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ABSTRACT

We present deep Chandra, XMM-Newton, Giant Metrewave Radio Telescope, and Ho
observations of the group—group merger NGC 6338. X-ray imaging and spectral mapping
show that as well as trailing tails of cool, enriched gas, the two cool cores are embedded in
an extensive region of shock-heated gas with temperatures rising to ~5 keV. The velocity
distribution of the member galaxies show that the merger is occurring primarily along the line
of sight, and we estimate that the collision has produced shocks of Mach number M = 2.3 or
greater, making this one of the most violent mergers yet observed between galaxy groups. Both
cool cores host potential AGN cavities and Ho nebulae, indicating rapid radiative cooling. In
the southern cool core around NGC 6338, we find that the X-ray filaments associated with
the Ha nebula have low entropies (<10 keV ¢cm?) and short cooling times (~200-300 Myr).
In the northern core, we identify an Ho cloud associated with a bar of dense, cool X-ray gas
offset from the dominant galaxy. We find no evidence of current jet activity in either core. We
estimate the total mass of the system and find that the product of this group—group merger will
likely be a galaxy cluster.

Key words: galaxies: active — galaxies: clusters: intracluster medium — galaxies: elliptical and
lenticular, cD — galaxies: groups: individual (WBL 636) — galaxies: individual (NGC 6338) —
X-rays: galaxies: clusters.

2011; Johnson et al. 2012; Paterno-Mahler et al. 2013). X-ray

1 INTRODUCTION . . .
studies of merging galaxy groups are less common, owing to the

At the core of hierarchical models of structure formation is the
prediction that massive gravitationally bound systems form through
the merger of many less massive progenitors. Evidence of such
mergers is seen at all scales from individual galaxies (e.g. Bundy
etal. 2009) to the most massive galaxy clusters (e.g. Schellenberger
et al. 2019). Mergers have a significant impact on the hot gaseous
components of galaxy groups and clusters, injecting energy and
helping to mix gas of different temperatures and metallicities (e.g.
Markevitch & Vikhlinin 2007). The Chandra and XMM-Newton
X-ray observatories have allowed the study of numerous cluster
mergers in great detail, revealing encounters ranging from high-
velocity collisions driving powerful shocks (e.g. Markevitch 2002;
Markevitch et al. 2005; Russell et al. 2012; Dasadia et al. 2016) to
tangential mergers whose signature is the excitation of ‘sloshing’
oscillations in the intra-cluster medium (ICM, e.g. Roediger et al.
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lower luminosity of these systems, and most focus on low-energy
interactions (e.g. Machacek et al. 2005; Kraft et al. 2006; Machacek
et al. 2010, 2011; Roediger et al. 2012; Gastaldello et al. 2013;
O’Sullivan, David & Vrtilek 2014). Only a handful of studies have
shown evidence of shock heating by group—group mergers (e.g.
Randall et al. 2009; Russell et al. 2014). Galaxy groups are far
more common than more massive galaxy clusters (Tully 1987) and
are the environment in which most galaxies reside (Eke et al. 2006),
and it is therefore desirable to understand the range of impacts
which mergers may have on their properties.

Groups are also a key environment for the study of AGN
feedback. Observations over the past two decades have established
that the ICM of cool core clusters and groups is thermally regulated
by the jets of cluster-central FR-I radio galaxies (e.g, Fabian 2012;
McNamara & Nulsen 2012). X-ray observations reveal cavities in
the ICM coincident with the radio lobes of these galaxies, and the
enthalpy associated with them has been shown to be sufficient to
balance radiative cooling (e.g. Birzan et al. 2008; Cavagnolo et al.
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2010; O’Sullivan et al. 2011; Birzan et al. 2012). AGN outbursts
can also drive shocks which may have a significant heating impact
in groups (e.g. Randall et al. 2015).

The supermassive black holes (SMBHs) of these radio galaxies
are thought to be fed by material cooling from the ICM. Evidence
of this cooled material is observed, in the form of molecular (e.g.
Salomé et al. 2006, 2011; David et al. 2014; Russell et al. 2016; Van-
tyghem et al. 2016; Russell et al. 2017b,a; Vantyghem et al. 2017;
Temi et al. 2018) and Ho-emitting (10* K) ionized gas (e.g. Fabian
et al. 2003; Crawford, Sanders & Fabian 2005a; Crawford et al.
2005b; McDonald et al. 2010; McDonald, Veilleux & Mushotzky
2011; Lakhchauraetal. 2018), often found in the form of filamentary
structures correlated with AGN cavities. Studies have shown that
jet power is correlated with the mass of molecular gas (Babyk et al.
2018) and (tentatively) the Ho luminosity (Lakhchaura et al. 2018)
in early-type galaxies, showing that AGN feedback is closely linked
to the presence of cooled material. The filamentary structures are
thought to form from ICM gas that becomes thermally unstable
(McCourt et al. 2012; Sharma et al. 2012; Gaspari, Ruszkowski &
Oh 2013; Li & Bryan 2014a,b), either in situ or as the result of
disturbances caused by the AGN or gas motions (e.g. McNamara
et al. 2016; Hogan et al. 2017; Prasad, Sharma & Babul 2017;
Voit et al. 2017; Gaspari et al. 2018). As with mergers, much of the
study of these phenomena has focused on the more luminous galaxy
clusters, and there are as yet relatively few examples of detailed
studies of Ho filaments and molecular gas in galaxy groups.

The NGC 6338 group shows features suggestive of both rapid
cooling and merging. X-ray observations reveal extended diffuse
emission with two peaks. The brighter southern peak is centred
on the most optically luminous galaxy NGC 6338, while the
northern peak is centred close to a galaxy pair, VII Zw 700, which
is dominated by the elliptical MCG+10-24-117. NGC 6338 and
MCG+10-24-117 are separated by ~80" (~42 kpc) in projection,
and ~1400 km s~! in velocity. The large velocity difference and
double-peaked X-ray distribution suggests a merging system. Fig. 1
shows optical and X-ray images of the group. Dupke & Martins
(2013) noted the presence of a density discontinuity consistent with
a cold front on the south side of the northern peak, and suggested that
the northern peak is the core of an infalling system. More recently,
Wang et al. (2019) used Chandra ACIS-I and galaxy velocity data to
classify the system as a head-on merger with a large component of its
velocity along the line of sight. They identified cold fronts associated
with both surface brightness peaks, and noted the presence of high
temperatures, likely caused by merger shocks, between and around
the two peaks.

NGC 6338 was classed as an SO by the Uppsala and RC3
galaxy catalogues (Nilson 1973; de Vaucoulers et al. 1991), but
examination of Sloan Digital Sky Survey data show it to be a
prolate elliptical (Nair & Abraham 2010), a classification confirmed
by the finding that the stellar component rotates around the major
axis (Gomes et al. 2016). Hubble Space Telescope narrow band
imaging shows Ho emission from two compact clouds in the central
arcsecond of the galaxy, and three filaments extending out to ~13.5”
along the minor axis of the galaxy (Martel et al. 2004). Integral field
spectroscopy shows that these filaments are not rotating with the
stellar component (Gomes et al. 2016), and provides a total Ho flux
of 1.78 x 107" erg s' em™? (Ly, = 2.82 x 10* erg s7! for
our adopted distance). A short Chandra X-ray observation showed
that the Ho filaments have X-ray counterparts (Pandge et al. 2012)
and revealed a pair of small X-ray cavities (Dong, Rasmussen &
Mulchaey 2010) aligned perpendicular to the filaments. Estimates
of the enthalpy of these cavities suggest that they are too small to
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balance cooling in the central 10 kpc over the past ~10 Myr (Pandge
etal. 2012). However, these structures suggest that cooling from the
intra-group medium (IGM) may be the source of the Ha emission,
and may have fuelled AGN activity in the recent past.

NGC 6338 hosts a flat-spectrum radio point source coincident
with the optical nucleus, and is classed as an FRO radio galaxy
(Torresi et al. 2018) and a LINER (Gomes et al. 2016). The galaxy
has been included in catalogues of blazars and BL Lacs (e.g.
Massaro et al. 2009; Mingaliev et al. 2017), but optical studies show
this to be a mistake (e.g. Caccianiga et al. 2002). The classification
seems to have been based on the flat radio spectrum and an early X-
ray detection which did not distinguish between diffuse and nuclear
emission (Marcha et al. 2001; see also Green et al. 2011). Pandge
et al. (2012) report a nuclear X-ray point source, but Torresi et al.
(2018) are only able to place an upper limit on a nuclear powerlaw
component, F,_jokev < 1.9 X 1074 erg sl em™2.

The Planck observatory detected the Sunyaev—Zel’dovitch (SZ)
signal of the system with a signal-to-noise ratio (S/N) of 5.5
(Planck Collaboration et al. 2016). The total mass of the system
was estimated to be [1.01 & 0.12] x 10'* Mg, placing it on the
group/cluster boundary.

In this paper, we use a combination of new, deep Chandra,
and XMM-Newton X-ray observations, He imaging and spectra,
and archival GMRT radio data to investigate the dynamical state
of the system and the evidence of cooling and AGN feedback
in the dominant galaxies. The paper is organized as follows.
Section 2 describes the observations and our data reduction,
Section 3 describes the results drawn from the observations, in
Section 4 we discuss the dynamical state of the group and the
evidence of cooling and feedback in the two cores, and in Section 5
we summarize our results and list our conclusions. Throughout this
paper we adopt Hy = 70 kms~' Mpc™!, €4 = 0.3, and 2, = 0.7.
The redshift of the cluster is taken to be 0.027427, and the resulting
angular size and luminosity distances are Dy, = 109 Mpc and D;,
= 115 Mpc, respectively. This gives an angular scale of 0.528 kpc/".
We report 1o uncertainties unless otherwise stated in the text.

2 OBSERVATIONS AND DATA REDUCTION

NGC 6338 has been observed several times by the Chandra
and XMM-Newton X-ray observatories (see Table 1). Details of
instrument-specific reduction and analysis are given in the follow-
ing sections. X-ray spectral fitting was performed using XSPEC
12.9.1u (Arnaud 1996). We adopt a Galactic hydrogen column
of Ny = 2.23 x 10 ¢cm~2, drawn from the Leiden—Argentine—
Bonn survey (Kalberla et al. 2005) throughout. The estimated
column including molecular hydrogen (Willingale et al. 2013) is
<10 percent greater, and testing shows that using this higher
value has no significant impact on our fits. We adopted the solar
abundance ratios of Grevesse & Sauval (1998). Surface brightness
modelling was performed in CIAO SHERPA v4.10 (Freeman, Doe &
Siemiginowska 2001).

2.1 Chandra

NGC 6338 was initially observed by Chandra ACIS-I early in
the mission, followed by a series of ACIS-S observations during
2017. Table 1 gives details of the observation dates, setup, and
cleaned exposures. A summary of the Chandra mission is provided
in Weisskopf et al. (2002). We processed observations using CIAO
4.10 and CALDB 4.7.9. We note that this includes the most
recent corrections to the ACIS contamination model, including
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Figure 1. Lefi: Merged, exposure-corrected Chandra 0.5-2 keV image of the NGC 6338 group, smoothed with a 3” Gaussian. Right: SDSS i-band image of
the system. The D»s ellipses of the dominant galaxies, NGC 6338 and VII Zw 700 are marked by black dashed lines in both panels.

Table 1. Summary of the X-ray observations. For XMM, the observing
mode indicates that the EPIC-PN operated in either Full Frame (FF) or
Extended Full Frame (EFF) mode, and cleaned exposures for the EPIC-
MOS/PN are given in the last column.

