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ABSTRACT
We study the characteristics of the galaxy cluster samples expected from the European Space
Agency’sEuclid satellite and forecast constraints on parameters describing a variety of cos-
mological models. In this paper we use the same method of analysis already adopted in the
Euclid Red Book (Laureijs et al. 2011), which is based on the Fisher Matrix approach. Based
on our analytical estimate of the cluster selection function in the photometricEuclid sur-
vey, we forecast the constraints on cosmological parameters corresponding to different exten-
sions of the standardΛCDM model. Using onlyEuclid clusters, we find that the amplitude
of the matter power spectrum will be constrained to∆σ8 = 0.0014 and the mass density pa-
rameter to∆Ωm = 0.0011. The dynamical evolution of dark energy will be constrained to
∆w0 = 0.03 and∆wa = 0.2 with free curvatureΩk, resulting in a (w0,wa) Figure of Merit
(FoM) of 291. In combination with Planck Cosmic Microwave Background constraints, the
amplitude of primordial non-Gaussianity will be constrained to∆ fNL ≃ 6.6 for the local shape
scenario. The growth factor parameterγ, which signals deviations from General Relativity,
will be constrained to∆γ = 0.02, and the neutrino density parameter to∆Ων = 0.0013 (or
∆
∑

mν = 0.01). Including thePlanckCMB covariance matrix, improves Dark Energy con-
straints to∆w0 = 0.02,∆wa = 0.07 and a FoM= 802. Knowledge of the observable–cluster
mass scaling relation is crucial to reach these accuracies.Imaging and spectroscopic capabil-
ities of Euclid will enable internal mass calibration from weak lensing andthe dynamics of
cluster galaxies, supported by external cluster surveys.

1 INTRODUCTION

According to the hierarchical scenario for the formation ofcos-
mic structures, galaxy clusters are the latest objects to have formed
from the collapse of high density fluctuations filtered on a typi-
cal scale of∼ 10 comoving Mpc (e.g. Kravtsov & Borgani 2012).
Since galaxy clusters provide information on the growth history of
structures and on the underlying cosmological model in manyways

(see, e.g., Allen, Evrard & Mantz 2011), they have played an impor-
tant role in delineating the current standardΛCDM cosmological
model. As a matter of fact, the number counts and spatial distribu-
tion of these objects have a strong dependence on a number of cos-
mological parameters, especially the amplitude of the masspower
spectrum and the matter content of the Universe. The evolution
with redshift of the cluster number density and correlationfunction
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can be employed to break the degeneracy between these two pa-
rameters, and thus can provide constraints on the cold Dark Matter
(DM henceforth) and Dark Energy (DE) density parameters (e.g.,
Wang & Steinhardt 1998; Haiman, Mohr & Holder 2001; Weller,
Battye & Kneissl 2002; Battye & Weller 2003; Allen, Evrard &
Mantz 2011; Sartoris et al. 2012). Furthermore, a number of stud-
ies (e.g., Carbone et al. 2012; Costanzi et al. 2013a, 2014) have
also shown that clusters can be used to constrain neutrino proper-
ties, because massive neutrinos would directly influence the growth
of cosmic structure, by suppressing the matter power spectrum on
small scales. More generally, since the evolution of the cluster pop-
ulation traces the growth rate of density perturbations, large surveys
of clusters extending over a wide redshift interval have thepoten-
tial of providing stringent constraints on any cosmological model
whose deviation fromΛCDM leaves its imprint on this growth.

Over the past decade, surveys of galaxy clusters for cosmo-
logical use have been constructed and analysed, based on obser-
vations at different wavelengths: X-ray (e.g. Borgani et al. 2001;
Vikhlinin et al. 2009; Clerc et al. 2012; Rapetti et al. 2013);
sub-mm, through the Sunyaev & Zeldovich (1972) distortion (SZ
henceforth, Staniszewski et al. 2009; Benson et al. 2013; Planck
Collaboration et al. 2014b; Burenin & Vikhlinin 2012), and optical
(Rozo et al. 2010) bands. Further improvements can be obtained
from the spatial clustering of galaxy clusters (Schuecker et al. 2003;
Hütsi 2010; Mana et al. 2013). The resulting cosmological con-
straints turn out to be complementary to those of other cosmolog-
ical probes such as type Ia supernovae (e.g., Betoule et al. 2014),
Cosmic Microwave Background (CMB) radiation (e.g., Hinshaw
et al. 2013; Planck Collaboration et al. 2014a), the Baryon Acous-
tic Oscillations (BAOs; e.g., Anderson et al. 2014), and cosmic
shear (e.g. Kitching et al. 2014; Basse et al. 2014). These cluster
catalogues are however characterised either by a large number of
objects that cover a relatively small redshift range, or rather small
samples that span a wide redshift range. Ideally, in order toexploit
the redshift leverage with good statistics, one should haveaccess
to a survey that can provide a high number of well characterised
clusters over a wide redshift range.

One future mission that will achieve this goal will be the Eu-
ropean Space Agency (ESA) Cosmic Vision missionEuclid1 (Lau-
reijs et al. 2011). Planned for launch in the year 2020,Euclid will
study the evolution of the cosmic web up to redshiftz ∼ 2. Al-
though the experiment is optimised for the measurement of cosmo-
logical Weak Lensing (WL, or cosmic shear) and the galaxy cluster-
ing, Euclid will also provide data usable for other important com-
plementary cosmological probes, such as galaxy clusters. Cluster
detection will be possible in three different ways:i) using photo-
metric data;ii ) using spectroscopic data; andiii ) through gravita-
tional (mostly weak) lensing, which may be combined for more
efficiency. In this paper, we will perform our analyses by using the
photometric cluster survey (see Section 2), where the cluster detec-
tion method is not dissimilar from that used to detect low-redshift
SDSS clusters (Koester et al. 2007). However, thanks to the use
of Near Infrared (NIR) bands,Euclid will be capable of detecting
clusters at much higher redshifts (z∼ 2) over a similarly large area.
The sky coverage ofEuclid will reach 15, 000 deg2, almost the en-
tire extragalactic celestial sphere. The characteristicsof theEuclid
spectroscopic survey and its possible use for the calibration of the
mass-observable relation will be discussed in Appendices Aand B,
respectively.

1 http://www.euclid-ec.org

One fundamental step for the cosmological exploitation of
galaxy clusters is the definition of the relation between themass
of the host DM halo and a suitable observable quantity (e.g.,An-
dreon & Hurn 2012; Giodini et al. 2013). Many efforts have been
devoted to the calibration of the observable-mass scaling relations
at different wave bands (e.g. Arnaud et al. 2010; Planck Collabo-
ration et al. 2011; Reichert et al. 2011; Rozo et al. 2011; Rykoff
et al. 2012; Ettori 2013; Rozo et al. 2014; Mantz et al. 2015; Wen
& Han 2015) and in the definition of mass proxies which are at the
same time precise (i.e. characterised by a small scatter in the scal-
ing against cluster mass) and robust (i.e. relatively insensitive to
the details of cluster astrophysics) (e.g. Kravtsov, Vikhlinin & Na-
gai 2006). In the case ofEuclid, an internal mass calibration will be
performed through the exploitation of spectroscopic and WLdata
of the wideEuclidsurvey (see Appendix B), and of the deepEuclid
survey of 40 deg2, 2 magnitudes deeper than the wide survey. The
deep survey will be particularly useful in adding constraints on the
evolution of the observable-mass scaling relation atz> 1.

TheseEuclid internal data will provide a precise calibra-
tion of the relation between cluster richness, which characterises
photometrically-identified clusters, and their actual mass. Further-
more, it will be possible to cross-correlateEuclid data with data
from other cluster surveys - such aseRosita(Merloni et al. 2012),
XCS(Mehrtens et al. 2012), the South Pole Telescope (SPT, Carl-
strom et al. 2011), and the Atacama Cosmology Telescope (ACT,
Marriage et al. 2011) - to further improve the mass calibration of
Euclid clusters.

The aim of this paper is to forecast the strength and the pe-
culiarity of the Euclid cluster sample in constraining the param-
eters describing different classes of cosmological models that de-
viate from the concordanceΛCDM paradigm. We first consider
the case of a dynamical evolution of the DE component, using the
two-parameter functional form originally proposed by Chevallier
& Polarski (2001) and Linder (2003). The same parametrisation
has been used in the Dark Energy Task Force reports (DETF; Al-
brecht et al. 2006, 2009) to estimate the constraining powerof dif-
ferent cosmological experiments. Second, we allow for the primor-
dial mass density perturbations to have a non-Gaussian distribution.
Third, we explore the effect of deviations from General Relativity
(GR) on the linear growth of density perturbations. Finally, we con-
sider the case of including massive standard neutrinos.

The structure of this paper is the following. In Section 2, we
describe the approach used to estimate theEuclid cluster selection
function of the photometric survey. In Section 3, we describe the
Fisher Matrix approach used to derive constraints from theEuclid
cluster survey on cosmological parameters. In Section 4, webriefly
describe the characteristics of the different cosmological models
we consider. In Section 5, we show our results on the number of
clusters that the wideEuclid survey is expected to detect as a func-
tion of redshift and the constraints that will be obtained onthe cos-
mological parameters using the cluster number density and power
spectrum. Finally, we provide our discussion and conclusions in
Section 6. We present the analytical derivation of the spectroscopic
selection function in Appendix A and the calibration of the cluster
observable-mass relation in Appendix B.

2 GALAXY CLUSTER SELECTION IN THE Euclid
PHOTOMETRIC SURVEY

In this Section, we adopt the cosmological parameter valuesof
the concordanceΛCDM model from Planck Collaboration et al.
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Figure 1.NumberN500,c of cluster galaxies withinr500,c (black curves), and
3σfield whereσ f ield is thermsof the field counts within the same radius, and
within the adopted 3∆zp cut (red curves). These counts are shown down to
the limiting magnitude of theEuclid survey,HAB = 24, as a function of
redshift for clusters of different masses, log(M200,c/M⊙) = 14.5, 14.0, 13.5
(solid, dot-dashed, dashed line, respectively), where masses are defined with
a mean overdensity of 200 times the critical density of the universe at the
cluster redshifts.

(2014a),H0 = 67 km s−1Mpc−1 for the Hubble constant,Ωm = 0.32
for the present-day matter density parameter, andΩk = 0 for the
curvature parameter.

