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Energy Budget of the Universe

Dark Energy
73%

Dark Matter
23%

3.6%
Intergalactic 
gas0.4% Stars,etc.

Cluster cosmology will be 
one of the key techniques 
to unveiling the “Dark” 
part of our universe.

Current surveys (DES, HSC
LSST, EUCLID, ...) are 
aimed at understanding
Dark Energy and Dark 
Matter 
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Clusters reside in the late universe

DES

LSST
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Lensing is a coordinate 
transformation

http://keckobservatory.org/news/natures_best_magnifying_glass/
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Lensing is a coordinate 
transformation

http://keckobservatory.org/news/natures_best_magnifying_glass/

from P. Schneider, Saas Fee lecture on “Weak Gravitational Lensing”
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Looking at different lensing 
regimes

http://lsst.org/lsst/
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We are in the era of large 
cluster Surveys

~50 SUBARU

Giant Arc Survey
200 groups+clusters

LoCuss

....and many more

SDSS

CFHTLS
kids

DES

SuperMassive Clusters

KIDS

lsst, euclid, ...

CLASH
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Gravitational Lensing causes 
coherent distortions 

Weak lensing is a 
statistical measure of 
the distortion of 
background galaxies 
due to the intervening 
mass.

Williamson et al. 2007.
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Measuring galaxy ellipticity is 
difficult
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Another weak lensing effect is 
magnification

A. Feild / STScI / NASA / ESA
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Lensing at its best: Strong 
Lensing
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The Cluster Mass Function falls 
sharply

Bhattacharya et. al.
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...there are challenges in weak 
lensing mass measurements

Bahe et al. 2011
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SuperMassive Clusters

NOAO Proposal Page 6 This box blank.

Experimental Design Describe your overall observational program. How will these observations

contribute toward the accomplishment of the goals outlined in the science justification? If you’ve requested

long-term status, justify why this is necessary for successful completion of the science. (limit text to one

page)

Our survey is carefully designed to precisely measure the normalization and scatter of the M(Tx)
relation at high mass. We use the most massive clusters to maximize S/N , to attain a low mass
measurement error per cluster. We also require low systematic errors in WL measurement; Co-I’s on
this proposal have developed three of the best-performing WL pipelines (∼ 2% accuracy) in STEP2
(Massey et al. 2007). The use of multi-band photo-z data reduces the WL calibration uncertainty
due to ignorance of the source dN/dz from ∼ 20% to < 3%. The photo-z data will also reliably
identify cluster galaxies, which would otherwise contaminate the source sample, suppressing the
lensing signal in the inner cluster regions (Limousin et al. 2007; our Fig. 2).

Recently published studies demonstrate that our overall methodology is reasonable, but that a new
survey is required: Bardeau et al. (2007) state that their sample is too small, with uncertainties in
individual masses σmeas that are too large to determine intrinsic scatter σint. Okabe et al. (2010,
LoCuSS survey) present WL mass estimates for 22 clusters, which will constrain the mean M(Tx)
normalization and slope. These clusters span (1–10)×1014h−1M#, however, and each cluster has
σmeas > σint, so σint cannot be measured well. The DAFT/FADA survey (Guennou et al. 2010)
is also unlikely to do the science that is our goal, because they use HST observations for galaxy
shapes, which restricts their field-of-view to a fraction of the cluster virial radius.

Sample selection and size: Our Fisher matrix analysis suggests that with M180ρ ∼ 1015h−1M"
we can achieve a statistical error on the projected cluster mass of < 10% per cluster. As a result,
the ensemble mean value of M can be determined to 9%, and the total scatter in the 2d mass
at fixed X-ray temperature can be determined to within ±5% with 20 clusters (Fig. 1). When
combined with N -body simulations (e.g., Becker & Kravtsov 2011) to determine the scatter due
to large-scale structure and the 2d-to-3d projection, we can subtract off those contributions to
determine the scatter in the M(Tx) relation to high precision (5% out of an expected 20%).

