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Two main questions in the next 12 minutes on galaxies in z~1.5 clusters:  
1. Is star formation suppressed in z~1.5 cluster environments? 

… from SPT2349-56 to Coma … 
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 in which clusters? (mass or … dependent?) 
 where within clusters ? 
 for which galaxies within clusters?
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Two main questions in the next 12 minutes on galaxies in z~1.5 clusters:  
2. Are there environmental signatures on structural properties? 

a morphology-density relation is in place by at 
least z~1 (some more mixed results going to 
higher-z, e.g. Sazonova+20)



Bassett+2013

Two main questions in the next 12 minutes on galaxies in z~1.5 clusters:  
2. Are there environmental signatures on structural properties? 

Newman+14

quiescent galaxies only!

possibly higher (wrt field)  disk-dominated 
fraction in cluster outskirts? (mass-dependent?)quiescent galaxies only!

possibly lower (wrt field) disk-dominated 
fraction in cluster core?

… harder to identify more specific 
“signatures” on matched populations



20 Matharu et al.

Figure 13. The physical processes occurring to reconcile the
cluster quiescent stellar mass-size relation with the field quies-
cent stellar mass-size relation by z ⇠ 0. The field quiescent size
evolution follows Re f f / kpc = 4.3 h(z)�1.29 (see Section 4).

ters today likely fell into their clusters around 1.2 6 z 6 1.5
(see Section 4). At this time, they had average sizes that sit
somewhere on the solid red line. Once these galaxies en-
tered the cluster environment, they had their size growth
suppressed due to the lack of minor mergers (based on the
minor-mergers hypothesis). However, between the time of
infall and observation of these galaxies, their field counter-
parts continued to grow via minor mergers in the field. Con-
sequently, when the size o↵set between field and cluster is
measured at z ⇠ 1, quiescent cluster galaxies are found to
be smaller on average. At low redshifts however, negligible
di↵erences between cluster and field are seen. Between z ⇠ 1
and z ⇠ 0, most of the compact quiescent cluster galaxies
are removed from the cluster sample via mergers with their
BCGs or tidal destruction into the ICL. The sizes of these
compact quiescent cluster galaxies would lie approximately
in the hatched region shown in Figure 13, with some that
are even smaller than Log (Re f f /kpc) = 0.3. The removal
of these small galaxies, and the continual addition of larger
galaxies from the field, leads to smaller and smaller aver-
age size o↵sets between cluster and field quiescent galaxies
with decreasing redshift. Furthermore, the minor mergers
between the compact quiescent cluster galaxies and their
BCGs allows the BCGs to grow disproportionately more in
size, such that their sizes follow the low-redshift field quies-
cent mass-size relation by z ⇠ 0. The combination of these
physical processes lead to better agreement between the field
and cluster quiescent stellar mass-size relations at low red-
shifts.

These results show that the observed increase in the
intercept of the cluster mass-size relation can be explained
by cluster-specific processes that we know to be occurring as
a cluster evolves with time. Our results highlight the need
for a careful comparison of the cluster mass-size relation over
a broad redshift range, such that the physical mechanisms
responsible for the evolution in the cluster mass-size relation
can be directly observed, and therefore confirmed.

7 SUMMARY

Using the cluster environment as a laboratory, we tested
whether minor mergers can explain the majority of the size
growth observed in quiescent field galaxies.

To do this, we performed a comparison study of the
stellar mass-size relation at z ⇠ 1 between cluster and field
environments using the largest spectroscopically-confirmed
sample of cluster galaxies at this redshift to date.

In a bid to reduce systematics as much as possible, ob-
servations, data reduction and stellar mass measurements
were made in an almost identical fashion to those for our
field sample from 3D-HST. A custom built GALFIT wrapper
was developed in order to control for systematics between
size and structural measurements for the comparative sam-
ples. The entire size determination method was first tested
on a subset of the field sample and compared to existing
published results to verify its reliability. Our method of size
determination was proven to be highly reliable, with a sys-
tematic o↵set of 0.28% (see Appendix C).

