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GALAXY GROUPS: THE ULTIMATE TESTING
GROUND FOR NON’-GRAVITATIONAL PROCESSES

Galaxy group: M,~2 o  Galaxy cluster: M;,~2x10" Mg

Non-radiative lllustris lllustris- Auriga NonMvet‘lllustHS lllustris-TNG Auriga

Gas Dersity Plascmi<"2]
r\‘
4 1

Mpc

Plot by A. Pillepich

Ea& 2 sﬁi

Feedbaok can affect strongly Feedbaok has marginal effect
on the gas properties on temperature and density
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100
Energy (keV)

X-RAY

Properties of gas in intercluster medium

Estimation of the gas température by
modeling X-ray spectrum
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- Luminosity

- Temperature and surf. brightness profiles
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- Temperature
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- Temperature and surf. brightness profiles

- Scaling relations with internal

properties (halo mass, BCG stellar
mass...)

- (@Gas fraction
- Entropy profile
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OBSERVATIONAL BIASES
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OBSERVATIONAL BIASES Only the brightest groups can be

studied with X-ray -> low-mass
end of scaling relations

Gama selected halos populated poorly
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That might cause biases as tar
as selecting the brightest X-ray

groups and then study their X-ray
properties
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Only the brightest groups can be
studied with X-ray -> low-mass
end of scaling relations

populated poorly
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That might cause biases as tar
as selecting the brightest X-ray

groups and then study their X-ray
properties

We should look for other
approaches of sample
selection and add X-ray faint
groups







Stacked image - Frame 5.0

MAIN TECHNIQUE: STACKING ™

The use the sample of faint sources will lead to lack

of photons that will not allow us to model the

Stacked image - Frame 97.0

spectrum and estimate the temperature for most of
the source

Stacking results, logM=[13.2, 13.4]
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ANALYSIS OF GAS
PROPERTIES BASED ON
STACKED X-RAY DATA
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SAM PLE SELECTION - Friend-of-friend algorithms
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ANALYSIS OF GAS - Extraotlioln of individual spectra/SB profile
PROPERTIES BASED ON :Blueshnctmg to rest-frame

Stacking all of them within the bin

STACKED X-RAY DATA - Modsling




ESTIMATION OF STATISTICAL ERRORS

Slightly different
temperatures for
different subsamples

Stacked spectrum

Mean: 0.895 keV, 30: 0.087 keV
Mean: 0.897 keV, 30: 0.168 keV

—— bkg subtracting
—— bkg modeling

>
< 0.
=]
[}
=
o'
o 0.
~
(53

0.7 0.8 0.9 1.0 1.1
Temperature, keV

Temperatures by modeling
with gadem model
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THE DATASET

* Yang+2007 groups sample
selected by SDSS; all targets
in SDSS field

« eRASS1 publicly available data

Magneticum mock sample
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THE DATASET
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selected by SDSS; all targets
in SDSS field

« eRASS1 publicly available data

* Only local Universe up to z=0.2

« Removed all sources that contain other sources inside
R500

» Only sources without point-sources inside Rgyp In
eRASS1 catalog
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THE DATASET

* Yang+2007 groups sample
selected by SDSS; all targets -
in SDSS field L

« eRASS1 publicly available data

* Only local Universe up to z=0.2

« Removed all sources that contain other sources inside
R500

» Only sources without point-sources inside Rgyp In
eRASS1 catalog

* The "mimic” sample with the same selection criteria
from Magneticum for additional clarification

Magneticum mock sample
I Yang+2007 sample
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SAMPLE SELECTION
BASED ON OPTICAL
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SAMPLE SELECTION
BASED ON OPTICAL IS IT RELIABLE?
CLUSTER CATALOGS ™
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Are optical catalogs reliable?
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Optical mock galaxy catalog



Are optical catalogs reliable?
Probably, yes

NEW WAY OF SAMPLE SELECTION
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We used the group finder from the
Yang et al. (2007) catalog of galaxy
groups for the optical mock catalog
to test how well it can reconstruct
groups population. The method
shows high completeness, low
contamination, and can successfully
reconstruct input halo masses.

