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Abstract

We present a detailed spectral and imaging analysis of the central 15” radius (~7.5 kpc) region of the merger
galaxy NGC 6240 that makes use of all the available Chandra-ACIS data (0.3-3keV effective exposure of
~190 ks). This region shows extended X-ray structures with lower-energy counterparts imaged in CO, [O IlI], and
Ha line emission. We find both photoionized phases of possible nuclear excitation and thermal shock-excited
emission in the different large-scale components: the northwest “loop” detected in Hey, the region surrounding the
two nuclei, the large outflow region to the northeast detected in [OIII], and the southern X-ray extensions. The
latter could be the ionization cone of the northern nucleus, with the N counterpart being obscured by the galaxy
disk. The radial distribution of the X-ray surface brightness suggests a confined hot interstellar medium at
r < 2.5 kpe, with a free-flowing wind at larger radii; if the confinement is magnetic, we estimate B-field values of
~100 pG, similar to those measured in the halo of M82. The thermal gas of the extended halo at k7T ~ 1 keV
absorbs soft X-rays from the active galactic nucleus, but not the extreme ultraviolet radiation leading to a rapid
increase in Fiomy/Fx beyond ~3kpc. The a-element to Fe abundance ratios of the thermal components in the
different regions of the extended X-ray emission are generally compatible with Type II supernova yields,
confirming the importance of active star formation in NGC 6240.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Interacting galaxies (802); X-ray active galactic

nuclei (2035)

1. Introduction

NGC 6240 is a highly disturbed merger galaxy at a redshift
of 0.0245 (D =108 Mpc, 1”7 =500 pc; Downes et al. 1993),
providing a relatively nearby case study of the complex
evolutionary phenomena connected with the merging of
galaxies and their nuclear massive black holes. In the optical
band, NGC 6240 presents long tidal tails and giant butterfly-
shaped Ha, and X-ray, emitting loops in the central ~15 kpc as
well as a disturbed disk crossed by broad dust lanes (Fosbury &
Wall 1979; Heckman et al. 1987; Lira et al. 2002; Gerssen et al.
2004). Its strong infrared (IR) emission indicates active merger-
induced star formation (Genzel et al. 1998). NGC 6240
contains two well-defined nuclear regions detected at both
optical (Fried & Schulz 1983) and IR wavelengths (Scoville
et al. 2000). Two highly obscured active galactic nuclei
(AGNs) were discovered in this pair of nuclear regions, north
(N) and south (S), with Chandra (Komossa et al. 2003) and
were subsequently located with high accuracy in radio VLBA
images (Gallimore & Beswick 2004). The region near and in
between the nuclei is rich in molecular gas (e.g., Tacconi et al.
1999; Treister et al. 2020). Complex kinematics have been
reported in both CO and [O 1] line emission, suggesting both
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nuclear outflows and starburst-induced winds (Feruglio et al.
2013a, 2013b; Miiller-Sanchez et al. 2018).

Deep Chandra observations have revealed a rich and
complex X-ray morphology, both in the nuclear regions and
at larger radii, which we summarize below.

The larger-scale X-ray properties of the merger NGC 6240
are discussed in Nardini et al. (2013). These authors find that
the merger resides within a luminous soft X-ray halo
(0.4-2.5keV luminosity of 4 x 10*' ergs™"), extending out-
wards from ~7.5kpc to a projected physical size of
~110 x 80kpc. The halo has a fairly flat radial surface
brightness distribution, a radially uniform hot gas temperature
of ~7.5 million K (0.65keV), and a total mass of ~10'" M,
Because most of the detected photons have energies <2.5 keV,
Nardini et al. (2013) restricted their spectral analysis to this
energy range. Modeling the spectral emission of the soft halo
with thermal optically thin models, they found that the relative
abundances of the main « elements (O, Ne, Mg, Si) with
respect to iron are several times the solar value, with no
significant radial variations. Nardini et al. (2013) note that the
lack of strong radial abundance gradients implies a uniform
enrichment by Type II supernovae (SNe II) out to the largest
scales. Moreover, the temperature of the halo is significantly
higher than expected from a gaseous halo thermalized in the
gravitational potential of the system. It is also higher than
suggested by merger simulations (expected k7 ~ 0.25keV).
These results led Nardini et al. (2013) to suggest that a
widespread, enhanced star formation, proceeding at a steady
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rate over the entire dynamical timescale (~200 Myr),
contributes to both the energy and metal enrichment of
the halo.

Within the inner ~7.5kpc of NGC 6240, Nardini et al.
(2013) observe instead a significantly greater surface brightness
and higher temperatures (rising to ~1.2keV at ~2 kpc), both
with steep radial profiles consistent with an expanding
adiabatic wind. This is the region with the most disturbed
morphology, where tidal effects, the starburst, and the AGN
emission are the strongest. Using the full spectral range of
Chandra (up to ~7keV), Feruglio et al. (2013b) reported the
detection of a hard X-ray emission component in the spectrum
from this region. This emission would be consistent with the
shock-ionized gas from a nuclear AGN wind matching the
terminal velocities of ~400 km s~ ' that they infer from the
CO(1-0) line, which they ascribe to nuclear winds from the
dual AGN. Wang et al. (2014) also reported extended hard
X-ray emission from a k7'~ 6 keV (~70 MK) hot gas over a
spatial scale of 5kpc, indicating the presence of fast shocks
with a velocity of ~2200 km s~ '. Moreover, they mapped the
spatial distribution of this highly ionized gas using the 6.7 keV
Fe XXV line, which shows a remarkable correspondence with
the large-scale morphology of the H2(1-0) S(1) line emission
and Ha filaments. While not excluding nuclear winds, they
note that the propagation of fast shocks originating in the
starburst-driven wind into the ambient dense gas can account
for this morphological correspondence.

A reanalysis of the innermost ~2" (~2 kpc) radius region in
the hard X-ray, at the highest resolution allowed by the
Chandra point response function, was recently reported by
Fabbiano et al. (2020). Focusing on the hard-energy bands
containing the hard spectral continuum (5.5-5.9keV), the
redshifted neutral Fe Ka line (6.0-6.4 keV), and the redshifted
thermal Fe XXV line (6.4-6.7 keV), these authors were able to
resolve structures with sizes from ~1kpc to <200 pc. They
found significant extended emission in both continuum and Fe
lines in the ~2” (~1 kpc) region surrounding the nuclei, in the
region between the N and S AGN, and in a sector of position
angle 120°-210° extending to the SE from the centroid of the S
AGN surface brightness. The extended neutral Fe Ko emission
is likely to originate from the fluorescence of X-ray photons
interacting with dense molecular clouds, providing a comple-
mentary view to recent high-resolution Atacama Large
Millimeter /submillimeter Array (ALMA) studies. The non-
thermal emission (i.e., neutral Fe K«) is more prevalent in the
region in between the two active X-ray nuclei and in the
N AGN.

In this paper, we use the deep (~300 ks) coadded Chandra-
ACIS data set on NGC 6240 to probe in detail the spatial and
spectral properties of the inner ~7.5 kpc region. This study is
complementary to the work of Nardini et al. (2013), in that it
explores this region with the ultimate Chandra spatial
resolution. It is also complementary to the work by Wang
et al. (2014) and Fabbiano et al. (2020), in that the spectral
analysis concentrates on the energy range <3 keV, where the
emission from the extended loops and filaments is particularly
strong. This spectral range is sensitive to both thermal emission
from the interstellar medium (ISM) (with the exclusion of the
strong shocks explored by Feruglio et al. 2013b, Wang et al.
2014, and Fabbiano et al. 2020) and to the nonthermal
photoionization emission from the dual AGN (see, e.g.,
Fabbiano et al. 2018 in the case of ESO 428-G014). After
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producing the merged data cube (Section 2), we use subpixel
imaging, image enhancement, and reconstruction techniques to
provide the most detailed spatially resolved X-ray images of
NGC 6240 (Section 3). Based on this image, we perform
spectral analysis from selected regions to constrain the
emission parameters (Section 4). We discuss the implications
of our results in Section 5 and summarize our findings in
Section 6.