To determine the selection function of galaxy clusters in
the Euclid photometric survey, we adopt a phenomenological ap-
proach. We start by adopting an average universal luminosity func-
tion (LF hereafter) for cluster galaxies. Lin, Mohr & Stanford
(2003) evaluated theKs-band LFs of cluster galaxies out to a radius
r500,c for several nearby clusters. The radiusr∆ is defined as the ra-
dius of the sphere that encloses an average mass density∆ times the
critical density of the Universe at the cluster redshift. These clus-
ter LFs were parametrised using Schechter functions (Schechter
1976). We adopt the averages of the normalisations and character-
istic luminosities listed in Table 1 of Lin, Mohr & Stanford (2003)
for the 27 nearby clusters included in that analysis, corresponding
toφ⋆ = 6.4 Mpc−3 andM⋆ = −24.85. Also, following Lin, Mohr &
Stanford (2003), we use a faint-end slopeα = −1.1, as confirmed
in the r-band deep spectroscopic analysis of two nearby clusters by
Rines & Geller (2008).

Concerning the behaviour of the cluster LF atz> 0, there is no
conclusive observational evidence on the evolution of the LF faint-
end slope parameterα (Mancone et al. 2012; Stefanon & March-
esini 2013). Therefore, we assume it to be redshift-invariant. Also,
the observed constancy of the richness vs. mass relation forclus-
ters up toz ≃ 0.9 (Lin et al. 2006; Poggianti et al. 2010; Andreon
& Congdon 2014) suggests that there is no redshift evolutionof φ⋆,
apart from the cosmological evolution of the critical density, which
scales asH2(z).

We assume theM⋆ parameter to change withz according to
passive evolution models of stellar populations (Kodama & Ari-
moto 1997). This assumption is justified because emission inthe
Ks band is not strongly influenced by young stellar generations,
and it is supported by observations (Mancone et al. 2012, andref-
erences therein), at least for clusters more massive than∼ 1014 M⊙.
For clusters of lower mass, some high-z surveys have found evi-
dence for deviation from passive evolution ofM⋆ (Mancone et al.
2010; Tran et al. 2010; Brodwin et al. 2013). However, the current

observational evidence does not allow us to precisely parametrise
M⋆ evolution toz > 1 and low cluster masses, and we prefer to
keep our conservative assumption of passive evolution overthe full
cluster mass range.

We apply the early-typek-correction of Mannucci et al. (2001)
to the M⋆ magnitudes. This correction should be the most appro-
priate for galaxies in clusters, which are mostly early-type even at
relatively high redshifts (Postman et al. 2005; Smith et al.2005).
We finally convert theKs magnitudes into theEuclid bandHAB us-
ing the mean rest-frame colour for cluster galaxies,H − Ks = 0.26
(we average the values provided by Boselli et al. 1997; de Propris
et al. 1998; Ramella et al. 2004), and adopting the transformation
to the AB-systemHAB = H + 1.37 (Ciliegi et al. 2005). We thus
obtain the cluster LFs in theHAB band at different redshifts.

By integrating these LFs down to the apparent magnitude
limit of the wide Euclid photometric survey (HAB = 24, see Lau-
reijs et al. 2011), we then evaluaten500,c, namely the redshift-
dependent number density of cluster galaxies withinr500,c. The
number of cluster galaxies contained within a sphere of radius
r500,c (i.e. the cluster richness) is thenN500,c = 4π n500,cr3

500,c/3 =
8/3π n500,cGM500,c/[500H2(z)], where the last equivalence follows
from the relation betweenr500,c andM500,c, the mass within a mean
overdensity of 500 times the critical density of the universe at the
cluster redshifts. Note that the dependence ofN500,c on H−2(z) is
only apparent, sinceφ⋆, and hencen500,c, scales asH2(z). The z-
dependence only comes in as a result of the fixed magnitude limit
of the survey and the passive evolution of galaxies. In Fig. 1we
show N500,c(z) for clusters of three different masses: logM200,c =

13.5, 14.0, and 14.5 (black curves). To convert fromM500,c to M200,c

we adopt a NFW profile (Navarro, Frenk & White 1997) with a
mass- and redshift-dependent concentration given by the relation
of De Boni et al. (2013, 2nd relation from top in their Table 5).

We then estimate the contamination by field galaxies in the
cluster area. We take the estimate of the number density of field
galaxies down toHAB = 24 from the H-band counts of Metcalfe
et al. (2006, see their Table 3),nfield ≃ 33 arcmin−2, an estimate that
is in agreement with theEuclidsurvey requirements (Laureijs et al.
2011). Multiplying this density by the area subtended by a galaxy
cluster at any given redshift we obtain the number of field galax-
ies that contaminate the cluster field-of-view,Nfield = nfield πr2

500,c,
wherer500,c is in arcmin.

The number of field contaminants can be greatly reduced by
using photometric redshifts,zp. These will be obtained to the re-
quired accuracy of∆zp ≡ 0.05(1+zc), by combining theEuclidpho-
tometric survey with auxiliary ground-based data (Laureijs et al.
2011). One can safely consider as non-cluster members all those
galaxies that are more than 3∆zp away from the mean cluster red-
shift zc. The mean cluster redshift will be evaluated by averaging
the photometric redshifts of galaxies in the cluster region, and addi-
tionally including the (few) spectroscopic galaxy redshifts provided
by theEuclid spectroscopic survey (see Appendix A).

In order to determine the fraction of field galaxies,f (zc), with
photometric redshiftzp in the range±3× 0.05(1+ zc) at any given
zc, we need to estimate the photometric redshift distributionof an
HAB = 24 limited field survey. To this aim we consider the photo-
metric redshift distribution of galaxies withHAB 6 24 in the cata-
logue of Yang et al. (2014). We findf (zc) = 0.07, 0.23, 0.34, and
0.33 atzc = 0.2, 0.8,1.4, and 2.0, respectively.

Finally, we evaluate therms, σfield, of the field galaxy counts
f (zc)Nfield, by taking into account both Poisson noise and cos-
mic variance. For the latter we use the IDL codequickcv of

c© 0000 RAS, MNRAS000, 000–000
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Figure 2.Galaxy cluster mass selection function for theEuclid photometric
survey. Solid and dashed lines are for detection thresholdsN500,c/σfield = 3
and 5, respectively.

John Moustakas2 for cosmic variance calculation. In Fig. 1 we
show 3σfield as a function of redshift, in clusters of logM200,c =

13.5, 14.0, and 14.5.
The ratio between the cluster galaxy number counts and the

field rms, N500,c/σfield, gives the significance of the detection for a
given cluster. The cluster selection function is the limiting cluster
mass as a function of redshift for a given detection threshold. This is
shown in Fig. 2 for two thresholds,N500,c/σfield = 3, and 5. This se-
lection function is only mildly dependent on redshift. The limiting
cluster mass for the lowest selection threshold (N500,c/σfield = 3)
is M200,c ∼ 8 × 1013 M⊙, lower than the typical mass of richness
class 0 clusters in the Abell, Corwin & Olowin (1989) catalogue
(Popesso et al. 2012). It is also similar to the limiting massof the
selection function of SDSS clusters identified by the maxBCGal-
gorithm (see Fig. 3 in Rozo et al. 2010), and to the typical mass of
the clusters identified by Brodwin et al. (2007) up toz ∼ 1.5 using
zp in an IR-selected galaxy catalogue. Preliminary tests based on
running cluster finders onEuclid mocks3, show that the mass limit
M200,c ∼ 8× 1013 M⊙ roughly corresponds to∼ 80% completeness
at all redshiftsz6 2.

The shape of the selection functions shown in Fig. 2 is some-
what counter-intuitive because it is higher atz∼ 0.2 than atz∼ 0.7.
Naively one would expect that clusters of lower mass would beeas-
ier to detect at lower redshifts. We find that this shape is related to
the relative importance of cosmic variance and Poisson noise in the
contaminating field counts. Cosmic variance drives the shape of the
selection function atz < 0.5 and Poisson noise at higher redshifts.
If we select clusters at a higher overdensity (e.g.∆c = 2500 rather
than∆c = 500), the relative importance of cosmic variance and
Poisson noise changes in a way to flatten the selection function at
z < 0.5. In reality, observers do not select clusters at given∆c, so
our estimate of the selection function must be considered only as an
approximation. At the end of Section 5 we comment on the effect
of taking a flat selection function out toz= 2.

2 https://code.google.com/p/idl-moustakas/source/browse/trunk/impro/cosmo/
quickcv.pro?r=617
3 http://wiki.cosmos.esa.int/euclid/index.php/EC SGSOU LE3. Access
restricted to members of theEuclid Consortium.

So far we have not considered projection effects in the esti-
mate of the selection function. These might in principle be impor-
tant, as they cause confusion in the cluster identification,lowering
the purity of the sample. In the specific case of the Euclid survey
presented here, however, they are unlikely to be a dominant effect.
To prove this, we run MonteCarlo simulations and estimate the rela-
tive fraction of clusters that would suffer projection contamination.
For simplicity, we consider only clusters with masses 1014 M⊙, i.e.
close to theN500,c/σfield = 3 detection threshold. Given the steep-
ness of the cluster mass function, the data-sample will in fact be
dominated by clusters at the low-mass limit. Moreover, moremas-
sive clusters will be more easily detected against projection effects.
As contaminants, we consider clusters of the same mass whose
center is less thanr200 away from the center of another cluster, in
projection. The number of clusters at any givenzc is given by the
adopted cosmology, and their spatial distribution is assumed to be
random in the volumes defined by the Euclid survey area and by the
redshift range±3×0.05(1+zc). We find that the fraction of clusters
with at least one contaminant along the line-of-sight decreases from
∼ 20 per cent at low redshifts, to∼ 2 per cent at high redshifts. We
ascribe this decrease to the decrease with redshift of the number of
clusters and of the volume contained within±3× 0.05(1+ zc).

While we have neglected the effect of cluster clustering in this
simplistic estimate, other effects will in practice contribute to fur-
ther reduce the estimated contamination. Clusters projected along
the line of sight will in fact be distinguished by their mean red-
shift, which will be more accurate that thezp estimates of individual
galaxies, and by their galaxy number density profiles – a contami-
nating cluster will typically appear as an overdensity at large radii
from the main density peak of the contaminated cluster.

A more quantitative assessment of the impact of projection
effects requires a detailed analysis of simulated samples extracted
from mocks Euclid surveys. While this analysis is beyond theaim
of this paper, we point out that theEuclid collaboration will use a
battery of sophisticated cluster finder algorithms to maximize the
catalog completeness and purity at any redshift.

3 FISHER MATRIX ANALYSIS

Before presenting our forecasts for the cosmological constraints we
now briefly describe the Fisher Matrix (FM hereafter) formalism
that we use to derive these constraints.

The FM formalism is a Gaussian approximation of the likeli-
hood around the maximum to second order and it is an efficient way
to study the accuracy of the estimation of a vector of parameters p
by using independent data sets. The FM is defined as

Fαβ ≡ −

〈

∂2 lnL
∂pα∂pβ

〉

, (1)

whereL is the likelihood of the observable quantity (e.g. Dodel-
son 2003). In our FM analysis we combine three different pieces of
information: the galaxy cluster number density, the cluster power
spectrum, and the prior knowledge of cosmological parameters as
derived from thePlanck CMB experiment (Planck Collaboration
et al. 2014a). To quantify the constraining power of a given cos-
mological probe on a pair of joint parameters (pi , pj ) we use the
Figure of Merit (FoM henceforth; Albrecht et al. 2006)

FoM =
1

√

det
[

Cov
(

pi , pj

)]

, (2)
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whereCov(pi , pj) is the covariance matrix between the two param-
eters. With this definition, the FoM is proportional to the inverse
of the area encompassed by the ellipse representing the 68 per cent
confidence level (c.l.) for model exclusion.

