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ABSTRACT

The IMACS Cluster Building Survey (ICBS) provides spectra of ∼2200 galaxies 0.31 < z < 0.54 in
5 rich clusters (R <

∼ 5 Mpc) and the field. Infalling, dynamically cold groups with tens of members
account for approximately half of the supercluster population, contributing to a growth in cluster mass
of ∼100% by today. The ICBS spectra distinguish non-starforming (PAS) and poststarburst (PSB)
from starforming galaxies — continuously starforming (CSF) or starbursts, (SBH or SBO), identified
by anomalously strong Hδ absorption or [O II] emission. For the infalling cluster groups and similar
field groups, we find a correlation between PAS+PSB fraction and group mass, indicating substantial
“preprocessing” through quenching mechanisms that can turn starforming galaxies into passive galax-
ies without the unique environment of rich clusters. SBH + SBO starburst galaxies are common, and
they maintain an approximately constant ratio (SBH+SBO)/CSF ≈ 25% in all environments — from
field, to groups, to rich clusters. Similarly, while PSB galaxies strongly favor denser environments,
PSB/PAS ≈ 10-20% for all environments. This result, and their timescale τ ∼ 500 Myr, indicates
that starbursts are not signatures of a quenching mechanism that produces the majority of passive
galaxies. We suggest instead that starbursts and poststarbursts signal minor mergers and accretions,
in starforming and passive galaxies, respectively, and that the principal mechanisms for producing
passive systems are (1) early major mergers, for elliptical galaxies, and (2) later, less violent processes
— such as starvation and tidal stripping, for S0 galaxies.

Subject headings: galaxies: clusters: general — galaxies: evolution — galaxies: groups: general
galaxies: high-redshift — galaxies: star formation — galaxies: stellar content

1. INTRODUCTION

The plummeting rate of cosmic star formation — a fac-
tor of 10 in the last 7 Gyr — would have been wholly un-
expected by astronomers in the 1960s and 1970s as they
took the first steps in the young field of galaxy evolu-
tion. Baade’s (1944) resolution of the stellar disk in M31
pointed to two distinct populations — one ancient, one
ongoing. The only star formation history available at the
time, the stellar fossil record in the Milky Way, consisted
of an exclusively old population of globular clusters and
stellar halo, and a contemporary disk supporting a low,
steady level of star formation and heavy element pro-
duction (Twarog 1980). When considered together, the
picture emerged of a remote epoch of vigorous star for-
mation and rapid chemical evolution that soon decayed
into a long, uneventful puttering of these processes, for
at least the last 5 Gyr. By inference, other large galaxies
like our own also formed early, and aged slowly.

Optical astronomers were not the first to discover how
wrong this picture was — until the 1970s, their instru-
ments were incapable of pushing photometric or spectro-
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scopic measurements even a billion years back in cosmic
time. Instead, radio astronomers first glimpsed the fire-
works of a younger universe. Radio galaxies, powered
by supermassive black-hole accretion, were detectable 10
Gyr in the past: their strong evolution, and that of the
quasars they pointed to, signaled a period of great activ-
ity 8-11 Gyr ago.

Our first view of the sinking cosmic star formation rate
(SFR) through optical observations of normal galaxies
came from Butcher & Oemler (1976), who carried out
the first photometric study of galaxies in rich clusters at
z ∼ 0.5. Butcher & Oemler found a substantial pop-
ulation of blue, starforming galaxies in an environment
essentially purged of star formation by the present epoch.
Photometric studies in the 1980s that found rapid evo-
lution of faint field galaxies out to z ∼ 1 confirmed that
galaxies were anything but ‘puttering along’ over this
epoch.

When spectroscopy — the most powerful tool of op-
tical astronomy — could finally be applied to typical
galaxies at ’cosmological distances,’ an opportunity to
understand this dynamic star formation history (SFH)
had arrived. The spectral features in galaxy integrated
spectra are powerful diagnostics of the star formation
history of galaxies: the presence and strength of spe-
cific spectral lines yield a wealth of information, espe-
cially regarding the galaxy current and recent star for-
mation activity. Galaxy spectra are, among other things,
a valuable way to investigate how and why many galax-
ies that were actively forming stars at intermediate red-
shifts (0.3 < z < 1) have become passive by the present
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epoch. Butcher & Oemler (1984) were the first to recog-
nize that this phenomenon was not limited to clusters,
but widespread; today it is known to be largely indepen-
dent of environment — seen in clusters, groups, and the
general field.

The work we describe in this paper can trace its begin-
nings to these first early discoveries of the 1980s, in par-
ticular to Dressler & Gunn’s (1983) spectroscopy of clus-
ter galaxies from the Butcher–Oemler study and spec-
tra of intermediate-redshift clusters by Couch & Sharples
(1987). With these first spectra came another surprise,
the presence in large numbers of galaxies whose star for-
mation had ended abruptly, a behavior that is seen only
rarely today, in a few galaxies per thousand. At first,
with only the high-density cores of rich clusters well stud-
ied, these “poststarburst” galaxies were known only as
a cluster phenomenon, at a level of ∼10% of the popu-
lation — remarkable, for a class of objects with a time
scale of τ <1Gyr.

But, as spectroscopic samples reached into the hun-
dreds (Morphs: Dressler et al. 1997, Poggianti et al. 1999
– P99; CNOC: Balogh et al. 1997, 1999; Couch et al.
1994; EDisCS: White et al. 2005, Poggianti et al. 2006,
2009a), a sufficient number of line-of-sight field galaxies
at similar redshifts began to reveal that the poststar-
burst population dropped significantly in the field en-
vironment, but that a population of “active” starburst
galaxies exhibiting the spectral signatures of poststar-
burst galaxies and ongoing star formation became com-
mon in its place (Dressler et al. 1999). These obser-
vations strongly implicated some cluster-specific process
as responsible for rapidly and efficiently quenching star
formation in galaxies infalling into clusters, but the in-
strumentation needed to follow this conjecture has only
recently become available on large telescopes. For ex-
ample, a recent study of cluster, group and field galax-
ies using the FORS2 spectrograph on VLT has revealed
that some of the richest, distant groups share the high
post-starburst fraction of clusters and, likely, the cluster
quenching efficiency (Poggianti et al. 2009a).

Both Couch & Sharples (1987) and Dressler et al.
(1999) posited a simple sequential relation between star-
forming starbursts and poststarbursts, but the quantifi-
cation of the former through low-resolution spectroscopy
has remained challenging. Starforming galaxies are of
course readily identifiable by the presence of emission
lines in their spectra, but quantifying the level of star
formation is non-trivial, both for optical studies, due to
dust obscuration and the difficulty of separating a post-
starburst component from strong (but non-bursting) star
formation, and for IR studies, due to the limited sensitiv-
ity that only allows detection of galaxies with vigorous
ongoing star formation. Despite these difficulties, several
works have attempted to identify starforming galaxies in
the starburst phase in distant clusters (Dressler et al.
1999, 2004, 2009a,b; Poggianti et al. 2009a, Geach et al.
2009, 2011; Finn et al. 2010 — to name a few), with most
studies finding little or no enhancement of starburst ac-
tivity in clusters compared to the general field at similar
redshifts, but a clear enhancement in moderate starburst
activity in galaxies compared to the local universe.

Even ignoring active starbursts, simply quantifying the
evolution of the starforming fraction of galaxies with red-
shift as a function of environment (for example, group or

cluster mass) has turned out to be challenging. The first
attempts have found that the evolution from z∼ 0.8 to
today is strongest in low-mass (σ ∼ 500 km s−1) clus-
ters (Poggianti et al. 2006), paralleling the evolution of
galaxy morphologies (Poggianti et al. 2009b). These re-
sults are consistent with a scenario in which the popu-
lation of passive galaxies in clusters and groups today
consists of galaxies that stopped forming stars at z >

∼ 2
(the most massive — primarily elliptical galaxies) and
galaxies that have been quenched as a consequence of
environmental effects (lower mass — mostly S0 galaxies)
following the hierarchical growth of structure (Poggianti
et al. 2006).

The last ten years has seen increasing effort to obtain
a better picture of the role of environment in quench-
ing star formation. Detailed photometric and spectro-
scopic studies, extended to galaxy groups at interme-
diate redshifts, have underlined the importance of the
group environment and the pre-processing occurring in
group galaxies before they enter more massive clusters
(Wilman et al. 2005, 2008). In groups, the fraction of
starforming galaxies of a given galaxy mass is already
lower than in similar mass galaxies in the field, with a
population that is moving from the red sequence to the
blue cloud (Balogh et al. 2011), while the star formation
rate in starforming galaxies appears to be unaffected by
groups, suggesting a short quenching timescale (Vulcani
et al. 2010; McGee et al. 2011). In addition, larger area
surveys have begun to investigate the outskirts and sur-
rounding filaments of distant clusters (Ma et al. 2008;
Fadda et al. 2008) and the effects of galaxy mergers and
substructure on the star formation properties of galaxies
(Ma et al. 2010; Hou et al. 2012), supporting the no-
tion that the large population of poststarburst galaxies
in clusters have been quenched as a consequence of some
cluster-related mechanism, while starbursts are triggered
in lower density environments such as cluster outskirts
(Geach et al. 2009, 2011). However, wide-area spectro-
scopic surveys of distant clusters remain few, and further
studies are needed to link the evolution observed in the
cluster cores with the processes active in the groups and
filaments infalling to clusters, as well as in groups and
lower density regions unrelated to clusters that comprise
the general field.

1.1. The IMACS Cluster Building Survey

The direction of research since 2000 showed the need
for a survey of wide-enough field to study the environs
immediately outside the clusters — the so-called super-
cluster population, to look for an evolutionary sequence
associated with the infall of galaxies onto accreting clus-
ters, with the goal of better elucidating the process(es)
responsible for the starburst/poststarburst phenomenon.
An opportunity to make such a study came with the
building of the Magellan-Baade telescope and installa-
tion of its Inamori-Magellan Areal Camera and Spectro-
graph — IMACS(Dressler et al. 2011). The combination
of a large 6.5-m aperture and a field nearly 0.5◦ in di-
ameter for multislit spectroscopy made IMACS an ideal
instrument to obtain ∼1000 spectra of galaxies infalling
to intermediate-redshift clusters.

The IMACS Cluster Building Survey, ICBS, has in
fact used the wide-field multislit spectroscopic capabil-
ity of IMACS to map and study the galaxy populations
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of growing clusters at z ∼ 0.4. One aim of the ICBS
has been to learn whether the poststarburst population
so prominent in the cores of intermediate-redshift rich
clusters is solely or at least primarily associated with
the dense environment of a cluster core, or whether in-
stead this activity is more widespread and associated in
some way with the infalling population that is building
the cluster. A second important goal was to clarify the
relationship of the starburst-poststarburst phenomenon
to the growth of passive galaxies in intermediate-redshift
groups and clusters. Because the idea was to follow the
star formation histories of galaxies transitioning from the
field to rich clusters, and to compare the field and group
environment in the vicinity of a rich cluster to that of
the general field, it was essential to target all galaxies in
the IMACS field, without preselection, so that the field
environment could also be studied and compared fairly
to the supercluster environment involved in building the
rich clusters.

Selection of the rich clusters for the ICBS also called
for an unconventional strategy. Our goal was to study
“average” rich clusters, not the most massive clusters at
the z ∼ 0.5 epoch, and to catch them at a typical time
of their growth between 0 < z < 1. Both these consider-
ations meant that X-ray luminosity should not be used
as a primary selection criteria, since this technique pref-
erentially selects massive clusters that have thoroughly
virialized, that is, those that have completed their ma-
jor growth phase. Instead, we used the Red-Sequence
Cluster Survey technique developed by Gladders and Yee
(2000), which identifies rich clusters in a search through
color-magnitude space for strong red sequences of passive
(non-starforming) galaxies. By restricting the search vol-
ume search to only 3 × 107 Mpc3, we aimed at choosing
a typical rich cluster, one that might grow into (at most)
a Coma cluster by today.

In this paper we present classification and analysis of a
large subset of the ICBS survey that includes spectromet-
ric data on 1073 galaxies in five rich clusters covering the
redshift range 0.31 < z < 0.54, and 1091 galaxies cov-
ering the same redshift range that are members of the
“field.” As described in Oemler et al. (2013a, Paper 1),
the spectra from the approximately 50 multislit-mask ex-
posures with IMACS and LDSS were measured for spec-
tral features and indices that quantitatively discriminate
the degree and character of star formation in these galax-
ies. In addition to these data, separate measurements of
Hα fluxes and, for two of the four fields, Spitzer-MIPS
24µm fluxes were available to provide measures of star
formation rates that are less sensitive to dust extinction.

Our methodology here has been two-fold: first, to as-
sign spectral types to these galaxies based on the spec-
trophotometric measures, and second, to associate these
with the larger-scale structures of groups and clusters in
these fields. If possible, we hoped to identify aspects of
spectral evolution that can be connected to the environ-
ments in which they are found, whether or not that link
is causative. Such information will help decide to what
extent the star formation histories of these galaxies are
influenced by their present environment.

The division of the spectra in discrete classes is advan-
tageous for investigating the questions we address here,
as will be discussed below. However, the ICBS has pro-

duced a highly uniform set of spectra and photometric
data set over a wide interval of cosmic time 0.2 < z < 0.8
that can well address the more general question of the
star formation histories (SFHs) of common field galaxies.
In Oemler et al. (2013b, Paper 3) we discuss the distri-
butions of SFHs for galaxies over this period of steep
decline in the cosmic average SFR. A principal conclu-
sion of Paper 3 is that, as observed from the perspective
of galaxies at intermediate redshift, the SFR was in gen-
eral rising up to that epoch for a small but significant
fraction of the population. This result inspired us to re-
consider traditional τ -models of the star formation rate
and to consider alternatives. In Gladders et al. (Paper 4)
we identify the lognormal parameterization as the best
simple parameterization of individual SFHs and, in fact,
a remarkably good fit to the volume-averaged star for-
mation rate density evolution over cosmic time. Paper
4 begins with the distribution of SFR and specific SFR
(sSFR) for present-epoch galaxies, but shows that, using
the lognormal paradigm for the SFHs of individual galax-
ies, the prediction of the distribution SFH and sSFH for
intermediate-redshift field galaxies is a very good match
to what is found in Paper 3 for the ICBS data. The im-
plication is that describing the SFHs of galaxies in log-
normal form shows promise for understanding the history
of star formation back to very early epochs.

This paper is organized as follows. In §2 we describe
the separation of the spectra into 5 spectral types and
(a) the distributions of other fundamental galaxy prop-
erties for these types, and (b) the spatial distribution as
described by the correlation of spectral type with local
galaxy density and radial distance from a cluster cen-
ter, and with the angular correlation function. In §3 we
use the redshift data in these fields to identify moderate-
sized, cold groups infalling into clusters, and to iden-
tify comparable groups and filaments in the field, and
we describe the basic properties of these groups. In §4
we use spectral types and spatial/structural information
together to discuss the evidence for quenching processes
that turn starforming into passive galaxies across the full
range of environments from isolated galaxies to rich clus-
ter cores, and explore the connection of starburst galax-
ies to the quenching process, developing a model that
could account for the wide range of data that describe
star formation histories across all galaxy environments.

2. STAR FORMATION HISTORIES FROM
SPECTROPHOTOMETRIC DATA

2.1. Division into five spectral types

As described in Paper 1, the fields chosen for the ICBS
were centered on putative rich clusters selected by the
red-sequence method Gladders & Yee (2000); catalogs
from these photometric observations were used to se-
lect objects for spectroscopic observations. A non-trivial
combination of prioritizing objects by brightness and
populating multislit masks available galaxies resulted in
a sample that is approximately magnitude-limited at
Sloan r = 22.5 with a tail to galaxies as faint as r =
23.5. An general description of the magnitude and po-
sition incompleteness of the spectroscopic sample com-
pared to the photometric source catalog can be found in
Paper 1. Determinations of the incompleteness for spe-
cific sub-samples used in this paper are described below
in §2.3.
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Our redshift survey of more than 1000 galaxies per field
revealed 6 rich clusters, with the RCS1102 and SDSS1500
fields each containing two. In RCS1102, the serendipi-
tous cluster at z = 0.2550 is rich (157 members in our
sample) and has a high velocity dispersion of σ0 ≈ 930
km s−1, but the cluster is centered at the edge of our
field or perhaps beyond, and the lower redshift means
that key spectral features fell below the spectral window
we used for most of the spectroscopy, so this cluster has
been excluded from our sample. Basic parameters for re-
maining 5 clusters, including sample properties that ap-
ply specifically to this paper, are given in Table 1. ‘Clus-
ter’ members were chosen in an interval of rest frame ve-
locity ±3000 km s−1, which reasonably if not perfectly
sequesters the virialized cluster and its supercluster from
the field (see Figure 16 of Paper 1). A field sample was
selected for each sky field that covers the same redshift
range as the 5 clusters, 0.31 < z < 0.54 — excluding, for
each field, the z-range of the cluster(s), referred to as the
cl field.

The spectra classes we use in this study are closely
related to the k,k+a,a+k,e(a),e(b),e(n) types we devel-
oped in Dressler et al. (1997), but we have now re-
placed criteria based the detection of emission-lines with
well-measured star formation rates. SFRs were cal-
culated from measurements of 24µm, Hα , Hβ , and
[O II] luminosities, using new calibrations which we de-
velop in Paper 1. Not all measurements are available for
each galaxy: 24µm photometry is available for galaxies
in 2 of our 4 fields; Hβ and [O II] fluxes are available for
most galaxies, while Hα fluxes were obtained for about
one-half of the cluster members, but less than one-third
of the field galaxies in the surrounding supercluster. In
order of preference we use (1) 24µm plus Hα , (2) 24µm
plus [O II] , (3) Hα , (4) Hβ , and (5) [O II] in order to
calculate star formation rates. All of these calculations
implicitly include the effects of extinction, either object-
by-object in the case of 24µm + optical measurements,
or in the mean for calibrations relying on a single line.
More detail on the calculation of SFRs can be found in
Paper 1.

The detection of Balmer absorption lines remains an
key component in the classifications. As first noted by
Dressler & Gunn (1983) and quantified by Couch &
Sharples (1987), and P99, strong Balmer absorption is
usually indicative of a recent starburst in the star for-
mation history of a galaxy, due to the prevalence of A
stars with a ∼1 Gyr lifetime after O and B stars have
evolved off the main sequence. Hδ is particularly well
suited for this measurement, and a strong detection of
Hδ in what is otherwise an old K-giant type spectrum is
a reliable sign of a poststarburst galaxy.6 However, for a
galaxy in which star formation is ongoing, strong Balmer
absorption lines are also the result of vigorous star for-
mation. The ICBS has taken a first step in account-
ing for this effect by using well-studied local samples to
define a relation between [O II] equivalent width and
Hδ absorption in the absence of starburst, as explained
in Paper 1. Using this, we define a ∆Hδ index which
measures the Balmer-line strength in excess of that ex-

6 As explained in Paper 1, we use a modified measure of the
Hδ index in the ICBS which improves the measurement of Balmer
line strength by including measurement of the (H+Hǫ)/K ratio.

pected in a continuously star forming system to identify
with a starburst.

Finally, to better identify starbursts, we have revisited
the issue of whether strong [O II] emission alone can sig-
nal a starburst, as introduced in P99. Again, using lo-
cal samples, we have determined that the fixed limit in
equivalent width Weqw > 40 Å used previously must be
refined by using a limit that is a function of a galaxy’s
specific star formation rate, sSFR.

Extra attention was given to the of-order hundred ob-
jects with a marginal detection of star formation us-
ing one or more indicators, to determine which of these
were in fact likely PAS galaxies. The spectra of these
objects were examined closely to estimate the S/N of
emission-lines [O II], Hβ, [O III], and Hα, and to de-
termine whether the the line-strength of any of these
automatically-detected features were at the sensitivity
limit of the ICBS data. In general, if the starforming clas-
sification was based on a single determination of the SFR
at the detection limit (a function of redshift), the classifi-
cation was changed to PAS, while multiple detections of
a non-zero SFR, even if at their detection limits, kept the
galaxy in the starforming category. Although the bound-
ary between PAS and starforming cannot be sharp at the
detection limit for these optical features and 24µm flux,
the application of this criteria essentially divided am-
biguous cases between PAS and starforming (CSF, SBH,
or SBO) at a SFR of 1 M⊙ yr−1, equivalent, for a galaxy
in our sample, to a specific star formation rate, sSFR of
10−11 yr−1. The distribution of these quantities is shown
in the following section.