Our main conclusions are as follows:

(i) Grism-derived redshifts for GCLASS have a precision
of 2000 kms�1, which is more than a factor of 4 improvement
over the photometric redshift precision. This allowed us to
select a cluster membership sample from our grism data that
was ⇠90% pure. Overall, this increased our cluster member-
ship sample by 51% of our spectroscopically confirmed sam-
ple with GMOS. This provided us with the largest sample of
cluster galaxies at z ⇠ 1 for which stellar mass-size relation
studies have been conducted.

(ii) Cluster galaxies are smaller than their field coun-
terparts at fixed stellar mass. Average size o↵sets of
(�0.08 ± 0.04) dex and (�0.07 ± 0.01) dex for quiescent and
star-forming cluster galaxies are found respectively. The
magnitude of these o↵sets are consistent with what is ex-
pected if minor mergers were the main drivers of galaxy size
growth in the field.

(iii) There is a larger population of quiescent
intermediate-type galaxies in the clusters compared to
the field. These are likely to be galaxies undergoing envi-
ronmental quenching – most likely via “starvation” – such
that their disc fades relative to their bulge over time. This
is subsequently thought to be responsible for the larger
population of quiescent bulge-like galaxies in the clusters
compared to the field, suggesting a direct morphological
consequence of environmental quenching.

(iv) Using a toy model, we test whether the observed evo-
lution in the intercept of the cluster mass-size relation with
decreasing redshift can be explained by cluster-specific pro-
cesses. We find that the small di↵erences observed between
the cluster and field stellar mass-size relations at low redshift
can be achieved if ⇠40% of the compact cluster galaxies in
GCLASS merge with their BCGs and the remaining ⇠60%
become tidally disrupted into the ICL by z ⇠ 0. This leads
to an ICL stellar mass fraction averaging ⇠8% at z ⇠ 0 for
the GCLASS clusters. These results are consistent with the
expected stellar mass growth of BCGs between 0 6 z 6 1
and the expected stellar mass fraction of the ICL at z ⇠ 0.

MNRAS 000, 1–22 (2018)

Andreon S.: The epoch-dependent environmental effects of size evolution of early-type galaxies 7

Fig. 8. Halo effect on galaxy size and its dependence on look-back time. The figure shows the mean galaxy size at log M/M⊙ = 11
vs redshift (left panel) or look-back time (right panel) for red-sequence early-type galaxies in the field (blue points) and in cluster
(red points). The number above the blue points indicates the number of combined galaxies. The solid line and shading show the
fitted relation and its 68 % uncertainty (posterior highest density interval).

Table 3. Size evolution fitting parameters: intercept at z = 0.6
and log M/M⊙ = 11, γ11,z=0.6, and evolutionary term β

Sample γ11,z=0.6 β
field 0.20 ± 0.01 −0.26 ± 0.03
cluster 0.25 ± 0.01 −0.13 ± 0.02

Fig. 8 shows the effective radius at log M/M⊙ = 11 (i.e., γ)
as a function of redshift. We fitted them with a linear relation in
z,

γz = γ11,z=0.6 + β(z − 0.6) (2)

adopting uniform priors for the intercept at z = 0.6, γ11,z=0.6, and
a uniform prior on the angle a = arctan β. In other terms, we are
fitting the effective radius at log M/M⊙ = 11 against (z − 0.6)β.

The mean size of red-sequence early-type galaxies in the
field has grown by 0.26 dex per unit redshift in the last 10 Gyr
(at fixed mass), see Table 3. Since the growth is nearly linear
in redshift and the relation between redshift and look-back time
is bent, this results in an accelerated evolution at earlier epochs
(Fig. 8, right panel) in agreement with previous works, for ex-
ample with Newman et al. (2012, we found an identical value of
the slope β) based, however, on a broader class of galaxies (UVJ
selected, see Sec. 4.1.1) and on scale lengths (see Sec. 4.1.2).