In this paper, we assume a flat ACDM cosmology with
Hy=69.6kms ' Mpc™', Q,,=0.286, and 2, = 0.714 (Bennett
et al. 2014).8

2. Data Preparation and Analysis Methods

We have used the same data set as in Nardini et al. (2013),
Wang et al. (2014), and Fabbiano et al. (2020), which includes all
of the available ACIS-S observations with NGC 6240 at the
aimpoint. It consists of two imaging ACIS-S observations (ObsID
1590 and 12713) with a total exposure time of 183 ks and of two
ACIS-S HETG grating observations (ObsID 6908, 6909) with a
total exposure time of 302 ks. The observations were retrieved
from Chandra Data Archive through the ChaSeR service.” We
use the zeroth-order images of the grating observations. Given
the response of the gratings, the combined effective ACIS-S
imaging exposure times are ~190ks (0.3-3keV), ~210ks
(3-6keV), and ~360 ks at higher energies.

As in Fabbiano et al. (2020), data have been analyzed with
CIAO (Fruscione et al. 2006) data analysis system version 4.12
and the Chandra calibration database, CALDB version 4.9.1,
adopting standard procedures.

To optimize the spatial resolution of the data, we use the same
merged data set and merged point-spread function (PSF) as in
Fabbiano et al. (2020). The data were merged using the peak
emission of the strong hard-band dual AGN sources (see Fabbiano
et al. 2020 for details on the merging procedure). We used a
subpixel binning of 1/16 of the 07492 ACIS instrumental pixel.'’
This method has been validated by several works, including
our own (see, e.g., Harris et al. 2004; Siemiginowska et al.
2007; Karovska et al. 2010; Wang et al. 2011a, 2011b, 2011c;
Paggi et al. 2012; Fabbiano et al. 2018). It is conceptually
comparable to the Hubble Space Telescope (HST) drizzle
imaging (Fruchter & Hook 2002) and exploits the sharp central
peak of the Chandra PSF and the well-characterized Chandra
dither motion'"' to retrieve the full Chandra mirror resolution.
Figure 1 compares the 1/16 pixel full-band (0.3-8 keV) ACIS
merged image (left panel) with the 10 ks HRC image (ObsID
438, PI Murray; Lira et al. 2002). The HRC instrumental
readout pixel is 071318, so that the full resolution of the PSF
(FWHM ~ 0”2) is exploited.'* Although the signal to noise of
the HRC image is much inferior to that of the long ACIS
exposure, the good agreement between the main features of the
extended emission demonstrates the validity and power of the
1/16 pixel imaging. Note that given the softer energy response
of the HRC, the two nuclear sources are less prominent than in
the ACIS image. These nuclei have large intrinsic absorbing
columns (Komossa et al. 2003; Nardini 2017).

8 With this cosmology, the redshift of 0.0245 of NGC 6240 corresponds to a
luminosity distance of 107.5 Mpc and an angular scale of 496 pc arcsec™ .

o http://cda.harvard.edu/chaser

10 https:/ /cxc.harvard.edu/proposer/POG/html/chap6.html#tab:acis_char
" hips: //cxc.harvard.edu/proposer/POG/html/chap5.html#tth_sEc5.3

12 https://cxc.harvard.edu/proposer/POG /html /chap4.html#tth_sEc4.2.3
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Figure 1. Left: ACIS merged image (0.3-8 keV), with a pixel size of 1/16 ACIS instrument pixel and no image processing. Right: HRC image (ObsID 438). The gray
scale gives the logarithmic intensity scale in counts per image pixel. The positions of the nuclear centroids in both images are marked by red crosses.

3. Broadband Imaging

We produced images using two different methods: (1)
adaptive smoothing, with the CIAO tool DMIMGADAPT, which
uses a range of Gaussian kernels to smooth the data; and (2)
image reconstruction, with the image restoration algorithm
Expectation through Markov Chain Monte Carlo (EMC2; Esch
et al. 2004; Karovska et al. 2005, 2007, 2010; Wang et al.
2014), sometimes referred to as PSF deconvolution) with the
PSF models derived in Fabbiano et al. (2020) from the nuclear
sources.

To better visualize the extended emission, we have produced
adaptively smoothed maps with the CIAO tool DMIMGADAPT.
For the full-scale image in the 0.3-3 keV energy band, which
contains the line-dominated soft emission (see Section 4), we
used 1/8 binned data smoothed with Gaussians, with 16 counts
under the kernel and sizes ranging from 1/2 to 30 image pixels,
in 30 logarithmic steps, and we also further smoothed the
resulting image with a 2 pixel Gaussian. For the 4-7 keV band,
where the extended emission has a lower count rate, we
followed the same procedure but used 10 counts under the
kernel and a 1/16 pixel to better isolate the bright nuclear
sources (see Fabbiano et al. 2020).

The left panel of Figure 2 shows the adaptively smoothed
image in the 0.3-3 keV band, where the emission spectrum
displays clear emission-line features (Section 4). The
0.3-3 keV image reconstructed with the EMC2 algorithm (1/
8 pixel, 100 iterations) is shown in the right panel of Figure 2.
It shows more vividly all the features suggested by the
adaptively smoothed image.

Figure 3 shows the adaptively smoothed image in the
4-7keV band, where the emission is dominated by a
featureless spectral continuum and the 6.4keV (neutral Fe
Ka) and 6.7 keV (Fe XXV) emission lines (Wang et al. 2014;
Fabbiano et al. 2020). These images are displayed in

logarithmic scale to enhance the large-scale, low-surface-
brightness emission.

The soft 0.3-3keV emission is dominated by large-scale
extended features. A prominent loop of emission extends to the
NW out to ~10kpc from the nuclei, and a long filament is
visible to the S of this loop. Two similar-sized prominent
protrusions are visible to the S of the nuclei, and a large
extended feature with a cross-ridge of enhanced emission is
also visible to the NE. These features are highly statistically
significant. For example, even the faint “yellow” clumps in the
NW quadrant (see Figure 2) contain ~100 counts in ~0”6
radius circles, compared with the average ~50 counts in
similar-size regions in the “green” plateau in the same area,
resulting in >40 excesses. In the same 0”6 radius circle, the
“dark blue” regions surrounding the “green” plateau yield ~8
counts.

The 4-7 keV image is instead dominated by the two highly
absorbed Compton-thick AGNs (CT AGNs) and circumnuclear
emission (see Komossa et al. 2003; Wang et al. 2014; Fabbiano
et al. 2020). The nuclei are not prominent in the 0.3-3 keV
map, where their positions from the 4-7 keV image are shown
as crosses. Extended emission is also visible out to ~3kpc
radius. This hard emission follows the general footprint of the
softer emission (see Figure 2), as has been recently observed in
several nearby CT AGNs (e.g., Fabbiano et al. 2017, 2018; Ma
et al. 2020; Jones et al. 2021; Travascio et al. 2021).

