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ABSTRACT

Aims. We aim to investigate the interplay between the intracluster medium (ICM) and the active galactic nucleus (AGN) in ZwCl 235,
a galaxy cluster with high X-ray flux, an extended central radio galaxy, and evidence of multiphase gas at its center.

Methods. Using archival data from the Chandra telescope, the Very Large Array Sky Survey (VLASS), the LOFAR Two-metre Sky
Survey (LOTSS), and the VLBA telescope, we performed a complete study of ZwCl 235, dissecting the dynamics of the ICM, the
thermodynamic state of the central gas, and the properties of the brightest cluster galaxy (BCG). By means of radial profiles and 2D
spectral maps, we measured the temperature, entropy, and cooling time of the ICM, and we compared the morphology of the central
radio galaxy with the surrounding medium.

Results. We find evidence that ZwCl 235 is a sloshing cool core cluster in which the activity of the central galaxy has excavated a pair
of cavities and possibly uplifted enriched gas to an altitude of ~30kpc. In the cluster core, the lowest entropy ICM is preferentially
found in a 20 kpc-long filament tangential to the southern radio lobe of the AGN. We argue that the observed cool (~1.3 keV) filament
is likely produced by a combination of sloshing and stimulated ICM cooling, which may be fueling the central supermassive black
hole. Additionally, we determined that the X-ray emission of the BCG originates from a ~1.4 keV plasma kernel, which extends for
5 kpc in radius and has a short cooling time (~240 Myr), and it could represent the thermal corona of the BCG.

Conclusions. Overall, we propose that several sources (the large-scale ICM, the low entropy filament, and the ~1.4keV kernel) of
cold material are currently feeding the central AGN, and that the ICM cooling cycle expectations are met from the macro scales

(between 5—100 kpc) to the meso scales (<5 kpc) of AGN feedback.
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1. Introduction

The cores of galaxy clusters represent the region where the inter-
play between different cluster components — namely the intra-
cluster medium (ICM), the brightest cluster galaxy (BCG), and
the central active galactic nucleus (AGN) — is manifested (e.g.,
for reviews McNamara & Nulsen 2007, 2012; Gitti et al. 2012;
Morganti 2017; Combes 2017; Gaspari et al. 2020; Eckert et al.
2021). In particular, the investigation of “cool core” galaxy
clusters (see e.g., Molendi & Pizzolato 2001; Hudson et al.
2010; Bharadwaj et al. 2014 for a discussion of cool core sys-
tems) with a multiwavelength approach has recently allowed
for new light to be shed on how AGN accretion and ejec-
tion mechanisms are coupled with the thermodynamic prop-
erties of the surrounding ICM (for recent works see e.g.,
Rose et al. 2019a,b; Vantyghem et al. 2019; Ciocan et al. 2021;
Mohapatra et al. 2022; McKinley et al. 2022; Temi et al. 2022).

The high resolution Chandra and XMM-Newton X-ray
observations of these objects have led to measurements of
the central gas temperature and density, finding that cooling
of the ICM can lead to cold gas (~1keV) reservoirs around
the BCG (e.g., Petersonetal. 2001; Donahue & Voit 2004;

Peterson & Fabian 2006), albeit lower than predicted from the
standard cooling flow model of Fabian (1994). Imaging of
the cluster cores revealed surface brightness depressions called
X-ray cavities, which were found to be coincident with the lobes
of the radio galaxy hosted in the BCG (see e.g., Boehringer et al.
1993; Churazov et al. 2000; McNamara et al. 2000; Fabian et al.
2000; Birzan et al. 2004). These works showed that the energy
required to excavate the bubbles (in the range 10%~erg,
e.g., van Weeren et al. 2014; Hlavacek-Larrondo et al. 2015;
Shin et al. 2016) matches the energy released by cooling of the
ICM; these pieces of evidence suggest that cluster central AGN's
can prompt a deposition of energy in the ICM, preventing an
over-cooling of the same gas that fuels their supermassive black
holes (SMBHs; e.g., McNamara & Nulsen 2007, 2012). This
finely tuned balance is usually referred to as the AGN feedback
cycle.

The end product of ICM cooling is predicted to form
reservoirs of multiphase gas surrounding the BCG. Warm
gas (~10*K) glowing in line emission (e.g., Ha, see e.g.,
McDonald et al. 2010; Hamer et al. 2016) and molecular gas
detected in CO (~10—-100K, see e.g., Edge 2001; Combes 2018;
Russell et al. 2019) have been found to be cospatial with the
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lowest entropy ICM. The multitemperature medium is usually
filamentary and is thought to generate from condensation of the
hot cluster gas (e.g., McDonald et al. 2010; Gaspari et al. 2020).
Furthermore, several combined X-ray, radio as well as optical
and millimeter studies have discovered that the cold filaments
are draped around or trail X-ray cavities (e.g., Hamer et al. 2012;
McDonald et al. 2015; Olivares et al. 2019; Rose et al. 2019b).
This coincidence has led to theories that the link between AGN
activity and ICM cooling consists not only in lowering the
amount of fuel, but also in setting the conditions for conden-
sation to occur (e.g., Brighenti et al. 2015; Yang & Reynolds
2016). In addition to heating the surrounding medium, the
expansion and rise of X-ray cavities can drag enriched, cold
material from the central regions up to several tens of kilopar-
secs (e.g., Gitti et al. 2011). By lifting low temperature gas to an
altitude where cooling times and dynamical times become com-
petitive, the condensation of the ICM into warm and cold gas
kernels is stimulated (e.g., Gaspari & Sadowski 2017).

In this context, it is interesting to note that in roughly two-
thirds of cool core clusters, there are surface brightness edges
(named “cold fronts”) wrapped around the center in a spiral
morphology (Ghizzardi et al. 2010; Zuhone & Roediger 2016).
Additionally, these system can show spatial offsets between the
BCG and the coldest phase of the ICM. The mechanism gener-
ating these features is sloshing of the gas in the potential well of
the cluster, triggered by gravitational perturbations of the system
(for reviews see Markevitch & Vikhlinin 2007; ZuHone et al.
2013; Zuhone & Roediger 2016); the oscillation of the cold gas
leads to the formation of cold fronts on a large scale, and it can
separate the peak of ICM emission from the AGN in the central
regions. Recent studies have shown that sloshing can be respon-
sible for offsetting not only the hot ICM (T ~ 107-8 K), but also
the multiphase gas surrounding the BCG (e.g., Combes 2018;
Pulido et al. 2018; Vantyghem et al. 2019), generating asymme-
tries in the distribution of the warm (I ~ 10*K) and cold
(T ~ 10—-100 K) phases. As this component is believed to sustain
the activity of the central AGN by feeding the SMBH, a recent
interest in the effect of sloshing on the feedback cycle has been
growing. If sloshing separates the AGN and its fuel reservoirs,
then the stability of feeding and feedback might be affected.
Early results suggest that sloshing does not break the feedback
cycle, but it could possibly influence the timescales of AGN
activity (as in e.g., Abell 1991, Hamer et al. 2012; Abell 2495,
Pasini et al. 2019; Abell 1668, Pasini et al. 2021).

2. The galaxy cluster ZwCl 235

To explore which conditions trigger the formation of a multi-
phase medium around BCGs and how the dynamics of the envi-
ronment can influence AGN feeding and feedback, systems with
a relatively high X-ray flux and bright in Ha (suggesting the
presence of cool gas) can be considered. To identify a poten-
tially interesting system, we selected objects with an X-ray flux
greater than 9.0 X 1072 ergecm™2s~! from the BCS survey of
Ebeling et al. (1998), and with an Ha luminosity greater than
10%0 erg s~! from the sample of Crawford et al. (1999) (for a sim-
ilar selection see Ettori et al. 2013; Pasini et al. 2019, 2021). The
18 objects satisfying these criteria are listed in Table 1. Many
clusters in the list (e.g., Abell 2052, 2A0335+096, Abell 1835,
Abell 1795, Abell 1991, and Abell 2199) provide archetypal
examples of the interplay between the central AGN and the sur-
rounding gas for the detection of X-ray cavities, for the existence
of filamentary warm nebulae, and/or for the effect of sloshing
on the central cool gas. Other objects, such as Abell 2495 and
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Abell 1668 (characterized by a relatively low Ha luminosity, see
Table 1), have been investigated only recently: the analysis of
the two revealed evidence for a sloshing-influenced AGN feed-
back cycle — with these clusters having the X-ray peak, the BCG,
and the warm Hea-emitting gas phase offset from each other
(Pasini et al. 2019, 2021). As an informative remark, we note
that a similar X-ray flux selection in, for example, the REFLEX
sample (Bohringer et al. 2004a) identifies other objects (e.g.,
S1101, Hydra A, Abell 85, Abell 133, Abell 496, Abell 2597,
NGC 5044, and Centaurus) that represent further notable lab-
oratories where the AGN-ICM interplay has been extensively
investigated.

In this work we progress on the study of X-ray and He
bright systems by focusing on ZwCl 235, one of the two clus-
ters in Table 1 that still lacks a dedicated study (the other
being Abell 2009). ZwCl 235 is a nearby system (z ~ 0.083)
located at RA, Dec =00:43:52.0, +24:24:21 (J2000), with fx =
1.1 x 1071 erg cm2s7h Lg)('l‘z"‘kev =322 x 10" erg s~! and
Ly, = (4.1 £0.6) x 10¥ ergs~!. The cluster has a 20ks obser-
vation in the Chandra data archive' that allows us to investigate
the ICM properties. However, the high spatial resolution mul-
tiwavelength coverage of ZwCl 235 is scarce (compared to the
well-studied objects at the top of Table 1). This source is twelfth
in He luminosity in the list of 18 sources, indicating a rela-
tively low star formation rate. This is consistent with the sub-
millimeter IRAM observations presented in Salomé & Combes
(2003), which found hints of CO(1-0) line emission in the core
of ZwCl 235 and failed to detect CO(2—1), thus placing an upper
limit on the molecular mass of M < 2.5 % 10° Mo, (in the same
work, molecular masses of more than 4 x 100 M, were mea-
sured in Abell 1068 and Abell 1795). The relatively low level
of star formation is also evident from the upper limit on the
infrared luminosity set by Quillen et al. (2008), a feature shared
with Abell 2009, Abell 1668, Abell 2495, and Abell 1991,
that is to say the systems in Table 1 have an Ha luminos-
ity similar to or below that of ZwCl 235. The radio emission
of the BCG in ZwCl 235 between 1 GHz—150 GHz was ana-
lyzed in Hogan et al. (2015a,b), who found that a single power
law of flat spectral index @ = —0.45 provides a good descrip-
tion of the radio spectral energy distribution, indicating a core-
dominated source. Faint and extended — but barely resolved —
radio lobes connected to the bright core are visible in the survey
LOFAR image at 144 MHz shown in Birzan et al. (2020). Since
dedicated, spatially resolved radio observations of the AGN in
ZwCl 235 are missing, we employed survey radio images to fur-
ther examine the radio morphology of the BCG. Overall, our aim
is to investigate the X-ray and radio properties of ZwCl 235 and
to discuss the results in light of the optical and submillimeter
information mentioned above, in order to draw a picture of AGN
feeding and feedback in this system.

This paper is organized as follows: Section 3 describes the
radio and X-ray data used in this work, summarizing the main
steps of data reduction. The analysis and results are reported
in Sect. 4, with dedicated subsections to present, in particular,
the radio properties of the BCG (Sect. 4.1), the general X-ray
analysis of the cluster (Sects. 4.2 and 4.3), the radio and X-ray
evidence for AGN feedback (Sect. 4.4), the peculiarities of the
metal distribution in the ICM (Sect. 4.5), the X-ray emission
from the BCG (Sect. 4.6), and the properties of the ICM in the
central 15 kpc (Sect. 4.7). We discuss our results in Sect. 5, and
summarize our main conclusions in Sect. 6.

! https://cxc.harvard.edu/cda/
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Table 1. Systems with X-ray flux greater than 9 x 1072 ergcm™2s!

from the sample of Ebeling et al. (1998), and with an Ha luminos-
ity greater than 10*° erg s™! from the sample of Crawford et al. (1999),
ordered by decreasing Ha luminosity.

Object Ix Ly, Literature
[ergecm™2s7!] [ergs™!] (e.g.)
Abell 1068 9.4x10712 172.3 x 10% D), (2)
Abell 1835 147x1072  163.9x10% 3), 4
Abell 2204 21.9%x 1072 159.4x 10% (5), (6)
Abell 2390 9.6x 10712 61.6x 10 (7, (8)
RXJ1720+26 14.3x 10712 12.7 x 100 )
Abell 115 9.0x 10712 12.7 x 10 (10)
ZwCl 8276 16.4x 10712 12.5x 10% (11)
Abell 1795 68.1x10712  11.3x10%  (12), (13)
Abell 478 39.9x 10712 10.8 x 100 (14)
2A0335+096  80.5x 102 10.3x10%  (15), (16)
Abell 2009 9.2x 10712 6.1x10% ...)
ZwCl 235 109x 10712 4.1x10% ¢..)
Abell 2199 96.8 x 10712 2.7x 10% 17)
Abell 2052 47.1x 10712 2.6 x 10% (18), (19)
Abell 1668 9.3x 10712 2.3%x10% (20)
Abell 2495 11.8x 10712 2.0x 10% 21
Abell 2634 23.1x 10712 1.3 x 10% (22), (23)
Abell 1991 9.4x 10712 1.1x10% 24), (25)

Notes. The target of our study (ZwCl 235) is highlighted in red.
(1) Object name; (2) X-ray flux; (3) He luminosity; (4) Exam-
ples of relevant literature studies dedicated to the object: (1)
McNamara et al. (2004); (2) Wise et al. (2004); (3) McNamara et al.
(2006); (4) McNamara et al. (2014); (5) Sanders et al. (2009a); (6)
Chen et al. (2017); (7) Allen et al. (2001); (8) Sonkamble et al. (2015);
(9) Mazzotta et al. (2001); (10) Hallman et al. (2018); (11) Ettori et al.
(2013); (12) Kokotanekov et al. (2018); (13) Russell et al. (2017); (14)
Sun et al. (2003); (15) Sanders et al. (2009b); (16) Vantyghem et al.
(2016); (17) Nulsen et al. (2013); (18) Blantonetal. (2011); (19)
Balmaverde et al. (2018); (20) Pasini et al. (2021); (21) Pasini et al.
(2019); (22) Schindler & Prieto (1997); (23) Sun et al. (2007); (24)
Sharma et al. (2004); and (25) Hamer et al. (2012).

