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The intra-cluster medium (ICM) contains metals!
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The intra-cluster medium (ICM) contains metals!
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The intra-cluster medium (ICM) contains metals!
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The origin of (heavy) chemical elements

Core collapse supernovae (SNcc)l Type la supernovae (SNIa)|

| |

Produce: Produce:

= O, Ne, Mg, si s = si, s, Ar, Ca, Fe, Ni
Explode (and enrich) quite fast after Time delay between star formation

star formation and SNIla explosions (?)
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Fe abundance (proto-solar)

The (average) Fe profile in cool-core clusters

0.0 0.2 0.4 0.6 0.8 1.0
1 2 1 1 1 . 1 :
1' ® CHEERS clusters (Mernier et al. 2017)
: (+ scatter)
T : ¥ Suzaku outskirts sample (Urban et al. 2017)
; (+ scatter)
L ===: Perseus outskirts (Werner et al. 2013)
/¢ UGC 03957 (Tholken et al. 2016)
: f A3112 (Ezer et al. 2017)
% Virgo (Simionescu et al. 2017)
J :
¥ 9 :
- _: i\_ E' ¥ A
V- v v E 1 T
\ j N IIIIIIVIIiYIIIIII;IIII--IIIIILliIIIIIII'IIIIII
0.2 1 —k— e @ —_I9 + : +
0.0 === m = e e e e
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

r/rsoo

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




The (average) Fe profile in cool-core clusters
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0.8 1.0
¢ (Indirect) evidence for an early enrichment

m) Before the cluster assembled, more than
~10 Gyrs ago (z > 2-3)!
= Mostly via AGN feedback (and galactic winds)
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The (average) Fe profile in cool-core clusters
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CHEERS! (PI: J. de Plaa)

CHEERS stands for:
CHEmical Enrichment Rgs Sample

de Plaa et al. (2017)

® Cool-core galaxy clusters, &

® O VIl line in RGS: > 50
® Nearby (z < 0.1)

® New deep observations of 11 objects (1.6 Ms)

® + archival (public) data

‘5- 44 systems = ~4.5 Ms
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1. Central Fe abundance
(in cool-core systems)




Central Fe abundance: clusters vs. groups/ellipticals
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® Central Fe enrichment in groups/ellipticals appears lower

than in clusters (Rasmussen & Ponman 2009, Sun 2012, Yates et al. 2017)

® |[nconsistent with theoretical expectations! (Yates et al. 2017)




Central Fe abundance: clusters vs. groups/ellipticals
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For the first time, we find similar
central Fe abundances between:
® clusters

® groups

o ellipticals

(2 orders of magnitude in total mass!)
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Central Fe abundance: clusters vs. groups/ellipticals
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For the first time, we find similar
central Fe abundances between:
® clusters

® groups

o ellipticals

(2 orders of magnitude in total mass!)
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2. Chemical composition
of the ICM




Hitomi (February 2016 - March 2016)

Hitomi SXS
@ Perseus core (290 ks)
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Chemical composition of the ICM
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Abundances measured in clusters/
groups are sensitive to spectral

codes!




3. Distribution of SNla vs.
SNcc enrichment




Radial distribution of the SNla fraction
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Other recent results




Central abundance drops

. I . - - Sanders et al. (2016)

Metallicity (Solar)




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)
- It so, Ar (and Ne) should not exhibit central drops...

in
A e
o
o
©
-
()]
A
S
o)
O
©
c
(©
o

Abundance (Z4)

Centaaras | -
: | Ar __ ArfFe
— ’ 3.01 I
kS ' . _+_ + broad band
25} _L | a s ] - 2.5 4+ narrow band
3 =25 o
= — + =
N 5 i?— . < 2.0 *
21 ’ 1.5 L
; 1.5 t | S
+ -
_ 1.0
- . L 1 10 100 1 10 100
0 nlv y 4 60 a 10 1 l:_’J ) 30 <0 Radius (kpc) Radius (kpc)
tadins (spcl tadias (kpo)

Lakhchaura, Mernier & Werner (2019)

Liu, Zhai & Tozzi (2019)



How are metals distributed in merging clusters?

Cool-core

Non-coolcore”
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Nitrogen in hot atmospheres
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Direct evidence for early enrichment?

Lookback time (Gyr)
6 7

McDonald et al. (2016):

Mantz et al. (2017):

1.0 - Ettori et al. (2015):
ZZ2 0-0.15 rsqq 0 0-0.1 rsgo -’- 0-0.15 rs5qg
+ EX1 0.15-1 rsqg 0.1-0.5 rsqo '[:]' 0.15-0.4 rsqo
[ 1 0.5-1 50 A& >0.4rs00

o
o)

R
///////////////l{l.'.e -

o
o))

VII/////////////////////I L4z
T L

-.1_

©
I

[ ——

7

““““““ G222

Fe abundance (proto-solar)

A 1 /A"
A O RS

—s NN\

QO NN NS

Mernier et al. (2018c¢)

/\ = Z N N\
TR S AN
%0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 15

T T T T Z 0n?e

2 1 WARPJ1415.1
- rFe
Z15 L 2=1) ]
E =
:—2 ] [ . ] \i; L ]

f0s F ] ¢

N Lo

0 F = t+—— :

0 100 200 300

De Grandi et al. (2014)

Radius [kpc]

04 [oX 4
Redshih,

Liu et al. (2018)




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
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Athena

¢ X-IFU instrument onboard " Athena/X-IFU

® Barret et al. (2013); Ettori et al. (2013); h
Pointecouteau et al. (2013)
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@ Convenient for redshift evolution
of metals in the ICM

Improvements on
(i) Atomic codes
(ii) Nucleosynthesis yields

are required!!
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Recent reviews...
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Enrichment of the Hot Intracluster Medium: Numerical
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COrrelatiOﬂ MBH VS. kTgaS (Lakhchaura, Truong & Werner, arXiv:1904.10513)
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Take home messages

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




