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The All-Sky Surveys by Numbers
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• Completed ~4.4 all-sky survey (12/2019 – 2/2022)
• Uniform exposure, avg.~800s; up to 120ks at the Ecliptic Poles (confusion limited)
• Very few background flares, flexible mission planning: no gaps in exposure
• ~1.7 Billion 0.2-5keV calibrated photons (~380 Gb telemetry)
• Typical (point-source) sensitivity: 

• Single pass (eRASS1,2,3,4)
• ~5x10-14 erg/s/cm2 [0.2-2.3 keV]; 4-5x deeper than RASS 
• ~7x10-13 erg/s/cm2 [2.3-5 keV]

• Cumulative (eRASS:4)
• ~2x10-14 erg/s/cm2 [0.2-2.3 keV]
• ~2x10-13 erg/s/cm2 [2.3-5 keV]

• eRASS1 (half-sky): 0.9M point sources ~doubles the number of known X-ray sources!
• eRASS:4 (half-sky): 2.8M point sources; 87k extended; ~45k confirmed clusters



The eRASS1 (soft) photon Pie
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~340 Million calibrated events

- 107 Million CXB photons
- 67 Million MW Hot CGM 

photons (58M halo + 9M 
‘Corona’; Ponti+’22)

- 63 Million Instrumental BKG 
photons (FWC)

- 34 Million Local Hot Bubble 
photons

- 27 Million Solar Wind Charge 
Exchange photons

- 32 Million Point Sources’ 
photons
- 24 Milllion AGN photons; 8 

Million Stars photons
- 8 Million Extended Sources’ 

photons (3.5 from Clusters)
(Merloni et al. 2024)

Only ~1% of the detected photons from clusters of 
galaxies 



eRASS1: 11.12.2019 - 11.6.2020

eRASS1 cts rate image
Movie courtesy 
of J. Sanders (MPE)
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DR1 products

Merloni et al. (2024)

• Software
• Calibration DB
• Attitude files
• Exposure maps
• Events
• Count rate maps
• Source catalogues
• Light curves
• X-ray Spectra
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Fig. 17. Two more examples of light curves (top panels) and spectra (bottom panels) for two sources contained in the eRASS1 Main catalogue,
generated from the released source products. On the left hand side, we show the light curve and spectrum of the bright star AD Leo (1eRASS
J101935.6+195211; DETUID: em01_155069_020_ML00001_011_c010). The light curve (top left) is shown with the original 10s binning. The
spectrum (bottom left) is fitted with a multi-temperature thermal collisionally-ionized plasma emission model (apec+apec+apec, with tied abun-
dances). On the right hand side, we show the light curve and spectrum of SMSS J114447.770-430859.3, the most luminous QSO of the last 9 Gyr
(Onken et al. 2022; Kammoun et al. 2023) (1eRASS J114447.6-430858; DETUID: em01_176132_020_ML00001_002_c010). The light curve (top
right) is binned in individual eroday visits, while the spectrum (bottom right) is fitted with an absorbed power law. Note that both best-fit lines
(light blue) are simple physical models aiming to guide the eye and do not intend to encompass all the potential detailed features present in the
spectra. The background model is shown as black dotted lines in both figures. For more details on eROSITA spectral modelling and appropriate
handling of background spectra, refer to Sect. 3 of Liu et al. (2022b).

interested users from the scientific community at large to interact
with the rich datasets generated by SRG/eROSITA.

The scientific and information content of the eRASS1 survey
is large, varied and di�cult to summarize in a few words. While
our focus here is mainly on the eRASS1 X-ray catalogues and
on the properties of the X-ray sources that are included there,
other works focus on other relevant aspects of the all-sky sur-
vey data content. For example, already soon after the comple-
tion of eRASS1, Predehl et al. (2020) reported the discovery in
the eROSITA all-sky image of large-scale X-ray bubbles in the
Milky Way halo (the so-called ‘eROSITA bubbles’). Following
up on that work, Zheng et al. (submitted) have studied maps of
the di↵use emission as a function of energy and compared them
with the ROSAT ones. Locatelli et al. (submitted) have then used
those maps to derive structural parameters of the Milky Way
Circum-Galactic Medium (CGM) emission. Using dense molec-
ular clouds of known distance as shadowing tools Yeung et al.
(2023) have derived constraints on the properties of the Local
Hot Bubble from its soft X-ray emission measured by eROSITA.

Based on these analysis, here we try to give a simplified an-
swer to the question of what the survey contains by providing
a photon (i.e. calibrated events) budget of eRASS1 split into its
major physical components. In order to do so, we separate source
from background counts on the basis of the catalogues source net

counts in di↵erent bands. As for the background and foreground
emission, we adopt here the simplifying assumption that the to-
tal spectrum in the eFEDS extra-galactic field is representative of
the all-sky, and we adopt the best fit model of the di↵use emis-
sion spectrum presented in Ponti et al. (2022) to allocate photons
to physical components. The result of this exercise is shown in
Table 8. A more detailed inventory, as a function of position in
the sky, can be found in Zheng et al. (submitted).

