groups candidates for our fields. Their
identification codes show the average positions of the members. Mean
redshifts (z) and average deviations are shown as velocities (o). The
biweight estimators were used only in groups with at least 8 members.
The group number identify member galaxies in the online table.

Group ID () o N
[kms™]
1 r220_1J 172604+742830  0.053 126 4
2 1220_2J 172518+742844  0.043 390 6
3 1220_3J 172958+744204  0.243 401 8 (11)
4 r265_1J 131030+322840  0.186 349 7

-
1

T T 1T — —

Fraction of blue galaxies |  gg [ Fraction of blue galaxies ]

o
3
T

Fraction
N o
ES =Y

L B e
|
Fraction

04 4

o |

5

R/ Ryt 5 [Mpe?]

Fig. 8. Fraction of blue cluster galaxies (as defined in Sect. 5.1) against
normalized virial radius and projected density.

any comparison is straightforward. The same redshift-dependent
magnitude cuts have been applied, which yields 97 galaxies used
for direct comparison. Throughout this paper, many quantities
will be compared with those of this subset.

5. Analysis of the composite cluster
5.1. Galaxy colors and environment

In Fig. 8, we plot the fraction of blue galaxies (as defined in
Sect. 3.2) against our environment indicators. We observe an in-
crease in the fraction in both cases towards large radius and low
density regions, however a notable peak inside R < 1Ryisa 1S
observed. In the high-density regions, the fraction remains low

and is statistically similar for clusters at those redshifts (e.g.
Ellingson et al. 2001).

The shapes of those trends are similar to the fraction calcu-
lated using emission lines as indicators of star-formation activity
(Fig. 9), which should not be surprising since bluer colors often
reflect the presence of young stellar populations. However, there
is an important fraction of star-forming galaxies with red col-
ors, and in principle it may break down the previous relation.
They only appear to affect the fraction value, i.e. the blue frac-
tion is lower than the star-forming fraction at fixed clustercentric
distances and densities, but not the shape of the trends. We in-
vestigate this further in forthcoming sections.

The fraction of blue galaxies was calculated over the nearest
N galaxies to each point in the plane, i.e. inside a moving box
containing a fixed number of objects, centered on each galaxy.
Making the number N too small increases the noise; making it
too large shortens the dynamical range covered, because this
method truncates the extremities of the lists. It was found that
using the nearest 15-25 points is a good compromise between
spatial coverage and stability.

To check the statistical significance, a bootstrap technique
with 2000 iterations was applied to each value, taking the mean
and the standard deviation of the bootstrapped values (checking
previously if the distributions are compatible with Gaussian) as
the final values and their errors, respectively.

Noise can increase or decrease as one includes more or fewer
points in the calculations, but the overall shapes of the curves do
not change, as for the case of choosing arbitrary bins. This is
particularly important in small samples and eventually under the
effects of substructure. The bootstrapping method helps to char-
acterize the confidence region. This procedure is applied in all
similar statistical analyses in this work As a final visual proce-
dure, the lines were smoothed with simple spline fits; however,
this procedure, however, only erases local scale variations.

5.2. Star formation activity and environment

We investigate further the dependence of the star-formation ac-
tivity on environment based on emission lines, which are sensi-
tive to the ionizing radiation coming from the newly-formed hot
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Fig. 9. Fraction of star-forming galaxies (left panels) and mean EWs of [O11] (middle panels) and Ha (right panels) against normalized cluster-
centric distances (fop panels) and projected densities to the 5th neighbor (X5, bottom panels), plotted as the thick, solid, black lines. The shaded
areas around the curve in light blue are the standard deviations of the bootstrapped values. The horizontal areas show the field values for galaxies

between 0.15 < z < 0.35.

stars. We plot the weighted fraction of star-forming galaxies (as
defined in Sect. 2.7) and the mean of [O11] and Ho EWs in Fig. 9,
against normalized clustercentric distance and projected density,
respectively. The field value is shown as a horizontal area in the
plots.