We adopt the following cosmology: Hy = 70kms~! Mpc™!,
Q. =0.3, and Q, =0.7, which results in a conversion between
linear and angular scales of 1.56kpc/” at the redshift of
ZwCl 235 (corresponding to a luminosity distance of Dy =
378 Mpc). We report every uncertainty at the 1o confidence
level. The radio spectral index « is defined as S, oc v* (where
v is the frequency and S, is the flux density).

3. Data and methods
3.1. Radio data — LOFAR, VLA, VLBA

A primary aim of this work is to derive the properties of the cen-
tral radio galaxy and perform comparisons with the X-ray obser-
vation. To this end, we employed radio observations at different
frequencies and with different resolutions.

LOFAR — 144 MHz. The recent release of the LOFAR Two-
meter sky survey DR2 (Shimwell et al. 2022) allows us to access
the LOFAR observation of ZwCl 235, originally published in
Birzan et al. (2020). The 144 MHz total intensity image has been
retrieved from the archive? and is shown in Fig. 1. The resolution

is 6” x 6, and the rms noise is oy = 0.1 mJy beam™".

2 https://lofar-surveys.org/dr2_release.html

VLA — 3GHz. ZwCl 235 has also been observed as part of
the VLA Sky Survey at 3 GHz. The observation is part of the sec-
ond campaign of the first survey epoch (VLASS1.2, Lacy et al.
2020), and the target falls in the tile T17t01. The 3 GHz total
intensity image has been retrieved from the archive® and is
shown in Fig. 1. The resolution is 2.7 x 2.5” (position angle
PA =162°), and the rms noise is oy = 0.2mly beam™~!. The
fluxes (within 307ys) of the different components have been mea-
sured in CASA 6.1.2 (see Sect. 4.1).

VLBA — 5 GHz. The source has been targeted with the VLBA
at 5GHz in phase-referencing mode for 45 min. Hogan et al.
(2015Db) reported that at milli-arcsecond (mas) scale the source is
extended, showing a two-sided jet structure. In order to perform
morphological comparisons with the VLA data, we obtained the
VLBA data at 5GHz from the archive®. Standard data reduc-
tion was performed in AIPS v.31DEC20. The VLBA data were
imaged in AIPS using the task IMAGR and setting the robust
parameter to 1, obtaining total and peak flux measurements
consistent with those of Hogan et al. (2015b). The resulting
radio map, at a resolution of 3.2 X 1.3 mas (rms noise oys =
26 WJy beam™'), is shown in Fig. 1.

3.2. X-ray data — Chandra

ZwCl 235 was observed by Chandra using ACIS-S during Cycle
11 (ObsID 11735), for a total, uncleaned exposure of 19.8 ks. We
retrieved the data from the Chandra archive’ and reprocessed
the observation using CIAO-4. 13. Point sources were identified
using the tool wavdetect, and masked during the morphologi-
cal and spectral analysis. By cross-matching the detected X-ray
point sources with the USNO-A.2 optical catalog we verified
that the astrometry of the Chandra observation does not need
further corrections beyond its nominal pointing accuracy (0.4").
We filtered the data from periods contaminated by background
flares, obtaining a cleaned exposure of 19.5ks. The blank-sky
event file matching the observation of ZwCl 235 has been
selected as background file, and normalized by the 9—-12keV
count-rate of the observation.

In order to investigate in details the morphology of the ICM,
we produced images and corresponding background and expo-
sure maps in the 0.5-7keV energy band. These images have
been used to extract surface brightness profiles, which were fit
using the software Proffit-1.5 (Eckert et al. 2011).

Spectral fitting has been performed in the 0.5-7keV band
using XSPEC v.12.10, binning the spectra to 25cts per bin
and applying the y-statistics (unless otherwise stated). For every
model discussed in this article, we employed the table of solar
abundances of Asplund et al. (2009). When fitting the spectra,
we always included an absorption model (tbabs) to account
for Galactic absorption, with the column density fixed at the
value N = 3.57 x 10%° cm~? (HI4PI Collaboration 2016). When
included in the fitting model, the redshift z = 0.083 was also
fixed.

4. Results

In the following we describe the results of the morphological and
spectral analysis of the radio and X-ray data of ZwCl 235 and of
the central AGN.

3 science.nrao.edu/vlass/data-access

4 https://data.nrao.edu
> cda.harvard.edu/chaser
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Fig. 1. Resolved radio observations of ZwCl 235. Upper panel:
144 MHz LOTSS DR2 image of ZwCl 235, at a resolution of 6”. Green
contours are drawn at 5, 10, 20, 40 X 07y (With os = 0.1 mJy beam™).
Lower panel: 3 GHz VLASS image of the radio galaxy in the BCG, at a
resolution of 2.7” x 2.5”. Green contours are drawn at 3, 6, 12, 36, 72,
144, 288 X 0y (With o = 0.2mJy beam™). Lower zoom-in: 5 GHz
VLBA image of the core, at a resolution of 3.2x 1.3 mas. Green contours
are drawn at 4, 8, 16, 32, 64, 128 X 07y (With ope = 26 uJy beam™).
For each panel, the beam is represented by a green circle.

4.1. The central radio galaxy

In this section we discuss the morphology and spectral proper-
ties of the radio galaxy associated with the BCG of ZwCl 235,
combining our new results with those presented in the literature.

In the upper panel of Fig. 1 we show the 144 MHz LOFAR
observation of the cluster, that reveals extended radio lobes (each
~20kpc long) oriented northeast (NE) to southwest (SW), with
a position angle of ~130°. Using this observation, Birzan et al.
(2020) measured the source total flux density S, = 151 +24 mlJy.

The lower panel of Fig. 1 shows the VLASS 3 GHz image of
the radio galaxy at the center of ZwCl 235. The morphology is
slightly resolved, showing a bright core, two opposite radio lobes
extending NE to SW for roughly 15kpc, and two small west
protrusions. The source has a total flux density of 37.7+1.0 mJy,
with a contribution of 32 + 0.9 mJy coming from the bright core
(which supports the result of Hogan et al. 2015b that the total
flux of this radio galaxy is dominated by the core emission). We
note the similar morphology between the 3 GHz image and the
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144 MHz one, as both unveil the presence of radio lobes with a
position angle of ~130°.

Exploring radio emission on the parsec scale can provide fur-
ther insights on the AGN activity of a BCG (e.g., Liuzzo et al.
2010). To this end, in the zoom-in of Fig. 1 we show the
VLBA 5 GHz image of the radio galaxy’s core at a resolution
of 3.1 x 1.4 mas? (~4.7 x 2.1 parsec?). We recover an unresolved
core plus a two sided-jet structure oriented NE to SW (consis-
tent with Hogan et al. 2015b). Each jet has a projected length of
~10 pc. The position angles of the jets, measured with a straight
line passing through the core that connects the two jets, is ~140°,
which is in good agreement with that of the radio galaxy on
kiloparsec scale. Therefore, the VLBA image likely unveils the
details of the jets that have inflated the radio lobes seen at 3 GHz
and 144 MHz. Moreover, the bright core visible in the VLBA
data indicates that the central engine of the BCG is currently
active (consistent with the aforementioned core dominance). By
placing the core radio properties of ZwCl 235 in the context of
other BCGs, we can specifically determine how active the source
is with respect to the general population. In particular, we refer
to the results of Hogan et al. (2015b), who determined from the
radio spectrum that the core component of this radio galaxy is
expected to have a radio power of roughly 4 x 10> WHz! at
10 GHz, and put an upper limit to the expected radio power at
1 GHz of any extended emission of <1.2 x 10> W Hz"!. On the
one hand, the 10 GHz core radio power places ZwCl 235 in the
top 20% of the sample of Hogan et al. (2015b), which indicates
that the central AGN is currently more active than most other
BCGs. On the other hand, the upper limit on the 1 GHz radio
power of extended components is close to the average of the
sample, suggesting that on longer timescales the activity of the
central radio galaxy is typical of BCGs. In this respect, restrict-
ing the comparison to the X-ray flux-limited list of Table 1,
ZwCl 235 is similar to ZwCl 8276, another core dominated
source (see Hogan et al. 2015a,b).

The availability of the LOFAR and VLASS data, that reveal
extended lobes of the radio galaxy previously unknown, enables
us to constrain the spectral properties of the extended emis-
sion by considering the relative contribution of the core flux to
the total flux. Using an archival, snapshot VLA observation at
4.8 GHz of ZwCl1 235 (which did not resolve the source, having
a beam of ~5” FWHM), Hogan et al. (2015b) measured a total
flux of 30.3 mJy and a core peak flux of 27.3 mJy (88% of which
is recovered by the VLBA observation, see Hogan et al. 2015b).
Combining these information at 4.8 GHz with our measurements
at 3 GHz and the total flux measured by LOFAR at 144 MHz, we
estimate the spectral index of the core and extended components
of the radio galaxy with the following methods:

Unresolved core. The 32mly at 3 GHz from the VLASS
data and 27.3mlJy at 4.8 GHz from the VLA data suggest a
core spectral index of a3® ~ —0.3. This rather flat value is
in good agreement with the expected emission from a core: in
Hogan et al. (2015b) the average core spectral index of BCGs is
—0.33; limiting ourselves to the sources listed in Table 1 we find
a =-0.31.

Extended components at GHz frequencies. The subtrac-
tion of the core flux from the total flux can provide an estimate
of the amount of emission coming from extended components.
With residual fluxes of 5.7 mJy at 3 GHz and 3 mJy at 4.8 GHz,
the extended component spectral index measured from the VLA
and VLASS data is ag"s ~ —1.3. A steep spectral index (o < —1)
is usually associated with the aging of the electron population
responsible for the radio emission.
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Extended components between MHz and GHz frequen-
cies. Following the procedure described in Ubertosi et al.
(2021), we estimated the relative contribution of the core
and the extended components to the total flux at 144 MHz
(=151 mJy, Birzan et al. 2020). Assuming that the core spec-
tral index remains flat at lower frequencies, we extrapolated the
AGN flux at 3 GHz to 144 MHz, finding S 144MHZ ~ 73 mJy and
thus § (4 Mie — glaaMiz _ g égfeMHZ ~ 78 mJy. This corresponds
toa 144 MHZ—3 GHz spectral index of the extended components
of 0‘0 144 = —0.87.

Overall, our estimates support a steepening beyond 3 GHz
of the spectral index of the extended components detected by
the VLASS and the VLA. Instead, regarding the core emis-
sion, Hogan et al. (2015a) reported a possible steepening of the
spectrum only beyond 100 GHz (with fluxes at 16 GHz, 90 GHz
and 150 GHz of 16.7mlJy, 9.9 mJy and 4.7 mJy, respectively).
We note that our estimates above for the extended components
should be treated with caution, as a proper measurement of the
spectral index would require observations with similar u—v cov-
erage, or at least to resolve the same structures. If confirmed by
future, more sensitive and resolved radio observations, the above
results would be consistent with aging of the radio lobes. Using
the available data and adopting a few assumptions, it is possible
to derive only a tentative upper limit on the radiative age of the
lobes. In particular, given the spectral break frequency v, [GHz]
and the magnetic field of the radio galaxy B [uG], it is possible
to obtain the radiative age of a synchrotron emitting source (e.g.,
Eilek 2014):

Bl/2
Tsyn [Myr] = 1590 WBIZC

(1 +2)]712

ey

where Bic = 3.2(1 + 2)? uG is the cosmic microwave back-
ground equivalent magnetic field. Due to the steepening of the
spectral index of extended emission on the VLA-LOFAR kilo-
parsec scales beyond 3 GHz, we can assume v, = 3 GHz. Since
the flux of extended components from the snapshot VLA obser-
vation at 4.8 GHz is likely to be a lower limit, it is possible
that the break frequency could be higher than 3 GHz. There-
fore, the derived 74y, has to be treated as an upper limit. In
light of this consideration, we used the minimum energy loss
field B = Bjc/ V3 = 2.17uG (see de Gasperin et al. 2017),
that minimizes the radiative losses of the emitting particles.
This second assumption provides another upper limit on the
radiative lifetime, thus it is consistent with selecting v, =
3 GHz. By substituting these values in Eq. (1) we obtained
Teyn S 70 Myr.

4.2. Global X-ray properties of the ICM: Radial profiles and
spectral maps

We show in Fig. 2 (left panel) the 0.5-7 keV Chandra image of
ZwCl 235. The cluster is fairly spherical, with a bright edge to
the east of the core. The zoom-in of Fig. 2 (right upper panel)
shows a detail of the cluster core, where it is possible to see the
X-ray peak coinciding with the center of the BCG (green cross).
We note the presence of a bright arm-like feature that, starting
from the X-ray peak, bends southeast (SE) and reaches a distance
from the center of 15" (~23 kpc).

