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Talk Overview
• Review of results from X-ray observations of z>0.8 

clusters (with a focus on XCS)

• Discussion: 

! for cosmology and scaling relations, wouldn’t we 
be better off at z<0.7?

! I’m ready to get over X-rays; lets prove that 
optical/IR surveys are fine for cosmology

! we can do cluster X-ray astronomy from the 
ground much cheaper with SZ
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Warning/Apology: I have concentrated 
on cosmology and scaling relations as 
science drivers/results and have not 

included anything about the properties 
of the gas (e.g. metal abundance vs z).
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Why z>0.8?

Current XCS redshift histogram
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Talk Overview

• Review of results from X-ray observations 
of z>0.8 clusters

! X-ray: Before XMM & Chandra

! X-ray: After XMM & Chandra

! Other: red sequence + SZ
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Warning/Apology: The following review 
is broadly correct, but there are likely 
to be omissions and errors. Not all are 

my fault, but please shout when you 
spot anything missing or wrong!
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How to catch a cluster 
(X-ray before XMM & Chandra)

• Einstein (EMSS)

• ROSAT All Sky Survey

• ROSAT pointed observations (PSPC)

• ROSAT pointed observations (HRI) 
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How to catch a cluster 
(X-ray before XMM & Chandra)
• Einstein (EMSS)

• ROSAT All Sky Survey

• ROSAT pointed observations (PSPC)

• ROSAT pointed observations (HRI) 

! a promising project that ran out of steam 
(or money, or telescope time), Panzera et 
al. 2002
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In my view....
Cluster surveys need more than good ideas or 

new datasets to get done. They need a dedicated 
team who will work for years without papers 
coming out;  preferential access to telescopes; 

cash to pay students and postdocs.  
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How to catch a cluster 
(X-ray before XMM & Chandra)
• Einstein (EMSS)

! MS1054.4, z=0.83, T=8.3keV

! Discovery paper: Gioia & Luppino 1994

! Latest X-ray analysis: Branchesi et al. 2007

! Importance: 

" proved 15 years ago that distant clusters are out there was 
used on its own to disprove Omega=1. 

" It is still used in ensemble studies (scaling relations, galaxy 
evolution etc.)
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In my view...
MS1054 is a lovely cluster, and case studies are very 
useful (and generate nice publicity images), but when 

doing statistical work, we have to stop being so 
precious about individual high redshift clusters and be 
prepared to “waste” a few.  We should concentrate on 

homogeneous samples with selection functions. 
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How to catch a cluster 
(X-ray before XMM & Chandra)

• ROSAT All Sky Survey

! None from the regular RASS 

" But later I will give a nod to MACS  (Ebeling et al. 20??) [In 
the long term, I think the extended REFLEX is likely to 
overshadow MACS]

! NEP Region got deeper coverage than the rest of the sky.

" RXJ1821 (z=0.81, T=4.7keV) [Gioia et al. 2004]

" RXJ1716 (z=0.81, T=6.5keV) [Gioia et al. 99, Branchesi 07]

! Importance: These clusters are regularly used in ensemble work.
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In my view...
We shouldn’t write off datasets just because they are old. RASS 

produced a few z>0.8 clusters, but its real impact is at z<0.5. Not only 
does it provide the low z counterparts needed for evolution work, but 
on its own it can do kick ass cosmology. Peter Schneider showed that 
10 years ago with the power spectrum, the MACS folk are showing it 

today with number density evolution. 

eROSITA could be amazing, but its hard not to feel grumpy about it 
since few us will have access to the data!
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How to catch a cluster 
(X-ray before XMM & Chandra)

• ROSAT pointed observations (PSPC); from serendipitous detections

• RDCS and WARPS got the most (their samples overlap)

! RDCS + WARPS: 6 @ 0.8<z<1 plus 3 @ z>1

! A few of these were also [p]re-discovered by SHARC (Romer et al. 00) 
& 400SD  (Burenin et al. 2006). I will later give a nod to 400SD survey.

• WARPS z>0.8 discoveries in Ebeling et al 99 & 01, Perman 2002)

! XMM/Chandra followup papers: Maughan et al. 05

• RDCS z>0.8 discoveries in Stanford et al. 97; Rosati et al. 98.

! XMM/Chandra followup papers: Stanford et al. 00; Holden et al. 02; 
Stanford et al. 02; Rosati et al. 04
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How to catch a cluster 
(X-ray before XMM & Chandra)
• Importance of PSPC serendipitous surveys

! still leading the way on ensemble studies of X-ray scaling relations

! generating controversy: ensemble measurements of scaling relations 
are giving conflicting answers wrt evolution (e.g. Holden et al. 2002 vs 
Vikhlinin et al. 2008).

