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The intracluster medium (ICM) contains the vast majority of the baryonic matter
in galaxy clusters and is heated to X-ray radiating temperatures. X-ray spectroscopy
is therefore a key to understand both the morphology and the dynamics of galaxy
clusters. Here we recall crucial evolutionary problems of galaxy clusters unveiled
by 19 years of high-resolution X-ray spectroscopy with the Reflection Grating Spec-
trometer (RGS) on board XMM-Newton. Its exquisite combination of effective area,
spectral resolution and excellent performance over two decades enabled transforma-
tional science and important discoveries such as the lack of strong cooling flows, the
constraints on ICM turbulence and cooling-heating balance. The ability of RGS to
resolve individual ICM spectral lines reveals in great detail the chemical enrichment
in clusters by supernovae and AGB stars. RGS spectra clearly showed that the ICM
plasma is overall in thermal equilibrium which is unexpected given the wealth of
energetic phenomena such as jets from supermassive black holes and mergers.

KEYWORDS:
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1 INTRODUCTION

The intracluster medium (ICM) embedded in the deep gravita-
tional potentials of galaxy clusters is a unique laboratory where
highly energetic astrophysical phenomena occur. Its thermo-
dynamic and chemical properties witness the evolution of the
individual galaxies as altered by several phenomena such as
galaxy mergers, gas sloshing and feedback from active galac-
tic nuclei (AGN). About a third of galaxy clusters shows a
highly peaked density profile, which corresponds to the region
where the central cooling time is significantly shorter than the
age of the Universe and that of the clusters (cool core clusters,
e.g. Hudson et al. 2010). In the absence of heating, this would
imply the cooling of hundreds of solar masses of gas per year
below 106K (Fabian, 1994) for the massive clusters, with a
consequent star formation rate of a similar order of magnitude.
Spectral models of massive cooling flows of 100sM⊙ yr−1

†RGS is the Reflection Grating Spectrometer on board XMM-Newton.

were consistent with the shapes of spectra from low-resolution
X-ray spectrometers on board early observatories like ROSAT,
although some clusters showed breaks in the mass deposition
rates (see e.g. Peres et al. 1998 and references therein). Absorp-
tion from cool gas within the cluster was invoked to explain
some of the missing emission at the soft X-ray energies.
Star formation triggered by gas cooling is expected to

enhance the metallicity of the intracluster medium and to com-
plicate its chemical structure. Core-collapse supernovae are
known to contribute to lighter elements such as O, Ne and Mg,
while type Ia supernovae dominate the fraction of S, Fe, Ni and
other heavy elements (see e.g. de Plaa et al. 2007). Nitrogen is
most likely produced by AGB stars. The relative ratios of N, O
and Ne to Fe (among the most abundant metals) are therefore
the means to determine the star formation history of clusters.
Nowadays, the most commonly used X-ray spectrometers

are charge-coupled device (CCD) cameras like those on board
XMM-Newton, Chandra and Suzaku owing to their high effec-
tive area although low-to-medium spectral resolution (R =
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2 C. Pinto ET AL

E∕ΔE ∼ 10−50). These detectors are very useful due to their
2D imagining capabilities and high-count-rate spectra, which
enabled important discoveries such as the bubbles inflated by
AGN jets (witnessing the effects of the supermassive black
hole of the central brightest cluster galaxy, BCG, onto the sur-
rounding ICM, e.g. Churazov, Forman, Jones, & Böhringer
2000 and Fabian, Sanders, Taylor, & Allen 2005) and the flat
radial profiles of the abundances (suggesting an early enrich-
ment or a complex mixing / cycle of the metals within the
cluster, see e.g. Matsushita et al. 2007 and Urban et al. 2017).
However, CCD detectors are not able to detect and resolve

individual X-ray emission lines, particularly those produced by
high-ionisation ions of nitrogen (mainlyN VII), oxygen (O VII-VIII),
neon (Ne IX-X) and the Fe L complex (Fe XXIV or lower ionisa-
tion states), which are the main tracers of cooling flows. This
causes large uncertainties in the estimates of temperatures and
emissivities of cool gas phases and amount of cool gas.
High energy-resolution dispersive spectrometers (gratings)

