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ABSTRACT

We study the characteristics of the galaxy cluster sampiesated from the European Space
Agency’sEuclid satellite and forecast constraints on parameters desgrévariety of cos-
mological models. In this paper we use the same method ofsinallready adopted in the
Euclid Red Book (Laureijs et al. 2011), which is based on the FishatriMapproach. Based
on our analytical estimate of the cluster selection fumciio the photometricuclid sur-
vey, we forecast the constraints on cosmological parametgresponding to ffierent exten-
sions of the standardCDM model. Using onlyEuclid clusters, we find that the amplitude
of the matter power spectrum will be constrainediteg = 0.0014 and the mass density pa-
rameter toAQ,, = 0.0011. The dynamical evolution of dark energy will be conggd to
Awp = 0.03 andAw, = 0.2 with free curvaturey, resulting in a o, w,) Figure of Merit
(FoM) of 291. In combination with Planck Cosmic MicrowavedRground constraints, the
amplitude of primordial non-Gaussianity will be constedriioA fy. ~ 6.6 for the local shape
scenario. The growth factor paramejernwhich signals deviations from General Relativity,
will be constrained ta\y = 0.02, and the neutrino density parametern@, = 0.0013 (or

A Y. m, = 0.01). Including thePlanck CMB covariance matrix, improves Dark Energy con-
straints toAwp = 0.02, Aw, = 0.07 and a FoM 802. Knowledge of the observable—cluster
mass scaling relation is crucial to reach these accurdaoieging and spectroscopic capabil-
ities of Euclid will enable internal mass calibration from weak lensing émeldynamics of
cluster galaxies, supported by external cluster surveys.

1 INTRODUCTION (see, e.g., Allen, Evrard & Mantz 2011), they have playedwgwoir-
tant role in delineating the current standa&x@DM cosmological
model. As a matter of fact, the number counts and spatiailalist
tion of these objects have a strong dependence on a numbes-of ¢
mological parameters, especially the amplitude of the masger
spectrum and the matter content of the Universe. The ewoluti
with redshift of the cluster number density and correlafigrction

According to the hierarchical scenario for the formationcos-
mic structures, galaxy clusters are the latest objectsve ftamed
from the collapse of high density fluctuations filtered on pity
cal scale of~ 10 comoving Mpc (e.g. Kravtsov & Borgani 2012).
Since galaxy clusters provide information on the growthdnisof
structures and on the underlying cosmological model in nveanys
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can be employed to break the degeneracy between these two pa-

rameters, and thus can provide constraints on the cold DatkelM
(DM henceforth) and Dark Energy (DE) density parameters. (e.
Wang & Steinhardt 1998; Haiman, Mohr & Holder 2001; Weller,
Battye & Kneissl 2002; Battye & Weller 2003; Allen, Evrard &
Mantz 2011; Sartoris et al. 2012). Furthermore, a numbetuaf-s
ies (e.g., Carbone et al. 2012; Costanzi et al. 2013a, 204¥H h
also shown that clusters can be used to constrain neutropepr
ties, because massive neutrinos would directly influenegitbwth
of cosmic structure, by suppressing the matter power spmacbn
small scales. More generally, since the evolution of thetelupop-
ulation traces the growth rate of density perturbationrgdaurveys
of clusters extending over a wide redshift interval havepbn-
tial of providing stringent constraints on any cosmologivedel
whose deviation frorACDM leaves its imprint on this growth.

Over the past decade, surveys of galaxy clusters for cosmo-
logical use have been constructed and analysed, based en obs
vations at dferent 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) distortiS& (
henceforth, Staniszewski et al. 2009; Benson et al. 201adRI
Collaboration et al. 2014b; Burenin & Vikhlinin 2012), angtizal
(Rozo et al. 2010) bands. Further improvements can be @atain
from the spatial clustering of galaxy clusters (Schueckat.003;
Hutsi 2010; Mana et al. 2013). The resulting cosmologicai-c
straints turn out to be complementary to those of other ctizgno
ical probes such as type la supernovae (e.g., Betoule ed®d)2
Cosmic Microwave Background (CMB) radiation (e.g., Hinsha
et al. 2013; Planck Collaboration et al. 2014a), the Baryoous-
tic Oscillations (BAOs; e.g., Anderson et al. 2014), andnaias
shear (e.g. Kitching et al. 2014; Basse et al. 2014). Thasse
catalogues are however characterised either by a large eruofib
objects that cover a relatively small redshift range, oneatsmall
samples that span a wide redshift range. Ideally, in ordekptoit
the redshift leverage with good statistics, one should fmeess
to a survey that can provide a high number of well charaedris
clusters over a wide redshift range.

One future mission that will achieve this goal will be the Eu-
ropean Space Agency (ESA) Cosmic Vision misdkarclid! (Lau-
reijs et al. 2011). Planned for launch in the year 2@0clid will
study the evolution of the cosmic web up to redshift 2. Al-
though the experiment is optimised for the measurementssfioe
logical Weak Lensing (WL, or cosmic shear) and the galaxgtelu
ing, Euclid will also provide data usable for other important com-
plementary cosmological probes, such as galaxy clustéusie
detection will be possible in threeftérent waysi) using photo-
metric dataji) using spectroscopic data; aid through gravita-
tional (mostly weak) lensing, which may be combined for more
efficiency. In this paper, we will perform our analyses by usimg t
photometric cluster survey (see Section 2), where thealdgtec-
tion method is not dissimilar from that used to detect lodsteft
SDSS clusters (Koester et al. 2007). However, thanks to see u
of Near Infrared (NIR) band€uclid will be capable of detecting
clusters at much higher redshifis« 2) over a similarly large area.
The sky coverage dEuclid will reach 15000 ded, almost the en-
tire extragalactic celestial sphere. The characteristi¢be Euclid
spectroscopic survey and its possible use for the caldoraf the
mass-observable relation will be discussed in AppendicasdB,
respectively.

1 httpy/www.euclid-ec.org

One fundamental step for the cosmological exploitation of
galaxy clusters is the definition of the relation betweenrtrass

of the host DM halo and a suitable observable quantity (éugs-,
dreon & Hurn 2012; Giodini et al. 2013). Manyferts have been
devoted to the calibration of the observable-mass scadifagions

at different wave bands (e.g. Arnaud et al. 2010; Planck Collabo-
ration et al. 2011; Reichert et al. 2011; Rozo et al. 2011;dRyk
et al. 2012; Ettori 2013; Rozo et al. 2014; Mantz et al. 2018nW
& Han 2015) and in the definition of mass proxies which are at th
same time precise (i.e. characterised by a small scattbeiadal-

ing against cluster mass) and robust (i.e. relatively isisien to

the details of cluster astrophysics) (e.g. Kravtsov, Mikinl & Na-

gai 2006). In the case &uclid, an internal mass calibration will be
performed through the exploitation of spectroscopic and dia

of the wideEuclid survey (see Appendix B), and of the deeyclid
survey of 40 defj 2 magnitudes deeper than the wide survey. The
deep survey will be particularly useful in adding constraion the
evolution of the observable-mass scaling relation:atl.

TheseEuclid internal data will provide a precise calibra-
tion of the relation between cluster richness, which cheraes
photometrically-identified clusters, and their actual sadaurther-
more, it will be possible to cross-correlaiiclid data with data
from other cluster surveys - such @Rosita(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 calibratbf
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 éfierent classes of cosmological models that de-
viate from the concordancACDM paradigm. We first consider
the case of a dynamical evolution of the DE component, usiag t
two-parameter functional form originally proposed by Chléer
& Polarski (2001) and Linder (2003). The same parametdgati
has been used in the Dark Energy Task Force reports (DETF; Al-
brecht et al. 2006, 2009) to estimate the constraining poiveif-
ferent cosmological experiments. Second, we allow for tivaqr-
dial mass density perturbations to have a non-Gaussiarbdison.
Third, we explore theféect of deviations from General Relativity
(GR) on the linear growth of density perturbations. Finailg 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 estimatebhelid cluster selection
function of the photometric survey. In Section 3, we desctite
Fisher Matrix approach used to derive constraints fromghelid
cluster survey on cosmological parameters. In Section 4riedy
describe the characteristics of thefeient cosmological models
we consider. In Section 5, we show our results on the number of
clusters that the widBuclid survey is expected to detect as a func-
tion of redshift and the constraints that will be obtainedhmcos-
mological parameters using the cluster number density anegp
spectrum. Finally, we provide our discussion and conchssim
Section 6. We present the analytical derivation of the spscbpic
selection function in Appendix A and the calibration of thester
observable-mass relation in Appendix B.

2 GALAXY CLUSTER SELECTION IN THE Euclid
PHOTOMETRIC SURVEY

In this Section, we adopt the cosmological parameter vahies
the concordancCDM model from Planck Collaboration et al.
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Figure 1. NumberNsqq. of cluster galaxies withinsgqc (black curves), and
3oiield Whereo tielq is thermsof the field counts within the same radius, and
within the adopted &z, cut (red curves). These counts are shown down to
the limiting magnitude of thétuclid survey,Hag = 24, as a function of
redshift for clusters of dierent masses, l10§(xoac/Mo) = 14.5,14.0,135
(solid, dot-dashed, dashed line, respectively), wheresetare defined with

a mean overdensity of 200 times the critical density of thigarse at the
cluster redshifts.

(2014a),H, = 67 km s*Mpct for the Hubble constan€), = 0.32
for the present-day matter density parameter, @ud= 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 luminasiic-
tion (LF hereafter) for cluster galaxies. Lin, Mohr & Stardo
(2003) evaluated thks-band LFs of cluster galaxies out to a radius
rsooc for several nearby clusters. The radiugs defined as the ra-
dius of the sphere that encloses an average mass darigites the
critical density of the Universe at the cluster redshifte3é clus-
ter LFs were parametrised using Schechter functions (Btéiec
1976). We adopt the averages of the normalisations andathara
istic luminosities listed in Table 1 of Lin, Mohr & Stanfor@@03)
for the 27 nearby clusters included in that analysis, cpording
to ¢* = 6.4 Mpc andM* = —24.85. Also, following Lin, Mohr &
Stanford (2003), we use a faint-end slape- —1.1, as confirmed
in the r-band deep spectroscopic analysis of two nearbyerkiby
Rines & Geller (2008).

Concerning the behaviour of the cluster Lizat 0, there is no
conclusive observational evidence on the evolution of thddint-
end slope parameter (Mancone et al. 2012; Stefanon & March-
esini 2013). Therefore, we assume it to be redshift-invdrialso,
the observed constancy of the richness vs. mass relatiariuer
ters up toz ~ 0.9 (Lin et al. 2006; Poggianti et al. 2010; Andreon
& Congdon 2014) suggests that there is no redshift evoluiart,
apart from the cosmological evolution of the critical déypsivhich
scales a$i?(2).

We assume th&1* parameter to change withaccording to
passive evolution models of stellar populations (Kodama & A
moto 1997). This assumption is justified because emissidhen
Ks band is not strongly influenced by young stellar generations
and it is supported by observations (Mancone et al. 2012yefrd
erences therein), at least for clusters more massive~Hgh* M.
For clusters of lower mass, some higlsurveys have found evi-
dence for deviation from passive evolutionMf (Mancone et al.
2010; Tran et al. 2010; Brodwin et al. 2013). However, theenir
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observational evidence does not allow us to precisely petrése
M* evolution toz > 1 and low cluster masses, and we prefer to
keep our conservative assumption of passive evolutiontbesiull
cluster mass range.

