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ABSTRACT

Context. We present a detailed analysis of the thermal X-ray emission from the intracluster medium in the cool-core galaxy cluster
Abell 2667 at z = 0.23.

Aims. Our main goal is to detect low-temperature (<2keV) X-ray emitting gas associated with a potential cooling flow connecting
the hot intracluster medium reservoir to the cold gas phase responsible for star formation and supermassive black hole feeding.
Methods. We combined new deep XMM-Newton EPIC and RGS data, along with archival Chandra data, and performed a spectral
analysis of the emission from the core region.

Results. We find 1o~ upper limits on the fraction of gas cooling equal to ~40 My, yr~!' and ~50—60 M,, yr™!, in the temperature ranges
of 0.5—-1keV and 1-2keV, respectively. We do not identify OVII, FeXXI-FeXXII, and FeXVII recombination and resonant emission
lines in our RGS spectra, implying that the fraction of gas cooling below 1keV is limited to a few tens of solar masses per year
at maximum. We do detect several lines (particularly SiXIV, MgXIl, FeXXIII/FeXXIV, NeX, OVIlle) from which we are able to
estimate the turbulent broadening. We obtain a 1o~ upper limit of ~320 km/s, which is much higher than the one found in other cool-
core clusters such as Abell 1835, suggesting the presence of some mechanisms that boost significant turbulence in the atmosphere
of Abell 2667. Imaging analysis of Chandra data suggests the presence of a cold front possibly associated with sloshing or with
intracluster medium cavities. However, current data do not allow us to clearly identify the dominant physical mechanism responsible
for turbulence.

Conclusions. These findings show that Abell 2667 is not different from other, low-redshift, cool-core clusters, with only upper limits
on the mass deposition rate associated with possible isobaric cooling flows. Despite the lack of clear signatures of recent feedback
events, the large upper limit on the turbulent velocity leaves room for significant heating of the intracluster medium, which may
quench cooling in the cool core for an extended period, albeit also driving local intracluster medium fluctuations that will contribute
to the next cycle of condensation rain.
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X-rays: galaxies: clusters

1. Introduction

Galaxy clusters are the largest gravitationally bound structures
in the Universe. These are formed by baryonic and nonbaryonic
matter in different states and with different assembly histories.
Typically they host 100—1000 galaxies in virial equilibrium with
a total halo mass varying between 10'*M, and 10" M, and
a diameter of a few megaparsecs. The stellar mass in member
galaxies typically amounts to 2—5% only of the total observed
mass. The majority of the mass of the halo is contributed by
dark matter, with a mass fraction of ~0.8. Most of the remain-

* Corresponding author; marika.lepore@inaf.it

ing mass budget (15-18%) is contributed by a tenuous, high-
temperature (~107—10% K) plasma with a typical electron den-
sity on the order of 1073 cm™3: the intracluster medium (ICM).
The ICM is expected to be in an approximate hydrostatic equi-
librium in the cluster potential well and can be detected in the
X-ray band thanks to its thermal bremsstrahlung emission plus
line emission from heavy element ions.

In some clusters, the ICM density profile can be described
by a single 8 model (Cavaliere & Fusco-Femiano 1978) that is
rapidly decreasing with radius toward the outskirts outside a
flat core. This description, however, is not accurate for many
clusters that show sharply peaked profiles, dubbed cool cores,
which can reach electron densities as high as 0.1 cm™ in the
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center. In these cases, a double 8 model is required, suggest-
ing that physical processes acting in the core are modifying
the ICM distribution. This is not surprising, since the gas cool-
ing time, which scales as the inverse of the density, is mea-
sured to be much shorter than the Hubble time in cool cores
(McNamara et al. 2005; Fabian et al. 2006; Vantyghem et al.
2014; Sanders et al. 2014) over a fairly large redshift interval
(Santos et al. 2010).

This initially led to the conclusion that a massive cool-
ing flow (CF) is developing in the ICM of most clusters with
cool cores (Fabian & Nulsen 1977). According to the origi-
nal isobaric CF scenario (Fabian 1994), the gas in the central
regions of clusters should experience adiabatic compression at
constant pressure, cooling mainly through X-ray emission, and
inevitably condensate into clouds of cold gas. This picture is sup-
ported by the observation of temperature drops toward the center
(McNamara et al. 2000; Tamura et al. 2001; Sanders & Fabian
2007; Cavagnolo et al. 2009; Sonkamble et al. 2024; Liu et al.
2024). In addition, the emission measure of the ICM as a func-
tion of temperature can be accurately predicted in the framework
of the adiabatic CF model, and therefore the associated mass
deposition rates (MDRs) can be directly inferred by the spectral
distribution of the X-ray emission from the cool core. The MDR
values based on the isobaric CF model and estimated from the
total core luminosity are typically estimated to be in the range
of 100—1000 M,, yr~!. However, the bulk of the X-ray emission
is contributed by the relatively hot ICM, while the contribution
from the coldest, X-ray emitting gas amounts to a few percent
of the total luminosity. Typically, the cooling gas is not directly
observed in CCD spectra.

Since the ICM is enriched with heavy ions, whose abun-
dance is even higher toward the center, another key prediction
of the isobaric CF model is the presence of a line-rich X-ray
spectrum due to the presence of many transitions in the ionized
heavy elements, which can be observed in high-resolution X-ray
grating spectroscopy. Surprisingly, the analysis of the first high-
resolution X-ray spectra, mostly thanks to XMM-Newton obser-
vations, clearly ruled out the isobaric CF model (the so-called
soft CF problem; see Peterson et al. 2001; Molendi & Pizzolato
2001; Kaastra et al. 2001; Xu et al. 2002; Ettori et al. 2002), due
to the lack of emission lines associated with gas colder than
about one third of the virial value (Donahue & Voit 2004) in any
cool-core clusters. Since it is extremely unlikely that the coldest
gas is systematically poor in metals, the lack of emission lines
directly implies the lack of the low-temperature gas predicted by
the isobaric cooling model.

Given the quality of current high-resolution X-ray spectra,
the presence of CFs is not completely ruled out, but they are con-
strained to be more than one order of magnitude lower than the
ones predicted in the isobaric CF model. In addition, the max-
imum MDRs allowed by current data are at least one order of
magnitude lower than the star formation rates (SFRs) observed
in the hosted brightest cluster galaxy (BCG; Molendi et al.
2016), implying a significant difference between the timescale
of cold gas consumption and the timescale of gas cooling. To
date, the only convincing CF candidate is the well-documented
Phoenix cluster at z ~ 0.6 (see McDonald et al. 2012, 2019;
Tozzi et al. 2015; Pinto et al. 2018). This cluster exhibits a star-
burst of 500—-800 Mg yr‘1 (McDonald et al. 2015; Mittal et al.
2017), comparable to a cooling rate of M = 350*330 Mg yr!
below 2 keV (uncertainties at a 90% confidence level) measured
with XMM-Newton Reflection Grating Spectrometer (RGS) data
(Pinto et al. 2018; see also Tozzi et al. 2015, which found M =
1207330 Mg yr~! below 3keV from RGS data).
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Given the difficulty in measuring MDRs, it is not possi-
ble to firmly identify the clusters of galaxies actually hosting
a CF. Phenomenologically, galaxy clusters are classified as cool-
core (CC; relaxed systems with a peak in the surface bright-
ness and mostly with regular and spheroidal shapes) and non-
cool-core (NCC; systems with no bright cores typically with
disturbed morphologies likely associated with ongoing merg-
ing processes; Molendi & Pizzolato 2001; Hudson et al. 2010;
Zhang et al. 2016). On a general basis, CFs are expected to be
hosted only by CC clusters, but their occurrence and magnitude
are not quantified, and we do not have information about their
duty cycle.

