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The intracluster medium (ICM)

Abell 1835 (z = 0.25)
X-ray Optical

Galaxy clusters are filled with a hot (107 − 108 [K]), low density
gas (ne ∼ 10−4 − 10−2 [cm−3]) which traces the dark matter
halo
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Hot gas in large-scale structures

Illustris TNG Simulation

Most of the baryons in the Universe are so hot that they will
probably never form stars
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Hydrostatic equilibrium

The dynamics of an inviscid, collisional
fluid is described by the Euler equation

∂v
∂t

+ (v · ∇)v +
1
ρ
∇P = −∇Φ

In case the gas is at rest in a spherically
symmetric potential well, it reduces to the
hydrostatic equilibrium equation,

dP
dr

= −ρdΦ

dr

The pressure gradient induces a
repulsive force which balances gravity
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Hydrostatic bias
If the energy is not completely thermalized, hydrostatic
equilibrium masses are biased low

Nelson et al. 2014 Biffi et al. 2016

In the presence of random motions the total pressure becomes

Ptot ≈ Pth +
1
3
ρσ2

v
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Non-thermal processes in galaxy clusters

A fraction of the energy in clusters is not thermalized

Vazza et al. 2015 Lau et al. 2009

Non-thermal energy can be in the form of bulk motions,
turbulence, magnetic fields, cosmic rays...
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Turbulence in the ICM

Vazza et al. 2011

Turbulence is expected to be the dominant non-thermal
component in the ICM (e.g. Rasia et al. 2006; Lau et al. 2009;
Nelson et al. 2014)
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Particle acceleration
• Radio halos are diffuse

Mpc-scale radio sources
coincident with X-ray
emission

• Implies the existence of
volume-filling ∼GeV
electrons and ∼ µG
magnetic fields

• The cluster population is
split between radio-quiet
and radio-halo systems
(Cassano et al.
2010,2013; Cuciti et al.
2015)

The Astrophysical Journal, 777:141 (14pp), 2013 November 10 Cassano et al.

Figure 2. Left panel: distribution of clusters in the P1.4 − L500 plane. Right panel: distribution of clusters in P1.4 − L500,cor plane. In both panels, different symbols
indicate halos belonging to the EGRHS (blue filled dots); halos from the literature (black open dots); halos with very steep spectra (USSRH, green asterisks); A1995
and Bullet cluster (blue stars); cool core clusters belonging to the EGRHS (magenta arrows). Best-fit relations to giant RHs only (black lines) and to all RHs (including
USSRH, green dashed lines) are reported. The 95% confidence regions of the best-fit relations obtained for giant RHs only are also reported (shadowed regions).
(A color version of this figure is available in the online journal.)

5. RADIO–X-RAY LUMINOSITY CORRELATION
AND THE BIMODALITY

It is well known that the radio luminosity of halos at 1.4 GHz
scales with the X-ray luminosity of the hosting clusters (e.g.,
Liang et al. 2000; Feretti 2002, 2003; Enßlin & Röttgering
2002; Cassano et al. 2006; Brunetti et al. 2009; Giovannini
et al. 2009). This correlation has been used to claim that a
correlation should also exist between the radio power and the
virial mass of the host cluster (e.g., Cassano et al. 2006). Deep
upper limits to the radio flux density of clusters with no RH
emission at 610 MHz, which were a factor of ∼3–20 below the
correlation, were obtained from the GRHS and its extension19

allowing to validate the correlation itself and to discover the
radio bimodality (e.g., Brunetti et al. 2007).

In previous papers, the distribution of galaxy clusters in the
radio–X-ray luminosity diagram, and the scaling relation be-
tween the two quantities, were based on non-homogeneous radio
and X-ray measurements. In particular, the radio luminosities of
halos were collected from the literature and X-ray luminosities
were taken from RASS-based cluster catalogs. Here we recom-
puted the radio flux densities of well known RHs by reanalyzing
observations from the archives (as outlined in Section 3.1). For
all clusters, we computed the 0.1–2.4 keV X-ray luminosities
within R500 from pointed ROSAT and Chandra observations (see
Section 3.2).

In Figure 2, (left panel) we show the distribution of clusters
in the P1.4 − L500 diagram. We report with different colors
clusters belonging to the EGRHS (blue points and blue and
magenta arrows) and halos from the literature (black points).
This is necessary, since the comparison between RH powers
and upper limits makes sense only for those clusters observed

19 Previous attempts to compare upper limits and the correlation can be found
in Dolag (2006).

within the same redshift range, and this is possible only for
clusters belonging to the EGRHS. Halos from the literature
follow the same distribution of halos from the EGRHS, and thus
we use them to draw the correlation. RH clusters appear to follow
a well-defined correlation between the halo radio power and
L500. Being steeper than other halos, ultra-steep spectrum RH
(green asterisks) are, in general, under-luminous with respect
to this correlation. Remember that the position of USSRH in
the P1.4 − L500 diagram cannot be compared with that of the
upper limits as the latter were scaled at 1.4 GHz using α = 1.3.
We find a bimodal distribution of clusters with the presence of
two distinct populations, that of radio-halo clusters and that of
radio-quiet clusters. For values of L500 ! 5 × 1044 erg s−1,
clusters with upper limits to the radio power (blue and magenta
arrows) are all located below the 95% confidence region of the
correlation.

