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ABSTRACT
We present deep Chandra, XMM–Newton, Giant Metrewave Radio Telescope, and Hα

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 Hα nebulae, indicating rapid radiative cooling. In
the southern cool core around NGC 6338, we find that the X-ray filaments associated with
the Hα nebula have low entropies (<10 keV cm2) and short cooling times (∼200–300 Myr).
In the northern core, we identify an Hα 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.

1 INTRODUCTION

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
et al. 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.

� E-mail: eosullivan@cfa.harvard.edu

2011; Johnson et al. 2012; Paterno-Mahler et al. 2013). X-ray
studies of merging galaxy groups are less common, owing to the
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. Bı̂rzan et al. 2008; Cavagnolo et al.
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2010; O’Sullivan et al. 2011; Bı̂rzan 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 Hα-emitting (104 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; Lakhchaura et al. 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 Hα 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 Hα 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−1 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 S0 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 Hα 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 Hα flux
of 1.78 × 10−14 erg s−1 cm−2 (LHα = 2.82 × 1040 erg s−1 for
our adopted distance). A short Chandra X-ray observation showed
that the Hα 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

balance cooling in the central 10 kpc over the past ∼10 Myr (Pandge
et al. 2012). However, these structures suggest that cooling from the
intra-group medium (IGM) may be the source of the Hα 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 FR0 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 (Marchã 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, F2−10 keV < 1.9 × 10−14 erg s−1 cm−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] × 1014 M�, placing it on the
group/cluster boundary.

In this paper, we use a combination of new, deep Chandra,
and XMM–Newton X-ray observations, Hα 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 H0 = 70 km s−1 Mpc−1 , �M = 0.3, and �� = 0.7.
The redshift of the cluster is taken to be 0.027427, and the resulting
angular size and luminosity distances are DA = 109 Mpc and DL

= 115 Mpc, respectively. This gives an angular scale of 0.528 kpc/
′ ′
.

We report 1σ 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 NH = 2.23 × 1020 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 per cent 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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NGC 6338

VII Zw 700

Figure 1. Left: 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 D25 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 threads1 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

1http://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
S/N = 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 × 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 1σ 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

errors on temperature were similar to the ‘fixed grid’ Chandra
maps, ∼2–5 per cent in the cool cores rising to ∼15 per cent
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 Hα 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
(λ0 = 6736 Å, FWHM = 80 Å) for the Hα+[N II] lines and
NMSU 665/8 (λ0 = 6650 Å, FWHM = 80 Å) 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 × 2, for a scale of 0.28′′ per pixel. The
spectroscopic standard was BD+28 4211. The Hα+[N II] net image
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 Å/pix in the blue channel
and 0.58 Å/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 kλ.
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 1σ Statistical uncertainties
kT Abundance

(arcsec) (arcsec) Cool Hot Cool Hot

XMM-Newton 15 2000 net ct. 8–86 3–8% 17% – –
Chandra 5 or 2 1500 net ct. 5–37 2–5% 15% – –

5 S/N = 50 4–59 1–5% 7% 10–20% 50%
contbin S/N = 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) (

′ ′ × ′′
,

◦
) (μJy beam−1)

21 060 2011 Nov 26 1388 33 312 2.69 × 2.29, −56.41 30
06EFA01 2004 Sep 10 333 16 18 25.84 × 9.24, 78.85 410
TGSS R53D67 2011 May 26 147 17 15 25 × 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 × 2.29′′ for GMRT 1.39 GHz compared to 5.6 × 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 D25 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 β-models
and a flat background component, all folded through the combined
exposure map. Two of the β 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
β-model represents the large-scale emission, and its ellipticity and
position angle were fitted, as were all other parameters. We do not

Figure 2. 0.5–2 keV Chandra residual 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
D25 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 D25 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.

Fig. 7 shows the Chandra 5′′-scale, S/N = 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.

Laganá, 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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The group–group merger NGC 6338 2931

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 D25 contour of the dominant
galaxy, NGC 6338.

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 Hα 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 kT n−2/3

e where kT is the X-ray
temperature in keV and ne the electron number density in cm−3.
Pressure is defined as 2kTne, and the isochoric cooling time as:

tcool = 5.076 × 10−17 × 3kT neV μe

2μLX

, (1)

where the units of tcool are years, V is the volume of the gas in cm3,
LX its bolometric luminosity in erg s−1, and μ and μe 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 cm2 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 ∝ r0.67) 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 r1.1 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
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