and micro-calorimeters were designed to constrain cooling
flows and search for high levels of turbulent and bulk motions
in the intracluster gas, which were expected given the wealth of
highly energetic phenomena occurring in the cores and in the
outskirts of clusters. Galactic mergers, gas sloshing and AGN
jets are thought to generate motions for up to ∼ 500 − 1000
km s−1 (see e.g. Ascasibar &Markevitch 2006; Lau, Kravtsov,
& Nagai 2009 and Brüggen, Hoeft, & Ruszkowski 2005). This
might release enough heat to balance cooling. The level of tur-
bulence is crucial to identify any bias in mass measurements
of clusters due to the assumption of hydrostatic equilibrium.

2 XMM-NEWTON / RGS

Detailed astrophysics of X-ray sources often requires signif-
icantly higher spectral resolution (R = E∕ΔE ∼ 100 −
1000). This has been offered, excluding the brief life of Hit-
omi (operating for five weeks and carrying a microcalorimeter,
Hitomi Collaboration 2016) only by the grating spectrometers
on board XMM-Newton (the Reflection Grating Spectrometer,
RGS, see den Herder et al. 2001) and Chandra (the low / high
transmission grating spectrometers, LETGS and HETGS).
Gratings have less applicability than CCDs due to limited

imaging (mostly 1D) and count-rate (lower effective area)
capabilities. They are therefore optimal for bright sources
(Flux 0.3−2 keV ≳ 10−12 erg s−1 cm−2) and, particularly, those
with small angular size (≲ 1′) since the gratings do not have
a slit. For instance, the RGS spectral lines are broadened
according to the law Δ� = 0.138Δ�Å∕m, where Δ� is the
wavelength broadening, Δ� is the source extent in arc min-
utes and m is the spectral order. RGS is currently the ideal
grating spectrometer for extended sources owing to its high

spectral resolution (R = E∕ΔE ∼ 100 − 800) and suffi-
cient effective area (∼ 20 − 100 cm2) in the soft X-ray energy
range (∼ 0.33 − 1.77 keV) where a forest of spectral lines are
produced by the K shells of some among the most abundant
elements in the Universe such as C, N, O, Ne and Mg and the
complex L shells of Fe and Ni.

3 RGS UNIQUE CONTRIBUTIONS

We first focus on the major results in the astrophysics of galaxy
clusters primarily driven by the capabilities of the RGS before
moving to the synergies with other facilities.

3.1 Cooling rates
The first light of RGS onto clusters of galaxies brought up a
huge surprise. The observed cooling rates of cool-core clus-
ters were much lower than the theoretical predictions and the
previous measurements of CCD detectors, showing only mod-
est levels of a few dozens M⊙ yr−1 (see, e.g., Kaastra et al.
2001; Peterson et al. 2001; Tamura et al. 2001). Fig. 1 shows
a comparison between the RGS spectra of some clusters with
empirical (quasi-isothermal) models of gas in collisional equi-
librium and cooling-flow models. The cooling-flow model is
not a best fit, but calculated by merely taking the soft X-ray
flux in the empirical model and using the standard isobaric
temperature distribution. The cooling-flowmodels overpredict
the strength of the Fe XVII-XVIII emission lines from the plasma
at low temperatures. There is a remarkable lack of gas below
∼ 1−2 keV (see also Sanders et al. 2008 and Liu, Pinto, Fabian,
Russell, & Sanders 2019). Cooling rates are even lower below
0.5 keV as shown by the faint O VII lines recently discovered
in elliptical galaxies and clusters (Pinto et al. 2016, 2014). In
Sect. 4.3 we also show the comparison between the cooling
rates measured in clusters through the RGS with indicators of
star formation rates determined with facilities at low energies.
The X-ray emission lines in RGS spectra showed that the

ICM plasma is overall in thermal equilibrium which was not
obvious given the presence of energetic phenomena such as jets
from supermassive black holes, mergers and cooling flows.

