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Outline

• The SZ Cluster Selection. 

• The first SZ-selected clusters sample from ACT.

• “El Gordo,” the most massive cluster at z>0.6

• First Cosmological Constraints from SZ-clusters

• SZ-mass calibration from follow-up observations.

• New Results from 2009-2010 observations on 
celestial equator.
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New View of the CMB
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ACT: The Atacama Cosmology Telescope

•PI: Lyman Page (Princeton University)

•5200 meters (17,000 ft)

•“High and dry”: 0.49 mm median Precipitable Water Vapor  (PWV).

• 6 m primary mirror. Off-axis Gregorian telescope  

•~1 arcmin resolution

•148, 218, 277 GHz channels (~ 2.0, 1.4 and 1.1 mm)

•ACTPol (2013-2016) deep/wide survey 

•a few x1000 deg2 of equatorial observations
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ACT Sky Coverage

2008 ACT Stripe from Marriage et al. (2011)

2009+2010

The Astrophysical Journal, 737:61 (10pp), 2011 August 20 Marriage et al.

Figure 1. Sensitivity map with detections. The map shows the sensitivity over
the subset of the ACT 2008 148 GHz data set considered for this study. The
gray scale encodes the noise rms in µK of a map match-filtered for a β-model
(β = 0.86, θc = 1.′00). The median noise in the map is 36 µK. Black boxes
mark the location of the 23 optically confirmed clusters. The size of each box
is proportional to the corresponding cluster decrement.

observations and data reduction, and refer the reader to Fowler
et al. (2010) and Marriage et al. (2011) for a more complete
description. We describe in detail the particular implementation
of the matched filter for clusters. For a description of the ACT
receiver and instrumentation see Swetz et al. (2011).

2.1. Observations and Data Reduction

ACT is a 6 m telescope operating at 5200 m in the Atacama
Desert of northern Chile. The site was chosen for its excellent
atmospheric transparency and access to both southern and
northern skies. The telescope has three 1024 element arrays
of transition edge sensors operating at 148 GHz, 218 GHz,
and 277 GHz. This study uses 148 GHz data from a 455 deg2

subregion of the 2008 southern survey. The subregion lies
between right ascensions 00h12m and 07h08m and declinations
−56◦11′ and −49◦00′. Figure 1 is a map of the sensitivity across
the subregion along with the locations of the clusters reported
in this study. The median rms of the map optimally filtered for
detecting a β-model profile (β = 0.86, θc = 1.′00) is 36 µK.

The data for this study were calibrated to the temperature
of Uranus with a precision of 6%. The absolute positional
uncertainty in the maps is established at 3.′′5 by comparison
of ACT radio source locations (Marriage et al. 2011) to cross-
identified sources in the Australia Telescope 20 GHz Survey
(Murphy et al. 2010). Note, however, that reported cluster
locations have an additional uncertainty due to the effect of noise
on the estimate of the cluster center. Considering the positional
uncertainty for sources detected between signal-to-noise ratios
(S/Ns) 5.5 and 10 reported in Marriage et al. (2011), we expect
estimates of the ACT cluster center positions to scatter with an
rms of roughly 10′′. Additional ambiguity in the cluster position
arises in the case of an extended, non-spherical (e.g., disturbed)
system. In such cases, the positional uncertainty can rise to
arcminute scales.

With calibration and astrometry solved, the final step in
the data reduction is map making. We iteratively solve for
the maximum likelihood (ML) estimate of the map using a
custom preconditioned conjugate gradient code (e.g., Press
et al. 1992). Because ACT samples the sky along multiple
scan directions (i.e., the data are cross-linked), we are able
to produce an unbiased ML map of the microwave sky with
a faithful representation of structure from degree to arcminute
scales.

2.2. Filtering and Cluster Extraction

For cluster detection we use matched filters (Haehnelt &
Tegmark 1996; Herranz et al. 2002; Melin et al. 2006). We
model the sky temperature fluctuation at a point x as

δT (x) =
∑

i

δT0,iBθc,i(x − xi ) + δTother(x), (1)

Figure 2. 148 GHz sub-map. The data have been weighted by a smooth function√
Nobs/Nobs,max, where Nobs is the number of data per pixel. This weighting

levels the amplitude of white noise across the map to that corresponding to
the deepest data. The data are then match-filtered with a β-profile (θc = 1.′0).
The coverage becomes shallower toward the bottom left of the map, causing a
visible increase in the rms. The inset shows the flux density distribution across
the data weighted by the square root of the number of data per pixel. The
data distribution is shown as a gray histogram on which a dashed Gaussian
distribution with standard deviation 24 µK is plotted. Sources were removed
prior to filtering. Three clusters are recognizable from left to right: the Bullet
Cluster (bottom left), A3404 (middle), and AS0592 (middle right).

where δT0,i and Bθc,i are the amplitude and unit-normalized
profile of the ith cluster. In what follows we choose Bθc to be
the isothermal β-model (β = 0.86) with core radius θc ranging
from 0.′25 to 4.′0 and convolved with an isotropic ACT 148 GHz
beam from Hincks et al. (2010). The profile is tapered to zero by
multiplication with a cosine in the range 0.5–5.5θc. The choice
of β is motivated by the best fit to an average SZ profile in Plagge
et al. (2010) who found consistency between the β-model fit and
the generalized Navarro–Frenk–White profile fit to YX in Arnaud
et al. (2010). The temperature field δTother(x) consists of noise
modeled from difference maps, primordial CMB fluctuations
with power spectrum from Nolta et al. (2009), as well as sources
and undetectable (i.e., low-mass) clusters. The spectral signature
of the source and cluster contribution to δTother(x) is modeled
from fits to ACT data in Fowler et al. (2010). See Marriage et al.
(2011) for a full discussion of δTother(x).

Before filtering, bright (S/N > 5) sources are in-painted with
sky temperature in the neighborhood of the source. Furthermore,
the map is weighted by the inverse square root of the number
of observations. This has the effect of flattening the white noise
across the map. The map is filtered in the Fourier domain using
a matched filter

δTfilt(k) =
B̃∗

θc
(k)|δ̃T other(k)|−2δT (k)

∫
B̃∗

θc
(k′)|δ̃T other(k′)|−2B̃θc (k

′) dk′ , (2)

where B̃θc (k) and δ̃T other(k) are the Fourier transforms of Bθc

and δTother, respectively. The map is filtered using β-models
with core radii from 0.′25 to 4.′0 in 0.′25 steps. These core radii
were chosen to span the range of angular scales characterizing
massive clusters from low to high redshift. In a given map, the
S/N of a detection is defined as the ratio of the extremum of the
cluster decrement to the rms of the filtered map. The reported
S/N for a given detection is the maximum S/N from the set of
filtered maps. Figure 2 shows a subsection of the source-masked
and filtered map containing three known clusters. Shown in an
inset of this figure is the pixel flux distribution of the filtered
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Expected cluster distribution 

!CDM, Tinker et al (2008) mass function

Optical Cluster Identification

Galaxy i-band apparent magnitude as function of 
redshift (includes passive evolutions)
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Table 2
ACT 2008 clusters