We extracted an azimuthally averaged surface brightness
profile from circular annuli with 1” (~1.6kpc) of bin width,
extending from 3" (to avoid any contamination from possible
nonthermal X-ray emission related to the central AGN — see

Sect. 4.6 for the analysis of the inner 3"") to 180" (~280kpc)
from the center (shown in Fig. 2, right lower panel). The
profile is typical of cool core galaxy clusters, as we observe
no internal flattening of the profile, but rather a continuous
increase in surface brightness toward the center. The profile
has been fit with a single 8 model and a double 8 model
(with a common g value). We found that the double 8 model
with a y/d.o.f.=195/166 provides a better description of the
surface brightness profile with regard to the single 8 model,
with a y/d.o.f. =205/168 (F statistics value of 4.3, p value of
0.016). This is typical of cool core galaxy clusters displaying an
excess surface brightness with regard to the single 8 model (e.g.,
Mohr et al. 1999). The best fit parameters are §=0.54 +0.02,
inner core radius r; = 114”7 + 0.7 (17.8 +1.1kpc), outer
core radius r, = 53.4” + 9.0” (84.9+14.0kpc), normal-
ization S;=(4.02+0.13)x 103 ctss~! arcmin™?, and a ratio
S2/851=0.03.

In order to study the thermodynamic properties of the clus-
ter, we extracted the spectra of circular, concentric annuli cen-
tered on the BCG, starting from 3” from the center to 180"
from the BCG. These annuli were chosen to contain at least
2000 counts, or a signal-to-noise ratio (S/N) of 40. The spectra
were fit with a projctstbabs*apec model, leaving the tem-
perature, the metallicity and the normalization free to vary. A
deprojected spectral analysis allows to obtain 3D estimates of
thermodynamic quantities. In particular, assuming n, = 1.2n,,
the electron density of the ICM can be derived from the nor-
malization (norm) of the deprojected apec component using the
following expression (e.g., Gitti et al. 2012):

ne = \/1014(47T><n0rm><[DA(1 +z)]2)

0.83V @

where Dy is the angular distance from the source and V is the
projected volume of the emitting region.

From the electron density and temperature of the ICM, we
obtained the pressure p, the entropy K, and the cooling time 7.,
of the ICM defined as

p=183n.kT 3
kT
K= s )
kT
feool = Y &)

y—1luXne AT)

respectively, where y = 5/3 is the adiabatic index, u =~ 0.6 is
the molecular weight, X ~ 0.7 is the hydrogen mass fraction
and A(T) is the cooling function (Sutherland & Dopita 1993).
Figure 3 shows deprojected temperature, density, abundance,
pressure, entropy and cooling time profiles.

Additionally, we generated spectral maps by binning
the 0.5-7keV image with the CONTOUR BINNING technique
(Sanders 2006), in order to obtain a list of regions with a
S/N > 30. Then, we extracted and fitted the spectrum of each
region with a thermal model (tbabsx*apec), and produced maps
of best fit values for temperature, metallicity and normaliza-
tion. From the temperature and normalization maps it is pos-
sible to obtain pseudo-pressure (pp), pseudo-entropy (pK) and
pseudo-cooling time maps (pt.o01). In particular, the emission
measure (EM) of the plasma is proportional to the ratio between
the apec normalization and the number of pixels in each spec-
tral region (norm/np;,). Considering that the electron density is
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Fig. 2. Chandra view of ZwCl 235. Left panel: 0.5-7 keV band background subtracted, exposure corrected Chandra image of ZwCl 235, centered
on the BCG. The image is smoothed with a Gaussian of kernel size 3”. Blue contours are spaced by a factor of 1.5, with the highest being
6 x 1077 cts s™' em™2. The white box indicates the size of the zoom-in on the right. Right upper panel: zoom-in of the Chandra image in the left
panel, smoothed with a Gaussian of kernel size 1.5”. The green cross marks the BCG center, and the black circle shows the size of the region
excised from the surface brightness radial profile. The position of the bright filament discussed in Sects. 4.2 and 4.7 is indicated. Right lower panel:
surface brightness profile of ZwCl 235, with the best fit double 8 model overplot with a blue line (dotted black lines represent the contributions of

the two 8 models). The residuals are shown in the lower box.

proportional to the root of the projected emission measure, the
above pseudo-maps can be built using the following equations,
respectively:

pp = kT x EM'? (6)
pK = kT x EM™'/? (7)
Pleool = kT'? x EM'/2. 8)

We show the kT, pp, pK and pt.,, maps in Fig. 4.

As a note of caution, we observe that in order to securely
detect spectral features (especially metallicity) from thermo-
dynamic maps, a S/N > 50 is typically required (e.g.,
O’Sullivan et al. 2019). However, given the short exposure of
the Chandra observation of ZwCl 235, we reduced the mini-
mum S/N to 30, in order to preserve good spatial resolution.
This resulted in relative uncertainties that can reach ~20% on
temperature and ~30% on metallicity. Therefore, every fea-
ture we tentatively identified from the maps has been subse-
quently studied in details by extracting and fitting the spectrum
of larger regions encompassing the specific feature, thus reach-
ing a higher S/N and more robust results. We note that both
the profiles and spectral maps are typical of cool core galaxy
clusters, showing a central increase in gas density and a decline
in temperature.

A22, page 6 of 23

It has been argued that the use of projct to deproject
spectra may generate unphysical oscillating temperature profiles
(Russell et al. 2008). As a sanity check, we tested the alterna-
tive use of the dsdeproj code by Sanders & Russell (2016)
to deproject the spectra, which returned consistent results with
those of projct.

The standard method to determine the magnitude of cool-
ing in a cool core galaxy cluster consists in measuring the bolo-
metric X-ray luminosity associated with the ICM within the
so-called cooling radius. It is possible to define the cooling
radius as the region within which the cooling time is less than
the look-back time at z = 1 (roughly 7.7 Gyr; e.g., Birzan et al.
2004; Gitti et al. 2012). By fitting the cooling time profile of
ZwCl 235 with a power law (see Fig. 3), and locating the
intersection with 7. = 7.7 Gyr we measured reoo = 78.5 %
1.4kpc. Then we extracted two spectra, one from the cool-
ing region using an annulus centered on the BCG with inner
radius 3" and outer radius royi = reool, and the other extend-
ing from ro to the edge of the chip to account for the ICM
projected along the line of sight. The spectra were fitted with
a projctxtbabsxapec model, which allowed us to measure
the properties of the ICM within r.o: We found a temperature

kT = 2.74*00¢ keV, a metallicity Z = 1.21+0.34 and an electron

density n, = (2.8 £ 0.1) x 1072cm™ (with y/d.o.f. = 274/265).
The bolometric luminosity of the cooling region was measured
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to be Lyo[0.1-100keV] = Leoo = (1.0 £ 0.1) x 10* ergs™.
We can compare this value with the cooling luminosity of
other systems in Table 1. Clusters at the top of the list have
Leoot > 10¥ergs™ (e.g., Abell 1835, McNamara et al. 2006;
Abell 2204, Sanders et al. 2009a), those closer to ZwCl 235 have
Leoot > 10% erg s (e.g., 2A0335+096, Sanders et al. 2009b),
while those at lower Ha luminosity have L., > 10% ergs™!
(e.g., Abell 1668, Pasini et al. 2021; Abell 2495, Pasini et al.
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Fig. 3. Circles: deprojected thermodynamic profiles of the ICM in ZwCl 235 between 3"”—180" (for details on the spectral extraction and fitting see
Sect. 4.2); star: the innermost gray point in each plot is obtained from the spectral analysis of the inner 3" of the cluster (for details see Sect. 4.6).
Panel a: temperature profile. Panel b: electron density profile. Panel c: abundances profile. Panel d: pressure profile. Panel e: entropy profile.
Panel f: cooling time profile, with the best fit power law over the radial range 3”-180" overlaid in black, the 7., = 7.7 Gyr threshold shown with
a green dashed line and the cooling radius shown with a gray line. The fit has been performed using BCES (Akritas & Bershady 1996).

2019). This trend supports the link between the strength of ICM
radiative losses and the amount of multiphase gas at the cluster
center (e.g., McDonald et al. 2010; Gaspari et al. 2020).

4.3. Extended sloshing and cold fronts

On large scales, the maps shown in Fig. 4 (upper panels)
reveal three bow-like discontinuities in temperature and entropy
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Fig. 4. Spectral maps of the ICM in ZwCl 235 (see Sect. 4.2 for details). Upper panels: the temperature (keV), pseudo-pressure (arbitrary units)
and pseudo-entropy (arbitrary units) maps are shown. Relative errors are on the order of ~20%. The overlaid white arrows mark the positions of
the surface brightness edges discussed in Sect. 4.3. Lower panels: the zoomed temperature map (keV) and the pseudo-cooling time map (arbitrary
units) show the distribution of the cold gas in the inner ~50 kpc. In all panels, the white-filled, green circle marks the extent of the central X-ray

source (see Sect. 4.6).

on opposite sides of the core, which seem nearly continuous
in pressure. These properties are usually associated with cold
fronts generated by sloshing of the cold ICM. In this context,
Birzan et al. (2020) first noted the spiral morphology of the ICM
and suggested that sloshing could be present in ZwCl 235.

In order to further investigate these features, we created
a a Gaussian Gradient Magnitude (GGM) filtered image (see
Sanders et al. 2016a) and a residual image. For the first one, we
have filtered with the GGM filter the 0.5-7keV image, using
scales of 1, 2, 4, 6, 8 pixels; following the procedure outlined
by Sanders et al. (2016b) the resulting five images were com-
bined using a weighted sum. The weights have been set to give
smaller scale filters more contribution in the center, and larger
scale filters more contribution in the outer regions. The final
image is shown in Fig. 5. For the second one, we subtracted the
best fit double S model described in the previous section from
the original Chandra image, obtaining the residual map shown
in Fig. 5.

These images highlight an excess to the west of the center,
that is spatially connected to the eastern one forming a spiral-
like feature. Moreover, we find a possible third edge SE from the
core, slightly visible also in the original image. Interestingly, the
location of the three edges matches the position of the temper-
ature discontinuities. To measure the magnitude of these jumps,
surface brightness profiles were extracted from the 0.5-2keV
band Chandra image, using sectors that encompass the disconti-
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nuities (see regions overlaid on Fig. 5). The profiles were then fit-
ted with a broken power-law model. The resulting surface bright-
ness profiles and best fit models are shown in Fig. 5 (right pan-
els). We confirmed the presence of an eastern surface brightness
edge at 21.6” £0.3"” (~34 kpc) from the center, characterized by
a density jump of 1.51 +0.05, and of a western surface bright-
ness edge at 53.5” + 1.2” (~84 kpc) from the center, character-
ized by a density jump of 1.47 + 0.05. For the possible SE edge
we find a density jump of 1.21+0.12 at 64.0” +8.5” (~100 kpc),
but the relatively large uncertainties do not allow us to securely
detect it.

To confirm the hypothesis of the cold front nature of the
discontinuities, based on the spectral maps, we extracted the
spectra of the ICM inside and outside each discontinuity, with
a third region extending to the edge of the chip to account
for deprojection. Fitting the 0.5-7keV band spectra with a
projctstbabs*apec model returned the deprojected thermo-
dynamic properties (temperature, metallicity, electron density,
pressure and entropy) reported in Table 2.

The spectral analysis confirmed that each jump has the typ-
ical properties of cold fronts. The ICM temperature inside the
east front is lower than outside (kT;,/kT o, = 0.65 + 0.08), and
we measured a density jump of 7n¢in/Neont = 1.85 £ 0.17, and
continuous pressure at the interface (poy/pin = 1.2 £ 0.2). For
the west front, we found lower ICM temperature (kTin/kT oy =
0.79 + 0.11), higher density (nein/feour = 2.39 + 0.22), and
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Fig. 5. Surface brightness edges in ZwCl 235. Left panels: from top to bottom, 0.5-2 keV band Chandra image of ZwCl 235, GGM-filtered image,
and double S-model residual image (see Sect. 4.3). White dashed arcs mark the positions of the edges, white dashed lines show the opening angles
of the sectors used for the spectral analysis, and the green cross indicates the position of the BCG. In the residual image, the green dashed ellipse
indicates the X-ray depression identified by Shin et al. (2016) (see Sect. 4.4). Right panels: from top to bottom, surface brightness profiles across
the east, west and SE edges. In each panel, the best-fit broken power-law model is overlaid in blue and detailed in the text, while the residuals are

shown in the lower boxes.

continuous pressure (pout/pin = 1.7 £ 0.7). For the SE front,
we found kT /kTout = 0.58 £0.12, ne jn/Meout = 2.22£0.19, and
DPout/Pin = 1.3 £0.5. Overall, our results support the hypothesis
of Birzan et al. (2020) that sloshing is shaping the X-ray mor-
phology of ZwCl 235.

Furthermore, we note that the spectral analysis of the cold
fronts hints at the inner side having higher abundance than the
outer side of the east and the west edges (see Table 2). However,
due to the relatively low number of counts, the abundance gra-
dients are marginally significant (~2.20 for the east front and
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Table 2. Spectral analysis of the three surface brightness discontinuities discussed in Sect. 4.3.

Discontinuity R; R, Counts Z kT Ne PICM Kiem
[kpc]  [kpc] [Z5] [keV]  [102cm™] [107"ergem™] [keV cm?]
East (34 kpc) 19 34 2436(994%) 1.0170%0 2347920 30.5%]8 20.9*%) 23.9%22
34 59 2389(97.9%) 0407017 356702  16.5'04 17.3%13 54.844
59 390 11319(77.6%) 0.57*3%  3.98*013 17401 2.0702 274.6*201
West (84 kpc) 47 84 2724(97.7%) 0.88%02% 272700 11.3%04 9.0*07 53.9%42
84 142 2249(92.5%) 0.41%038 3437031 4602 4.9%07 123.5%167
142 265 2833 (8L.1%) 037717 412+03% 2570 3.0702 224.9*183
Southeast (100kpc) 59 100 1429(96.3%)  <0.43 2457031 8704 6.200 58.0%3
100 172 1565(89.9%)  <0.85 420704  3.9*02 4.8%06 168.5+186
172 515 2454 (54.9%) 0517023 43393 0970 1.2+01 459.7+5%

Notes. (1) Name of the discontinuity and distance from the center; (2) and (3) inner and outer radius of the sector used for the spectral analysis
(the first sector encloses the front, the second sector contains the region outside the front, and the third, outermost sector is used for deprojection);
(4) net photon counts (fraction with regard to the total counts); (5) abundance; (6) temperature; (7) electron density; (8) pressure of the ICM; (9)
entropy of the ICM. The y?/d.o.f. is 407.8/383 (1.07) for the east front, 231.5/252 (0.92) for the west front and 196.2/243 (0.81) for the SE front.