Fig. 8 also shows the effective radius at log M/M⊙ = 11 (i.e.,
γ) for cluster galaxies (from Paper I), identically selected and
analyzed. Fitting the cluster data with eq. 2 gives an evolutionary
rate that is twice lower than for identically selected and analyzed
field galaxies, see Table 3, indicating that at z < 2 the growth is
twice as slow in clusters than it is in sparse environments. The
larger size at z > 1.5 of cluster galaxies implies that growth was
accelerated at a redshift outside the studied redshift, i.e., at z > 2.
Both fits are acceptable (at better than 90% confidence level) in
a χ2 sense, as can also be appreciated by detailed inspection of
Fig. 8.

As mentioned in the introduction, galaxies in massive ha-
los are expected to experience accelerated size growth com-
pared to galaxies in sparser environments, although theory is
unable to provide a robust quantitative prediction. For example,
the Illustris simulations does not fit the z = 0 mass-size scal-
ing (Nelson et al. 2015), and the successor IllustrisTNG simu-
lation output galaxies whose size is half the earlier simulation

(Pillepich et al. 2018), and does not offer predictions for galax-
ies of different morphological classes or in different environ-
ments, nor does it predict the epoch-dependent growth, hence ef-
fectively precluding comparisons. Semi-analytic models do not
reproduce this expected behavior (see Sec. 5.2). The quality of
our data and the wide redshift sampling allow us to quantify the
qualitative expectation and establish the halo effect, and also to
determine the dependence of the amplitude on look-back time,
as determined above.

The epoch at which red-sequence early-type galaxies in
sparse environments catch up with their cousins in richer envi-
ronments can be easily inferred (the intersection of the two fits
in Fig. 8), it is just matter of performing a joint fit of both clus-
ter and field data with a unique intercept for the two datasets at
the crossing redshift zcatchup. By taking a uniform distribution as
prior of zcatchup, zeroed for unphysical values of redshift, and a
uniform prior on the angles, the joint fit of both cluster and field
data gives zcatchup = 0.25± 0.13. The delayed growth of galaxies
in sparse environments, combined with their fast growth at z < 2,
makes galaxies of the same size around zcatchup = 0.25 ± 0.13.

Our data allow us to establish whether galaxies in different
environments have similar or different sizes, and the approxi-
mate time when their sizes match. To further improve the lo-
calization of the catch-up redshift, a dataset that more densely
samples the low-redshift Universe is needed and, furthermore, a
redshift-unbinned analysis is preferable (and easy to implement,
for example as in Andreon 2012).

Fig. 9 shows that the scatter around the mass-size relation,
0.15 − 0.20 dex (Table 2, see Paper I for cluster values) is fairly
constant with environment and epoch, with some possible in-
dication of a larger value in the field. The scatter measures the
variability from galaxy to galaxy of the amount of dissipation,
integrated over cosmic time, in the system that will form the
observed galaxy. Its non-zero value indicates that there is some
variation from galaxy to galaxy. The little or no evolution seen in
both field and cluster environments and the little or no difference
between their amplitudes in the two environments indicates that
the amount of dissipation of the system that formed the observed
galaxy does not vary greatly with epoch or environment.

Andreon+2018
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mass-size relation in z~1 clusters lower than in the field 
because of lack of growth through minor mergers 

mass-size relation in z≳0.6 clusters 
higher than in the field because of 
accelerated evolution at early times

Matharu+2019
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Two main questions in the next 12 minutes on galaxies in z~1.5 clusters:  
2. Are there environmental signatures on structural properties? 

early-type (…) galaxies only!

