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GALAXY CLUSTERS
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Largest gravitationally bound 
structures in the Universe

~1013–1014 solar masses:

~80% Dark Matter
~20% hot diffuse gas

~1% galaxies

Cluster number density as a function of mass and redshift is 
very sensitive to cosmology.

— angular diameter distance (volume)
— growth of structure (galaxy clustering)
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EVOLUTION OF LARGE 
SCALE STRUCTURE
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Borgani & Kravtsov 2011 
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NUMBER COUNTS
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DARK ENERGY SURVEY

5

DES

5000 sq deg grizY 
24th mag, 0.9’’ seeing
525 nights: 2013-2018

DEcam

3 deg2 FOV 570 Mpix optical CCD camera

Facility instrument at CTIO Blanco 4-m 
telescope in Chile

First light: Sep 2012

100,000 clusters
up to z~1

down to ~1013.5 Msun
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CLUSTER SAMPLES
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AA49CH11-Allen ARI 2 August 2011 10:40
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Figure 1
Yields from modern surveys of clusters used for cosmological studies are shown, with symbol size
proportional to median redshift. Samples selected at optical ( gray filled circles), X-ray (red squares), and
millimeter (blue triangles) wavelengths are discussed in Section 3.2. Stars and horizontal lines (purple) show
full sky counts of halos expected in the reference !CDM cosmology (see Section 2) with masses above 1015

and 1014 M!. Such halo samples have median redshifts of 0.4 and 0.8, respectively.

proportional to median sample redshift, and symbol types encode the selection method. The stars
at far right show theoretical estimates of the all-sky number and median redshift of halos with
masses above 1014 M! and 1015 M!. The former mass limit roughly marks the transition from
galaxy groups to galaxy clusters, whereas the latter marks the deepest potential wells with ICM
temperatures kT ! 5 keV. Current surveys have made good progress, but the full population of
clusters remains largely undiscovered.

Optical and X-ray surveys have the longest histories, but these traditional methods are being
complemented by new approaches. Space-based surveys in the near-IR extend optical methods to
z > 1 (Eisenhardt et al. 2008, Demarco et al. 2010), and the first few clusters identified by their
gravitational lensing signature have been published (Wittman et al. 2006). Ongoing millimeter
surveys have released the first sets of clusters discovered through the Sunyaev-Zel’dovich (SZ)
effect (Marriage et al. 2010, Vanderlinde et al. 2010, Planck Collaboration 2011a), with the promise
of much more to come.

Panoramic, multiwavelength surveys of common sky areas offer profound improvements to our
understanding of clusters as astrophysical systems, which in turn further empowers their use for
cosmological studies. And while considerable challenges to interpretation and modeling of survey
data certainly exist, a halo model framework, discussed in Section 2, is rising to meet this task.

1.2. Cosmic Calibration via Simulations
A feature common to many techniques that study dark energy is the nature of the input data, which
consist of catalogs of properties, x, of discrete objects that lie along our past light-cone. Upcoming
wide-field surveys should generate x-catalogs of large dimension that will be distilled to constrain
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FIG. 2: LEFT: Forecasted 1σ constraints on dark energy parameters from the DES probes, including only statistical errors
and assuming ΛCDM as the true model. From the largest to the smallest ellipse, the probes considered are baryon acoustic
oscillations (black), supernovae (green), cluster counts (magenta), and weak lensing (blue). Each constraint is combined with
a prior expected from Planck CMB measurements; additionally, the supernovae constraint includes an 8% prior on H0.

RIGHT: Same as LEFT but now the true model is assumed to be our toy modified gravity model with γ = 0.68.
Shown are the forecasted constraints when we incorrectly attempt to fit a GR+dark energy model to the data. The center of
the weak lensing ellipse has moved to (w0, wa)=(-1.1, 0.47) while the cluster counts ellipse has moved to (-1.19, 0.90). The
probes are seemingly consistent, but we discuss the problems with this interpretation in Section IIIB.

Our first task then is to determine the expected values of the measurements for the four probes in the assumed modi-
fied gravity model and compare those to the predictions in standard GR+Dark energy. We consider a set of 8 standard
cosmological parameters with fiducial values {w0, wa,ΩDE,Ωk, h,Ωb, ns,σ8} = {−1, 0, 0.73, 0, 0.72, 0.046, 1, 0.8}where
Ωk is the curvature density, h is the Hubble constant in units of 100 km/s/Mpc, Ωb is the baryon density, ns is the
slope of the primordial spectrum, and σ8 normalizes the matter power spectrum at z = 0. For each probe, we then
compute the constraints including projected priors from the Planck satellite [see e.g. 16]. We include only statistical
errors in the projections for each experiment, therefore our parameter constraints will be optimistic but sufficient for
our goal, which is to compare methods of testing GR.
For two probes, supernovae and BAO, the answer is simple: these probes are sensitive only to background geometry

which is assumed identical in our MG and GR models, so the predictions for the distance moduli (from supernovae)
and correlation function peak (due to BAO) are identical to standard GR and ∆P = 0. The projected contours
therefore are centered on the point in parameter space corresponding to the fiducial values. The only work that needs
to be done is to determine the Fisher matrix which delineates the allowed region. This has been done before; here we
simply reproduce these results, shown projected onto the (w0, wa) plane in Figure 2. The CMB is mostly insensitive to
our choice of MG since γ only determines structure growth in the late Universe. The CMB power spectrum is in fact
affected by gravity modifications via the late Integrated Sachs-Wolfe effect [17, 18] and gravitational lensing, but we
ignore these effects, which should only reduce our sensitivity to MG. Our Planck prior is therefore unchanged between
the GR and MG cases. Only the weak lensing and cluster predictions are significantly changed when comparing GR
to our toy MG model. Details on these calculations and Fisher matrix calculations for all probes are provided in the
appendix.

DES expected measurements

w0

wa

BAO

SNe

Clusters

WL

Combined
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CLUSTER FINDING
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CLUSTER LENSING
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Measure clusters
mass-richness relation 
(tool for cosmology)
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CLUSTER SELECTION 
FUNCTION
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Soares-Santos et al. 2011
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CLUSTER MASS 
FUNCTION
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By applying the VT cluster 
finder on mock catalogs, we 
can measure the selection 
function for our cluster 
catalog.

We apply that selection 
function back to the cluster 
number counts to obtain the 
mass function.

Soares-Santos et al. 2011
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ABELL 142
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DES image
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A142 RED SEQUENCE
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108 members,
down to 0.1L*
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A142 LUMINOSITY 
FUNCTION
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HIGH-Z CLUSTERS?
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SDSS-III DR9 redshift

red = glxs @ 0.7<z<1.0

6.0L*     2.5L*      1.0L*      0.4L*

BCG candidates

peaks are 
cluster member

candidates

A142
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VT CLUSTERS
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VT CLUSTERS
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CONCLUSIONS
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With 100,000 detections, DES will have the largest sample 
of galaxy clusters ever used for Cosmology.

DES Science Verification data indicate that we are in the 
right path: recovering known clusters and finding new ones.

We will use DES clusters to shed light on dark energy with 
unprecedented precision. 


