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The interest of high-z clusters

Cosmology:
• growth of structure across cosmic time
• requires good statistics
• but constraints from unique objects

Rosati+ 2002

Environmental effects I:
• quenching of SF
• population segregation
• best at low to intermediate z

Environmental effects II:
• formation of the core population (zf>2-3)
• early ICM heating (non gravitational processes)
• co-evolution of cluster population & atmosphere

Ponman+ 1999
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Fig. 1.— (left) Color image covering 3 × 3 arcmin using imaging from the NDWFS BW and

I, and IRAC 4.5 µm data centered on IDCS 1426+3508. The Q marks the quasar in the

cluster. (right) Pseudo-color HST image made from the ACS/F814W and WFC3/F160W

images with the green contours illustrating the X-ray emission. The dashed red circle is

centered on the quasar in the cluster, and the blue dashed circles are centered on a radio-

loud AGN (on the western side) and on an IRAC-selected AGN (on the eastern side). The

radii of these dashed circles is 5 arcsec, the same size as was used to mask these point sources

in the X-ray analysis. In both panels the yellow boxes are spec-z confirmed members, and a

30′′ (260 kpc) scale bar is given.

Stanford+ 2012

J. S. Santos et al.: Discovery of a massive galaxy cluster at z = 1.579

Fig. 1. IzH colour image of XMMUJ0044 with X-ray
contours overlayed in white and the 3 spectroscopically
confirmed cluster members shown with yellow circles
(ID numbers refer to Table 1). Left: cluster field image
(3′ × 3′) showing the 4 interlopers (green circles) within
1′. Right: blow-up of the core region (1.5′ × 1.5′) show-
ing the red-sequence galaxies (white circles) – see Fig. 2.
North is up and East is to the left. The XMM-Newton PSF
at the cluster off-axis angle is ∼10′′ (FWHM).

Table 1. Spectroscopic redshifts of 7 galaxies located within 1′ of the X-ray centroid, including the three cluster members of XMMU J0044
(ID 1, 2, 3).

ID RA Dec H I−H dc zspec Features
J2000 J2000 mag mag ′′

1 00:44:05.63 –20:33:53.99 18.6 3.07 8 1.5790± 0.0003 FeII, MgII
2 00:44:05.33 –20:33:13.72 19.8 3.23 46 1.5788± 0.0003 [OII], FeII
3 00:44:05.57 –20:34:16.10 19.3 2.27 17 1.5721± 0.0008 [OII]
4 00:44:04.57 –20:34:10.76 19.7 3.17 14 0.5924± 0.0002 [OII], Hβ, [OIII]
5 00:44:04.40 –20:33:42.05 18.9 4.29 21 1.0709± 0.0009 CaH/K
6 00:44:02.73 –20:34:02.19 20.1 3.79 35 1.3271± 0.0008 CaH/K
7 00:44:02.41 –20:33:46.67 22.1 2.02 41 1.0178± 0.0007 [OII]

Notes. We list total Vega H-band magnitudes, I−H colours, projected distances in arcseconds relative to the X-ray center, spectroscopic redshift
and spectral features.

We estimate m* to be at H = 20.1 mag (vertical dotted line
in Fig. 2) using the evolution of m*_H predicted by Kodama &
Arimoto (1997) models with zf = 3. We note that these expecta-
tions are confirmed up to z = 1.4, with the study of the H-band
luminosity function of XMMUJ2235 (Strazzullo et al. 2010). We
identify a sequence of 14 red galaxies located within a radius of
1′ from the X-ray center (Fig. 1, left-panel), by applying a rea-
sonable colour-cut of 3.7 < I−H < 4.6, and considering only
galaxies up to the 50% completeness limit in the H-band.

In addition to the three cluster members and the four inter-
lopers, we also indicate the colour of the large, central galaxy.
The three cluster members have I−H colours that are bluer than
what one would naively expect using Simple Stellar Population
(SSP) models considering a Salpeter IMF (Salpeter 1955) with
solar metallicity of passively evolving ellipticals with formation
redshift zf = 3 and 5, that predict I−H equal to 3.75 and 4.0,
respectively, at the cluster redshift. In particular, galaxy ID 3
has a very prominent [OII] line, which is reflected in its I−H
colour, 1 mag bluer than the other two spectroscopic members.
This rather blue galaxy is located in the core, which is unusual
in the X-ray clusters studied so far out to z ∼ 1.4, since star
forming galaxies in clusters are typically located in the outskirts
of the cluster. The confirmed members and the large central
galaxy show signs of distorted morphology and resemble late-
type galaxies. Sill, only with the Hubble Space Telescope it will
be possible to accurately assess the structure of these galaxies.