… harder to identify more specific 
“signatures” on matched populations



Huang+2020

Which clusters 

SZ-selected in wide-area SPT-SZ survey: 

  1. the rarest, most massive clusters at this redshift  
  2. selection independent of cluster galaxies 

The SPT-SZ Survey (2007-2011): 
The highest resolution and sensitivity map of the CMB 
(covering 2500 deg2 ~ 6% of sky)
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Which clusters 

adapted from Brodwin+2012
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SZ-selected in wide-area SPT-SZ survey: 

  1. the rarest, most massive clusters at this redshift  
  2. selection independent of cluster galaxies 

This sample: 5 SPT-SZ clusters  
at 1.4≲z≲1.7 with M200 ~ M⊙ 



Strazzullo et al.: Environmental quenching in massive clusters at 1.4 . z . 1.7

Fig. 1: Color-magnitude diagrams and derived properties within the r < 0.7r500 region of each cluster are shown in subfigures,
each with three panels. Panel a) : Visualization of the background-subtracted color-magnitude diagram, where size and color of
each galaxy point scale according to its statistical background subtraction weight (see color bar in legend) determined in Sect. 3.2.
All galaxies are shown, but color-rejected interlopers (see Sect. 3.1) are shown as crosses. Gray lines show Kodama & Arimoto
(1997) red-sequence (RS) models with formation redshifts z f = 2, 3, 5. The color range is the same for all clusters to facilitate direct
comparison of RS colors. Panel b) : Color distribution of background-subtracted and area-corrected cluster members (red points
with error bars) down to the indicated m140 limit. The orange shaded area shows an estimate of the impact of cosmic variance on the
scale of the cluster core field, as detailed in Sect. 5.1. The blue histograms show the color distribution (rescaled by total number of
galaxies) in the control-field sample, using the same color selection as for cluster candidate members (light blue), or a photometric
redshift selection within ±0.2 of the cluster redshift (darker blue). All clusters show a clear excess of red galaxies with respect to the
field distribution. Panel c) : Estimated fraction of interlopers in the color-selected candidate member sample as a function of color
(down to the indicated m140 limit), based on the weights in panel a. Contamination is low for RS galaxies but significant for blue
galaxies. Error bars show binomial confidence intervals (1�) computed following Cameron et al. (2011).

uncertainty of individual galaxies (see Fig. 2), which was thus
not considered to define this color selection. As shown in Fig. 2,
these RS galaxies have indeed very similar IRAC colors - as ex-
pected, given the low background contamination of the selected
RS sample and the uniformity of IRAC colors for galaxies at the
same redshift, and in this case also of very similar stellar popu-
lation properties. We also note in Fig. 2 the clear concentration
of galaxies with m814-m140 colors corresponding to the peak
of the blue cloud (see Fig. 1a and b) and with IRAC colors very
similar to those of the RS sample. The resulting first IRAC color

selection of candidate cluster members is shown by the horizon-
tal light gray lines in Fig. 2.
• Refined definition of IRAC color selection for candidate

cluster members, accounting for galaxy populations bluer than
the red sequence - To extend this selection to the full sample of
cluster galaxies, we need to account for the possible color dif-
ference between galaxies hosting di↵erent stellar populations.
Using Bruzual & Charlot (2003) models, we thus increased the
IRAC color selection range by the estimated di↵erence between
the color of passive galaxies (nominally an SSP with a forma-
tion redshift z f = 3, but the di↵erence between plausible passive
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Galaxy populations in cluster central regions (r<0.7 r500) 

•a massive red sequence typically dominates 
the bright population 

•a clear excess of red sources compared to the 
field color distribution
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Fig. 1: Color-magnitude diagrams and derived properties within the r < 0.7r500 region of each cluster are shown in subfigures,
each with three panels. Panel a) : Visualization of the background-subtracted color-magnitude diagram, where size and color of
each galaxy point scale according to its statistical background subtraction weight (see color bar in legend) determined in Sect. 3.2.
All galaxies are shown, but color-rejected interlopers (see Sect. 3.1) are shown as crosses. Gray lines show Kodama & Arimoto
(1997) red-sequence (RS) models with formation redshifts z f = 2, 3, 5. The color range is the same for all clusters to facilitate direct
comparison of RS colors. Panel b) : Color distribution of background-subtracted and area-corrected cluster members (red points
with error bars) down to the indicated m140 limit. The orange shaded area shows an estimate of the impact of cosmic variance on the
scale of the cluster core field, as detailed in Sect. 5.1. The blue histograms show the color distribution (rescaled by total number of
galaxies) in the control-field sample, using the same color selection as for cluster candidate members (light blue), or a photometric
redshift selection within ±0.2 of the cluster redshift (darker blue). All clusters show a clear excess of red galaxies with respect to the
field distribution. Panel c) : Estimated fraction of interlopers in the color-selected candidate member sample as a function of color
(down to the indicated m140 limit), based on the weights in panel a. Contamination is low for RS galaxies but significant for blue
galaxies. Error bars show binomial confidence intervals (1�) computed following Cameron et al. (2011).
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Strazzullo et al.: Environmental quenching in massive clusters at 1.4 . z . 1.7

