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Figure 5. Thumbnail images for the O3 sample. The color components are F606W and F814W for blue and red, respectively, while green is represented by a weighted
average of the two. Each image is 3" across, equivalent to ~23 kpc at the redshift of Cl 1604. Galaxies detected at 24 yum are indicated in the images.

(A color version of this figure is available in the online journal.)

Figure 6. Color thumbnail images for the O35 sample.
(A color version of this figure is available in the online journal.)
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Figure 7. (a) Color—magnitude diagrams for galaxies in each cluster, the group composite, and the superfield. The red sequence in each structure is indicated by
the dashed lines. Each gray point represents a galaxy within the system. K+A galaxies are shown as squares (red), triangles (blue), and inverse triangles (magenta)
for clusters, groups, and the superfield, respectively. The vertical dashed line at F814W = 24 represents the magnitude limit used in this paper. Only galaxies
with F814W < 24 are included in discussion. (b) Color—stellar mass diagrams in each environment. Symbols are the same as in (a). The vertical dashed line at

log(M/Mo) =

(A color version of this figure is available in the online journal.)
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10 labels our completeness limit on red sequence galaxies (see text).
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Figure 8. Distribution of stellar masses and colors of red, blue, and K+A galaxies. The upper panels show the histograms. Red and blue galaxies are represented by
dash-dotted (red) and dash-dot-dotted (blue) lines. The solid lines (black) indicate the O5 sample, while the O3 sample is shown by the gray shaded regions. Arrows
indicate the median stellar mass of each sample. The lower panels show the cumulative fraction of each sample, with gray dashed lines representing the O3 sample.

(A color version of this figure is available in the online journal.)

Table 5
Morphologies of K+A Galaxies
Sample 03 035 05 All Galaxies with HST
Early Late All Early Late All Early Late All Early Late All
Interaction 0 (0) 43) 4(3) 44 5(2) 9 (6) 4(4) 9(5) 13(9) 20 (9) 68 (32) 88 (41)
Non-inter 21(2) 1(1) 22(3) 52 3() 8(3) 26 (4) 4(2) 30 (6) 171 (28) 148 (53) 319 (81)
All 21(2) 54) 26 (6) 9(6) 8(3) 17 (9) 30 (8) 13 (7) 43 (15) 191 (37) 216 (85) 407 (122)

Notes. The numbers are different from those of Table 1 because the HST ACS imaging does not cover the whole spectroscopic sample. Numbers of

galaxies detected at 24 um are shown in parentheses.
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Figure 9. Cumulative projected radial distributions of different types of galaxies as a function of virial radius. The projected distance is first normalized by the virial
radius of each cluster or group and then combined. In clusters, K+A galaxies are centrally concentrated, even more than red sequence galaxies. Group K+A galaxies,

on the other hand, are evenly distributed.
(A color version of this figure is available in the online journal.)

masses of K+A galaxies from red sequence galaxies in CI 1604.
The median stellar masses of red sequence galaxies and K+A
galaxies are log(M/Mg) = 10.54 (10.49 for the O3 sample)
and log(M /M) = 10.52, respectively. Given the uncertainty of
our stellar mass estimate, Alog(M /M) = 0.14, the difference
is insignificant. The similar colors and masses of K+A and red
sequence galaxies suggest that, at least in high-density regimes,
K+A galaxies are likely the progenitors of some red sequence
galaxies, or vice versa.

On the other hand, blue-cloud galaxies are less massive than
K+A galaxies, with a median stellar mass of log(M/Mgy) =
10.35 and the number counts increasing to lower mass. The
difference between the median stellar masses of K+A galaxies
and blue-cloud galaxies is ~10'" M, about 50% of the stellar
mass of an “average” blue-cloud galaxy. In our sample, a K+A
galaxy has an SFR less than 1 Mg yr~!. Assuming that the
SFR of an “average” blue-cloud galaxy drops to that of a K+A
galaxy immediately and retains SFR ~1 Mgyr~! for 1 Gyr, the
stellar mass only increases by ~10° M, and thus cannot reach
the mass of an “average” K+A galaxy passively. This result
suggests that, for an average blue-cloud galaxy turning into a
K+A galaxy, there should be an epoch of rapid mass assembly
before the star formation shuts down. Further discussion will be
presented in Section 5.2

4.2. The Environment

The CI 1604 supercluster contains galaxies in a variety of
clusters and groups, with velocity dispersions ranging from
~300to 800 km s, as well as those not belonging to any bound
structure, providing a variety of environments all at similar
redshifts. The prevalence of K+A galaxies ranges from 4% in the
superfield to 19% in Cluster A. Even the three clusters, which
have similar velocity dispersions and thus possibly similar
mass, do not have similar K+A fractions. This variation among
individual clusters has been shown in several previous studies
(Dressleretal. 1999; Tran et al. 2003; Poggianti et al. 2009). One
source of this variation may be the cluster mass, as Poggianti
et al. (2009) found from 20 intermediate-redshift clusters in
the ESO Distant Cluster Survey (EDisCS). They found that the
K+A fraction correlates with the velocity dispersion of the host
cluster, after binning their sample into three velocity dispersion
bins. However, in each bin, the variation in the K+A fraction is
still large. This variation is also seen in Cl 1604, where the three
clusters have quite similar velocity dispersions, but in Cluster
A, K+A galaxies are almost four times more prevalent than in
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Cluster D, whose K+A fraction is comparable to the superfield.
Although the dependence on cluster mass may be present, it
cannot be the only factor. The dynamical state of each cluster
may also be important.