24:24:20.0

0:43:52.0

~1.40 for the west front), and for the SE front the metallic-
ity cannot be constrained. Nonetheless, the presence of higher
metallicity inside the cold fronts would be consistent with the
sloshing scenario (see e.g., Ghizzardi et al. 2013). As the cold,
enriched central gas oscillates around the center, it comes at con-
tact with the hotter and less abundant outer ICM, thus generating
not only temperature and density, but also abundance gradients.
While this is only hinted at in ZwCl 235, enhanced metal-
licity along low temperature spirals are common (e.g., among
the systems in Table 1, the cluster 2A0335+096 shows a low
temperature, high metallicity swirl wrapped around the core,
Sanders et al. 2009b).

4.4. Evidence for AGN feedback in ZwCl 235

In their systematic search of cavities on a large cluster sample,
Shin et al. (2016) found a depression in the residual image of
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Fig. 6. X-ray depressions in the ICM. Main
panel: Chandra image (0.5-7keV) of the
galaxy cluster core, smoothed with a Gaussian
of kernel size 1.5”. The overlaid green con-
tours represent the emission of the central radio
galaxy at 3 GHz (same as in Fig. 1), while the
cyan ellipses show the position of the putative
X-ray cavities discussed in Sect. 4.4. Upper
zoom-in: double S-model residual image (see
Sect. 4.3), showing depressions at the posi-
tion of the NE-SW radio lobes (contours match
those of the main panel). The white barred cen-
tral region is caused by the excision of the inner
3" from the image during fitting.

ZwCl 235, located approximately 14 kpc northwest (NW) of the
center, that was tentatively classified as an AGN-inflated X-ray
cavity. On the other hand, from the LOFAR observation of the
radio galaxy at the center of ZwCl 235, Birzan et al. (2020)
noted that the 144 MHz lobes are orthogonal to the X-ray cavity
identified by Shin et al. (2016), thus questioning its classifica-
tion. Our aim is to get a closer, dedicated look at the activity of
the AGN in ZwCl 235. In this section we investigate the proper-
ties and morphology of the central radio galaxy, and we search
for imprints of feedback (mainly in the form of X-ray cavities)
in the innermost region of the cluster.

Figure 6 shows the VLASS 3 GHz radio contours of the
radio galaxy at the center of ZwCl 235, superimposed on the
Chandra 0.5—7keV image and on the double S-model residual
image. Guided by the radio morphology, we found evidence for
the presence of two depressions that match the orientation and
extension of the 3 GHz radio lobes (see green ellipses in Fig. 6).
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The depressions have diameters of 7.5 X 5.3 kpc, and are located
at a distance of ~12 kpc from the center. By comparing the sur-
face brightness of the cavities with that of the surrounding ICM
at the same distance from the center, we measured a deficit of
20% at a significance of ~2.30" (for comparison, we determined
that other regions of apparently low surface brightness within
~20kpc from the center represent depressions of at most ~5%
w.r.t. the surrounding ICM). While a deeper Chandra exposure
would be required to securely detect the two features, the com-
parison with the morphology of the radio galaxy supports their
interpretation as real cavities. We list in Table 3 the physical
properties of the two depressions.

To compare the depressions we identified with the puta-
tive cavity reported in Shin et al. (2016), we consider the rela-
tion between the cavity area (a) and distance from the center
(D) discussed in their work. Such relation (loga = (0.97 +
0.02) log D—0.15 + 0.02) would predict an area for the cavities
in ZwCl 235 identified here of ~130kpc?. Thus, while within
the scatter found in Shin et al. (2016), the putative cavities in
ZwCl 235 are smaller than expected, having an observed area
of ~32kpc?. Nonetheless, even the putative cavity identified by
Shin et al. (2016) has a larger area than expected (533 kpc?).
In this respect, considering the residual image of ZwCl 235,
we argue that the location of the putative cavity identified by
Shin et al. (2016) in their residual image (see green ellipse in
Fig. 5) suggests that the depression is a consequence of the
sloshing pattern of the ICM of ZwCl 235, rather than an AGN-
inflated bubble. Indeed, residual images of sloshing clusters
can show negative depressions due to the spiral morphology
of the ICM (see e.g., Ueda et al. 2020 for a discussion of such
features); in cases where X-ray cavities are also present, the
interpretation of the residual patterns requires a detailed anal-
ysis (see e.g., the analysis of NGC 1550 in Kolokythas et al.
2020, or of 2A0335+096, Kokotanekov et al. 2018). In the work
of Shin et al. (2016), this issue is highlighted for Abell 1991,
where a prominent cold front causes over-subtraction of the sur-
face brightness, generating a large depression that resembles a
cavity.

In order to determine the history of AGN feedback in this
galaxy cluster, we derived the age of the putative cavities com-
bining classical techniques: the sound speed age, the refill time,
and the buoyancy age of the cavities (see e.g., Birzan et al.
2004). The sound speed age was derived by using the temper-
ature of the ICM at the distance of the cavities from the center
(8”), measured from the azimuthal profile of Fig. 3. The accel-
eration at the cavity position (g ~ 9.8 x 1078 cms~2), needed
to measure the refill and buoyancy ages, was determined from
the mass profile of ZwCl 235 obtained by Pulido et al. (2018).
From the timescales reported in Table 3, it is clear that the three
methods are in good agreement with each other, supporting an
average age for the AGN outburst of ~17 Myr. This timescale is
consistent with the upper limit of $70 Myr for the radiative age
of the synchrotron emitting particles (see Sect. 4.1).

The mechanical power required to inflate X-ray cavities is
typically measured as 4pV/tee (e.g., Birzan et al. 2004). From
the azimuthal pressure profile (see Fig. 3) we determined the
pressure p of the ICM at the distance of the cavities from the
center. The volume V of the cavities was computed assum-
ing that the depressions can be approximated as oblate ellip-
soids (a relative uncertainty of 10% was associated with vol-
umes). For each cavity, the last three rows of Table 3 report
the ICM pressure, volume and power (using an average fge ~

Table 3. Derived properties of the X-ray depressions discussed in
Sect. 4.4 if interpreted as cavities.

Cavity A  Cavity B
Major semi-axis [kpc] 3.8 3.8
Minor semi-axis [kpc] 2.7 2.7
Distance from the AGN [kpc] 11.5 12.5
Area [kpc?] 322 322
Sound speed age [Myr] 155+1.8 165=+1.9
Buoyancy age [Myr] 16.5+14 17.6+29
Refill age [Myr] 199+14 199+3.1
ICM pressure [107%ergecm™]  23+02 23+0.2
Cavity volume [kpc?] 131 +£13 131+ 13
Cavity power [10*? erg s™!] 6.0 0.7 6.0 0.7

17 Myr). We measured a total cavity power of (1.2 = 0.2) X
10% ergs~!, which is similar to the cavity power measured in
Abell 1668 (Pasini et al. 2021), Abell 2495 (Pasini et al. 2019)
and Abell 2052 (Blanton et al. 2011), that are close in Ha lumi-
nosity and X-ray flux to ZwCl 235 (see Table 1). Such cav-
ity power is typical of mild AGN outbursts in galaxy clusters,
whereas more violent episodes of AGN activity can lead to out-
burst powers of 10% ergs™' (considering the comparator clus-
ters in Table 1 as e.g., Abell 1835, McNamara et al. 2006, and
Abell 2204, Sanders et al. 2009a), up to 10*0 ergs™! (see e.g.,
Vantyghem et al. 2014).

4.5. Metallicity of the ICM

By examining the radial profile of metallicity shown in Fig. 3,
we do not find evidence for a radial dependence of the abun-
dance in ZwCl 235, that is within the large uncertainties our
measurements are consistent with a flat profile. While cool core
clusters are known to show central enhancements in iron abun-
dance (e.g., Bohringer et al. 2004b; for instance, this applies
to Abell 1068, Wise et al. 2004; Abell 1835, McNamara et al.
2006; or Abell 2204, Sanders et al. 2009a), ZwCl 235 would not
be unique in having a flat profile within a few 100 skpc from
the center (see e.g., Abell 1795, Kokotanekov et al. 2018, and
Abell 1991, Sharma et al. 2004). The highest metallicity is found
in the third bin of the radial profile, that corresponds to the range
12”7-16". Within this radial range, in the map of abundances in
ZwCl 235 (shown in Fig. 7, panel a) there are two higher abun-
dance arc-like regions NE and SW of the center, at a distance of
~20" (roughly 30kpc), with a position angle of approximately
132°. However, given its relatively large error, the metallicity
map alone should be used only as a guide to identify interest-
ing features for a further, detailed analysis. To properly inves-
tigate metallicity gradients, we then measured the metallicity
radial profile in four sectors encompassing the enriched arc-like
regions identified by the spectral map (see Fig. 7). The spectrum
of each region was fitted with a thabs*apec model; the best-fit
metallicity values are shown in Table 4.

With these improved statistics we recover a trend of decreas-
ing metallicity going far from the center for the NE, SE, and SW
sectors, as expected in a cool core cluster. Instead, the highest
metallicity in the NW sector is found within the second annu-
lus. On the one hand, the uncertainties are still large enough
to account for this difference; on the other hand, this could be
explained by considering that this region overlaps with the inner
side of the west front, for which we found hints of a metallicity
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Fig. 7. Metal distribution in the ICM. Panel a: metallicity map of
ZwCl 235 (see Sect. 4.2 for details on how the map was built), show-
ing two metal rich arcs in the NE-SW direction at roughly 20 kpc from
the center. The relative error is ~30%. Panel b: 0.5-7 keV raw Chandra
image of ZwCl 235. The green sectors correspond to the regions used to
study the azimuthal and radial variation of abundances in the ICM (see
Sect. 4.5 and Table 4). The metal-rich arcs visible in panel a are located
within the innermost cyan circle.

gradient. Moreover, within 30 kpc the metallicity is higher along
the NE and SW sector, that include the two metal-rich arcs of
the metallicity map. The azimuthal gradient is more pronounced
with respect to the NW sector, since the opposite SE sector
matches the position of the east front. Beyond 30kpc, the four
sectors have similar metallicities.

While the uncertainties prevent us from definitely attest-
ing the existence of metal rich arcs (robust detection
of abundance gradients require deep Chandra data, see
Kirkpatrick & McNamara 2015), the consistent indications from
the metallicity map and the study in sectors support the pres-
ence of two metal-rich regions between 5—30 kpc from the cen-
ter, with a position angle of ~132°. Assuming that the metal-rich
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Table 4. Azimuthal and radial variation of metallicity in the ICM (see
Sect. 4.5 and Fig. 7, panel b).

Rin—Rout Inw ZNE Zsg Zsw
[kpc] [Zo] [Zo] [Zo] [Zo]
47-30  0.58*03) FIATESS 0.75%01% 1099507
30-70 072702 10.56018 | 0567017 | 0.815019
70-140  0.53*323 [ 0.647018  0.437015 10.5718
140-280  0.31*02¢ 10.48%01¢ " 0.50702 | 0.3301%

Notes. (1) Inner and outer radius of the annular sector; (2) abundance in
the NW sector; (3) abundance in the NE sector; (4) abundance in the SE
sector; (5) abundance in the SW sector. The gray columns highlight the
sectors that encompass the metal-rich arcs (see Fig. 7, panel a), which
are found in the first radial bin (i.e., within 30 kpc from the center).

arcs are real, we discuss the possible origins of this abundance
distribution in Sect. 5.1.

4.6. The nature of the X-ray emission from the inner 3"

The Chandra image of Fig. 2 reveals a bright spot in the inner
3" at the center of the cluster. Considering the VLBA detec-
tion of the AGN core (see Sect. 4.1), and the cospatiality of
the X-ray bright spot with the radio core as seen at 3 GHz,
we need to consider if this X-ray emission is nonthermal. By
producing images in different energy bands (0.5-2.0, 2.0-4.0,
4.0-7.0keV) we verified that the emission fades into the back-
ground above 2-3keV. Thus, if the source is described by a
power-law model (emitting nonthermal X-ray radiation), the
spectral index could be very steep. Alternatively, the emission
could arise from a thermal component with a low (1-2 keV) tem-
perature. To discern between the two models, we extracted the
source spectrum from the inner 3”, and we extracted the local
background spectrum from an annulus extending from 3 to 8"
from the center, in order to subtract from the source spectrum the
contribution of the surrounding ICM. The spectrum was fit with
an absorbed power law (tbabs#po), leaving the spectral index
I and the normalization free to vary. We adopted the C-statistics
(Cash 1979) to account for the relatively low number of counts
(542 counts, including background). The resulting spectral index
of ' = 2.36t8% is steep (the typical I' found in BCGs lie in the
range 1-2, see e.g., Hlavacek-Larrondo et al. 2013; Yang et al.
2018), as expected from the images produced in different energy
bands. The C/d.o.f. is 174/151. We verified that the inclusion of
an intrinsic absorber (ztbabs) is not required.

