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Environment

Environment usually implies
overdensity…

Overdensity usually implies
quenching.
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Dense ⇒ dead, for
clusters…

Spectroscopic
passive fractions
increase with
environmental
density.

•

12 Dressler et al.

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).
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…and for groups

Structure and Spectral Types in the ICBS 25

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 (1010M") 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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Figure 7. Left: CVF (TF/FP estimate) of the largest Y07 group (Section 4.5).
Right: CVF of the two nearest clusters in the D04 sample. Uncertainties are large,
but no significant divergence is seen between either the two samples, or these
clusters and the median MAIN group result (gray dashes). The spectroscopic
components of these systems all have FL-type ≈ 0.3, hence photometric
extensions likely drive the steepening in α found by D04.
(A color version of this figure is available in the online journal.)

Examining Figure 7, we see that the Y07 (left) and two
D04 clusters (right) display CVFs not only identical to each
other (within admittedly large uncertainties), but also entirely
compatible with the median MAIN group result. For one of
these systems, D04 quote a shallower slope than their mean
result (αcl = −1.8 and 〈α〉 = −2.4, respectively), but still
comparable to that of our TF/FP field CVF (α = −1.7) and
steeper than what we find here.

The Y07 cluster is spectroscopically complete below the vc
limit of the (photometrically extended) D04 sample, so this
comparison indeed suggests that photometric sources in the
D04 analysis are responsible for the observed discrepancies
in α.

Finally, we note that the Y07 cluster is about 0.7 dex more
massive than the largest systems in Figure 5. The agreement
between its CVF and the MAIN median CVF thus reinforces
the mass-independence discussed above.

5. DISCUSSION

Our analysis yields three main findings: (1) the CVF of group
galaxies is no steeper than that of the field; (2) its shape is grossly
invariant across more than an order of magnitude of group stellar
mass; (3) it is shallower than the cluster galaxy CVF of D04,
even at comparable M∗

grp. What drives these results?

5.1. What Defines the CVF?

Observationally, it is clear that the relative abundance of
early- and late-type systems significantly alters the shape of
the composite CVF (Figure 2). This is simply because the early-
type CVF has flattened while the late-type CVF is still rising at
velocities below vc ∼ 100 km s−1. Hence, low-mass late-types
substantially control the low-vc slope.

Because different scalings are applied to each class, CVFs
estimated from the TF/FP relations depend explicitly on how
“early-” and “late-types” are identified. Given the “fuzziness” of
galaxy classification (e.g., Moresco et al. 2013) this sensitivity
may raise concerns.

We believe misclassifications are not a serious problem
for two reasons, however. First, identical trends emerge us-
ing the type-independent pseudo-dispersion estimator. Second,
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Figure 8. Early- and late-type fractions for MAIN groups. FE-type increases with
Mhalo, but the trend is weak and overwhelmed by scatter at log Mhalo/M' !
13.3, contributing to the lack of a trend in CVF shape with group mass. This
figure is similar to Figure 2 of Balogh & McGee (2010).
(A color version of this figure is available in the online journal.)

results are qualitatively unchanged if any of three different
categorization schemes are used (Appendix E, Figure 14). In-
deed, because it is not a horribly inaccurate vc estimator for
early-types (Figure 1) tests show the basic shape of the CVF
persists even if the TF relation is applied to all galaxies. The
same is true (at vc ! 70 km s−1) if vc is simply scaled from σv
(see also Sheth et al. 2003).

Hence, astrophysically, the shape of the CVF appears to
depend on the intrinsic mix of early- and late-type galaxies,
not the way in which these terms are defined.

To demonstrate the effect of sample composition, we con-
structed CVFs for groups with late-type fractions higher than
that of the general field, FL-type " 0.7. (Note that this is differ-
ent than uniformly applying the TF relation to a mixed sample.)
These comprise about 16% and 78% of the MAIN and ALL
samples, respectively, highlighting again that the latter is com-
posed mostly of isolated blue galaxies (FL-type ≡ 1). The MAIN
sub-sample comprises all groups lying below the dashed line in
Figure 8. Figure 9 shows the CVFs.

The left column reveals, as anticipated, that the high-FL-type
ALL CVF is steeper than that of the field. However, the en-
hanced agreement between this CVF, that from D04 (below
200 km s−1), and the ΛCDM prediction is unexpected. This
suggests—perhaps counterintuitively—that dark-matter-only
simulations best describe isolated, gas-rich, star-forming galax-
ies, home to a wealth of baryonic processes not present in their
“red-and-dead” contemporaries. Blanton et al. (2008) also found
such agreement for a sample of isolated late-types and, as men-
tioned, Calvi et al. (2013) saw a similar steepening in the mass
function of isolated galaxies. The overlap between this “late-
type enhanced” CVF and that from D04—built mainly from
early-type galaxies in dense environments—is therefore sur-
prising.

The right column reveals hints that the high-FL-type MAIN
group CVF may also steepen at low vc, but only using the
pseudo-dispersion estimator. Conversely, though its low-vc
slope is consistent with that of the field or the median MAIN
group CVF, the TF/FP CVF may agree better with ΛCDM
expectations by exhibiting a slight dip near the central/satellite
transition predicted by the Millennium Simulation.
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State of affairs

Resolved: Environmental density
increases fraction of “dead” galaxies.