In addition to the prevalence of K+A galaxies, we also
examined the spatial distributions of K+A galaxies in the
clusters and groups. Figure 9 shows the cumulative projected
radial distributions of K+A galaxies, along with those of red and
blue galaxies, in clusters and groups as a function of virial radius.
We combine clusters and groups by normalizing the projected
distance of each galaxy by the virial radius of its parent system.
In clusters, K+A galaxies are almost all located at <1 Ry;; from
the center but not in the infalling region of 1 < Ry, < 2, while
K+A galaxies in the lower-mass groups can be found at all radii.
This distribution is unlikely an artifact of our spectroscopic
sampling, as the average completeness in clusters and groups
does not strongly depend on the projected distance to system
centers (Figure 3). Thus, the distribution of K+A galaxies may
be a clue to the preferred locations where quenching occurs in
clusters and groups. Both the variation in K+A prevalence and
radial distribution will be discussed in Section 5.

5. DISCUSSION
5.1. K+A Galaxies and Host Cluster Dynamical State

The three clusters in the Cl 1604 supercluster are in different
dynamical states, resulting in a range of physical properties (Gal
et al. 2008; Kocevski et al. 2009; Lemaux et al. 2012). Among
the three clusters, Cluster A is the most X-ray luminous and
most massive and shows clear velocity segregation between red
and blue galaxies (Gal et al. 2008; Kocevski et al. 2009). It
likely formed at an earlier epoch so that its primordial galaxy
population had more time to virialize and establish a different
dispersion than the infalling galaxy population. Cluster A also
falls on the X-ray—optical scaling relation, the o,—T relation
(Kocevski et al. 2009; Rumbaugh et al. 2013). This relation
arises if the ICM shares the same dynamics as the cluster
galaxies, so that the ICM temperature scales with the cluster
velocity dispersion as o, o< T''/2, further supporting Cluster A
as a virialized structure. Cluster B has the second-highest X-ray
luminosity but no velocity segregation. It also has been shown
that the velocity dispersion of its member galaxies is higher than
inferred from the temperature of the ICM (Kocevski et al. 2009;
Rumbaugh et al. 2013). This excess in velocity dispersion is
often interpreted as an unvirialized system, with high-velocity
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infalling galaxies inflating the velocity dispersion. Gal et al.
(2008) also noted that the redshift distribution of Cluster B
shows evidence of a substructure or a triaxial system. These
dynamics of its member galaxies indicate that Cluster B is not
yet fully virialized and may still be undergoing collapse. Cluster
D has the most spectroscopically confirmed members in the Cl
1604 supercluster but is not detected in X-rays, suggesting that
it has not yet developed a dense ICM. In addition, its members
have a filamentary distribution (Gal et al. 2008), also indicative
of an unvirialized system.

The X-ray and optical properties of these three clusters sug-
gest that they are at different dynamical states of evolution, with
Cluster A the most evolved and Cluster D the most dynamically
young. This difference among their dynamical states also leaves
imprints on their galaxies’ star formation properties. Kocevski
et al. (2011a) found increased star formation activity in Clus-
ter D compared to Clusters A and B and to the field, where
the fraction of cluster members detected at 24 ywm is higher in
Cluster D than in the other systems. From composite spectra
of the galaxies in each system, Cluster D members on average
have the highest EW([O 11]) and lowest D, (4000), suggesting a
higher SFR and younger stellar age (Lemaux et al. 2012). The
elevated rate of 24 um sources is interpreted as enhanced star
formation in clusters associated with actively infalling galax-
ies, with the likely trigger being interactions between galaxies
(Kocevski et al. 2011a). This scenario is also supported by the
radial distribution of 24 um detected galaxies in clusters, which
is less centrally concentrated than that of 24 um undetected
galaxies (Figure 8 of Kocevski et al. 2011a).

Contrary to 24 um sources, the K+A fraction varies among
clusters but with an inverse trend, with the most evolved Cluster
A having a high K+A fraction and the dynamically youngest
Cluster D having few K+A galaxies. Figure 4 plots the K+A
fraction in each system for our various sample selection criteria.
This variation is the same in all sample selections and could
reflect a real difference among clusters.

As argued in Kocevski et al. (2011a), starbursts induced
by interactions and mergers between infalling galaxies are
occurring in Cluster D, which results in the elevated 24 yum
source fraction seen in Cluster D. Meanwhile, we do not see
the aftermath of these starbursts, the post-starburst galaxies,
in Cluster D. The K+A fraction is comparable to that of the
superfield, showing that in this early stage of cluster formation,
where a cluster is actively accreting galaxies, starburst activity is
triggered, but star formation quenching is not yet enhanced. The
enhancement occurs at a later stage of cluster assembly, when
the starbursts fade and move into their post-starburst phase.
Cluster B is likely an example of such an environment, where
the K+A fraction increases to 11%, about twice that of Cluster
D and the superfield.

The high K+A fraction in Cluster A is intriguing. In the CI
1604 groups, 11% of members are K+A galaxies, comparable
to the fraction in Cluster B but much lower than the 19% seen
in Cluster A. If mergers and interactions are the only routes
producing K+A galaxies, the higher K+A fraction in Cluster
A implies a higher frequency of merger-induced starbursts in
Cluster A than in the CI 1604 groups. The enhanced merger
rate in cluster cores had been proposed by Struck (2006) and
observed by Oemler et al. (2009) in a cluster at z ~ 0.4.
For this enhancement to happen, galaxies fall into the cluster
as bound pairs or small groups rather than individually. The
gravitational perturbation from the cluster to the orbit of the
bound groups may cause the orbit to shrink, leading to a higher
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merging probability. If a substantial fraction of member galaxies
of Cluster A were recently accreted via this route, it would
explain the high K+A fraction. However, the relaxed dynamical
state of Cluster A suggests against this scenario. Cluster A does
not exhibit substructure that indicates a recent infall of a group
of galaxies (Gal et al. 2008).

