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GALAXY CLUSTERS
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CLUSTER COSMOLOGY IN A NUTSHELL

The abundance and spatial
distribution of galaxy clusters are
sensitive to the growth rate of
cosmic structures and expansion
history of the Universe

e Amplitude of matter
fluctuations, o,

e Total matter density, 2

e Dark energy equation of state
parameter w

e Total neutrino mass, >m_

e Modified gravity models

time

From Borgani, Guzzo 2001
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CLUSTER COSMOLOGY IN A NUTSHELL

The abundance and spatial X-ray SZ
distribution of galaxy clusters are Cluster Cluster
sensitive to the growth rate of
cosmic structures and expansion
history of the Universe
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e Amplitude of matter
fluctuations, o,
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e Dark energy equation of state § 95 5 8 4 2 (l{? l§ £ 5 cf; & QQ’
parameter w S & 5 S & 0 & ° 2 8 5 7
. S ¢ g & & - N Z
e Total neutrino mass, >m, 5 Z g o 0 A S
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FROM OBSERVATION TO COSMOLOGICAL CONSTRAINTS

Theoretical prediction Observational data

N(M) ? i

e Richness

e  X-ray luminosity
or photon counts

e SZsignal
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FROM OBSERVATION TO COSMOLOGICAL CONSTRAINTS

Theoretical prediction Observational data

N(M) T ’

In(0) T relation

5 5 BP(OIM)
Selection function

>

In(M)

Observable-mass 5 M
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FROM OBSERVATION TO COSMOLOGICAL CONSTRAINTS

Theoretical prediction Observational data

N(M) T i

Observable- mass

In(0) T relation
P('OIM)
E.g. WL mass estimates
L& Selection function
>
In(M) 0
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MASS CALIBRATION AND COSMOLOGICAL POSTERIORS

: A
In(0) 4 relation Tl M(0)
0.80r /
072 \ Bias in the
> normalization
- In(M) 0.64

Main limiting
systematics for cluster
cosmology studies at
all wavelengths

|

Observable-mass

0.88

. 0.80F

Biasin t
0.72

0.64f ,

L/'\

he slope

e Model systematics
Miscalibration of selection
function

Selection effects biases

e Observational systematics

-----
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SELECTION FUNCTION AND MASS CALIBRATION

Detection
observable

¥,

Selection L/> '

function(s)

™\
Low-scatter
| \_e £~ mass proxy

7 PAIM)

N
|
|
I
|

Unseen L/_ "

cluster mass

Different detection techniques imply different
mass proxies, mass calibration data and
systematics.

The calibration of the observable-mass
relation(s) requires:

- Well defined selection function(s)

- A model to describe the parent
distribution as a function of mass (halo
mass function)

- A model to describe the PDF of the
multivariate observable space: P(X,0| ¥ )
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SELECTION FUNCTION AND MASS CALIBRATION

Idealized sample
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Different detection techniques imply different
mass proxies, mass calibration data and
systematics.

The calibration of the observable-mass
relation(s) requires:

- Well defined selection function(s)

- A model to describe the parent
distribution as a function of mass (halo
mass function)

- A model to describe the PDF of the
multivariate observable space: P(X,0| ¥ )
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CORRELATION BETWEEN MULTI-A OBSERVABLES

Correlation coefficients matrix (upper-right triangle) and
scatter plot (bottom-left triangle) of log-residual for

e Observationally, we only have access to projected different 2D observabla
uantities.
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e Line-of-sigh projections increase the scatter and
skewness of the Obs-Mass relations and introduce _—
correlations between observables measured at
different wavelengths
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See also e.g. Farahi et al 2019 iR OnMERy_ 0nn?° 0inY2°  0,M2°
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CORRELATION BETWEEN MULTI-A OBSERVABLES

e Observationally, we only have access to projected
quantities.

Projected cluster mass maps along a cylinder of length 23 Mpc
M?P
A/[liD

A RORERERERRRRRRaREaRaN

Strong LoS projections {eesssssssssssssmm) Weak LoS projection

e Line-of-sigh projections increase the scatter and
skewness of the Obs-Mass relations and introduce
correlations between observables measured at
different wavelengths

See also e.g. Farahi et al 2019

Correlation coefficients matrix (upper-right triangle) and
scatter plot (bottom-left triangle) of log-residual for
different 3D observablss
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CLUSTER CATALOGUES AT DIFFERENT As

eRASS1 (X-ray)

@ SPT-SZ (mm)

% o = SPT-3G (mm)
=2 ol SDSS (Optical)
)& o]
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Planck-SZ (mm)

RES Y1(Optical) |

¢ ICM-selected (X-ray, SZ):

o Mass limit M~2 - 1014M@
o Clean selection function (SZ

lﬁ signal independent of
redshift!)
o Need optical follow-up for

l;) confirmation, redshift and WL
data

o. Lower mass limit M~5 - 10"3
lf) M, (x10 sample size)

o_ Selection function harder to

(,) model

o WL and photo-z data readily

|
0.5

Redshift

available

IFPU - September 2025 | Matteo Costanzi




CLUSTER CATALOGUES AT DIFFERENT As

Ghirardini+24 ——

oV’
o i 00 4?&) b B AN e ICM-selected (X-ray, SZ):
0T o3 o0 . — eosass o Mass limit M~2 - 10" M
£ oo Redshift _ %] s . .
£ A L S oo S o Clean selection function (SZ
ol : g !f] signal independent of
g W W g H redshift!)
B ) g o Need optical follow-up for
5 om] l;) confirmation, redshift and WL
" RA. [deg] i:’ oooLW ...... data
% 6h 4h 2h S -o01 25 storadiu7sis[arml]?'r;? 125 150 @
é _EE%Z::E; o o_ Lower mass limit M~5 - 10"
’ ’ LA lf] M, (x10 sample size)
; o_ Selection function harder to
AN R N L) model
g NSRS S R _ o WL and photo-z data readily
R 7/ ) available

