arXiv:2111.05432v2 [astro-ph.CO] 24 Aug 2022

Galaxy cluster number counts with individual lensing mass
estimates: forecasts for Euclid

E. Artis!"*, J-B Melin?2, J. G. Bartlett*?, and Calum Murrayl, on behalf of the Euclid Consor-

tium

'Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 53, avenue des Martyrs, 38000 Grenoble,
France

2IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

3Université de Paris, CNRS, Astroparticule et Cosmologie, F-75006 Paris, France

“Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA

Abstract. The ACDM model is gradually becoming challenged by observa-
tional data. Upcoming cosmological surveys will increase the number of de-
tected galaxy clusters by several orders of magnitude. Therefore, clusters will
shortly provide precise cosmological constraints and improve our understand-
ing of structure formation in the Universe. In the following, we present a cluster
likelihood based on individual weak lensing mass estimates and forecast Eu-
clid’s performances within this framework. We use a matched filter for weak
lensing mass estimation and model its characteristics with a set of simulations.
We use the Flagship N-body simulation to emulate the expected cluster mass
distribution of a Euclid-like sample and test our statistical framework against
it. Finally, we simultaneously constrain the observable-mass relation and the
cosmological parameters.

1 Introduction

Galaxy clusters are the most massive virialized structures in the universe. Among the various
ways of testing cosmological models with clusters [e.g., [1], their abundance as a function
of mass and redshift is one of the primary probes. The precision of current measurements
is limited by our understanding of the observable-mass relation [see 2, for a review]. The
upcoming years will transform our understanding of cluster cosmology, as the number of de-
tected structures will increase by several orders of magnitude. Next-generation large surveys
like Euclid [3] will provide an unprecedented quantity of data. In this proceeding, we pro-
pose an approach where a mass proxy is estimated for each cluster in the catalog to calibrate
the observable mass relation. Individual masses have been introduced in cluster surveys [4]],
and has been applied in the context of SZ observations by [5]. The match filtering method
extracting the lensing masses has been developed in Murray et al., in prep. In this work, we
analyze the output of the matched filter and parameterize it to inject the results in a Pois-
son unbinned likelihood. We show that, in the context of a Euclid-like survey, one can use
this match filtering approach to constrain the observable-mass relation and the cosmological
parameters jointly.
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2 Mass estimation

Mass estimation is the current bottleneck of cluster abundance cosmology. For future sur-
veys, we need to construct robust mass proxies with well understood properties. In the case
of Euclid, the weak lensing measurements will provide the data required to estimate the dark
matter halo mass. Clusters are primarily detected (in the optical) as overdensities of galaxies.
One of the algorithms selected by the Euclid consortium [6] is AMICO [/]. It provides a
natural mass proxy as an output, which is the quantity related to the selection function. The
weak lensing masses serve to calibrate its relation with the true halo mass.

In this section we briefly describe the two mass proxies that we use to forecast the perfor-
mance of our framework.

2.1 Lensing mass estimates

From Murray et al., in prep., the approach of the matched filter is the following: assuming a
Navarro-Frenk-White (NFW) profile 8], we want to build an estimator of the scale radius r;
of a given cluster in the form

R ALl (1)

where AY; is the measured excess surface density at a distance r; from the cluster center and #;
are weights to be determined. From [9], the theoretical excess surface density is proportional
to the scale radius of the cluster AY; , = r,7i. We thus have that AZ; = AY; g, + n; = 1,7 + 1,
where n; is the noise, with the covariance matrix S = nn7. If we want the filter to be unbiased
and the noise to be minimal, a good choice of coefficients is
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We can then recover the mass My = 4/371 A (cafs)® pe(z), where ¢, is the concentration and
pc(2) is the critical overdensity of the universe at redshift z. This estimator provides a robust
summary statistic. Note that the lensing masses explicitly depend on the cosmological model.
From the calculation of [9], it can be shown that, within the framework of the matched filter
and assuming that the clusters are at low to moderate redshifts (z < 1 on average)

My(0) < D3(d0) p;*(210) 3)

where Dy, is the angular diameter distance and © is the set of parameters of the background
cosmological model. For readability, we define the function c(®) = D;‘3 (z1®) p-2(2®). As-
suming that the masses where computed at a fiducial cosmology ®gq, we therefore have that
the masses at a given cosmology O follow Mp.(®) = (c(©)/c(O4q)) My fiq-

2.2 Amplitude

Clusters are selected through their signature on the distribution of galaxies in the sky. In this
work we focus on results from AMICO [7,10].