Time-domain variability analysis of the X-ray sources in
eRASS1 will be presented in Boller et al. (in prep.), while Gro-
tova et al. (in prep.) focus on the population of extra-galactic
nuclear transients potentially associated to the tidal disruption of
stars by SMBH, which eROSITA is extremely sensitive to (see
e.g. Malyali et al. 2021; Sazonov et al. 2021; Malyali et al. 2023;
Homan et al. 2023; Liu et al. 2023).

With almost one million entries, most of them never ob-
served before, the eRASS1 half-sky catalogues represent a ma-
jor advance for our knowledge of the X-ray Universe. Table 9
and Fig. 18 present a comparison of eRASS1 with other cata-
logues from X-ray missions operating in the ‘classical’ X-ray
energy range 0.1–10 keV, and highlight the steady progress in
X-ray survey capabilities culminating with the eROSITA cata-
logues we discuss here.
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Fig. 16. Two examples of light curves (top panels) and spectra (bottom panels) for two sources contained in the eRASS1 Main catalogue, generated
from the released source products. On the left hand side, we show the light curve and spectrum of the first eROSITA Quasi Periodic Eruptor
(eRO-QPE1; Arcodia et al. 2021) (1eRASS J023147.1-102011; DETUID: eb01_038099_020_ML00005_002_c010). The light curve (top left) is
binned in individual eroday visits, separated by 4-hours intervals. The spectrum (bottom left) is taken from all data, and fitted with an absorbed
black body (zbbody). On the right hand side, we show one of the brightest AGN in the SEP region (1eRASS J061148.2-662434; DETUID:
em01_093156_020_ML00001_012_c010; Bogensberger et al., in prep.). Given the high ecliptic latitude, the source is visited over two separate
long periods of about 14 and 24 days, respectively. The light curve (top right) shown has the original binning in 10 seconds intervals. The spectrum
(bottom right) is fitted with an absorbed power law. Note that both best-fit lines (light blue) are simple physical models aiming to guide the eye and
do not intend to encompass all the potential detailed features present in the spectra. The background model is shown as black dotted lines in both
figures. For more details on eROSITA spectral modelling and appropriate handling of background spectra, refer to Sect. 3 of Liu et al. (2022b).

pipeline, srctool was configured to use input GTIs calculated
from the flaregti task, rather than the standard GTI intervals.
Light curves were created in 10s time bins, discarding those bins
when the source is not visible. The light curves were created in
energy bands 0.2–0.6, 0.6–2.3 and 2.3–5.0 keV.

As eROSITA is scanning across the sky during the survey,
a source samples di↵erent parts of each telescope and detector
over time. The role of srctool is to account for the varying vi-
gnetting of the telescope, bad pixels and the e↵ect of photons
lost outside the extraction region due to the shape of the PSF.
These e↵ects are calculated by stepping through time a set sam-
ple points spatially sampling the source. The average corrections
are accounted for in the ancillary response matrix for spectral
fitting, while the time-variable e↵ects are included in the out-
putted light curve rates. To avoid double counting these correc-
tions, they are not included in the exposure time of the output
files, which instead contain the time eROSITA is looking at the
source. Those sources with an extent of zero from the source de-
tection pipeline are assumed to be point sources, while extended
sources are assumed to follow a beta model with the core radius
given by the extent and an outer power-law slope fixed by the
exponent � = 2/3 (see Brunner et al. 2022, Appendix A.5).

As part of the pipeline, srctool was used in a mode where
it automatically chooses the source extraction regions. In this

mode it uses the catalogue source counts and background level
to maximise the signal to noise of the extracted source against
the background, taking into account any excluded neighbouring
contaminating sources. Similarly, the background region size is
automatically chosen using several heuristic parameters, to give
a region large enough to reduce the uncertainties in the rates or
when spectral fitting, but not be unreasonably large. Table C.1 in
the Appendix summarizes the changes to the srctool package
for DR1.

In Figs. 16 and 17 we present four examples of light curves
and spectra of four point sources, generated from the released
products.