-60° |

150° 120° 90° 60° 30° 0° -30° -60° -90°

Bleem+24 Right Ascension IFPU - September 2025 | Matteo Costanzi



CLUSTER CATALOGUES AT DIFFERENT As

Source density vs redshift

. . 2514 /N 2 KiDS 1000 | I
Optical and IR bands + slitless spectroscopy _  DESY3 §:'
~15000 deg? ,0.2<z<2.0 (DR1 ~1700 deg?) 201 - HSCY3 3

g 151 —— Euclid %
© =
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0_/" e S e
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y orcm
¢
4. o. Lower mass limit M~5 - 10"3
Euclid Rol !f] M, (x10 sample size)
“ Euclid DR1 o_ Selection function harder to
Euclid Q1 IG) model
* DES-Y3 soRver o WL and photo-z data readily
* HsSC available
KiDS 5 optical bands
* eROSITA RU ~5000 deg? ,0.2<z<0.65 (Y1 ~1500 deg?)
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THE DARK ENERGY SURVEY

e DES Photometric Survey:

o ~5000 deg? of southern sky

o g,hi,z,(Y)bands (mag lim i~24)
e DES Y3 catalog:

— red-sequence Matched-filter Probabilistic Percolation cluster
finding algorithm (Rykoff+14)

/\Ob = Dmem
Mass Proxy: Z !

Sub-percent redshift accuracy: o (z))/(1+2zy) =~ 0.006

~18k cluster with A > 20 and 0.2<z<0.65

Selection function extensively tested in simulation (e.g.
Zhang+23, Lee+25, Cao+25) and vetted with
multi-wavelength data (e.g. Upsdell+23, Kelly+24, Grandis+25,

Myles+25, Giles+in prep) 0.2 “'4Ro<1«hifr 06
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redMaPPer DES SIMULATION TESTS

Cluster in

projection . . .
Scatter between true and observed richness calibrated via
mock/data analysis
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redMaPPer DES SIMULATION TESTS Examples of halos matched to a cluster:

Typical clusters
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redMaPPer DES SIMULATION TESTS
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oA CALIBRATION: SPEC-Z DATA

e Spectroscopic data of putative cluster members allow to distinguish between a population
of true cluster galaxies and projected interlopers

Member galaxy redshift distribution from stacked spec-z data
SDSS redMaPPer Clusters Fraction of A contributed by contaminants:

0.08 < z < 0.12 27.9 < X < 37.6 . .
Spec-z data vs simulation
Cluster component

—— Projected component 0.20 1 ! ‘ ' '
[ Data (Nga = 728) ﬂl -~ 4+ Data

4 N-Body
- i]

J 4+ Costanzi et al.
<

102

1202 ‘le 10 salA
1202 "I 10 solAl

Normalized Number of Galaxies

AOb
101 ‘
-0.100 -0.075 -0.050 -0.025 0.000 0.025 0.050 0.075  0.100
Az/(1+ zy)

See also: Myles et al. 2025
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MASS CALIBRATION WITH SPEC-Z

Euclid slitless spectroscopic data can be used
to improve redshift estimates, and calibrate
cluster masses in the redshift range 0.9<z<1.8.

Low completeness and biased population of
tracers prevent the use of traditional methods
to derive dynamical masses
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SZ signal &

Matched frac.

0\ CALIBRATION: SZ DATA

R leorele e Use redMaPPer DES Y3 x SPT-SZ/500d/ECS matched
0.65 . . .
and unmatched sample to calibrate projection effects:
- (Grandis et al 2025; see also Grandis+21)
0.49
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CLUSTER MISCENTERING: X-RAY CALIBRATION

Cluster miscentering caused by: masked data, merging/disturbed
clusters, “blue” BCG

Miscentering tends to bias low the lensing signal and other
cluster observables (e.g. richness)

 pz+Aey

Radial offset distribution calibration Richness perturbation as a function of
using X-ray vs optical center

)
7 el =
DES Y3-Joint sample 'g M. — Pe.rfectly centered
6 1 —— Well-Centered Model E 2 Miscentered sample
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4+ 5 — r3) .
2] = = N;
o) 5 3 \
o \
'(DJ 44 < £ \
o § - o
E 31 € 2 1014 - \.\
S = x 5 N
= 21 X W o
; %
o N
11 > \,
g e 1 Y .
>'< R T o e T e 101 10° 10!
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0 . . . . . ; ; .
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R offset (R/R_lambda) R(pMpc/h)
lofset/ Ra Kelly+24

IFPU - September 2025 | Matteo Costanzi



OPTICAL vs X-RAY OBSERVABLES

E(2)~2PkTx, 12500 Joint

Tx - A relation

20.0
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' |’ ] 3 68% Conf Int (20<A<75)
68% Conf Int (A>75)

+ A>75
-4 20<A<75
20 40 60 80 100 200

Arm

IFPU - September 2025 | Matteo Costanzi



SELECTION EFFECT BIAS: LESSON FROM DES Y1

DES Y1 NC+WL mass calibration from stacked shear
profiles below 30 Mpc (DES collaboration 2020)

0.65

. ACDM+v

DES Y1-NC+WL |
DES Y1 3x2pt
Planck CMB

\

0.1

0.2 0.3 0.4 0.5
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SELECTION EFFECT BIAS: LESSON FROM DES Y1

Measured mass/ Expected mass -1

DES Y1 NC+WL mass calibration from stacked shear
profiles below 30 Mpc (DES collaboration 2020)

- 2.40 tension with DES Y1 3x2pt

- 5.60 tension with Planck 18

)

DES Y1-NC+WL |
DES Y1 3x2pt
Planck CMB

£ -30f {
- data NC+3x2pt
—45 } M/ Myt -1
20 30 15 60

200

0.65

. ACDM+v

0(.2<z<0.35

0.1

1
0.2 0.3 0.4 0.5
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SELECTION EFFECT BIAS: LESSON FROM DES Y1

Line of sight:

AP =A(M) +S6A(4, ...)
T =3(M) +52(54, ...)