Galaxies in the 5 cluster and 4 field samples were di-
vided into five distinct spectral classes based on the SFR
and the strength of Balmer absorption lines. We de-
fine five spectral types as follows: (1) PAS (passive)
— SFR = 0.0 and ∆Hδ ≤ 0.0; (2) CSF (continuously
starforming) — SFR > 0.0 and ∆Hδ ≤ 0.0 and not
[O II] starburst; (3) SBH (starburst from Hδ) — SFR
> 0.0 and ∆Hδ > 0.0 and not [O II] starburst; (4) PSB
(poststarburst) — SFR = 0.0 and ∆Hδ > 0.0; and (5)
SBO — starburst based on equivalent width of [O II], as
described in Paper 1. Plots of composite spectra repre-
senting the 5 spectral classes can be found in Abramson
et al. (2013).

2.2. Relating the new spectral classes to star formation
histories

The new spectral classes are an attempt to better con-
strain SFHs for the galaxies of the class, however, all are
not equally successful in providing an unambiguous SFH.
PAS galaxies, formerly ‘k type,’ are the most clear cut
— they are galaxies where star formation has been below
∼1M⊙ yr−1 for at least a Gyr. Likewise, PSB, formerly
‘k+a’ or the stronger ‘a+k,’ are galaxies in which a star-
burst of at least moderate size has occurred within 1 Gyr,
but where the SFR has fallen to <

∼1 M⊙ yr−1 at the epoch
of observation. SBO, formerly e(b), is a reliable classi-
fication for an in-progress starburst, modulo an AGN
contamination (∼10%). However, the [ OII]-equivalent-
width criterion that we use for identifying SBOs is af-
fected by differential extinction between HII regions and
the stellar continuum. We have sufficient data to pro-
duce a “dust-free” [O II] equivalent width for only a mi-
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nority of the spectroscopic sample, so we have chosen
not to apply this correction, but a test sample indicates
that the SBO class would approximately double (with
additions formerly classified as CSF) if this affect were
fully taken into account. In other words, an SBO is re-
liably a starburst, but there are a substantial number of
other objects that should be included in this class. CSF,
formerly e(c), is similarly a ∼90% reliable attribution
for a continuously star forming (non-bursting) galaxy,
where the ∼10% contamination is by systems that are
in fact starbursts. Our inability to properly assign these
to the SBH class is because the ICBS spectral resolution
is insufficient to isolate Balmer emission in the cores of
Balmer absorption lines. This means that genuine star-
bursts with SFRs >

∼10 M⊙ yr−1 can have their Hδ and
Hǫ absorption lines “filled in” by Balmer emission (to
a degree dependent on the dust extinction for the HII
regions), such that they are misclassified as CSF.

Finally, the SBH class, formerly e(a) has a range of
SFHs that attest to the difficulty of identifying a star-
burst in a galaxy with ongoing star formation, as we
mentioned in the Introduction. P99 identified these as
dusty starbursts, but the ICBS data show that this de-
scription only applies to a minority of the class. The
strong Balmer absorption lines in these systems guaran-
tee that they have undergone a sizable starburst within
the last Gyr, but what is ambiguous with the ICBS data
is whether the burst is of fairly long duration and still in
progress, or the galaxy is observed at some later time, up
to and including systems where the “ongoing star forma-
tion” (that makes this galaxy an SBH rather than PSB)
is essentially what it was before the burst. Using a star-
burst criterion of sSFR > 1.4×10−10 M⊙ yr−1, appropri-
ate for a subsample of SBH galaxies identified as “old”
and with constant or declining rates of star formation
over their history (those in groups, with stellar masses
M > 1.4 × 1011 M⊙— see Paper 3), we estimate that at
least 30% of the SBH systems are still in the starburst
state, with the others in some later phase of starburst
decline.

Refining the SFHs of these systems will require ad-
ditional data for galaxies in the CSF and SBH classes,
something we plan for a future study. We are satisfied,
however, that these 5 spectral classes we use here are
sufficiently well defined for the purposes at hand, and
certain that the conclusions of this work are unaffected
by the ambiguous SFHs for a minority of galaxies in the
CSF and SBH classes.

2.3. Galaxy properties of 5 spectral types

Before we consider the properties of this sample of
“cluster” galaxies, we need to remind the reader that
the samples discussed here are from fields of diameter
∼0.5◦— about 5 Mpc in radius, approximately 5 times
larger than are usually studied for either local or distant
clusters of galaxies, where the typical volume of investi-
gation is a sphere of radius R ∼ 1 Mpc (approximately
the virial radius, and a few core radii). Due to the higher
density of the cluster cores and the associated difficulty
of covering all objects with multislits, our spectroscopic
sample within 500 kpc of the cluster centers is under-
sampled compared to the full catalog by ∼20%, with a
range of 0% to 40% for the individual clusters. (This in-
completeness is unbiased with spectral type.) What we

will refer to as the ICBS “metacluster” sample is, then, a
mixture of supercluster and cluster galaxies. In §4.2 we
will define a division between these two samples based
on measurements of R200, which we identify as the clus-
ter virial radius. We will show in §3 that for 4 of the
5 metaclusters we have analyzed, the supercluster is a
region of infall that will substantially build the cluster
during this epoch, adding hundreds of galaxies that will
become a major part of the traditional cluster sample of
a present-epoch cluster.

Figures 1a-f show color-magnitude (CM) diagrams,
M(B) vs (B − V )0, for the metacluster samples and for
the cl field. These CM diagrams are unremarkable com-
pared to those of the cores of other intermediate-redshift
clusters, although it is obvious that the fraction of star
forming galaxies is higher than for cluster cores alone.
Nevertheless, the PAS galaxies define a well-defined red
sequence in each cluster and the field, although it is note-
worthy that are starforming galaxies of similar or slightly
redder color that are comparably bright to the most lu-
minous PAS galaxies. Low-redshift cluster populations,
with only a small percentage of starforming galaxies to
begin with, have negligible numbers of galaxies that are
this luminous. Presumably these cases have faded by ∼1
mag by the present epoch, and of course are candidates
to have joined the PAS population.

The distributions in M(B) and (B − V )0 are shown in
histogram form for all metaclusters combined, and the
cl field, in Figures 2a and Figures 3a, respectively. The
distributions are for galaxies in four of the five meta-
clusters in the sample (solid histogram) and the cl field
(open historgram). The metacluster SDSS1500B is not
included in these distributions because its higher redshift
results in significant incompleteness for lower-luminosity
galaxies. From the histograms, it is clear that the lu-
minosity distributions of the five types have large range
and overlap substantially. The median luminosities of
PAS, CSF, and PSB galaxies are similar, with the SBH
and SBO distributions shifted to lower luminosities by a
factor of ∼2-3, but generally the picture is a lack of clear
distinction between classes by absolute brightness.

Figure 2b shows the stellar mass distribution for the 5
spectral types.7 Despite their similar MB distributions,
the mass distributions for the 5 spectral classes show sig-
nificant variation. PAS and PSB galaxies are, on aver-
age, more massive than CSF galaxies, and the r = 22.5
completeness limit of the sample now becomes clearly
defined in the steeper low-mass cutoff of the PAS dis-
tribution (due to the small spread in mass-to-light ratio
dictated by the small range in color). SBH galaxies have
a mass distribution like that of the CSF, with SBO galax-
ies showing a factor of ∼2-3 shift to even lower masses.
But, again the basic picture is of a wide-range in masses
and a considerable overlap for all classes. The most mas-
sive galaxies, few in number, are mostly PAS.

The SFRs of spectral types CSF, SBH, and SBO are
shown in Figure 3b. It is important to explain that,
although the latter two types are clearly starbursts, their
SFRs largely overlap with the SFRs of CSF galaxies.

7 As described in detail in Paper 1, masses were calculated with
a variant of the Bell & de Jong (2001) prescriptions, using Bruzual
& Charlot population models and a Salpeter IMF. An advantage
of this approach is that derived masses are insensitive to internal
extinction.
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Fig. 1.— Rest-frame color-magnitude diagrams for the RCS0221A, RCS1102B, SDSS0845A, SDS1500A, SDSS1500B metaclusters and
the cl field, 0.31 < z < 0.53. PAS galaxies define the customary “red sequence” and the CSF galaxies cover a wide range of (B-V)0 (rest
frame) colors, albeit with a larger proportion of bluer galaxies than for the the extended fields of intermediate-redshift clusters. SBH and
SBO starburst galaxies have magnitudes and colors similar to CSF galaxies, as might be expected, while PSB galaxies cover the region
that includes the red sequence and the reddest CSF galaxies, also as expected.
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This is because the definition of a starburst is related
to the rise in the SFR over ∼ 108 years compared to the
past average over the preceding 1-2 Gyr, a factor of 3-10
for the starburst galaxies in the ICBS sample, for galax-
ies which range in mass by a factor of 100. Evidence for
a higher SFR for starbursts improves when normalized
by the mass — the specific star formation rate (sSFR)
shown in the bottom half of Figure 3b. The distribution
of sSFR for SBO galaxies is very broad, but the mean
sSFR of SBO galaxies is a factor-of-4 higher than the
CSFs, consistent with (though not sufficient for) their
identification as starbursts.

However, the starburst nature of SBH galaxies is not
evident even in Figure 3b, partly because the a large frac-
tion of the SFH population is past the peak of the burst.
But, the principal reasons is that sSFR is not a reliable
criterion for the comparatively low-amplitude starbursts
identified with spectral features that sample the compos-
ite stellar population. Such measurements are sensitive
to a factor-of-several increase in the SFR compared to the
average of the priori few Gyr. In contrast, measurements
of sSFR, by construction, compare the present SFR to
the past average over the full history of the galaxy. The
SFR of a typical galaxy has declined substantially over
its lifetime — by z = 0.5, a higher-ampltidue starburst,
like a LIRG or ULIRG, is required to make a notable
change in the sSFR. The converse is also true: a galaxy
can have a high sSFR without a burst if it has had a
rising SFR over a several Gyr period of its recent past
(see Paper 3). The sSFR criterion is a blunt instrument
for detecting starbursts, because the burst must reach
a sufficiently high amplitude to overcome both of these
ambiguities. Our use of spectral features to quantify the
time scale of the SBH and SBO phases is uniquely able
to localize the burst with respect to the average SFR of
the prior few Gyr. It is this kind of galaxy, where an
increase in starforming “efficiency” is a more recent and
temporary condition — an “event,” that is the moderate
starburst we focus on in this study.

Finally, it is interesting to note a clear difference, in
the (B−V )0 and star formation rates of the CSF cluster
sample compared to the CSF cl field sample, shown in
Figure 3 by the open black histogram. There is a clear
excess of bluer galaxies, with high star formation rates,
for the cl field sample. Although the ‘cluster’ sample
is dominated by supercluster galaxies outside the dense
cluster core, it appears that some suppression of star for-
mation rates has been accomplished in this environment,
that is, the supercluster field is distinguishable from the
purefield population at this redshift. Evidence of this
effect has, in particular, been documented in studies of
the CNOC clusters (Balogh et al. 1997, 1999).

As mentioned above, the completeness of detected star
formation falls rapidly below an SFR of 1 M⊙ yr−1, or a
sSFR of 10−11 yr−1, for galaxies in the ICBS sample. The
inspection procedure we use attempts to include SFRs
that are lower than these limits but are nevertheless re-
liable detections — cases of unusually good spectra or
two or more marginal detections that exceed the typical
detection limits.

2.4. Completeness of spectroscopic samples compared to
magnitude-limited photometric catalogs

Basically, our spectroscopic sample is half of the photo-
metric magnitude-limited (r <

∼ 22.5) sample, that is for
every two galaxies in the photometric sample we have
a good quality spectrum of one. There are, of course,
somewhat different magnitude distributions of the five
spectral types, and there is some effect of less-thorough
sampling in dense regions due to the difficulty of sam-
pling with the spectroscopic multislits, compared to re-
gions of low spatial density, however, none of these effects
differ by much among the different spectral samples —
PAS, CSF, SBH, PSB, and SBO — for both metacluster
and field. Table 2 gives these various levels of incom-
pleteness, in terms of magnitude-incompleteness, spatial-
incompleteness, and a combination of both. These are
expressed as weights (averaged from the weights from
each galaxy in that sample) that can be applied to the
spectroscopic samples to fairly represent the photomet-
ric catalog. The samples for all cluster members, and all
cl field galaxies, for the different spectral types are tab-
ulated for each of the incompleteness effects, normalized
by the incompleteness for the entire sample of cluster or
cl field galaxies in the spectroscopic catalog.

Table 2 shows that the total weight WTtot that should
be applied to compare one spectroscopic sample to an-
other are all ∼ 1.0, with excursions of typically ±5%
and only one larger than 10% (+17% for the small sam-
ple of cluster SBOs). These corrections are sufficiently
small that, despite the different sampling with magni-
tude and spatial location, the spectral samples can be
cross-compared without significant correction.

Table 2 also gives these WTtot values for the metaclus-
ter group and non-group samples we will describe below,
and for the comparable cl field group sample. Again, the
incompleteness corrections are all <

∼ 10%, and unimpor-
tant for the analysis that follows.

2.5. The utility of mass-limited samples of the 5 spectral
types

The ability to estimate galaxy masses from spectropho-
tometric measurements has improved in recent years due
to improved modeling of stellar populations in the inte-
grated light of galaxies and general availability of near-IR
fluxes that better constrain the higher mass-to-light stel-
lar component. Many studies of galaxy evolution have
taken advantage of this to study mass-limited samples
preferentially over magnitude-limited samples that have
been the norm for extragalactic studies, in the field and in
clusters (see, e.g., Patel et al. 2009a,b). Since a galaxy’s
stellar mass is constant or slowly growing over the epoch
0 < z < 1, while its luminosity may not be, a mass-
limited sample is the only reliable way to answer ques-
tions about quantitative relationships between galaxy
samples. In our case, for example, a mass-limited sam-
ple is required to decide whether a collection of starburst
galaxies are one-to-one related to a collection of post-
starburst galaxies. However, many interesting questions
regarding galaxy populations revolve around issues that
are not mass-related, for example, the presence or ab-
sence of an AGN. Assembling a sample of AGN galaxies
based on the presence of light coming from non-thermal
sources does not benefit by excluding galaxies below a
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Fig. 2.— Solid histograms: Distributions of the five spectral types in (a) MB luminosity, and (b) galaxy mass, for 915 members of
the metaclusters of RCS0221A, RCS1102B, SDSS0845A, & SDSS1500A. (SDSS1500B has excluded because its higher redshift results in
significant faint-end incompleteness.) Open histograms: the same quantities for 1090 cl field galaxies, 0.31 < z < 0.54. The luminosity
distributions are broad and overlapping for all 5 types, with only modest variation in the mean. Mass distributions are also broad and
overlapping, but PAS and PSB galaxies are clearly shifted to higher mass than the starforming types, CSF, SBH, and SBO, which includes
galaxies that are among the most massive, and least massive, in the sample. The PAS mass distribution shows that the samples are
only complete to a mass limit Mlimit = 2.5 ×1010 M⊙ — marked by the arrow. The relatively sharp cutoff is due to the small range of
mass-to-light ratios of passive galaxies. The mass-to-light ratios of the star forming systems, CSF, SBH, and SBO, are substantially lower
and have a greater range, so the mass distributions of these magnitude-limited sample extends well below Mlimit. The poststarbursts,
PSB, represent an intermediate population. These distributions can be used to convert between results of the magnitude-limited sample
and those a mass-limited sample, as explained in §2.2.

fixed mass limit unless the purpose of the exercise, for ex-
ample, is to compare the properties of AGN host galaxies
to those without an AGN.

Our study involves both kinds of questions. In com-
paring the prevalence of SB (starburst, SBH+SBO) or
PSB (poststarburst) galaxies in different populations, for
example, clusters versus the field, a magnitude-limited
sample allows us to make maximal use of our data by
including objects for which the key feature comes from a
component of negligible mass, which would be true of ei-
ther cluster or field galaxies. However, if we ask to what
degree the PSB galaxies in either sample will add to the
PAS population when the burst has faded, it is necessary
to compare the numbers (or fraction) of galaxies above
a common mass limit.

From Figure 2b, the mass limit in our ICBS sample

can best be seen in the mass distribution of PAS galax-
ies, since the small range in mass-to-light ratio of this
spectral type results in a sharp mapping of the magni-
tude limit of r ∼ 22.5 (Figure 2a) into a well defined mass
limit of Mlim ≈ 2.5 × 1010 M⊙, marked by the arrow.

Table 3 compares, for each spectral type in the cluster
and cl field samples, the total number of galaxies, the
number with measured masses (M > 109 M⊙), and the
number with masses greater than M > Mlim. For exam-
ple, ∼83% of PAS galaxies in the spectroscopic sample
are above Mlim, but only about 50% of CSF or SBH are
— this is expected because star formation yields a lower
mass-to-light ratio for these types. Comparing the frac-
tions of galaxies above Mlim gives us an estimate of how
much we need to correct the relative numbers of differ-
ent spectral types in going from our magnitude-limited
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Fig. 3.— Solid histograms: Distributions of the five spectral types in (a) (B-V)0 (rest frame) color and (b) star formation rates, for
915 members of the metaclusters of RCS0221A, RCS1102B, SDSS0845A, & SDSS1500A. (SDSS1500B is excluded, as in Figure 2.) Open
histograms: the same quantities for 1090 field galaxies in the redshift range 0.31 < z < 0.54 covered by the clusters. CSF and SBH
galaxies have very similar distributions of (B-V)0 color, SFR and sSFR, but the distribution of SBO galaxies is clearly broader in color and
shifted to higher star formation rates. This suggests that sSFR, in particular, might be a good way to distinguish starbursts from general
starforming galaxies, but for the analysis we do here, with relatively modest amplitude starbursts, this is not the case, as described in §2.2.
The most striking feature of these diagrams is the displacement to bluer color and higher star formation rates of cl field galaxies compare
to the metacluster sample. Since PAS galaxies are not included here, this is not likely to be due to the population in the virialized rich
clusters, but is rather a sign that starforming galaxies are in fact influenced by the cluster environment in a way that suppresses but does
not shut off star formation.

sample to a mass-limited sample. For example, when
comparing the population of PAS and PSB galaxies, the
number of PAS need to be reduced by 0.83 (average of
metacluster and field values from Table 3), while the PSB
population needs to be reduced by 0.679. The ratio of
these numbers are used to determine, for example, how
much a fading population of PSB galaxies will add to the
PAS population. Our conclusions will not turn on the
application of such corrections, but we will nonetheless
bring them in as needed in the discussion that follows.

2.6. The spatial distribution of galaxies of the five
spectral types

Figure 4 shows the distribution of spectral types in the
5 metaclusters in the 4 fields. We again recall that these
are more extensive fields, about 10 Mpc in diameter, than
are typically studied around distant clusters of galaxies.

The typical volume studied in an intermediate-redshift
rich cluster is ∼2 core radii, and is contained in a sphere
of radius R ∼ 0.5 Mpc, about 0.03◦ for the clusters in this
sample. In comparison with the virial radius (which we
calculate in the conventional way as R200), we see from
Table 1 that typically Rvir ≈ 1.3 Mpc, about 0.07◦, still
a small fraction of the R=0.45◦field of IMACS.

With this in mind, several things are nevertheless read-
ily apparent from the plots of Figure 4. All five fields
show large numbers of galaxies within the redshift range
of the cluster (defined here as ∆V < ±3000 km s−1 in
the rest frame of the cluster systemic velocity), that is,
there is not a sharp falloff in supercluster members but
more of a shelf-like distribution. Furthermore, there ap-
pears to be a substantial clumping of these galaxies in
four of the five fields. Only SDSS0845A, shown in the
center of Figure 4, appears to show the relatively
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Fig. 4.— Sky maps of ICBS metaclusters showing the distribution of spectral types. Passive galaxies (PAS) are strongly concentrated
to the cluster center or dense outer groups. poststarburst galaxies (PSB) trace the PAS population. Continuously-starforming galaxies are
more uniformly distributed, as are the starbursts, SBH (strong Balmer absorption lines) and SBO (strong [O II] emission lines).
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uniform halo of galaxies typical of rich, present-epoch
clusters like Abell 1656 (Coma), Abell 2199, A2670, and
Abell 2029. Indeed, there is very high degree of real sub-
structure in the form of infalling groups in these fields,
which we will investigate in §3.