! demonstrates that XMM/Chandra follow-up is essential

! providing test cases for detailed follow-up:

# Lynx Supercluster

# RXJ0152, z=0.83, Tx~5keV

# RXJ1222, z=0.89, Tx=10keV: hottest z>0.8 cluster know

! Inspired some of us to do it all over again for XMM
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RDCS cluster at z=1.24
colour composite with Chandra contours 

(now that’s what I call a real cluster!)

X-ray emission, in addition to a central point source (3C294
at z = 1.786: Fabian et al. 2003a; 4C41.17 at z = 3.8: Scharf
et al. 2003). However, their spectral energy distribution and
other energetic arguments indicate that the extended emission
is likely nonthermal and is due instead to inverse Compton
scattering of the CMB photons by a population of relativistic
electrons associated with the radio source activity. The
serendipitous detection of thermal ICM at z > 1.5 associated
with !L* clusters remains extremely difficult, not only for the
lack of volume in current X-ray surveys but also for the
severe (1 + z)4 surface brightness dimming that affects X-ray
observations. These limitations will eventually be overcome
by surveys exploiting the Sunyaev-Zeldovich (SZ) effect (e.g.,
Carlstrom, Holder, & Reese 2002), which will explore large
volumes at z > 1. It is worth noting, however, that the current
sensitivity of SZ observations is still not sufficient to detect any
of the known X-ray clusters at z > 1, all having LX(0.5–
2 keV) P 3 " 1044 ergs s#1, such as RDCS 1252. The current
generation of large-area optical surveys (e.g., using the z band;
Gladders & Yee 2000) remain a valid alternative to unveil a

sizable number of clusters at z ! 1, while the next generation
of large-area surveys in the near-IR (e.g., Warren 2002) will
push this boundary even further. Without a correspondingly
large-area X-ray survey, however, our ability to glean physical
properties necessary to test structure formation scenarios, as
well as deriving cosmological parameters, will be rather
limited.

The authors acknowledge support from NASA grant GO3-
4166A. P. R. thanks the Chandra X-ray Center for their
prompt help in planning the Chandra observations. Part of
this work was performed under the auspices of the
Department of Energy by the University of California,
Lawrence Livermore National Laboratory, under contract
W-7405-Eng-48. C. N. acknowledges support under the ESO
visitor program in Garching during the completion of this
work. R. D. C. acknowledges partial financial support from
ASI (I/R/062/02).

Fig. 6.—Color-composite image showing a 20 " 20 field on RDCS 1252.9#2927 at z = 1.24 with overlaid Chandra contours. The image combines optical and
near-IR bands from the FORS and ISAAC instruments on the VLT: B+V, R + z, and J+Ks. Chandra contours show the smoothed X-ray emission (with a Gaussian
FWHM of 500) at the levels of 3, 5, 10, and 20 ! above the background.

RDCS 1252.9#2927 237No. 1, 2004

Rosati et al. 2004
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in my view....
Doing this review has shown me that Chandra is 
really useful for high-z cluster studies. I apologise 
for my XMM  bias. We’ll never have it so good in 
X-ray astronomy, so we need to make the best 

use of the time we have left.
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Dedicated surveys Chandra

• Dedicated surveys XMM

• Serendipitous detections Chandra

• Serendipitous detections XMM
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Gratuitous Image of XMM!
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Dedicated surveys Chandra, e.g. CFDS

• Dedicated surveys XMM

• Serendipitous detections Chandra, e.g. 
CHAMP (Barkhouse 2006) and BMW 
(Romano et al. 2009)

• Serendipitous detections XMM
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Dedicated surveys XMM

! XMM-LSS

! COSMOS
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Dedicated surveys XMM (XMM-LSS)

" 29 spectroscopically confirmed clusters (few square degrees)

# 3 @ 0.8<z<1 (Pierre et al. 2006)

# 3 @ z>1 (Bremer et al. 2006; Pacaud et al. 2008) 

" Importance: 

# scaling relation evolution analysis was corrected for 
selection function (Pacaud et al. 2008)

# demonstrates efficiency of multi-wavelemgth approach

# but... not enough area for cosmology or scaling relations
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XMM-LSS scaling relations 
corrected for selection functionsGalaxy Clusters: Selection Function

(Pacaud et al. 2007)
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in my view....

 Any scaling relation derived from incomplete and/or 
inhomogeneous samples should be seen as preliminary 

work. Scaling relation evolution is vital; it tells what 
physics is going on in the gas and messes with our 

ability to do cosmology.