3.2 Kinematics
Only since 2010s RGS has been used to place constraints on
turbulence by measuring the velocity dispersion of the ICM,
mainly due to the line broadening caused by the spatial extent
of clusters. However, the line spatial broadening of clusters
with X-ray core ≲ 1′ is limited to a few hundred km s−1 and
can be corrected through CCD surface brightness profiles.
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2002), as has been discussed for the case of NGC 4636 by
Xu et al. (2002) and Capella by Behar, Cottam, & Kahn
(2001).

The differential luminosity distribution for all clusters is
plotted in Figure 6. The luminosity is normalized with
respect to the prediction from the isobaric radiative multi-
phase model using equation (1) and _MM from Table 4. The
presence of points above the dotted line is not unexpected,
since these can result from the background uncooled hot
plasma. This can also result from the ambiguity in defining
a distinct cooling radius. However, the data should closely

track the line y¼ 1 at lower temperatures, if the cooling-
flow model is correct. Many upper limits, however, are well
below that line at temperatures near one-third of the back-
ground temperatures. As can be seen, the well-measured
clusters show clear deviations from isothermality, with sig-
nificant plasma existing down to one-quarter of the back-
ground temperature. In Figure 7, we plot the same results
with the horizontal axis now scaled to the background tem-
perature. Here the discrepancies from the cooling-flow pre-
diction look more systematic. In particular, the differential
luminosity distribution appears to be roughly consistent

Fig. 4.—Continued

No. 1, 2003 X-RAY CONSTRAINTS ON CLUSTER COOLING FLOWS 217

FIGURE 1 First RGS observations of galaxy clusters (Peter-
son et al., 2003). Comparison of the data (blue), the empirical
best fit model (red), and the standard cooling-flow model
(green). The latter overestimates emission lines from cool gas.

Sanders, Fabian, Smith, & Peterson (2010) placed the first
90% upper limit (274 km s−1) on the velocity broadening of
the luminous cool-core cluster A 1835 at redshift 0.25 with
RGS spectra. Bulbul et al. (2012) constrained the turbulent
motions in the compact core of A 3112 to be lower than
206 km s−1. Sanders, Fabian, & Smith (2011) found turbu-
lent broadening below 700 km s−1 for 30 clusters, groups, and
elliptical galaxies observed with XMM-Newton/RGS, subse-
quently confirmed by Pinto et al. (2015) on nearby (z ≲ 0.08)
clusters using the CHEERS sample of 44 sources. They also
showed that the upper limits on the Mach numbers are larger
than the values required to balance cooling, suggesting that dis-
sipation of turbulence may be high enough to heat the gas and
prevent gas cooling (if turbulence is locally replenished).
Similar levels of turbulence have been constrained in giant

elliptical galaxies with resonant scattering (see, e.g., Werner
et al. 2009, de Plaa, Zhuravleva, Werner, Kaastra, & Churazov
2012, Pinto et al. 2016, Ogorzalek et al. 2017). When turbu-
lence is low, the Fe XVII resonant line (� = 15Å) is optically
thick and suppressed along the line of sight, while the 17Å
forbidden line remains optically thin. The comparison of their
observed line ratio with simulations for different Mach num-
bers constrains the level of turbulence. This method is very
efficient for cool (kT < 0.9 keV) giant elliptical galaxies rich

Limits on turbulent energy propagation L47

Figure 3. Constraints on turbulent velocities within the three clusters of
galaxies. The coloured regions represent the 1σ error region for the re-
quired propagation velocity to balance radiative cooling as a function of
radius (equation 3). The dashed line represents the 90 per cent upper limit
on 1D turbulent velocities without spatial broadening subtracted, while the
solid line shows the 90 per cent upper limit on turbulent velocities obtained
from subtracting spatial broadening due to the central Gaussian. Even a
conservative subtraction of spatial broadening pushes the upper limit on
turbulence below the required value, indicating that within the region of 15
to ∼ 165 kpc, bulk turbulence is unable to balance radiative cooling within
A2204, A1835, and MACS J2229.7−2755.

object. Furthermore, our best limit on NGC 1404 of 425 km s−1

(with two Gaussians subtracted) is fully consistent with the lower
limit from resonant scattering measurements by Ogorzalek et al.
(2017) of 230+130

−90 km s−1 and upper limit from RGS measurements
from Pinto et al. (2015) of ∼ 700 km s−1.

