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How does Environment Influence Galaxy Evolution?

Distinct Galaxy Populations within Clusters



How does cluster environment shape 
galaxy evolution at z>1? 

• a homogenous sample of high-z clusters, with spectroscopy
→ SpARCS/GCLASS
→ see Gillian Wilson’s talk today!

How we accomplish this 

• develop a dynamical definition for environment
→ accretion histories can isolate dynamically distinct 
galaxy populations
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Figure 1. gz[3.6 µm] color images of the nine GCLASS clusters used in this analysis. The field of view of each image is 7′ × 7′, which is approximately the area
covered by the spectroscopic observations and corresponds to 3.5 Mpc on a side at z = 1. Rich clusters at z ∼ 1 show a range of morphologies, from roughly spherical
and centrally concentrated with a clear central galaxy (e.g., SpARCS J003645−441050, z = 0.869) to asymmetric with filamentary-like structure and no clear central
galaxy (e.g., SpARCS 104737+574137, z = 0.956).
(A color version of this figure is available in the online journal.)

masks per cluster which in turn permits the study of a larger
sample of clusters and cluster galaxies.

Full details of the GCLASS mask design process and data
reduction will be presented in a future catalog release paper;
here we outline the most relevant steps of the observational
setup and data reduction.

3.1. Target Selection and Mask Design

Spectroscopic targets were prioritized using three criteria,
which in order of importance were (1) clustercentric radius,

(2) observed z′ − 3.6 µm color, and (3) 3.6 µm flux. High-
est priority was given to bright 3.6 µm sources in the cluster
core with colors close to the observed red sequence, lowest
priority was given to faint 3.6 µm sources on the cluster out-
skirts with z′ − 3.6 µm colors 1.0 mag redder or 1.5 mag bluer
than the cluster red sequence.14 As an illustration of how the
slit priorities were assigned, in Figure 2 we plot the observed

14 The precise color prioritization varies from cluster to cluster by a few tenths
of a magnitude around these numbers. The color selection was broader for the
higher-redshift clusters due to the bluer rest frame probed by z′ − 3.6 µm.
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SpARCS Cluster Survey/GCLASS

• Cluster Red-sequence 
Method

• >200 massive infrared-
selected cluster candidates

• 42 sq. deg. survey with 
z’ (0.9um) band imaging

• GCLASS: 10 
spectroscopically 
confirmed clusters from 
0.86 < z < 1.34 with ~500 
members above 2e9 M⊙ 



SpARCS Cluster Survey/GCLASS
Mid/Far-Infrared
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M200 = 2.6⇥ 1015 M�

• z = 0.871

• 85 spectroscopic cluster 
members

• MIPS - 24um imaging

M200 = 1� 4⇥ 1014 M�

• z ~ 1.2

• 123 spectroscopic cluster 
members → stacking

• Herschel-100/160/250/ 
350/500um imaging

Noble et al 2013

Noble et al 2016
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Figure 3. Stacked phase-space diagram (rproj/r500 vs. (vlos −⟨v⟩)/σv) for the 30
most massive clusters in the Millennium Simulation at z = 0.21, the snapshot
closest to the mean redshift of our cluster sample. Each point indicates an
MK < −23.1 galaxy from the Bower et al. (2006) semi-analytic model catalog,
colored according to when it was accreted onto the cluster, those being accreted
earliest indicated by red symbols. Here accretion epoch is defined as the snapshot
at which the galaxy passes within r500 for the first time. Galaxies yet to pass
through r500 by z = 0.21 are indicated in mid-blue and dominate at large
cluster-centric radii (r ! 2 r500) and along the caustics |v − ⟨v⟩|/σv ! 1).

accreted at an early epoch, and are shown in Figure 3 as
red symbols. These are spatially localized in the cluster core
and their LOS velocities are typically !1σ . We identify this
population with those galaxies that either formed locally or
were accreted when the cluster’s core was being assembled,
with their low velocities reflecting the fact that the system they
fell into was only a fraction of the present-day mass of the cluster
and possibly further slowed by dynamical friction. The second
population of galaxies are those accreted after the formation of
the core. Some of these galaxies are falling in for the very first
time. These galaxies span the gamut from those that have yet to
cross r500 (blue symbols), those that are close to pericenter, and
through to “back-splash galaxies” (green symbols, primarily)
that have completed their first pericenter and are now outward
bound (Mamon et al. 2004; Pimbblet 2011). The maximum
extent of this population in the vertical axis of Figure 3 is
a function of both the actual velocities of the galaxies and a
geometric projection factor. At small projected radii, galaxies
with the highest LOS velocities are physically located deep
inside the cluster, their high velocities being the result of being
accelerated all the way in.