While this fit constrains quite well the power-law index,
there are strong positive residuals (at more than 507) in the
0.8—1.0keV spectral window (see Fig. 8, panel a). According
to e.g., Sunetal. (2007), the presence of a soft bump in the
X-ray spectrum of brightest cluster galaxies is caused by a ther-
mal emission with temperature of ~1 keV coming from the galac-
tic thermal halo, generating the rise in the region of the Fe-L
line. In order to test this hypothesis, we performed a fit of the
spectrum with a tbhabssapec model, leaving the temperature,
abundance and normalization free to vary. We find an improve-
ment in the fit with regard to the power law (C/d.o.f. = 153/150)

for a thermal plasma with kT = 14570 %keV and Z =

0.75%04> Zo. The residuals around 0.8—1.0keV are accounted
for by this model (panel b of Fig. 8). By fitting a combined
tbabs:*(apec+po) model the normalization of the power law
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Fig. 8. Analysis of the X-ray emission from the inner 3”. Panel a:
0.5-7keV Chandra spectrum of the BCG (black crosses), with the
absorbed power-law model (first row of Table 5) over-plotted as a black
line. Panel b: same as in panel a, with the absorbed thermal model (sec-
ond row of Table 5) over-plotted as a black line. In both panels, the
data are binned to 10 cts bin~! for plotting purposes. Panel c: compari-
son between the 0.5-2keV surface brightness profile of the PSF (green
points) and that of the Chandra observation of ZwCl 235 in the inner
50kpc. The gray dashed line marks the size of the extraction region of
the BCG spectrum (3" ~ 4.7 kpc; see Sect. 4.6).

approaches zero and the spectral index I' assumes unphysical
values (~—3), which suggests that the power-law component is

not required. To constrain the contribution of any nonthermal
emission, we fixed the power-law index to I' = 1.9 (following
e.g., Russell et al. 2013; Hlavacek-Larrondo et al. 2013), obtain-
ing a lo-confidence upper limit on the 2—10keV flux of the
power law of fo_19 $ 2.0 x 107"%ergem™2s™! (see third row
of Table 5). Therefore, we conclude that the X-ray spectrum
of the inner 3” arises mainly from a kernel of ~1keV thermal
plasma, rather than from an unresolved power law. Deeper X-ray
observations might detect nonthermal emission coming from the
BCG, which would be expected given the VLBA detection of
the AGN and its flat spectral index at GHz frequencies (see also
Hogan et al. 2015b).

As a sanity check, we considered the effect of using the
blank-sky to model the background, which provided consistent
results with those presented here (the details of the blank-sky test
are presented in the Appendix A). Considering this, and the fact
that the use of a local background is the standard method used
to study the X-ray emission from thermal plasma at 1-2keV in
the central kiloparsecs of clusters (see e.g., Sun et al. 2007), we
selected the thermal model described in Table 5 as our best-fit
model for the central X-ray emission.

Since our analysis suggests that the spectrum within 3” from
the center is likely of thermal origin, the emission should appear
extended when compared to the PSF (see e.g., Sun et al. 2007).
Using the Chandra ray-tracing program ChaRT (Carter et al.
2003) we generated a model of the PSF between 0.5-2.0keV.
Then, we extracted a surface brightness profile of bin width 1”
from the Chandra image (in the 0.5-2.0keV band) and from
the PSF model. The profiles are compared in Fig. 8. The surface
brightness profile for » < 3”(~5kpc) is in excess at more than
5o with respect to the PSF profile, indicating that the emission
is extended. Moreover, the X-ray emission in the inner 5 kpc is
also in excess of the double 8 model describing the ICM sur-
face brightness profile outside this radius (red line in Fig. 8; see
Sect. 4.2). Therefore, our analysis unveiled that the bright soft
X-ray emission from the inner =5 kpc originates from thermal
gas at ~1keV, whose surface brightness exceeds the expecta-
tions from the inward extrapolation of the azimuthally averaged
ICM surface brightness profile. Since the source is extended,
and the use of a local background removed the contribution
of the ICM projected along the line of sight, it is possible to
derive the electron density n. of this thermal component from
the normalization of the apec component (assuming a volume
V = 4/3nr3, with r = 4.7kpc). Combining the density and tem-
perature we derived the pressure, entropy and cooling time. We
measured 7, = 0.10+£0.01cm™, p =4.4+0.5x 10" ergem 3,
K = 6.6 + 0.8keVem? and 7., = 238 + 34 Myr. To facili-
tate a comparison with the results on the ICM at r > 3", we
include the properties of the thermal gas within 3" on the plots
of Fig. 3 (gray star). As a further validation of these results,
we tested fitting the spectrum of the inner 3" together with the
spectra of the annuli between 3”-180" (see Sect. 4.2) with a
projctstbabssapec model, finding good agreement with the
values reported here and shown in the plot of Fig. 3. We observe
that the pressure within 4.7 kpc matches that of the surrounding
ICM (picm = 4.5+ 0.7 x 10710 erg cm™3, see Fig. 3).

Since ZwCl 235 is a cool core cluster (see Sect. 4.2), it
could be that this central thermal component represents the cold-
est, densest phase of the ICM; in particular, cooling of the
central gas, which is more efficient at progressively decreasing
radii, could be the origin of the 1keV thermal plasma found on
top of the BCG. Indeed, many other galaxy clusters show the
cospatiality of soft thermal emission with the region where a
nonthermal X-ray point source is found or expected (see e.g.,
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Table 5. Spectral analysis of the X-ray spectrum of the BCG using a local background (see Sect. 4.6 for details).

Model r normy, kT Z normyy, C/d.o.f.
[phkeV'ecm™2s7!']  [keV] [Z5] [phkeV~!ecm=2s7!]
Nonthermal (tbabss+po) 236102 1801028 x 1075 (.) (.) ¢.) 174/151
Thermal (tbabs+apec) (. () 145018 0754045 55740805 10°5  153/150
Combined (tbabs+(apec+po)) 1.9 (fixed) <5 %1076 1.40%019 0657031 533409251075 155/148

Notes. (1) Model used to fit the spectrum; (2) spectral index of the power law; (3) power-law normalization; (4) temperature of the thermal model;
(5) abundance of the thermal model; (6) apec normalization; (7) C-statistics/degrees of freedom.

Russell et al. 2013). On the other hand, this central soft com-
ponent resembles the thermal “coronae” of BCGs discussed in
Sun et al. (2007) and Sun (2009), that is X-ray emitting halos of
gas surrounding the central elliptical galaxy of the cluster with
temperature, entropy, density and cooling time significantly dif-
ferent from those of their ambient ICM (see also Cavagnolo et al.
2009). In this respect, the temperature, entropy, and cooling
time of the central thermal component in ZwCl 235 are a fac-
tor of ~2, ~3 and ~3 lower than those of the ICM outside
3", respectively. Additionally, the total gas mass of the 1.4keV
plasma is ~10° My, which is in agreement with the mass esti-
mates for BCGs’ thermal coronae of Sun et al. (2007). Among
the systems listed in Table 1, a thermal corona has been found
surrounding the BCG of Abell 2634 (Sun et al. 2007). Consid-
ering the above indications, in the following we assume that
the 1.4keV thermal kernel represents the BCG thermal corona.
However, we caution that the “coronal” scenario would not indi-
cate the existence of two disconnected gas components at the
cluster core (the corona and the ICM) spatially separated by a
well-defined boundary. Rather, multitemperature gas phases are
likely to coexist in the inner 10 kpc, with the thermal gas at pro-
gressively smaller radii being gradually more of stellar origin
(see e.g., Brighenti & Mathews 1999). Refining the bin width
of radial profiles on scales of, for example, 1” would reveal if
there is actually a smooth decrease in temperature or a sudden
drop, but the number of counts in the available Chandra data are
insufficient.

4.7. The bright X-ray filament

The inspection of the Chandra image of ZwCl 235 revealed the
presence of a ~20 kpc-long bright filament in the central regions
of the ICM (see Sect. 4.2 and Fig. 2). The filament, apparently
connected to the central kernel of thermal plasma at 1.4keV,
extends to the south direction along the border of the SW radio
lobe. In this section we perform a spectral analysis of the X-ray
emission from the filament, with the aim of comparing the spec-
tral properties of the bright feature with those of the surrounding
ICM.

In order to properly account for the asymmetrical thermody-
namic distribution caused by sloshing, we extracted and fitted the
spectrum of four sectors centered on the BCG with inner radius
3" and outer radius 13" (see upper panel in Fig. 9). The width
of the sectors has been chosen to: (1) encompass the filament
(region S1), (2) avoid the cavity region, (3) have two sectors east
and west of the nucleus (in order to account for the asymmetry in
thermodynamic properties induced by sloshing). Each spectrum
was first fit with a one-temperature (1T) model (tbabs=*apec),
with the temperature, normalization and abundance left free to
vary. From the resulting values reported in Table 6, it is possible
to see that Sector 1 has the lowest temperature; this is consis-
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Fig. 9. Different Chandra images of the core of the cluster. Upper panel:
Chandra image (0.5-2keV band) of ZwCl 235, smoothed with a Gaus-
sian of kernel size 1.5”, with the four sectors used to study the proper-
ties of the filament, that is encompassed by sector S1, overlaid in green
(see Sect. 4.7). The green cross marks the center of the BCG. Lower
panels: background subtracted, exposure corrected Chandra images of
the cluster core in different energy bands, used to show that the ~1 keV
thermal plasma is found predominantly along the filament. The images
are smoothed with a Gaussian of kernel size 1.5” and have matching
color scales. The cyan contours in IM2 are spaced by a factor of V2,
with the highest being 7 x 1078 cts s~ cm™2.

tent with the temperature map of Fig. 4, which shows that the
minimum in temperature is found along the filament. We note
that the y?/d.o.f. of the fit to Sector 1 is worse than those of
the other sectors. It is possible that a fit with a one-temperature
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model does not represent the multiphase nature of the gas. In
fact, the X-ray emission from filamentary structures in the cores
of clusters has typically been analyzed with a multitemperature
approach. Sanders et al. (2009a) used three thermal components
at fixed temperatures of 0.5, 1.2 and 4 keV to fit the spectrum of
the cold blobs in 2A0335+096. Sharma et al. (2004) detected gas
at ~0.8keV at the center of Abell 1991 by using the surround-
ing cluster emission as background (thus removing the ambient
thermal gas contribution from the cooler emission); moreover,
they tested two-temperature models and thermal+cooling flow
models to fit the plasma spectrum within ~20 kpc from the cen-
ter. Similarly, Gitti et al. (2011) used a two-temperature model to
describe the emission from the filament in Hydra A. Therefore,
we verified whether the inclusion of other components could
improve the fit to the filament in ZwCl 235°.

First, we tested a two-temperature (2T) model
(tbabs#(apec+apec)), linking the abundances of the two
thermal component. We found that a second thermal model
improves the fit (F-statistics value of 4.8, with a p value of
0.01), and suggests the presence of a thermal component with
temperature around 1 keV.

We also tested the inclusion of a cooling flow model
(tbabs* (apec+mkcflow)), linking the higher temperature and
abundances of the mkcflow to those of the apec, freezing the
lower temperature to 0.08 keV (the minimum allowed by XSPEC)
and leaving the mass de}i)osition rate M free to vary. We found
that fora M ~ 11 Mg yr~! the y?/d.o.f. slightly improves, but not
significantly.

Thus, the spectrum of the filament is best described by two
thermal models, one with k7; ~ 1.3keV and the other with
kT, =~ 2.7keV. We notice the similarity of this fit and the one to
the X-ray emission of the BCG. In fact, we found a pronounced
bump around 0.8—1.0keV also in the spectrum of the filament,
which is distinctive of a plasma with temperature around 1 keV.

To accurately recover the morphology of the cool com-
ponent within 20kpc from the center, it would be necessary
to map the temperature of the ICM with a 2T model and
a spatial resolution of ~2-3", which would require a deeper
Chandra exposure. Here we apply an alternative, approximate
method to trace the distribution of the ~1keV thermal plasma
(see also e.g., Massaro et al. 2013; Braito et al. 2017). We pro-
duced background subtracted, exposure corrected images of the
ICM in four energy bands: 0.5-0.8keV (IM1), 0.8—1.2keV
(IM2), 1.2—4keV (IM3), and 4—-7keV (IM4), which are shown
in Fig. 9 (lower panels). As it is possible to see, the filament is
clearly visible only in IM2, while the other images reveal a rel-
atively spherical or amorphous emission around the X-ray peak
(green cross). The contours shown in Fig. 9 start from 30~ above
the average surface brightness between 3’—13" from the center,
and nicely trace the region where the bright filament is found.

The presence in a sloshing cluster of a cold filament, with
spectral properties that resemble those of the BCG’s putative
thermal corona, represents an interesting opportunity to investi-
gate how the cycle of AGN feeding and feedback is coupled with
the dynamics of the central, low entropy gas. We discuss possible
explanation for the properties of the filament in Sect. 5.2.

5. Discussion

In the following, we discuss the results presented in Sect. 4, con-
sidering the information on the ICM properties, the BCG X-ray
emission and the activity of the central AGN.

6 We tested the inclusion of these components also for the other sec-
tors, finding that either the y?/d.o.f. is worse, or the parameters assume
nonphysical values.

Metal-rich arcs

0.26 0.42 0.58 0.74 0.9 1.1 12 14 1.5

Fig. 10. Zoom-in of the metallicity map shown in Fig. 7. White con-
tours show the central radio galaxy at 144 MHz (levels are the same
of Fig. 1). The translucent black area within the black dashed circles
shows the predicted location of the iron radius (see text for details),
which matches the position of the metal-rich arcs. The black central
region corresponds to the BCG, whose X-ray emission was excluded in
creating ICM spectral maps (see Sects. 4.2 and 4.6).

