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Surveying Needs

• Big surveys to get good statistics

• Control of systematics & self-calibration

• Completeness & purity

• Good - well understood - mass proxies



Galaxy Clusters
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poor groups  10  - 1000  rich clusters
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Heated by infall
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Surveying Methods

• Galaxy over-densities in color space

• Halo mass: gravitational lensing

• Weak shear and/or strong lenses

• Intracluster gas

• X-ray emission (thermal bremsstrahlung+line 
emission)   

• Sunyaev-Zel’dovich (SZ) effect 



Optical/NIR

• Historic catalogs: Abell (Abell 1958, Abell et al. 
1989) & Zwicki (Zwicki et al. 1961)

• Problem of projection effects

• Modern-day CCD multi-band imaging

• Detection in real+color space - greatly reduces 
projection effects

• Viable cluster catalogs

• SDSS, Pan-STARRS, DES, EUCLID/JDEM, LSST, Spitzer, 
WISE



Ex: SDSS MaxBCG

• Select clusters based on their 
red-sequence galaxy 
population (Koester et al. 
2007, ApJ 660, 221)

• Filter-Likelihood approach:

is available, is appended. The luminosity of the BCG and the
summed luminosity of the BCG and all cluster members in the
r and i bands is added. Luminosities are reported in units of
1010 L!, k-corrected to z ¼ 0:25, the median redshift of the sam-
ple. The k-corrections are computed using the luminous red
galaxy (LRG) template in version 4.1.4 of kcorrect (Blanton
et al. 2003b), assuming the maxBCG photometric redshift. These
k-corrections do not include an evolution correction. The final
cluster catalog contains an array of measured properties, includ-
ing location, photometric redshift, spectroscopic redshift (where
available), and several richness and mass estimators, including
Ngal, NR200

gal , LBCGr , LBCGi , Lmemb
r , and Lmemb

i . Once the cluster cat-
alog has been constructed, many more refined measures of clus-
ter properties, including the overall richness, shape, concentration,
and galaxy content can be made.

In concluding this description, it is worth noting that color cuts
and the matched filter employed in maxBCG restrict detections
of completely blue groups and clusters, especially those found
at low redshifts (Goto et al. 2002). Furthermore, it assigns lower
likelihoods to objects with less well defined ridgelines, unusual
BCGs, or BCGs off-center from the cluster galaxy distribution.
AlthoughmaxBCGmay notmiss such objects, they are of course
penalized for their deviation from the model. More generally,
since a perfect detection algorithm does not exist, understand-
ing the selection function of any algorithm requires comparison
to clusters detected by alternative approaches. In x 7, X-rayY
selected clusters are compared to the maxBCG catalog, and sim-
ulations are used in x 5 and also in Koester et al. (2007) to address
the robustness of the detection algorithm.

4. OVERALL PROPERTIES OF THE DERIVED CATALOG

The algorithm described above produces a catalog of all groups
and clusters from z ¼ 0:05 to 0.35 that contain bright red gal-
axies, a total of 2:18 ; 106 objects. The resulting list spans a very
broad mass range, from isolated elliptical galaxies and small
groups through rich clusters. We focus here on only the more
substantial clusters: those containing at least 10 E/S0 ridgeline
galaxies brighter than 0.4L# within a scaled aperture R200. We
focus on a restricted redshift range as well. SDSS photometric
data are particularly well suited for the measurement of clus-
ters at moderate redshifts. In the redshift range from 0.1 to 0.3,
the relation between redshift and g$ r color is particularly sim-
ple, reflecting the gradual shift of the 4000 8 break from the
blue to the red edge of the SDSS g filter (see Fig. 2). At the low-
est redshifts (below z ¼ 0:1), the approximately constant pho-
tometric redshift uncertainties of !z % 0:01 imply substantial
fractional uncertainties in distance, causing correspondingly large
uncertainties in derived parameters. Beyond z ¼ 0:1, these un-
certainties in distance fall below 10% and decrease with increas-
ing distance. In addition, clusters present at these low redshifts
can bemore reliably selected using spectroscopic clustering algo-
rithms (Miller et al. 2005). At redshifts beyond 0.3, the 4000 8
break begins to cross into the r filter, and for a range of redshift
from z ¼ 0:32 to z ¼ 0:37, there is a significant increase in the
photometric redshift uncertainty.