The optical/IR selection methods don’t need to worry 
nearly so much about evolution.
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One of XMM-LSS 
clusters (z=0.6)

The XMM-LSS Class 1 sample over the initial 5 deg2 29

(a)

(b)

Figure B2 – continued Images of the C1 clusters. (a) XLSSC-001. (b): XLSSC-008.

c� 2007 RAS, MNRAS 000, 1–38

See the stripe? That 
happens a lot. We go so 

deep to get these 
images that bleed trails 

from stars are 
inevitable. Its a real 

pain. Some XCS 
candidates will never be 

identified because of 
them.

Thursday, 28 January 2010



How to catch a cluster 
(X-ray after XMM/Chandra)

• Dedicated surveys XMM (COSMOS) 

" ~2 square degrees, more than 70 clusters (Finoguenov et al. 
2006)

" ~14 clusters/groups @ 0.8<z<1. and ~6 @ z>1 

# bigger than all the rest so far put together!

" Importance

# shows importance of multi-wavelength f ’up

# shows importance of going deep

# shows problems with source crowding

# not big enough to do scaling relations or cosmology
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Cosmos field (galaxy 
overdensities)

Clusters in the COSMOS field 5

Fig. 2.— The colors of COSMOS. The wavelet reconstruction of the early-type galaxy concentrations searched in the photo-z catalog
is color-coded according to the average redshift: blue – 0.2, cyan – 0.4, green – 0.6, yellow – 0.8, red – 1.0. The green contours outline the
area of the X-ray emission associated with 150 extended source candidates. The image is 1.5 degrees on a side. The pixel size is 10!! on a
side.

nated by the flux from point sources. Out of the remain-
ing 150 di!use source candidates, surviving this test, we
identify only 76 with peaks in the galaxy distribution, as
detailed in §4. The bulk of unidentified sources are con-
fused low-luminosity AGNs, which are not detected on
the small scales. Some of those sources might be identi-
fied by chance with a galaxy overdensity. The probabil-
ity of such event is 1%, as determined by the fraction of
the total XMM-COSMOS area occupied by the unidenti-
fied sources, which were initially considered as extended
source candidates. Sect. 4 describes the construction of
the catalog of 420 galaxy groups based on the multiband
photometric data. The number of optical peaks miss-
ing identification with an extended X-ray source is 345,

leading to a chance identification for ! 3 clusters. The
misidentifications have large separations between the X-
ray center and the optical center of a group, as a chance
coincidence of the centers is negligibly small. So, through
a comparison to optical images we removed 4 sources
whose shape of X-ray emission was not associated with a
group of galaxies, finally reducing the cluster sample size
to 72. For all four rejected systems, one can decompose
the emission into 3-5 unresolved AGN using the K-band
images identification, similar to the primary method for
AGN identification used in the COSMOS field (Brusa et
al. 2007).

It is possible to reduce the number of spurious X-ray
detections. However, it would result in a loss of survey
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Serendipitous detections XMM

! 2XMM+SDSS non detections

! XDCP

! XCS
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Serendipitous detections XMM (2XMM+SDSS non detections)

" Lamar et al. 2008 took off the shelf XMM catalogues from 2XMM 
and looked for places where extended sources had no SDSS 
counterpart, then followed up.

" Simple, but effective at finding high z clusters

" 2XMM J0830 z=0.99 and Tx=8.2 keV

" Importance:

# used X-ray’s to measure the redshift (saves time)

# limited use for scaling relations and cosmology: selection 
function cannot be determined for this selection method.
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Lamar et al. 2008
z=0.99 cluster

L34 G. Lamer et al.: 2XMM J083026.2+524133

2XMM J083026.2+524133

5 arcmin

Fig. 1. EPIC MOS1 + PN image of observation 0092800201 in the
0.2!4.5 keV energy band.

Table 1. 2XMM 0830: 2XMM catalogue source parameters.

ObsID 0092800101 0092800201
PN parameter

ONTIME [s] 13 896 72 133
OFFAX [""] 13.2 10.9
CR .2–12 keV [s!1] 0.148 ± 0.009 0.115 ± 0.003

PN flux
0.2–12 keV [10!13erg/cm2 s] 4.79 ± 0.99 3.46 ± 0.28
0.5–2 keV [10!13erg/cm2 s] 1.40 ± 0.10 1.11 ± 0.03
COUNTS 627 ± 37 3457 ± 84

3. X-ray data

2XMM J083026.2+524133 has been serendipitously detected
in XMM EPIC observations of the quasar APM 08279+5255
(Observation IDs 0092800101, 0092800201) and entered the
2XMM source catalogue as an extended X-ray source. The ex-
tended nature was clearly confirmed by our visual screening (see
Fig. 1). Some catalogue parameters of the source, henceforth re-
ferred to as 2XMM 0830 are summarised in Table 1.

