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ABSTRACT

We investigate the properties of optically passive spmald dusty red galaxies in the A901/2
cluster complex at redshift 0.17 using restframe near-UV-optical SEDs, 24 IR data and
HST morphologies from the STAGES dataset. The cluster saiisgbased on COMBO-17
redshifts with an rms precision of., ~ 2000 km/sec. We find that 'dusty red galaxies’ and
‘optically passive spirals’ in A901/2 are largely the sanfepomenon, and that they form
stars at a substantial rate, which is oaly lower than that in blue spirals at fixed mass. This
star formation is more obscured than in blue galaxies andptial signatures are weak.
They appear predominantly in the stellar mass rande@ .. /M., = [10,11] where they
constitute over half of the star-forming galaxies in thestdw; they are thus a vital ingredient
for understanding the overall picture of star formationmieng in clusters. We find that the
mean specific SFR of star-forming galaxies in the clusteleiarty lower than in the field, in
contrast to the specific SFR properties of blue galaxiessalwhich appear similar in cluster
and field. Such a rich red spiral population is best explaihgdenching is a slow process
and morphological transformation is delayed even moréo&f\/, /M < 10, such galaxies
are rare, suggesting that their quenching is fast and acaoieg by morphological change.
We note, that edge-on spirals play a minor role; despitego@irst-reddened they form only a
small fraction of spirals independent of environment.

Key words: surveys; galaxies: evolution; galaxies: spiral; galaxéhssters: general; stars:
formation; infrared: galaxies
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1 INTRODUCTION (2) Where are the cluster galaxies undergoing change, such
) o ] as a decline in star formation? Truncated star-formatiskdare
We still do not understand the origin of the morphology-digns common in Virgo spirals and mark a slowly transforming papul

relation and the star-formation (SF)-density relatione Thcal tion (Koopman & Kenney 2004b). But most studies of large data
morphology-Qensity .relation (Dressler 1980) appears tSiFB?”t sets find that the average star formation rate in star-fayrgatax-
to z ~ 0.7 in the field (Guzzo et al 2007) and to ~ 1 in ies does not change with environment; instead it appear$ as i
clusters [(Postman etial. 2005), while the SF-density miasip- only the fraction of star-forming galaxies declines toveahigher

pears to invert its slope between high redshift where stande densities|(Balogh et al. 2004a; Verdugo et al. 2008; Pogiceaall
tion first commences at highest densities (see Elba_lz et 9ﬂ'_;20 2008). In this péper, we argue that the role of star formatiaed
Cooper et dl. 2008, for results at~ 1) and low-redshift (Lewis spirals has often been ignored (see also Hained|et al. 20088, it
et al 2002; Gomez et al 2003) where it avoids overdense re- js an important aspect in clusters: In fact, we find mostfsaming
gions. This evolution could be explained by continuous ®m  g5jaxies in A901/2 to be red, while a blue galaxy sample igstr

tion of non-starforming early-type galaxies throughotgroa his- attention to only the most intense tail of star formation.
tory (Faber et al 2007), where the higher-density regionglevbe ) )
leading the process (Smith et al 2005). As a result, we algb fin (3) Are they credible progenitors for cluster S0s? It hasmbee

a colour-density relation at low redshift, whereby densgiores argued that disk fading in field spirals does not produce $@seo
are inhabited mostly by red galaxies with old stellar popotes: h|ghest known Iur.mn05|'t|e:s (Burstein etlal. 2005) and anrdgtn-
Kauffmann et al.[(2004) arid Blanton ef l. (2005) have shdwan t butlo_n of bulge/disk ratios ( Dressler 1980), so that thegpritors
the colour-density relation is the primary trend, while etm- of brllght.cluster S0s are still at large. Instead, bglge gnbmgnt
posed residual trends in morphology are relatively weakstipo ~ (Christlein & Zabludoft 2004) or mergers among infalling@édes
morphology appears to be driven by colour whatever the gensi (Moss| 2006) may be requwed._Thgre is mdeed_ewdence for cen
In clusters, however, the situation is more controvergiak trally concentrated star formation in cluster splrals,hbaF low
above picture suggests the presence of an age-densitipmetat (Moss & Whittlel2000: Koopman & Kennay 2004b) and interme-

fixed morphology: Thomas et al (2005) claim a strong depecelen diate _redshlft (Bamford et .:1I_. 2007) tha_lt will increase cantcation
. . . . over time. Recent work on higher-quality data also sugghsatshe

of early-type ages with environmental density at all massbie . . .

. . . . concentration differences between spirals and SOs aresrlatge
no such evidence is seen in the rich local Coma cluster (Medile as once claimed (Laurikainen eilal, 2007 Weinzirl & al£00
al 2003; Trager et al 2008), Wolf et al (2007) see an age-teresi : J-au ' ' elal
lation at fixed morphology and low luminosity in the young A9® (4) Which processes initiate the quenching of star fornmatio
cluster complex._Poggianti et/al. (2008) again do not seegan a and the morphological transformation? Both internal andren-
trend at higher luminosity iz ~ 0.4 — 0.8 clusters and find that ~ mental factors may be involved. Internal factors includedfeack

the SF-D and morphology-density relation are equivaledtthns from supernovae and AGIN (Benson et al. 2003; Crotonlet a&200

equally fundamental. But if there is no age-density retatibfixed Schawinski et &l. 2007; Tremonti et al. 2007) as well as primo

morphology, either close synchronisation between SF duiegc dial differences in the formation conditions of massiveagas at

and morphological transformation is required, or all tfansation high redshift propagating into their present-day behavidhey

producing the patterns must have happened in the distanspets are expected to depend on galaxy mass, and upper galaxy mass

that memories of time scales are wiped out. limits for star formation may evolve with redshilt (Bundyadt
While star formation rate (SFR) is a unique number, morphol- 12006). Environmental mechanisms include ram-pressirgpsty

ogy is a complex multi-parametric variable: an importarstidi- by hot ICM (Gunn & Gott 1972); star formation enhanced by majo

tion must be made between the mass concentration of a galaxy,Mergers or tidal excitation from the cluster potential (s 1992;
which is driven by its dynamical history, and its clumpiness Bekki 1999); loss of gas by suffocation, harassment or gtrian
which is driven by star formation and correlates with coldver tion (Larson et al 1980; Moore et al 1996; Balogh et al 20009. E
three decades agmemic spiralswith smooth arms and no signs ~ Moran et al.|(2007) find gradual star formation decline artisyei-
of clumpy star formation were discovered (van den Bergh 11976 rals in the outskirts of clusters, but truncated star foromatnd
which could provide a missing link by being a phase in thesian E/SO galaxies with smooth profiles in the core regions fillgdhbt

tion from a blue star-forming field spiral to a red, non-staniing gas, presumably due to ram-pressure stripping. It was piscus
cluster S0. Also, Poggianti et al. (1999, 2004) and Goto.¢PaD3) lated, that gravitational heating inherent in structurewgh on a
found spirals without optical signs of star formation in skitts cosmic scale (Khochfar & Ostriker 2007) may quench cosnac st
of clusters, and dubbed them 'optically-passive spirdlsing an ~ formation as effectively as ad-hoc AGN feedback in semidita
SED-based approach, Wolf, Gray & Meisenheimer (2005, lierea ~ Models.

WGMO5) have described a population of 'dusty red galaxieshd Any progress in identifying the mechanism producing red
nating the outskirts of the clusters A901/2. Detailed SEDmfthe spirals requires the measurement of masses as well as ®nviro

COMBO-17 survey measure dust reddening independent of age-mental indicators. A low-redshift study by van der Wel (Zpes
induced reddening. Their sample has red colours due to heth d  vealed that concentration correlates with mass, while ploess
and intermediate age rather than old age as for regular-Barés. correlates with environment. To what extent are then recakpi
Ground-based COMBO-17 morphologies show them to be mostly a mass-specific or a cluster-specific phenomenon? AGN fekdba
early spirals/(Lane et &l. 2007). At least four interestingstions and environment-driven gas depletion are both expectaspiaress
arise here: star formation, perhaps in different mass regimes and dfferent
(1) What are the properties of these dusty red spirals? Both timescales. At this point, it is not yet clear what their tiglarole
passive spirals and the WGMOS5 dusty red galaxies show nogstro is in suppressing star formation as galaxies grow and sirei¢s
optical signs of star formation. The presence of dust andrates built up. To learn more, we need larger samples of galaxieslligl
of significant optical emission lines, however, motivatestialy of showing their transformation in a few discernible stagdsoAit is
obscured star formation with far-infrared data in this pape important to address evolution in a mass-resolved pictocerat
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The STAGES view of red spirals and dusty red galaxie®

with mass-limited samples, as in the latter a mass mix changi
with environment produces purely apparent environmengalds.

The intricate problem described above requires a multi-
faceted data set of a region in our Universe where galaxies ar
presently undergoing major change. We have previousltiitksh
the supercluster region Abell 901ab/902 £ 0.167) as a com-
plex environment that is particularly rich in 'dusty red gekes’
and suggestive of strong galaxy infall activity. The clustgshift
is ideal for obtaining observations that have both high aligo-
noise ratio and complete wide-field mukicoverage. Such a data
set has been obtained by the STAGES team (Gray et al. 20G8, her
after G08) and provides a high-quality description of a femimn-
mental components coupled to different physics, as wellasses,
SEDs, morphologies and star-formation rates for over 100ter
members. This effort started with the COMBO-17 survey deliv
ering 17-filter SEDs and high-fidelity photometric redshiftms
scatter among 800 brightest members is 0.006, see WGMO0B). Th
large HST survey at the core of the STAGES initiative added-mo
phologies with~ 300 pc resolution for all cluster members over
a5 x 5 Mpc? (= 0.5° x 0.5°) area and the highest resolution
dark matter map of large-scale structure (Heymans|et al§)200
XMM and GMRT observations reveal intracluster gas and AGN
(Gilmour et al.l 2007). We found that A901/2 is made up of four
distinct cluster cores with different masses and geongtieM,
dark matter and galaxy properties.

frame SEDs from COMBO-17 (Wolf et al 2003), imaging with
the Advanced Camera for Surveys (ACS) on board of HST and
Spitzer/MIPS IR data, all overlapping on an area of alnfost x
0.5°. Further data have been obtained with XMM, GMRT and
GALEX, but are neither part of the recent data release nod use
in this study. We select cluster members on the basis of pineir
tometric redshifts. Throughout the paper, we use cosmcdbgia-
rameters of Qm,, Qa, Ho) = (0.3,0.7, 70 km/s/Mpg).

2.1 COMBO-17 SEDs and photometric redshifts

The COMBO-17 survey was observed with the Wide Field Imager
(WFI) at the MPG/ESO 2.2m-telescope on La Silla, Chile. &dis
five broad-band filters UBVRI and 12 medium-band filters with
resolution A/ A\ 20...30, altogether covering wavelengths
from 350 to 930 nm, to define detailed optical SEDs for objects
of R < 24. One of its four fields observed from 1999 to 2001
covers an area df2’ x 31’ around the A901/2 clusters; see GO8
for all technical details of object search, photometryssification,
redshifts and further derived parameters.

The literature contains several COMBO-17 studies of galaxy
evolution using samples defined by photometric redshifttdse
restrict themselves to galaxies brighter tHan= 24 to make sure
only reliable redshifts are being used. The G08 cataloguthef
A901 field contains~ 13500 galaxies with redshift estimates at

~
~

The role of environment in the STAGES data has already been R < 24. However, photometric redshift (photo-z) accuracy is a

subject to some studies: Heiderman etlal. (2008) find thagensr
and interactions are found predominantly outside the etustres
and can be accounted for by the large galaxy velocity dispeis
the cores and the accretion of groups and field galaxies mwithv
herent flows. Gallazzi et al. (2008) find no region of enharer@m
in overall star formation, whether or not obscured star fatiom
is included. With no clear indication of enhanced mergersigf
gered star formation, the main impact of environment apgptege
a suppression in star formation as already seen in red spiral

In this paper, we focus on the rich sample of optically pas-
sive, red spiral galaxies, which appear to undergo transition
as we observe them, possibly descending from blue spirals an
evolving into SO galaxies. While their SFR is lower than inél
galaxies by a sufficient degree to give them red colours, wesi
to relabel them 'semi-passive’ given their persistent lewd star
formation; as our Spitzer/MIPS data show, these galaxik$at-
bour significant star formation, which is more obscured tinahe
average cluster population. We present the STAGES datezargle
to this subject in Sect. 2, and define our environment measlme
Sect. 3 we present relations between IR and optical pregedon-
firming earlier inferences from COMBO-17 SEDs. We demorstra
the differences between splitting galaxies by blue vs. el lay
star-forming vs. non-star-forming. Sect. 4 presents ourpmalog-
ical results and the correspondence of 'red spirals’ wittstg red
galaxies'. In Sect. 5, we discuss galaxy mass functions iy, ty10-
tivating a mass-resolved investigation of any environakinends.
Sect. 6 shows galaxy properties and type fractions by mabseman
vironment, and finally we discuss a possible evolutionagusace
involving red spirals in Sect. 7.

