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a bz = 3
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c d

Figure 6
Evolution of a dark matter density field in a comoving region of 15h−1 Mpc on a side around cluster mass
density peak in the initial perturbation field. The panels show redshifts (a) z = 3, (b) z = 1, (c) z = 0.5, and
(d ) z = 0. The forming cluster has a mass M 200 " 1.2 × 1015h−1 M $ at z = 0. The figure illustrates the
complexities of the actual collapse of real density peaks: strong deviations from spherical symmetry,
accretion of matter along filaments, and the presence of smaller-scale structure within the collapsing
cluster-scale mass peak.

scope of this review, and we refer readers to recent reviews on this subject (Bertschinger 1998,
Dolag et al. 2008, Norman 2010, Borgani & Kravtsov 2011). Here, we simply discuss the main
features of gravitational collapse learned from analyses of such simulations.

Figure 6 shows evolution of the DM density field in a cosmological simulation of a comoving
region of 15h−1 Mpc on a side around cluster mass–scale density peak in the initial perturbation
field from z = 3 to the present epoch. The overall picture is quite different from the top-hat
collapse. First of all, real peaks in the primordial field do not have the constant density or sharp
boundary of the top-hat, but have a certain radial profile and curvature (Bardeen et al. 1986, Dalal
et al. 2008). As a result, different regions of a peak collapse at different times so that the overall
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Why	
  galaxy	
  clusters	
  ?	
  

	
  Complementary	
  probe	
  to	
  CMB,	
  SNe,	
  GC	
  	
  
	
  and	
  WL:	
  

	
  Different	
  systemaIcs	
  and	
  degeneracies	
  

	
  SensiIve	
  to	
  the	
  growth	
  of	
  structure	
  (as	
  WL):	
  
Combined	
  with	
  a	
  purely	
  geometrical	
  probe	
  
can	
  be	
  used	
  to	
  test	
  the	
  validity	
  of	
  our	
  theory	
  
of	
  gravity	
  

	
   	
   	
   	
  	
  
	
   	
   	
   	
   	
  BUT	
  

	
  Complex	
  astrophysics	
  objects:	
  	
  
	
  mix	
  of	
  galaxies,	
  gas,	
  dark	
  maKer	
  
	
  InteracIons	
  between	
  these	
  components	
  

	
  Need	
  to	
  understand	
  the	
  physics	
  at	
  work	
  and	
  
the	
  evoluIon	
  of	
  these	
  objects	
  to	
  constrain	
  
cosmology	
  correctly. 	
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Figure 10
(a) Joint 68.3% and 95.4% confidence regions for the mean matter density and perturbation amplitude from the abundance of clusters
in the MaxBCG sample (z < 0.3) compared to those from WMAP data (Dunkley et al. 2009) for spatially flat !CDM models. The joint
constraints from the combination of the two data sets are also shown. From Rozo et al. (2010). (b) Constraints on the dark energy
density and equation of state from the abundance and growth of clusters in the 400 Square Degree sample (z < 0.9) compared with
those from WMAP, SNIa (Davis et al. 2007), and baryon acoustic oscillations (BAO) (Eisenstein et al. 2005, Percival et al. 2007) for
spatially flat, constant w models. Note that, contrary to the convention followed in the other figures, the shaded regions in panel b
indicate only 39.3% confidence. The tight constraints from WMAP compared to Figure 11 result from the fact that a simplified
analysis was used, in particular neglecting the influence of dark energy on the Integrated Sachs-Wolfe effect (e.g., Spergel et al. 2007).
From Vikhlinin et al. (2009b).

but both groups demonstrate consistency with results from the WMAP satellite (Komatsu et al.
2011). Neither group has yet obtained simultaneous constraints on cosmology and the relevant
SZ scaling relation, making their final error budgets strongly dependent on the priors chosen to
constrain the scaling relation.

4.1.3. Scaling relations. To obtain scaling relations appropriate for constraining cosmology, the
analysis of the two must be simultaneous and must account properly for the influence of the survey
selection function (e.g., Stanek et al. 2006, Sahlén et al. 2009) and the cluster mass function, as in
Mantz et al. (2010a; see also Sections 4.1.1 and 2.5.1). Some researchers have included corrections
for the expected Malmquist bias given a flux limit or selection function (Pacaud et al. 2007, Pratt
et al. 2009, Vikhlinin et al. 2009a), but most analyses of scaling relations in the literature employ
least-squares regression without detailed consideration of sample selection. Because various cluster
samples, with different selection functions, have been used, it is not surprising that results on the
slopes, scatters, and evolution of the scaling relations have varied widely compared to the formal
uncertainties. Another statistical issue is that the covariance that comes about when the scaling
quantities are measured from the same observations, for example temperature and hydrostatic
masses from X-ray data, is commonly ignored (see Section 7).

The method used to estimate masses has also varied. Most researchers have used the assumption
of hydrostatic equilibrium applied to X-ray data, regardless of the dynamical state of the cluster,
which must introduce spurious scatter due to departures from equilibrium and nonthermal support
(e.g., Nagai, Vikhlinin & Kravtsov 2007). More recently, mass proxies such as gas mass (e.g., Mantz
et al. 2010a) and X-ray thermal energy (YX; e.g., Maughan 2007, Pratt et al. 2009, Vikhlinin et al.
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MulIwavelength	
  analysis	
  

	
  	
  	
  	
  	
  	
  ProperIes	
  of	
  the	
  different	
  components	
  can	
  be	
  adressed	
  using	
  a	
  mulI-­‐
wavelength	
  approach:	
  

•  UV/OpIcal/NIR/IR:	
  properIes	
  of	
  galaxies	
  (distribuIon,	
  dynamics,	
  star-­‐
formaIon,	
  stellar	
  masses,…)	
  

•  X-­‐Ray/SZ:	
  physics	
  of	
  the	
  thermal	
  gaz	
  
•  Radio:	
  non-­‐thermal	
  processes	
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a b c
X-ray wavelengths Optical wavelengths Millimeter wavelengths

Figure 7
Images of Abell 1835 (z = 0.25) at (a) X-ray, (b) optical, and (c) millimeter wavelengths, exemplifying the regular multiwavelength
morphology of a massive, dynamically relaxed cluster. All three images are centered on the X-ray peak position and have the same
spatial scale, 5.2 arcmin or ∼1.2 Mpc on a side (extending out to ∼r2,500; Mantz et al. 2010a). Figure credits: (a) X-ray: Chandra X-ray
Observatory/A. Mantz; (b) optical: Canada-France-Hawaii Telescope/A. von der Linden et al.; (c) millimeter: Sunyaev Zel’dovich
Array/D. Marrone.