A zoom-in of the central region is shown in Figure 4, where
the data are binned in 1/16 pixel and plotted in a linear scale to
better highlight the bright circumnuclear filamentary features,
which are especially prominent to the SW of the southern
AGN. Again, these features are highly significant, with ~400
(the northern filaments) and ~1500 (the southern filaments)
excess counts over the local intense average extended emission.
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Figure 2. (Left panel) Adaptively smoothed image of the Chandra-ACIS merged data of NGC 6240 in the 0.3-3 keV energy band, with the logarithmic color scale in
counts per image pixel (1/8 of the ACIS pixel). (Right panel) EMC2 reconstruction of the same data. N is to the top and E to the left of each image. The crosses are at
the peak emission position of the two nuclear sources in the hard-band image (see Figure 3).
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Figure 3. Adaptively smoothed image of the Chandra-ACIS merged data of NGC 6240, in the 4-7 keV energy band. N is to the top and E to the left. The color scale is
logarithmic, and the indicated color values at the bottom are in counts per image pixel (1/16 of the ACIS pixel). The crosses are the peak emission position of the two

nuclear sources.

4. Spectral Analysis

We performed spectral analysis on several emission regions,
using the morphology of the emission as guidance. Given that
the morphology of the extended emission is complex (see
Figure 2), we do expect that the spectral characteristics may
also vary in different regions. We therefore singled out 10
individual regions containing significant morphological fea-
tures for detailed spectral analysis. These extraction regions all

contain a large number of counts so as to get good spectral
constraints. They are shown in Figure 5 and include

1. Two circular regions, which in the hard band are dominated
by point-like AGN emission (see Fabbiano et al. 2020; also,
Figure 3), denominated as “N nuclear” (2606 net counts in
the 0.3-3 keV band) and “S nuclear” (4762 net counts);

2. The surrounding central emission region (nuclear regions
excluded, 3924 net counts);
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Figure 4. Adaptively smoothed image of the central region of the 0.3—3 keV Chandra-ACIS merged image of NGC 6240 (see the main text). N is to the top and E to
the left. The color scale is linear and has been chosen to highlight the filamentary emission. The indicated color values at the bottom of the image are in counts per
image pixel (1/16 of the ACIS pixel). The crosses are the peak emission position of the two nuclear sources in the hard-band image (see Figure 3).

3. Two regions in the area where the [OII] emission
suggests a nuclear outflow (Miiller-Sanchez et al. 2018).
These are the “Outer Outflow” region (2844 net counts)
and the region at smaller radii where the X-ray image
shows a luminous ridge perpendicular to the outflow
direction, which could indicate localized shocks (“out-
flow ridge,” 2096 net counts).

4. Regions where there are spatially coincident soft X-ray
and Ha features (see Figure 2; also Lira et al. 2002;
Yoshida et al. 2016). These are the two southern
extensions, one to the east (“ES extension”—3038 net
counts), and the other to the west (“WS extension”—
2997 counts); an “NW Loop” (3875 counts); and a “W
filament” (1237 counts). We also considered separately
the northern continuation of the SW extension, which
partially overlaps the central region and presents a strong
surface brightness enhancement (“NES extension”—
1736 net counts).

We also extracted the spectrum of the entire emission within a
circle of radius 15” (7.5 kpc; encompassing all of the strong
extended emission visible in Figure 2), to obtain the overall
spectral characterization of the extended emission and in
particular to determine the narrowband regions containing the
most prominent lines. These lines will then be used for our
narrowband mapping of the extended emission (see
Section 5.3). This region (named “All”’) contains 35,869 net
counts in the 0.3-3.0keV energy band (see below for
background subtraction).

For each spectral extraction region, we produced spectral
response matrices weighted by the count distribution within the
aperture (as appropriate for extended sources). Background
spectra were extracted in large (~80"), source-free regions in

ACIS-S chip 7, and subtracted from source spectra. We made
use of the x> fit statistic, binning the spectra to obtain a
minimum of 20 counts per bin. Spectral fitting was performed
in the 0.3-3keV energy range with the SHERPA application
(Freeman et al. 2001).

To describe the extracted spectra, we adopted two classes of
models.

1. A phenomenological model comprising, in addition to the
photoelectric absorption by the Galactic column density
along the line of sight Ny =5.47 x 10°°cm 2 (HI4PI
Collaboration et al. 2016), a power law with photon index
fixed to 1.8 and several redshifted Gaussian lines with
widths fixed to 10 eV. The 1.8 power law gives a good
approximation of the hard AGN emission that may be
present in the central regions given to PSF wing spillover
(e.g., see Levenson et al. 2006; Fabbiano et al. 2018). The
redshift assumed for the emission lines is systemic only
(0.0245 for D = 108 Mpc). All the lines whose
normalization was constrained only with an upper limit
were removed from the model. In addition, we included
in this model an intrinsic photoelectric absorption at the
source redshift.

2. A physical model comprising, in addition to the Galactic
and intrinsic photoelectric absorptions, up to two thermal
plasma components and/or up to two photoionization
components. The thermal plasma is represented by a
VAPEC'? model. In this model, the Fe abundance is left
free to vary, while the abundances of the « elements O,
Ne, Mg, and Si are linked (but can vary together) during
the fit. Because we are interested in the abundance ratio

13 https: / /heasarc.gsfc.nasa.gov/xanadu/xspec/manual /XSmodel Apec.html
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Figure 5. EMC2 reconstructed image of the 1/16 subpixel Chandra-ACIS merged data of NGC 6240 in the 0.3-3 keV energy band, with the spectral extraction
regions discussed in Sections 4 and 5.1 overlaid in white. Note that the central region does not include the N nucleus and S nucleus regions.

of the o elements to Fe (which is a diagnostic of the age
of the stellar population), we slightly modified the model
in order to evaluate this ratio to allow its errors to be
directly determined during the fit (Humphrey &
Buote 2006). In addition, when two thermal plasma
components were included in the model, we linked the Fe
abundances and the «/Fe abundance ratios of the two
components. For the photoionization components, we
produced grid models with the Cloudy'* c08.01 package
(Ferland et al. 1998). We assumed the ionization source
to be a typical AGN continuum (with a “big bump”
temperature 7= 10°K, an X-ray to UV ratio a,,=
—1.30, and an X-ray power-law component of spectral
energy index o, = —0.8) illuminating a cloud with plane-
parallel geometry and constant electron density n,=
10° cm ™. The grid of models so obtained is parameter-
ized in terms of the ionization parameter U (varying in

14 http://www.nublado.org/

the range log U = [—3.00: 2.00] in steps of 0.25) and the
hydrogen column density Ny (expressed in cm ™2 varying
in the range log Ny = [19.0: 23.5] in steps of 0.1), taking
into account only the reflected spectrum from the
illuminated face of the cloud (Bianchi et al. 2010;
Marinucci et al. 2011).

The results of the spectral fits for the phenomenological
model, which includes the best-fit rest-frame energies of the
emission lines, are summarized in Table 1. These results are
useful for pinpointing the spectral regions of line emission but
should not be used to infer “physical” line fluxes, especially in
the range <1.5 keV where several emission lines that cannot be
entirely spectrally resolved at the resolution of ACIS (~100
eV) could contribute.