As the EGRHS is based on X-ray-selected clusters, one may
suspect that the bimodality could be caused by the presence
of cool-core clusters, which are brighter in X-ray and do not
host giant radio-halos. With the idea to test the bimodality
against the presence of cool-core clusters in the EGRHS,
we derive the distribution of clusters in the P1.4 − L500,cor
diagram (Figure 2, right panel). We highlight the position of
cool-core clusters (identified as outlined in Section 3.3, magenta
arrows in Figures 2). As expected, the X-ray luminosity of
cool-core clusters is significantly reduced going from L500
to L500,cor.

However, the bimodal behavior in the halo radio power also
remains in the P1.4 − L500,cor diagram. Also, in this case, if we
restrict to clusters with L500,cor ! 5 × 1044 erg s−1, upper limits
are all below the 95% confidence region of the correlation. We
may thus conclude that the observed radio bimodality is not
driven by the presence of cool-core clusters without diffuse
radio emission in the EGRHS. We fit the observed P1.4 − L500

8

Cassano et al. 2013
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AGN feedback
AGN outflows interact with the ICM and generate gas motions
(bubbles, shocks, turbulence...) preventing cooling

Perseus, Zhuravleva et al. 2014
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AGN feedback
AGN outflows interact with the ICM and generate gas motions
(bubbles, shocks, turbulence...) preventing cooling

NGC 5813, Randall et al. 2015



Introduction Thermal processes Gas motions Metal enrichment

XRISM galaxy cluster science in a nutshell
How does the ICM become so hot ? How does the ICM remain so hot ?
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Collisional ionization equilibrium (CIE) spectra
Below ∼ 107 [K] line cooling dominates; continuum dominates
at high temperatures

See talk by Jelle Kaastra
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Model spectra
Example CIE spectra from the Advanced Plasma Emission
Code (APEC) ; alternative is SPEXACT

Sanders 2023

The spectral shape of the continuum depends on electron
temperature
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Model spectra
Example CIE spectra from the Advanced Plasma Emission
Code (APEC) ; alternative is SPEXACT

Sanders 2023

Line ratios probe ionization balance
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Line ratio temperatures

The emissivity of individual ion species depends on the
ionization state, i.e. on temperature
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Hitomi/SXS Perseus observation
Hitomi obtained ∼5 eV resolution spectra of the Perseus cluster

Hitomi Collaboration 2018a
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Hitomi/SXS Perseus observation

Zoom on the Fe XXV (He-α) complex

Hitomi Collaboration 2018a

Resonant (w), intercombination (x , y ) and forbidden line (z)
spectrally resolved
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Line ratio temperatures /2

With high-resolution X-ray spectra it is possible to determine
the temperature of individual ions

Hitomi Collaboration 2018a

Line ratios consistent with collisional equilibrium with electrons
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Broadening of various ion species
For a given non-thermal velocity dispersion σv , the total line
width will be given by

σtot =
√
σ2

v + σ2
th , σth ∝ m−1/2

Hitomi Collaboration 2017b

Thermal broadening consistent with electron (i.e. continuum)
temperatures
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Line broadening

1 1 8  |  N A T U R E  |  V O L  5 3 5  |  7  J U L Y  2 0 1 6

LETTERRESEARCH

we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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Hitomi Collaboration 2016

A line broadening of σv = 164± 10 km/s is detected
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Line broadening
LETTERRESEARCH

Extended Data Figure 4 | Confidence contours for joint fits of redshift z and velocity broadening σv are compared. The three line complexes have  
been fitted independently. The contours are plotted at χ + .2 3min

2  (68%, two parameters) and χ + .6 17min
2  (95%). The three fits give consistent redshifts  

(with the one to which the data were self-calibrated) and broadening.

© 2016 Macmillan Publishers Limited. All rights reserved

Hitomi Collaboration 2016

Consistent information in 3 different transitions
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Bulk gas motions

We observe a gradient of 150 km/s in mean gas velocity
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Gas motion distribution

Hitomi Collaboration 2016

Higher velocity dispersion (∼ 200 km/s) around the
AGN-inflated cavities; low σv ≈ 100 km/s beyond them
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Non-thermal energy in Perseus
• Given the thermal pressure Pth = k

µmp
ρT and the total

pressure Ptot ≈ Pth + 1
3ρσ

2
v we can write

PNT

Ptot
≈ σ2

v

σ2
v + 3kT/µmp

• The speed of sound in the medium is

cs =

(
γkT
µmp

)1/2

≈ 1,000 [km/s], M =
σv

cs
≈ 0.16

• Therefore

PNT

Ptot
=

M2

M2 + 3/γ
< 0.04

• Non-thermal energy in the core of Perseus is dynamically
unimportant
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Resonant scattering
The optical depth of some lines can be of order ∼unity

Photons at the precise line energy can be absorbed and
immediately re-emitted in another direction
⇒ Reduction in line flux

This is the case of the resonant (w) line of the Fe XXV He-α
complex
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Resonant scattering in Hitomi data

Hitomi Collaboration 2017b

Suppression of the resonant line clearly detected with respect
to optically thin case
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Resonant scattering in Hitomi data

Hitomi Collaboration 2017b

Evidence for low turbulent velocities : line shifts would change
the energy of photons and decrease resonant scattering
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Metallicity of the ICM
The ICM is enriched in heavy elementsA&A proofs: manuscript no. AA-2016-29926

Fig. 3. Example stacked RGS spectrum of NGC 5846. 1T, 2T and GDEM model fits are shown. The colored line labels indicate the most probable
origin of the element, e.g. SNIa, SNcc, or AGB stars. On the right, the residuals for the three models are shown.

average temperature and the same total emission measure pro-
duce very similar X-ray spectra that are usually statistically in-
distinguishable from each other. These DEM models do yield
somewhat different abundances when fitted to spectra, therefore
multi-temperature structure is a source of systematic uncertainty
for abundances that needs to be addressed (see Section 5.2).