Focusing on the redshift range from 0.1 to 0.3 has another
advantage. The cluster detection methods described here rely
on identifying cluster members brighter than 0.4L# at the cluster
redshift. Our input galaxy catalog is essentially complete for
these galaxies out to a redshift of 0.4, where they have imagni-
tudes of about 20.5. Cluster galaxies at redshifts less than 0.3
have photometric measurement errors in the essential g, r, and i
bands that rarely exceed 10%. This combination allows our clus-
ter selection across this redshift range to be remarkably uniform

and allows us to assemble a catalog that is close to volume-
limited. Residual uncertainty in the evolution of the cluster gal-
axy luminosity function from z ¼ 0:1 to 0.3, which affects our
definition of 0.4L#, is one of the principal remaining systematic
errors at this point.

The catalog presented here includes 13,823 clusters with
photometric redshifts 0:1 < z < 0:3 and richnesses of 10 &
NR200
gal & 190, 2891 of which have NR200

gal ' 20. The distribu-
tion of these clusters in scaled richness NR200

gal is shown in
Figure 3. As expected, smaller systems dominate the abun-
dance function. The largest systems are often well-known Abell,
Zwicky, or X-rayYselected clusters. The NR200

gal '10 objects con-
tain 213,016 member galaxies, or a bit less than 1% of all input
galaxies. Note that the input catalog is apparent magnitudeY
limited rather than volume-limited. Thus, these figures do not
transparently reflect the probability that a galaxy will reside in
a rich cluster.

Among these photometrically selected clusters, a total of
5413 (39%) have BCGs with measured spectroscopic redshifts.
Only a small fraction, mostly at redshifts less than 0.15, have
redshifts for more than five member galaxies. The lack of mul-
tiple redshifts per cluster at high redshifts is primarily due to the
magnitude-limited nature of the SDSS spectroscopic survey.
The photometric redshift distribution of these clusters is shown
in Figure 4. Comparison to the expectation for a constant co-
moving density sample in the standard !CDM cosmology in
this figure illustrates the approximately volume-limited nature
of the catalog. A ‘‘pie diagram’’ for the clusters located in a
2.5( thick slice along the southern celestial equator is shown in
Figure 5, and the volume-limited nature of the sample is again
evident.

The full cluster catalog is available in machine-readable form
as Table 1 in the online edition of this paper. A description of the
information provided for each cluster in Table 1 is presented in
Table 2.

5. TESTS OF CLUSTER SELECTION
IN SIMULATED DATA

The quality of a cluster catalog is often explored in terms of
its false-positive rate (purity) and its failure rate (completeness).
Until recently, determining completeness and purity has only been
possible through first-order techniques; for example, through ran-
dom insertion of model clusters into real background data (Diaferio

Fig. 3.—Differential number counts for clusters as a function of richness
for the full maxBCG group and cluster catalog (solid line). The cluster catalog
presented here includes all objects in the shaded region.

MaxBCG CLUSTER CATALOG 243No. 1, 2007

13,823 
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N200 ≥ 10

Differential counts

0.1 < z < 0.3

7500 deg2

> 1014M!