The inadequacy of the isobaric CF model inevitably raises
the question of the mechanism preventing the gas from cool-
ing in adiabatic mode. As of today, there is a large consen-
sus on the heating from mechanical feedback and turbulence,
mostly provided by the central active galactic nucleus (AGN;
e.g., McNamara & Nulsen 2007; Fabian 2012; McKinley et al.
2022). High-resolution hydrodynamical simulations show that
AGN jets or outflows can inject a sufficient amount of
energy into the ICM to offset both the global cooling rates
(Gaspari et al. 2012) and the differential luminosity distribu-
tion toward the soft X-ray via nonisobaric modes (Gaspari
2015). The AGN jet feedback is also crucial to stir up the
ICM “weather” with substantial enstrophy (magnitude of vor-
ticity) in the cluster cores (Wittor & Gaspari 2020, 2023). This
feedback mechanism has been directly observed in many sys-
tems, such as nearby clusters, Perseus (Fabian et al. 2003, 2011),
Hydra A (McNamara et al. 2000; Timmerman et al. 2022),
Virgo (Werner et al. 2012; Russell et al. 2015), and Abell 2626
(Kadam et al. 2019). On the other hand, residual star formation
in the BCG, the presence of cold and multiphase gas surrounding
BCGs observed with ALMA (e.g., North et al. 2021) and MUSE
(e.g., Maccagni et al. 2021; Olivares et al. 2022), and the distri-
bution of heavy elements in the hot gas (e.g., Liu et al. 2019a,
2020; Gastaldello et al. 2021), suggest that at least some fraction
of the hot ICM underwent cooling at some point during the secu-
lar evolution of clusters. The key point is that, to agree with cur-
rent observations, CFs should be hidden, characterized by very
low MDRs, or occurring on short timescales. Some recent works
show that a substantial fraction of the cooling gas may be intrin-
sically absorbed (Fabian et al. 2022), interpreting the observed
far-infrared (FIR) luminosity from the core as a consequence
of the cooling rate whose emission is reprocessed by the sur-
rounding medium. In addition, mechanical AGN feedback can
stimulate the condensation of the hot phase via turbulent nonlin-
ear thermal instability, leading to a rain of clouds or filaments
that are expected to boost the SMBH feeding rate via chaotic
cold accretion (CCA; Gaspari et al. 2020, for a review), charac-
terized by a highly variable MDR. Finally, massive, short-lived
CFs may occur and replenish the cold gas reservoir before being
quenched by feedback processes from the central SMBH in the
BCG. In every scenario, the central AGN is expected to play
a key role in regulating the thermodynamics in the ICM, while
shaping the hot halo properties (Pasini et al. 2021) and SMBH
scaling relations (Gaspari et al. 2019).

One of the crucial open questions is how much gas cools
and trickles below 1.0keV, down to the lowest temperatures
detectable in the X-ray grating spectra (0.3—-0.5keV). In this
work, we reconsider this question using X-ray images and spec-
tra taken with XMM European Photon Imaging Camera (EPIC),
XMM/RGS and Chandra Advanced CCD Imaging Spectrome-
ter (ACIS) of the CC cluster Abell 2667 (hereafter A2667). This
cluster has a BCG with prominent ongoing activity with peculiar
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features such as blue and red wings, broadening of the lines,
and offsets with respect to the BCG reference system, suggest-
ing the presence of multiple gas components on scales of a few
tens of kiloparsecs. It also shows a prominent AGN signature
in the optical, radio, and X-ray bands, with a strongly absorbed
X-ray nuclear emission (~3x 10" ergs™), and diffuse ICM
emission on the order of 3 x 10* ergs~!, comparable to that of
the Phoenix cluster (McDonald et al. 2012). The similarity of the
environmental properties with the Phoenix is at variance with the
large difference in the strength of the activity: the nuclear emis-
sion is ~100 and 20 times lower in A2667 in the X-ray and radio
band (van Weeren et al. 2014), respectively, and the total SFR in
the BCG is a factor of ~50 lower. This composite picture makes
the BCG of A2667 an interesting candidate in which to study the
cooling and heating processes in clusters.

This paper is structured as follows. In Sect. 2, we describe
the previous results for A2667 available in the literature. In
Sect. 3, we describe the archival Chandra data. In Sect. 4, we
describe the new XMM-EPIC and RGS deep observation used
in this work. In Sects. 5, 6, and 7 we describe XMM-EPIC and
XMM-RGS data analysis and results. In Sect. 8, we discuss the
results obtained from our analysis, while in Sect. 9 we com-
ment on the possible extension of this study with future X-ray
facilities. Finally, our conclusions are summarized in Sect. 10.
Throughout this paper, we adopt the current Planck cosmology
with Qq, =0.315, and Hy = 67.4kms™! Mpc~! in a flat geometry
(Planck Collaboration VI 2020). In this cosmology, at z = 0.23,
1 arcsec corresponds to 3.81 kpc, and the Universe is 11.01 Gyr
old. Quoted error bars correspond to a 1o confidence level,
unless otherwise stated.

2. A2667: Previous observations and main results

A2667 is a lensing galaxy cluster in the nearby Universe
(z = 0.233). It has multiple image systems, including one
of the brightest giant gravitational arcs with an elongation
of ~10arcsec at z = 1.0334 (Covone et al. 2006a,b). It is
also associated with a radio minihalo (Giacintucci et al. 2017,
Knowles et al. 2022) with a largest angular size of 4.6’ and a
largest physical linear size at the cluster redshift of 1.02 Mpc
(Knowles et al. 2022). This cluster is among the top 5% most
luminous X-ray clusters observed in the ROSAT All Sky Survey,
with a luminosity of Lx = (13.39+0.25) x 10* erg/s in the range
of [0.1-2.4]keV within rs59 = 1.38 + 0.07 Mpc (Mantz et al.
2016). It is classified as a relaxed cluster (Gilmour et al. 2009;
Kale et al. 2015; Mann & Ebeling 2012) with a BCG at the cen-
ter (RA =23:51:39.40 Dec =—26:05:03.3). The BCG hosts an
X-ray AGN with intrinsic absorption Ny(10% cm™2)=13.7"7
and X-ray luminosity log(Lxp-okev)lerg/s] = 43.4%07
(Yang etal. 2018). The BCG has a stellar mass of
log(Myyige /M) =11.97+0.04 and hosts a SMBH whose
mass is estimated to be log(Mpy/My)=10.35+0.27
(Phipps etal. 2019) from the standard fundamental plane
relation (Merloni et al. 2003).

The SFR in the BCG has been estimated to range between
SFR=8.7 + 0.2Mg yr~!' (via the spectral energy distribution
from the FIR Spitzer and Herschel data; Rawle et al. 2012) and
~55M, yr~! (via MUSE spectra; Iani et al. 2019). The differ-
ence between the two estimates is a consequence of the method-
ologies applied and they can be considered as lower and upper
limits, respectively. In effect, while the value inferred from the
FIR does not take into account the contribution from unobscured
star formation, the estimate by Iani et al. (2019) may be con-
taminated by the AGN emission. The star formation is respon-

sible for previously noticed strong Ha and [OIT]A3727 A lines
(Rizza et al. 1998), which are often associated with CCs.

The bidimensional modeling of the BCG optical surface
brightness profile reveals the presence of a complex system
of substructures extending all around the galaxy. Clumps of
different sizes and shapes plunged into a more diffuse compo-
nent constitute these substructures, whose intense “blue” opti-
cal color hints at the presence of a young stellar population
(Iani et al. 2019). However, A2667’s central region seems to be
dominated by an evolved and passively aging stellar population
(Covone et al. 2006a).

In the radio band, Kale et al. (2015) classified this cen-
tral galaxy as a radio-loud AGN with a radio power of P =
3.16x 10** W Hz"!, using the National Radio Astronomy Obser-
vatory (NRAO) VLA Sky Survey radio data at 1.4 GHz. The
X-ray morphology (Rizza et al. 1998) and dynamical analysis
(Covone et al. 2006a) support the idea that A2667’s inner core
is relaxed and shows a drop in the ICM temperature profile in
the central 100 kpc, suggesting that the cluster hosts a CC with
an average cooling time of ~0.5 Gyr (Cavagnolo et al. 2009).
Indeed, Zhang et al. (2016) classified this luminous cluster as a

strong CC system with reooi(kpe) = 135.97129.

3. Chandra: Observations and data reduction

Before proceeding with the reduction and analysis of our deep
XMM-Newton observation, we revisited the shallow Chandra
data available on the archive, provided with the highest spatial
resolution, in particular to compute a Chandra soft band image
(0.5-2keV) and compute the surface brightness profile, which is
necessary to model the (instrumental) line broadening expected
in the RGS spectra.