In all the DEM models, it is implicitly assumed that the
abundances in the plasma are the same for all temperature com-
ponents in the region where the spectrum was extracted. With
the current spectral resolution, it is in most cases very hard or
even impossible to resolve individual thermal components and
to uniquely determine abundances for each temperature. There-
fore, we need this assumption to obtain stable fit solutions. This
means that the abundances that we measure are essentially emis-
sion weighted average abundances in the fitted region.

3.3.1. 1CIE and 2CIE modeling

All spectra are initially fitted using two temperature components
(in Collisional Ionisation Equilibrium, CIE). The temperatures
and emission measures of the two components are left to vary.
If one of the components is poorly constrained, a single tem-
perature or GDEM model is chosen. The abundances of both
components are coupled to each other in order to be consistent
with the DEM models where it is assumed that all temperature
components have the same abundance.

3.3.2. WDEM model

One of the differential emission measure models we use is
the so-called wdem model, where the emission measure, Y =∫

nenHdV , of a number of thermal components is distributed as
a truncated power law. This is shown in Eq. (2) adapted from
Kaastra et al. (2004a):

dY
dT
=

{
cT 1/α βTmax ≤ T < Tmax
0 T > Tmax ∨ T < βTmax.

(2)

This distribution is cut off at a fraction of Tmax which is βTmax.
The value of β is set to 0.1 in this study, which roughly corre-
sponds to the lowest temperatures that are typically detectable
with RGS. The model above is an empirical parametrisation of
the DEM distribution found in the cores of cool-core clusters
(Kaastra et al. 2004a; Sanders et al. 2010). In this form the limit
α→ 0 yields the isothermal model at Tmax.

3.3.3. GDEM model

Another DEM model that we use is a Gaussian differential emis-
sion measure distribution, gdem, in log T (de Plaa et al. 2006):

Y(x) =
Y0

σT
√

2π
e−(x−x0)2/2σ2

T . (3)

In this equation x = log T and x0 = log T0 where T0 is the
average temperature of the distribution. The width of the Gaus-
sian is σT. Compared to the wdem model this distribution con-
tains more emission measure at higher temperatures. This model

Article number, page 6 of 16

XMM-Newton/RGS, De Plaa et al. 2017

Abundance patterns tell us about the chemical enrichment
history
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Metallicity of the ICM
The ICM is enriched in heavy elementsA&A proofs: manuscript no. AA-2016-29926

Fig. 3. Example stacked RGS spectrum of NGC 5846. 1T, 2T and GDEM model fits are shown. The colored line labels indicate the most probable
origin of the element, e.g. SNIa, SNcc, or AGB stars. On the right, the residuals for the three models are shown.

average temperature and the same total emission measure pro-
duce very similar X-ray spectra that are usually statistically in-
distinguishable from each other. These DEM models do yield
somewhat different abundances when fitted to spectra, therefore
multi-temperature structure is a source of systematic uncertainty
for abundances that needs to be addressed (see Section 5.2).

In all the DEM models, it is implicitly assumed that the
abundances in the plasma are the same for all temperature com-
ponents in the region where the spectrum was extracted. With
the current spectral resolution, it is in most cases very hard or
even impossible to resolve individual thermal components and
to uniquely determine abundances for each temperature. There-
fore, we need this assumption to obtain stable fit solutions. This
means that the abundances that we measure are essentially emis-
sion weighted average abundances in the fitted region.

3.3.1. 1CIE and 2CIE modeling

All spectra are initially fitted using two temperature components
(in Collisional Ionisation Equilibrium, CIE). The temperatures
and emission measures of the two components are left to vary.
If one of the components is poorly constrained, a single tem-
perature or GDEM model is chosen. The abundances of both
components are coupled to each other in order to be consistent
with the DEM models where it is assumed that all temperature
components have the same abundance.

3.3.2. WDEM model

One of the differential emission measure models we use is
the so-called wdem model, where the emission measure, Y =∫

nenHdV , of a number of thermal components is distributed as
a truncated power law. This is shown in Eq. (2) adapted from
Kaastra et al. (2004a):

dY
dT
=

{
cT 1/α βTmax ≤ T < Tmax
0 T > Tmax ∨ T < βTmax.

(2)

This distribution is cut off at a fraction of Tmax which is βTmax.
The value of β is set to 0.1 in this study, which roughly corre-
sponds to the lowest temperatures that are typically detectable
with RGS. The model above is an empirical parametrisation of
the DEM distribution found in the cores of cool-core clusters
(Kaastra et al. 2004a; Sanders et al. 2010). In this form the limit
α→ 0 yields the isothermal model at Tmax.