3. OBSERVATIONAL TECHNIQUES
In this section we review briefly the physics underlying multiwavelength observations of galaxy
clusters. We summarize efforts to construct cluster catalogs, with an emphasis on surveys that have
led to cosmological constraints. We discuss techniques used to measure the masses of clusters and
observable proxies that correlate tightly with mass.

3.1. Multiwavelength Measurements of Galaxy Clusters
3.1.1. X-ray observations. Most of the baryons in the Universe are in diffuse gas. Typically,
this gas is very difficult to observe. Within galaxy clusters, however, gravity squeezes the gas,
heating it to virial temperatures of 107–108 K, which causes it to shine brightly in X-rays. Galaxy
clusters therefore light up at X-ray wavelengths as luminous, continuous, spatially extended sources
(Figure 7).

The primary X-ray emission mechanisms from the diffuse ICM are collisional: free-free emis-
sion (bremsstrahlung); free-bound emission (recombination); and bound-bound emission (mostly
line radiation). The emissivities of these processes are proportional to the square of the electron
density, which ranges from ∼10−1 cm−3 in the centers of bright cool core clusters to ∼10−5 cm−3

in cluster outskirts. At these low densities, the X-ray-emitting plasma is optically thin and in the
coronal limit, which makes modeling straightforward.

For survey observations, the primary X-ray observables are flux, spectral hardness, and spatial
extent. Using deeper, follow-up observations of individual clusters, modern X-ray satellites allow
the spatially resolved spectra of clusters to be determined precisely, permitting measurements of
the density, temperature and metallicity profiles of the ICM, and a host of derived thermodynamic
quantities. For reviews of the principles underlying X-ray observations of clusters see, e.g., Sarazin
(1988) and Böhringer & Werner (2010).

3.1.2. Optical and near-infrared observations. The optical and near-IR emission from galaxy
clusters is predominantly starlight. The galaxy populations of clusters are dominated by ellipticals
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Galaxy	
  clusters	
  as	
  probes	
  of	
  dark	
  energy	
  

	
  Cluster	
  redshir	
  distribuIon:	
  	
  

	
  	
   	
   	
   	
   	
  	
  

	
  SensiIve	
  to	
  DE: 	
  	
  	
  

  	
   Growth	
  rate	
  of	
  density	
  perturbaIon	
  
  	
   	
  Volume	
  element	
  

2

strated that future SZE surveys might constrain
the variation of the dark energy equation of state
w(z). Hu & Kravtsov (10) examined the ef-
fects of cosmic variance on cluster surveys as well
as including the effects of imprecise knowledge
of a larger number of cosmological parameters.
Levine, Schulz & White (11) examined an X–ray
cluster survey, showing that a sufficiently large
survey allows one to measure cosmological pa-
rameters and constrain the all–important cluster
mass–observable relation simultaneously. This
raises the exciting possibility that cluster surveys
are self–calibrating– that the redshift distribu-
tion contains enough energy to solve for cluster
structure and cosmology simultaneously! An im-
portant caveat to this work is that the authors
assumed that the evolution of cluster structure
was perfectly known. In a more recent work, Ma-
jumdar & Mohr (12) show that if one allows for
our imprecise knowledge cluster structural evo-
lution with redshift, the constraint on the dark
energy equation of state w evaporates. In ad-
dition, we show that if one incorporates followup
measurements– perhaps from X–ray, SZE or weak
lensing– into the survey one can recover the pre-
cise constraints on w. These calculations under-
score the importance of incorporating informa-
tion from multiple observables into future cluster
surveys. Ongoing calculations by several groups
will undoubtedly provide additional insights into
how to optimize cluster surveys, but today it ap-
pears that high yield cluster surveys are as vi-
able a means of studying dark energy as first sug-
gested.

2. Prospecting for Clusters

Galaxy clusters are dark matter dominated ob-
jects with baryon reservoirs in the form of an intr-
acluster medum (ICM) and a galaxy population.
Clusters can be found through the light the galax-
ies emit, the gravitational lensing distortions the
cluster mass introduces into the morphologies of
background galaxies, the X–rays emitted by the
energetic ICM, the distortion that the hot ICM
introduces into the cosmic microwave background
spectrum (SZE), and the effects that the ICM has
on jet structures associated with active galaxies

Figure 1. The cluster redshift distribution for a
4000 deg2 SZE survey proposed for the South Pole
is sensitive to the dark energy equation of state w.
Three models with different w are shown (above)
and statistical differences quantified (below).

in the cluster. These methods are largely com-
plementary, each having different strengths. It
appears that X–ray and SZE signatures of clus-
ters are higher contrast observables than are weak
lensing or galaxy light. That is, massive galaxy
clusters are more prominent relative to the jum-
ble of lower mass halos and large scale filaments
when viewed with the SZE and X-ray; projection
effects are a far more serious concern when using
galaxy light or weak lensing signatures. Studies of
the highest redshift galaxy clusters will likely be
done with the SZE, because of the redshift inde-
pendence of the spectral distortion in the CMB.
Further work has to be done to develop optimal
means of applying each of these observables and
combining them to create the highest fidelity pic-
ture of the cluster population and its evolution.