As described in detail in Sartoris et al. (2010), we follow the
approach of Holder, Haiman & Mohr (2001) and define the FM for
the cluster number counts as

FN
αβ =

∑

ℓ,m

∂Nℓ,m
∂pα

∂Nℓ,m
∂pβ

1
Nℓ,m
. (3)

In the previous equation, the sums overℓ andm run over redshift
and mass intervals, respectively. The quantityNℓ,m is the number of
clusters expected in a survey with a sky coverageΩsky, within the
ℓ-th redshift bin andm-th bin in observed massMob. This can be
calculated as (Lima & Hu 2005)

Nℓ,m = ∆Ωsky

∫ zℓ+1

zℓ

dz
dV

dz dΩ
∫ Mob

ℓ,m+1

Mob
ℓ,m

dMob

Mob

∫ +∞

0
dM n(M, z) p(Mob|M) , (4)

wheredV/(dz dΩ) is the cosmology-dependent comoving volume
element per unit redshift interval and solid angle. The lower ob-
served mass bin is bound byMob

ℓ,m=0 = Mthr(z), whereMthr(z) is
defined as the threshold value of the observed mass for a cluster to
be included in the survey (see Fig. 2). For the halo mass function
n(M, z) in equation (4), we assume the expression provided by Tin-
ker et al. (2008). Since theEuclidselection function has been com-
puted for masses at∆c = 200 with respect to the critical density, we
use the Tinker et al. (2008) mass function parameters relevant for
an overdensity of∆bk = 200/Ωm(z) with respect to the background
density. We note that in equation (4) we have implicitly assumed
that the survey sky coverageΩsky is independent of the observed
mass, which may not necessarily be the case if the sensitivity is not
constant over the survey area. This is particularly important for the
power spectrum estimation. Currently, theEuclid sensitivity maps
for the photometric and spectroscopic surveys have still tobe fully
characterized. We point out that their precise definition isof vital
importance for all the cosmological probes to be carried outby Eu-
clid.

In equation (4),p(Mob|M) is the probability to assign an ob-
served massMob to a galaxy cluster with true massM. Following
Lima & Hu (2005), we use a lognormal probability density, namely

p(Mob|M) =
exp[−x2(Mob)]
√

2πσ2
ln M

, (5)

where

x(Mob) =
ln Mob − ln Mbias− ln M

√

2σ2
ln M

. (6)

In the above equation lnMbias is the bias in the mass estimation,
which encodes any scaling relation between observable and true
mass and should not be confused with the bias in the galaxy distri-
bution.σln M is the intrinsic scatter in the relation between true and
observed mass (see Section 4). By inserting equation (5) into equa-
tion (4), we obtain the expression for the cluster number counts
within a given mass and redshift bin,

Nℓ,m =
∆Ωsky

2

∫ zℓ+1

zℓ

dz
dV

dz dΩ
∫ +∞

0
dM n(M, z) [erfc(xm) − erfc(xm+1)] , (7)

where erfc(x) is the complementary error function andxm =

x(Mob
l,m).
Note that in eq. 3 we neglect the clustering contribution to the

noise (i.e. cosmic variance). Cosmic variance is expected to be very
small in theEuclid survey because of the very large volume cov-
ered. On the other hand, the number density of clusters will be large
enough that also Poisson noise will be very small. Poisson noise is
likely to be dominant in the high mass regime and at high redshift.
In particular, high-redshift clusters are fundamental in driving con-
straints on DE EoS (see Fig. 5); in this case we expect Poissonnoise
to dominate the error budget. At low masses (e.g. those that will be
reached with the 3σ selection function) and low redshifts, cosmic
variance may give a comparable or even larger contribution to the
noise (Hu & Kravtsov 2003). The estimation of cosmological con-
straints on different parameters might be affected in different ways
by our neglecting the cosmic variance contribution to the noise.

The FM for the averaged redshift-space cluster power spec-
trum within theℓ-th redshift bin, them-th wavenumber bin, and the
i-th angular bin can be written as

FP
αβ =

1
8π2

∑

ℓ,m,i

∂ ln P̄(µi , km, zℓ)
∂pα

∂ ln P̄(µi , km, zℓ)
∂pβ

Veff
ℓ,m,i k2

m∆k∆µ

(8)
(e.g., Tegmark 1997; Feldman, Kaiser & Peacock 1994), wherethe
sums overℓ, m, i run over bins in redshift, wavenumber, and cosine
of the angle betweenk and the line of sight direction, respectively.
The quantityVeff(µi , km, zℓ) represents the effective volume accessi-
ble to the survey at redshiftzℓ and wavenumberk (Tegmark 1997;
Sartoris et al. 2010), and reads

Veff(µi , km, zℓ) = V0(zℓ)
ñ(zℓ)P̄(µi , km, zℓ)

1+ ñ(zℓ)P̄(µi , km, zℓ)
. (9)

In the above equation,V0(zℓ) is the total comoving volume con-
tained in the unity redshift interval aroundzℓ, while ñ(zℓ) is the av-
erage number density of objects included in the survey at redshift
zℓ,

ñ(zℓ) =
∫ +∞

0
dM n(M, zℓ) erfc{x[Mthr(zℓ)} . (10)

The cluster power spectrum averaged over the redshift bin, appear-
ing in equation (8), can be written as

P̄(µi , km, zℓ) =
1
Sℓ

∫ zℓ+1

zℓ

dz
dV
dz

ñ2(z) P̃(µi , km, z) , (11)

where the normalisation factorSℓ reads

Sℓ =
∫ zℓ+1

zℓ

dz
dV
dz

ñ2(z) . (12)

Sartoris et al. (2012) pointed out the importance of taking into
account the contribution of cluster redshift space distortions for
constraining cosmological parameters. Following Kaiser (1987),
we calculate the redshift-space cluster power spectrumP̃(µi , km, zℓ)
in the linear regime according to

P̃(µi , km, zℓ) =
[

beff(zℓ) + f (zℓ)µ
2
]2

PL (km, zℓ) , (13)

where the power spectrum acquires a dependence on the cosineµ of
the angle between the wavevectork and the line-of-sight direction.
In the above equation,beff(zℓ) is the linear bias weighted by the
mass function (see equation 20 in Sartoris et al. 2010),

beff(zℓ) =
1

ñ(zℓ)

∫ +∞

0
dM n(M, zℓ) erfc{x[Mthr(zℓ)]} b(M, zℓ) . (14)

The functionf (a) = dln D(a)/dln a is the logarithmic derivative of

c© 0000 RAS, MNRAS000, 000–000



6 B. Sartoris et al.

the linear growth rate of density perturbations,D(a), with respect
to the expansion factora. PL(km, zℓ) is the linear matter power spec-
trum in real space, that we calculate using the CLASS code (Blas,
Lesgourgues & Tram 2011). For the DM halo biasb(M, z) we use
the expression provided by Tinker et al. (2010).

Both the power spectrum and the number counts FMs (equa-
tions 3 and 8) are computed in the redshift range defined by the
Euclid photometric selection function shown in Fig. 2, namely
0.2 6 z 6 2, with redshift bins of constant width∆z = 0.1.
We note that the limiting precision with which the redshiftzc

of a cluster is determined in the photometric survey is givenby
0.05(1+ zc)/N

1/2
500,c, whereN500,c is the total number of galaxies as-

signed to the cluster. Therefore, the bin width is always larger than
the largest error on redshift expected from theEuclid photometric
survey (see Section 2). In equation (3), the observed mass range
extends from the lowest mass limit determined by the photometric
selection function (Mthr(z), see Fig. 2) up to log(Mob/M⊙) 6 16,
with ∆log(Mob/M⊙) = 0.2. In the computation of the power spec-
trum FM (equation 8), we adoptkmax = 0.14 Mpc−1 and kmin =

0.001 Mpc−1, with ∆log(kMpc) = 0.1. Finally, the cosine of the
angle betweenk and the line of sight direction,µ, runs in the range
−1 6 µ 6 1 with 9 equally spaced bins (see Sartoris et al. 2012).

4 COSMOLOGICAL AND NUISANCE PARAMETERS

In this Section we discuss the cosmological parameters thathave
been included in the FM analysis in order to predict the constrain-
ing power of theEuclidphotometric cluster survey and we describe
the peculiarity of all the analysed models. As a starting point, we
consider all the standard cosmological parameters for the concor-
danceΛCDM model, whose fiducial values are chosen by follow-
ing Planck Collaboration et al. (2014a):Ωm = 0.32 for the present-
day total matter density parameter,σ8 = 0.83 for the normalisation
of the linear power spectrum of density perturbations,Ωb = 0.049
for the baryon density parameter,H0 = 67 km s−1Mpc−1 for the
Hubble constant, andnS = 0.96 for the primordial scalar spectral
index. We also allow for a variation of the curvature parameter,
whose fiducial valueΩk = 0 corresponds to spatial flatness.

4.1 Model with dynamical Dark Energy

In addition to theΛCDM parameters, we also include parameters
describing a dynamical evolution of the DE component. In thelit-
erature there are a number of models, characterised by different
parametrisation of the DE Equation of State (EoS henceforth) evo-
lution (e.g., Wetterich 2004). In this paper we study the parametri-
sation originally proposed by Chevallier & Polarski (2001)and Lin-
der (2003) and then adopted in the DETF. We label this parametri-
sation as the CPL DE model, according to which the DE EoS can
be written as

w(a) = w0 + wa(1− a) . (15)

We usew0 = −1 andwa = 0 as reference values for the two model
parameters. Thus, the cosmological parameter vector that we use in
this first part of our FM analysis reads

p = {Ωm, σ8,w0,wa,Ωk,Ωb,H0,nS} . (16)

The constraints on the DE dynamical evolution obtained by com-
bining Planck CMB data with WMAP polarisation and with
LSS information (Planck Collaboration et al. 2014a), arew0 =

−1.04+0.72
−0.69 andwa . 1.3 (95 per cent c.l.) assumingΩk = 0. Cur-

rently, the evolution of the cluster number counts alone does not
constrain the DE equation of state parameters. However, Mantz
et al. (2014) were able to obtain:w0 = −1.03 ± 0.18 andwa =

−0.1+0.6
−0.7 (assumingΩk = 0), by using CMB power spectra (1-year

Planck data, SPT, ACT), SNIa, and BAO data at different redshifts
(plus WMAP polarisation; Planck Collaboration et al. 2014a).