5.1. Metal redistribution in the cluster

Our analysis of the ICM metallicity distribution in ZwCl 235
(see Sect. 4.5) unveiled that the metallicity profile shown in
Fig. 3 is relatively flat (with a mean Z ~ 0.9 Zy) within ~70 kpc
(although it should be noted that the relatively large uncertain-
ties of the profile shown in Fig. 3 prevent us from drawing firm
conclusions on the radial trend of abundances). As mentioned in
Sect. 4.5, this rather flat profile does not meet the expectations
for relaxed clusters, in which the enrichment due to the stellar
activity of the BCG has determined a prominent peak in iron
abundance (Bohringer et al. 2004b). We note that sloshing may
be an efficient mechanism to broaden the distribution of metals
in clusters (see e.g., the analysis of Abell 496 in Ghizzardi et al.
2014; see also Roediger et al. 2011; O’Sullivan et al. 2014).
Since our analysis indicates that the ICM in ZwCl 235 is slosh-
ing about the center, we may cautiously speculate that an out-
ward transport of metals by the east and west cold fronts could
have flattened the metallicity profile within ~70 kpc.

Besides the putative sloshing-induced asymmetries in iron
abundance, the metallicity map and our sector-based spectral
analysis of the ICM suggest the existence of two high-metallicity
arcs on opposite sides of the core, extending out to 30 kpc from
the center. These arcs do not seem to be related to the sloshing
mechanism, being misaligned by almost 90° with respect to the
east and west cold fronts. On the contrary, their position angle of
roughly 130° is in good agreement with that of the radio-filled
X-ray cavities (~120°, see Sect. 4.4). Additionally, the
~20-30kpc distance from the center of the two arcs is of the
same order as the radio lobe length as seen at 3 GHz (~15 kpc)
and at 144 MHz (~20kpc, see Figs. 1 and 10). Therefore, the
presence of excess metallicity in the NE-SW direction may be
connected to the inflation of the radio lobes.

Observational evidence of metal transport by AGN mechan-
ical outbursts were first found in the Hydra A cluster (see
Simionescu et al. 2009; Kirkpatrick et al. 2009); the subsequent
study of other systems (see e.g., Kirkpatrick etal. 2011;

A22, page 15 of 23



A&A 670,

A23(2023)

Table 6. Spectral analysis of the ICM in four sectors (first column) within 3’—13” from the BCG (see Sect. 4.7 and Fig. 9, upper panel for details).

1T model: tbabs*apec

2T model: tbabs:*(apec+apec)

Cooling model: tbabs*(apec+mkcflow)

kT Z  xY*dof. kT, kT, Z  x*dof kT 4 M y*d.of.
[keV] [Zo] keV]  [keV] [Zo] [keV] (Zo]  [Moyr™']
S1 2.017019 0.727018  51/39  1.31*932 2.66*097 0.85*04% 39/37 240707 1.217045 114735 44/38
S2 2247022 0.667021 31/32  (...) ¢..) ¢..) ¢..) ¢..) ¢..) (..) ¢..)
S3 2.72703% 1.0870%¢ 25723 (...) ¢...) (..) ¢..) ¢..) G..) (..) ¢..)
S4 3.08703 056702 28/31  (...) ¢..) (..) G..) ¢..) ¢..) (..) ¢..)

Notes. For the 1T model (tbabsxapec) we list: (2) temperature; (3) abundance; (4) y-statistics/degrees of freedom. For the 2T model
(tbabs*(apec+apec)) we list: (5) temperature of the first component; (6) temperature of the second component; (7) abundance (linked between
the two components); (8) y-statistics/degrees of freedom. For the cooling model (tbabss(apec+mkcflow)) we list: (9) temperature of the apec
component; (10) abundance (linked between apec and mkcflow); (11) mass deposition rate; (12) y-statistics/degrees of freedom.

Kirkpatrick & McNamara 2015) has allowed for a relationship
between the cavity power P.,, and the altitude of the uplifted
gas to be found (the so-called iron radius), Rg., in the form (see
Kirkpatrick & McNamara 2015):

cav
10* ergs~!

Using the measured cavity power in ZwCl 235 of 1.2 X
108 ergs™! (see Sect. 4.4) yields an iron radius of Rg, = 24.4 +
9.9kpc. As it is possible to see in Fig. 10, the predicted radial
range for the iron radius overlaps with the metal-rich arcs. Alto-
gether, this evidence may suggest that the metal-rich arcs have
been generated by uplift of metals in the cluster atmosphere due
to the activity of the central AGN (see for comparison the pecu-
liar distribution of metals in e.g., ZwCl 8276, Ettori et al. 2013).
However, taking into account the various assumptions on the
existence of the metal arcs and the cavities, we caution that these
results are more speculative.

)(0.45i0.06)

RFeIkpCI = (62 + 26) X ( 9

5.2. The origin of the cold gas filament

A peculiar feature of the ICM at the center of ZwCl 235 is
an arm-like filament, best visible in the soft X-ray band, that
extends south of the BCG and is elongated along the south-
ern lobe of the central radio galaxy (see Sect. 4.7). We show
in Fig. 11 a multiwavelength view of the central regions of
ZwCl 235, with the BCG visible in the optical band (image
obtained from the HST archive’), the radio galaxy contoured in
green and the 0.8—1keV X-ray emission of the filament con-
toured in yellow.

We consider three different scenarios that might explain its
location, morphology and spectral properties. On the one hand,
the filament could represent [i] a cold phase of the ICM, in which
cooling has been stimulated due to the activity of the central
AGN, that has pushed the gas to an altitude where thermal insta-
bilities might ensue. On the other hand, the gas of the filament
could once have been associated with the central gas kernel at
1.4keV, that may be interpreted as the thermal corona of the
BCG (and whose properties are discussed in Sect. 4.6). In this
case, the filament could either [ii] represent gas that has been
stripped from the BCG due to ram pressure on the corona or [iii]
be the result of a small scale sloshing effect of the central cool
kernel of gas. In the following paragraphs we test and discuss
these different hypotheses.

7 https://hla.stsci.edu
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5.2.1. Stimulated cooling

As reported in the introduction, recent observations of cold fil-
amentary gas from X-ray, molecular, and optical data draped
around AGN-inflated lobes and cavities have led to hypothesize
that AGN feedback can positively stimulate cooling of the ICM.
In such theories, the outbursts lifts cold central gas to an alti-
tude where cooling becomes unstable, leading to condensation
of small clouds of gas that rain back onto the BCG. There is
not a general consensus on the criterion for thermal instabilities
to ensue. One the one hand, it has been suggested that unstable
cooling occurs within a region where the ratio between cool-
ing time and free fall time reaches a value of ~10-20 (e.g.,
Voit & Donahue 2015), or less than 70 (Valentini & Brighenti
2015). The free fall time is defined as:

2r

10
g(r) (10)

tg(r) =

where g(r) is the gravitational acceleration at distance r.

On the other hand, Gaspari et al. (2018) proposed that cool-
ing instabilities are governed by the eddy turnover time Zeqqy, that
is the time at which a turbulent vortex gyrates and produces den-
sity fluctuations, and can be defined as:

r2/3 L1/3

(11)

Teddy = 2 -
where L is the injection scale of turbulence (usually assumed
to be described by the diameter of the X-ray cavity), and o, is
the velocity dispersion of the gas. According to Gaspari et al.
(2018), the gas should become multiphase when the ratio
between f¢q01 and feqqy is close to unity or lower than one.

Additionally, it has been proposed that cooling is primarily
driven by the local values of entropy and cooling time, specifi-
cally K < 30keV em? and fo0 < 1 Gyr (Cavagnolo et al. 2008).
Below these thresholds, which are not related to local dynam-
ical times but only to thermodynamical properties, the pres-
ence of multiphase gas and rapid cooling is expected (see e.g.,
McNamara et al. 2016; Hogan et al. 2017).

We show in Fig. 11 how the positive feedback scenario might
apply to ZwCl 235. As it is possible to see, the bright X-ray
filament is tangential to southern radio lobe. As discussed in
Sect. 4.2, the azimuthal minimum in temperature and entropy
is found between 8”-12” from the center, which corresponds
to the projected length of the filament. Additionally, the cooling
time map shown in Fig. 4 confirms that ., drops to the center
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and has its minimum at the position of the filament. We note that
the filament appears to be composed of bright clumps (see upper
panel in Fig. 9), that might be cold and dense cooling sites. The
best fit to the filament X-ray emission (see Sect. 4.7) confirmed
that the local ICM is cold, being at a temperature of ~1.3 keV.
With a volume of the cold gas component of 3.2 x 10*kpc?
and an electron density of ~0.06cm™ (see Appendix B), the
entropy and cooling time are found to be K ~ 9.7keV cm? and
tcool = 480Myr. We note that these values meet the thresh-
olds of K < 30keVcm? and f.oq < 1 Gyr for the onset of
cooling.

In order to test the z.,01/t¢ criterion, we computed the free
fall time using Eq. (10) and the mass profile of ZwCl 235 (see
Sect. 4.4) at the average distance of the filament from the center,
that is roughly 12 kpc. With a free fall time of t5 = 29 Myr, we
estimate that f.o/tg ~ 17.

As a last check, we computed the eddy timescale (Eq. (11))
by assuming that the cavity diameter (6.5 kpc) is representative
of the injection scale L. We note that the cavity diameter repre-
sents a lower limit to the injection scale L, as turbulence could be
injected on the whole cold gas region (~20 kpc). Regarding the
velocity dispersion, Gaspari et al. (2018) showed that the differ-
ent gas phases (hot, warm, neutral and molecular) are linked in
terms of o, in the inner ~50kpc of clusters and groups, with
velocity dispersions ranging between 100200 km s~!. Observa-
tionally, this indicates that it is possible to use the condensed
gas o, as a tracer of the ICM velocity dispersion. By analyzing
the kinematics of the molecular gas in a sample of 15 clusters,
Olivares et al. (2019) found o, in the range 104—196kms~'.
Since ZwCl 235 does not have measurements of the multiphase
gas kinematics, we assume o, = 200km s~!. We note that the
assumptions of L = 6.5kpc and o, = 200kms~! are driven
by the aim of being conservative, knowing that larger scales
and/or a lower velocity dispersion would determine a longer
eddy timescale and a smaller f.o01/%edqy ratio. At a distance r of
12kpc from the center we measure feqqy ~ 302 Myr, and thus
Teool [teddy ~ 480/302 ~ 1.6, which is close to unity and sup-
ports the existence of multiphase gas. Nonetheless, due to the

51°

Fig. 11. Multiwavelength view of the BCG in ZwCl 235.
Main panel: multiwavelength composite image of the
center of ZwCl 235. The optical image of the BCG is
the Hubble Space Telescope image in the broad V fil-
ter (WFC F606W). Overlaid in green are filled radio
contours at 3 GHz of the central radio galaxy (same as
in Fig. 1). Overlaid in yellow are filled X-ray contours
between 0.8—1.2keV (same as in Fig. 9), showing the
bulk of the ~1keV central thermal plasma (central kernel
and bright filament). Upper left panel: zoom-in showing
the HST optical image of the BCG.

several assumptions, we consider our measurements of 7.0, K
and t.001/tx as our most robust indicators of stimulated cooling.

Overall, we find that ZwCl 235 meets the thermodynam-
ical thresholds and the dynamical criteria. The end product
of ICM cooling would be the coexistence of different gas
phases over a wide range of temperatures. Probing the pres-
ence of such components typically requires either spatially
resolved optical line observations (showing extended Ha neb-
ular emission, see e.g., Olivares et al. 2019) or radio observa-
tions targeting molecular gas (e.g., ALMA data of CO lines,
see e.g., Russell et al. 2019). Such probes are currently unavail-
able for ZwCl 235, although hints for the existence of multi-
phase gas in its core can be found in the literature. As reported
in the introduction, Crawford et al. (1999) measured a rela-
tively high Ha luminosity of Ly, = (4.1 + 0.6) x 10 ergs™!,
which could be indicative of extended warm gas nebulae at
~10*K (e.g., Hamer et al. 2016). However, spatially resolved
spectroscopy is required to investigate the morphology of the
warm gas. Regarding molecular gas, the high resolution opti-
cal image in Fig. 11 (upper left panel) does not show evi-
dence for dust lanes in absorption or star forming knots, which
indicates that the molecular gas content may not be extreme
(for molecular rich clusters see e.g., Abell 1795, Russell et al.
2017, or 2A0335+096, Vantyghem et al. 2016). In this respect,
Salomé & Combes (2003) found hints of a CO(1-0) line in the
core of ZwCl 235 using an IRAM 30 m observation, and placed
an upper limit on the molecular mass of My, < 2 X 10° My, Ttis
interesting to note that the test of fitting the filament’s spectrum
with a cooling model (see Table 6) returned a nonnull value for
the mass deposition rate of M ~ 11 M yr~'. Interpreting this as
an upper limit to the star formation rate, the M, < 2 x 10° Mg
estimated by Salomé & Combes (2003) would be depleted in
2200 Myr, which is typical of other BCGs surrounded by mul-
tiphase gas (see e.g., Molendi et al. 2016; Russell et al. 2016;
Castignani et al. 2020; Vantyghem et al. 2021).