ACT Descriptor R.A. (J2000) Dec. (J2000) Redshift SNR Alt Name

ACT-CL J0145-5301 01:45:03.6 -53:01:23.4 0.118 a 4.7 (4.0) Abell 2941
ACT-CL J0641-4949 06:41:37.8 -49:46:55.0 0.146 b 4.9 (4.9) Abell 3402
ACT-CL J0645-5413 06:45:29.5 -54:13:37.0 0.167 a 7.1 (7.1) Abell 3404
ACT-CL J0638-5358 06:38:49.4 -53:58:40.8 0.222 a 10.6 (10.0) Abell S0592
ACT-CL J0516-5430 05:16:37.4 -54:30:01.5 0.294 c 5.2 (4.7) Abell S0520/SPT-CL J0516-5430
ACT-CL J0658-5557 06:58:33.1 -55:57:07.2 0.296 d 11.6 (11.5) 1E0657-56 (Bullet)
ACT-CL J0245-5302 02:45:35.8 -53:02:16.8 0.300 e 8.3 (9.1) Abell S0295
ACT-CL J0217-5245 02:17:12.6 -52:44:49.0 0.343 f 4.5 (4.1) RXC J0217.2-5244
ACT-CL J0237-4939 02:37:01.7 -49:38:10.0 0.40± 0.05 4.9 (3.9)
ACT-CL J0707-5522 07:07:04.7 -55:23:08.5 0.43± 0.06 4.2 (. . .)
ACT-CL J0235-5121 02:35:45.3 -51:21:05.2 0.43± 0.07 5.7 (6.2)
ACT-CL J0330-5227 03:30:56.8 -52:28:13.7 0.440 g 7.4 (6.1) Abell 3128(NE)
ACT-CL J0509-5341 05:09:21.4 -53:42:12.3 0.461 h 4.4 (4.8) SPT-CL J0509-5342
ACT-CL J0304-4921 03:04:16.0 -49:21:26.3 0.47± 0.05 5.0 (3.9)
ACT-CL J0215-5212 02:15:12.3 -52:12:25.3 0.51± 0.05 4.8 (4.9)
ACT-CL J0438-5419 04:38:17.7 -54:19:20.7 0.54± 0.05 8.8 (8.0)
ACT-CL J0346-5438 03:46:55.5 -54:38:54.8 0.55± 0.05 4.4 (4.4)
ACT-CL J0232-5257 02:32:46.2 -52:57:50.0 0.59± 0.07 5.2 (4.7)
ACT-CL J0559-5249 05:59:43.2 -52:49:27.1 0.611 i 5.1 (5.1) SPT-CL J0559-5249
ACT-CL J0616-5227 06:16:34.2 -52:27:13.3 0.71± 0.10 6.3 (5.9)
ACT-CL J0102-4915 01:02:52.5 -49:14:58.0 0.75± 0.04 8.8 (9.0)
ACT-CL J0528-5259 05:28:05.3 -52:59:52.8 0.768 h 4.7 (. . .) SPT-CL J0528-5300
ACT-CL J0546-5345 05:46:37.7 -53:45:31.1 1.066 h 7.2 (6.5) SPT-CL J0546-5345

Note. — R.A. and Dec. positions denote the BCG position in the optical images of the cluster. The SZE position
was used to construct the ACT descriptor identifiers. Clusters with uncertainty estimates on their redshifts are those
systems for which only photometric redshifts are available from the NTT and SOAR gri imaging. The values of SNR
in parentheses are the current values from Marriage et al. (2010), while the others are the ones used in this study
a spec-z from de Grandi et al. (1999)
b spec-z from Jones et al. (2009)
c spec-z from Guzzo et al. (1999)
d spec-z from Tucker et al. (1998)
e spec-z from Edge et al. (1994)
f spec-z from Böhringer et al. (2004)
g spec-z from Werner et al. (2007)
h spec-z from Infante et al. (2010)
i spec-z from High et al. (2010)

For a few of these we obtained new NTT/SOAR gri ob-
servations in order to calibrate our photometric redshift
and to test our identification procedure; however, for the
most part these were avoided and we relied on public
archival imaging and on data from other existing pro-
grams to compare with the SZE sources.

AS0295 and AS0592 are included among the low red-
shift SZE clusters reported by Hincks et al. (2009) and
are the focus of a separate observing program by our
group (09B-0389, PI:Hughes) aimed at obtaining weak
lensing masses using deep V and R observations. These
were obtained using the MOSAIC camera on the Blanco
4-m telescope on January 9, 2010 under photometric con-
ditions.

1E0657−56 (the Bullet Cluster) has been extensively
observed at different wavelengths. Here we show the
optical observations of the cluster central region taken
with the Advanced Camera for Surveys aboard the Hub-
ble Space Telescope (HST) (GO:10200, PI:Jones and
GO:10863, PI:Gonzalez) using the F606W (V ), F814W
(I) and F850LP (z) filters which were taken from the
HST archive27.

For RXCJ0217.2−5244 we used our own pipeline to
process raw V (720s) and R (1200s) images obtained from

27 http://archive.stsci.edu/

the ESO archive28 (70.A-0074-A, PI:Edge) utilizing the
SUSI camera on the NTT on Oct 7 and 12, 2002.

A fraction of the area covered by ACT overlaps with
the 41 deg2 griz imaging from the CTIO 4-m telescope
MOSAIC camera on the 05hr field from the Southern
Cosmology Survey (Menanteau et al. 2010). We used
these data to search for optical identification of SZE clus-
ter candidates in the region to avoid re-targeting with the
NTT and SOAR telescopes.

4. RESULTS

4.1. The ACT SZE Cluster Sample
Our analysis has resulted in a sample of 23 optically-

confirmed SZE clusters selected from 455 square-degrees
of ACT data between 0.1 < z < 1.1. Nine of these
clusters, such as 1E0657−56 (the Bullet Cluster), Abell
S0592, and Abell 3404 are well known and appear at low
redshift (z < 0.4); and four systems in our sample have
been reported as SZE-selected clusters by SPT in their
area overlapping with the ACT coverage. Three of these
systems (ACT-CL J0509−5341, ACT-CL J0528−5259,
and ACT-CL J0546−5345) were originally reported as
SZE-selected clusters by Staniszewski et al. (2009), with
optical and X-ray properties subsequently studied by us

28 http://archive.eso.org/

The Southern ACT-SZ cluster sample
(455 sq-degree area)

from Menanteau et al. (2010),  ApJ, 723,1523
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the ESO archive28 (70.A-0074-A, PI:Edge) utilizing the
SUSI camera on the NTT on Oct 7 and 12, 2002.

A fraction of the area covered by ACT overlaps with
the 41 deg2 griz imaging from the CTIO 4-m telescope
MOSAIC camera on the 05hr field from the Southern
Cosmology Survey (Menanteau et al. 2010). We used
these data to search for optical identification of SZE clus-
ter candidates in the region to avoid re-targeting with the
NTT and SOAR telescopes.

4. RESULTS

4.1. The ACT SZE Cluster Sample
Our analysis has resulted in a sample of 23 optically-

confirmed SZE clusters selected from 455 square-degrees
of ACT data between 0.1 < z < 1.1. Nine of these
clusters, such as 1E0657−56 (the Bullet Cluster), Abell
S0592, and Abell 3404 are well known and appear at low
redshift (z < 0.4); and four systems in our sample have
been reported as SZE-selected clusters by SPT in their
area overlapping with the ACT coverage. Three of these
systems (ACT-CL J0509−5341, ACT-CL J0528−5259,
and ACT-CL J0546−5345) were originally reported as
SZE-selected clusters by Staniszewski et al. (2009), with
optical and X-ray properties subsequently studied by us

28 http://archive.eso.org/

The Southern ACT-SZ cluster sample
(455 sq-degree area)

from Menanteau et al. (2010),  ApJ, 723,1523

(9) known
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Table 2
ACT 2008 clusters