Figure 1 contains the redshift distributions for
one proposed SZE survey from the South Pole
(PI: Carlstrom). Redshift distributions for w =
−1, w = −0.8 and w = −0.6 are shown to demon-
strate the effects of this parameter on the survey.
In the lower panel the statistical “distance” be-
tween these models is shown, illustrating sensitiv-
ity near the peak in dN/dz at z = 1/2 and again

Mohr	
  et	
  al.	
  2002	
  

2 Majumdar and Mohr

slice of the survey. Additional calculations are needed to
examine how well this very promising approach will work
in future cluster surveys.

Here we look at another way to improve constraints on
the equation of state of dark energy. We show how one may
use the redshift averaged cluster power spectrum P̄cl(k),
derived from the correlated positions of galaxy clusters
in the survey, to tighten the constraints on cosmological
parameters. Because the sky position and the redshift (al-
ready needed to measure the redshift distribution) for each
cluster gives us enough information to construct P̄cl, one
essentially gets the cluster power spectrum without further
observational effort. The amplitude and shape of the clus-
ter power spectrum depends on the underlying dark matter
power spectrum and the bias of the tracers, which is re-
lated to the mass of the halo (Mo & White 1996; Sheth &
Tormen 1999) in the same way as the mass function of the
halos. Thus, a measure of biased cluster power spectrum
essentially provides an indirect measurement of the mass
of the cluster tracers . This additional information is es-
sential in constraining the evolution of the mass-observable
relation, which is key to obtaining tight cosmological con-
straints from the cluster redshift distribution. In addition,
the shape of the cluster power spectrum provides an addi-
tional constraint on the matter density because of its effect
on the transfer function.

Moreover, an advantage of P̄cl over any spatial correla-
tion, ξ(r), studies is in the respective uncertainty analy-
sis. For P̄cl, one can assume, for an initial Gaussian field,
the statistical fluctuation to be mainly uncorrelated (Feld-
man et al. 1994). However, P̄cl is similar to ξ(r) in the
sense that both exhibit different parameter degeneracies
than those from using dN/dz and hence combining power
spectrum constraints with the cluster redshift distribution
helps in tightening parameter constraints. The aim of this
paper is to examine the complementarity of the redshift
distribution and cluster power spectrum that can be ob-
tained in any high yield cluster surveys. We show that by
combining these two analyses, dramatic improvement on
w-constraints can be realized even in the face of uncertain
evolution of the cluster mass–observable relation.

The paper is arranged in the following way. In §2 we
describe the basic formalism and then in §3 we describe
three representative surveys and our method of estimat-
ing parameter constraints. In §4 we present our results
and finally conclusions are drawn in §5.

2. PRELIMINARIES

2.1. Cluster Redshift Distribution

To begin, we estimate the redshift distribution of de-
tectable clusters within a survey solid angle ∆ΩM ,

dN

dz
= ∆Ω

dV

dzdΩ
(z)

∫ ∞

0
f(M, z)

dn(M, z)

dM
dM (1)

where dV /dzdΩ is the comoving volume element,
(dn/dM)dM is the comoving density of clusters of mass
M , and f(M, z) is the redshift dependent cluster selection
function for the survey. In this analysis we take f(M, z)
to be a step function at some limiting mass Mlim, which
corresponds to the mass of a cluster that lies at the sur-
vey detection threshold. In a real survey the selection
function will depart from a step function, and this has

been examined elsewhere (Holder et al. 2000; Lin & Mohr
2003). We use the cluster mass function dn/dM deter-
mined from structure formation simulations (Jenkins et al.
2001). Sample dn/dz plots can be found in MM03.

For an X-Ray survey, the mass-observable relation takes
the form of bolometric flux - mass relations and we use

fx(z)4πd2
L = AxMβx

200E
2(z) (1 + z)γx (2)

where fx is the observed flux in units of erg s−1cm−2,
dL is in units of Mpc, M200 in units of 1015M# is the
mass enclosed within a radius r200 having a overdensity of
200 with respect to critical and H(z) = H0E(z). where

E2(z) = ΩM (1 + z)3 + Ωk(1 + z)2 + Ω3(1+w)
E . We con-

vert M200 to M(z), the halo mass appropriate for our
mass function at redshift z using a halo model (Navarro
et al. 1997, hereafter, NFW). Following MM03, the pos-
sibility of non-standard evolution of the mass–observable
relation is included through the parameter γx. In our fidu-
cial model we take γx = 0 to be consistent with the ob-
served weak evolution in the luminosity–temperature re-
lation (Vikhlinin et al. 2002), and we choose βx = 1.807
and log Ax = −3.926 (Reiprich & Böhringer 2002).

For an SZE survey, the corresponding SZE flux-mass
relation is given by

fsz(z, ν)d2
A = f(ν)fICMAszM

βsz

200 E3/2(z) (1 + z)γsz (3)

where f(ν) is the frequency dependence of the SZE dis-
tortion, fsz is the observed flux in mJy, M200 is in units
of 1015M#, fICM = 0.12 (e.g Mohr et al. 1999) and dA is
in units of Mpc (see Diego et al. 2001). For our fiducial
model, we use the mass - temperature relation for clus-
ters having T > 3KeV (Finoguenov et al. 2001), to get
log Asz = 16.47, βsz = 1.68 and γsz = 0 to model stan-
dard structure evolution. Note that in determining the
estimated uncertainties on cosmological parameters, we al-
low the normalization of these mass–observable relations
to be free to vary. Finally, we impose a minimum cluster
mass of 1014h−1 M# on all surveys.