We apply the early-typk-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 earlyetgven at
relatively high redshifts (Postman et al. 2005; Smith efaD5).
We finally convert th&ks magnitudes into th&uclid bandHag us-
ing the mean rest-frame colour for cluster galaxiés; Ks = 0.26
(we average the values provided by Boselli et al. 1997; deri&o
et al. 1998; Ramella et al. 2004), and adopting the transftom
to the AB-systemHag = H + 1.37 (Ciliegi et al. 2005). We thus
obtain the cluster LFs in thidag band at diferent redshifts.

By integrating these LFs down to the apparent magnitude
limit of the wide Euclid photometric surveyHas = 24, see Lau-
reijs et al. 2011), we then evaluatgoq., namely the redshift-
dependent number density of cluster galaxies withya.. The
number of cluster galaxies contained within a sphere ofusadi
Isooc (i.€. the cluster richness) is thé\ygge = 4n n50ch§00C/3 =
8/37 Ns0acG Msoqac/[500H?(2)], where the last equivalence follows
from the relation betweenyyy. and Msoqc, the mass within a mean
overdensity of 500 times the critical density of the unieeas the
cluster redshifts. Note that the dependenceéNgf. on H=2(2) is
only apparent, sincg*, and hencesgo., scales asi?(2). The z
dependence only comes in as a result of the fixed magnitude lim
of the survey and the passive evolution of galaxies. In Figiel
show Nspoc(2) for clusters of three dierent masses: 10g200c =
135, 14.0, and 14.5 (black curves). To convert frdvyoqc t0 Maggce
we adopt a NFW profile (Navarro, Frenk & White 1997) with a
mass- and redshift-dependent concentration given by théae
of De Boni et al. (2013, ® 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 Idf fie
galaxies down tdHag = 24 from the H-band counts of Metcalfe
et al. (2006, see their Table 3)q ~ 33 arcmin?, an estimate that
is in agreement with thEuclid survey requirements (Laureijs et al.
2011). Multiplying this density by the area subtended by laxga
cluster at any given redshift we obtain the number of fieldugal
ies that contaminate the cluster field-of-vieMgelq = Niielg nrgmc,
wherersgqc is in arcmin.

The number of field contaminants can be greatly reduced by
using photometric redshiftg,. These will be obtained to the re-
quired accuracy ofiz, = 0.05(1+z), by combining thézuclid pho-
tometric survey with auxiliary ground-based data (Lasreiq al.
2011). One can safely consider as non-cluster memberscaséth
galaxies that are more tham3, away from the mean cluster red-
shift z.. The mean cluster redshift will be evaluated by averaging
the photometric redshifts of galaxies in the cluster regéo addi-
tionally including the (few) spectroscopic galaxy redshgrovided
by theEuclid spectroscopic survey (see Appendix A).

In order to determine the fraction of field galaxi€$z.), with
photometric redshifg, in the range+3 x 0.05(1+ z) at any given
Z., we need to estimate the photometric redshift distributiban
Has = 24 limited field survey. To this aim we consider the photo-
metric redshift distribution of galaxies witHag < 24 in the cata-
logue of Yang et al. (2014). We fint(z.) = 0.07,0.23,0.34, and
0.33 atz. = 0.2,0.8,1.4, and 20, respectively.

Finally, we evaluate thems oeq, Of the field galaxy counts
f(z:)Nselg, by taking into account both Poisson noise and cos-
mic variance. For the latter we use the IDL cogeickcv of
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Figure 2. Galaxy cluster mass selection function for eclid photometric
survey. Solid and dashed lines are for detection thresiglg./ ofield = 3
and 5, respectively.

John Moustak&sfor cosmic variance calculation. In Fig. 1 we

show 3rfeq @s a function of redshift, in clusters of 1®&dpogc =
135, 14.0, and 14.5.

So far we have not considered projectidfeets in the esti-
mate of the selection function. These might in principle rogar-
tant, as they cause confusion in the cluster identificatawering
the purity of the sample. In the specific case of the Euclidesur
presented here, however, they are unlikely to be a domirfeette
To prove this, we run MonteCarlo simulations and estimaseeha-
tive fraction of clusters that would fier projection contamination.
For simplicity, we consider only clusters with masse&*M\,, i.e.
close to theNspoc/Tsiels = 3 detection threshold. Given the steep-
ness of the cluster mass function, the data-sample will ¢h ba
dominated by clusters at the low-mass limit. Moreover, moas-
sive clusters will be more easily detected against prajecfects.
As contaminants, we consider clusters of the same mass whose
center is less tharpgo away from the center of another cluster, in
projection. The number of clusters at any givgns given by the
adopted cosmology, and their spatial distribution is aszlito be
random in the volumes defined by the Euclid survey area andeby t
redshift range:3x 0.05(1+ z;). We find that the fraction of clusters
with at least one contaminant along the line-of-sight dases from
~ 20 per cent at low redshifts, to 2 per cent at high redshifts. We
ascribe this decrease to the decrease with redshift of timvauof
clusters and of the volume contained withi x 0.05(1+ z).

While we have neglected théect of cluster clustering in this
simplistic estimate, otherfiects will in practice contribute to fur-
ther reduce the estimated contamination. Clusters pegjesiong

The ratio between the cluster galaxy number counts and the the line of sight will in fact be distinguished by their meaedy
field rms, Nsoac/cseld, gives the significance of the detection for a  Shift, which will be more accurate that tagestimates of individual

given cluster. The cluster selection function is the lingticluster
mass as a function of redshift for a given detection threktidtis is
shown in Fig. 2 for two threshold®soqc/Tfiels = 3, @and 5. This se-
lection function is only mildly dependent on redshift. Tlmiting
cluster mass for the lowest selection threshMeofc/cfiels = 3)

iS Magge ~ 8 x 10 My, lower than the typical mass of richness

class O clusters in the Abell, Corwin & Olowin (1989) cataleg
(Popesso et al. 2012). It is also similar to the limiting mesthe
selection function of SDSS clusters identified by the maxBl:G
gorithm (see Fig. 3 in Rozo et al. 2010), and to the typicalswds
the clusters identified by Brodwin et al. (2007) upzte 1.5 using
z, in an IR-selected galaxy catalogue. Preliminary testsdase
running cluster finders oBuclid mocks, show that the mass limit
Maoae ~ 8 x 10" M, roughly corresponds te 80% completeness
at all redshifte < 2.

The shape of the selection functions shown in Fig. 2 is some-

what counter-intuitive because it is higherat 0.2 than az ~ 0.7.
Naively one would expect that clusters of lower mass wouldds
ier to detect at lower redshifts. We find that this shape &teel to
the relative importance of cosmic variance and Poissorerinithe
contaminating field counts. Cosmic variance drives the slofthe

selection function at < 0.5 and Poisson noise at higher redshifts.

If we select clusters at a higher overdensity (&g= 2500 rather

than A. = 500), the relative importance of cosmic variance and

Poisson noise changes in a way to flatten the selection amati
z < 0.5. In reality, observers do not select clusters at gixgnso
our estimate of the selection function must be considergdasnan
approximation. At the end of Section 5 we comment on tffiece
of taking a flat selection function out o= 2.

2 httpsy/code.google.cofp/idi-moustakasourcgbrowsgtrunk/impro/cosmg

quickcv.pro?e617
3 httpy/wiki.cosmos.esa.ifgucligindex.phpEC_SGSOU_LE3.
restricted to members of tHeuclid Consortium.

Access

galaxies, and by their galaxy number density profiles — asazoit
nating cluster will typically appear as an overdensity egdaradii
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 sampleaat&tt
from mocks Euclid surveys. While this analysis is beyonddime
of this paper, we point out that tHeuclid collaboration will use a
battery of sophisticated cluster finder algorithms to mazéhe
catalog completeness and purity at any redshift.

3 FISHER MATRIX ANALYSIS

Before presenting our forecasts for the cosmological caims we
now briefly describe the Fisher Matrix (FM hereafter) forisiad
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 isacient way
to study the accuracy of the estimation of a vector of pararagt
by using independent data sets. The FM is defined as

_ [#InL
Fop = _<0pa<9pﬂ>’ @)

where £ is the likelihood of the observable quantity (e.g. Dodel-
son 2003). In our FM analysis we combine thre@etent pieces of
information: the galaxy cluster number density, the cluptaver
spectrum, and the prior knowledge of cosmological pararsete
derived from thePlanck CMB experiment (Planck Collaboration
et al. 2014a). To quantify the constraining power of a gives-c
mological probe on a pair of joint parameters, ;) we use the
Figure of Merit (FoOM henceforth; Albrecht et al. 2006)

FoM= — % @)

\/det[Cov(p., ;)| ’

© 0000 RAS, MNRASDO0, 000—-000
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whereCoMp;, p;) is the covariance matrix between the two param-
eters. With this definition, the FoM is proportional to theerse

of the area encompassed by the ellipse representing ther 68ipte
confidence level (c.l.) for model exclusion.

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

N ONgm ONg 1

“ e 0P Opg Nem

(©)

In the previous equation, the sums oveandm run over redshift
and mass intervals, respectively. The quartity, is the number of
clusters expected in a survey with a sky coverggg, within the

¢-th redshift bin andmth bin in observed mass!®®. This can be
calculated as (Lima & Hu 2005)

241 dv
AQgi
', dzdd

M[Ofml dmpeb
L Mob

ob

m
wheredV/(dz dQ) is the cosmology-dependent comoving volume
element per unit redshift interval and solid angle. The lonle-
served mass bin is bound IM?’EM = Mur(2), where My (2) is
defined as the threshold value of the observed mass for @ctost
be included in the survey (see Fig. 2). For the halo massifumct
n(M, 2) in equation (4), we assume the expression provided by Tin-
ker et al. (2008). Since tHeuclid selection function has been com-
puted for masses &, = 200 with respect to the critical density, we
use the Tinker et al. (2008) mass function parameters netdoa
an overdensity of\p, = 200/Qn(2) with respect to the background
density. We note that in equation (4) we have implicitly assd
that the survey sky coveragde, is independent of the observed
mass, which may not necessarily be the case if the sengisuitot
constant over the survey area. This is particularly impurf@ar the
power spectrum estimation. Currently, tBaclid sensitivity maps
for the photometric and spectroscopic surveys have stidetéully
characterized. We point out that their precise definitioofisital
importance for all the cosmological probes to be carriechguu-
clid.