3. Discussion

The X-ray analysis, based on 110 cluster counts in the
[0.35−2.4] keV band, allowed us to estimate a bolometric lu-
minosity of ∼6 × 1044 erg/s. This value is typical of low-
z massive galaxy clusters and corresponds to about three
times the luminosity of another cluster at a very similar red-
shift, XMMUJ1007.4+1237 at z = 1.56, which has Lbol(r <
R500) ∼ 2.1 × 1044 erg/s (Fassbender et al. 2011a). Furthermore,
XMMUJ0044 is also significantly more luminous than the more

distant poor cluster/groups discovered at z = 1.62, CIG2018.3-
0510 with L[0.1−0.24] ∼ 0.3 × 1044 erg/s (Test = 1.7 keV, Tanaka
et al. 2010) and CLJ1449+0856 at z = 2.07 with L[0.1−0.24] ∼
0.7× 1044 erg/s (Test = 2.0 keV, Gobat et al. 2011). We note that
recent work using shallow Chandra data of Spitzer/IRAC clus-
ter ISCS J1438.1+3414 at z = 1.49, shows this to be a massive
cluster, with L[0.5−2.0] = 1.0 × 1044 erg/s and luminosity derived
M200 ∼ 2.2 × 1014 M% (Brodwin et al. 2010).

The optical/NIR data depicts a population of red galaxies
centered on the X-ray contours. In addition to the SSP models,
we also compared the sequence of 14 red galaxies with what
we would expect from a de-evolved CMD of XMMUJ2235 at
z = 1.58 (solid blue line in Fig. 2). This empirical expecta-
tion is in excellent agreement with predictions from Kodama &
Arimoto (1997) models for zf = 5, therefore the observed red-
sequence (RS) of XMMUJ0044 appears fainter and redder than
expected. A possible explanation is that this sequence is not en-
tirely formed by normal passive galaxies, but instead it is pop-
ulated by dusty star-forming galaxies (Pierini et al. 2005). On
the other hand, the large uncertainty in the colours of the faint,
red galaxies prevents a more accurate assessment of the locus of
the red-sequence. The bright population in the cluster core (in-
cluding ID 1 and ID 3) is not dominated by passive galaxies as
observed at lower redshifts, instead we observe bright blue star
forming galaxies in the center of the cluster that might domi-
nate the bright end of the colour−magnitude diagram. Similar
findings have been reported at z = 1.45 (Hilton et al. 2010) and
z = 1.6 (Tran et al. 2010).

The central group of three red galaxies for which we have
no spectroscopic information is of particular interest. The I−H
colour of the largest and brightest galaxy (magenta star in Fig. 2)
is redder (by 0.26 mag) than the brightest spectroscopic member
(ID 1, only 2′′ away). The other two smaller central galaxies
are about 1 mag fainter relative to the former and are signifi-
cantly redder (I−H = 4.13 and 4.17 mag). We may argue that
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Then: Cl J1449+0856, a ‘‘mature’’ X-ray detected cluster at z ~ 2
(Gobat et al. 2011)

• 20σ overdensity of red galaxies (Y-Ks>2)

• with ETG morphologies (HST/NIC3)

• extended X-ray emission (7×1043 erg/s)

• z-spec peak at z=2.07 (emission-line)

• z-phot peak at z~2.05 (red galaxies)

Initial dataset:
- BRIzYJHKs Subaru imaging
- HST/NICMOS F160W
- IRAC 3.6µ-8µ
- MIPS 24µ
- VLT/FORS2+VIMOS spectroscopy
- XMM + Chandra (80 ks each)

zJKs

1.4’×1.4’
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Extended X-ray emission at 3.5σ significance
LX = (7±2)×1043 erg/s
⇒ M200 ~ 6×1013 M⊙, R200 ~ 0.4 Mpc

Would reach a mass at z=0 of
⇒ Mtot,0 ~ 6×1014 M⊙

(assuming Fakhouri+ 2010)

Cl J1449+0856:  the once and future mass



Now: follow-up observations

zJKs

VLT/FORS UV
⇒ unobscured SF

Spitzer/IRAC 3.6/4.5µ
⇒ mass function

Herschel/PACS 100/160µ
⇒ star formation

APEX/LABOCA 850µ
⇒ SMGs

eVLA CO(1-2)+3Ghz
⇒ SFR/AGN

eMerlin 3Ghz
⇒ compact SF/AGN

HST/WFC3 F140W+G141



Now: follow-up observations

zJKsF140W

VLT/FORS UV
⇒ unobscured SF

Spitzer/IRAC 3.6/4.5µ
⇒ mass function

Herschel/PACS 100/160µ
⇒ star formation

APEX/LABOCA 850µ
⇒ SMGs

eVLA CO(1-2)+3Ghz
⇒ SFR/AGN

eMerlin 3Ghz
⇒ compact SF/AGN

HST/WFC3 F140W+G141



The Importance of 
Spectroscopic 

Follow-ups



HST/WFC3 observations

F140W
Deepest WFC3 grism 
observations yet: 

6.5 arcmin2

3 orientations
16 orbits of G141
2 orbits of F140W

(26.5 mag at 5σ, 1” aperture)
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FORS+VIMOS

WFC3 grism redshifts



FORS+VIMOSFORS+VIMOS+WFC3

WFC3 grism redshifts

Two z~2 peaks !

(z~1.99 and z~2.07)
undistinguishable by broad-band z-phots 

Gobat+ 11

FORS+VIMOS+WFC3



Grism spectra of red galaxies
The Buried, the Bad and the Ugly

too faint

blended

contaminated
(2nd order)

extracting red spectra an overdense region is still very 
challenging with WFC3

(continuum S/N, contamination from  close neighbors, 
less compact, etc.)