0.5 <z <\}#5, 20 < A <30m |

N < L6
' N : Systems in o =
Sky pl : i ., ., . brojection s 3
y plane: = B projection 5 214l
® ‘ : 8 o <
.- . o 3
- : \ :
= -—8 o
g i 1.2} &
Detected 21 = N
cluster g B S
rwr)
g | © 10 N
g 1 ol Lol PR
0 107 1oP 100

rp [pPMpc]
See also Sunayama+2020
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SELECTION EFFECT BIAS: LESSON FROM DES Y1

DES Y1 NC X SPT data (Costanzi+21):

Use SPT-SZ multi-wavelengths data
(SZ, X-ray, WL) of cross-matched DES
clusters to constrain the
richness—mass scaling relation

DES Y1 NC x Large Scale (To&Krause+21):

Use only large-scale information (R>8Mpc/h)
from different cosmic tracers to calibrate the
richness-mass scaling relation

gs

0.95

.85

0.65

. ACDM+v

DES Y1-NC+SPT cal.
DES Y1-NC+WL
DES Y1 3x2pt
Planck CMB

0.1
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DES Y1 CLUSTER COUNTS x SPT MULTI-A DATA

e Idea: Remove DES WL data and use SPT-SZ multi-wavelengths data (SZ, X-ray, WL) to constrain
the richness—mass scaling relation

e Use DES Y1 Number Counts to constrain cosmology

e Add high-z SPT NC to test consistency between abundance and follow-up data sets and assess
possible cosmological gain

DES Y1 cluster denSity and SPT-SZ clusters DES Y1-SPT SZ cross matched samp|e
340° 320° L =
+1° < «
—17 ‘z? g‘/& \‘0 0k e
75° 60°  45°  30° 1 0° 345° = —
—25° = =
0.0018 100
—30° 0.00165— & =0
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)\ull

é —35° ().()()l»l_é - e wmm mmm mmm o mm s
é y 0.0012 5 5 — 4
g —40 ()-()()l()i Enm— </\n|)| >PR]
) - 0.0008 :T, —_— <)‘“I‘|S>BKG
0.0006
@ Data

0.0004 90

n n n L 1 1 1
Right Ascension 5 10 20 40

Costanzi+21
IFPU - September 2025 | Matteo Costanzi

Iy



DES CLUSTER COUNTS x SPT MULTI-A DATA

Mass-richness relations for
different data combinations

DES-NC x SPT-multi-A yields results consistent with 107F
multiple cosmological probes. i

M /h)

_gﬁ 14
Inclusion of high-redshift SPT NC data serves sV e~ mm Blem 19
as a test of different scatter models for A°° 2 P~ DRSO
1 E 70 | DES‘—NC‘+SPT—OJ\1R+PRJ
DES\NC+SPT-[OMR,NC]+PRJ DES NC+SPT-NC+PRJ
L0} ,. PDES-NC+SPT-OMR+PRJ B e e e :
' DES-[NC,Mw1] SPT-OMR+PRJI %7}
DES 3x2pt|| = .
Planck 18 ﬁ 6F ] 0.50F
m‘l h ! | I | |
T T T
. 3 L5 DES*NC‘FSPT*[()NIR.NC]
= UR 0 DES-NCHSPT-[OMR.NC]+PRJ
o
E i | 1.23-\\
T3 03 o1 05 2 -' 105
Q,” ‘{/\ 0.50 L, L L L I L
Amplltude A'M 20 30 40 I6(! 80 100 150
AU)
Costanzi+21
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CLUSTER COUNTS x LARGE SCALE TRACERS

By dropping small-scale data we get:

e Simpler model for selection bias: b, oc b; + by exp [_1]

To
b_,, from mock data vs model template

=]
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CLUSTER COUNTS x LARGE SCALE TRACERS o ppm(r)
+
. _ o prcm (1)
By dropping small-scale data we get:
+
H . . r
e Simpler model for selection bias:  (_; oc b; + by exp [__] px(r)
/]"0 centered
red sample
A bin: 0 A bin: 1 A bin: 2 A bin: 3 = 1019
by 1.2 prrmg AL L R UL UL I B L UL L R i 4 E&
[} o ® . = - . 4
(o] L L) i L C*O bl é i L &b ]l O 2
E11F o Ul E “nf: .MT: E o e 2
E T . 1 . M5 ke 1 [ ++‘ 1o 2 1ou
o r e 1 [ @ N ° 1 [ee® 1 = =
E e® 5 jpo® | L P 41 =
<108 1 F i ’: - 19 N
— N N
£ C 1 [ 1 1 { o N
EU 0 9 C vvvond o vvpl oo ddll] L ovonl v vonnl oo andill] povod vl ol Coovnnd ool o oo didill] 1013 - '0 MR, .
To-1 10° 10! 10210-' 10° 10! 102107! 109 10! 10210~' 10° 10' 102 10 RoMoo) 10
Mpc/h Mpc/h Mpc/h Mpc/h
r(Mpc/h) r(Mpc/h) r(Mpc/h) r(Mpc/h) DES Y3 miscentering distribution
2 DES Y3-Joint sample | X
. . - —— Mis-Centered Model %
e By-pass several small-scale systematics (e.g. baryonic g <
feedback, cluster miscentering) B1s 5
E 1o N
2 R
0.5
0.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
roffset/RA
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CLUSTER COUNTS x LARGE SCALE TRACERS