The X-ray temperature is more highly correlated with the cluster mass than the X-ray luminosity;
we require Tx > 6.5 keV to obtain virial masses > 1015h−1M" (Dahle et al. 2002, Smith et al.
2005). The redshift range 0.15 < z < 0.3 gives the optimal combination of high lensing efficiency
and X-ray flux. Our selection criteria yield an unbiased sample of supermassive clusters, because
we do not eliminate complex or merging systems.

Photo-z calibration: Besides the 20 clusters (19 targets, since a double cluster fits in 1 pointing),
we must also observe photo-z calibration fields overlapping spectroscopic surveys. Previously, we
observed the DEEP2 Extended Groth Strip (EGS), 02h, and 23h fields to obtain a calibration
sample of ∼ 30k galaxies. The upgrade of Mosaic CCDs will significantly change the system
response, especially in the C and z bands. This proposal therefore requests time to observe a new
calibration field (COSMOS) to ensure adequate calibration data with the new CCDs (DEEP2 EGS
was re-observed in 2011A, but the sample size is insufficient).

Required exposure depths: We have run a photo-z simulation to verify our exposure times and
limiting magnitudes. The simulation includes realistic galaxy samples based on the COMBO-17
type-dependent R-band luminosity function (Wolf et al. 2003), and the photo-z determined using
Le Phare (Ilbert et al. 2006). Our simulation suggests, and preliminary observational
results verify, that contamination from cluster member galaxies is reduced to the < 2–
3% level at the minimum scale used for WL, we have a large fraction of useful source
galaxies, and the redshift-related calibration error is reduced to < 1% (see Fig. 2).

20 Clusters
0.15<z<0.3

Aim: Constrain the intrinsic scatter in the mass-
temperature relationship within 5%. This will be 
done by using excellent photozs and combining 
simulations to account for the foreground large 
scale structure. Massive clusters at low redshift 
are chosen to ensure accurate mass estimates.

Existing data 
on X-rays and 
Strong Lensing
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Separating foreground and 
background galaxies
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MacDonald et al. (in prep.)

For z < 0.8, scatter 
in dz/(1 + z) ∼ 
0.065. 
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Magnification changes source 
density

http://www.sdss.org/news/releases/20050426.magnification.html

N(m) = N0(m)µ2.5s(m)�1

image credit: Hendrik Hildebrandt
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Magnification Depletion in A2261
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Deb et al. in prep
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Magnification Depletion in A2219
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An ongoing study...

A2261

X-ray 

Lensing
Lensing

A1914

Lensing

X-ray 

Optical

A2219
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Profile Fitting: A1689

Deb et al. 2011
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Shear vs. Magnification

Shear 
Advantages

 Higher S/N per galaxy.

 
Disadvantages 

 PSF, pixelization and 
Measurement Noise.

 Intrinsic Alignments.

h✏(s)i = 0

Magnification
 Advantages

 Object detection is easier 
than shape measurement.

 More galaxies available, 
especially at high redshifts.

Disadvantages 
 Lower signal-to-noise per 

galaxy.

 Prior knowledge of 
Luminosity Function.
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Shear vs. Magnification

Shear 
Advantages

 Higher S/N per galaxy.

 
Disadvantages 

 PSF, pixelization and 
Measurement Noise.

 Intrinsic Alignments.

h✏(s)i = 0

Magnification
 Advantages

 Object detection is easier 
than shape measurement.

 More galaxies available, 
especially at high redshifts.

Disadvantages 
 Lower signal-to-noise per 

galaxy.

 Prior knowledge of 
Luminosity Function.
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Shear + Magnification: Maximizes S/N 
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Shear vs. Magnification
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 Looking ahead into the era of 
survey science

 Cluster Cosmology: From individual 
clusters to thousands of objects: a step toward 
measuring the mass function.

 Shear + Magnification+Strong Lensing: 
Maximum S/N from data.

Major Challenges: Systematics, systematics, ...
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Collaborators

Salman Habib
Katrin Heitmann
Juliana Kwan
Adrian Pope
Suman Bhattachraya
Amol Upadhye

Reiko Nakajima 
Rachel Mandelbaum
Gary Bernstein
Jonathan MacDonald
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