Estimated 90% pure & 85% 
complete at 

∆z ≈ 0.01

L(z) = LBCG(z)LR(z)

NFW galaxy filter
Sloan g,r,i bands (2 colors, 1 mag)

(See also Dong & Pierpaoli, 2008)



SDSS MaxBCG

From The Astrophysical Journal 660(1):221–238.
© 2007 by The American Astronomical Society.
For permission to reuse, contact journalpermissions@press.uchicago.edu.
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SDSS MaxBCG

From The Astrophysical Journal 660(1):221–238.
© 2007 by The American Astronomical Society.
For permission to reuse, contact journalpermissions@press.uchicago.edu.
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Upcoming Optical/NIR Surveys

• Dark Energy Survey (DES)

• griz, ~23-24mag (10σ), ~5000 sq. deg.

• Pan-STARRS

• PS1: grizY, ~23.5-24mag (5σ, 1year) over 3π

• PS4:

• grizY, ~24mag (5σ, single visit), 

• ~26mag stacks over 3π

• Large Synoptic Survey Telescope (LSST)

• ugrizY, ~24.7mag (5σ, single visit) 

• ~27.6mag (10 years), 20,000 sq. degs.



Dark Energy Survey

• 4 Sloan filter bands 
griz

• ~5000 sq. degs. in the 
South (SPT follow-up)
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Optical/NIR Space Surveys

• WISE: MIDEX Explorer 2009

• 3.3, 4.7, 12, 23 microns

• EUCLID/JDEM

• ~10,000 sq. deg. to ~26mag into NIR

Science Payload

The WISE instrument is a four-channel imager which oper-

ates in a single mode: taking overlapping snapshots of the 

sky. It includes:

! A 40-cm telescope and reimaging optics.

! A scan mirror to stabilize the line-of-sight while the space-

craft scans the sky.

! A fi eld of view of 47 arcminutes wide

! HgCdTe and Si:As 10242 detector arrays at 3.3, 4.7, 12, 

and 23 "m with a plate scale of 2.75”/pixel.

! 6” resolution in near infrared and 12” in mid-IR

! A two-stage solid-hydrogen cryostat to cool focal planes 

and optics.

Education & Public Outreach

A nationwide partnership led by UC Berkeley, the WISE 

E/PO program includes public and student asteroid search-

es, multi-media presentations for science museums and 

planetaria, classroom lesson plans for grades 6-12, pro-

fessional development for teachers, and outreach kits for 

amateur astronomers.

http://wise.astro.ucla.edu
January 19, 2007

Mission Management

The Principal Investigator for WISE is Edward Wright of 

UCLA, data team head for COBE and WMAP, and inter-

disciplinary scientist for Spitzer. The WISE Science Team 

includes world leaders in ULIRGs (Ultra-Luminous Infrared 

Galaxies), Brown Dwarfs, IR Instrumentation, JWST, and 

all-sky survey design and data processing.

JPL is responsible for project management, system engi-

neering, mission operations, and mission assurance.

Complementing the science team are industry and universi-

ty team members selected for their expertise in each area:

Space Dynamics Lab  Instrument Systems Engineering, 

Electronics, and Testing

    DRS, Rockwell  Focal Planes

    Lockheed Martin Cryostat

    SSG  Telescope, Optics, Scan Mirror

Ball Aerospace  Spacecraft, System Testing, Opera-

tions Support

IPAC/Caltech  Data Processing and Archiving

UC Berkeley  Education & Public Outreach



X-ray Surveys

• Most productive to date for cosmological 
applications

• Long history and accumulated experience

• Requires important resources - satellite

• Today: Chandra & XMM-Newton

• Not survey telescopes

• Surveys (serendipitous or other): ≤ 500 deg2



Cluster X-ray Surveys

Rosati et al. 2002 RASS
(1990-1991)

e.g., XMM-LSS



eROSITA

Spectrum-RG/eROSITA/Lobster  Mission Definition Document   

!"##$%&'()'*+!,-.'!"%/0&12'

Survey All-Sky Survey Wide Survey Deep 

Survey 

Solid Angle 42000 20000 200 

Exposure time 1 yr 2.5 yrs 0.5 yrs 

0.5-2 keV Smin AGN 5.7!10
-14

1.5!10
-14

4!10
-15

2-10 keV Smin AGN 1.0!10
-12

2.1!10
-13

2.4!10
-14

0.5-5 keV Smin Clusters 1.6!10
-13

3.3!10
-14

8!10
-15

0.5-2 keV AGN 240000 800000 740000 

2-10 keV AGN 12600 84000 44000 

Clusters 32000 72000 6500 

 

The following figures compare these planned surveys with existing surveys. 
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X-ray satellite: Nov 2011 launch (?)