2.2. The Cluster Power Spectrum

The power spectrum of future high yield surveys pro-
vides a different probe of the background cosmological
model. Taken alone, the constraints from cluster power
spectrum are far weaker than those from dN/dz alone.
However, when combined with other measures of cosmo-
logical parameters, the power spectrum studies can give
very powerful constraints. While in most cases, people
have studied the power spectrum for galaxy surveys, the
cluster power spectrum holds similar promise because clus-
ters are highly biased when compared to galaxies, making
it possible to obtain similar statistical uncertainties with
far smaller samples. Another important issue that con-
trasts the cluster power spectrum, Pcl(k), from that of
galaxies is the fact that the bias, b(M, z), for clusters can
be determined from large scale N-body simulations and
theoretical calculations (Mo & White 1996; Sheth & Tor-
men 1999). In addition, cluster masses are related to sim-
ple observables, making it possible to directly connect the
bias of the cluster power spectrum to these same observ-
ables. The same physics of gravitational collapse of dark
matter dominated halos underlies the theoretical and nu-
merical predictions of the bias–mass relation and the mass

selecIon	
  funcIon	
  	
  comoving	
  volume	
  element	
  	
   halo	
  mass	
  funcIon	
  



Constraining	
  dark	
  energy	
  	
  from	
  	
  large	
  cluster	
  surveys	
  

	
  Becomes	
  possible	
  thanks	
  to	
  the	
  recently	
  completed/	
  forthcoming	
  large	
  
cluster	
  surveys:	
  

	
  opIcal/NIR:	
  SDSS,	
  Pan-­‐STARRS,	
  DES,	
  KIDS,	
  HSC,	
  LSST,	
  Euclid	
  

	
  X-­‐Ray:	
  XMM	
  serendipitous,	
  XXL,	
  eROSITA	
  

	
  mm:	
  SPT,	
  ACT,	
  Planck	
  SZ	
  catalogs	
  

•  Counts	
  abundances:	
  	
  	
  

•  Cluster	
  –	
  clustering:	
  	
  

	
  Clusters	
  are	
  strongly	
  biased:	
  high	
  amplificaIon	
  factor!	
  

	
  Search	
  for	
  BAOs	
  in	
  cluster	
  distribuIon	
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latter is also referred to in the literature as the mass proxy, or sometimes the observable mass,
Mobs.) Complications associated with the signal–mass likelihood and with redshift estimation are
discussed below. As a starting point, consider a perfect tracer of mass, S = M, with error-free
redshifts, zest = z. Within a given survey, the expected number of halos, N ai , in a cell described
by mass bin a and redshift bin i with solid angle !", is

N (Ma , zi ) ≡ N ai = !"i

4π

∫ zi+1

zi

d z
d V
d z

∫ ln Ma+1

ln Ma

d ln M
dn

d ln M
. (7)

Cosmology enters this expression through the mass function and the volume element, dV/dz.
The counts in each large spatial bin will deviate from the mean by an excess number,

b(Ma , zi )δ(x), determined by the local large-scale density field, δ(x). Following Cunha, Huterer
& Doré (2010), the spatial covariance of the counts is

Ca
i j = 〈(N ai − N ai )(N a j − N a j )〉 = N ai N a j ξ

a
i j , (8)

where ξ a
i j describes the spatial correlation between mass-redshift bins,

ξ a
i j =

∫
d 3k

(2π )3 |Wi (k)W j (k)| f (k · !x)bai ba j Pm(k, z). (9)

Here, Wi is the window function for cell i (that, when present, can include the effects of redshift
estimate uncertainties), and f is a geometric term that depends on the comoving separation, !x,
between cells i and j. When cells i and j sample different redshifts, an accurate approximation uses
their geometric mean to evaluate Pm(k, z) (Cunha, Huterer & Doré 2010).

Combining the spatial clustering with a diagonal shot noise term forms the full covariance for
a survey sample. Derivatives of the mean counts and covariance with respect to model parameters
form the Fisher information matrix used in survey forecasts. Expressions for the Fisher matrix are
given by Hu & Cohn (2006).

Equations 7 through 9 serve as the foundation of likelihood analysis of large cluster surveys.
To be useful in practice, these expressions must undergo a number of modifications, including
transformation from mass to the signal used for cluster detection, p(S|M, z); inclusion of counting
errors arising from incompleteness (missed sources) and impurities (false sources); and inclusion of
photometric uncertainties, p(zest|z). We discuss these issues in Section 2.5 and summarize current
results in Section 4.1.

2.2.2. Baryon fraction as a standard quantity. The mass fraction of hot gas, fgas, measured
within a characteristic radius of a halo at redshift z can be written as

fgas(z) = ϒ(z)
(

"b

"m

)
, (10)

where ϒ(z) accounts for star formation and other baryon effects within that radius. At large radii
in the most massive halos, where the hot ICM dominates the baryon budget and the impacts
of feedback processes are modest, baryon losses are small and |1 − ϒ | ! 0.1 is a reasonable
expectation.
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Main	
  challenges	
  	
  

•  Mass	
  is	
  not	
  a	
  direct	
  observable:	
  assume	
  proxies	
  of	
  mass	
  

 Scaling	
  relaIon:	
  Mass/observable	
  

•  	
   One	
  has	
  in	
  general	
  to	
  deal	
  with	
  a	
  redshir	
  esImate	
  	
  
 	
  improved	
  photometric	
  redshirs	
  

•  Control	
  systemaIcs	
  in	
  detecIon:	
  purity/completeness	
  
 well	
  controlled	
  selecIon	
  funcIon	
  



Mass	
  proxies	
  and	
  Scaling	
  relaIons	
  

•  MulIwavelength	
  approach:	
  

	
  Mass	
  proxies:	
  	
  Nopt,	
  	
  shear	
  signal,	
  LX,	
  TX,	
  YX,	
  Mgas,	
  YSZ	
  

•  Beware	
  of	
  systemaIcs:	
  
	
  Impact	
  of	
  survey	
  selecIon	
  funcIon	
  and	
  cluster	
  mass	
  funcIon	
  on	
  scaling	
  
relaIons	
  (Mantz	
  et	
  al.	
  2010)	
  

	
  correcIon	
  for	
  Malmquist	
  bias	
  (PraK	
  et	
  al.	
  2010)	
  

•  AssumpIons:	
  EsImates	
  of	
  mass	
  oren	
  	
  rely	
  on	
  hydrostaIc	
  equilibrium	
  	
  

	
  Lensing	
  based	
  esImates	
  free	
  of	
  assumpIons	
  on	
  dynamical	
  state	
  
	
  Stacked	
  weak	
  lensing	
  very	
  useful	
  when	
  individual	
  signal	
  is	
  too	
  low	
  

•  Dispersion	
  and	
  EvoluIon	
  with	
  z	
  



How	
  to	
  overcome	
  these	
  difficulIes?	
  

