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ABSTRACT
We present a mass�temperature pro�le of gas within the central 10 kpc of a small sample of cool core clusters. The mass of the
hottest gas phases, at 1.5 and 0.7 keV, is determined from X-ray spectra from the XMM Re�ection Grating Spectrometers. The
masses of the partially ionized atomic and the molecular phases are obtained from published H � and CO measurements. We
�nd that the mass of gas at 0.7 keV in a cluster is remarkably similar to that of the molecular gas. Assuming pressure equilibrium
between the phases, this means that they occupy volumes differing by 105. The molecular gas is located within the H � nebula
which is often �lamentary and coincides radially and in position angle with the soft X-ray emitting gas.
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1 IN T RO D U C T I O N

The radiative cooling time is much shorter than a few billion years
for the intracluster gas in the core of relaxed galaxy clusters. In the
absence of a balancing heat source, the core becomes cooler over
time leading to a strong and pressure-driven radiative cooling �ow.
Early analysis of RGS observations showed little evidence of cool
(<2 keV) X-ray gas (e.g. Kaastra et al. 2001; Peterson et al. 2001;
Tamura et al. 2001), which contradicts the prediction of X-ray cooling
rates of up to a few thousand M� yr�1 (e.g. White, Jones & Forman
1997; Peres et al. 1998; Allen et al. 2001). Cooling is therefore
suppressed by some source of heating, with AGN feedback being the
most likely source in the cluster core (for reviews on AGN feedback,
see Fabian 2012 and McNamara & Nulsen 2012). On the other hand,
Chandra images show that cooler gas does exist in the central core
(e.g. Sanders et al. 2008; Werner et al. 2010). The physical extent
of the cooler gas between �0.5 and �1 keV is generally less than
10 kpc radius in many moderately massive clusters (e.g. A3526, the
Centaurus cluster; Sanders et al. 2008). More extreme cases such as
the Perseus cluster are often accompanied by a more extended optical
line-emitting nebula (e.g. Fabian et al. 2003a, 2016).

We have shown that, from a two-temperature model, the cool core
has a temperature of around 0.7 keV and the hot ICM temperature is
between 1.5 and 3 keV in most clusters (Liu et al. 2019). O VII line
emission, characteristic of gas with kT < 0.2 keV, has been revealed
by Sanders & Fabian (2011) and Pinto et al. (2014, 2016) in the
most central region of clusters with the XMM�Newton Re�ection
Grating Spectrometer (RGS). The existence of gas at all X-ray
temperatures suggests the inexact balance between the cooling and
AGN heating. The cooling rates deduced from RGS spectra are very
low, typically less than 10 per cent of the predicted rates in the
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absence of heating (Liu et al. 2019). Some cooling is presumably
necessary, if the central supermassive black hole is powered by
gas accretion and a sustaining accretion-feedback loop. This would
suggest that the multiphasedness of gas (i.e. the mass�temperature
pro�le) is an important step in completing the understanding of the
feedback process.

A complete mass�temperature pro�le should contain at least four
phases: the mass and volume dominating hot ionized gas, a soft X-
ray emitting phase, an intermediate phase where the gas is partially
ionized, and the cold molecular gas. The bulk of the hot X-ray
emitting ICM extends to over a few hundreds of kpc. In order to
probe any �soft� X-ray gas below the bulk temperature, we search for
the strongest emission lines that peaks at low temperatures such
as Fe XVII and O VII lines. These lines require the high-spectral
resolution of RGS, which has a limited spatial resolution in the
cross dispersion direction. This means it is possible to resolve the
core in nearby (z < 0.1) clusters.

Most cool core clusters are found to have an H � emission nebula.
The �lamentary structure of the nebula spatially coincides with the
soft X-ray components (e.g. Perseus: Fabian et al. 2003a, 2006;
Centaurus: Crawford et al. 2005b, Fabian et al. 2016; A1795: Fabian
et al. 2001, Crawford, Sanders & Fabian 2005a). From the spatial
coincidence, Fabian et al. (2003a) suggested that the soft X-ray gas
is likely mixing with the cold nebula and the interpenetration of
the hot and cold gas leads to the creation of fast particles in the
cold gas (Fabian et al. 2011). The fast particles can then heat and
excite the cold gas, powering the observed nebulosity (Ferland et al.
2009). In the far-UV, the O VI line emission indicates the presence
of 105.5�106 K gas, just below the minimum temperatures in X-rays.
It has been observed in just a few clusters, e.g. the Perseus cluster
(Bregman et al. 2005), A1795 (Bregman et al. 2005; McDonald et al.
2014), and the Phoenix cluster (McDonald et al. 2015b, 2019).

At the lowest temperatures, massive 108�1010 M� reservoirs of
cold (�50 K) molecular gas have been observed through CO lines in
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