We observe that the star-formation activity is strongly sup-
pressed in the cluster cores with less than 20% of the galax-
ies forming stars. This fraction increases steadily up to ~50%
at R ~ 3Rjq, but it does not reach clearly the field value of
~56%. of star-forming galaxies. This field fraction is typical
for those redshifts (see Hammer et al. 1997; Balogh et al. 1999;
Nakata et al. 2005). Although each of these authors used differ-
ent cuts to define the star-forming population, the derived values
agree within the statistical uncertainties.

However, the increase in the star-formation activity with ra-
dius is irregular. In a similar way to the fraction of blue galaxies,
we observe a peak at R ~ 0.6Ry;;iy in both, star-forming fraction
and mean EWs. Only outside of 1Ry;,, those indicators start
to increase again. The explanation for this peak is discussed in
Sect. 6.2.

The mean fraction of star-forming galaxies increases linearly
towards low-density regions and reaches the field value only
within the uncertainties. The mean EWs of [O11] and Ha follow
similar trends, but they also display a peak at X5 ~ 60 galax-
ies Mpc~2. The mean EWs of those lines display similar val-
ues, which are slightly lower for [O11], even though that in the
local universe the typical relation is Wy([O11]) = 0.4Wy(He)
(Kennicutt 1992).

The previous trends indicate that the quenching of the star-
forming activity starts at slightly larger clustercentric distances
and lower projected density that those sampled here.

Several studies in the local universe have found that the
star-formation activity reaches the field value approximately at
clustercentric distances ~2R\i;i, and projected densities around
~1 galaxyMpc~2. (e.g. Lewis et al. 2002; Gémez et al. 2003;

Rines et al. 2005). Those results are compatible with the results
found here, although those low densities are not reached in this
study, but the clustercentric distances are, and we still observe
slight star-formation depletion at distances R > 2Ryisa. As the
field star-forming fraction in the local universe is much lower
(~35%, see e.g. Rines et al. 2005), the radial trend found in this
study is, therefore, steeper, indicating that the suppression of the
star-formation activity in clusters at z ~ 0.25 was more effec-
tive, because the star-forming fraction in the internal regions
of clusters is similar at all redshifts (e.g. Balogh et al. 1999;
Nakata et al. 2005).

Pimbblet et al. (2006) studied a sample of 11 clusters be-
tween 0.07 < z < 0.16, with quite good coverage outside
of 1Ryiria- Alhough, the results point towards similar conclusions
as the studies at z ~ 0, the break in the star-formation activity ap-
pear to be shifted slightly towards higher densities, an effect that
we cannot confirm nor exclude, although in our case the frac-
tion approaches to the field value at £5 ~ 10 galaxies Mpc™', but
the differences on the density calculation hamper direct compar-
isons.

At higher redshifts, most studies have been focused on the
central regions of clusters (e.g. Balogh et al. 1999, 2002a,b). Our
results complement those studies, sampling similar clusters at
larger clustercentric distances, with focus on the cluster-field in-
terface. It also bridges the studies being performed by deep sur-
veys which have focused mainly on low-density regions (e.g.
Elbaz et al. 2007; Cooper et al. 2007; Franzetti et al. 2007).

6. Origin of the trends

To explore the origin of trends described in the previous section,
we split the sample into different subsamples according to vari-
ous criteria.
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Fig. 10. Similar to Fig. 9 but now analyzing the distribution of the star-forming population only (i.e. Wo([O11], Ha) > 5 A).

6.1. The star-forming population

We analyze first the properties of the star-forming population
only, defined to be the galaxies with equivalent widths Wy > 5 A.
The dynamical range of radius and galaxy densities is smaller
because the subsample is smaller than the original sample.

The mean EWs (Fig. 10) remain stable over a wide range of
clustercentric distances and density values and are statistically
similar to those found for field star-forming galaxies, which im-
ply that the populations do not differ substantially. This leads to
the conclusion that the trends seen in Fig. 9 are driven only by
the change in the relative numbers of star-forming and passive
galaxies in different environments.

