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CHEX-MATE

« CHEX-MATE: The Cluster HEritage project with CHEX-MATE Tier 1  x
XMM-Newton - Mass Assembly and CHEX-MATE Tier 2 +

Thermodynamics at the Endpoint of structure
formation (CHEX-MATE Collaboration 2021)

« 3 Msec XMM-Heritage program
e Planck SZ selected 118 clusters

e Tier-1: z < 0.2 and dec > 0
2 x 10MMg < Moo < 9 x 10" Mg

(volume-limited sample in the local universe)

Planck PSZ2

SPT

 Tier-2: z < 0.6 and Mspy > 7.25 X 10141\/[@ ACT

(sample of the most massive objects to have formed) - - 0.50 RO-d?5h_f 1.00  1.25  1.50
edsnitt

° httg//xm m - her‘itage.OaS.inaﬁitZ CHEX-MATE Collaboration (2021)



http://xmm-heritage.oas.inaf.it/

CHEX-MATE Collaboration (2021). The Cluster HEritage project with XMM-Newton: Mass
Assembly and Thermodynamics at the Endpoint of structure formation (CHEX-MATE).
Programme Overview, A&A, 650, A104

Campitiello, M. G,, et al. (2022). CHEX-MATE: Morphological analysis of the sample, A&A, 665, A117

Oppizzi, F., et al. (2023). CHEX-MATE: Pressure profiles of six galaxy clusters as seen by SPT
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Lovisari, L., et al. (2024). CHEX-MATE: Characterization of the intra-cluster medium
temperature distribution, A&A, 682, A45
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CHEX-MATE: CLUMP-3D

A&A, 686, A97 (2024)
https://doi.org/10.1051/0004-6361/202347399
© The Authors 2024

tronomy
Astrophysics

CHEX-MATE: CLUster Multi-Probes in Three Dimensions
(CLUMP-3D)

l. Gas analysis method using X-ray and Sunyaev-Zel’'dovich effect data

1 3,4

Junhan Kim!2®, Jack Sayers 2, Mauro Sereno , lacopo Bartalucci®, Loris Chappuis6 . Sabrina De Grandi’®,
Federico De Luca®?®, Marco De Petris!*®, Megan E. Donahue!!, Dominique Eckert®, Stefano Ettori>-*®,
Massimo Gaspari’*!?, Fabio Gastaldello’, Raphael Gavazzi'3-'#®, Adriana Gavidia!, Simona Ghizzardi?,

Asif Igbal'®, Scott T. Kay!®, Lorenzo Lovisari®>!’®, Ben J. Maughan'®, Pasquale Mazzotta®~,
Nobuhiro Okabe!?2921 Etienne Pointecouteau??®, Gabriel W. Pratt!>, Mariachiara Rossetti’, and Keiichi Umetsu®>

Kim et al. (2024)




Triaxial Analysis of Galaxy Clusters

* Motivations

« Better approximation of galaxy cluster than a spherical model.

 Reduce the level of bias/scatter in derived parameters (e.g., Becker & Kravtsov 2011,
Khatri & Gaspari 2016).

 Correlation between shape parameters of the DM halo and its properties & formation
history (e.g., Ho et al. 2006; Lau et al. 2021; Stapelberg et al. 2022).

* Science goals

 Galaxy Cluster Shape Measurements: What is the distribution of three-
dimensional shapes of galaxy clusters? (Cosmology)

e Non-Thermal Motions in the Intracluster Medium: What is the level of non-thermal
pressure support in the intracluster medium? (Astrophysics)



Science Goal: Shape Measurements

« What is the distribution of three-dimensional shapes of galaxy clusters?

 Cosmological models make strong predictions for the shape of DM halos (e.g., Yoshida
et al. 2000)

« CLASH results (Sereno et al. 2018) potentially suggest more extreme axial ratios
compared to simulations.

I

—— CLUMP3D-CLASH

- ==== CLUMP3D-@st 1>0.2
==== ACDM-rel
- = =MUSIC2-CLASH

= CLUMP3D-CLASH
==== CLUMP3D-q,t 1>0.2
==== ACDM-rel

- = =MUSIC2-CLASH

= = ==prior === *prior

Sereno et al. (2018)



Science Goal: Non-thermal Pressure Profile

« What is the level of non-thermal pressure

support in the ICM? | |
Radius (Mpc, Sample Median)

0.05 0.1 0.2 0.5

=== This Work (95% CL)
The 300 Simulations (95% CL)

* AGN outbursts inject significant energy
Into the ICM. Simulations predict that the
thermalization of accreted material is
iInefficient.

= Eckert+2019 (X-COP, 20)

m Hitomi+2016

= = More Relaxed Sub-Sample
02 == | ess Relaxed Sub-Sample

« CLASH analyses (Sayers et al. 2021)
Indicate that the non-thermal pressure
profile is consistent with a broad range of
simulations.

* Observations show a generally lower non-
thermal pressure fraction
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Radius (R
 Outer regions of the ICM will be available

given the XMM data available for CHEX-
MATE.