ObsID Observation  Instrument  Observing Cleaned
date mode exposure (ks)
Chandra
4194 2003 Sep 17 ACIS-I VFAINT 46.6
18892 2017 Jun 24 ACIS-S VFAINT 11.9
18893 2017 Jul 21 ACIS-S VFAINT 44.6
19934 2017 Jul 12 ACIS-S VFAINT 28.7
19935 2017 Jun 05 ACIS-S VFAINT 35.1
19937 2017 Jun 08 ACIS-S VFAINT 19.8
20089 2017 Jun 11 ACIS-S VFAINT 18.4
20104 2017 Jun 21 ACIS-S VFAINT 14.9
20112 2017 Jul 13 ACIS-S VFAINT 41.5
20113 2017 Jul 15 ACIS-S VFAINT 13.8
20117 2017 Jul 23 ACIS-S VFAINT 12.9
Total Chandra exposure: 288.2
XMM-Newton
0741580101 2014 Dec 04 EPIC FF 11.8/9.3
0792790101 2016 Oct 12 EPIC EFF 55.9/44.0

corrections for the reduced rate of contamination buildup during
2017 (Plucinsky et al. 2018). Our reduction followed the approach
laid out in the Chandra analysis threads' and O’Sullivan et al.
(2017).

Periods of high (flaring) background were filtered using the
LC_CLEAN script. As the ACIS-S observations were individually
short and performed over a 1-month period, we treated them as
a single observation for flare filtering. Very faint mode filtering
was applied to all observation and background event files. We used

Thttp://cxc.harvard.edu/ciao/threads/index.html

the standard set of Chandra blank-sky background files to create
background spectra and images where needed, normalizing to the
observations using the 9.5-12 keV count rate.

All observations were reprojected onto a common tangent point,
and combined images and exposure maps created using REPRO-
JECT_OBS and MERGE_OBS. Using point sources detected in all
observations, we confirmed that there were no significant astrometry
errors affecting the final images. For image analysis, we used
the combined images, typically in the 0.5-2 keV band. Spectral
extraction was performed on each observation separately, and the
ACIS-S observations combined into single sets of spectra and
responses for each region.

Point sources were identified using WAVDETECT on the combined
0.5-7 keV image and associated exposure map. A combined map
of the point-spread function (PSF) size was created from individual
maps of the 2.3 keV 90 per cent encircled energy fraction in each
observation, weighted using the exposure maps. False detections
associated with gas structures in the group cores were identified by
eye and removed; no genuine point sources were identified in either
core. Point sources were generally excluded from all further analysis
(excluding at least 90 per cent of the flux from each source) and
where necessary the resulting space was refilled using the DMFILTH
task.

2.2 XMM-Newton

XMM has observed NGC 6338 twice, a short (~10 ks) observation
in 2014, and a longer (~70 ks) exposure in 2016. The former was not
significantly affected by background flaring, but high background
makes roughly one-third of the latter unusable. Table 1 provides
details of both observations.

We reduced and analysed data from the European Photon Imaging
Cameras (EPIC) for both observations following the approach
described in O’ Sullivan et al. (2017). Analysis was performed using
the XMM Science Analysis System (SAS 17.0.0). An initial analysis
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was performed using a three-band background filter and scaled
blank-sky background files, including imaging and the creation of
spectral maps. The longer observation was then processed with
the XMM Extended Source Analysis Software (ESAS), spectra
were extracted along a number of radial profiles, and fitting was
performed using a background model as described in Snowden,
Collier & Kuntz (2004). For ObsID 0792790101, the EPIC-MOS1
CCDs 3 and 6 were inactive owing to micrometeorite damage, and
we excluded rows 0-149 of CCD 4 given their increased noise
levels. The MOS-FILTER task found CCD 5 of EPIC-MOS2 to be in
an anomalous state, and it was also excluded from further analysis.
Point sources were identified using the CHEESE task.

2.3 Spectral mapping

We take a common approach to the creation of spectral maps from
the XMM and Chandra data. A regular grid of fixed-size map pixels
is established covering the area of interest. The map pixel scales
chosen were 1” for XMM and 5" or 2” for Chandra. Circular spectral
extraction regions are then defined, centred on each map pixel,
with radii chosen to include a fixed number of net counts, or to
achieve a desired signal-to-noise ratio (S/N). We created maps with
2000 net counts for XMM and 1500 for Chandra (equivalent to
SIN =25 — 40), as well as an S/N = 50 Chandra map to examine
the abundance distribution. The radius of the regions varies with
surface brightness, with smaller regions in the bright cores, and
larger regions in the outskirts, up to a set maximum radius. Spectral
extraction regions are defined to be no smaller than the map pixels,
but can be larger than them, in which case they can overlap and are
not necessarily independent. The resulting maps are analogous to
adaptively smoothed images, with low surface brightness regions
being more heavily smoothed. Table 2 lists the pixel scale and other
parameters for our maps.

Source and blank-sky spectra were extracted from every Chandra
or XMM observation covered by each region. For Chandra spectra,
responses were created for every spectrum, with the resolution of
the weighting maps used in calculating the response matrix function
(RMF) reduced by a factor of 4 to save time. For XMM spectra, a
13 x 13 grid of responses was created and spectra were assigned a
set of responses based on which grid area their centre fell within.
ACIS-S spectra and responses for each region were combined into
a single spectra.

Spectra were then simultaneously fitted (ACIS-I with ACIS-S,
or MOS with PN) with single-temperature-absorbed APEC thermal
plasma models (Smith et al. 2001). The best-fitting temperature
and abundance from each fit were then used to populate the
corresponding map pixel, producing 2D maps of these properties.
Typical 1o uncertainties on fitted parameters are given in Table 2.
Note that uncertainties are generally smaller in the cool cores than
in the hottest parts of the system. We follow Rossetti et al. (2007)
in defining a pseudo-density as the square root of the best-fitting
normalization per unit area, and combine this with the temperature
map to create maps of pseudo-entropy and -pressure. While these
are not measures of the true gas properties, they provide useful hints
to the state of the gas which can then be followed up with standard
spectral analysis.

In addition, we also created Chandra maps using the contour
binning approach of Sanders (2006). This adaptively bins the area
of interest, linking pixels with similar surface brightness to form
regions with a desired signal-to-noise ratio, in our case S/N = 30.
Spectra and (full resolution) responses are then extracted for each
region, and fitting is performed as for the other maps. Typical
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errors on temperature were similar to the ‘fixed grid’ Chandra
maps, ~2-5 percent in the cool cores rising to ~15 percent
in the hottest regions. Contour binning uses independent regions
whose boundaries tend to follow surface brightness structures. It is
therefore well suited to tracing fronts and edges in the surface
brightness distribution, particularly when the temperature and
abundance distribution is correlated with these features. By contrast,
our adaptive-smoothing-like approach may have an advantage in
regions where this assumed correlation does not hold.

Comparison of the XMM and Chandra maps shows generally
good agreement in areas of overlap. Comparison of the ‘fixed grid’
Chandra maps with the contour binning maps and with radial
spectral analysis also shows good agreement. We are therefore
confident that the maps give a generally reliable indication of the
2D distribution of gas properties in the system.

2.4 Ha data

NGC 6338 was observed on Sep. 16,2009 (UT) with the Seaver Pro-
totype Imaging camera (SPIcam) on the Apache Point Observatory
(APO) 3.5 m telescope. The night was photometric and the seeing
was ~1.2"”. Two narrow-band filters were used, NMSU 673.6/8
(b = 6736 A, FWHM = 80 A) for the He+[N 11] lines and
NMSU 665/8 (o = 6650 A, FWHM = 80 A) for the continuum.
There is one 673.6/8 observation with an exposure time of 10 min.
There are two 665/8 observations, each with 6 min. Each image
was reduced using the standard procedures with the IRAF package.
The pixels were binned 2 x 2, for a scale of 0.28” per pixel. The
spectroscopic standard was BD+-28 4211. The He+[N 1] netimage
was derived, with the continuum subtracted by nulling the galaxy
outskirts beyond the central emission line nebula.

We also took long-slit spectra of NGC 6338 and VII Zw 700 with
the Dual Imaging Spectrograph (DIS) on the APO 3.5m telescope
on Sep. 17, 2017. The night was partially photometric, seeing was
~1.2" and the slit width was 2.0”. The B1200/R1200 grating was
used, giving a spectral resolution of 0.62 A/pix in the blue channel
and 0.58 A/pix in the red channel. Two slit positions were observed,
one across NGC 6338 (slit angle 50.67 north from due east) for
three 10-min exposures and another across VII Zw 700 (slit angle
42.8") for three 10-min exposures.

2.5 GMRT radio

The Giant Metrewave Radio telescope (GMRT) has observed NGC
6338 several times at different frequencies. We chose to analyse
observations at 147, 333, and 1388 MHz, providing broad spectral
coverage and including the deepest observations. The data were
reduced using the SPAM pipeline (Intema et al. 2009). This flags
bad data, applies flux and phase calibrations, and corrects for time
and sky-position dependent variation in the phase solution. Table 3
provides the project codes for each data set, observation parameters,
and the details of the beam and noise level in the full-resolution
images.

We used the calibrated uv products from the SPAM pipeline to
perform the imaging in CASA (McMullin et al. 2007) via the TCLEAN
task. We applied a Briggs visibility weighting scheme with the
robust parameter set to 1, and a minimum cut for uv distances of 1 k.
For the deconvolution, we chose the multiscale algorithm (Cornwell
2008) to model extended emission, as well as the wproject gridder
(Cornwell, Golap & Bhatnagar 2008) with 259 planes.

The previously known radio source in NGC 6338 is visible in the
full-resolution images at all three frequencies. At both 147 MHz and
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Table 2. Parameters and uncertainties for spectral maps.

Satellite Pixel scale Criterion Extraction radii 1o Statistical uncertainties
kT Abundance
(arcsec) (arcsec) Cool Hot Cool Hot
XMM-Newton 15 2000 net ct. 8-86 3-8% 17% - -
Chandra Sor2 1500 net ct. 5-37 2-5% 15% - -
5 SIN =50 4-59 1-5% 7% 10-20% 50%
contbin SIN =30 - 2-5% 15% - -
Table 3. Summary of the GMRT radio observations.
Project code Observation date Frequency Bandwidth On-source time HPBW, PA rms Noise
(MHz) (MHz) (min) "x" (uJybeam™!)
21.060 2011 Nov 26 1388 33 312 2.69 x 2.29, —56.41 30
06EFAOQ1 2004 Sep 10 333 16 18 25.84 x 9.24, 78.85 410
TGSS R53D67 2011 May 26 147 17 15 25 x 25,0.0 3230

1.39 GHz, its dimensions are consistent with the restoring beam.
We do not see the cross-shaped extensions reported by Wang et al.
(2019) from the short (~16 min) VLA 1.4 GHz observation, but
we do see a small (8” radius) extension to the southwest in our
1.39 GHz image. Our beam is smaller than that used in the VLA
image (2.69 x 2.29” for GMRT 1.39 GHz compared to 5.6 x 3.3”
for VLA 1.4 GHz) and the noise level of our image is low enough
that the reported structures should be detected if they are present.
At 333 MHz, the beam is extremely elliptical, and there is a hint of
extension to the northwest, but on scales considerably larger than
those of the extensions reported by Wang et al. We will discuss
results drawn from the radio data in Section 3.4.1.

