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(1) Most of the metals in 
the local Universe were 

ejected from their 
parent galaxies and are 

found in the X-ray 
emitting intergalactic 

gas.  

(2) The ICM is optically 
thin and in collisional 
ionisation equilibrium, 
so abundances are 
easy to extract from 

spectra.

WHY STUDY CLUSTERS TO UNDERSTAND SUPERNOVAE??



Kepler  
(SN type Ia)
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SOURCES OF METALS IN THE ICM

In principle:  O/Fe constrains the fraction of SNIa to SNcc;  
then search for best nucleosynthesis model that reproduces observed pattern overall



R-SCIOBJ-122 
(from Ettori et al. 2013)

The Hot and Energetic Universe: The Astrophysics of galaxy groups and clusters with Athena+ 
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thermodynamic properties of the ICM differently. The amount of energy modification, its localisation within the 
cluster volume, and the time-scale over which this modification occurs, all depend on the interplay between feedback 
and cooling. These processes also influence the production and circulation of the metals.  

 
Figure 3: (Left) Expected abundance measurements with error bars for a typical cluster (AS1101) in a 100 ks X-IFU observation. 
The length of the colored bar shows the expected abundance ratios relative to solar. The colors indicate the fraction of the 
abundance produced by SNIa, SNcc and AGB stars for each individual element. Using the ensemble of cluster abundances 
measured with Athena+, constraints can be put on the SNIa explosion mechanism, the initial-mass function (IMF) of the stellar 
population and its initial metallicity.  (Right) Two simulated X-IFU spectra of a typical 3 keV cluster at z=0.05. For the red 
spectrum, only type Ia products are shown with their expected abundance ratios. For the blue spectrum, only SNcc products are 
shown. It is clear from the residuals in the lower panel that SNIa and SNcc yields produce different line spectra. By fitting the true 
abundance measurements with a combination of SNIa and SNcc model yields, their relative contribution to the total yields can be 
estimated and constraints can be put on the IMF and the SNIa explosion mechanism.   

 

The key to disentangling and understanding the respective role for each process lies in measurements of the gas entropy 
and metallicity (a direct probe of SN feedback). Entropy is generated by the shocks and gas compression during the 
hierarchical assembly process. It preserves a record of ICM cooling and heating because it always rises when energy is 
introduced and always falls when cooling carries energy away. The entropy generated by simple gravitational collapse is 
easy to predict (e.g., Voit et al 2005); deviations from this simple baseline model are due principally to the influence of 
non-gravitational processes linked to feedback and cooling. Current observations of local systems are limited to 
relatively bright objects and barely reach R500 (e.g., Sun et al. 2009, Pratt et al. 2010). Other than in a few bright objects 
(e.g., Walker et al. 2012, Eckert et al. 2013) the outskirts are inaccessible. These regions are characterised by the 
ongoing accretion of material along large-scale filaments, and show the footprints of expanding shock waves triggered 
by internal merger activity. They thus provide crucial information on the most intense events of the cosmic growth 
process that shapes the entropy distribution. These processes also cause the distribution of the ICM in these regions to 
be clumpy and asymmetric, limiting the present observational constraints in reconstructing its physical properties.  

Athena+ will routinely allow spatially-resolved measurements of the entropy distribution out to large radial distances 
(at and beyond R500), over all mass scales. This will help to localise the non-gravitational energy input and probe its 
effect over the entire halo volume from the centre to the outskirts (see Fig. 2 and A1), resolving where and how the 
accretion is taking place. Since non-gravitational effects are proportionally more effective in shallower potential wells, 
they are most noticeable in groups and poor clusters. In the present bottom-up hierarchical scenario these objects 
represent the building blocks of massive clusters and are the places where the majority of the galaxies (i.e., “cold” 
baryons) are thought to exist. With Athena+, observations of the entropy in the outskirts of nearby group-scale objects 
will be possible for the very first time. Spectra obtained with X-IFU and WFI will provide gas density and temperature 
profiles, and thus entropy and mass profiles, out to beyond R500 for nearby group-scale objects (M500 < 1014 M�, or kT 
~ 2 keV). In combination with observations of distant objects, these measurements will allow the sources of non-
gravitational feedback, their influence within the cluster volume, their dependence on mass, and the timescales on 
which they operate, to be pinned down. The case of entropy and abundance evolution is discussed in more detail in 
Pointecouteau, Reiprich et al. (2013, Athena+ supporting paper).  

 

"Two simulated X-IFU spectra of 
a typical 3 keV cluster […] By 

fitting the true abundance 
measurements with a 

combination of SNIa and SNcc 
model yields […] constraints 

can be put on the IMF and the 
SNIa explosion mechanism. “

Supernova nucleosynthesis constraints with Athena



The first high-resolution micro-calorimeter spectrum of the ICM

Hitomi SXS 
~280ks observation



SNIA NUCLEOSYNTHESIS CONSTRAINTS FROM HITOMI

Hitomi Collaboration 2017, Nature
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Figure 3: Comparison between the observed abundances and theoretical calculations for the Fe-peak
elements. The black data points are identical to the red circles in Fig. 2, indicating the SXS-measured
abundance ratios relative to the solar abundances.25 The error bars include both statistical uncertainty at
a 1σ confidence level and systematic uncertainty. The magenta arrows indicate the 1σ lower limit of the
XMM-Newton measurements for the 44 objects.4 The blue, green, and gray regions represent the theoretical
predictions for SNe Ia from the near-MCh delayed-detonation explosion,9 sub-MCh violent merger,10 and
single sub-MCh WD,11 respectively. In each model, contributions from CC SNe27 are also taken into account
(see text). The red lines assume equal contributions of near-MCh SNe Ia and sub-MCh violent mergers,
providing a reasonable fit to the data.

27



WHAT ABOUT CONSTRAINTS ON SNCC NUCLEOSYNTHESIS?



O
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Ne / Fe-L

Si S
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Fe/Ni

The fraction of SNIa to SNcc enriching the ICM is most sensitive to O/Fe 
—> 

combine power of XMM-Newton RGS at low energies and Hitomi SXS 
(+latest atomic line emission data)!



(1) some elements are now measured more accurately in a cluster of 
galaxies 240 million ly away than in our own solar neighbourhood!

(2) this accuracy could not have been achieved without high-resolution 
spectroscopy!

Simionescu et al. 2018, submitted, 
arXiv180600932





Chisq ~ 28.16 
for ~ 8 d.o.f.

‘1.1-0.9’ double degenerate SNIa model has a lot of unbound material 
— high production of Si, S; New "dynamically-driven double-
degenerate double- detonation” scenario helps (a bit); Chisq 23.96/8 

Most Si,S,Ar production from SNcc!

“Abundance ratios in Perseus ICM are solar” 
Chisq ~ 10.7 for ~ 10 d.o.f.



Chisq ~ 15.73 
for ~ 8 d.o.f.

Homework before XRISM/Athena: explore parameter space of neutrino 
driven SNcc explosions and produce a range of models we can use!



With XRISM:

- calorimeter measurements for O, Ne, Mg 
- expand sample to more (local) galaxy 

clusters 
- odd-z elements (Na, Al, Cl) sensitive to 

initial metallicity of SNcc progenitors!

With Athena:

- detailed spatial studies  
of enrichment pattern [from immediate 

vicinity of BCG to bulk of ICM!] 
- expand sample to higher redshift 

- other odd-z elements (P, K, Ti, Co)