We begin by considering the distributions of the two
most populous spectral types, PAS and CSF. The well
known prevalence of passive galaxies in the high-density
cluster cores is obvious, but there is clearly a ten-
dency of PAS galaxies to follow the higher density struc-
tures in the surrounding supercluster. Echoing the
morphology/local-density relation, we expect PAS galax-
ies to be morphological types E & S0 galaxies (Dressler
et al. 1999; Postman et al. 2005). Similar to the dis-
tribution of morphological spiral galaxies in the modest
number of intermediate-redshift clusters that have been
imaged with large mosaics of HST images, the spectral-
type CSF galaxies dominate the lower density environs
of the supercluster, avoiding for the most part the dense
cores entirely.

We derived a spectral-type/surface-density relation for
these data that quantifies the expected association of
spectral type and morphology. For this exercise, we de-
fined local-surface-density following Dressler (1980), this
time using the spectroscopic sample of cluster members
(requiring no correction for field galaxies), and calculat-
ing a surface density for each galaxy as 6 divided by the
rectangular area in Mpc2 staked-out by the 5 nearest
neighbor galaxies. The different clusters were adjusted
for the different depths (due to the redshift range) using
a Schechter function and normalizing to SDSS0845A.

We show results for the sptype/local density relation,
and for the sptype/radial-distance relation, in Figure
5. The qualitative, even quantitive resemblance of the
top diagram with the morphology-density relation re-
inforces the idea that these spectral types correspond
well with the galaxy morphologies found for such spec-
tra at the present epoch. Figure 5 also shows that
the spectra-type/radial-distance relation is quite simi-
lar to the spectral-type /density relation for the three
more-or-less regular clusters RCS0221A, RCS1102B, and
SDSS0845A. However, the sptype/density relation ap-
pears to be the stronger for the two more irregular clus-
ters, SDSS1500A & B, where the spectral-type/radial-
distance relation is absent outside the two points rep-
resenting the cluster cores. This issue is relevant for
our discussion of the descent of passive galaxies from
starforming galaxies, because a preference for the den-
sity rather than radius as the independent parameter re-
sults suggests that the processes at work are more likely
related to local density (over the lifetime of galaxies),
rather than processes that are “global” properties of the
cluster itself, for example, the tidal field or hot interclus-
ter gas. We will return to this long-standing question in
§4.

Returning to Figure 4 to consider the distribution of
spectral types associated with starbursts, we see that
the PSB galaxies are in fact distributed like the PAS
galaxies, that is, favoring dense cluster cores or density
enhancements of groups, for example, the lower right cor-
ner of SDSS1500B. However, the active starbursts, both
SBH and SBO, are spread throughout the metaclusters
with no obvious affinity for denser regions, indeed, they
seem to share the distribution of the CSF galaxies, as if

they derive from the same population. This effect also
shows up in the spectral-type/surface-density relation of
Figure 5 (bottom), where the active starburst fraction
rises and the poststarburst fraction falls with increasing
galaxy local-surface-density.

We quantify these effects further in Figure 6, where
we show the angular auto-correlation functions of PAS
galaxies and cross-correlation functions of the other spec-
tral types with the PAS galaxies. Again we have divided
the sample between (a) the three more regular clusters
and (b) the two less regular ones. The PAS autocorrela-
tion function is strongest, reflecting their concentration
to smaller, dense regions, as expected. Less expected,
perhaps, is the strength of the PSB cross-correlation:
these galaxies are as strongly clustered as the PAS galax-
ies, which means that the PSB must in fact share the
spatial distribution to high fidelity. This correspondence
of PAS and PSB distributions is clearly seen in both the
regular and less-regular clusters – in Figures 6-a and 6-b.

When we compare the spatial distribution of CSF and
active starbursts, SBH+SBO, hereafter SB galaxies, our
visual impression from Figure 4 is confirmed: the close
correspondence of the cross-correlation functions for the
active starburst galaxies with the CSF strongly suggest
that the former are a “random” draw from the latter,
in other words, any of the CSF galaxies appear to be
candidates for a starburst.

The remarkable way in which the PSB spatial distri-
bution traces the PAS distribution, and the SB spatial
distribution traces the CSF distribution, while the PAS
and CSF spatial distributions are so different, suggest
that there is more than a casual connection between
PSB/PAS and SB/CSF spectral types. In §4 we pro-
vide other evidence that the PSB-to-PAS and SB-to-CSF
connections appear to hold across a wide range of envi-
ronment, a clue that the conventional evolutionary path

CSF ⇒ SB ⇒ PSB ⇒ PAS

is not a complete description of the relationships between
these spectral types.

3. THE STRUCTURAL EVOLUTION OF THE ICBS
CLUSTERS

N-body simulations of structure formation through hi-
erarchical clustering conventionally locate the building
of rich clusters at the intersection of dark-matter-and-
galaxy filaments and sheets, along which galaxies are
channeled into regions of very high density where viri-
alization occurs. One of the motivations of the ICBS
was to search for evidence of this effect, which the simu-
lations indicate is strong at intermediate redshift.

3.1. The identification of infalling groups

It is clear from inspecting the maps in Figure 4 that
filamentary structures are not sufficiently obvious in pro-
jection to allow a simple spatial selection of structures
that might be contributing in the building of the ICBS
clusters. Because of this, we chose to use the Dressler &
Shectman (1988) subclustering test (DS-test) as a tool
for identifying structures that are kinematically distinct
from the high-velocity dispersion environment that char-
acterizes the cluster as a whole. As used here, the test
identifies dynamically cold structures by finding the 10
nearest galaxies (in the spectroscopic sample) and com-
paring the velocity dispersion and systemic velocity for
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Fig. 5.— a) Spectral-type fractions vs. surface density for the full 5-cluster sample. The upper panel shows the strong trends for PAS
(passive) and CSF (continuously starforming) galaxies, which closely resemble morphology-density relations (Dressler 1980; Dressler et al.
1997). The bottom panel shows that the fraction of SBO + SBH starbursts declines in proportion with the CSF galaxies, while the PSB
fraction rises in proportion to the PAS galaxies, a feature that suggests a pairing of PAS to PSB and (SBH+SBO) to CSF spectral types.
b) Spectral-type fractions relation for 3 concentrated, regular clusters. c) Spectral-type fractions vs. clustocentric radius for 3 concentrated
clusters. d) Spectral-type fractions vs. surface density relation for 2 irregular clusters composed mainly of rich groups. e) Same as (d) for
spectral-type fractions vs. clustocentric radius, showing a weaker relation for this compared to both (c) and (d).



Structure and Spectral Types in the ICBS 13

-1.0 -0.5  0.0  0.5

-0.5

 0.0

 0.5

 1.0

 1.5

-1.0 -0.5  0.0  0.5

-0.5

 0.0

 0.5

 1.0

 1.5

Fig. 6.— Angular cross-correlation of different spectral types. a) (left) The clustering strength of SBH + SBO starbursts matches
the clustering of continuously star forming systems in these three “regular” clusters, RCS0221A, RCS1102B, and SDSS0845A. Similarly,
poststarburst (PSB) galaxies are as strongly clustered as the passive (PAS) members of the population, which could indicate that decaying
starbursts are adding to the passive galaxies in the clusters. b) (right) The same spatial distribution of PSB tracing PAS, and SBH+SBO
tracing CSF as seen in (a), for two less concentrated, more irregular clusters, SDSS1500A and SDSS1500B.

each such subset to the velocity dispersion and systemic
velocity for the metacluster as a whole. A “sum-of-
squares” deviation δ is calculated for each galaxy; these
values do not identify groups uniquely, but the point
clearly to regions where physical groups can be found.

In the Dressler-Shectman study, the test was used only
to demonstrate the statistical significance of subcluster-
ing. A ‘∆’ parameter was defined as the root-mean-
square of the individual δ values, and this was compared
to the results of a large number of simulated clusters
made by randomly shuffling the velocities between galax-
ies, in order to estimate the significance of that ∆ value
for that particular sample of cluster galaxies.

Because the DS-test does not find groups per se, and
the individual δ deviations are not at all independent,
the DS-test is by itself insufficient for the purpose here.
However, we found that, by calculating and plotting the
δ deviations for each galaxy in the field, the test very
reliably found genuine physical groupings of galaxies. It
was then straightforward to investigate galaxy-by-galaxy
whether discrete groups — based on association of their
redshifts — could be isolated. In practice, this turned
out to be surprisingly easy to accomplish.

In Figures 7 – 9 we present the elements of the pro-
cedure we used to identify and quantify the properties
of the groups. For each metacluster, we ran the DS-test
and found the areas where deviations from the global
metacluster values of velocity and velocity dispersion are
large. These are shown at the top of the panel for each
metacluster. An open circle whose size is scaled by the
δ deviation represents each galaxy with its 10 neighbors,
for example, big circles indicate large deviations. Using
this as a map, we selected all objects within the area
bounded by the big circles, and plotted their velocities
relative to the metacluster mean. In almost every case a
single or double peak of low velocity dispersion (σ <

∼ 350
km s−1) was found; the number of galaxies outside of the

velocity bounds of these relatively cold structures was
always much smaller than those inside the investigated
area. This made it unambiguous to eliminate them from
the trial groups. A second pass was made around the
perimeter of each group to see if the group extended fur-
ther in any direction (the sensitivity of the DS-test falls
as more non-deviant objects are among the 10 neigh-
bors), but usually there were at most a few additional
objects that fit well into the groups. In practice, the
number of objects added to the groups by exploring the
perimeter was <20% of those originally identified. Be-
cause of this, the process converged rapidly — no group
had to be redefined after this step.

The groups identified in this manner are shown in the
middle map of each panel, with the groups identified by
symbols and color. Velocity histograms for each identi-
fied group are shown in the bottom plot of each panel.
The group in the upper right corner of RCS1102B, Group
2, is an example of one where there is almost no contam-
ination by non-group members — compared to the 15
group members found, only 2 galaxies in the area lay
outside the well defined velocity histogram Figures 7-f.
RCS0221A – 1A and 1B are not well separated from the
main body of the central cluster, yet here again, only
7 galaxies had to be excluded to form these two groups
of 20 and 16 members respectively, which separate dis-
tinctly in the velocity histograms, Figure 7-c.

3.2. Properties of the groups

The basic parameters of each of the groups are given
in Table 4. Groups were divided into A & B if two differ-
ent velocity structures were found co-located in projected
space. There are 5, 6, 5, and 6 groups identified for
RCS0221A, RCS1102B, SDSS1500A, and SDSS1500B,
respectively. Only 2 groups are found for the rich, regu-
lar cluster SDSS0845A, and one of these is well beyond
the 3000 km s−1 (rest-frame) velocity limit of a
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Fig. 7.— Groups in the RCS0221A and RCS1102B clusters. (left) RCS0221A: (a) “delta plot” (top), (b) map (middle), (c) velocity
histograms. (right) RCS1102B: (d) “delta plot” (top), (e) map (middle), (f) member velocity histograms (bottom).
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Fig. 8.— Groups in the SDSS0845A cluster. (a) “delta plot” (top-left), (b) map (bottom), (c) member velocity histograms (top-right)

candidate for infall — this and group 1B in SDSS1500B
are assumed to be projections of groups that are at
least ∼40 Mpc in front of the cluster (discounting the
possibility of non-Hubble velocities that are more than
3000km s−1). However, the remaining 23 groups are all
candidates for delivering future cluster members, even
though the infall velocities of a few are as high as
∼ 2500 km s−1 in projection. This is shown in Figure 10,
where the velocities of all galaxies in the groups are com-
pared to the remaining metacluster members. It is clear
that the group members trace the same velocity distri-
bution as the cluster members, that is, they are sampling
the same gravitational potential. Without a doubt, these

groups are delivering the next wave of cluster members.
To assess the statistical significance of these groups,

we made Monte Carlo tests based on the overall velocity
distribution in the field, that is, we asked, for a group of
N members, how often N random draws from the global
velocity distribution yield a velocity dispersion as small,
or smaller, than the measured velocity dispersion of that
group. To be faithful to the procedure used in picking
the groups, we had the program select N + Nex members
(where Nex is the number of by-hand excluded galaxies
within the bounded region of the group), and then to
form the lowest velocity-dispersion group of N members
from that sample (like making the best 5-card poker hand
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Fig. 9.— Groups in the SDSS1500A and SDSS1500B clusters. left, SDSS1500A: (a) “delta plot” (top), (b) map (middle), (c) velocity
histograms. right, SDSS1500B: (d) “delta plot” (top), (e) map (middle), (f) member velocity histograms (bottom).
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Fig. 10.— Comparison of the velocity histograms for the group members (green) compared to the remaining cluster members (black)
for RCS0221A, RCS1102B, SDSS1500A, & SDSS1500B. The groups share the dynamical properties of the previously assembled cluster,
demonstrating that they are both sampling the same gravitational potential and that individual groups can have very high infall velocities,
even in projection.

from 7 dealt cards). The test is very conservative since
we put no spatial constraint on the selected galaxies —
they could come from anywhere in the cluster, whereas
galaxy in the actual groups are (of course) from the same
region.

Table 4 contains the Nex values for each group and the
derived probability of randomly concocting such a group
from galaxies at any location in the metacluster. The
groups we had identified were found to be highly signifi-
cant, with a typical probability of P ∼ 10−3 — 22 of the
24 groups have probabilities P <

∼ 1%. SDSS1500A group
2 has a near-zero difference from the systemic velocity of
the metacluster, and with only 6 members its 200 km s−1

velocity dispersion could be a random draw 16% of the
time, according to the Monte Carlo test. It is, never-
theless compact, and isolated, so it is likely to be a real
subgroup. SDSS1500B group 2 is more interesting: it has
a high probability of being a random selection from the
cluster velocity distribution, 23%, but this is because it is
as hot as the cluster (σ0 = 915km s−1) at essentially the
cluster systemic velocity (∆V0 = −100 km s−1). There
is no doubt that this is a dynamical group, however, as
it has 29 members with an effective radius of 0.7 Mpc, a
remarkable structure that is denser than the SDSS1500B
cluster core. It might be reasonable to suggest that this
is the core of another rich cluster which is merging with
the main body of SDSS1500B, but there is no evidence of
a surrounding population attached to SDSS1500B group
2 over the semicircular area within the IMACS field. We
discuss this rich group further in the next section.

All of the groups share basic morphological features —
they all are roughly round in shape rather than obviously
filamentary. Although we had expected to see filaments
like those in the N-body simulations, it could be that
our fields, though large, still do not extend far enough to
reach these filaments. Regardless, our finding of many
infalling groups that are well bounded and more round
than flat suggests that, if filaments are feeding the growth
of these clusters, the formation of groups would have
to come from these further-out filaments. The typical
group has 10-20 spectroscopic members (implying 20-40
photometric members), a effective radius of 1 Mpc, and
a velocity dispersion of ∼250 km s−1. In addition to the
homogeneity of the cluster groups, however, there a few
interesting cases that we now describe.

1. RCS0221A group 1A and 1B appear to cover the
same kidney-bean-shaped region on the sky, yet
they appear kinematically distinct with a relative
velocity difference of ∼2000 km s−1. The same ap-
pears to be true for RCS0221A groups 2A and 2B,
but in this case it is also possible that they are part
of a single velocity distribution. RCS1102B group
1A and 1B may similarly be from a single, though
very asymmetric, velocity distribution.

2. RCS1102B group5 is extremely compact (Rpair =
0.14 Mpc!), relatively cold (σ0 = 335 km s−1) and
has a high relative velocity of ∆V0 ≈ 843 km s−1

(rest-frame) with respect to the cluster mean.
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Fig. 11.— Structures in the field 0.31 < z < 0.54 that resemble — in number and spatial extent – the infalling groups found in the 5
rich clusters. The left panels show the analogous groups while the right panels show filamentary structures found in the search, chosen by
the same criteria but judged as filamentary based on purely on their shape. No such filamentary structures were found among the groups
of the ICBS metacluster sample.
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This would seem to be a small clump or filament
that is falling in from the backside or has fallen
through the core. The spectral type distribution is
60% PAS, 20% CSF, and 20% PSB, an unusually
high fraction of PAS and PSB galaxies for a rela-
tively low-mass group. It is tempting to consider
this a case of a strong environmental influence from
the cluster core on an infalling group or projected
filamentary structure.

3. SDSS1500A groups 4A & 4B are compact cen-
tral concentrations or filaments projected directly
on the cluster core. The members appear to di-
vide into two cold groups at +500 km s−1 and
−800 km s−1 with respect to the cluster systemic
velocity. Of its combined 20 members, 10 are PAS,
with 3 SB and 2 PSB as well. As in the case of
RCS1102B, a cluster-core influence could be in-
ferred.

4. SDSS1500B group 3 is another very compact struc-
ture projected against the cluster core. It has a
high infall velocity (V0 ≈ 1500 km s−1) from the
frontside and is relatively hot, σ0 ≈ 500 km s−1,
and 5 out of 8 members are PAS.

3.3. The identification of comparable groups in the field

The groups identified in the previous section are clearly
providing a major, if not the dominant component in the
building of these clusters. One of the goals of the ICBS is
to look for evidence of spectral evolution in the infalling
population to help understand what role, if any, is played
by the cluster environment as distinct from that of the
groups that have brought the cluster to this state of as-
sembly. In order to address this issue, it is important
to compare the properties of these supercluster groups
to those of the general field. To accomplish this, we
searched for and identified groups in the cl field sample
(the field over the same redshift range as the cluster ob-
servations) with the goal of finding groups whose basic
parameters — size, richness, and velocity dispersion —
were similar to the cluster groups.

The results of an automated “friends-of-friends” search
(Paper 3) had already provided a catalog of groups, but
these were mainly poor and small, and not a good match
to the cluster sample. Because there is not a compar-
atively narrow redshift interval in this field sample as
there is for each cluster, it is not straightforward to use
the Dressler-Shectman test, which is based on the fact
that all objects in the sample are members of the cluster
and relies on global values of velocity dispersion and sys-
temic velocity. We therefore decided to look for ‘spikes’
in the redshift distribution and look for spatial segrega-
tion for galaxies in these spikes. In practice, this was
accomplished by investigating ∆z = 0.02 slices, stepped
in ∆z = 0.01 increments through the full depth. In order
to match the metacluster sample, where the dense cluster
environment dominates over the central few megaparsecs
of the field (leaving only the region beyond available for a
group search), we concentrated on groups that were a few
Mpc or smaller in projection on the sky, but our search
turned up larger systems that had not been found in
the metacluster sample. A couple of field groups stretch
across most of the IMACS field. Possibly, such large

groups cannot survive in close proximity to a rich cluster
because of tidal disruption.

The search yielded 30 groups, whose properties are
listed in Table 5. Again, we found that this process was
quite unambiguous: we consistently found well-defined
structures with little confusion as to what was or was
not a likely member. This is demonstrated by the size of
the groups and their low velocity dispersions — 29 of the
30 groups have velocity dispersions σ < 350 km s−1and
18 of 30 have σ < 250 km s−1. Members of these groups
comprise ∼40% of the cl field sample.

The morphology of most of these field groups over-
lapped that of the cluster groups, but a sizable minority
have a narrow filamentary shape that was not found in
the cluster sample. In Figure 11 we show these groups
and filaments separately for the 4 fields. Histograms of
basic group parameters are shown in Figure 14 and dis-
cussed below.

4. DISCUSSION

4.1. Galaxy clusters under construction

It has been well recognized for the last two decades that
clusters have grown through the accretion of systems of
all scales, from single galaxies and moderate-sized groups
to cluster-cluster mergers. Accordingly, finding substruc-
ture is an unsurprising result of any study of rich clus-
ters. However, this point of view developed slowly in
the 1980’s as substructure in clusters was recognized as
the consequence of hierarchical structure growth, as first
suggested by White (1976). Up to this time the pre-
vailing view was that clusters, typified by the only very
well-studied cluster — Abell 1656 (Coma), have smooth,
axially symmetric distributions of galaxies. This picture
suggested a process of cluster formation that either did
not involve merging or accretion of smaller structures,
or a process that actually destroyed them, in particu-
lar, the Lynden-Bell (1967) “violent relaxation” model
that described the gravitational collapse of a volume of
roughly uniform density — an uncommon occurrence in
a hierarchical universe.

Dressler’s (1980) discovery of a correlation between
galaxy morphology and local projected density was re-
garded skeptically because violent relaxation was the pre-
vailing picture of cluster formation at that time: if ap-
parent subgroups in clusters were merely statistical den-
sity fluctuations they would be too short-lived to be se-
riously involved in morphological evolution. In review-
ing the observational data on substructure, and making
the first quantitative estimate of the prevalence of sub-
structure through surface-density contour maps, Geller
& Beers (1982) found statistically significant substruc-
ture in approximately 40% of a sample of 65 rich clusters
studied by Dressler (1976, 1980), a necessary if not neces-
sarily sufficient degree of subclustering to account for the
morphology-density relation. As the number of available
redshifts in such clusters grew, more discriminating tests
became possible. Employing the test described above
with ∼1000 cluster redshifts divided among 15 of the
same clusters, Dressler & Shectman’s (1988) came to a
similar conclusion, that “In 30-40% of the cases, the sub-
clusters contain a large fraction of the galaxies found in
the main body of the cluster.”