7. Summary and outlook

In this paper we give an overview of the operations, observa-
tions, data reduction and analysis of the first eROSITA all-sky
survey (eRASS1) for the hemisphere data (Western Galactic)
whose proprietary rights lie with the eROSITA-DE Consortium.
We present the catalogues of X-ray sources extracted with the
standard eSASS pipeline and describe quality control tests we
have performed on the catalogued sources (astrometry, photom-
etry, fidelity, etc.). Finally, we summarise the content of the data
release (DR1) associated with the eRASS1 survey so to facilitate
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eRASS1 lightcurves and spectra
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Fig. 16. Two examples of light curves (top panels) and spectra (bottom panels) for two sources contained in the eRASS1 Main catalogue, generated
from the released source products. On the left hand side, we show the light curve and spectrum of the first eROSITA Quasi Periodic Eruptor
(eRO-QPE1; Arcodia et al. 2021) (1eRASS J023147.1-102011; DETUID: eb01_038099_020_ML00005_002_c010). The light curve (top left) is
binned in individual eroday visits, separated by 4-hours intervals. The spectrum (bottom left) is taken from all data, and fitted with an absorbed
black body (zbbody). On the right hand side, we show one of the brightest AGN in the SEP region (1eRASS J061148.2-662434; DETUID:
em01_093156_020_ML00001_012_c010; Bogensberger et al., in prep.). Given the high ecliptic latitude, the source is visited over two separate
long periods of about 14 and 24 days, respectively. The light curve (top right) shown has the original binning in 10 seconds intervals. The spectrum
(bottom right) is fitted with an absorbed power law. Note that both best-fit lines (light blue) are simple physical models aiming to guide the eye and
do not intend to encompass all the potential detailed features present in the spectra. The background model is shown as black dotted lines in both
figures. For more details on eROSITA spectral modelling and appropriate handling of background spectra, refer to Sect. 3 of Liu et al. (2022b).

pipeline, srctool was configured to use input GTIs calculated
from the flaregti task, rather than the standard GTI intervals.
Light curves were created in 10s time bins, discarding those bins
when the source is not visible. The light curves were created in
energy bands 0.2–0.6, 0.6–2.3 and 2.3–5.0 keV.

As eROSITA is scanning across the sky during the survey,
a source samples di↵erent parts of each telescope and detector
over time. The role of srctool is to account for the varying vi-
gnetting of the telescope, bad pixels and the e↵ect of photons
lost outside the extraction region due to the shape of the PSF.
These e↵ects are calculated by stepping through time a set sam-
ple points spatially sampling the source. The average corrections
are accounted for in the ancillary response matrix for spectral
fitting, while the time-variable e↵ects are included in the out-
putted light curve rates. To avoid double counting these correc-
tions, they are not included in the exposure time of the output
files, which instead contain the time eROSITA is looking at the
source. Those sources with an extent of zero from the source de-
tection pipeline are assumed to be point sources, while extended
sources are assumed to follow a beta model with the core radius
given by the extent and an outer power-law slope fixed by the
exponent � = 2/3 (see Brunner et al. 2022, Appendix A.5).

As part of the pipeline, srctool was used in a mode where
it automatically chooses the source extraction regions. In this

mode it uses the catalogue source counts and background level
to maximise the signal to noise of the extracted source against
the background, taking into account any excluded neighbouring
contaminating sources. Similarly, the background region size is
automatically chosen using several heuristic parameters, to give
a region large enough to reduce the uncertainties in the rates or
when spectral fitting, but not be unreasonably large. Table C.1 in
the Appendix summarizes the changes to the srctool package
for DR1.

In Figs. 16 and 17 we present four examples of light curves
and spectra of four point sources, generated from the released
products.

7. Summary and outlook

In this paper we give an overview of the operations, observa-
tions, data reduction and analysis of the first eROSITA all-sky
survey (eRASS1) for the hemisphere data (Western Galactic)
whose proprietary rights lie with the eROSITA-DE Consortium.
We present the catalogues of X-ray sources extracted with the
standard eSASS pipeline and describe quality control tests we
have performed on the catalogued sources (astrometry, photom-
etry, fidelity, etc.). Finally, we summarise the content of the data
release (DR1) associated with the eRASS1 survey so to facilitate
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SMSS J1144; z=0.89 
(Onken+ ‘22; Kammoun+ ‘23)

Brightest SEP AGNeROQPE1 (Arcodia+ ‘21)



eRASS1 Catalogues
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Fig. 5. Distributions of net counts for the Main (0.2–2.3 keV; Left panel) and Hard (2.3–5 keV; Right panel) catalogues. Point sources (EXT=0)
and extended sources (EXT>0) are plotted in blue and orange, respectively. Point sources with any SP flag (see Table 6) are displayed as blue
shaded histograms. The sources that appear in both the Main and the Hard catalogues are plotted in red in the left panel.

both dimensions and directions is given as

�RA = (RA_LOWERR + RA_UPERR)/2
�DEC = (DEC_LOWERR + DEC_UPERR)/2

RADEC_ERR =
p

(�RA)2 + (�DEC)2 , (1)

in line with other X-ray catalogues (e.g. Webb et al. 2020).

Fig. 6. Distribution of RADEC_ERR and DET_LIKE_0 of point sources in
the eRASS1 single-band detected catalogue. The 40%, 68%, and 95%
contours are plotted in orange. The cyan line indicates an empirical cor-
relation that describes the mode of the distribution, as reported in the
label. Sources from the Main catalogue are shown in blue, those from
the Supplementary catalogue in grey.