Fig. 6: Adopted quiescent vs. star-forming galaxy classification. The observed m814-m140 vs. m140-[3.6] color-color diagram of
candidate members (green points) is shown for all clusters in the r/r500 < 0.7 region (the e↵ective area covered for each cluster is
indicated). The upper set of panels show m140-selected (not mass complete) candidate member samples (the mass completeness
limit for each cluster is indicated). The lower set of panels show galaxies down to the common stellar mass completeness limit for
all clusters, log(M/M�)=10.85. Symbol size of green points scales with the statistical background-subtraction weights as in Fig. 1.
Symbol color scales with stellar mass as shown by the color bar. Empty symbols show points for which a m140-[3.6] color was
inferred using the 4.5µm flux (see Sect. 5.2). Light red and blue squares show, respectively, UVJ-quiescent and UVJ-starforming
galaxies from the control field sample with the same magnitude (top panels) or mass (bottom panels) threshold as candidate cluster
members, and with a photometric redshift within ±0.1 from the cluster redshift. The thick light-gray line shows the adopted quiescent
vs. star-forming separation in the observed m814-m140 vs. m140-[3.6] color plane. For clusters without a final spectroscopic redshift
confirmation (see Sect. 4), the thin dark-gray lines show the separation that would be adopted if assuming a redshift at the edges of
the black+white error bars in Fig. 5 (top).
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Fig. 6: Adopted quiescent vs. star-forming galaxy classification. The observed m814-m140 vs. m140-[3.6] color-color diagram of
candidate members (green points) is shown for all clusters in the r/r500 < 0.7 region (the e↵ective area covered for each cluster is
indicated). The upper set of panels show m140-selected (not mass complete) candidate member samples (the mass completeness
limit for each cluster is indicated). The lower set of panels show galaxies down to the common stellar mass completeness limit for
all clusters, log(M/M�)=10.85. Symbol size of green points scales with the statistical background-subtraction weights as in Fig. 1.
Symbol color scales with stellar mass as shown by the color bar. Empty symbols show points for which a m140-[3.6] color was
inferred using the 4.5µm flux (see Sect. 5.2). Light red and blue squares show, respectively, UVJ-quiescent and UVJ-starforming
galaxies from the control field sample with the same magnitude (top panels) or mass (bottom panels) threshold as candidate cluster
members, and with a photometric redshift within ±0.1 from the cluster redshift. The thick light-gray line shows the adopted quiescent
vs. star-forming separation in the observed m814-m140 vs. m140-[3.6] color plane. For clusters without a final spectroscopic redshift
confirmation (see Sect. 4), the thin dark-gray lines show the separation that would be adopted if assuming a redshift at the edges of
the black+white error bars in Fig. 5 (top).
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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Fig. 8. Environmental quenching efficiency as a function of ra-
dial distance from the cluster centres, measured in a single broad
mass bin. We can do this because environmental quenching, at
least in this regime, seems to be a process that is largely mass-
independent (cf. Sect. 5.1). Dashed curve: Same but increasing
the quenched fraction in the field (cf. Eq. 4) so that fEQ is con-
sistent with zero in the outermost bin.

tributor to this observed excess quenching on larger scales comes
from galaxies that have been pre-processed in the rich group en-
vironment that surrounds galaxy clusters (e.g. Haines et al. 2015;
Bianconi et al. 2018). If we re-define the environmental quench-
ing efficiency in Eq. 4 with respect to the quenched fraction in
the cluster periphery, i.e. substitute fq,field with fq,periphery, we ob-
tain the dashed curve shown in Fig. 8. This curve is based on a
pre-processed value of 0.35, and illustrates the effect of the main
quenching mechanism in the cluster.