Table 2 summarizes the results of the best fits to each single
component and the multiple-component physical models for
each region and highlights those we suggest as the best fit for
each region, as described below. The full set of results for all
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Table 1
Best-fit Results of the Spectra Extracted in the Regions Presented in Figure 5 for the Phenomenological Models Comprising a Power Law with Slope Frozen at 1.8 and Redshifted Gaussian Emission Lines (see
Section 4)
Outflow Outer NES WS
N Nuclear S Nuclear Central Ridge Outflow Extension ES Extension Extension W Filament NW Loop All
Rest-frame
Energy

Line (keV) Line Normalization (107> photons cm2s7h
O VII triplet 0.569 0.20319 0.58+03% 4.4773%
Fe XVIII 0.704 230277934 0.3075%¢ 0.33+317 0.293:89 0.099%4 2.47+08¢

15%2s'2p% — 15225%2p*3p!
Fe XVII 15225%2p° — 15%25%2p*3s" 0.771 0297912 1.72797¢
Fe XVII 0.826 0.49+003 0.341012 0.247004 341108

15%25%2p° — 15%25%2p°3d"
O viI RRC 0.871 2.55729% 0.28+597 0.12+413 0.39+52 0.5875%8 0.60+3:49 2.05708
Ne IX triplet 0915 0.43*903 4397948
Fe XX 15%25%2p° — 15225%2p*3d" 0.965 197704 0.50792} 0.16790¢ 0.3479%8 0297957 0.15%9% 02275398
Ne X Lya 1.022 0.63103% 0307318 060731 0177098 0.4679%4 0217398 0.3479%7 0.27+99¢ 0.1175% 0.607 538 4377933
Fe XVIII 1.095 0.40+31 0.12+5:04 0.87+934

15%25%2p° — 1s*25%2p*4d"
Fe XXIII 1522s> — 15°2s'3p" 1.129 0.14+0%2 0.259% 0.774333
Fe XIX 15%25°2p* — 15%25%2p°4d" 1.146 0.1479%¢ 0.1549%3
Fe XVII 1.180 0351520 0.1079%7 0.09+593 0.0575%3 0.05+591 0.26+99% 0.387933

15%25%2p° — 15%25%2p”7d"
Fe XIX 1s%25%2p* — 15%2s%2p%5d" 1.258 0.063% 0.7215:12
Mg XI triplet 1.352 0.067992 013793 0.0579% 0.1059% 0.0879% 0.1059% 0.02193! 0213398 0.88200
Fe XXII 1.423 0.05+0:92 0.07°3% 0.03+301

1s%25%2p" — 15%25"2p'4p!
Mg XII Lyo 1.473 013190 0.14%0%  0.10%0%2 0.06+392 0.06*5%3 0.17+5% 1004008
Si X1 triplet 1.839 014339 015509 0135005 0.08°0%2 0.08+59! 0.047003 0.07:3%3 0.0575%3 0.02+39! 0.161392 1135007
Mg X1l RRC 1.963 0187393 0157983 0.0559! 0.05+0:2 0.1073% 0.647919
Si XIV Lya 2.006 0.1579%3 0.2379%
S XV Lya 2461 015709 011799 011738 0.04+00! 0.049%3 0.02+99! 0.0579%  0.6873%
S X1V Hef3 2.884 0.04+3:92 0.2770%
Power-law Norm. 627108 648103 499193 1247010 099757 2.0519H 1.53+009 1.72+09 0581093 2487011 27.4070%

109 keV ' em s
Ny (1022 cm™2) 130401 054799 049758 013709 0.3659¢ 0.06+394 0.0975% 0.18+5% 0.224092
¥* (d.of) 0.94(76)  0.84(117)  0.91(108)  1.08(62) 0.94(68) 0.94(54) 0.95(75) 0.98(79) 0.85(41) 0.93(95) 1.07(158)
Net Counts (0.3-3 keV) 2606(51)  4762(69)  3924(63)  2096(46)  2844(53) 1736(42) 3038(55) 2997(55) 1237(35) 3875(62)  35869(189)

Note. For each region, the normalization of each line and of the power-law component, the required intrinsic absorption column density, the reduced y* (with degrees of freedom indicated in parentheses), and the
0.3-3 keV net counts (with the error indicated in parentheses) are presented.

01 YOXBIN 2202 “(dd07) 991:£76 “TVNINO[ TVOISAHIOULSY HH,

‘Te 12 133eq
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Table 2
Best-fit Results of the Spectra Extracted in the Regions Presented in Figure 5 for the Physical Models Comprising the Thermal and Photoionization Components (see
Section 4)
Outflow NES WS

N Nuclear S Nuclear Central Ridge Outer Outflow  Extension  ES Extension  Extension =~ W Filament NW Loop
kTy(keV) 232404 1.887013 1457041 0.8815 42 0.80793%4 0.847°919 0.84307 1.047938 0.75+3:93 0.827044
kTy(keV) 2157538 1.827928
Fe 1224433 1.0° 022404 0117598 0217043 0.337938 0.12+5%3 0.23*94¢ 0.10+394 0.34+0%4
a/Fe 35152 257798 506518 6.5673%2 40298 2.45%338 3.89793% 2.897939 4255138 4.821032
log (U)) 0.0079%  —0.95%038  —0.01718  0.08793% —0.5073:78 —0.507938 026799 125598
log (Nu) 224" 2210980 225" 21.7* 229" 20207938 221"
log (Up) 1431042 2.0*
log (M) 20.1* 19.0%
Ny (102 em™) L1350 0697038 068758  0.3870% 0.0975%3 0.68792} 0.1875%3 0.404093 0.1950% 0.3430.04
x? (d.o.f) 1.04(79)  0.74(120)  0.70(110)  0.71(66) 0.68(71) 0.72(56) 0.65(81) 0.76(81) 0.73(45) 0.72(98)

Note. Only best-fit models, selected on the basis of fit statistics and residual distribution, are presented here. The full list of models used in this work is presented in the
Appendix. For each region, we show the temperature of the first (k7)) and second (kT,) thermal components, the iron abundance (Fe), and the abundance ratio of «
elements to iron («/Fe), both linked between the two thermal components, the ionization parameter of the first (U;) and second (U,) ionization components, the
hydrogen column density of the first (NVy;) and second (Ny,) ionization components, an additional intrinsic hydrogen column density (Ny), and the reduced X2 (with
degrees of freedom indicated in parentheses). Parameters marked with an asterisk (*) could not be constrained and were frozen to their best-fit values.

the models considered is reported in Table 4. We start with
single-component thermal (k7)) and photoionization (U) models
and then add additional components in each case as required to
get an acceptable fit. In some cases, it is not possible to choose
a best-fit model based on x* values only. In these cases, we
followed an additional criterion (see Fabbiano et al. 2018 for a
detailed discussion), which also considers the behavior of the
fit residuals in the various spectral subranges. Whenever a
given model resulted in a spectral range of correlated residuals,
we took this as an indication of the model not dealing
adequately with that particular region of the spectrum, and we
added spectral components to obtain a more random run of the
residuals overall. For the “All” region, we were not able to get
acceptable fits to physical models, likely due to the different
plasma components that are responsible for the emission in the
different regions that end up mixed together in this large
extraction region. The elemental abundances derived from the
APEC model (see Table 2) are physically motivated within the
full set of elements included in the model. The only caution
here is that these estimates may underestimate the abundances
if large areas of the image including a range of spectral
emissions are averaged together. This is because, given the
ACIS spectral resolution, a mix of spectra may result in an
apparent increase of the continuum emission. This effect was
clearly demonstrated in the case of the Antennae galaxy (Baldi
et al. 2006a).