Figure 6 displays the distribution of RADEC_ERR as a func-
tion of DET_LIKE_0 for the point sources in the main cata-
logue. For sources where the calculation of RADEC_ERR failed
(see Sect. 3.6), we calculate RADEC_ERR using the empirical
correlation extracted from Fig. 6. It should be noted here that
RADEC_ERR does not represent the 68% error radius for two
parameters. Under the assumption of a circular error region,

the averaged 1-dimensional 68% error as required e.g. for the
comparison with a Rayleigh distribution can be derived with
� = RADEC_ERR/

p
2. We will further elaborate on the as-

trometric accuracy of the eRASS1 catalogue in Sect. 5.2, where
we present a validation method based on a comparison with ex-
ternal catalogues, which reveals the extent of the systematic un-
certainty beyond the statistical one described here.

4.2. Flagging of problematic sources

The imperfect nature of the source detection process inevitably
leads to contamination of the eRASS1 catalogue by spurious
sources and/or inaccuracies in the derived source properties. The
most clearly identifiable examples of spurious detections can
be found within the vicinity of extremely bright X-ray point
sources, such as Sco X-1, or bright, large extended sources,
like supernova remnants, nearby galaxies, or galaxy clusters (see
Fig. 7), whereas less clear-cut cases can be found at the lowest
detection likelihoods, and their contribution to the eRASS1 cat-
alogue quantified via simulations.

To warn users of a potential spurious origin for a detection,
despite a possibly high-detection likelihood, we have flagged
sources that are located within overdensities in the eRASS1
source catalogue associated with systems that could create prob-
lems for the automatic background estimation in the detec-
tion pipeline (supernova remnants, extremely bright X-ray point
sources, Galactic star clusters, local galaxies, and galaxy clus-
ters).

4.2.1. Identification of overdense regions

In order to identify those regions on the sky where many po-
tentially spurious sources are clustered, we performed an em-
pirical search for regions with a suspiciously large number of
detected sources compared to their surroundings: after perform-
ing a uniform cut on the detected flux at F0.2�2.3 keV > 5 ⇥
10�14 erg cm�2 s�1, to reduce dependence on the spatially vary-
ing exposure, we computed a density map of point-like and ex-
tended sources in the single-band catalogue, using a pixelization
of 0.25 deg2. A “background” source density map was then cre-
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Soft band 0.2-2.3 keV, Point sources: 903k
Soft band 0.2-2.3 keV, extended: 26.6k (of which 12k optically confimred clusters)
Hard band 2.3-5 keV, Point Sources: 5k
Hard band 2.3-5 keV, Extended: 380



Point sources astrometric accuracy
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Merloni et al., A&A, in press

Median positional error = 4.3”

eRASS1 ‘Main’ Catalogue: Astrometry



Log of 0.5-2 keV flux limit
eRASS1 Main Catalogue: flux limit
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Merloni et al., A&A, in press

Merloni, A., et al.: A&A proofs, manuscript no. aa47165-23

Fig. 9. Bottom panels: Hammer-Aitoff projection maps, in Galactic coordinates, of the logarithm of the 0.5–2 keV flux limit calculated as the flux
at 50% sky covering fraction (see text for details). The left and right panels correspond to values uncorrected and corrected for Galactic absorption,
respectively. Six particular regions where the flux limits are increased by bright X-ray sources are marked with red circles; from the north (top)
to the south (bottom) they are: the Virgo cluster, Sco X–1, the Vela SNR, the Crab pulsar, the LMC, and the SMC. Top panels: histogram of the
logarithm of the flux limit in erg s�1 cm�2. The colour bar on the X-axis illustrates the intensity scale of the corresponding map in the bottom panels.

Fig. 10. Estimated completeness of eRASS1 from the simulations of
Seppi et al. (2022) as a function of input 0.5–2 keV flux for different
exposure times. The completeness is estimated considering only point
sources (EXT_LIKE= 0) with DET_LIKE_0> 6.