At first glance, the measured strong dependence of fEQ on
radius suggest that, whatever physical process is responsible,
quenching must happen on a reasonably rapid timescale, at least
when galaxies approach the cluster centres. If quenching were a
slow process, freshly accreted star-forming galaxies would have
time to migrate to the cluster centres while still forming stars,
and this would lower the observed fEQ in the cluster centres. We
quantify these statements in the following subsection, in which
we employ a simple quenching model to put the observations
into context.

5.3. A simple quenching model

We consider a model to identify the approximate timescale over
which a galaxy is environmentally quenched in the cluster, and
the location where this quenching process is triggered. Our ba-
sis is a set of N-body simulations of four galaxy clusters, intro-
duced in Taranu et al. (2014). The four most massive clusters
were identified from a large cosmological N-body simulation
with 2563 particles in a cosmological box of side length 512h−1

Mpc. Particles in the re-simulation have masses of 6.16×108 M⊙,
meaning that subhaloes down to relatively low halo mass can be
resolved and traced in time from z = 3 to z = 0.

Using this simulation, we investigate at which distances from
the cluster centres a quenching transformation process is likely
to start, and how long it would take for a galaxy to show a signa-
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Fig. 9. Radial dependence of fEQ from the model, where we vary
the quenching time (as indicated) while fixing the quenching lo-
cation to R500.
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Fig. 10. Radial dependence of fEQ from the model, where we
vary the quenching location (as indicated) while fixing the
quenching time to 1 Gyr.

ture of quenched star formation. Following a similar approach as
in Muzzin et al. (2014), in which phase-space distribution of spe-
cific subhaloes in these simulations were tracked, we now only
consider the projected clustercentric distances of a population
of subhaloes in the simulation. Subhaloes are marked that have
passed, for the first time, a clustercentric distance r3D,quench/R500
at least a time of Tquench Gyr ago. Projecting each cluster in three
directions (x,y,z), we mark the fraction of subhaloes that satisfy
these criteria, as a function of projected clustercentric radius.

The results are in Figs. 9 & 10, where one parameter in the
model is kept constant, while the other is varied. We note that
Tquench has to be interpreted as a delay time + quenching time,
and that the quenching time itself is supposed to be a rapid pro-
cess due to the absence of a significant fraction of green valley
(transition) galaxies (Peng et al. 2010; Wetzel et al. 2013). The
similarity between Figs. 9 & 10 indicate that there is a degener-
acy between the quenching radius and time scale.

While any ejected satellites that have been quenched by the
same (cluster-specific) mechanism would show up in the pro-
jected distributions, we note that any possible pre-processing
of galaxies in the large-scale overdensity surrounding the clus-
ters is by definition not shown in this simplistic model. We
perform a maximum likelihood comparison between the results

13
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van der Burg+2018, z~0.6
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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log(M/M⊙)>10.56, r<r200 Remco F.J. van der Burg et al.,: Environmental quenching of cluster satellite galaxies at 0.5 < z < 0.7

Fig. 8. Environmental quenching efficiency as a function of ra-
dial distance from the cluster centres, measured in a single broad
mass bin. We can do this because environmental quenching, at
least in this regime, seems to be a process that is largely mass-
independent (cf. Sect. 5.1). Dashed curve: Same but increasing
the quenched fraction in the field (cf. Eq. 4) so that fEQ is con-
sistent with zero in the outermost bin.

tributor to this observed excess quenching on larger scales comes
from galaxies that have been pre-processed in the rich group en-
vironment that surrounds galaxy clusters (e.g. Haines et al. 2015;
Bianconi et al. 2018). If we re-define the environmental quench-
ing efficiency in Eq. 4 with respect to the quenched fraction in
the cluster periphery, i.e. substitute fq,field with fq,periphery, we ob-
tain the dashed curve shown in Fig. 8. This curve is based on a
pre-processed value of 0.35, and illustrates the effect of the main
quenching mechanism in the cluster.