A2667 was observed for 10 ks with ACIS-S granted in Cycle
02 (PI: S. Allen). The observations were completed in June
2001 with a single pointing. We performed data reduction start-
ing from the level = 1 event files with CIAO 4.13, with the lat-
est release of the Chandra Calibration Database at the time of
writing (CALDB 4.9.4). We ran the task destreak to flag and
remove spurious events (with moderate to small pulse heights)
along single rows. We ran the tool acis_detect_afterglow
to flag residual charge from cosmic rays in CCD pixels. Finally,
as this observation is taken in the VFAINT mode, we ran the task
acis_process_events with the parameter apply_cti=yesto
flag background events that are most likely associated with cos-
mic rays and reject them. With this procedure, the ACIS particle
background can be significantly reduced compared to the stan-
dard grade selection. The data were then filtered to include only
the standard event grades 0, 2, 3, 4, and 6. The level 2 event
files generated in this way were visually inspected for flicker-
ing pixels or hot columns left after the standard reduction but
we found none after filtering out bad events. We also carefully
inspected the image of the removed photons, particularly to ver-
ify whether we have pile-up effects'. Finally, time intervals with
high background were filtered by performing a 3o clipping of
the background level. The light curves were extracted in the
2.3-7.3keV band and binned with a time interval of 200s. The
time intervals when the background exceeds the average value
by 30 were removed with the tool deflare. The final total
exposure time after data reduction and excluding the dead-time
correction amounts to 9.6 ks (corresponding to the LIVETIME
keyword in the header of Chandra fits files). Images were created

! https://cxc.cfa.harvard.edu/ciao/ahelp/acis_pileup.
html
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Fig. 1. Chandra and XMM images of A2667’s central region. Left panel: Chandra [0.3—10keV] image of A2667 in a FoV of ~6 x 4 arcmin?.
Right panel: XMM-Newton/EPIC MOS1+MOS2+pn [0.5-7 keV] image of A2667 in a FoV of ~6 x 4 arcmin’. The magenta circle in both images
shows the spectral extraction region of 0.5 arcmin radius used in XMM/EPIC data analysis.

in the 0.5-2keV, 2—7keV, and total (0.5—7keV) bands, with
no binning to preserve the full angular resolution of ~1 arcsec
(FWHM) at the aimpoint (1 pixel corresponds to 0.492 arcsec).
In the left panel of Fig. 1 we show the total Chandra image.

4. XMM-Newton: Observations and data reduction
4.1. XMM-Newton: EPIC data

We obtained a total of 274 ks with XMM-Newton on A2667 in
AO23 (Proposal ID 90028, PI: P. Tozzi). Data were acquired
in December and June 2022 (see Table 1 for exposure times
obtained after data reduction). To these new observations, we
also added to our analysis the archival observation ObsID
0148990101 taken in 2003 (Proposal ID 14899, PI: S. Allen).

The observation data files (ODFs) were processed to pro-
duce calibrated event files using the most recent release of the
XMM-Newton Science Analysis System (SAS v21.0.0), with the
calibration release XMM-CCF-REL-323, and running the tasks
epproc and emproc for the pn and MOS, respectively, to gen-
erate calibrated and concatenated EPIC event lists. Then, we
filtered EPIC event lists for bad pixels, bad columns, cosmic-
ray events outside the field of view (FoV), photons in the gaps
(FLAG =0), and applied standard grade selection, correspond-
ing to PATTERN < 12 for MOS and PATTERN <4 for pn. We
removed soft proton flares by applying a threshold on the count
rate in the 10—12keV energy band. To define low-background
intervals, we used the condition RATE <0.35 for MOS and
RATE < 0.4 for pn®. For each ObsID, we removed out-of-time
(OoT) events from the pn event file and spectra, running the
command epchain to generate an OoT event list and apply-
ing the same corrections and selections adopted for pn data
reduction. In the right panel of Fig. 1, we show the total XMM-
Newton/EPIC MOS1+MOS2+pn image in the 0.5—-7 keV energy
band obtained after data reduction.

To generate the effective area files, we considered the effec-
tive area corrections, setting the parameter applyxcaladjust-
ment=yes in the arf file generation arfgen to reduce spectral
differences of the EPIC-MOS 1 and 2 with respect to EPIC-
pn detectors above 2keV. After a first comparison of the spec-
tra with both corrections, we considered only the effective area

2 See “Users Guide to the XMM-Newton Science Analysis System”,
Issue 18.0, 2023 (ESA: XMM-Newton SOC).
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Table 1. XMM-Newton data: Total exposure times obtained for each
ObsID after data reduction.

ObsID EPIC detector  fox, RGS detector  fxp

[ks] [ks]

MOSI1 28 RGSI1 27

0148990101 MOS2 29 RGS2 27
pn 18 - -

Tot EPIC 75 Tot RGS 54

MOSI1 113 RGSI1 118

0900280101 MOS2 112 RGS2 118
pn 98 - —

Tot EPIC 323 Tot RGS 236

MOS1 97 RGSI1 116

0900280201 MOS2 94 RGS2 116
pn 50 - —

Tot EPIC 241 Tot RGS 232

correction, since the one for OoTs is negligible. Finally, effec-
tive area and response matrix files were generated with the tasks
arfgen and rmfgen, respectively, for each ObsID. For MOS,
effective area and response matrix files were computed for each
detector.

4.2. XMM-Newton: RGS data

The RGS 1 and RGS 2 spectra were extracted using the cen-
troid RA =23:51:39.42 and Dec = —26:05:03.02 and a width of
50 arcsec by adopting the mask xpsfincl =90 in the rgsproc
(~x190 kpc at redshift z = 0.23). In order to subtract the back-
ground, we tested both the standard background spectrum, which
was extracted beyond the 98% of the RGS point spread func-
tion (PSF, xpsfexcl =98 in the rgsproc), and the model back-
ground spectrum, which is a template background file based on
blank field observations and the count rate measured in CCD
9. For extended sources, it is preferable to use the model back-
ground, but due to the small angular size of the CC region, we
can safely use the observation background extracted beyond a
radius of +1.4arcmin from the BCG. From the analysis, we
can see that the background spectra are indeed comparable and
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provide consistent results in the RGS 6-33 A wavelength band.
The spectra were converted to the SPEX? format through the
SPEX task trafo. We focused on the first-order spectra because
the second-order spectra have rather poor statistics. We also
combined source and background spectra, and responses from
all observations using the SAS task rgscombine to fit a single
high-quality RGS spectrum and to speed up the fitting procedure.

5. Spectral analysis of EPIC data
5.1. Analysis strategy

We extracted the spectra from a region chosen to include the
bulk of the emission from the core region, which is estimated
to be confined within a radius of 40kpc (about 11 arcsec at
z ~ 0.23), to consider the effect XMM-Newton PSF, whose half-
power diameter is 7.5 arcsec, and, finally, to cover the same size
of the extraction region used for RGS data, equal to +0.4 arcmin.
The combination of all these three requirements results in an
optimal radius of 0.5 arcmin.

The background was sampled from a nearby region on
the same CCD that is free from the cluster emission, to be
subtracted from the source spectrum. We note that the total back-
ground expected in the source region, computed by geometri-
cally rescaling the sampled background to the source area, only
amounts to 0.5% of the total observed emission, and therefore
statistical uncertainties in the background level are expected to
have a rather mild effect on the spectral fits.

5.2. Isothermal collisional equilibrium model and cooling rate

Our analysis focuses on the 0.5-7keV energy range of the
EPIC/MOS and EPIC/pn spectra, where the source counts are
above the background and are not affected by XMM calibra-
tion issues. We performed the spectral analysis with SPEX
version 3.08.00 (Kaastra et al. 1996). We scaled the elemental
abundances to the proto-Solar abundances of Lodders & Palme
(2009), which are the default in SPEX, use C-statistics, and
adopted 1o errors, unless otherwise stated. In the spectral mod-
eling, we also included the central AGN whose spectrum has
been measured with Chandra high-resolution data.

We describe the ICM emission with an isothermal plasma
model of collisional ionization equilibrium (cie), where the free
parameters in the fits are the emission measure, ¥ = n.ngV
(where n. and nyg are the electron and Hydrogen densities,
respectively, and V the volume of the source), the temperature,
T, and the iron abundance. The abundances of all the other ele-
ments are coupled to iron. Galactic absorption is set to Ny =
1.54 x 10%° cm~2 from HI4PI Collaboration (2016). We describe
the central AGN with a power law (pow) with I' = 1.8, intrinsic
absorption of Ny = 1.37x10% cm™2, and log(Lx)[erg/s] = 43.39,
as was obtained by our group from the analysis of the Chandra
data (see Yang et al. 2018). In this work, we do not account for
AGN variability, as it can be considered negligible; however, we
discuss its contribution to the fitting process in Appendix A.