Overall, we expect more sensitive optical and radio observa-
tions to be able to detect and resolve extended molecular gas, and
test the hypothesis that the X-ray filament is undergoing conden-
sation into cold gas clouds.
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5.2.2. Ram pressure stripping

Through the process of ram pressure stripping, the ICM can
be efficient in removing the hot coronal component of ellipti-
cals, generating X-ray emitting tails behind the galaxy. While
the process is most evident in the case of star-forming galaxies
(the so-called jellyfish galaxies, see e.g., Poggianti et al. 2017;
Boselli et al. 2022), even elliptical galaxies moving in clus-
ters can be subject to extreme stripping of their halos (for a
recent example see Mernier et al. 2022). In Sect. 4.7 we noticed
the similarity between the spectral properties of the filament
(kT ~ 1.3keV, Z ~ 0.9Z,) and those of the BCG thermal halo
(kT ~ 1.4keV, Z ~ 0.8 Z). As it is possible to see from Figs. 9
and 11, the X-ray emission between 0.8—1.2 keV shows that the
filament is connected to the central source and extends in the
south direction. Therefore, it is possible that the gas in the fila-
ment originates from the BCG gas halo. In particular, the X-ray
tail might have been created in the past after ram pressure strip-
ping of the kernel’s outer layers (25 kpc).

It should be noted that the stripping is efficient when galaxies
are moving at a relatively high speed with regard to the cluster
center; in the case of BCGs, their location at the cluster cen-
ter indicates that relative motions, if present, are not significant.
This applies to ZwCl 235, in which the BCG is coincident with
the cluster center. An interesting exception is constituted by the
BCG of MKWO08 (Tiimer et al. 2019), that shows a 40 kpc-long
X-ray tail; in this case, however, the host cluster is gravitation-
ally interacting with the galaxy group MKWO07, suggesting that
residual motions might be present. On the other hand, projection
effects might be hiding a significant offset between the BCG of
ZwCl 235 and the cluster center, which would imply the pres-
ence of relative motions aligned with the line of sight. These
motions would then generate the conditions for efficient ram
pressure stripping to occur. Nevertheless, if this was the case we
would not expect to observe the long X-ray tail (~20kpc), which
would be equally projected along the line of sight. Therefore, we
argue that a line of sight motion of the BCG is unlikely.

From the observational point of view, if the tail was stripped
from the BCG halo we expect millimeter observations to reveal
that the molecular gas is still coincident with the central emission.
While this information is currently unavailable for ZwCl 235, we
can make comparison to the similar clusters reported in Sect. 2.
In particular, due to the typically higher densities of molecu-
lar gas (~102cm™, e.g., Russell et al. 2019; Ciocan et al. 2021)
with regard to those of the hot gas (~0.1 cm™3), the cold phase
is more difficult to strip and would require relative velocities of
>1000kms™! (see e.g., Vantyghem et al. 2019). Considering the
central position of the BCG, it is very unlikely that it is moving at
such supersonic speed (for ZwCl 235 it would imply a Mach num-
ber of ~2). In this respect, similar conclusions have been drawn for
other X-ray bright tails of gas connected to cluster-central BCGs;
restricting the comparison to the systems in Table 1, in Abell 1795
(Russell et al. 2017), 2A0335+096 (Vantyghem et al. 2016) and
Abell 1991 (Hamer et al. 2012), the cospatiality of the cool ICM
and of the molecular gas disfavors the ram pressure stripping sce-
nario, and supports instead a local multiphase condensation of the
hot gas.

Observational evidence for the coronal origin of tails can also
include higher metallicity along the tail with regard to the ambi-
ent gas (see e.g., Tiimer et al. 2019). As detailed in Sect. 4.5, the
distribution of metals in ZwCl 235 has possibly been perturbed
by sloshing and by AGN uplift. This generates significant diffi-
culties in ascribing any metal asymmetry within ~15 kpc from
the center to other mechanisms such as ram pressure stripping.
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While from the metallicity map shown in Fig. 10 there are hints
of higher metallicity to the SE side of the BCG, we are unable
to further investigate this point due to the short exposure and the
overall complex abundance distribution.

5.2.3. Sloshing of the BCG corona

Following gravitational perturbations that offset the densest ICM
from the bottom of the potential well of the cluster, the sloshing
motion generates spiral patterns in the cold gas distribution. This
scenario applies to the ICM in ZwCl 235: the three cold fronts
reported in Sect. 4.3 trace the spiral geometry of the gas on scales
from 30 kpc (the east front) to 100 kpc (SE front). Here we con-
sider the effect that this perturbation may have had on the cooler,
denser plasma at the cluster center. In particular, we investigate
the idea that besides generating the three cold fronts in the ICM,
sloshing may have shaped the outer layers of the BCG’s thermal
corona (or the most central ICM phase), leading to the formation
of a spiral-tail of gas with kT" ~ 1 keV.

As already mentioned, the spectral properties of the bright
X-ray filament resemble those of the central thermal plasma at
1.4 keV. Furthermore, the cold filament seen in the 0.5-2keV
image (Fig. 2), the temperature map (Fig. 4) and the 0.8—1.2keV
contours shown in Fig. 11 is characterized by a hooked mor-
phology: starting from the BCG it heads SE then bends to the
south. The arched structures produced by the outward sloshing
motion are expected to be over-dense and colder with regard
to the surrounding gas, while maintaining pressure equilibrium
(McNamara & Nulsen 2007). We showed in Sect. 4.7 that the
filament is cold and dense compared to the ambient medium,
and we estimate a pressure ratio between the filament and the
surrounding ICM (from the profiles of Fig. 3) of ~1.1, which
supports the pressure equilibrium. Therefore, the filament could
represent a small scale (~20kpc in projected length) sloshing
tail of gas, that was produced by the same event that has set the
oscillating movement of the ICM on tens of kiloparsec scales.

It is possible to provide an estimate of the time taken by the
~1keV gas to slosh to its observed distance from the center.
Based on literature examples, there are three methods that can
be used to constrain the sloshing timescale:

— Free fall time: if there is no outward pressure to counteract
the infall of gas, then the time required for a clump of gas at a
distance r to return to the center is given by the free fall time #g.
As reported in Sect. 5.2.1, at a distance of 12kpc the free fall
time is tg & 29 Myr, which we interpret as a lower limit on the
true sloshing timescale (see e.g., Ubertosi et al. 2021).

— Brunt—Viiséld time: recent studies of sloshing clusters
have approximated the motion of the gas around the center as
an oscillating flow in a stable environment (e.g., Su et al. 2017;
Kolokythas et al. 2020; Ubertosi et al. 2021; Pasini et al. 2021),
governed by the Brunt-Viisild timescale (Balbus & Soker
1990):

-1/2
3g(r)6K) (12)

tgv(r) =2n ( 5,
where d is the slope of the entropy profile. Since we do not have
the statistics to build an entropy profile for the coronal gas, we
assume the value of dx = 2/3 (see the universal entropy profile
discussed in Babyk et al. 2018). For the filament in ZwCl 235
we thus measure gy ~ 190 Myr. As expected from Eq. (12), the
Brunt—Viisild timescale is a factor of roughly 6 longer than the
free fall time, and can be considered as an upper limit on the
sloshing time.
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— Subsonic timescale: the oscillation of gas in slosh-
ing clusters has generally been described as subsonic
(Zuhone & Roediger 2016). Assuming that the filament gas has
traveled at ~0.5 ¢, (see e.g., O’Sullivan et al. 2014; Brienza et al.
2022), its speed would be ~370kms~! (half the value of the
sound speed at the cavity distance from the center, see Sect. 4.4).
Thus, it would have taken ~35 Myr to reach a distance of 12 kpc
from the center, which is close to the free fall time.

Using the above three methods, we constrain the sloshing
timescale for the filament to be between 30—190 Myr. While this
range is relatively broad, it is significantly longer than the age
of the AGN outburst (~20 Myr), which implies that if the cen-
tral ~1.4keV thermal kernel has been subject to sloshing, this
happened before the formation of the two cavities.

The sequentiality of the two events opens the possibility that
a combination of sloshing and stimulated cooling might explain
the filament origin. In particular, a perturbation of the gas might
have offset the central thermal gas at ~1.4keV to the SE of
the BCG between 30—190 Myr ago. Considering the volume
and electron density of the filament (see Sect. 5.2.1), the total
sloshed mass would be ~2 x 10° M, that is twice the current
mass of the corona. Then approximately 17 Myr ago the AGN
started its activity and inflated two bipolar lobes in the NE-SW
direction. As the majority of ~1.4keV gas had already been dis-
placed from the center, the uplift of gas behind the X-ray cavi-
ties occurred only where gas to be uplifted was effectively avail-
able, that is around the south radio lobe. This argument would
explain why the low entropy gas is not found around the north
radio lobe. Such a scenario holds for example for 2A0335+096,
where the presence of a single filament in the direction of one
of the cavities suggests that sloshing may have set a preferred
direction for cooling of the ICM (Vantyghem et al. 2016). In
Abell 1795, the 40-kpc long cooling wake is likely the result
of cooling stimulated by the relative motion of the BCG and the
ICM (Crawford et al. 2005; Russell et al. 2017); additionally, in
Abell 2052 (that shows signs of sloshing, Blanton et al. 2011)
there is a strong asymmetry in the warm gas distribution, with
nebular filaments being draped only around the northern inner
cavity (Balmaverde et al. 2018). On the contrary, in the case of
the Phoenix cluster, for example, the warm gas is draped around
both the central X-ray cavities (see McDonald et al. 2015). The
inclusion of sloshing can also alleviate the tension between
the maximum mass of the gas displaced by the cavity and the
actual mass of the 1keV gas: following Archimedes’ princi-
ple, a bubble can lift no more mass than the mass it has dis-
placed. From the volume of the cavity reported in Table 3 and the
density of the ICM at 12kpc from the center (~0.04 cm™?), the
maximum amount of displaceable gas would be approximately
3 x 10% M. On the contrary, the mass of the filament is six times
higher. Since sloshing can emulate the effect of uplift and pro-
vide an alternative way of triggering unstable condensation (see
Vantyghem et al. 2019), it is plausible that the cavity expansion
is responsible for only a small portion of the uplifted gas. Over-
all, this scenario provides a consistent explanation for the spec-
tral and morphological properties of the cold filament and its
connection to the AGN outburst.

5.3. Cooling and feedback from the cluster to the BCG scales

The X-ray and radio analysis of ZwCl 235 revealed a complex
system, where the dynamics of the ICM is strongly coupled with
the activity of the central AGN. Besides the sloshing cold fronts,
we discovered two radio-filled putative X-ray cavities at ~15 kpc
from the BCG, which is surrounded by a thermal halo of gas at

~1.4keV (cooler than the ambient ICM) and with a radius of
~5kpc. Starting from this cool kernel, a bright filament of gas
(at ~1keV) extends to the south, parallel to the southern radio
lobe (see Fig. 11). In this section we consider how these differ-
ent features can be interpreted in the context of AGN feeding
and feedback mechanisms. Given the different physical scales
involved, we refer to the distinction proposed by Gaspari et al.
(2020) between the macro (10s—100skpc) and meso (pc—kpc)
scales of AGN feedback.

The radio observations of the central radio galaxy, detailed
in Sect. 4.1, reveal that the AGN that inflated the 15 kpc-long
radio lobes seen at 3 GHz is currently active: the VLBA image
at 5 GHz shows a bright core with bipolar jets emanating in the
NE-SW direction. The question we wish to address is which
sources of fuel are available for the central SMBH.

Classical pictures of AGN feeding in cool core galaxy clus-
ters predict that cooling of the ICM can provide a resource of
cold gas to be accreted by the central engine. In turn, the SMBH
launches jets that heat the surrounding medium via cavity infla-
tion and shocks, preventing over-cooling of the ICM and estab-
lishing a finely tuned cycle (see Sect. 1). The luminosity of the
cooling region, L., can be used as a proxy for the rate at which
cold gas flows to the center and is accreted, Mo, via the expres-
sion:

. 2 um
Moo = g k_Tp

From the properties of the cooling region in ZwCl 235 reported
in Sect. 4.2, we estimate a classical cooling rate of My, =
147 + 8.3 My yr!. This is the expected rate of gas cooling in
the absence of heating sources. Given the scaling between the
cooling luminosity and the Ha luminosity for systems in Table 1
mentioned in Sect. 4.2, and by the definition of Moq1, it 1S unsur-
prising to find that systems with lower Ly, have mass deposi-
tion rates estimated with Eq. (13) of a few tens of My yr~! (as
Abell 2495 and Abell 1668, Pasini et al. 2019, 2021), while more
Ha luminous systems have Mo ~ 103 My yr~! (as Abell 1835,
McNamara et al. 2006, or Abell 2204, Sanders et al. 2009a and
references therein).

In the presence of central activity, the cavity power is usu-
ally assumed to represent a lower limit estimate of the total
mechanical power of the AGN. The predictions for the feedback
cycle expect the cavity power to be approximately one order of
magnitude within the cooling luminosity (or pV/fyee £ Leool S
16pV/tyge, see e.g., Birzanetal. 2004; Rafferty et al. 2006;
O’Sullivan et al. 2011). This is indeed the case for ZwCl 235,
where we estimated Pe,y = 4pV/tyee = 1.2 X 10% erg s
and L. =~ 10% erg s7!, and for the clusters in Table 1 with
measurements of both P, and L., (namely, Abell 1668,
Pasini et al. 2021; Abell 2495, Pasini et al. 2019; Abell 2204,
Sanders et al. 2009a; Abell 2052, Abell 1835, 2A0335+096,
Abell 478, Abell 2199, Abell 1795, e.g., Rafferty et al. 2006).
Therefore, by investigating the feedback cycle on macro scales
(between approximately 20-100kpc), we confirm the cou-
pling of the central radio activity with the thermodynamic
properties of the ambient gas, as extensively tested in litera-
ture studies (e.g., Bohringer et al. 2004b; Rafferty et al. 2006;
Hlavacek-Larrondo et al. 2015).