In equation (4),p(M°°|M) is the probability to assign an ob-

served mas$/1°° to a galaxy cluster with true ma$s. Following
Lima & Hu (2005), we use a lognormal probability density, redyn

exp[-x*(M®)]

N[’m = dz

fomdM n(M, 2) p(M®|M) , (4)

P(M®|M) = - (%)
\l27m-lnM
where
ob _ o
X(M°) = InM INn Mpjas— IN M . ©)

202

In the above equation M, is the bias in the mass estimation,
which encodes any scaling relation between observable raed t
mass and should not be confused with the bias in the galaky-dis
bution.o, v is the intrinsic scatter in the relation between true and
observed mass (see Section 4). By inserting equation @¥guopa-
tion (4), we obtain the expression for the cluster numbemtsou
within a given mass and redshift bin,

Asty Z+1 dVv

Nem = —5 ‘IZd

z

fom dM n(M, 2) [erfc(Xy) — erfc(Xms1)] )

© 0000 RAS, MNRASO0Q, 000—-000

where erfck) is the complementary error function ang, =
X(MP2).

Note that in eq. 3 we neglect the clustering contributiorhto t
noise (i.e. cosmic variance). Cosmic variance is expected trery
small in theEuclid survey because of the very large volume cov-
ered. On the other hand, the number density of clusters a/ikige
enough that also Poisson noise will be very small. Poiss@ens
likely to be dominant in the high mass regime and at high riédsh
In particular, high-redshift clusters are fundamentalrimidg con-
straints on DE EoS (see Fig. 5); in this case we expect Poigsea
to dominate the error budget. At low masses (e.g. those tifidiev
reached with the 3- selection function) and low redshifts, cosmic
variance may give a comparable or even larger contributche
noise (Hu & Kravtsov 2003). The estimation of cosmologicac
straints on dierent parameters might b&ected in diferent ways
by our neglecting the cosmic variance contribution to thiseo

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

1 810 P(ui, km, 2) 81N P(ti, Ky Z0) « orr
FP. = — § ver.
aff 871'2 e 8pn 0pﬁ £mi

ke AKA

(8)
(e.g., Tegmark 1997; Feldman, Kaiser & Peacock 1994), wihere
sums over, m, i run over bins in redshift, wavenumber, and cosine
of the angle betweek and the line of sight direction, respectively.
The quantityve (u;, kn, z,) represents thefiective volume accessi-
ble to the survey at redshiff and wavenumbek (Tegmark 1997;
Sartoris et al. 2010), and reads

A(Z)Pi knz) ©)
1+ A(z)P(ui, K, 2:)
In the above equatiorVy(z) is the total comoving volume con-
tained in the unity redshift interval arourzd while fi(z;) is the av-
erage number density of objects included in the survey athiéd
Z,

V& (i, ke, 2) = Vo(Z:)

fiz) = fo T AM (M. z)erfeqMm(@)) . (10)

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

_ B 1 20+1 dv~2 5
Puknz) =g | o2 @D, ()

where the normalisation fact&; reads

Zr+1

S[ = dZd—V
% dz
Sartoris et al. (2012) pointed out the importance of takimg i
account the contribution of cluster redshift space disinst for
constraining cosmological parameters. Following Kaised8({),

we calculate the redshift-space cluster power spec(m ki, z)

in the linear regime according to

B ke z) = [bar(z) + F@ )| PLkmz) . (13)

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

@) . (12)

b2 = = [ ™ M (M. 2) erfe (X M @)]) b(M.2) . (14)

The functionf(a) = din D(a)/dIn ais the logarithmic derivative of
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the linear growth rate of density perturbatiofi{a), with respect
to the expansion facta P (kn, ) is the linear matter power spec-
trum in real space, that we calculate using the CLASS codas(BI
Lesgourgues & Tram 2011). For the DM halo bi##, z) we use
the expression provided by Tinker et al. (2010).

Both the power spectrum and the number counts FMs (equa-

-1.047072 andw, < 1.3 (95 per cent c.l.) assumir@, = 0. Cur-
rently, the evolution of the cluster number counts alonesdoet
constrain the DE equation of state parameters. HowevertaMan
et al. (2014) were able to obtaimp = —1.03 + 0.18 andw, =
-0.1*0% (assuming = 0), by using CMB power spectra (1-year
Planck data, SPT, ACT), SNla, and BAO data dfetent redshifts

tions 3 and 8) are computed in the redshift range defined by the (plus WMAP polarisation; Planck Collaboration et al. 20L4a

Euclid photometric selection function shown in Fig. 2, namely
0.2 < z < 2, with redshift bins of constant widthz = 0.1.
We note that the limiting precision with which the redshift

of a cluster is determined in the photometric survey is gilsgn
0.05(1+ z)/Ng) .. whereNsoq. is the total number of galaxies as-
signed to the cluster. Therefore, the bin width is alwaygdathan
the largest error on redshift expected from Eglid photometric
survey (see Section 2). In equation (3), the observed magg ra
extends from the lowest mass limit determined by the photdme
selection function M(2), see Fig. 2) up to loddon/Me) < 16,
with Alog(Mow/Ms) = 0.2. In the computation of the power spec-
trum FM (equation 8), we adoptna = 0.14Mpct andkyy, =
0.001 Mpc?, with Alog(kMpc) = 0.1. Finally, the cosine of the
angle betweerk and the line of sight directiom, runs in the range
-1 < u < 1 with 9 equally spaced bins (see Sartoris et al. 2012).

4 COSMOLOGICAL AND NUISANCE PARAMETERS

In this Section we discuss the cosmological parametershinat
been included in the FM analysis in order to predict the cairst
ing power of theEuclid photometric cluster survey and we describe
the peculiarity of all the analysed models. As a startingipaire
consider all the standard cosmological parameters for dhear-
danceACDM model, whose fiducial values are chosen by follow-
ing Planck Collaboration et al. (2014#);, = 0.32 for the present-
day total matter density parameteg = 0.83 for the normalisation
of the linear power spectrum of density perturbatidds,= 0.049

for the baryon density parametéd, = 67 kms*Mpc for the
Hubble constant, ands = 0.96 for the primordial scalar spectral
index. We also allow for a variation of the curvature paramnet
whose fiducial valug€), = O corresponds to spatial flatness.

4.1 Model with dynamical Dark Energy

In addition to theACDM parameters, we also include parameters
describing a dynamical evolution of the DE component. Inlithe
erature there are a number of models, characterised figretit
parametrisation of the DE Equation of State (EoS hencéfestb-
lution (e.g., Wetterich 2004). In this paper we study theapaatri-
sation originally proposed by Chevallier & Polarski (20@iy Lin-

der (2003) and then adopted in the DETF. We label this paramet
sation as the CPL DE model, according to which the DE EoS can
be written as

w(@) = Wy + Wa(l-a). (15)

We usewp = —1 andw, = 0 as reference values for the two model
parameters. Thus, the cosmological parameter vector thasein
this first part of our FM analysis reads

P = {Qm, 0°s, Wo, Wa, Q, Qp, Ho, Ns} . (16)

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

Despite these weak constraints on the CPL DE parametrisa-
tion (Vikhlinin et al. 2009), cluster counts are powerfubpes of
the amplitude of the matter power spectrum. For instangeis
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 helpkiimgahe
degeneracy betweang and Q,, in CMB datasets, improving the
constraints on the amplitude of the matter power spectruenfayg-
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 primo
dial density fluctuations to follow a non-Gaussian disttid (e.g.,
Bartolo et al. 2004; Desjacques & Seljak 2010; Wang 2014).
When this happens, the distribution of primordial fluctaas in
Bardeen’s gauge-invariant potentidl cannot be fully described
by a power spectrum - commonly parametrised by a power-law,
Po(k) = AK's™ (wherek = |k||) - rather we need higher-order
statistics such as the bispectruBg(ky, ks, k3). Different models
of inflation are known to produce fiierent shapes of this bispec-
trum. Here we consider only the so-callleadtal shape where the
bispectrum strength is maximised fequeezedatonfigurations, in
which one of the three momenkg is much smaller than the other
two.

Within the local shape scenario, we adopt the commonly used
way to parametrise the primordial non-Gaussianity, whibbwes
us to write Bardeen’s gauge invariant potential as the suanliof
ear Gaussian term and a non-linear second-order term thapen
sulates the deviation from Gaussianity (e.g., Salopek &RBH00;
Komatsu & Spergel 2001):

® = D + fy (D - (DF)) . (17)

where the free dimensionless paramdigrparametrises the devi-
ation from the standard Gaussian scenario. We stress #rat it
some ambiguity in the normalisation of equation (17). Wepadioe
LSS convention (as opposed to the CMB convention, see Riliep
Porciani & Hahn 2010; Grossi et al. 2007; Carbone, Verde &
Matarrese 2008a) wher@ is linearly extrapolated at = 0O for
defining the parametefg,_ . The relation between the two normali-
sations isfy. = D(z = e0)(1 + 2 fGM8/D(z = 0) =~ 1.3fS"8, where
D(2) is the linear growth factor with respect to the Einsteirsitéer
cosmology.

If the density perturbation field is non-Gaussian and hasa po
itively (negatively) skewed distribution, the probalyilizf forming
large overdensities - and thus large collapsed structuissen-
hanced (suppressed). Thus, the shape and the evolutioa wiahs
function of DM halos change (e.g., Matarrese, Verde & Jirzene
2000; Grossi et al. 2009; LoVerde et al. 2008). Following pine-
scription by LoVerde et al. (2008) one can modify the massfun
tion n(M, 2) in equation (4) to take into account the non-Gaussian
correction as follows
Nps(M, 2)

n(M,2) = n®(M, 2 ——=
(M, 2) ( )n(PGS)(M,z)

(18)

© 0000 RAS, MNRASD00, 000—-000
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In the previous equatiom®)(M, 2) is the mass function in the refer-
ence Gaussian model, whites(M, 2) andn{Q(M, 2) represent the
Press & Schechter (1974) mass functions in the non-Gauasin
reference Gaussian models, respectively (see the fulltieqgan

Sartoris et al. 2010).

with y = 0.55 taken as our reference value. Using number counts
of X-ray clusters alone, Mantz et al. (2015) have found valofey
consistent with GRyY = 0.48+0.19). From a sample of SZ-selected
clusters in SPT survey = 0.73 + 0.28 has been found (Bocquet
et al. 2014). While we usg to parametrize deviations from GR,

In non-Gaussian scenarios the large-scale clustering of DM this cannot be fully inclusive of all modifications implieg¢t hon-

halos also changes. This modification is quite importanabse it
alters in a fairly unique way the spatial distribution ofceas of
the cosmic structure, including galaxy clusters (DalalleR@08;
Matarrese & Verde 2008; Giannantonio & Porciani 2010). 8pec
cally, the linear bias acquires an extra scale dependereéoduri-
mordial non-Gaussianity, and can be written as (Matarre¥ergle
2008)

b(M,z k) = bO(M,2) + [6O(M.2) - 1]5ATr(K) . (19)

standard gravity, e.g. spherical collapse and mass fun¢kopp
etal. 2013; Lombriser et al. 2013). Moreover, fhearameter alone
does not allow to consider scale-dependences of the graweth f
tor, which for example exist iti (R) theories (Pogosian & Silvestri
2008). As such, a deviation of from the GR reference value of
0.55 in any test of structure growth would not be easily ti@tes!
into a constraint on a specific model of modified gravity.