Figure 6 shows the spectrum of the “All” region with the
best-fit phenomenological model and fit residuals. Based on
this figure and on the phenomenological model results
(Table 1), we have selected eight narrow spectral bands that
we will use for narrowband imaging. These energy bands and
the contributing emission lines are listed in Table 3. The
spectra, best-fit models, and residuals for the 10 individual
regions are shown in Figure 7 (phenomenological model) and
Figure 8 (physical models). Figures 7 and 8 clearly show that
spectra from different regions may be substantially different. In
particular, the N nuclear region has significantly less emission
in the softer band (<1.5keV) than the S nuclear region,
suggesting localized higher absorption in this region; the

spectral fits also suggest a larger Ny in the N nuclear region
(see Tables 1, 2). Note that the AGN emission itself is not
contributing directly to the soft band under analysis, given the
large intrinsic nuclear absorption columns of these two CT
AGNs (Komossa et al. 2003), which instead dominate the
emission at energies >3 keV (Figure 3; also Fabbiano et al.
2020). The spectra of the higher-surface-brightness regions
(central, NES extension, outflow ridge, NW loop) are relatively
harder than those from the regions at larger radii (outflow, ES
and WS extensions, W filament).
Below we discuss our results and their implications.

5. Discussion
5.1. Physical Properties of the Hot ISM of NGC 6240

The spectral analysis of the 0.3-3 keV emission shows that
the continuum level (represented by the power-law component
normalization in the phenomenological model; see Table 1) is
comparable in the two nuclear regions. The strongest emission
lines in these regions are the Fe XX 3d2p and Ne X Ly, with
the N nucleus showing additional lines at lower energies, in
particular strong Fe XVIII and O VIII radiative recombination
continuum (RRC) lines. The spectra extracted from the regions
closer to the two nuclei—namely the central region and the
NES extension—are similar to the nuclear ones, while the
spectra from the outermost regions are significantly softer,
characterized by lower-energy lines like the O VII triplet,
Fe XVIII, and Fe XVII 3d2p. This is consistent with the results
from the parameters of the thermal components in the physical
model fits (Table 2), which show the presence of a lower-
temperature, kT ~ 1 keV, gas in the outer regions and a hotter
kT ~ 2 keV phase closer to the nuclei.

If collisional ionization is the predominant excitation mech-
anism, these spectral differences suggest stronger shocks in the
innermost circumnuclear regions. This would be in agreement with
the presence of the previously reported strong Fe XXV line
emission in these regions, at 6.7 keV in the rest frame of NGC
6240, which has been connected with strong nuclear winds
(velocities of 600 to over 800 km s_l; Feruglio et al. 2013a, 2013b)
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Figure 6. Best-fit phenomenological model (power law plus Gaussian lines) for the spectrum extracted from the central 15” region (upper panel) and corresponding

residuals (lower panel).

Table 3
Lines Contributing to Energy Bands

Energy Band (keV) Contributing Lines

0.5-0.7 O VII triplet, Fe XVIII

0.7-0.95 Fe xvI11, O vIIl RRC, Ne IX

0.95-1.15 Fe XX, Ne X, Fe XVIII, Fe XXIII, Fe XIX
1.2-1.4 Fe X1, Mg XI triplet

1.4-1.55 Fe XXII, Mg XII

1.6-1.85 Si X111 triplet

1.9-2.1 Mg X1t RRC, Si XIV Ly«

22-2.7 Si XV Lya, Si X1V He(

or also with strong SN shocks in the central active star formation
regions of the merger (Wang et al. 2014). The gas masses emitting
the X-rays in the major morphological features (e.g., NW loop,
outer outflow), estimated from the thermal spectral component
emission measure and assuming cylindrical volumes with filling
factor 1, are ~1 x 10® My, with cooling times (30-120) Myr.
These are clearly transient events in the lifetime of NGC 6240 as
they are comparable to merger timescales (Engel et al. 2010;
Treister et al. 2020).

Figure 9 shows the decomposition of the best-fit spectrum
extracted in the Central region of NGC 6240 (see Figure 5),
with the thermal and photoionization components shown with
red and blue lines, respectively. From this figure it appears
evident that thermal emission is the dominant process near the
double AGN. However, the photoionization component is a
nonnegligible contributor to the total emission, accounting for
~20% of the total intrinsic flux.

We have revisited the radial distribution of the X-ray surface
brightness using our higher-spatial-resolution images (see the
previous work by Nardini et al. 2013 for the full-scale surface
brightness profiles at large radii). Figure 10 shows detailed
radial profiles of the inner 20” region of NGC 6240, extracted
in the azimuthal bins presented in the upper-left panel. The
profiles extracted from the NW cone (containing the Ha loop),
the NE cone (containing the [O1II] outflow), the SE cone
(containing the southern X-ray extension), and the SW cone
(containing the W filament) are presented in the upper-central,
upper-right, lower-left, and lower-central panels, respectively,
while the profile extracted from the full 360° sector is presented
in the lower-right panel. These profiles all have a broken
power-law form, flatter in the interior, and steeper in the outer
regions, with the break occurring between ~1” and ~5".
Depending on the azimuthal bins, we find slopes ~r~ < outside
5" a~5 = 3-4, while within 5" we find a5 = 0.4-0.9.

Radial dependence of the surface brightness of r > would
result from a radial density dependence of r 2, ie., freely
expanding wind (as discussed, e.g., in the case of MS82,
Fabbiano 1988; and NGC 6240, Nardini et al. 2013). Possibly
steeper slopes, as allowed by the surface-brightness fits for
r> 5", may indicate adiabatic cooling of the expanding halo at
the larger radii. We note that adiabatic cooling times for the
thermal components, despite the large uncertainties, are
estimated to be 2—10 Myr, about 5-30 times shorter than the
radiative cooling times of 30-120 Myr, estimated from the flux
and thermal energy content in the different spectral extractions
regions. Therefore, adiabatic cooling is a viable explanation.

The significantly flatter radial dependence of the surface
brightness at smaller radii r < 5” shows that the extended X-ray
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Figure 7. Best-fit spectra for the phenomenological models (power law plus Gaussian lines) for each of the extraction regions presented in Figure 5.

emission in this region is not dominated by a free-flowing
wind, suggesting some confinement of the hot plasma in the
inner region. By balancing the thermal pressure Py, = ng kT/ 11
(where ny is the thermal gas particle density estimated from the
thermal spectral component emission measure, and p is the
mean molecular weight) with the magnetic pressure
Py :Bz/ 8m in this inner region, we find that magnetic
confinement would require equipartition magnetic fields of
the order of ~100 xG. These fields would be ~1-2 orders of
magnitude larger than magnetic fields measured in the large-
scale (~100kpc) X-ray-emitting gas around radio galaxies
(e.g., Croston et al. 2005; Simionescu et al. 2008) but lie within
the range of the magnetic fields measured in the higher-density
~kpc scale outflow of the starburst galaxy M82 (a few 100 uG;
Lopez-Rodriguez et al. 2021), a better analogy to the highly
disturbed merger NGC 6240.

5.2. Photoionized Emission

We find different ionization parameters in different regions
(see Table 2). A mildly photoionized component compatible
with log(U) ~ 0 is found both in the N nuclear region and in
the ES and WS extension regions (see Section 4 and Figure 5).
A more highly ionized component with log(U) ~ 1 1is found in
the NW loop region, while both photoionization components
are found in the S nuclear and in the outer outflow regions. For
a similar nuclear photon flux, these differences suggest a range

of cloud densities in the different regions. This may be the case,
because the absorbing intrinsic hydrogen column densities
estimated with these models are comparable with those
estimated from the phenomenological models, being signifi-
cantly larger in the northern (1.1370}9 x 1022cm~2) and
southern (0.6970:08 x 1022 cm~2) nuclei with respect to the
outer regions, which have 0.397(2 x 10?2 cm~2 in the outflow
ridge. The presence of high-density absorbing clouds in the inner
nuclear regions is also demonstrated by the presence of
fluorescent neutral iron emission (6.4keV line) in the high-
resolution narrowband Chandra images of the circumnuclear
regions and their overall spatial correspondence with molecular
line regions imaged with ALMA (Fabbiano et al. 2020).