By dropping small-scale data we get:

Px(r)

e Simpler model for selection bias:  b_, oc b; + by exp [_1]

/]"0 centered
red sample
A bin: 0 A bin: 1 A bin: 2 A bin: 3 5 101
'a‘ 1,2 B 7] 1”""' LR Il_ [ T l lllllll] TIT I- TTT | 1”""' TT ll_ [ 1 7 | IIIIIII[ TTIr I- q Ea
%] 5 ® . 5 g . .
(o] L L) i L C*O bl é i L &b ]l O &
E11F .“If I ’tfi .MT: o o % 1 o A
= S g L .o NI e® i C .00 ++‘ ; = Lo
5] e . [ o ] ) ] :.‘. i [ =
2 [ ¢® jpe® ® b I 3
=1.0F 1 F | ; ” H F T S "
R I B ] r 1T N
£ C C 1 1 B { o ,
EU 0 9 RTTTT R ERTTTT T 11 N Coovvnml 0 ool ool povod vl ol C v vonnl v vvl oo didll] 1013 - '0 MR, )
To~1 10% 10! 202107t 20° 10T 10210~ 10° 10% 10% 1071 109 10 107 10 RoMoo) 10
Mpc/h Mpc/h Mpc/h Mpc/h o
Bpeih) o RGRtpein r(Mpc/h) DES Y3 miscentering distribution
2 DES Y3-Joint sample | X
. . 20 —— Mis-Centered Model %
e By-pass several small-scale systematics (e.g. baryonic & =
feedback, cluster miscentering) B1s 5
S .
. . . . €1 N
e Loss of information (especially related to the lensing 5" S
one-halo term for the mass calibration) 05
0.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
roffset/RA
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CLUSTER COUNTS x LARGE SCALE TRACERS

Source Z ot 21 ol
galaxies 21

Restored by including three auto- and
cross-correlation functions: cluster

clustering, cluster-galaxies correlation,
galaxy clustering

oW ‘A UPaID

A\

e Loss of information (especially related to the lensing
one-halo term for the mass calibration)
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DES Y3 CLUSTER x LARGE SCALE ANALYSIS

Metacalibration source galaxies

Unified analysis framework described by: _ _ Bin N Tz (aremm?) o
i o = | — 1 24,940,465 1.476 0.243
o 15 astrophys_lcal parameters describing ol 2 25,280,405 1.479 0.962
the connection between observables o | — 3 24,891,859 1.484 0.259
i : S I 4 25,091,297 1.461 0.301
and matter fluctuations: linear galaxy 51 T U 44 =
bias, optical-cluster bias, intrinsic S | 1
alignment, richness-mass relation o0& % = —————
~6 - Maglim galaxies
[ ] 17 parametel’s to account for e I Bin Redshift range = Ngal Ngal (ar(:min_z)
observational systematics (photo-z 24’_ 1 [0.2,0.4] 2,236,473 0.1499
. . y P o I 2 04,055 1,599,500 0.1072
uncertainties, shear measurements) g0 3 [055,0.7] 1,627,413 0.1091
3t 4  [0.7,0.85] 2,175,184  0.1458
From DES Y1 to DES Y3: ~ 18_‘ 1
i1 redMaPPer clusters
: Bin Redshift range Nejuster
) ~ |:> wn g cluster
3 times larger area ( @ x 3 clusters) </ g sl : 0z 04 563
. . 2} 2 0.4, 0.55 6,308
e Weak lensing noise lower by ~30% e | g [([))O 0_’6?4] oo
e Cluster lensing data analysis pushed 8o 05 1o 15 2zol
down to 2 Mpc/h z

To et al 2025; DES Collaboration 2025
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DES Y3 CLUSTER x LARGE SCALE: ROBUSTNESS TESTS

9 different systematics were tested individually using a simulated-likelihood approach

Overall validation performed on simulated data (Cardinal; To+23): 5 different levels of
complexity were tested to assess the performance of the cluster finder and model choices

Unblinding requirement: A# <0.3 o,
67 | LA B B : LA S B B B S S B B S S R
Full (mag)
L - Hal'o + lens pz
0.03F . 0.95¢ Ful} Full (mag) ]
j Fu}.l (mag) ~  + lens/source pz 1
BN Emu HMF and Bias 0025 e ... 0.30 ] S i ]
B Selection Effect i ot L YL i ]
= MOR [ / N i " = 14
Hydro matter clustering (_,°3° 0.01 i /I' § x ‘\\ ] ©0 85 I o
BN NL Bias < . | O T 1%
B One-halo lensing 0.00¢ f\ ST X T | 2
[ \ b 4
BEE Hydro HMF and Bias i \ \ A 0.80 S
NL matter clustering —=0.01¢ \ W [ ] 31’
NL Bias + NL cluster lens oy 71 [ i |]
—-0.02 TN 5P ¥ 0.75¢ E
_0.03 (o g g oo oy s g g gy s i g ey v g I PR B .:. e 7. Pl S T g ]
—-0.02 -0.01 0.00 0.01 0.02 0.25 0.30 0.35 0.40 0.45
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DES Y3 CLUSTER x LARGE SCALE: RESULTS

—
Large-Scale

e DES Y3 cluster cosmological constraints consistent with ' e e e ]
DES Y1 results, and improved by ~50%. —_——— DESY1 4x2pt+N

TR

1.0
Q= 027505 05 =0.92005" S5=086+004 O 1}

0.6 |-Small-Scale =
+ DES-Y1 small-scale CL B

0.90 |-

0.60 |4 ‘== .