To place constraints on the amount of gas cooling below
3keV down to 0.5keV, we also added a CF component to the
isothermal gas. The CF model in SPEX calculates the spectrum
of a standard isobaric CF. The differential emission measure dis-
tribution for the isobaric CF model can be written as

dv(T) = 5Mk
dT  2umuA(T)’

D(T) = (D

3 www.sron.nl/spex

where M is the MDR, k is Boltzmann’s constant, u the mean
molecular weight (0.618 for a plasma with 0.5 times solar abun-
dances), my is the mass of a hydrogen atom, and A(7T) is the
cooling function (Peterson & Fabian 2006). The cooling func-
tion was calculated by SPEX for a grid of temperatures and for
an average metallicity of Z = 0.5Z;. The spectrum was evalu-
ated by integrating the above differential emission measure dis-
tribution between a lower- and an upper-temperature boundary.

We used a model with three CF components plus the isother-
mal cie all corrected by redshift and absorption. The aim is to
understand how much gas is cooling between three temperature
ranges (0.5-1.0, 1.0-2.0, 2.0-3.0keV). The only free parame-
ter in each CF is the cooling rate, M, whilst the abundances are
coupled to those of the cie component, which are constrained
by the iron line. We chose this approach based on the method-
ology presented in Molendi et al. (2016). By using this multi-
zone approach, we maximized the probability of detecting cooler
gas and provided a more complete analysis of the CFs. Also,
we chose this approach after testing that leaving the abundance
parameters of the CF component free would result in uncon-
strained best-fit metallicity values. We are aware that our average
metallicity is strongly driven by the iron abundance.

5.3. Results

We present the results of our spectral analysis for each ObsID
separately in Table 2, where we show the best fit values of the
MOS1+MOS2+pn joint fits. Our model provides a reasonably
good fit of the MOS and pn spectra, as is shown by the Cstat
values in the table. We show MOS1+MOS2+pn spectra with the
best fit from the three different ObsID in Appendix B.

We also note that all the spectral best-fit values are in
agreement between independent ObsID. If we focus on the
MDR in each energy bin, we find substantial cooling between
2 and 3 keV, which is not surprising since the bin is centered
on a value close to 1/3 of the virial temperature (~7.5keV).
Indeed, this value is similar to the one estimated from the total
X-ray luminosity in the assumption of an isobaric CF model by
McDonald et al. (2018), equal to M = 580 + 180 M, yr~!. Then,
we only measure upper limits on the amount of cooling gas in
the energy range 1-2keV. Interestingly, we nominally find 2 or
30 detection for a CF in the energy range 0.5-1keV, at a level
of ~40 Mg, yr~!. Thus, our spectral analysis of CCD spectra sug-
gests that the MDR below 2 keV is at maximum ~3-5% of that
corresponding to the isobaric CF model.

6. Spectral analysis of RGS data
6.1. Analysis strategy

Our analysis focuses on the 6.5-27 A wavelength range of the
first-order RGS spectra, where the source counts are above the
observed background. This includes the K-shell emission lines
of sulfur (S), silicon (Si), magnesium (Mg), neon (Ne), oxygen
(0), and the L-shell lines of iron (Fe) and nickel (Ni).

In this case, we describe the ICM and AGN emission with an
isothermal plasma model of collisional ionization equilibrium
and an absorbed power law model to model the AGN, as was
already described in Sect. 5.2. The only difference with respect
to the fit of the EPIC data is that here the abundances for O, Ne,
Mg, and Si, whose dominant Lyman lines are clearly observed in
the spectra, are considered free parameters, while the remaining
elements are coupled to iron. Another major difference is that we
minimize the fit with respect to the micro-turbulence 1D velocity
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Table 2. Results from EPIC/MOS1, EPIC/MOS2, and EPIC/pn joint fit for the three different ObsID.

ObsID Norm Temperature Abundance M (0.5-1keV) M (1-2keV) M (2-3keV) Cstat/d.o.f.
[10” m~] [keV] (Zo] (Mo yr™'] Mo yr™'] Mo yr']
0148990101 322013 771708 0751008 46 + 20 <1 17077 290,297
0900280101 344£008 76303 063002 4511 <18 112978 414/320
0900280201 343701 75708 061£003 35420 <104 1075731 408/313
All stacked EPIC 321005 7.64+0.16 0.64 +0.02 46+ 8 <15 112732 1101/709
A2667 stacked spectrum order 1
~N T T T T T T T T T T T T T
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Fig. 2. RGS spectrum of A2667 overlaid with an isothermal model of gas in collisional equilibrium (red). Emission lines commonly detected in
RGS spectra of CC clusters are labeled at the observed wavelengths. Dotted labels refer to lines from gas below 1 keV. Residuals are shown in the
bottom panel. The dotted line in the upper panel represents the background spectrum.

broadening parameter. In addition, we also consider the redshift
as a free parameter to take into account any eventual line shift.
Other parameters, such as Galactic absorption and AGN intrin-
sic absorption are the same as in the EPIC spectra analysis (see
Sect. 5.2).

Eventually, to obtain better constraints on the amount of gas
cooling below 0.5keV, we fit the RGS spectrum by adding a
CF model to the isothermal model, similarly to what we did for
EPIC spectra in Sect. 5.2. First, we considered three indepen-
dent CF components in the temperature ranges 0.5-1.0, 1.0-2.0,
and 2.0-3.0keV, plus the isothermal cie. The only free param-
eter in each CF is the cooling rate, M, while the abundances
are coupled to that of the cie component. As a second step,
we considered a more complex model with a CF component
with five temperature bins (0.1-0.5, 0.5-1.0, 1.0-2.0, 2.0-3.0,
and 3.0-7.0keV). Finally, in order to place tighter constraints,
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we adopted a simplified model with only two temperature bins
(0.1-2.0, 2.0-7.0keV) for the CF component in addition to the
isothermal gas model.

6.2. Results

The best-fit values for the simple isothermal plasma model of
collisional ionization equilibrium are shown in Table 3. This
model provides a reasonably good fit of the RGS spectra. Most
strong lines are well described by the isothermal model, as is
shown in Fig. 2. We detect several lines, particularly SiXIV,
MgXII, FeXXIII/FeXXIV, NeX, and OVIIla. We see that the
spectrum lacks OVII, FeXXI-FeXXII, and FeXVII forbidden,
recombination, and resonant emission lines. We note that all the
abundances of detected heavy elements are consistent with the
common value Z = 0.5 Z;, confirming our choice of using a sin-
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Table 3. XMM-Newton/RGS best-fit values for the isothermal cie model.

nenygV Temperature O/H Ne/H Mg/H
6.70 + 0.08 4.27f8:§f{ 0.47 £ 0.09 0.51 +0.09 0.37 £0.13
Si/H Fe/H vrms Z Cstat/d.o.f.
0.31 £0.12 0.49f8:8§ 710+ 170  0.2336 = 0.0005 419/398

Notes. Abundances are in proto-Solar units (Lodders & Palme 2009), emission measure n.nyV in 107> m3, temperature in keV and micro-

turbulence 1D velocity in km s~ (in this case representing the total width,

i.e., spatial plus turbulent broadening).

Table 4. XMM-Newton/RGS best-fit MDRs for a CF component with five, three, and two temperature bins.

Model M (0.1-0.5keV) M (0.5-1.0keV) M (1.0-2.0keV) M (2.0-3.0keV) M (3.0-7.0keV)
5CF <24 <22 <44 <1225 <693
Model M(0.5-1.0keV) M (1.0-2.0keV) M (2.0-3.0keV)

3CF <22 <45 765735,

Model M (0.1-2.0keV) M (2.0-7.0keV)
2CF <10 3507232

Notes. M is in solar masses per year as the default in SPEX.

103 4
d
T
>
= 102 4
=
2! T —— 5CFRGS
2 CF RGS
X I — 3CFRGS
10° 1 —— 3CFEPIC
T T " "
0 1 2 3 4 5 6 7

Temperature [keV]

Fig. 3. RGS and EPIC cooling rates measurements and upper limits. In
light blue, dark blue, and cyan, we show RGS values and upper lim-
its on cooling rates obtained from a five-component, three-component
and two-component CF model. In magenta, we show the EPIC mea-
surements and upper limit of cooling rate obtained from the three-
component CF model reported in Table 2 (see all stacked EPIC ObsID).

gle value for metallicity when fitting EPIC data. However, this
value is at least 20% lower than that obtained from EPIC data.
We also note that an isothermal cie model is providing a good
fit to the RGS spectrum despite a much lower temperature value
with respect to the cie component in EPIC data analysis. This
suggests that the emission measure of the cold gas does not have
a strong impact on RGS data.