This result is similar to the findings of Balogh et al. (2004a)
and Rines et al. (2005) at z ~ 0 who found that the mean
Ha EWs display a similar distribution for star-forming galaxies
located in “high” and “low” density environments.

This behavior of the active galaxy population, together with
the strong bimodality, observed in colors (Balogh et al. 2004b)
and EWs (Haines et al. 2007), detected in large local surveys fa-
vors mechanisms that trigger a rapid evolution between galaxy
subtypes.

6.2. Subsamples according to membership

Given the relative small sample and some unusual features in
the composite cluster, we investigate the influence of individ-
ual clusters on the final measurements for the composite cluster.
Since two clusters, VMF73 and VMF131, account for an im-
portant fraction of the data used in the composite cluster, we
investigate them individually. Here, given the smaller number of
galaxies, we are forced to use fewer data points in our statistical
analyses, which increases the level of noise.

The results can be seen in Fig. 11. We note striking differ-
ences between the clusters, especially in the radial distribution.
The trends for the cluster VMF73 show peaks inside 1Ryisiq-

Therefore, we conclude that the peaks detected in the global
trends are exclusively due to this cluster. The existence of this
peak, or rather the depletion at ~1R,j;y is likely an effect of a
secondary structure in this cluster (see Sect. 4.3), because the
radial gradient is the combination of both substructures. This
can be taken as additional evidence that the X-ray structure
detected by Rasmussen & Ponman (2004) actually belongs to
the cluster. It may form part of an infalling group and clearly
has a noticeable effect on the galaxy population of this cluster.
Additional effects may arise from the geometrical configuration
of the cluster at R < 1Ryisa1, given its elongated galaxy concen-
tration. Those features passed unnoticed in the previous analysis
of Gerken et al. (2004) as the fixed bins used there effectively
erased the detail.

VMF131 shows, on the other hand, a modest but steady in-
crease in its star-forming activity towards larger clustercentric
distances. This cluster is quite well studied at large radii. Thus,
the general trends of the composite cluster at these distances are
very dependent on it.

Since density probes environment independently of the clus-
ter geometry, cluster substructure does not affect, in principle,
the correlations. Nevertheless, we observe that the trends for
these two clusters are quite different. VMF73 shows a sharp in-
crease in the fraction of star-forming galaxies towards lower pro-
jected densities but a modest increase in their overall activity,
as measured by their EWs. VMF131 displays an increase in its
fraction of star-forming members and the average star-formation
activity is similarly increased.

The scatter of the galaxy population inside clusters has
been already noted, it does not however depend strongly on
their X-ray luminosity nor velocity dispersion according to
Popesso et al. (2007), although Poggianti et al. (2006) find both
a weak correlation of galaxy properties with cluster mass and
evolution of the correlation with redshift. This scatter may be
related to more subtle properties, such as cluster substructure,
mass-assembly history and intra-cluster gas distribution, as well
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as the properties of the large-scale structure surrounding the
clusters.

7. The case of the red star-forming galaxies

We already noted in Sect. 3.2 the existence of a sub-population
of cluster galaxies with emission lines but red colors. Twenty-
five out of 56 star-forming galaxies belong to this popula-
tion. Their average EWs are (Wy([O11])) = 14.8 + 2.48 A and
(Wo(Ha)) = 19.9 + 4.90 A, respectively, similar (within 1-o-
significance levels) to the mean star-forming population (see
Fig. 10). They do not seem to populate any special environment
in the cluster, being more or less evenly distributed in radius
and density, which explains the similarity between the blue and
the star-forming fraction (Figs. 8 and 9). They also span the full
range of luminosities covered by this study.