With more than 4000 detected source counts in the EPIC PN
camera the source is bright enough to attempt a redshift deter-
mination based on its X-ray spectrum. We extracted the source
counts from the merged data files and created the spectra, the
detector response matrix, and the e!ective area using XMM
SAS version 7.1. In the MOS2 image the cluster centre unfor-
tunately lies on a gap between two CCDs. Therefore we ex-
cluded this camera from our analysis. We varied the aperture of
the source extraction region and found that with a radius of 45""
the cluster redshift and temperature are determined with smallest
uncertainties.

We used XSPEC version 12.0 to subtract the background
spectra and to fit MEKAL plasma models. The MEKAL code
(Kaastra 1992; Liedahl 1995) allows to set a metal abundance
parameter relative to the solar values provided by Anders &
Grevesse (1989). Fits were carried out using the Cash-statistics
and a binning with at least one photon per spectral bin. The
Galactic neutral hydrogen column density in the direction of
2XMM 0830 is NH = 4.0 # 1020 cm!2, as obtained from ra-
dio data (Dickey & Lockman 1990). The Fe K-line is visible
in both spectra at kBT $ 3 keV, see Fig. 2. Hence, the redshift
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Fig. 2. EPIC PN (upper spectrum in black) and MOS1 (lower spectrum
in red) data with best fitting MEKAL model.

of 2XMM 0830 is unambiguously determined by the X-ray data,
see Fig. 3. The best-fit redshift, temperature, and metallicity are
z = 0.99 ± 0.03, kBT = 8.2 ± 0.9 keV, and Z/Z% = 0.32 ±
0.18. The latter is in agreement with the results of Balestra et al.
(2007) and Maughan et al. (2008), who analysed the Chandra

spectra of larger cluster samples and found &Z/Z%' = 0.28 and
&Z/Z%' = 0.2 as the mean abundances at z $ 1.

The spectral fit provides also the background subtracted
bolometric X-ray flux Fbol = 2.4 # 10!13 erg s!1 cm!2 within the
aperture of 45"". Using the concordance cosmological model al-
lows to calculate the intrinsic luminosity of the cluster. However,
the used aperture corresponds to a radius significantly smaller
than r500. We estimate the missing flux by approximating a
!-model. Figure 4 shows the spherically averaged surface pho-
ton density for the MOS1 image. Allowing all parameters to vary
in a least-square fit we find for the slope ! = 0.73 ± 0.1 and for
the core radius rc = (24 ± 4)"". Now, we determine r500 by the
temperature-radius relation given in O’Hara et al. (2007). For
the redshift and temperature of 2XMM 0830 derived above we
obtain r500 = (860 ± 50) kpc, corresponding to (107 ± 6)"". With
the results of the !-profile fit we find for the intrinsic luminosity
of 2XMM 0830 Lbol(<r500) = 1.8 # 1045 erg s!1.

The mass of a cluster can be estimated by a model based
on spherical symmetry and hydrostatic equilibrium. Since for
2XMM 0830 the determination of the temperature profile is not
possible, we additionally assume isothermality. As a result, the
total mass is given by

M500 $
3!
G

kBT r500

µmp

(r/rc)2

1 + (r/rc)2 (1)

(see e.g. Hicks et al. 2007).
Using the properties of 2XMM 0830 as derived above we

obtain for the mass M500 = (5.6 ± 1.0) # 1014 M%, where we set
µ = 0.6 as expected for a fully ionised ICM. For comparison,
the mass-temperature relation of Vikhlinin et al. (2006) predicts
(3.8 ± 0.7) # 1014 M%, which is within 2" of our derived value.

The luminosity of this cluster agrees within the errors with
the local L!T relation (Markevitch 1998). However, Kotov
& Vikhlinin (1998) and Maughan et al. (2006) argued that
the luminosity scales with redshift roughly in concordance with
the expectations of self-similar cluster evolution. Contrarily,
O’Hara et al. (2007) found only very little evolution of the
L500!T -relation in a recent analysis of a sample of 70 clus-
ters observed with Chandra. A similar discrepancy has been
found for the most distant cluster, XMMXCS J2215.9-1738; it
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In my view...
It seems strange that the various surveys keep 
finding the monsters first (this one, the XCS 