At issue: Is it a killer?
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Environment rephrased

A different framework:•

Environment is a source of diversity in
galaxy star formation histories.
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Our approach

If star formation histories:
are differentiated on Hubble timescales (10~10 yrs);
share the form of the cosmic SFH (Madau/Lilly

diagram)…
Lognormal in time; Gladders+13.

Then today’s Milky Way-mass galaxies grew-up
like this:

•
-
-

•

•



Where’s the quenching?
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Not quenching — diversification
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“Finished” galaxies
Galaxies need not quench, can simply

finish first.
Growth is accelerated, but trajectories are

fundamentally similar to starforming peers’.
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“Finished” galaxies
Galaxies need not quench, can simply finish first.•

G
ladders+13

The Astrophysical Journal, 770:64 (13pp), 2013 June 10 Gladders et al.

Figure 8. Top panels: sSFR vs. mass for the data summarized in Table 1; redshift bins increase in redshift to the right from the z ∼ 0 sample on the left. The solid line
shows the nominal z ∼ 0 star formation main sequence, fit using these data, and reproduced in the other panels for comparison. The two bottom panels show residual
distributions of log(sSFR) minus this trend, computed to the limiting mass of each redshift bin (left panel) or to a common limit of 4 × 1010 M# (right panel). The
distributions on the bottom left are taken as constraints on the final model, down to the estimated completeness limit in sSFR in each redshift bin. Below this limit, the
cumulative fraction in the fitted model is required to be at least as large as the measured (incomplete) fraction.

Figure 9. The distribution of t0 and τ parameters for the final model realization,
using the cumulative sSFR residuals as in Figure 8 as constraints. Colors and
symbols are as in Figures 4 and 5.
(A color version of this figure is available in the online journal.)

their stellar populations in their recent past, and moreover that
starbursts, or a change in the prevalence thereof, cannot explain
the enhancement of sSFR values seen toward higher redshifts.
The final model realization above provides some further insight
into the age distribution.

First, consider Figure 10, which shows the cumulative sSFR
fraction in each redshift bin in the model, akin to Figure 4
in Paper III. Note that the model does an excellent job of

Figure 10. The cumulative sSFR distribution for all five redshift intervals
considered, limited to M ! 4 × 1010 M# as in Figure 4 of Paper III. Thin solid
lines show the distributions from the data; heavier dashed lines are the results
from the final model realization discussed in Section 3.2. Redshift increases
from left to right.

reproducing the main trends seen in the data. This model
has no starbursts, yet can reproduce the observed data with
great fidelity. This provides a companion datum to previous
statements regarding starbursts; not only can starbursts not
readily produce the observed evolution, we show here that
a population of galaxies with SFHs that have only a smooth
component in time can in principle produce the measured sSFR
distributions. This does not argue that starbursts do not change
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Environment’s effect
Might simply accelerate galaxy evolution.

e.g., Hearin & Watson 13
Halo age sets final properties of galaxies in it (e.g., color,

SFR).

Alternatively, it might not.
e.g., Newman+14

Similar ages for z = 1.8 quiescent systems in cluster and
field.

To find out, we need a lot of high-z galaxies.
Most systems growing rapidly, so imprints of

mechanisms are most apparent.

•
-
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•
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Epoch of galaxy activity

LEA+14c

Passive today…

…not at z ~ 2
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A perfect mission…
Probes a wide variety of (over)densities at an

epoch when galaxies in them are still active.
1 < z < 2

Has uniform spectroscopic coverage over large
areas.

Clean selection function for galaxies and groups —
pure redshift association; no color/dynamical state
bias; no fiber collisions.
Reduce cosmic variance issues.

Digs deep in the mass function and SFR—Mstel

relation (MW progenitors).
SFR ≥ 10 M⦿⦿ per yr

•

-

•

•

•

•
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A perfect mission…

PICTURE OF TELESCOPE.
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A perfect mission…
Probe a wide variety of (over)densities at an

epoch where galaxies in them are still actively
starforming.

1 < z < 2

Uniform spectroscopic coverage over large
areas.

Clean selection function — pure redshift association;
no color/dynamical state bias.
Reduce cosmic variance issues.

Dig deep in the mass function and SFR—Mstel

relation (MW progenitors).
SFR ≥ 10 M⦿⦿ per yr
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High-Latitude and
Galaxy Redshift
Surveys: WISPS++

Breadth is critical•

WFC3 F140W Image G141 grism spectra

Dan Masters and the WISPS team
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High-Latitude and
Galaxy Redshift
Surveys: WISPS++

WFIRST F140W Image WFIRST grism spectra
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FOV
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FOV

WFC3
FOV
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Section 2: Science 26 

ing strategy that provides good sampling even when 
some of a galaxy’s exposures are lost to cosmic ray hits 
or detector defects. For the GRS, the high space densi-
ty of galaxies in the WFIRST-2.4 survey will make it 
possible to measure higher order clustering statistics 
and split the data into subsamples to constrain models 
of galaxy bias, which are the primary source of uncer-
tainty in deriving cosmological constraints from RSD 
and intermediate-scale P(k) measurements. Cross-
correlation with the WL shear maps (which have signifi-
cant statistical power even out to z=2) will provide fur-
ther tests of galaxy bias models and improved cosmo-
logical constraints. In all of these aspects of systemat-
ics control, the large aperture and sharp PSF of 
WFIRST-2.4 play a crucial role.    