This algorithm detects clusters as overdensities of galaxies in the sky, with no colour as-
sumptions. The proxy of the mass is the normalization of the cluster galaxy distribution,
called the amplitude A. We assume a power law relation between the amplitude and the
mass, A(M) = Ag (M/My)“.



3 Likelihood

In this section, we briefly describe our likelihood model. We use an unbinned Poissonian
likelihood, where the abundance of observed clusters per unit of lensing mass estimates My,
amplitude A and redshift z follows:
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where dN/d In M dQ dz is the halo mass function described in [L1]], y(A(M), z) is the fraction
of clusters detected at a given mass and redshift, f(A, My |M, z, ®) is the probability distribu-
tion function of the two observables A and M|, at a given mass and redshift and Q is the sky
coverage of the survey. In our case, we assume that,
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with the correlation matrix,
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where p is our correlation coefficient assumed to be constant and
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where by and by are potential biases, respectively on the amplitude and the lensing proxies.
The noise related to the amplitude o4 (M, z) is parameterised following [6], while we assume
that,

02 (M,2) = ALOx' (M, 2) | nga(2) + 02 (M, 2) [ nga(2) ®)

where ng,(z) is the number of background galaxies at redshift z, iy is the intrinsic scatter,
and 6, is the mean angular size of a cluster. The fraction of detected objects is assumed to
follow,
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where ¢ is the signal to noise ratio (S/N), and g, is the detection treshold.
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4 Simulation and mock generation

The impact of the systematics that we will have to face must be measured at the precision of
a Euclid-like survey, which means 15,000 degz, z € [0, 2], reliable lensing information and
baryonic physics correctly incorporated. This represents an enormous volume, and currently,
no data set possesses these characteristics. To tackle this issue, we have chosen to use three
different simulations, each one having the required properties that we are looking for. The
RayGalGroupSims [[12]], are used to derive the lensing properties. For the selection function,
and the performance of the detection algorithm, we refer to the the results of [6]]. Finally,
we used the Flagship dark matter halo catalog, the official Euclid simulation, as a baseline
to reconstruct a mock survey that is as close as possible from a Euclid-like data set. The
RayGalGroupSims are a set of N-body simulations that are dedicated to ray-tracing. The
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Figure 1: Distribution of the clusters selected in the Flagship dark matter halo catalog. We
set the S/N (qgobs = 6, from equation[J)), so that we remove most of the low mass systems for
which the uncertainties are high, especially regarding the selection function. The color scale
represents the fraction of detected clusters.

main interest of these simulations is their spatial resolution (5 4~ 'kpc), and the excellence of
the lensing calculations. We use these simulations to test and constrain the relation on the
scatter of the lensing mass estimates introduced with equation[8] They extend up to z = 0.5,
so we assume that our results are valid for higher redshifts. Precisely, we fit the normalization
and the power law of the relation. In this study, we fix the value of the intrinsic scatter oy to
0.3. We do verify that our fiducial value corresponds to a reasonable fit of the masses. The
results are presented in table [T]

In order to create a catalog of objects similar to the one expected from Euclid, we select a
spherical region of 15,000 deg?, in which we select all the halos down to a virial mass of
Mg cut = 1013 h Mo, Starting from these masses, we assign to each halo an amplitude, A,
and a lensing mass My, using the distribution presented in section [3] From our dark matter
halo catalog, we select the objects that would be detected by AMICO according to equation
O] We fix the S/N threshold in agreement with the expected number of objects to be detected
with Euclid. We chose an S/N threshold of go,s = 6, which gives provides us with a catalog
of 56,549 clusters. The clusters’ distribution is represented in figure[I]