Galaxies with a red SED and star-formation activity have
been routinely reported at intermediate redshifts, either in the
field (e.g. Hammer et al. 1997) or in clusters (e.g. Demarco et al.
2005). In the case of the local Universe, a recent paper by
Popesso et al. (2007) reports that red star-forming galaxies con-
stitute on average 25% of the entire cluster population. They sug-
gest that those objects are in the process of evolution from late
to early types. Wolf et al. (2005) identified hundreds in the field
of the supercluster A901/902 (z ~ 0.17) based on the informa-
tion content in the medium-band photometry of the COMBO-17
survey. They interprete the color of those galaxies as a prod-
uct of the combination of old stellar populations and dust ex-
tinction. Similarly, Tanaka et al. (2007) presented indication of
red galaxies with younger stellar populations in groups around a
z = 0.55 cluster. They argued that those red galaxies have trun-
cated their star formation activity recently, on a short timescale,
but that they host a large fraction of old stars in a addition to a
reasonable amount of dust.

On the other hand, Martini et al. (2002), based on ROSAT
X-ray data, reported an unexpectedly high fraction of AGNs in

elliptical galaxies in a massive z = 0.15 cluster, which did not
show optical signatures. Although their sample is small, the frac-
tion of obscured AGNss is similar to the fraction of blue galaxies
identified in that cluster. Furthermore, Yan et al. (2006) found
that more than the half of red galaxies in the SDSS-DR4 show
emission lines, most of them consistent with being low ion-
ization nuclear emission-line regions (LINERs) . However, the
LINERs may not be due only to AGNs, for example Sarzi et al.
(2006) report extended LINER-like emission in several early-
type galaxies in their spatially-resolved spectroscopy. Therefore
the question is not clearly settled.

To decide whether those galaxies are AGNs or not, and to
what degree our star-forming galaxies may be contaminated by
nuclear activity, we performed some tests based on the emission
lines. We note that we may be unable to detect obscured AGNS.
No galaxy shows signs of broadening typical of Seyferts 1,
but Seyferts 2 and LINERs may still be present. We calculate
the ratios between emission lines ([O11], HB, [O11]45007, Hae
and [Ni11]), where is possible since all lines are rarely present
altogether. We conduct separate tests to check all possibilities.

The first classical test put the galaxies into the BPT plane
(i.e. log([Om1]/HB) vs log([N11]/Ha), Baldwin et al. 1981). Each
par of lines are close enough to use the EWs instead of the fluxes.
We plot in Fig. 12 all galaxies for which those indexes can be
measured. The lines are the empirical separation between star-
forming galaxies and AGNs of Kauffmann et al. (2003):

011 0.61
lo ([HB]) = N +13 2)
log (H—a) ~0.05
and the theoretical predictions of Kewley et al. (2001)
o1 0.61
IOg([Hﬂ]): NI +1.19. 3)

The separation between galaxy types is made using [O11]/HS >
3 and [N1I]/Ha > 0.6, with the latter also used independently for
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Fig. 12. Line ratio diagnostic diagrams to identify AGNSs. The left panel
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dashed and dotted curves separate AGNs from star-forming galaxies
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ration between types. The lower right panel is the [Oll]-He diagram
aimed to identify LINERs. The dotted line is the local Kennicutt’s re-
lation for star-forming galaxies, whereas the dashed line is the test to
identify LINERs. The upper right panel is the relation between [NII]
and Ha EWs. Blue open circles are “normal” star-forming galaxies and
red filled ones are the red star-forming galaxies. The size of the symbols
is related to the confidence with which each index can be measured, the
larger the better.

all galaxies where these two lines are present, which occurred
more often than in the case of the four lines test.

The latest test was proposed by Yan et al. (2006). It uses only
the ratio between [OII] and He EWs and was aimed mainly to
detect LINERS

Wo([om)) > 5 - Wo(Ha) — 7. )

In total, 10 galaxies show some signs of AGN activity with
6 being galaxies classified as “red star-forming”. Note that, the
emission-line data for all AGN candidates are positioned close to
the boundaries of the respective tests, indicated in Fig. 12, which
means that their nuclear activity is rather low or composite. The
exclusion of these AGNs candidates does not affect the results
shown in Figs. 9 and 10, which is an expected result because
AGN frequency is not correlated with environment (Miller et al.
2003).