Despite these weak constraints on the CPL DE parametrisa-
tion (Vikhlinin et al. 2009), cluster counts are powerful probes of
the amplitude of the matter power spectrum. For instance,σ8 is
constrained at the level of∼ 8 per cent both with optically selected
SDSS clusters (Rozo et al. 2010), and with SZ selected SPT
clusters (Benson et al. 2013). Moreover, clusters help breaking the
degeneracy betweenσ8 andΩm in CMB datasets, improving the
constraints on the amplitude of the matter power spectrum bya fac-
tor of∼ 2 with respect to CMB constraints alone (Rozo et al. 2010).

4.2 Model with primordial Non-Gaussianity

We extend the standard cosmological model by allowing primor-
dial density fluctuations to follow a non-Gaussian distribution (e.g.,
Bartolo et al. 2004; Desjacques & Seljak 2010; Wang 2014).
When this happens, the distribution of primordial fluctuations in
Bardeen’s gauge-invariant potentialΦ cannot be fully described
by a power spectrum - commonly parametrised by a power-law,
PΦ(k) = AknS−4 (wherek ≡ ‖k‖) - rather we need higher-order
statistics such as the bispectrumBΦ(k1, k2, k3). Different models
of inflation are known to produce different shapes of this bispec-
trum. Here we consider only the so-calledlocal shape, where the
bispectrum strength is maximised forsqueezedconfigurations, in
which one of the three momentak j is much smaller than the other
two.

Within the local shape scenario, we adopt the commonly used
way to parametrise the primordial non-Gaussianity, which allows
us to write Bardeen’s gauge invariant potential as the sum ofa lin-
ear Gaussian term and a non-linear second-order term that encap-
sulates the deviation from Gaussianity (e.g., Salopek & Bond 1990;
Komatsu & Spergel 2001):

Φ = ΦG + fNL

(

Φ2
G − 〈Φ

2
G〉
)

, (17)

where the free dimensionless parameterfNL parametrises the devi-
ation from the standard Gaussian scenario. We stress that there is
some ambiguity in the normalisation of equation (17). We adopt the
LSS convention (as opposed to the CMB convention, see Pillepich,
Porciani & Hahn 2010; Grossi et al. 2007; Carbone, Verde &
Matarrese 2008a) whereΦ is linearly extrapolated atz = 0 for
defining the parameterfNL . The relation between the two normali-
sations isfNL = D(z= ∞)(1+ z) f CMB

NL /D(z= 0) ≃ 1.3 f CMB
NL , where

D(z) is the linear growth factor with respect to the Einstein-deSitter
cosmology.

If the density perturbation field is non-Gaussian and has a pos-
itively (negatively) skewed distribution, the probability of forming
large overdensities - and thus large collapsed structures -is en-
hanced (suppressed). Thus, the shape and the evolution of the mass
function of DM halos change (e.g., Matarrese, Verde & Jimenez
2000; Grossi et al. 2009; LoVerde et al. 2008). Following thepre-
scription by LoVerde et al. (2008) one can modify the mass func-
tion n(M, z) in equation (4) to take into account the non-Gaussian
correction as follows

n(M, z) = n(G)(M, z)
nPS(M, z)

n(G)
PS(M, z)

. (18)
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In the previous equation,n(G)(M, z) is the mass function in the refer-
ence Gaussian model, whilenPS(M, z) andn(G)

PS(M, z) represent the
Press & Schechter (1974) mass functions in the non-Gaussianand
reference Gaussian models, respectively (see the full equations in
Sartoris et al. 2010).

In non-Gaussian scenarios the large-scale clustering of DM
halos also changes. This modification is quite important because it
alters in a fairly unique way the spatial distribution of tracers of
the cosmic structure, including galaxy clusters (Dalal et al. 2008;
Matarrese & Verde 2008; Giannantonio & Porciani 2010). Specifi-
cally, the linear bias acquires an extra scale dependence due to pri-
mordial non-Gaussianity, and can be written as (Matarrese &Verde
2008)

b(M, z, k) = b(G)(M, z) +
[

b(G)(M, z) − 1
]

δc(z)ΓR(k) , (19)

whereΓR(k) encapsulates the dependence on the scale and is given
by an integral over the primordial bispectrum.

To summarise, the cosmological parameter vector in this non-
Gaussian extension of theΛCDM model is

p = {Ωm, σ8,w0,wa,Ωk,Ωb,H0,nS, fNL} . (20)

We assumefNL = 0 as the fiducial value of the non-Gaussian am-
plitude.

The level of primordial non-Gaussianity has recently been
constrained to high precision thanks toPlanckCMB data (Planck
Collaboration et al. 2014c),−4 . fNL . 11, for the case of a
local bispectrum shape4. Bounds from galaxy cluster abundance
show consistency with the Gaussian scenario,−91 . fNL . 78
(Shandera et al. 2013). Constraints from the distribution of clusters
are even less stringent (Mana et al. 2013). The clustering ofEuclid
spectroscopic galaxies alone is expected to restrict the allowed
non-Gaussian parameter space down to∆ fNL ∼ a few (Carbone,
Verde & Matarrese 2008b; Verde & Matarrese 2009; Fedeli et al.
2011).

4.3 Parametrise deviation from General Relativity

We study another extension to the standardΛCDM cosmology,
based on deviations of the law of gravity from GR. As a matter
of fact, a number of non-standard gravity models have been pro-
posed in the literature (e.g., Hu & Sawicki 2007; Capozziello &
de Laurentis 2011; Amendola et al. 2013) in order to explain the
low-redshift accelerated expansion of the Universe without need
for the DE fluid. Many of these models give rise to modifications
of the late-time linear growth of cosmological structure, which can
be parametrised as

d ln D(a)
d ln a

= Ω
γ
m(a) , (21)

whereγ is dubbed thegrowth index(e.g. Lahav et al. 1991). GR
predicts a nearly constant and scale-independent value ofγ ≃ 0.55
(e.g. Linder 2005). Significant deviations from this value would
hence signal a violation of the standard theory of gravity onlarge
scales. The corresponding vector of cosmological parameters in
this case reads

p = {Ωm, σ8,w0,wa,Ωk,Ωb,H0,nS, γ} , (22)

4 The PlanckCMB constraints on primordial non-Gaussianity have been
converted here into the LSS convention.

with γ = 0.55 taken as our reference value. Using number counts
of X-ray clusters alone, Mantz et al. (2015) have found values of γ
consistent with GR (γ = 0.48±0.19). From a sample of SZ-selected
clusters in SPT surveyγ = 0.73± 0.28 has been found (Bocquet
et al. 2014). While we useγ to parametrize deviations from GR,
this cannot be fully inclusive of all modifications implied by non-
standard gravity, e.g. spherical collapse and mass function (Kopp
et al. 2013; Lombriser et al. 2013). Moreover, theγ parameter alone
does not allow to consider scale-dependences of the growth fac-
tor, which for example exist inf (R) theories (Pogosian & Silvestri
2008). As such, a deviation ofγ from the GR reference value of
0.55 in any test of structure growth would not be easily translated
into a constraint on a specific model of modified gravity.

4.4 Model with non-minimal neutrino mass

In our analysis we also consider the case of massive neutrinos, with
the associated density parameterΩν as the relevant parameter to
be constrained.Ων is related to the total neutrino mass,

∑Nν
i mν,i ,

through the relation:

Ων =
ρν

ρc
=

∑Nν
i mν,i

93.14 h2 eV
, (23)

whereρν andρc are thez = 0 neutrino and critical mass densities,
respectively, andNν is the number of massive neutrinos. A larger
value ofΩν acts on the observed matter power spectrum in two
ways (e.g. Lesgourgues & Pastor 2006; Marulli et al. 2011; Mas-
sara, Villaescusa-Navarro & Viel 2014). The peak of the power
spectrum is shifted to larger scale, because a larger value of the
radiation density postpones the time of equality. Moreover, since
neutrinos free-stream over the scale of galaxy clusters, they do not
contribute to the clustered collapsed mass on such a scale. As a
consequence, the halo mass function at fixed value ofΩm will be
below the one expected in a purely CDM model. Brandbyge et al.
(2010) have shown that results from N -body simulations withmas-
sive neutrinos can be reproduced in a more accurate way by using
the Tinker et al. (2008) halo mass function with

ρm→ ρCDM + ρb = ρm − ρν , (24)

whereρm, ρCDM, ρb and ρν are the total mass, CDM, and baryon
and neutrino densities. Based on the analysis of an extendedset
of N–body simulations, Castorina et al. (2014) and Costanziet al.
(2013b) have shown that, since neutrinos play a negligible role in
the gravitational collapse, only the contribution of cold dark matter
and baryons to the power spectrum has to be used to compute the
r.m.s. of the linear matter perturbations,σ(R), in the computation
of the halo mass function and linear bias:

Pm→ PCDM(k) = Pm(k)

[

ΩCDMTCDM(k, z) + ΩbTb(k, z)
(Ωb + ΩCDM)Tm(k, z)

]2

. (25)

HereTCDM,Tb andTm are the CDM, baryon, and total matter trans-
fer functions respectively, andPm is the total matter power spec-
trum.

Hence, the cosmological parameter vector we use in this case
is:

p = {Ωm, σ8,w0,wa,Ωk,Ωb,H0, nS,Ων} , (26)

with a fiducial value ofΩν = 0.0016 that corresponds to
∑

mν = 0.06 for three degenerate neutrinos (Carbone et al. 2012;
Mantz et al. 2015). Currently, great attention has been devoted
to derive constraints on the neutrino mass from the combination
of galaxy clusters with other LSS observables. The analysisof
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Figure 3. Number of clusters above a given redshift to be detected with
overdensitiesN500,c/σf ield > 5 and> 3 in theEuclid photometric survey
(dotted blue and solid red lines, respectively). We also show the number
density of clusters expected to be detected within redshiftbins of width
∆z = 0.1 for the same detection thresholds (dotted cyan and solid magenta
histograms, respectively).The numbers have been obtainedby using the ref-
erence values of cosmological and nuisance parameters (seeSection 4).

the Planck SZ cluster sample resulted in
∑

mν = 0.20 ± 0.09
eV (Planck Collaboration et al. 2014b). Mantz et al. (2014),
combining cluster, CMB, SN1a and BAO data, found

∑

mν < 0.38
eV at 95.4 per cent c.l. in a wCDM universe. Costanzi et al. (2014)
found

∑

mν < 0.15 eV (68 per cent c.l.) in aΛCDM universe, for
a three active neutrino scenario, using cluster counts, CMB, BAO,
Lyman-α, and cosmic shear data. In Bocquet et al. (2014) the
analysis of SPT cluster sample resulted in

∑

mν = 0.148±0.081 eV.