To shed additional light on the properties of the photoionized
medium, we have investigated the properties of the [OIII] to
soft X-ray (0.5-2keV) flux ratio, Fom/Fos_o. For a single
photoionized medium, this is expected to have an approxi-
mately power-law dependence on the radius (assuming
constant velocity and mass flux), depending on the radial
density profile (Bianchi et al. 2006). In the case of an
outflowing nuclear wind, this ratio is expected to be constant
(Wang et al. 2011a in NGC 4151).

The upper-left panel of Figure 11 shows the map of
Fiom/Fos». We estimated the [OTI] flux from the HST-
WEFC3 with FQS08N filter image (see Section 5.4) and the
0.5-2keV flux from the observed Chandra count rates

10
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Figure 8. Best-fit spectra for the physical models (thermal gas and photoionization components) for each of the extraction regions presented in Figure 5.
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Figure 9. Decomposition of the best-fit spectrum extracted in the central region of NGC 6240 (see Figure 5). The observed spectrum is shown with black crosses, and
the best-fit model is presented with a black line. The thermal and photoionization components are shown with red and blue lines, respectively.
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Figure 10. (Upper-left panel) Azimuthal bins used for the surface brightness profile extractions, overlaid on the EMC2 reconstructed image of the 1/16 subpixel
Chandra-ACIS merged data of NGC 6240 in the 0.3-3 keV energy band. The surface brightness profiles extracted in the NW cone, NE cone, SE cone, and SW cone
are presented in the upper-central, upper-right, lower-left, and lower-central panels, respectively. In the lower-right panel is presented the profile extracted in the full
360° sector. The vertical dashed line marks the 5” radius separating the inner and outer profile regions (see main text).

assuming an exposure-weighted average conversion factor of
3.265 x 10" ergem ™ (corrected for Galactic absorption).
This map shows that the regions associated with the giant loops
and outflow regions have Fiour/Fos_» in the range ~15-60
(green; see the color scale in Figure 11). These values are
comparable to those reported in Seyfert galaxies (Bianchi et al.
2006) and some of the photoionized clouds of NGC 4151
(Wang et al. 2009, 2011a, 2011b). The region within the central
~2.5kpc (r~ 5") shows lower values of the ratio (~1-8; see
the blue bins in the figure). These lower values are consistent
with those measured in the jet termination regions of NGC
4151, where shock-heated emission is present (Wang et al.
2009, 2011a, 2011b) and would be consistent with the presence
of strong thermal emission in these inner regions of NGC 6240
(Section 5.1).

We have superimposed the same azimuthal bins used for the
surface brightness profile extraction in Figure 10 on the
Fiom/Fos- map in Figure 11. From these regions we have
derived the radial Fjom)/Fos» profiles, also shown in
Figure 11. On these profiles, we also plot the values measured
at the same physical radii for individual clouds of NGC 4151
by Wang et al. (2011a).

These variations of Fio m/Fo.s_2 within NGC 6240 caution
against simple interpretations of the physical state of AGN
emitting regions based only on “average” Fiom/Fos-2
measurements. In the case of NGC 4151, Wang et al.
(2011a) argued that the similarity of the Fjoun/Fos o ratios

12

measured from individual clouds over a range of radii from
~100 pc to ~1kpc demonstrated the presence of a nuclear
wind (excluding the two uncertain measurements and the
clouds interacting with the jet, where the Fio ur/Fo.5_> value is
lower, because of the additional thermal emission). While we
obtain similar values and “flat” [O11]/X-ray profiles within
r~5" in NGC 6240, both the spectral analysis and the X-ray
surface brightness radial profiles in the same regions indicate a
prevalent, confined, thermally emitting hot gas (Section 5.1).
Moreover, significant structures are evident in the 2D
distribution of the Fjo ur/Fos_» ratio (Figure 11).

At radii r > 5", Figure 11 shows that the Fio my/Fo.5_2 ratio
increases almost monotonically as the X-ray flux decreases
(Figure 10), reaching a value of ~100 at a radius of ~20"
(~10kpc). At these large radii, the X-ray emission is
dominated by the thermal emission of an expanding halo
(Section 5.1; Nardini et al. 2013).

The observed Fiou/Fos ratio should then decrease as
Fos, 1is being overestimated, and the photoionized
Fiom/Fos- should be constant (Wang et al. 2009, 2011a),
contrary to our results. The observed increase could be due to
an intervening warm, partially ionized column of gas that
gradually absorbs the AGN photoionizing X-rays while letting
through the UV that excites the [O IIT] emission (Halpern 1984).
Similar ratios were seen in NGC 4151 at the edges of a bicone
where additional absorption is plausible (Wang et al. 2009; see
the two high-value points in Figure 11). Note that this absorber
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Figure 11. (Upper-left panel) Map of the [O 11I] to soft X-ray flux ratio, with the same azimuthal bins used for the surface brightness profile extraction superimposed
(see Figure 10). The map is binned to a pixel size 20 times that of HST-WFC3 with the FQ508N filter image (see Figure 13). The white pixels represent infinite values
of the flux ratio (i.e., zero X-ray flux). The flux ratio profiles extracted in the NW cone, NE cone, SE cone, and SW cone are presented in the upper-central, upper-
right, lower-left, and lower-central panels, respectively. In the lower-right panel is presented the profile extracted in the full 360° sector. The vertical dashed line marks
the 5” radius separating the inner and outer profile regions. The squares represent the ratios measured by Wang et al. (2011a, 2011b) in NGC 4151.

is different from the cold absorber seen in the nuclei. To
produce the observed gradual increase in Fiom/Fos_2, this
absorber must be distributed over the ~5"-20" region. Once
the thermal emission dominates, however, this explanation is
insufficient. A candidate for this putative warm absorbing
medium is the thermally emitting hot gas at kT ~ 1 keV seen in
the region. Its density, evaluated from the emission measure of
the spectral thermal components, is in fact ~0.4 cm 2,
corresponding to a column density of ~3 x 10*' cm™>
integrated radially along the inner 5”, which is in the right
range to absorb ~1 keV X-rays.

5.3. Narrowband Imaging

Our spectral analysis (Section 4) has shown differences in
the emission-line properties from different regions of NGC
6240. Using the spectral data as a guide, we have produced
images to study the finer-scale morphology of the X-ray line
emission using several narrow spectral bands. Given the limited
energy resolution of ACIS (~100 eV) we cannot image the
emission in individual lines, which are often spectrally blended.
However, we can use the integrated spectrum of Figure 6 to
select different emission features for imaging. The bands
chosen for imaging, together with the emission lines that
contribute to the emission, are listed in Table 3, while the
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resulting narrowband images are presented in the various
panels of Figure 12.

Comparison of the images in the different spectral bands
shows that:

(a) The emission features are more prominent at larger radii
(outside the central ~2kpc) for the lower energies
(<0.95 keV). This could be due to both the lower AGN
excitation of the ISM because of the Compton-thick
nuclear obscuration and also an effect of larger line-of-
sight Ny in the dustier central regions, as suggested by
the large ~3 x 10'°M, molecular mass gas estimated in
these regions with ALMA data (Treister et al. 2020).