features, the number density of distant AGN may not neces-1

sarily be uniform either, due to the inhomogeneous large-scale2

structure and the potential anisotropy (e.g., a dipole structure; 3

see Secrest et al. 2021) of the Universe. More details about 4

the eROSITA point-source number density maps are presented 5

in Liu et al. (in preparation). In this section, we present the 6

point-source number count distributions averaged in a few wide 7

Galactic latitude ranges. 8

We divide the hemisphere into four Galactic latitude levels, 9

0–10�, 10–20�, 20–40�, and 40–90�. As introduced in the previ- 10

ous Sect. 5.4, we calculate the point source number counts using 11

the method described by Georgakakis et al. (2008) based on the 12

products of apetool for the 3B catalogue in the 0.6–2.3 keV 13

band. Through the NH-dependent ECF (see Table 3), we con- 14

vert the count rate of each source into absorption-corrected flux. 15

The uncertainties of the cumulative X-ray number counts are 16

estimated using a bootstrap re-sampling approach. For a given 17

eROSITA sub-sample selected within a given Galactic latitude 18

interval, the X-ray sources are randomly drawn with replacement 19

to generate 100 new samples with the same size as the original 20

one. The X-ray number counts are then generated for each of the 21

100 samples following the same approach as with the real data 22

and the uncertainty at fixed flux is then estimated as the 1-� rms 23

scatter of the 100 number count realisations. 24

The resulting cumulative number count distributions as a 25

function of the absorption-corrected flux and the correspond- 26

ing sensitivity curves are displayed in Fig. 11. The number 27

counts obtained in sky regions with |b| > 20� (high Galactic lat- 28

itudes) are consistent with each other and with the results of 29

Georgakakis et al. (2008), while a ⇠30% excess is seen in the 30

counts at high fluxes reported in Hasinger et al. (2005). These 31

latter are based on a total of about 200 type-1 AGN selected 32

from the ROSAT Bright Survey (RBS; Schwope et al. 2000). The 33
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eRASS1: Comparison with 4XMM
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Photometric consistency with 4XMM better than ~10% in 0.2-2 keV 
[expected mis-calibration ~6%]; much larger offset in 2.3-5 keV (up to 30% Aeff mis-calibration?)



Topics
Galaxy clusters and cosmology:

Physical properties of distant and nearby galaxy clusters, 
scaling relations • Clusters as tracers of the large scale 
structure of the Universe • Tests of Cosmological models 
with cluster statistics • Theory and simulations of 
structure formation

Active galactic nuclei and galaxy evolution:
Evolution and properties of the AGN population • AGN 
as tracers of large scale structure • Extreme sub-
populations (high-redshift, high-luminosity) 

Galactic compact objects, stars and planets
Active stars: physics and population studies • Cataclysmic 
variables and X-ray binaries • Isolated neutron stars • 
ULX and X-ray sources in nearby galaxies

The Transient X-ray sky
Tidal Disruption Events • Quasi Periodic Eruptions • 
Gamma-ray bursts and afterglows • Galactic X-ray 
transients • Gravitational waves and other multi-
messenger counterparts

Diffuse X-ray emission
Hot plasma in the Milky Way, LMC and SMC • The 
Circum-Galactic Medium • Supernova Remnants • High-
energy physical processes in the solar neighborhood

Synergy with multi-wavelength and multi-messenger probes
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X. Barcons (ESO), E. Bulbul (MPE; co-Chair), J. Buchner 

(MPE; co-Chair), C. Garraffo (CfA), G. Hasinger (DZA), A. 
Hornschemeier (GSFC), J. Kollmeier (CITA), T. Maccarone

(Texas), A. Merloni (MPE), K. Nandra (MPE), P. Predehl (MPE), 
A. Rau (MPE), E. Sadler (Sydney Univ.), M. Salvato (MPE), M. 

Sasaki (FAU), A. Schwope (AIP), J. Steiner (CfA), B. Stelzer
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First results from the 
SRG/eROSITA All-sky Survey

From Stars to Cosmology

RESEARCH CAMPUS, 
GARCHING, GERMANY
September 15-20, 2024

For information and registration see: 
https://events.mpe.mpg.de/event/

Selected Science highlights from DR1
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• Multiple surveys (4-5) can be used: eRO-QPE3!

eRO-QPE3

Arcodia e al. (2024)

Two new QPEs with eROSITA
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• Multiple surveys (4-5) can be used: eRO-QPE3!

eRO-QPE3
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Arcodia+ (2024)

~20 hours!

Two new QPEs with eROSITA
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• Multiple surveys (4-5) can be used: eRO-QPE4!

eRO-QPE4

Undetected in eRASS1-3

Two new QPEs with eROSITA

Merloni, AAL-eROSITA, 25/03/2024 18
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The hot CGM in eRASS1: I. X-ray brightness 
profiles (Yi et al.)
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The hot CGM in eRASS1: II. Scaling Relations (Yi et al.)
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The X-ray view of the Virgo Cluster with 
SRG/eROSITA (McCall et al.)

Merloni, AAL-eROSITA, 25/03/2024 21



Clusters and Groups in eRASS1
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26682 Extended Sources (EXT_LIKE>3)

Optical ID/cleaning using Legacy DR10

12704 Clusters with redshift (0<z<1.4); Purity ~85%
3200 spec-z; 1900 velocity dispersions

Bulbul+ (2024); Kluge+ (2024)



Kluge et al.: eRASS1 Catalog of Galaxy Clusters and Groups: Optical Identification

Fig. 1: Pixelized number density of 22,718 cleaned eRASS1 ex-
tended sources, that is, cluster candidates. The HEALPix map
has a resolution of NSIDE = 16 =̂ 13.4 deg2. The highest number
density occurs near the southern ecliptic pole around R.A. = 90�
and Dec. ⇡ �67� where the exposure time is largest. Another
overdensity of extended sources near the galactic plane around
R.A. ⇡ 135� and Dec. ⇡ �45� is associated with the Vela su-
pernova remnant. It lies outside the common footprint with the
Legacy Survey (see Figure 2).

detail in Bulbul et al. (A&A subm.) and forms the basis for the
eRASS1 cluster candidate catalog.