At first glance, the measured strong dependence of fEQ on
radius suggest that, whatever physical process is responsible,
quenching must happen on a reasonably rapid timescale, at least
when galaxies approach the cluster centres. If quenching were a
slow process, freshly accreted star-forming galaxies would have
time to migrate to the cluster centres while still forming stars,
and this would lower the observed fEQ in the cluster centres. We
quantify these statements in the following subsection, in which
we employ a simple quenching model to put the observations
into context.

5.3. A simple quenching model

We consider a model to identify the approximate timescale over
which a galaxy is environmentally quenched in the cluster, and
the location where this quenching process is triggered. Our ba-
sis is a set of N-body simulations of four galaxy clusters, intro-
duced in Taranu et al. (2014). The four most massive clusters
were identified from a large cosmological N-body simulation
with 2563 particles in a cosmological box of side length 512h−1

Mpc. Particles in the re-simulation have masses of 6.16×108 M⊙,
meaning that subhaloes down to relatively low halo mass can be
resolved and traced in time from z = 3 to z = 0.

Using this simulation, we investigate at which distances from
the cluster centres a quenching transformation process is likely
to start, and how long it would take for a galaxy to show a signa-
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Fig. 9. Radial dependence of fEQ from the model, where we vary
the quenching time (as indicated) while fixing the quenching lo-
cation to R500.
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Fig. 10. Radial dependence of fEQ from the model, where we
vary the quenching location (as indicated) while fixing the
quenching time to 1 Gyr.

ture of quenched star formation. Following a similar approach as
in Muzzin et al. (2014), in which phase-space distribution of spe-
cific subhaloes in these simulations were tracked, we now only
consider the projected clustercentric distances of a population
of subhaloes in the simulation. Subhaloes are marked that have
passed, for the first time, a clustercentric distance r3D,quench/R500
at least a time of Tquench Gyr ago. Projecting each cluster in three
directions (x,y,z), we mark the fraction of subhaloes that satisfy
these criteria, as a function of projected clustercentric radius.

The results are in Figs. 9 & 10, where one parameter in the
model is kept constant, while the other is varied. We note that
Tquench has to be interpreted as a delay time + quenching time,
and that the quenching time itself is supposed to be a rapid pro-
cess due to the absence of a significant fraction of green valley
(transition) galaxies (Peng et al. 2010; Wetzel et al. 2013). The
similarity between Figs. 9 & 10 indicate that there is a degener-
acy between the quenching radius and time scale.

While any ejected satellites that have been quenched by the
same (cluster-specific) mechanism would show up in the pro-
jected distributions, we note that any possible pre-processing
of galaxies in the large-scale overdensity surrounding the clus-
ters is by definition not shown in this simplistic model. We
perform a maximum likelihood comparison between the results
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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Fig. 10: Top: Quiescent fraction of cluster galaxies within r <
0.45r500 (dark red) and r < 0.7r500 (light red) above the com-
mon mass completeness limit log(M/M�)>10.85. Error bars ac-
count for uncertainties in the quiescent vs. star-forming classifi-
cation as described in Sect. 5.3. Blue symbols show the quiescent
fraction in corresponding photo-z selected control field samples
(see Sect. 5.3). Large empty blue squares show values from the
COSMOS field (see text). Bottom: Environmental quenching ef-
ficiency as derived from cluster and field quiescent fractions in
the top panel. Color coding reflects the top panel. In both panels
empty triangles show, where applicable, the quiescent fraction
and derived quenching e�ciency assuming that galaxies lack-
ing a quiescent vs. star-forming classification are all quiescent
(rather than all star-forming, see Sect. 5.2, Table 2).