4.5 Parameters of the mass–observable scaling relation

In our FM analysis, besides the cosmological parameter vectors de-
tailed above, we also include four extra parameters to modelintrin-
sic scatter and bias in the scaling relation between the observed and
true galaxy cluster masses (see equation 6 above). We assumethe
following parametrisation for the bias and the scatter, respectively:

ln Mbias(z) = BM,0 + α ln (1+ z)

and

σ2
ln M(z) = σ2

ln M,0 − 1+ (1+ z)2β . (27)

We select the following fiducial values

pnuisance,F =
{

BM,0 = 0, α = 0, σln M,0 = 0.2, β = 0.125
}

. (28)

We refer to these four parameters asnuisanceparameters hence-
forth. With the fiducial nuisance parameter vector there is no bias
in the true mass-observable relation and the value of the scatter at
z = 0 is in accordance with Rykoff et al. (2012). Also, the fidu-
cial value forβ makes the scatter increase with redshift, reach-
ing σln M ≃ 0.6 at the maximum redshift of theEuclid survey
(zmax = 2).

Our chosen parametrization for the bias and scatter (eq. 27)
stems from our current ignorance of the details of the mass-
observable relations and theirz and/or mass-dependence. For lack
of better knowledge we have chosen a simple power-law depen-
dence onz. Recent analyses show in fact that a power law de-
scription of the mass–richness scaling relation, with Gaussian dis-
tributed intrinsic scatter, provides an accurate description of avail-
able data for low–redshift clusters (e.g. Andreon 2015). Clearly, the
WL mass calibration from the wide and deep Euclid surveys will
ultimately tell us whether the modelization of the mass-observable
relation assumed for our forecasts need to be refined. In theEuclid
survey it will be possible to calibrate such relation with its uncer-
tainties thanks to the weak lensing and spectroscopic surveys. We
estimate thatEuclid has the potential to calibrate the scaling rela-
tion to6 15 per cent accuracy out toz6 1.5 (see Appendix B).

In the following Section, we will consider the two extreme
cases where we assume (i) no prior information on the nuisance
parameters, and (ii) perfect knowledge of the mass-observable re-
lation.

5 RESULTS

Here, we present the constraints on the cosmological parameter
vectors introduced in the previous Section, using the FM formal-
ism. As a first result, we plot in Fig. 3 the histograms corresponding
to the redshift distributions,n(z) = ∆z dN/dz(equation7), ofEuclid
photometric galaxy clusters, obtained by adopting the two selection
functions, which correspond to the two different detection thresh-
oldsN500,c/σf ield > 3 and 5 (see Fig. 2), and by using the reference
values of cosmological and nuisance parameters. The two curves
show the corresponding cumulative redshift distributions, n(> z),
i.e., the total number of clusters detected above a given redshift.
Euclid will detect ∼ 2 × 105 objects withN500,c/σfield > 5 at all
redshifts, with about∼ 4 × 104 of them atz > 1. By lowering the
detection threshold down toN500,c/σfield = 3, these numbers rise
up to∼ 2 × 106 clusters at all redshifts, with∼ 4 × 105 of them
at z > 1. The large statistics of clusters atz > 1 provides a wide
redshift leverage over which to follow the growth rate of pertur-
bations. As a comparison, DES will detect∼ 1.7 × 105 clusters
(with more than 10 bright red-sequence galaxies) and with masses
greater than∼ 5×1013 M⊙ out toz∼ 1.5 in the survey area of 5000
deg2 5 eROSITA (Pillepich, Porciani & Reiprich 2012) will detect
∼ 9.3× 104 clusters with masses greater than∼ 5× 1013 M⊙ in the
survey area of 27.000 deg2, almost all atz< 1.

In Figs. 4, 6, 7, and 8 we show the forecasted constraints from

5 https://www.darkenergysurvey.org/reports/proposal-standalone.pdf
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Figure 4. Constraints at the 68 per cent c.l. on the parametersΩm andσ8 (left panel) and on the parametersw0 andwa for the DE EoS evolution (right
panel). In each panel, we show forecasts for theN500,c/σfield > 3 Euclid photometric cluster selection obtained by (i) NC, the FM number counts (red
dash-dotted contours), (ii) NC+PS, the combination of FM NC and power spectrum (PS) information (blue dotted contours), (iii) NC+PS+known SR, i.e.
by additionally assuming a perfect knowledge of the nuisance parameters (green dash-dotted contours), and (iv) NC+PS+known SR+Planck prior, i.e. by
also adding information fromPlanck CMB data (magenta solid contours). With yellow solid curve we show results from theN500,c/σfield > 3 sample in
the case NC+PS+Planckprior, i.e. with no assumption on the nuisance parameters. With cyan solid lines we show forecasts for theN500,c/σfield > 5 Euclid
photometric cluster selection in the case NC+PS+known SR+Planckprior (labelled 5σ). Planck information includes prior onΛCDM parameters and the DE
EoS parameters.

Euclid photometric clusters on suitable pairs of cosmological pa-
rameters. The ellipses in these figures always correspond tothe
68 per cent c.l. after marginalisation over all other cosmological
parameters and nuisance parameters. In each of these figures, the
blue dotted contours are obtained by combining the number counts
(NC) FM (equation 3) and the cluster power spectrum (PS) FM
(equation8), assuming no prior information on any of the cosmo-
logical and nuisance parameters. Also, the cluster sample is defined
by the selectionN500,c/σfield > 3. The green dash-dotted contours
are obtained in the same way except for the addition of strongpri-
ors on the nuisance parameters, i.e. assuming perfect knowledge of
the scaling relation between the true and the observed cluster mass
(this is labelled as ”+known SR” in the figures). The magenta solid
contours have been obtained by further introducing prior informa-
tion from Planck data (labelled ”+Planck prior” in the figures).
The cyan solid contours represent the same combination of infor-
mation as the magenta solid ones (NC+PS+known SR+ Planck
prior) obtained from the cluster sample with selection correspond-
ing to N500,c/σfield > 5. In the figures, we indicate these contours
with the label 5σ. Finally, for the cluster sample from the selection
N500,c/σfield > 3, we show, with a yellow solid curve, the constraints

obtained by combining the cluster number counts and power spec-
trum FM, assuming no prior information on nuisance parameters,
while including prior information fromPlanckdata.

When using thePlanckpriors, we take for the CPL DE model
the correlation matrix obtained by combiningPlanck CMB data
with the BAOs from Planck Collaboration et al. (2014a)6 for the
parameters of theΛCDM cosmology (assumingΩk = 0), plus
w0 and wa

7. For the non-Gaussian case, we use priors from the
Planckobtained for theΛCDM model plusΩk,0 parameters8. We
also added a flat prior on the level of non-Gaussianity correspond-
ing to −5.8 6 f CMB

NL 6 5.8. Finally, for the modified gravity and
the neutrino scenario we also used priors from thePlanckanalysis
carried out over the parameters of theΛCDM model plusΩk.

In Fig. 4, we show the constraints onΩm andσ8 (left panel),
as well as those on the two CPL DE parametersw0 andwa (right
panel). The contours on theΩm − σ8 plane for the combination of

6 Available at http://wiki.cosmos.esa.int/
planckpla/index.php/Cosmological Parameters
7 PLA/basew wa/planck lowl lowLike BAO
8 PLA/baseomegak/planck lowl lowLike
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number counts and clustering ofN500,c/σfield > 3 galaxy clusters
are rather tight. The information provided by the number density
of clusters alone defines the degeneracy direction betweenΩm and
σ8, with the following constraints:∆Ωm = 0.009,∆σ8 = 0.006.
Information from the cluster power spectrum alone does not pro-
vide stringent constraints on theΩm−σ8 plane. However, using the
combination of the PS with NC FM, the values of both parameters
are constrained to high accuracy:∆Ωm = 0.0019,∆σ8 = 0.0032
(see Table 1). By assuming a perfect knowledge of the scalingre-
lation between true and observed cluster mass, the bounds improve
significantly. This is especially true forσ8, which is more affected
by the nuisance parameters thanΩm. Including information from
thePlanckpriors does not improve the forecasted constraints sig-
nificantly.

Taking theΛCDM as a reference model, its parameters will
be constrained with a precision of∼ 10−3,

∆Ωm = 5.9 10−4,∆σ8 = 4.9 10−4,∆h = 7.2 10−4,

∆Ωb = 8.4 10−4,∆ns = 3.3 10−3 (29)

thanks to the unprecedented number of clusters that will be de-
tected at high redshift. These constraints have been obtained with
theN500,c/σfield > 3 selection function, from cluster number counts
and power spectrum, by assumingstrong prioron the nuisance pa-
rameters, and no prior from Planck.

These results emphasise the importance of exploring the high-
redshift clusters in survey mode. Of course a good knowledgeof
the astrophysical process taking place in clusters is fundamental to
calibrate the mass-observable scaling relations, and alsoto optimise
the detection algorithms. Hence detailed follow-ups of restricted
samples of clusters (such as, e.g., CLASH, CCCP, WtG Postman
et al. 2012; Rosati et al. 2014; Hoekstra et al. 2012; von der Linden
et al. 2014) retain a crucial importance.

On the other hand, the inclusion ofPlanckpriors shall bring
a substantial improvement over the bounds to the DE parameters.
This result is expected, since the CMB data provides stringent con-
straints on the curvature, thereby breaking the degeneracybetween
Ωk and the evolution of the DE EoS (Sartoris et al. 2012). The
contribution of the PS information is less important for (w0,wa)
with respect to (Ωm, σ8): however, the FoM increases from∼ 30
in case of NC alone to∼ 73 for NC+PS constraints (see Table 1).
For both DE EoS parameters, it is crucial to have a well calibrated
scaling relation over the redshift range sampled by the cluster sur-
vey (Sartoris et al. 2012). Indeed, by combining NC and PS, and
assuming perfect knowledge of the scaling relation increases the
FoM to ≃ 291. When we also include the Planck data, i.e. we set
a prior on the curvature, we obtain FoM= 802, with∆w0 = 0.017
and∆wa = 0.07. Moreover when we add the Planck data to NC
and PS information without assuming any knowledge on the nui-
sance parameters, we obtain FoM= 322, with∆w0 = 0.031 and
∆wa = 0.13 (see Table 1). We point out that only in this analyze
where we study the CPL model, we use the Planck CMB data com-
bined with the BAOs informations as provided by Planck Collabo-
ration et al. (2014a).

When we restrict our analysis to the wCDM model (that is
characterised by the six free parametersΩm, σ8,h,Ωb,ns,w), we
obtain∆w = 0.005. If we also addwa as a free parameter, we ob-
tain ∆w0 = 0.013 and∆wa = 0.048. These constraints have been
obtained with theN500,c/σfield > 3 selection function, from cluster
number counts and power spectrum, by assumingstrong prior on
the nuisance parameters, and no prior from Planck.