2 THE STAGES DATA SET

This study is entirely based on a data set assembled by the E$A
project and recently published in catalogue form (GO08).nt e
compasses high-fidelity photometric redshifts and obskfmast-

(© 0000 RAS, MNRASDOQ, 000-000

function of photometric noise and declines with fainter magles
and field contamination in a photo-z-selected cluster saripl
creases directly with photo-z scatter. GO8 present a deltaiis-
cussion of the photo-z scatter and of the completeness ardme
ination in A901 cluster samples as a function of depth. Irt.S26
we specify the galaxy samples and photo-z accuracies drawn f
the purposes of this paper; given the low redshift of A901 cae
choose a mass-limited sample while including only the hggh
objects with the most accurate photo-z’s.

Here, we only repeat numbers characterizing the overall
COMBO-17 galaxy sample. Generally, at bright magnitudes of
R < 21 the COMBO-17 photo-z’s have an rmsdr/(1 + z) of
< 0.01, which has been confirmed with spectroscopy on all three
COMBO-17 fields with a full data set (CDFS, A901, S11). Us-
ing a spectroscopy of 404 galaxies including 249 memberbef t
A901 cluster, Wolf et &l (2004) have shown that the clustetp-

z's show an rms scatter @ /(1 + z) ~ 0.006 corresponding
to ~ 2000 km/s. 77% of these galaxies have photo-z deviations
from the true redshift ofd. /(1 + z)| < 0.01. Only three objects
(< 1%) are confirmed to deviate by more than 0.04 from the true
redshift and are typically galaxies with unusual SEDs duecio
tributions from an active nucleus. A deeper comparison igectly
only available on the CDFS field, where Wolf et al. (2008) fimd a
increase of photo-z scatter t00.02 at R < 23 increasing further
to fainter magnitudes. On the A901 field low-resolution pripec-
troscopy of a faint sample was obtained with IMACS at Magella
which will shed light on the error behaviour at fainter magdes
when analysed.

The detailed observed-frame SEDs and accurate redshifs ha
allowed the derivation of robust rest-frame magnitudessfume
wavebands including Johnson and SDSS filters and a pseudo-
continuum filter at 280 nm intended as a proxy for unobscured
star formation rate. At the cluster redshift, the WFI filtesed for
COMBO-17 cover the rest-frame spectrum from 300 to 800 nm.
The COMBO-17 SED fit involves an age parameter and an esti-
mate of the dust reddenirfgs_v . Stellar mass estimates are based
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on SED fitting as well and assume a Kroupa (1993) IMF, while a
Kroupa (2001) or Chabrier (2003) IMF would yield values with
+10% of those (see G08 for all details). Note, that a Salpetés5) 9
IMF increases stellar masses by a factor of 1.8.

2.2 Aperture effects on masses and SEDs

The COMBO-17 survey mostly targetted galaxies at [0.2, 1.2]
(Wolf et all|20083) with much smaller angular extent than thestn
massive cluster galaxies in A901. Thus its processing wés op
mised to obtain high signal-to-noise photometry of fainjeats
from identical physical footprints (after PSF deconvainji in all
filters. These SEDs represent a central Gaussian aperttire’{@i
FWHM on a hypothetical infinitely sharp image, and are thesbas
for the estimation of redshifts, mass-to-light (M/L) ratiand stellar
masses, as they have been published now for the A901 field 8y GO
The SED is normalised with the total object photometry indbep
(20 ksec) R-band image, in which the total light is measurétd w
optimal surface brightness sensitivity, but the colourtsioie the
aperture are ignored. For small objects or particularlgdaobjects
without colour gradients this has no consequence. Butdgelaize,
low concentration and strong colour gradients are combitregh
the SEDs constructed from total magnitudes may be diffdrent
the SEDs based on aperture magnitudes. Since our stellarasts
mates depend on M/L ratios from these SEDs, aperture-bdsed S
that are not representative of the total galaxy will yieldtellar
mass estimate that is incorrect. At the cluster distancapleeture
has 4.25 kpc FWHM, and is broadly comparable to the footprint
of the fiber aperture in SDSS spectroscopic data=t0.08. This
implies that any SED types for galaxies that we discuss later
the paper are defined by the stars seen in the central fobtgdrin
4.25 kpc FWHM. The total SEDs could be different if substainti
light with a different SED originated outside this apertundich
may change the colour class to which an object is allocated.

We have investigated the total colours of a few dozen se-
lected galaxies in a separate procedure using SExtratcsdmag-
nitudes of all broad bands, although for general use, thelseis
would be too noisy and object matching is too unreliablegegly
given the low sensitivity of the U-band imaging. This haseiaed,
that aperture values are similar to the total ones acrossda wi
parameter space in our sample. Masses of spirals are sekdbl
log M. /Mg < 11 and masses of E/SO galaxies are reliable every-
where. But there is an issue with cluster spirals estimatectotly
atlog M. /M > 11: their total observed-fram& — R colours
are on average 0.3 mag bluer than the aperture colours, &nd th
translates into theifog M /L being overestimated by 0.25 dex.
The A(B — R) corrections range from 0 t60.65 mag, and in the
most extreme object (42497) the mass is overestimated byed.5
as a result. This is in contrast to SO galaxiekgtM.. /Mo > 11,
whose totalB — R is only 0.04 mag bluer than in the aperture.

For this reason, most of the 16 spirals in the sample with
log M. /My > 11 are truly just below 11. Almost all galaxies in
the field or cluster sample that truly haleg M. /M > 11 appear
to be old, red and of E or SO type. In the absence of a consiétent
for the mass values of high-mass spirals we will omit thererlat
when focussing on the properties of spirals and limit oweseko
the mass range abg M.. /Mo = [9, 11] then.

2.3 HST/ACS imaging and morphologies

The primary HST observations of the STAGES project coverGan 8
tile mosaic with ACS covering an area2sf’5x 29’5 in the V606W

Table 1.Properties of cluster galaxy sample.

M, /Mg range [9,9.5] [9.5,10] [10,11] [11,12]
Rios mean (Vega) 21.22 20.11 18.83 17.23
Rap mean (Vega) 21.84 20.89 19.81 18.74
My +or mean (Vega) —18.05 —-19.23  —20.48 —22.06
Zphot,min 0.122 0.151 0.154 0.154
Zphot,max 0.205 0.190 0.187 0.181
Zphot MeEAN 0.167 0.171 0.170 0.169
Zphot IMS +0.014  +0.009 +0.006 =0.006
completeness > 90% >95%  >95% >95%
contamination < 20% <15% < 10% < 5%
Ngal 298 236 302 55
Nga (field) 308 163 172 11

filter during Cycle 13, thus covering 90% of the COMBO-17
area. Various parallel observations of other HST instrusare not
part of this study. The mean PSF on these images after data-red
tion has0” 11 FWHM which corresponds to a resolution of 300 pc
at the cluster redshift. While the surface-brightness iteity of
the HST images is lower than that in the 20 ksec R-band image of
the ground-based COMBO-17 observations, structural featare
seen much more clearly in the ACS images (with few exceptiéns
LSB tidal arms) due to the: 7x better resolution of HST.

The published catalogue contains morphological parameter
from Sersic profile fitting with GALFIT Peng et al. (2002), here
we have used mostly Hubble types. All galaxies have been visu
ally classified by seven co-authors (AAS, FB, MG, KJ, KL, DM,
CW) into Hubble types, including flags on asymmetries anerint
actions. We distinguish between the types (E,S0,Sa,Sd3)
and their barred cousins, and define an SO as a disk galaxy with
a visible bulge but no spiral arms. When we notice spiral arms
we put the object into the Sa-Sd range on the basis of our per-
ceived bulge-to-disk ratio, but we suspect that smoothsdésid
arms as in anemic spirals may bias our judgement towardieearl
types (Koopman & Kenney 1998). The classifiers agree gdyeral
well, but small or faint galaxies can be ambiguous when thews
little features. For this paper, we use weighted averagmatis
of the Hubble types, ignoring bars and degrees of asymméafey.
also include all mergers in the irregular class, since theynat of
separate interest to this paper (with the exception of . Rig.[A
shows examples of cluster galaxies from all morphologigpes
we differentiate in this work and covers the entire mass eaofy
our sample. Barred or interacting galaxies are studied parsge
works (Marinova et &l. 2008; Heiderman elial. 2008).

2.4 Spitzer/MIPS far-infrared data

Spitzer has observed a larger area overlapping with0% of the
region covered by COMBO-17 and the HST/ACS imaging, for a
total MIPS 24.m exposure of~ 1400 sec/pixel. The brightest IR
source, a Mira star, had to be avoided in the observatiorts,aan
large circle of4’ radius around it has been excluded from the anal-
ysis. Given the relatively broad PSF with6”” FWHM, the source

list has only been matched to COMBO-17 detected objects.9A/e e
timate the sample to be 80% complete for source87of:Jy, and
70% of these have been matched to a COMBO-17 counterpart with
R < 26. Conversely, many COMBO-17 sources are not detected
at 24., and only1/3 of the 600 most massive cluster members are
matched to MIPS counterparts. The GO8 catalogue contairs flu
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Figure 1. Cluster galaxies of different morphological classes in fivass bins across the entire rangéogf M. /M = [9, 11.5] considered in this work (at
log M../Mg > 11 masses of spirals are overestimated, see Sect. 2.2). 8tewie version for improved contrast of faint featuresatye sizel 2" x 12".
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measurements down to tBe-detection limit of58 pJy, where we
estimate a completeness of only 30%.

Star formation rates (SFR) were estimated for the obscured
component using the 24n fluxes as a proxy for overall infrared
luminosity stemming from dust reprocessing. This compongn
complemented by UV-based estimates of unobscured stamform
tion mentioned in Sect. 2.1. In the absence of formal errarthe
MIPS photometry, we estimate that/2# fluxes as well as SFRs
are uncertain by up to a factor of two on a galaxy-by-galaxy ba
sis. We also estimate the overall scaling uncertainties®@B8FR to
remain below a factor of two. O -detection limit of58 pJy cor-
responds to an IR-only SFR of 0.1 /yr at the cluster redshift
z = 0.167 (for more details see Bell etial. 2007, and G08).

2.5 Galaxy samples in this work

The published catalogue underlying this work contains adlay
gesting a cluster sample defined solely from photometrishiis.
GO08 opted for a narrow redshift interval at bright magnitutik-
ing advantage of the high redshift resolution in COMBO-1ut, b
increase the width of the interval towards fainter levelsatco-
modate the increase in redshift errors. The selection isek:fiby
including galaxies withepnot = [0.17 — Az, 0.17 + Az], where

@)

This equation defines a half-width that is limited to 0.015 at
the bright end and expands as a constant multiple of the a&tn
photo-z error at the faint end. The floor of the half-width is-m
tivated by including the entire cluster member sample stlidiy

Az(R) = 1/0.0152 + 0.00965252 (1 + 100-6(Fror—20.5))
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Figure 2. Comparison of different environmental density measureén
cluster sampleTop: stellar mass density within a fixed apertdé? is not
very sensitive to the mass limit of the sample defining thérenment, but
the galaxy number density}* is, because low-mass galaxies dominate in
numbers but not in masBottom:the scatter between the robus! and

37 is large, whether the aperture is fixed (left, radius= 300 kpc) or
adaptive as ift1¢ (right, values taken from WGMO5).

WGMO5, and as a result has a selection completeness of nearly(z)gaq ~ 0.23. At masses below 9.5, we estimate the field sample

100% for the brightest galaxies. Overall, this selectiohiaes
high completeness on cluster membership9d0%) while keeping

the contamination by field galaxies as low as possible. bsing
redshift errors lead to a dilution in redshift of true clusteembers
that drives up the fraction of field contamination no mattewh
narrow a photo-z selection is attempted. It is impossibleefo-

cus a sample once diluted, and one may well choose a wideg, mor
complete sample without much increased contamination.