1.45 cluster,  the XDCP 1.39 cluster,  Andreon’s 
1.9 cluster...). I don’t know what it means, but it 

is a bit creepy.
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How to catch a cluster 
(X-ray after XMM/Chandra)

• Serendipitous detections XMM (XDCP)

" Combines deepest XMM pointings with ESO followup to select high-z 
clusters

" Early success with XMM J2235 (Mullis et al. 2003); z=1.39, Tx= 8.6 keV 
(Rosati et al. 2009)

" Continuing success with major ESO follow-up campaign e.g. poster by 
Hoon (z=1.08). From a talk at Bonn in July: 8 @ 0.8<z<1 and 10 @ 
z>1: all spectroscopically confirmed. Dozens with photo-z’s at z>0.8

" Importance:

# The X-ray selection technique works (but Chandra data helps)

# The area large enough for cosmology and scaling relations

# They can do a selection function (work already started)
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z=1.39 cluster with Chandra 
contours.

(that’s still what I call a real cluster)P.Rosati et al.: Multi-wavelength study of XMMU J2235.3-2557 3

Fig. 1. Color image of XMM2235 obtained from the combination of i, z (HST/ACS) and Ks (VLT/ISAAC) filters. Overlaid X-ray
contours are from Chandra 196 ksec observation (smoothed by a gaussian with ! = 2!!; the lowest contour corresponds to 3!
above the background). The image is 2! across, corresponding to 1.0h"170 Mpc at z = 1.4, and is centered on RA = 22

h35m20s.81,
Dec = "25#57!40!!. North is up, east to the left.

result, the ZPs in three ISAAC tiles were adjusted by a few % to
match the SofI photometry, so to produce mosaic images with a
uniform ZP, whose accuracy was estimated to be 0.03 mag in K
and 0.04 in J, based on the rms scatter from stellar photometry
with respect to SofI photometry. We also checked that these ZPs
are consistent with 2MASS photometry using a small number of
unsaturated stars in the 2MASS catalog.

XMM2235 was observed with the ACS Wide Field Camera
on the Hubble Space Telescope on June 27 2005 in the F7755W
and F850LP passbands (program ID 10698), as part of the
ACS Intermediate Redshift Cluster Survey (Ford et al. 2004).
Subsequent ACS visits of XMM2235 took place in 2006 as part
of the HST Cluster Supernova Survey (Dawson et al. 2009).
This work however, is based on the first visit only, amount-
ing to an integration of 5060 sec in i775 and 6240 sec in z850.
Analysis of the full HST data set are presented in accompa-
nying papers (Jee et al. 2009, Strazzullo et al. in prep.). The
ACS data were processed with the latest version of the “Apsis”
pipeline described by Blakeslee et al. (2003). We use the AB
photometric system calibrated with the ACS/WFC zero points
from Sirianni et al. (2005).

The ISAAC mosaic images were aligned on the ACS im-
ages and a four band (i775, z850, J and KS ) photometric catalog
was constructed using SExtractor. Magnitudes were first mea-
sured in apertures of 0.75!! radius in the ACS images and 1!! in
the ISAAC images, then corrected to 2 and 4!! respectively to

take into account the PSF di!erence between ACS and ISAAC.
Such aperture corrections were derived from the median growth
curve of unsaturated stars in the field. Magnitudes were also cor-
rected for galactic extinction, according to Schlegel (1998). The
adopted corrections are 0.043 mag in i775, 0.032 in z850, 0.019 in
J and 0.008 in KS . A color-composite image of XMMU J2235.3-
2257 is shown in Fig.1, with overlaid Chandra X-ray contours
(see Sect.4). The peak of the X-ray emission is within 2!! of the
brightest cluster galaxy (BCG) and is elongated, from the south-
west to the north-east, along the distribution of the red cluster
galaxies in the core. Also the major axis of the BCG is approxi-
mately aligned along this axis.

2.2. VLT Spectroscopy

Three separate observing runs were originally devoted to the
spectroscopic follow-up study of XMM2235 using FORS2 on
the VLT. Two runs were carried out using the MXU mode, pro-
gramme ID 074.A-0023(A) in October 2004 (see M05) and ID
077.A-0177(B) in July 2006, using two slit masks each. More
spectroscopic observations were carried out in July 2006, as part
of a program to search for distant Type Ia supernovae hosted by
early type galaxies in galaxy clusters at z > 1 (Dawson et al.
2009). For the latter, the MOS mode of FORS2, which consists
of 19 movable slits that can be moved into the focal plane, was
used. This allowed rapid follow-up of transient events, such as
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in my view...
XDCP is an excellent project. It is our (XCS) closest 
rival. I cannot fault their X-ray analysis. The reason 

they are beating us at the high z end is that they got 
lots of ESO time. So thank you ESO for supporting 

cluster surveys (and please give us time too!). 
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How to catch a cluster
(Red Cluster Sequence)

• Using optical data: Chandra follow up of Red Cluster Sequence Survey 

! Hicks et al. 2008; 8 @ z>0.8, including one z>1 detection

! Importance: they have examined scaling relation evolution independent of 
ROSAT detection

! Importance: demonstrates the future potential of DES etc. samples.