Hierarchical clustering suggests that the clusters of the
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relatively recent past, 0.3 < z < 1.0 should exhibit
much stronger substructure compared to present-epoch
rich clusters (Kauffmann 1995), and indeed, observations
have produced some striking examples (e.g., De Filip-
pis & Schindler 2003; Kodama et al. 2005; Oemler et al.
2009). However, the selection of intermediate-redshift
rich clusters for study has been substantially biased to
clusters with strong X-ray -emission: at any epoch, these
are the most dynamically evolved and accordingly ex-
hibit the least amount of substructure. The ICBS in-
cludes one such cluster, SDSS0845A, which is populous
and has a smooth symmetric distribution: significantly,
it includes only one small infalling group in the field (Fig-
ure 8-b), in contrast with the many infalling groups of
each of the other 4 clusters. Furthermore, most stud-
ies of distant clusters, particularly those making use of
HST imaging, cover relatively small volumes of space
around intermediate-redshift clusters, R <

∼ 1 Mpc, ap-
proximately the virial radius of clusters of this richness
and essentially the inner regions of the cluster where sub-
structure is more likely to have been erased.

For these reasons, we believe that the ICBS program
may be the first to investigate this question of cluster
growth for typical rich clusters over the volume needed
to see the infalling population that will be incorporated
into the cluster between the redshift of observation and
the present epoch. Our finding of a robust population of
infalling groups of 10-20 spectroscopic (20-40 photomet-
ric) members in 4 of the 5 clusters of our study, shown in
Figures 7 and 9, may be in fact the most representative
view to-date of how a typical rich cluster of today was
assembled.

4.2. Building Clusters Through Group or Galaxy
Accretion?

The identification of kinematically distinct groups in
the ICBS clusters offers the possibility of a quantitative
test of the paradigm ΛCDM model (Springel et al. 2005).
There are, of course, many subtleties involved in com-
paring easily identifiable galaxies in the sky to the dark
matter halos traced by N-body simulations. The ICBS
directly samples only about 1.6 Gyr of cosmic time: al-
though we have argued that the ICBS clusters are typical
clusters at this epoch in terms of the maturity of their
dynamical evolution, the infall we measure is limited to
a few billion years of cluster history. For this reason, it
is not straightforward to compare our results with ap-
parently suitable theoretical studies on galaxy infall into
clusters, for example, the ΛCDM N-body simulations by
McGee et al. (2009), Berrier et al. (2009), and De Lu-
cia et al. (2012). A principal motivation of these studies
was to investigate whether so-called “preprocessing” in
groups of galaxies — outside the rich cluster environ-
ment — could partially or fully achieve the high fraction
of passive galaxies in rich clusters, before cluster-specific
processes such as ram-pressure or tidal stripping ‘kick
in.’

Berrier et al. conclude that such preprocessing is not
important, based on their simulation which showed that:

On average, 70% of cluster galaxies fall into the
cluster potential directly from the field, with no
luminous companions in their host halos at the

time of accretion; less than 12% are accreted as
members of groups with five or more galaxies.

McGee et al. find essentially the opposite:

We find that clusters at all examined redshifts
have accreted a significant fraction of their fi-
nal galaxy populations through galaxy groups.
A 1014.5

h
−1 M⊙ cluster at z = 0 has, on av-

erage, accreted ∼40% of its galaxies (Mstellar >

109
h
−1 M⊙) from halos with masses greater than

1013
h
−1 M⊙.

Confirming the conclusions of McGee et al., De Lucia
et al. (2012) attribute the importance of distinguishing
between different timescales of accretion into a group —
as distinct from accretion into the final cluster — as im-
portant to reconciling the apparently conflicting result of
Berrier et al.

It is not obvious how to decide if these criteria are met
by the ICBS infalling groups, or whether the conclusions
of these theoretical studies refer only to virialized ha-
los, which likely describes only some of the ICBS groups.
Furthermore, the percentages given by these studies are
averaged over some longer history of the cluster, while
the ICBS samples a narrower epoch, albeit one of signifi-
cant growth for the cluster: the infall we are observing at
z ∼ 0.5 will substantially increase the cluster’s mass in
the several gigayears required to incorporate the groups
into the cluster.

Modulo these uncertainties, an estimate of the fraction
of all infalling galaxies — in and out of groups — is nec-
essary to compare with model simulations. For the four
ICBS metaclusters RCS0221A, RCS1102B, SDSS1500A,
and SDSS1500B, 257 galaxies have been identified as
members of 24 groups, compared to 532 clusters mem-
bers that are not members of groups. This alone indi-
cates that the mass of the virialized clusters will grow
by at least ∼50% by the present epoch. This contests
with <

∼7% for the minimum growth of SDSS0845A, an
already relaxed, concentrated cluster, based on the single
infalling group we identified. Figure 12 shows these pop-
ulations in graphical form, as a composite of the groups
in the four metaclusters and a composite of the non-
group population (with members of the relaxed cluster
SDSS0845A also shown, as distinct symbols). The group
composite is a thick shell, possibly because of tidal de-
struction of groups within the inner radius, or perhaps
just because of the difficulty identifying groups further
in. Like the dynamically evolved cluster SDSS0845A, the
composite of the non-group members in the four other
metaclusters shows a smooth distribution indicative of a
spherically-symmetric potential well.

The 257 infalling galaxies in groups is of course a lower-
limit, because it is much of the the infall will be in the
groups in smaller (N<5) groups and single galaxies. An
estimate of the total infalling population would correct
this deficiency. It is, of course, impossible to distinguish
individual galaxies as members of the viralized versus
infalling populations, but numerical studies by Balogh
et al. (2000) and Moore et al. (2004) can be used to es-
timate the two populations as a function of R/Rvirial.
These studies have used N-body simulations to follow
the “backsplash,” or “overshoot” of galaxies that have
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Fig. 12.— Composite ‘sky maps’ of metacluster members. a) (left) closed dots – members in groups in metaclusters RCS0221A, RCS1102B,
SDSS1500A & B; b) (right) closed dots – non-members of groups for all 5 metaclusters; plus signs – SDSS0845A.

Fig. 13.— Delta redshift from the mean cluster velocity as a function of Rcl, for 4 combined metaclusters — RCS0221A + RCS1102B +
SDSS1500A + SDSS1500B – for members that are not identified as in groups (red dots) and for those in groups with 5 or more members
(blue open circles).

passed through the cluster and joined the virialized sys-
tem. Both works identify the zone 1 < R/Rvirial < 2
as the overlap region where roughly half the galaxies are
members of the cluster and half are infalling, and find
further that the fraction of cluster-members to infalling-
galaxies falls rapidly beyond this zone.

For our sample we adopt R200 as a proxy for Rvirial

and for each of the four metaclusters clusters divide
the measured radial distances from the cluster center
by the R200 value listed in Table 1. Figure 13 shows
this normalized radial distance from the cluster center,

Rcl/R200, plotted against δV0 for the galaxies at the
cluster redshift that are are, and not members, of the
groups described about. There is a suggestion here that
∼ 2 Rcl/R200 is a transition from the virialized clus-
ter to the infalling population. The velocity disper-
sion σ for three roughly equally populated inner zones,
Rcl/R200 = 0.0-0.5, 0.5-1.0, and 1.0-2.0, is slowly deceas-
ing — 828±83 km s−1, 772±70 km s−1, 702±56 km s−1,
respectively, but beyond 2.0Rcl/R200 to the limit of the
sample at 4.3Rcl/R200, σ increases to 826±67 km s−1.
The galaxies in infalling groups beyond 2.0Rcl/R200 also
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seen in Figure 13, show an asymmetric distribution and
even higher dispersion of σ = 1111 ± 82 km s−1.

Although insufficient to confirm a transition from viri-
alized to infalling populations at about 2R200, these
kinematic signatures are at least consistent with the pre-
dictions of Balogh et al. and Moore et al.. We use this
information, then, to estimate the relative sizes of the
virialized to infalling populations for this four metaclus-
ter cluster sample of 789 galaxies. We assign all 258
galaxies with Rcl/R200< 1 to the virialized cluster, split
equally the 195 galaxies 1 <Rcl/R200< 2 between clus-
ter and infalling, and identify of 80% 2 <Rcl/R200< 3
and 100% of Rcl/R200> 3 as infalling. The result of this
simple estimate is 393 members of the virialized clusters,
396 infalling galaxies. This equal split between infalling
and virialized galaxies is approximate — 60/40 or 40/60
is just as likely — but it is good enough to indicate that
the mass of each of these clusters will approximately dou-
ble over the next ∼4Gyr as a result of the incorporation
of infalling galaxies. Even without an accounting of the
groups that might be infalling from R ∼ 5 Mpc and be-
yond, it is reasonable to conclude that z ∼ 0.4 is the
major epoch of growth for these systems.

Two more issues are worth discussion. First, if >
∼ 90%

of the 336 galaxies in these four metaclusters with
Rcl/R200>2 are identified as infalling, and the identified
groups — which are certainly infalling — account for 183
of them, this means that the ∼120 other infalling galaxies
are either isolated galaxies or members of small groups
with 4 or less members. Identification of individual poor
groups is very difficult in this supercluster environment,
but such groups may still be massive enough to support
some kind of preprocessing, which we discuss below.

Second, the Balogh et al. and Moore et al. identifi-
cation of 1-2R200 as the overlap zone of infalling and
backsplash galaxies provides a way to roughly divide
our metacluster sample into “supercluster” (infalling)
and “cluster” (virialized), by splitting the galaxies at
Rcl/R200 = 1.5 (∼2Mpc). This will produce two differ-
ent samples that have only modest cross-contamination.
We note here that, making this division, the cluster sam-
ple has a 52% PAS and 5.6% PSB fraction, while percent-
ages for the supercluster are 25% PAS and 1.9% PSB
(which is similar to fractions for the cl field). This sub-
stantial difference is further evidence that the 1.5R200

division has physical significance. The parameters of the
clusters and superclusters defined by the Rcl/R200 = 1.5
split can be found in Table 7.

In conclusion, while there is a range of mass growth
represented in these clusters, an increase by a factor
of two by the present epoch seems typical. From our
observations of four ICBS clusters, the fraction of in-
falling galaxies that are in groups where preprocessing
might occur is substantial, of order 50% or greater. This
appears to be consistent with with the predictions by
McGee et al. and De Lucia et al. but inconsistent with
the prediction by Berrier et al., which was specifically
addressing the issue of preprocessing. Again, quantify-
ing the degree of agreement or contradiction requires a
reliable correspondence to be drawn between the ICBS
cluster groups — dynamically cold, discrete groups of
about 10-50 L∗ galaxies — with the dark halo groups
identified in the simulations. Many of the ICBS groups
may be young, even unvirialized, but their galaxies are

already experiencing the group environment. Regardless
of the outcome of this comparison between theory and
observation, the ICBS results are by themselves unam-
biguous: many, perhaps most galaxies are members of
groups where some sort of preprocessing of star form-
ing galaxies into passive galaxies could occur, well before
these galaxies enter the more extreme cluster environ-
ment.

4.3. Evidence for preprocessing from the spectral types
of group galaxies

The PAS galaxies, which are non-starforming at the
level sSFR < 10−11 yr−1, and the PSB (poststarburst)
galaxies that are in the process of joining or rejoining
the PAS population, are systems where star formation
has been effectively ended, either by internal processes
or external agency. With our sample of groups in clus-
ters and the field we can look to see if the PAS+PSB
fraction is correlated with any properties of the groups
themselves. We exclude six groups for this exercise, three
cluster groups with N < 5 members (too small for a sta-
tistical result) and four field groups with τenc > 6Gyr
(described below).

In Figure 14 we show distributions of some basic prop-
erties for metacluster groups and cl field groups and fila-
ments. The number distribution of group members is es-
sentially the same for these two samples (see Tables 4, 5,
and 6), but a more useful parameter is Lgal — the “total”
luminosity of the in units of L∗. which is calculated from
an extrapolation of a Schechter (1976) function to bring
all the groups (sampled at different redshifts and lumi-
nosities) to the same richness scale. Lgal is a luminosity,
but it is related to group stellar mass by a stretched
scale that reflects steadily increasing mass-to-light ratio
of the growing PAS+PSB fraction, and a modest scatter
of 20-30% generated by the specific mix for each group
of starforming and passive galaxies.

Figure 14-a shows that the distribution Lgal for the two
samples — metacluster groups and cl field groups — is
very similar, as is the distribution with velocity disper-
sion, σ (Figure 14-b). However, the distribution of sizes,
Rpair (the mean of all pair separations), is clearly differ-
ent for the two samples (Figure 14-c). The field distri-
bution overlaps the metacluster distribution but includes
much larger systems. This may be a selection effect in
that groups Rpair > 2 Mpc are more difficult to pick out
in fields dominated by a rich cluster, or it may be that
such large, loose groups have been tidally dispersed, or
their formation suppressed, in the supercluster environ-
ment.

We also calculate τenc — a typical ‘interaction time’ for
a group member, moving at the speed of the velocity dis-
persion, to encounter another galaxy within a fairly large
impact parameter, R∼0.5 Mpc. (The full photometric
sample in these groups is a factor-of-two larger than the
spectroscopic sample, so τenc has been divided by two.)
Since this encounter time depends linearly on the size of
the group, there are some field groups with significantly
longer times than those of the metacluster groups, all of
which have τenc<

∼2Gyr (Figure 14-d). Three of the field
groups have τenc > 6Gyr, a significant fraction of a Hub-
ble time, long enough to doubt the reality of the group
as a physical association. These were dropped from the
sample.
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Fig. 14.— Properties of the metacluster groups, and field groups and filaments. Metacluster groups – solid histogram; field groups and
filaments — open histogram. a) (upper-left) Group luminosity Lgal(see §4.3); b) (upper-right) group velocity dispersion; c) (lower-left)
Rpair (size) in Mpc; d); d) (lower-right) group encounter time. The distribution of number of members (not shown) is very similar for the
cluster and field (see Tables 4, 5, and 6) , as is mirrored in the distribution of Lgal upper left. The velocity dispersions of the metacluster
and field groups are also very similar, though the metacluster sample contains a significant number of higher-dispersion systems. More
distinct, however, is the difference in size, Rpair: field groups extend to substantially larger sizes, which accounts for the larger “encounter
times” — the characteristic time in Gyr for a group member to encounter a neighbor.

In Figure 15 we show the correlations of these var-
ious properties with the PAS+PSB fraction. There is
no significant correlation of PAS+PSB with Rpair, the
characteristic group size (Figure 15-a), or, perhaps more
surprisingly, with velocity dispersion σ (Figure 15-b), or
with τenc, the characteristic interaction time (Figure 15-
c) — also a scatter diagram.

Poggianti et al. (2006 — see Fig. 10) have explored a
relation like Figure 15-b), but using the fraction of star-
forming galaxies (the inverse of what we plot here). Pog-
gianti et al. find a correlation between σ and the frac-
tion of [O II]-emitting galaxies for clusters with σ >
500 km s−1, in the sense that this fraction is bounded
at progressively higher values as σ decreases. There is
some evidence that this trend continues for poor clus-
ters and groups, σ < 500 km s−1, the range covered by
the ICBS groups. However, the dominant feature of this
low-σ part of the diagram is the wide scatter in the star-
forming fraction, with values ranging from 0% to 100%,
with a median of about 50%. With such scatter and
only 10 groups, it is hard to demonstrate a correlation
between σ and starforming fraction over this range. This
is at least consistent with the lack of correlation for the
ICBS groups between the non-starforming fraction and
the σ, but it is perhaps interesting that the ICBS sample
does not have such a wide scatter: 37 out of 42 values
range in starforming fraction 70-100%, and the median
value is 80%. Given the small Poggianti et al. sample for
σ < 500km s−1, these differences may not be statistically
significant. Even so, the lack of a trend in the ICBS data
for these relatively cold groups suggests that σ is a less
reliable indicator of “scale” for poorer, less dynamically
mature systems compared to the σ > 500 km s−1 clus-
ters. It is for this reason that we think simply counting

up the total luminosity or mass in galaxies is the best
way to look for a correlation with group/cluster scale,
and it could be interesting to recast the Poggianti et al.
plot in this way.

Correlations of the PAS+PSB fraction are found with
parameters describing the “richness” or “scale” of the
group. There seems to be a weak correlation of Rpair×σ2

— a measure of group dynamical mass (Figure 15-d), and
a clear correlation with the parameter Ntot, which is the
observed N members corrected (like Lgal) for sampling
depth. The best correlation — a very good one — is with
group luminosity, Lgal(bottom-right). Ntot and Lgal (see
Tables4, 5, & 6) are normalized galaxy counts and lumi-
nosities for each group that were calculated by first cor-
recting the observed galaxy population for incomplete-
ness above the limiting magnitude of rlim = 22.50, then
normalizing the luminosity and counts to the limiting ab-
solute magnitude reached for rlim = 22.50 at a fiducial
redshift of z = 0.30. To do this, we used a Schechter
function with parameters, as a function of redshift, de-
termined from the analysis of the evolution of the field
luminosity function described in Paper 3. Both Ntot and
Lgal refer to the spectroscopic sample and should be dou-
bled to represent the richness and luminosity of the full
photometric sample.

It is especially interesting that Figure 15-f shows a clear
correlation of PAS+PSB versus Lgal, which is essentially
one with group mass, while the correlation of PAS+PSB
with the dynamical mass, Rpair × σ2 (Figure 15-d), is
weak at best. This suggests that total mass inferred
from the total luminosity via galaxy mass-to-light ratios
is more reliable than dynamical mass, probably because
many of these systems are not virialized. Although it
is less than obvious why total group mass should be the
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Fig. 15.— Dependence of fraction of passive galaxies, PAS+PSB on various properties of the metacluster groups (red points), field groups
(blue points), and field filaments (green points). (The 4 groups projected onto the cluster cores (see §3.2) have been excluded from this
exercise.) The figures have been roughly ordered by the strength of the correlation. (a-c) There is no significant correlation of the passive
fraction with group size Rpair (top-left), velocity dispersion σ (top-middle) or τenc — a typical time for any galaxy to encounter another
group member (top-right). (d-f) Correlations are found with parameters describing the “richness” or “scale” of the group. There seems
to be a weak correlation of Rpair × σ2 — a measure of group dynamical mass (bottom left) and a better correlation with the parameter
Ntotthat is the number of galaxies Ntot, which is corrected for the different depths to which the groups are probed (bottom-middle). The
best correlation (bottom-right) is with group luminosity, Lgal, related to group mass by a stretched scale with modest scatter reflecting the
increasing mass-to-light ratio of increasing PAS+PSB fractions. Both Ntotand Lgalrefer to the spectroscopic sample and should doubled
to represent the richness and luminosity of the full photometric sample. The Lgalvs. PAS+PSB relationship is explored in more detail in
Figure 16.

independent variable best correlated with the PAS+PSB
fraction, this certainly seems to be the case for the ICBS
sample, so we will investigate next this correlation, and
its implications, for the group sample and the larger and
smaller mass scales also covered by the ICBS data.

4.4. Growth of the passive population with structure
scale

The good correlation we found in Figure 15-f between
passive galaxy fraction and the total luminosity, Lgal,
suggests a process that occurs in the hierarchical assem-
bly of galaxy groups — environmentally-driven — that
converts some starforming galaxies into passive galax-
ies. The nomenclature “preprocessing” refers to a mech-
anism that operates before such groups are incorporated
into the even denser environment of rich clusters, where
unique mechanisms for suppressing or stopping star for-
mation are expected.

For the groups infalling into four of the ICBS clus-
ters, and the comparable field groups and filaments we
have identified, group luminosity seems to be well corre-
lated with the PAS+PSB fraction, while τenc, a mea-
sure of the galaxy-galaxy interaction rate, is not. A
possible explanation is that the passive fraction grows
in discreet events associated with the building of larger
and larger groups through hierarchical clustering, rather
than a steady transformation from starforming to pas-
sive galaxies through galaxy-galaxy interactions as these
stable groups age. This topic is explored further below.