3.3.3. GDEM model

Another DEM model that we use is a Gaussian differential emis-
sion measure distribution, gdem, in log T (de Plaa et al. 2006):

Y(x) =
Y0

σT
√

2π
e−(x−x0)2/2σ2

T . (3)

In this equation x = log T and x0 = log T0 where T0 is the
average temperature of the distribution. The width of the Gaus-
sian is σT. Compared to the wdem model this distribution con-
tains more emission measure at higher temperatures. This model
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Uniform metallicity in cluster outskirts 5

Table 4. The CXFB model parameters for the individual clusters. The four CXFB model components we used are the power-law component (PL), the Galactic
halo (GH), the hot foreground component (HF) and the Local Hot Bubble (LHB). Subscript n stands for normalization, kT for temperature and ind for index.
Normalizations are in units of

R
nenH dV ⇥ 10�14

4⇡[DA(1+z)]2
1

202⇡
cm�5 arcmin�2.

PLind PLn⇥104 GHkT GHn⇥103 HFkT HFn⇥104 LHBkT LHBn⇥104

A 262 1.43+0.05
�0.05 9.38+0.67

�0.64 0.18+0.01
�0.01 2.82+0.13

�0.19 0.94+0.04
�0.05 2.59+0.12

�0.22 0.103+0.002
�0.002 9.01+0.18

�0.30

A 1795 1.38+0.05
�0.08 10.07+0.84

�0.79 0.22+0.01
�0.01 0.91+0.18

�0.08 N/A N/A 0.10+0.01
�0.01 49.10+0.26

�0.36

A 1689 1.34+0.04
�0.03 9.16+0.47

�0.41 0.18+0.01
�0.02 2.43+0.50

�0.40 0.59+0.05
�0.03 2.11+0.64

�0.32 0.10+0.01
�0.01 13.65+0.23

�0.20

Hydra A 1.39+0.07
�0.09 8.61+1.15

�0.90 0.12+0.01
�0.01 4.45+1.40

�1.30 0.79+0.11
�0.16 1.91+0.36

�0.16 0.10+0.01
�0.01 9.53+1.20

�1.20

A 2029 1.25+0.07
�0.08 7.01+0.69

�0.63 0.18+0.01
�0.02 6.18+1.15

�1.05 0.58+0.02
�0.01 13.95+0.90

�1.30 0.10+0.01
�0.01 13.4+0.19

�0.37

A 2204 1.49+0.10
�0.10 12.52+1.62

�1.47 0.227+0.008
�0.005 10.63+0.45

�2.25 0.61+0.02
�0.02 10.25+0.22

�0.12 0.13+0.06
�0.01 17.50+1.08

�2.00

A 2142 1.37+0.06
�0.05 9.19+0.64

�0.61 0.146+0.004
�0.004 4.88+55

�0.55 0.64+0.06
0.02 2.51+0.14

�0.22 0.09+0.01
�0.01 7.33+0.60

0.30

A 133 1.54+0.10
�0.07 10.37+1.27

�0.95 0.147+0.012
�0.006 1.93+0.58

�0.20 0.61+0.06
�0.16 1.18+0.35

�0.20 0.08+0.01
�0.01 7.33+0.65

�0.90

AWM 7 1.52+0.02
�0.05 11.5+0.30

�0.72 0.150+0.004
�0.002 3.60+0.13

�0.23 0.78+0.02
�0.02 4.16+0.14

�0.12 0.09+0.01
�0.01 9.65+0.10

�0.07
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Figure 1. Iron abundance measurements in our cluster sample plotted as a function of radius scaled to r200. On average, the iron abundances peak in the cores
of the clusters and decrease as a function of radius, flattening at radii r > 0.25r200. The average metallicity is shown as blue solid line. The dashed line shows
the best fit metallicity reported by Werner et al. (2013) for the Perseus cluster.

moved the measurements immediately outside 0.25r200 from the
subsequent analysis.

3 RESULTS

The best fit normalizations, temperatures and metallicities for the
individual clusters are shown in the bottom panels of Figures A1–
A9. Most of the systems in our sample are so-called cooling core
clusters with bright, relatively cool, metal-rich cores. To the iron

abundance measurements in this work, we also added the iron abun-
dances measured for the non-cool core Coma cluster by Simionescu
et al. (2013).

Fig. 1 shows all metallicity measurements in our cluster sam-
ple plotted as a function of radius scaled to r200. The average
metallicity (shown with the solid blue line) peaks in the central
region and decreases as a function of radius, flattening at radii
r > 0.25r200. We tested our results for biases associated with pos-
sible multi-temperature structure by fitting the data both in the full
spectral band and above 2 keV. At radii r > 0.25r200 the two fits

c� 0000 RAS, MNRAS 000, 000–000

Ghizzardi et al. 2020 Urban et al. 2017

The ICM exhibits ∼constant metallicity of 0.2− 0.3Z� out to
R500
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Fig. 5. Individual radial X/Fe ratio measurements averaged over the full sample. The error bars contain the statistical uncertainties and MOS-pn
uncertainties (Sect. 4.3) except for the O/Fe abundance profiles, which are only measured with MOS. The corresponding shaded areas show the
scatter of the measurements. The average X/Fe abundance ratios (and their uncertainties) measured in the ICM core by Mernier et al. (2016a),
namely (X/Fe)core, are also plotted.
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Abundance ratios are consistent with Solar; no observed radial
trend
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Table 3. Results of various combinations of (one-dimensional) SN fits to the average ICM abundance pattern (see Paper II for details).