Despite its simplicity, our method is able to reproduce results
obtained by far more sophisticated methods, leading us to conclude
that our method leads to accurate limits on bulk turbulence in clus-
ters of galaxies.

3.3 Propagation velocity profiles

Here, we present a simple formula for the propagation velocity
required to offset radiative cooling. In order to balance cooling, the
turbulent power Lturb must equal the cooling luminosity Lcool. If the
energy in 3D turbulence ( 3

2 Mgasσ
2
turb, where σ turb is the 1D turbulent

velocity) is injected over a time tturb, then the power balance results
in equation (2):

tturb = 3
2

Mgas σ 2
turb

Lcool
. (2)

Within tturb, turbulence will propagate to a radius r = σ turbtturb.
Re-arranging this expression to solve for σ turb and convert-

ing to dimensionless units where Lcool = L44 × 1044 erg s−1,
Mgas = M15 × 1015M⊙, r = rkpc × 3.09 × 1021 cm, and
σ turb = σ km s−1 × 105 km s−1, we arrive at equation (3):

σkms−1 = 4.69 ×
(

rkpc L44

M15

)1/3

. (3)

We note that this method provides a conservative estimate for the
required propagation velocity of turbulence, and that using the group
velocity of g-modes (Fabian et al. 2017) provides an even more
stringent upper limit. We used MBProj2 (Sanders et al. 2017) to
produce profiles for L44 and M15 from Chandra data. The gas mass
was estimated from the observed density and the assumption of
spherical symmetry. We did not assume a hydrostatic model for
fitting the profiles. The 1σ error bars on σ km s−1 (Fig. 3) are computed
from Monte Carlo fitting of equation (3) to the velocity profiles,
implementing error chains on each of the measured quantities.

We find that for the three cool-core clusters measured in this study
(A2204, A1835, and MACS J2229.7−2755), the best constrained
90 per cent upper limits on v1D lie ∼ 60 km s−1 below the velocity
required to offset radiative cooling.

4 D ISCUSSION

We have shown that the 90 per cent upper limits on bulk turbulence
within three clusters of galaxies are insufficient to propagate energy
rapidly enough throughout the cluster to balance radiative cooling.
In this argument, we have assumed that turbulent motions originate
at the core of the cluster. Our results appear independent of this
assumption since if we assume turbulence is driven at 15 kpc (typical
radii for cavities in clusters) from the cluster core, the turbulent
propagation speed is still too slow to balance radiative cooling.

In addition, we have assumed that the propagation velocity of tur-
bulent motions is constant on time-scales comparable to the cooling
time. This assumption is testable with a larger sample.

Within the turbulent heating picture of feedback, there is a great
deal of debate over how turbulence is generated by the bubbles
within the cluster. In some models, turbulence is generated in the
wake of the bubble; however, this turbulence remains local to the
bubble and does not fill the volume of the cool core. Energy can be
propagated by internal waves (g-modes) which are trapped by the
entropy gradient of the cluster before interacting and decaying to
turbulence; however, the radial group velocity of these waves is too
slow to reach the cooling radius of the cluster (Fabian et al. 2017).
Furthermore, theoretical/ numerical studies have found the driving
of turbulence by AGN jets to be inefficient, arguing instead that bulk
motions can be interpreted as weak turbulence and powerful sound
waves (Reynolds, Balbus & Schekochihin 2015; Yang & Reynolds
2016; Weinberger et al. 2017; Bourne & Sijacki 2017). These simu-
lations often suffer from the challenge of preserving radio bubbles,
a challenge thought to be overcome by magnetic draping (Dursi
& Pfrommer 2008); however, recent work by Bambic, Morsony &
Reynolds (2018) argues that magnetic fields are not only ineffec-
tive at preserving bubbles through draping, but these same fields
suppress AGN-driven turbulence.

