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At z=0, in clusters

" p(quenched) = f(M, r/r200)) 

" separable: p(quenched) = p(M)*p(r/r200)

" other dependences (cluster mass, richness, iron abundance, 
presence of a cool-core) change p(quenched) by less than 3%

ga
lax
y m
as
s

galaxy mass

Plotted <30% of the data, to avoid crowding. From Raichoor & SA 2014, A&A
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At 0<z<~1.3, in clusters
-mass and environment continue to be are separable
-environment acts in the same way at all epochs, but
-mass acts in a epoch-dependent way:
dp(quenched)/dz ~ 4 lgM

Plotted 30% of the 
data, to avoid 
crowding. From 
Raichoor & SA 2012, 
A&A



z >1.5 is a largely unexplored epoch

o Hard to find clusters (extremely faint in X-ray, 
not enough massive for current SZ surveys). 

o Nature of hi-z “cluster” often unclear (e.g., 
Papovich cluster-> proto-cluster -> 250 km/s 
small group embedded in a large structure, Tran 
et al. 2015)

o Hard to get spectroscopy of quiescient galaxies, 
and often the photometry of the faint ones in a 
blue rest-frame band. 

One notable exception: JKCS041@z=1.803



It’s (already) a cluster, no doubt to what it 
should be compared to at z=0

Chandra

lgM200~14.25 by four different 
methods (LX, TX, fgas, n200) 



JKCS041: a unique dataset

From Newman et al. (SA) 2014, ApJ

-mass-complete spectroscopic coverage 

-15+ bands photometry, from u to 8 microns, with high S/N 
photometry of all interesting galaxies +radio (+JVLA in progress) + 
Herschel +Chandra + etc 

-images in 2 HST bands (for size measurements)



The advantage of a complete spectroscopic 
coverage: the astronomical signal is not washed out 

by statistical background subtraction

IDCS1422, z=1.75:

Common lack of complete 
spectroscopic coverage 
hampers galaxy 
evolutionary studies

JKCS041, z=1.803:

complete spectroscopic 
coverage down H=22.5, 
representative down to 
H=23.2 mag



Many galaxy properties (ages, star formation histories, masses, 
etc.) requires spectroscopy and deep multiband photometry

2nd most massive (lgM=11.7) Salp. IMF 2nd least massive (lgM=10.8)

unique deep 2 grisms- 3 orientations HST spectroscopy, 
sampling 3000 to 6000 A rest-frame, and 15+ band deep 
photometry
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WFC3@HST

The obvious advantage of HST: resolution, morphology and sizes



Unbiased view of the galaxy 
population, because a mass-
limited sample (lgM>9.8).

Few blue galaxies, and avoid 
the X-ray emitting region, 
as at z=0. The processes 
halting star formation are 
already effective at z=1.8

The firework era is at 
higher z for the cluster 
with the richest dataset

No reversal of the color-
density relation

Red points: red sequence galaxies

Blue points: bluer galaxies 

WFC3 f.o.v.

Outermost detected X-ray 
isophote



A fully populated red-sequence 
down to an unprecedented lgM=9.8

Quenching very effective already 10 Gyr ago.

lgM=9.8



Red-sequence fully 
in place, down to lgM=9.8, 

at z=1.803

The insignificant 
evolution of the massive 
end and of the faint one 
(no faint-to-bright 
deficit among red 
sequence galaxies).

Unique because of the requested depth

Open points from De Propris et al. 
(2013)



Field

Cluster

Massive

Role of the environment: quenched at 
much the same time …

Staked spectrum of lgM>11 
quiescient galaxies, S/N=55  per 
pixel

not quenched earlier in 
cluster than in the coeval 
z=1.8 field (quiescient
from UVJ plot)



Cluster quenching, at 
z=1.8, about 50% at all 

masses 

In cluster a larger 
fraction is quenched, 
(but not quenched 
earlier!)

Field

Cluster

Massive 
lgM> 11

… but in larger fractions at all masses

Cluster



Age-mass relation
-from 12 bands and full spectrum fit

-same slope as Coma, and in agreement with stacked analysis.

-narrow age distribution at a given mass (380 Myr scatter), with 
no evidence of multi-modalities in the distribution of residuals

Age spread



Mass-size
<0.11 dex (1σ) per 
unit z change in re

0.4 dex per unit z 
in the field

First preliminary indication 
that size evolution may occur 
earlier in clusters.

Sample is small, yet much 
larger than the 2th richest 
dataset. Analysis of a larger 
sample is in progress.

field



General picture at z=1.803
Almost everything in place at z=1.8:

Fully populated red sequence down to lgM=9.8, both at the high- and low-mass 
ends

Fully established color-density segregation, with minor star-forming component 
(once sample is mass-selected) within r500.

Age-mass as in nearby clusters, and the z=1.8 field 

Mass-size (almost) as in nearby clusters and in the field (after accounting for 
selection effects), but also consistent with mild evolution.

Cluster core radius as nearby clusters

but:

1) only ~2 Gyr available to put everything in place and

2) should be mantained while the cluster mass and its galaxy component grow by a 
factor about 3 in the following 10 Gyr.

Possible Explication: 

a) A) growth from material having “composition” and properties similar to 
already present “material”

b) B) not distributing itself in the cluster *randomly*

A simulation (Cen et al. 2014) quantitatively reproduces the observations.



Thanks

JKCS041 z=1.803