SNcc SNIa SNIa
SNIa+SNcc

SNIa(Ca)
SNIa �2/d.o.f.

Nomoto Classical �
Z0.008 WDD2 0.27 � 6.7/8
Z0.004 WDD2 0.29 � 6.9/8
Z0.004 CDD2 0.27 � 7.0/8
Z0.008 CDD2 0.26 � 7.7/8
Z0.02 WDD2 0.25 � 8.9/8

Nomoto Bravo �
Z0.004 DDTc 0.30 � 6.4/8
Z0.008 DDTc 0.28 � 6.5/8
Z0_cut DDTc 0.28 � 8.4/8
Z0.02 DDTc 0.26 � 9.0/8

Z0.001 DDTc 0.32 � 10.4/8
Nomoto Classical Ca-rich gap
Z0.008 WDD2 CO.5HE.2C.3(*) 0.30 0.08 3.1/7
Z0.004 WDD2 CO.5HE.2C.3(*) 0.32 0.07 3.5/7
Z0.004 CDD2 CO.5HE.2C.3(*) 0.30 0.08 3.6/7
Z0.008 CDD2 CO.5HE.2C.3(*) 0.29 0.09 4.0/7
Z0.02 WDD2 CO.5HE.2C.3(*) 0.29 0.10 4.6/7

Notes. In each case, only one SNcc model has been fitted (Zinit = 0, 0.001, 0.004, 0.008, or 0.02; Salpeter IMF), and we only show the five best
fits, sorted by increasing �2/d.o.f. (degrees of freedom). The choice of the CO.5HE.2C.3 model, indicated by a (*), has been fixed (see text).

Fig. 7. Average abundance ratios versus atomic numbers in the average ICM abundance pattern (Paper II). The histograms show the yields
contribution of a best-fit combination SNIa and SNcc models. Left: the SNIa model is a Bravo model (see text and Paper II). Right: the SNIa
model is a Classical model. To reproduce succesfully the Ca/Fe ratio, we add a Ca-rich gap model (see text and Paper II).

1 of Paper II, where the old (SPEXACT v2) abundance ratios
were taken as a reference. Back to that study, we encountered
problems in recovering the Ca/Fe ratio, as the latter was system-
atically underestimated in the case of any "Nomoto+Classical"
combination. We also showed that the Ca/Fe ratio can be bet-
ter recovered if we use a Bravo instead of a Classical model as
the SNIa enriching contribution (see also de Plaa et al. 2007). As
Badenes et al. (2006) demonstrated that the Bravo DDTa, DDTc,
and DDTe models successfully reproduce most of the spectral
features of the Tycho SN remnant, these models are believed to
be as realistic as the Classical ones. Alternatively, the excess of
Ca might come from the Ca-rich gap transients. These recently
discovered SNIa usually explode far away from their galaxy host
and are particularly e�cient in releasing Ca via their ejecta (see

also Mulchaey et al. 2014). The latter possibility has been tested
in Paper II by adopting the Ca-rich gap transient nucleosynthe-
sis models of Waldman et al. (2011) as an additional compo-
nent to the previous SNIa+SNcc combinations. Among these,
we systematically adopted the CO.5HE.2C.3 model, because it
successfully reproduced our measured Ca/Fe ratio while keep-
ing the enriching fraction of Ca-rich SNe over the total number
of SNIa consistent with current observations (<20%; Perets et al.
2010; Li et al. 2011; Mulchaey et al. 2014). Since our updated
Ca/Fe ratio is measured very close to the old one (albeit with
a slightly larger total uncertainty), the whole picture described
in Paper II is very similar to our present results. The best one-
dimensional fits incorporating a solution to the Ca/Fe (i.e. the

Article number, page 8 of 11

A&A proofs: manuscript no. Radial_abundances_hk

Fig. 16. Radial dependency of the SNIa fraction contributing to the ICM
enrichment ( fSNIa). Two combinations of SN yield models were adopted
successively (see text). The corresponding shaded areas show the uncer-
tainties when accounting for the scatter of the measurements. For each
combination, the dotted line corresponds to fSNIa estimated within the
core (0.2r500 or 0.05r500), averaged over the full sample (see Mernier
et al. 2016b).

dance pattern within the ICM core (0.2r500 or 0.05r500; Mernier
et al. 2016b):

1. The one-dimensional delayed-detonation SNIa yield model
("DDTc") introduced in Badenes et al. (2005) that repro-
duces the spectral features of the Tycho supernova rem-
nant (Badenes et al. 2006), combined with the SNcc yield
model from Nomoto et al. (2013) assuming an initial metal-
licity of stellar progenitors of Zinit = 0.001, and averaged
over a Salpeter IMF (Salpeter 1955) between 10 and 40 M�
("Z0.001");

2. The three-dimensional delayed-detonation SNIa yield model
("N100H") from Seitenzahl et al. (2013), combined with the
SNcc yield model from Nomoto et al. (2013), assuming an
initial metallicity of stellar progenitors of Zinit = 0.008 and
IMF-averaged similarly as for the Z0.001 model ("Z0.008").