Not surprisingly, when we add a three-temperature bins
(0.5-1.0, 1.0-2.0, 2.0-3.0keV) CF model, we obtain only
upper limits on the MDR, equal to M(0.5-1keV) < 22 Mg yr~!
and M(1-2keV) < 45Mgyr~!. As expected, the 2-3keV
temperature bin is characterized by a large cooling rate
MQ-3keV) = 764*2 Mg yr~!. These results are statistically

—542
in agreement with the ones found in the EPIC spectra. However,

we do not reproduce the 20 detection of a CF in the 0.5-1keV
temperature bin.

Eventually, a more complex model with five temperature
bins (0.1-0.5, 0.5-1.0, 1.0-2.0, 2.0-3.0, 3.0-7.0keV) provide
only upper limits on the amount of gas cooling within each
temperature interval. We obtain M(0.1-0.5keV) < 24 Mg yr~!,
M(@0.5-1.0keV) < 22Mgyr! and M(1.0-2.0keV) <
44 My yr~!. Finally, when using a CF component with only
two temperature bins (0.1-2.0, 2.0-7.0keV), we obtain
M2.0-7.0keV) = 3503% Mo yr~!, and M(0.1-2.0keV) <
11 Mg, yr~!'. We report the MDR of the CF component with five,
three and two temperature bins in Table 4.

To discuss our results, including the analysis of EPIC data,
we show the measured MDRs or their 1o~ upper limits in Fig. 3.
First, we note that all our results are in agreement with each
other, except the measurement of a mass deposition rate of
M = (46 + 8) M, yr’1 in the temperature interval 0.5—1keV
obtained with the combined analysis of all the EPIC spectra. This
point is, in fact, about 30~ above the upper limits found by the
analysis of RGS spectra. Nevertheless, it is clear that the maxi-
mum MDR allowed by an isobaric CF model is at least one order
of magnitude lower than that measured in the 2—3 keV temper-
ature bin, in agreement with results obtained in similar studies
(Peterson et al. 2001; Sanders et al. 2010; Molendi et al. 2016).
Given the overall agreement between the M values, we shall per-
form a joint EPIC and RGS fit in Sect. 7.

6.3. Instrumental versus turbulent broadening

The spectral fits yield a maximum line width corresponding to a
line broadening vy;c(1D) =710 + 170km s~'. This measurement,
however, does not account for the fact that the broadening is
expected to be dominated by the spatial extent of the source. The
impact of this effect can be subtracted using the surface bright-
ness modeled on the high-resolution Chandra images in the soft
band [0.5-2keV].

We produced Chandra surface brightness profiles to model
the RGS line spatial broadening with the standard dispersion
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Fig. 4. RGS line spatial broadening computed through the Chandra sur-
face brightness profile and Eq. (2) (black line). The lines show the nar-
rowest Gaussian referring only to the cluster core obtained by fitting
two different models with either two (dotted red line) or three (dotted
blue line) Gaussian lines.

equation:

_0.138A6

AL A, (2)

m

where AA is the wavelength broadening, A6 is the source extent
in arcseconds, and m is the spectral order (see the XMM-Newton
Users Handbook*). The surface brightness was extracted using
a region of 50” width and a length of 10’ (which approximates
an RGS extraction region; see Sect. 4.2), and using the CIAO
task dmstat. The RGS instrumental line broadening measured
through the Chandra surface brightness profile of A2667 cluster
is shown in Fig. 4 (black line). It is well known that the spa-
tial profiles extracted from the CCD images tend to overestimate
the soft X-ray line broadening due to the contribution from the
hotter continuum, which has a larger extent than the cooler gas
producing such lines (Pinto et al. 2015). We therefore followed
the approach outlined in Bambic et al. (2018) whereby only the
core of the spatial profile was adopted. This can be estimated
by fitting the broadening profile with either two or three multi-
ple Gaussian lines depending on the cluster distance. Typically,
for clusters beyond redshift 0.2, two Gaussian lines are sufficient
(i.e., one for the core and the other for the ambient gas). The sin-
gle Gaussian line (black line) obtained with Chandra data and
the narrowest Gaussians (dotted green and red lines) of the mul-
ticomponent models fitting are also shown in Fig. 4, but renor-
malized for plotting purposes.

Then, we used the Ipro model in SPEX to take into account
the instrumental broadening. The Ipro model receives as input
the spatial broadening measured with the Chandra surface
brightness profile and convolves it with the baseline spectral
model:

Model = (hot X (redshift X cie)) ® Ipro. 3)

The Ipro component now accounts for the spatial broadening. As
was mentioned before, we only accounted for the spatial extent
of the CC in order to avoid over-subtraction of the spatial extent
and under-estimate the upper limit on the turbulence. This was
done by using the spatial broadening constrained by the narrower
Gaussian that was used in the fit of the Chandra spatial profile.
After fitting the RGS spectrum including the /pro component,
the parameter vy, is now related only to the turbulent veloc-
ity. The large uncertainty associated with the subtraction of the

4 http://xmm-tools.cosmos.esa.int/external /xmm_user_
support/documentation/uhb/XMM_UHB.pdf
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source profile hampers us from obtaining a robust measurement.
Indeed, we obtain a 90% upper limit of 561 km/s and 787 km/s
for the velocity broadening in the case of two and three Gaus-
sians, respectively. We note that the velocity broadening upper
limits are higher than those found in the Phoenix cluster at high
redshift, and of those measured in other clusters in the local Uni-
verse, such as Abell 1835 (Sanders et al. 2010), observed with
comparable signal to noise. This could be due to the fact that
in A2667 there are some ongoing processes boosting turbulence
more than in typical CC clusters. This point will be discussed in
detail in Sects. 8.2 and 8.4.

7. EPIC and RGS joint fit

To better characterize the system and place tighter constraints
on cooling rates, we performed a joint fit of all available
XMM-Newton spectra. We followed the strategy used for EPIC
and RGS spectral fit separately in the previous sections. We
described the ICM emission with an isothermal collisional equi-
librium model, the AGN contribution with an absorbed power
law, and we added a three-component CF model with tempera-
ture bins set to 0.5—1.0, 1.0-2.0, and 2.0-3.0keV (see Sects. 5
and 6 for further details).

The best-fit values of the spectral parameters from the joint
fit are shown in Table 5, while we report the best-fit model and
data plots in Appendix C. We performed the joint fit in four
steps: first, we combined RGS with the stacked spectrum of the
MOST1 detectors, then MOS2, pn, and finally all the EPIC detec-
tors together. We note that all the combinations are in agreement
with each other, so we can rely on the fit obtained by stacking all
the independent spectra extracted from our data as the result with
the largest amount of information. We conclude that we find pos-
itive values within 1o sigma confidence level for the MDR in the
0.5—-1keV temperature bin and only upper limits in the 1-2keV
temperature bin. These values and upper limits are in agreement
with the analysis of the RGS spectrum within 1o, and more in
general with the values shown in Fig. 3.

Finally, we note that the isobaric cooling may not be the
only physical mechanism producing a MDR. Therefore, after
having explored CF models in a limited temperature bin, we
account also for the presence of nonisobaric modes by the wdem
(Kaastra et al. 2004) model which describes the emission mea-
sure distribution of the ICM with a generic power law. The
free parameters in this model are the emission measure value,
maximum temperature, lower temperature cutoff, and iron abun-
dance. The values found for the emission measure (n.ngV =
(6.607003) x 10" m™), maximum temperature (Tax = 6.30 +
0.03keV) and iron abundance (Fe/H = 0.62 + 0.01) are in
agreement with the values found with cie model, but with a
much higher C-stat value (C-stat=1927/1100). Moreover, we
are not able to constrain the value of the low-temperature cut-
off (Toye < 0.13keV). We conclude that the gas distribution in
this cluster does not follow a power law, as has also been found
by a similar analysis in the literature (see Frank et al. 2013).

8. Discussion
8.1. Cooling rates

In this work, we study the galaxy cluster A2667 in order to
understand how much gas is cooling below 2 keV. Considering
the fitting procedure of the RGS and EPIC data, we can only
put an upper limit on the values of cooling rate in the temper-
ature ranges 0.5—1keV and 1-2keV. In particular, in the range
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Table 5. XMM-Newton/RGS and EPIC joint best-fit isothermal cie model with a CF component with three temperature bins.