In both panels of Fig. 4, the adoption of a more conservative
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Figure 5. Relative FoM for number counts in theN500,c/σfield > 3 Euclid
photometric cluster selection, as a function of the limiting redshift zmax of
the survey, i.e. the ratio between the FoM evaluated over 0.2 6 z6 zmaxand
the FoM evaluated over 0.2 6 z6 2.0.

cluster selection (N500,c/σfield > 5) significantly worsens the fore-
casted cosmological constraints. For instance, the FoM is degraded
down to 209 in the best-case scenario, as a consequence of thesig-
nificantly degraded statistics corresponding to the higherselection
threshold.

In Fig. 5, we show how the FoM depends on the limiting red-
shift of the survey. The FoM shown in this figure refers to number
counts (NC) in theN500,c/σfield > 3 Euclid photometric cluster se-
lection. The FoM for a survey reaching out toz 6 1.2 is only half
the FoM of an equivalent survey reaching out toz 6 2. It is there-
fore important that the redshift range covered by the surveybe large
enough to allow a comparison of the behaviour of DE over a suffi-
ciently long cosmological timescale. In this sense, theEuclid sur-
vey will have a unique advantage over other existing and planned
surveys.

In Fig. 6, we show cosmological constraints in the expanded
parameter space which includes non-Gaussian primordial density
fluctuations. Specifically, we display the constraints in the fNL −σ8

plane. Thanks to the peculiar scale-dependence that primordial
non-Gaussianity induces on the linear bias parameter, the power
spectrum of the cluster distribution turns out to be much more sen-
sitive to fNL than it is toσ8. This is clearly demonstrated by the red
dash-dotted contour, which shows forecasted constraints derived
from cluster clustering alone. Quite clearly,σ8 is basically uncon-
strained on the scale of the figure, whilefNL is constrained with
an uncertainty∆ fNL ∼ 7.4. The addition of cluster number counts
changes very little the bounds for primordial non-Gaussianity, how-
ever it improves substantially those for the amplitude of the mat-
ter power spectrum (see Table 1). This helps to define the degen-
eracy betweenfNL andσ8 that are both related to the timing of
structure formation. Interestingly, the estimation of primordial non-
Gaussianity is weakly sensitive to the nuisance parameters. Indeed,
when a perfect knowledge of the scaling relation between true and
observed cluster mass is assumed, only the constraints onσ8 im-
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Table 1. Figure of Merit (FoM) and constraints on cosmological parameters as obtained by progressively adding the FM information for different models,
for two different detection thresholds (N500,c/σfield > 3 and 5). Constraints are shown at 68 per cent c.l. after marginalisation over all other cosmological
parameters and nuisance parameters in the arrays.

N500,c/σfield > 3 Euclid photometric cluster selection

Parameter arrays: Eqs. 16 & 28 Eqs. 22 & 28 Eqs. 20 & 28 Eqs. 26 & 28
Constraints: FoM ∆w0 ∆wa ∆Ωm ∆σ8 ∆γ ∆ fNL ∆Ων

NC+PS 73 0.037 0.38 0.0019 0.0032 0.023 6.67 0.0015
NC+PS+known SR 291 0.034 0.16 0.0011 0.0014 0.020 6.58 0.0013
NC+PS+known SR+Planck 802 0.017 0.074 0.0010 0.0012 0.015 4.93 0.0012
NC+PS+Planck 322 0.031 0.13 0.0018 0.0028 0.021 4.96 0.0013

N500,c/σfield > 5 Euclid photometric cluster selection

NC+PS+known SR+Planck 209 0.034 0.12 0.0022 0.0026 0.034 6.74 0.0020
NC+PS+Planck 94 0.080 0.32 0.0030 0.0064 0.051 6.78 0.0027

prove significantly.Planckpriors does not affect substantially the
constraints onfNL .

When we restrict our analysis to theΛCDM model plus the
non-Gaussianity parameterfNL , we obtain∆ fNL = 6.44. This con-
straint has been obtained with theN500,c/σfield > 3 selection func-
tion, from cluster number counts and power spectrum, by assuming
strong prioron the nuisance parameters, and no prior from Planck.
Forecast foreROSITA(Pillepich, Porciani & Reiprich 2012) predict
a similar precision, since the narrower redshift range of this survey
(with respect toEuclid) is compensated by its wider area, which
allows a better sampling of large scale modes.

We point out that in this analysis we are assuming the most
commonly used parametrisation of non-Gaussianity, wherefNL is
considered scale-invariant. However, there are models that predict
otherwise. For these, the combination of clusters and CMB data
complement each other well, providing tight constraints onthe pos-
sible scale dependence offNL .

As for the models including GR violation, we show in Fig.
7 the constraints onσ8 and the growth parameterγ. Similarly to
the constraints on theΩm–σ8 plane, the constraints onγ are not
strongly affected by the inclusion ofPlanckpriors, thus implying
that galaxy clusters are by themselves excellent tools to detect sig-
nature of modified gravity through its effect on the growth of pertur-
bations. Significant degradation of the constraining powerhappens
if a higher threshold for cluster detection is chosen.

Restricting our analysis to theΛCDM model plus theγ pa-
rameter we obtain∆γ = 0.006. This constraint has been obtained
with the N500,c/σfield > 3 selection function, from cluster number
counts and power spectrum, by assumingstrong prior on the nui-
sance parameters, and no prior from Planck.

Finally, we show in Fig. 8 the joint cosmological constraints
onσ8 and the neutrino density parameterΩν. The presence of neu-
trinos with masses in the sub-eV range requires higher values of
σ8: increasingΩν at fixedΩm has the effect of shifting the epoch
of matter-radiation equality to a later time and to reduce the growth
of density perturbations at small scales in the post-recombination
epoch. As a consequence, a larger value ofσ8 is required to com-
pensate these effects. We use the Planck prior mainly to add infor-
mation on the geometry of the Universe, and the standardΛCDM
parameters. We obtain the constraints∆Ων = 0.0012 (correspond-
ing to ∆

∑

mν = 0.01 ). The constraints on the neutrino density
parameter are weakly affected by the inclusion of a prior on the
nuisance parameters. However, there is a degradation by a factor

of ∼ 2 of the constraining power if the selection function with the
higher threshold for cluster detection is chosen (see Table1).

To gauge the impact of a particular choice of the selection
function on the cosmological constraints, we have so far shown our
results for both theN500,c/σfield > 3 and theN500,c/σfield > 5 Eu-
clid photometric cluster selection functions. As a further test, we
consider the effect on the (w0,wa) constraints of adopting a flat
selection function with log(M200,c) = 13.9, within 0.2 6 z 6 2.
With thisflat selection function there are less clusters than with the
N500,c/σfield > 3 one, both in total (∼ 1.4 × 106 vs. ∼ 1.6 × 106,
respectively) and within 0.4 . z . 1.2. However, the number of
clusters atz > 1 is higher (∼ 3.2× 105) for theflat selection func-
tion than for theN500,c/σfield > 3 one (∼ 1.9× 105). The effect of a
larger number of high-z clusters in theflat selection function sam-
ple compensates for the smaller total number of clusters in provid-
ing similar constraints on the cosmological parameters to those ob-
tained with theN500,c/σfield > 3 selection function sample (changes
are< 10% on the constraints on the DE parameters). This suggests
that the precise shape of the selection function has little impact on
our results, and in any case much less than its overall normalisation.

6 CONCLUSIONS

In this paper, we presented a comprehensive analysis of the fore-
casts on the parameters that describe different extensions of the
standardΛCDM model. These were based on the selection func-
tion of galaxy clusters from the wide photometric survey to be car-
ried out with theEuclid satellite, a medium-size ESA mission to
be launched in 2020. We presented the derivation of this selection
function and the Fisher Matrix formalism employed to derivecos-
mological constraints. This is the same formalism that has been
used in theEuclid Red Book (Laureijs et al. 2011). Our main re-
sults can be summarised as follows.

• Using photometric selection, we found thatEuclid will detect
galaxy clusters atN500,c/σfield > 3 with a minimum mass of∼ 0.9−
1 × 1014M⊙. As a result, theEuclid photometric cluster catalogue
should include∼ 2 × 106 objects, with about one fifth of them at
z> 1.
• The Euclid cluster catalogue has the potential of providing

tight constraints on a number of cosmological parameters, such as
the normalisation of the matter power spectrumσ8, the total matter
density parameterΩm, a redshift-dependent DE equation of state,
primordial non-Gaussianity, modified gravity, and neutrino masses
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Figure 6. Constraints at the 68 per cent c.l. on thefNL −σ8 parameters. We
show forecasts for theN500,c/σfield > 3 Euclid photometric cluster selec-
tion obtained by (i) PS, the FM power spectrum (red dash-dotted contours),
(ii) NC+PS, the combination of FM number counts (NC) and PS informa-
tion (blue dotted contours), (iii) NC+PS+known SR, i.e. by additionally as-
suming a perfect knowledge of the nuisance parameters (green dash-dotted
contours), and (iv) NC+PS+known SR+Planck prior, i.e. by also adding
information fromPlanckCMB data (magenta solid contours). With yellow
solid curve we show results from theN500,c/σfield > 3 sample in the case
NC+PS+Planckprior, i.e. with no assumption on the nuisance parameters.

With cyan solid lines we show forecasts for theN500,c/σfield > 5 Euclid
photometric cluster selection in the case NC+PS+known SR+Planckprior
(labelled 5σ). Planck information includes prior onΛCDM+Ωk+ fNL pa-
rameters.

(see Table 1). We predict that most of these constraints willbe even
tighter than current bounds available fromPlanck. The constrain-
ing power of theEuclid cluster catalogue relies on its unique broad
redshift coverage, reaching out toz= 2.
• Knowledge of the scaling relation between the true and the ob-

served cluster mass turns out to be one of the most important factors
determining the constraining power of theEuclid cluster catalogue
for cosmology. TheEuclid mission will have a distinct advantage
in this respect, namely the possibility to calibrate such relation, at
least up toz = 1.5, with . 10 and. 30 per cent accuracy, us-
ing the weak lensing and spectroscopic surveys, respectively (see
Appendix B). The deepEuclid survey will allow to extend the cali-
bration to even higher redshifts, although with lower precision than
in the wide survey, due to lower number statistics.