The survey area of eROSITA used here is that to which the
German consortium holds data rights and covers half the sky:
20,626 deg2 (see Figure 1). The joint coverage of this with the
LS (see Section 2.2) is 13,178 deg2, primarily because the LS
avoids the area around the Galactic plane and the Magellanic
clouds. As described in Bulbul et al. (A&A subm.), we further
mask regions of known non-cluster extended X-ray sources (us-
ing the flag IN_XGOOD=False), in total 62 deg2. This reduces
the eRASS1 cluster candidate catalog area to 13,116 deg2.

A fraction of the extended sources are cataloged multiple
times. Most of these split sources are removed by applying the
SPLIT_CLEANED flag (Bulbul et al. A&A subm.). In total,
the eRASS1 cluster candidate catalog contains 14,818 cleaned
sources in the common region between eROSITA_DE and the
Legacy Surveys. Figure 1 shows the sky density of cleaned
galaxy cluster candidates. The deeper exposures towards the
ecliptic poles cause the gradient of source density. This is the
main cluster catalog analyzed in the article. Other cluster cata-
logs analyzed are presented in Section 5.

2.2. DESI Legacy Imaging Surveys, 9th and 10th Releases

We combine the optical and near-infrared inference model data
from the 9th and 10th release of the DESI Legacy Imaging Sur-
veys (LS, Dey et al. 2019) to obtain the largest coverage of the
extragalactic sky (Galactic latitude |b| & 20�). The galactic plane
is not covered by the observations and thereby excluded from
our analysis. Observations at optical wavelengths were carried
out with three di↵erent telescopes as described in Sections 2.2.1
and 2.2.2. Consequently, the survey area is split at a declination
of ⇡32.375�. We refer to the southern part as LS DR10 South
and the northern part as LS DR9 North.

To increase the wavelength coverage, the LS utilizes 7 years
(LS DR10) or 6 years (LS DR9) of infrared imaging data
from the Near-Earth Object Wide-field Infrared Survey Explorer

Fig. 2: Maps of the limiting magnitude in the z band for sources
detected with 10� significance. The footprint maps show the
coverage for the Legacy Surveys DR10 south (top panel) and
DR9 north (bottom panel). Only regions that have data in all of
the g-, r-, and z-bands are considered. The half sky that is cov-
ered by eRASS1 corresponds to the region below the red line.
The limiting magnitudes in the z band directly translate to the
limiting redshift zvlim (see Appendix B for details).

(NEOWISE, Lang 2014; Mainzer et al. 2014; Meisner et al.
2017a,b). The limitation of blended sources due to the much
lower spatial resolution in the NEOWISE data (⇡ 600) compared
to the LS data (. 100) is partly overcome by applying forced
photometry on the unblurred unWISE maps (Lang 2014) at the
locations of the sources that are detected in the LS. Including the
3.4µm W1 band in our analysis allows us to extend the galaxy
cluster samples to higher redshift (z & 0.8).

Photometry is measured consistently for all surveys using
The Tractor algorithm (Lang et al. 2016) based on seeing-
convolved PSF, de Vaucouleurs, exponential disk, or composite
de Vaucouleurs + exponential disk models. All magnitudes are
given in the AB system and are corrected for Galactic extinction
using the maps from Schlegel et al. (1998) with updated extinc-
tion coe�cients for the DECam.

2.2.1. LS DR10 south

The catalogs were obtained by processing CTIO/DECam ob-
servations (Flaugher et al. 2015) from the DECam Legacy Sur-
vey (DECaLS, Dey et al. 2019), the Dark Energy Survey (DES,
The Dark Energy Survey Collaboration 2005; Dark Energy Sur-
vey Collaboration et al. 2016), and publicly released DECam
imaging (NOIRLab Archive) from other projects, including the
DECam eROSITA survey (DeROSITAs; PI: A. Zenteno). In the
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LS10 photometric redshift accuracy

Photo-z uncertainty ~0.5% (over 0.1<z<0.8) [Kluge et al. 2024]
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Clusters redshift
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Clusters Luminosity, temperature

Bulbul et al. (2024)
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Clusters ‘X-ray’ masses

Bulbul et al. (2024)

ALL Massive clusters 

Hundreds of X-ray groups!