For more information, see

Marini et al. 2025

Optical group catalogs may be the good choice and appear as

the new approach of the sample selection
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ADVANTAGES OF THE
"WELL-KNOWN"
UNIVERSE

|s X-ray stacking reliable?
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X-ray mock observations (eRASS4 depth) Optical mock galaxy catalog
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Stellar-to-halo mass relation SB profiles
Toptun et al. 2025:

Gas Fraction Assembly history

M-T relation _for differe_nt mass bins
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Stellar-to-halo mass relation SB profiles
Toptun et al. 2025:

SPECTRAL STACKING
to estimate o

the temperature

Gas Fraction Assembly history
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Stellar-to-halo mass relation SB profiles Gas Fraction Assembly history

Toptun et al. 2025:
M-T relation _for differe_nt mass bins

SPECTRAL STACKING [RS e
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RELATION
REVEALED

Stacking +
wide-field data allows
us to look up to

|OgM500z1 30

No significant impact
of feedback into
average temperature
Inside Rsgg
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O This work: stacked bins from eRASS1, bkg modeling
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Toptun et al. 2025



M-T relation Stellar-to-halo mass relation SB profiles Gas Fraction Assembly history
Toptun et al. 2026 (in prep.)
STELLAR-TO-HALO
10-1 Stellar Mass - Halo Mass Relation
b | T LRI | T rrTTTT T LR |
MASS RELATION 5 ; ;
L o o O N
L o © o J
L 0% - J
L ap 4
i < +OF ¥ .

- 1072F o ¢ * -
2‘5 - S og ]
X o ]
Lo 7 o . ]
s | ° & .
Tg/’ I ° o 9 (2 TR0 |

2 ) o&g‘sé»%#

o o Oogo ()}
10-3F 25° o 8&) 0% 3
[ o o Oo OOO F
C 00 ]
e e L
4 o oo o%oo 1
L T Tl 1L B [0S VI

log(M200 / M)

e}

O < @

Chiu et al. 2025 (WL + X-ray)
Dvornik et al. 2020 (WL)
Hudson et al. 2013, red (WL)
Erfanianfar et al. 2019 (X-ray)
Kravtsov et al. 2018 (X-ray)
Gonzalez et al. 2013 (X-ray)
Mancera Pina et al. 2025 (K)

van der Burg et al. 2014 (K)
More et al. 2011 (K)
Golden-Marx et al. 2022 (SR)
Behroozi et al. 2018 (EM)
Moster et al. 2018 (EM)
Shankar et al. 2018 (AM)
Birrer et al. 2014 (EM)



Gas Fraction Assembly history

M-T relation Stellar-to-halo mass relation SB profiles

stellar feedback
becomes less and
less effective in
suppressing star
formation
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M-T relation Stellar-to-halo mass relation SB profiles Gas Fraction Assembly history

stellar feedback
becomes less and
less effective in
suppressing star
formation
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Stellar Mass - Halo Mass Relation

peak of star
formation
efficiency

Toptun et al. 2026 (in prep.)
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Gas Fraction Assembly history

SB profiles

Stellar-to-halo mass relation

M-T relation

AGN feedback
and long cooling
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M-T relation Stellar-to-halo mass relation

Toptun et al. 2026 (in prep.)

STELLAR-TO-HALO
MASS RELATION

dividing the sample into stellar mass
(GSWLC catalog) bins to estimate
average temperature in each bin

SB profiles

stellar feedback
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Gas Fraction Assembly history

AGN feedback

peak of star and long cooling

o formation -
less effective in efficiency time prevent
suppressing star active star
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M-T relation Stellar-to-halo mass relation

Toptun et al. 2026 (in prep.)
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dividing the sample into stellar mass
(GSWLC catalog) bins to estimate

average temperature in each bin
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from the M-T relation (Toptun et al. 2025)
we can estimate M, 4,
from the temperature
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M-T relation Stellar-to-halo mass relation

Toptun et al. 2026 (in prep.)

