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Chemical abundances in the hot atmospheres of 
galaxy clusters, groups, and elliptical galaxies
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The intra-cluster medium (ICM) contains metals!

Mitchell et al. (1976)

Ariel V



The intra-cluster medium (ICM) contains metals!
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The intra-cluster medium (ICM) contains metals!

SXS
Hitomi

Hitomi Collaboration (2017, Nature)

Hitomi Collaboration (2016, Nature)

Hitomi Collaboration (2017, Nature)

CCD spectral resol.



The origin of (heavy) chemical elements

Type Ia supernovae (SNIa)Core collapse supernovae (SNcc)

Produce: 

➡ O,  Ne,  Mg,   Si,   S

Produce: 

➡ Si,   S,   Ar,   Ca,   Fe,  Ni
Explode (and enrich) quite fast after 

star formation
Time delay between star formation 

and SNIa explosions (?)



The spatial distribution of metals through the ICM 
provides valuable information on the 

chemical enrichment history of galaxy clusters!



The (average) Fe profile in cool-core clusters

r500: radius within which mass density = 500 x (critical density of the Universe) Mernier et al. (2018c)



The (average) Fe profile in cool-core clusters

r500: radius within which mass density = 500 x (critical density of the Universe) Mernier et al. (2018c)

Biffi et al. (2018c)

 (Indirect) evidence for an early enrichment 

➡ Before the cluster assembled, more than        

~10 Gyrs ago (z > 2-3)! 

➡ Mostly via AGN feedback (and galactic winds) 



The (average) Fe profile in cool-core clusters

r500: radius within which mass density = 500 x (critical density of the Universe) Mernier et al. (2018c)

Lovisari & Reiprich (2019)

Brightest 
cluster 

galaxy (BCG)

Signature from delayed 
SNIa within the BCG…?? 

➡ (Initial interpretation) 



• Cool-core galaxy clusters, groups & ellipticals 

• O VIII line in RGS: > 5σ 

• Nearby (z < 0.1) 

• New deep observations of 11 objects (1.6 Ms) 

• + archival (public) data

➡ ~4.5 Ms  
        of XMM-Newton total net exposure

➡ 44 systems

CHEERS stands for: 
CHEmical Enrichment Rgs Sample

CHEERS! (PI: J. de Plaa)

de Plaa et al. (2017)

Clusters

Groups

Ellipticals



1.  Central  Fe abundance   
( in cool-core systems)
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Central Fe abundance: clusters vs. groups/ellipticals

Yates et al. (2017)

• Central Fe enrichment in groups/ellipticals appears lower 
than in clusters (Rasmussen & Ponman 2009, Sun 2012, Yates et al. 2017)

• Inconsistent with theoretical expectations! (Yates et al. 2017)



Central Fe abundance: clusters vs. groups/ellipticals

For the first time, we find similar 
central Fe abundances between: 

• clusters 

• groups 

• ellipticals 

(2 orders of magnitude in total mass!)

End 2016: New SPEX release! 

SPEX v2 → SPEX v3
Mernier et al. (2018a)



Central Fe abundance: clusters vs. groups/ellipticals

For the first time, we find similar 
central Fe abundances between: 

• clusters 

• groups 

• ellipticals 

(2 orders of magnitude in total mass!)

Consistent with simulations! 
see: Truong et al. (2019)

Mernier et al. (2018c)

Truong et al. (2019)



2.  Chemical  composit ion 
of  the ICM



Hitomi  (February 2016 - March 2016)

The Hitomi Collaboration (2017, Nature)

SPEX v2

SPEX v3

see also: Simionescu et al. (2019)



Chemical composition of the ICM

All abundance ratios measured with XMM-
Newton EPIC (CHEERS sample) are consistent 

with Hitomi (Perseus)!

Abundances measured in clusters/

groups are sensitive to spectral 
codes!