As noted before, in Figs. 9 and 10, the mean EWs of the
[Om] and the He lines display similar values, even though in
local samples the relation between the EWs of these emission
lines follows the Kennicutt’s law (Wo([O11]) =~ 0.4Wy(Ha),
Kennicutt 1992). This can be more clearly seen in the lower
right corner of Fig. 12, where the Kennicutt’s relation is plot-
ted. No clear explanation has been found for this deviation, but
Hammer et al. (1997) reported the same effect in the Canada-
France Redshift Survey galaxies at similar redshifts. They pre-
sented various hypotheses that may apply to our work, such
as, lower extinction, lower metallicities and contamination by
AGNs. However, we exclude the possibility of here a strong
AGN contamination and most normal star-forming galaxies also
present these “unusual” values. The deviation is therefore prob-
ably caused by the lower metallicities present in distant galax-
ies (see Kobulnicky & Kewley 2004), because the [O11]-He ratio
depends strongly on this parameter (Jansen et al. 2001).

We can estimate the contribution of dust extinction using
the Tully & Fouque (1985) extinction laws for disk galaxies. At
z ~ 0.25, the V and [ filters correspond approximately to rest-
frame B and R-bands. At a given inclination angle, the extinc-
tion in the R-band is ~0.56E(B): only disk galaxies with in-
clinations larger than 60° will therefore have a correction fac-
tor E(B — R) > 0.2 mag (see Table 1 in Bohm et al. 2004), a
value sufficiently large to move their data-points away from red-
sequence.

Our ground-based INT images do not allow us to securely
classify the morphological properties of our galaxies, since
the typical seeing of ~1arcsec (~4kpc at z = 0.25) repre-
sents approximately one scale-length for spiral galaxies (e.g.
Bamford et al. 2007). Basic properties can however be obtained,
as galaxies in our sample typically have an apparent size of
5—10arcsec. After examination, we find that out of the 25 “red
star-forming” galaxies, 11 are clearly spirals, 11 appear bulge-
dominated, two are irregular and one galaxy, which is also an
AGN candidate, shows signs of interaction. Out of 11 spirals, 8
are probably edge-on galaxies and the remaining three, face-on.

Dust extinction can, therefore, explain the colors of only a
fraction of the red star-forming objects, because dust properties
at z ~ 0.25 do not differ much from those of the local universe,
and highly-tilted galaxies can be easily distinguished.

The red star-forming galaxies appear to be transition ob-
jects populating the “green valley” (Salim et al. 2007) in Fig. 13,
where we plot the specific star-formation (sSFR) activity’ ver-
sus stellar mass. Most of the red-star forming galaxies (as well
as some AGNGs) are located in a “transition region” between nor-
mal star-forming galaxies and passive ones®. The mean sSFR
for normal star-forming galaxies is ~(1.08 + 0.65) x 10710 yr~!,
whereas the red star-forming galaxies have on average sSFR =~
(2.4 +0.6) x 107" yr~!, about an order of magnitude lower. The
average upper limit for passive galaxies is sSFR ~ (4.8 + 3.3) X
1072 yr~! because we do not include galaxies with unphysical
star-formation rates.

We note that those galaxies may also be present in the field,
although we cannot clearly identify them, given the uncertainties
in the k-corrections of ~0.2 mag, which are larger than typical
red-sequence scatter. However, it can be seen that most of the
normal field and cluster star-forming galaxies are located in the
upper part of this diagram, around the relation for local galaxies
found in the UV-selected sample of Salim et al. (2007). We note
that field and cluster star-forming galaxies are located in similar
regions of this diagram, an additional indication that both pop-
ulations are composed similar classes of objects. However, the
red star-forming galaxies appear to be clearly offset from this
relation.

It is interesting to note that the definition of a star-forming
galaxy set at Wo([O1],Ha) > 5 A not only has a observa-
tional sense but also a physical meaning and corresponds to
a sSFR ~2x 107" yr~!, a rate sufficiently low to consider a
galaxy as passive.