The above considerations are based on the azimuthally aver-
aged profiles shown in Fig. 3. However, as discussed in Sect. 4.7,
the bulk of the coolest gas in ZwCl 235 is not uniformly dis-
tributed around the core, as expected from a spherically sym-
metric inward flow of cold gas. Instead, ~1keV gas of low
entropy (<30keV cm?) and short cooling time (<0.5Gyr) is

Lcool- (13)
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preferentially found in the south direction, along a bright fil-
ament (length of ~20kpc) that is tangential to the southern
radio lobe. As discussed in Sect. 5.2.1, the alignment of the
radio galaxy with the lowest entropy medium is likely explained
in the context AGN-stimulated condensation of gas in low
entropy clouds, with a possible contribution from sloshing (see
Sect. 5.2.3). This places ZwCl 235 in good agreement with
some well-studied systems in Table 1 (e.g., 2A0335+096 or
Abell 1795) where sloshing may have set a preferential direction
for AGN-stimulated cooling to occur. According to recent sim-
ulations of AGN feeding and feedback (see Gaspari et al. 2018),
the cold gas kernels along filaments would ultimately provide
an optimal fuel for the central SMBH. Hence, even on smaller
scales (between 5—20kpc) the fueling of the central engine and
the growth of the radio galaxy in ZwCl 235 are found to be cou-
pled with the cooling conditions of the ICM.

The observations of AGN activity on meso scales (tens of pc)
with the VLBA (see Fig. 1) show that the radio galaxy is active
and is currently driving jets through its surroundings. While the
study of the macro scales (20—100kpc) supports the idea that
feeding of the SMBH comes from cooling of the ICM, the BCG
thermal halo (see Sect. 4.6) is a further piece of the puzzle. This
dense (n. ~ 0.1 cm™>) and extended (~5 kpc in radius) gas kernel
at 1.4keV is the gas phase in ZwCl 235 with the lowest entropy
(K ~ 7TkeV cm?) and the shortest cooling time (feoo1 ~ 240 Myr).
In the absence of the outer environment, the thermal halo (that
we interpreted as the BCG’s corona) would thus be the closest
source of feeding for the central SMBH. However, the ICM out-
side r ~ Skpc in ZwCl 235 seems to be regulating the amount
of fuel for the AGN and the resulting energy output. Therefore,
it is necessary to understand how the central cool halo of the
BCG is coupled with the ICM/AGN feedback cycle. Besides
AGN feedback, stellar mass loss and supernovae explosions are
likely to contribute to heating of the thermal halo of cluster-
central elliptical galaxies (e.g., Sun 2009). The energy injection
required from the AGN should be strong enough to reduce cool-
ing without completely destroying the corona. We note that the
mechanical AGN power in ZwCl 235 is ~20 times larger than the
X-ray bolometric luminosity of the corona (see Sects. 4.4
and 4.6). In order for the corona to survive such outburst and
be observable, the majority of the AGN mechanical power has
likely been deposited outside the BCG (=5 kpc; see also the dis-
cussion in Sun 2009).

We stress that ZwCl 235 differs from the typical systems in
the sample of Sun (2009), which comprises coronae of weak
cool core clusters (7,001 = 1 Gyr) and of noncool core clusters;
in these objects the ~1keV gas halo of the BCG naturally
explains how the central AGN is being fueled even though the
outer environment is not cooling (see also Tiimer et al. 2019). A
fitting example is given by Abell 2634 (one of the lowest Ha-
luminosity systems listed in Table 1), where the BCG’s corona
at 1.0keV is surrounded by a ~4 keV ICM (Schindler & Prieto
1997; Sun et al. 2007). In Abell 2634 the corona is the only ther-
mal gas phase with a density, entropy and cooling time that sup-
port the existence of cold gas at the cluster core; using the bolo-
metric X-ray luminosity of the 1 keV plasma, Schindler & Prieto
(1997) measured a classical mass deposition rate of ~1 Mg yr~!.
On the contrary, ZwCl 235 is a cool core galaxy cluster (fcoo <
1 Gyr within the central 25 kpc) that additionally hosts a dense
X-ray corona at its center. By applying the standard cooling flow
model (Eq. (13)) to the properties of the corona, that has a bolo-
metric luminosity LEC¢ = (6.2+1.3)x 10*! erg s™" and a temper-
ature of kT ~ 1.4keV, we estimate a Mcoo = 1.6 + 0.9 Mg yr~!
(similar to that of the corona in Abell 2634), that is the cool-
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ing rate within Skpc is about 1% of the ICM cooling rate
between Skpc and ~79kpc (the cooling radius of ZwCl 235,
see Sect. 4.2). Thus, the thermal corona is not an “isolated fuel
reservoir’”: both the BCG thermal halo and the central ICM have
temperature, entropy and cooling time that may trigger the con-
densation of 1-2keV gas into colder gas clouds. Concerning
fueling of the central SMBH, the two components may as well
be considered as a single multitemperature gas, with the coldest
phase of the ICM being indistinguishable from the corona outer
layers.

Overall, we conclude that both the ICM and the thermal halo
of the BCG are sources of multiphase, condensed gas in the inner
~20kpc of the cluster, with the ICM likely building the larger
Ieservoir.

6. Conclusions

In this article we investigated the AGN feeding and feedback

cycle in the galaxy cluster ZwCl 235 using available X-ray

(Chandra) and radio (LOFAR, VLA, and VLBA) observations

of the central radio galaxy. Here we summarize our results.

1. The morphological and spectral analysis of the Chandra
observation unveiled that ZwCl 235 is a cool core galaxy
cluster (fcoo1 < 1Gyr within 25kpc from the center, cool-
ing radius r.o = 78.5 £ l.4kpc, and cooling luminos-
ity Leool & 10* ergs™') experiencing sloshing of its ICM,
which resulted in the formation of three cold fronts wrapped
around the center. The central radio galaxy of ZwCl 235 is
currently active: a VLBA observation at 5 GHz revealed a
bright core and a pair of jets with a projected total length
of 20 pc. The jets are aligned with the radio lobes seen at
144 MHz and 3 GHz by the LOFAR and VLASS surveys,
respectively, that extend in the NE-SW direction for approx-
imately 15—20kpc. We found a pair of X-ray cavities in the
ICM matching the position of the radio lobes of the central
AGN, whose combined mechanical power is approximately
1.2x 108 ergs™!.

2. The Chandra spectral analysis of the inner 3" (4.7 kpc)
revealed that the X-ray emission originates from a kernel
of thermal plasma at ~1.4keV coincident with the BCG,
with the contribution of nonthermal emission being negli-
gible. The plasma has a density of ~0.1 cm™ and an entropy
of 7keVcm?, and it is in pressure equilibrium with the
surrounding hotter (~2.7keV) environment. We interpret
this component as the BCG’s thermal halo (also known as
corona).

3. Our analysis of the metallicity in ZwCl 235 hints at a rela-
tively flat abundance radial profile (with a mean Z ~ 0.9Z,
within ~70 kpc from the center) and two enhanced metallic-
ity arc-like regions beyond the AGN radio lobes (extending
out to ~30kpc from the center). We argue that this distri-
bution of metals may reflect the ICM dynamical perturba-
tions triggered by sloshing and AGN activity. Sloshing may
be responsible for an outward transport of metals, traced by
the abundance gradients associated with the east and west
cold fronts. The central AGN, while inflating the X-ray cav-
ities, possibly generated a pair of metal-rich arcs at 30 kpc
from the center in the NE-SW direction by pushing central
enriched material to higher altitudes.

4. We discovered that the majority of the cool ICM is found
along an X-ray filamentary feature which, starting from
the center, extends to the south for approximately 20 kpc.
A double thermal model best describes the emission of
the filament, with the cooler phase having kT ~1.3keV,
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ne ~0.06cm™>, and 7., ~ 480 Myr. We tested three sce-
narios for the origin of the filament, namely [i] stimulated
cooling by an uplift of cool gas, [ii] ram pressure stripping
of the BCG coronal gas, or [iii] sloshing of the BCG thermal
halo. By considering the properties of the filament, we con-
clude that a combination of sloshing and stimulated cooling
might provide the best explanation for its origin.

5. By comparing the cooling properties of the X-ray thermal
gas (ICM + BCG thermal halo), we have discussed how the
cycle of AGN feeding and feedback acts on different scales.
Between 20—100kpc from the center (macro scales), we
confirm standard predictions of the feedback cycle, with the
luminosity of the cooling region being related to the mechan-
ical energy released by the AGN outburst. Between 5-20 kpc
from the center (meso-macro scales), the thermodynamic
state of the ICM is found to be strongly coupled with radio
activity, as demonstrated by the cold filament trailing the
southern X-ray cavity. On scales of <5kpc (meso scales),
we speculate that the thermal halo of the BCG is contribut-
ing to the inflow and cooling of hot gas to lower temperature
gas phases, with the ICM building the larger reservoir of fuel
for the SMBH.

Therefore, we propose that the AGN is possibly linked with mul-
tiple sources of material to be accreted. Future multiwalength
follow-up observations may shed light on this galaxy cluster not
only by securing the detection of the several features we identi-
fied, but also by unveiling the origin of such features.
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Appendix A: Alternative test on the X-ray spectrum
of the BCG

In this Appendix we show the results of using the blank-sky
event file to model the background for the spectral analysis of
the X-ray emission of the BCG in ZwCl 235. We extracted the
source and background spectrum from a circle of radius 3" cen-
tered on the BCG from the Chandra observation and the blank-
sky event file, respectively. The use of a local background in
Sect. 4.6 allowed us to remove the contribution of the thermal
ambient gas from the BCG spectrum. In order to account for this
component when using the blank-sky event file, we included an
additional apec component in our fit which is meant to describe
the ICM projected in front of the central source. Following the
study performed in Sect. 4.6, we considered both a nonthermal
and a thermal origin for the X-ray emission.

In the first place, we tried to fit the spectrum with a
tbabs* (po+apec) model. The power-law spectral index, when
left free to vary, assumes unphysical values; thus, we fixed it
to 1.9 (as done in Sect. 4.6). From the best-fit values reported
in Tab. A.1, we note that the power-law normalization is not
constrained, resulting in an upper limit similar to that reported
in Tab. 5. Additionally, there are positive residuals around

0.8-1.0keV similar to those found when using a local back-
ground. As a consequence, the residuals were not caused by a
poor choice of background, but are rather an intrinsic source
component.

In the second place, the spectrum was fit in the 0.5-7 keV
band with a tbabs:*(apec+apec). The temperatures and nor-
malizations of the two apec component were left free to vary,
while we linked the abundances of the two apec together due to
the low statistics. The results are reported in Tab. A.1. We iden-

tify the component with kT = 2.53*)33 keV as the one describ-

ing the ambient gas, while the one with kT = 1.10%0% keV as
the one describing the thermal gas in the inner 5 kpc. The latter
temperature is slightly lower than that presented in Sect. 4.6, but
fully consistent within 1o~ errors. From the normalization of the
second apec and using a volume V = 4/377° with r = 4.7 kpc
(the first apec component removes the contribution of the ICM
projected along the line of sight), it is straightforward to obtain

the electron density n, = 0.06*02cm™ (Eq. 2). This corre-
sponds to a pressure p = 1.68’:(1):2 x 107 ergem™ (Eq. 3),
an entropy K = 7.8’:‘2‘:; keVcm? (Eq. 4), and a cooling time
feool = 3557330 Myr (Eq. 5), which are all consistent with the
values presented in Sect. 4.6 within errors.

Table A.1. Spectral analysis of the X-ray spectrum of the BCG using the blank-sky event file as background.

Model kT Z norm r norm kT norm C/d.o.f.
[keV] [Zo] [phkeV~'cm™2s7'] [phkeV~'cm™2s7!]| [keV] [phkeV~'cm2s7!]

Nonthermal | 183018 095038 175503 107 | 19 <7.09x10° | () (.) 165/148

Thermal | 2.53%031 144707 11993 % 10~ |(...) (.) 110927 128+101 105 158/148

Notes. (1) model used to fit the spectrum; (2-3-4) temperature, abundance and normalization of the apec component that accounts for the ambient
gas; (5-6) spectral index and normalization of the power law; (7-8) temperature and normalization of the thermal model; (9) C-statistics/degrees

of freedom.

Appendix B: Volume of the filament

In this section we detail the method we employed to measure
the volume occupied by the two thermal components found in
the bright X-ray filament (see Sect. 4.7). In the following, Vi
refers to the total volume of the region used for spectral extrac-
tion, while V| and V) refer to the volumes occupied by the cold
and hot phases, respectively. The region used for extracting the
X-ray properties of the filament, shown in Fig. 9, consists in an
annular sector extending from ry, = 3” to roy = 13" from the
center and with an opening angle of 75°. Using a projected ther-
mal model, the normalization returned by the fit is referred to a
projected volume given by the intersection of the spherical shell
with a cylinder defined by the width of the annulus and infinite
height. Therefore, the total volume can be defined as follows:

4
Vi = 3 T(re — 15> =Vi+ Va.
Since the fitting has been performed using a 2T model, it is
necessary to know the relative contribution of the two ther-
mal components to the total volume, known as the filling factor
f = V1/V,. Following Gitti et al. (2011), assuming that the two

(B.1)

spectral phases are in pressure equilibrium in the same volume
the filling factor can be estimated as

f=Vi/Vy=

o (k_’Tl)z s (B2)

normy \kT»

where norm; and kT; are the normalization and temperature of
the i-th component. By combining Eq. B.1 and B.2 we estimated
the volume of the cold gas component reported in Sect. 5.2 using
the following expression:

(S
Vl —(1 +f) Vtot-

For norm; = 5.7 x 1073, norm, = 2.7 x 1074, kT; = 1.31keV
and kT, = 2.66 keV we measure a filling factor f = 0.051 and a
volume V; = 3.2 x 10*kpc?.

For comparison, by approximating the volume of the fila-
ment as a cylinder with radius 5kpc and length 17 kpc (deter-
mined from the lowest contour shown in IM2 of Fig. 9), we
obtain a very similar volume of V; = 3.4 x 10*kpc>.

(B.3)
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