ACT Descriptor R.A. (J2000) Dec. (J2000) Redshift SNR Alt Name

ACT-CL J0145-5301 01:45:03.6 -53:01:23.4 0.118 a 4.7 (4.0) Abell 2941
ACT-CL J0641-4949 06:41:37.8 -49:46:55.0 0.146 b 4.9 (4.9) Abell 3402
ACT-CL J0645-5413 06:45:29.5 -54:13:37.0 0.167 a 7.1 (7.1) Abell 3404
ACT-CL J0638-5358 06:38:49.4 -53:58:40.8 0.222 a 10.6 (10.0) Abell S0592
ACT-CL J0516-5430 05:16:37.4 -54:30:01.5 0.294 c 5.2 (4.7) Abell S0520/SPT-CL J0516-5430
ACT-CL J0658-5557 06:58:33.1 -55:57:07.2 0.296 d 11.6 (11.5) 1E0657-56 (Bullet)
ACT-CL J0245-5302 02:45:35.8 -53:02:16.8 0.300 e 8.3 (9.1) Abell S0295
ACT-CL J0217-5245 02:17:12.6 -52:44:49.0 0.343 f 4.5 (4.1) RXC J0217.2-5244
ACT-CL J0237-4939 02:37:01.7 -49:38:10.0 0.40± 0.05 4.9 (3.9)
ACT-CL J0707-5522 07:07:04.7 -55:23:08.5 0.43± 0.06 4.2 (. . .)
ACT-CL J0235-5121 02:35:45.3 -51:21:05.2 0.43± 0.07 5.7 (6.2)
ACT-CL J0330-5227 03:30:56.8 -52:28:13.7 0.440 g 7.4 (6.1) Abell 3128(NE)
ACT-CL J0509-5341 05:09:21.4 -53:42:12.3 0.461 h 4.4 (4.8) SPT-CL J0509-5342
ACT-CL J0304-4921 03:04:16.0 -49:21:26.3 0.47± 0.05 5.0 (3.9)
ACT-CL J0215-5212 02:15:12.3 -52:12:25.3 0.51± 0.05 4.8 (4.9)
ACT-CL J0438-5419 04:38:17.7 -54:19:20.7 0.54± 0.05 8.8 (8.0)
ACT-CL J0346-5438 03:46:55.5 -54:38:54.8 0.55± 0.05 4.4 (4.4)
ACT-CL J0232-5257 02:32:46.2 -52:57:50.0 0.59± 0.07 5.2 (4.7)
ACT-CL J0559-5249 05:59:43.2 -52:49:27.1 0.611 i 5.1 (5.1) SPT-CL J0559-5249
ACT-CL J0616-5227 06:16:34.2 -52:27:13.3 0.71± 0.10 6.3 (5.9)
ACT-CL J0102-4915 01:02:52.5 -49:14:58.0 0.75± 0.04 8.8 (9.0)
ACT-CL J0528-5259 05:28:05.3 -52:59:52.8 0.768 h 4.7 (. . .) SPT-CL J0528-5300
ACT-CL J0546-5345 05:46:37.7 -53:45:31.1 1.066 h 7.2 (6.5) SPT-CL J0546-5345

Note. — R.A. and Dec. positions denote the BCG position in the optical images of the cluster. The SZE position
was used to construct the ACT descriptor identifiers. Clusters with uncertainty estimates on their redshifts are those
systems for which only photometric redshifts are available from the NTT and SOAR gri imaging. The values of SNR
in parentheses are the current values from Marriage et al. (2010), while the others are the ones used in this study
a spec-z from de Grandi et al. (1999)
b spec-z from Jones et al. (2009)
c spec-z from Guzzo et al. (1999)
d spec-z from Tucker et al. (1998)
e spec-z from Edge et al. (1994)
f spec-z from Böhringer et al. (2004)
g spec-z from Werner et al. (2007)
h spec-z from Infante et al. (2010)
i spec-z from High et al. (2010)

For a few of these we obtained new NTT/SOAR gri ob-
servations in order to calibrate our photometric redshift
and to test our identification procedure; however, for the
most part these were avoided and we relied on public
archival imaging and on data from other existing pro-
grams to compare with the SZE sources.

AS0295 and AS0592 are included among the low red-
shift SZE clusters reported by Hincks et al. (2009) and
are the focus of a separate observing program by our
group (09B-0389, PI:Hughes) aimed at obtaining weak
lensing masses using deep V and R observations. These
were obtained using the MOSAIC camera on the Blanco
4-m telescope on January 9, 2010 under photometric con-
ditions.

1E0657−56 (the Bullet Cluster) has been extensively
observed at different wavelengths. Here we show the
optical observations of the cluster central region taken
with the Advanced Camera for Surveys aboard the Hub-
ble Space Telescope (HST) (GO:10200, PI:Jones and
GO:10863, PI:Gonzalez) using the F606W (V ), F814W
(I) and F850LP (z) filters which were taken from the
HST archive27.

For RXCJ0217.2−5244 we used our own pipeline to
process raw V (720s) and R (1200s) images obtained from

27 http://archive.stsci.edu/

the ESO archive28 (70.A-0074-A, PI:Edge) utilizing the
SUSI camera on the NTT on Oct 7 and 12, 2002.

A fraction of the area covered by ACT overlaps with
the 41 deg2 griz imaging from the CTIO 4-m telescope
MOSAIC camera on the 05hr field from the Southern
Cosmology Survey (Menanteau et al. 2010). We used
these data to search for optical identification of SZE clus-
ter candidates in the region to avoid re-targeting with the
NTT and SOAR telescopes.

4. RESULTS

4.1. The ACT SZE Cluster Sample
Our analysis has resulted in a sample of 23 optically-

confirmed SZE clusters selected from 455 square-degrees
of ACT data between 0.1 < z < 1.1. Nine of these
clusters, such as 1E0657−56 (the Bullet Cluster), Abell
S0592, and Abell 3404 are well known and appear at low
redshift (z < 0.4); and four systems in our sample have
been reported as SZE-selected clusters by SPT in their
area overlapping with the ACT coverage. Three of these
systems (ACT-CL J0509−5341, ACT-CL J0528−5259,
and ACT-CL J0546−5345) were originally reported as
SZE-selected clusters by Staniszewski et al. (2009), with
optical and X-ray properties subsequently studied by us

28 http://archive.eso.org/

The Southern ACT-SZ cluster sample
(455 sq-degree area)

from Menanteau et al. (2010),  ApJ, 723,1523

(9) known
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Table 2
ACT 2008 clusters

ACT Descriptor R.A. (J2000) Dec. (J2000) Redshift SNR Alt Name

ACT-CL J0145-5301 01:45:03.6 -53:01:23.4 0.118 a 4.7 (4.0) Abell 2941
ACT-CL J0641-4949 06:41:37.8 -49:46:55.0 0.146 b 4.9 (4.9) Abell 3402
ACT-CL J0645-5413 06:45:29.5 -54:13:37.0 0.167 a 7.1 (7.1) Abell 3404
ACT-CL J0638-5358 06:38:49.4 -53:58:40.8 0.222 a 10.6 (10.0) Abell S0592
ACT-CL J0516-5430 05:16:37.4 -54:30:01.5 0.294 c 5.2 (4.7) Abell S0520/SPT-CL J0516-5430
ACT-CL J0658-5557 06:58:33.1 -55:57:07.2 0.296 d 11.6 (11.5) 1E0657-56 (Bullet)
ACT-CL J0245-5302 02:45:35.8 -53:02:16.8 0.300 e 8.3 (9.1) Abell S0295
ACT-CL J0217-5245 02:17:12.6 -52:44:49.0 0.343 f 4.5 (4.1) RXC J0217.2-5244
ACT-CL J0237-4939 02:37:01.7 -49:38:10.0 0.40± 0.05 4.9 (3.9)
ACT-CL J0707-5522 07:07:04.7 -55:23:08.5 0.43± 0.06 4.2 (. . .)
ACT-CL J0235-5121 02:35:45.3 -51:21:05.2 0.43± 0.07 5.7 (6.2)
ACT-CL J0330-5227 03:30:56.8 -52:28:13.7 0.440 g 7.4 (6.1) Abell 3128(NE)
ACT-CL J0509-5341 05:09:21.4 -53:42:12.3 0.461 h 4.4 (4.8) SPT-CL J0509-5342
ACT-CL J0304-4921 03:04:16.0 -49:21:26.3 0.47± 0.05 5.0 (3.9)
ACT-CL J0215-5212 02:15:12.3 -52:12:25.3 0.51± 0.05 4.8 (4.9)
ACT-CL J0438-5419 04:38:17.7 -54:19:20.7 0.54± 0.05 8.8 (8.0)
ACT-CL J0346-5438 03:46:55.5 -54:38:54.8 0.55± 0.05 4.4 (4.4)
ACT-CL J0232-5257 02:32:46.2 -52:57:50.0 0.59± 0.07 5.2 (4.7)
ACT-CL J0559-5249 05:59:43.2 -52:49:27.1 0.611 i 5.1 (5.1) SPT-CL J0559-5249
ACT-CL J0616-5227 06:16:34.2 -52:27:13.3 0.71± 0.10 6.3 (5.9)
ACT-CL J0102-4915 01:02:52.5 -49:14:58.0 0.75± 0.04 8.8 (9.0)
ACT-CL J0528-5259 05:28:05.3 -52:59:52.8 0.768 h 4.7 (. . .) SPT-CL J0528-5300
ACT-CL J0546-5345 05:46:37.7 -53:45:31.1 1.066 h 7.2 (6.5) SPT-CL J0546-5345