It is part of the standard picture of galaxy evolution that ob-
jects in the blue cloud (here the star-forming sequence) slowly
grow in stellar mass via gas accretion over cosmic times.
Mergers and other strong interactions can trigger star-bursts, dis-
placing upwards the galaxies in the diagram (Fig. 13) adding a
large amount of stellar mass in a short period of time (so moving

7 The derivation of the sSFRs is described in Appendix A.

8 Here galaxies with 5 > Wy ([O11], Ha) > 0 are also plotted. Galaxies
with negative EWs were not used since the calculations yield unphysical
(i.e. negative values) results.
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Fig. 13. Specific star formation rates for field (top) and cluster (bot-
tom) galaxies, versus stellar mass. Normal star-forming galaxies are
plotted with blue filled stars and the red star-forming galaxies with
green pentagons. The red open stars are passive galaxies with 0 <
Wo([O11], Ha) < 5 and are shown for comparison. The black circles are
the AGN candidates. The thick line is the local relation from Salim et al.
(2007).

rightwards). On the other hand, gas exhaustion or gas removal
by means of interactions or feedback processes can lead to a
quenching of star-formation that moves the galaxy downwards,
towards the red sequence, where it can experience small episodes
of star-formation, accrete more gas and move again into the blue
cloud, or stay permanently there if the environment is hostile (as
in the galaxy clusters cores).

In this picture, the red star-forming galaxies are located in an
intermediate stage between the two main subtypes, with lower
but still appreciable amounts of star-formation. The variation in
the abundance of this population with cosmic time may provide
additional insights into the nature of the stellar mass buildup, al-
though, a more careful treatment of AGN activity, dust extinction
and stellar population is required to fully explain their nature.

8. Summary and conclusions

We have obtained MOSCA spectroscopy for 149 member galax-
ies in 6 clusters at (z) ~ 0.25, out to large clustercentric
distances. This sample is compared directly with 97 galax-
ies in the field. The spectroscopic dataset is complemented
with V and /-band photometry in the three fields and multiband
photometry from the SDSS in two of them. The main findings
can be summarized in the following.

1. The suppression of the star-formation activity can be de-
tected at large clustercentric distances (R > 1Ryisia) and low
densities X5 < 10 Mpc‘l, in an environment where the clus-
ter is supposed to have little influence. This result agrees with
similar results at redshift z ~ 0 based on the 2dF Galaxy
Redshift Survey (Lewis et al. 2002) or SDSS (Gémez et al.
2003), where a critical value of density was found, below

which the environment appear to begin to play a critical role.
Although our density estimates are not directly comparable
to these low-redshift studies, it is possible that we did not
reach this low threshold of £5 ~ 1 Mpc~?2 reported by those
studies. Our investigation reached star-formation activities
close to those found in the field, probing the transition be-
tween field and cluster environment in the distant Universe.
The decrease of the star-formation activity is smooth with
increasing density, but a more complex behavior was found
when the radial dependence is studied, as it is strongly af-
fected by substructure.

. The trends in the star-formation activity measured by the

mean [O11] and Hoe EWs are due mainly to a strong de-
crease in the relative number of star-forming galaxies to-
wards higher densities and smaller clustercentric distances,
rather than a slow decline in the star-formation rates of
galaxies. This finding favors violent suppression of the star-
formation activity.

. Despite the importance of the overall trends, important dif-

ferences are found between the studied clusters. The two
most well-studied clusters were analyzed separately from
all other clusters. It was found that the shape of the star-
formation gradients were quite different from each other.
This difference was more accentuated in the radial trends
since the effects of substructure could not be discerned in
the assumed radial density profile.

In the literature, many studies have focused either solely on
one usually well-sampled cluster (e.g. Kodama et al. 2001;
Demarco et al. 2005; Sato & Martin 2006), or on a family of
clusters (selected by X-ray luminosity, redshift range, etc.),
generally far less well-sampled, which typically combine all
data to create a “composite-cluster” (e.g. Balogh et al. 1999,
2002a; Pimbblet et al. 2006) in a similar way to our anal-
ysis here. However, our study indicates that many of the
overall trends may not be universal, but may be strongly re-
lated to the particularities of the system that the individual
galaxies belong to. Therefore, the effects of the substructure
should not be neglected when analyzing the universality of
star-formation-environment relation, because each particular
system may have different properties (see also Rines et al.
2005 for a similar result at z = 0).