Sayers et al. (2021)



CHEX-MATE: Multiwavelength Dataset

4 X-ray (XMM) A

PS72G349.46-59.95: X-ray SB

*ISurface Brightness
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Triaxial (Gas) Analysis: Formalism

e CLUster Multi-Probes in Three Dimensions (CLUMP-3D; Sereno et al. 2017, 2018; Chiu
et al. 2018; Sayers et al. 2021): ICM profiles in 3D — Projected observables in 2D

 Model profiles
* Electron density profile (Vikhlinin et al. 2006; Ettori et al. 2009)

B ] _366/2_'_776/2 B n _76/3

—Ne 2 3
S O ) B S G e

* Gas pressure profile: gNFW (Nagai et al. 2007; Arnaud et al. 2010)
P(x) P,
P5OO (650055)%9 [1 —+ (650033)&?](529_710)/0420

 Observables: SZ, X-ray surface brightness, X-ray temperature

Orkg 1 [ WT.dV
= T.dl—"SB = Ao (T, Z)dl _ :
7 M C? /”n 4Am(1 4 z)3 A”e l ) Lap [Wdv

keV




Triaxial (Gas) Analysis: Formalism

* Projection of the three-dimensional volume density onto the sky plane (Stark 1977;
Sereno 2007; Sereno et al. 2010)

Foo(xe;ly,pi) = 2lpeH/ Fip(zesls, pi) dx¢

\’ direct observables \_

analytic profiles of the ICM model

Model (X-ray SB, convolved) Model (X-ray Temp, Convolved)

Model

profiles
>

; )‘ ()(1(‘5‘




Triaxial (Gas) Analysis: Formalism

 Model fit: geometrical, electron density, gas pressure parameters (13 parameters)

Parameter Units Description Default Prior
Geometrical Parameters of a Triaxial Ellipsoid (Egs. 1 and 4)
qICM.1 Minor-to-major axial ratio of the ICM distribution UuQaO,1)
gICM.2 Intermediate-to-major axial ratio of the ICM distribution U(qicm,1, 1)
cosf Cosine of the inclination angle of the ellipsoid major axis UuQO, 1)
", deg  Second Euler angle U (-n/2, /2)
1/} deg  Third Euler angle U (-n/2,1/2)
Electron Density Profile (Eq. 24)
no cm—>  Central scale density of the distribution of electrons U(107°,10)
e kpc llipsoidal core radius of the gas distribution U(0,10%)
(s Mpc llipsoidal truncation radius of the gas distribution (J; > Z,) U (Z./10°, 3)
B, lope of the gas distribution (in the intermediate region) U@O,3)
lope of the gas distribution (inner) Uuao,1
lope of the gas distribution (outer) U@O,5
Gas Pressure Profile (Eq. 15)
Normalization for the gNFW pressure profile U0, 10%)
Pressure profile concentration (r ~ rs = Rso9/¢s00) 0(1.4)
Slope parameter for central region (r < r;) 6(0.3)
Slope parameter for intermediate region (r ~ rg) U@O,5
Slope parameter for outer region (r > rg) UQ, 15°
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PSZ2 G313.33+61.13 (Abell 1689)

« CHEX-MATE Tier-2 cluster; z = 0183, (Planck SZ estimated) Msoo = 8.77 x 1014 Mg

« SZ (Planck: 7" FWHM, ACT: 1.6’ FWHM) and X-ray (XMM) data from CHEX-MATE
available for the triaxial analysis of the ICM distribution.

« SZ: Planck (Planck Collaboration et al. 2016), ACT DR4 (Madhavacheril et al. 2020)
 X-ray SB (Bartalucci et al. 2023): photon-count images in the [0.7-1.2] keV
 X-ray temperature (Lovisari et al. 2023): spectroscopic fits in the [0.3-7] keV

8 §) 4 2 O -2 -4 -6 -8 8 §) 4 2 O -2 -4 -6 -8
X [arcmin] X [arcmin]




PSZ2 G313.33+61.13 (Abell 1689): Model Fit

 The analysis effectively constrains the model
geometry at the few percent level.

« Compared to the similar gas-only analysis using
X-ray and SZ data presented in Sereno et al.
(2012), the axial ratios and elongation
parameters in our study demonstrate a
substantial improvement, with uncertainties an
order of magnitude lower.

dICM,1 qICM,2 cos 6 €| Reference

0./0x 015 0.81x0.16 0O.70 £ 0.29|1.68 £ 0.53 Serenoetal.(2012)
063014 0.7/0£0.16 093 +0.06 116 £0.10 Umetsuetal.(2015)
065£0.02/ 079002 2096 [1.24+0.03 Thiswork
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X-ray and SZ data presented in Sereno et al.
(2012), the axial ratios and elongation
parameters in our study demonstrate a
substantial improvement, with uncertainties an
order of magnitude lower.

geometry at the few percent level.
« Compared to the similar gas-only analysis using

 The analysis effectively constrains the model

PSZ2 G313



CHEX-MATE: CLUMP-3D ll. Combined Gas Dark Matter Analysis from X-ray, SZE, and Weak Lensing

‘Non-Thermal Pressure Calculation

* From addition of WL analysis:

From Kim et al 2024 Non-thermal pressure:

Can calculate gravitational potential
on triaxial ellipsoid.