See Bahar et al. (2024) on 
using groups entropy profiles 
to constrain AGN feedback 
models
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Fig. 11: Average entropy measurements of binned groups (diamonds) at three radii (0.15r500c, r2500c, r500c) as a function of charac-
teristic temperature, T (r < r500c). The colors of the diamond data points represent the average concentration (cSB,r500c = S B(r <
0.1r500c)/S B(r < r500c)) of the groups within the corresponding Voronoi bin. Error-weighted averages of the diamond data points
are shown in magenta.

where the colors of the data points indicating average concen-
tration obtained by averaging the measurements provided in
Sanders et al. (2023). A few extreme cases with larger concentra-
tion, electron number density, and entropy are easily noticeable
in Fig. 11. By construction, the r500c (or M500c) estimates are, on
average, unbiased at the sample scale. Therefore, a small scatter
does not significantly impact the conclusions in this work. On
average, these e↵ects cancel out such that at all three radii, the
error-weighted average entropy plotted in cyan coincides with
the intermediate concentration values log10(cSB,r500c) ⇠ �0.7.

5. Entropy and Characteristic Temperature

Measurements

In this work, we constrain the entropy of the IGrM, utilizing the
deep eRASS:4 observations of the galaxy groups detected in the
eRASS1 survey. In this section, we present our measurements of
the characteristic temperature, T (r < r500c), and entropy at three
overdensity radii, 0.15r500c, r2500c, and r500c, from the combined
analysis of 1178 galaxy groups. We then compare our findings
with the previously reported results in the literature.

Following the procedures described in Sects. 2 and 3, we ob-
tain average entropy and temperature measurements of a sample
of 1178 eROSITA selected galaxy groups in 271 bins. Our mea-
surements for the average temperature and average entropy at
three characteristic radii can be seen in Fig. 12, where the error-
weighted average entropy measurements are shown in white cir-
cles, the statistical uncertainties are shown with blue errorbars
and the overall error budget resulting from the statistical and
systematic (see Sect. 4) uncertainties are shown with red error
bars. The error-weighted average entropy measurements, their
statistical uncertainties, and the impact of systematics are also
provided in Table 2 as a function of IGrM temperature. Besides
the average entropy measurements, we provide slopes of the av-
erage entropy profiles in Table 2 at the three characteristic radii
for future work to account for the mass measurement systematic

while comparing with our results (see Sect. 4.3 for the details
of accounting the systematics in mass measurements). We note
that the few outlying entropy measurements in Fig. 12 are due to
the extreme cool-core objects and have negligible impact on our
error-weighted entropy measurements (see Sect.4.3 for a more
detailed discussion on the outliers and their impact on our final
results).

We find that the characteristic temperature measurements
of our binned group sample span a range of ⇠ 0.73 � 2.44
keV. Furthermore, we find that the characteristic temperature
measurements of the binned groups correlate well with the en-
tropy measurements at the three characteristic radii such that,
an increase in the characteristic temperature from 0.73 keV to
2.44 keV corresponds to an increase from the entropy levels of
116, 260, 326 keV cm2 to 386, 694, 985 keV cm2 respectively.
This trend can also be clearly seen from the error-weighted aver-
age measurements (white circles) in Fig. 12 such that the error-
weighted averages at these three radii reduce from the levels of
297, 597, 854 keV cm2 to 142, 327, 442 keV cm2 respectively.
It can further be noticed that as the characteristic temperature
of the binned groups decreases, the statistical uncertainty of the
error-weighted average profiles (blue error bars) decreases. Con-
versely, the decrease in the temperature corresponds to an in-
crease in the overall error budget (red error bars). This is due to
the fact that the line emission from the Fe-L complex at the low-
temperature parameter space becomes significant, which pro-
vides an additional spectral feature for measuring the temper-
ature and reduces the statistical uncertainty. Meanwhile, at the
same parameter space, the systematic uncertainty of the metal-
licity profile has a very large impact on the electron density mea-
surements, which results in the entropy measurements having
large systematic uncertainties. At higher temperatures, the sys-
tematic uncertainties of the electron density measurements be-
come smaller due to the reduced line emission, and the less sig-
nificant Fe-L complex increases the statistical uncertainties.
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Constraints on AGN Feedback in Galaxy Groups
(Bahar et al.)
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Bahar et al.: Constraints on AGN Feedback in the eROSITA Selected Galaxy Groups

Fig. 14: Comparison between the average eROSITA entropy measurements (white circles) with the predictions of the REF (AGN
feedback o↵) and AGN (AGN feedback on) runs of OWL simulations (yellow triangles and green squares) presented in McCarthy
et al. (2010) at three radii (0.15r500c, r2500c, r500c) as a function of characteristic temperature, T (r < r500c). Blue error bars represent
the statistical uncertainties of the average measurements, and the red error bars represent the overall error budget resulting from
the statistical and systematic uncertainties (see Sect. 4 for the details of the accounted systematics). For consistency, core-excised
temperatures presented in McCarthy et al. (2010) are converted to core-included temperatures (see Sect. 6 for the details of the
correction).