. The clusters show variations not only due to the substruc-

ture, but also in their galaxy populations. For example, we
detected an important sub-population of red star-forming
galaxies in some clusters, which have similar colors or are
redder than the red-sequence. The characteristics of this pop-
ulation, as measured by their environmental distribution, do
not differ much from the remainder of the emission-line
population. A fraction of them could be AGNs, but the
AGN contamination is not larger than in the rest of the star-
forming population. Nonetheless, all AGN candidates show
relatively low activity.

Dust may play a role because some galaxies are clearly edge-
on spirals. This effect may be present in other galaxies. It
is, however, intriguing that some otherwise blue active star-
forming galaxies have the precise amount of dust to make
them fall onto the narrow red sequence.

These two effects together, however, are only able to explain
a fraction of this population.

These galaxies are located in a transition zone, between nor-
mal star-forming galaxies and passive ones, where galaxies
appear to form stars at a relatively lower rate. They may be
in the process of shutting down their activity and/or they
can contain a relatively significant old stellar population
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combined with a moderate amount of dust. If these galax-
ies are truly transition objects, their abundance may provide
important clues about the mass-assembly history as galaxies
grow in mass via accretion and merging and shut down their
star-formation over cosmic time (e.g. Bell et al. 2005).

Our results favor mechanisms of strong star-formation sup-
pression. Among the preferred processes is ram-pressure strip-
ping (and other strong galaxy interactions within the intraclus-
ter medium). This process can quench the star-formation on
timescale as short as 10° yr, which is the dynamical timescale
of a cluster passage. Ram-pressure is very effective in the cen-
tral regions of the clusters (e.g. Kapferer et al. 2007). We detect
however star-formation depletion at clustercentric distances as
far as ~3Ryirial. It is possible that many galaxies in the outskirts
have already passed through the denser intracluster media. In
fact, models by Gill et al. (2005) predict that as many as half of
the galaxies between 1-2.5Ry;;ia) may be “bouncing” after a first
passage (the “backsplash” scenario) and thus have experienced
strong interactions in the inner cluster core for a sufficient time
to explain their passive nature. Therefore, ram-pressure stripping
cannot disregarded as a important mechanism, particularly be-
cause, since direct evidence of this process at work has been
reported by some authors (e.g. Boselli et al. 2006; Cortese et al.
2007).

Other processes may be still acting, because quenching of
star-formation is observed at distances larger than those pre-
dicted by the Gill et al. (2005) simulations. Also, their proposed
“backsplash” population would only account for a fraction of
the galaxy population in the cluster outskirts. Any other process
that quenches that star-formation more gradually (e.g. starvation,
harassment, etc.) would have been detected via enhancement
or depletion in the star-forming population with environment,
which is not the case. One possibility is that other processes af-
fect the star-formation on galaxies before they begin to fall into
the clusters, in groups and filaments embedded in the large-scale
structure. In those environments, several processes are thought
to be effective in changing the galaxy stellar populations. Ram-
pressure stripping may still be effective in systems of lower
masses under certain certain conditions (e.g. Fujita 2004; Hester
2006) and thus may contribute. Merger and tidal interactions in
those environments are also likely and they can trigger starbursts
that consume gas rapidly and strip the remaining gas via feed-
back mechanisms(e.g. Bekki 2001; Fujita 2004). This scenario
is compatible with the recent findings of Tanaka et al. (2007) and
Haines et al. (2007).