Alternatively, Dressler et al. (2013) suggested that not every
merger turns into a K+A galaxy, but passive galaxies merging
specifically with a smaller star-forming galaxy can create K+A
phases. The excess of K+A galaxies in Cluster A may arise from
adistinct underlying galaxy population in Cluster A compared to
the other systems. In Cluster A, red sequence galaxies compose
~60% of members (after correcting for incompleteness), much
higher than the ~30% in Cluster B, Cluster D, and the groups
and ~20% in the field. The high fraction of red sequence
galaxies appears to be in line with the scenario of Dressler et al.
(2013), so that mergers in Cluster A are more likely to involve
a passive galaxy as a major component, thus producing more
K+A galaxies. For this assertion to hold, there should be more
early-type K+A galaxies in Cluster A than in other systems in
order to account for the excess of K+A galaxies. After examining
morphologies of K+A galaxies in Cluster A, we found five early-
type galaxies out of nine K+A galaxies with ACS imaging. The
early-type fraction of K+A galaxies in Cluster A is not higher
than that in the whole CI 1604 supercluster (see Table 5). Thus,
the presence of more passive galaxies in Cluster A does not lead
to a higher K+A fraction, but the numbers are too small to draw
a definitive conclusion.

These results lead us to consider another possibility: inter-
action between galaxies and the ICM. Violent processes such
as ram pressure stripping could remove cold gas from a cluster
galaxy in ~107 yr (Abadi et al. 1999), producing a K+A spec-
trum. To remove all the gas of a Milky Way like galaxy, the ram
pressure should meet the requirement (Gunn & Gott 1972; Treu
et al. 2003)

2 12 ) Urot
U>2.1 x 10 N m _—
Peasti (220kms1)
ZH[

X n )"
10 kpc 8 x 10%my cm=2 )’

where pg,s is the gas density, v; is the velocity of the galaxy,
and the rotational velocity vy, scale length r,, and H; surface
density of the galaxy in question are expressed in units for a
Milky Way like galaxy. Making use of Chandra X-ray data, the
gas density profile of Clusters A and B can be derived from the
best-fit isothermal S-models from Rumbaugh et al. (2013). For
a Milky Way like galaxy with v; = 800 km s~!, the stripping
radii for both Clusters A and B are ~0.3 Ry;.. That means that
ram pressure stripping is effective only for galaxies passing
very close to the cores of Clusters A and B. For Cluster B,
still undergoing collapse, some of the members would be just
accreting onto the cluster and not yet have passed close to the
cluster core. Although the ICM in the core of Cluster B is dense
enough to strip a galaxy’s gas, not enough galaxies have traveled
deep enough into the cluster core and experienced this effect. On
the contrary, galaxies in the dynamically evolved Cluster A have
had a higher chance to interact with the dense ICM because they
had been in the cluster for a longer period of time. In this case,
besides galaxy mergers, an extra mechanism kicks in, boosting
the K+A fraction in Cluster A.
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The three clusters in Cl 1604 may be demonstrating one of
the evolutionary tracks for galaxies assembling into clusters. At
the early stage, a starburst may be triggered by a galaxy merger
while a galaxy is infalling into the cluster. On average, the
cluster has an actively star-forming population, and quenching
is not yet enhanced. At a later stage, those galaxies have past
their starburst phase and turn into post-starburst galaxies, while
new galaxies are still infalling into the cluster, with starbursts
being triggered. As the cluster evolves, fewer galaxies assemble
into the cluster and it becomes virialized, with a dense ICM
in the center. Earlier starbursts fade out, and the ram pressure
becomes strong in the center, producing more post-starburst
galaxies. However, this broad picture is based on only three
clusters in the Cl 1604 supercluster. Future analysis of the full
ORELSE survey, which has similar-quality DEIMOS spectral
coverage in 20 large-scale structures at z ~ 1, will be able to
provide a more complete picture on the coevolution of galaxies
and clusters.

5.2. More on Merger-induced K+A Galaxies

We have seen in Table 5 that about 30% (13/43) of K+A
galaxies exhibit interaction features. This simple morpholog-
ical observation suggests that at least some K+A galaxies are
related to galaxy mergers or interactions. Numerical simulations
have demonstrated that galaxy mergers can result in SFHs that
produce K+A spectral features (Bekki et al. 2005; Snyder et al.
2011). A galaxy merger could trigger a short period of elevated
star formation activity, followed by a rapid fall-off. A few hun-
dred million years after the peak of the starburst, the merger
appears as a K+A galaxy, even before star formation activity
fully stops. The whole K+A phase would last for another few
hundred million years to as long as 1 Gyr, depending on the
physical properties of the merging galaxies (Snyder et al. 2011).
On the other hand, disturbed morphological features fade away
at a timescale comparable to that of the SFR decline (Lotz et al.
2008, 2010a, 2010b). The merger-induced tidal arms can be
prominent for <500 Myr, but the low surface brightness tidal
tails around the spheroid remnant are difficult to observe locally
and nearly impossible at z 2> 0.5 (Mihos 1995; Yang et al. 2004).
It can be expected that at higher redshifts, z ~ 0.9, the observ-
ability of tidal arms decreases. Therefore, some merger-induced
K+A galaxies may not be found to have interaction features,
which means that the true population of merger-induced K+A
galaxies could be much higher than the observed value of 30%
of the whole K+A population. Also with H ST images, Vergani
et al. (2010) reported a high incidence of asymmetry in K+A
galaxies at 0.48 < z < 1.2, supporting the hypothesis that K+A
galaxies have experienced mergers or interactions in the recent
past.