In the absence of a clear mechanism for generating and rapidly
distributing turbulent energy, it is worthwhile to consider other
mechanisms for thermalizing jet energy. Theoretical work with su-
personically expanding bubbles tends to inject most kinetic energy
into compressive waves or ‘sound waves.’ We note that sound waves
do not suffer from the limitation discussed in this letter; however,
more work within the plasma astrophysics community is required

MNRASL 478, L44–L48 (2018)
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FIGURE 2 Constraints on turbulent velocities for three clus-
ters of galaxies (Bambic et al., 2018). The coloured regions
show the propagation velocity required to balance radiative
cooling (1� error). The dashed (solid) line shows the 90%
upper limit on 1D turbulent velocities without (with) spatial
broadening subtracted. This indicates that AGN turbulence
alone is unable to balance radiative cooling in the inner core.

in Fe XVII emission lines, but it is affected by the systematic
uncertainty (up to ∼20%) in the line ratio. Currently, we can-
not use this technique for clusters because they typically have
higher ionisation lines (e.g. Fe XXV), which fall out of the RGS
energy band. In a few years, studies of resonant scattering in
clusters will be possible with XRISM (Guainazzi & Tashiro
2018) as its precursor, Hitomi, did for the sole observation of
the Perseus cluster (Hitomi Collaboration, 2017).
Importantly, line broadening is less than 200 − 300 km s−1

when the spurious spatial broadening is removed through the
conversion of CCD surface brightness profiles into line spa-
tial broadening (Pinto et al., 2015; Sanders & Fabian, 2013).
This indicates that turbulence contributes to the total energy
for less than ∼ 5% and is consistent with the measurements
of Hitomi for Perseus (Hitomi Collaboration, 2016). Bambic
et al. (2018) and Pinto et al. (2018) expanded this argument
and showed that the propagation velocity is too low to achieve
balance between gas cooling and heating via dissipation of
turbulence (see Fig. 2 ), previously invoked by Zhuravleva et
al. 2014 using surface brightness fluctuations. An additional
source of heating may be sound waves (e.g. Fabian et al. 2017).
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Cool gas in the Centaurus cluster 1193

Figure 9. Best-fitting spatial size of spectral fits using the line widths for
the 5×VAPEC model (adding the PSF contribution). The lines connect tem-
perature components which have their sizes tied together.

Figure 10. Comparison of the RGS with Chandra emission measures per
unit temperature as a function of temperature. The Chandra results were
extracted from a 2 arcmin radius around the core of the cluster. The solid
line shows the expected distribution of emission measure for a 10 M⊙ yr−1

isobaric cooling flow at solar metallicity, cooling from a temperature of 4.5
keV to 0.0808 keV using the MKCFLOW model.

the apparent lack of any gas above 3 keV in the RGS results (see
Section 5.4 for a discussion). We also plot the HEW size from the line
widths on the Chandra emission measure maps in Fig. 11, showing
they are comparable.

The solid line in Fig. 10 shows the expected distribution of emis-
sion measure for a simple isobaric cooling flow, cooling at the rate
of 10 M⊙ yr−1 without any heating. It can be seen that the observed
emission measure of gas decreases more steeply with temperature
than predicted by a simple cooling flow.

Figure 11. Maps of the Chandra emission measure per unit area using mul-
titemperature model. The circles show the best-fitting HEW of the emission
from the line widths in the spectral fits to the RGS data (the 0.4 and 0.8 keV
components are forced to be equal, as are the 2.4 and 3.2 keV components),
including the effect of the PSF. The RGS cross-dispersion direction for the
longer observation lies along the cool plume.

4.4 Single cooling flow component

We have investigated how well the observed spectrum can be mod-
elled by a simple cooling flow. Our first model was based on a VAPEC

component plus a VMCFLOW cooling flow component. We used the
new feature in XSPEC version 12 to base the cooling flow model spec-
trum on a APEC thermal model rather than on a MEKAL one. We note,
however, that this form of the model is not internally self-consistent,
as the quantity of gas at each temperature is computed by assuming
the luminosities of the MEKAL model. We made our own consis-
tent version of the model, but this had no effect on the predicted
spectrum, so we show results from the XSPEC model here.