Instrument nenyV Temperature O/H Ne/H Mg/H

RGS + stacked MOSI1 4.59f8:}3 7.44j8§% 0.49 +0.08 0.44 +0.07 0.46+0.10

RGS + stacked MOS2  4.97 +0.15 7.12f8:§2 0.53+0.09 0.40+0.07 0.39+0.10

RGS + stacked pn 4.40+0.13 7.82j8:§2 0.47 +0.08 0.40 +0.07 0.44+0.09

RGS + all EPIC 4.45+0.10 7.80j8}§ 0.48 +0.09 0.37+0.06 0.45+0.07

Instrument Si/H Fe/H M (0.5-1keV) M(1-2keV) M (2-3keV) Cstat/d.o.f.
RGS + stacked MOS1  0.25+0.06  0.60+0.03 250 <44 148079 705/629
RGS + stacked MOS2 0.30+0.06 0.60+0.02 <8 <10 1246j}(1’§ 723/629
RGS + stacked pn 0.32+0.06 0.65+0.02 32ﬁ3 <81 15433%‘9‘ 792/630
RGS + all EPIC 0.30+0.04 0.65=+0.01 20+16 <58 1556*78 1379/1094

—18 —102

Notes. Abundances are in proto-Solar units (Lodders & Palme 2009), emission measure n.nyV in 10’ m=, temperature in keV and M in solar

masses per year as default in SPEX.

0.5-1keV, we have a 1o upper limit of ~36 Mg yr~!, while in
the range of 1-2keV we have an upper limit of ~60 Mg yr'.
On the one hand, in the RGS spectrum we only find evidence
of the OVIII line directly associated to ~1keV ICM. On the
other hand, we do not significantly detect either FeXXI-FeXXII
and FeXVII forbidden, intercombination, and resonant emission
lines, or OVII, which are the best tracers for <1keV gas (see
e.g., Sanders et al. 2010). Probably, the OVII lines are hidden
within the noise and the high instrumental background around
35 A. However, the absence of FeXXI-FeXXII should clearly
indicate that the amount of gas cooling below 1 keV is minimal.
Also, since the difference measured in the cooling rates between
1-2keV and 2-3keV is larger than 1000 M, yr~!, it looks like
the gas is not able to cool below 2keV because of reheating by
some feedback mechanism. As is supported by high-resolution
hydrodynamical simulations, the sudden drop of the emission
measure below 2 keV is likely due to a combination of the direct
AGN heating and turbulent mixing, which induce nonisobaric
modes into the (quenched) CF (Gaspari 2015).

These results, combined with the presence of an AGN with
a low nuclear power (~3 X 104 erg/s, Yang et al. 2018), could
imply that we are either in the presence of a minimal MDR in
the aftermath of a cooling event powering off, or the beginning
of a cooling episode that has just awakened the AGN. In this
second case, the BCG may evolve within a few tens of millions
of years into a Phoenix-like phase, with a rise in the value of the
MDR promptly counterbalanced by strong feedback. A relevant
quantity in this respect would be an estimate of average AGN
feedback power in the last tens of Myr, for example from ICM
cavities. Moreover, it would be important to assess the dynamical
state of the clusters to evaluate the presence of induced sloshing
in the ICM or to identify a recent minor merger onto the BCG.
We shall discuss some of these aspects in the next subsections.

8.2. Cooling-heating equilibrium

In our attempt to place constraints on turbulence and estimate
whether the energy stored in turbulent motions is high enough
to balance radiative cooling, we obtained a total broadening of
the emission lines in the RGS spectrum of 710 + 170 kms~'. As
is described in Sect. 6.3, after modeling the spatial broadening
due to the spatial extent of the source with two Gaussian curves,
we obtain 90% upper limits on the turbulent broadening, equal

to 561 kms™', or even higher for more accurate modelization of
the source profile. This limit is well above the turbulence level
required to propagate the heat throughout the Phoenix cluster at
z ~ 0.6 from the central AGN up to 250 kpc (Pinto et al. 2018).
This suggests that in A2667 the ICM may be characterized
by a high level of turbulence, consistent with a post-feedback
scenario.

To achieve a rough estimate of the turbulent velocity in the
ICM of A2667, we can adopt the simplified, model-dependent
approach proposed by Sanders & Fabian (2013). This consists
of computing the intrinsic broadening as the difference between
the square of the total width obtained from the RGS spectral fit
(710 km/s) and the instrumental broadening estimated simply by
the full width half maximum of the Gaussian describing the core
spatial extent. The broadening in units of velocity is obtained
from the relation
ao= 242 TE )

A A

where o = 0.04 is the Gaussian width obtained with the Python
routine leastsq, A is the RGS band center at ~19 A (position of
O VIII emission line peak), and c is the speed of light. We obtain
an intrinsic broadening of 320 + 200 km s~!. However, this result
is an optimistic estimate of the error. If we consider all the uncer-
tainties in our approach, this result can be considered as a 1o
upper limit. We have to rely on future bolometer measurements
(e.g., XRISM; see Sect. 9) to provide greater precision and allow
us to confirm or refine this estimate.

As has been probed by high-resolution hydrodynamical sim-
ulations, such levels of turbulent velocities (and related enstro-
phy) are enough to enhance local thermal instability and trig-
ger a condensation rain of warm filaments or clouds, which
is expected to boost the SMBH accretion rates via CCA dur-
ing the next self-regulation cycle (Gaspari et al. 2020). Indeed,
the SMBH mass of A2667 is 2 x 10'° M, (Phipps et al. 2019),
which can be achieved only through recurrent flickering cycles
of CCA feeding, unlike in hot-mode (Bondi/ADAF) scenarios
(see the Discussion section in Gaspari et al. 2019). Quantita-
tively, we computed a key CCA diagnostics; that is, the con-
densation ratio, C = f¢oo1/%eddy, Within the putative bubble region
(L ~ 25kpc), which is also comparable to typical condensation
core sizes (Wang et al. 2023). We find a C ratio of 0.4, which is
consistent with an ensuing or resuming CCA rain, as it crosses
the C ~ 1 threshold (Gaspari et al. 2018).
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Fig. 5. Line spatial broadening computed through the Chandra surface
brightness profile and Eq. (2) for A2667 (blue line) and Abell 1835
(red line). The dash-dotted turquoise line and the dashed orange line
show the narrowest Gaussian obtained by fitting three Gaussian lines
for A2667 and Abell 1835, respectively.

8.3. Comparison with Abell 1835

To have a better grasp on the level of turbulence in A2667, we
confronted the intrinsic broadening value obtained for A2667
with the one obtained from Abell 1835 (hereafter A1835) Chan-
dra surface brightness profile. We used this cluster because is
placed at a redshift close to that of A2667 — z = 0.2523 — and
shows a CC at the center. In addition, considering the total lumi-
nosity of both clusters, their temperature and the XMM-Newton
exposure time, the X-ray signal from A1835 is about 4.5 times
larger than A2667. A1835 is the most luminous cluster in the
ROSAT Bright Cluster Sample (Ebeling et al. 1998), with an
inferred isobaric CF cooling rate of ~1000 Mg yr~! (Allen et al.
1996). The SFR in the central galaxy derived from optical spec-
troscopic is 40—70 Mg ylr’1 (Crawford et al. 1999). The infrared
luminosity of the object is ~7x 10'! Ly, (Egami et al. 2006), sug-
gesting an even higher SFR up to ~125 Mg yr~'. In addition a
total mass of ~5 x 10'° M, of molecular gas has been measured
within 10kpc from the BCG center (McNamara et al. 2014).
Despite the evidence for star formation, cool gas and the high X-
ray luminosity (Lx{o.1-2.4kev] ~ 3.9 X 10% erg s7l: Ebeling et al.
1998), little X-ray emitting gas was seen in this cluster below
1-2keV when it was observed using the XMM-Newton RGS
instruments (Peterson et al. 2001). More quantitatively, fewer
than 200 M, yr~! cools below 2.7keV (90% confidence) and
far below 100 Mg yr~! at lower temperatures (Liu et al. 2019b).
Therefore, it has been proposed that AGN feedback, estimated
to have an average of 1.4 x 10% erg/s in the last few tens of
millions of years, prevents most of the X-ray gas from cooling
(McNamara et al. 2006).

Using XMM-RGS data, Sanders et al. (2010) calculate the
line-of-sight, nonthermal, total broadening of A1835, finding a
90% upper limit value of 222 km/s. This value is lower than our
measurement of the total broadening in A2667 equal to 710 +
160kms™~! (see Sect. 6.1). We attempt to estimate the turbulent
velocity component in A1835 after computing the source spatial
broadening in the simplified method described in Sect. 8.2.