The spatial distribution of K+A galaxies in clusters and
groups in the Cl 1604 supercluster is also consistent with
a merger origin. In clusters, galaxy mergers are expected to
happen more often at the outskirts than in the core, while in
groups, the group centers are the preferred place for mergers.
In the CI 1604 supercluster, the starburst activity distribution
gives a consistent picture, where starbursts in clusters are found
in infall regions and within R,; in groups (Kocevski et al.
2011a). So, for a starburst happening at the infall region of
a cluster, the remnant likely ends up close to the cluster core
after a few hundred million years while infalling into the cluster.
For a starburst galaxy near the core of a group, it can end up
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anywhere during the K+A phase, depending on whether it is
moving toward or away from the core.

Some of our K+A galaxies are bright at 24 um, implying
that they still host substantial star formation. These galaxies do
not meet the strict definition of post-starburst galaxies (no or
little ongoing star formation). Sometimes they are suggested
to be dusty-starburst galaxies and are therefore excluded from
post-starburst galaxy samples (Oemler et al. 2009). Figure 10
presents the cumulative projected radial distributions of 24 um
undetected K+A galaxies, 24 um detected K+A galaxies, and
24 pm detected non-K+A galaxies in clusters and groups. We
found that the spatial distributions of K+A galaxies, whether
they are detected at 24 um or not, are similar in clusters.
We performed K-S tests on the radial distributions of these
different samples. In clusters, there is a strong suggestion (K-S
significance = 0.981) that the 24 um detected K+A galaxies
and their 24 um undetected K+A counterparts are drawn from
the same distribution. On the contrary, the 24 um detected K+A
galaxies and 24 um detected non-K+A galaxies do not have
similar radial distributions, with a K-S likelihood of only 0.068
of being the same. The radial distributions in clusters suggest
that 24 um detected K+A galaxies are possibly associated with
24 ym undetected K+A galaxies but not with other 24 um
detected galaxies.

Among all 24 um detected K+A galaxies, the average IR
luminosity for those with and without interaction features is
3.1 x 10" Ly and 1.3 x 10'"" L, respectively. For 24 um
detected non-K+A galaxies, the average IR luminosity is
2.2 x 10" L. The average IR luminosity of 24 um detected,
interacting K+A galaxies suggests elevated star formation ac-
tivity in the interacting K+A galaxies, and the SFR drops as
the interaction feature fades away. These 24 um detected K+A
galaxies may be younger merger-induced K+A galaxies, whose
SFR has not yet dropped to an undetectable level. This phase
should last at most a few hundred million years. In Clusters A
and B, it takes ~1 Gyr for a galaxy with a velocity of 800 km s~
to traverse ~1 R,;;. Taking projection effects into account, the
short-lived 24 um detected K+A phase is hard to spatially dis-
tinguish from the parent K+A galaxy sample. The D,(4000)
indices and EW(HS) of composite 24 um detected and 24 um
undetected K+A galaxies (Table 2) are also suggestive that both
populations have truncated star formation (Le Borgne et al.
2006; Lemaux et al. 2012), where the 24 um detected popula-
tion is younger, indicated by its stronger EW(H§) and smaller
D, (4000).

Previous observations have also tested the idea that K+A
galaxies are merger descendants. For example, Wild et al. (2009)
compared K+A galaxies drawn from the VIMOS VLT DEEP
Survey (Le Févre et al. 2005) with numerical simulations and
showed that K+A galaxies are consistent with being merger
remnants that underwent a strong starburst within the last few
hundred million years. Studies on the kinematics and spatial
distributions of stellar populations in early-type K+A galax-
ies with integral field unit spectroscopy also favor K+A galax-
ies as already coalesced gas-rich mergers (Pracy et al. 2009,
2012). These studies suggested that K+A galaxies are from gas-
rich mergers, which induces likely strong starbursts. However,
Dressleretal. (2013) claimed that passive galaxies are the princi-
pal progenitors of post-starburst galaxies, as they found that the
ratio between passive and post-starburst galaxies stays nearly
constant across a wide range of environments from isolated
galaxies to cluster cores at z ~ 0.5, which indicates a tight cor-
relation between these two populations. They suggested that the
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Figure 10. Cumulative projected radial distributions of K+A and 24 um detected galaxies in clusters and groups. 24 um undetected K+A galaxies, 24 um detected
K+A galaxies, and 24 um detected non-K+A galaxies are represented by solid lines (red), dashed lines (magenta), and dash-dotted (blue) lines, respectively. In clusters,
K+A galaxies share a similar projected radial distribution, regardless of whether they are detected at 24 um or not. On the other hand, the distribution of 24 um
detected K+A galaxies is distinct from other 24 um detected galaxies. In groups, the three subsamples show moderate differences.

(A color version of this figure is available in the online journal.)

dominant route of producing post-starburst galaxies is rejuve-
nated passive galaxies experiencing minor mergers or accretion.

With our data, we are not able to directly measure the
strength of the past starburst in the K+A galaxies, but their
morphologies can give us a clue about the progenitors. In the Cl
1604 supercluster, 13 of 43 K+A galaxies are late type, about
one-third of the population. Among the late-type K+A galaxies,
nine have interaction features. This simple observation shows
that late-type galaxies constitute a non-negligible portion of the
whole K+A population, but we cannot rule out the route from
rejuvenated passive galaxies for at least some of the population
for the remaining sample.