S S S S
Qm
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DES Y3 CLUSTER x LARGE SCALE: RESULTS

1.2 ‘ ILIarI(\:;e'—SIcallel
e DES Y3 cluster cosmological constraints consistent with . e i S
DES Y1 results, and improved by ~50%. ————f DESY1 4x2pt+N
1.0 N\
5 i
_ +0.02 _ +0.06
Q= 027705~ 05 =092055" Sy =086+004 © |
e Results are robust against different catalog cuts and 0.6 [Small-Scale R
mOdeI choices - I)‘F,S‘vY]lsn;u]lrc;nle{(:l,i }
'CL_‘}“G'C """""""" IR ' | ' I ""I"'—'.;‘I"" ' EElEa | |
Bsel (Redshift Evolution) —_ e . 0.90
Systematic Weight L — p——t —— I
Y1 Lensing choice - — — °°0 .
Exclude r<5Mpc/h - i IS (I wn
Scale-dependent Response o Lt N
Exclude z>0.4 — ! . 0.60 '_ .
Exclude z<0.4 - . — -
Exclude A>30 e —— ——— PR TS B !
v o) W
Exclude 2<30 e — - QN. & i 4
DESY1 4x2pt+N _— o B e
nnnnnnnnnnnnnnnnnnn L P T RN NI AR PRTEN S AURRTIY S 0 A Q
0.25 0.3 0.35 0.8 09 1.0 0.8 09 1.0 m
O Sg = 05(Qm/0.3)%° og

DES Collaboration 2025
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DES Y3 CLUSTER x LARGE SCALE: RESULTS LOSE @\ KiDSDR3 ]

SDSS+HSC WL |
)\ DES CL+GC |

0.90
e Results are also consistent and competitive with other/é: il

cluster cosmology studies at different wavelengths I \\\\\\\ ]
0.75 F \\\ N
I e U
06 —1 1 | 1
sy \d
S S S S
Qm

L TR B, C R R R L]
DES CL+GC ]
10*_ SP1 i‘]ll\?i‘!\'_-

- eRASSI clusters

éo 0.9 f —<
_\ ("W*\ -
NN\ ]
0.8} \\\\\, \B—'
07 i L 1 L | P L
8§ & S o7
e 3 («) Q %}
Qm
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DES Y3 CLUSTER x LARGE SCALE: RESULTS LOSE @\ KiDSDR3 ]

SDSS+HSC WL |
DES CL+GC |

\
N

0.90
e Results are also consistent and competitive with other/eo7 il

cluster cosmology studies at different wavelengths S I \
0.75 |- i
e DES Y3 cluster is also consistent with joint analysis of - b ]
galaxies and weak lensing (3x2pt) I ]

06 1 1 1 1

S ¥ &l ¥

(. S S S

Qm
S =1 : L L T T ]
1.05 |- DES CL+GC DES CL+GC ]
[ DES 3x2pt | 10k SPT clusters ]
L DES CL+3x2pt [ eRASS1 clusters ]
0.90 SPT+DES 3x2pt - i

© 1 9 09F .
S 19 :( - :
0.75 : i < ]
‘ oor \\ \>
; ] I s ]
0.60 - = P 0.7 bl - — :

v ) i v i S o3

S S S Q{\'l Q(\'] <y >

Qm Qm
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DES Y3 CLUSTER x LARGE SCALE: RESULTS 1os N Kips prs ]

)\ SDSS+HSC WL ]

DES CL+GC -

.
N

0.90
e Results are also consistent and competitive with other/eo7 il

cluster cosmology studies at different wavelengths © I \
0.75 u
e DES Y3 cluster is also consistent with joint analysis of i b ]
galaxies and weak lensing (3x2pt) I ]
06 | 1 | 1
A & N oy N2
e The combination of all the < S S N
DES probes entails a Qm
further 24% improvement NN N — S —
of the cosmological 1.05 1 DES CL+GC DES CL+GC ]
constraints compared to — R o oy Lor i |
- DES CL4+3x2pt A L e clusters |
3x2pt: 0.90 |- ™™ SPT+DES 3x2pt - i 1
Q [ s P ]
Q),, = 0.29+0:02 | 2 : N |
[ SR, ] [ — ]
og = 0.82 £0.05 [ e e | [ ]
0.60 2t 0.7 T
Ss = 0.81 +0.02 & ¥ ¥ & & o o3
S < S 3 S} o S}
Qm Qm
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CLUSTER COUNTS x SMALL SCALE LENSING

0.95

0.85

o

0.75

0.65

ES Y1-NC+WL|
DES Y1 3x2pt
Planck CMB

\

Bias on the lensing profile

A% = A(M) + S4(4, ...)

T =3(M) +62(64, ...)

16”| 0.5 < = <W5, 20 < \ <30y |

observed /expected
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CLUSTER COUNTS x SMALL SCALE LENSING

: : ' ; ' A0b =},(M) + 6}.(}” )
Q\ DES YI-NC+WL| 30 =3(M) +63(64, ...