5 Performance forecasts

We first consider a standard ACDM cosmology. The full set of fitted parameters is described
in table[T] Figure[2]shows the Qn,—os plane for the cases when all the systematics are entirely
known and when we freed all the nuisance parameters. As illustrated, it is clear that a joint
fitting of the mass-observable relation and cosmological parameters is possible and provides
competitive results, providing that one has statistically robust lensing mass estimates. Then
we can compare these results to the one presented by [3]. Our contours are comparable to
what they are presenting for their number counts only analysis. Figure 2] shows the results
obtained for a wyw,CDM cosmology



Table 1: True values adopted for the parameters, priors and results with 1o uncertainties.
Some parameters are left blank in the posterior section when they are not constrained. The
dark energy equation of state parameters, are in blue, with the following parameterization:
w(a) = wy + wy(1 — a) [13]. The true values, for the lensing mass estimates are the best fit
values introduced in equation [§] Note that although it is present in our table, the intrinsic
scatter is not fitted, but fixed. As expected, the value of the power  is close to the intuitive
value —2, as the errors should be proportional to the inverse of the angular area covered by
the cluster.

Parameter ‘ Meaning ‘ True value ‘ Prior Posteriors
Cosmological parameters
Qn Matter density 0.319 [0.1,0.5] 0.322 +0.0019
Ty r.m.s. matter fluctuation 0.83 [0.6,0.9] 0.835 + 0.0056
Hy Hubble constant (km - s~! - Mpc’]) 67 N(67,1000) 65.28 +1.21
Q Baryonic density 0.049 N(0.049,0.0026) and Qy, > 0 -
n Spectral index 0.96 [0.87,1.07] -
wo First parameter -1 [-2.5,0] —0.967 £ 0.034
W, Second parameter 0 [-2,2] 0.19+0.12
Halo Mass Function parameters
ap High mass cut-off 0.938 -
(: R;i;}:eﬂaﬁzzlﬁ:;zso —_(:]:122 Covariance matrix fitted on the Flagship :
Ao MF Normalization 0.31 -
Richness-mass parameters
Aoy Normalization 0.5 [0.05,5] 0.495 + 0.0045
a Slope 0.5 [0.05,2] 0.5 +0.0012
Lensing mass estimates uncertainties
AL Normalization of the scatter 0.836 [0.001,4] 0.758 +0.042
B Slope -2.09 [-6,0] -2.2+0.136
Tint Intrinsic scatter 0.3 [0.001,2] 0.35+£0.025
Correlation richness-lensing mass estimates
P ‘ - ‘ 0.6 ‘ [0,1] ‘ 0.599 + 0.0037
Bias on the richness
ba ‘ - ‘ 0 ‘ [0,0.99] ‘ -
Bias on the lensing masses
by ‘ - ‘ 0 ‘ Fixed ‘ -

6 Conclusion

In this work, we presented a method designed for the analysis of Euclid’s galaxy cluster
sample. This framework consists in the computation of individual lensing mass estimates,
for each cluster in the catalog. We use numerical simulations to reproduce the expected
properties of Euclid’s cluster sample. Our final cluster catalog is based on the Flagship
DM halo catalog and comprises approximately 6 x 10* objects. We model the cosmological
dependence of the lensing mass estimates, which is taken into account in the final estimation.
We show that it is possible to calibrate the cosmological parameters and the parameters of the
observable-mass relation jointly. Our analysis demonstrates the potential of individual masses
analyses in the context of large optical surveys. We assumed analytical expressions for the
selection function, observable-mass relation, and cosmological dependence of the lensing
mass estimates, relying on a set of numerical simulations. Each one of these elements has to
be refined for the final analysis and is under investigation.
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Figure 2: Left: 68 and 95% constraints obtained with our analysis, in case of a ACDM
cosmology. The grey ellipse is the realistic case for which all the identified sources of sys-
tematics listed in table|I| are free. With the red ellipse , we also provide a reference case, for
which all the systematics are fixed. Right: Constraints obtained on the dark energy equation
of state parameters. The position of the best fit compared to the confidence ellipses in the
grey case is an expected feature that results from the statistical production of the catalogs.
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