• Using IR data: 

! SpARKS (Ellingson et al. 09; ~4 with X-ray detections @ z>1)

! UKIDDS (Andreon et al. 09; z~1.9 with Chandra confirmation)

• Using optical + SZ data: Blanco Cosmology Survey + SPT survey (Staniszewski 
et al. 09; 2 @ z>0.8)

! Importance:  SZ follow-up can be as good as X-rays, and its a lot cheaper!

Thursday, 28 January 2010



How to catch a cluster 
(X-ray after XMM/Chandra)

• Serendipitous detections XMM 

• The XMM Cluster Survey

• Romer et al. 2001, Liddle et al. 2001
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XCS

! Aims (Data): 

" find all the clusters in the XMM archive 
(regardless of redshift)

" measure their redshifts

" measure their X-ray properties

" determine their selection function
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XCS

! Aims (Science):

" cosmological parameters

" X-ray scaling relations

" find z>1 clusters

" Galaxy evolution (John Sott’s talk 
yesterday)
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XCS
• Results (Data)

!  Whole XMM archive has been processed (~5000 
observaions)

! 130,000 sources detected over 520 sq.deg (non 
contiguous, non overlapping)

! 5,800 extended sources (cluster candidate) over 230 
sq.deg

! 2,100 with sufficient counts to get Tx

" 460 have measured redshifts (all will have Tx) Lloyd 
Davies et al. in prep.

" 205 have measured Tx (error less than 50%)
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XCS Age Histogram
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XCS Tx histogram
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XCS Tx errors
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in my view...
once the temperature error exceed 40%, you 

might as well be using richness. We have asked for 
3MS of XMM time to shrink all errors to 10%, but 
these sorts of proposals never go down well with 
the TACs, so chances are slim (co-I’s welcome).
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XCS

! Results (Science):

" cosmological parameters

" X-ray scaling relations

" find z>1 clusters

" Galaxy evolution (John Sott’s talk 
yesterday)
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XCS

• Results (Science)

! Find z>1 clusters (Stanford et al. 2006, 
Hilton et al.  2007)

" 14 z>1 clusters (not all spectroscopic 
z’s)

" Including the record holder for the 
highest z spectroscopically confirmed 
cluster 

" [30 0.8<z<1 (not all spectroscopic z’s)]
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The highest z cluster
(at least until January ’10)

Not even I would call this one pretty!
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The highest z cluster
(at least until January ’10)

XMM data used for discovery
Thursday, 28 January 2010



The highest z cluster
(at least until January ’10)

Chandra observation has been used to correct the temperature for point source contamination. Best fit 
temperature has dropped from Stanford et al. value to 4 keV. (yet to be published)
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in my [old] view...
that’s why I wasn’t much impressed by Chandra 
for high-z clusters (except for detecting point 

sources).

Aside: line of sight contamination is a problem for 
the X-ray surveys. Optical/IR clusters don’t have 

that anymore. 
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The highest z cluster
(at least until January ’10)

Comparison with XMM discovery data
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One of our z>0.8 
clusters

Lamar, z=0.99 cluster. Photometry from our 40 night  
NOAO 1 colour red sequence redshift survey (~230 

cluster candidates covered)
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XCS

• Results (Science)

! Scaling Relations (Lloyd Davies in prep)

" largest number of Tx’s

" need to do selection function corrections

" we might need to add target clusters to test 
evolution at the bright, low z, end. We’ll reduce 
all the data using the same pipeline, but the 
selection function will be hard to quantify.
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XCS L-T relation
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XCS L-T Relation
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norm = 0.03± 0.01

slope = 2.93± 0.17
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XCS
• Results (Science)

! Cosmology (Sahlen et al. 2009)

" So far only forecasts and only for flat cosmologies.

" We are finally working on actual fits. Will take the 
Mantz et al. approach (joint parameters and scaling 
relations).

" We must be able to do well (based on Mantz et al. 
and Vikhlinin et al. results).