To characterize the ability of these measurements 
to test theories for the origin of cosmic acceleration --- 
i.e., to address the two questions posed at the start of 
§2.2, we adopt the framework put forward by the Dark 
Energy Task Force (DETF).19 We assume a parameter-
ized model in which the dark energy equation-of-state 
parameter evolves with redshift as w(a) = w0 + wa(1-a) 
= wp + wa(ap-a), where a = (1+z)-1 is the expansion fac-
tor and zp = ap

-1-1 ≈ 0.5 is the “pivot” redshift at which 
the errors on wp and wa are uncorrelated and the value 
of w(a) is best determined. Additional parameters that 
must be constrained by the measurements are the bar-
yon and matter densities Ωbh2 and Ωmh2, the Hubble 
parameter h, the curvature Ωk, and the amplitude and 
spectral index of the inflationary fluctuation spectrum. 
Our analysis takes into account the degeneracies 

among these parameters and the ability of complemen-
tary cosmological observables to break these degener-
acies. 

With the assumptions described in Appendix C, we 
have computed Fisher matrices for the WFIRST-2.4 
SN, GRS, and WL surveys, which we combine with the 
Fisher matrix for Planck CMB measurements. In addi-
tion to WFIRST-2.4 and Planck, our forecasts assume a 
local SN calibration sample with 800 SNe, and they in-
clude the anticipated BAO measurements at z < 0.7 
from the SDSS-III BOSS survey.20 Our WL Fisher ma-
trix is based on cosmic shear only and does not include 
more uncertain contributions from higher order statistics 
or galaxy-galaxy lensing, which might significantly 
strengthen the anticipated constraints. We do include 
the expected constraints from clusters calibrated by 
weak lensing, using a Fisher matrix computed for us by 
Michael Mortonson and Eduardo Rozo following the 
methodology described by Weinberg et al.7 

For the fiducial combination of measurements, we 
forecast 1σ errors of 0.0088 on wp and 0.115 on wa, 
after marginalizing over all other cosmological parame-
ters in the model. The solid black ellipse in Figure 2-7 
illustrates these constraints in the form of a Δχ2=1 error 
ellipse. This represents a dramatic improvement over 
the current state of the art, represented in Figure 2-7 by 
the green ellipse, with errors Δwp = 0.08 and Δwa = 
0.96 taken from Anderson et al.’s20 combination of the 
main current SN, BAO, H0, and CMB data constraints. 
While current cosmological data are consistent with a 
cosmological constant, we obviously do not know what 

Figure 2-6: Slices 500 h-1 Mpc on a side and 30 h-1 Mpc thick from the Millenium simulation at z = 1.5. Points in the left 
panel show semi-analytic galaxies17 selected at a luminosity threshold that yields our predicted space density for 
WFIRST-2.4. Thin and thick red circles mark clusters with virial mass exceeding 5 × 1013 Msun and 1014 Msun,, respective-
ly. The middle panel shows the dark matter density field, based on mass-weighting the full dark matter halo population. 
The right panel shows the galaxy distribution with a higher luminosity threshold that yields the space density predicted 
for the Euclid GRS at this redshift. At z = 1.5 this slice would subtend a solid angle (9.2 × 9.2) deg2 with redshift depth 
Δz = 0.022, so it represents a minuscule fraction (~ 10-3) of the GRS survey volume. Figure courtesy of Ying Zu. 

WFIRST-AFTA SDT Final
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cosmology…
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Hubble-quality
astronomy

Not just identification, characterization.
Spectrophotometric analyses of individual galaxies.
More than just passive fractions!
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Figure 5. (Continued)

4.4. Colors and Star Formation Properties
of the Cluster Members

Figure 6 shows the distribution of the confirmed cluster
members in the rest-frame UVJ color–color diagram. This plane
is frequently used to distinguish quiescent and star-forming
systems (Williams et al. 2009), and for the remainder of the
paper we refer to quiescent and star-forming galaxies based on
this criterion, using the specific form proposed by Whitaker et al.
(2011).

Of the 19 confirmed members, 17 arise from the continuum
sample, and 15 of these fall in the quiescent region of the
UVJ plane. This large number of quiescent members with
spectroscopic data makes JKCS 041 an invaluable laboratory
for studying environmental processes at high redshifts. None of
the quiescent members shows unambiguous (>3σ ) residual line
emission above the continuum models, although there is a hint of
[O ii] in IDs 657 and 447. Galaxy 447 is a borderline case: it falls
near the edge of the quiescent selection box. It has a specific SFR
of 10−10.2 Gyr−1 inferred from the spectrophotometric fitting,
which is intermediate between the other 14 UVJ-quiescent
members (all <10−11 Gyr−1) and the star-forming members
(∼10−9 Gyr−1). Of the cluster members in the star-forming
region of the UVJ plane, two show emission lines (IDs 531 and
332) and have low stellar stellar masses M∗ = 109.4−9.8 M$,
while two more massive examples having M∗ = 1010.5−11 M$
were identified through continuum fitting (IDs 387 and 693).
Note that we are able to secure redshifts of these bright blue
galaxies even though they lack detectable emission lines.