We fit the X/Fe abundance pattern measured in each radial bin
(Fig. 5) successively with these two combinations of models.
This allows us to estimate fSNIa, the fraction of SNIa over the
total number of SNe (i.e. SNIa+SNcc) contributing to the en-
richment, as a function of the radial distance. This is shown in
Fig. 16 (full sample) and Fig. 17 (clusters, left panel; groups,
right panel). In all the (sub)samples, fSNIa is fully consistent with
being uniform up to ⇠0.5r500, and agrees very well with the av-
erage values found in the ICM core (Mernier et al. 2016b, dotted
horizontal lines in the figures). In some radial bins, we observe
slight but significant (>1�) deviations from these core-averaged
values. For example, we cannot exclude a slight increase of fSNIa
in groups, at least from ⇠0.01r500 to ⇠0.1r500. However, these
deviations completely vanish when we account for the scatters
of Fig. 5 in the estimation of fSNIa (shaded areas). Such a radi-
ally uniform fraction has also been recently measured in A 3112
(Ezer et al. 2016).

As discussed in Sect. 6, the average values may be af-
fected by systematic uncertainties and accounting for the scat-
ters is conservative enough to keep all the systematic e↵ects
under control. Consequently, and although the flat radial be-
haviour of fSNIa based on the average X/Fe ratios is quite remark-

able (at least in clusters), we cannot fully exclude a changing
SNIa/SNcc contribution to the enrichment beyond ⇠0.2r500 in
clusters and/or groups. Finally, and unsurprisingly, we find that
a di↵erent choice of SN yield models only a↵ects the absolute
average fSNIa value and not its relative radial distribution.

Implications for the enrichment history of the ICM

As discussed throughout this paper, our results are fully con-
sistent with a uniform contribution of SNIa (SNcc) products
in the ICM from its very centre up to (at least) ⇠0.5r500. Al-
though, accounting for various systematic uncertainties (includ-
ing the population scatter, which dominates over the other un-
certainties even at large radius), we cannot fully exclude an in-
crease/decrease in the SNIa contribution to the enrichment out-
side ⇠0.2r500, we do not observe a clear trend supporting that
scenario. If true, the uniform radial contribution of SNIa prod-
ucts in the ICM has interesting consequences, as it provides
valuable constraints on the enrichment history of galaxy clus-
ters/groups.

One of the main pictures (Sect. 1) that had been proposed to
explain the results showing a flat O profile in the previous liter-
ature, is that the bulk of SNcc events would have exploded early
on, during or shortly before the formation of clusters/groups
(⇠10 Gyr ago), and their products would have e�ciently dif-
fused within the entire cluster. The Fe central excess, tracing the
SNIa products, would then mostly originate from the BCG at
later cosmic time, hence supporting the idea that SNIa explode
significantly later than the time required for more massive stars
to release (mostly via SNcc explosions) and di↵use their metals
into the ICM. One issue with this scenario was that, whereas one
should expect a shallower Si profile than the Fe profile (since
Si is synthesised by both SNIa and SNcc), many previous stud-
ies reported a constant (e.g. Sanders & Fabian 2006a; Sato et al.
2008) or sometimes even decreasing (Million et al. 2011) Si/Fe
ratio across radius. To solve this paradox, Finoguenov et al.
(2002) propose a diversity of SNIa to contribute to the ICM en-
richment: promptly exploding SNIa (whose products are sup-
posed to be e�ciently mixed over the whole cluster) produce
less Si than SNIa with longer delay times (mostly enriching the
cluster core). Since our results suggest a uniform contribution of
SNIa (SNcc) products in the core and in the outskirts, invoking a
diversity in SNIa (as well as in their delay times) is not required
anymore, and alternative scenarii should be considered.

In their study of the chemical enrichment in Hydra A,
Simionescu et al. (2009) found that the central O excess can be
explained either if stellar winds are 3 to 8 times more e�cient in
releasing metals than previously predicted, or if 3–8 ⇥ 108 SNcc
had exploded in the cluster core over the last ⇠10 Gyr. Alterna-
tively, ram-pressure stripping may help to build a central peak
of SNcc (and SNIa) products from infalling cluster galaxy mem-
bers (Domainko et al. 2006); however such a process should also
occur at rather large distances (⇠1 Mpc), while the O excess is
only observed in Hydra A within ⇠120 kpc. Similarly, Million
et al. (2011) found centrally peaked profiles for eight elements
in the core of M 87. In addition to the peaked Mg profile, they
measured a steeper gradient for Si and S than for Fe, and inter-
pret their findings as the result of e�cient enriching winds from
a central pre-enriched stellar population and/or intermittent for-
mation of massive stars in the BCG.

If the central O (and/or Mg) excess is indeed due to a sig-
nificant amount of concentrated SNcc explosions in the cluster
core, one relevant question is whether this SNcc peak was pro-
duced prior to the formation of the BCG, or by the BCG itself at a
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and SNcc throughout the ICM
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Table 3. Results of various combinations of (one-dimensional) SN fits to the average ICM abundance pattern (see Paper II for details).

SNcc SNIa SNIa
SNIa+SNcc

SNIa(Ca)
SNIa �2/d.o.f.