It is important to note that every cluster is a particular en-
tity of its own and it is likely that different processes are impor-
tant. They can depend on the cluster history and configuration,
as well as on the characteristics of the surrounding environment.
These effects may influence the galaxy population that inhabit
the clusters as shown recently by Moran et al. (2007). This view
is supported here by the different star-formation gradients de-
tected, due mainly to substructure and the abundances in the
galaxy population, with some clusters harboring an important
fraction of red-star forming galaxies, which may be important in
the general scheme of galaxy evolution.
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Fig. A.1. Specific star formation rates based on [O1] and Ha respec-
tively calculated using the relations indicated in the text. Blue filled tri-
angles are galaxies with Wy([O11], Ha) > 5 A, classified here as star
forming. The thick line is the fit to the Ha relation: log(sSFR) =~
1.07 log(Wy(Ha) — 11.4, which is plotted in the [OI1] panel for com-
parison. Note that the sSFR obtained with the [O11] line may be slightly
overestimated.

Appendix A: Star formation rates

All indicators of star-formation rates (SF'Rs) have their own bias
and systematics due to the different processes traced for each
of them (for a recent review see Moustakas et al. 2006). In the
optical, at least two effects are very important: extinction and
metallicity. On the other hand, optical SFRs calculation requires
accurate flux calibration, that we lack. However we can still es-
timate SFRs using the EWs and the absolute magnitudes (calcu-
lated in Sect. 2.8) as a proxy of the continuum flux. Fortunately,
our spectra cover both [O11] and He lines, so both results can be
compared.

For [O11] derived SFRs, we can take the calibrated relation
of Kennicutt (1992)

SFR(IO1])=3.4x10""2 (i) Wo([OIE(Hey) [Mo yr™!| (A1)
Lpo

where E(Ha) is the extinction at Ha, which according to
the same paper is approximately 1mag, and (Lp/Lpe) =
1004Ms=Mzo) "with Mp o = 5.48 mag.

For He, we also take the relation given by Kennicutt (1992):

SFR(He) = 7.9 x 107" L(He)E(Ha) (A.2)

with E(Ha) = 1 mag, as indicated above. However, we do not
have Ha fluxes, but we can estimate it from our R-band absolute
magnitudes and Ho EWs, since

(A.3)

. . S o —1
where Lc is the continuum luminosity in ergs™ A~ (see
Lewis etal. 2002) and Lc =~ Lg. For a L* galaxy, Lc =
1.1 x 10* ergs™!, as determined by Blanton et al. (2001), with
My = -21.8 mag, leaving:

L(Ha) = 1.1 x 10*Wy(Ha)10™4Me=M0) [ergs71], (A4)
Therefore, finally we have
SFR(Ha) = 0.079Wo(Ha)10~%4Mrt2L8) [org o=17, (A.5)

We obtained SFRs for all galaxies in which either of these two
lines is measurable. Both ways are likely to have systematics and
uncertainties, [OII] because it is a calibrated relation and doubts


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078735&pdf_id=14

24 M. Verdugo et al.: Galaxy populations in the infalling regions of z = 0.25 clusters

persist about its universality (e.g. Hammer et al. 1997). Also it is
strongly affected by dust and metallicity. In the case of He, the
assumptions here made, introduce uncertainties about the accu-
racy of the flux. Therefore, we take the average of the SFR ob-
tained from [O11] and Ha and when only one line is present we
take this value. We did obtain SF'Rs for galaxies considered pas-
sive, however those values probably have larger uncertainties,
so their SFRs can be considered as an upper limit . We always
make distinction of both populations based in the EW distinction
(see Sect. 2.7). We did not attempt to obtain SFRs for galaxies
with negative equivalent widths because they yield to unphysical
values, difficult to interprete if included.

Using the stellar masses obtained with KCORRECT (see
Sect. 2.8) we obtained the specific star formation rates (sSFR).
It is remarkable the strong correlation with little scatter be-
tween EWs and sSFR, obtained in either way (i.e. [OII] and Ha)
and the little scatter (albeit larger for [O11]), as well as the similar
values displayed using both methods (see Fig. A.1), despite the
rough estimation made here. Also, it is important that both indi-
cators yield similar values as the He line becomes inaccessible
at larger redshifts and only [OII] can be used.
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