Morphologically, virtually all of the quiescent confirmed
members appear spheroid-dominated (see Figure 5). This visual
impression is supported by a quantitative analysis of the galaxy
shapes in Section 6. Of the four star-forming members, two

Figure 6. Rest-frame colors of the spectroscopically confirmed cluster members.
Circles and crosses denote galaxies with continuum and emission line redshifts,
respectively, while filled and open symbols denote massive (M∗ > 1011 M$)
and less massive (M∗ < 1011 M$) systems, respectively. The grayscale shows
the field distribution for galaxies drawn from the NMBS survey (see Section 5.1)
that have z = 1.8 ± 0.2 and M∗ > 1010.6 M$. The solid line divides the
quiescent and star-forming selection regions, while the dashed line shows the
partition between bluer and redder quiescent galaxies used by Whitaker et al.
(2013). Median color uncertainties are illustrated by the error bar.
(A color version of this figure is available in the online journal.)

appear compact (IDs 693 and 531), ID 332 appears diffuse and
irregular, and ID 387 (located near the cluster center) appears to
be an inclined disk with a red bulge.
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The Astrophysical Journal, 788:51 (26pp), 2014 June 10 Newman et al.

Figure 10. F160W/F105W images (left panels) of the 15 confirmed quiescent members of JKCS 041 ordered by F160W flux, displayed with a logarithmic
scaling. Center panels show logarithmically spaced F160W isophotes. Right panels show residuals of the Sérsic fits to each F160W image, scaled linearly over
±23 mag arcsec−2. Pixels masked in the fits are set to zero. The cutout side length is 4′′ ≈ 34 kpc.
(A color version of this figure is available in the online journal.)

poor. Masking Mg b and relying on Balmer line indictors yields
∆t = 0.0+0.2

−0.1 Gyr for the lower-mass subsample.
In each of these comparisons, we do not detect a difference

between the field and cluster mean ages at the ∼1σ level, or
about 0.5 Gyr and 0.3 Gyr for the more- and less-massive
subsamples, respectively. Because the median redshift of the
galaxies entering the Whitaker et al. stacks is slightly lower than
that of JKCS 041, comparing ages is not precisely the same as
comparing formation times. However, the difference in median
lookback time is ∼0.3 Gyr for the massive/redder subsample
and only 0.1 Gyr for less-massive/bluer examples; both are less
than the statistical uncertainties. We also note that the mean
ages derived above will not include any galaxies that were very
recently truncated and are in transition to the quiescent region
of the UVJ plane.

In summary, the mean luminosity-weighted ages of the
quiescent members of JKCS 041 varies with mass, with lower-
mass galaxies having younger ages. The cluster members span
a remarkably similar range of ages to that seen in quiescent field
galaxies near the same redshift. Intriguingly, however, the line
emission seen in quiescent field samples is absent in JKCS 041,
at least among its more massive members where the high quality
of the spectrum permits a comparison. We discuss the physical
significance of these findings in Section 7.

6. STRUCTURE OF QUIESCENT GALAXIES:
JKCS 041 COMPARED TO THE FIELD

To gain insight into the role of the environment in the rapid
structural evolution of quiescent galaxies at z ∼ 2, we now
compare the structural properties of the members of JKCS 041
to their field counterparts. In addition to our HST imaging

of the cluster, this comparison requires a large field sample.
Furthermore, in order to minimize systematic differences, the
structural measurements should be conducted following the
same procedures in the cluster and field. The CANDELS data
provide an excellent basis for such a comparison, since the
survey has imaged a large area using HST/WFC3 to a depth
similar to our F160W observations. Here we assemble a sample
of 225 galaxies spanning z = 1.8 ± 0.3 drawn from the
CANDELS fields. Using this large sample, we are able to make a
precise and homogeneous comparison between galaxy structure
in JKCS 041 and the field.

6.1. Structural Measurements and Field Sample

We used Galfit to fit 2D Sérsic profiles to the F160W images
of all spectroscopically confirmed quiescent cluster members
(Figure 10). The detailed procedures for PSF construction
and masking or simultaneous fitting of nearby galaxies follow
those described in N12. The only procedural difference is that
we estimate the sky in a larger rectangular annulus around
the object, with a width of 80 pixels, and mask objects more
aggressively when the sky level is estimated. The derived
structural parameters are listed in Table 2. Throughout this
section, we refer sizes using the semi-major axis a = R

maj
e

of the ellipse enclosing half of the light, and not a “circularized”
effective radius

√
ab that is also frequently quoted in the

literature. We prefer R
maj
e because it is independent of inclination

for oblate objects, which form one focus of our analysis, whereas
the circularized radius is very sensitive to viewing angle for
flattened systems. For the lowest-mass confirmed quiescent
member (ID 255), we were unable to secure a reliable size
measurement, since this galaxy is essentially unresolved. Based
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Figure 5. (Continued)

4.4. Colors and Star Formation Properties
of the Cluster Members

Figure 6 shows the distribution of the confirmed cluster
members in the rest-frame UVJ color–color diagram. This plane
is frequently used to distinguish quiescent and star-forming
systems (Williams et al. 2009), and for the remainder of the
paper we refer to quiescent and star-forming galaxies based on
this criterion, using the specific form proposed by Whitaker et al.
(2011).