Note. — R.A. and Dec. positions denote the BCG position in the optical images of the cluster. The SZE position
was used to construct the ACT descriptor identifiers. Clusters with uncertainty estimates on their redshifts are those
systems for which only photometric redshifts are available from the NTT and SOAR gri imaging. The values of SNR
in parentheses are the current values from Marriage et al. (2010), while the others are the ones used in this study
a spec-z from de Grandi et al. (1999)
b spec-z from Jones et al. (2009)
c spec-z from Guzzo et al. (1999)
d spec-z from Tucker et al. (1998)
e spec-z from Edge et al. (1994)
f spec-z from Böhringer et al. (2004)
g spec-z from Werner et al. (2007)
h spec-z from Infante et al. (2010)
i spec-z from High et al. (2010)

For a few of these we obtained new NTT/SOAR gri ob-
servations in order to calibrate our photometric redshift
and to test our identification procedure; however, for the
most part these were avoided and we relied on public
archival imaging and on data from other existing pro-
grams to compare with the SZE sources.

AS0295 and AS0592 are included among the low red-
shift SZE clusters reported by Hincks et al. (2009) and
are the focus of a separate observing program by our
group (09B-0389, PI:Hughes) aimed at obtaining weak
lensing masses using deep V and R observations. These
were obtained using the MOSAIC camera on the Blanco
4-m telescope on January 9, 2010 under photometric con-
ditions.

1E0657−56 (the Bullet Cluster) has been extensively
observed at different wavelengths. Here we show the
optical observations of the cluster central region taken
with the Advanced Camera for Surveys aboard the Hub-
ble Space Telescope (HST) (GO:10200, PI:Jones and
GO:10863, PI:Gonzalez) using the F606W (V ), F814W
(I) and F850LP (z) filters which were taken from the
HST archive27.

For RXCJ0217.2−5244 we used our own pipeline to
process raw V (720s) and R (1200s) images obtained from

27 http://archive.stsci.edu/

the ESO archive28 (70.A-0074-A, PI:Edge) utilizing the
SUSI camera on the NTT on Oct 7 and 12, 2002.

A fraction of the area covered by ACT overlaps with
the 41 deg2 griz imaging from the CTIO 4-m telescope
MOSAIC camera on the 05hr field from the Southern
Cosmology Survey (Menanteau et al. 2010). We used
these data to search for optical identification of SZE clus-
ter candidates in the region to avoid re-targeting with the
NTT and SOAR telescopes.

4. RESULTS

4.1. The ACT SZE Cluster Sample
Our analysis has resulted in a sample of 23 optically-

confirmed SZE clusters selected from 455 square-degrees
of ACT data between 0.1 < z < 1.1. Nine of these
clusters, such as 1E0657−56 (the Bullet Cluster), Abell
S0592, and Abell 3404 are well known and appear at low
redshift (z < 0.4); and four systems in our sample have
been reported as SZE-selected clusters by SPT in their
area overlapping with the ACT coverage. Three of these
systems (ACT-CL J0509−5341, ACT-CL J0528−5259,
and ACT-CL J0546−5345) were originally reported as
SZE-selected clusters by Staniszewski et al. (2009), with
optical and X-ray properties subsequently studied by us

28 http://archive.eso.org/

The Southern ACT-SZ cluster sample
(455 sq-degree area)

from Menanteau et al. (2010),  ApJ, 723,1523

(9) known
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Some 2008 ACT SZ-discovered Clusters

“El Gordo”

Menanteau et al. (2010),  ApJ, 723,1523



Felipe Menanteau Growing up at High-z,  Sep 12, 2012

Strong Lensing
(examples)

- 7/23 clusters show strong lensing arcs
- 3 of these have already reported
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“El Gordo,” Multi-wavelength Observations
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z=0.87

A high-z Bullet-like Cluster?

Menanteau et al. (2012, ApJ, 748,7)
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z=0.87

1st Peak of 
Galaxies

2nd Peak of 
Galaxies

The galaxies in “El Gordo” mostly 
lie in two distinct groups

A high-z Bullet-like Cluster?

Menanteau et al. (2012, ApJ, 748,7)
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z=0.87

The X-ray emission mostly lies 
between these two groups and 

shows a peculiar structure with a 
bright offset Gas Peak and Wake.
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z=0.87

The X-ray emission mostly lies 
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shows a peculiar structure with a 
bright offset Gas Peak and Wake.
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Galaxies

The galaxies in “El Gordo” mostly 
lie in two distinct groups

Gas Peak

A high-z Bullet-like Cluster?

Wake

Menanteau et al. (2012, ApJ, 748,7)
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z=0.87

The X-ray emission mostly lies 
between these two groups and 

shows a peculiar structure with a 
bright offset Gas Peak and Wake.
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2nd Peak of 
Galaxies

The galaxies in “El Gordo” mostly 
lie in two distinct groups

The offset peak is likely the core 
of one of the merging 

components; arrow indicates the 
approximate direction of merger.

Gas Peak

A high-z Bullet-like Cluster?
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z=0.87

The X-ray emission mostly lies 
between these two groups and 

shows a peculiar structure with a 
bright offset Gas Peak and Wake.

The peak of the Galaxy 
distribution precedes the Gas 
Peak in the direction of the 

merger – a spatial separation like 
that seen in the Bullet Cluster.

1st Peak of 
Galaxies

2nd Peak of 
Galaxies

The galaxies in “El Gordo” mostly 
lie in two distinct groups

The offset peak is likely the core 
of one of the merging 

components; arrow indicates the 
approximate direction of merger.

Gas Peak

A high-z Bullet-like Cluster?

Highlights on “El Gordo”

• Optically confirmed in the 2009B (Menanteau et al. 2010) 
• The highest SZ signal from ACT (~755 deg2 ,Marriage et al. 2011)
• The hottest cluster at z>0.6
• The most massive and X-ray Luminous cluster at z>0.6
• 89 redshifts from VLT (dynamical mass, σgal-M)
• Chandra/ACIS observations (X-ray mass, Lx-M, Tx-M, Yx-M)
• Spitzer/IRAC 3.6um and 4.5um (Stellar mass)
• Clear “wake” in the X-ray surface density. 
• Separation between hot gas and galaxies of ~22 arcsec (~173 kpc)

Menanteau et al. (2012, ApJ, 748,7)
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“El Gordo” is Hot and Luminous!!