Figure 3 demonstrates that we can statistically associate
those galaxies lying along the caustics as mostly infalling (blue
symbols), and those with low LOS velocities and cluster-centric
radii as the most likely to be virialized (red/orange symbols). It
reveals the potential of using the caustic diagram to statistically
identify the primary accretion epoch(s) of observed cluster
galaxy populations based upon their distribution in the plot.

4. RESULTS

In total we have identified 48 X-ray point sources among
member galaxies in the 26 clusters studied, corresponding
to between 0 and 6 X-ray sources per cluster (Table 1). Of
these, 24 have both LX > 1042 erg s−1 and MK < −23.1
(K∗+1.5). From our spectroscopic survey of other cluster
members within the Chandra images, we identify in total 2702

MK < −23.1 galaxies, giving us an estimate of fraction of
massive cluster galaxies (MK < −23.1) hosting X-ray AGNs
(LX > 1042 erg s−1) of 0.73% ± 0.14%, once we account for
the fact that the spectroscopic completeness of the X-ray AGN
subsample is higher than that for the remaining inactive cluster
population. This is consistent with Martini et al. (2007) who
found that 0.87% ± 0.25% of MR < −20 galaxies in eight
clusters host AGNs with LX > 1042 erg s−1. Although their
survey is R band selected rather than our K-band selection,
both reach ∼M∗+1.5 and so should be directly comparable.
Interestingly, our value is ∼40% lower than the 1.19%±0.11%
obtained by Haggard et al. (2010) for MR < −20 field galaxies
at 0.05 < z < 0.31 from their analysis of 323 archive Chandra
images covered by SDSS DR5 imaging and spectroscopy.

Of the 48 X-ray AGNs, 32 are detected with Spitzer and 9
of these are identified as luminous infrared galaxies (LIRGs,
LTIR > 1011 L⊙, where TIR is the total infrared luminosity
integrated over 8–1000 µm). Conversely, 6 out of the 10 most
luminous cluster galaxies at 24µm (covered by the Chandra
data) are found to be X-ray AGNs. We note that this does
not mean that these IR-bright AGNs would be identified as
AGNs via the infrared selection of Stern et al. (2005), while the
24 µm emission may be due to star formation rather than nuclear
activity. We do note, however, that for eight of the nine LIRGs,
a comparison to our available Herschel photometry reveals that
they have much flatter SEDs ((f100/f24) < 10) than found
for star-forming galaxies at these redshifts ((f100/f24) ∼ 25;
Smith et al. 2010a; Pereira et al. 2010), and more consistent
with the flatter power-law SEDs of Polletta et al. (2007) in
which the infrared emission is mostly due to dust heated by
nuclear activity. For the remaining 24 µm detected X-ray AGNs,
those objects detected by Herschel mostly have far-IR SEDs
consistent with star-forming galaxies.

At X-ray luminosities LX ! 1042 erg s−1 there are four
potential sources of X-ray emission in galaxies: low-mass X-ray
binaries (LMXBs) which are sensitive to the total stellar mass of
the galaxy (Kim & Fabbiano 2004); high-mass X-ray binaries
(HMXBs) which are sensitive to the recent star formation
activity (Mineo et al. 2012); thermal emission from a hot gas
halo; and an AGN. It is thus important at this point to quantify the
possible contribution to the X-ray emission of our Chandra point
sources from the former three components. Mineo et al. (2012)
show that HMXBs are a good tracer of recent star formation,
and their collective luminosity scale linearly with the SFR,
LX(0.5–8.0 keV) ∼ 2.5 × 1039 SFR (M⊙ yr−1) for SFRs in the
range 0.1–1000 M⊙ yr−1. Based on comparison of the 24 µm
based SFR estimates to the observed X-ray luminosities for each
point source, HMXBs contribute a maximum of 10%–20% of
the X-ray luminosity, and in most cases less than 1%. To examine
the possible contribution to the X-ray emission from LMXBs
or the hot gaseous coronae, which should both scale with stellar
mass, Figure 4 shows the broadband X-ray luminosity against
the K-band absolute magnitude of the X-ray sources associated
with cluster members, colored according to whether they are
detected at 24 µm (magenta) or not (black) points. X-ray point
sources associated with field galaxies at 0.15 < z < 0.30 are
shown in blue. The predicted relations between LX and MK for
LMXBs (dot-dot-dot-dashed line; Kim & Fabbiano 2004) and
thermal emission from the diffuse gas halo (dot-dashed line; Sun
et al. 2007) are both shown, and both lie considerably below any
of the X-ray point sources. From these analyses it seems likely
that all of our X-ray point sources are primarily powered by
central AGNs rather than any other source.
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Haines et al 2012