We use the GO08 cluster definition, and we only use galaxies
with reliable photometry, i.e. those havipgot_flag < 8, and
those with morphology data from HST. Finally, we limit oungale
by stellar mass. For most purposes we culogtM.. /Mo > 9.

This selection contains 891 galaxies, the faintest of whedch
Riot = 22. At the lowest-mass end, photo-z’s are spread out over
Zphot = [0.122, 0.205] and we expect a field contamination of up
to 20% (Tab[IL has detailed numbers by mass bin).

could be 20% incomplete based on previous experience, lut re
able quantification requires spectroscopic confirmation.

The catalogue published by G08 lists two sets of derived val-
ues such as luminosities or masses, one based on the foratatph
estimate, and another one assuming an a-priori fixed cluster
shift of z = 0.167, thus preventing the propagation of photo-z er-
rors and peculiar velocities into physical values. Here use the
fixed-redshift set of values for the cluster sample, but thgiral
estimates for our field comparison sample.

The two different mass estimates for every galaxy also ex-
plain why there is indeed no overlap between the field andelus
sample neaepnos ~ 0.13 as might be wrongly inferred from the
above discussion: Only at the faintest magnitudes is ttishié
included in the cluster sample, and here the two mass estiraat
log M. /Mg = 9 in the cluster interpretatiorz(= 0.167 forced)
andlog M../Ms = 8.6 in the field interpretation. As a result of

For some purposes in this paper we examine subsamples ofthe different masses, these galaxies are included onlyeinltister

galaxies withlog M. /Mg > 9.5 or even> 10; the latter sample
contains 357 galaxies that are almost all brighter tRan = 20
and within zphet = [0.154, 0.187]. Of these, 139 sources (39%)
are detected with MIPS at 58 pJy. Here, we estimate a field
contamination ok 10% and a completeness of 95%. We know

of a couple of cluster AGN, which are missing from this sample
because their SEDs were affected by blue nuclear lightrimeatbie
photo-z estimates (see Gilmour et al 2007).

We also use a field sample of 654 galaxies drawn from the
same parent data set with a redshift selection that avoelsltis-
ter: we include a lower interval at = [0.05, 0.14] and an upper
one atz = [0.22, 0.30]. These are chosen to prevent even faint clus-
ter galaxies from scattering into them. The upper intereatains

sample and not in the field sample. On the contrary, all fieldxga
ies withlog M. /M > 9 are so bright that the photo-z interval of
the cluster begins only abowe= 0.14, so there is again no overlap
between the samples.

2.6 Local environment indicators

The definition of local environment can address differentsital
components that couple to different physical mechanisretaf
ing the galaxies: in principle, we need to consider the imibgeof
galaxies at a range of separations because of dissipatieeieters
and gas heating, the overall dark matter potential becalseab

much more volume and thus the field sample has a mean redshift o forces, and the local hot ICM because of ram-pressure stgpp
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Figure 4. Left: Sky map of cluster member galaxies which are at least
0.9 virial radii from the nearest core in projectidRight: Comparison of
aperture mass densi®y?! with distance to the nearest core. Virial radii in
A901/2 [Heymans et &l. 2008) range from 1.1 to 1.7 Mpc .

Lane et al. [(2007) have shown that in the A901/2 system
trends of galaxy properties with environment are most puoced
when plotted over local galaxy density rather than clustattric
distancel._Dressler (1980) found the same for an ensemblesf ¢
ters. A study by the Galaxy Zoo team, in contrast, finds that th
morphology-density relation appears most pronounced viyean
fractions are plotted against distance to the nearest greape
(Bamford et al. 2008). Here, we go with our experience on the
A901/2 system but explore several measures of galaxy gensit

In terms of local galaxy density we compared galaxy number
surface densities with galaxy stellar mass surface dessititurns
out that galaxy number densities depend very much on thetseie
of the underlying sample, which can be by luminosity in diiet
restframe bands, or by stellar mass, and can reach verydtiffe
depths, simply because faint galaxies dominate in numi@os:
versely, a situation can be imagined where a steep but famnit |
nosity function (LF) contains the same number of galaxiéghber
than some cut-off as a flat but bright LF. The number densityldvo
appear the same, although these two are clearly very differe
vironments. In contrast, stellar mass density dependslitdeyon
the selection criteria as long ds" galaxies are included as they
dominate the overall mass budget.

In Fig.[2 we illustrate this point with our cluster sample by
measuring four kinds of surface densities inside a fixedtageer
with radiusr = 300 kpc ~ 1!75: (i) the galaxy number density
7 in units of Mpc~—2, and alternatively (i) the stellar mass den-
sity from all these galaxieE in units of MyMpc~2; in both
cases we include either (a) all galaxied@f M. /Mg > 9 or (b)
all galaxies withlog M../Ms > 10. We compare the two values
for mass densities (top left) and for number densities (tght,
finding clearly more scatter among number densities. Thussma

© 0000 RAS, MNRASDOQ, 000-000

density is more robust against variations in the definitibine en-
vironment sample. Its insensitivity to the low-mass end wal$o
guard against sample incompleteness at the faint end thabma
difficult to quantify.

In the bottom row of Fig[l2 we compare the fixed-aperture
mass density against the fixed-aperture number densityndietd
with the same environment selection (left), and also to dreble-
aperture number densi®,o used by the WGMO5 study of this
cluster complex (right). Th&,, measures determine the number
density within apertures containing objects, so their apertures
shrink in cluster cores and get very large in voids. The tesul
thaty,, represents potentially different physics in different sign
regimes. A pair of galaxies separateddy r will be considered
in the same aperture by, irrespective of further neighbours, but
appear to be in very different environments assessex pyif one
of them is closely surrounded by a swarm of Magellanic s&sl|
In both comparisons we see strong scatter: bet@érand=? the
scatter is a result of comparing a robust measure with atgalec
dependent one; between?! and £ the scatter is additionally
affected by the change of aperture radius and the compacties
substructure clumps.

In the following, we choose to use the aperture stellar mass
surface densityog 3%, 1. (> 10°My) as our density measure;
Fig.[3 shows the structure of the A901/2 complex in half decad
bins of density. Objects near the edge are eliminated fragrptbt,
where the density aperture was not fully covered by the efust
sample. Still the regions of lowest density are found closethe
edges of the field, which we had placed such that the knowteclus
cores are arranged around the centre. Higher density stegcare
progressively closer to the four cores (A901a, A901b, A2/
group) of the complex, which are depicted very clearly inrifep
for the highest density bin.

The close proximity of four cluster cores in a small patch
of sky is actually a disadvantage for the clean determinatib
a galaxy’s environment, since the infall regions of sevexakes
overlap with other cores. E.g., the centres of A901a and A901
are separated by onl§/35 (= 1.25 Mpc) in projection, which is
just ~ 3/4 of their virial radii, and the two clusters may also in-
teract (Heymans et &l. 2008). The centre of the SW grougig
(= 2.07 Mpc) in projection from that of A901b, so their virial radii
still intersect in projection; but the SW group is probablgnadis-
tant than the rest of the system as the mean redshift is higher
Acz =~ 1500 km/s. Since the cluster cross-contamination affects
the density estimate and the true density mix in an appaeaTgity
bin, the true trends will be smeared out.

Our cluster sample focusses on the environment inside the
virial radii of the four cores. Few galaxies are more than pre

~
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jected virial radius away from the nearest cluster core as &
Fig.[4. Galaxies in the two lowest-density bins shown in tke s
maps of Fig[B have projected distances of opl§ + 0.25 and
0.75 £ 0.17 virial radii (mean and rms), respectively. We also see
in Fig.[4 that distance to the nearest projected core is natoa g
estimator of local density in our system, because thererimgt
scatter between these two quantities.

In the following, we will compare the field to the cluster sam-
ple with an emphasis on a well-resolved mass axis: thererwglgi
split the cluster into two parts, referring to the highestsity bin
as thecoressample and to the rest of the cluster combined as the
infall sample. However, we will also use all five cluster densitysbin
when looking at environmental trends with an emphasis onla we
resolved density axis. In these cases, we place a singlgpdata
for the field sample at a purely fiducial densitg> ~ 10). We
will see later that the properties of the field sample arekerdiny
of the cluster bins. Irrespective of the true densities atidlcation
of field galaxies, this empirical difference in propertiegjuires to
consider field and cluster separately.

Gallazzi et al.|(2008) defined a common density estimator for
field and cluster in A901 together, given that the 3-D strienf
the cluster is unknown. This estimator was based on the gtigto
and their errors and thus led to a strong underestimatioro-of |
cal densities in the cluster: the cluster slice ranges iritdépm
120 Mpc for bright galaxies to- 300 Mpc at the low-mass end,
but the cluster system fills only a small part of this penciare
section volume given a likely cluster extent of only a few Mpc
pencil beam section in the field sample will have an unknowah an
different line-of-sight galaxy distribution, such thatdéies mea-
sured there will be on a different scale from those measurdidei
cluster sample.

3 EXTINCTION, STAR FORMATION AND COLOUR:
HOW TO SPLIT THE GALAXY POPULATION?

In this section, we seek a split of the galaxy population star-
forming and non-star-forming objects, so we can later itigate
their properties independently. A common approach has toefin
a colour-magnitude relation (CMR) to the red sequence aacepl
a parallel cut on its blue side to differentiate between nedi lalue
galaxies. In the low-density galaxy field, such a CMR cut work
reasonably well for selecting star-forming and non-SFxjak al-
though it was established that there is substantial contaion
by star-forming galaxies in the red samples (Giallongo £2@05;
Franzetti et dl. 2007; Haines et al. 2008; Gallazzi &t al.&20W0/e
point out in the following that such a cut maps less well oti® t
two desired populations in a cluster such as A901/2. We useabp
SEDs and far-infrared properties to explore this issue,iavebti-
gate the relation between dust and star formation as sebe Y
and the IR.

Since the work of Bell et al! (2004) the COMBO-17 galaxy
sample has been split into red and blue galaxies using &'t
to the blue of the CMR. This cut evolves with redshifttas- V' =
1.23 — 0.40z — 0.08(My,nho=0.7 + 20.775) and its slope is par-
allel to the CMR slope@™08) that was measured in COMBO-17
over the reshift intervat = [0.2,1.1]. WGMO05 have shown that
its extrapolation matches the CMR of the A901 cluster anchef t
COMBO-17 low-z field. We thus continue to use this cut here and
show a colour-magnitude diagram of the cluster in the toptrig
panel of Fig[b with the CMR cut as a line.

WGMO5 reported red galaxies in A901, which are dust-
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Figure 5. Splitting the cluster sampl&op left: The colour-magnitude dia-
gram of the cluster sample. A standard CMR cut is shown byirtleeaind the
red sample is marked with dark poinT&@p right: Galaxies in the red cluster
sample have a wide range of reddening values. WGMO5 fourtcytilax-
ies on the red sequence are best selected &ith v < 0.1, while higher
reddening indicates red-sequence contamin&ugom row:Colour-colour
plots with three lines showing model colours for an age secgievith dust
reddening ofEz_y = [0.0, 0.2, 0.4]; the vertical axis is mostly sensitive
to mean stellar age, while the horizontal axis is sensitivedth age and
dust reddening (see reddening vector foF’g_, = 0.1 in bottom right
corner).Right: The cluster population appears to consist of two strucfures
probably non-star-forming (nonSF) and star-forming (S&agies; these
are separated by applying both a CMR and a reddenind_efit. Applying
only the CMR cut (blue vs. red) fails to discriminate the twustures.

reddened as much as blue galaxies are, but whose stellalapopu
tions are old enough to shift them on top of the red sequence if
measured iV — V. They still have younger stellar populations than
proper passively evolving red-sequence galaxies buthegetith
the dust reddening they end up appearing similarly red. W&MO
dubbed thenmdusty redgalaxies to differentiate them from passive
old redones. We will establish here, that these objects activem fo
stars; any investigation of star formation and its trends$ envi-
ronment should seek to include these objects in the starifior
sample, while studies of the passive population need toudgcl
them. The trouble with a CMR cut is, that it allocates theskstar-
forming galaxies to the wrong sample, leading to incompiless of
the star-forming picture in the blue sample, and to contation by
star-formers in the red sample.