The stellar mass of each population can give some more
insight. In Section 4.1 we found that, on average, the stellar
mass of a typical K+A galaxy is similar to that of a red
sequence galaxy and ~50%(~10'° M) more than that of a
blue-cloud galaxy. This result means that if an average blue-
cloud galaxy turns into a K+A galaxy, its stellar mass should
increase significantly in a short period of time. This increase
can be achieved by a major merger but not by a minor merger. A
major merger can produce a large amount of new stars rapidly,
and the stellar mass of the merged galaxy is naturally nearly
doubled by combining two progenitors with similar sizes. This
scenario is only the case for blue-cloud K+A galaxies. Because
the stellar masses of red sequence galaxies are similar to those of
K+A galaxies, passive galaxies can experience a minor merger
to create a K+A and do not have to merge with another massive
galaxy.

5.3. Post-starburst Galaxy Selection

The [Ou] AA3727,3729 line is a popular star formation
indicator because it is accessible by optical spectroscopy from
the local universe out to z ~ 1.5, allowing direct comparisons
between samples over a wide range of cosmic time. However,
[O 1] emission has been shown to be a flawed star formation
indicator. [O1] emission from LINERs/Seyferts can be as
strong as that in star-forming galaxies. Therefore, setting an
upper limit on [O 11] line strength tends to misidentify a LINER/
Seyfert-harboring passive galaxy as a star-forming galaxy (Yan
et al. 2006; Lemaux et al. 2010; Kocevski et al. 2011b). On
the other hand, [O11] emission in a dusty star-forming galaxy
would be highly attenuated, with the resulting EW([O11]) as
low as that of a truly quiescent galaxy (Poggianti & Wu
2000). These potential problems are often not addressed because
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there is a shortage of usable information to determine the
sample incompleteness and contamination. For the Cl 1604
supercluster, we are able to address these issues thanks to the
extensive ancillary data.

5.3.1. LINER/Seyfert Activity

Lacking LINER /Seyfert diagnostics for the whole spectro-
scopic sample, i.e., the ability to make a BPT or pseudo-BPT
diagram (Baldwin et al. 1981; Stasinska et al. 2006; Juneau
et al. 2011), we estimated the number of LINER/Seyfert-
harboring K+A galaxies based on a study of 17 [O 11]-emitting
absorption-line-dominated galaxies in Cl 1604 presented in
Lemaux et al. (2010). Their absorption-line-dominated spec-
tra indicate that there is little ongoing star formation, so the
[O 1] emission may come from other ionizing sources. From
near-IR spectroscopy, Lemaux et al. (2010) found that about
half of these [O 11]-emitting absorption-line-dominated galaxies
exhibit EW([O 11])/EW(He) ratios higher than the typical ob-
served value for star-forming galaxies. Furthermore, a majority
of these galaxies have [N 11] 16584 to Ha emission-line ratios
consistent with a LINER /Seyfert origin, so the emission in many
of these galaxies may be contributed by a LINER /Seyfert. Thus,
these galaxies would have been categorized as K+A galaxies if
not for the presence of a LINER/Seyfert. A strong color de-
pendence is also observed: red [O 11]-emitting, absorption-line-
dominated galaxies more likely harbor LINERs/Seyferts than
blue ones.

We estimate the number of K+A galaxies that would be
excluded due to [O11] emission from a LINER/Seyfert in the
following manner. From our spectroscopic sample, we first
selected galaxies with (1) [O 11] emission; (2) absorption features
such as Ca1r H, Cau K, and Balmer absorption lines; (3) no other
emission features, such as Balmer lines; and (4) EW(HS) >3 A.
These galaxies are candidate genuine post-starburst galaxies
but were not classified as such because of [O11] emission
produced by a LINER /Seyfert. From the 17 galaxies in Lemaux
et al. (2010), we calculated a color-dependent probability
of an [O1]-emitting, absorption-line-dominated galaxy being
LINER/Seyfert-harbored for each 0.5 mag color bin. Applying
this color-dependent probability, we derived the estimated
number of LINER/Seyfert-harboring galaxies in our candidate
sample. These galaxies with strong H§ absorption and LINER/
Seyfert activity are possibly missing from our K+A sample
because LINERs/Seyferts contribute part of the [O 11] emission.
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Figure 11. Estimate of the fraction of K+A galaxies missed due to LINER/
Seyfert activity. The triangles (magenta) represent fractions of LINER /Seyfert
hosts with [O 1] emission and Hé§ absorption in each system. The OS5 and O3
samples are plotted in squares (red) and circles (blue) for comparison. Error bars
are Poisson errors. Lacking additional diagnostics for LINER /Seyfert activity,
the [O 11]-selected K+A sample can suffer up to ~50% incompleteness in most
of the systems.

(A color version of this figure is available in the online journal.)

Figure 11 plots the estimated numbers of these HS-strong,
LINER/Seyfert-harboring galaxies along with the O5 and O3
samples in each system. Because we cannot quantify the amount
of [O11] emission contributed from the LINER/Seyfert, this
value should be taken as an upper limit on the number of
missed K+A galaxies. In most of the systems, the number of
LINER/Seyfert-harboring galaxies is comparable to that of the
03 sample and roughly half to two-thirds of the O5 sample. That
is to say, K+A samples selected by means of EW([O11]) may
suffer from incompleteness up to ~50%. Although it is derived
from a limited sample size, this result at z ~ 0.9 is similar
to what has been found for lower-redshift SDSS galaxies (Yan
et al. 2006).