Core-excised 
Integrated spectrum

Compared with Markevitch et al. (1998)

kT = 14.5± 0.1 keV
LX = 2.19× 1045 erg s−1

Lbol = 1.36× 1046 erg s−1

Menanteau et al. (2012, ApJ, 748,7)
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Combined measurements for the Most Massive 
Cluster at z>0.6

Menanteau et al. (2012, ApJ, 748,7)
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Combined measurements for the Most Massive 
Cluster at z>0.6

Evrard et al. (2008)

• VLT FORS2 (10hrs), redshifts for 89 members:

z = 0.8701± 0.0001
σgal = 1321± 106 km s−1

M200,dyn = 1.86+0.54
−0.49 × 1015 h−1

70 M⊙

Menanteau et al. (2012, ApJ, 748,7)
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−0.49 × 1015 h−1

70 M⊙

• Chandra/ACIS (60 ks exposure):

Kravtsov, Vikhlinin & Nagai (2006)
Vikhlinin et al. (2009)

TX = 14.5± 1.0 keV; fgas = 0.133
M200,YX = 2.88+0.78

−0.55 × 1015 h−1
70 M⊙
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z = 0.8701± 0.0001
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M200,dyn = 1.86+0.54
−0.49 × 1015 h−1

70 M⊙

• Chandra/ACIS (60 ks exposure):
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Vikhlinin et al. (2009)

TX = 14.5± 1.0 keV; fgas = 0.133
M200,YX = 2.88+0.78

−0.55 × 1015 h−1
70 M⊙

Sehgal et al. (2011)

• ACT/SZ decrement, yTCMB - Mass

yTCMB = 490± 60µK
M200,SZ = 1.64+0.62

−0.42 × 1015 h−1
70 M⊙

Menanteau et al. (2012, ApJ, 748,7)
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• VLT FORS2 (10hrs), redshifts for 89 members:

z = 0.8701± 0.0001
σgal = 1321± 106 km s−1

M200,dyn = 1.86+0.54
−0.49 × 1015 h−1

70 M⊙

• Combined ("2 combined) optical+X-ray+SZ:

M200 = (2.16± 0.32)× 1015 h−1
70 M⊙

• Chandra/ACIS (60 ks exposure):
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TX = 14.5± 1.0 keV; fgas = 0.133
M200,YX = 2.88+0.78

−0.55 × 1015 h−1
70 M⊙

Sehgal et al. (2011)

• ACT/SZ decrement, yTCMB - Mass

yTCMB = 490± 60µK
M200,SZ = 1.64+0.62

−0.42 × 1015 h−1
70 M⊙

Menanteau et al. (2012, ApJ, 748,7)
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Combined measurements for the Most Massive 
Cluster at z>0.6

Evrard et al. (2008)

• VLT FORS2 (10hrs), redshifts for 89 members:

z = 0.8701± 0.0001
σgal = 1321± 106 km s−1

M200,dyn = 1.86+0.54
−0.49 × 1015 h−1

70 M⊙

• Combined ("2 combined) optical+X-ray+SZ:

M200 = (2.16± 0.32)× 1015 h−1
70 M⊙

• Chandra/ACIS (60 ks exposure):

Kravtsov, Vikhlinin & Nagai (2006)
Vikhlinin et al. (2009)

TX = 14.5± 1.0 keV; fgas = 0.133
M200,YX = 2.88+0.78

−0.55 × 1015 h−1
70 M⊙

Sehgal et al. (2011)

• ACT/SZ decrement, yTCMB - Mass

yTCMB = 490± 60µK
M200,SZ = 1.64+0.62

−0.42 × 1015 h−1
70 M⊙

 CL J1226+3332 (z=0.89)

 SPT-CL J2106-5844 (z=1.14)

Menanteau et al. (2012, ApJ, 748,7)
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Likely

Unlikely

Rarity of “El Gordo” 
(Based on its exceptional mass)

• Area of survey:

M200 = (2.16± 0.32)× 1015 h−1
70 M⊙

• Combined Mass from optical
+X-ray+SZ:

• Mortonson et al. (2011) 
exclusion curves for !CDM 
and quintenssence parameter 
distribution.

• Cluster is very unlikely in the ACT survey area alone (3#), but still 
allowed in the ACT+SPT sky region if its mass is 1-# or more below 
the nominal mass.   

ACT: 755 deg2

ACT+SPT: 2800 deg2

(“El Gordo”)

Menanteau et al. (2012, ApJ, 748,7)



Felipe Menanteau Growing up at High-z,  Sep 12, 2012

“El Gordo,” %&'()"' Imaging
Menanteau et al. (2012, ApJ, 748,7)
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“El Gordo,” %&'()"' Imaging

Wake! Cometary shape (even 2 
tails!) 20-40% surface brightness 
suppression 35”x60”

Menanteau et al. (2012, ApJ, 748,7)
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“El Gordo,” %&'()"' Imaging

Wake! Cometary shape (even 2 
tails!) 20-40% surface brightness 
suppression 35”x60”

Low entropy, bright, 
offset peak

Menanteau et al. (2012, ApJ, 748,7)
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“El Gordo,” %&'()"' Imaging

Wake! Cometary shape (even 2 
tails!) 20-40% surface brightness 
suppression 35”x60”

Low entropy, bright, 
offset peak

Steep brightness gradient

$ model profile

Menanteau et al. (2012, ApJ, 748,7)
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Divide cluster in six regions 
based on surface brightness

 Region 1 : 1000 cts
 Region 4 : 4300 cts
&&H#7"82&L&&)***&Y&VW**&$#2

Chandra Spectro-Imaging Analysis
Menanteau et al. (2012, ApJ, 748,7)
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Chandra Spectro-Imaging Analysis

Total

Coldest

- X-ray peak is cold (kT=6.6±0.7 keV)  
- Highest Fe abundance (Z=0.57±0.20) 
- low entropy bullet, i.e., the cool core of a 
merging cluster 

Menanteau et al. (2012, ApJ, 748,7)
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Chandra Spectro-Imaging Analysis

Hottest

Hottest region is kT=22(+6,-5) keV 
(source frame) – shock heating?

Total
Menanteau et al. (2012, ApJ, 748,7)
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Chandra Spectro-Imaging Analysis

kT = 22+6
−1 keV

kT = 6.6± 0.7 keV

Menanteau et al. (2012, ApJ, 748,7)
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Merger Structure of “El Gordo”

Menanteau et al. (2012, ApJ, 748,7)
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Merger Structure of “El Gordo”

Menanteau et al. (2012, ApJ, 748,7)

(NW)

(SE)
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Mass ratio ~ 2 to 1
No such high-z mergers find 

in current large N-body 
Simulations (Cube3pm)

M200 = 1.76+0.62
−0.58 × 1015 h−1

70 M⊙(NW)

M200 = 1.06+0.64
−0.59 × 1015 h−1

70 M⊙(SE)

Merger Structure of “El Gordo”

Menanteau et al. (2012, ApJ, 748,7)

(NW)

(SE)
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Very luminous BCG

Merger Structure of “El Gordo”

Menanteau et al. (2012, ApJ, 748,7)

(NW)

(SE)
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Color-magnitude for “El Gordo”
Optical colors

Menanteau et al. (2012, ApJ, 748,7)
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Color-magnitude for “El Gordo”
Optical colors

• BCG is an E+A+[OII] galaxy (not red and dead)
• Similar to NGC 1275 in Perseus Clusters 
(McNamara 1996) and RXJ 1347 (z=0.45)
• The BCG sample in Donahue et al.(2010), ApJ 
715, 881

Angstroms

Menanteau et al. (2012, ApJ, 748,7)
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Shock fronts

The Highest Redshift Radio Relic

Evidence of Giant Radio Relic from 
archival SUMSS 843 MHz

Potentially the most powerful radio 
halo known

New ATCA 2.1 GHz observations 
(Dec 2011) shows clear extended 
structure.

Double Radio Relic, associated 
location of shock fronts.
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Shock fronts

The Highest Redshift Radio Relic

Evidence of Giant Radio Relic from 
archival SUMSS 843 MHz

Potentially the most powerful radio 
halo known

New ATCA 2.1 GHz observations 
(Dec 2011) shows clear extended 
structure.

Double Radio Relic, associated 
location of shock fronts.
 