0.95F

Planck C\ [B

0.85 05 < 2 <WE5, 20 < \ <308 |
. 1.6}
; o T
2 | — av
<. & ¢ 3
0.75 = - q>§ S
[ o
L - o
() ) -
€| 2 N
— o
c [€D] N
(] n N
—_— o QO
0.05F ) o
| | | ] | m
0.1 0.2 0.3 0.4 0.5
()

rp [PMpc]
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MULTI-A SELECTION EFFECT BIAS CALIBRATION

Mock lensing profile of DES clusters matched and unmatched to SPT-SZ

A€2050) €[50,
=L & SPT Detectlon 1| 4 ‘+ % ]
= | ¢ NoSPT Detection { | o wl selection bidt  ® Cross match optical anc_l SZ
% 80r 1 [ 4 7 cluster samples and calibrate
=t ] % b ] simultaneously the richness, SZ
2 ol 1 LT 4% ) and WL - mass scaling relations,
Z I 1 1t A ; 4 % scatters and correlations
o 1 0 T
a0l ] '_& A ¢ i % & 4 | e The SZ signal, being less affected
; 10 . 4 b >ign
[ Y 1 1 5 _ y projection effects, can be
B N . _ _Q:IW/‘:_ _—Z %00 00% | effectively used to calibrate the
201 Oy ] _-Efazc on ] WL selection bias, bsel'
1.50 —+++++ A————+H +—t+—+—HHH -+
].255— 4 7¢‘¢4_3 '_ +++++++++ </
- g + ]
£ 1.00f +~+—+—}--}-- -1 : -—* 4% + 4 #—-#-*—-+--+-+--+_.+_+.-_
< [ ey
0.75F ’ 11 1 F -
0505 e e T T e

r, [Mpe h™"] rp [Mpch™']
Zhou et al 23 ’ ’ IFPU - September 2025 | Matteo Costanzi



Line Of Slg ht: l | Photo-z resolution @ 2=0.4:
Az~0.01 (~100 Mpc) P T

MODELING SMALL SCALE SELECTION EFFECT BIAS

AP =A(M) +S6A(4, ...)
T =3(M) +52(64, ...)

| e = ey Both and can be expressed as weighted
B Real cluster B cystoms i sums of the number of halos in projection,

projection NPRJ-
v

SANE AtEE) / d=dNdBw(N, 2 NPH (A, 2) [1+ by (\)baar (AT, XYoo (6)]

Fraction of A contributed to
the target cluster

FR(AP, ATEe) / dzdAdOS(M(A))NPI(A, 2) [1 + by(A)bea (AT, AP (6)]

Optical cluster bias

Halo density profile

IFPU - September 2025 | Matteo Costanzi
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MODELING SMALL SCALE SELECTION EFFECT BIAS

derive an expression for b__ as a

.o.o' 05 Lo 15 1 ;l‘ function of 5A
R [Mpc/h] large 04
Z) NP ()

SA(NP ATTUe) A / dzd\dOw( ),

Line gf.sight- small 64
50.0F ' :
30.0 B bsel(/\cb=20,20b=0.5) i _
5 20.0F —— ben(A® =20,z =0.5) | g 18
") > |
8 E
'E | 16
Q
» =
w ~<
t_? ! 14
3 12 Inverting the equation we can
S |
1

 2) [1 4+ br(A)bea (A", A%P)w(6)]
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MODELING SMALL SCALE SELECTION EFFECT BIAS

Optical cluster bias

small 54
20-0¢ bl A% =20,2°°=0.5 |
300§_ sel( = ,Z°%° = 0.5) :
= 20.0F== bes(A°? =20, z°° = 0.5) . 18
o i
1
| 16
1
: =
| 14
!
i 12
&
. o
1 1 1 1 1 1 1 1 1 1 il 1 1 1
0.0 0.5 1.0 1.5 1
R [Mpc/h] large 64

YV [

Density profile from
projected structures

Boost of the lensing
profile

FE(A, ATTe) / dzdXdOS(M(N)) NP (), 2)

Costanzi et al in prep.

A0 =20,z =05

1.25F
1.00

0.75F

(ZPM(R|AP, AT, z0P)) [1013M o h/Mpc?]

_Iarge oA A =20,A" =17

0.50 —slmall oA .

A% =20,A"=19

A% =20,A" =15

-

(=}

~

1
T

))RND—seI

R

=
o
o1
=

R [cMpc/h]

[1 4 by () bear (A", XY (6)]
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MODELING SMALL SCALE SELECTION EFFECT BIAS

L ne of srght- Halos from N-body

simulation(s) L00P OVER HOD
PARAMETERS

Y

DM particles in
cylinder

HOD model
+
Membership
probability model

Projected density \ Observed richness | HOD

profile

|
cluster

Lensing profile A>(1°°|HOD) )
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MODELING SMALL SCALE SELECTION EFFECT BIAS PLANK 18 COSMOLOGY

Halos from N-body
simulation(s)

140

B 120 b Ae[30,45) PARAMETERS
- | A€ [45,60) | O “
o S ‘ = . . V 4 N\
= % 100 ft A€[60,00) | § DM particles in 4 HOD model N

<5 = | ® cylinder + N

s = g' Membership
> _© 80 o© probability model
= = -
[ 'HX g_,
g = N Projected density
5 :; S profile
S5 s
o <

X

&:-.