Nomoto Classical �
Z0.008 WDD2 0.27 � 6.7/8
Z0.004 WDD2 0.29 � 6.9/8
Z0.004 CDD2 0.27 � 7.0/8
Z0.008 CDD2 0.26 � 7.7/8
Z0.02 WDD2 0.25 � 8.9/8

Nomoto Bravo �
Z0.004 DDTc 0.30 � 6.4/8
Z0.008 DDTc 0.28 � 6.5/8
Z0_cut DDTc 0.28 � 8.4/8
Z0.02 DDTc 0.26 � 9.0/8

Z0.001 DDTc 0.32 � 10.4/8
Nomoto Classical Ca-rich gap
Z0.008 WDD2 CO.5HE.2C.3(*) 0.30 0.08 3.1/7
Z0.004 WDD2 CO.5HE.2C.3(*) 0.32 0.07 3.5/7
Z0.004 CDD2 CO.5HE.2C.3(*) 0.30 0.08 3.6/7
Z0.008 CDD2 CO.5HE.2C.3(*) 0.29 0.09 4.0/7
Z0.02 WDD2 CO.5HE.2C.3(*) 0.29 0.10 4.6/7

Notes. In each case, only one SNcc model has been fitted (Zinit = 0, 0.001, 0.004, 0.008, or 0.02; Salpeter IMF), and we only show the five best
fits, sorted by increasing �2/d.o.f. (degrees of freedom). The choice of the CO.5HE.2C.3 model, indicated by a (*), has been fixed (see text).

Fig. 7. Average abundance ratios versus atomic numbers in the average ICM abundance pattern (Paper II). The histograms show the yields
contribution of a best-fit combination SNIa and SNcc models. Left: the SNIa model is a Bravo model (see text and Paper II). Right: the SNIa
model is a Classical model. To reproduce succesfully the Ca/Fe ratio, we add a Ca-rich gap model (see text and Paper II).

1 of Paper II, where the old (SPEXACT v2) abundance ratios
were taken as a reference. Back to that study, we encountered
problems in recovering the Ca/Fe ratio, as the latter was system-
atically underestimated in the case of any "Nomoto+Classical"
combination. We also showed that the Ca/Fe ratio can be bet-
ter recovered if we use a Bravo instead of a Classical model as
the SNIa enriching contribution (see also de Plaa et al. 2007). As
Badenes et al. (2006) demonstrated that the Bravo DDTa, DDTc,
and DDTe models successfully reproduce most of the spectral
features of the Tycho SN remnant, these models are believed to
be as realistic as the Classical ones. Alternatively, the excess of
Ca might come from the Ca-rich gap transients. These recently
discovered SNIa usually explode far away from their galaxy host
and are particularly e�cient in releasing Ca via their ejecta (see

also Mulchaey et al. 2014). The latter possibility has been tested
in Paper II by adopting the Ca-rich gap transient nucleosynthe-
sis models of Waldman et al. (2011) as an additional compo-
nent to the previous SNIa+SNcc combinations. Among these,
we systematically adopted the CO.5HE.2C.3 model, because it
successfully reproduced our measured Ca/Fe ratio while keep-
ing the enriching fraction of Ca-rich SNe over the total number
of SNIa consistent with current observations (<20%; Perets et al.
2010; Li et al. 2011; Mulchaey et al. 2014). Since our updated
Ca/Fe ratio is measured very close to the old one (albeit with
a slightly larger total uncertainty), the whole picture described
in Paper II is very similar to our present results. The best one-
dimensional fits incorporating a solution to the Ca/Fe (i.e. the
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Fig. 16. Radial dependency of the SNIa fraction contributing to the ICM
enrichment ( fSNIa). Two combinations of SN yield models were adopted
successively (see text). The corresponding shaded areas show the uncer-
tainties when accounting for the scatter of the measurements. For each
combination, the dotted line corresponds to fSNIa estimated within the
core (0.2r500 or 0.05r500), averaged over the full sample (see Mernier
et al. 2016b).

dance pattern within the ICM core (0.2r500 or 0.05r500; Mernier
et al. 2016b):

1. The one-dimensional delayed-detonation SNIa yield model
("DDTc") introduced in Badenes et al. (2005) that repro-
duces the spectral features of the Tycho supernova rem-
nant (Badenes et al. 2006), combined with the SNcc yield
model from Nomoto et al. (2013) assuming an initial metal-
licity of stellar progenitors of Zinit = 0.001, and averaged
over a Salpeter IMF (Salpeter 1955) between 10 and 40 M�
("Z0.001");

2. The three-dimensional delayed-detonation SNIa yield model
("N100H") from Seitenzahl et al. (2013), combined with the
SNcc yield model from Nomoto et al. (2013), assuming an
initial metallicity of stellar progenitors of Zinit = 0.008 and
IMF-averaged similarly as for the Z0.001 model ("Z0.008").

We fit the X/Fe abundance pattern measured in each radial bin
(Fig. 5) successively with these two combinations of models.
This allows us to estimate fSNIa, the fraction of SNIa over the
total number of SNe (i.e. SNIa+SNcc) contributing to the en-
richment, as a function of the radial distance. This is shown in
Fig. 16 (full sample) and Fig. 17 (clusters, left panel; groups,
right panel). In all the (sub)samples, fSNIa is fully consistent with
being uniform up to ⇠0.5r500, and agrees very well with the av-
erage values found in the ICM core (Mernier et al. 2016b, dotted
horizontal lines in the figures). In some radial bins, we observe
slight but significant (>1�) deviations from these core-averaged
values. For example, we cannot exclude a slight increase of fSNIa
in groups, at least from ⇠0.01r500 to ⇠0.1r500. However, these
deviations completely vanish when we account for the scatters
of Fig. 5 in the estimation of fSNIa (shaded areas). Such a radi-
ally uniform fraction has also been recently measured in A 3112
(Ezer et al. 2016).