The bottom left panel of Fif]5 illustrates the situationgbly
as seen by WGMO5: The horizontal axis plots observed-frame
V — I, which is a colour index formed form two bands redwards of
the 400@-break that is affected both by dust reddening and stellar
age. Onn the vertical axis, a colour index between two COMBO-
17 medium-band filters centred at 464 nm and at 518 nm contains
mostly the 4008-break at the cluster redshift; this colour index
is strongly affected by age via the strength of the break obily
weakly affected by dust reddening. A short line in the bottight
shows a reddening vector. The long lines represent age iseggie
of PEGASE models with exponential star-formation histofiem
very young to 15 Gyr old populations (see Wolf et al. (2004) or

(© 0000 RAS, MNRASD0O, 000—-000
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WGMO5 for more details on the parameters). The top left Ise i
free of dust extinction, while the other two lines are rejimts of
this sequence after applying external dust screens &ithy val-
ues of 0.2 and 0.4, respectively.

When we differentiate the sample by the regular CMR cut
(red galaxies are shown as dark points, blue cloud galasiégla
points), we find red galaxies to comprise a focussed densepclu
of galaxies consistent with the dust-free models and aduitoud
of objects extending to redd&f — I colours combined with bluer
4000A-breaks. In the model comparison, they red¢h_v > 0.4
in combination with reduced ages.

The top right panel of Fig]5 shows again that objects of
all restframeU — V colour cover a wide range ifts_yv red-
dening estimates, and illustrates an ad-hoc cut in reddeatn
Ep_v = 0.1. Red galaxies below this reddening cut were called
old redby WGMO5, while red galaxies with higher reddening were
calleddusty redby them. We thus apply this further distinction to
obtain a cleaned sample of the old red sequence (dark paihts)
non-starforming galaxies (nonSF). We suggest to consilaistar-
forming (SF) sample all remaining galaxies, i.e. the coratiom of
blue cloud and dusty red galaxies and illustrate this aplité bot-
tom right panel. Now, this SF sample appears to be a single-str
ture extending over a range of colours, i.e. over a range @hnme
stellar ages or (equivalently) specific star formation satealso
appears to be a separate structure from the concentratednsex

be a firm upper limit on SFR. Also, IR emission (here at restfra
20u) can be contaminated by light from a dusty AGN, which we
can not identify and remove in this work.

In Fig.[@ we show the estimates of unobscured SFR from
the UV, obscured SFR from the IR as well as the grand total.
We estimateSFRyy = 3.234 x 1071% x Lago Mglyr—! and
SFRir = 9.8 x 1071 x Lir Mglyr—!, whereLr is derived
from L24, using FIR templates; we refer to GO8 for in-depth de-
tail. Specific SFR is plotted against stellar mass, and tbjac
colour-coded by their SED types. The left panel depicts the U
based estimates, in which the blue cloud and the dusty rec-gal
ies are separated by a fine line corresponding to the usual-CMR
parallel cut. While dusty red and old red-sequence galaaies
blended together to some extent, the bluer UV spectrum df/dus
red galaxies already increases their formal S-SFR valuageahe
old red sequence. However, as dusty red galaxies are muah mor
extinguished by dust than old red ones, the true extent of &R
difference is not apparent in the unobscured UV estimates.

In the centre panel, the obscured S-SFR estimate is plotted,
but only for the IR-detected sub-sample. The detectiont limi
0.14 Mglyr translates into a diagonal line in the plot; the major-
ity of objects in our mass-selected sample is below thistlant
has thus only UV-detections. The detected galaxies, hawshew
virtually always higher SFRs in the IR than in the UV, inclogi
a few formally old red galaxies, where the identification aher

of non-SF galaxies. In summary, we have shown that a suitable UV or IR flux with star formation is often unclear. Finallyghight

colour-colour plot of the A901 cluster shows two structurelich
are not well mapped onto a CMR cut, but which can succesdfelly

panel shows the total star formation, which differs littterh the
IR-only version, because of the general dominance of IRalet

separated using a combined CMR and reddening cut. We suggesktar formation.

that this cut splits non-star-forming from star-formindayaes and
investigate this claim in the following.

3.1 Arethe 'dusty red’ galaxies dusty and star-forming?

If dusty red galaxies really contain dust as suggested by $ifieDs
and if their younger populations involve ongoing star fotiom,
then we expect to see dust reprocessed UV light in the IR.dn th
following, we quantify star formation as detected indeparily in
the UV and the IR and estimate dust extinction separatelyhir
star-forming regions and the global stellar population.

From the optical SED we derive the restframe luminosity at
280 nm, which is a proxy for star formation although one tlsat i
affected by dust extinction (Kennicutt 1998). From the téate
SED fit we obtain an estimate of the dust extinction screettieg
average stellar population. For low extinction levels, the lu-
minosity corrected for extinction should be a good predicb
overall star formation. The mean extinction of stars, havemay
well be different from that of the very young stellar popidatand
especially from that affecting line-emitting star-forrgimegions
(Calzetti et al! 1994). Also, in the presence of larger an®wf
dust, the IR luminosity stemming from the dust-reprocedigd
of young stars is preferred as a more direct measure of SHie;le
we obtain 24m fluxes from Spitzer/MIPS data as a proxy of ob-
scured star formation. A good measure of total star formaten
be obtained by summing the UV and the IR contributions. The ra
tio of IR to UV luminosities (infrared excess’) or derivedas
formation rates is then a measure of obscuration in stamifay
regions.

There are caveats, however, with both the UV and IR data:
light at 280 nm is not exclusively emitted by young stars, &ab
from intermediate-age or even very old hot horizontal-brestars.
Especially in otherwise dust-poor old stellar populatiahshould

(© 0000 RAS, MNRASDOQ, 000-000

We now compare quantitatively the star formation propsrtie
of dusty red galaxies in comparison to blue galaxies, usiagrass
intervallog M. /Mg = [10.5, 11], where 80% of all blue and dusty
red galaxies have 24n detections. First, we find that the average
S-SFR in dusty red ones is 3.9x lower than in the blue galax-
ies. Then we assess the obscuration of star-forming regises-
timated by the average IR/UV ratio in SFR: blue galaxies show
(SFRir/SFRuv) =~ 2.0 but dusty red ones have an average of
~ 6.3 (and extreme ratios of individuals up to 30). Hence, UV-
based estimates capture 1/3 of the star formation in blusxigs,
consistent with a large body of literature (see Calzettil2Ghd
references therein), but only/7.3 in dusty red ones. These val-
ues correspond tolzgo sk = 1.2 and ~ 2.15, respectively, or
Ep_vsr = 0.18 and~ 0.32 if we assume a Milky Way dust
law (P€i1992); at 280 nm LMC or SMC laws would be very sim-
ilar, and the galaxy mass is certainly typical for the MilkyayIn
contrast, the optically estimatdiz_v values of the stellar light
are similar between dusty red and blue galaxies with mearesal
of ~ 0.23 for both.

We compare the above S-SFR ratio with the ensemble av-
erages of [Oll] emission reported by WGMO05 as these could be
used as an independent albeit less reliable star formateasune:
WGMO5 found~ 4.2x lower equivalent line widths in dusty red
vs. blue galaxies; using our U-band continuum luminositied
masses, we derive that at fixed mass the [Oll] line luminesiéire
~ 12x lower in dusty red galaxies than in blue ones. We esti-
mate an extinction-corrected [Oll]-based SFR using thaetibn
ratio from the IR/UV continuum luminosity ratio (3 vs. 7.3nd
thus find an S-SFR ratio of blue vs. dusty red galaxies-of.
The agreement of this number with the S-SFR ratie-08.9 de-
termined above is reassuring and suggests that UV+IR aantin
based SFRs deliver similar results as emission line fluxéeifat-
ter are corrected with the extinction in star-forming regio



10 C.Wolfetal.

T _9 T | T | T _9 ° T | T | T
only A oo ,": . IR only A -3 ..'-... . °.‘ UV+IR -
° L e ° s ¥ % e L, °
- _ —10 b ."' .:(:: :.o o _ —10F e -:.’\!'."‘ o2 _
E . :h lf’ e ! BY R %"
S L S S D
> - o Pe ‘o. ® e — © bl " (2 .
° 2 ° ue
g o . cloud ® $%e,
& . 4 -ur . 4 -nf % o .
) ' i | SFRjp= % i ceeld |
- L4 0.14 M@/yr LI 1 .
"‘;..“h\_ _12 b _12 b old red e
1 1 | 1 1 | 1 | 1
9 10 11 12 9 10 11 12 9 10 11 12
log M:/Mg log M:/Mg log M:/Mg
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Right: Observed vs. predicted 2 flux for all cluster galaxies. Upper limits are plotted a 80% completeness limit (see text regarding matching $sue

The conclusion is t_hat the dU§ty red galaxies have_ On averageTaple 2. Empirical relation between infrared excess and the stediatin-
the largest dust corrections to their SFR values of all getaand uum reddening determined from the COMBO-17 SED fit, usingfdinen

form very significant amounts of stars indeed. In case oElaod- log Lir /Luyv =c+ s X Eg_y.

scuration levels the S-SFR of a dusty red galaxy can be alasost

high as that in the most sFar—formlng_ blue ones. On average; h Sample Dusty red galaxies  Blue cloud galaxies

ever, their total S-SFR at fixed mass-ist x lower than in the blue cluster field  cluster field

cloud. Interestingly, both kinds of galaxies appear to heiwalar

obscuration levels for their overall stellar populations. slopes 2.66 274 078 1.16
Dusty red galaxies should thus be considered siblings of the €"°r%s 0.32 027 028 0.26

. . . constant 0.50 0.80 0.63 0.52

blue cloud galaxies with reduced star formation; they sthaot be p— 008 027 007 0.09

consuderec_zl us_ual red galaxies undergoing peculla_lr_ dus@vs_ﬁts. Ims scatter 0.26 0.41 0.29 0.32

The question is then what makes the lower specific star foomat Nopj 77 26 99 104

rate in dusty red galaxies compared to blue ones? Is it amamnvi
mental effect that drives these galaxies through a tramsftiom
blue cloud to dusty red, and further to the old red sequence®ed  star-formation-powered IR luminosity from UV-optical jperties.

they simply older than field galaxies at similar mass, begdhsy However, we have seen in Sect. 3.1 that dusty red and blug-gala
started forming earlier, and are now optically red enough tiua ies must have different relations. In Hig. 7 we compare thaiad
combination of age and dust to pass a red-sequence cut? Both e excess with théZz_y reddening estimate from the optical SED of
planations are plausible and consistent with their knovauoence the stellar continuum. We plot 207 cluster members withra4le-

in cluster regions. tections: 108 red galaxies are plotted as dark symbols amgise

77 dusty red onesHz_v > 0.1) and 31 old red ones with lower
extinction; the 99 light symbols are blue cloud galaxies. fitvd
correlations that make the UV luminosity in conjunction lwihe
optical reddening a useful proxy of IR flux. It is difficult togalict

If there is a relation between the extinction of the overgdliar the 24um flux a priori for a number of reasons including dust ge-
population and that in star-forming regions, then we cadipt¢he ometry and temperature. Hence, we just fit a linear relaticiné

3.2 Can we predictLir from the optical SED?

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 8. Top: Star formation-mass diagram of three environments spl@B type. Lines show mean values of star-forming galaxiésihmagnitude bins
(field dashed for comparison; diagonal line shows constef®)SCentre:U — V' CMD. Star-forming galaxies and old red sequence are vageggrated by
a green valley in the field, but in the cluster the two blendttbgr and the green valley is populated by galaxies whichtkep dust but reduced their S-SFR.
Bottom: Mago — My CMD. Young stars move the dusty red galaxies away from oldres to the blue (see FId. 3 for definition of infall and coesgian).

data (see Tahbl 2), separately for red and blue galaxies (et
for realistic dust models or more complex relations is belytre
scope of this paper).

We find a steep slope ef 2.7 for dusty red galaxies, which
also have the higher IR excesses. The rms scatter aroundtéuk fi
relations is< 0.3 dex and of the order of our conservative esti-
mate for the IR flux errors; hence, we can not constrain the tru
scatter of the relations. Blue galaxies show similar scéé the
slope is so low that it is only of limited significance. It aisaplies
the presence of less obscured star formation sites, rexgdtheir
star formation a lot more optically visible. An alternatierplana-
tion could be that ouE's_v values are overestimated for the blue
galaxies, being just based on the restricted template ggbgad in
the photometric redshift estimation. We note that the bhrade
has many more low-mass galaxies with estimated statigtichl
dening errors of up to(Ep—v) ~ 0.2 as compared to a cluster

average of- 0.07, besides possible systematics of the SED fitting.