(b) The outer outflow [OII] region (Miiller-Sanchez et al.
2018) appears to be more smoothly elongated at energies
<0.95keV, where the Ovi, Ovil, and NelIX lines
contribute to the emission, than at higher energies. In
particular, the outflow ridge perpendicular to the outflow
axis is particularly prominent at ~1 keV, and this region is
the principal contributor to the emission at higher energies,
consistent with the spectral results (Section 4, compare the
outer outflow and the outflow ridge spectra). The relatively
strong ridge emission in the 0.95-1.15keV band is
interesting because this is the spectral band to which the
Ne X line contributes. O VII, O VIII, Ne IX, and Ne X line
emission are related to strong shock excitation in nearby
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0.7 - 0.95 keV

0195 - 1.15 keV

1.6 - 1.85 keV

2.2 -2.7 keV

0.0002 0.0008 0.0032 0.0126 0.0502

Figure 12. Narrowband images of the 1/16 pixel merged data (see the main text). The energy band is indicated in each panel. The data were adaptively smoothed with
10 counts under the Gaussian kernel; a range of kernels from 1 to 30 image pixels and 30 iterations were used in all cases. The color scale gives the logarithmic
intensity scale in counts per image pixel, which was set to be the same for each panel, in order to highlight the larger-scale lower-surface-brightness features. N is to
the top and E to the left of each image. The crosses are the peak emission position of the two nuclear sources in the hard-band image (see Figure 3).

Seyfert galaxies (Wang et al. 2010; Paggi et al. 2012;
Fabbiano et al. 2019; Maksym et al. 2019) from interaction
with radio jets. In the case of NGC 6240 we speculate that
this emission may be generated by the interaction of the
fast nuclear wind (~800 km sfl, Feruglio et al
2013a, 2013Db), or star-formation-energized outflow (Wang
et al. 2014) with local dense molecular clouds.

(c) The large NW loop traced by Ha emission (Feruglio et al.
2013a; Miiller-Sanchez et al. 2018) has its X-ray
emission peaking between 0.7 and 1.15keV, dominated
by O VIII and Ne X emission lines. This structure is also

and 1.15 keV, being dominated by O VIII, Fe XX, and Ne X
emission. The physical model suggests, for these two
regions, the presence of a thermal gas component (with
kT ~ 0.8 keV and kT ~ 1 keV for the ES and WS extension,
respectively) with an additional mildly photoionized
component in both regions, possibly related to the activity
of the northern nucleus (Miiller-Sanchez et al. 2018).

The picture that results from these narrowband images is the
following:

1. The northern nucleus is characterized by a mildly

detected at higher energies, with the contribution of
Mg X1, SiXil, and S XV lines, usually associated with
starburst activity (Schurch et al. 2002; Persic &
Rephaeli 2002). The W filament is mainly detected
between 0.7 and 1.15 keV, and it appears dominated by
iron lines (Fe XVIII, Fe XVII, and Fe XX).

(d) The two arms protruding southwards—namely the ES

extension and the WS extension—both peak between 0.7
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photoionized component with log U ~ 0, and the same
component is found in the ES and WS extension,
dominated by O VIII and Ne X lines. These two southern
extensions may delineate the edges of the ionization cone
originating from the northern nucleus, where the nuclear
wind interacts with the local dense ISM. There is no
counterpart to this half-bicone to the N, which is unusual
in CT AGNs (Fabbiano & Elvis 2019).
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Figure 13. The central region of NGC 6240 (see Figure 2) as imaged by HST-WFC3 with the FQS08N filter (left panel), HST-WFC3 with the F673N filter (center
panel), and by Chandra/ACIS-S in the 0.3-3 keV band (right panel). In the right panel, we overlap with the adaptively smoothed Chandra map the contours of the

[O ] and Ha emissions, represented by red and white lines, respectively. The crosses are the peak emission position of the two nuclear sources in the hard-band
image (see Figure 3).

05 =1.15 keV

0.024 0.072 0.12 0.17 0.22 0.016 0.049 0.082 0.11 0.15

L
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.

-
1.4>1.55 keV

L]
1.6 -'2.1 keV

0.015 0.045 0.074 0.1 0.13 0.047 0.14 0.24 0.33 0.42

Figure 14. Narrowband images of the inner ~2 kpc region (see main text). The energy band is indicated in each panel. From top left, these bands approximately
correspond to Ne X, Mg XI, Mg XII, and Si XIII-XIV emission lines. The data were adaptively smoothed with 10 counts under the Gaussian kernel; a range of kernels
from 1 to 30 image pixels and 30 iterations were used in all cases. The color scale is linear in all panels, to emphasize the higher-surface-brightness filaments. The
intensity scales are in counts per image pixel. N is to the top and E to the left of each image. The crosses are the peak emission position of the two nuclear sources in
the hard-band image (see Figure 3).

15



THE ASTROPHYSICAL JOURNAL, 927:166 (20pp), 2022 March 10

Paggi et al.

1.0

= Nnuclear

® Snuclear

4 Central

+ outflowridge
+ outeroutflow
A NESextension
v ESextension
X Wextension
 Wfilament

& NWloop

[SilFe]

0.0

® SNe la

® SNe la
e SNel ll

Q | e |
~ | ® Nnuclear ~ | ® Nnuclear
® Snuclear ® Snuclear
o | » Central 4 Central
o 7| ¢ outflowridge + outflowridge
+ outeroutflow + outeroutflow
o A NESextension L | A NESextension
sy ESextension O | v ESextension
) X Wextension oy X Wextension
L | & Wiilament e ® Wfilament
go' - ® NWloop (/EJ = NWloop
= | —_
o
2] S
I
o) °
~ b e SNe la
"le e SNell 0 °
C|> 1 T T
-3 2 0 1 -3 -2

[Ne/Fe]

1

[Ne/Fe]

-0.5

® SNell
05 10

0 1

-15 -10 -05 00
[Mg/Fe]

Figure 15. Ratios of the abundances of the « elements to the iron abundance evaluated from the spectral fitting in the extraction regions presented in Figure 5 (black
symbols). White circles represent the results from Nardini et al. (2013), with upper limits indicated with arrows. The expected yields from SNe Ia and SNe II are

presented with red and blue circles, respectively (Baldi et al. 2006b).

2. The southern nucleus shows an additional photoioniza-
tion component with log(U) ~ 1 that is also found in the
outer outflow region and in the outflow ridge, with these
regions being dominated by O VII, O VIII, NeIX, and
Ne X line emission, which are associated with strong
shock excitation. This suggests a photoionized outflow
from the southern nucleus, where the fast, outflowing
nuclear wind (Feruglio et al. 2013a, 2013b; Wang et al.
2014) is pushing out preexisting ISM clouds and giving
rise to shock ionization in denser regions. As for the
northern nucleus, there is no corresponding W cone.

3. The Ho NW loop emission is also modeled with a
log(U) ~ 1 photoionization component; however, the
strong Mg XI, Si XII, and S XV lines detected here suggest
that starburst activity is dominant in this region.

5.4. Inner 2 kpc Emission

Figure 13 shows the ~2 kpc central region of NGC 6240 as
imaged by HST-WFC3 with the FQ508N filter (left panel),
HST-WFC3 with the F673N filter (center panel), and by
Chandra/ACIS-S in the 0.3-3 keV band (right panel; see also
Figure 4 for a more detailed representation of the 0.3-3 keV
ACIS data in the inner region). The regions around the two
nuclei show a close resemblance of the morphology of the
optical line emission to the overall soft X-ray emission,
including the arc to the S and SW of the southern nucleus.
While these morphological similarities may suggest a similar
emission mechanism, there are subtle differences in both the
optical and X-ray emission that support a more complex
picture.