Mernier et al. (2018b)



3.  Distr ibut ion of  SNIa vs.  
SNcc enr ichment



Radial distribution of the SNIa fraction

Mernier et al. (2017)

see also: Simionescu et al. (2015), Ezer et al. (2017)



1) Central Fe abundance similar for 
clusters, groups, and ellipticals



1) Central Fe abundance similar for 
clusters, groups, and ellipticals

2) Chemical composition of the 
ICM very similar to that of the Solar 
neighbourhood!



1) Central Fe abundance similar for 
clusters, groups, and ellipticals

2) Chemical composition of the 
ICM very similar to that of the Solar 
neighbourhood!

3) Relative SNIa-to-SNcc contribution 
similar from the core to the outskirts



1) Central Fe abundance similar for 
clusters, groups, and ellipticals

2) Chemical composition of the 
ICM very similar to that of the Solar 
neighbourhood!

3) Relative SNIa-to-SNcc contribution 
similar from the core to the outskirts

Central enrichment also occurred early on! 
(During or before the formation of the BCG)



Other recent results



Introduction

This project
Previous works

Results
Astro-H
Conclusions

Central abundance drops

Sanders et al. (2016)
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Central abundance drops

Observed in several groups/clusters  

➡ Sometimes due to ignored multi-temperature structure 
(Werner et al. 2006a), but not always 

➡ Unlikely due to resonant scattering (Sanders & Fabian 2006) 

➡ Central metals depleted into dust, then redistributed 
outwards by AGN activity? (Panagoulia et al. 2015) 
➡ If so, Ar (and Ne) should not exhibit central drops…

Sanders et al. (2016)

Pa
na

go
ul

ia
 e

t a
l. 

(2
01

5)

Lakhchaura, Mernier & Werner (2019)Liu, Zhai & Tozzi (2019)

Ar/FeAr
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How are metals distributed in merging clusters?

?

Cool-core Non-cool-core Merging

See talk by 
Igone 

Urdampilleta
(next one!)
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Nitrogen in hot atmospheres

See talk by Junjie Mao
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Presumably, N comes 
from Asymptotic Giant 
Branch (AGB) stars…(RGS)



Introduction

This project
Previous works

Results
Astro-H
Conclusions

Direct evidence for early enrichment?

De Grandi et al. (2014) Liu et al. (2018)

WARPJ1415.1 
(z = 1)

M
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rFe



Athena

X-IFU instrument onboard 
• Barret et al. (2013); Ettori et al. (2013); 
Pointecouteau et al. (2013) 

Expected launch: 2031 

Great spectral resolution and 
sensitivity 

Convenient for redshift evolution 
of metals in the ICM

z=1 
(sim.)

Cucchetti et al. (2018) Mernier et al. (2018c)



Athena

Improvements on  

(i) Atomic codes 

(ii) Nucleosynthesis yields 

are required!!

X-IFU instrument onboard 
• Barret et al. (2013); Ettori et al. (2013); 
Pointecouteau et al. (2013) 

Expected launch: 2031 

Great spectral resolution and 
sensitivity 

Convenient for redshift evolution 
of metals in the ICM
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Recent reviews…

Space Sci Rev (2018) 214:129 
arXiv:1811.01967

Space Sci Rev (2018) 214:123 
arXiv:1811.01955
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Correlation MBH vs. kTgas   (Lakhchaura, Truong & Werner, arXiv:1904.10513)

Lakhchaura, Truong & Werner (subm.)

In BCGs, correlates better 
than MBH - σe !!
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   Enrichment at the outskirts… 

 Uniform Fe abundance (~0.3 solar) 

          ➔ Early enrichment (z ~ 2-3) 

   Central enrichment (in cool-core systems)… 

 Invariant in mass of the system (clusters vs. groups vs. ellipticals)! 

 Invariant in SNIa vs. SNcc contribution 

 Similar to Solar composition! 

          ➔ Early central enrichment (~BCG formation),  
              unrelated to present stellar population 

…but only Athena will provide us with direct, decisive evidence!   

Chemical enrichment in hot atmospheres

Take home messages