As discussed in Sect. 6, the average values may be af-
fected by systematic uncertainties and accounting for the scat-
ters is conservative enough to keep all the systematic e↵ects
under control. Consequently, and although the flat radial be-
haviour of fSNIa based on the average X/Fe ratios is quite remark-

able (at least in clusters), we cannot fully exclude a changing
SNIa/SNcc contribution to the enrichment beyond ⇠0.2r500 in
clusters and/or groups. Finally, and unsurprisingly, we find that
a di↵erent choice of SN yield models only a↵ects the absolute
average fSNIa value and not its relative radial distribution.

Implications for the enrichment history of the ICM

As discussed throughout this paper, our results are fully con-
sistent with a uniform contribution of SNIa (SNcc) products
in the ICM from its very centre up to (at least) ⇠0.5r500. Al-
though, accounting for various systematic uncertainties (includ-
ing the population scatter, which dominates over the other un-
certainties even at large radius), we cannot fully exclude an in-
crease/decrease in the SNIa contribution to the enrichment out-
side ⇠0.2r500, we do not observe a clear trend supporting that
scenario. If true, the uniform radial contribution of SNIa prod-
ucts in the ICM has interesting consequences, as it provides
valuable constraints on the enrichment history of galaxy clus-
ters/groups.

One of the main pictures (Sect. 1) that had been proposed to
explain the results showing a flat O profile in the previous liter-
ature, is that the bulk of SNcc events would have exploded early
on, during or shortly before the formation of clusters/groups
(⇠10 Gyr ago), and their products would have e�ciently dif-
fused within the entire cluster. The Fe central excess, tracing the
SNIa products, would then mostly originate from the BCG at
later cosmic time, hence supporting the idea that SNIa explode
significantly later than the time required for more massive stars
to release (mostly via SNcc explosions) and di↵use their metals
into the ICM. One issue with this scenario was that, whereas one
should expect a shallower Si profile than the Fe profile (since
Si is synthesised by both SNIa and SNcc), many previous stud-
ies reported a constant (e.g. Sanders & Fabian 2006a; Sato et al.
2008) or sometimes even decreasing (Million et al. 2011) Si/Fe
ratio across radius. To solve this paradox, Finoguenov et al.
(2002) propose a diversity of SNIa to contribute to the ICM en-
richment: promptly exploding SNIa (whose products are sup-
posed to be e�ciently mixed over the whole cluster) produce
less Si than SNIa with longer delay times (mostly enriching the
cluster core). Since our results suggest a uniform contribution of
SNIa (SNcc) products in the core and in the outskirts, invoking a
diversity in SNIa (as well as in their delay times) is not required
anymore, and alternative scenarii should be considered.

In their study of the chemical enrichment in Hydra A,
Simionescu et al. (2009) found that the central O excess can be
explained either if stellar winds are 3 to 8 times more e�cient in
releasing metals than previously predicted, or if 3–8 ⇥ 108 SNcc
had exploded in the cluster core over the last ⇠10 Gyr. Alterna-
tively, ram-pressure stripping may help to build a central peak
of SNcc (and SNIa) products from infalling cluster galaxy mem-
bers (Domainko et al. 2006); however such a process should also
occur at rather large distances (⇠1 Mpc), while the O excess is
only observed in Hydra A within ⇠120 kpc. Similarly, Million
et al. (2011) found centrally peaked profiles for eight elements
in the core of M 87. In addition to the peaked Mg profile, they
measured a steeper gradient for Si and S than for Fe, and inter-
pret their findings as the result of e�cient enriching winds from
a central pre-enriched stellar population and/or intermittent for-
mation of massive stars in the BCG.

If the central O (and/or Mg) excess is indeed due to a sig-
nificant amount of concentrated SNcc explosions in the cluster
core, one relevant question is whether this SNcc peak was pro-
duced prior to the formation of the BCG, or by the BCG itself at a
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Abundance pattern implies constant relative contribution SNIa
and SNcc throughout the ICM



Introduction Thermal processes Gas motions Metal enrichment

The Hitomi view of chemical enrichment
In high-resolution Hitomi/SXS data we were able to detect for
the first time rare elements (Cr, Mn)

Hitomi Collaboration 2018b
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A universal metal enrichment pattern?

Hitomi Collaboration 2018b

Abundance ratios are surprisingly consistent with the Solar
abundance pattern
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The power of high-resolution spectroscopy
The abundance of some elements (in particular Ni) were found
to be substantially higher than Solar in CCD spectra

Hitomi Collaboration 2018b

The line was a blend between the Fe XXV He-β and the actual
Ni XXVII line
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Take home message

Collisional ionization and individual
ion temperatures can be tested with

X-ray line ratios

Most of the baryons in the Universe 
are hot ! How did they get so hot 
and why do they remain so hot ?

X-ray spectroscopy provides a 
wealth of information 
on the state of the gas

Understanding the virialization and
reheating processes requires
constraints on ICM dynamics

We can determine abundances
of many individual species and 

constrain Supernova yields

Line shifts and broadening tell us 
about non-thermal energy fraction 

and gas virialization
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