see also: 
Biviano+ 2002, Mamon+ 2004, 
Gill+ 2005, Mahajan+ 2011, 
Oman+ 2013, Oman+ 2016,
Matt Ower’s talk today! 
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Figure 3. Stacked phase-space diagram (rproj/r500 vs. (vlos −⟨v⟩)/σv) for the 30
most massive clusters in the Millennium Simulation at z = 0.21, the snapshot
closest to the mean redshift of our cluster sample. Each point indicates an
MK < −23.1 galaxy from the Bower et al. (2006) semi-analytic model catalog,
colored according to when it was accreted onto the cluster, those being accreted
earliest indicated by red symbols. Here accretion epoch is defined as the snapshot
at which the galaxy passes within r500 for the first time. Galaxies yet to pass
through r500 by z = 0.21 are indicated in mid-blue and dominate at large
cluster-centric radii (r ! 2 r500) and along the caustics |v − ⟨v⟩|/σv ! 1).
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and their LOS velocities are typically !1σ . We identify this
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Isolating Accretion Histories in Phase-Space 
Lines of Constant r x Δv
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Specific SFR versus radius at z~1

Flat trend with radius

Noble et al 2013; 2016
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Specific SFR versus r x Δv at z~1

Noble et al 2013; 2016
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An accretion-based definition of environment yields a 
~1 dex depression of SSFR at low values of r x Δv



Stacked SEDs of z~1.2 Star-Forming Cluster 
Galaxies in Phase Space
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Dust Temperature versus r x Δv

Noble et al 2016

The intermediate phase-space bin has a ~4σ drop in dust 
temperature compared to infalling and earliest accreted bins
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delayed decline in 
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removal of warm dust

reheating of dust from 
residual star 
formation 

Ram-pressure stripping? 
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Phase Space of Post-Starbursts

Muzzin et al 2014

Sims reproduce coherent ring structure of post-starburst 
galaxies when galaxies quench on short timescales <0.5 Gyr 

after first passage of 0.5R200 

The Astrophysical Journal, 796:65 (10pp), 2014 November 20 Muzzin et al.

Figure 1. Left panel: the velocity vs. clustercentric radius phase space of galaxies in the nine GCLASS clusters. The velocities are in units relative to the individual
cluster velocity dispersions and the radii are relative to the position of the brightest cluster galaxy scaled by the R200 of the cluster. The shaded regions are arbitrarily
defined but are indicative of increasing time since infall (see text). Quiescent galaxies (red triangles), star forming galaxies (blue triangles), and poststarburst galaxies
(green stars) all occupy distinct locations in phase space. Right panels: the ratio of quiescent and poststarburst galaxies compared to star-forming galaxies separated
into the three radial bins marked by the dotted lines (top panel), and the three phase space bins marked by the shaded regions (bottom panel). The error bars are 1σ
Poisson errors. Poststarburst galaxies are distributed fairly uniformly in the cluster by radius (top panel), with a peak in the middle bin; however, in phase space they
are most prevalent in the middle bin and completely absent in the inner bin (bottom panel).
(A color version of this figure is available in the online journal.)

however, they are similar to the variable-slope “chevrons” that
have been shown to correlate with the infall histories of galaxies
in N-body simulations (see e.g., Mahajan et al. 2011; Taranu
et al. 2014; Oman et al. 2013). Within the main region of phase
space, they are also similar to the “trumpet”-shaped curves of
constant r/R200 × v/σv that have been shown to correlate with
infall times by Noble et al. (2013) based on simulated accretion
histories from Haines et al. (2012). Therefore, while the precise
definition of the phase space regions is arbitrary (i.e., rings,
chevrons, or curves), all three are quite similar and correlate
with time since infall into the cluster, making them physically
motivated demarcations.