We tried two forms of the model: a full cooling flow where the
lower temperature of the cooling flow was constrained to be the
minimum possible (0.0808 keV) and the second reduced model
where it was allowed to be a free parameter. In this model, we
allowed the N, O and Fe metallicites to vary between the VAPEC and
VMCFLOW components, but fixed the other metallicities to have the
same values in the two components.

The best-fitting parameters for the two models are shown in Ta-
ble 2. The full cooling flow model gives a mass deposition rate of
7.4 ± 0.5 M⊙ yr−1, whereas the reduced model obtained a rate of
8.7 ± 0.5 M⊙ yr−1 cooling to 0.54 ± 0.01 keV. The metallicities
of the cooling flow component were lower for the model where the
gas cools to the minimum value, presumably to decrease the strength
of the emission lines.

The reduced cooling flow model gives a substantially better qual-
ity of fit to the spectrum than the full model (χ2 = 6381 versus 6494),

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 385, 1186–1200
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FIGURE 3 Comparison of the emission measures from
RGS and Chandra observations of the Centaurus cluster core
(Sanders et al., 2008). The solid line shows the expected
distribution for a 10M⊙ yr−1 isobaric cooling flow.

3.3 Multiphaseness
There was evidence for a multiphase ICM in early X-ray CCD
spectra of galaxy clusters. Spatially-resolved spectroscopy
indicates a complex morphology and multi-temperature gas
(de Plaa et al., 2004; Frank, Peterson, Andersson, Fabian, &
Sanders, 2013; Kaastra et al., 2004; Tamura et al., 2001). This
is partly due to projection effects, because of the temperature
gradient in the core. Deep RGS spectra of cool-core clusters
provide themeans from breaking some degeneracy through the
detection of individual lines that enable to distinguish between
different physical models. The results indicate that a powerlaw
temperature distribution for the emission measure is favoured
over a gaussian distribution (see Fig. 3 and Liu et al. 2019;
Sanders et al. 2008; Werner, de Plaa, et al. 2006). This is con-
firmed by the fact that RGS spectra can be better modelled
with 2 emission components in collisional ionisation equilib-
rium rather than with a gaussian temperature distribution (two
APEC models in XSPEC 1 or two CIE models in SPEX 2,
e.g., Pinto et al. 2015 and de Plaa et al. 2017) with the cooler
component having a much lower emission measure.

1https://heasarc.gsfc.nasa.gov/xanadu/xspec/
2https://www.sron.nl/astrophysics-spex

3.4 Chemical enrichment
As mentioned in Sect. 1, to unveil the history of chemical
enrichment in clusters it is necessary to detect and resolve
individual lines from ionic species of abundant elements. The
RGS observations showed that AGB stars dominate the enrich-
ment of nitrogen due to its high abundance measured with the
bright N VII line in the RGS spectra of several clusters and giant
elliptical galaxies (see e.g. Tamura et al. 2003, Buote, Lewis,
Brighenti, & Mathews 2003, Sanders et al. 2008, Werner, de
Plaa, et al. 2006). Werner, Böhringer, et al. (2006) and Grange
et al. (2011) also measured the carbon abundance, confirming
that the creation of nitrogen and carbon takes place in low- and
intermediate-mass stars (see also de Plaa et al. 2007).
The detections of individual O VIII and Ne IX-X emission lines

enabled accurate measurements of �∕Fe abundance ratios in
galaxy clusters. In most cases, the O/Fe and Ne/Fe abundance
ratios - as measured with previous atomic databases - seemed
to be sub-Solar 3 (e.g. Bulbul et al. 2012; Buote et al. 2003;
de Plaa et al. 2004; Grange et al. 2011; Mernier et al. 2016b;
Simionescu et al. 2009; Tamura et al. 2003; Werner, de Plaa,
et al. 2006). On average, the relative fractions of type Ia super-
novae are SN Ia / (SN Ia + SN cc) ∼ 25−45%, possibly larger
than the Solar environment (∼ 15 − 25%) and, therefore, sug-
gest additional production of heavy elements from recent SN
type Ia in the BCG. However, the uniformity of the O/Fe and
Ne/Fe abundance ratios over more than an order of magnitude
in mass range (from giant ellipticals to groups and then clusters
of galaxies) and the lack of spatial gradients and distribution
with the redshift indicate that either most metals were formed
around z ∼ 2 or that several phenomena such as sloshing and
metal uplift by AGN bubbles redistributed the metals (see e.g.
Mernier et al. 2016a, de Plaa et al. 2017).