The exception is Cluster A, in which the number of LINER/
Seyfert-harboring galaxies is only half of the O3 sample and one-
third of the O5 sample. Because the estimate was made from a
limited number of galaxies with LINER /Seyfert diagnostics, we
cannot draw a firm conclusion whether or not this deviation is
real. However, if Cluster A truly behaves differently from other
systems, it suggests that the incompleteness of [O 11]-selected
K+A samples could depend on the properties of their parent
systems. Thus, any comparison of the K+A prevalence among
different samples should consider this possibility. For example,
if we assume that these LINER /Seyfert-harboring galaxies are
all post-starburst galaxies, the total post-starburst fraction in
Cluster A will still be higher than in Cluster B, but the difference
becomes smaller. Future multi-object IR spectroscopy will be
needed for post-starburst galaxy studies at high redshift in
order to verify the effect of LINER/Seyferts and their possible
environmental dependence.

5.3.2. Dust Obscuration

If a galaxy has active ongoing star formation and is dusty, its
[O 1] emission would be highly attenuated while still exhibiting
strong HS absorption, mimicking a post-starburst spectrum
(Poggianti & Wu 2000). As a result, post-starburst galaxy
samples selected by means of EW([O1u]) and EW(HS) are
potentially contaminated by these dusty star-forming galaxies.
With the HST ACS and Spitzer MIPS imaging, both morphology
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and mid-IR emission serve as extra star formation indicators to
test the effects of dust in C1 1604 members.

With the assumption that early-type galaxies are passive and
late-type galaxies are star-forming, we can check how many
late-type galaxies were categorized as post-starburst galaxies
and thus estimate the contamination rate. In the O3 sample, 26
galaxies were imaged by ACS, with 21 early-type galaxies and 5
late-type galaxies. Nineteen percent of the O3 sample members
are star-forming (late-type) galaxies. As for the O5 sample,
13 out of 43 members, or 30%, are late-type galaxies. On the
other hand, the infrared radiation provides another estimate of
the star formation activity in these galaxies. The Ltr derived
from the monochromatic 24 pm flux generally matches well the
values derived from multiwavelength IR observations, with a
scatter of ~0.15 dex rms, but large deviations in individual
sources can occur (Elbaz et al. 2010). Assuming that the
Ltr is properly recovered from the monochromatic 24 um
flux, galaxies detected in our MIPS observation still have an
SFR > 5.2 M yr~'. Our O3 and O5 samples have 6 (19%) and
15 (31%) galaxies detected at 24 um, respectively. Given that
errors in both morphological classification and SFR derived
from single-band IR can exist, the morphology and mid-IR
radiation give consistent estimates. Adopting the EW([O11])
> —3 A limit, ~20% of K+A galaxies are still forming stars,
and ~30% if the EW([O11]) > —5 A limit is used.

A closer look at the morphologies reveals that the majority
of those star-forming (late-type or 24 um bright) K+A galax-
ies have interaction features (see Table 5). As discussed in
Section 5.2, these star-forming, interacting K+A galaxies likely
have a decaying SFR and would turn into quiescent K+A galax-
ies in the near future. Considering their physical origin, in-
cluding them in the sample is not necessarily contamination
but does increase the heterogeneity of the sample. Adopting
different EW([O11]) limits can be thought of as accepting dif-
ferent levels of residual star formation activity in a post-starburst
galaxy. A stringent EW([O 11]) limit selects mainly already co-
alesced mergers with little residual star formation, resulting
in a more homogeneous sample, but at the cost of exclud-
ing objects from the same physical origin, i.e., pre-quenched
merger-induced post-starburst galaxies, where the star forma-
tion is not completely halted. A loose EW([O11]) limit, on the
other hand, gives a more complete, but also more complex,
sample of merger-induced post-starburst galaxies with various
morphologies and residual SFRs.

Those galaxies having ongoing star formation features and
K+A spectral type but no interaction features compose roughly
10% of the whole K+A sample. These galaxies are likely
normal star-forming galaxies and are not related to post-starburst
galaxies.

6. SUMMARY

The Cl 1604 supercluster at z ~ 0.9 consists of eight
clusters and groups, as well as galaxies in filamentary structures
connecting the systems. This structure is the most extensively
studied large-scale structure at such high redshift. We selected
our K+A galaxy sample using EW([O11]) and EW(HS). From
all galaxies with EW(HS) > 3 A, we selected two K+A galaxy
samples with different EW([O11]) limits. The O3 and OS5
samples consist of galaxies with EW([O11]) > — 3 Aand -5 A,
respectively. From 489 galaxies with measurements of both
[O1] and H§ EWs and stellar masses, the O3 and O5 K+A
samples contain 31 and 48 galaxies, respectively.
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Combining these observations with HST ACS and Spitzer
MIPS 24 pm data, we find the following.

1. K+A galaxies in the Cl 1604 supercluster mainly reside in
the red sequence, with a minority located in the blue cloud.

2. K+A galaxies occupy the massive end of the mass distribu-
tion; they are as massive as other red sequence galaxies.

3. We examined the projected clustocentric radii of K+A
galaxies in clusters and groups. We find that K+A galaxies
in clusters are centrally concentrated (even more than red
sequence galaxies), whereas they are spread more widely
in groups.

4. K+A galaxies compose ~7% of Cl 1604 supercluster
members, but the K+A fraction varies from 4% to 19%
among the constituent clusters, groups, and the superfield.

From these results, combined with those from the literature,
we conclude the following.

1. The K+A prevalence in clusters correlates with the dynam-
ical state of the host cluster. At the early phase of cluster
assembly, merger-induced starbursts occur more often in in-
falling galaxies. At this stage, we find more starburst galax-
ies but not K+A galaxies (Cluster D). When the merger-
induced starburst fades away, the galaxy appears as a K+A
galaxy, and the K+A fraction rises (Cluster B). As the clus-
ter evolves, more galaxies have fallen deep into the cluster
core, where star formation activity may be truncated due to
interaction with the dense ICM, and the prevalence of K+A
galaxies becomes even higher (Cluster A).