4.4  Model with non-minimal neutrino mass

wherel'r(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 t#eCDM model is

P = {Qm, 07g, Wo, Wa, Qk, Qp, Ho, Ns, T} - (20)

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

The level of primordial hon-Gaussianity has recently been
constrained to high precision thanksRtanck CMB data (Planck
Collaboration et al. 2014c)4 < fuo < 11, for the case of a
local bispectrum shapeBounds from galaxy cluster abundance
show consistency with the Gaussian scenari@] < fy. < 78
(Shandera et al. 2013). Constraints from the distributicsiusters
are even less stringent (Mana et al. 2013). The clusteritiguofid
spectroscopic galaxies alone is expected to restrict tlosved
non-Gaussian parameter space dowmfQ. ~ 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 standAadDM 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 pr
posed in the literature (e.g., Hu & Sawicki 2007; Capozaiél

de Laurentis 2011; Amendola et al. 2013) in order to explae t
low-redshift accelerated expansion of the Universe withwmed

for the DE fluid. Many of these models give rise to modificasion
of the late-time linear growth of cosmological structurdieh can

be parametrised as

dinD(a)
dina

wherey is dubbed thegrowth index(e.g. Lahav et al. 1991). GR
predicts a nearly constant and scale-independent valye-d.55
(e.g. Linder 2005). Significant deviations from this valueud
hence signal a violation of the standard theory of gravityasge
scales. The corresponding vector of cosmological parasméte
this case reads

=0n), (21)

p = {Qm, 078, Wo, Wa, Q, b, Ho, Ns, ¥} (22)

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

© 0000 RAS, MNRASD0Q, 000—-000

In our analysis we also consider the case of massive nestivith
the associated density paramefgr as the relevant parameter to
be constrainedQ, is related to the total neutrino masg;“‘/ m,;,
through the relation:

Py _ ZiNV m,;
0. 9314fPeV’

wherep, andp. are thez = 0 neutrino and critical mass densities,
respectively, andN, is the number of massive neutrinos. A larger
value of Q, acts on the observed matter power spectrum in two
ways (e.g. Lesgourgues & Pastor 2006; Marulli et al. 2011s-Ma
sara, Villaescusa-Navarro & Viel 2014). The peak of the powe
spectrum is shifted to larger scale, because a larger vdltieeo
radiation density postpones the time of equality. Morepserce
neutrinos free-stream over the scale of galaxy clusteey, dio not
contribute to the clustered collapsed mass on such a scala. A
consequence, the halo mass function at fixed valuepvill be
below the one expected in a purely CDM model. Brandbyge et al.
(2010) have shown that results from N -body simulations wits-
sive neutrinos can be reproduced in a more accurate way hyg usi
the Tinker et al. (2008) halo mass function with

Q, = (23)

(24)

where pm, pcpm, b @and p, are the total mass, CDM, and baryon
and neutrino densities. Based on the analysis of an exteseted

of N—body simulations, Castorina et al. (2014) and Costanai.
(2013b) have shown that, since neutrinos play a negligilke in

the gravitational collapse, only the contribution of coltkimatter

and baryons to the power spectrum has to be used to compute the
r.m.s. of the linear matter perturbations(R), in the computation

of the halo mass function and linear bias:

QcomTeom(k 2 + QTo(k 2 |
(Qp + Qcom) Tk, 2)

HereTcpwm, Tp andT, are the CDM, baryon, and total matter trans-
fer functions respectively, an, is the total matter power spec-
trum.

Hence, the cosmological parameter vector we use in this case

Pm — Pcom + Pb = Pm — Py,

Pm — Pcom(K) = Pm(K)

(25)

is:

p = {Qm, 078, Wo, Wa, Q, Qp, Ho, Ns, Q,} (26)

with a fiducial value ofQ, = 0.0016 that corresponds to
> m, = 0.06 for three degenerate neutrinos (Carbone et al. 2012;
Mantz et al. 2015). Currently, great attention has been tdevo
to derive constraints on the neutrino mass from the comibimat
of galaxy clusters with other LSS observables. The analgbis
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Figure 3. Number of clusters above a given redshift to be detected with
overdensitiedNsggc/ofield > 5 and> 3 in the Euclid photometric survey
(dotted blue and solid red lines, respectively). We alsonstie@ number
density of clusters expected to be detected within reddiifs of width

Az = 0.1 for the same detection thresholds (dotted cyan and solgenta
histograms, respectively). The numbers have been obtaiyeading the ref-
erence values of cosmological and nuisance parameterSéstien 4).

the Planck SZ cluster sample resultedm, = 0.20 + 0.09

eV (Planck Collaboration et al. 2014b). Mantz et al. (2014),
combining cluster, CMB, SN1a and BAO data, fouan, < 0.38

eV at 95.4 per cent c.l. in a wCDM universe. Costanzi et al1430
found ), m, < 0.15 eV (68 per cent c.l.) in ACDM universe, for

a three active neutrino scenario, using cluster counts, CBAD,
Lyman+«, and cosmic shear data. In Bocquet et al. (2014) the
analysis of SPT cluster sample resultedim, = 0.148+0.081 eV.

4.5 Parameters of the mass—observable scaling relation

In our FM analysis, besides the cosmological parameteoxede-
tailed above, we also include four extra parameters to niottat-

sic scatter and bias in the scaling relation between theabdend
true galaxy cluster masses (see equation 6 above). We asBame
following parametrisation for the bias and the scattepeetvely:

INn Mpias(2) = Byo + @ In(1+2)

and
o@D =i — 1+ 1+ 2% . (27
We select the following fiducial values
Pruisancer = (Bmo = 0,@ = 0,jamo = 02,8 = 0125 . (28)

We refer to these four parametersragsanceparameters hence-
forth. With the fiducial nuisance parameter vector thereoidias

in the true mass-observable relation and the value of théesed

z = 0 is in accordance with Rykbet al. (2012). Also, the fidu-
cial value forg makes the scatter increase with redshift, reach-
ing onm =~ 0.6 at the maximum redshift of thEuclid 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 theiandor 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 Giusdis-
tributed intrinsic scatter, provides an accurate desoniptf avail-
able data for low—redshift clusters (e.g. Andreon 2015¢a@y, the
WL mass calibration from the wide and deep Euclid survey$ wil
ultimately tell us whether the modelization of the masseotsble
relation assumed for our forecasts need to be refined. |Rd&d
survey it will be possible to calibrate such relation with uncer-
tainties thanks to the weak lensing and spectroscopic gsiriide
estimate thaEuclid has the potential to calibrate the scaling rela-
tion to< 15 per cent accuracy out ;< 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 nuésanc
parameters, and (ii) perfect knowledge of the mass-obBkrva-
lation.

5 RESULTS

Here, we present the constraints on the cosmological paeame
vectors introduced in the previous Section, using the FNhdf
ism. As a first result, we plotin Fig. 3 the histograms coroesjing
to the redshift distributionsy(z) = AzdN/dz(equation7), oEuclid
photometric galaxy clusters, obtained by adopting the ®leciion
functions, which correspond to the twaofféirent detection thresh-
olds Nspoc/siels > 3 and 5 (see Fig. 2), and by using the reference
values of cosmological and nuisance parameters. The twesur
show the corresponding cumulative redshift distributjor{s 2),
i.e., the total number of clusters detected above a giveshitd
Euclid will detect ~ 2 x 10° objects withNsgoc/osiels > 5 at alll
redshifts, with about 4 x 10* of them atz > 1. By lowering the
detection threshold down tNsgqc/0field = 3, these numbers rise
up to~ 2 x 1C° clusters at all redshifts, witk 4 x 10° of them
atz > 1. The large statistics of clustersat= 1 provides a wide
redshift leverage over which to follow the growth rate oftper
bations. As a comparison, DES will deteet1.7 x 10° clusters
(with more than 10 bright red-sequence galaxies) and witbses
greater than 5x 10" M, out toz ~ 1.5 in the survey area of 5000
ded ® eROSITA (Pillepich, Porciani & Reiprich 2012) will detect
~ 9.3 x 10* clusters with masses greater tha® x 102 M, in the
survey area of 27.000 dgglmost all atz < 1.

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

5 httpsj/www.darkenergysurvey.ofigportgproposal-standalone.pdf
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Figure 4. Constraints at the 68 per cent c.l. on the parame@gfsand o (left panel) and on the parametesg andw, for the DE EoS evolution (right
panel). In each panel, we show forecasts for Maggc/ofield = 3 Euclid photometric cluster selection obtained by (i) NC, the FM bemcounts (red
dash-dotted contours), (ii) NPS, the combination of FM NC and power spectrum (PS) infaonatlue dotted contours), (iii) NEPS+known SR, i.e.
by additionally assuming a perfect knowledge of the nuisgperameters (green dash-dotted contours), and (iyP8sknown SR-Planck prior, i.e. by
also adding information fronPlanck CMB data (magenta solid contours). With yellow solid curve show results from th&lsoac/ofield > 3 sample in
the case N€PS+Planckprior, i.e. with no assumption on the nuisance parameteith ¢yan solid lines we show forecasts for tNgpgc/oield > 5 Euclid
photometric cluster selection in the caseNES+known SRr-Planckprior (labelled %r). Planck information includes prior chkCDM parameters and the DE

EoS parameters.

Euclid photometric clusters on suitable pairs of cosmological pa-
rameters. The ellipses in these figures always corresportideto
68 per cent c.l. after marginalisation over all other cosgal
parameters and nuisance parameters. In each of these fithees
blue dotted contours are obtained by combining the numhentso
(NC) FM (equation 3) and the cluster power spectrum (PS) FM
(equation8), assuming no prior information on any of thenows
logical and nuisance parameters. Also, the cluster samplefined

by the selectioNsgqc/Tsield > 3. The green dash-dotted contours
are obtained in the same way except for the addition of stpsig
ors on the nuisance parameters, i.e. assuming perfect &dge/lof
the scaling relation between the true and the observecdeclosiss
(this is labelled as+known SR” in the figures). The magenta solid
contours have been obtained by further introducing prifarma-
tion from Planck data (labelled +Planck prior” in the figures).
The cyan solid contours represent the same combinationfaf in
mation as the magenta solid ones (N€S+known SR+ Planck
prior) obtained from the cluster sample with selection espond-
ing to Nspgc/0sield = 5. In the figures, we indicate these contours
with the label . Finally, for the cluster sample from the selection
Nsoac/Tfield = 3, we show, with a yellow solid curve, the constraints

© 0000 RAS, MNRASD0Q, 000—-000

obtained by combining the cluster number counts and powes-sp
trum FM, assuming no prior information on nuisance paramsete
while including prior information fromPlanckdata.

When using thélanckpriors, we take for the CPL DE model
the correlation matrix obtained by combinifjanck CMB data
with the BAOs from Planck Collaboration et al. (201%&)r the
parameters of thA\CDM cosmology (assumin@, = 0), plus
Wwo andw,’. For the non-Gaussian case, we use priors from the
Planck obtained for theACDM model plusQy parameters We
also added a flat prior on the level of non-Gaussianity cpoed-
ing to -5.8 < f$® < 5.8. Finally, for the modified gravity and
the neutrino scenario we also used priors fromRkenckanalysis
carried out over the parameters of th€ DM model plusQ.