In Figure 16 we expand this discussion to the other
environments explored in the ICBS. Figure 16-a casts

the relation in the observational parameters of our
magnitude-limited (or luminosity-limited) sample —
from isolated field galaxies, through group galaxies, to
rich clusters and their cores. We add the “core” groups,
metacluster groups projected on the cluster cores (see
§3.2) that were not included in the in Figure 15 of §4.3.

We now add Poisson error bars for the cluster groups,
field groups, and the subset of field groups that are
filamentary, and again code them by red, blue, and
green, respectively. It is remarkable that the increas-
ing PAS+PSB fraction with Lgal appears the same in all
three samples, given the different environments of super-
clusters and the field, and the clearly different structure
of filaments. If verified by other, independent samples,
this correlation suggests a process that is truly generic.

In Figure 16-b we recast Figure 16-a as mass-limited
passive fractions as a function of mass scale, using simple
relations to accomplish this transformation. The passive
fraction in the luminosity-limited sample is converted to
a mass-limited (M ≥ 2.5 × 1010 M⊙) passive fraction by
using the corrections of Table 3 for PAS and PSB galax-
ies. Since these types have the largest fraction of galaxies
above the mass limit, making this conversion raises the
passive fraction, by a factor of ∼1.5 for the group sample.
Lgal values are converted to Mgal, the total mass in units
of M∗ — the characteristic mass scale that corresponds
to L∗ in the Schechter (1976) parameterization. Mgal is
estimated from Lgal by assigning M/L = 10 for the frac-
tion of galaxies that are PAS or PSB, and M/L = 2 for all
starforming types. Applying these corrections stretches
the axes of Figure 16-a in a non-uniform way. Although
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Fig. 16.— Fractions of PAS+PSB spectral-type galaxies (a, left) as a function of Lgal, the group luminosity, and (b, right) as a function
of Mgal, the group mass, derived from Lgal through photometry and approximate mass-to-light ratios. The fractions of PAS+PSB galaxies
in (a) are derived from the full spectroscopic sample, while the fraction in (b) are for a mass-limited sample calculated using Table 3.
Cluster groups (red dots), field groups (blue dots), and field filaments (green dots) all show a trend of increasing PAS+PSB fraction with
increasing Lgal or Mgal that we identify as “preprocessing” — a turning-off of star formation in some galaxies in the building of such
groups. A linear extrapolation of the trend for typical groups (Lgal<25, Mgal<100) intercepts two rich groups — one in a metacluster
and one in the cl field — whose Lgal and Mgal values are within a factor of a few of the five clusters (black dots). The clusters themselves
(defined by Rcl/R200 < 1.5) appear to lie somewhat above the linear extrapolation of the group trend, but the much higher values of
the “core groups” (red X’s – see §3.2), and cluster cores (R<500 kpc) alone suggest that one or more processes specific to this extreme
environment, for example, ram-pressure or strong tidal stripping, has further boosted the passive population. The remaining cluster with
the core removed (labeled “no core”), is perhaps consistent with the ‘group trend’ for preprocessing, suggesting that only in the cluster
cores is a more potent mechanism for passive production implicated. Also shown for the cl field are isolated galaxies (open cyan circles,
Lgal, Mgal ≡ 1.0 ) and less populous groups (N<5, Lgal, Mgal ≡ 2.0) identified with a friends-of-friends algorithm (open magenta circles).
The average supercluster populations (Rcl/R200 ≥1.5) are represented by a (single) black solid triangle (Lgal, Mgal ≡ 3.5) labeled “sc,”
and compared to the average cl field, the open black triangle labeled “cf.” The data support a picture in which a “floor” of ∼10% (17% by
mass) fraction of PAS+PSB galaxies, for isolated galaxies and small groups, grows as more massive groups are assembled, and implicates
slow quenching mechanisms involving galaxy-galaxy interactions, for example, tidal stripping or starvation of star formation through gas
removal.

there are no additional data added in this process, Fig-
ure 16-b is more likely to present a clearer picture of this
correlation, one we think may be helpful in addressing
in particular one interesting question about the possible
departure of cluster samples from the group samples, as
described below.

A relevant check on our measurements of passive frac-
tion can be made by comparison with the investigation
by Balogh et al. (2009) of star formation in field groups
culled from the CNOC study (Carlberg et al. 2001). This
sample covers the redshift range 0.25 < z < 0.55 and is
probably the one in the literature most comparable in
basic parameters to the ICBS groups. Based on broad-
band photometry, Balogh et al. report a passive fraction
of 45±7% for their faintest group samples, which are
roughly the same depth of the ICBS survey. The Balogh
et al. groups are systematically more massive systems,
with a mean σ ∼ 350 km s−1, the upper mass limit of the
ICBS group sample. Since the Balogh et al. results are
for mass-limited samples, albeit one with a lower mass
limit (1010 M⊙) than the ICBS sample, we refer to Figure
16-b and see that the ICBS groups (with the exception
of two more massive groups) end at a passive fraction of
∼40%. This is good agreement, but it may be fortuitous:
the lower galaxy mass limit of Balogh et al. groups should
have led to a lower passive fraction, but this is likely more

than compensated by a SFR limit that appears to be 2-3
time less sensitive than the ICBS. This difference is due
to the relative insensitivity of broad-band photometry to
low-levels of star formation compared to spectroscopic
features that can be readily measured for SFRs of 1 M⊙

yr−1 or less.
The ∼15% passive fraction Balogh et al. find for the

field population is in good agreement with the ICBS
value that we now discuss. With the full range of en-
vironments covered by the ICBS, the dependence of
PAS+PSB on Lgal and Mgal that we found for the groups
in Figure 16 can be widened to include smaller and larger
systems. Field galaxies that are not members of the
groups and filaments listed in Tables 5 & 6 have been
subdivided into galaxies that are (1) truly isolated (to
the depth of our sample, roughly M∗ +2), and (2) galax-
ies in smaller groups (N < 5) as found by a friends-
of-friends algorithm (see Paper 3). Most of the latter
are relatively compact pairs and triplets, so we have as-
signed for purposes of display Lgal (Mgal) ≈ 1.0 for the
isolated galaxies and Lgal (Mgal) ≈ 2.0 for the N < 5
field groups. For both these samples there seems to be a
floor of the PAS+PSB of ∼10% (17%) for the luminosity-
limited (mass-limited) sample. This is consistent with
the smallest systems in the N ≥ 5 group sample: these
also scatter around 10% (17%) — the small groups that
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contain no PAS+PSB galaxies are merely statistical fluc-
tuations. In other words, there is a base level of about
∼10% (17%) PAS+PSB galaxies that is found for small
groups and isolated galaxies. It is reasonable to speculate
that these have been in place for a relatively long time
(z > 1), and that, as is well known for massive galaxies,
averaged-sized galaxies can also reach a terminal state of
star formation, either from very early processes that are
properly thought of as early galaxy assembly, z > 2, or
through later processes such as major mergers or starva-
tion at 0 < z < 2.

At the other end of the Lgal & Mgal scales in
Figures 16-a & 16-b, we note that the richest of
the infalling cluster groups, SDSS1500B-2 (Lgal∼40,
Mgal∼200, PAS+PSB=41%), and the richest field group,
RCS1102-10 (Lgal∼80, Mgal∼400, PAS+PSB=35%), lie
on an extrapolation of the trend of PAS+PSB versus
Lgal or Mgal established by the typical cluster and field
groups, Lgal<25, Mgal<100. As Figure 17 shows, these
rich groups have very different structures: the cluster
group SDSS1500B-2 is as concentrated as the cores of the
5 ICBS clusters; the field group RCS1102-10 is spread
over the entire IMACS field and may in fact continue
to the southeast (lower left). While the PAS and PSB
galaxies in SDSS1500B-2 are, of course, limited to a
high-density environment, these spectral types are also
found in RCS1102-10 in similar abundance, within its
full range of environments from high-density knots to
medium-density groups to isolated galaxies. This may be
an expression of the spectral-type/local density relation
(Figure 5) — the global environments are quite different,
but from a “local” perspective, there seems a sufficient
volume of high-density environment in RCS1102-10 to
preprocess the ∼35% (47%) passive fraction.

For the rich cluster environment we use the samples
we extracted from the full metacluster sample sample by
splitting at Rcl/R200 = 1.5, as we have discussed ear-
lier. The PAS+PSB fraction of ∼60% (∼70%) for each
of the five ICBS clusters appears significantly above the
two rich groups and the extrapolation of the trend for
the typical groups, for both the Lgal and Mgal. How-
ever, we have no way of knowing the underlying rela-
tionship, which in this semi-log diagram may surely de-
part from linear, so this offset from the extrapolation
for smaller scale systems is only suggestive. We believe,
however, that the very high PAS+PSB fractions of the
four metacluster groups projected on the cores (the “core
groups” see §3.2) offer additional insight into the possi-
bility that the cluster environment is “special.” These
four groups are all rich in passive galaxies — 60–80%
(70–90%), far above the trend for the remaining groups,
and they all have systemic velocities substantially off the
cluster mean. It seems clear, then, that these groups have
been affected by the extreme environment of the cluster
core, and a rapid conversion of starforming galaxies into
passive galaxies has been the probable result.

Encouraged by this observation, we created a “cluster
core” population (see Table 7) where all galaxies within
500 kpc of the cluster center in each of the five clusters
are gathered together, and a “no core” sample (a com-
posite of what is left when the cores are removed). The
“cluster core” point rises to the passive fraction of the
“core groups” — 80% (88%), and the “no core” cluster
sample falls to a passive fraction of 52%, (64%), which

is arguably consistent with the group trend that we have
identified as preprocessing. We suggest, then, that the
process(es) that are occurring in galaxy groups to raise
the passive fraction are sufficient to account for all but
the highest passive fractions, the ones found in cluster
cores, and for the fast-moving, high PAS+PSB groups
that are associated with them.

The basic conclusion to be drawn from Figure 16 is
that there is considerable preprocessing in groups that
raise the passive fraction substantially above the ∼10%
(17%) level found for isolated field galaxies and those in
poor groups. It appears that a much of the high fraction
of passive galaxies in dense environments, up to a level
of at least ∼40-50%, could be from processes in modest-
sized groups. Beyond that, there is persuasive evidence
that cluster cores ‘drop the hammer’ on what is left of
star formation in cluster galaxies.

4.5. Cluster building, preprocessing, and implications
for the “quenching” of star formation in galaxies

Our results concerning infall into the ICBS clusters
show that this is an epoch of substantial growth in the
history of massive clusters at z ∼ 0.5. Choosing clusters
by their richness instead of strong X-ray emission, the
ICBS shows how more typical rich clusters grew during
this epoch. For RCS0221A, RCS1102B, SDSS1500A, and
SDSS1500B, we find an easily identifiable infall of groups
comprised of 257 galaxies, and estimate that 100-200 ad-
ditional galaxies are either isolated or in small groups.
The number of infalling galaxies in these four fields is
roughly equal to the virialized cluster population.

“Quenching” is a popular shorthand for a process ca-
pable of ending star formation in starforming galaxies.
As described by Peng et al. (2010), quenching refers to
one or more physical processes, driven internally (e.g.,
secular evolution and starbursts within a galaxy) or ex-
ternally (e.g., mergers or ram-pressure stripping). These
authors distinguish this from the general decline in the
SFRs of starforming galaxies since z ∼ 1.5, probably
the result of a decline in available gas that is capable of
sustaining star formation. This separation may not be a
clean one, however, since the decline in available gas may
itself be a function of environment: many of today’s pas-
sive galaxies, especially massive ones, may have ceased
star formation at very early times because they quickly
processed the accessible gas into stars.

Our results here suggest that some ∼10% of galax-
ies, even in the lowest density environments, had already
ceased significant star formation by z ∼ 1. Presumably
this could be a mix of early mergers of individual galax-
ies, fossil groups, or the occasional massive galaxy with
unusually efficient star formation at z ∼ 2 that exhausted
the local gas supply. Measurements of properties of this
“base level” passive population at very early times, and
studies of mass and luminosity functions, morphology
and structure over cosmic time, should be able discrim-
inate which paths lead these galaxies to a permanently
passive state.

From this base level, we see a clear signature of in-
creasing fraction of passive galaxies once the mass scale
of a group rises above a few L∗ (M∗). As we have shown
here, this increasing fraction is usually associated with
higher density environments, but some passive galaxies
are also found in relatively low-density parts of these
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Fig. 17.— Two rich groups, Group 2 (z=0.5175) 1in the metacluster SDSS1500B, and Group 10 (z=0.4992) in the cl fielddistribution of
RCS1102. The two groups have similar richness (Ntot and Lgal) and spectral type distribution (see the “rich groups” marked on Figure 16),
but are very different in structure. PAS and PSB galaxies are in a very concentrated structure in SDSS1500 group 2 but widely distributed
in RCS1102 cl field group 10.

moderate-sized groups. A prevalent idea that has come
from ΛCDM simulations is that passive galaxies are satel-
lites whose halos have been incorporated into more mas-
sive “central” galaxies, as discussed in van den Bosch
et al. (2008, see also Weinmann et al. 2010). In this con-
nection, we show in Figure 18 the distribution of passive
galaxies in the ICBS cluster groups. Although our spec-
troscopic sample is only ∼50% complete, there seems to
be a wide distribution of environments — and no clear
companions of comparable mass — for a majority of the
passive systems in our study. While apparently incon-
sistent with the notion that passive galaxies are mostly
likely to be satellite galaxies, van den Bosch et al. show in
their study of a large SDSS sample that this phenomenon
is a strong function of mass, declining from the dominant
fraction (∼70%) of the population for galaxies with stel-
lar masses of ∼ 2× 109 M⊙ to virtually nil at ∼ 2× 1011

M⊙. The majority of our sample are galaxies interme-
diate between these two limits, so perhaps a sizable mi-
nority of galaxies that ceased star formation when they
were incorporated into central galaxies is — after all —
consistent with what we find in the ICBS group sample.

The trend of gradually rising PAS+PSB fraction with
increasing group mass might be explained by the effects
of mergers (roughly equal mass systems) and accretions
(higher mass ratios), or the increasing loss of gas sup-
ply (starvation), all processes that should be favored in
more populous systems. However, our data would seem
to argue against any steady transformation process that
operates over the lifetime of the group, by the lack of
any correlation with τenc (see Figure 15-c). These ob-
servations could be reconciled by recognizing that, in a
hierarchical model of structure growth, such systems are
built from the mergers of smaller groups. If we regard
the coalescence of groups themselves as the event that
bumps up the number of passive galaxies through one or
more of the “interaction” processes, the lack of a corre-
lation with τenc, and the correlation with group mass,
is readily explained. For example, the rapidly changing
gravitational potential of a group merger could deflect
one or more starforming galaxies on previously “clear”
orbits and lead to tidal encounters with other galaxies

(particularly large ones) that are sufficiently strong to
remove the gas reservoir that maintains star formation,
in this way linking the event of the group merger to an
increase in the passive fraction.8 We discuss other evi-
dence bearing on this model in §4.7 and §4.8.

Projecting the relationship to the higher masses of the
clusters, we see in Figure 16 a track that could well be
populated with increasingly rich groups not in our sam-
ple, reaching the ∼50% fraction of PAS+PSB galaxies
in these more massive systems, analogous we believe to
the rich groups identified in the CNOC sample of strong
x-ray-emitting clusters studied by Li et al. (2009). In-
deed, the two rich groups in the ICBS sample seem to
confirm the idea that this modest process that we asso-
ciate with interactions in the group environment is ca-
pable of building this ∼50% fraction of passive galaxies.
On the other hand, our sample presents what appears
to be prima facie evidence for a cluster specific process
(see also Li et al.) — the 60-80% fractions of PAS+PBS
galaxies in the four ‘core’ groups (marked with a red ‘X’
in Figure 16). Whether these are groups or filaments,
the projection of these four cold substructures directly
on the highest density regions of the clusters leaves lit-
tle doubt that they are passing through, or have passed
through, the cluster center, and the cluster core sample,
with its similarly high passive fraction, seems to confirm
a cluster-core-specific mechanism — for example, ram-
pressure stripping or harassment (more generally, tidal
stripping) — that is more rapid and efficacious than any
preprocessing that is happening in the other metaclus-
ter and field groups. Strong supporting evidence for this
idea has been presented by Ma et al. (2010), who find
an unusually high incidence of poststarburst galaxies in
a cluster merger at z = 0.586, where a population of
galaxies in a substructure has been thrust into the main
cluster core. Ma et al. link this PSB population to a 70%
fraction of galaxies of ’transformed,’ they suggest, into
morphological type S0 galaxies by ram pressure and/or

8 In this picture, preprocessing would be akin to the punctuated
equilibrium model of biological evolution that appears to explain
the paucity of the evolutionary links that are expected in a more
continuous evolutionary model.
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Fig. 18.— Identification of PAS and PSB spectral type galaxies in the metacluster groups, marked by open circles. These types are found
in locally dense environments, consistent with the idea that incorporation into a larger halo system ends star formation in a “satellite”
galaxy, but they also fairly common in low-density or even isolated environments where no such more-massive companion can be responsible.

tidal forces near the cluster core.
Finally, is there evidence that preprocessing in groups

is different in superclusters than in the general field?
One of the goals of the ICBS was to look for similari-
ties or differences between the supercluster environment
surrounding a rich cluster and the general field popula-
tion. In terms of the fraction of PAS+PSB galaxies, the
values are very similar, 26±2.5% for the average of the
5 superclusters defined by Rcl/R200 > 1.5, and 20±1%
for the cl field. (These values are plotted in Figure 16
at the somewhat arbitrary Lgal, Mgal value of 3.5 that
approximately represents the average environment.) An-
other point of comparison is the fraction of galaxies found
in groups in the superclusters compared to the fraction
found for the cl field. Again, the values are very close,
40±2% for the supercluster, 39±1% for the cl field. In
§4.3 we examined a number of properties of superclus-
ter groups compared to the same for the cl field and
found the only significant difference to be the substan-
tially larger size of the field groups, but acknowledged
that this could be the result of selection effects. When

we compared the relationships of PAS+PAS fraction with
different properties we found the same correlations with
various parameters of scale, and the same lack of corre-
lation with other properties such as velocity dispersion
or τenc. The most convincing correlation, PAS+PSB vs.
Lgal or Mgal (Figure 16) looks the same, within statis-
tical errors, for supercluster groups, and field groups or
filaments.

The implication seems to be that there is nothing obvi-
ous the differentiates the supercluster environment from
the general field. If preprocessing is happening in groups
in both environments, perhaps the only distinction is the
way the preprocessed populations of groups in superclus-
ters are further effected by entering the dense environ-
ment of a rich cluster.

4.6. Do starbursts play a major role in the production
of PAS galaxies?

In this section we address the question of the numer-
ous starburst galaxies we have identified in the ICBS pro-
gram — both active- and post-starburst. As described in
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Paper I, we have adopted specific criteria for identifying
these from Hδ and [O II] emission that have been vali-
dated with well-studied present-epoch samples. For the
ICBS sample 0.31 < z < 0.54 we find a level of 15±5%
for all starbursts (SBH+SBO+PSB) in every environ-
ment studied in the ICBS, from isolated field, to groups,
to rich clusters. Careful application of specific criteria
are important, for our definitions of SBO and SBH star-
bursts extends down to galaxies where the SFR at the
epoch of observation is only ∼3 times that of the (few
Gyr) past average. The lower end of the range selected
with our criteria includes systems with a more moderate
starburst than even the lower luminosity LIRG galax-
ies that have been discovered through infrared surveys.
As with CSF/PAS galaxies, the poststarburst category
requires a uniform and well-defined boundary between
starburst and poststarburst systems.

Concerning poststarbursts in particular, we have pre-
viously presented evidence for the ubiquity of this minor-
ity but potentially important population at intermediate-
redshift in a series of papers (see, e.g., Dressler & Gunn
1983; Oemler et al. 1997; Dressler et al. 1999; P99) as
have other studies (e.g. Couch & Sharples 1987; Barger
et al. 1996; Tran et al. 2003; Lemaux et al. 2010). Pog-
gianti et al. (2009a) have in particular conducted an ex-
tensive study of poststarbursts over a wide range of en-
vironments at z = 0.4 − 0.8. Nevertheless, some other
studies have either questioned the prevalence of such a
population (see Balogh et al. 1999 – cf Dressler et al.
2004; Kelson et al. 2001) or de-emphasized it’s impor-
tance (e.g., van Dokkum et al. 2000; Ellingson et al.
2001). Key to the doubt expressed about the importance
of the starburst is the suggestion that the poststarburst
signature is really nothing more than the sharp trunca-
tion of star formation in a very active galaxy, without a
burst.