The main goal of this paper is to show how we can extract the
information from clusters in theEuclidsurvey to optimally measure

σ 8
γ

NC+PS
+known SR

+Planck prior
NC+PS+Planck prior

5σ

 0.815

 0.82

 0.825

 0.83

 0.835

 0.84

 0.845

 0.48  0.5  0.52  0.54  0.56  0.58  0.6

Figure 7. Constraints at the 68 per cent c.l. on theγ − σ8 parame-
ter plane. We show forecasts for theN500,c/σfield > 3 Euclid photo-
metric cluster selection obtained by (i) NC+PS, the combination of FM
number counts (NC) and power spectrum (PS) information (blue dotted
contours), (ii) NC+PS+known SR, i.e. by additionally assuming a per-
fect knowledge of the nuisance parameters (green dash-dotted contours),
and (iii) NC+PS+known SR+Planck prior, i.e. by also adding informa-
tion from Planck CMB data (magenta solid contours). With yellow solid
curve we show results from theN500,c/σfield > 3 sample in the case
NC+PS+Planckprior, i.e. with no assumption on the nuisance parameters.
With cyan solid lines we show forecasts for theN500,c/σfield > 5 Euclid
photometric cluster selection in the case NC+PS+known SR+Planckprior
(labelled 5σ). Planck information includes prior onΛCDM+Ωk parameters.

the cosmological parameters in various models. For this reason we
have neglected at this stage some phenomenological aspectscom-
mon to all observational surveys, e.g. contamination by projection
effects and the non-uniform coverage of the survey. We argued that
contamination is unlikely to be a dominant systematic effect in the
selection function, thanks to the availability of precise photometric
redshift estimates. The non-uniform coverage will be characterized
with sufficient precision to allow the determination of galaxy clus-
tering, one of the main cosmological probes of theEuclid survey.

With the future large surveys, likeEuclid, that will be carried
out with the next generation of telescopes, the number of detected
clusters from the individual surveys will range from thousands to
tens of thousands. As we have shown in this paper, this will allow
to constrain most cosmological parameters to a precision level of a
few per cent. Currently, theoretical halo mass functions are defined
with an uncertainty of∼ 5 per cent in the standardΛCDM model
(e.g. Tinker et al. 2008), and many efforts have been devoted in
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Figure 8. Constraints at the 68 per cent c.l. in theΩν − σ8 parame-
ter plane. We show forecasts for theN500,c/σfield > 3 Euclid photo-
metric cluster selection obtained by (i) NC+PS, the combination of FM
number counts (NC) and power spectrum (PS) information (blue dotted
contours), (ii) NC+PS+known SR, i.e. by additionally assuming a per-
fect knowledge of the nuisance parameters (green dash-dotted contours),
and (iii) NC+PS+known SR+Planck prior, i.e. by also adding informa-
tion from Planck CMB data (magenta solid contours). With yellow solid
curve we show results from theN500,c/σfield > 3 sample in the case
NC+PS+Planckprior, i.e. with no assumption on the nuisance parameters.
With cyan solid lines we show forecasts for theN500,c/σfield > 5 Euclid
photometric cluster selection in the case NC+PS+known SR+Planckprior
(labelled 5σ). Planck information includes prior onΛCDM+Ωk parameters.

the last years to better sample the high mass regime (Watson et al.
2013) and to assess the degree of universality of the halo mass func-
tion (Despali et al. 2015). To maximally extract cosmological infor-
mation from these cluster surveys, it becomes critical to specify the
theoretical halo mass function to better than a few percent accuracy
for a range of cosmologies. A substantial effort is currently ongoing
in this direction (Grossi et al. 2007; Dalal et al. 2008; Cui,Baldi &
Borgani 2012; Lombriser et al. 2013; Castorina et al. 2014).More-
over, cosmological hydrodynamic simulations will have to precise
the impact of baryons on the shape of the mass profile, which has
already been shown to be non negligible

(Rudd, Zentner & Kravtsov 2008; Stanek, Rudd & Evrard
2009; Cui, Borgani & Murante 2014; Cusworth et al. 2014; Vel-
liscig et al. 2014; Vogelsberger et al. 2014; Martizzi et al.2014;
Schaller et al. 2015; Bocquet et al. 2015). While we have not ad-
dressed in this paper the impact of uncertainties in the calibration of
the halo mass function and of the mass-dependent bias, it is clear

that these represent theoretical uncertainties that need to be con-
trolled at the level of few percent if we want to take full advantage
of unique characteristics of the Euclid cluster survey (Balaguera-
Antolı́nez & Porciani 2013).
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Iglesias-Páramo J., Boselli A., Cortese L., Vı́lchez J. M., Gavazzi
G., 2002, A&A, 384, 383

Kaiser N., 1987, MNRAS, 227, 1
Kitching T. D. et al., 2014, MNRAS, 442, 1326
Kodama T., Arimoto N., 1997, A&A, 320, 41
Kodama T., Balogh M. L., Smail I., Bower R. G., Nakata F., 2004,
MNRAS, 354, 1103

Koester B. P. et al., 2007, ApJ, 660, 239
Komatsu E., Spergel D. N., 2001, Phys. Rev. D, 63, 063002
Kopp M., Appleby S. A., Achitouv I., Weller J., 2013, Phys. Rev.
D, 88, 084015

Kravtsov A. V., Borgani S., 2012, ARAA, 50, 353
Kravtsov A. V., Vikhlinin A., Nagai D., 2006, ApJ, 650, 128
Lahav O., Lilje P. B., Primack J. R., Rees M. J., 1991, MNRAS,
251, 128

Laureijs R. et al., 2011, arXiv:1110.3193
Lesgourgues J., Pastor S., 2006, Phys. Rept., 429, 307
Lima M., Hu W., 2005, Phys. Rev. D, 72, 043006
Lin Y.-T., Mohr J. J., Gonzalez A. H., Stanford S. A., 2006, ApJ,
650, L99

Lin Y.-T., Mohr J. J., Stanford S. A., 2003, ApJ, 591, 749
Linder E. V., 2003, Physical Review Letters, 90, 091301
Linder E. V., 2005, Phys. Rev. D, 72, 043529
Lombriser L., Li B., Koyama K., Zhao G.-B., 2013, Phys. Rev. D,
87, 123511

LoVerde M., Miller A., Shandera S., Verde L., 2008, Journal of
Cosmology and Astro-Particle Physics, 4, 14

Mamon G. A., Biviano A., Boué G., 2013, MNRAS, 429, 3079
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Reichert A., Böhringer H., Fassbender R., Mühlegger M., 2011,
A&A, 535, A4

Rines K., Geller M. J., 2008, AJ, 135, 1837
Rosati P. et al., 2014, The Messenger, 158, 48
Rozo E., Evrard A. E., Rykoff E. S., Bartlett J. G., 2014, MNRAS,
438, 62

Rozo E., Rykoff E., Koester B., Nord B., Wu H.-Y., Evrard A.,
Wechsler R., 2011, ApJ, 740, 53

Rozo E. et al., 2010, ApJ, 708, 645
Rudd D. H., Zentner A. R., Kravtsov A. V., 2008, ApJ, 672, 19
Rykoff E. S. et al., 2012, ApJ, 746, 178
Salopek D. S., Bond J. R., 1990, Phys. Rev. D, 42, 3936
Sartoris B., Borgani S., Fedeli C., Matarrese S., Moscardini L.,
Rosati P., Weller J., 2010, MNRAS, 407, 2339

Sartoris B., Borgani S., Rosati P., Weller J., 2012, MNRAS, 423,
2503

Schaller M. et al., 2015, MNRAS, 451, 1247
Schechter P., 1976, ApJ, 203, 297
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APPENDIX A: THE EUCLID SPECTROSCOPIC SURVEY

We use a procedure similar to the one described in Section 2 tode-
termine the number of spectroscopic cluster galaxies within r200,c,
as a function of both cluster mass and redshift. Since theEuclid
spectroscopic survey is flux-limited in the Hα line, we consider the
cluster Hα LF. There are not many determinations of the cluster
Hα LF in the literature. We use the results of Iglesias-Páramoet al.
(2002, for two nearby clusters,z= 0.02), Balogh et al. (2002, for a
z = 0.18 rich cluster), Umeda et al. (2004, for az = 0.25 cluster),
and Kodama et al. (2004, for az= 0.4 cluster).

The redshift evolution of the cluster Hα LF is (at best) poorly
constrained, hence we have to make several assumptions for its
three parameters, the characteristic luminosityL⋆, the normalisa-
tion φ⋆, and the faint-end slopeα. We consider two possible evolu-
tions. In the first, we assume thez-evolution ofL⋆ to be the same as
the one measured for the field Hα LF, i.e.L⋆ ∝ (1+z)3.1 for z6 1.3,
and no further evolution at higher redshift (Geach et al. 2010). In
the second, we allowL⋆ to evolve atz > 1.3 with the samez-
dependence established at lower redshifts. The second scenario is
based on the idea that the preferred sites for galaxy star-formation
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Figure A2. Selection function for theEuclid spectroscopic survey. In the
top panel the solid blue curve indicates the selection function for clusters
with 5 galaxies with measured spectroscopic redshift within r200,c. This
curve depends on the assumption thatL⋆ continues to evolve beyondz= 1.3
following the same evolution law determined by Geach et al. (2010) for
lowerz. The dash-dotted curve depends instead on the assumption that there
is no further evolution ofL⋆ beyondz = 1.3, consistently with what is ob-
served for the field Hα LF (Geach et al. 2010). The dashed red curve is an
independent estimate based on the the number densities of Hα field galaxies
per redshift bin, estimated by Pozzetti et al. (2016). In thelower panel the
solid, dash-dotted and dashed lines show results for clusters with at least
5, 10, and 20 galaxies, respectively, with measured spectroscopic redshift
within r200,c, based on the assumption thatL⋆ continues to evolve beyond
z= 1.3. The dotted line is the selection function for theEuclid photometric
survey (from Fig. 2), shown as a reference.

tends to shift to higher-density regions at higher redshifts (Elbaz
et al. 2007), even if the redshift at which this shift occurs is not
well constrained (Ziparo et al. 2014)

The different cluster LFs we consider have been determined
for different overdensities,∆. To evaluate the∆ = 200 value ofL⋆

at z = 0, we perform a regression analysis between log [L⋆/(1 +
zc)3.1] and log∆. We find L⋆z=0 = 3.8 × 1041 erg s−1. Similarly to
what we did in Section 2 for theKs LF, we assumeφ⋆ ∝ H2(z).
We then take the average of theφ⋆ values obtained for the different
clusters, after rescaling them for the factor 200H0/[∆H(z)], and
findφ⋆z=0 = 1.1 Mpc−3. As forα, we fix it to the value−0.7 obtained
for the two nearby clusters by Iglesias-Páramo et al. (2002), since
the other clusters observations were not deep enough to constrain
the Hα LF faint-end.

We convert the Hα luminosities into fluxes usingfHα =
LHα/(2× 4πD2

L,c), whereDL,c is the cluster luminosity distance and
the factor 1/2 accounts for the average dust extinction (Kodama
et al. 2004). By integrating the LF down to the flux limit of theEu-
clid spectroscopic survey (3×10−16 erg s−1 cm−2), we finally obtain
the expected number density of galaxies withinr200,c. By multiply-
ing the number density of galaxies withinr200,c by the volume of the
sphere of radiusr200,c, we obtain the number of galaxies in a cluster
with Hα flux above theEuclid survey limit. Finally, we multiply
this number by the expected completeness of the spectroscopic sur-
vey,∼ 80 per cent.