SZ Cluster Surveys

• New, but untried technique

• Potentially powerful

• Tight mass proxy

• Flat selection in redshift

• Ground/Space

• Large telescope/frequency coverage

L38 M. Arnaud et al.: Calibration of the galaxy cluster M500–YX relation with XMM-Newton

Table 1. Physical cluster parameters. M500, Mg,500 and fg,500 are the total mass, gas mass and gas mass fraction respectively, within the radius
R500, inside which the mean mass density is 500 times the critical density at the cluster redshift. TX is the spectroscopic temperature within
[0.15–0.75]R500 and YX = Mg,500TX. Values are given for a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, H0 = 70 km s−1 Mpc−1. Errors are 1σ.

Cluster z TX(keV) M500 (1014 M") Mg,500 (1013 M") YX (1013 M" keV) fg,500

A 1983 0.0442 2.18 ± 0.09 1.09+0.45
−0.29 0.64+0.10

−0.08 1.39+0.23
−0.18 0.058+0.026

−0.017

MKW9 0.0382 2.43 ± 0.24 0.88+0.23
−0.18 0.49+0.06

−0.05 1.19+0.18
−0.17 0.055+0.016

−0.012

A 2717 0.0498 2.56 ± 0.06 1.10+0.13
−0.11 1.02+0.06

−0.05 2.60+0.16
−0.15 0.093+0.012

−0.011

A 1991 0.0586 2.71 ± 0.07 1.20+0.13
−0.12 1.25+0.06

−0.06 3.39+0.19
−0.19 0.104+0.012

−0.011

A 2597 0.0852 3.67 ± 0.09 2.22+0.23
−0.21 2.51+0.09

−0.08 9.21+0.39
−0.38 0.113+0.012

−0.011

A 1068 0.1375 4.67 ± 0.11 3.87+0.29
−0.27 3.77+0.10

−0.10 17.6+0.63
−0.62 0.097+0.008

−0.007

A 1413 0.1430 6.62 ± 0.14 4.82+0.44
−0.40 7.55+0.28

−0.27 50.0+2.1
−2.1 0.157+0.016

−0.014

A 478 0.0881 7.05 ± 0.12 7.57+1.20
−1.02 9.33+0.46

−0.43 65.8+3.4
−3.2 0.123+0.020

−0.017

PKS 0745-191 0.1028 7.97 ± 0.28 7.27+0.80
−0.70 10.71+0.50

−0.47 85.3+5.0
−4.8 0.147+0.018

−0.016

A 2204 0.1523 8.26 ± 0.22 8.39+0.86
−0.77 10.55+0.40

−0.39 87.2+4.1
−4.0 0.126+0.014

−0.012

Table 2. Observed scaling relations. For each observable set (B,A),
we fitted a power law relation of the form B = C(A/A0)α, with A0 =
5 keV; 4× 1013 M"; 2× 1014 M" keV for TX, Mg,500 and YX respectively.
σlog,r and σlog,i are the raw and intrinsic scatter about the best fitting
relation in the log–log plane. The M500–TX relation is the same as that
given in Arnaud et al. (2005).