" Biggest problem yet to solve is selection functions for 
non flat cosmologies.
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Sahlen et al. 2009, base case 
scenario (flat universe)
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XCS
• Results (Science)

! Cosmology (Sahlen et al. 2009)

" So far only forecasts and only for flat cosmologies. 

" We are finally working on actual fits. Will take the 
Mantz et al. approach (joint parameters and scaling 
relations).

" We must be able to do well (based on Mantz et al. 
and Vikhlinin et al. results).

" Biggest problem yet to solve is selection functions for 
non flat cosmologies.
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Sahlen et al. Forecasts
(why scaling relations matter)
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Mantz et al. 2009 
(why scaling relations and 

parameters have to be fit together)

Their best 
fit looks odd 
because it 

account for 
Malquist bias
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Mantz et al. 2009 
(why scaling relations and 

parameters have to be fit together)

“Cartoon” from the Mantz et al. appendix
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in my view...
Scaling relations derived without a simultaneous fit to 

cosmological parameters should be viewed as 
preliminary.

Also, its a shame XCS can’t excise cores, because the 
results are better when they are cut out.
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XCS
• Results (Science)

! Cosmology (Sahlen et al. 2009)

" So far only forecasts, but we are finally working on 
actual fits.

" Will take the Mantz et al. approach (joint parameters 
and scaling relations).

" We must be able to do well (based on Mantz et al. 
and Vikhlinin et al. results).

" Biggest problem yet to solve is selection functions for 
non flat cosmologies.
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Mantz et al. 2009 Results
•They get tighter constraints 
than WMAP! using:
•238 clusters from RASS at 
z<0.45 (including MACS)
•94 with follow-up (ROSAT or 
Chandra)

•XCS has more clusters, and 
goes to higher redshifts, so we 
must be able to do even better 
than this!
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Vikhlinin et al. 2009 
Results

•They get similar constraints 
to WMAP using:
•37 400SD clusters <z>~0.5 
(2 @ z>0.8)
•49 RASS clusters z~0.55

•XCS has more clusters, and 
goes to higher redshifts, so 
we must be able to do even 
better than this!
! Tx’s are worse though
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XCS
• Results (Science)

! Cosmology (Sahlen et al. 2009)

" So far only forecasts, but we are finally working on 
actual fits.

" Will take the Mantz et al. approach (joint parameters 
and scaling relations).

" We must be able to do well (based on Mantz et al. 
and Vikhlinin et al. results).

" Biggest problem yet to solve is selection functions for 
non flat cosmologies.
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Shalen et al. Forecasts
(why selection functions matter)
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Shalen et al. Forecasts
(why selection functions matter)

Parameters from the XCS 13
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(a) Underlying cluster distribution. Note that only the M–T relation is rel-
evant for the underlying distribution, and we therefore colour according to
both L–T assumptions with the sameM–T relation.
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(b) Expected detections using selection function.
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(c) Detected fraction of clusters per bin.

Figure 8. Expected cluster distributions for the 500XCS, for our four dif-
ferent cluster scaling relation cases.

ter (cf. Fig. 8b). This is not surprising since the scaling-relation
scatter is based on the true underlying cluster distribution in Fig. 7a,
a much steeper function than the expected detections in Fig. 7b.

We also see that only in the case of worst-case temperature er-
rors is the Malmquist bias significant, and as we shall see later only
in this case do the measurement errors give a significant bias in
cosmological constraints, if unaccounted for. For realistic tempera-
ture errors, a net increase in clusters is seen, as the skewness of the
temperature error distribution toward low temperatures (Fig. 4) is
compensated by the somewhat larger number of low-temperature
clusters scattering up in temperature at the low-temperature end.
For worst-case temperature errors the temperature is very poorly
constrained, and this compensatory effect is not sufficient to coun-

0.2 0.4 0.6 0.8 1
0

0.5

1

z

M
18

0,
 li

m
 [1

015
 h
−1

 M
su

n]

 

 

0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

z

L X,
 li

m
 [1

044
 h
−2

 e
rg

 s
−1

]

0.2 0.4 0.6 0.8 1
2

4

6

8

z

T lim
 [k

eV
]

0.2 0.4 0.6 0.8 1
0

2

4

6

z

F X,
 li

m
 [1

0−
13

 e
rg

 s
−1

 c
m
−2

]

Self−similar L−T

Constant L−T

Self−similar L−T

Constant L−T

Figure 9. Expected observational limits for the 500XCS (defined as
P(detection) ! 0.5), for the simplest case of no scatter in the cluster
scaling relations and a constant (pink dashed line) or self-similar (green
dashed line) L–T relation. Solid lines correspond to the hard temperature
cut 2 keV " T " 8 keV.
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Figure 10. Changes in total number of clusters due to our different error
assumptions, compared to no-errors distributions in Fig. 8b.