In Fig. 4, we show the constraints 6k, andog (left panel),
as well as those on the two CPL DE parametegsandw;, (right
panel). The contours on th®,, — og 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/baseomegalkplancklowl_lowLike
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number counts and clustering bigoc/0els > 3 galaxy clusters
are rather tight. The information provided by the numbersitgn
of clusters alone defines the degeneracy direction bet®gesnd
og, with the following constraintsAQ,, = 0.009 Acg = 0.006.
Information from the cluster power spectrum alone does not p
vide stringent constraints on tlég, — og plane. However, using the
combination of the PS with NC FM, the values of both paranseter
are constrained to high accurady®),, = 0.0019 Acg = 0.0032
(see Table 1). By assuming a perfect knowledge of the scading
lation between true and observed cluster mass, the bounmtevm
significantly. This is especially true forg, which is more &ected
by the nuisance parameters th@p. Including information from
the Planckpriors does not improve the forecasted constraints sig-
nificantly.

Taking theACDM as a reference model, its parameters will
be constrained with a precision of1073,

AQp=5910% Aog =4910% Ah=7.210"%,

AQp =8410% Ang =3.310° (29)

thanks to the unprecedented number of clusters that willése d
tected at high redshift. These constraints have been @otaiith
the Nsoac/0field = 3 selection function, from cluster number counts
and power spectrum, by assumistgong prioron the nuisance pa-
rameters, and no prior from Planck.

These results emphasise the importance of exploring thre hig
redshift clusters in survey mode. Of course a good knowlaxge
the astrophysical process taking place in clusters is fueeal to
calibrate the mass-observable scaling relations, andatgatimise
the detection algorithms. Hence detailed follow-ups ofrreted

08
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04f .

FoM / FOM, 052
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Figure 5. Relative FoM for number counts in thdsogc/ofield > 3 Euclid
photometric cluster selection, as a function of the lingitredshift z,ax of
the survey, i.e. the ratio between the FoM evaluated oK@ < Znaxand
the FoM evaluated over.®< z< 2.0.

cluster selectionNsoqc/0field = 5) significantly worsens the fore-
casted cosmological constraints. For instance, the FoMgsadied

samples of clusters (such as, e.g., CLASH, CCCP, WtG Postmandown to 209 in the best-case scenario, as a consequencesifthe

etal. 2012; Rosati et al. 2014; Hoekstra et al. 2012; von deddn
et al. 2014) retain a crucial importance.

On the other hand, the inclusion Bfanckpriors shall bring
a substantial improvement over the bounds to the DE parasnete
This result is expected, since the CMB data provides stringen-
straints on the curvature, thereby breaking the degenéeteyeen
Q and the evolution of the DE EoS (Sartoris et al. 2012). The
contribution of the PS information is less important faw(w,)
with respect to Qnm, og): however, the FoM increases from 30
in case of NC alone te 73 for NC+PS constraints (see Table 1).
For both DE EoS parameters, it is crucial to have a well catdat
scaling relation over the redshift range sampled by theetsir-
vey (Sartoris et al. 2012). Indeed, by combining NC and P8, an
assuming perfect knowledge of the scaling relation in@gdke
FoM to ~ 291. When we also include the Planck data, i.e. we set
a prior on the curvature, we obtain FeMB02, withAw, = 0.017
andAw, = 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 FeM822, with Awp, = 0.031 and
Aw, = 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 Cmila
ration et al. (2014a).

When we restrict our analysis to the wCDM model (that is
characterised by the six free paramet&s o, h, Qp, ns, W), we
obtainAw = 0.005. If we also addv, as a free parameter, we ob-
tain Awg = 0.013 andAw, = 0.048. These constraints have been
obtained with theNsgoc/oiels = 3 Selection function, from cluster
number counts and power spectrum, by assurstrang prior on
the nuisance parameters, and no prior from Planck.

In both panels of Fig. 4, the adoption of a more conservative

nificantly degraded statistics corresponding to the higleézction
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 nemb
counts (NC) in théNspoc/oiels = 3 Euclid photometric cluster se-
lection. The FoM for a survey reaching outza< 1.2 is only half
the FoM of an equivalent survey reaching outzta 2. It is there-
fore important that the redshift range covered by the subedarge
enough to allow a comparison of the behaviour of DE overfa-su
ciently long cosmological timescale. In this sense, Euelid sur-
vey will have a unique advantage over other existing andngén
surveys.

In Fig. 6, we show cosmological constraints in the expanded
parameter space which includes non-Gaussian primordieitye
fluctuations. Specifically, we display the constraints et — og
plane. Thanks to the peculiar scale-dependence that ptiator
non-Gaussianity induces on the linear bias parameter, dhemp
spectrum of the cluster distribution turns out to be muchevsen-
sitive to fy. than itis toog. This is clearly demonstrated by the red
dash-dotted contour, which shows forecasted constragrised
from cluster clustering alone. Quite cleardy is basically uncon-
strained on the scale of the figure, whifig is constrained with
an uncertaintyA fy. ~ 7.4. The addition of cluster number counts
changes very little the bounds for primordial non-Gaussiahow-
ever it improves substantially those for the amplitude &f that-
ter power spectrum (see Table 1). This helps to define thendege
eracy betweerfy,. andog that are both related to the timing of
structure formation. Interestingly, the estimation ofipoidial non-
Gaussianity is weakly sensitive to the nuisance paramétetsed,
when a perfect knowledge of the scaling relation betweesndnd
observed cluster mass is assumed, only the constraintg ém-

© 0000 RAS, MNRASD00, 000—-000
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Table 1. Figure of Merit (FOM) and constraints on cosmological pagters as obtained by progressively adding the FM informdfio different models,
for two different detection threshold®{pqc/ofield > 3 and 5). Constraints are shown at 68 per cent c.l. after medrgation over all other cosmological

parameters and nuisance parameters in the arrays.

Nsoac/Tield = 3 Euclid photometric cluster selection

Parameter arrays: Egs. 16 & 28 EQs.22&28 EQs.20&28 EQs.28&2
Constraints: FoM  Awg AW, AQm Aog Ay Afne AQ,

NC+PS 73 0.037 0.38 0.0019 0.0032 0.023 6.67 0.0015
NC+PSt+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

Nsooc/field = 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 significantlyPlanck priors does not féect substantially the
constraints orfy, .

When we restrict our analysis to tieCDM model plus the
non-Gaussianity parametéy_, we obtainAfy. = 6.44. This con-
straint has been obtained with thgyoc/Tielq > 3 selection func-
tion, from cluster number counts and power spectrum, bynaisg
strong prioron the nuisance parameters, and no prior from Planck.
Forecast foeROSITAPIllepich, Porciani & Reiprich 2012) predict
a similar precision, since the narrower redshift range isfshrvey
(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, wligres
considered scale-invariant. However, there are modettieaict
otherwise. For these, the combination of clusters and CM& da
complement each other well, providing tight constraint$ienpos-
sible scale dependence faf .

As for the models including GR violation, we show in Fig.

7 the constraints ong and the growth parametet Similarly to
the constraints on th@,,—og plane, the constraints op are not
strongly dfected by the inclusion dPlanckpriors, thus implying
that galaxy clusters are by themselves excellent toolstectsig-
nature of modified gravity through it$fect on the growth of pertur-
bations. Significant degradation of the constraining pdvasapens
if a higher threshold for cluster detection is chosen.

Restricting our analysis to th«CDM model plus they pa-
rameter we obtaivy = 0.006. This constraint has been obtained
with the Nsoqc/oiels > 3 selection function, from cluster number
counts and power spectrum, by assumstigng prior on the nui-
sance parameters, and no prior from Planck.

Finally, we show in Fig. 8 the joint cosmological constraint
onog and the neutrino density parametgr. The presence of neu-
trinos with masses in the sub-eV range requires higher sabfie
og. increasingQ, at fixedQ,, has the &ect of shifting the epoch
of matter-radiation equality to a later time and to redueegtowth
of density perturbations at small scales in the post-redoation
epoch. As a consequence, a larger value@fs required to com-
pensate thesdfects. We use the Planck prior mainly to add infor-
mation on the geometry of the Universe, and the stand&@BM
parameters. We obtain the constraint@, = 0.0012 (correspond-
ing to Ay m, = 0.01 ). The constraints on the neutrino density
parameter are weaklyffected by the inclusion of a prior on the
nuisance parameters. However, there is a degradation bgta fa

© 0000 RAS, MNRASD0Q, 000—-000

of ~ 2 of the constraining power if the selection function witle th
higher threshold for cluster detection is chosen (see THble

To gauge the impact of a particular choice of the selection
function on the cosmological constraints, we have so fawshmur
results for both théNspgc/ofiels = 3 and theNspqe/oield = 5 Eu-
clid photometric cluster selection functions. As a further, tes
consider the fect on the \, w,) constraints of adopting a flat
selection function with log{lo0ac) = 13.9, within 02 < z < 2.
With this flat selection function there are less clusters than with the
Nsoac/Ttield > 3 ONne, both in total4 1.4 x 10° vs. ~ 1.6 x 1(F,
respectively) and within @ < z 5 1.2. However, the number of
clusters az > 1 is higher ¢ 3.2 x 10°) for theflat selection func-
tion than for theNsogc/ofield > 3 0ne & 1.9 x 10P). The dfect of a
larger number of higlzclusters in thdlat selection function sam-
ple compensates for the smaller total number of clustersavig-
ing similar constraints on the cosmological parameterbdeé ob-
tained with theNsoqc/oield = 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 littfgaict on
our results, and in any case much less than its overall n@atiain.

6 CONCLUSIONS

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

e Using photometric selection, we found thziclid will detect
galaxy clusters alsooc/Tiels > 3 With a minimum mass of 0.9 -

1 x 10"M,. As a result, theEuclid photometric cluster catalogue
should include~ 2 x 10° objects, with about one fifth of them at
z>1.

e The Euclid cluster catalogue has the potential of providing
tight constraints on a number of cosmological parameteid) as
the normalisation of the matter power spectratgnthe total matter
density paramete®,, a redshift-dependent DE equation of state,
primordial non-Gaussianity, modified gravity, and newrmasses
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Figure 6. Constraints at the 68 per cent c.l. on thg — o parameters. We
show forecasts for th&lsoqc/ofield = 3 Euclid photometric cluster selec-
tion obtained by (i) PS, the FM power spectrum (red dashedatbntours),

(i) NC+PS, the combination of FM number counts (NC) and PS informa-
tion (blue dotted contours), (iii) NEPS+known SR, i.e. by additionally as-
suming a perfect knowledge of the nuisance parametersn(glesh-dotted
contours), and (iv) NEPS+known SRr-Planck prior, i.e. by also adding
information fromPlanck CMB data (magenta solid contours). With yellow
solid curve we show results from théspac/oield > 3 sample in the case
NC+PSt+Planckprior, i.e. with no assumption on the nuisance parameters.

With cyan solid lines we show forecasts for tNgoac/ofield = 5 Euclid
photometric cluster selection in the case-N&S+known SR-Planckprior
(labelled %r). Planck information includes prior oRCDM+Qk+ fyL pa-
rameters.