2. Interaction with a dense ICM can also produce K+A
galaxies but may be efficient only in dynamically evolved
clusters.

3. Major mergers of blue-cloud galaxies simultaneously ex-
plain the spatial distributions in clusters and groups, as
well as the correlation between morphology and 24 um
flux of K+A galaxies. The alternative scenario proposed by
Dressler et al. (2013), that K+A galaxies arise from mi-
nor mergers involving a passive major component, is also
possible but cannot account for the whole sample.

4. Because LINERs or Seyferts can also contribute [O11]
emission, setting an upper limit on EW([O11]) to select
post-starburst galaxies will miss some true post-starburst
galaxies that harbor a LINER /Seyfert. The incompleteness
can be as high as ~50% and may be environmentally
dependent, but we cannot draw a firm conclusion from our
current data.

5. Roughly 30% of K+A galaxies selected by the EW([O 11])
method are still forming stars. Adopting a more stringent
EW([O1]) limit (EW([O11]) < —3 A) yields a more homo-
geneous sample; ~20% of them have signs of star forma-
tion. The majority of these galaxies likely have a rapidly
declining SFR and would become quiescent in the near
future. About 10% of the K+A sample are likely normal
star-forming galaxies and are not related to post-starburst
galaxies.

In this work we studied the properties of post-starburst
galaxies in the Cl 1604 supercluster at z ~ 0.9, the most
extensively investigated structure in the ORELSE survey. By
studying galaxies at similar redshifts, we minimized the effect
of cosmic evolution. However, study of a single structure may
suffer from cosmic variance. The whole ORELSE survey covers
a broader range of environment and dynamical states of clusters
and groups, which will provide a more comprehensive picture of
the cessation of star formation in high-density regions at z ~ 1.
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APPENDIX A

EFFECT OF LRIS SPECTROSCOPY
ON K+A SAMPLE SELECTION

Because the spectral resolution of LRIS is relatively low
(7.8 A), the K+A classification using LRIS spectra is more
uncertain. In the Cl 1604 field, some galaxies were observed by
both LRIS and DEIMOS (Figure 12), and we use these galaxies
to assess the effect of lower spectral resolution on identifying
K+A galaxies.

We examine issues of both contamination and completeness
in the LRIS sample. First, we check how many LRIS-identified
K+A galaxies are not classified as K+A from their DEIMOS
spectra, that is, the cleanness of our LRIS K+A sample. Second,
we examine how many DEIMOS K+A galaxies are not identified
as such using the LRIS spectra, that is, the incompleteness.
Figure 12 compares EW measurements of [O11] and Hé from
DEIMOS and LRIS. For both [O11] and HS, some emission
lines measured to be moderately strong (EW < —10 A) from
LRIS are seen as weak lines in DEIMOS. This result implies
that some DEIMOS-identified K+A galaxies would be seen as
emission-line galaxies if they had only LRIS spectra and would
thus be excluded from the sample.

From 37 galaxies with both DEIMOS and LRIS spectra, we
find 6 galaxies identified as K+A galaxies from their DEIMOS
spectrum, and none identified as K+A galaxies by the LRIS data.
Thus, the cleanness of the LRIS K+A sample is not an issue—we
do not see any galaxies identified as K+A by LRIS but not by
DEIMOS. In our full sample, the galaxies classified as K+A
from LRIS constitute only a small fraction (~10%) in our K+A
samples: 6/48 in O5 and 3/31 in O3. Even if there is significant
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Figure 12. (a) Color-magnitude diagram for the Cl 1604 spectroscopic sample, separated by instrument. Galaxies with only DEIMOS spectra are plotted as filled
circles (gray). Galaxies with only LRIS spectra are represented by open squares (blue). Galaxies observed by both DEIMOS and LRIS (duplicates) are shown as open

circles (red). (b) Comparison between EW([O 11]) of the same galaxy measured
(A color version of this figure is available in the online journal.)

Table 6
K+A Prevalence after Adding Missing LRIS K+A Galaxies

Name 05 03

No LRIS 16th Median 84th No LRIS 16th Median 84th
Cluster A 0.19 020 023 026 013 014 017 020
Cluster B 0.12 014 0.5 0.17 0.08 0.09 0.11 0.13
Cluster D 005 007 0.09 0.11 0.03 005 0.07 0.09
Groups 0.11 0.11 011 0.12 0.06 0.06 0.06 0.07
Superfields  0.04 0.04 0.05 0.06 002 003 004 0.05

contamination by non-K+A galaxies in the LRIS-selected K+A
sample, it will have little or no effect on our conclusions.

On the other hand, the incompleteness in the LRIS K+A
sample could be significant. As noted above, six galaxies are
identified as K+A galaxies by DEIMOS, but none of them
would be picked out by LRIS. Furthermore, if we assume that
these duplicates are representative of LRIS galaxies in the Cl
1604 spectroscopic sample, we would expect 13 K+A galaxies
from the total of 82 LRIS galaxies if they had been observed
by DEIMOS, whereas the LRIS spectra only pick out six and
three in the O5 and O3 sample, respectively. We would like
to point out that the duplicate lies mainly in the red sequence
(Figure 12(a)), where the K+A fraction is higher than average.
Therefore, they may not be fully representative of all LRIS
galaxies in Cl 1604, and the expected total of 13 K+A galaxies
is likely an overestimate. Nevertheless, this result suggests that
we could be missing on the order of five K+A galaxies from our
LRIS targets.