4 RGS SYNERGIES

4.1 Synergies with X-ray CCD detectors
XMM-Newton observations of clusters have showed an excel-
lent synergy between the capabilities of RGS in measuring the
relative abundances of light � elements (C, N, O, Ne and Mg)
with respect to iron and EPIC (both pn and MOS) in determin-
ing the absolute abundances (relative to hydrogen) of heavier
elements (Si, S, Ar, Ca, Cr, Mn, Fe and Ni) owing to its higher
sensitivity to the bremsstrahlung continuum (see Sect. 3.4).

4.2 Synergies with X-ray calorimeters
RGS is even more efficient if used together with other high res-
olution spectrometers that cover the high-energy (2–10 keV)

3‘Solar’ refers to the proto-Solar abundances of Lodders & Palme (2009).
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1708 A. Simionescu et al.

Figure 3. RGS data and best-fit models to the Perseus Cluster RGS spectra (SPEXACT in blue, solid and AtomDB in red, dotted lines). The ratio of data to
model is shown with respect to the SPEXACT fit in the bottom panel.

Figure 4. Summary of the metal abundance ratios with respect to Fe obtained using only the highest spectral resolution data sets available (O, Ne, Mg/Fe from
XMM–Newton RGS, Si through Ni to Fe ratios from Hitomi SXS). The light blue strip represents the systematic uncertainty on the Hitomi measurements from
the ‘entire core’ region due to the differences between AtomDB and SPEXACT and the effective area calibration. The inferred confidence range, including
these systematic errors as well as the statistical uncertainties, is shown as a grey strip. The measured values are given with respect to the protosolar units of
Lodders et al. (2009); for comparison, the dashed grey line shows what the best-fit mean abundance ratios (i.e. the mid-points of the grey strip) would be if
expressed instead in the Solar units of Asplund et al. (2009).

atic errors related to specifics of the RGS data analysis (estimated
at around 20 per cent by de Plaa et al. 2017). For the abundances
constrained from the SXS, we calculate the average among seven
different values for each element (a combination of two spectral
codes with ARF ‘standard’, ‘ground’, or ‘crab’, plus the Atomic
paper data points, assuming a two-temperature model in all cases).
We then add in quadrature to the statistical uncertainty a system-
atic uncertainty term corresponding to the difference between the
minimum and maximum values among the seven measurements.
Fig. 4 and Table 4 summarize the confidence interval for each metal
abundance ratio obtained in this way.

The excellent quality of the Hitomi SXS data allows the abun-
dance ratios with respect to Fe to be measured with a remarkable pre-
cision of less than 10 per cent for Ar/Fe, Ca/Fe, and Ni/Fe, less than
15 per cent for Si/Fe, S/Fe, and Cr/Fe, and 20 per cent for Mn/Fe,
when all systematic uncertainties are taken into account. It is note-
worthy that the abundances of some elements are measured more

Table 4. Summary of the abundance ratio constraints for the Perseus Cluster
core, obtained from XMM–Newton RGS and the Hitomi SXS ‘entire core’
region. Uncertainties represent combined systematic and statistical errors at
the 68 per cent confidence level.

O/Fe 1.13 ± 0.26
RGS Ne/Fe 0.99 ± 0.30

Mg/Fe 0.91 ± 0.22

Si/Fe 0.82 ± 0.11
S/Fe 0.89 ± 0.09
Ar/Fe 0.84 ± 0.08

SXS Ca/Fe 0.93 ± 0.09
Cr/Fe 0.86 ± 0.12
Mn/Fe 0.97 ± 0.20
Ni/Fe 0.96 ± 0.09

MNRAS 483, 1701–1721 (2019)
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FIGURE 4 Abundance ratios measured for the Perseus clus-
ter with XMM-Newton/RGS (O, Ne, Mg to Fe) and Hit-
omi/SXS (Si through Ni to Fe, Simionescu et al. 2019). The
light blue strip is the systematic uncertainty on theHitomi data.
The grey strip includes both systematic and statistical uncer-
tainties. The measured values are given with respect to the
units of Lodders & Palme (2009) and Asplund et al. (2009).

