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ABSTRACT

Context. One key ingredient in using galaxy clusters as a precision cosmological probe in large X-ray surveys is understanding
selection e� ects. The dependence of the X-ray emission on the square of the gas density leads to a predominant role of cool cores in
the detection of galaxy clusters. The contribution of cool cores to the X-ray luminosity does not scale with cluster mass and cosmology
and therefore a� ects the use of X-ray clusters in producing cosmological constraints.
Aims. One of the main science goals of the extended ROentgen Survey with an Imaging Telescope Array (eROSITA) mission is to
constrain cosmology with a wide X-ray survey. We propose an eROSITA galaxy cluster detection scheme that avoids the use of X-ray
cluster centers in detection. We calculate theoretical expectations and characterize the performance of this scheme by simulations.
Methods. We performed Monte Carlo simulations of the upcoming eROSITA mission, including known foreground and background
components. By performing realistic simulations of point sources in survey mode, we searched for spatial scales where the extended
signal is not contaminated by the point-source �ux. We derive a combination of scales and thresholds, which result in a clean extended
source catalog. We designed the output of the cluster detection, which enables calibrating the core-excised luminosity using external
mass measurements. We provide a way to incorporate the results of this calibration in producing the �nal core-excised luminosity.
Results. Similarly to other galaxy cluster detection pipelines, we sample the detection space of the �ux – cluster core radius of
our method and �nd many similarities with the pipeline used in the 400d survey. Both detection methods require large statistics on
compact clusters in order to reduce the contamination from point sources. The bene�t of our pipeline consists of the sensitivity to
the outer cluster shapes, which are characterized by large core sizes with little cluster to cluster variation at a �xed total mass of the
cluster.
Conclusions. Galaxy cluster detection through cluster outskirts improves the cluster characterization using eROSITA survey data and
is expected to yield well-characterized cluster catalogs with simple selection functions.
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1. Introduction

The expansion and structure formation history of the Universe
is imprinted on the spatial distribution and number density of
its largest collapsed entities, galaxy clusters. This makes galaxy
clusters powerful probes for constraining cosmological param-
eters such as the dark energy equation of state (e.g., Vikhlinin
et al. 2009; Allen et al. 2011 for a review). Among others,
X-ray observations of galaxy clusters are of particular inter-
est because they trace the bulk of the baryonic component,
the hot intracluster medium (ICM). With the launch of the
extended ROentgen Survey with an Imaging Telescope Array
(eROSITA, Merloni et al. 2012; Predehl et al. 2018) in July
2019, X-ray astronomy ushers in a new era. As the primary
instrument of the Russian-German Spektrum-Roentgen-Gamma
(SRG) mission, eROSITA will perform eight all-sky surveys
within four years. The unprecedented survey speed and capa-
bility over a wide range of energies mean that the �nal all-sky
survey will be� 20–30 times deeper than that of its predecessor

(the ROSAT all-sky survey, Voges et al. 1999) in the 0.5–2 keV
energy range and will provide the �rst ever imaging all-sky sur-
vey in the 2–10 keV energy band. With the expected detection of
105 galaxy clusters (Pillepich et al. 2012), eROSITA will place
tight constraints on the dark energy equation of state, among
others.

Understanding selection e� ects is an essential but compli-
cated requirement for precision cosmology. Determining the
selection function is especially complex for extended X-ray
sources because the detection probability and proper classi�-
cation depend on their morphology, for example (Eckert et al.
2011; Rossetti et al. 2016, 2017; Andrade-Santos et al. 2017;
Lovisari et al. 2017). The cluster outskirts (0.2–0.8r500) are
found to evolve with redshift in a self-similar fashion (McDonald
et al. 2017; Käfer et al. 2019) and exhibit low scatter (Ghirardini
et al. 2018; Käfer et al. 2019). Therefore, cluster samples that are
selected based on the properties of cluster outskirts will closely
trace the selection by cluster mass and reduce the systematics of
cluster use in cosmological studies. Another important aspect of
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detailed image decomposition consists of the removal of point
sources. In the extragalactic sky, the X-ray point-source popula-
tion is dominated by active galactic nuclei (AGN). Active galac-
tic nuclei cause false detections through the noise in the realiza-
tion of their photon distribution. In addition, they contribute to
the total �ux of the cluster because the AGN halo occupation
distribution extends to high masses, especially at high redshifts
(Allevato et al. 2012; Oh et al. 2014). The importance of AGN in
contaminating cluster �uxes of eROSITA observations has been
highlighted by Bi� et al. (2018).

Spatial �lteringofX-ray imagestodescribetheemissionthat is
produced on di� erent spatial scales has been introduced by Starck
et al. (1991) and was successfully applied for source detection
in cluster cosmology (Vikhlinin et al. 1998; Pacaud et al. 2006).
Finoguenov et al. (2009, 2010a, 2015), Erfanianfar et al. (2013),
Mirkazemi et al. (2015), and Gozaliasl et al. (2019) applied the
method to detect groups and clusters of galaxies using only the
large scales of the X-ray emission. In this paper, we present the
adaptation of the wavelet decomposition method for eROSITA.

The paper contains the characterization of the eROSITA
point-spread function (PSF), simulations of eROSITA observa-
tions of the extragalactic �elds, calibration of the point-source
model, description of the cluster detection pipeline, and its char-
acterization using synthetic simulations.