3 RESULTS

Fig. 1 shows Chandra X-ray and SDSS i-band images of the group.
The 0.5-2 keV X-ray image combines all Chandra observations,
smoothed with a 3” Gaussian, and corrected with the combined
exposure map. It shows the two cores and surrounding diffuse
emission. This large-scale X-ray emission extends to the edge of
the XMM and ACIS-I fields of view (>13/410 kpc). The image
shows a low surface brightness gap between the two cores, and
that their surface brightness drops abruptly on the sides adjacent to
this gap. These sharp discontinuities are the cold fronts identified
by Dupke & Martins (2013) and Wang et al. (2019). In the
opposing direction, both cores have drawn-out surface brightness
distributions suggestive of tails. The southern tail is broad and
relatively featureless. The northern tail appears narrower, curves to
the northwest, and shows hints of bifurcation. The X-ray brightness
peak in the southern core corresponds to the optical centroid of NGC
6338. The brightest X-ray emission in the northern core forms an
east—west bar which overlaps the Dys ellipse of VII Zw 700, but is
located to the north of the centroid of the main galaxy.

To examine the structures in the X-ray halo in more detail, we fit-
ted a simple surface brightness model, consisting of three S-models
and a flat background component, all folded through the combined
exposure map. Two of the 8 models represent the cores. As these are
asymmetric, the model components were fixed to be circular, and
we therefore expect oversubtraction in the gap between the cores,
where both models are likely to overestimate the emission. The third
B-model represents the large-scale emission, and its ellipticity and
position angle were fitted, as were all other parameters. We do not

Depression

Figure2. 0.5-2keV Chandraresidual image after point source removal and
refilling, and subtraction of a simple surface brightness model. The image
has 1” pixels, has been smoothed with a 10” Gaussian, and uses a linear
colour scale. Bright regions indicate excess emission above the model, the
most notable features being the bright tails extending behind each core. The
Dys ellipses of the dominant galaxies are marked by dashed lines. While the
model includes an exposure map, some detector structures are still visible,
e.g. the S3 CCD boundary at the edges of the field, and an ACIS-I chip gap
as a vertical line running through the south tail.

expect the fitted values to be physically meaningful. Our purpose
in fitting the model was only to approximate the overall surface
brightness distribution and then subtract it, to search for residual
structures.

Fig. 2 shows the residual image, heavily smoothed (10” Gaussian)
to reveal large-scale features. Outside the cores, the strongest
positive residuals are the tails, seen north of the north core and
south—southwest of the south core. The eastern boundary of the
northern tail appears to be fairly strongly curved to the northwest.
Its western boundary is less distinct and includes a deep bay or
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depression behind the core. The strong negative residuals between
the cores show the expected over-subtraction.

Figs 3 and 4 show images of the two cores, both in raw Chandra
0.5-2 keV counts, and in the residuals to the surface brightness
model. In the south core, the X-ray surface brightness peak is located
at the optical centroid of NGC 6338. Bright X-ray emission extends
across this peak on a northwest—southeast axis, splitting into two
branches on the southeast side. The residual map shows dark regions
of over-subtraction to the southwest and northeast of the X-ray peak;
these were identified as cavities by Pandge et al. (2012). Excess X-
ray emission extends from the western branch around the northern
edge of these negative residuals, forming an apparent rim.

The X-ray emission of the northern core is dominated by a bar
of emission extending roughly southeast—northwest. The brightest
part of this structure is at its western end, where a knot of emission
extends perpendicular to the bar axis, to the northeast. Negative
residuals are visible on either side of the bar, most notably to the
northeast. Those to the southwest form a slight dip in brightness
bounded by a roughly semicircular rim of enhanced emission which
seems to mark the edge of the diffuse emission associated with the
core. As noted above, the optical centroids of the two components
of VII Zw 700 are not correlated with the brightest X-ray emission.
The centroid of the larger component, MCG +10-24-117, falls just
south of the bar while the smaller galaxy is centred in the rim.
There is a hint of X-ray emission extending from the bar along the
axis between the two galaxy centroids. The offset between the bar
and optical centroids, and the position of the X-ray rim well inside
the D5 ellipse of VII Zw 700, suggest that the hot gas has been
pushed back by external pressure and may now be at least partly
disconnected from the stellar component of the dominant galaxy.
We will examine these structures in more detail later.

3.1 Spectral maps

Fig. 5 shows Chandra temperature maps of the group, created using
the fixed grid and contour binning methods. The maps clearly
show cool (1-2 keV) temperatures associated with the dominant
galaxies, and extending to the north and south along their tails.
Higher temperatures (3.5-5 keV) are observed between the two
cores, and to east and west. These high temperatures likely represent
gas shock-heated by the merger. Outside the two cores, the coolest
temperatures (<2 keV) are seen at the northern boundary of the
map, and in general temperatures north of the northern core are
somewhat cooler than those south of the southern core.

The two mapping methods generally agree quite well, but there
are differences, most notably in the hottest regions. The fixed grid
map suggests that west of the two cores the highest temperatures
form a V-shaped pattern with cooler temperatures between its arms.
This is not seen in the contour binning map; its regions follow the
surface brightness, so are elongated north—south, overlapping the
arms of the V, the region between, and sometimes the tails. They
therefore show a range of temperatures, rather than the structure
within the region. Conversely, the contour binning does well in
tracing the curved boundaries of the two cores, the branching
filamentary structure in the south core, and the bar and clumps
in the north core.

Fig. 6 shows the XMM temperature map of the system, which
has lower resolution (15” pixels) but extends to larger radius than
the Chandra maps (roughly 6.8" radius compared to 4'). The same
general structure is seen, with cooler cores and tails, and the highest
temperatures east and west of the cores. The agreement between
XMM and Chandra demonstrates the reliability of the approach.
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Fig. 7 shows the Chandra 5”-scale, SIN = 50 map of abundance.
The more stringent S/N requirement is necessary for reliable
abundance measurements, but means the map covers a slightly
smaller area and is effectively more heavily smoothed. The south
core is visible as a region of super-solar abundances surrounding
NGC 6338, with the southern tail traced by regions of ~0.7-
0.8 Z abundances. The base of the northern tail is also visible
as a region of ~0.75 Z abundances, but the northern core shows
low abundances. This is caused by the Fe-bias effect (Buote 2000);
fitting a single-temperature model to multitemperature plasma
emission at temperatures ~1 keV results in an abundance biased to
low values. A similar, though smaller, central dip in abundances can
be seen in the south core. Outside the cores and tails, the abundance
is typically ~0.2-0.4 Z.

Fig. 8 shows a Chandra pseudo-pressure map of the region around
the two cores, and a pseudo-entropy map of the system as a whole.
The pseudo-entropy map shows features similar to those in the
temperature maps shown in Fig. 5 but in some regards shows the
gas structures more clearly. The lower entropies of the cores and
tails show up in blue and green, while the hotter, high-entropy gas
is in red and yellow. The V-shaped high-temperature structure west
of the cores is visible, and both tails appear to trend to the west of
the north—south axis of the cores, making the western high-entropy
region narrower. The pseudo-pressure map suggests that while the
highest pressures are found in the core of NGC 6338, high pressures
extend north into the gap between the cores. The high-pressure
area is widest in this gap, extending to east and west of the two
dominant galaxies. This suggests that the region between the two
cores contains material strongly shock-heated and raised to high
pressures by the merger. VII Zw 700 is correlated with a small area
of high pressure, but seems comparable with pressures immediately
to its south. The pseudo-pressure map does not show any structures
at the position of the surface brightness discontinuities, as expected
if they are cold fronts.

Lagand, Durret & Lopes (2019) have recently published XMM
spectral maps of NGC 6338. Their maps, made using a technique
similar to our ‘fixed grid” method, with 25” resolution and a mini-
mum of 1500 net counts per spectral region, are in good agreement
with ours. The only discrepancy appears in their abundance map,
where a region of enhanced abundance is visible east of NGC 6338.
This is not visible in our deep Chandra data, nor in our XMM
abundance map, and may be the product of fitting uncertainties
associated with the high temperatures in this area.

3.2 Radial gas profiles

Fig. 9 shows deprojected profiles of temperature, abundance,
density, pressure, entropy, and cooling time for the system. These
were extracted using annuli centred on the optical centroid of NGC
6338, and excluding the north core and tail. In such a disturbed
and asymmetric system, the assumptions implicit in spherical
deprojection are invalid, but it should still produce reasonably
reliable results in the (relatively circular) south core.

The Chandra spectra were extracted from regions selected to
have signal-to-noise ratios of >125. XMM spectra were extracted
from regions with S/N > 50, with lower values at large radii, where
additional annuli were included to help constrain the background
model. Deprojection was performed using the PROJCT model in
XSPEC. Temperature and abundance were tied in a few pairs of
bins to prevent the ‘ringing’ effect and reduce uncertainties. In
general, the profiles derived from the two satellites are in reasonable
agreement, taking into account their different responses and the
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Figure 3. Combined Chandra 0.5-2 keV images of the south core. The right-hand panel shows a raw counts images with 1” pixels, with structures labeled,
and logarithmic colour scale indicated by the colour bar in units of counts per pixel. The left-hand panel shows a residual image, smoothed with a 3” Gaussian,
with a linear colour scale. Solid ellipses indicate possible cavities. The cross and dashed ellipse indicate the optical centroid and D,5 contour of the dominant

galaxy, NGC 6338.
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Figure 4. Combined Chandra 0.5-2 keV images of the north cores. Images are as described in Fig. 3, except in that the left-hand panel is smoothed with a 2"
Gaussian, and crosses indicate the optical centroids of the two components of VII Zw 700. APO Hu contours are overlaid in black on the left-hand panel.

effects of averaging regions of different temperature and abundance
within annuli. Entropy is defined as kTn; % where kT is the X-ray
temperature in keV and n, the electron number density in cm™>.

Pressure is defined as 2k7n,, and the isochoric cooling time as:

3kTn,V i,

feoo = 5.076 x 1077 x Ly

; ey

where the units of 7., are years, V is the volume of the gas in cm’,

Ly its bolometric luminosity in erg s~!, and 1 and 11, are the mean
molecular weight (0.593) and the mean mass per electron (1.167),
respectively. Note that we have calculated the isochoric cooling
time to allow easy comparison with cooling threshold established
in prior studies. The isobaric cooling time is greater by a factor 5/3
and allows for work done on each shell of gas as it cools at constant
pressure.

The temperature profile shows a peak of ~3 keV at a radius of
~100 kpc (~190"), with a ~1 keV core and temperature declining
to ~1.3 keV at ~420 kpc (~800”). Abundance peaks at ~20 kpc
(~40"), with a low-abundance core probably indicating the Fe-bias
effect, as in the abundance map. Core entropy and cooling time are
both extremely low, 2.26 £ 0.09 keV cm? and 63 + 7 Myr, and
cooling time is below 1 Gyr within ~10.9 kpc (20.6”). Comparison
with the mean central entropy profile (with slope oc r¢7) found by
Panagoulia, Fabian & Sanders (2014) shows a good match with our
data at radii <16 kpc. At larger radii, the entropy profile steepens
and then flattens again, and is a poor match to the r'! profiles found
in most groups and clusters (Voit, Kay & Bryan 2005).