ered in this work. For instance, an updated version of the OWL
simulations (Le Brun et al. 2014), three di↵erent �Theat param-
eters (108, 108.5 and 108.7 keV) of the Booth & Schaye (2009)
model, coupled with the burstiness and the energeticness of the
feedback, are used. The authors report that �Theat can be used to
tune the impact of the feedback in the IGrM gas. They further
show that for groups, the normalization and slope of the S � T
relation (or the S �M relation) does not depend much on �Theat
at the core (0.15r500c). In comparison, an increase in the �Theat
parameter corresponds to a larger normalization and possibly a
di↵erent slope at the outskirts (r2500c and r500c) due to the low-
entropy gas getting ejected (see Fig. 6 in Le Brun et al. 2014).
This can also be seen in Fig. 7 of Le Brun et al. (2014) where the
gas gets ejected in the case of more bursty and energetic feed-
back and results in lower densities at all radii out to 1.6r500c.

In light of the findings of Le Brun et al. (2014), the observed
normalization discrepancy in the observed entropy and Milleni-
umTNG and OWL simulations at the outskirts can be justified
with the burstiness and the energeticness of the AGN feedback
model, which is insu�cient to match our observations when it is
adjusted. The weaker AGN feedback found in MilleniumTNG,
leading to lower entropy in the outskirts, may also be related
to the elimination of the magnetic fields from the TNG physics
model, as noted in Pakmor et al. (2023). The agreement between
the observations and the Magneticum simulations in the group
outskirts suggests the burstiness of the implemented AGN feed-
back being tuned well in those simulations.

The agreement between the entropy measurements in
eROSITA observations and the numerical simulations at the
cores is better than the outskirts. Slightly higher entropy in
simulations is harder to explain using the Booth & Schaye
(2009) model since the normalization and the shape at the core

(0.15r500c) do not seem to be a↵ected by the change of the �Theat
parameter in the runs presented in Le Brun et al. (2014).

We note that the interpretations above assume the Booth &
Schaye (2009) model can reproduce the gas properties by tun-
ing the �Theat parameter relatively accurately, which may or may
not be the case. Furthermore, the AGN feedback implementation
in MilleniumTNG and Magneticum simulations di↵ers from the
Booth & Schaye (2009) model. For these reasons, a more de-
tailed analysis is needed to understand the mismatch between
the simulations and our results, which is beyond the scope of
this paper. Furthermore, we note that the selection function we
used in this work is a function of mass and redshift, and the use
of it significantly improves the robustness of our comparison. In
future studies, a profile-dependent selection function can be used
that would make the selection procedure applied to the simula-
tions even more realistic.

7. Conclusions

Our work places the tightest constraints on the impact of AGN
feedback on the average thermodynamic properties by populat-
ing the low mass galaxy groups down to cool IGrM temperatures
of 0.7 keV. eROSITA’s superb sensitivity in the soft X-ray band
lead to the detection of a large number of galaxy groups with a
well-understood selection function. When stacked, the eROSITA
data provides unprecedented statistical power for the measure-
ments of X-ray properties of these sources. We use a sample of
1178 galaxy groups to place constraints on the impact of AGN
feedback on the thermodynamic properties of the IGrM. We se-
lect the galaxy group sample based on the primary sample of the
eRASS1 clusters and groups and apply a rigorous selection and
cleaning. The cleaning procedure is designed to provide a pure
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Clusters Cosmology sample
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5263 Extended Sources (EXT_LIKE>6) in LS10 area
with redshift (0.1<z<0.8); Purity ~95%

Bulbul+ (2024); Kluge+ (2024)



Mass function experiment
• Observables: unabsorbed CR, z, richness
• Shear profiles from WL (DES, HSC, KIDS)
• WL bias (Triaxiality, Mis-centering, AGN feedback, 

substructures) calibrated with simulations
• Contamination (from mis-classified AGN) treated with a 

mixture model [Note: 5% contamination > stat. error]

Grandis + 2024
Kleinebrei + 2024
Chiu + 2022
Ghirardini + 2024
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eRASS1
- Ωm= 0.29+0.01 

-0.02
- σ8 = 0.88 ± 0.02 
- S8 = 0.86 ± 0.01 
eRASS1 + PlanckCMB
- Ωm= 0.32 ± 0.01 
- σ8 = 0.88 ± 0.01 
- S8 = 0.86 ± 0.01 

Cosmological Parameters
Ghirardini et al. (2024)



Conclusions
eROSITA on SRG has been in operation since Q3 2019, for more than 2 years. 
We have completed 4.4 all-sky surveys. eROSITA is in safe/idle mode since 
26.2. Science operations are suspended. 

Thanks to its large Grasp, stable background and observing cadence eROSITA
opens up new parameter space for X-ray astronomy

eRASS1 marks the coming of age of clusters cosmology as a Stage IV 
experiment

Numerous science highlights from DR1!

eRASS1 is now fully public! https://erosita.mpe.mpg.de/dr1/
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Thank you

www.mpe.mpg.de/eROSITA