Relation log10 C α σlog,r σlog,i

h(z)M500–TX 14.580 ± 0.016 1.71 ± 0.09 0.064 0.039
h(z)2/5 M500–YX 14.556 ± 0.015 0.548 ± 0.027 0.062 0.039
M500–Mg,500 14.542 ± 0.015 0.803 ± 0.040 0.065 0.044
h(z)Mg,500–TX 13.651 ± 0.010 2.10 ± 0.05 0.048 0.036
h(z)2/5 Mg,500–YX 13.619 ± 0.008 0.678 ± 0.014 0.017 –
fg,500–YX −0.939 ± 0.016 0.133 ± 0.028 0.067 0.044

(δobs ∼ 1400), thus the M500 estimates involve some data ex-
trapolation. However, as discussed in Arnaud et al. (2005), the
M500 estimates rely solely on the physically and observationally-
motivated assumption that the best fitting NFW model remains
valid between δobs and δ = 500, and not on a less reliable ex-
trapolation of density and temperature profiles. The temperature
TX was derived from a single-temperature fit to the integrated
spectrum in the [0.1–0.5] R200 aperture, the inner radius defined
to exclude the cooling core region and the outer radius chosen
to ensure a sufficiently precise TX estimate over the whole mass
range. This aperture corresponds to [0.15–0.75] R500, while an
aperture of [0.15–1] R500 is used for the definition of TX in nu-
merical simulations and in the Chandra analysis (Nagai et al.
2007b). For typical decreasing temperature profiles, these TX
values are expected to be slightly smaller by 3–6%1.

The integrated gas mass depends sensitively on the gas den-
sity at large radius. To compute Mg,500, we re-derived the gas
density profile from the emissivity corrected surface brightness
profiles using the deprojection and PSF-deconvolution technique
recently developed by Croston et al. (2006). This derivation is

1 The difference is 3% for A1413 (Arnaud et al. 2005), a clus-
ter for which the temperature profiles measured up to R500 with both
XMM-Newton and Chandra are in excellent agreement (Pratt &
Arnaud 2002; Vikhlinin et al. 2005). In the simulations of Nagai et al.
(2007a), the [0.15–0.5] R500 temperature is 6% higher than that in
[0.15–1] R500. A smaller difference is expected for the aperture used
here.

Fig. 1. The M500–YX relation as seen by XMM-Newton from a sample of
10 local relaxed clusters. The red solid line is the best fitting power
law and the shaded orange area corresponds to the 1σ uncertainty.
The predicted relation from numerical simulations including cooling
and galaxy feedback (Nagai et al. 2007b) is over-plotted as a green
dot-dashed line (true mass) and as a green solid line (mass estimated
from mock X-ray observations and the HE equation). The dotted and
dashed blue lines are the observed relations derived from Chandra data
by Nagai et al. (2007b) and Maughan (2007) respectively (see text).

free of any assumption on profile shape, such as power law be-
haviour at large radius, a feature common to all analytical fitting
models used thus far (e.g. Pratt & Arnaud 2002; Pointecouteau
et al. 2005; Vikhlinin et al. 2006). Furthermore, the statistical
errors are readily estimated from a built-in Monte-Carlo proce-
dure (see Croston et al. 2006, for details). For the present sam-
ple, there is excellent agreement between the deprojected density
profiles and the analytical model profiles derived in our previous
work (Pointecouteau et al. 2005; Pratt et al. 2006). The signifi-
cant differences are in the very central regions of some clusters
(e.g. Croston et al. 2006, Fig. 12) and for A2597 at large radii,
where the deprojected profile is slightly steeper than the model
profile. The gas mass estimated with the two methods differs by
less than 3%, except for A2597 (8% difference). For all clus-
ters, except for A1983 and MKW9, the surface brightness pro-
files extend at least up to R500, or very close to it, so that ex-
trapolation uncertainty is not an issue. For A1983 and MKW9,
the Mg,500 estimated from extrapolation in the log–log plane are