Of the 19 confirmed members, 17 arise from the continuum
sample, and 15 of these fall in the quiescent region of the
UVJ plane. This large number of quiescent members with
spectroscopic data makes JKCS 041 an invaluable laboratory
for studying environmental processes at high redshifts. None of
the quiescent members shows unambiguous (>3σ ) residual line
emission above the continuum models, although there is a hint of
[O ii] in IDs 657 and 447. Galaxy 447 is a borderline case: it falls
near the edge of the quiescent selection box. It has a specific SFR
of 10−10.2 Gyr−1 inferred from the spectrophotometric fitting,
which is intermediate between the other 14 UVJ-quiescent
members (all <10−11 Gyr−1) and the star-forming members
(∼10−9 Gyr−1). Of the cluster members in the star-forming
region of the UVJ plane, two show emission lines (IDs 531 and
332) and have low stellar stellar masses M∗ = 109.4−9.8 M$,
while two more massive examples having M∗ = 1010.5−11 M$
were identified through continuum fitting (IDs 387 and 693).
Note that we are able to secure redshifts of these bright blue
galaxies even though they lack detectable emission lines.

Morphologically, virtually all of the quiescent confirmed
members appear spheroid-dominated (see Figure 5). This visual
impression is supported by a quantitative analysis of the galaxy
shapes in Section 6. Of the four star-forming members, two

Figure 6. Rest-frame colors of the spectroscopically confirmed cluster members.
Circles and crosses denote galaxies with continuum and emission line redshifts,
respectively, while filled and open symbols denote massive (M∗ > 1011 M$)
and less massive (M∗ < 1011 M$) systems, respectively. The grayscale shows
the field distribution for galaxies drawn from the NMBS survey (see Section 5.1)
that have z = 1.8 ± 0.2 and M∗ > 1010.6 M$. The solid line divides the
quiescent and star-forming selection regions, while the dashed line shows the
partition between bluer and redder quiescent galaxies used by Whitaker et al.
(2013). Median color uncertainties are illustrated by the error bar.
(A color version of this figure is available in the online journal.)

appear compact (IDs 693 and 531), ID 332 appears diffuse and
irregular, and ID 387 (located near the cluster center) appears to
be an inclined disk with a red bulge.
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Figure 10. F160W/F105W images (left panels) of the 15 confirmed quiescent members of JKCS 041 ordered by F160W flux, displayed with a logarithmic
scaling. Center panels show logarithmically spaced F160W isophotes. Right panels show residuals of the Sérsic fits to each F160W image, scaled linearly over
±23 mag arcsec−2. Pixels masked in the fits are set to zero. The cutout side length is 4′′ ≈ 34 kpc.
(A color version of this figure is available in the online journal.)

poor. Masking Mg b and relying on Balmer line indictors yields
∆t = 0.0+0.2

−0.1 Gyr for the lower-mass subsample.
In each of these comparisons, we do not detect a difference
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galaxies near the same redshift. Intriguingly, however, the line
emission seen in quiescent field samples is absent in JKCS 041,
at least among its more massive members where the high quality
of the spectrum permits a comparison. We discuss the physical
significance of these findings in Section 7.
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compare the structural properties of the members of JKCS 041
to their field counterparts. In addition to our HST imaging
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Furthermore, in order to minimize systematic differences, the
structural measurements should be conducted following the
same procedures in the cluster and field. The CANDELS data
provide an excellent basis for such a comparison, since the
survey has imaged a large area using HST/WFC3 to a depth
similar to our F160W observations. Here we assemble a sample
of 225 galaxies spanning z = 1.8 ± 0.3 drawn from the
CANDELS fields. Using this large sample, we are able to make a
precise and homogeneous comparison between galaxy structure
in JKCS 041 and the field.

6.1. Structural Measurements and Field Sample

We used Galfit to fit 2D Sérsic profiles to the F160W images
of all spectroscopically confirmed quiescent cluster members
(Figure 10). The detailed procedures for PSF construction
and masking or simultaneous fitting of nearby galaxies follow
those described in N12. The only procedural difference is that
we estimate the sky in a larger rectangular annulus around
the object, with a width of 80 pixels, and mask objects more
aggressively when the sky level is estimated. The derived
structural parameters are listed in Table 2. Throughout this
section, we refer sizes using the semi-major axis a = R
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flattened systems. For the lowest-mass confirmed quiescent
member (ID 255), we were unable to secure a reliable size
measurement, since this galaxy is essentially unresolved. Based
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Fig. 6.— Comparison of the 2500 deg2 SPT-SZ cluster catalog to other X-ray and SZ-selected cluster samples. Here we plot the estimated
mass versus redshift for the 516 optically confirmed clusters from the SPT catalog, 91 clusters from the ACT survey (Marriage et al. 2011;
Hasselfield et al. 2013), 809 SZ-selected clusters from the Planck survey (Planck Collaboration et al. 2013a), and 740 X-ray clusters selected
from the ROSAT all-sky survey (Pi↵aretti et al. 2011) with M500c � 1⇥ 1014 h�1

70 M�. We mark as lower limits the redshifts of the three
high-redshift SPT systems for which the Spitzer redshift model is poorly constrained (black triangles). We plot clusters in common between
the datasets (see e.g., Table 5) multiple times, using the masses and redshifts reported for each catalog. While the SPT data provides
a nearly mass-limited sample, the cluster samples selected from ROSAT and Planck data are redshift-dependent owing to cosmological
dimming of X-ray emission and the dilution of the SZ signal by the large Planck beams, respectively.