Dusty red galaxies are mostly g M. /Ms > 10, where errors
are smaller. Another complication is that thg;_y estimate and
the IR flux are measured in different apertures.

(© 0000 RAS, MNRASDOQ, 000-000

We now extend our attention to those galaxies not detected in
the IR. We predict a 24m flux for all cluster members from the
UV luminosity and the optically-estimated extinction armirgpare
it with the observed 24m flux in the right panels of Fid]7. In
contrast to the left panel this plot includes 590 IR non-cies
as upper limits and further splits the sample by SED type {o re
veal which types are most affected by non-detections. Qyta
observed 24m fluxes coincide with low predictions, but 13 ob-
jects (< 2% of the sample) deviate by 20 from the relation:
they are predicted to show 500 pJy, while being apparently un-
detected at 24. A manual inspection of these objects reveals that
although they are detected in the @4 images, they are not suc-
cessfully matched to the optical catalogue, because ofipoai
mismatches beyond the chosen tolerance limit. The latteropt-
mized for reducing wrong identifications among fainter ebgeébut
leads to some incompleteness in the matching of brightecesu

The conclusion is that the IR flux of IR-detected sources in
the cluster can be predicted from the optical SED templateitiit
< 0.3 dex precision, although there are reasons for not expeating
very strong correlation. There are also no extreme higleatasion
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Figure 9. Comparing traditional star-forming samples (=blue clowdh
our definition (=SF): Average S-SFR and colour vs. densityjoer mass
the cuts are almost equivalent, butlag M. /M > 10 the blue cloud
does not capture all star-forming galaxies. Thus the cadbthre blue cloud
changes less with density than that of SF galaxies. The latéeredder in
denser regions and their S-SFR declines by 40% to 50% betfiddrand
inner cluster, while the blue cloud alone is consistent flahS-SFR. The

field sample is represented as a single point at a fiducialtgtesfsl0.2.

systems in our sample. For our low-redshift field sample,e pr
diction broadly works as well, with.5x the scatter in the cluster.
While this statistically describes the bulk of a field sample must
not extrapolate the relation to the tail of high-obscuratgystems
expected in the field, in particular at higher redshifts. rEhé is
a-priori expected not to work, because very obscured stpdp-
ulations will not contribute much to the overall galaxy lumosity
and SED, and will hence not affect a luminosity-weighteddesd
ing estimate much at all.

The COMBO-17 data are much deeper than therf@éberva-
tions, such that sources at the IR detection limit still hastframe
UV detections with a median signal-to-noise ratio~of30. The
most reliable overall star formation indicator would of ceel be
the combination of UV and IR light. But when dust obscuration
is weak (which is likely for low-mass galaxies) and no IR dete
tion exists, the most reliable indicator available is anretion-
corrected UV measure; we will use it in the following whenewe
IR-detection exists.

3.3 Star formation and colour split by environment

Here, we wish to fill in the part of the star formation mass dhag
that has not been detected in the IR, in order to assess ésepe
despite the caveats of large scatter and uncertain intatjme of

the UV lightin old red galaxies. Then we compare the restitao

different definitions for star-forming galaxy samplesditenally,

star-forming galaxies are taken to be just blue ones, b her
combine blue and dusty red galaxies into the star-formeesalb
look at the location of these different SED types in optivadr-UV
colour-mass diagrams, and at the overlap between them.

of three environments: field, infall region, and clusteresofFig[8,
top row). This S-SFR is based on UV+IR estimates when IR flux
is detected but on extinction-corrected UV estimates font far
low-obscuration objects.

In the field, there is a clearly bimodal distribution with rsta
forming galaxies separated by a valley from the non-SF gedax
Almost all dusty red galaxies are found among the blue-dateih
SF galaxies. This demonstrates that our SED-based distirsig-
gested in Figlb has succeeded to split the galaxy population
a star-forming vs. a non-star-forming sample much betten th
CMR cut would do. This becomes even more important in the
cluster environment where red (dusty) star-formers artqodairly
common while the fraction of star-forming galaxies cleaitgps.
The mean S-SFR of the SF galaxies declines compared to tte fiel
and the valley of reduced S-SFR arourdl1, —10.5] is filled in.

At this S-SFR virtually all galaxies with detectable duspear red
and atlog™ /M > 10 the star-forming galaxies are dominated by
the dusty red category. The upper SFR envelope declinesweitis
so that we find a star formation limit in the cores~of3 Mg/yr in
our A901 snapshot.

Next we investigate the location of the three SED types in a
canonical colour-mass diagram using the canonical reséfa —

V colour (Fig[8, centre row). First we note, that CMR cut sapes
the blue galaxies from the two kinds of red galaxies by dédinit
Old red and dusty red galaxies overlap such th&lta V' colour-
mass diagram provides no means to identify dusty red contarts

to ared sequence sample. Contamination in the red sequaries v
from > 80% at masses belotwg M. /Mg = 10 in the field to<
20% at masses aboveg M. /M = 11 anywhere. But freed from
the dusty red contamination, the old red sequence in théeclissa
very tight structure ifU — V). We note, that the red envelope of the
dusty red galaxies appears to retreat to bluer colours asvireg
the field to the cores; as we explain in Sect. 4, this phenoméno
caused by galaxies of very red colour (edge-on spirals arjdrma
mergers) becoming rare towards the core.

By combining blue galaxies and dusty red galaxies into what
we call the star-forming sample, we also see that the stamifig
cloud swipes right across the red sequence and reachesegidsr r
colours than the sequence itself. If the blue cloud alonakert
to represent the star-forming galaxies, its completere$ésgh in
the low-mass field, where it contains 85% of the star-forming
galaxies, but in the cluster &ig M. /M > 10 less than half of
the SF galaxies are in the blue cloud. Thus, also the meanrsolo
of the SF sample differs from the blue cloud mostly in the bigh
mass regime of the cluster sample.

However, the overlap between dusty red and old red galaxies
discussed above is a consequence of the unfortunate use(6fth
V colour index. Instead, a pure near-UV colour suciaso — My
is more sensitive to young stars, and this we use for the colou
mass diagrams in the bottom row of Hig. 8. Compared tdthel
version, the dusty red galaxies move to the blue, away frahnead
galaxies, and their overlap is almost removed.

Finally, we compare the properties of our new star-forming
sample SF) with those of the blue cloudb{ue) alone by plotting
their SFR and colour trends over fine bins in environment gn[gi
For the blue cloud alone we find only weak or mostly insignifica
changes with density, as especially at higher mass the lle s
ple is very small. At low massdsg M. /Mg < 10 we find little
changes with environment and little difference in the twiiedi
ently defined samples. In contrast, at masse$0 the SF sample
shows redder colours and less S-SFR in the cluster as a ofsult

We begin by plotting specific SFR versus stellar mass, in each including dusty red galaxies. We find up to a 50% decline ifR S

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 10. Restframe colours of cluster members (left) and field gakxiight), using onlyjog M, /M > 10: symbol indicates morphology and colour
resembles SED type. The cluster contains more dusty retbthargalaxies; they are mostly early (Sa/Sb) spirals. Atfixe- V' dusty red galaxies are bluer
in M2go — My than old red ones due to young stars. An age sequence \fih a,, = 0.1 divider between old red and dusty red is shown as a thick line,
thoughEp_ v is estimated from the 17-band SED. In the field we see a fevieoatbjects, very red iV — V', which are mostly mergers and edge-on disks.

from field to cores in the higher-mass bin. We have thus shban t
in a cluster environment and at massesogf M./Ms > 10 the
definition of star-forming samples is critical due to thevalence
of red star-forming galaxies that are otherwise often aereid an
insignificant contribution.

4 MORPHOLOGY AND COLOUR: THE RELATION OF
RED SPIRALS AND DUSTY RED GALAXIES

In this section, we investigate the relation between mdgahoand
colour, paying attention in particular to the morphologiésiusty
red galaxies and the subject of red spirals. We use againdste r
frame colours: The commoll — V index straddles the 4080
break and is sensitive to the age of the bulk stellar pomratio
dust and the presence of young stars; the index, — My shows
the near-UV spectral slope and is a lot more sensitive to goun
stars. We will find that our distinction of star-forming vamstar-
forming galaxies maps well onto a distinction of spiralefjulars
vs. E/SOs, while this is not achieved by a CMR cut.

We choose to look at the relation between morphology and
SED in a UV-optical colour-colour diagram (F[g.]10). Firse re-
peat the relations between SED types encoded in the symioairco
and restframe colours: dusty red galaxies cover a similegean
U — V colours as old red galaxies, but are significantly bluer in
Mago — My at fixedU — V' due to young stars. Also, while old red
galaxies are clearly detached from the blue cloud and stebby
a green valley in the colour diagram, it is again appareritdbsty
red galaxies connect smoothly in colour and number densitlyet
blue cloud from which they have been artificially separatgdhie
CMR-cut. This is much more of an issue in the cluster (leftghan
than in the field (right), which has few dusty red objects antbae
pronounced green valley.

Now, we turn our attention to the morphological types that ar

(© 0000 RAS, MNRASDOQ, 000-000

Table 3. Relation between colour and morphology for different défins

of colour types (only fotog M.« /Mg > 10). The WGMO5 definition con-
siders< 10% of Sb to Irr galaxies as old red, in contrast to a CMR cut that
selects 50% of those in the cluster as red-sequence galaxies

Hubble type CMR-0™25 cut WGMO05-derived
Red Blue non-SF SF
cluster sample
E 73 3 69 7
SO 106 1 96 11
Sa 50 4 24 30
Sb 48 25 9 64
Sc-Irr 15 32 0 47
total 292 65 198 159
field sample
E 29 3 28 4
SO 31 1 27 5
Sa 19 8 8 19
Sb 14 25 3 36
Sc-lrr 8 45 2 51
total 101 82 68 115

encoded in the symbols used for the data points: The blue étou
dominated by Sc/Sd spirals and irregulars, the old red seguiey
spheroids (E/S0) and most dusty red galaxies7(0%) are Sa/Sb
spirals. A few dusty red galaxies appear to the far right efrttain
distribution with extremely red colours iy — V: these are ei-
ther merging systems or edge-on galaxies and show proniinsnt
structures in the ACS images and in either case their SEDs are
highly dust-reddened. They are more common in the field than i
the cluster, and we already saw in Hig). 8, that extremely edaixg
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Figure 11. A colour-SED-smoothness sequence of disk galaties X/, /M =

[10.4, 10.6]). Top: Blue galaxies withM2g0 — My < 0.3. Second row:

Dusty red galaxies wittM/250 — My = [0.3, 0.8]. Third row: Dusty red galaxies witth/2g0 — My > 0.8. Bottom: SO galaxies with\/2g0 — My > 0.8
(all old red except for dusty red 29041, which also has a dus)l We find that our visual classes Sa to Sd are mostly baskalge prominence, but also on
the clarity of the spiral arms, such that dusty red Sa gadacieild also be smoothed spiral versions of bluer "Sb” or "§afaxies. Images a2’ x 12”.

ies tend to disappear towards the cluster cores. Consipléreir
morphology this is actually expected, because mergers are m
common in the field than in the cluster, and edge-on spiralbrde
towards the cores alongside the generally declining sfyaation.
In the cores, we then find just a few spirals, which have aliced
star formation and are statistically mostly at moderatéinations
that don’t redden their colours much.

The distinction of non-star-forming versus star-formiradgec-
ies (dusty red and blue combined) not only maps well ontowlee t
separate clouds of galaxies in colour space (Fig. 5), blstdteorre-
lates more clearly with morphological types of galaxieshams in
Tab[3. Aregular CMR cut attributes half of the Sb-Irr clugtelax-
ies to the red sequence, and in the field still a quarter of them
the WGMO5 system, however, onty 10% of Sb-Irr's are consid-
ered old red; instead, many more are now classed as dustyded a
hence join the star-forming galaxies. The vast majority E{SQ)
spheroidal galaxies are classed as red or old-red/non-&kher
system. We remind the reader, that the definition of the blowedc
is identical in both schemes, and the difference originatdsly
from the differentiation between old red and dusty red ge&»and
the realization that the latter form an uninterrupted curdtion of
the blue cloud.