It is true that an abrupt end (τ <
∼ 200 Myr) of star for-

mation in a galaxy whose current SFR is close to its past
average (roughly constant) will indeed develop a spec-
trum that is hard to distinguish from the termination of
a mild starburst. However, in modeling this affect, (P99,
see also Poggianti 2004) concluded that Hδ ≈ 5 Å is a
limit reached by truncating such a system (in particular,
for an intermediate-redshift galaxy that has been forming
stars with a normal initial-mass-function and constant
SFR since z >

∼ 2). Poggianti et al. noted that approxi-
mately one-third of the galaxies identified as PSB in the
Morphs sample exceed the 5 Å limit; we find the same
fraction in the PSB sample of the ICBS: 19/55 = 35%.
Taking into account the decline in Hδ strength that these
systems must experience as they age, over a longer time
scale, this accounts for about another third of the ob-
served sample, leaving at most one-third to be identified
as simply truncated systems with 3 Å< Hδ <5 Å.

The one-third fraction should moreover be an upper
limit because most SFRs decline with cosmic time. On
the other hand, a new determination of the histories of
star formation in Paper 3 (see also Paper 4) suggests that
a small but non-negligible fraction of galaxies are gen-
uinely younger, in the sense of SFRs that have peaked
more recently than z ∼ 2. In a future paper we will
use a representative distribution of star formation his-
tories to refine this estimate of the fraction of poststar-

burst galaxies with Hδ > 3 Å that could be the result of
simple truncation of star formation, with no prior burst
required.

These considerations do not, however, affect the gen-
eral conclusion that the majority of galaxies classified as
PSBs are poststarbursts. The abundance of SB galax-
ies in the ICBS sample, which are unambiguous cases
of mild-to-moderate active starbursts, strongly supports
the conclusion that a sizable fraction of the PSB sam-
ple must come from starbursts rather than truncation.
From Spitzer 24µm observations of the rich cluster Abell
851 at z = 0.41, Dressler et al. (2009b) concluded that
even some of the PSB are at some level active starbursts,
probably nuclear bursts that are more easily obscured by
dust.

For the purposes of this discussion, then, we take as a
given that starbursts and poststarbursts are a significant
component of the intermediate-redshift galaxy popula-
tion, and turn our attention to how the SB and PSB
galaxies relate to the ordinary CSF and PAS galaxies.

In Figure 16 we showed the fraction of PAS+PSB
galaxies over the full range of galaxy environments. As-
suming that the PSB galaxies are unlikely to regain fu-
ture SFRs of even a few tenths of a solar-mass per year,
the PAS+PSB are the complete population of galaxies
with masses M >

∼ 1010 M⊙ that have been “quenched,”
by whatever internal or external means. If we instead
consider the fractions of PAS and PSB galaxies sepa-
rately, over the full range of environments, we can ap-
ply a simple timescale argument to investigate whether
starbursts play a significant role in increasing the PAS
population. Figure 19-a shows the fraction of PAS and
PSB galaxies individually over the full range of environ-
ments sampled in the ICBS. The samples are much the
same is in Figure 16, but we have combined the results for
the different fields for the isolated galaxies, small groups,
cluster cores, binned the cluster and field groups (includ-
ing filaments), and omitted the composite populations of
superclusters (which are mixed rather than unique envi-
ronments). The four “core groups” that appear unique
in their association with processes of the cluster cores are
also omitted. The points with (Poisson) error bars are
(1) four-field averages of isolated galaxies and the small
groups, placed at Lgal ≡ 1.0 & 2.0, respectively, and at in-
creasingly larger Lgal(2) averages of cluster groups, field
groups and field filaments, in bins in which the summed
ΣLgal ≈ 80L∗ (containing between 94 and 129 galaxies in
the spectroscopic sample per bin). The stars representing
the combined 5 ICBS cluster cores (R < 500 kpc) have
error bars that are comparable in size to the symbol,
and their placements along the Lgal axis represents the
effect of a yet-more-extreme manifestation of the cluster
environment.

We note that the PSB and SB trends we observe qual-
itatively resembles the trends of the post-starburst and
starburst fractions with environment (from field, to poor-
groups, to groups and clusters) found by Poggianti et al.
(2009) at z = 0.4 − 0.8. Our measured 2±1% PSB frac-
tion for the general field (from isolated galaxies through
the Lgal < 20 groups) at z ≈ 0.4 is in good agreement
with the PSB fraction measured by Yan et al. (2009) for
the Deep2 Survey at z ≈ 0.8.

In addition to the previously discussed result of the
steady increase in the PAS fraction of intermediate-
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Fig. 19.— (a – left) The fraction of PAS (passive) and PSB (posbstarburst) galaxies across the full range of environments sampled in
the ICBS, including isolated galaxies, small groups, groups, clusters, and cluster cores. The data are from the samples shown in Figure
16, but with averaged values for the individual samples for isolated galaxies, small groups, clusters, and cluster cores (R < 500 kpc), and
for binned samples of moderate-sized groups and filaments. Across the full range of increasing scale size, represented by total luminosity
Lgal, the PAS fraction rises and is tracked by the PSB fraction, displaced lower by a factor of 5–10. (b – right) The fraction of CSF
(continuously star forming) falls slowly until dropping sharply in rich groups and clusters; this behavior is tracked by the fraction of SB
(SBH+SBO starbursts), displaced lower by a factor of ∼4. The plot shows that that most SB are not on the path to becoming passive
galaxies: in all but the most luminous (massive) systems they are sufficiently numerous that they would overproduce the PAS galaxies (see
§4.6). Many PSB galaxies could be on the way to becoming PAS galaxies, a conclusion that is supported by the spatial concordance of
the two types (see Figure 6) in the cluster environment. However, as discussed in §4.7, another and possibly more natural interpretation
of these approximately constant ratios of PAS/PSB and SB/CSF types, is that most SB galaxies begin in, and return to, CSF galaxies,
and PSB galaxies began with starbursts in PAS galaxies. Minor mergers and accretions of gas rich companions — as the cause of these
moderate starbursts and poststarbursts — could provide a natural way to produce the effect.

redshift galaxies, from ∼10% for the isolated field galax-
ies, through groups, to ∼70% for the cores of rich clus-
ters, Figure 19-a shows what we consider a remarkable
result: the PSB track the PAS fraction in the sense that
the PSB fraction is 15% ±5% of the PAS fraction in all
environments.

A comparison of the fraction of SBO and SBH star-
bursts, collectively SB, to the fraction of continuously
star forming galaxies, CSF, shown in Figure 19-b, ex-
hibits a similar effect. Complementing the rising PAS
fraction, the CSF fraction declines steadily over the Lgal

range, from a population that dominates PAS galaxies by
many-to-one in the field, a few-to-one in poor and mod-
erate groups, one-to-one in rich groups and clusters, and
dropping to only one-in-five of the PAS in cluster cores.
(Even this small remaining CSF population is likely ex-
aggerated, since some apparent CSF types in the core
are likely projections along the line-of-sight to the clus-
ter core.) More to the point, like the PSB and PAS
fractions, the SB track the CSF population, within the
errors, by a factor of 4, that is, SB are about 4 times
less populous than CSFs in all environments. Compar-
ing starbursts and poststarburst galaxies, the fraction of
starbursts greatly exceeds the fraction of poststarburst
galaxies for isolated galaxies and small- and moderate-
sized groups, but rapidly drops to match the PSB frac-
tion in rich groups and cluster cores.

The first conclusion to be drawn from Figure 19 is that
SBO + SBH starbursts, in environments running from
the isolated field galaxies to modest-sized groups, cannot

be a common path to PAS galaxies — there are far too
many. The lifetime of these bursts is likely to be no more
than 1 Gyr — indeed, this is long for a starburst.9 In en-
vironments like the field and small-to-moderate groups,
the SB/PAS ratio is near unity. If most of SB turned
to PAS galaxies, the fraction of these would more than
double in a Gyr or less. In fact, the PAS fraction is
only growing by at most some tens of percent over the
several Gyr that the ICBS spans. It would seem that
most of the SB galaxies in these environments must re-
turn to the pre-starburst CSF state, as was also con-
cluded by P99. We note, however, that this conclusion
weakens considerably for rich groups and cluster popula-
tions. For these environments, SB fraction falls to ∼10%
while the PAS fraction has risen to 40% or more, and
— again for these environments — modest growth in the
PAS fraction from z ∼ 0.5 to the present-epoch is ob-
served (Li et al. 2009; 2012). So, when combined with
the fact that the active starburst population is declining
from z ∼ 0.5 to the present in all environments (Dressler
et al. 2009a), it appears that active starbursts could be
significant contributors to the PAS population only in
the densest intermediate-redshift environments.

While most active starbursts — members of the field
population — cannot be linked one-to-one with the
quenching of starforming galaxies to form PAS galax-

9 We have, however, argued in Oemler et al. (2009) that the
degree to which A stars dominate the light necessitates a minimum
lifetime τ > 100 Myr, the lifetime of an early A star, and sufficient
time for such a stars to migrate from the dusty sites of their birth.
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ies, the situation seems more favorable for PSB galaxies.
Indeed, a PSB/PAS fraction of ∼10-20% in all environ-
ments — very different from the varying SB/PAS fraction
across environments) in fact urges a direct connection of
the PSB phase to a quenching event that produces a new
PAS galaxy. The decay time for this phase, τ <

∼ 500 Myr
(more certain in this case because the absence of star for-
mation constrains the spectral evolution), suggests that
— if the PSB fraction remained constant from z ∼ 0.5
to the present — the PAS fraction would approximately
double, probably more growth than the observations will
support. However, since there is also good evidence for
a steep decline in the fraction of PSBs in the field, from
the ICBS value of ∼1% to a level of ∼0.1% at the present
epoch (Zabludoff et al. 1996; Wild et al. 2009), so it
would appear that decaying PSBs would not overproduce
PAS galaxies, even with the slow growth of the passive
galaxy population in the field since z ∼ 0.5 found by,
for example, Faber et al. (2007) and Brown et al. (2007).
The situation is much the same for rich groups and clus-
ters: the same 10-20% of PSB/PAS is found, and the
poststarburst fraction is known to decline substantially
with time (the PSB class was essentially unknown until
intermediate-redshift clusters were studied).

However, demonstrating that PSBs could be the pri-
mary channel to PAS galaxies since z < 0.5 is not suf-
ficient to show that PSBs are a primary path to pas-
sive galaxies. The problem is that extrapolating back
in time from z ∼ 0.5 to z ∼ 1 in both the field and
in clusters similar fractions of PSB galaxies are found,
for example, in the extensive study of the CL1604 su-
percluster (Lemaux et al. 2010), a poststarburst fraction
of ∼ 10 − 15% is found in the lower density environ-
ments outside the virialized clusters (B.C. Lemaux, pri-
vate communication). In the EDisCS Survey, Poggianti
et al. (2009a) find a 3−6% PSB fraction for the field and
poor groups and Yan et al. (2009) find a PSB fraction of
2 ± 1% at z ∼ 0.8 in the field-dominated Deep2 Survey.
It would appear, then, that PSB rates were at least as
high, perhaps higher, out to redshift z ∼ 1. In contrast
to this, results from the Carnegie-Spitzer-IMACS prism
survey (Kelson, private communication) show a growth
in the passive population in the field of only ∼25% from
z = 0.8 to z = 0.5. Therefore, while the overproduc-
tion of PAS galaxies by the decay of PSB galaxies since
z ∼ 0.5 might not be a problem (because of the substan-
tial decline of PSBs after z = 0.3), it would likely be a
serious problem for the earlier epoch z ∼ 1 to z ∼ 0.5.

In this conclusion, that PSB galaxies cannot be the
dominant mechanism for producing the PAS population
between z ∼ 0.5 and the present — certainly in the field
and probably in rich clusters as well, we are in agreement
with De Lucia et al. (2009), whose argument includes the
issue of generally lower masses of PSB compared to PAS
galaxies, which is illustrated by the ICBS sample in Fig-
ure 3. The small sample in De Lucia et al. is an issue,
however — the two clusters in their study show very dif-
ferent PSB/PAS fractions, undoubtedly due to the short
time scales of the PSB phenomenon and resultant statis-
tical uncertainties. Wild et al. (2009) come to a conclu-
sion that could also be consistent with the ICBS result,
finding a possible production of ∼40% of PAS galaxies
in another small sample at z = 0.5 − 1.0.

In summary, while it is likely that some fraction of

starbursts and poststarbursts are phases on the path to
passive galaxies, a model in which this is the dominant
path is troubled by the short timescale of the phenom-
ena and the commonness of these types compared to the
relatively slowly changing populations of passive galaxies
— a point made by De Lucia et al. (2012) for quenching
mechanisms in general. The fact that the starburst phe-
nomenon is in rapid decline since z = 0.3 helps, but ob-
servations of galaxies at higher redshift (0.6 < z < 1.0)
show only a small change of the starburst fraction, so
overproduction during this earlier time is likely to be
problematic. Furthermore, there are clearly important
trends that do not seem to flow easily from such a model:
the field population of PAS galaxies changes very slowly
to the current epoch while the fraction of PAS in rich
groups and clusters grows substantially, suggesting an
environmentally sensitive quenching method, while the
PSB/PAS fraction is near-constant from the field to rich
clusters at z ∼ 0.5 and rapidly declining for all environ-
ments to the present day. Likewise, SB/CSF is roughly
constant over all environments, but the timescale ar-
gument indicates that only in rich groups and clusters
could these be major contributors to the PAS popula-
tion, and only a very small fraction can be funneled to
PAS galaxies in the lower-density field. As both McGee
et al. (2009) and De Lucia et al. have suggested, the mild
trend of PAS growth points to quenching mechanisms
with long time scales, τ > 1Gyr, and these are not com-
patible with the starburst signature. Some fraction of
PAS galaxies could be the result of starbursts in CSF
galaxies, but it appears that most cannot. By implica-
tion, this suggests that most PSBs must come from PAS
galaxies, and not the other way around.

4.7. A Different Picture: starbursts are a signature of
mergers across all environments

As we commented in §2.5 in our discussion of the spa-
tial distribution of different spectral types, the simplest
relation between spectral types that involves the star-
burst phenomenon,

CSF ⇒ SB ⇒ PSB ⇒ PAS

seems to be inconsistent with the cross correlation func-
tions of these types, at least for the metacluster samples
of our four ICBS fields (see Figure 6). In the previous
section, we confirmed with the ICBS data the basic ar-
gument of P99 that this simple sequence cannot be the
dominant path outside of clusters because SB galaxies
outnumber PSB galaxies by a factor of ∼5 in all lower-
density environments, including moderate-sized groups.
We conclude that

CSF ⇒ SB ⇒ CSF

is the unquestionable fate of most starbursts. It is still
possible, of course, that the PSB galaxies that are found
outside of clusters are the third step in the above se-
quence, for example, the small fraction that are produced
in major mergers. But, even for this case we showed a
likely contradiction with observations — that the shear
numbers of PSB galaxies, combined with their relatively
short lifetimes, τ <

∼ 0.5Gyr, implies a too-rapid growth
in the fraction of PAS galaxies since z = 1. On the other
hand, locating PSB galaxies on the alternate sequence

PAS ⇒ SB ⇒ PSB ⇒ PAS



32 Dressler et al.

!"#$%&'()*+,-.+"/(

01&23-241(5#6'6,7"8/(

!"#$%&'(%)(%*+,-"*.,"#*/01"2"3(*+,

$/4(%,)(#/2(,/%"))(%*,

!"#$%&'(%)(%*,

9:0(;0< ( 0= (

90=(

;0<( 0=( 90=( 9:0(

Fig. 20.— Cartoon showing the proposed starburst cycles described in this paper. The conventionalevolutionary sequence for starbursts
converts starforming galaxies to passive galaxies through an active- and post-starburst phase — we believe this path is followed by some
galaxies, in particular, major mergers of starforming galaxies, and galaxies subject to the extreme environment in the cores of rich clusters.
However, for most, we believe that two cycles are operating, largely independently, one beginning and completing with starforming disk
galaxies, the other beginning and completing with at least one spheroidally-dominated passive galaxy. As explained in the §4.7, this
alternate picture is motivated by the fractions and timescales associated with starbursts, the spatial distribution and structural properties
that link SB to CSF galaxies and PSB to PAS galaxies, and the near-constant ratios of PSB/PAS and SB/CSF across environment shown
in Figure 19. The locations of ”SBO” and ”SBH” on the starforming-galaxy cycle are notional, suggesting a possible sequence for the
two types, and recognizing that the SBH class includes both in-progress starbursts and those in a post-starburst phase as the burst itself
subsides.

would solve the “PAS overproduction” problem and ex-
plain the strong correlation between PAS and PSB galax-
ies seen in Figure 6.

Figure 19, which shows further that the ratios CSF:SB
and PAS:PSB are roughly constant over two orders-of-
magnitude of galaxy clustering scale and galaxy local
density, points the way to such alternative relationships
between these spectral types. We suggest that — rather
than indicative of a common CSF-to-PAS evolution —
starbursts are events in which the PAS and CSF galaxies
are progenitors and end points. In other words, we imag-
ine two mostly independent starburst cycles, one that
starts and ends with PAS galaxies, and one that starts
and ends with CSF galaxies. The general picture is illus-
trated in cartoon form in Figure 20.

The approximately constant ratios of 15% for
PSB/PAS and 25% for SB/CSF over all environments
motivates such a picture, one in which SBO + SBH star-
bursts, and PSB poststarbursts, are commonly the result
of minor mergers and accretions of gas-rich satellites onto
PAS and CSF galaxies, respectively. Minor mergers are
the mechanism of choice because (1) a rapid change in
SFR is expected, explaining the starburst signature that
cannot be obtained in slow processes such as starvation;
(2) the basic morphology of the host galaxy remains un-
changed; and (3) merging is a local process, to first-order
independent of global conditions, which further accounts
for the near-constant ratios of SB:CSF and PSB:PAS
over the full range of environment. We note also that,
for the CSF ⇒ SB ⇒ CSF cycle, strong tidal interactions
share thesesame three features.

In this picture, a CSF galaxy accreting a smaller gas-
rich satellite (or, more rarely, a major merger with a
gas-rich peer), or a strong tidal encounter, would re-

sult in a substantial rise in SFR, appearing as an SBO
or SBH, perhaps both in sequence. Because a minor
merger or tidal encounter would not change the basic
morphology of the CSF galaxy, especially the survival
of the gas disk, the system would subsequently return
to the CSF population. Likewise, when the principal
galaxy is a passive galaxy, in particular, a galaxy with
a large spheroidal component, accreting a gas rich com-
panion would produce a starburst (perhaps a red SBO)
leading to a poststarburst before the system returns to
a passive state. In this case, not only minor mergers but
also major mergers would be viable candidates: for these
rarer events the conventionally assumed CSF ⇒ SB ⇒
CSF ⇒ PAS process could in fact carry through. These
separate starburst cycles would explain both the spatial
correlations of CSF–SB and PAS–PSB shown in Figure 6
and avoid an overproduction of PAS galaxies in any envi-
ronment. The basic structure/morphology of the galaxy
hosting the starburst should in general not change, with
the caveats that (1) major mergers can be a leak in the
CSF cycle that does lead to more PAS galaxies (and a
change of morphology), and (2) a CSF galaxy with a
larger bulge may result from a minor merger.

This prediction of the starburst cycles model — that
basic galaxy structure remains unchanged — is sup-
ported by an analysis of near-infrared images of the ICBS
galaxies by Abramson et al. (2013). By fitting Sersic
models to the CSF, SB, PSB, and PAS galaxies in field
and supercluster galaxies, Abramson et al. show that
CSF and SB galaxies are well described as disk systems
and quite distinct from PAS and PSB systems, which
have the steeper profiles of spheroidally dominated galax-
ies.