X-ray energy band such X-ray calorimeters. Simionescu et al.
(2019) show a remarkable example of combining the XMM-
Newton/RGS soft X-ray andHitomi/SXS hard X-ray spectra of
the Perseus cluster with state-of-art atomic data, achieving an
unprecedented accuracy on the relative �/Fe abundance ratios
(see Fig. 4 ). The abundance pattern agrees with the Solar
nebula and challenges any linear combinations of supernova
nucleosynthesis calculations. Including neutrino physics in the
yield calculations of SN cc may improve the agreement with
the observed pattern of � elements in the Perseus Cluster core.
A major improvement in the measurements of both tur-

bulence and chemical abundances will be achieved with
ATHENA, the most powerful X-ray mission planned for early
2030s (see e.g. Roncarelli et al. 2018 andCucchetti et al. 2018).

4.3 Synergies with long wavelength facilities
The comparison of the cooling rates measured by RGS with
the results obtained at lower energies is a key to unveil the
evolution of the ICM. For instance, Liu et al. (2019) used the
RGS observations for a sub-sample of the CHEERS catalog
plus A 1835 and confirmed that the cooling rates are an order
of magnitude lower than the theoretical predictions. However,
they also showed that the cooling ratesmay still be high enough
to explain the H� luminosity and the star formation rates mea-
sured with Hubble Space Telescope and WISE. Pinto et al.
(2018) have shown that the cooling rate of 350±130M⊙ yr−1

below 2 keVmeasured with RGS in the Phoenix cluster is con-
sistent with the star formation rate in this object and is high
enough to produce the molecular gas found with ALMA in the
filaments via instabilities during the buoyant rising time (see
Russell, McDonald, McNamara, Fabian, & Nulsen 2017).

  

All available sources

Sanders & Fabian (2013)

Pinto et al. (2015, CHEERS)

FIGURE 5 Histogram of all clusters, groups and elliptical
galaxies observed with RGS at different redshift (on-axis,
tclean > 10 ks, showing Fe L and / or O VIII emission lines).

4.4 Improving atomic databases
RGS has been crucial to test the accuracy of atomic databases
for plasmas at ∼ 0.1-1 keV temperatures. de Plaa et al. (2017)
and Gu et al. (2019) have shown that RGS spectra are sensitive
enough to distinguish among different calculations of atomic
cross sections. The ICM abundance pattern seems to agree
with the Sun if state-of-art atomic databases are adopted (see
Sect. 4.2 and Gu et al. 2019). Currently, there are uncertain-
ties for 10–20% in the emissivities of the strongest emission
lines. The spectral fits would appear identical in CCD spec-
tra, but with abundances wrong by up to 20%. Finally, RGS
spectra have also been able to find the first evidence for charge
exchange between the cold neutral gas and the hot atmosphere
in galaxy clusters (see e.g. Pinto et al. 2016 and Gu et al. 2018).

5 CONCLUSIONS

In almost 20 years, XMM-Newton/RGS has delivered and con-
tinues to deliver fascinating and unique science. Here we have
summarised the most crucial contribution of RGS to the astro-
physics of galaxy clusters such as the accurate measurements
of cooling rates, the constraints on turbulence and on cooling–
heating balance, the accurate abundancemeasurements and the
supernova yields, the tests and improvements on new atomic
databases. Even now, after two decades, new scientific prob-
lems appear, triggered by the investigation of the available
RGS spectra and the large databases. Whilst waiting for new
missions, RGS can make significant progress by going deeper
with longer exposure times and at higher redshifts closer to
the peak of the star formation in the coming decade. Moreover
there is a wealth of RGS data still to be studied (see Fig. 5 ).
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