The early early-type: a quiescent galaxy at z=3

            z = 2.993 ± 0.015

         age ~ 0.7 Gyr

logM★ = 11.08 ± 0.01

n  = 1.8 ± 0.3

Serendipitously discovered in the HST/WFC3 field

Gobat et al., submitted to ApJL



Grism spectra of red galaxies

too faint

blended

contaminated
(2nd order)

simultaneous fit of cross-dispersion 
profiles for each wavelength bin

• efficient deblending
• does not assume a contaminating 
   spectrum

(thanks to C. Scarlata)

(trace profiles from F140W)
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Stacked spectrum of ETG candidates

Redshift of the ETGs: z = 1.99 ± 0.01
Biweight mean of the peak (including ETGs) : z = 1.995 

BC03
Z⊙

tSF ~ 1.1 Gyr
E(B-V) ~ 0.1



Stacked spectrum of ETG candidates

Cl J1449+0856: a X-ray detected cluster at z = 2.07Cl J1449+0856: a X-ray detected cluster at z ≈ 2

Redshift of the ETGs: z = 1.99 ± 0.01
Biweight mean of the peak (including ETGs) : z = 1.995 

BC03
Z⊙

tSF ~ 1.1 Gyr
E(B-V) ~ 0.1



z~2.07

z~1.99

WFC3

WFC3

z~2 galaxies more concentrated 
than z~2.07 ones

1 Mpc at z~2



z~2.07

z~2



z~2.07

z~2

FORS + VIMOS



z~2.07

z~2

FORS + VIMOS

WFC3 only



The z~2 cluster and z=2.07 
“sheet” are separated by more 

than 100 Mpc (comoving)

⇒ not gravitationally bound 

(tin>>tH)

Springel+ 2005

Large scale structure at z~2

z=1.99

z=2.07

Palign > 0.3 %
(Poissonian case, assuming 5×1013 +1013 halos)

(likely a few % due to clustering)



AGN in Cl J 1449+0856
(tentative)

Hβ+[OIIII] emitters (S/N>3):

~50% AGN in cluster
~20% AGN in field

MEx selection (Juneau+ 11)
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F140w

Star formation in Cl J 1449+0856

SFRHβ = 10-30 M⊙yr-1

(no line emitters in the core)

several 24μ sources in the core:

SFR24μ > 100 M⊙yr-1

but possibility of AGN contribution

 ⇒ PACS 100/160μ observations
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F140w

Star formation in Cl J 1449+0856

SFRHβ = 10-30 M⊙yr-1

(no line emitters in the core)

several 24μ sources in the core:

SFR24μ > 100 M⊙yr-1

but possibility of AGN contribution

 ⇒ PACS 100/160μ observations

24-100-160μ

one PACS detection in the cluster:

the forming BCG at ~200 M⊙yr-1



Galaxy merging in the core
the “proto-BCG”

ETG

disturbed morph.
weak Hβ+[OIII]

SFR~200 M⊙yr-1

tidal features

The center of the cluster is 
occupied by a system of 3-4 

interacting galaxies with

• different stel. pop.
• different morphologies
• high SFR to post-starburst
• a diffuse component
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WFC3 1.4µ imaging reveals diffuse emission around core galaxies
broad filter ⇒ likely continuum rather than line emission

if stellar light, consistent with high merging activity

Galaxy merging in the core

diffuse light

Figure 3: Left: The F140W image of the z = 2.07 cluster center with some smoothing, showing
evidence of diffuse emission (“intracluster light”) around red cluster candidate members (region
within yellow ellipse). It is also clear from the figure how HST resolution is needed to measure
accurate photometry of very close (often likely interacting) galaxies in this crowded field. Right:
the Coma cluster, where ICL light is detected (see numbered circled regions) but at a very low
level compared to our z = 2 cluster (Gregg & West 1998).

Special Requirements

Coordinated Observations

Justify Duplications

Past HST Usage and Current Commitments

Program 11174, Cycle 16 - PI Emanuele Daddi: A Spitzer/X-ray candidate cluster at z > 2:
NICMOS imaging. Results published in Gobat et al. 2011.
Program 11648, Cycle 17 - PI Emanuele Daddi: WFC3 spectroscopy of an X-ray luminous
galaxy cluster at z > 2. Observations finished in late summer 2010, data reduced, analysis
ongoing. First results in Fig. 2 and 3 of this proposal.

7

Gregg & West 1998

Cl J1449+0856 Coma
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Conclusions

Cl J1449+0856 is a ‘‘maturing’’ galaxy cluster at z=1.99:

• it has detectable X-ray emission and a central early-type galaxy 
population
• but it also hosts a high level of activity (star formation, merging and 
AGNs ) apparently typical of structures at this epoch

The cluster environment is already established but the core galaxy 
population is still undergoing build-up

The earlier misidentification at z=2.07 is due to a combination of

• the observing strategy (slit spectroscopy) 

• the large-scale structure of which Cl J1449+0856 is part