Lindner et al. (in prep)

ATCA 2.1 GHz
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Next Steps for “El Gordo”

•F625W(r), F775W(i) and F850LP(z) 
HST/ACS observations will be used to 
create WL maps. (yesterday)

•Deeper 300 ks Chandra/ACIS X-ray 
observation (Feb 2012) to study hot gas 
of merger shock and temperature map 
of El Gordo (in progress)

•ATCA and GMRT radio observation to 
search for Radio Halo emission. (2012B)

Approved Programs:
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Towards a better y-Mass calibration

• Ongoing: Dynamic Masses and Scaling Relations of 
ACT SZE-selected Galaxy Clusters.  (see Sifon, 
Menanteau et al. 2012, arXiv:1201.0991S)

• Lesson: Strength not coming from numbers (yet!)
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#

Neelima Sehgal, KIPAC

Cosmology Constraints Fixing the 
SZ Signal Mass Relation

Y-M relation 
fixed to 

fiducial model

Spatially flat 
wCDM model

w = −1.05± 0.20
σ8 = 0.821± 0.044

WMAP7 alone

WMAP7 plus 
ACT Clusters

Sehgal et al. (2011), ApJ 732,44

• ACT results for ~10 Clusters
• SPT similar results with ~20 
clusters (see Benson et al. 2012)
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Cosmology Constraints Marginalizing 
over the SZ Signal Mass Relation

!
!

"

#$% #$& #$! ' '$(
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!(

!'$)

!'

!#$)

#

Neelima Sehgal, KIPAC

σ8 = 0.851± 0.115
w = −1.14± 0.35

Priors for Y-M 
relation given 
by range of 
nonthermal 
and adiabatic 

models

WMAP7 alone

WMAP7 plus 
ACT Clusters

Sehgal et al. (2011), ApJ 732,44



Felipe Menanteau Growing up at High-z,  Sep 12, 2012

Cosmology Constraints Marginalizing 
over the SZ Signal Mass Relation

!
!

"

#$% #$& #$! ' '$(
!($)

!(

!'$)

!'

!#$)

#

Neelima Sehgal, KIPAC

σ8 = 0.851± 0.115
w = −1.14± 0.35

Priors for Y-M 
relation given 
by range of 
nonthermal 
and adiabatic 

models

WMAP7 alone

WMAP7 plus 
ACT Clusters

Need better Y-M relation: 
How: Follow-up mass observable

Sehgal et al. (2011), ApJ 732,44
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(Sifón, Menanteau et al. 2012, arXiv:1201.0991)

Gemini-S/GMOS

VLT/FORS2

Improving Cluster Scaling Relations
(using optical data)ACT Dynamical Masses of Clusters 7

Table 3
Dynamical Properties of ACT 2008 Clusters

ACT Descriptor Ngal
a

zBI SBI r200c M200c

(kms−1) (h−1
70 kpc) (1014

h
−1
70 M⊙)

ACT-CL J0102−4915b 89 0.87008±0.00010 1321±106 1789±140 16.3±3.8
ACT-CL J0215−5212 55 0.48009±0.00012 1025±102 1736±173 9.6±2.8
ACT-CL J0232−5257 64 0.55595±0.00009 884±110 1438±177 5.9±2.2
ACT-CL J0235−5121 82 0.27768±0.00006 1063±101 2007±190 11.9±3.4
ACT-CL J0237−4939 65 0.33438±0.00009 1280±89 2339±162 20.0±4.2
ACT-CL J0304−4921 71 0.39219±0.00008 1109±89 1971±155 12.7±3.0
ACT-CL J0330−5227c 71 0.44173±0.00009 1238±98 2138±166 17.1±4.0
ACT-CL J0346−5438 88 0.52973±0.00007 1075±74 1770±122 10.7±2.2
ACT-CL J0438−5419d 65 0.42141±0.00011 1324±105 2310±182 21.1±5.0
ACT-CL J0509−5341e 76 0.46072±0.00006 846±111 1451±189 5.5±2.1
ACT-CL J0521−5104f 24 0.67549±0.00032 1150±163 1744±245 12.1±5.1
ACT-CL J0528−5259g 55 0.76780±0.00010 928±111 1337±159 6.1±2.2
ACT-CL J0546−5345h 48 1.06628±0.00020 1082±187 1319±226 8.1±4.2
ACT-CL J0559−5249i 31 0.60910±0.00026 1219±118 1916±184 14.9±4.3
ACT-CL J0616−5227 18 0.68380±0.00044 1124±165 1699±244 11.2±4.9
ACT-CL J0707−5522 58 0.29625±0.00006 832±82 1561±156 5.7±1.7

a Number of spectroscopically confirmed members, after applying the selection procedure of §3.2.
b “El Gordo” (Menanteau et al. 2011); SPT-CL J0102−4915 (Williamson et al. 2011).
c Abell 3128 (NE) (Werner et al. 2007).
d PLCK G262.7−40.9 (Planck Collaboration 2011a), SPT-CL J0438−5419 (Williamson et al. 2011).
e SPT-CL J0509−5341 (Staniszewski et al. 2009).
f SCSO J052113−510418 (Menanteau et al. 2010a), SPT-CL J0521−5104 (Vanderlinde et al. 2010).
g SPT-CL J0528−5259 (Staniszewski et al. 2009), SCSO J052803−525945 (Menanteau et al. 2010a).
h SPT-CL J0547−5345 (Staniszewski et al. 2009).
i SPT-CL J0559−5249 (Vanderlinde et al. 2010).

(Quintana et al. 2000).
Eight clusters meet this criterion, which will be coupled

with similarly chosen criteria in the 2d and 3d analyses be-
fore selecting which clusters have significant evidence for
substructure.

4.2.2. 2d: Projected BCG-SZE Offset

Under the hypothesis of hydrostatic equilibrium, galaxies
closely trace the total mass distribution in the cluster and thus
the BCG is located at the peak of the gravitational potential.
If the cluster is virialized, the gas should also follow the mass
distribution. Deviation from this scenario may be quantified
by an offset between the BCG (i.e., dark matter) and the SZE
(i.e., gas) peak. This, of course, is sensitive to offsets pro-
jected in the sky, unlike the preceding and following tests.

ACT has a beam of 1.�4 (FWHM) at 148 GHz (Hincks et
al. 2010) and the uncertainties in the determination of the po-
sition of each cluster are of order 10��-15��. We therefore list
the projected offset in arcsec in Table 4; offsets � 15�� are
within ACT’s positional uncertainty and should therefore not
be considered physical offsets. Column 6 of Table 4 lists the
projected offset between the BCG and the SZE peak for each
cluster relative to the characteristic scale of the cluster r200c.
Lin & Mohr (2004) find that > 80% of BCGs are offset from
the peak gas emission by ∆r/r200c < 0.2. Moreover, Skibba et
al. (2011) find that ∼ 40% of BCGs do not sit at the minimum
of the potential well in clusters.

We choose ∆r/r200c ∼ 0.20 as the threshold between (ten-
tatively classified) relaxed and disturbed clusters, based on
the results of Lin & Mohr (2004). In this case, only three
clusters—ACT-CL J0102−4915, ACT-CL J0509−5341, and
ACT-CL J0528−5259—have values over the threshold. Given
that the chance of line-of-sight (l.o.s.) substructure should be
the same as that of substructure in the plane of the sky6, this

6 In fact, the latter should be approximately twice as large, given the num-
ber of dimensions covered by the plane of the sky and the l.o.s..

might be too stringent a limit. We note that the findings of
Skibba et al. (2011) argue that this might not be a very reli-
able test for substructure, but we include it for completeness.

We note that these three clusters have offsets on the order
of an arcminute, far beyond uncertainties in the ACT SZE
centroids and therefore qualify as physical offsets.