	
  Use	
  staIsIcal	
  properIes	
  of	
  clusters	
  sensiIve	
  to	
  mass	
  and	
  
simultaneously	
  fit	
  for	
  cosmology	
  and	
  M-­‐Obs	
  relaIon	
  (cluster	
  
clustering	
  or	
  other):	
  Self-­‐CalibraIon	
  
	
  Majumdar	
  and	
  Mohr,	
  2003,	
  Schuecker	
  et	
  al.	
  2003,	
  Estrada	
  et	
  al.	
  2008	
  

  	
  Requires	
  a	
  large	
  sample	
  in	
  the	
  redshir	
  range	
  sensible	
  to	
  DE	
  [0,2]	
  
	
  	
  Caveat:	
  assumes	
  knowledge	
  of	
  evoluIon	
  of	
  cluster	
  structure	
  !	
  

  	
  Best	
  combined	
  with	
  detailed	
  follow-­‐up	
  of	
  a	
  sub-­‐sample	
  of	
  clusters	
  	
  	
  	
  
with	
  precise	
  mass	
  and	
  redshir	
  determinaIon	
  

	
  	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
   	
  	
  	
  enabled	
  	
  by	
  EUCLID	
  !	
  



Cluster	
  acIvity	
  in	
  Euclid	
  

•  Science	
  Working	
  Group	
  

Coords.:	
  	
  J.	
  Weller,	
  L.	
  Moscardini,	
  J.	
  BartleK	
  
~	
  100	
  members	
  (Mar.	
  2013)	
  

Tasks:	
  
	
   	
   	
  Fix	
  the	
  science	
  objecIves	
  
	
   	
   	
  Requirements:	
  pipeline	
  products	
  
	
   	
   	
  Requirements:	
  pipeline	
  performances	
  

	
   	
   	
   	
  Verify	
  that	
  the	
  requirements	
  are	
  met	
  
	
   	
   	
   	
  Final	
  science	
  analyses	
  



Cluster	
  acIvity	
  in	
  Euclid	
  
	
   	
   	
   	
   	
   	
  	
  

•  OU-­‐LE3	
  WP	
  Clusters	
  of	
  Galaxies	
  

	
  Tasks:	
  	
  Implement/validate	
  algorithms	
  

  Cluster	
  detecIon	
  &	
  SelecIon	
  FuncIon	
  
 Mass	
  proxy	
  esImates:	
  richness	
  –	
  velocity	
  dispersion	
  
  Cluster	
  Clustering	
  

ValidaIon:	
  
Coords.:	
  	
  T.	
  Giannantonio,	
  R.	
  Pello	
  
~	
  20	
  members	
  (May	
  	
  2013)	
  

ImplementaIon:	
  	
  
Coords:	
  A.	
  Biviano,	
  S.	
  Maurogordato	
  
~	
  50	
  members	
  (May	
  2013)	
  



Clusters	
  in	
  Euclid	
  from	
  the	
  photometric	
  survey	
  

	
  	
  	
  courtesy	
  A.	
  Biviano	
  

SelecIon	
  funcIon:	
  AnalyIcal	
  esImate	
  based	
  
on:	
  

Ks	
  cluster	
  Schechter	
  LF	
  	
  Lin	
  et	
  al(2003)	
  
Ks*	
  passive	
  evoluIon	
  
No	
  evoluIon	
  of	
  	
  α	
  	
  nor	
  φ*	
  
HAB	
  LF	
  varying	
  with	
  z	
  
EsImate	
  N(r<r200)	
  funcIon	
  of	
  M200	
  and	
  z	
  

Density	
  of	
  field	
  galaxies:	
  
H-­‐band	
  counts:	
  	
  Metcalfe	
  et	
  al.	
  2006	
  
z	
  distribuIon:	
  K20	
  survey	
  Cima�	
  et	
  al.	
  2002	
  
EsImate	
  of	
  N/σfield	
  

Clusters	
  with	
  M200>	
  1.6	
  1014	
  	
  M	
  detected	
  at	
  
3σ	
  for	
  all	
  z	
  

JB, LM, and JW: Clusters in EUCLID

Fig. 1. The number of cluster galaxies within r200 down to the limiting
magnitude of the EUCLID survey HAB = 24 as a function of redshift
for clusters of different masses.

a result of the fixed magnitude limit of the survey and the passive
evolution of galaxies.

We have thus defined a procedure to estimate the number of
cluster galaxies N200 in a cluster of given mass M200 and given
redshift, z (see Fig. 1). As a check of our N200 estimates, we com-
pare our predictions with the observations of a massive cluster at
z=1.237, RDCS J1252.9-2927, with r200 ! 0.8 Mpc (converting
from the r500 estimate of Tanaka et al. 2007). Toft et al. (2004)
and Tanaka et al. (2007) estimate the cluster LF in the Ks band,
within different apertures. To convert their counts to an aperture
of r200, we assume that cluster galaxies are distributed like the
NFW model (Navarro et al. 1996) with a concentration param-
eter of ∼ 4 (as predicted for a cluster of this mass and at this
redshift, see Gao et al. 2008). We then use the counts of Toft
et al. (2004) or Tanaka et al. (2007) to predict that the cluster
contains ! 80 ± 10 galaxies within r200, down to Ks ≤ 21.5,
which, at the cluster redshift, should roughly correspond to the
limit of the EUCLID survey, HAB = 24. For a cluster of this mass
at this redshift we predict 50 galaxies down to the same limiting
magnitude. Given the scatter in the LFs of different clusters, and
the uncertainties in their evolution, we consider our prediction in
reasonable agreement with the observational estimate.