We also extracted profiles from the north core and tail, the south
core and tail, and a pair of sectors extending east and west excluding
both cores and tails. We find results in good agreement with the
spectral maps, with higher abundances in the cores and tails, and

MNRAS 488, 2925-2946 (2019)

610z Jaquiaides g0 UO Jasn Aleiqi] s80usiog YljeaH 8100\ apne|D Aq €1922SS/SZ62/2/8810esge-a|oie/Seluw/wod dno-olwapese//:sdny woJj papeojumoq



2932  E. O’Sullivan et al.
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Figure 5. Chandra temperature maps, with matched colour scale in keV. The left-hand panel shows the 5”-scale, 1500 net count ‘fixed grid’ map, while the
right-hand panel shows the S/N = 30 contour binning map. Positions and SDSS D5 ellipses of the dominant galaxies are marked by crosses and dashed lines.
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Figure 6. XMM-Newton 15”-scale, 2000 net count temperature map, in
units of keV. The colour scale and galaxy positions and Djs ellipses are 02 04 06 038 1 1.2 1.4 16

matched to those in Fig. 5. .
Figure 7. Chandra 5 -scale, SN = 50 abundance map with scale in solar

units. Positions and SDSS Dys ellipses of the dominant galaxies are marked
by crosses and dashed lines.
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Figure 8. Chandra 5" _scale, 1500 net count pseudo-pressure (left) and pseudo-entropy maps. Units are arbitrary and do not indicate the true entropy or
pressure. Positions and SDSS D55 ellipses of the dominant galaxies are marked by crosses and dashed lines.

higher temperatures in the east—west region. For both the east—west
region and the southern core and tail, projected temperatures fall
below 2 keV at about 4.5" (~140 kpc) from NGC 6338, and reach
~1.3 keV beyond ~7.5" (~240 kpc). The northern core and tail is
cooler than its surroundings at all radii, and its temperature falls
below 2 keV ~2.4" (75 kpc) from the centroid of VII Zw 700.
In the north core, cooling times within the central 12" (~6.5 kpc,
the brightest part of the core) are ~1-5 Gyr, and entropies are
20-40 keV cm?.

3.3 Multiphase gas in the cores

Fig. 10 shows the two cores, overlaid with Ho contours from the
APO imaging (see also Fig. 4). In the south core, our Ho imaging
detects the three emission-line filaments seen by Martel et al. (
2004) and Gomes et al. (2016), tracing them out to ~17” from the
nucleus of NGC 6338. The Ho emission is strongly correlated with
the X-ray structure, with He filaments extending along the east,
west, and south branches of the X-ray ridge shown in Fig. 3. The
Ha peak also coincides with the optical and X-ray peaks. However,
the Hu also extends to the northeast and southwest, into the regions
of low surface brightness which Pandge et al. ( 2012) identified as
cavities.

The total Ho flux from the south core is
~1.95 x 107 erg s7! cm~?assuming these ratios between
the [N1] lines and the Ha line: [N1]6583/Hae= 2 and
[N 11]6548/Ha= 0.67 (from Gomes et al. 2016, and our DIS long-
slit spectrum). The total Ha luminosity is 3.1 & 0.6 x 10* erg s™'.
With the distance used by Gomes et al., the total He luminosity is
3.2 x 10% erg s~!, which is consistent within uncertainties with
their luminosity estimate from the integral field spectroscopy data,
2.94 x 10% erg s~

VII Zw 700 was not covered by CALIFA. The SDSS spectrum
reveals a relatively strong [N11] 6584 line, He absorption, and a
weak [N 11] 6548 line in the nuclear region. Interestingly, our narrow-
band imaging data reveal an emission-line blob ~11” northwest of
VII Zw 700, coincident with the bright X-ray knot at the western
end of the bar (see Fig. 4). The position of the denser Ha-emitting
ionized gas within this knot suggests that it is shielded from any
external pressures associated with the merger; otherwise, the denser
gas would lead to the more diffuse X-ray-emitting component.
The DIS long-slit observation ran across this blob, and confirms
that it is an emission-line object with Ha, HB, [O1] 6300, two
[N11] lines and two [S11] lines detected. Its heliocentric velocity is
9665 + 27 km s~ !, confirming its association with VII Zw 700.
The [N 11] 6584/Ha ratio is ~0.8, which is too high for HlI regions
so the ionization source is not young stars. This ratio is typical
of many emission-line nebulae in cool cores (e.g. Tremblay et al.
2018). With the line ratios from the DIS data ([N 11]6583/Ha= 0.8
and [N 11]6548/[N 11]6583 = 1/3), the total Ho luminosity of this
blob is 3.1 x 10% erg s~!.

To determine the state of the hot X-ray emitting gas in the core
structures, we extracted spectra from the numbered regions shown in
Fig. 10. In each region, we attempted to fit one and two-component
APEC thermal plasma models, and determined whether the two-
component model provided a better fit at greater than 98 per cent
(estimated from the reduced x? values of each fit using the FTEST
task in XSPEC). Abundance was left free in the fits where possible,
and tied between components in the two-temperature fits. The
results are shown in Table 4.

Two-temperature models provide superior fits for most of the
south core, the exceptions being regions 5 and 6, the rim and south
cavity. Region 8, the north cavity, has the highest temperatures in
both components, and a high, fairly poorly constrained abundance.
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Figure 9. Deprojected radial profiles of temperature, abundance, density, pressure, entropy, and (for Chandra) isochoric cooling time, based on annuli centred
on NGC 6338, and excluding VII Zw 700 and its tail. Black points represent Chandra and red points XMM. Grey diamonds indicate cooling time and entropy
of the three X-ray filaments in the south core. The dotted line in the entropy plot shows a relation with slope 17 within 30” and r'-! at larger radii, roughly

scaled to match the inner data points.

This may indicate hotter material along the line of sight, or that the
cool component is relatively weaker in this region than elsewhere in
the south core. Region 1, the central 2”-radius region coincident with
the optical and Ho peaks of NGC 6338, has the lowest temperature
and abundance in the south core. We tested whether an additional
model component was necessary, or whether an APEC + powerlaw
model gave a better fit. The two-temperature model was clearly
favoured over the APEC + powerlaw model.

MNRAS 488, 2925-2946 (2019)

Regions 2, 3, and 4 cover the three filaments. For these regions,
we also try fits using the spectrum of region 6 as a local background.
A single APEC model provides a good fit in each case, and we find
temperatures of 1.10 £ 0.02, 1.18%)0¢ and 1.26707, keV for the
W, E, and S branches, respectively. Abundances are lower than
those found from the two-temperature fits, 0.5770-43, 1.18755} and
O.Séfg:gg Zo, respectively. Approximating the filaments as cylin-
ders, we can estimate their entropy and cooling time. The W and S
branches have similar entropies (4.8 £ 0.2 and 4.8 £ 0.1 keV cm?)
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Figure 10. Chandra 0.5-2 keV images of the south (left-hand) and north (right-hand) cores in units of counts per pixel, with APO Ha contours overlaid.
Optical centroids for the dominant galaxies are marked by crosses, and regions used for spectral extraction are marked and numbered in cyan. The images have

the same angular scale.

Table 4. Best-fitting temperatures, abundances, and normalizations for one and two-temperature APEC fits to the
regions shown in Fig. 10, with the reduced x 2 and number of degrees of freedom of the fit. Abundance was unconstrained
for region 6 in the north core, so it was held fixed at the mean value for the core.

Region Notes kT o0l kThot Abund. Necool/Nhot red. x2/d.o.f.
(keV) (keV) Zo)
South core
1 Core 1017003 1797920 077102 0.961033 0.859/100
2 W branch 1.087003 1727908 0.891022 1.041023 1.216/149
3 E branch 1.251047 1937058 127795 077107 1.493/107
4 S branch 1.0510:9 1.57+013 0.991034 0.54103¢ 1.017/137
5 Rim - 1.61 + 0.02 1.27+0-18 - 1.185/126
6 S cavity - 177 £ 0.04 1184013 - 1.241/183
7 0.887043 1747508 1767038 0.1115:08 1.247/62
8 N cavity 1.327098 2387039 2.67720 0417033 1.045/87
North core
1 Bar, E knot 0.8370. 28 1527946 0.60102 0.36103% 1.257/52
2 Bar, W knot - 0.94+0:93 0.22+0:03 - 0.984/52
3 Tail west - 0.9970:03 0.221509 - 0.962/18
4 Tail centre - 1.524001 0.67103 - 0.598/32
5 Tail east - 1.647004 0.847931 - 1.206/56
6 - 2.0610:22 0.60 - 1.622/14
7 Rim - 2.03+0-13 0.59+021 - 0.948/39
8 Cavity 0.87 +£0.13 2251049 0.571034 0.1970:23 0.896/28

and cooling times (129 =+ 8 and 134 & 5 Myr). The E branch (which
is narrower in both X-ray and He, and at slightly larger radii from
the nucleus) has higher values, 8.0 & 0.9 keV cm? and 19973} Myr.
These values are included in Fig. 9, which shows that they fall below
the overall radial profile for the core, as expected.

We find less evidence of multitemperature gas in the north core,
with only regions 1 and 8 showing evidence of a second component.
However, the low temperatures and abundances found in the single-
temperature fits to regions 2 and 3 (the western knot and its tail)
suggest these regions are also dominated by cool gas, with the Fe-
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bias effect reducing the apparent metallicity. Region 2 contains the
offset Ha cloud, supporting the possibility that this is a region of
active or recent cooling. The remaining regions have temperatures
of 1.5-2 keV, with the highest single temperatures found at the
eastern end of the bar and in the rim, both regions just inside the
surface brightness edge bounding the core.

3.4 Active nuclei

As noted in Section 3.3, the X-ray spectrum of the central 2” of NGC
6338 is best fitted by a two-temperature thermal plasma model. If
a powerlaw is added to the two-temperature model, its index is
not constrained, and if it is fixed at I’ = 1.65 or 2.0, the model
normalization falls to zero. We find 30 upper limits on the AGN
2-10 keV X-ray flux of 8.61 x 1075 erg s™! cm™2 for ' = 1.65
and 8.54 x 107 P erg s™' cm™2 for I' = 2.0, equivalent to an upper
limit on luminosity of L, _ ey < 1.35 x 10 erg s~

We therefore agree with Torresi et al. (2018), who concluded that
the AGN of NGC 6338 is X-ray faint, and place stronger limits
on its luminosity. It should be noted that the high central density
found in NGC 6338 (see Section 3.2) is therefore very unlikely to
be biased by AGN emission.

We performed a similar analysis for the two galaxies of
VII Zw 700, using 2” radius circular regions centred on their
optical nuclei. As mentioned previously, imaging shows excess
X-ray emission at the position of the two nuclei, with a narrow
extension linking them and the bar structure. For the dominant
member of the galaxy pair, MCG +10-24-117, we find that an
APEC + powerlaw spectrum provides the best fit, though it is only
superior to a simple APEC model at ~95 percent significance.
The small number of counts forces us to fix abundance at 0.6 Zg
and the power-law index to I' = 1.65. With these parameters, we
find the luminosity of the powerlaw component to be L, _ jggev
= 417718 x 10 erg s~'. A two-temperature APEC model does
not provide an acceptable fit, as the temperature of the second
component becomes unphysically large. For the smaller galaxy,
2MASS J1715233745725530, we find that an APEC model alone
provides an acceptable fit. If we include a I’ = 1.65 powerlaw, the
30 upper limit on its luminosity is L, _ jogev < 2.50 x 103 ergs™'.

3.4.1 Radio imaging and spectrum

Fig. 11 shows the 1.39 GHz GMRT image of the group, made with
a 3” half-power beam width (HPBW) restoring beam. We detect
the radio source associated with the nucleus of NGC 6338, but see
no radio emission from VII Zw 700. As mentioned in Section 2.5,
there is a hint of extension to the southwest in the 5o contour. If this
is real, it would be roughly aligned with the filamentary structures.
For comparison, we have also overlaid the 147 MHz contours; at
this lower resolution, the source is unresolved.