(see Table 1). We predict that most of these constraintdwidven
tighter than current bounds available frd®tanck The constrain-
ing power of theEuclid cluster catalogue relies on its unique broad
redshift coverage, reaching outze- 2.

e Knowledge of the scaling relation between the true and the ob
served cluster mass turns out to be one of the most impoeteturs
determining the constraining power of tReclid cluster catalogue
for cosmology. TheEuclid mission will have a distinct advantage
in this respect, namely the possibility to calibrate sudhtien, at
least up toz = 1.5, with < 10 and< 30 per cent accuracy, us-
ing the weak lensing and spectroscopic surveys, respBclisee
Appendix B). The deeguclid survey will allow to extend the cali-
bration to even higher redshifts, although with lower ps&gi 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 thEuclid survey to optimally measure

0.845 T T T T
NCAPS £
+known SR
0.84} +Planck priorC—1
NC+PS+Planck prior
. 50
0.835} 1
& 0.83} ]
0.825F 8
0.82F ]
0.815 L L L L L
048 05 052 054 056 058 0.6
Y

Figure 7. Constraints at the 68 per cent c.l. on the- og parame-
ter plane. We show forecasts for thdsoqc/oiels > 3 Euclid photo-
metric cluster selection obtained by (i) M8S, the combination of FM
number counts (NC) and power spectrum (PS) informatione(lolatted
contours), (i) NG-PStknown SR, i.e. by additionally assuming a per-
fect knowledge of the nuisance parameters (green dasiedotintours),
and (iii) NC+PSt+known SRrPlanck prior, i.e. by also adding informa-
tion from Planck CMB data (magenta solid contours). With yellow solid
curve we show results from thBlspac/ofield = 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 tNgoqc/ofield = 5 Euclid
photometric cluster selection in the case-N&S+known SR+-Planckprior
(labelled %r). Planck information includes prior chCDM+Qy parameters.

the cosmological parameters in various models. For thisoreave
have neglected at this stage some phenomenological agects
mon to all observational surveys, e.g. contamination byegtmn
effects and the non-uniform coverage of the survey. We arguwsd th
contamination is unlikely to be a dominant systemaffe in the
selection function, thanks to the availability of precis®fmmetric
redshift estimates. The non-uniform coverage will be ctiarized
with sufficient precision to allow the determination of galaxy clus-
tering, one of the main cosmological probes of Ehelid survey.
With the future large surveys, likéuclid, that will be carried
out with the next generation of telescopes, the number efoted
clusters from the individual surveys will range from thoods to
tens of thousands. As we have shown in this paper, this vidal
to constrain most cosmological parameters to a precisiai tf a
few per cent. Currently, theoretical halo mass functioesdafined
with an uncertainty of 5 per cent in the standatiCDM model
(e.g. Tinker et al. 2008), and manyfats have been devoted in
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Figure 8. Constraints at the 68 per cent c.l. in tis — og parame-
ter plane. We show forecasts for thdsoqc/oield > 3 Euclid photo-
metric cluster selection obtained by (i) M8S, the combination of FM
number counts (NC) and power spectrum (PS) informatione(lolatted
contours), (i) NG-PStknown SR, i.e. by additionally assuming a per-
fect knowledge of the nuisance parameters (green daskedotintours),
and (iii) NC+PSt+known SRrPlanck prior, i.e. by also adding informa-
tion from Planck CMB data (magenta solid contours). With yellow solid
curve we show results from thBlspac/ofield = 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 tNgpac/ofield = 5 Euclid
photometric cluster selection in the case-N&S+known SR-Planckprior
(labelled ). Planck information includes prior chCDM+Qy parameters.

the last years to better sample the high mass regime (Watson e
2013) and to assess the degree of universality of the hals fuas-
tion (Despali et al. 2015). To maximally extract cosmoladjiafor-
mation from these cluster surveys, it becomes critical exgp the
theoretical halo mass function to better than a few percaniracy
for a range of cosmologies. A substantifibet is currently ongoing
in this direction (Grossi et al. 2007; Dalal et al. 2008; @aJdi &
Borgani 2012; Lombriser et al. 2013; Castorina et al. 200/)re-
over, cosmological hydrodynamic simulations will have tegise
the impact of baryons on the shape of the mass profile, whish ha
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 et2014;
Schaller et al. 2015; Bocquet et al. 2015). While we have det a
dressed in this paper the impact of uncertainties in thélon of
the halo mass function and of the mass-dependent bias, l&as c

© 0000 RAS, MNRASO0Q, 000—-000

that these represent theoretical uncertainties that reee ton-
trolled at the level of few percent if we want to take full adtege
of unique characteristics of the Euclid cluster survey éB8akra-
Antolinez & Porciani 2013).

ACKNOWLEDGMENTS

We thank L. Pozzetti for providing us with her estimates & th
number densities of &emitting galaxies in advance of publi-
cation. We acknowledge useful discussions with O. Cugctti
Farrens, A. lovino, S. Mei, and F. Villaescusa. We thank S- An
dreon, M. Brodwin, G. De Lucia, S. Ettori, M. Girardi, T. Kkie
ing, G. Mamon, J. Mohr, T. Reiprich for a careful reading of
the manuscript. BS acknowledges financial support from MIUR
PRIN2010-2011 (J91J12000450001) and a grant from “Coiwsorz
per la Fisica - Trieste”. BS and SB acknowledge financial sup-
port from the PRIN-MIUR 201278X4FL grant, from a PRIN-
INAF/2012 Grant, from the “InDark” INFN Grant and from the
“Consorzio per la Fisica di Trieste”. BA acknowledges reedi
funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curiengra
agreement No 656354 CF has received funding from the Eunopea
Commission Seventh Framework Programme (EB80J7-2013) un-
der grant agreement n. 267251. CG acknowledges CNES for finan
cial support. LM acknowledges financial contributions froon-
tracts ASJINAF n.1/02312/0. JW acknowledges support from the
Transregional Collaborative Research Centre TRR 33 - 'TakD
Universe’. The authors acknowledge thaclid Collaboration, the
European Space Agency and the support of a number of agencies
and institutes that have supported the developmeRuofid.

A detailed complete list is available on tliclid web site
(httpy//www.euclid-ec.org). In particular the Agenzia Spaziabd-It
iana, the Centre National Btudes Spatiales, the Deutches Zentrum
fur Luft- and Raumfahrt, the Danish Space Research Insfithe
Fundacao para a Ciénca e a Tecnologia, the Ministeriocdad
mia y Competitividad, the National Aeronautics and Spacmitd
istration, the Netherlandse Onderzoekschool Voor Astmiepthe
Norvegian Space Center, the Romanian Space Agency, thedJnit
Kingdom Space Agency and the University of Helsinki.

REFERENCES

Abell G. O., Corwin, Jr. H. G., Olowin R. P., 1989, ApJS, 70, 1

Albrecht A. et al., 2009, ArXiv e-prints, 0901.0721

Albrecht A. et al., 2006, ArXiv e-prints, 0609591

Allen S. W., Evrard A. E., Mantz A. B., 2011, ARAA, 49, 409

Amendola L., etal., 2013, Living Rev.Rel., 16, 6

Anderson L. et al., 2014, MNRAS, 441, 24

Andreon S., 2015, A&A, 582, A100

Andreon S., Congdon P., 2014, A&A, 568, A23

Andreon S., Hurn M. A., 2012, ArXiv e-prints,1210.6232

Arnaud M., Pratt G. W., Piaretti R., Bohringer H., Croston J. H.,
Pointecouteau E., 2010, A&A, 517, A92

Balaguera-Antolinez A., Porciani C., 2013, JCAP, 4, 022

Balogh M. L., Couch W. J., Smail |., Bower R. G., Glazebrook K.
2002, MNRAS, 335, 10

Bartolo N., Komatsu E., Matarrese S., Riotto A., 2004, Phys.
Rept., 402, 103

Basse T., Eggers Bjeelde O., Hamann J., Hannestad S., Wong
Y.Y.Y., 2014, JCAP, 5, 021



14 B. Sartoris et al.

Battye R. A., Weller J., 2003, Phys. Rev. D, 68, 083506

Benson B. A. etal., 2013, ApJ, 763, 147

Betoule M. et al., 2014, A&A, 568, A22

Biviano A., Murante G., Borgani S., Diaferio A., Dolag K., -Gi
rardi M., 2006, A&A, 456, 23

Blas D., Lesgourgues J., Tram T., 2011, JCAP, 7, 34

Bocquet S., Saro A., Dolag K., Mohr J. J., 2015, ArXiv e-psint

Bocquet S. et al., 2014, ArXiv e-prints,1407.2942

Borgani S. et al., 2001, ApJ, 561, 13

Boselli A. et al., 1997, A&A, 324, L13

Brandbyge J., Hannestad S., Haugbglle T., Wong Y. Y. Y., 2010
JCAP, 9, 14

Brodwin M., Gonzalez A. H., Moustakas L. A., Eisenhardt P. R.
Stanford S. A., Stern D., Brown M. J. |, 2007, ApJ, 671, L93

Brodwin M. et al., 2013, ApJ, 779, 138

Burenin R. A., Vikhlinin A. A., 2012, Astronomy Letters, 3847

Capozziello S., de Laurentis M., 2011, Phys. Rept., 509, 167

Carbone C., Fedeli C., Moscardini L., Cimatti A., 2012, JCAP
23

Carbone C., Verde L., Matarrese S., 2008a, ApJ, 684, L1

Carbone C., Verde L., Matarrese S., 2008b, ApJ, 684, L1

Carlstrom J. E. et al., 2011, PASP, 123, 568

Castorina E., Sefusatti E., Sheth R. K., Villaescusa-Navét,
Viel M., 2014, JCAP, 2, 49

Chevallier M., Polarski D., 2001, International JournaMifdern
Physics D, 10, 213

Ciliegi P. et al., 2005, A&A, 441, 879

Clerc N., Sadibekova T., Pierre M., Pacaud F., Le Févre,J.-P
Adami C., Altieri B., Valtchanov |., 2012, MNRAS, 423, 3561

Costanzi M., Sartoris B., Viel M., Borgani S., 2014, JCAP, 80

Costanzi M., Sartoris B., Xia J.-Q., Biviano A., Borgani Biel
M., 2013a, JCAP, 6, 20

Costanzi M., Villaescusa-Navarro F., Viel M., Xia J.-Q.,rBani
S., Castorina E., Sefusatti E., 2013b, JCAP, 12, 12

Cui W.,, Baldi M., Borgani S., 2012, MNRAS, 424, 993

Cui W., Borgani S., Murante G., 2014, MNRAS, 441, 1769

Cusworth S. J., Kay S. T., Battye R. A., Thomas P. A., 2014, MN-
RAS, 439, 2485

Dalal N., Doré O., Huterer D., Shirokov A., 2008, Phys. Ray.
77,123514

De Boni C., Ettori S., Dolag K., Moscardini L., 2013, MNRAS,
428, 2921

de Propris R., Eisenhardt P. R., Stanford S. A., Dickinson M.
1998, ApJ, 503, L45

Desjacques V., Seljak U., 2010, Classical and Quantum ravi
27, 124011

Despali G., Giocoli C., Angulo R. E., Tormen G., Sheth R. K.,
Baso G., Moscardini L., 2015, ArXiv e-prints

Dodelson S., 2003, Modern cosmology. Academic Press, Amste
dam (NL)