We perform Monte Carlo simulations to estimate the potential
impact of missing K+A galaxies from the galaxies with LRIS
spectra. In each of 1000 runs, we randomly select non-K+A
LRIS galaxies and assign them as K+A galaxies, making the
total number of LRIS K+A galaxies 13, and then check their
impact on the K+A fractions and spatial distributions.

Table 6 lists the median, 16th, and 84th percentile of
completeness-corrected K+A fractions from these 1000 real-
izations. Compared to Table 3, the K+A fractions in groups are
nearly unchanged because few group galaxies are LRIS galax-
ies. In clusters, the K+A fractions are mildly affected, but the
relative K+A abundances in the three clusters do not change
our interpretation of the results. Figure 13 shows the projected
cumulative radial distributions of K+A galaxies in clusters and

from DEIMOS and LRIS. (c) Comparison between EW(H$).

groups, similar to Figure 9 but with the inclusion of the poten-
tially missed K+A galaxies. The shaded region is the 16th and
84th percentile for the cuamulative fraction at each radius. Again,
the lower-resolution LRIS spectra have little to no effect on the
results.

APPENDIX B

EFFECT OF EW UNCERTAINTY
ON K+A SAMPLE SELECTION

In this paper we discuss the K+A fractions in different
environments, which have inherited uncertainties from the
uncertainties of EW measurements. We test the robustness of the
K+A counts using another Monte Carlo simulation. We run 1000
Monte Carlo trials wherein both the EW([O 11]) and EW(HS) of
each galaxy are offset by a Gaussian random error, with the
width of the Gaussian based on the measured uncertainty of
that spectral feature in that galaxy. We then apply the same
K+A selection criteria to each simulated data set, obtaining the
total number of K+A galaxies in each set. We then compute
the standard deviation of numbers of K+A galaxies in each
environment from the 1000 trials. The resulting uncertainty
in the number of K+A galaxies is about 1.6 for Cluster A,
Cluster B, and the group composite, 0.8 for Cluster D, 2.1
for the superfield, and 3.5 for the whole supercluster. The
corresponding uncertainty in K+A fraction in each system is
at a level of ~1%-2%, except for the ~4% in Cluster A.
Our conclusion is largely unaffected, except that the excess
in Cluster A would be less significant.

APPENDIX C

THE EFFECT OF SKY LINES ON
SPECTRAL MEASUREMENTS

Bright sky lines that are not properly subtracted can poten-
tially affect spectral measurements. At the redshifts of the Cl
1604 galaxies, the telluric A band at 7595-7670 A overlaps the
continuum range used for measuring D,(4000) and the band-
passes used for EW(HS) at 4102 A. We use the same “band-
pass” method applied to the EW measurements to estimate the
strength of residual telluric A-band contamination. The red and
blue continua are defined to be 7510~7590 A and 7670-7750 A,
respectively, while the “feature” band is 7590-7670 A. The 80 A

17



THE ASTROPHYSICAL JOURNAL, 792:16 (19pp), 2014 September 1

=
o

WU ET AL.

o o
o @
T T

©
N
T

4 ---- Clusters

; F Groups

Cumulative Distribution

o o

oo N

0 05 1.0 15
R / Rvir

0.0 0.5 1.0 15 2.0

R / .Rvir

Figure 13. Cumulative distributions of K+A galaxies in C1 1604 clusters and groups, for (a) the O5 sample and (b) the O3 sample, respectively. The dash-dotted and
dotted lines show distributions without adding the potentially missing LRIS K+A galaxies, and shaded regions are the 16th and 84th percentiles of the distributions
from 1000 Monte Carlo realizations that assign a certain number of LRIS non-K+A galaxies as K+A galaxies.

bandwidth is also roughly the bandwidth used for EW(HJ) at
z ~ 0.9. We measure the flux in these three passbands for 221
stars in our spectroscopic catalog and then compare the average
flux of red and blue continua to the flux in the “feature” band-
pass. We find that, on average, the flux of the “feature” bandpass
is 5% (8%) lower than the continuum derived from two adjacent
bands for DEIMOS (LRIS) spectra, and only 6% (14) of the
spectra show a deficit of >15%.

The underestimated flux in the blue continuum of a galaxy
with z 2 0.92 results in an overestimate of D,(4000). On the
other hand, for a galaxy with z < 0.91, its D,(4000) would
be underestimated. The worst-case scenario is that the entire
telluric A band falls in either the red or blue continuum. At
z ~ 0.9, the 100 A bandwidth used for D,,(4000) corresponds
to 190 A in the observed frame, which is >2 times broader than
the width of the telluric A band. Therefore, we estimate that
the flux in the affected bandpass is underestimated by ~2%
(4%) for DEIMOS (LRIS) spectra, on average. As a result,
the D,(4000) will be off by 2% (4%) in this scenario. For the
D, (4000) measured in the composite spectra, we expect that
the effect is even lower, because the composite spectra use the
full redshift range of CI 1604, 0.84 < z < 0.96, so the effects
on galaxies at higher and lower redshifts roughly cancel each
other. Therefore, the effect from the uncorrected telluric A band
is negligible.

In the case of H§, only galaxies with z << 0.90 can be affected
by the telluric A band. Following the above reasoning, we expect
that the effect on EW(HS) of composite spectra would be <5%
and thus not a concern. In addition to the composite spectra,
we use the EW(HJ) of individual galaxies to select our K+A
sample. At the border of our selection criteria, EW(H$) > 3 A,
5% corresponds to 0.15 A, which is much smaller than our
typical measurement error and is therefore negligible.
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