Table 5 lists our radio flux density measurements for NGC
6338, and previous estimates from the literature. For our own
measurements, we used images made with circular restoring beams.
At 333 MHz, our GMRT flux density measurement agrees well
with the flux from the Westerbork northern sky survey (WENSS).
At ~1.4 GHz, our GMRT measurement disagrees with the NRAO
VLA Sky Survey (NVSS) flux density, but is in good agreement
with a flux density measured from a Faint Images of the Radio
Sky at 20 cm (FIRST, Becker, White & Helfand 1995) survey
image, suggesting that the larger beam of the NVSS (45”) may
be collecting diffuse flux resolved out of the GMRT and FIRST
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Figure 11. 1.39 GHz GMRT image of NGC 6338, made with a 3’ HPBW
circular restoring beam. Dys ellipses for the two BGGs are marked by dashed
lines. Thin green contours indicate significant 1.39 GHz emission, starting
at5 x rms and increasing in steps of factor 2. Thicker cyan contours indicate
147 MHz emission, starting at 4 x rms and increasing by factors of 2. Source
A corresponds to the z = 0.065 galaxy 2MASS J17153152+5722504, while
the two components of source B correspond to NVSS J171538+4-572322.

Table 5. Radio flux density measurements for NGC 6338, from our own
analysis and the literature. Uncertainties on our GMRT measurements
include a calibration uncertainty of 10% at 147 and 333 MHz, and 8%
at 1388 MHz (Chandra, Ray & Bhatnagar 2004). The third column lists the
half power beam width (HPBW) for the restoring beam. Literature values
are taken from: the VLA low-frequency sky survey redux (VLSSr, Lane
etal. 2014); WENSS (Rengelink et al. 1997); NVSS (Condon et al. 1998);
Becker, White & Edwards (1991); and Marcha et al. (2001).

Frequency Flux density HPBW Reference
(MHz) (mly) (arcsec)

73.8 162 £ 100 75 VLSSr
147 133 + 16 37.264 x 23.787 Our analysis
327 81 £3 54 WENSS
333 82 £ 9.5 25 Our analysis
1388 46 £ 3.8 3 Our analysis
1400 56 £+ 0.45 45 NVSS
4850 38 +6 210 Becker et al.
8400 26 ~0.25 Marcha et al.

images. The 4.85 GHz measurement was made with the NRAO
Green Bank 91m telescope, and its large (3.5') beam covers several
other nearby sources; we therefore consider the flux density to be
overestimated. (Marcha et al. 2001) do not quote an uncertainty on
their 8.4 GHz flux density measurement, or a beam size. They made
the measurement with the VLA in A configuration and we have
therefore quoted a typical beam size for that setup.

To determine the spectral index of the source, we fitted a
powerlaw to the flux densities, using our 1.39 GHz measurement
rather than the FIRST or NVSS fluxes, excluding the 4.85 GHz
measurement, and assuming a 10 percent uncertainty for the
8.4 GHz measurement. The spectrum is shown in Fig. 12. We find
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Figure 12. Radio spectrum of NGC 6338, with best-fitting power-law
marked by a solid line. Literature flux measurements are marked by solid
triangles, our own measurements by open blue circles. The 4.85 GHz single-
dish measurement, which must be overestimated since its beam will have
included nearby sources, is marked in red.

a spectral index of 5/ = 0.38 4 0.03.2 This is in reasonable
agreement with the spectra indices estimated by Marcha et al.
(2001), &850 = 0.40, and %% = 0.44, and that of Hogan et
al. (2015), ajo054:=0.4120.04, though the latter notes that there
may be evidence of variability at high frequencies. Excluding the
8.4 GHz measurement steepens the spectral index slightly, to a1§%
=0.43 £ 0.06.

In addition to the source associated with NGC 6338, two other
bright sources are visible in the 1.39 GHz map. A point-like source
is visible at the position of 2MASS J17153152+4-5722504, a z
= 0.065 galaxy in the background of the group (labelled ‘A’ in
Fig. 11). A weak X-ray point source is also seen coincident with
the radio and optical centroids. To the northeast of this galaxy, we
see a probable double-lobed source (labelled ‘B’) whose position
corresponds to that of NVSS J1715384-572322. Wang et al. (2019)
note the presence of an X-ray point source whose position overlaps
the brightest part of this source, and associate it with the galaxy
SSTSL2J171538.784-572325.8; we concur with this identification.
The NVSS beam is large enough that sources A and B are not
resolved separately in the NVSS image. Their combined flux in our
GMRT image is consistent with the NVSS flux, confirming that
no other source is present; there is no indication of the radio relic
suggested by Wang et al. (2019) at this position.

3.5 Background group

As well as numerous point sources in the field of view, we
also identified one extended source, located at 17"14™1750
+57"31'0179(beyond the edge of the figures in this paper). This
is close to the position of 2MASX J17141694+5731026, a galaxy
at redshift z = 0.11336. Only a few hundred counts are detected
in the ACIS-I observation, but we are able to extract and fit spectra
from the long XMM observation. We use a 30” radius region, and a
local background extracted from a partial annulus to either side of
the source, at the same radius from the XMM optical axis.

2We assume that flux density S is related to frequency v as S oc v
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An absorbed APEC model provides a good fit (reduced x> = 1.01
for 92 degrees of freedom), with kAT = 1.06739} keV, 0.85716 7
abundance, and a fitted redshift z = 0.1081( 00/, in good agreement
with the redshift of 2MASX J17141694+5731026. Adopting the
luminosity distance of that object (D, = 505 Mpc) the 0.5-7 keV X-
ray luminosity is ~2.7 x 10*? erg s~! within ~60 kpc (for a scale of
1.977 kpc/arcsec). This is roughly consistent with expectations from
the Lx:Tx relation. We therefore consider that the source is probably
an X-ray bright group, with 2MASX J17141694+-5731026 the
dominant galaxy.

4 DISCUSSION

4.1 Dynamical state of the group

From the X-ray imaging and spectral maps, it is clear that the NGC
6338 group is a merging system and, for a group, an unusually
violent one. The sharp surface brightness drops on the inward-
facing edges of the two cores, and their tails, indicate that both are in
motion relative to the surrounding IGM, with sufficient velocity for
gas to be stripped from them. The high temperatures and pressures
between and around them are most easily explained as shock-heated
gas. The low abundance of this gas (0.2-0.4 Zy) suggests that it
originated in the outer parts of the progenitor groups, where only
limited enrichment could take place.

Given that both cores are in motion relative to the surrounding
IGM, it seems likely that the merger is between two progenitors
of similar mass. The fact that the northern core is smaller and that
VII Zw 700 is clearly a less massive galaxy system than NGC
6338 suggests that the northern progenitor had a lower mass, but
the two are clearly comparable. In general terms, we can imagine
a scenario in which the two groups have fallen together, and are
driving shocks into each others IGM, with the motion of the dense
cool cores through the shocked gas causing stripping, leaving tails
of cooler, enriched gas behind them.

The projected mean temperature of the gas in the region directly
between the two cores is 3.607)13 keV (a 65"-radius region,
excluding the cores, fitting to Chandra data). The sound speed in gas
of this temperature is ~985 km s~!. Since we do not observe shocks
ahead of either core, only cold fronts, this suggests a maximum
velocity in the plane of the sky, relative to the IGM. However, much
of the motion may be along the line of sight. We therefore examine
the velocity distribution of the galaxy population.

4.1.1 Galaxy population distribution

We identified all galaxies in the NED and HyperLEDA catalogues
within a projected distance of 1.5 Mpc (47.3") of NGC 6338 and
in the range 7000-11 000 km s~!. After cross-matching to remove
duplicates, a total of 112 galaxies are found within this volume.
Fig. 13 shows a histogram of the galaxy recession velocities which
is clearly skewed, with a peak at ~8400 km s~'and a tail extending
out to ~10 500 km s ~!.

A single Gaussian is clearly insufficient to model the velocity
distribution. We therefore apply a Gaussian Mixture Model (GMM,
as implemented in the SCIKIT-LEARN PYTHON package Pedregosa
et al. 2011) to subdivide the galaxies based on the combination of
their positions and velocities. A two-component model provides
a good approximation of the velocity distribution (see Fig. 13),
and a likelihood ratio test confirms that it is a >3c¢ significant
improvement on the the single Gaussian. In velocity, the model
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Figure 13. Histogram of galaxy velocities (in km s~!) within 1.5 Mpc and
2000 km s~! of NGC 6338. The dashed line indicates a single-Gaussian fit
to the the data, while the solid lines show the results of the Gaussian mixture
modelling, with the red and blue lines indicating the two components and
the black line their sum.
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Figure 14. Distribution of galaxies within 1.5 Mpc and 2000 km s~ of the
NGC 6338 group. Blue and red circles (squares for the dominant galaxies)
indicate members of the low and high-velocity subsets, respectively. NGC
6338 and VII Zw 700 lie in the centre of the image.

divides the galaxies into a relatively narrow 47-galaxy low-velocity
subset centred at 8328 4= 38 km s~! with 0 = 261 & 31 km s~ !,
and a broader 65-galaxy high-velocity component centered at
~9186 + 64 km s~ !with ¢ = 496 + 48 km s~!. NGC 6338
(at 8185 km s~!) is associated with the low-velocity component,
VII Zw 700 (at 9593 and 9630 km s~!') with the higher.

Fig. 14 shows the spatial distribution of galaxies in the two
GMM components. The two subsets are relatively evenly spread,
suggesting a merger aligned prmarilly along the line of sight.
However, investigation shows that the galaxies with the greatest
recession velocities tend to be located north and west of the system
centre. This is consistent with the results of Wang et al. (2019)
who, using only velocities for a sample of ~80 galaxies within
1 Mpc, found a smaller high-velocity component located north of
the centre. We experimented with adding a third component to the
model, but found that its mean velocity and velocity width were
poorly constrained, and that it primarily consisted of galaxies at
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one edge of the field. A larger galaxy sample is probably needed if
the galaxy distribution is to be examined in greater depth.

Based on the two-component fit, we have an average line of sight
velocity difference between the two components of ~850 km s/,
and a velocity difference between the two group-dominant galaxies
of ~1400 km s~'. These are very large velocities for groups, and
given the gas tails observed in the X-ray, they can only be lower
limits on the true velocity of the merger.

4.1.2 Comparison with simulations

To better understand the dynamics of the merger, we compared
our observations with simulations in the Galaxy Cluster Merger
Catalogue® (ZuHone et al. 2018). Among other products, this
provides projected temperature distributions and simulated X-ray
images for a parameter space exploration of cluster mergers, with
data for mergers of different mass ratio, impact parameter, and angle
to the line of sight (see ZuHone 2011, for a detailed description
of the simulations). The simulations assume a primary cluster
mass of 6 x 10" Mg, much more massive than our system, but
while this means the absolute temperatures are not comparable, the
temperature and surface brightness structures in the simulations can
still provide a guide to the state of NGC 6338.

An initial examination confirms our basic understanding of the
merger. It is likely to have a near-equal mass ratio, and is probably
close to core passage (i.e. the closest approach of the two cores)
and certainly not far past it. Fig. 15 shows example X-ray surface
brightness and temperature distributions for a 3:1 mass ratio merger
with a moderate impact parameter (500 kpc). A merger in the plane
of the sky produces prominent shock fronts with sharp surface
brightness edges ahead of each core and extending to large distances
perpendicular to the direction of motion. In the case of an equal-
mass merger with low impact parameter, these are so prominent
that the X-ray surface brightness distribution of the cluster becomes
cross-shaped. We do not see any such features in either the Chandra
(see Fig. 1) or XMM images.