In Fig. A1 we show the resulting estimates of the number of
cluster galaxies with spectroscopic redshifts withinr200,c, as a func-
tion of redshift for clusters of different masses, for the case of an
evolving Hα LF beyondz = 1.3. Note that only the redshift range

0.9−1.8 is shown, since this is the detectability range of the Hα-line
in theEuclid survey, according to the current design baseline9.

We also consider the following, independent estimate of the
cluster selection function in theEuclid spectroscopic survey. We
use Pozzetti et al. (2016) estimates of the number densitiesof Hα-
emitting field galaxies per square degree and redshift bin, that we
convert to volume densities,nf d. To estimate the expected num-
ber density of Hα-emitting galaxies in a cluster, we usedncl =

nf db(z)∆ρc/ρm, whereρc is the critical density andρm the mass
density of the Universe at any given redshift,∆ is the overden-
sity we want to sample in the cluster, andb(z) is the redshift-
dependent bias parameter that accounts for the different distribu-
tion of Hα galaxies and the underlying matter distribution. Taking
∆ = 200, the number of Hα galaxies in a cluster of massM200,c

is N(6 r200,c) = (4π/3)r3
200,cncl. We estimate the biasb(z) from the

comparison of the real-space correlation functions of matter and
Hα galaxies,b = (r0g/r0m)−γ/2, whereγ is the slope of the correla-
tion function. We use the correlation lengths of the diffuse matter
in our adopted cosmology, and those of Hα galaxies with lumi-
nosities corresponding to theEuclid flux limit at any given redshift
(taken from Sobral et al. 2010). We estimateb(z = 0.9) = 1.9 and
b(z = 2.0) = 3.5, and interpolateb(z) between these two values at
any redshift in the range 0.9–2.0.

In Fig. A2, we show the limiting massM200,c of a cluster with
at leastNz galaxies with measured spectroscopic redshift within
r200,c as a function of the cluster redshift. This is the selection func-
tion of clusters in theEuclid spectroscopic survey, in the sense
that Nz concordant redshifts within a region of typical cluster size
(i.e.,r200,c) are required to identify a cluster. The three different es-
timates of the spectroscopic selection function for clusters in the
Euclid survey are rather different, and this reflects the current sys-
tematic uncertainties. From Fig. A2 (bottom panel), one cansee
that the spectroscopic survey selection function is above the photo-
metric survey selection function. Hence, it will prove lessefficient
to search for clusters in theEuclid spectroscopic survey than in the
photometric survey. Data from the spectroscopic survey will still be
useful to confirm clusters detected in the photometric survey, thus
improving the reliability of the sample.

APPENDIX B: CLUSTER MASS CALIBRATION

The impact of nuisance parameters on cosmological constraints
from Euclid photometric clusters is going to be quite significant.
This is especially true for the parameters directly relatedto the
growth of structure history like the matter power spectrum normal-
isationσ8, and for the CLP DE parameterwa, that is particularly
sensitive to the level of knowledge of the scaling relation evolu-
tion. In Fig. B1, we show how the cosmological constraints onthe
DE equation of state depend on our knowledge of the scaling re-
lation. In particular, we show that strong constraints on the evolu-
tion of the scatter and the mass bias, allow to greatly improve the
constraints on the DE EoS parameters. On the other hand, precise
knowledge of these parameters atz = 0 is not of crucial impor-
tance, as shown by the overlapping constraints in thew0,wa plane
in the figure (solid black and dashed green ellipses).

9 See the ”Euclid GC Interim Science Review” by Guzzo & Percival, at
http://internal.euclid-ec.org/?pageid=714. Access restricted to theEuclid
Consortium members.
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Figure B1. Constraints at the 68 per cent c.l. in thewa − w0 parameter
plane. We show forecasts for theN500,c/σfield > 3 Euclid photometric clus-
ter survey obtained by (i) combining the FM information for number counts
and power spectrum (NC+PS; blue dotted contour), (ii) same as (i) but as-
suming perfect knowledge of the evolution of the scatter (see equation 27;
orange dashed contour); (iii) same as (i) but assuming perfect knowledge
of the evolution of both the scatter and the bias (black solidcontour); (iv)
same as (i) but assuming perfect knowledge of all the four nuisance param-
eters (green dash-dotted contour). The blue and green curves are the same
of Fig. 4,right panel. Note that the solid black and the greendashed ellipses
are almost coincident.

To maximise the scientific return of theEuclid galaxy clus-
ter catalogue, it is therefore very important to know the mass scal-
ing relation in an as much as possible precise and unbiased way.
There are two avenues to obtain this goal. The first one is to cross-
correlate theEuclid cluster sample with samples obtained at dif-
ferent wavelengths by different surveys. For instance, by the time
Euclid will fly, the eRositafull-sky X-ray cluster catalogue will be
available, and will provide an important contribution to the cluster
true mass estimation. Other useful cluster catalogues willinclude
the SZ samples provided by the South-Pole Telescope (SPT), the
Atacama Cosmology Telescope (ACT), andPlanck.

The second avenue, that represents the strength of theEuclid
mission, consists in exploiting internalEuclid data. Many photo-
metrically selected clusters will appear as signal-to-noise peaks in
the Euclid full-sky cosmic shear maps. This weak gravitational
lensing signal will permit us to estimate the cluster masseswith-
out relying on assumptions about dynamical equilibrium. Although
only the more massive systems will permit individual mass mea-
surements, we can nevertheless statistically calibrate the normali-
sation of the cluster scaling relations down to the lowest masses in
the catalogue by stacking. An example is given in Fig. B2, show-
ing the level of precision expected on the mean mass of stacked
clusters.

We first measure the mass of individual clusters with a
matched filter, assuming that the mass density profile of all clus-
ters follows an NFW profile. We then calculate the uncertainty on
the mean mass of the individual measurements in bins of mass

(∆ log M200,c = 0.2) and redshift (∆z = 0.1). This result depends
on the number of clusters expected in each bin, and for this pur-
pose we have adopted the Planck cosmology (Planck Collaboration
et al. 2014a) and aEuclid survey of 15,000 square degrees. The
figure only accounts for shape-noise, withσ = 0.3.

The three curves trace the precision on the mean for mass bins
centred atM200,c = 3 × 1014 M⊙, 2 × 1014 M⊙, and 1.5 × 1014 M⊙
(from top to bottom) as a function of redshift. We do better onthe
lower mass systems because their larger number compensatesfor
their lower individual signal-to-noise measurements. Thefigure
demonstrates thatEuclid has the potential to calibrate the mean
mass, and hence scaling relations, to 1% out to redshift unity, and
to 10% out toz. 1.6 for clusters ofM200,c = 1.5× 1014 M⊙.

At the same time, the spectroscopic part of theEuclid survey
will provide velocities for a few cluster members in each cluster
detected with photometric data. Stacking these velocitiesfor many
clusters in bins of richness and redshift will allow a precise calibra-
tion of the velocity dispersion vs. richness relation, and from this
of the mass-richness relation.

In Fig. B3, we show the number of spectroscopic cluster mem-
bers that will be available for stacks of clusters of given mass in bins
of ∆z = 0.1 and∆ log M200,c = 0.2 (even if, in reality, the stacking
procedure will be based on mass proxies, such as richness). These
numbers are evaluated using the spectroscopic selection function
(bottom panel of Fig. A2), and the expected number of clusters
above a given mass in our adopted cosmology, by considering only
clusters with at least 5 members with redshifts. In the figurewe
show the predictions for three cluster masses, logM200,c/M⊙ =
14.2, 14.4, 14.6. The curve for logM200,c/M⊙ = 14.2 is limited to
z 6 1.25 because of our choice of considering only clusters with
Nz > 5. Note that the curve for logM200,c/M⊙ = 14.0 (not shown)
would be limited toz6 1 (and it would be lie in between those for
14.2 and 14.4).

From the analysis of Biviano et al. (2006) we find that the
statistical noise in the velocity dispersion estimate of a sample of
∼ 500 cluster members is∼ 9 per cent, which translates into a∼ 27
per cent statistical noise in the mass estimate. A similar figure has
been obtained by Mamon, Biviano & Boué (2013) when using the
full velocity distribution to constrain cluster masses. The value of
500 is displayed in Fig. B3, and it shows that a very precise spec-
troscopic calibration of cluster masses will be possible for stacks
of clusters with 14.2 6 log M200,c/M⊙ 6 14.6 over the redshift
range 0.9 6 z 6 1.2, and even beyond that (z . 1.5) for clus-
ters with masses logM200,c/M⊙ ≃ 14.4. Spectroscopic calibration
of cluster masses at higher redshifts will be feasible with reduced
precision, but lack of statistics will hamper cluster mass calibration
at logM200,c/M⊙ < 14.2.

Potential worries that we have not addressed in these estimates
are contamination and fragmentation. We have argued in Sect. 2
that contamination by projection effects is not a dominant effect,
even at high redshifts. Fragmentation occurs when a real large
cluster is broken into smaller subunits by the cluster identification
algorithm. This could affect the velocity dispersion vs. richness
calibration, since the former is less affected by the fragmentation
effect than the latter. To keep the fragmentation issue under
control, theEuclidcollaboration will use a battery of sophisticated,
independent cluster finder algorithms.

The wideEuclid survey will allow precise calibration of the
mass-observable relation out toz. 1.6, using gravitational lensing
and spectroscopy. The deepEuclid survey will allow to extend this
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Figure B2. Calibrating cluster masses with gravitational shear. The curves
show the expected precision on the mean mass of clusters in bins of
∆ log M200,c = 0.2 and∆z = 0.1, centred on masses (from top to bot-
tom) of M200,c = 3 × 1014 M⊙ (green curve), 2× 1014 M⊙ (red), and
1.5 × 1014 M⊙ (blue). We assume a lensing survey of 15,000 sq. deg.2,
the Tinker mass function in the baseΛCDM Planck-cosmology, and shape
noise withσ = 0.3

calibration to even higher redshifts, although with a much more
limited statistics on the number of clusters. Overall, by combin-
ing Euclid internal mass calibration with the cross correlation with
external SZ and X-ray surveys, we should be able to significantly
mitigate the degrading effect of the nuisance parameters on cosmo-
logical constraints.

Figure B3. Calibrating cluster masses with spectroscopy. The curves show
the number of cluster galaxies with redshifts available in stacks of clusters
in bins of∆ log M = 0.2 and∆z= 0.1, as a function of redshift, for central
values of the mass bins of logM200,c/M⊙ = 14.2,14.4, 14.6 (red, blue, green
curves, respectively). The estimate is done only for clusters with a mass
limit above that required for a minimum of 5 members with redshift – see
Fig. A2 bottom panel. This requirement restricts the curve for logM/M⊙ =
14.2 to z 6 1.25. The dotted line shows the value of 500 galaxies as a
reference.
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