861 confirmed clusters from the all-sky Planck survey
(Planck Collaboration et al. 2013a); and the 91 clusters
that comprise the ACT cluster sample (Marriage et al.
2011; Hasselfield et al. 2013).
The mass threshold of the SPT sample declines slightly

as a function of redshift owing to a combination of e↵ects.
At low redshifts (z < 0.3), increased power at large an-
gular scales from primary CMB fluctuations and atmo-
spheric noise raises the mass threshold for a fixed ⇠ cuto↵
(see e.g., Vanderlinde et al. 2010), while at higher red-
shifts the detectability of clusters is enhanced owing to
increased temperatures for clusters of fixed mass. How-
ever, both of these trends are shallow, and the nearly
redshift-independent selection function of the SPT cata-
log stands in contrast to the strong redshift dependence
in X-ray catalogs and the Planck sample. The mass
threshold for X-ray catalogs is redshift-dependent owing
to cosmological dimming of the X-ray emission, while the
redshift dependence of the Planck sample is driven by the
dilution of the small angular-scale signal of high-redshift
clusters by the large Planck beam (70 at 143 GHz).
We search the literature for counterparts to SPT can-

didates. We query the SIMBAD11 and NED12 databases

11 http://simbad.u-strasbg.fr/simbad
12 http://nedwww.ipac.caltech.edu/

as well as the union catalog of SZ sources detected by
Planck (Planck Collaboration et al. 2013a) for counter-
parts. For confirmed clusters with z  0.3 we utilize
a 50 association radius; otherwise we match candidates
within a 20 radius. All matches are listed in Table 5;
we discuss potential false associations in the footnotes of
this table. Additionally, we associate the brightest clus-
ter galaxies in two clusters (SPT-CL J0249�5658 and
SPT-CL J2254�5805) with spectroscopic galaxies from
the 2dF Galaxy Redshift Survey (Colless et al. 2003) and
the 6dF Galaxy Survey (Jones et al. 2009), respectively.
In total, 115 of the SPT candidates are found to have
counterparts in the literature (14 of these clusters were
first discovered in SPT data). We report the new discov-
ery of 251 clusters here, increasing the number of clusters
first discovered in SPT data to 415. We highlight par-
ticularly noteworthy systems below, and a subset of the
SPT cluster catalog is shown in Figure 8.

6.1. Cluster Mass Estimates

We provide estimated masses for all confirmed clus-
ters in Table 4. These estimates, determined from each
cluster’s ⇠ and redshift, are based upon the methodol-
ogy presented in Benson et al. (2013) and R13 but are
reported here for a fixed flat ⇤CDM cosmology—with
�8 = 0.80, ⌦

b

= 0.046, ⌦
m

= 0.30, h = 0.70, ⌧ = 0.089,
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861 confirmed clusters from the all-sky Planck survey
(Planck Collaboration et al. 2013a); and the 91 clusters
that comprise the ACT cluster sample (Marriage et al.
2011; Hasselfield et al. 2013).
The mass threshold of the SPT sample declines slightly

as a function of redshift owing to a combination of e↵ects.
At low redshifts (z < 0.3), increased power at large an-
gular scales from primary CMB fluctuations and atmo-
spheric noise raises the mass threshold for a fixed ⇠ cuto↵
(see e.g., Vanderlinde et al. 2010), while at higher red-
shifts the detectability of clusters is enhanced owing to
increased temperatures for clusters of fixed mass. How-
ever, both of these trends are shallow, and the nearly
redshift-independent selection function of the SPT cata-
log stands in contrast to the strong redshift dependence
in X-ray catalogs and the Planck sample. The mass
threshold for X-ray catalogs is redshift-dependent owing
to cosmological dimming of the X-ray emission, while the
redshift dependence of the Planck sample is driven by the
dilution of the small angular-scale signal of high-redshift
clusters by the large Planck beam (70 at 143 GHz).
We search the literature for counterparts to SPT can-

didates. We query the SIMBAD11 and NED12 databases
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as well as the union catalog of SZ sources detected by
Planck (Planck Collaboration et al. 2013a) for counter-
parts. For confirmed clusters with z  0.3 we utilize
a 50 association radius; otherwise we match candidates
within a 20 radius. All matches are listed in Table 5;
we discuss potential false associations in the footnotes of
this table. Additionally, we associate the brightest clus-
ter galaxies in two clusters (SPT-CL J0249�5658 and
SPT-CL J2254�5805) with spectroscopic galaxies from
the 2dF Galaxy Redshift Survey (Colless et al. 2003) and
the 6dF Galaxy Survey (Jones et al. 2009), respectively.
In total, 115 of the SPT candidates are found to have
counterparts in the literature (14 of these clusters were
first discovered in SPT data). We report the new discov-
ery of 251 clusters here, increasing the number of clusters
first discovered in SPT data to 415. We highlight par-
ticularly noteworthy systems below, and a subset of the
SPT cluster catalog is shown in Figure 8.