4.2.3. 3d: DS Test

By studying a large sample of statistical tests for substruc-
ture in galaxy clusters, Pinkney et al. (1996) have shown that
the DS test (Dressler & Shectman 1988) is the most sensi-
tive test when used individually. The test has the ability not
only to detect the presence of substructure, but also to locate
the latter in projected space (in the ideal cases of substructure
not overlapping with the main system neither in velocity nor
in projected space) and is based in the detection of localized
subgroups of galaxies that deviate from the global distribution
of velocities by use of the parameter ∆ = Σiδi, where

δ2
i

=
Nlocal

σ2

�
(v̄i − v̄)2 + (σi −σ)2�2

(3)

is computed for each cluster member, where v̄i and σi are the
mean and standard deviation of the velocity distribution of the
Nlocal members closest to the ith member, and v̄ and σ are the
mean and standard deviation of the velocity distribution of all
the cluster members. The significance level (s.l.) of the test is
obtained by shuffling the velocities of each galaxy via a boot-
strap resampling technique with 5000 iterations. Although the
common use is that Nlocal =

�
Ngal, in this work ∆ is calcu-

lated for Nlocal ranging from 5 to 12. The uncertainties in the
s.l. are given by the second-maximum and second-minimum
s.l. for each cluster when varying Nlocal (i.e., they correspond
to ∼ 75%-level uncertainties), and the central value is given
by the median. A large uncertainty (i.e., dependence on Nlocal)
might also be indicative of substructure, but we do not include
this in the analysis.

Ongoing Gemini-S/GMOS, 2010B, 2011B, 2012A, 2012B
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Sifón, Menanteau et al. (2012, arXiv:1201.0991)

Gemini-S/GMOS
Dec, 2010

VLT/FORS2
Jan 2011

Improving Cluster Scaling Relations
(using optical data)

10 C. Sifón et al.

Table 5
Best-fit parameters of scaling relations

Best-fit
Relation BSS

a A B σMY

ycorr
0.�5 – M200c 1 20.0±1.9 1.16±0.27 0.16±0.03

ycorr
0 – M200c 1 18.2±0.7 0.74±0.11 0.12±0.02

Y corr
200c – M200c 0.6 17.0±1.6 0.56±0.11 0.11±0.02

a Expected logarithmic slope from self-similar evolution.

noise level is approximately constant except near the edges of
the map (Marriage et al. 2011a,b). Within our sample, there
is potentially only one cluster (ACT-CL J0707−5522) whose
Malmquist correction is not accurately described by this pro-
cedure because it sits in a high-noise region in the maps. If
this cluster is removed from the sample, the change in the
Malmquist-corrected scaling laws is negligible. In practice,
clusters within a mass range from M to M +∆M are extracted
from the simulations and the average y0 value of the extracted
subsample is determined both with and without a detection
threshold. The ratio of y0 values represents a statistical esti-
mate of the Malmquist bias factor for clusters within this mass
range. The procedure is repeated for different mass ranges
that span the ACT cluster sample. At the low mass end of
the cluster sample the bias correction factor is ∼ 0.8, while
for clusters with M200c > 9×1014M⊙ the correction factor is
close to unity. A continuous smooth curve is fitted to the bias
correction factors as a function of mass and applied individu-
ally to each cluster’s individual measured y values. To distin-
guish the bias-corrected values hereafter, we label them with a
superscript “corr”. We apply the same bias correction factors
to each of the different SZE estimators. This is a reasonable
approach since the latter are all based on matched filters with
kernels of similar scales.

5.2. Best-fit Scaling Relations
We use the Bivariate Correlated Errors and intrinsic Scat-

ter (BCES) bisector algorithm for linear regression (Akritas
& Bershady 1996), which takes into account measurement
errors in both axes and intrinsic scatter, to find the best-fit
slopes and normalizations of the power-law scaling relations
given by Eqs. 4. The results are shown in Fig. 4, where the
solid lines represent the best-fit power-laws and the shaded
regions are the 1σ uncertainties. Table 5 lists the best-fit pa-
rameters, where the last column lists the log-normal intrinsic
scatter orthogonal to the best-fit line, as introduced by Pratt et
al. (2009). Uncertainties in the intrinsic scatter are computed
following Planck Collaboration (2011b). Different symbols
identify the dynamical state of each cluster (see §5.3).

All three SZE estimators correlate with dynamical mass
with Pearson’s r-values of 0.63, 0.75 and 0.67 for ycorr

0.�5 , ycorr
0

and Y corr
200c, respectively. The fractional errors on the slopes

are similar, ranging from 15% for ycorr
0 − M200c to 25% for

ycorr
0.�5 − M200c, while σMY ranges from 11% to 16% depending

on the SZE estimator. These values are consistent with those
found in simulations (which have some dependence on the
input cluster physics) and are of order 10%-15% for large-
aperture integrations such as Y200c (Nagai 2006; Yang et al.
2010; Battaglia et al. 2011). We find that the intrinsic scat-
ter of the ycorr

0 − M200c relation is low and similar to that of
the Y corr

200c − M200c scaling law. While numerical simulations
predict a higher dependence on gas physics and projection ef-
fects for central estimates (e.g., Motl et al. 2005; Shaw et al.
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Figure 4. Scaling relations between SZE estimators and dynamical mass for
y0.�5 from Sehgal et al. (2011) with ACT 2008 data (top), the central SZE
amplitude y0 (middle), and Y200c, the Compton y-parameter integrated out to
r200c (bottom), the latter two including three-season ACT data. All estimators
have been scaled as indicated in the axis labels (see Eqs. 4) and data points
have been corrected for Malmquist bias as detailed in the text. Solid blue
lines show the best-fit power laws, with the 1σ uncertainties marked by the
shaded regions (see Table 5). Different symbols identify whether each cluster
is disturbed (triangles), relaxed (circles), or not classified (squares). Previous
estimates of the Y200c–M200c scaling relation are shown in the bottom panel
with dashed and dot-dashed lines (see text for details).
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Table 5
Best-fit parameters of scaling relations

Best-fit
Relation BSS

a A B σMY

ycorr
0.�5 – M200c 1 20.0±1.9 1.16±0.27 0.16±0.03

ycorr
0 – M200c 1 18.2±0.7 0.74±0.11 0.12±0.02

Y corr
200c – M200c 0.6 17.0±1.6 0.56±0.11 0.11±0.02

a Expected logarithmic slope from self-similar evolution.

noise level is approximately constant except near the edges of
the map (Marriage et al. 2011a,b). Within our sample, there
is potentially only one cluster (ACT-CL J0707−5522) whose
Malmquist correction is not accurately described by this pro-
cedure because it sits in a high-noise region in the maps. If
this cluster is removed from the sample, the change in the
Malmquist-corrected scaling laws is negligible. In practice,
clusters within a mass range from M to M +∆M are extracted
from the simulations and the average y0 value of the extracted
subsample is determined both with and without a detection
threshold. The ratio of y0 values represents a statistical esti-
mate of the Malmquist bias factor for clusters within this mass
range. The procedure is repeated for different mass ranges
that span the ACT cluster sample. At the low mass end of
the cluster sample the bias correction factor is ∼ 0.8, while
for clusters with M200c > 9×1014M⊙ the correction factor is
close to unity. A continuous smooth curve is fitted to the bias
correction factors as a function of mass and applied individu-
ally to each cluster’s individual measured y values. To distin-
guish the bias-corrected values hereafter, we label them with a
superscript “corr”. We apply the same bias correction factors
to each of the different SZE estimators. This is a reasonable
approach since the latter are all based on matched filters with
kernels of similar scales.

5.2. Best-fit Scaling Relations
We use the Bivariate Correlated Errors and intrinsic Scat-

ter (BCES) bisector algorithm for linear regression (Akritas
& Bershady 1996), which takes into account measurement
errors in both axes and intrinsic scatter, to find the best-fit
slopes and normalizations of the power-law scaling relations
given by Eqs. 4. The results are shown in Fig. 4, where the
solid lines represent the best-fit power-laws and the shaded
regions are the 1σ uncertainties. Table 5 lists the best-fit pa-
rameters, where the last column lists the log-normal intrinsic
scatter orthogonal to the best-fit line, as introduced by Pratt et
al. (2009). Uncertainties in the intrinsic scatter are computed
following Planck Collaboration (2011b). Different symbols
identify the dynamical state of each cluster (see §5.3).