The nominal SB galaxy would be the intermediate
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Fig. 21.— (left) The specific star formation rate (sSFR) vs rest-frame B-V color for the same 4 metacluster sample as in Figures 2 & 3.
(right) The star formation rate vs rest-frame B-V color. There is a excellent correlation of sSFR with color, but this relationship obscures
the fact that many galaxies that are dominated by an old population have high star formation rates, as seen from the scatter plot at right.
These objects could be early-type spirals forming stars continuously, or formerly passive galaxies that are experiencing a starburst due to
a minor-merger or accretion event, as discussed in §4.7.

stage of the CSF cycle, but what would the starburst
phase of an accreting passive galaxy look like? Because
the SB galaxies greatly outnumber PSB galaxies in all
but the densest environments, the active starburst phase
of the PAS ⇒ SB ⇒ PSB ⇒ PAS cycle could be difficult
to distinguish from the CSF ⇒ SB ⇒ CSF cycle. Al-
ternatively, a spheroid-dominated galaxy accreting a gas
rich companion should produce a spectrum resembling
an early type spiral before returning to the PAS spec-
tral class, one that might be difficult to distinguish as
a starburst against the continuum light of an old stellar
population. In Figure 21 we see that — in addition to
an very good correlation of specific star formation rate
with rest-frame B-V color, there are a significant number
of galaxies with the red color of old stellar populations
with very high SFRs. In a future paper we will model
whether such progenitors can match our criteria for SBH
and SBO starbursts — anomalously strong Hδ and/or
[O II] — and evolve into PSB galaxies with their strong
Balmer absorption but little ongoing star formation. A
third possibility is that some starbursts can be hidden
in the dust obscured nuclei of bulge-dominated galax-
ies, as was found through Spizter 24µm observations of
the intermediate-redshift clusters A851 by Dressler et al.
(2009b).

An attraction of the two-cycle starburst model is that
it explains ICBS observations as well as the results of
many other studies. The starburst phenomenon is per-
vasive among high redshift galaxies, especially when con-
sidering the relatively short duty cycle, but the connec-
tion of this to popular mechanisms such as ram-pressure
stripping or starvation is forced, at best. Such mecha-
nisms are expected to act on a longer timescale — an
attractive feature when trying to account for quenching
of starforming galaxies and the growth of the PAS pop-
ulation, but ill-matched to the starburst signature. In
contrast, mergers undoubtedly play a significant role in
the evolution of many galaxies, and their connection to
the starburst phenomenon — first elucidated by Zablud-
off et al. (1996) in their study of poststarbursts in the
low-redshift field — has also cropped up in morphologi-

cal studies of active starbursts and poststarbursts in rich
clusters (see Oemler 1997, §6). Mergers are known to
lead to rapidly increasing and decreasing star formation
rates, for which the spectral types SBH, SBO, and PSB
are easily associated. Indeed, Hogg et al. (2006) were
drawn to this association of starbursts and poststarbursts
with mergers, through a comprehensive analysis of the
environments of present-epoch examples in the SDSS:

The remaining hypothesis for the triggering
of the starburst (or, more properly, star forma-
tion truncation) events that precedes the post-
starburst phases of these galaxies are: some
kinds of random internal catastrophes or some
kinds of galaxy-galaxy mergers. This latter pos-
sibility, which is consistent with all of the re-
sults here, is directly supported by the discovery
of post-merger morphological signatures (e.g.,
tidal arms) in many poststarburst galaxies (Yang
et al. 2004; Goto 2005). It is also exciting, be-
cause merging is one of the fundamental pro-
cesses of cosmogony, and holds great promise for
providing precise connections between cosmolog-
ical observations and theory at small scales.

It is this ubiquity of the starburst phenomenon over
the whole range of galaxy environments that is one of
the most attractive features of minor mergers and ac-
cretions, and strong tidal encounters, as the important
mechanisms. The dependence of such processes on local
as opposed to the global environment provides a natural
explanation to the commonness of starburst phenomenon
in intermediate-redshift field, groups, and clusters. Mi-
nor mergers and accretions in particular offer an explana-
tion for the marked decline in starburst activity over the
last ∼5 Gyr. While the focus has been on major merg-
ers as a method of producing spheroidal stellar systems
from disk-dominated systems, particularly at early times
(z >

∼ 2), minor mergers and accretions, and strong tidal
interactions, are far more common events and offer the
possibility of leaving the basic structure and starforming
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character of the primary galaxy intact. Thus, identifying
the precursors of most starbursts as normal starforming
galaxies, and the precursor of poststarbursts as passive
galaxies, can explain the tracking of PSB to PAS and SB
to CSF seen in Figure 19 in a natural way.

4.8. Pieces for the big picture

Is there a notional model that approximately describes
the histories of star formation and structure evolution
of galaxies with redshift and environment, and identi-
fies the key processes? Despite great progressin the last
few decades in quantifying the characteristics of galax-
ies over most of cosmic time, and the identification of
many mechanisms thought to influence galaxy evolu-
tion, there is no consensus picture that explains the ba-
sic data. In this paper we have used a uniform data
set that includes photometric and spectroscopic observa-
tions of intermediate-redshift galaxies over the full range
of galaxy environment, from isolated field galaxies to
the cores of rich clusters. We have presented evidence
that suggests that the “quenching” that turns starform-
ing galaxies into passive galaxies is for the most part
the result of slow processes such as starvation that are
particularly effective in galaxy groups. The other no-
table process at higher redshift — the increasing fre-
quency of starbursts — does not, we argue, contribute
very much to this dominant quenching process, but in-
stead is a signal of an increasing merger/interaction rate
at higher redshifts. These starbursts may have a small
but important effect on the evolution of galaxy struc-
ture/morphology, and a detailed understanding of the
starburst phenomenon is of course necessary for a com-
plete description of the star formation history of many if
not most galaxies.

Combined with some speculation about the evolution
of galaxies before z = 2, these two basic programs of
starvation quenching and merging starbursts could help
frame a picture of galaxy evolution that accounts for
much of what is observed. Considering our results and
voluminous literature on the subject of galaxy evolution,
we see seven principal ingredients that we believe inform
a “big picture” description of galaxy evolution: 1) na-
ture – a very early formation processes for a substantial
fraction of today’s passive galaxies, those in low-density
environments 2) hierarchical clustering – widening the
density range of galaxy environments over cosmic time;
3) quenching – processes that slowly transform starform-
ing galaxies into passive galaxies; 4) galaxy merging —
local acquisition of a neighboring galaxy; 5) starbursts
— relatively rapid rise and fall in a galaxy’s star forma-
tion rate; 6) preprocessing — increase in the fraction of
passive galaxies in the group environment; 7) rich clus-
ter environment — unique and extreme conditions in the
core of a rich cluster that are hostile to ongoing star for-
mation.

4.8.1. Nature before nurture – the early birth of some
passive galaxies

We consider z ∼ 2 as the beginning of galaxy evo-
lution and identify the epoch 2 < z < 6 as the time
of galaxy formation. The components of galaxy build-
ing as observed at z > 2 are not readily comparable
to the mature galaxy types we see today. For the “iso-
lated galaxy” component of the ICBS cl field sample at

0.31 < z < 0.54, we find a ∼10% (luminosity-limited)
fraction of passive galaxies (∼20% for a mass-limited
fraction, M > 3 × 1010 M⊙), in an environment where
only processes that are internal to a galaxy (secular
evolution) or local (strong interactions or merging with
neighbor galaxies, or accreting major satellites) can be
credited with ending star formation. With the signifi-
cantly greater leverage of intermediate-redshift compared
to local samples, it is certain that these passive galaxies
formed the bulk of their stars early, at z >

∼ 2. By our
definition, then, passive systems are more the result of
“nature” than “nurture.”

Although this population has remained passive most
of the time since z ∼ 2 to the present epoch, they
have not been undisturbed or even free of star formation
at all times. Indeed, the ”red nuggets” – small, rela-
tively massive, passive galaxies at z ∼ 2 (see, e.g., van
Dokkum et al. 2008; Williams et al. 2010) are thought to
evolve to somewhat more massive and significantly larger
spheroidally-dominated systems by the present day, and
mergers and some star formation is likely to be part of
the picture. Nurture follows nature, but later evolution
of the stellar population of such galaxies looks to be mod-
est.

Today, elliptical and S0 galaxies are the morphologies
associated with this base population of passive galax-
ies. It it is worth remembering that, even though passive
galaxies dominate in very dense environments, those pas-
sive galaxies found in relative isolation or in loose-groups
are the majority of the population, since this is the en-
vironment of more than 90% of galaxies. At the present
epoch S0 galaxies are roughly twice as common as ellip-
tical galaxies in these sparsest environments; this could
be the result of structural evolution of, or addition to, a
population once dominated by ellipticals.

As hierarchical clustering proceeds since z ∼ 2, major
mergers add to the passive population, but the merger
rate is declining with time, and major mergers — because
they involve two roughly equal masses — are the least
common. These events, if involving gas rich galaxies, can
result in luminous infrared sources (LIRGs and ULIRGs),
and “dry” mergers (PAS) when they are not.

4.8.2. Nurture after nature – adding passive galaxies to the
legacy population

Our ICBS sample across environment indicates that
only a modest increase in galaxy density through hierar-
chical clustering is needed to add again as much to the
“legacy population” of passive galaxies. We have argued
in this paper, as have others elsewhere, that starbursts
and poststarbursts are not signposts for this transforma-
tion from actively starforming to passive galaxies; such
a relationship is not compatible with the short timescale
for the starburst phenomenon and their ∼10% frequency,
which is enough to overproduce the growth in the pas-
sive population since z = 1. The increase in the passive
fraction over time in groups is referred to as “prepro-
cessing” to distinguish it from the processes that occur
in the dense environments of clusters. Therefore, we look
to other, relatively slow “quenching” mechanisms as re-
sponsible for the starforming-to-passive transformation.

Boselli et al. (2006) have comprehensively reviewed
the environmental mechanisms that can turn starform-
ing galaxies into passive ones. ‘Starvation’ (or strangu-
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lation) is currently the most-cited mechanism for turn-
ing off star formation (Larson et al. 1980; Bekki et al.
2002). Starvation is also the quenching mechanism that
is most effective in groups, as the possibility of a galaxy
being incorporated into a large halo and/or losing its cir-
cumgalactic gas through tidal stripping is highest in this
environment. The starvation quenching mechanism is
undoubtedly too slow to result in even the weakest PSB
spectral signatures, those that do not require a burst but
do require a relatively rapid truncation of star formation
(discussed above). This slower time scale, τ >

∼ 2 Gyr, is a
virtue in explaining the growth of the passive population,
as explained in the previous section.

We find for the ICBS groups, cluster and field, a mono-
tonic increase in passive fraction that is proportional to
the mass of the group, which is essentially the halo mass.
However, we do not identify the group halo mass per se
as responsible for promoting the starvation (or similar)
mechanism, partly because the halo mass is in fact grow-
ing in the process of hierarchical merging. That is, the
growth of the halo, rather than its size at any given time,
is related to the efficacy of the mechanism. The fact that
we do not see a correlation with the encounter time be-
tween group galaxies also suggests to us that the mergers
of smaller groups, and not simply galaxy-galaxy interac-
tions, factors in the loss of the fuel supply for one or
two group members, begining their slow transition from
starforming to passive.

4.8.3. Starbursts trace the history of minor mergers and
acquisitions

Starbursts and poststarburst galaxies are an order-of-
magnitude more prevalent at intermediate redshift than
today. We identify minor mergers and accretions of
smaller satellites as the reason for this higher incidence;
the rapid decline in merger rate since z ∼ 1 is at least
qualitatively consistent with the rapid decline in the star-
burst frequency, as might a general decline in gas avail-
able for star formation since z = 1. While major merg-
ers may fundamentally change the character of involved
galaxies, we expect that these smaller mergers and ac-
quisitions do not substantially alter the basic character
of the host galaxy.

Since poststarburst galaxies are observed across the
whole range of intermediate-redshift environments, it is
necessary in our picture that minor mergers and accre-
tions are as well. Certainly major and minor mergers are
viable in the lowest density environments. However, the
group environment has long been touted as the most fa-
vorable environment because of a “sweet spot” of higher
galaxy density and a moderate encounter speed, when
compared to rich clusters where galaxy densities are very
high but encounter velocities are sufficiently high to dis-
courage mergers. Just et al. (2010, 2011) have high-
lighted the role of groups as preprocessing sites, specifi-
cally in the production of S0 galaxies, which have been
suggested as a common outcome of mergers of galaxies
with mass ratios >

∼3 (Bekki 1998, 2001; Bekki and Couch
2011). A study by Wilman et al. (2009) of groups at
intermediate redshift also supports the idea that prepro-
cessing in groups is a major component of the production
of S0 galaxies.

However, the importance of minor mergers in the pro-
duction of S0 galaxies may turn on the question of star-

bursts. If the observations of such events, and numeri-
cal models, point to starbursts as a usual result of the
process, then our argument based on the frequency of
starbursts and the growth of passive galaxies suggests
that minor mergers and accretions are not the primary
channel for S0 production. Given that slow quenching is
certainly going to produce passive disk galaxies identifi-
able as S0 galaxies, it may be that a preferred model
involves a combination of mechanisms. In particular,
there are two characteristics that must be reproduced:
(1) S0 galaxies have systematically larger bulge-to-disk
ratios and thicker disks than spirals, and (2) the fraction
of S0 galaxies has increased rapidly since z = 1 while
the fraction of ellipticals has changed little or not at all
(Dressler et al. 1997; Postman et al. 2005; Desai et al.
2007; Poggiant et al. 2008). Starvation is, of course, a
mechanism for producing S0 galaxies, not ellipticals, and
it is one that works effectively down to the present epoch,
while minor mergers and accretions are strongly decreas-
ing since z ∼ 0.4. However, the minor mergers and ac-
cretions we identify as starbursts and poststarbursts are
likely to heat up the disk and raise the bulge-to-disk ra-
tio of the host disk galaxy (Bekki and Couch 2011). So,
even though minor mergers and accretions may not be a
primary quenching mechanism, structural changes in the
host galaxy may be important to producing the S0 galaxy
population we see today. Put another way, a synthesis
of what these studies have found, and what we have pro-
posed here, is that mechanisms such as starvation are
responsible for the evolution of the stellar population,
but that minor mergers and accretions that we observe as
active starbursts and particularly poststarbursts produce
the structural evolution that also distinguish S0 galaxies
as a class.

Although we have no morphological information from
HST imaging to look for merging associated with the
SBH, SBO, and PSB galaxies in the ICBS sample, there
are abundant examples for the environment of the rich
clusters of the Morphs study. Figure 8 of Dressler et al.
(1999) shows minor mergers (M1/M2 = 3:1 to 10:1) and
perhaps even accretion events (M1/M2 > 10:1) for more
than half of the examples of e(a), e(b), and k+a or a+k,
the categories that correspond to the SBH, SBO, and
PSB of this study. Unlike the transformational processes
that we have identified as increasing the passive popu-
lation, mergers and accretions are not strongly influence
by global environment with the possible exception of the
cores of rich clusters (but see Mihos reference, below). In
one of the clearest case of subgroups in a rich environ-
ment, Oemler et al. (2009) used HST images to inves-
tigate starburst and poststarburst galaxies in Abell 851.
That study found a large population of such galaxies,
some of them cases of hidden starbursts that could only
be detected through their 24µm emission. The latter
were identified as the youngest systems, and mostly had
disturbed morphologies, including tidal signatures of ma-
jor mergers. Oemler et al. show that — throughout the
cluster — disturbed morphologies (indicative of tidal en-
counters or mergers) are common, particularly for the
youngest (most recent) starbursts, although some post-
starburst galaxies appear quite normal compared to a
present-epoch early-type spiral. Similar morphologies
have been identified for lower redshift field samples of
starburst and poststarburst galaxies (Yang et al. 2004;
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Goto 2005).
The near-constant ratio of starbursts/starforming and

poststarburst/passive galaxies we find over the full range
of environment partially motivates our conclusion that
starbursts are not indicative of the production of pas-
sive galaxies. In our picture, SBO and SBH starbursts
happen mostly in continuously starforming disk galaxies,
to which they return after the burst. A poststarburst,
on the other hand, is only observable when a bulge- or
spheroid-dominated host galaxy accretes a starforming
and/or gas-rich system, and the system returns to a pas-
sive state following the burst.

4.8.4. Agents of galaxy transformation in the extreme
environment of cluster cores

With both field and groups identified as fertile ground
for galaxy interaction and mergers, it seems that rich
clusters would be the only unfavorable locations, and
this view — that high velocity dispersions would sup-
press the merger rate — held sway for decades. How-
ever, Mihos (2004) pointed out that building galaxy clus-
ters through hierarchical clustering changes the situation
dramatically: even in the cluster environment (and es-
pecially in subgroups falling into rich clusters), a wide
range of slow and fast tidal encounters, and even merg-
ers, should occur at sufficiently high rates to play a major
role in galaxy evolution. In fact, Mihos was the first to
use the term “preprocessing” to describe the role that
mergers and interactions might play in the group phase
of cluster evolution, and he predicted a range of star-
burst phenomena, from moderate and over the full galac-
tic disk, to central and strong, that close encounters of
group and cluster galaxies could produce.

The dense environment of rich clusters has tradition-
ally been identified as the environment where galaxy
star formation rates and galaxy morphology could be
drastically affected. The hot intracluster medium and
high velocity dispersion of cluster cores means that fully
stripping a galaxy’s intergalactic and circumgalactic gas
through ram-pressure stripping is expected to be preva-
lent here, and here alone.

Tidal stripping of a galaxy’s halo, including the gas
supply of a starforming galaxy, should be very efficient in
the cluster environment. However, in respect to quench-
ing through starvation or stripping, the main location
of such transformations is likely to be galaxy groups.
We have argued here that the hierarchical merging of
groups are events that initiate quenching for more and
more galaxies as time progresses, and that such “pre-
processing” is able to produce a majority of the passive
systems that dominate the rich clusters, well before these
groups are incorporated into the clusters. However, our
data also suggest the possibility of additional quench-
ing mechanisms that would take the passive population
from the 40-50% level found in the richest groups to the
70-80% found in extreme environments. Ram pressure
stripping (Gunn & Gott 1972; Balsara et al. 1994; Abadi
et al. 1999; Quilis et al.2001; Bekki 2009), and harass-
ment (Richstone 1976; Moore et al. 1998) are processes
that should “come into their own” only in cluster cores.

It is possible that ram-pressure stripping can result in
a sufficiently sudden end to star formation to produce at
least the minority of the PSB galaxies in cluster cores
— those cases where truncation of star formation on a

timescale τ < 1 Gyr — without a starburst — is sufficient
to produce a PSB spectrum. There is evidence, however,
that although ram-pressure stripping is able to clear spi-
ral disks of HI gas in central cluster regions, the denser
molecular gas towards the galaxy’s center is more resis-
tant (Kenney & Young 1986; see also Boselli & Gavazzi
(2006). If true, ram-pressure stripping should only cur-
tail star formation on a longer time scale (τ >

∼ 109 yr),
causing the SFR to decline relatively slowly as disk gas
is used up by astration. The theoretical modeling in
these studies implies that the effects of starvation and
ram-pressure stripping may both be effective in stopping
star formation, but not abruptly, and therefore unable to
populate the PSB class.

However, recent work suggests that ram-pressure
might do more than this. As first suggested by Dressler
& Gunn (1983), the hydrodynamic interaction of a gas-
rich disk with a hot, high-pressure intracluster medium
(ICM) might trigger a burst of star formation in an in-
falling cluster galaxy. This idea has been more explored
recently (Kapferer et al. 2008, 2009) along with the idea
that the static pressure alone of the ICM could trigger a
starburst in a gas-rich disk galaxy (Bekki & Couch 2003;
Bekki et al. 2010). There is at least one case where busts
of star formation induced by ram-pressure may have been
observed (Cortese et al. 2006), and the effects appear to
be dramatic. Of course, even if ram-pressure or a static
high-pressure ICM can induce starbursts, this mecha-
nism only functions over a small range of the environ-
ments studied here — in the cores of rich clusters. How-
ever, this is exactly where the fraction of poststarbursts is
highest, so it could be that the few active starbursts that
are found here, and some of the many poststarbursts, are
the result of ram-pressure-induced star formation that
adds to the passive population in this unique environ-
ment. We note from our own data (Figure 19) that the
fractions of starbursts and poststarbursts are equal in
the cluster cores, suggesting that most or all of the ac-
tive starbursts in this environment should pass through
the poststarburst phase as their star formation is shut
off permanently — a very different outcome than what
we infer for lower-density environments where most star-
bursts return to starforming galaxies.

In other words, the cluster core environment is perhaps
the only one where the conventional CSF ⇒ SB ⇒ PSB
⇒ PAS path (see Figure 20) is in fact the common one.
Moran et al. (2008), find examples of “passive spirals” in
two intermediate-redshift clusters that they believe are
transitioning from active spirals to S0 galaxies through
the agency of ram pressure stripping — they claim such
objects are only found in regions where the intraclus-
ter gas is sufficiently dense. Their sample includes both
objects undergoing a slow evolution (undetected in UV
light), and those with more recent signs of star forma-
tion — detected in the UV, and possibly a burst. In the
study of the structural morphology of ICBS galaxies of
different spectral types, Abramson et al. (2013) also find
that, for the cluster cores alone, the PAS-PSB (spheroid)
and CSF-SB (disk) symmetry is broken, as the PSB dis-
tribution shifts to disk-dominated structures.