Given the estimate of N200 as a function of M200 and z, we
now proceed to estimate how much is it overdense with respect
to the background and foreground field. We take the estimate of
the number density of field galaxies down to HAB = 24 from the
H-band counts of Metcalfe et al. (2006, see their Table 3), nfield !
33 arcmin−2. We multiply this density by the area subtended by
a cluster at any given z, to obtain the number of field galax-
ies that contaminate the cluster field-of-view, Nfield = nfield π r2200,
with r200 in arcmin.

Using photometric redshifts, zp, that will be available for all
galaxies in the EUCLID survey (Laureijs et al. 2011), it is pos-
sible to reduce the contamination by field galaxies in the clus-
ter regions. We can safely consider as non-cluster members all
those galaxies which are more than 3∆zp from the mean cluster
redshift, zc, where ∆zp ≡ 0.05×(1+z) is the required accuracy of
the photometric redshifts in EUCLID (Laureijs et al. 2011). The
mean cluster redshift can be evaluated by averaging the photo-
metric redshifts of galaxies in the cluster region and eventually

Fig. 2. The selection function for the EUCLID photometric survey.
Solid and dashed lines are for detection thresholds N200/σfield = 5 and
3, respectively.

comparing with the (relatively few) real galaxy redshifts pro-
vided by the EUCLID spectroscopic survey (see Sect. 1.2).

To determine the fraction of field galaxies, f(zc), with zp in
the range ±3 × 0.05 × (1 + zc) at any given zc, we need to know
the redshift distribution of an HAB = 24 limited field survey. For
this we consider the K20 survey of Cimatti et al. (2002). This
survey is ∼ 1 mag shallower than the limit HAB = 24, hence
we modify the observed redshift distribution of the K20 survey
by shifting it in z by the amount corresponding to a luminosity
distance shift ∆D/D = ∆m/(5 log e), i.e. 46% for ∆m = 1 mag.
We find f(zc) = 0.28, 0.40, 0.32, 0.23 at zc = 0.5, 1.0, 1.5, 2.0,
respectively.

We evaluate the RMS in the field galaxy counts f(zc) × Nfield,
σfield, by taking into account both Poisson noise and cosmic vari-
ance, using the online cosmic variance calculator of Trenti &
Stiavelli (2008)2. The ratio between the cluster number counts
and the field RMS, N200/σfield, gives the significance of the de-
tection of a given cluster. Having determined both N200 and σfield
as a function of the cluster mass and redshift, we can finally de-
termine the limiting cluster mass as a function of redshift for a
given detection threshold, in other words, the cluster selection
function of the photometric survey. This is shown in Fig. 2 for
two thresholds, N200/σfield = 3 and 5. The photometric selection
function is only mildly dependent on z at z > 0.5. The limiting
cluster mass at the lowest selection threshold (N200/σfield = 3) is
1–2 ×1014 M', which approximately corresponds to the richness
class 0 in the Abell et al. (1989) catalog (Popesso et al. 2012).

1.2. From the spectroscopic survey

We use a similar procedure as the one described in Sect. 1.1 to
determine the number of cluster galaxies within r200 with redshift
as a function of the cluster mass and redshift. Since the EUCLID
spectroscopic survey is flux-limited in the Hα line, we need to
consider cluster Hα LFs. There are not many determinations of
cluster Hα LFs; we use those of Iglesias-Páramo et al. (2002,
for two nearby clusters), Balogh et al. (2002, for a z = 0.18 rich
cluster), Umeda et al. (2004, for a z = 0.25 cluster), and Kodama

2 http://casa.colorado.edu/∼trenti/CosmicVariance.html.

2

N/σfield	
  =	
  5	
  

N/σfield	
  =	
  3	
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Modified	
  gravity	
  

Evolving	
  DE:	
  





Cosmology	
  with	
  Clusters	
  in	
  Euclid	
  	
  

•  Large	
  sky	
  coverage,	
  Strong	
  staIsIcs,	
  sampling	
  the	
  high	
  z	
  tail	
  	
  
	
  AnalyIcal	
  esImated	
  selecIon	
  funcIon	
  of	
  the	
  photometric	
  catalog	
  nearly	
  
flat:	
  	
  
	
  All	
  ΛCDM	
  clusters	
  with	
  M>	
  2	
  1014	
  M	
  detected	
  at	
  3σ	
  up	
  to	
  z=2!	
  

 Needs	
  an	
  opImized	
  cluster	
  finder	
  (purity	
  &	
  completness)	
  with	
  well	
  
controlled	
  selecIon	
  funcIon	
  

•  CalibraIon	
  of	
  the	
  mass-­‐observable	
  relaIon	
  and	
  scaKer:	
  
  	
   State	
  of	
  the	
  art	
  WL	
  mass	
  esImates	
  
  	
   MulIwavelength	
  Synergy	
  for	
  scaling	
  relaIons:	
  	
  e-­‐Rosita,	
  Athena+,	
  

Planck,…	
  



Cluster	
  detecIon	
  in	
  Euclid	
  
Ongoing	
  acIvity	
  in	
  OULE3	
  WP	
  Clusters	
  

	
  DetecIon	
  from	
  photometric	
  and	
  spectroscopic	
  surveys:	
  
	
  	
  	
  	
  	
  	
  8	
  codes	
  currently	
  challenging	
  	
  

  Density	
  field	
  based:	
  2D	
  &	
  (2+1)D	
  

 Percolation - FOF:  Farrens et al. 2011 
 Voronoi Tessellation: Cucciati et al. 2012 
 Overdensities in 2D+1D (z phots): Mazure et al 2007, Adami et al. 2009 
 Wavelets: WAZP Benoist et al. 2012, Eisenhardt et al. 2008 

  Based on « filters » derived from the « known » properties of clusters: 

      - Luminosity function, radial profiles (1 band or more) 
    Optimal matched filter detection, Bellagamba et al. 2011 

 - Colours : Red Sequence  (at least 2 bands): Mei & Licitra 2013 
      MaDCoWS: Gettings et al. 2012 



What	
  is	
  expected	
  for	
  a	
  good	
  cluster	
  finder?	
  