STELLAR-TO-HALO
MASS RELATION

dividing the sample into stellar mass
(GSWLC catalog) bins to estimate

average temperature in each bin
N2

from the M-T relation (Toptun et al. 2025)
we can estimate M, 4,

from the temperature
N2

stellar-to-halo mass relation based
on independent halo mass estimates

SB profiles Gas Fraction Assembly history
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Flux (counts s~ keV~1) Flux (counts s~! keV~1)

Flux (counts s~1 keV~1)

M-T relation
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RESULTS

« Widest known coverage of SHMR with

halo masses estimated independently
from optical data
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STELLAR-TO-HALO
MASS RELATION:
RESULTS

Widest known coverage of SHMR with
halo masses estimated independently
from optical data

Consistent with previous studies based
on weak lensing, individual X-rays,
cluster dynamics, predictions of semi-
empirical models and abundance
matching
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STELLAR-TO-HALO
MASS RELATION:
RESULTS

Widest known coverage of SHMR with
halo masses estimated independently
from optical data

Consistent with previous studies based
on weak lensing, individual X-rays,
cluster dynamics, predictions of semi-
empirical models and abundance
matching

We can trace the efficiency peak
around 102 M,
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Stellar Mass - Halo Mass Relation
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Gas Fraction Assembly history

SURFACE
BRIGHTNESS
PROFILES
STACKING

X-ray faint systems tend
to have shallower

surface brightness
profiles: insights into
their internal structure?
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Mulroy et al. (2019)

1.759 Madhavi et al. (2013) RPO9 +P17
eFEDS stacks Popesso et al. (2024c) GAS F RACTI O N

1.50 4 REXCESS (Pratt et al. (2009) stacks of CHEXMATE clusters
APP07+V06+S09 (Lyskova et al. 2023)

Including X-ray faint optical
groups lowers the average
gas fraction, likely due to

reduced gas content in
halos that are most affected

by AGN feedback
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Popesso et al. 2026
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« Stacking + optical selection is reliable
technique that allows us to dig much
deeper than from we did from individual

observations

: W Victoria Toptun, ESO PhD student
+ ES+ victoria.toptun@eso.org
; @ Office: 3e13 (today)
+

21 April 2026
Questions and ideas are welcome!

RESULTS &
TAKE-HOME MESSAGES

M-T relation for different mass bins

—— Lovisari+2015 scaling relation
== = Self-similar
—— Best-fit relation
Bulbul+2019 scaling relation
This work: stacked bins from eRASS1, bkg modeling
This work: stacked bins from eRASS1
Reiprich et al. 2002
Sun et al. 2009
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« Stacking + optical selection is reliable
technique that allows us to dig much
deeper than from we did from individual

observations

« Galaxy groups halos are different and
having (probably) different evolutionary
paths

: W Victoria Toptun, ESO PhD student
+ ES+ victoria.toptun@eso.org
; @ Office: 3e13 (today)
+
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Thanks to the
simulations, we can
compare input
temperatures anad

spectra with the results
after stacking to test our
ability to reconstruct
them accurately
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Stellar Mass - Temperature Relation
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MAIN TECHNIQUE: STACKING

Example on simulated stacked data, logM500=13.4

All point sources, previosly
detected In produced event list
(for simulations) or in eRASS
e catalog (for observations)
masked with size of average

eROSITA psf to clean source
and background spectra from
bright AGN’s photons

before after

Cleaning the exposures
from point sources



MAIN TECHNIQUE: STACKING

Original spectrum
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MAIN TECHNIQUE: STACKING

Moving to restframe
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1072F

Counts s~ ! keV~!
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4 Individual spectrum
<+ Blueshifted spectrum

1

Energy (keV)

Cleaning the exposures

from point sources

~Extracting
individual spectra

Moving to restframe (red) to avoid
“blurring” of stacked spectra

Moving spectra
to restframe




MAIN TECHNIQUE: STACKING

Stackmg results logM [13.2, 13.4]
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Flux (counts s1 keV~1) Flux (counts s™1 kevV1)

Flux (counts s™1 kevV1)
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IMPACT OF AGN
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IMPACT
OF AGN
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FOREGROUND ABSORPTION
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KT from stacking, keV

Comparison of input and output kT Comparison of kT from different methods
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ARCHIVAL DATA

M500 = 9.3e13 Msun
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Halo mass Msgg = 1013 5:105 M
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