It is thus evident that the red spiral and dusty red galaxy phe

nomena have strong overlap: the statistics of [hb. 3 showhtif
of the Sb-Irr galaxies in the cluster are selected by a CMie-ty
red-sequence cut. Adding in Sa galaxies, we find thay 3 of the
A901 cluster spirals are red. In the WGMO05 system almosteal| r
spirals belong to the dusty red category 15% of red Sa/Sb’s and
100% of red Sc to Irr galaxies), and conversely 85% of all ylust
red galaxies are not E/SO galaxies. Hence, the "dusty redpka
and the "spiral red” sample could be used almost interchelige
selecting galaxies on the basis of morphology and coloundhe
basis of extinction and colour produces similar samples.

We also note in a non-quantitative fashion, that for a given
Hubble type red spirals show less structure within theiksliand
spiral arms than the blue spirals do, which is a sign of redstar
formation. The extreme cases of disks with no discerniblectire
are classified as SO galaxies. Higl 11 shows example galakies
complete colour sequence, where substructure declinesedter
colours, stretching from blue spirals to SO galaxies.

In summary, red spirals are mostly not on the proper red se-
guence at all, as opposed to SOs, of which 90% are thereathste
they just populate the red tail of the blue cloud much momngfly
in the cluster than they do in the field. We note that the aver-
age morphological type of the cluster galaxies among blaed;!
dusty red and old red samples is Shc, Sb and SO, respectively

(© 0000 RAS, MNRASD0O, 000—-000
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changes for apparently environment-driven ones. Bins withgalaxies are omitted.

(log M./Mg > 10), and the difference between blue Sbc and
dusty red Sb might be entirely a result of a smooth arms bia$ or
disk fading. Thus, blue and dusty red galaxies differ littleverall
morphology and dust content, but mostly in colour and SFR.

It is important to avoid a possible fundamental misconoepti
about the origin of red spirals: E.Q., Cassata el al. (20@ripate
the red-sequence contamination to edge-on spirals, whighgro-
priate in a field sample. However, in our cluster sample réghksp

Significant differences exist &ig M. /M > 11, where the cores
are much richer than the infall region, while the field teralsd less
rich. The field also appears steeper at the faint end than #ss m
function in the infall region and cores. The mass functiorfieifi
galaxies does not look like a single Schechter function,nboite
like a combination of several mass functions for differeatagy
types with different shapes and slopes. Its faint end slepgéus
not well-determined in contrast to the flatter mass functiothe

are more common than even blue spirals and[Eiy. 11 shows only acores. Formal linear function fits in the mass rahgeM.. /Mg =

few edge-on examples. Furthermore, our measurements $labw t
an average red spiral in the cluster has a similar dust eidimbut
reduced star formation compared to an average blue spirtjsa
argues very strongly against an orientation effect andvaudaof a
cluster-related origin of our rich red spiral sample (seetSe1l).

5 MASS FUNCTIONS BY ENVIRONMENT

We already know that massive galaxies tend to be red splseroid
while low-mass galaxies are more often disk-shaped and inide-
pendent of environment. A relation between morphology et d
sity, e.g., will thus be biased by a changing mass mix of thpufz
tion with environment, if drawn from a mass-limited samplay
trends seen in such relations could potentially be drively by
mass, and are not clearly attributable to the environmeahcH,
we briefly investigate to what extent the galaxy mass functio
our sample depends on environment.

Fig.[I2 shows the mass function of the galaxy population in
the field, infall and core regions, and each of them is nosadlby
the total number of galaxies lig M. /M > 9inits environment.

(© 0000 RAS, MNRASDOQ, 000-000

[9,10.5] yield agera = —1.47 # 0.04 andaccores = —1.16 + 0.07.

The determination of faint-end slopes in cluster mass func-
tions is traditionally considered challenging due to thieaf of
completeness and field contamination. Rines & Geller (2808
that at least for a cluster as nearby as Virgo spectroscopg-is
quired, as many photometric red-sequence members arebietly
hind the cluster. They find a faint-end slopesxof —1.28 + 0.06
for Virgo that is consistent with the field slope, while we deto
see a trend with environment among dwarfs (given our redshif
and method we should not suffer from background contanunti
However, this discussion is probably not settled yet, asetlsedis-
agreement about the Virgo mass function: while the semimakw
by/Sandage et al. (1985) found~~ —1.4, modern estimates range
from o = —1.28 as above tex = —1.6 for the outer Virgo regions
and the low-density galaxy field following _Sabatini et al002)
who claim that inclusion of LSB galaxies makes a criticafetfif
ence at lowest luminosities; these could be stripped anetifale-
scendants of small-bulge spirals, see Boselli et al. (2008)

In either case, the clear differences at the high-mass end we
see lead to different galaxy type mixes due to intrinsic rigge
relations. This point is further illustrated in Flg.]13, wheave plot
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Figure 14. Galaxy properties as a function of density: Star formatiate r
and stellar extinction decline at all masses continuoustatds higher den-
sity. In contrast, morphological changes appear discoatis at intermedi-
ate mass. Only small changes are observddgf/. /M > 10.5. The
leftmost point represents the field value and cluster pa@ioteespond to the
density intervals used in Fifg] 3.

the fractions of galaxies with different morphology in mdigsited
samples for different choices of the mass cut (here, ernar &
necessarily correlated). Any non-flat trend in these diagrdlus-
trates how the sample mix changes with mass. As the giant-to-
dwarf ratio increases from the field over the infall regiothie clus-

ter cores, the type mix of mass-selected samples changegsale
the mass mix. This is a necessary one out of two possiblerfacto
explaining the differences in type mixes seen when compahia
environments shown in FifgL3. The other possible factoniexa
plicit environmental dependence of galaxy properties. tdoavay

of investigating such trends is to look for changes in galavoper-
ties with density that can be seen in narrow mass rangesywiein

the mass composition is unlikely to change significantlyhveitvi-
ronment; this is the subject of the next section.

6 TRENDS WITH ENVIRONMENT AND MASS
6.1 Trends in star formation and morphology

In this section we investigate trends of star formationt éxsinc-
tion and morphology with environment and how these trends to
gether give rise to a preferred habitat for dusty red gatdvee
spirals. We try to separate trends with environment fromdse
with mass, as galaxy properties depend explicitly on madstiaan
mass mixture of a galaxy sample depends explicitly on enviro
ment, thus giving rise to spurious trends in mass-intedratam-
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Figure 15. Galaxy type fractions as a function of density: Dusty recgal
ies (and thus red spirals) are most prominent at intermedizss and
density, and result from colour change due to declining SFBtherwise
blue spirals. Towards the cores they are mostly replaceddsyBrors are
Bayesian assuming fractions can only vary witftinl]. For different types
points are horizontally offset for clarity only.

ples. Hence, we plot mean properties or type fractions adgal
ies over density using well-resolved bins in both mass amdite
However, this will dilute our sample and produce largeristiatl
error bars. We keep a single separate data point for the fieigle
using a purely fiducial density dbg > = 10.2 (see Sect. 2.5 for a
motivation of this choice), and plot cluster points represey ex-
actly the density bins illustrated in Figl 3; these points egntred
between their interval limits and slightly offset betwegpés for
clarity. Fig.[T4 and15 share a common structure: Purelyrenvi
mental trends can be seen within a single panel of the figurie w
trends with mass are seen in the comparison of differentpéme
row. The mass bins cover half decades friog M. /Mo = 9.5 to
11, above which very little trends can be seen. Type fractiaweh
Bayesian errors assuming the prior that they are wifthi]. Bins
with n,; = 1 or those which are incomplete in a given mass range
are omitted.

Fig.[I4 shows trends in mean specific SFR and dust redden-
ing Ep_v as well as two morphological measurements: the visu-
ally determined mean Hubble typ{4; 5; 6] = [SO; Sa; Sb; Sc])
and the Sersic index obtained with GALFIT. These diagramhsse
three important things:

e The specific SFR and the dust extinction (row 1 and 2) of the
overall stellar population both change gradually with denk ap-
pears as if there is already a change to less star formatibfeas
extinction from the field to our outermost infall points; \hihe
error bars overlap, a formal decline is seen in mass bin. fiaig

(© 0000 RAS, MNRASD0O, 000—-000
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Table 4. The composition of the four cores in comparison: A901a hadetvest star-forming galaxies (see fraction of blue anddpf-@etected galaxies); the
X-ray luminous A901b has the most SOs and fewest red spA8i82 has the highest spiral fraction, but may appear at ex@thdensity due to projection.

core Nobj  folue f2au,M>10  fred spiral feiant fE fso fsab fscd—1rr

A901a 60 0.11+0.04 0.294+0.05 0.224+0.05 0.144+0.04 0.40+£0.06 0.28+0.05 0.144+0.04 0.194+0.04
A901b 50 0.26 £0.05 0.434+0.07 0.094+0.04 0.134+£0.04 0.32+0.06 0.44+0.07 0.15+£0.04 0.11+0.04
A902 70 0.27+0.04 0.404+0.05 0.264+0.04 0.094+0.03 0.25+£0.04 0.27+0.04 0.30+0.05 0.194+0.04
SWgroup 20 0.26+0.09 0.414+0.10 0.264+0.09 0.26+0.09 0.31+0.10 0.360.10 0.26+0.09 0.13+0.07

correspond to the group pre-processing much discusse ilit-th
erature (e.g Wilman et al. 2005).

e There is no difference in the morphological properties (Bow
and 4) between field galaxies and those in the outermost bifal

atlog M. /My > 10 and there appears to be a more sudden change

further into the infall region. Below 10, however, the moofggy
appears to change gradually with density again.

e At log M./Mg > 10.5 all trends appear much weaker, be-
cause field galaxies are already mostly of early type and littiee
star formation. Below 10.5, the overall changes from fielddces
are virtually identical between the two mass bins despitsibte
differences in the infall region.

Unfortunately, we could not sensibly plot trends of the mean
extinction in the star-forming regions of star-forming ayées due
to the shallow IR sensitivity limits in the field sample. Howee in
Sect. 3 we have already established broadly that dusty tediga
dominate the SF sample in the cluster while having littlevahce
in the field, and have more obscured star formation regioas th
blue galaxies.

Fig.[13 shows trends in several galaxy type fractions with en
vironment. The first two rows plot Hubble type fractions; thizd
row compares the fractions of the three SED types, blue clsud
old red and dusty red galaxies. The last row shows in darkptie
fraction of spirals is redwards of the CMR cut (old red plustgu
red); the light points show the fraction of dusty red galaaet of
all red galaxies, which we take to be the fraction of starriog
galaxies among red galaxies (SF/red). We draw the followomy
clusions:

from ~ 20% at low mass< 10) to ~ 80% at high massx¥ 10.5).
At log M../Ms > 10 it changes strongly from field to the first in-
fall point and stays high throughout infall, while the ovéspiral
fraction declines.

e The contamination of star-forming galaxies in the red se-
qguence (SF/red, row 4) is generally low in the cores, but ligh
the infall regions at intermediate mass due to dusty reckgeddoe-
ing common there, and high in the field sample at low mas3(),
where the CMR cut enters into the contiguous structure wtiser
known as blue cloud and leads to 80% of the red sample being sta
forming.

e Again, atlog M. /My > 10.5 all trends are weaker.

With respect to red spirals our particular cluster envirentn
appears quantitatively consistent with the cosmic distidmn of red
spirals at low redshift as studied very recently in the Galazo
project:| Bamford et al.| (2008) show that at low density rdugh
10% oflog M. /My = [9.5, 10] spirals are red, which increases
to nearly 50% atog M. /M = [10.5, 11]; finally, at high density
this number converges to 75%. Despite differences in mass de-
termination and density estimator, these numbers match sur
prisingly precisely. Another strong signal that could apspu-
rious, data-specific or possibly A901-specific, is the exee(>
80%) SF contamination of the red low-mass field sample; again
this number matches perfectly the recent results of Haihak e
(2008). Hence, we also conclude that although A901/2 has bee
selected by us to be a convenient laboratory harbouringgerah
different environments in a diverse cluster complex thaicisessi-
ble to single-shot observations, it appears to still be aptetaly
representative environment, from which physical concdasican

e The strongest morphological changes (row 1 and 2) are seenbe generalised.

within the infall region of the mass bilvg M../Mg = [10, 10.5]
and are associated particularly with the demise of all kivfdspi-
rals and a steep increase in the SO fraction. Scd and Irr igalax
decline first, while Sa/Sb spirals only decline closer to ¢hees.
At log M. /Mg = [10,11] SOs dominate over E’s everywhere in
the cluster, but at higher masses (not shown here) elllptiae
clearly dominant.

e There is little change in the Hubble type fractions (row 1 and
2) between the field and the lowest-density infall point thatlot-
ted, especially abovieg M, /Mg = 10.

e Dusty red galaxies (row 3) are most dominant at intermediate
mass and density, but they play virtually no roléaf M. /Mg <
10; by implication the same applies to red spirals (row 4)>At0
the rise of red spirals in the infall region is due to SFR deli
that isnotaccompanied by morphological change, so that blue field
spirals are replaced by red infall spirals; going furthevaods the
cores all sorts of spirals are gradually replaced by red &9s ).

e At log M./Ms < 10 in contrast, blue field spirals are re-
placed by red infall spheroids as a result of colour changegbe
accompanied by synchronised morphological change. Hehee,
red fraction among spirals depends strongly on mass anasang

(© 0000 RAS, MNRASDOQ, 000-000

6.2 Differences between the four cores

There are in total exactly 200 galaxies in the four cores ofsam-
ple atlog M. /Mg > 9. Of these, the three cores with Abell num-
bers (901a, 901b and 902) contain between 50 and 70 eacle whil
the SW group has a less rich dense core with only 20 galaxies (t
fact that these galaxy numbers here are integer multipld® a$
entirely coincidental). The SW group also differs from thbes
cores in its high giant-to-dwarf ratio: 25% of its core gaéexhave
log M./Mg > 11, compared to only~ 10% in the Abell cores
(see Tadl).