We used 30ks of archival ACIS data from the Chandra
archive to derive the surface brightness profile of A1835. We
reduced the data following the procedure described in Sect. 3.
We obtained the line spatial broadening fitting the data with three
Gaussian lines (see red and orange lines in Fig. 5), as described
in Sect. 6.3. Then, we applied the relation (4), where o = 0.01
was obtained by the Python routine leastsq. We obtained an
upper limit on the velocity broadening of 170 km/s (90% confi-
dence level) that can be ascribed to turbulent motions.
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The striking difference between the line broadening of
A2667 with respect to A1835 can be seen in Fig. 5. We note
that the spatial broadening in A1835 is ~50% lower than the
spatial broadening in A2667 and this reflects on the turbulent
velocity line broadening which is at least double in A2667 with
respect to A1835. It has been argued that the central AGN in
A1835 is not inducing large amounts of turbulence in the ICM
in the cluster core (Sanders et al. 2010). Given our results, we
suggest that in A2667 turbulent velocity may be boosted by
physical processes such as AGN mechanical feedback, slosh-
ing, and/or minor mergers, or, more likely, a combination of
them. We tentatively quantify this effect to be a factor of 2
with respect to A1835 and other similar CC clusters (see clus-
ters in Sanders & Fabian 2013 sample). To summarize, it will be
extremely interesting to obtain tighter constraints on the turbu-
lence in A2667 with X-ray bolometers, as is discussed in Sect. 9.

8.4. Possible role of minor mergers, sloshing, and AGN
feedback in heating processes

In previous sections, we mentioned minor mergers, sloshing and
AGN feedback as possible mechanisms for boosting turbulent
velocity and reheating the ICM preventing or strongly reduc-
ing cooling in the gas below 2keV in A2667. Considering the
resolution of current data, we cannot rule out one mechanism
or identify the dominance of another. Here, we review differ-
ent hints on the role of these mechanisms based on the avail-
able literature. Indeed, according to previous studies, especially
Giacintucci et al. (2019) and Iani et al. (2019), there is convinc-
ing evidence of the presence of all these mechanisms.

Iani et al. (2019) find the presence of a complex system
of substructures in the optical surface brightness extending all
around the BCG at the center of A2667 using HST and MUSE
data, characterized by a strong blue optical color suggesting a
young stellar population. They propose two scenarios to explain
the presence of filaments and clumps, one associated with the
AGN feedback and the other associated with the presence of
a companion galaxy falling onto the BCG. Particularly, for the
second scenario the clumps appear to lie on the BCG galac-
tic plane, as it would happen with an accreting satellite galaxy
that loses its angular momentum and starts inspiralling toward
the BCG center. At the opposite extremity of the galaxy with
respect to the clumps in the HST images, diffuse blue emission
is present, likely due to the gas left behind by the satellite galaxy
from a previous orbit. The presence of a satellite galaxy could
favor the presence of minor mergers which influence the heat-
ing and cooling of the gas around the BCG and in the cluster.
Instead, they tend to exclude the first scenario on the AGN feed-
back because even though the clumps are observed on a physical
scale of ~10-20kpc from the galaxy nucleus, Chandra X-ray
data and JVLA-ALMA radio data do not show a clear pres-
ence of jets or inflated bubbles on a large scale. However, if
we improve the contrast of Chandra image using the unsharp
mask procedure in CIAO, we find clear asymmetric features at
a distance of roughly 90kpc and 50kpc from the center of the
BCG, as is shown in Fig. 6. The shape of the features is reminis-
cent of a cold front, however, the surface brightness depression
regions are quite extended, and we cannot exclude the presence
of cavities. Given the very shallow archival exposure, and the
high flux of A2667, a moderately deeper Chandra observation
would significantly improve the characterization of the surface
brightness edges or cavities detected in current data. This would
bring another piece of information that is relevant for identifying
the main source of heating in the core of A2667.
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Fig. 6. Chandra 0.3—-10keV unsharp mask image of A2667. The white
arrows are adapted from Giacintucci et al. (2019) and represent the two
surface brightness edges found, which may be cold fronts or bubble-like
features.

Focusing on the radio band, Giacintucci et al. (2019) find the
presence of a minihalo using GMRT-VLA radio data which cov-
ers an area of ~70kpc in radius. They also discuss the two sur-
face brightness features in the X-ray image (see white arrows in
Fig. 6) and interpret them as cold fronts. Indeed, the radio mini-
halo seems to be contained within the sloshing region defined
by the X-ray fronts. These results stress the presence of slosh-
ing in the ICM of A2667. To conclude, the combination of
high-resolution X-ray spectra and high-resolution X-ray images
is required to comprehend the dynamical and thermodynamical
state of the ICM in the core of A2667.

9. Future perspectives

Current X-ray instruments on board XMM-Newton and
Chandra only allow us to obtain approximate turbulent velocity
measurements and also have limitations due to source extent and
associated broadening. The most accurate measurement of line
broadening and, therefore, constraint on turbulence in the ICM,
was obtained by the Hitomi satellite (Takahashi et al. 2010)
during its deep (230ks) observation of the Perseus cluster of
galaxies (Hitomi Collaboration 2016), but this satellite was lost
immediately afterward in 2016. However, a new X-Ray Imaging
and Spectroscopy Mission (XRISM; Guainazzi & Tashiro 2019)
was launched in 2023.

We therefore performed a simulation of A2667 as
it will be seen by XRISM using a gate-valve-closed
(GVC) Resolve response matrix with a 5eV spectral reso-
lution using SPEX command simulate. We considered the
XMM/EPIC+XMM/RGS best fit model (cie model; see Sects. 5
and 6) and assumed an exposure time of 250 ks with GVC, sim-
ilar to that of the Perseus cluster.

We assume a line broadening due to turbulent velocity of
320kms~! as in our simple estimate (see Sect. 8.2). The simu-
lated spectrum is shown in Fig. 7. We can see that we are able to
resolve the Fe XXV multiplet emission lines in the energy range
of 5—-6keV. We can place tight constraints on turbulent velocity
corresponding to a statistical uncertainty of just ~30kms~! for a
250 ks XRISM observation, obtaining much stronger constraints
compared to those in this work.

Another instrument that will bring a drastic improve-
ment is the X-ray Integral Field Unit (X-IFU) on board the

A2667 simulation XRISM
© T T

Counts/m?/s/keV
4

5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9
Energy (keV)

Fig. 7. Simulation of an A2667 observation with XRISM/Resolve
accounting for the GVC. The black dots are data points and the red
line is the best-fit isothermal model. The plot is zoomed on the region
of the FeXXV-XXVI lines in the observer frame.

A2B67 simulation ATHENA

100

Counts/m?/s/keV

Energy (keV)

Fig. 8. Simulation of an A2667 observation with ATHENA/X-IFU. The
black dots are data points and the red line is the best-fit isothermal
model + isobaric CF model in three temperature bins.

Advanced Telescope for High Energy Astrophysics (ATHENA;
Nandra et al. 2013) that has been rescoped to the novel mis-
sion design NewAthena and is expected to be operating in the
late 2030s. This satellite will provide a spatial resolution down
to around 9 arcsec (half energy width), a spectral resolution of
~2.5eV, and an effective area of more than an order of magni-
tude larger than any previous grating or microcalorimeter, imply-
ing a significant improvement in our capabilities to investigate
the X-ray spectra of galaxy clusters. We performed a NewA-
thena simulation of A2667 using a gate-valve-open (GVO) X-
IFU response matrix (as of July 2024). We considered the same
template model used for XRISM simulation with the addition of
a CF model with three temperature bins, but with an exposure
time of 300 ks, higher than the 250ks used for the XRISM sim-
ulation.

The X-IFU 300 ks observation of A2667 will provide a spec-
tacular spectrum of high quality (see Fig. 8) and will allow us
to measure velocity broadening with statistical uncertainties of
~6kms~!, much tighter constraints on turbulence compared to
the XRISM observations. This also happens for cooling rates
measurements, for which we obtain statistical uncertainties of
~10-20% (0.5-1.0keV) on an MDR of 10M,yr~!'. For the
temperature bin 1.0-2.0keV, on the other hand, it is still diffi-
cult to get this level of uncertainty. Indeed, to obtain statistical
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uncertainties of ~10—-20% on the MDR in the range 1.0-2.0keV
we need observations of 3 Ms.