Mergers along the line of sight, with some impact parameter
separating the cores, produce no surface brightness edges; the shock
fronts are travelling along the line of sight and we are looking
through them. Instead, the simulations predict a smoothly elliptical
X-ray surface brightness distribution, with a surface brightness
dip between the two cores. The projected temperature is enhanced
between the two cores and in broad regions to either side of the axis
between them, forming a figure-eight shape of high temperatures.
The shapes of these features depends on the parameters of the
merger. For equal mass mergers, even at large-impact parameters,
the axis of the high-temperature region is perpendicular to the
merger axis. For more unequal mergers, the high temperatures bend
back towards the direction of infall of the smaller progenitor, and
the surface brightness gap between the cores may also be V-shaped.
High-temperature shocked gas will extend throughout the central
part of the merger, but along lines of sight which pass through the
cores and tails, the projected temperature will appear lower. The
highest temperatures will be seen along lines of sight that pass
outside the cool cores.

The angle of the merger axis to the line of sight, the impact
parameter, and the separation of the two cores can all trade off
against one another to produce similar projected temperature and
surface brightness distributions. However, the simulations support
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Merger on line of sight

Merger in plane of sky

Figure 15. Simulated X-ray images (fop) and projected temperature dis-
tributions (bottom) from the Galaxy Cluster Merger Catalogue, showing a
3:1 mass ratio merger with moderate impact parameter, projected along the
line of sight (left) or in the plane of the sky (right). The temperature scale
runs from blue (cold) to red (hot); in the lower left panel, the temperature
range is roughly a factor of 4, and the dark linear feature between the two
cores is dark red, indicating the highest temperatures. Note that the angular
and temperature scales are arbitrary; the images are only intended to show
examples of morphology. In all panels, the less massive group is on the
right; in the right-hand panels, it is falling in from the right-hand side.
Note the presence of sharp surface brightness edges associated with the
shock front in the right-hand panels, and their absence for the ine of sight
merger.

a scenario in which the merger is occurring along an axis close to,
but (since we see stripped tails) not perfectly aligned with, the line
of sight. The mass ratio is likely 3:1 or closer.

4.1.3 Merger velocity and energy injection

Since the shock fronts are likely to travel in the line of sight, we
cannot directly measure the velocity of the merger, but we can
make an estimate based on the temperatures. The shape of the
temperature profile of NGC 6338 is typical of cool core groups, with
a temperature peak at moderate radii and a decline in the outskirts.
Beyond 0.3 x Rsg, such profiles typically only have mild negative
gradients. If we take the scaled temperature profiles of a sample of
cool core groups (e.g, O’Sullivan et al. 2017), the temperature peak
is usually <1.5 x the temperature outside 0.3 x Rsgo. At large radii
in NGC 6338, we find temperatures ~1.3 keV. That suggests that the
progenitors are unlikely to have contained gas hotter than ~2 keV
before the merger. We now observe peak temperatures of 5 keV
in the temperature maps. For a pre-shock temperature of 2 keV (or
1.3keV), this implies a temperature increase of a factor 2.5 (or 3.85),
requiring a shock of Mach number M = 2.3 (or M = 3.1). This
would imply a merger velocity of ~1700-1800 km s~!, comparable
to but exceeding the line-of-sight velocity difference between the
two BGGs. We must therefore conclude that the direction of the
merger is close to the line of sight, that it has driven quite powerful
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shocks into the IGM of the two progenitor groups, and that the two
cores are still moving at nearly the sound speed of this shocked
gas.

Estimating the energy injected into the IGM by the merger is
hampered by the fact that we do not know the true extent of the
shock-heated region, we can estimate a lower limit by making two
assumptions: (i) that the pre-shock temperature was either 1.3 or
2 keV, and (ii) that the shocked volume can be approximated as a
sphere whose radius is set to the point on an east—west temperature
profile (excluding both cores and tails) where the temperature falls
to that pre-shock temperature (~350"/185 kpc for 2 keV). These
assumptions are conservative, since the shock will likely extend to
larger radii, and the volume may be much deeper along the line
of sight, but will give an approximation of the energy injection
into the core. Depending on the pre-shock temperature chosen, we
find the likely energy injection within this region to be at least
2-8 x 107 erg.

4.2 Surface brightness discontinuities

Asreported by Wang etal. (2019), there are sharp changes in surface
brightness and temperature at the southern edge of the north core,
and the north edge of the south core. These appear to be cold fronts,
suggesting the incursion of the cool cores into the shock-heated
part of the IGM. Our deeper Chandra ACIS-S observation reveals
these edges to be structured, with the sharpest discontinuities only
found in relatively narrow angular ranges. Our pseudo-pressure
map (Fig. 8) shows no appreciable change in pressure across the
cold fronts, as expected, while the pseudo-entropy map shows
significantly higher entropies outside the fronts.

The properties of the gas on either side of a cold front can be used
to estimate the velocity of the intruding cold material, as described
by Markevitch & Vikhlinin (2007). Wang et al. (2019) estimate the
pressure change across the fronts and use this to place limits on
the plane-of-sky velocities of the cores, relative to the surrounding
IGM. However, since a large fraction of the velocity of the merger is
along the line of sight, the cold fronts we observe are likely to be at
the sides of the cores. Itis therefore unclear whether the assumptions
of the analysis usually applied to cold fronts (e.g. free streaming
gas approaching a dense body with a stagnation zone ahead of its
leading edge) are valid in these circumstances. We have carried out
the analysis, as a check on our interpretation of the pseudo-pressure
map and to determine whether our deeper Chandra observations
can reveal any pressure offset, but we note that the estimates of the
plane-of-sky velocity should only be considered as indicative, not
as definitive measurements.

We extracted surface brightness profiles from relatively narrow
sectors (opening angle 53° for the northern front, 20" for the
southern) extending across the sections of each front where the
sharpest boundary was observed. We model the surface brightness
profiles using projected density models, consisting of two power-
law components with a jump at the front boundary, as in e.g.
Ogrean et al. (2016). The models were integrated assuming a
spherical geometry. Fitting was performed using the PYXEL* code
(Ogrean 2017). Fig. 16 shows the radial profiles and model fits.
The discontinuities are clear in both profiles, and the fitted models
have density jumps of factor 3.63*_'8:22 across the northern front and
1.39 £ 0.25 across the southern front.

“https://github.com/gogrean/PyXel
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Figure 16. Surface brightness profiles extracted across the north (upper
panel) and south (lower panel) cold fronts, fitted with two-component
powerlaw density models.

To measure the temperature inside each front, we used partial
annuli 8-10" (~4-5 kpc) wide in the same narrow sectors, using
a local background region to subtract off IGM emission along
the line of sight. Each contains ~600 net counts. We find kT
= 2.81703} keV inside the south front, and kT = 1.837)7! keV
inside the northern front, in good agreement with the temperature
maps. Estimating the true temperature of the gas through which
the cores are moving is difficult given the geometry of the system,
we chose to use the temperature from the local background region,
which was made up of partial annuli to the east and west of the
cores, ~100” from the midpoint between the two, in the hot shocked
region of the temperature map. The temperature of these regions is
3.95 £ 0.25 keV.

Combining the measured temperature and density jumps, we
find that the pressure ratio across the southern front is Pin/Poy
=0.99 £ 0.23. If we treat the discontinuities as simple cold fronts,
and take the gas outside the front to be freely streaming subsonically
past the the core, the velocity of the gas is related to the pressure
ratio by (Landau & Lifshitz 1959):

Y
P y =1 o\
=14+ — 2
o (+ 5 M) , (@)

where y = 5/3 is the adiabatic index of the gas and M is the Mach
number. For the south core, the 1o upper limit on the pressure ratio
is equivalent to a limit on the Mach number of M < 0.5, implying
an angle of motion <27 to the line of sight. For the northern core,
the pressure ratio is considerably higher, P; /Py, = 1.67 £ 0.35,
mainly because of the large density jump. This pressure ratio is
equivalent to M = 0.83, but the uncertainties mean that this value
is consistent with ratios of 1 (no motion in the plane of the sky) and
2 (plane of sky velocity equal to the sound speed) within 20. We
are therefore unable to place any strong constraint on the motion of
the north core.

Wang et al. (2019) find M < 0.6 (at 90 per cent confidence) for
the south core, in good agreement with our value, but M < 0.8
for the north core, consistent with but lower than our estimate.
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Our high pressure ratio is largely driven by the large density jump
across the front. The density profile crosses the bright rim around the
southern cavity, which may be material-compressed or uplifted by
the expansion of the cavity. We also note that our surface brightness
profiles are tailored to match the regions of sharpest discontinuity,
so cover a much narrower part of each front than those used by Wang
et al. We also use smaller spectral extraction regions, to measure the
temperature immediately inside the fronts without contamination
from the cooler gas in the cores. Wang et al. also use regions at the
trailing edge of each core (i.e. at the base of the tails) as a proxy
for the temperature of the free streaming gas outside the fronts.
The temperatures of these regions may be comparable to that of the
pre-shocked gas (~2 keV), but it is unclear that they are applicable
to the gas flowing past the cores.

4.3 Ram-pressure stripping

The X-ray images and spectral maps of the group show tails of
cooler, lower entropy, metal-enriched gas behind both cores. Along
with the offset between the gas and dominant galaxy in the north
core, the tails are evidence that the motion of the cores through the
surrounding medium is rapid enough to lead to extensive stripping.
The lower mass of the northern progenitor explains the somewhat
greater extent of the northern tail, as well as the X-ray/optical offset;
the more massive southern core has thus far remained undisrupted.
While the southern tail appears to have a relatively simple structure,
Fig. 2 shows what may be evidence of hydrodynamic instabilities
in the north tail. The eastern edge of the tail is strongly curved,
and there is a large (~19 kpc across, in projection) depression in
the surface brightness of the western edge. Although this region
is crossed by an ACIS-I chip gap and bad columns in some of
the ACIS-S3 data, these structures are not the cause of the surface
brightness deficit, which is larger than them and has rounded rather
than linear boundaries. Our entropy map (Fig. 8) shows a spur
of higher entropies extending into the tail from the surrounding
shocked gas at the position of the depression. Dividing the tail into
east and west halves and extracting spectra along its length, we find
that this entropy feature corresponds to a ~2¢ significant jump in
temperature. This suggests that the surface brightness depression is
caused by an intrusion of hotter, less dense gas from the surrounding
IGM into the stripped tail.

The depression and curved structure of the tail resemble features
seen in other clusters and groups (Mazzotta, Fusco-Femiano &
Vikhlinin 2002; Russell et al. 2012, 2014) which are believed to
arise from turbulent mixing. The growth of such structures can be
suppressed by viscosity and by magnetic fields. Following Su et al.
(2017), we use the measured gas properties to place limits on these
parameters.

For a shear flow of Mach number M, Roediger et al. (2013) show
that for Kelvin—Helmbholtz instabilities to form, viscosity must be
less than some fraction of the Spitzer value, f,, where:

10 M Usound [

Fr = 6/a 400kms—  10kpe

Nep ( kTy )*5/2’ 3)

"10%em3 \2.4keV
Vsound 18 the sound speed in the flow, k7}, and n, j, are the temperature
and electron density in the flow, /is the length scale of the instability,
and A = (p;, + pc)*/ pup. describes the contrast in gas density across
the interface. Adopting kT), =3.6keV, n, ;, =2.5 x 1073 cm~3and
M =0.71, we find f, < 0.43. This is compatible with recent results
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showing sub-Spitzer viscosities in galaxy clusters (e.g. Ichinohe
et al. 2017; Su et al. 2017).

Similarly, we can place a limit on the strength of an ordered
magnetic field given that it is insufficient to suppress the formation
of instability structures,

B2 y M?

