
Horizon Run 5 Simulation - Formation of a Massive Cluster of Galaxies (https://www.youtube.com/watch?v=q8R3dfrq6_Y), Lee et al. (2021)



Structure of the Universe: Simulation (IllustrisTNG)

The IllustrisTNG Project (https://www.tng-project.org/explore/)
Gas density + Stellar distributions

Observable!

European Space Agency (https://www.esa.int/ESA_Multimedia/Images/2018/06/The_cosmic_budget_of_ordinary_matter)



Structure of the Universe: Virgo Cluster

Credit & Copyright: Rogelio Bernal Andreo (https://apod.nasa.gov/apod/ap150804.html)

M87



Credit & Copyright: Rogelio Bernal Andreo (https://apod.nasa.gov/apod/ap150804.html)

M87
Tumlinson, Peeples, Werk (2017)

Supermassive black holes

(Accretion: an acquisition 
of gas by the galaxy disk)

Circumgalactic/Intergalactic/Intracluster medium



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

Credit:  ESA/Euclid/Euclid Consortium/NASA,  
image processing by J.-C. Cuillandre (CEA Paris-Saclay), G. Anselmi



CHEX-MATE
• CHEX-MATE: The Cluster HEritage project with 

XMM-Newton – Mass Assembly and 
Thermodynamics at the Endpoint of structure 
formation (CHEX-MATE Collaboration 2021) 

• 3 Msec XMM-Heritage program 

• Planck SZ selected 118 clusters 

• Tier-1:               and  

   (volume-limited sample in the local universe) 

• Tier-2:               and 
   (sample of the most massive objects to have formed)

CHEX-MATE Collaboration (2021)
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CHEX-MATE
• CHEX-MATE: The Cluster HEritage project with 

XMM-Newton – Mass Assembly and 
Thermodynamics at the Endpoint of structure 
formation (CHEX-MATE Collaboration 2021) 

• 3 Msec XMM-Heritage program 

• Planck SZ selected 118 clusters 

• Tier-1:               and  

   (volume-limited sample in the local universe) 

• Tier-2:               and 
   (sample of the most massive objects to have formed)

CHEX-MATE Collaboration (2021)
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CHEX-MATE: CLUMP-3D
• Understanding the Role of Hot Circumgalactic Medium in the Regulation of 

Star Formation in Galaxies 
• Probing Hot Gas Components of the Circumgalactic Medium in Cosmological 

Simulations with the Thermal Sunyaev–Zel’dovich Effect (Kim et al., 2022, The 
Astrophysical Journal, 926, 179) 

• A Multi-Probe Analysis of the 3-D Shapes and Non-Thermal Pressure in the 
CHEX-MATE Galaxy Clusters 
• CHEX-MATE: CLUster Multi-Probes in Three Dimensions (CLUMP-3D), I. Gas 

Analysis Method using X-ray and Sunyaev–Zel’dovich Effect Data (Kim et al., 
2023, submitted to Astronomy & Astrophysics, arXiv: 2307.04794)

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)



Triaxial Analysis of Galaxy Clusters
• Motivations 

• A 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 and halo properties (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) 

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

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)



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. 

Sereno et al. (2018)
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Science Goal: Non-thermal Pressure Profile
• What is the level of non-thermal pressure 

support in the ICM?  

• AGN outbursts inject significant energy into 
the ICM. Simulations predict that the 
thermalization of accreted material is 
inefficient. 

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

• Outer regions of the ICM will be available 
given the XMM data available for CHEX-
MATE.

Sayers et al. (2021)

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)



CHEX-MATE: Multiwavelength Dataset

X-ray (XMM) SZ (Planck & Ground-based)

Planck 
(7 arcmin FWHM)

Weak Lensing 
(Subaru)

(lensing data directly probe 
the total mass distribution)

Temperature

Surface Brightness

ACT

BolocamSPT

Bartalucci et al. (2023)

Lovisari et al. (2023)

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)



• 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) 

• Gas pressure profile: gNFW (Nagai et al. 2007; Arnaud et al. 2010)  

• Observables: SZ, X-ray surface brightness, X-ray temperature
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Triaxial (Gas) Analysis: Formalism
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Triaxial (Gas) Analysis: Formalism
• Projection of the three-dimensional volume density onto the sky plane (Stark 1977; 

Sereno 2007; Sereno et al. 2010)
elongation parameter (geometry)

3D geometry

Model  
profiles
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Triaxial (Gas) Analysis: Formalism
• Model fit: geometrical, electron density, gas pressure parameters (13 parameters)

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)



PSZ2 G313.33+61.13 (Abell 1689)
• 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

JUNHAN KIM, 72ND WORKSHOP ON GRAVITATIONAL WAVES AND NUMERICAL RELATIVITY (05/01/2024)