The Abell 901a core appears most circular in shape and is
further characterized by the lowest fraction of blue gadaxii.e.
~ 10% vs.~ 25% for the others, and less significantly the lowest
fraction of galaxies witHog M. /My > 10 and 24.-detections,
i.e. ~ 30% vs. ~ 40%. It could thus be the most evolved core
among the four, although the various possible evolutiofcatdrs
do not present a clear picture. We consider a regular shége, h
E/SO fraction, low spiral fraction and low blue galaxy fiiacis in-
dicators for maturity in a cluster core.
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The other three cores show various properties indicatiag th
they are less evolved, but no clear ranking appears. Thd 2bEh
core shows a particularly high SO fraction with 44% ws.30%
in the other cores and a correspondingly lower red spiratitra
of 8% vs.~ 25% for the other cores, so it appears more evolved
than A902 or the SW group. As Gray et al. (in preparation) poin
out, A901b has the highest X-ray luminosity of all four cqres
ram-pressure stripping by hot gas could well have been resipie
for the final suppression of star formation and ensuing vgmnt
of disk structure from former red spirals.

A902 in particular has the lowest spheroid fraction of aithw
50% vs.~ T0% for the others, which means that A902 has the
properties of a truly less dense region. Perhaps some fisigtot
projection has boosted its apparent density; Heymans (2G08)
show from a weak-lensing analysis, that A902 is the lowes$sn
structure among the four with a virial massof 102 Mg com-
pared to~ 26 x 10" M, each for A901a and b. Further evidence
for projection effects is discussed in Rhodes et al. (in pragon).

7 DISCUSSION

7.1 Red sequence contamination and the identification of
star-forming samples

WGMO5 report an average equivalent width of [Oll] emission
in A901 dusty red galaxies of 4A, compared to 174 in the blue
cloud. [Oll] line fluxes are an order of magnitude reducedustg
red compared to blue galaxies. Hence, their [Oll] emissionlds
be undetectable in the cluster studies of Verdugolet al.g§Po0in
the VVDS field surveyl (Franzetti etial. 2007). Their spectizeo
wise appear similar to those of truly passive galaxies. this no
surprise that spectroscopic surveys have found red spiitiisut
optical signatures of star formatioitdaines et &l. (2008) point out
that the SDSS fiber spectra at low redshift target a smalleaucl
region and fail to detect young stellar populations in maages, a
bias that enhances red-sequence contamination. In oraaritify
virtually all star-forming galaxies, they suggest to consbNUV
data with an kk-line sensitivity of A (equivalent width).

Finally we note, that Weinmann et|él. (2006) report a fractio
of star-forming red galaxies (their "intermediate typemfong all
galaxies in their SDSS sampl&f. < —18) of 20%. Surprisingly,
it appears to be entirely independent of the galaxy lumtpasid
its environment (halo mass, location in a galaxy group).

7.2 The decline in star formation fractions and the average
star formation rate

A number of works have established two independent obsengat

It had been established by several authors, that red sampleghat are in apparent conflict:

defined by CMR cuts do not only contain passively evolving
spheroidal galaxies, but are contaminated with spirabggdaboth

in clusters|(Poggianti et Al. 1999) and in the field (Bell eR&i04;
Cassata et al. 2007). There is also evidence for a large giiqul
of star-forming and at least moderately dusty galaxies uistelrs
(WGMO05) or the field|(Giallongo et &l. 2005; Franzetti el &10Z;
Gallazzi et al! 2008), who report average fractions of 3%46
red samples, or fractions as a function of mass and envirohme

(1) The proximity of the Virgo cluster has permitted the dis-
covery of a substantial population of spiral galaxies, Whiave
truncated star-forming disks. The idea is that gas is gidi@ing
stripped from galaxies, perhaps via ISM-ICM interactiohganeby
the outer regions of a galaxy are swept first given their lopady
umn densities (Koopman & Kenriey 2004b), and the truncaten r
dius shrinks with time. At intermediate redshifts there usttier
evidence that cluster spirals have more centrally-comatsd star

we see the most extreme environmental dependence at low massformation than field galaxies (Bamford et al. 2007). Seeinghs

where fractions range fromt 10% in cores to> 80% in the field,
in excellent agreement with Haines et al. (2008).

While|Cassata et al. (2007) find red spirals in the field to be
mostly edge-on galaxies, we emphasise that in dense envénais
inclination is not the dominant explanation for their catanstead
lower specific SFRs cause the red colour irrespective of axgal
orientation. The key is to look not at contamination frawtio red
samples, but at the ratio of red to blue spirals instead:dfs-
rals were purely due to high inclination, random orientattatis-
tics would suggest in a given mass bin, that the red fractioorey
spirals (or star-forming galaxies) should be independ&enairon-
ment. In fact, the ~ 0.2 field sample in WGMOS5 has a 1:8 ratio of
dusty red to blue galaxies, indistinguishable from the m@ichtto
blue galaxy ratio at ~ 0.7 reported by Cassata et al. (2007). It is
entirely plausible that one in eight spiral galaxies hawdimations
high enough to extinguish most of the light from young diskst
due to the increased optical depth of dust projected on #ie di

However, the red spiral fraction in our cluster sample edsee
dramatically the small geometric fraction, as it hmaere red spi-
rals than blue galaxieatlog M. /My > 10. The majority of these
show reduced star formation but do not show enhanced dustext
tion of the overall stellar population. Their morphologa® also
clearly not edge-on, but they have smoothed substructuex-as
pected for a low-SFR system and seen in Eig. 11. Given thaethe
galaxies are the major constituent of the star-forming fatfmn,
we would like to include them when studying a star-forminghsa
ple. As a result, star-forming samples show different colaod
star-formation properties than pure blue cloud samples.

transition objects abundantly requires a long time scal¢hi® SF-
suppressing process.

(2) Most studies of SFR in star-forming galaxies report an in
dependence of SFR on environment; they only find that théifrac
of star-forming galaxies declines with density, thus reiqgia fast
transition (e.g. Balogh et al. 2004a). The average equivaiéth
of the [Oll] line in star-forming galaxies is found by Pogaiget al.
(2008) atz = [0.4, 0.8] to be~ 15A in the field, groups or clusters
alike; inz ~ 0.25 clusters Verdugo et al. (2008) find 16A, and at
z < 0.04|Haines et &l (2007) find #5in bright M, < —20 galax-
ies. Why this number should be constant across such a wide ran
in redshift is unclear, and may coincidentally arise from thass-
dependence of the S-SFR evolution with redshift and thehifids
dependence of mass limits in the galaxy samples.

Our results show that g M. /Mg = [10, 11] the mean S-
SFR of star-forming galaxies declines almost by 50% frondfiel
to cores, but by much less in lower-mass galaxies. Thus, we ha
found a significant SFR decline with density, as a result ofuid-
ing dusty red galaxies in our star-forming sample and usiogem
reliable SFR estimates. Had we restricted ourselves todaisx-
ies alone, we would have seen only a 20% decline with veryelarg
errors due to the smaller sample, instead of a clear 50%naecli
Also, our blue sample has [Oll] properties similar to thertiture
samples above.

The comparison between blue and star-forming samples helps
to resolve the contradiction posed between observatiorsoof
transformation in Virgo and apparently rapid truncationniore
distant clusters: The inclusion of semi-passive spiralenstar-

(© 0000 RAS, MNRASD0O, 000—-000
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forming sample of cluster galaxies produces a decline of BFR
star-forming galaxies with density, which is consistentmslow
guenching in clusters. In contrast, considerations of dillye-
cloud galaxies require to invoke nearly instantaneous ppres-
sion given that their SFRs are apparently constant oveiitgiens

In Fig.[8 we saw how e.g. the use of a near-UV colour discriteisia
dusty red from old red galaxies.

We thus suggest that the red, or optically passive, spirals i
cluster environments discussed by various authors aredime s
phenomenon as our semi-passive dusty red galaxies. Tleeetiff

We note that Haines etlal. (2007) report a 20% SFR decline tiating criterion for separating them from canonical redusence

across density in their faintest sample binMdi = [—19, —18].
Their brighter bins show no trends but are affected by antaper
bias, which they argue may hide evolution that may only plaly o
in an extended star-forming disk outside the aperture. Viievee
that their judgement is correct; we have a smaller apertia®ib

galaxies was the spiral morphologylin Poggianti etlal. ()%g%l
despite similat/ — V" colour the signature of dust and younger ages
in the SED in WGMOS5. In some more star-forming and less ob-
scured cases [Oll] lines could be strong enough to appeaeat®
tection limits (Verdugo et al. 2008); Wilman et al. (2008@lised

our data, given that our aperture has 4.25 kpc FWHM as opposedMIR colours to trace star formation in red galaxies. In théper,

to the on average sub-kpc fiber aperture_ in Hainesl et al. {2007

7.3 The nature of red spirals or dusty red galaxies in clustes

In z = 0.4 clusters Poggianti et al. (1999) reported seeing numer-
ousoptically passivespirals, i.e. spiral galaxies with an absorption-
line spectrum characteristic of older stellar populatioassd no
[Oll] emission or otherwise apparent star formation. Thésoa
found a population ok+a galaxiescharacterised by abrupt SF
truncation and asked why these quiescent infall populatéoe so
prevalent at = 0.4, but apparently lacking at low. In the Virgo
cluster, star formation was still observed and spatialsoheed in
spirals, and it was later shown that the anemic spirals deseal by
van den Bergh (1976) were not the most abundant clusterfgpec
phenomenon| (Koopman & Kenney 2004b); instead, the prihcipa
effect of the Virgo cluster on infalling spirals seemed tosb&low
outside-in truncation of the star-forming disk.

In our youngz = 0.17 cluster environment, we see again a
very abundant infall population with similar optical prapes as
Poggianti'soptically passivespirals, except that we have shown
them to be on average onfemi-passiveThey still form stars at
a substantial rate, as shown consistently from either owfata or
from our optical estimates of dust extinction and star fdrama
Their specific SFR, however, is on average lower by 0.6 dex in
comparison to regular blue galaxies of the same mass. Givéa a
SFR scatter in the blue cloud ef 0.3 dex (Noeske et al. 2007;
Salim et al. 2007), these semi-passive spirals -arc-outliers
from the regular star-forming sequence in field galaxy sasi(dee
also the discussion in Schiminovich efial. 2007). Altogetive see
spirals in the cluster to span the whole range from normady- s
forming to virtually passive. We note that we do not see a star
bursting population in A901, and WGMO5 found no evidence for
an abundant post-starburst population either, althouatwhs con-
cluded from stacked spectra, and they could not reliablysorea
Hé equivalent widths in individual galaxies.

WGMO5 showed the optical spectral signatures of dusty red
galaxies to be almost indistinguishable from passivelyl\éng
(old red) galaxies on the basis of high-S/N stacked spelrtc
vidual spectra were too noisy to find the weak [Oll] lines aretev
otherwise dominated by the absorption-line spectrum ofbtHer
stars. It is now clear that the drop in star formation coméinéh
an increase in the obscuration of star-forming regionsjfiscgent
to make the optical detection of star-formation signat@ehal-
lenge.