•  Algorithm	
  automated	
  and	
  objecIve	
  

•  Well	
  understood	
  selecIon	
  funcIon	
  as	
  a	
  funcIon	
  of	
  redshir	
  and	
  
mass	
  
–  OpImized	
  purity	
  and	
  completness	
  

•  Minimal	
  constraints	
  on	
  cluster	
  properIes	
  (avoid	
  selecIon	
  bias)	
  

•  Large	
  coverage	
  of	
  the	
  mass	
  funcIon	
  (in	
  parIcular	
  at	
  the	
  low	
  end)	
  

•  Output:	
  Basic	
  physical	
  properIes	
  of	
  clusters:	
  
	
   	
  -­‐	
  z	
  esImate	
  
	
   	
  -­‐	
  Luminosity,	
  Richness	
  	
  >	
  	
  mass	
  proxy	
  

Splinter	
  meeIng	
  SWG	
  Galaxy	
  Clusters:	
  
Euclid	
  Mission	
  Conference	
  Copenhagen	
  

14-­‐16/05/2012	
  



DetecIon	
  from	
  gravitaIonal	
  lensing	
  

•  Weak	
  lensing:	
  	
  see	
  talk	
  by	
  J.L	
  Starck	
  

	
  Recent	
  developments	
  in	
  the	
  WL	
  WP	
  based	
  on:	
  
	
   	
  Weak	
  lensing	
  galaxy	
  cluster	
  	
  field	
  reconstrucIon	
  (Jullo	
  et	
  al.	
  2013)	
  

	
  3D	
  reconstrucIon	
  	
  with	
  GLIMPSE	
  (Leonard	
  et	
  al.	
  2013)	
  

	
  see	
  also:	
  
	
  -­‐	
  shapelets:	
  Bergé	
  et	
  al.	
  2008	
  
	
  -­‐	
  shear	
  peaks:	
  Abate	
  et	
  al.	
  2009,	
  Geller	
  et	
  al.	
  2010,	
  Shan	
  et	
  al.	
  2012	
  	
  

•  Strong	
  lensing:	
  see	
  talk	
  by	
  R.	
  Gavazzi	
  
	
  -­‐	
  Cabanac	
  et	
  al.	
  2007,	
  Limousin	
  et	
  al.	
  2009	
  

Splinter	
  meeIng	
  SWG	
  Galaxy	
  Clusters:	
  
Euclid	
  Mission	
  Conference	
  Copenhagen	
  

14-­‐16/05/2012	
  



courtesy	
  of	
  J.	
  
Bartle6	
  



Galaxy	
  clusters	
  in	
  Euclid:	
  Astrophysical	
  issues	
  

–  EvoluIon	
  of	
  galaxies	
  in	
  dense	
  environments	
  

–  Physical	
  processes	
  in	
  clusters	
  	
  
–  DetecIon	
  of	
  protoclusters	
  (astrophysical	
  &	
  cosmological	
  
issue)	
  



Euclid:	
  EvoluIon	
  of	
  galaxy	
  properIes	
  in	
  dense	
  
environment	
  

•  EvoluIon	
  of	
  the	
  Morphology-­‐density	
  relaIon:	
  
	
  thanks	
  to	
  the	
  high	
  spaIal	
  resoluIon	
  in	
  the	
  VIS	
  channel	
  
	
  reachs	
  ~M*	
  +2	
  at	
  z≤1.4	
  ,	
  ~M*for	
  higher	
  z	
  
	
  	
  ~5000	
  galaxies	
  in	
  ~700	
  clusters	
  at	
  z≥1	
  
	
   	
  ~1800	
  galaxies	
  with	
  zspec	
  

•  EvoluIon	
  	
  of	
  the	
  cluster	
  RS	
  to	
  ~HAB*+2	
  out	
  to	
  z~2	
  	
  
	
  ~700	
  clusters	
  	
  at	
  z≥1	
  (~30000	
  galaxies	
  )	
  
	
  ~100	
  clusters	
  	
  at	
  z≥1.5	
  (~4000	
  galaxies	
  )	
  

•  EvoluIon	
  of	
  star	
  formaIon	
  rate	
  per	
  mass	
  in	
  clusters:	
  
	
  	
  SFR	
  from	
  Hα	
  line:	
  SFR/M	
  with	
  1000	
  galaxies	
  in	
  z>1	
  clusters	
  





Courtesy	
  of	
  	
  
M.	
  Meneghe�	
  



Euclid	
  +	
  e-­‐Rosita	
  :	
  Physical	
  processes	
  in	
  clusters	
  

	
  Synergy	
  with	
  future	
  X-­‐ray	
  observatories:	
  
Unprecedently	
  detailed	
  analysis	
  of	
  the	
  
gas/galaxy	
  properIes:	
  Clues	
  on	
  	
  physics	
  
of	
  baryons	
  in	
  clusters	
  

	
  	
  	
  	
  	
  	
  Comparison	
  with	
  e-­‐Rosita	
  up	
  to	
  z=1	
  	
  
	
  (most	
  e-­‐Rosita	
  clusters	
  detected	
  in	
  the	
  
photometric	
  survey,	
  with	
  >	
  5	
  redshirs	
  
measured	
  from	
  the	
  spectroscopic	
  one)	
  