realizations for both cluster and field samples. In the top panel of
Fig. 10, large empty blue squares show for comparison the quies-
cent fraction in the ⇠1.6 deg2 COSMOS/UltraVISTA field, esti-
mated for log(M/M�)>10.85 galaxies with photo-z within ±0.15
from the clusters’ redshift, based on the Muzzin et al. (2013b)
catalogs and the Williams et al. (2009) UVJ classification. Al-
though, due to di↵erences in the available data, we cannot re-
produce the analysis as described in this work on the COSMOS
field, the quiescent fractions estimated in the smaller GOODS-
S field are still representative of analogous measurements in the
significantly larger COSMOS survey.

5.4. Is this sample really unbiased with respect to galaxy
population properties?

As mentioned in Section 1, the SZE cluster selection is approx-
imately a halo mass selection with no a-priori dependence on
cluster galaxy properties. However, given the high star formation
rates observed in some clusters in this redshift range, we need
to examine the possibility that mm-wave emission produced by
high levels of star formation may o↵set the SZE decrement, thus
e↵ectively resulting in a biased cluster sample disfavoring sys-
tems with low quiescent fractions. A general modeling of the
e↵ect of increased star formation rates at high redshift on clus-
ter SZE detection will be presented elsewhere. We focus here on
the potential impact of mm-wave emission from star formation
on the SZE selection of the five clusters studied here. In partic-
ular, we seek to quantify the potential selection bias that could
impact our conclusions about quiescent fractions and environ-
mental quenching e�ciencies for the broader, massive cluster
populations in this redshift range.

We start from the measured quiescent fractions within r <
0.45r500, and consider whether these five clusters (or more gen-
erally clusters of similar mass and richness as those in this sam-
ple) would still be in our sample if their quiescent fractions were
lower than we observe. We describe our modeling in full detail in
Appendix C, summarizing here the adopted approach, assump-
tions and results.

For each cluster, we start from our mass complete sample of
cluster members within r < 0.45r500 and their quiescent vs. star-
forming classification, and assume that all star-forming cluster
galaxies form stars at the same Main Sequence (MS, e.g., El-
baz et al. 2011) rate of their field analogs (and that quiescent
galaxies have a negligible star formation rate, SFR). This gives
an estimate of the total SFR of cluster galaxies above mass com-
pleteness at r < 0.45r500 (see Appendix C). To account for the
contribution of galaxies below our mass completeness limit, we
further assume that (see Appendix C.1): 1) the cluster galaxy
stellar mass function is to first order the same as in the field at
the cluster redshift; and 2) the quiescent fraction vs. stellar mass
of cluster galaxies can be modeled starting from our measured
quiescent fraction at high stellar masses and the quiescent frac-
tion vs. stellar mass observed in the field at the cluster redshift.

For each cluster in our sample, we thus obtain an estimate of
the total SFR within r < 0.45r500. We finally estimate the SFR
contribution from cluster galaxies at r > 0.45r500 by assuming
an NFW (Navarro et al. 1997) galaxy number density profile,
and a quiescent fraction vs. clustercentric radius profile deter-
mined based on the measured quiescent fraction at r < 0.45r500
and on the corresponding field value at the cluster redshift (see
Appendix C.2).

In practice, for the adopted assumptions and given a qui-
escent fraction at r < 0.45r500 above the mass completeness
limit, our modeling yields a SFR density profile of cluster galax-
ies (see Appendix C.3) that can be translated into flux density
maps at 95 and 150 GHz assuming an appropriate flux density
to SFR conversion (see Appendix C.4). If we consider the actu-
ally measured quiescent fraction at r < 0.45r500, such modeling
provides an estimate of the contamination of the observed SZE
signal from mm-wave emission of star-forming cluster galaxies.
If instead we consider a lower quiescent fraction at r < 0.45r500,
such modeling yields an estimate of the additional contamina-
tion from mm-wave emission that would be further reducing the
SZE signal if the star-forming galaxy fraction were higher than
actually measured.
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