— < —— P, “
8 14+ T./T,

where B is the magnetic field strength, 7, and T}, are the temperatures
in the tail and flow, respectively, and P is the thermal pressure in
the flow (Vikhlinin, Markevitch & Murray 2001). From this we can
place a limit of B < 19.1 uG, which is compatible with estimates
<10 G in other systems (e.g. Su et al. 2017).

Our limits on viscosity and magnetic field strength are dependent
on the angle to the line of sight of the merger. We have conservatively
assumed that the projected distance of the structure from the north
core is similar to its true distance, but as the merger is probably
aligned along the line of sight, the true distance may be greater. A
more distant structure would be surrounded by less dense gas, at
a lower pressure, making the limits given above more restrictive
(equations 3 and 4). An accurate determination of the merger
orientation would therefore place tighter constraints on viscosity
and magnetic field strength in the system.

4.4 Cooling and AGN feedback

4.4.1 Cavities and jet powers

Using the ACIS-I observation, Pandge et al. (2012) identified
cavities northeast and southwest of the nucleus of NGC 6338
and estimated that they were inflated by jets of power ~6—
10 x 10*? erg s~ over time-scales of ~60—120 Myr. They reported
that the NVSS contours of the central radio source overlap the
cavities. However, those contours are consistent with emission from
a point source at the galaxy centroid convolved with the large NVSS
beam, so this does not indicate the presence of radio emission from
the cavities.

Figs 3 and 4 show Chandra images and residual maps for the
two cores. In the residual map of the south core, we see the same
surface brightness deficits as Pandge et al., though deeper imaging
means these are better defined. In particular, the ‘rim’ structure helps
constrain the size of the northeastern deficit. We assume the cavities
to be ellipsoidal and estimated their size based on the residual map
and unsharp mask images. The northwest ellipse overlaps the AGN.
This may indicate that the cavity is not in fact ellipsoidal, but may
be an orientation effect.

Beyond the ends of the east and south branches of the filamentary
structure, we see a depression in the X-ray surface brightness
enclosed by a brighter rim; this may be another cavity. There are
also areas of lower X-ray surface brightness around the outer part
of the West branch of the filaments. This could potentially indicate
another cavity, but its size and shape are less clear, so we consider
only the southeast structure in our calculations.

Fig. 4 shows the residual map of the north core. Here, we also
see some potential cavities, most obviously the surface brightness
deficit on the southwest side between the bar and rim. To the
north of the bar, the image is more difficult to interpret, with a
large surface brightness deficit northeast of the bar, but extending
around the west knot. We interpret the region of greatest surface
brightness deficit as a potential cavity, with the remaining structure
likely a product of gas stripping from the core to form the tail.
The two potential cavities have different sizes and orientations,
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and like all the structures in the north core, are offset from the
optical centre of MCG +10-24-117. If these are indeed cavities,
it seems likely that they formed when the centre of the X-ray bar
was collocated with the nucleus of MCG +10-24-117, and for our
calculations we assume the centre of the bar as the origin of the
cavities.

For each candidate cavity, we estimate the enthalpy, defined as
4PV where P is the deprojected IGM pressure at the midpoint of the
cavity, and V is its volume. Cavities are assumed to be ellipsoidal,
with an axis of symmetry along the (approximate) line of the jets
which would have formed them. Uncertainties on the enthalpy are
estimated following the approach described in O’Sullivan et al.
(2011). We estimate the cavity ages based on their buoyant rise
time, sonic expansion time-scale, and refill time (see e.g. Birzan
et al. 2004), and determine the mechanical jet powers necessary
to inflate the cavities by dividing their enthalpy by these time-
scales. The results of these calculations are shown in Table 6.
The lack of complete rims of compressed gas, or of shocked
material associated with the cavities, suggests that their motions are
subsonic.

Within the uncertainties imposed by the time-scale, our jet power
estimate for the inner SW cavity in the south core agrees reasonably
well with that of Pandge et al. (2012). Our estimate for the inner
NE cavity is larger, partly because we adopt a larger cavity size and
partly because its small distance from the centroid places it in a
higher pressure bin. For the outer cavity, time-scales are longer and
jet powers consequently smaller, but these may be underestimated
if the cavity has been confined by external pressure associated with
the south core’s motion through the IGM. If an equivalent outer
NW cavity is present, the lack of a clear outer X-ray rim may
indicate that it was able to expand further. In general, the cavity
enthalpies and jet powers are fairly typical for a group or poor
cluster, and the jet powers exceed the bolometric X-ray luminosity
in the core (~10*? erg s~! within 41”/21.9 kpc) by about an order of
magnitude.

In the north core, the enthalpies and jet powers are significantly
smaller, reflecting the lower gas pressures. However, the jet powers
of afew x 10*0—10*' are a little more closely matched to the X-ray
luminosity of the core (~3 x 10% erg s~! within 22”/11.7 kpc).
This is perhaps unsurprising given that the northern core contains
less gas, is associated with a smaller dominant galaxy, and seems
to have been more strongly affected by interaction with the IGM.

Identifying cavities from X-ray images is difficult and subjective,
particularly in complex systems such as this one. In the north core,
the SW cavity seems the more reliable, but the size and shape of
the NE cavity are unavoidably uncertain. In the south core, the lack
of radio emission associated with any of the cavities is puzzling,
particularly for the inner cavities whose dynamical ages are only
~5-30 Myr. If both sets of cavities are real, this implies that the
AGN jet axis has changed in the last ~15 Myr. The outer southern
cavity and filaments lie close to the minor axis of NGC 6338, while
the axis of the inner cavities is similar to, but offset from, the galaxy
major axis. Gomes et al. (2016) show that the galaxy is rotating
about its major axis, so the presence of outer cavities would imply
a past offset between the stellar rotation axis and that of the central
supermassive black hole (SMBH). On the other hand, our GMRT
1.39 GHz data show a hint of extension to the southwest, suggesting
that any residual jet emission may be aligned with the outer rather
than the inner cavities. Deeper radio observations may offer the best
chance to resolve the question of cavity scales and jet orientation in
the south core.
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Table 6. Cavity dimensions, enthalpies, and time-scales, and the resulting jet mechanical power estimates. The cavity semi-major axes are given by ry,j and
’min, and their mean distance from the origin by R.

Core Cavity Tmaj T'min R Pressure 4PV Cavity age Jet power
Tsonic [buoy Trefill Psonic P buoy Prefin
(arcs) (arcs) (arcs) (10711 erg cm™3) (10% erg) (Myr) (10%2 erg s7h)

S InmerNE 87 61 75 243+13 8157355 73 56 193 354087 4637210 13.4755
Inner SW 80 61 12 144+ 0.7 408T31 114 147 308 113743 8.801332 420138
Outer SE 123 76 345 6.2170:2 519732 258 335 327 638%H 4.91+3: 10 50313
N NE 75 46 105 0.79+02} 096107 440 417 955 0.07H0% 0.07+0:93 0.03+0:2
0.21 2.6 0.30 0.28 0.10
SW 89 36 65 0.79%034 17455 27.3 29.3 82.8  0.207500 0.19%)53 0.0710 08

4.4.2 Cooling triggers

As described in Section 1, previous studies of the cooling regions
of galaxies, groups, and clusters have shown strong correlations
between jet activity, the presence of star formation, molecular gas,
and Ho nebulae, and rapid cooling in the X-ray emitting gas.
In particular, it has been shown that nebular emission and star
formation typically occur in systems with 7., < 1 Gyr at 10 kpc
and/or a minimum value of the ratio .01/ thatis <35, though there
are now strong arguments that the latter criterion is driven by the
former (Hogan et al. 2017). The extent of Hx nebulae is also known
to correlate with the radius at which f..o/f; reaches its minimum
(Hogan et al. 2017).

The Ha nebula in NGC 6338 is relatively luminous compared
with other nearby giant elliptical galaxies (Lakhchaura et al. 2018),
and is well correlated with the coolest X-ray structures. It meets
both the 7., and z.401/t; criteria for nebular emission, having 7.l
= 817 £ 77 Myr at 10 kpc, and minimum 7.0/t = 19.7 & 3.2
(we estimate f from the stellar velocity dispersion as in Voit et al.
2015). The gas entropy at 10 kpc is 20.8f8:8§ keV cm?, also typical of
systems with extended nebular emission (Lakhchaura et al. 2018).
The extent of the Ho filaments (~9 kpc) is comparable to the
radius at which the cooling time falls below 1 Gyr (~11 kpc). The
minimum value of 7.0/t is found in the 4.1-7.2 kpc bin of our
deprojected spectral profile, but the value in the 7.2—10.8 kpc bin is
only 26.8 & 4.

The radio AGN and its cavities, and the ongoing merger, are
potential sources of gas perturbations, if such are necessary to
trigger cooling and condensation. It is possible that the inner cavities
have played a role in shaping the filamentary structures, by com-
pressing the cool gas between them as they inflated. Alternatively, it
is possible that the filaments were formed by the uplift of gas from
the core by the buoyant rise of the outer cavities. The maximum
mass of gas which could be uplifted by each cavity is equal to the
mass of gas it displaces, and simulations suggest (Pope et al. 2010)
that in practice the uplifted mass might be only ~50 percent. of
the displaced mass. We calculate the displaced mass for the outer
southern cavity to be ~1.9 x 108 My, compared to gas masses of
1.7 x 108 Mg and 0.8 x 10® Mg, for the south and east branches of
the filaments, respectively. The cavity therefore appears to be too
small to have formed the filaments, by a factor of ~2.6. However, we
note this calculation assumes (i) that the X-ray gas completely fills
the cylindrical volume we have assumed, (ii) that the filaments and
cavities are in the plane of the sky, and (iii) that the cavity is an oblate
ellipsoid. If the filling factor of the filament is <1, the gas mass to
be uplifted will be reduced. Conversely, if the filaments and cavities
are at an angle to the line of sight, the cavity’s displaced mass will
be reduced, and the volume and mass of the filament increased,
making uplift more difficult. A cavity that is more elongated along
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the line of sight will uplift more gas. It is therefore unclear whether
the filamentary structures can consist purely of uplifted gas. Uplift
of a smaller mass of gas, which then triggered cooling instabilities,
might be more plausible.

In VII Zw 700, the relationship between the coolest gas and the
galaxy is unclear. The Ha clump is ~5 kpc from the galaxy centroids
(in projection). Even if, as we suspect, the X-ray bar has been pushed
back by ram-pressure, the Hoe clump would never have been located
at the galaxy centre, but off to one side. Our deprojection analysis
suggests that the cooling time of the gas is >1 Gyr at all radii,
though this approach is not ideal given the asymmetric gas structure.
The spectral maps show the coolest, densest, lowest entropy gas is
located at either end of the bar. One possibility is that, at some
point in the past, VII Zw 700 hosted a structure similar to that in
NGC 6338, an X-ray and Ho bar formed from cooling material, but
that an AGN outburst and/or the impact of the merger disrupted the
cooling and heated the bar enough to stop cooling in its centre.

4.5 Mass estimate

Given that the NGC 6338 system seems to be a group—group
merger, our ability to estimate an accurate mass from the X-ray data
is limited. The necessary assumption of hydrostatic equilibrium
probably does not hold for the entire IGM, and the underlying
dark matter distribution is not relaxed. Nonetheless, we estimate
a hydrostatic mass, but note that some degree of inaccuracy is
inevitable.