	
  Scaling	
  relaIons	
  between	
  Lopt,	
  LX,	
  YX,	
  
Mgas,	
  stacked	
  WL	
  mass	
  

	
  Future	
  ESA	
  Athena	
  	
  high-­‐energy	
  
mission,	
  extending	
  to	
  high	
  z	
  ?	
   Cortesy	
  J.	
  Weller	
  

MAXBCG	
  	
  	
  	
  	
  	
  e-­‐Rosita	
  	
  	
  	
  Euclid	
  photometric	
  



Very	
  high-­‐mass	
  high	
  redshir	
  clusters	
  

Tension	
  with	
  LCDM	
  (>3σ)	
  if	
  Euclid	
  will	
  find:	
  	
  
a	
  cluster	
  of	
  M>2.2	
  1015	
  Msun(like	
  ACT-­‐CL	
  J0102)	
  in	
  1<z<1.5	
  or	
  	
  
a	
  cluster	
  of	
  M>1.2	
  1015	
  Msun	
  (like	
  SPT-­‐CL	
  J2106)	
  in	
  1.5<z<2	
  	
  

Cortesy	
  Lauro	
  Moscardini	
  

Waizmann	
  et	
  al.	
  2011,	
  2012	
  



Conclusions	
  (1)	
  

 Clusters	
  of	
  galaxies:	
  A	
  secondary	
  Cosmological	
  Probe	
  
complementary	
  to	
  primary	
  Probes:	
  WL	
  shear	
  maps	
  and	
  Galaxy	
  
Clustering	
  to	
  constrain	
  Dark	
  Energy	
  equaIon	
  of	
  state	
  and	
  test	
  
our	
  theory	
  of	
  gravity.	
  

 Main	
  challenge	
  will	
  be	
  to	
  control	
  the	
  selecIon	
  funcIon	
  of	
  the	
  
cluster	
  catalog	
  	
  and	
  the	
  calibraIon	
  of	
  the	
  mass-­‐proxy	
  relaIon	
  	
  
and	
  its	
  scaKering.	
  

	
   	
  -­‐-­‐	
  Large	
  number	
  of	
  clusters:	
  accurate	
  	
  determinaIon	
  of	
   	
  
	
   	
  cluster	
  clustering	
  

	
   	
  -­‐-­‐	
  CC	
  	
  +	
  WL	
  mass	
  esImates	
  +	
  mulI-­‐wavelength	
  proxies	
  +	
   	
  
	
   	
  spectroscopic	
  follow-­‐up	
  for	
  part	
  of	
  the	
  data	
  	
  should	
   	
   	
  
	
   	
  provide	
  an	
  efficient	
  Self-­‐CalibraIon	
  



Conclusions	
  (2)	
  

 A	
  lot	
  of	
  work	
  ongoing	
  in	
  the	
  SWG	
  and	
  OU-­‐LE3	
  WPs:	
  

	
  Cosmological	
  forecasts,	
  	
  Constraints	
  on	
  non	
  gaussianity	
  of	
  primordial	
  
	
  fluctuaIons,	
  on	
  neutrinos	
  …	
  

	
  Cluster	
  challenge	
  for	
  comparing	
  cluster	
  finders,	
  selecIon	
  funcIons	
  and	
  mass-­‐
	
  proxies...	
  

 Besides	
  the	
  cosmological	
  aspects,	
  Euclid	
  data	
  combined	
  to	
  other	
  
wavelength	
  experiments	
  	
  will	
  	
  strongly	
  improve	
  our	
  knowlege	
  of	
  physical	
  
processes	
  at	
  work	
  in	
  clusters,	
  and	
  the	
  interplay	
  between	
  galaxies	
  and	
  gas.	
  	
  



Thanks!	
  



Hervé Dole

Institut d’Astrophysique Spatiale, Orsay, France

Université Paris Sud & CNRS

Institut Universitaire de France

http://www.ias.u-psud.fr/dole/ 
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Galaxy clusters w/ Euclid 
and Planck,


and other




several hundred Planck high-z 
candidates


Hervé	
  Dole,	
  IAS	
  -­‐	
  Clusters:	
  
High-­‐z	
  w/	
  Planck	
  -­‐	
  Euclid	
  
France	
  -­‐	
  IAP	
  -­‐	
  Dec	
  5th,	
  2013	
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228 Planck sources followed-up by 
Herschel/SPIRE


these z>1.5 clusters candidates 
contain luminous FIR galaxies: 
clusters in their burst phase ?


Dole et al., in prep




LCDM & NG, LSS formation


Hervé	
  Dole,	
  IAS	
  -­‐	
  Clusters:	
  
High-­‐z	
  w/	
  Planck	
  -­‐	
  Euclid	
  
France	
  -­‐	
  IAP	
  -­‐	
  Dec	
  5th,	
  2013	
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Brodwin et al, 2012

Mortonson et al., 2011


PLCK G266 

Predictions de masse des amas en fonction du redshift (et de la surface)


Gobat Cl. 

Predictions of maximum cluster mass vs redshift from Mortonson et al., 
2011 (black line), with few data points (symboles).

high-z massive clusters: likely very rare on the sky. Need for all-sky surveys, 
à la Planck & Euclid to complement deep searches.
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LCDM & NG, LSS formation
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Brodwin et al, 2012

Mortonson et al., 2011


z > 2

Planck

(star formation)


then Euclid

(stellar mass)


Predictions de masse des amas en fonction du redshift (et de la surface)


PLCK G266 

Gobat Cl. 

Santos Cl. 

Predictions of maximum cluster mass vs redshift from Mortonson et al., 
2011 (black line), with few data points (symboles).

high-z massive clusters: likely very rare on the sky. Need for all-sky surveys, 
à la Planck & Euclid to complement deep searches.




a remarkable dataset: 200+ Planck/
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the case of XMMU J0044.0-2033 
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we serendipitously 
found this source, 
slightly off our main 
target.

And it appears to be...
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M~3-5 1014 Ms




another good candidate using IRAC 
now...
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1 Mpc @ z=2 (2’) 

Dole et al., in prep


...and Euclid in the future 
over the whole sky