Arnaud, Pointecouteau & Pratt 2007



SZ Cluster Surveys

• Interferometers
• <90GHz, ~arcmin res, ~10 sq. degs. to ~fewμK 

sensitivity, NORTH

• AMI, AMIBA, SZA

• Bolometer cameras 

• ~arcmin res, 100-4000 sq. degs. to ~fewμK,  SOUTH

• ACT: deepest

• APEX: renouncing large surveys - pointed campaigns

• SPT: widest 

• Planck:  ~5 arcmin res,  all-sky



South Pole Telescope

• Deployed SP 
2006-2007 season

• First Austral 
Winter 
observations: 
2007

• 40 sq. deg. yielded 
first SZ-detected 
clusters!!
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Fig. 1.— Images of four galaxy clusters found in the SPT SZ survey. In each panel, the region shown is a 20 by 20 arcminute box centered
on the cluster. All images are oriented with north up and east to the left. In the top row, we show the unfiltered, beam-smoothed, 150 GHz
map, and the scale has units of µKCMB. The lower three rows show the 150, 95 and 225 GHz maps filtered using a β = 1 model with
the θcore listed in Table 1. The ringing on either side of the cluster in the 150 GHz filtered maps is an artifact of the filtering. The scale
gives detection significance in σ. An SZ decrement will be stronger relative to primary CMB fluctuations at 95 GHz than it is at 150 GHz,
but the increased noise in in our 95 GHz maps results in a lower SNR at 95 GHz compared to 150. The detections at 95 GHz range in
significance from 2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the cluster detections. The null of the SZ spectrum is
near 225 GHz, so there should be very little signal at cluster locations in the 225 GHz maps. Our 225 GHz maps are consistent with this
prediction (see Table 1 and Section 3), providing another cross check that the data are consistent with SZ sources. The first cluster shown
here, SPT-CL 0517-5430, was previously identified in the REFLEX X-ray cluster survey, in which it is identified as RXCJ0516.6-5430.

ure 3. This cluster has a red sequence visible in r − i
versus i and in i − z versus z suggesting a redshift of
z ∼ 0.8, again consistent with the location of a strong
peak in the photo-z histogram.

SPT-CL 0547-5345 is the highest-redshift system; its
galaxy population is faint and red in Figure 3. The clus-
ter core is located ∼ 0.25′ to the southeast of the SPT
position. Inspection of the images reveals a large pop-
ulation of faint galaxies that are not readily apparent
in the figure. The red sequence is not clearly detected
for this cluster. We note, however, that the galaxies for
this cluster are close to the detection limit and therefore
statistical uncertainties in their photometry are likely to
be an issue. The photo-z histogram shows a peak at

z ∼ 0.9, very close to the high redshift range measured
for the entire field. A feature that appears to be a strong
gravitational lensing arc lies near the SPT circle to the
southwest of the SPT position.

The BCS optical data reveal galaxy concentrations lo-
cated within 0.5′ of the SPT position for each of the four
clusters. We find the cluster red sequence is present in all
but the highest-redshift system and gravitational lensing
arcs are present in two of the SPT systems, including the
highest-redshift cluster.

We also note that the trend in cluster angular size — as
evident from the images in Figure 1 and the rough esti-
mate of θcore in Table 1 — is consistent with the redshift
estimates presented in this section. The two clusters esti-

REFLEX NEW! NEW! NEW!

Staniszewski et al. 2008



First SPT Clusters
10

Fig. 3.— Pseudo-color optical images of the galaxy distributions toward the SPT clusters. All images are oriented with north up and
east to the left, as in Figures 1 and 2. The SPT position is marked with a 1-arcminute-diameter green circle, as in Figure 2. Populations
of early-type galaxies with similar color and central giant elliptical galaxies are found to lie within 0.5′ of the SPT position of each system.
Gravitational lensing arcs are apparent near the central galaxy in SPT-CL 0509-5342 and to the southwest of the cluster core in SPT-CL
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are the positions of the possible RASS counterparts for SPT-CL 0547-5345 and SPT-CL 0509-5342 in their respective images.
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