Elbaz D. et al., 2007, A&A, 468, 33

Ettori S., 2013, MNRAS, 435, 1265

Fedeli C., Carbone C., Moscardini L., Cimatti A., 2011, MNRA
414, 1545

Feldman H. A., Kaiser N., Peacock J. A., 1994, ApJ, 426, 23

Geach J. E. et al., 2010, MNRAS, 402, 1330

Giannantonio T., Porciani C., 2010, Phys. Rev. D, 81, 063530

Giodini S., Lovisari L., Pointecouteau E., Ettori S., R&prT. H.,
Hoekstra H., 2013, Space Science Review, 177, 247

Grossi M., Dolag K., Branchini E., Matarrese S., Moscardini
2007, MNRAS, 382, 1261

Grossi M., Verde L., Carbone C., Dolag K., Branchini E., lazzi
F., Matarrese S., Moscardini L., 2009, MNRAS, 398, 321

Haiman Z., Mohr J. J., Holder G. P., 2001, in American Institu
of Physics Conference Series, Vol. 586, 20th Texas Symposiu
on relativistic astrophysics, Wheeler J. C., Martel H.,.edp.
303-309

Hinshaw G. et al., 2013, ApJS, 208, 19

Hoekstra H., Mahdavi A., Babul A., Bildfell C., 2012, MNRAS,
427, 1298

Holder G., Haiman Z., Mohr J. J., 2001, ApJ, 560, L111

Hu W., Kravtsov A. V., 2003, ApJ, 584, 702

Hu W., Sawicki I., 2007, Phys. Rev. D, 76, 064004

Hutsi G., 2010, MNRAS, 401, 2477

Iglesias-Paramo J., Boselli A., Cortese L., Vilchez J. 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 |., 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.\Re
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,JAp
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. Rey. D
87, 123511

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

Mamon G. A., Biviano A., Boué G., 2013, MNRAS, 429, 3079

Mana A., Giannantonio T., Weller J., Hoyle B., Hutsi G., t8&s
B., 2013, MNRAS, 434, 684

Mancone C. L. et al., 2012, ApJ, 761, 141

Mancone C. L., Gonzalez A. H., Brodwin M., Stanford S. A.,
Eisenhardt P. R. M., Stern D., Jones C., 2010, ApJ, 720, 284

Mannucci F., Basile F., Poggianti B. M., Cimatti A., Daddi, E.
Pozzetti L., Vanzi L., 2001, MNRAS, 326, 745

Mantz A. B., Allen S. W., Morris R. G., Rapetti D. A., Apple-
gate D. E., Kelly P. L., von der Linden A., Schmidt R. W., 2014,
MNRAS, 440, 2077

Mantz A. B. et al., 2015, MNRAS, 446, 2205

Marriage T. A. et al., 2011, ApJ, 737, 61

Martizzi D., Mohammed 1., Teyssier R., Moore B., 2014, MN-
RAS, 440, 2290

Marulli F., Carbone C., Viel M., Moscardini L., Cimatti A.021,
MNRAS, 418, 346

Massara E., Villaescusa-Navarro F., Viel M., 2014, ArXipgAats

Matarrese S., Verde L., 2008, ApJ, 677, L77

Matarrese S., Verde L., Jimenez R., 2000, ApJ, 541, 10

Mehrtens N. et al., 2012, MNRAS, 423, 1024

Merloni A. et al., 2012, ArXiv e-prints,1209.3114

© 0000 RAS, MNRASD0Q, 000-000



Next Generation Cosmology: Constraints from Enelid Galaxy Cluster Survey 15

Metcalfe N., Shanks T., Weilbacher P. M., McCracken H. Jng-o
R., Thompson D., 2006, MNRAS, 370, 1257

Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493

Pillepich A., Porciani C., Hahn O., 2010, MNRAS, 402, 191

Pillepich A., Porciani C., Reiprich T. H., 2012, MNRAS, 421

Planck Collaboration et al., 2014a, A&A, 571, A16

Planck Collaboration et al., 2014b, A&A, 571, A20

Planck Collaboration et al., 2014c, A&A, 571, A24

Planck Collaboration et al., 2011, A&A, 536, A1l

Poggianti B. M., De Lucia G., Varela J., Aragon-Salamanca A.
Finn R., Desai V., von der Linden A., White S. D. M., 2010,
MNRAS, 405, 995

Pogosian L., Silvestri A., 2008, Phys. Rev. D, 77, 023503

Popesso P. et al., 2012, A&A, 537, A58

Postman M. et al., 2012, ApJS, 199, 25

Postman M. et al., 2005, ApJ, 623, 721

Pozzetti L. et al., 2016, ArXiv e-prints, 1603.01453

Press W. H., Schechter P., 1974, ApJ, 187, 425

Ramella M., Boschin W., Geller M. J., Mahdavi A., Rines K.,
2004, AJ, 128, 2022

Rapetti D., Blake C., Allen S. W., Mantz A., Parkinson D., Beu
F., 2013, MNRAS, 432, 973

Reichert A., Bdhringer H., Fassbender R., Muhlegger 0112
A&A, 535, Ad

Rines K., Geller M. J., 2008, AJ, 135, 1837

Rosati P. et al., 2014, The Messenger, 158, 48

Rozo E., Evrard A. E., RyKBE. S., Bartlett J. G., 2014, MNRAS,
438, 62

Rozo E., Rykd& 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., Moscaidin
Rosati P., Weller J., 2010, MNRAS, 407, 2339

Sartoris B., Borgani S., Rosati P., Weller J., 2012, MNRAZ3,4
2503

Schaller M. et al., 2015, MNRAS, 451, 1247

Schechter P., 1976, ApJ, 203, 297

Schuecker P., Bohringer H., Collins C. A., Guzzo L., 20084
398, 867

Shandera S., Mantz A., Rapetti D., Allen S. W., 2013, JCAR, 8,

Smith G. P., Treu T., Ellis R. S., Moran S. M., Dressler A., 200
ApJ, 620, 78

Sobral D., Best P. N., Geach J. E., Smail |., Cirasuolo M.,nGar
T., Dalton G. B., Kurk J., 2010, MNRAS, 404, 1551

Stanek R., Rudd D., Evrard A. E., 2009, MNRAS, 394, L11

Staniszewski Z. et al., 2009, ApJ, 701, 32

Stefanon M., Marchesini D., 2013, MNRAS, 429, 881

Sunyaev R. A., Zeldovich Y. B., 1972, Comments on Astroptg/si
and Space Physics, 4, 173

Tegmark M., 1997, Physical Review Letters, 79, 3806

Tinker J., Kravtsov A. V., Klypin A., Abazajian K., Warren M.
Yepes G., Gottldber S., Holz D. E., 2008, ApJ, 688, 709

Tinker J. L., Robertson B. E., Kravtsov A. V., Klypin A., Warr
M. S., Yepes G., Gottlober S., 2010, ApJ, 724, 878

Tran K.-V. H. et al., 2010, ApJ, 719, L126

Umeda K. et al., 2004, ApJ, 601, 805

Velliscig M., van Daalen M. P., Schaye J., McCarthy I. G., Cac
ciato M., Le Brun A. M. C., Dalla Vecchia C., 2014, MNRAS,
442, 2641

© 0000 RAS, MNRASD0Q, 000—-000

100: T T T T

10 E

N(<rzg0,)

1.0 1.2 1.4 1.6 1.8
redshift

Figure Al. Number of cluster galaxies with spectroscopic redshifthiwi
raoac €xpected in theéuclid survey, as a function of redshift for clusters
of different masses, loBloac/Mo) = 150,14.5,14.0,135, solid, dot-
dashed, dashed, dotted lines, respectively. These nuratefer the case
of an evolving Hr luminosity function also beyond= 1.3, i.e. they corre-
spond to the solid blue curve in Fig. A2 (top panel).

Verde L., Matarrese S., 2009, ApJ, 706, L91

Vikhlinin A. et al., 2009, ApJ, 692, 1060

Vogelsberger M. et al., 2014, MNRAS, 444, 1518

von der Linden A. et al., 2014, MNRAS, 439, 2

Wang L., Steinhardt P. J., 1998, ApJ, 508, 483

Wang Y., 2014, Communications in Theoretical Physics, 62, 1

Watson W. A., lliev I. T., D’Aloisio A., Knebe A., Shapiro P..R
Yepes G., 2013, MNRAS, 433, 1230

Weller J., Battye R. A., Kneissl R., 2002, Physical Reviewtéses,
88, 231301

Wen Z. L., Han J. L., 2015, ApJ, 807, 178

Wetterich C., 2004, Physics Letters B, 594, 17

Yang G. et al., 2014, ApJS, 215, 27

Ziparo F. et al., 2014, MNRAS, 437, 458

APPENDIX A: THE EUCLID SPECTROSCOPIC SURVEY

We use a procedure similar to the one described in Sectio@-to
termine the number of spectroscopic cluster galaxies withic,

as a function of both cluster mass and redshift. SinceEiheid
spectroscopic survey is flux-limited in thexHine, we consider the
cluster Hr LF. There are not many determinations of the cluster
Ha LF in the literature. We use the results of Iglesias-Parat.
(2002, for two nearby clusterg= 0.02), Balogh et al. (2002, for a

z = 0.18 rich cluster), Umeda et al. (2004, foza= 0.25 cluster),
and Kodama et al. (2004, forza= 0.4 cluster).

The redshift evolution of the clusterdH_F is (at best) poorly
constrained, hence we have to make several assumptionssfor i
three parameters, the characteristic luminokity the normalisa-
tion ¢*, and the faint-end slope. We consider two possible evolu-
tions. In the first, we assume thevolution ofL* to be the same as
the one measured for the fieldHLF, i.e.L* « (1+2)%*'forz< 1.3,
and no further evolution at higher redshift (Geach et al.(30ln
the second, we alloiL* to evolve atz > 1.3 with the samezr-
dependence established at lower redshifts. The secondrgzés
based on the idea that the preferred sites for galaxy starafiion
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Figure A2. Selection function for thé&uclid spectroscopic survey. In the
top panel the solid blue curve indicates the selection fandbr clusters
with 5 galaxies with measured spectroscopic redshift withpgc. This
curve depends on the assumption thatontinues to evolve beyorm= 1.3
following the same evolution law determined by Geach et 2010) for
lowerz. The dash-dotted curve depends instead on the assumpidhéine
is no further evolution of.* beyondz = 1.3, consistently with what is ob-
served for the field b LF (Geach et al. 2010). The dashed red curve is an
independent estimate based on the the number densitias faflel galaxies
per redshift bin, estimated by Pozzetti et al. (2016). Inltheer panel the
solid, dash-dotted and dashed lines show results for ctusiith at least
5, 10, and 20 galaxies, respectively, with measured spmpic redshift
within raoqc, based on the assumption that continues to evolve beyond
z=1.3. The dotted line is the selection function for tBaclid photometric
survey (from Fig. 2), shown as a reference.

tends to shift to higher-density regions at higher redshlbaz
et al. 2007), even if the redshift at which this shift occussot
well constrained (Ziparo et al. 2014)

The diferent cluster LFs we consider have been determined
for different overdensities). To evaluate thé = 200 value ofL*
atz = 0, we perform a regression analysis between ldg(1 +
z;)*'] and logA. We find L}, = 3.8 x 10 erg s*. Similarly to
what we did in Section 2 for th& LF, we assume* « H?(2).