Lastly, harassment, as developed by Moore et al.
(1998), is a cluster-specific process in which a galaxy
is whittled down by a combination of encounters with
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other galaxies and through the tidal field of the cluster
as it traverses the cluster core. Moore et al. did in fact,
suggest that harassment of a gas-rich galaxy could pro-
duce starbursts, in a manner similar to the possibility of
ram-pressure-induced star formation. If so, harassment
could also contribute to the population of the conven-
tional channel CSF to PAS through starbursts, and only
in the unique environment of dense cluster cores.

4.8.5. The thumbnail picture

We conclude, as others have, that starvation, and
tidal- and ram-pressure- stripping are likely the domi-
nant mechanisms for turning star forming galaxies into
passive ones. Because these are strongly dependent on
environment, and operate more slowly than mergers,
they are consistent with the basic fact that the pas-
sive fraction is growing mostly in denser environments
since z < 1.5, and slowly. On the other hand, mergers
and strong tidal interactions are likely to be primarily
responsible for the starburst phenomenon (with a pos-
sible contribution from ram-pressure stripping and ha-
rassment in cluster cores). These mechanisms can oper-
ate effectively over a wide range of environments — even
in clusters. The two distinctive features of this model
are (1) starbursts are not an important quenching mech-
anism, and (2) poststarburst galaxies are for the most
part more common in dense environments not because
they are produced by a environmentally sensitive mech-
anism, but because they are tied to the large population
of passive galaxies in such environments. Both conclu-
sions are at-odds with many previous studies, including
our own.

In the Introduction of this paper, we highlighted two
unanticipated discoveries, the rapid decline in the cosmic
SFR since z = 1, and the dramatically higher incidence of
starburst galaxies from 0.3 <

∼ z <
∼ 1.0 compared to today.

Because the population of passive galaxies grew over this
period, it seemed reasonable to think this a substantial
contributor to the decline. When we began the ICBS,
we imagined we would confirm that starbursts are one of
the quenching mechanisms that contribute to the growth
of passive galaxies, instead, we found that starbursts are
minor contributors, plausibly dominant only in the cores
of rich clusters. But, we also found clear evidence for
the growth of the passive population as groups are built
— preprocessing — and concluded that a relatively slow
process such as starvation must be responsible. However,
this substantial growth of the passive population has, it
turns out, little to do with the rapid decline of the cosmic
SFR density since z = 1. In Paper 3 we explore the the
histories of star formation we observe over that epoch,
and in Paper 4, the assembly of SFHs that are required
to explain that decline. We will show in a future paper
that the growth of passive galaxies through quenching in
groups and clusters is playing only a minor role as the
universe heads for a second dark age.

5. SUMMARY

Our spectroscopic and photometric study of 4 fields
of ∼0.5 deg diameter has produced high quality data
for some 2200 galaxies in 5 rich clusters and the field,
0.31 < z < 0.54. From these data we have measured
galaxy magnitudes, colors, line strengths, and velocities
and computed galaxy star formation rates and masses.

Using these basic data we have separated galaxies into
5 spectral types: passive, continuously star forming, two
types of starbursts, and poststarburst.

For 4 of the 5 clusters in our sample, we find substan-
tial infall of moderate-sized, cold groups with typically
10-20 spectroscopic, (20-40 photometric) members; these
groups contribute roughly half of the infall into the clus-
ters, and the total infall within R < 5 Mpc is sufficient to
double the mass of the virialized cluster. The ICBS clus-
ters are more representative of clusters at intermediate
redshift than those selected by, for example, strong X-ray
emission: the one rich, regular cluster of this type in the
ICBS sample shows much less infall and is presumably
in a more advanced dynamical state.

The groups infalling into the clusters have been com-
pared to field groups and filaments of similar size, mass,
and velocity dispersion. For all three samples we find a
factor of 2-3 growth in the fraction of passive galaxies
from the smallest to the largest groups, indicating that
preprocessing in groups is substantial. However, there is
also evidence that in rich cluster cores additional quench-
ing mechanisms “kick in” and further elevate the passive
fraction. Cluster groups that are projected along the
cluster center, presumably infalling or exiting from the
cluster core, show this effect strongly: their fraction of
passive galaxies is ∼70-80%.

Together, starbursts and poststarbursts make up about
15-20% of the intermediate galaxy population, so com-
mon that — given the τ <

∼ 500 Myr the timescale of
the starburst phenomenon — it is unlikely that they
are a major component in the growth of the passive
galaxy population in any environment, with the pos-
sible exception of rich cluster cores. We find in ad-
dition new relationships for starburst galaxies: the
poststarburst/passive fraction is approximately constant
at 10-20% over all environments, from isolated galax-
ies, through groups, to cluster cores, and the active-
starburst/continuously-starforming fraction near con-
stant at ∼25%. From this we suggest that mild-to-
moderate starbursts in this era are the result of merg-
ers, mostly minor mergers and accretions. Specifically,
we suggest that readily identified active starbursts are
primarily events in previously continuously star form-
ing galaxies, to which they will generally return, and
poststarbursts are events occurring in previously passive
galaxies, to which they will usually return. These events
are thought not to fundamentally change the galaxy, ex-
cept perhaps in the building the larger bulges and thick
disks of S0 galaxies.

By combining this explanation of the starburst phe-
nomenon with the popular notion that starvation and
stripping — comparatively slow, environmentally sensi-
tive quenching mechanisms — are mainly responsible for
building the higher passive fractions of groups and clus-
ters, we complete a picture which is plausibly consistent
with the major features of structural and star formation
features for galaxy populations at z < 1, over the full
range of environment.
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TABLE 1
Metacluster Properties

ID RA DEC z N σ0 R200 PAS CSF SBH PSB SB0
km s−1 Mpc

RCS0221A 35.41530 -3.77685 0.430924 247 896 1.27 85 121 27 9 5
RCS1102B 165.67800 -3.66588 0.385657 275 698 1.39 107 137 19 8 3
SDSS0845A 131.36600 3.45924 0.329637 278 1436 1.43 132 109 17 12 7
SDSS1500A 225.14300 1.89275 0.419252 113 637 1.17 47 43 16 3 4
SDSS1500B 225.09400 1.85731 0.517742 160 1398 1.23 53 83 14 5 5

Note. — spectral-types are in numbers of galaxies

TABLE 2
Sample Incompleteness

spectral samples N WTmag WTrad WTtot sample N WTmag WTrad WTtot

all cluster 913 1.98 1.94 1.89 all cl field 1090 2.00 1.90 1.98
all (normalized) 913 1.00 1.00 1.00 all (normalized) 1090 1.00 1.00 1.00

PAS 371 0.97 1.01 0.97 PAS 193 0.94 0.95 0.89
CSF 410 1.00 1.00 1.01 CSF 692 1.02 1.02 1.03
SBH 79 1.11 0.91 1.08 SBH 126 0.91 0.94 0.94
PSB 32 0.91 1.15 1.00 PSB 29 1.00 0.96 0.98
SBO 14 1.44 090 1.17 SBO 29 1.00 0.96 0.98

group samples N WTmag WTrad WTtot sample N WTmag WTrad WTtot

all metacluster 795 1.81 1.91 1.89 all cl field 1090 2.00 1.90 1.97
all (normalized) 795 1.00 1.00 1.00 all (normalized) 1090 1.00 1.00 1.00

groups 257 0.97 0.89 0.91 groups 425 0.99 1.00 1.00
nongroup 466 1.02 1.10 1.09

cluster 539 1.08 1.09 1.01

Note. — Incompleteness of spectral-types with different samples. Average weight for spectroscopic compared to photometric sample
is a factor of ∼2.0, as shown in the first lines of the table. Values for subsets are normalized to the appropriate weight for each type of
incompleteness for whole sample.

TABLE 3
Sample Mass Limits

metacluster N M > 109 M > M
(a)
lim

f(b) cl field N M > 109 M > Mlim f
sptype M⊙ sptype M⊙

PAS 371 343 292 0.851 PAS 193 175 146 0.834
CSF 410 381 200 0.525 CSF 692 604 297 0.492
SBH 79 73 34 0.466 SBH 126 110 52 0.473
PSB 32 28 19 0.679 PSB 29 23 19 0.826
SBO 29 19 6 0.316 SBO 47 46 15 0.326

Note. — Numbers and fractions of mass limited samples by spectral types. Not all N galaxies have measured masses.

aMlim = 2.5 × 1010 M⊙
bf is fraction of sample with masses above Mlim
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TABLE 4
Cluster Group Properties

Group ID Ntot RA DEC N
(a)
tot L

(b)
gal

R
(c)
pair

∆V0 σ0 PAS CSF SBH PSB SBO Nex Prob τenc

deg deg Mpc km s−1 km s−1 % % % % %

RCS0221A-1A 20 35.3304 -3.7006 41.35 11.42 2.18 541.9 362.0 25.0 70.0 0.0 0.0 5.0 6 3.2E-3 1.4490
RCS0221A-1B 16 35.3493 -3.6811 29.19 6.46 1.65 -1499.3 189.4 25.0 64.3 12.5 0.0 6.3 5 < E-4 1.5949
RCS0221A-2A 14 35.2734 -3.8977 36.48 7.27 1.20 433.3 244.8 21.4 57.1 14.3 0.0 0.0 0 1.3E-3 0.3904
RCS0221A-2B 5 35.2905 -3.8953 12.66 3.02 0.98 1331.3 77.7 0.0 80.0 20.0 0.0 0.0 0 3.0E-4 1.6917
RCS0221A-4 24 35.5511 -3.9102 51.99 15.82 2.14 297.5 349.9 20.8 50.0 29.2 0.0 0.0 0 6.0E-4 1.0781

RCS1102B-1A 20 165.845 -3.605 64.38 12.59 1.08 -42.5 181.3 20.0 60.0 10.0 5.0 5.0 1 6.0E-4 0.2452
RCS1102B-1B 4 165.829 -3.6788 11.64 3.07 0.49 -985.8 158.3 0.0 100.0 0.0 0.0 0.0 4 1.1E-2 0.3897
RCS1102B-2 15 165.499 -3.5894 53.82 13.62 1.75 897.0 385.0 13.3 60.0 20.0 6.7 0.0 6 < E-4 0.5650
RCS1102B-3 12 165.502 -3.7916 48.80 10.70 0.86 268.9 162.7 16.6 75.0 8.3 0.0 0.0 6 6.2E-3 0.1654
RCS1102B-4 13 165.725 -3.8076 36.28 9.29 1.14 -679.6 508.4 9.1 81.8 9.1 0.0 0.0 5 2.0E-4 0.3353
RCS1102B-5 10 165.703 -3.6828 18.73 5.04 0.16 -843.1 335.8 60.0 20.0 0.0 20.0 0.0 7 1.8E-3 0.0014

SDSS0845A-1 18 131.178 3.5366 41.79 17.19 0.89 244.8 280.0 22.2 77.8 0.0 0.0 0.0 4 3.0E-4 0.1298
SDSS0845A-2 6 131.244 3.4757 13.01 3.81 0.48 -3273.8 125.2 16.7 33.3 33.3 0.0 16.7 5 < E-4 0.3084

SDSS1500A-1 8 225.239 1.9881 15.33 7.10 0.67 398.2 169.7 25.0 50.0 25.0 0.0 0.0 2 1.1E-2 0.2269
SDSS1500A-2 6 225.331 1.8750 11.17 6.72 1.08 140.2 199.8 16.6 66.7 16.7 0.0 0.0 0 1.6E-1 1.0781
SDSS1500A-3 13 225.102 1.9919 26.02 12.06 1.00 224.5 305.3 38.5 38.5 15.4 0.0 7.6 2 5.5E-2 0.2530
SDSS1500A-4A 14 225.153 1.8936 24.46 10.18 0.70 -791.1 255.9 50.0 21.4 7.1 14.3 7.2 14 2.0E-4 0.1104
SDSS1500A-4B 6 225.147 1.8926 13.76 4.09 0.90 467.7 236.3 83.3 0.0 16.7 0.0 0.0 5 8.8E-2 0.4217

SDSS1500B-1A 3 225.053 1.7293 13.30 5.58 1.63 2143.3 116.2 33.3 66.7 0.0 0.0 0.0 4 5.6E-3 0.0096
SDSS1500B-1B 8 225.026 1.7496 21.84 7.96 1.13 -2895.3 401.2 0.0 75.0 25.0 0.0 0.0 3 < E-4 0.3187
SDSS1500B-2 29 224.952 1.802 107.45 38.67 0.86 -99.8 915.4 37.9 55.2 0.0 6.9 0.0 0 2.3E-1 0.0132
SDSS1500B-3 8 225.126 1.8688 41.17 13.72 0.58 1497.0 476.8 62.4 25.0 12.5 0.0 0.0 10 2.4E-2 0.0195
SDSS1500B-4A 6 225.143 1.738 22.59 5.83 0.88 1960.9 319.1 16.7 66.6 0.0 0.0 16.7 2 < E-4 0.1836
SDSS1500B-4B 3 225.178 1.727 10.08 2.74 1.84 -2440.9 34.0 0.0 66.7 33.3 0.0 0.0 2 1.5E-3 0.0039

a,bNtot & Lgal are values for each group of the total number of
galaxies, after adjusting for sampling depth, and the total lumi-
nosity, from fitting a Schechter function, as explained in the text.
cRpair is a radius calculated by as the mean of the separations of

all possible pairs

TABLE 5
Field Group Properties

Group N RA DEC z Ntot Lgal σ0 Rpair PAS CSF SBH PSB SBO tauenc

km s−1 Mpc % % % % % Gyr

RCS0221 1A 13 35.30412 -3.85102 0.3157 21.10 4.05 238.0 1.17 23.1 53.8 15.4 0.0 7.7 0.6677
RCS0221 1B 41 35.27720 -3.80787 0.3257 55.44 16.32 317.0 2.08 24.4 56.1 12.2 2.4 4.9 1.0720
RCS0221 2 17 35.55209 -3.81320 0.3487 25.81 7.21 151.0 1.77 17.6 76.5 5.9 0.0 0.0 2.9787
RCS0221 3 7 35.55083 -3.87912 0.3663 11.88 2.69 174.0 0.83 0.0 71.5 28.5 0.0 0.0 0.5791
RCS0221 4 8 35.53390 -3.69391 0.4970 22.50 8.19 223.0 2.12 25.0 50.0 25.0 0.0 0.0 3.5795
RCS0221 5 10 35.46751 -3.63309 0.3969 20.11 4.24 240.0 0.78 10.0 60.0 10.0 0.0 20.0 0.2058
RCS0221 6A 8 35.60182 -3.82601 0.4970 22.50 8.19 223.0 2.12 12.5 50.0 25.0 0.0 12.5 3.9755
RCS0221 6B 13 35.49378 -3.88737 0.5002 35.15 14.51 123.0 2.02 15.4 76.9 0.0 7.7 0.0 3.9911
RCS0221 7 7 35.54801 -3.75429 0.5159 26.01 7.06 295.0 0.85 14.3 85.7 0.0 0.0 0.0 0.1676

RCS1102 1 13 165.53380 -3.60421 0.3424 45.53 9.25 123.0 2.07 15.4 69.2 15.4 0.0 0.0 3.3157
RCS1102 2 15 165.65413 -3.83397 0.3481 38.44 7.65 172.0 2.07 20.0 53.3 20.0 0.0 6.7 2.8085
RCS1102 3 16 165.75301 -3.61600 0.3617 46.32 17.23 204.0 1.47 18.8 62.4 12.5 6.3 0.0 0.7038
RCS1102 4 21 165.50757 -3.74132 0.3667 83.06 22.24 291.0 1.52 23.8 66.7 4.7 4.8 0.0 03042
RCS1102 5 24 165.66133 -3.66528 0.3993 86.30 20.82 145.0 2.65 25.0 45.8 25.0 0.0 4.2 3.1133
RCS1102 9 16 165.74455 -3.77131 0.4755 87.68 23.01 109.0 3.11 12.5 68.8 18.7 0.0 0.0 6.5981
RCS1102 10 48 165.67100 -3.73191 0.4992 255.38 82.89 341.0 4.23 35.4 50.0 2.1 10.4 2. 1.8195

SDSS0845 2B 10 131.38068 3.34949 0.3811 30.39 10.33 269.0 2.09 0.0 80.0 10.0 0.0 10.0 2.3379
SDSS0845 3 14 131.25034 3.50936 0.4438 48.28 16.33 157.0 2.39 21.4 64.4 0.0 7.1 7.1 3.7705
SDSS0845 4 7 131.44269 3.57199 0.4545 27.93 6.20 447.0 2.42 14.2 85.8 0.0 0.0 0.0 2.3765

SDSS1500 1 11 225.20789 1.79321 0.3719 19.16 7.51 214.0 1.44 54.6 45.4 0.0 0.0 0.0 1.5246
SDSS1500 3 8 225.31461 1.90860 0.3955 12.90 4.43 302.0 1.60 25.0 37.5 25.0 12.5 0.0 2.2011
SDSS1500 5 14 225.22456 2.00235 0.4577 32.26 11.65 212.0 2.25 21.4 42.8 21.4 7.2 7.2 3.4867
SDSS1500 6 9 225.13403 1.95897 0.4799 19.80 4.05 262.0 2.85 11.1 55.6 22.2 11.1 0.0 9.3420
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TABLE 6
Field Filament Properties

Group N RA DEC z Ntot Lgal σ0 Rpair PAS CSF SBH PSB SBO tauenc

km s−1 Mpc % % % % % Gyr

RCS1102 6 8 165.72307 -3.84014 0.4265 30.24 9.96 287.0 1.88 25.0 62.5 12.5 0.0 0.0 1.6028
RCS1102 7 15 165.73518 -3.65126 0.4424 48.53 19.02 165.0 2.75 20.0 80.0 0.0 0.0 0.0 5.4372
RCS1102 8 11 165.69684 -3.56506 0.4741 50.53 10.28 278.0 3.14 9.1 81.8 9.1 0.0 0.0 4.6139

SDSS0845 1 11 131.4595 3.52035 0.3580 25.00 5.18 169.0 1.73 9.1 72.7 18.2 0.0 0.0 2.5656
SDSS0845 2A 8 131.36554 3.35107 0.3647 17.97 5.51 203.0 2.10 0.0 100.0 0.0 0.0 0.0 5.3148

SDSS1500 2 14 225.10097 1.83667 0.3775 25.59 11.28 187.0 2.59 57.1 42.9 0.0 0.0 0.0 7.6008
SDSS1500 7 15 225.08087 1.72892 0.4835 40.31 11.43 345.0 2.48 26.7 53.3 13.3 0.0 6.7 2.2961

TABLE 7
Properties of Other Samples

Sample N N
(a)
tot L

(b)
gal

σ0 R
(c)
pair

PAS CSF SBH PSB SBO

km s−1 Mpc % % % % %

RCS0221A cluster 91 210.46 62.66 918 1.43 55.0 27.5 10.9 6.6 0.0
RCS1102B cluster 169 485.59 125.21 705 1.49 50.9 38.5 6.5 3.6 0.6
SDSS0845A cluster 180 452.85 199.57 1273 1.27 61.1 27.2 3.9 6.1 1.7
SDSS1500A cluster 46 108.12 30.22 764 1.03 54.3 26.1 8.7 6.5 4.3
SDSS1500B cluster 53 205.02 57.40 828 1.19 49.1 34.0 13.2 1.9 1.9

RCS0221A supercluster 156 888 3.38 22.4 61.6 10.9 1.9 3.2
RCS1102B supercluster 106 688 2.62 19.8 68.9 7.5 1.9 1.9
SDSS0845A supercluster 98 1676 3.24 23.5 61.2 10.2 1.0 4.1
SDSS1500A supercluster 67 513 3.72 34.3 44.8 17.9 0.0 3.0
SDSS1500B supercluster 101 1385 4.25 25.7 61.4 5.9 3.0 4.0

RCS0221A core 20 1142 70.0 10.0 5.0 15.0 0.0
RCS1102B core 37 761 67.6 21.6 5.4 5.4 0.0
SDS0845A core 70 1227 74.3 14.5 2.9 8.6 0.0
SDSS1500A core 20 912 75.0 15.0 5.0 5.0 0.0
SDSS1500B core 11 718 72.9 18.2 0.9 0.0 0.0

a,bNtot & Lgal are extrapolated values of the number of galaxies
and total luminosity, as described in the text.
cRpair is a radius calculated by as the mean of the separations of

all possible pairs
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