2. €[0.20,0.35)
g 100 10!
r, [physical — Mpc] Lensing profile A>(1°°|HOD)
. . . =5
Emulated lensing profiles fitted to DES Y1 ; Frso
X
I r lensing profil '
cluster lensing profiles IMULATOR )
I ZIL'k,QI :}k I Z}f;{+2 /

IFPU - September 2025 | Matteo Costanzi



MODELING SMALL SCALE SELECTION EFFECT BIAS

1.0

w»
o
(2}
(1]
Q.
o 0.9 o
q (1]
PN
Q0
\ —
" \ -
t) =
0.8 Q
=—  Planck 3
= DESY1 3 x 2 -,'c

= DESY1CL X >20

This work, A\ > 20

0.7; This work, A > 14

= This work, A > 10

0.1 0.2 0.3
Qm

Simulation Based Inference constraints from
DES Y1 cluster lensing

lOOP OV[R Halos from N-body
(OSMOLOGICAL simulation(s) L00P OVER 10D
PARAMETERS

PARAMETERS

HOD model
+

Membership
probability model

DM particles in
cylinder

Projected density
profile | cosmo

Observed richness |
HOD,cosmo

AZ(A°°JHOD,cosmo)

[Mumbk

T T
Tl—2 [L'k,

1A+z
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THE EUCLID MISSION

C issioning & Per Verification
3 months

]
]
[ 4 ;

1 | Early Survey Operations
]

]

6 months
i ] 1 1
] ] [] ]
] ] ] )
L) L) L) L)
| | | |

| ! 1 |
T0 Q1 DR1 Q2 DR2 Q3 Q4 DR3

e Wide Survey: 15.000 deg? Deep Survey: 40 deg?

[ ] Main mission: 6 years Start T1:1;l:‘+14 Ti+1yr T1+2yrs T1+3yrs T1+4yrs T1+5yrs T1+6yrs
I main mission extension
~——— 6yeass " (optional)

0./(' eLaunch
e Instruments: b b
. V’oéo 2 4 6 years after launch 8
@
Instrument VIS NISP
Field-of-View 0.787x0.709 deg’ 0.763%0.722 deg’
Capability Visual Imaging NIR Imaging Photometry NIR Spectroscopy
Wavelength range 550- 900 nm Y (920- J(1146-1372 | H (1372- 1100-2000 nm
1146nm), nm) 2000nm)
Sensitivity 24.5 mag 24 mag 24 mag 24 mag 3107 erg cm-2 s-1
100 extended source | 5o point 56 point 56 point 3.50 unresolved line
source source source flux

e Cosmological probes:

o Galaxy clustering (projected and 3D), cosmic shear, Galaxy Clusters
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EUCLID CLUSTER COSMOLOGY

DR1 internal release DR1 cosmology results
©

n

Eucid DR Cluster Catalog I — — >
(1] (1] O
= = o 5

e ~1900 deg? up to z~1.5 Q1 public release DR1 public release

e Based on two cluster finders (Euclid preparation: Adam+19):

o AMICO, PZwav

B NC+My
NC+CL
CL+My,

H NC+CL+My,

e Mass proxy: Richness (Castignani&Benoist 2016)

Euclid Cluster Cosmology Probes:

0.88} ;
e Cluster counts

0.841

‘daud ul |e 39 1jjebewng

e Stacked Cluster Weak Lensing profile

Og

e Clustering of clusters 0.80

026 0.30 0.34
Qm
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EUCLID CLUSTER SELECTION FUNCTION

Observed richness-mass relation:

P(/\Uh

.7\[.:.:) =

P(eb, 2)

Cluster and galaxy — —
[ Probability associations |
catalogues Pl

/_ d,{C(/\. 2
0

PPN, :‘)]P(,\W. z)

Purity, Completeness and

\j

Catalogue of detections
+

Random position shifts

Selection Function empirically \j]

calibrated using a simulation
based approach applied to the

data

l Cluster members P>0 | | Field galaxies | -
+ |
[ Split in richness/z bins |
[bint | [ bin2 | ... [Bin N|
l Peiior Monte Carlo sampling P l ]
—*>| Generate mock clusters | I Randomize positions I

—

l Mock catalogue |

A

N

v s
7 N
v i

v s

P(A°, z°| 4, 2)

[ Cluster detection PF ]

!

Selection Function: (——[ Richness / Redshift PF ]
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EUCLID CLUSTERING OF CLUSTERS CALIBRATION
Lo

v ( \
‘ il APPROXIMATE MOCKS:
Top: Cluster counts & [\ 2 °° 1000 PINOCCHIO (Monaco+13) halo
and clustering auto- = R light-cone catalogs at fixed cosmolo
and cross-covariance : oa g_ ) g i gy
from 1000 mock painted  with Euclid-like cluster
simulations 3| TRI AT _ observables (Fumagalli+22,+in prep)
Bottom: Comparison | [‘4 T : e s g N [ J
of numerical and _ \J/
analytic cluster £ o0
counts and clustering |- e e N . .
covariance terms | S W R g, 02 e Covariance matrix:
H o o Cluster counts and 2pt correlation
function analytical covariance matrix
= il e calibrated and vetted against
I —e | e ey PINOCCHIO mock catalogs.
S B/ AN | Z W Modeling includes: photo-z uncertainty,
e s ! R €z F oA 'y e \/,‘\, \ . .
P ) richness estimate error and RSD
‘.q-; _g 0.5 true redshift ~--- RSD  ----- RSD+photo-z (0.01)
% g - g >
o) © o0o0r-% e =
© N P E o
E sl N - nulze:ical] ) Qj e e
5 7 model, only Po 2 |/ ST TN NG
[T === model, Pg + P2 ‘5
00 02 04 06 O.iedslr.‘(i)ft 12 14 16 18 5
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CLUSTERING OF CLUSTERS: TEST ON redMaPPER SDSS