With NewAthena, we are also able to put constraints on the
temperature truncation value of the cooling gas. In a simula-
tion with an input isobaric CF with a minimum temperature of
0.7keV, and M = 100 M, yr‘l, we are able to recover the trunca-
tion temperature with a 1o error of 4%, and the MDR with a 1o
error of 8%. We conclude that with XRISM and NewAthena we
shall be able to investigate the cooling and heating mechanisms
in A2667, and finally constrain the different scenarios outlined
in this work.

10. Conclusions

In this paper, we have studied the thermal X-ray emission from
the ICM in the CC cluster A2667 at redshift z = 0.233, focus-
ing on the core region included within a radius of ~115kpc. We
performed a detailed analysis of the deep XMM-Newton obser-
vations of A2667, along with archival Chandra data.

From the X-ray spectral analysis of XMM/EPIC and RGS
data, we conclude that we are able to put only upper limits
on the MDR in the ICM below 2keV. In particular, we find
M < 36Mgyr! (0.5-1keV) and M < 58 My yr! (1-2keV).
We measure a cooling rate in the temperature interval 2—3 keV
equal to M = 1556j§2 M, yr~!. These results envisage a sce-
nario in which the maximum amount of gas cooling below 2 keV
is below ~4—5% of gas cooling in the range 2—-3 keV. Thus, we
can say that A2667 is not different from other low-redshift CC
clusters.

Interestingly, from XMM/RGS spectral fitting, using a cie
model, we find a maximum line broadening corresponding to
710 = 170kms~!, which includes both spatial and turbulent
broadening, along with instrumental broadening. We make a
simple estimate of the intrinsic, turbulent velocity of ~320 +
200km s~!, a value that is at least twice the one estimated in the
local cluster A1835. These limits are well above the turbulence
required to propagate the heat throughout the Phoenix cluster at
z ~ 0.6 from the central AGN up to 250 kpc. This result could be
considered as a hint of the fact that there are some processes
ongoing in A2667 that boost turbulence and quench cooling,
such as sloshing, minor mergers, and/or AGN feedback. At the
same time, it is important to note that turbulence stimulates local
thermal instability, and hence vitally promotes the next genera-
tion of CCA rain, as is shown by the computed low C ratio of
0.4 in the core of A2667. Imaging analysis with high-resolution
Chandra data provide clear surface brightness depression that
can be interpreted as the signatures of a cold front or the pres-
ence of ICM cavities.

Current XRISM and future NewAthena missions will
improve the accuracy in measuring crucial parameters in X-ray
spectra of clusters of galaxies. Particularly, it is already possible
to bring the uncertainty on the turbulent velocity in A2667 down
to ~10% (~30kms~! in our case) with a 250 ks XRISM obser-
vation. With NewAthena it will be possible to further reduce
this uncertainty to ~3%. Unfortunately, a robust assessment of
the actual MDR at the level of ~10Mgyr~!, as we expect in
A2667, will be possible only with an X-ray bolometer with sen-
sitivity below 2keV, such as the X-IFU on board NewAthena.
This implies that the characterization and quantification of the
CFs hosted by CC clusters directly measured from X-ray is at
present severely limited by current facilities.
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Appendix A: Impact of active galactic nuclei
variability on the fitting procedure

In this work, we modeled the AGN component in the fitting pro-
cess using a power law with the intrinsic absorption, Ny, photon
index, I', and luminosity, Lx, fixed to the best-fit values obtained
in Yang et al. (2018). In addition, we did not account for AGN
variability. However, the values for Ny and luminosity have
rather large statistical uncertainties: Ny(10*2cm™2) = 13.7*7§
and log(Lx)[erg/s] = 43.4*07. In this appendix, we have per-
formed additional tests and seen if there are some variations
in the parameters relevant to our science goals associated with
uncertainties in the AGN modelization. We thus allowed the
intrinsic absorption and luminosity to vary within their respec-
tive 1o error bounds, keeping I” fixed to 1.8.

The results of these tests show no substantial differences in
the fit parameters, with variations limited to within 5% in most
of the best-fit values. We further extended the analysis by con-
sidering 20" and 30 deviations. Also, in this case, the variations
are limited to 5% at most. These findings suggest that the vari-
ability of the AGN parameters within the observed error bounds
does not affect the conclusions of this paper.

Appendix B: EPIC spectra

In this section we present the best-fit model plots of the stacked
EPIC MOS1, MOS2, and pn spectra, along with the joint fit of
all datasets. The spectra and corresponding best-fit models are
shown in Fig. B.1, where we also display each model compo-
nent: the power-law and cie components representing the ICM
and AGN, as well as the three temperature bins of the CF com-
ponent. The detailed fitting results are provided in Table 2.

The plots reveal some residuals below 2 keV, particularly in
the spectra from ObsID 0900280101 and 0900280201, which
are the newly added observations. In contrast, these residuals are
not evident in the spectrum from the older ObsID 0148990101.
The discrepancies observed in the new data may be attributed
to the higher signal-to-noise ratio of these new deeper observa-
tions compared to the older dataset. This increased sensitivity
can amplify the impact of systematic uncertainties. Indeed, there
are known calibration uncertainties of 5-10%° in EPIC/MOS and
EPIC/pn data, which may contribute to the observed residuals.
To address this issue, we also calculate the residuals in percent-
ages below 2 keV. We found that they are consistent with 10%.

It is also worth noting that the current model may not fully
capture the features of the new observations, particularly the
emission lines below 1 keV. This suggests that further refinement
of the model, for example with additional local fitting procedures
(as in Mernier et al. 2017) or additional components, might be
necessary to better characterize these data.

Appendix C: EPIC and RGS joint fit spectra

In this section we present the best-fit model plots of the RGS
and EPIC joint fit. The spectra and corresponding best-fit mod-
els are shown in Fig. C.1, where we also display each model
component: the power-law and cie components representing the
ICM and AGN, as well as the three temperature bins of the CF
component. The detailed fitting results are provided in Table 5.
As stated in the previous section, a visual inspection reveals
some residuals below 1-2keV for ObsID 0900280101 and
0900280201 EPIC/MOS and EPIC/pn spectra. We suggested

> https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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that these features may be attributed to systematic uncertainties
in the calibration of EPIC detectors, which may account for 5-
10%. If we add also the RGS spectrum, those uncertainties may
increase, with another source of discrepancy potentially related
to differences in the atomic database which are on the order
of 20% (Pinto et al. 2015; de Plaa et al. 2017; Pinto et al. 2018).
Therefore, the adopted model may not fully capture all the fea-
tures observed in the spectra, particularly below 1 keV. To further
address this issue, we also calculate the residuals in percentages
below 2 keV. We found that residual values are consistent with
10%.
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ObsID:0148990101

ObsID:0900280101

Counts/s/keV

(Obs-Mod)/Err

(Obs-Mod)/Err

Energy [keV]

ObsID:0900280201

Energy [keV]

Stacked ObsID

Counts/s/keV

Counts/s/keV

(Obs-Mod)/Err

(Obs-Mod)/Err

Energy [keV]

- Total Model CF 1-2 keV MOS1 —

==+ CIE MOS1 ==+ CF 2.3 keV MOS1
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CF 2.3 keV MOS2 CF 1-2 keV pn <+ Spectrum pn
CEpn  sess CF 2.3 keV pn

Fig. B.1. Spectral fit of MOS1+MOS2 (light blue and green points) and pn (purple points) data for ObsID 0148990101 (upper left panel),
0900280101 (upper right panel), 0900280201 (lower left panel) and all stacked spectra (lower right panel). Residuals are shown in the bottom
panel. The model used for fitting is the combination of cie and the isobaric CF split into three temperature intervals. The model components are
represented with different colors and line styles in the plots. Orange lines represent the cie component, and blue lines represent the power law
component describing the ICM and AGN, respectively. Magenta, gold, and light green lines represent the three temperature bins (0.5-1, 1-2, and

2-3keV) components.
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Fig. C.1. Spectral fit of RGS + stacked MOSI1 (light blue and green points, upper left panel), RGS + stacked MOS2 (light blue and green points,
upper right panel), RGS + stacked pn (light blue and green points, lower left panel), and RGS + all stacked EPIC (light blue, green, violet and
black points, lower right panel). Residuals are shown in the bottom panel. The model used for fitting is the combination of cie and the isobaric
CF split into three temperature intervals. The model components are represented with different colors and line styles in the plots. Orange lines
represent the cie component, and blue lines represent the power law component describing the ICM and AGN, respectively. Magenta, gold, and
light green lines represent the three temperature bins (0.5-1, 1-2, and 2-3 keV) components.
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