6.1. Cluster Mass Estimates

We provide estimated masses for all confirmed clus-
ters in Table 4. These estimates, determined from each
cluster’s ⇠ and redshift, are based upon the methodol-
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Figure 2. Center panel: lines of constant z = 0 sSFR (red, orange) and constant time of peak star formation (blue, cyan) in the τ , t0 parameter plane. Constant sSFR
lines are shown at 5%, 15%, . . . , 95% of the non-zero sSFR rates in the dataset described later in Section 2.2. Galaxies with no measured star formation will appear
to the bottom left of this figure. Blue lines show the location of τ , t0 parameter values for redshifts of 10.5, 2.0 and 0.0 (the nominal epoch of reionization from the
Wilkinson Microwave Anisotropy Probe (Larson et al. 2011), the peak of the cosmic SFRD, and the present, respectively), with cyan lines spaced by 1 Gyr centered
earlier and later than z = 2.0. Secondary panels: individual log-normal SFHs are shown along the heavier lines in the main panel, at the intersections of the heavy lines
as picked out by black point and labeled both in the main panel and in secondary panels; panels to the right show log-normal distributions along lines of constant time
of peak star formation (for example, the middle of these three panels, colored blue, shows SHFs which peak at z = 2, along the heavy blue line in the main panel) and
panels to the left show log-normal distributions along lines of constant z = 0 sSFR (for example, the middle of these three panels, colored red, shows SHFs with a
fixed z = 0 sSFR along the heavy red line in the main panel). All secondary panels are scaled to the same arbitrary peak SFR.
(A color version of this figure is available in the online journal.)

Motivated by Figure 2, we consider the z ∼ 0 sSFR
distribution for galaxies, for which we use the local galaxy
sample described in Paper III. Two sub-samples are included.
The first, taken from the PG2MC survey (Calvi et al. 2011),
covers a larger volume, but has a higher mass limit of 4 ×
1010 M#, with minimum and maximum redshifts of 0.03 and
0.11 and a median redshift of 0.0918. The second, from the
Sloan Digital Sky Survey (SDSS) observations of the northern
galactic cap, is more restricted in redshift, with minimum and
maximum redshifts of 0.035 and 0.045 and a median redshift
of 0.0401. This second sub-sample has a lower mass limit of
1 × 1010 M#, and is cut at the upper end at the lower limit of the
first sub-sample. Galaxies are weighted to bring the two sub-
samples to a common volume. As described in Oemler et al.
(2013a; Paper I of this sequence) masses for this second sub-
sample have been computed using a variant of the technique in
Bell & de Jong (2001) with delayed exponential models (see
Section 2.1) as the underlying form of the SFH.

The total sample is 2094 galaxies, distributed in sSFR versus
mass as shown in Figure 3, with a mean weighted redshift of
0.0678. The sSFR values are computed from Hα fluxes. The
detectability of star formation depends on Hα equivalent widths
and as a result the sSFR limit is not trivial to describe, as it
relies both on the flux of the Hα line in emission, as well as
the continuum strength, including the depth of the Hα line
in absorption. The resulting incompleteness does not appear
exactly fixed in either star formation rate (this would be the
expected result if only the Hα line flux were relevant, for
example) or sSFR (which would be expected if only the Hα
equivalent width were relevant). Figure 3 also shows the fraction
of galaxies which are measured as having a sSFR identically
zero as a function of mass; as expected early-type systems with
no measurable Hα emission are proportionately more common
at the high mass end. For the purposes of this paper, we estimate
the threshold sSFR—i.e., the allowed upper limit of the actual
value of the sSFR for a galaxy of a given mass measured in
the data in Paper III to have sSFR = 0—as simply a fixed
star formation rate of 0.05 M# yr−1. Note that the exact choice

of limits does not significantly affect any of the results which
follow.

To create a sample of SFHs that match both the z ∼ 0
sSFR distribution and the cosmic SFRD, we proceed as follows.
We consider a simulated sample of 2094 galaxies with masses
identical to the sSFR data discussed above. The SFH for each
galaxy is described by two parameters, τ and t0. We jointly
solve for these parameters for each galaxy in the ensemble
using simulated annealing, requiring at the same time that the
mass- and sample-weighted sum of the individual SFHs match
the shape of the double log-normal model fit to the cosmic
SFRD as detailed in Figures 1 and 2. We do not use the raw
SFRD data detailed in Figure 1, but the smooth fit to these
data, since this modeling process produces an under-constrained
realization rather than a unique best-fit model. Galaxies with a
sSFR measured to be zero in the data are allowed to take any
value up to the mass-dependent threshold shown in Figure 3.

The sSFR value for each simulated galaxy at its measured
redshift is computed simply as the ratio of the star formation
rate divided by the mass, where the latter is the integral of the
former from early times to the time of observation, modified
downward by stellar mass loss that occurs over the galaxy’s
history. We take the functional form of this mass loss from
Jungwiert et al. (2001) and as in Maraston et al. (2010) scale
the mass loss so that the total loss at 10 Gyr is 40%. We do
not attempt to compute the mass loss individually for each
galaxy, convolved across its SFH; rather, for computational
simplicity and efficiency we simply compute the mass loss from
the peak of the SFRD at z ∼ 2 to the epoch of observation for
each galaxy. The differences between this approach and a more
refined computation are in general small because much of the
mass loss that occurs at early times, and by z ∼ 0 the bulk of
the star formation in galaxies is well in the past.