All three SZE estimators correlate with dynamical mass
with Pearson’s r-values of 0.63, 0.75 and 0.67 for ycorr
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200c, respectively. The fractional errors on the slopes

are similar, ranging from 15% for ycorr
0 − M200c to 25% for
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0.�5 − M200c, while σMY ranges from 11% to 16% depending

on the SZE estimator. These values are consistent with those
found in simulations (which have some dependence on the
input cluster physics) and are of order 10%-15% for large-
aperture integrations such as Y200c (Nagai 2006; Yang et al.
2010; Battaglia et al. 2011). We find that the intrinsic scat-
ter of the ycorr

0 − M200c relation is low and similar to that of
the Y corr

200c − M200c scaling law. While numerical simulations
predict a higher dependence on gas physics and projection ef-
fects for central estimates (e.g., Motl et al. 2005; Shaw et al.
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Figure 4. Scaling relations between SZE estimators and dynamical mass for
y0.�5 from Sehgal et al. (2011) with ACT 2008 data (top), the central SZE
amplitude y0 (middle), and Y200c, the Compton y-parameter integrated out to
r200c (bottom), the latter two including three-season ACT data. All estimators
have been scaled as indicated in the axis labels (see Eqs. 4) and data points
have been corrected for Malmquist bias as detailed in the text. Solid blue
lines show the best-fit power laws, with the 1σ uncertainties marked by the
shaded regions (see Table 5). Different symbols identify whether each cluster
is disturbed (triangles), relaxed (circles), or not classified (squares). Previous
estimates of the Y200c–M200c scaling relation are shown in the bottom panel
with dashed and dot-dashed lines (see text for details).
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Table 5
Best-fit parameters of scaling relations

Best-fit
Relation BSS

a A B σMY

ycorr
0.�5 – M200c 1 20.0±1.9 1.16±0.27 0.16±0.03

ycorr
0 – M200c 1 18.2±0.7 0.74±0.11 0.12±0.02

Y corr
200c – M200c 0.6 17.0±1.6 0.56±0.11 0.11±0.02

a Expected logarithmic slope from self-similar evolution.

noise level is approximately constant except near the edges of
the map (Marriage et al. 2011a,b). Within our sample, there
is potentially only one cluster (ACT-CL J0707−5522) whose
Malmquist correction is not accurately described by this pro-
cedure because it sits in a high-noise region in the maps. If
this cluster is removed from the sample, the change in the
Malmquist-corrected scaling laws is negligible. In practice,
clusters within a mass range from M to M +∆M are extracted
from the simulations and the average y0 value of the extracted
subsample is determined both with and without a detection
threshold. The ratio of y0 values represents a statistical esti-
mate of the Malmquist bias factor for clusters within this mass
range. The procedure is repeated for different mass ranges
that span the ACT cluster sample. At the low mass end of
the cluster sample the bias correction factor is ∼ 0.8, while
for clusters with M200c > 9×1014M⊙ the correction factor is
close to unity. A continuous smooth curve is fitted to the bias
correction factors as a function of mass and applied individu-
ally to each cluster’s individual measured y values. To distin-
guish the bias-corrected values hereafter, we label them with a
superscript “corr”. We apply the same bias correction factors
to each of the different SZE estimators. This is a reasonable
approach since the latter are all based on matched filters with
kernels of similar scales.

5.2. Best-fit Scaling Relations
We use the Bivariate Correlated Errors and intrinsic Scat-

ter (BCES) bisector algorithm for linear regression (Akritas
& Bershady 1996), which takes into account measurement
errors in both axes and intrinsic scatter, to find the best-fit
slopes and normalizations of the power-law scaling relations
given by Eqs. 4. The results are shown in Fig. 4, where the
solid lines represent the best-fit power-laws and the shaded
regions are the 1σ uncertainties. Table 5 lists the best-fit pa-
rameters, where the last column lists the log-normal intrinsic
scatter orthogonal to the best-fit line, as introduced by Pratt et
al. (2009). Uncertainties in the intrinsic scatter are computed
following Planck Collaboration (2011b). Different symbols
identify the dynamical state of each cluster (see §5.3).

All three SZE estimators correlate with dynamical mass
with Pearson’s r-values of 0.63, 0.75 and 0.67 for ycorr

0.�5 , ycorr
0

and Y corr
200c, respectively. The fractional errors on the slopes

are similar, ranging from 15% for ycorr
0 − M200c to 25% for

ycorr
0.�5 − M200c, while σMY ranges from 11% to 16% depending

on the SZE estimator. These values are consistent with those
found in simulations (which have some dependence on the
input cluster physics) and are of order 10%-15% for large-
aperture integrations such as Y200c (Nagai 2006; Yang et al.
2010; Battaglia et al. 2011). We find that the intrinsic scat-
ter of the ycorr

0 − M200c relation is low and similar to that of
the Y corr

200c − M200c scaling law. While numerical simulations
predict a higher dependence on gas physics and projection ef-
fects for central estimates (e.g., Motl et al. 2005; Shaw et al.
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Figure 4. Scaling relations between SZE estimators and dynamical mass for
y0.�5 from Sehgal et al. (2011) with ACT 2008 data (top), the central SZE
amplitude y0 (middle), and Y200c, the Compton y-parameter integrated out to
r200c (bottom), the latter two including three-season ACT data. All estimators
have been scaled as indicated in the axis labels (see Eqs. 4) and data points
have been corrected for Malmquist bias as detailed in the text. Solid blue
lines show the best-fit power laws, with the 1σ uncertainties marked by the
shaded regions (see Table 5). Different symbols identify whether each cluster
is disturbed (triangles), relaxed (circles), or not classified (squares). Previous
estimates of the Y200c–M200c scaling relation are shown in the bottom panel
with dashed and dot-dashed lines (see text for details).
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ACT Equatorial Observations
2009-2010 seasons [Menanteau et al. 2012, arXiv soon]

• Total area covered by ACT maps 502 deg2 over the celestial equator

• Ovelap with SDSS/S82 270.25 deg2

• Beyond S82, about extra ~190 deg2 

• 49 optical/NIR-confirmed on S82 alone. (2x density to Southern Strip)

• 19 clusters at z<0.5 confirmed using DR8.

• SOAR 4.1-m (2012B) for optical confirmation beyond DR8.

• 68+23 so far combined (Equator + South)

SDSS/S82
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Purity of ACT Equatorial Sample (S82)

• Purity = Nreal/Nobserved 

• 100% purity for S/N>5.0 (17/18 clusters)

• 60% purity at S/N>4.5
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S82(griz)

A new SZ-discovered z~1 cluster
[Menanteau et al. 2012, arXiv soon]
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S82(griz)

A new SZ-discovered z~1 cluster
[Menanteau et al. 2012, arXiv soon]

S82(griz)+APO(Ks), zphot=1.1
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M200a Masses for Equatorial Sample and 
rarity of the clusters
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M200a Masses for Equatorial Sample and 
rarity of the clusters
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Evidence of “mis-centering”?

Offset Between BCG and SZ?

- Mean separation 0.12 Mpc/h70  

and  0.17 Mpc/h70

- ACT SZ centroid uncertainty ~ 
0.15 Mpc/h70 

- No significant evidence of 
offset between SZ/BCG 
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SZ/Richness Relation on the 
ACT Equatorial sample

• Compare SZ-Mass with optical 
richness (N200), own values.
• Clusters to z<0.65 (in S82)
• Clusters to z<0.40 (out S82)
• Weak correlation with N200

• Large scatter in M200a vs N200
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Summary

•~90 confirmed clusters (BCG and red sequence) from >952 deg2, between 
0.1<z<1.3

•We have one of the first redshift-independent samples of galaxy clusters 
selected via the SZ effect, used to constrain σ8 and w.

•  We have the next bullet cluster at z~0.9

•  ATCA observations confirms hightest-z Double Radio Relic.

• Scaling relations from 2010-2012:  Gemini/GMOS + VLT/FORS 

• 100 warm Spitzer/IRAC (3.6um and 4.5um) stellar content.

•HST(6 orbits)+Chandra (300ks) for “El Gordo” confirm DM/gas offset.

•Chandra and XMM observations of new systems

•ACTPol to start observation  in 2013.
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Thank you