The right panels of Figure 1 show that the trend for the fraction
of quiescent galaxies to increase toward the inner bin is roughly
the same in both the phase space and radial bins. In radial bins,
the fraction of poststarburst galaxies has a peak in the middle
bin; however, in phase space bins there are no poststarbursts in
the core region, and the majority are confined to the middle phase
space bin, with many being at low radii and high velocities.

In order to test if the three populations have distributions
in phase space that are different, and whether the differ-
ence is statistically significant, we perform a two-dimensional
Kolmogorov–Smirnov test of the distribution (hereafter the
“2D KS” test). Comparing the two-dimensional distribution of
poststarbusts to the quiescent and star-forming galaxies, we find
P values of 0.038 and 0.009, respectively. We therefore reject the
null hypothesis that they are likely to be drawn from the same
distribution at ∼2σ and 3σ , respectively. This demonstrates that
the poststarbursts have a distribution that is distinctive compared
to the other galaxy types in phase space.

4. SIMULATED CLUSTER PHASE SPACE

The coherent distribution of the poststarburst galaxies in
phase space suggests that it may be possible to use their

distribution to constrain the location and timescale of satellite
quenching. In this section, we use a set of dark-matter-only zoom
simulations of clusters to test if the phase-space distribution of
the poststarbursts can be described using a simple quenching
model. We note that this modeling is a simplified interpretation
of “satellite quenching” as a whole, and also a simplified
analysis of the satellite quenching location and timescale. This
analysis is performed with the caveat that there may also be
a population of satellites that quench without displaying the
poststarburst signature. While such a population can exist, many
authors have found that the SSFRs of galaxies do not depend
on environment (e.g., Peng et al. 2010; Muzzin et al. 2012;
Wetzel et al. 2013), and that poststarbursts are substantially
more common in high-density regions compared to low-density
regions (e.g., Dressler et al. 1999; Balogh et al. 2011; Muzzin
et al. 2012). Our assumption in this modeling is that if there are
satellites that quench slowly without displaying the poststarburst
signature, they are probably satellites that self-quenched (as in,
e.g., Peng et al. 2010), whereas the majority that quench from
environmental processes do display the poststarburst signature.
As has been noted by other studies, this rapid quenching is
necessary to preserve the lack of dependence of SSFRs on
environment as well as the observed excess of poststarbursts
in high-density environments. Therefore, throughout the rest of
the paper we note that when we refer to “satellite quenching,”
we are specifically referring to the quenching of satellites that
occurs as a result of environmental processes. With the current
analysis we cannot constrain the timescale for satellites that
quench through similar processes as central galaxies, e.g., self-
quenching.

Our approach is to assume that satellite quenching may begin
at a particular clustercentric radius. We then follow the evolution
of cluster subhalos in phase space after they make their first
crossing of that radius to test if at some time step (hereafter T)
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Figure 3. Phase space of the simulations with the same phase space contours as in Figure 1. Green stars show galaxies that first crossed R = 0.5 R200 within the last
0.1 < T < 0.5 Gyr. This is the only quenching timescale and location that passes a 2D KS test for both in the inner and outer regions and therefore have a distribution
that is consistent with having been drawn from the poststarburst distribution in Figure 1.
(A color version of this figure is available in the online journal.)