Throughout this paper we assume a WMAP9 cosmol-
ogy with a matter density, vacuum energy density, and
Hubble constant of
 m = 0:282, 
 � = 0:719, and
H0 = 69:7 km s� 1 Mpc� 1, respectively (Hinshaw et al. 2013).
The dimensionless Hubble function is de�ned asE(z) =p


 m(1 + z)3 + (1 � 
 m � 
 � )(1 + z)2 + 
 � . Quoted errors are
1� unless otherwise stated.

2. eROSITA and the eROSITA simulator

eROSITA is a new X-ray telescope that was launched in July
2019 on board the SRG. The full description of the telescope
can be found in Predehl et al. (2018).

2.1. Point-spread function

The PSF of an X-ray telescope describes its ability to focus pho-
tons. The image produced by a point source is blurred, mostly
as a result of misalignments and micro-roughnesses or is caused
by the support structures of the instrument's grazing incidence
mirrors. The shape and size of the PSF depends among others
on the photon energy and its distance from the optical axis. The
current eROSITA PSF model is based on measurements made at
the PANTER X-ray test facility, where the PSF is sampled on
an 11� 11 grid, plus an additional central 6� 6 grid to increase
the small o� -axis angle density. Each grid is spaced by 60, and
the two grids are displaced by 30 with respect to one another.
The energy dependence is sampled using X-ray emission lines
at photon energies of 0:3, 0:9, 1:5, 3:0, 4:5, 6:4 and 8:0 keV.
The PSF image at each position and energy is described by
shapelets (Refregier 2003), that is, by a linear image decom-
position into a series of di� erently shaped basis functions of
characteristic scales. The shapelet description is a convenient
way to compress the PSF information over a few coe� cients.
Two di� erent scale parameters with individual shapelet coe� -
cients are used in order to reproduce the complex behavior of
the PSF core on small scales and the PSF wings on large scales.
Each of the seven eROSITA mirror modules are made out of 54
nested Wolter-I type (Wolter 1952) shells and have their indi-

vidual PSF measurements. However, in the current implemen-
tation of the X-ray telescope simulator (Sect. 2.4), the PSFs of
all seven modules are assumed to be the same, using only the
shapelet reconstruction of �ight module number 2. We note that
the eROSITA PSF will be di� erent in orbit, for example, due to
shaking of the telescope during launch or temperature and gravi-
tational e� ects. During the performance-veri�cation and all-sky
survey phases, the eROSITA PSF will be determined and cali-
brated against ground-based measurements.

2.2. Point sources and background components

We followed the recipe of Clerc et al. (2018) and used SIXTE1

(Dauser et al. 2019, see Sect. 2.4) to simulate eROSITA �elds
containing AGN and unresolved X-ray background. Individ-
ual AGNs were drawn from a luminosity function down to a
�eld exposure time-dependent �ux threshold and uniformly dis-
tributed in a �eld. Thus spatial clustering of AGNs and spatial
correlations between AGNs and galaxy clusters are not consid-
ered; this is the topic of a future study. The AGN spectra of the
low-luminosity tail of the distribution were stacked and redis-
tributed uniformly to construct an unresolved X-ray background
component. Emission of the hot plasma in the halo and disk
of our Galaxy was simulated using a double MEKAL model
(Mewe et al. 1985, 1986; Liedahl et al. 1995) with temperatures
of 0.081 keV and 0.204 keV (Lumb et al. 2002). In addition, a
non-vignetted eROSITA instrument particle background compo-
nent according to the expected radiation level at the Lagrange
point L2 was simulated (Tenzer et al. 2010).

2.3. Extended objects

We here focus on the detection of extended sources. To com-
pare our res ults to previous studies, we characterize the
spatial �ux distributions by spherically symmetric� -models
(Cavaliere & Fusco-Femiano 1978) with� = 2=3 on a discrete
grid of core radii. The cluster emission was characterized by a
partially absorbed Astrophysical Plasma Emission Code (APEC,
Brickhouse et al. 2000) model with a �xed abundance of 0:3Z�
(Anders & Grevesse 1989) and a survey-�eld-dependent Galac-
tic column density of hydrogen. The Galactic absorption was
described by a phabs model (Balucinska-Church & McCammon
1992) and was �xed to 3� 1020 cm� 2, 8:8 � 1020 cm� 2, and
6:3 � 1020 cm� 2 for the equatorial, intermediate, and deep �eld,
respectively (see Sect. 2.5). Cluster temperatures, redshifts, and
�uxes were sampled on a grid and ranged between 1–5 keV, 0.05–
1.2, and 2� 10� 15 � 5 � 10� 15 erg s� 1 cm� 2, respectively.

2.4. X-ray telescope simulator

The simulations of the extragalactic eROSITA sky were per-
formed using the Monte Carlo based SIXTE simulator (Dauser
et al. 2019). A sample of photons was produced based on the
e� ective area of the instrument and input source characteris-
tics, for example, a source spectrum, or if necessary, a model
of the extent. These photons were virtually propagated through
the instrument simulator. Based on the telescope speci�cations,
a list of impact times, positions, and energies of the photons was
produced. The �nal output event list was then created by simulat-
ing the read-out characteristics. The simulator already provides

1 http://www.sternwarte.uni-erlangen.de/research/
sixte/
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