Can calculate elliptical gas pressure
profile:

Spherically average the total

pressure and thermal
pressure, then:

Assume generalized HSE

V})tOt e ,Ogag vq) .

Due to elliptical symmetry, this
reduces to:

Pgas — HelllpTle

Can calculate elliptical gas density
profile:

APt B dd
He dg S

th — L e
0 Undo this to get total pressure

needed to offset gravity




CHEX-MATE: CLUMP-3D ll. Combined Gas Dark Matter Analysis from X-ray, SZE, and Weak Lensing

" Non-Thermal Pressure Fraction for A1689

m=m= This Fit
68% Confidence Region
95% Confidence Region

0.6 0.8 1.0 1.2 1.4 1.6
Radius [Mpc]

® Computation time to determine
P.: is significant

‘WL Analysis: Consistency Checks

Note: Expected values for
these clusters are from
Umetsu+2016.where shear
AND magnification data
were used

MACS
J1115

MACS

200 = 3.3873:3
)
o Vol e . Py S S
0 VoAt o7 A oF g
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Harshda Saxena

CHEX-MATE: CLUMP-3D lll. The Triaxial Geometry of an SZE-Selected Sample
—=eéSealrcC Oa

e Alm to answer -

o Does survey selection based on observables like SZ effect result in a biased detection population of
3D triaxiality and orientation?
o Ifyes, does this lead to a WL mass bias?

e Usethe CHEX-MATE sample of clusters -
o Set of 118 volume and mass limited clusters from XMM-Newton

o Have uniform and high-quality multi-wavelength data to fit for and quantify the 3D orientation




Harshda Saxena

CHEX-MATE: CLUMP-3D lll. The Triaxial Geometry of an SZE-Selected Sample
rlaXia uster compieteness - conta.

Clusters along LOS have a higher probability of being detected More Triaxial clusters along LOS have higher probability of being detected

Completeness for Tier 1 R500 = 5.63, (Q1,Q2) = (0.6,0.8) Completeness for Tier 1 R500 = 2.84, LOS

Data (cos 8, ¢)=(1.0,0.0) — ; Data fit (Q1, Q2) = (1.0, 1.0)
ERF (cos 8, ¢) =(1.0,0.0) Erf fit (Q1, Q2) = (1.0, 1.0)
Data (cos6, $)=(0.67,90.0) Data fit (Q1, Q2) = (0.8, 1.0)
ERF (cos 8, ¢) = (0.67,90.0) . Erf fit (Q1, Q2) = (0.8, 1.0)
Data (cos6, ¢) = (0.0,90.0) Data fit (Q1, Q2) = (0.6, 0.8)
Erf fit (Q1, Q2) = (0.6, 0.8)

ERF (cos @, ¢) =(0.0,90.0)

Completeness
Completeness

2x1073 3x1073 4x1073
YSR500

Slide: Harshda Saxena (Ph.D. Student, Caltech)




CLUMP-3D: Improved Triaxial Analysis

CHEX-MATE: CLUMP-3D V. Gas Axial Ratios and Orientations for the DRT Sample
« Study the distribution of ICM axial ratios & orientations for the DR1 sample

« Determine which of those objects can be modeled through a direct comparison with
mock observations (The 300, Gianfagna et al. 2023): The impact of deviations from
triaxial symmetry due to, e.g., sub-structures or mergers.

* |dentify radio/dusty sources using external catalogs (e.g., NVSS 1.4 GHz).

NVSS ACT DR6

&

- (NS > @)

y [arcmin]

[A[ur] AyisuaQg Xn[q
(9-0T %) A-uorduwio)

O -2 -4 -6 §) 4 2 O -2 -4 -6
X [arcmin] X [arcmin]




Summary: CHEX-MATE CLUMP-3D

« CHEX-MATE Program: 3 Msec XMM Heritage program to study 118 clusters (clean, well-
characterized selection with a large sample size)

« CLUMP-3D triaxial analysis of the sample using multiwavelength (X-ray, SZ, and lensing)
dataset: We will (1) test ACDM predictions of cluster shapes and (2) probe the
thermalization efficiency of newly accreted cluster material.

* Triaxial analysis of the ICM using X-ray + SZ effect maps (Kim et al. 2024).
 We presented the forward modeling formalism and improved the multi-probe analysis.

« We applied the triaxial analysis to reconstruct the gas shape of PSZ2 G313.33+61.13
(Abell 1689). The analysis effectively constrains the model geometry.

 Stay tuned for the upcoming results toward the full triaxial analysis of the CHEX-MATE
clusters!