teract the net decrease in number of clusters. Redshift errors tend to
cause a loss of clusters at the low-redshift end, as the smaller cos-
mic volume at lower redshifts means more clusters scatter down in
redshift than scatter up. However, the redshift errors also affect the
temperature determination, so that low-temperature clusters scat-
tering up could give a net increase. For realistic redshift errors the
size of this induced error in temperature is 5 per cent, which is too
small to have a significant impact. For worst-case redshift errors,
we see that for the case with no scaling-relation scatter, the induced
temperature error of 10 per cent reduces the loss of clusters com-
pared to that for realistic redshift errors. For the case with scaling-
relation scatter, this effect is not significant, presumably due to the
much sharper drop in cluster numbers at low redshifts seen for these
models (Fig. 8b), leading to the direct redshift error dominating.
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in my view...
Mike Gladders’ point that optical surveys 

find all clusters is very important. Assuming 
contamination can be dealt with, this makes 

optical surveys very appealing.
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Shalen et al. Forecasts
(why selection functions are difficult)

The 
detectability 

is sensitive to 
the core 
radius
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Shalen et al. Forecasts
(why selection functions are difficult)

The 
sensitivity is 

less for 
higher count 

clusters

(a) (b)

(c) (d)

Figure 1.16: Same as Figure 1.13(b), but with additional requirements on the de-
tected number of counts; figure 1.16(a): ! 0 counts (same as Figure 1.10), figure
1.16(b): ! 100 counts, figure 1.16(c): ! 200 counts,figure 1.16(d): ! 500 counts.

Figure 1.17: Same as Figure 1.8, but with the additional requirement that clusters
be detected with at least 500 counts.
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XCS Summary

• The project is now mature. We have thousands of 
candidates, hundreds of redshifts and two hundred 
temperatures.

• It probes the high redshift end well, but is held up 
because of lack of 8m time

• We have selection functions, we are going to attack 
the cosmological constraints in the coming months.

• The biggest impact is likely to be via mass 
calibrations for DES clusters.
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How to catch a cluster
(not X-ray)

• Using optical data:  Red Cluster Sequence 
Survey 

! Hicks et al. 2008; Chandra follow-up 7 @ 
0.8<z<1, plus 1 @ z>1

! Importance: 

" they have examined scaling relation 
evolution independent of ROSAT detection

" they have demonstrated the future 
potential of DES etc. samples.
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RCS z=0.9 supercluster 
as seen by Chandra

– 30 –

Fig. 1.— Smoothed Flux Images. Adaptively smoothed X-ray flux images of our sample
in the 0.3-7.0 keV band. Circles denote calculated values of R2500 for each cluster. The three

single cluster images which lack circles did not contain enough cluster signal to constrain a !
model or a temperature, and thus lack estimates of R2500. In each image, north is up and east

is to the left. The last image shows the three clusters which make up the z = 0.9 supercluster
in the 23h field. The aimpoint cluster (RCS2319+0038) lies at the top of the image on

the backside illuminated CCD ACIS-S3, and the other two clusters (RCS2319+0030 and
RCS2320+0033) lie on the frontside illuminated CCD, ACIS-S2. Instrumental di!erences
in the two chips cause their respective backgrounds to have slightly di!erent values in the

image.

Hicks et al. 2007
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How to catch a cluster
(not X-ray)

• Using IR data: 

! SpARKS (Ellingson et al. 09; 4 with X-ray 
detections @ z>1)

! UKIDDS (Andreon et al. 09; z~1.9 with 
Chandra confirmation)

! Importance: IR opens up the z>1 domain 
to cluster cosmology (assuming selection 
functions are available).
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How to catch a cluster
(not X-ray)

• Using optical + SZ data: Blanco Cosmology 
Survey + SPT survey (Staniszewski et al. 09; 
2 @ z>0.8)

• Importance:  

! SZ follow-up can be as good as X-ray 
follow-up, and its a lot cheaper!

! SZ detections struggle without optical 
follow-up. So the combined approach is 
very important.
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! High redshift clusters are nice, but X-ray 
resources are limited, so for cosmology and 
scaling relations, we would be better off at 
z<0.7

! I’m ready to get over X-rays; but more work 
needs to be done to prove that optical/IR 
surveys work for cosmology (mass proxies 
and selection functions)

! We can do cluster X-ray astronomy from the 
ground, with a decent  facility SZ instrument. 
Lets make sure the band 1 instrument on 
ALMA gets funded.

Discussion points?
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