.S-\ 1.2 — T T
?\4 SPT 2500 571 DES Y1 NC-+dx2pt
- Ip 1.1t : 100F mm DES-Y1 NC+SPT MOR
| ' T0F DES Y1 NC+ My,
~<< ok Planck18 ] I B SDSS NC+CL+Mwi
E . L NC+My +CL = 40r
NC+M,, +CL ' =
102} = ] & 0.9} T2
20 30 40 60 o
ob | T
A , , ' 0.8 10 . 5
~ 0.7} 5 &
% | : 2
. 1071t 0.6f @
~ 12 ' 175k »
vy A S
1072} 11+ ¢ . ] a., . N
3 2 1.50F I
DES-Y1 4x2pt+N % = \
10k NC+My, | M
— N Soile NC+My +CL = 1.25 [ca 09 onoB 090G
: o Po O\ S0 S0 O\ O g oY
O 2 CROBOBOBOBOBOBONBO K
o 0.9+ =
= 150 . S Z1.00
T 14.8 0.8
L el : 0.75 e i i A e
b 0.7+ <, A J 10* 10
1441 g ]
E > 3 -‘['.I(Jll.m[-‘[~ /}"
E 14.2} -
o el P , , ] 0.1 0.2 0.3 0.4
9 20 30 40 60 Qn

/\ob
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EUCLID CLUSTER LENSING

Comparison of stacked lensing profile of RR2 Euclid clusters using Euclid
lensing data or DES lensing data.

10~} z=[0.20.4] z=[0.4 0.55] z=[0.550.7 ] z=[0.7 0.85]
Euclid & !
o . ] kl ¢! s [ ]
' ]
1072 4 2 1 i : Vs (R
6; : . : ’ ‘ : ! . : .
. # > ) v LI | e
10-3 A= [2030] ‘_ N e '3 { H i
A= [3045] ¢ ¢ 3 N |
]
A= [45222] l t
10° 10! 10° 10! 10° 10! 10° 10}
R [Mpc] R [Mpc] R [Mpc] R [Mpc]
107! 4 1 E
s $ ' H
1072 § Ak B AL e 1! 3 . 1 i § 238
¢ ' : Y | B ‘] '
102 § ! H 1 iy bl
P 3 LR} 9 -
DES ® | 3
107% 4 H 1
A= [20, 30]
105 4 A= [30, 45]
A= [45, 222]
1076 4~ - o — e -
1071 10° 1010 10° 1010! 10° 100! 10° 10}
R [Mpc] R [Mpc] R [Mpc] R [Mpc]
Credit: Lucie Baumont

Source density vs redshift

254 /N 2 - KiDS 1000
DES Y3
20, HSC Y3
5 —— Euclid
0_
51 .
0_ { - I I ‘ .;»;».A. - ._: —
00 05 10 15 20 25 3.0
V4

Higher number density of
galaxies and many more
sources at higher redshifts
compared with Stage IlI
surveys!
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EUCLID CLUSTER LENSING CALIBRATION Galaxies painted

according to particle
positions

Baryonification model Halos from N-body
simulation(s)
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BARYONIC FEEDBACK CALIBRATION WITH GC MULTI-A

Stellar/ICM mass fraction measurements vs
predicition from X-ray and SZ surveys

Matter power spectrum suppression due

HSC-XXL eFEDS-HSC SPT WG to baryonic feedbacks
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e ' $19, this work N ==
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Combining gas and stellar mass 10 N 10 /7

measurements with halo mass
estimates (e.g. from WL) it is ‘/7
possible to constrain the modulation

of the matter clustering due to

baryonic feedbacks

Also see Pandey+21, Troster+22 , SChnelder+22, T0+24, Dalal 25

Grandis+24



MULTI-PROBE COSMOLOGY WITH GCs

Cosmic-shear 2-point CF mock measurements
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SUMMARY & TAKEAWAYS

Sg = 05(Q/0.3)°?

® Photometric surveys provide a unique, self-sufficient data set to S 2 2 2 32
carry out cluster cosmology studies leveraging a unique range of X, | ' E " g
masses HIFLUGS i i

. Q
® In DES we pursuit two complementary approaches to mitigate optical REFLEX e 5 X
selection biases: WG t —lls &<
eFEn G - . :
. Ds ~ S
O Number Counts + Clustering of Large Scale Tracers ®Rasg | .
. . Plancy szt e a
O  Number Counts + Small Scale cluster lensing profile SPT 55 i =&
0ol : : P
( T 5200 —— .
J SDsg i
. - . KIDS DR3' 5
SBl is emerging as a promising framework to DEg v, | A
handle complex systematics and push the DEs y, 1 !
analysis to lower richness DEgg X Spr
DE I Mgl
S YS N+LS L
EUC]jd DR; |
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SUMMARY & TAKEAWAYS

Sg = 05(Q/0.3)°?

® Latest DES - and other optical cluster surveys - provide S 2 2 2 32
cosmological constraints consistent and competitive with cluster XMrgy, K L s
surveys at other wavelengths, as well as with other LSS probes. Hipy, L :

Gs [ — O 54
O Galaxy clusters should be regarded as a key ingredient of REFLEX’ — ls 5;
multi-probe analyses: combined with other probes of the LSS, WG —* . @~
cluster data is capable of constraining astrophysical *FEpg o [l
parameters and breaking cosmological degeneracies peRASsz -
improving the overall constraining power. lancy Szl —e— Q -
SPT250 —_—— i 5 N
® The Euclid mission is poised to significantly expand cluster  Spr;, ol i &
g . . . - 00 — :
cosmology capabilities, thanks to its high-quality lensing data, and SDsg '
by extending observations to higher redshifts (up to z~1.5-2.0) and i :
larger area (~15000 deg2) b PR3 N
ES YI L /-\ ;
DESy ¥ Spr
Stay tuned for the upcoming DES Y6 (~end 25) and DEg TNy
Euclid DR1 (~end 26) optical cluster analyses! £y SNyp
clig DR
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