The resulting distribution of sSFR values, and the distribution
of τ and t0 parameters, is shown in Figure 4. The fit is reasonable;
however, Figure 4 reveals a certain amount of tension between
the SFRD constraints and the z = 0 sSFR constraints when
fitting each galaxy with a log-normal SFH. Specifically, the
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Fig. 10.— The UV luminosity density (right axis) and star formation rate density (left axis) versus redshift. The UV luminosity and
SFR density shown at z ∼ 9 (large blue solid circle) are from the present work and inferred based on the relative number of z ∼ 8 and z ∼ 9
galaxies found within the CLASH cluster program (see §4.5). These luminosity densities and SFR densities are only considered down to a
limiting luminosity of −17.7 AB mag – which is the approximate limit of both the HUDF09 probe (Bouwens et al. 2011b) and the present
search assuming a maximum typical magnification factor of ∼9 and limiting magnitude of ∼27.0 mag. The UV luminosity is converted
into a star formation rate using the canonical UV -to-SFR conversion factors (Madau et al. 1998; Kennicutt 1998). The upper set of points
at every given redshift and orange contour show the dust-corrected SFR densities, while the lower set of points and blue contours show
the inferred SFR densities before dust correction. Dust corrections at z > 3 are estimated based on the observed UV -continuum slope
distribution and are taken from Bouwens et al. (2012b). At z ≤ 3, the dust corrections are from Schiminovich et al. (2005) and Reddy &
Steidel (2009). UV luminosity density and SFR density determinations from the literature are from Schiminovich et al. (2005) at z < 2
(black hexagons), Reddy & Steidel (2009) at z ∼ 2-3 (green crosses, Bouwens et al. (2007) at z ∼ 4-6 (open red and blue circles), Bouwens
et al. (2011b) at z ∼ 7 (open red and blue circles), Oesch et al. (2012b) at z ∼ 8 (open red and blue circles), and Oesch et al. (2012a) at
z ∼ 10 (open blue circle and upper limit). Estimates of the SFR density at z ∼ 9.6 and z ∼ 10.8 as derived in C12 based on the z ∼ 9.6
Z12 and z ∼ 10.8 C12 candidates are also shown (dark green and magenta solid circles, respectively). Conversion to a Chabrier (2003)
IMF would result in a factor of ∼1.8 (0.25 dex) decrease in the SFR density estimates given here. The present z ∼ 9 determination is in
good agreement with the trend in the SFR density and UV luminosity, as defined by the Oesch et al. (2012a) and Z12 estimates.

the ratio of the selection volumes at the two redshifts.
The UV LFs we input into the simulations have the

following parameters: M∗

UV = −22.4, α = −2.0, and
φ∗ = 5.5 × 10−5 Mpc−3. These luminosity parameters
were chosen to implicitly include a factor of ∼9 mag-
nification from gravitational lensing – which is the me-
dian magnification estimated for sources in our selection
– so the effective M∗ at z ∼ 8 is chosen to be ∼2.4
mag brighter than seen in blank field studies (e.g., Oesch
et al. 2012b). The faint-end slope we assume approxi-
mately matches what we would expect based on the UV
LF results at z ∼ 7-8 (Bouwens et al. 2011b; Oesch et
al. 2012b; Bradley et al. 2012) which point to faint-end
slopes α of −2. No change is required in the faint-end
slope α of the LF, due to the perfect trade-off between
magnification and source dilution effects for slopes of −2
(e.g., Broadhurst et al. 1995). The normalization φ∗ we
choose has no effect on our final results (due to the dif-
ferential nature of this calculation). While the LFs we
adopt for these simulations could, in principle, affect our
evolutionary results, the overall size of such effects will
be small due to the differential nature of the comparison
we are making. We also verified that the surface density

of z ∼ 8 sources predicted by this model LF showed a
very similar magnitude dependence as seen for our z ∼ 8
sample.
Using the above simulation procedure and aforemen-

tioned LF, we repeatedly added artificial sources to the
real CLASH observations for all 19 CLASH clusters, cre-
ated catalogs, and repeated our z ∼ 8 and z ∼ 9 selec-
tions. In total, we repeated the described simulations
20 times for each cluster field to obtain an accurate es-
timate of the total number of sources (selection volume
and redshift distribution) we would expect to find in each
sample, given the described luminosity function.
In total, we find 657 sources that satisfy our z ∼

8 selection criteria and 383 sources that satisfy our
z ∼ 9 selection criteria, based on the same luminos-
ity and simulation area (so nno−evol−sim,z=8 = 657 and
nno−evol−sim,z=9 = 383 in Eq. 1 above). This suggests
that the effective volume for our z ∼ 9 selection is just
58% as large as it is for our z ∼ 8 selection, and therefore
to make a fair comparison between our z ∼ 8 and z ∼ 9
samples we need to multiply the surface densities in our
z ∼ 8 sample by 0.58 (Eq. 1 above). In Figure 9, we show
the comparison of the surface densities of z ∼ 8 galaxies
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Dense ⇒ dead, for
clusters…
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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).
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