But although theU — V colours of red spirals and red
spheroids are indistinguishable, this is only a coinciéesfcchoos-
ing two bands in which the effects of age and dust are ambiguou
Choosing a wider range of colour, it turns out that red spieak
redder than spheroids at the red end and bluer at the bluef émel o
spectrum, which was the critical differentiation used by MU5.

~
~

(© 0000 RAS, MNRASDOQ, 000-000

the morphology, the spiral-typical dust extinction, theghter UV
luminosity and the substantial IR fluxes all came togethdotm
a consistent picture of semi-passive spirals.

Finally, we believe we can consider the SF-truncated Virgo
spirals to be local counterparts to the dusty red galaxietheis
properties match at least in global respects: Koopman & Kgnn
(20044) find the S-SFR in their Virgo spirals to be on avetaje
reduced compared to the field, with an overall range fromdl@-f
reduction to slight enhancement; this echoes the S-SFRepiep
of our dusty red galaxies. Also, the star formation in thegwispi-
rals is on average more obscured, just as in dusty red galagan;
in Virgo this is a consequence of the less obscured star tama
in the outer disk being much reduced while the more obscueed s
formation in the central parts remains normal or is even ecé@.

Their appearance in large numbers suggests that spirals in
many clusters undergo only slow quenching of their star &irom,
and that the time scale of morphological evolution must Ingéo
than that of the spectral evolution. All this applies onlytlie mass
regime oflog M. /My = [10,11], where the SFR decline from
blue galaxies in the field to dusty red galaxies in the infafjion
is not accompanied by morphological changes. Morphologynse
to change only further into the cluster alongside furthed&&line
that replaces dusty red galaxies by old red ones. At lowesegn
contrast, SFR decline and morphological changes appear syorf
chronised, and virtually no red spirals are found, excepafoear-
constant fraction ok 20% that may result from high-inclination
spirals following random orientation statistics. Thisusition ap-
pears to be similar in the Virgo cluster where Boselli et/2008)
find dwarf galaxies (defined biyg Lx /Lo < 9.6) to be either
star-forming or quiescent with no intermediate objectagéound.

7.4 Physical interpretation of the evidence

Already Kennicutt (1983) observed that at fixed Hubble tyjrg&
galaxies were redder and less star-forming than their neusithe
field..Butcher & Oemler (1985) confirmed the colour differerfior
further clusters. However, whether these trends are duatioren
(hidden in the past) or due to nurture (change during clustall)
could not be identified from snapshot pictures of individgalax-
ies or clusters, because a snapshot will show the effeatdadfand
cosmic evolution of the progenitors intertwined. If we can see
the histories of the individual galaxies, we have no mearssess
whether the progenitors of present-day cluster galaxiglesd like
the present-day infall galaxies do. Only if this is the caseild we
map the density axis onto a time axis and interpret the emmriemn-
tal trends as evolutionary tracks.

However, there is strong evidence, e.g., that higher-iédsh
clusters have fewer SOs and more spirals (Dressler 1997rso
SOs the link is established that a build-up in time corregsdo a
build-up in density. Higher-redshift cluster cores hawvaikirities
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with lower-redshift cluster outskirts giving rise to a 'dda down-
sizing’ picture where star formation moves progressiveliotver-
mass objects as you move either forward in cosmic time orenigh
in density of the environment _(Kauffmann etlal. 2004; Smithle
200%] Tanaka et &l. 2005).

Our results for A901/2 suggest, that empirically there breg
mass domains with different behaviour along density:

e At high mass log M. /My > 10.5, but certainly at> 11)
only little change is observed with density, as most gakaaie red
and spheroidal in all environments.

e At intermediate massddg M../Ms = [~ 10,2 10.5]) we
see a sequence with density whereby blue spirals in the field a
replaced by red spirals in the infall region, which are theplaced
by SOs in the core.

e Atlow mass [og M./Ms < 10) we see a sequence from blue
field spirals and irregulars directly to red cluster sphdsoi

column densities are lower, and the slow truncation of f&taming
disks seen by Koopman & Kenney (2004b) would leave morphol-
ogy largely intact over a slow SF quenching process, and dvoul
hence not lead to a k+a signature.

It then may remain as puzzling that Poggianti etlal. (1999)
found many k+a spirals of normal mass in clusters atz 0.4.
However, the transformation time scale must depend not only
galaxy mass but also on the ICM properties. Already Dressler
(2980) found higher SO fractions with increasing X-ray laps-
ity of the clusters, although the presence of a residuatiogla
at fixed cluster mass is unclear (see discussian_in Postnan et
2005). However, the basic effect has been studied by congari
two z 0.5 clusters with very different ICM properties repre-
senting a low-mass (Cl0024) and high-mass (MS0451) prpéoty
in cluster evolution|(Moran et &l. 2007). Low-mass clustmesir-
regular with several sub-clumps, perhaps young and stkras
bling, and have little volume occupied by hot ICM (e.g. Virgo

~
~

Let us assume that the density axis can be mapped on a timeand A901/2); higher-mass clusters are more regular in tsireic

arrow in the evolution of infalling galaxies, and the enwvingental
trends are mostly due to nurture. An average galaxy fallmgti
600 km/sec (the velocity dispersion of A901a/b dusty recugabk
listed, see WGMO05) needs 2.5 Gyr to fall from the virial ra-
dius to the core assuming a plunging orbit. There is thus @al ne

and have a large volume occupied by hot ICM (e.g. Coma). The
galaxies in the two clusters compared|by Moran et al. (200F) a
on two different tracks of S-SFR-vs.-age as seen from [@8l}-
D000, Showing that ram pressure from the well-developed ICM in
MS0451 shuts down star formation rapidly even in largerxja&

to assume that they have already passed through the core. Thavhile the less developed ICM in Cl0024 means the transitsoa i

results then say that star formation is suppressed at afliteen

lot slower and may even be driven predominantly by factoheiot

and masses, and already between the field and the outermost inthan stripping by the ICM, so that many transitioning red-agi

fall region in our data, i.e. outside the virial radius of ttlaster.
This agrees with observations of galaxy pre-processingfailing
groups (e.g. Kodama etlal. 2001; Wilman €: al. 2005). Morpgiel
cal transformation appears in step with the SFR declinesrrfass
galaxies, but is delayed for intermediate-mass galaxibe.delay
gives rise to spiral galaxies in the infall region that appea due
to a combination of moderate extinction and reduced stamder
tion. They appear broadly less clumpy and have less welheefi
spiral arms than their blue cousins in the field, and theyter@nly
progenitor candidates of similar-mass SO galaxies.

with low S-SFR are seen. In line with this picture, we alreadg
variation between our four cluster cores: the most X-ragous
core A901b has not only the most prominent ICM but also the low
est red spiral and the highest SO fraction.

The discussion whether the observed SO galaxies have evolve
from spiral progenitors has continued for three decades now
(Dressler| 1980, Moran etfal. 2007). We suggest to tackle the
guestion with a mass-resolved approach, motivated by tbagst
trends seen at intermediate mass in our cluster. Severabraut
(e.g!Burstein et al. 2005) have argued that present-day &0s a

The steeper S-SFR decline for massive galaxies demorsstrate too luminous to be made from present-day infalling spiréts.

that they transform slowly and remain visible in transfotiora

for long. In contrast, the near-absence of a trend in meakS-S
at lower mass requires more abrupt conversions that lettle li
chance to observe transforming objects, while giving rsé¢he
steep trends in the SF/non-SF composition. We roughly firith(w
large errors) that the red fraction of spirals is increasedhie
infall region by perhaps 10% over the field value at a mass of
log M. /Mg = 9.75 and by maybe 50% dbg M../Mg =~ 10.5.

At equal infall velocity this would imply5x longer quenching
time-scales abx higher mass Otirans o< M.. The time-scale
for ram-pressure stripping though dgps o rgal\/chll o<

v/ pism M, assuming constant surface mass density of disk galax-
ies (Barden et al. 2005) and equal infall velocity. While veerabt
have the data to be very quantitative here, we argue thaastttlee
guenching time-scale is unlikely to decline with mass.

Boselli et al. (2008) model the evolution of dwarf galaxies i
Virgo (with log L /Le < 9.6) assuming interaction with the
intracluster medium, and derive SF quenching time scales of
150 Myr. Such a rapid SF truncation would be consistent with the
absence of a noticeable transition population. Also, Padoet al.
(2004) see k+a galaxies in the Coma cluster only fainter than
My —18.5: the k+a signature requires a sharp truncation in
star formation, which argues in favour of a faster shutdofvstar
formation at lower mass. In higher-mass spirals, gas stippy
hot ICM would first remove gas from the outer disks where the ga

A901/2 we admittedly find SO galaxies, but no infalling sfsrat
log M./Ms > 11; we suggest that these would have formed in
the more distant past of this cluster from more massive miege
tors that we do not observe in the present snapshot due to-down
sizing. We have no evidence against this picture, and netalh
sence of massive star-forming galaxies that could furtimeice
the massive SO sample in A901/2 in the near future. In cantras
atlog M. /My = [10,10.5] we find a very strong trend of red
spirals disappearing towards the core and SOs appearimgripa:
rable numbers; the SO concentration towards the cores o1/290
is markedly different from the flat SO fraction within a virradius
seen in ensembles of more evolved clusters (Dressler 198¢)1
This is consistent with A901/2 being a young clusters wittakes
ICM, and it suggests that A901/2 has much progenitor materia
form more intermediate-mass S0s over the next few Gyrs tihéll
virial volume more evenly.

A further obstacle in the understanding of SO formation is
the difference in the structural properties of SOs compéveteir
progenitor spirals: SOs are claimed to have larger conagoms
or bulges and thicker disks than their progenitors, althoter
cent works claim a smaller degree of difference (Laurikaietal.
2007;| Weinzirl et all 2008). We are not aware of a mass-resolv
study of progenitors and SOs that evaluates the effects aul-gr
ual gas stripping and continuing centrally concentratea &ir-
mation!Blanton et all. (2005) studied residual morpholalgiends

(© 0000 RAS, MNRASD0O, 000—-000
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in the SDSS data after eliminating the primary trend of theido
nant colour-density relation and found only a weak trendatals
higher concentration with density, and applying only to entr-
minous galaxies. This would be entirely consistent with e
where low-mass galaxies experience more abrupt SF shuitoff i
dense environments, while high-mass galaxies continumifay
stars in their inner regions. However, Kauffmann etlal. #)fihd

no change in concentration with densityleg M../Ms > 10.5,
and only a weak trend below.

8 CONCLUSIONS

We have investigated the properties of galaxies, espgdiatise

of optically passive spirals, in a cluster complex at reftishi0.17,
which consists of four cores (A901a, A901b, A902 and SW gyoup
We have used the STAGES dataset published by Gray ét al. 2008
exploiting the restframe near-UV-optical SEDs, IR.24 data and
HST morphologies. The cluster sample is defined on the bésis o
COMBO-17 redshifts with an rms precision®f, ~ 2000 km/sec

(at My < —19). We draw the following conclusions:

1. Optically passive spirals in clusters, dusty red gakvire
A901/2 and Virgo spirals with truncated star-formationkdis
(Poggianti et al. 1999 Wolf et al. 2005; Koopman & Kenney

2004b) appear to be basically the same phenomenon. However,

these objects are not truly passive galaxies despite thigr i
grated optical appearance from large distances.

2. They form stars at a substantial rate but reduced in casgrar
to field spirals (on averagéx lower SFR at fixed mass in our
sample). However, their star formation is more obscureditnd
optical signatures are weak.

3. They appear predominantly in the mass ralgeM.. /M =
[10,11] where they constitute over half of the star-forming
galaxies in the cluster, and thus form an important traositi
population.

4. We find that the mean S-SFR of star-forming galaxies in the
cluster is clearly lower than in the field, in contrast to th8ER
properties of blue galaxies alone, which appear uncharigesl.
dusty red spirals are thus a vital ingredient for understanthe
overall picture of SF quenching in clusters.

5. Atlower mass the dusty red sample consists mostly of edge-
spirals, which are a small fraction of all spirals with no ieoR-
mental dependence. There is limited room for a clusteripec
contribution.

6. Physically, it seems that star formation quenching i$ ifas
low-mass galaxies and accompanied by morphological change
hence, no cluster-specific red spiral phenomenon is obdetve
log M. /Mg < 10. At larger masses, SF quenching is a slower
process and strong morphological transformation is everemo
delayed, thus giving rise to abundant red spirals.

7. The currently observed red spirals are expected to ttorSos
with time when their star formation is terminated by hot ICM,
although they may end up with different detailed propeffies
those SOs that are already in place.
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