We then take the average of the values obtained for the flierent
clusters, after rescaling them for the factor 200[AH(2)], and
find ¢, = 1.1 Mpc3. As for e, we fix it to the value-0.7 obtained
for the two nearby clusters by Iglesias-Paramo et al. (R0fi8ce
the other clusters observations were not deep enough tdraons
the Hx LF faint-end.

We convert the K luminosities into fluxes usingn, =
Lho /(2% 4”Df,c): whereD,  is the cluster luminosity distance and
the factor ¥2 accounts for the average dust extinction (Kodama
et al. 2004). By integrating the LF down to the flux limit of tBe-
clid spectroscopic survey §31071¢ erg s* cm?), we finally obtain
the expected number density of galaxies withig.. By multiply-
ing the number density of galaxies withigyg by the volume of the
sphere of radiusygqc, we obtain the number of galaxies in a cluster
with Ha flux above theEuclid survey limit. Finally, we multiply
this number by the expected completeness of the specticsiop
vey, ~ 80 per cent.

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

0.9-1.8is shown, since this is the detectability range of thellde
in the Euclid survey, according to the current design baséline

We also consider the following, independent estimate of the
cluster selection function in thBuclid spectroscopic survey. We
use Pozzetti et al. (2016) estimates of the number densitide-
emitting field galaxies per square degree and redshift hat, we
convert to volume densitiesiq. To estimate the expected num-
ber density of K-emitting galaxies in a cluster, we useg =
ntgb(2)Apc/om, Wherep, is the critical density ang,, the mass
density of the Universe at any given redshift,is the overden-
sity we want to sample in the cluster, abfz) is the redshift-
dependent bias parameter that accounts for tierdnt distribu-
tion of Ha galaxies and the underlying matter distribution. Taking
A = 200, the number of b galaxies in a cluster of madd,oqc
is N(< raogc) = (4n/3)r§00cnc|. We estimate the bia¥z) from the
comparison of the real-space correlation functions of enaanhd
Ha galaxiesb = (rog/rom) /%, Wherey is the slope of the correla-
tion function. We use the correlation lengths of thédie matter
in our adopted cosmology, and those af Igalaxies with lumi-
nosities corresponding to ttuclid flux limit at any given redshift
(taken from Sobral et al. 2010). We estiméafe = 0.9) = 1.9 and
b(z = 2.0) = 3.5, and interpolaté(z) between these two values at
any redshift in the range 0.9-2.0.

In Fig. A2, we show the limiting masil,oq. Of a cluster with
at leastN, galaxies with measured spectroscopic redshift within
I0qc @s a function of the cluster redshift. This is the selectiorcf
tion of clusters in theEuclid spectroscopic survey, in the sense
that N, concordant redshifts within a region of typical clusteresiz
(i.e.,ra00c) are required to identify a cluster. The threéelient es-
timates of the spectroscopic selection function for chssie the
Euclid survey are rather fferent, and this reflects the current sys-
tematic uncertainties. From Fig. A2 (bottom panel), one se@
that the spectroscopic survey selection function is aboe@hoto-
metric survey selection function. Hence, it will prove |lefiscient
to search for clusters in tHeuclid spectroscopic survey than in the
photometric survey. Data from the spectroscopic survelysiiil be
useful to confirm clusters detected in the photometric syryeis
improving the reliability of the sample.

APPENDIX B: CLUSTER MASS CALIBRATION

The impact of nuisance parameters on cosmological congrai
from Euclid photometric clusters is going to be quite significant.
This is especially true for the parameters directly relatedhe
growth of structure history like the matter power spectriommal-
isationog, and for the CLP DE parameter,, that is particularly
sensitive to the level of knowledge of the scaling relationle-
tion. In Fig. B1, we show how the cosmological constraintgtn
DE equation of state depend on our knowledge of the scaling re
lation. In particular, we show that strong constraints amekiolu-
tion of the scatter and the mass bias, allow to greatly imptoe
constraints on the DE EoS parameters. On the other hands@rec
knowledge of these parameterszat 0 is not of crucial impor-
tance, as shown by the overlapping constraints inthev, plane

in the figure (solid black and dashed green ellipses).

9 See the Euclid GC Interim Science Review” by Guzzo & Percival, at
httpy/internal.euclid-ec.or§pageid=714. Access restricted to tHeuclid
Consortium members.
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Figure B1. Constraints at the 68 per cent c.l. in thg — wp parameter
plane. We show forecasts for thNgpgc/cfield > 3 Euclid photometric clus-
ter survey obtained by (i) combining the FM information fammber counts
and power spectrum (N€EPS; blue dotted contour), (ii) same as (i) but as-
suming perfect knowledge of the evolution of the scattee @guation 27;
orange dashed contour); (iii) same as (i) but assuming gekfeowledge
of the evolution of both the scatter and the bias (black smidtour); (iv)
same as (i) but assuming perfect knowledge of all the folsange param-
eters (green dash-dotted contour). The blue and greenscareghe same
of Fig. 4,right panel. Note that the solid black and the grd@shed ellipses
are almost coincident.

To maximise the scientific return of tHeuclid galaxy clus-
ter catalogue, it is therefore very important to know the sre=sal-
ing relation in an as much as possible precise and unbiasgd wa
There are two avenues to obtain this goal. The first one iso®ser
correlate theEuclid cluster sample with samples obtained at dif-
ferent wavelengths by fierent 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 te ttluster
true mass estimation. Other useful cluster cataloguesineiilide
the SZ samples provided by the South-Pole Telescope (SIR), t
Atacama Cosmology Telescope (ACT), aPldnck

The second avenue, that represents the strength & ubléd
mission, consists in exploiting intern&luclid data. Many photo-
metrically selected clusters will appear as signal-tcsageaks in
the Euclid full-sky cosmic shear maps. This weak gravitational
lensing signal will permit us to estimate the cluster masgidis-
out relying on assumptions about dynamical equilibriunthéligh
only the more massive systems will permit individual massame
surements, we can nevertheless statistically calibraednmali-
sation of the cluster scaling relations down to the lowestgaa in
the catalogue by stacking. An example is given in Fig. B2wsho
ing the level of precision expected on the mean mass of giacke
clusters.

We first measure the mass of individual clusters with a
matched filter, assuming that the mass density profile oflad-c
ters follows an NFW profile. We then calculate the unceryaort

(AlogMgooc = 0.2) and redshift 4z = 0.1). This result depends
on the number of clusters expected in each bin, and for this pu
pose we have adopted the Planck cosmology (Planck Collédora
et al. 2014a) and &uclid survey of 15,000 square degrees. The
figure only accounts for shape-noise, with= 0.3.

The three curves trace the precision on the mean for mass bins
centred atMapqc = 3 X 10" My, 2 x 104 Mg, and 15 x 104 M,
(from top to bottom) as a function of redshift. We do bettettloa
lower mass systems because their larger number comperisates
their lower individual signal-to-noise measurements. Tigere
demonstrates thduclid has the potential to calibrate the mean
mass, and hence scaling relations, to 1% out to redshify,.amd
to 10% out taz < 1.6 for clusters 0Mypqc = 1.5 x 104 M.

At the same time, the spectroscopic part of Ehelid survey
will provide velocities for a few cluster members in eachstfu
detected with photometric data. Stacking these veloditiemany
clusters in bins of richness and redshift will allow a preaialibra-
tion of the velocity dispersion vs. richness relation, arai 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 giversaia bins
of Az = 0.1 andA log Moo = 0.2 (even if, in reality, the stacking
procedure will be based on mass proxies, such as richnegss3eT
numbers are evaluated using the spectroscopic selectimtidn
(bottom panel of Fig. A2), and the expected number of clsster
above a given mass in our adopted cosmology, by considenitlyg o
clusters with at least 5 members with redshifts. In the figuee
show the predictions for three cluster masses,Mgg./Mo, =
14.2,14.4,14.6. The curve for lodVxoqc/Ms = 14.2 is limited to
z < 1.25 because of our choice of considering only clusters with
N, > 5. Note that the curve for lollo00c/Ms = 14.0 (not shown)
would be limited taz < 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 oamgle of
~ 500 cluster members is 9 per cent, which translates into-a27
per cent statistical noise in the mass estimate. A similarédnas
been obtained by Mamon, Biviano & Boué (2013) when using the
full velocity distribution to constrain cluster masseseNalue of
500 is displayed in Fig. B3, and it shows that a very precigesp
troscopic calibration of cluster masses will be possiblestacks
of clusters with 12 < logMypqc/Ms < 14.6 over the redshift
range 0 < z < 1.2, and even beyond that (s 1.5) for clus-
ters with masses lolfl,00c/Mo =~ 14.4. Spectroscopic calibration
of cluster masses at higher redshifts will be feasible wéithuced
precision, but lack of statistics will hamper cluster mea#bcation
at |Og MonC/M@ <14.2.

Potential worries that we have not addressed in these ¢ema
are contamination and fragmentation. We have argued in 3ect
that contamination by projectionffects is not a dominantfiect,
even at high redshifts. Fragmentation occurs when a rege lar
cluster is broken into smaller subunits by the cluster idfieation
algorithm. This could fiect the velocity dispersion vs. richness
calibration, since the former is lesffected by the fragmentation
effect than the latter. To keep the fragmentation issue under
control, theEuclid collaboration will use a battery of sophisticated,
independent cluster finder algorithms.

The wideEuclid survey will allow precise calibration of the
mass-observable relation outzg 1.6, using gravitational lensing

the mean mass of the individual measurements in bins of massand spectroscopy. The deBpclid survey will allow to extend this

© 0000 RAS, MNRASD0Q, 000—-000
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Figure B2. Calibrating cluster masses with gravitational shear. Thees
show the expected precision on the mean mass of clustersn dfi
AlogMazoqe = 0.2 andAz = 0.1, centred on masses (from top to bot-
tom) of Mpaoge = 3 x 10" Mg, (green curve), X 10'*M, (red), and
1.5 x 10" M, (blue). We assume a lensing survey of 15,000 sq.2deg.
the Tinker mass function in the basa€DM Planck-cosmology, and shape
noise witho- = 0.3

calibration to even higher redshifts, although with a muabren
limited statistics on the number of clusters. Overall, bynbn-
ing Euclid internal mass calibration with the cross correlation with
external SZ and X-ray surveys, we should be able to significan

mitigate the degradingfkect of the nuisance parameters on cosmo-
logical constraints.
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Figure B3. Calibrating cluster masses with spectroscopy. The cuives s
the number of cluster galaxies with redshifts availabletatls of clusters

in bins of AlogM = 0.2 andAz = 0.1, as a function of redshift, for central
values of the mass bins of Idd200c/Mo = 14.2,14.4, 14.6 (red, blue, green
curves, respectively). The estimate is done only for chestéth a mass
limit above that required for a minimum of 5 members with fefls- see

Fig. A2 bottom panel. This requirement restricts the cuorddg M/Mg, =

142 to z < 1.25. The dotted line shows the value of 500 galaxies as a
reference.
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