We follow the procedure of Schellenberger & Reiprich (2017)
to estimate the mass. This involves fitting a mass model to the
projected temperature and surface brightness profiles, assuming an
NFW form for the mass profile (Navarro, Frenk & White 1995) and
taking the concentration-mass (¢ — M) relation of Bhattacharya et al.
(2013) as a prior. We used the same regions used in our deprojection
analysis, excluding the north core and tail. We fitted the combined
Chandra and XMM temperature profiles (correcting for systematic
differences between the XMM and Chandra temperatures using
the cross-calibration conversion of Schellenberger et al. 2015), and
the Chandra surface brightness profile, excluding the central 5” of
the south core, which is affected by the cavities and filamentary
structures. The gas density profile is normalized to match the
observed emissivity in an outer annulus. Table 7 shows our results.

We find very small statistical uncertainties on both total mass and
gas mass. These parameters are most strongly constrained by the
temperature and emissivity in the outer annuli of the XMM profile.
The XMM ESAS fitting produces quite small uncertainties on these
values in the outer bins, for several reasons. The background model
is well constrained, since we fit to data from the entire XMM
field of view, plus a large-radius ROSAT All-Sky Survey (RASS)
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Table 7. Hydrostatic estimates of total mass, gas mass, and concentration at the fiducial radii Rsop and Ragp.
Mo, 500 Rs00 €500 M gas, 500 M1, 200 Ra00 €200 Mgas, 200
(10" Mo) (kpe) (10" Mo) (10" Mo) (kpe) (10" Mg)
Full profile 5.42 4 0.05 570+ 10 1470794 - 6.3810:03 820+£10  21.06%0% -
Excl. core, outer bin 9.0510-14 68010 9.6610:30 1.21 £0.01 11007917 980" 13.99708 1.82 +0.01

spectrum to help define the contribution from soft emission. We
selected large outer annuli to ensure high signal-to-noise ratios. Our
outermost annulus has radii 370-475 kpc (11.7-15.0’), equivalent
to ~0.6 x Rsp. The temperature in the outer bin is also cool
enough that emission from the ~1 keV Fe L-shell complex is a
prominent feature, and likely provides strong constraints on the
temperature. However, the outermost bin is not deprojected, and
will contain projected emission from gas at larger radii, which
may bias its temperature. We therefore performed the analysis
again with the outermost bin excluded. This gives a somewhat
higher mass estimate, close to the Planck SZ estimate (Msg
= 1.01 £ 0.12 x 10" M), and in reasonable agreement with
prior X-ray mass estimates based on the Chandra ACIS-I data (Sun
et al. 2009) and the 2014 XMM—Newton observation (Lovisari,
Reiprich & Schellenberger 2015). The difference between our two
estimates gives some indication of the systematic uncertainties
involved.

Given the agreement between our larger estimate and the SZ
mass, we consider that despite the uncertainties, this result at least
gives us a context for the system: NGC 6338 is a merger between
two groups which, when it has had time to relax, it will form a
galaxy cluster.

4.6 Prospects for future missions

While our Chandra and XMM observations have allowed us to
characterize several aspects of the NGC 6338 system, a number of
issues remain unaddressed, most notably the angle of the merger
axis to the line of sight. A comparison with tailored simulations
might help constrain this, but with the current data some degree of
uncertainty is inevitable, given the trade-offs between merger angle,
impact parameter, and merger stage.

The Athena X-ray observatory (Nandra et al. 2013), expected
to launch in the mid 2030s, may offer a opportunity to resolve
this issue. In addition to a very large collecting area (1.4 m? at
1 keV), Athena will carry an X-ray Integral Field Unit (X-IFU
Barret et al. 2018), a cryogenically cooled imaging spectrograph
with a ~5'-diameter field of view, 5” pixel, and 2.5 eV spectral
resolution. This unprecedented combination of spatial and spectral
resolution offers the opportunity to map the velocity structure
of the IGM by measuring the redshift of X-ray emission lines.
Roncarelli et al. (2018) have demonstrated this potential using
simulations of a massive cluster at z = 0.1, showing that deep
X-IFU observations will accurately map both the velocity struc-
ture of the ICM and the line broadening caused by turbulence.
Measuring the velocity structure of the NGC 6338 system would
provide a powerful additional constraint on any comparison with
simulations.

We simulated Athena X-IFU spectra for a 50 ks observation
of NGC 6338, using the available response matrices and simu-

lated background files,’ basing the input models on our Chan-
drawillingale measurements. For a region of area 1'> in the shock
region west of VII Zw 700, with mean k7" = 4.25 keV, we found
that the 6.7 keV He-like Fe line was clearly detected, and redshift
could be measured to an accuracy of ~50 km s~! (3¢ uncertainty).
For 5”-radius regions in the nucleus of NGC 6338 and the west knot
of the north core, we found that even when using two-temperature
models with different redshifts, we were able to recover the input
values to accuracies of <30 km s~'. The numerous emission lines
from the 1-2 keV gas in these regions allows the mean redshift to
be determined with great accuracy.

These simple tests suggest that Athena will be able to measure
the velocity field of key components of the NGC 6338 system.
As well as providing constraints on any comparison with merger
simulations, it will also allow a direct test of whether the gas of
the north core is still associated with VII Zw 700 or whether ram-
pressure effects have pushed it back behind the galaxy along the line
of sight. The spatial resolution of the X-IFU will be comparable to
the scale of the hot gas filaments in the south core, so a comparison
with the velocity of their denser Ha counterparts will also be
possible, as will a more detailed determination of whether the north
tail is indeed affected by turbulent instabilities.

5 SUMMARY AND CONCLUSIONS

The NGC 6338 system provides an excellent example of both rapid
radiative cooling and violent merger processes at the group scale.
Prior studies have identified the two cool cores, their associated
tails and cold fronts, the Ho filaments and inner cavities in the
south core, and noted that a significant component of the merger
velocity is along the line of sight. In this paper we have presented
results from a combination of deep Chandra and XMM X-ray data,
GMRT radio observations, and APO Ho imaging and spectroscopy.
We have used these to explore the dynamics of the system, the
properties of the intra-group medium, and the highly structured
cool cores with their associated dominant galaxies. We summarize
our conclusions below:

(1) We have used Chandra and XMM spectral maps to show
the temperature, abundance, pressure and entropy structure of the
system. We confirm that the two cool cores are associated with
cool (~2 keV), enriched (0.75 Zy), low entropy tails extending
to north and south. The gas between and to east and west of the
cores appears to have been shock heated by the merger, reaching
temperatures of ~5 keV in some regions. This shocked material has
low abundances (0.2-0.4 Z,), suggesting it originated outside the
enriched central regions of the progenitors. A pseudo-pressure map
shows high pressures in the cores and the shocked region between

5 Available at: http://x-ifu.irap.omp.eu/resources-for-users-and- x-ifu-cons
ortium-members/
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them, with the high pressure region having the greatest east-west
extent in the shocked region. We find that the surface brightness and
temperature distributions are in good agreement with predictions
from simulated mergers of similar-mass systems merging along the
line of sight. We confirm the presence of cold fronts on the facing
edges of the two cores, but do not find evidence of shock fronts;
this is expected, since the shock direction will be close to the line
of sight. Based on a comparison of the peak temperature with the
range of temperature expected in the pre-shock gas, we find that
likely Mach numbers for the shocks of M = 2.3-3.1, and likely
merger velocities of 1700-1800 km s~!. This suggests that the
merger is amongst the most violent yet observed between galaxy
groups.

(i) We use a Gaussian mixture model to assess the 3D (RA, Dec,
velocity) distribution of galaxies within 1.5 Mpc and 2000 km s~! of
the group centre. We find that the galaxy population divides into two
subsets, one centred close to the velocity of NGC 6338 with a narrow
velocity dispersion (0 = 261 4 31 km s~!), the other including
VII Zw 700 and having a broader dispersion (6 =496 +48kms™!).
The two subsets are relatively evenly distributed in the plane of the
sky, but galaxies with the highest recession velocities tend to be
located to the north and west, consistent with their association with
VIIZw 700 and the northern cool core. The mean velocity difference
between the two subsets is ~850 km s~!, but the difference
between the two dominant galaxies is ~1400 km s~!. The latter
is consistent with the merger velocity estimated from the X-ray
temperatures.

(iii) Our He imaging confirms the previously detected 3-
branched filamentary nebular emission in NGC 6338, and traces
some diffuse extension to the northeast and southwest. We find a
total He luminosity of 3.1 = 0.6 x 10* erg s~!, consistent with
previous measurements. We also identify a previously unknown Ho
blob in the northern core, with a luminosity of 3.1 x 10*° erg s™!
and a recession velocity consistent with that of VII Zw 700. In
both cores, the Ha emission is associated with dense, cool, X-
ray structures. In the south core these follow the same branching
filamentary structure as the Ho gas, with temperatures ~1 keV and
low entropies (5-8 keV cm?) and cooling times (130-200 Myr).
The extent of the filaments matches the radius at which the
isochoric cooling time falls below 1 Gyr, and is similar to the
radius at which 7./t reaches its minimum value (9.7 £ 3.2).
The central cooling time in the core is only 63 = 7 Myr. In the
north core, the coolest gas forms a bar running roughly southeast-
northwest, with the Ha associated with a dense knot at the west
end. However, cooling times are <1 Gyr throughout the core, and
the gas appears offset from the dominant galaxy. This suggests
that the motion of the core through the surrounding medium has
pushed the gas back, perhaps disrupting the connection between
cooling and the AGN. Comparing the two cores demonstrates the
differing degree of impact a merger may have on cool cores; whereas
the north core has been significantly disturbed by its infall, the
larger south core has as yet been only minimally affected by the
interaction.

(iv) We identify the same features previously identified as cav-
ities near the centre of NGC 6338, and use our deeper Chandra
data to more accurately estimate their shape. We also identify a
possible cavity at larger radius in the south core, and a possible
pair of cavities in the north core. We estimate the enthalpy and
dynamical timescales of the cavities, and find that the implied
jet powers are capable of balancing cooling in the two cores,
although only marginally in the north core. In the south core,
while the inner cavities lie to either side of the cooling filaments,
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the outer cavity lies at their end, implying that if all cavities are
real AGN-inflated bubbles, the AGN jet axis must have changed
over the course of ~15 Myr. The presence of the outer cavity
at the end of the filaments suggests that its rise could have been
responsible for their formation, through the uplift of cool gas from
the core. The cavity is probably too small to have uplifted the whole
filament structure, but might have lifted enough gas to trigger further
cooling.

(v) Under the assumption of hydrostatic equilibrium, we estimate
the total mass of the system to be My 200 = 1.10f8:8f x 1014 Mg,
in reasonable agreement with the Planck SZ mass estimate, and
the gas mass to be 1.82 £ 0.01 x 10'* My, within a radius Ry
= 980 kpc. However, while the statistical uncertainties on these
estimates are small, the choice of whether to include the outermost
bin of our deprojected temperature profile in the analysis alters the
mass by a factor ~1.6. Given the disturbed state of the system and
evidence of relatively violent shock heating, more detailed analysis
of the mass profile is probably impractical.

(vi) We measure the radio flux density of the AGN of NGC
6338 at three frequencies (147, 333 and 1388 MHz) using archival
GMRT data and, in combination with literature results, measure
its spectral index to be a5} = 0.38 & 0.03. We see a hint of
extension to the southwest in the deepest observation, at 1.39 GHz,
but do not observe the cross-shaped extension reported by Wang
et al. from a 1.4 GHz VLA snapshot. We find the AGN to be
X-ray faint, and place a 30 upper limit on its luminosity of
Ly _1okev < 1.35 x 10* erg s~!. We do not identify any radio
sources associated with the dominant galaxy pair of the northern
core, VII Zw 700, but do find evidence of an X-ray AGN in the larger
galaxy, MCG +10-24-117, with luminosity L, _ 1o gey =4.177] 4 x
10*° erg s~!. We place an upper limit on the AGN luminosity of the
smaller galaxy.
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