Muzzin et al. 2012), which for ∼400 cluster members implies a
maximum of 4–12 galaxies may be infalling already quenched.
This number is of the order of the total number of poststarbursts
seen at R > 0.5 R200 (see Figure 1). If the poststarbursts at larger
clustercentric radii are pre-quenched, then it may be that the
inner ring of poststarbursts is the primarily signature of satellite
quenching, and is the distribution that should be matched in the
simulation. Given this, we used the 2D KS test to determine in
which timesteps the distribution of subhalos is consistent with
the distribution of the poststarburst population using only sub-
halos and galaxies at R < 0.5 R200, where the ring structure
is strongest. These results are quite different from the overall
2D KS test. The two timesteps for R = R200 that were favored
by the full 2D KS test have much smaller P values when only
galaxies at R < 0.5 R200 are considered (P = 0.069 and 0.058),
and are rejected at the ∼2σ level. The only timesteps that are
consistent with the observations are for quenching at R = 0.5
R200 at T = 0.0, 0.2, and 0.4, and for R = 0.25 R200 at T =
0.0. The strong ring structure from these panels can also be seen
quite clearly by eye in Figure 2. The reason some of these are not
formally the good descriptions of the data in the full 2D KS test
is simply because they fail to reproduce the few poststarburst
galaxies at larger radii that are seen in the observations. There-
fore, this may actually make these the most likely candidates for
the location and timescale of the dominant satellite quenching
process, even though several of them fail to reproduce the full
phase space distribution of phase space.

Ignoring this possibility for the moment, and attempting to
match both the inner ring and the overall distribution of the
poststarbursts with a single model, we combined a few of
the timescales to produce the best-possible description of the
observations. This is shown in Figure 3 where we plot the
distribution of galaxies quenched at R = 0.5 R200 on a timescale
of 0.1 < T < 0.5. A 2D KS test applied to that data set provides
values of P = 0.358 and 0.185 for all galaxies and galaxies

at R < 0.5 R200, respectively. This model, with a combined
range of timescales has acceptable P values for both the overall
distribution and the inner ring structure. We also considered a
range of combined timescales for quenching at R = 0.25 R200
and R = 1.0 R200; however, no combination provided acceptable
P values for both the overall distribution and the ring structure
simultaneously. Therefore we adopt the model with quenching
at R = 0.5 R200 on a timescale of 0.1 < T < 0.5 as our best
overall description of the data.

5. SED FITTING OF POSTSTARBURST GALAXIES

The phase space modeling suggests that satellite quenching
occurs on a timescale of roughly 0.1 Gyr < τQ < 0.5 Gyr
after galaxies make their first passage of R ∼0.5 R200. The
simulations imply that the median time it takes for an accreted
galaxy to travel from 2.0 R200 (1.0 R200) to 0.5 R200 is ∼0.7 ±
0.2 Gyr (∼0.5 ± 0.7 Gyr), where the uncertainty is the 1σ rms
dispersion in infall times. This scenario is qualitatively similar to
the “delayed-then-rapid” quenching model proposed by Wetzel
et al. (2013), where the quenching time appears to be roughly
similar, but the delay time may be a factor of ∼2–4 faster at
z ∼ 1. We note that this comparison of the delay time is
qualitative, because our delay time is inferred since first passage
of 2.0 R200, whereas the Wetzel et al. (2013) delay time is
measured as the time since a galaxy is identified as a subhalo of
a parent halo in an N-body simulation using friends-of-friends
linking. It is therefore not immediately clear how these two
definitions are related. Although qualitative, it is unlikely that
the longer end of the delay time proposed by Wetzel et al.
(2013; e.g., 3–4 Gyr) could be supported by the data at z ∼ 1
for two reasons. First, because the simulations show that almost
all subhalos would have already made a passage of R = 0.5
R200, and hence should be quenched based on our model, and
second, because this long delay time is approaching the age of
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see also: 
Jaffe+ 2015, Oman+ 2016,
Matt Ower’s talk today! 



ALMA Teaser:
Molecular Gas in z~1.6 Cluster Galaxies

• What regulates star formation in 
z>1 cluster galaxies?

• Place constraints on star 
formation rate efficiencies and 
quenching timescales
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CO 2-1 detection in z~1.6 cluster galaxy!
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• First look: ~>8 detections 
at z~1.6 88.23 GHz, 100 km/s channel
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Molecular Gas in z~1.6 Cluster Galaxies

CO 2-1 Integrated Intensity (Moment 0) Maps
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Conclusions
• lines of constant (r x Δv) trace accretion histories of cluster 

galaxies

• we see a decline in the specific SFR of cluster star-forming 
galaxies towards low r x Δv moving from recently accreted to 
earliest accreted galaxies

• we see a drop in the dust temperature for galaxies in the 
intermediate phase-space bin

• everything but the coldest dust might be stripped at r x Δv < 1.0 
ram-pressure stripping?

• stay tuned for new CO 2-1 ALMA results in z~1.6 galaxy clusters!