Figure 14 shows a different morphology of the X-ray
emission as a function of energy. The northern nucleus
becomes visible at higher X-ray energies with respect to the
southern one (see also Figure 5 in Nardini 2017), consistent
with the higher absorbing column estimated for the former (see
Section 5.1). Circumnuclear emission for the northern nucleus
appears at energies >1.6 keV, while for the southern nucleus,
this is already visible above 0.95keV. The X-ray and Ha
region to the SE does not have a comparably strong [O III],
suggesting a star formation origin. There is an X-ray arc ~1”
south of the southern AGN that appears different at different
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energies, suggesting either local differences in cloud densities
or different local conditions of interstellar shocks. The arc may
also result from the counterpart to the outflow in the northeast
that, instead of escaping to large radii, interacts with molecular
clouds in the region, preventing a large-scale bicone from
forming on this side. There is no similar feature corresponding
to the counterpart of the northern nucleus outflow that
complements the ES+WS outflow to the north. This could be
because of obscuration from the galactic disk (see Figure 1 of
Miiller-Sanchez et al. 2018).

5.5. Metal Enrichment of the Hot ISM

Chandra-ACIS spectra of galaxies have been used to
constrain the metal abundances in the hot ISM. In particular,
in merging and interacting galaxies, the metal abundance of «
elements (O, Ne, Mg, Si) has been found to exceed the solar
values, with ratios relative to Fe typical of the yield of SN II
(see the Antennae, Baldi et al. 2006a, 2006b; NGC 4490,
Richings et al. 2010). These results are consistent with active
star formation occurring in these galaxies, leading to the fast
evolution of the most massive stars and the consequent SN II
explosions. The extended halo of NGC 6240 was found to be
enriched in « elements (Nardini et al. 2013), leading to a
picture of «-element-enriched winds propagating from the
internal active region to the surrounding gaseous halo of this
system.

In this paper we studied the region where star formation
activity is currently occurring as the result of the merging
interaction. Table 2 shows that the iron abundance of the
thermal components is found to be about solar in the nuclear
regions, while it is lower in the NES extension, WS extension,
and NW Loop regions (~0.3 solar) and especially so in the
outflow ridge, outer outflow, ES extension, and W filament
regions (~0.1 solar), consistent with the values reported by
Nardini et al. (2013). The ratios of the abundance of « elements
to iron are found to be =2 in all the regions considered in the
present analysis. In Figure 15, we plot these ratios and compare
them with values obtained by Nardini et al. (2013), which
appear to be consistent. We also compare our results with the
expected yields by SNe Ia and SNe II (Baldi et al. 2006b and
reference therein). This figure shows that the ratios are
consistent with SN II—and strongly inconsistent with SN Ia
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ACIS 0.3 - 3.0 keV
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Figure 16. Sketch of the extended X-ray emission observed in NGC 6240. The red dashed lines indicate the edges of the ionization cone connected to the northern
nucleus, the yellow dashed lines indicate the edges of the ionization cone linked to the southern nucleus (possibly extending to the west), and the dashed magenta lines

indicate the starburst-driven winds yielding the NW Ha loop.

—yields for all the regions we have studied spectrally in NGC
6240, in agreement with the results of Nardini et al. (2013) for
the outer halo.

6. Summary and Conclusions

We have presented a detailed spectral and imaging analysis
of the central 15” (~7.5 kpc) radius region of the double-AGN
merger galaxy NGC 6240 using the complete available
Chandra-ACIS data set. This consists of two imaging and
two grating observations with combined effective ACIS-S
imaging exposures of ~190ks at 0.3-3keV, ~210ks at
3-6keV, and ~360ks at higher energies. To exploit the
superior Chandra-ACIS spatial resolution, we have made use of
subpixel binning up to 1/16 of the native 0”492 pixel size and
PSF-based image restoration techniques to separate the
emission coming from the different structures observed in
both the X-ray and optical bands. Besides the two highly
obscured AGNs (Komossa et al. 2003), the highly disturbed
central region of NGC 6240 shows different extended X-ray
structures (see Figure 2) with counterparts imaged in CO,
[O 1], and Ha line emission (Feruglio et al. 2013a, 2013b;
Miiller-Sanchez et al. 2018). The ACIS resolution has been
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used to characterize the emission mechanisms in different
spatial regions (Figures 5, 7, 8) and to image NGC 6240 in
different energy bands (Figure 12).

The main results of our analysis of this
emission are:

extended

1. The spectra extracted from the two nuclear regions
(r < 3) are significantly harder and have larger absorption
with respect to the spectra from the outer regions. The
emission from the nuclear regions is dominated by Ne X
and Fe XVII lines and at higher energies by Mg XI, Si XIII,
and S XV, indicating contribution to the X-ray emission in
the circumnuclear region from starburst-driven winds
(Feruglio et al. 2013b; Wang et al. 2014). The spectral
analysis reveals a hot gas component with k7 ~ 2.3 keV
and a mildly photoionized phase with log(U) ~ 0 in the
northern nucleus, while in the southern nucleus we find a
thermal gas with kT ~ 1.9keV and two photoionization
components with log(U) ~ —1 and log(U) ~ 1.4. The
thermal gas has a mean density of ~0.4 cm . Consistent
with the higher absorbing column estimated for the
northern nucleus, its circumnuclear emission is detected
at energies >1.6 keV, while for the southern nucleus this
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emission is already visible above 0.95keV, extending
toward the WS extension.

2. The surface brightness profiles extracted in different
directions show a broken power-law shape, flatter on the
interior, and steeper in the outer regions. This suggests
the presence of a freely expanding wind in the outer
regions and some form of hot plasma confinement in the
inner region, within ~2.5 kpc (r < 5”). If the confinement
is magnetic, magnetic fields of ~100 4G would be
required, similar to those measured in the outflow of M82
(Lopez-Rodriguez et al. 2021).

3. The [O 1] to soft X-ray flux ratio profiles are compatible
with the values measured for NGC 4151 at small radii,
while for r > 5" the decreasing X-ray flux yields values of
this ratio of ~100. The thermal gas at kT~ 1 keV at large
radii may absorb soft X-rays from the AGN but not the
extreme ultraviolet radiation leading to a rapid increase in
Fio m/Fos.2 beyond ~2.5 kpc, where Ny ~ 3 x 10> cm ™2
radially.

4. The outer outflow [OII] region and the outflow ridge
perpendicular to the outflow axis are more prominent
below 1.15keV and are dominated by O VII, O VIII,
NeIX, and Ne X emission lines, as observed in nearby
Seyfert galaxies, and are related to shock excitation.
Spectral analysis indicates in these regions the presence
of a ~1 keV thermal gas, together with two photoionized
components with log U ~ 0 and log U ~ 2. The arc in the
SW (Figure 14) could be connected with the other side of
the bicone.

5. The X-ray emission from the NW loop Ha region peaks
between 0.7 and 1.15 keV, but it is also detected at higher
energies, showing Mg XI, SiXIIl, and S XV lines, which
are usually associated with starburst activity. The
spectrum from this region is best fitted by a two-
temperature, ~0.8 and ~1.8keV, thermal gas, with an
additional highly photoionized phase with log(U) ~ 1.3.

6. The ES extension and the WS extension regions are
dominated by O VIII, Fe XX, and Ne X emission. The
spectral analysis indicates the presence of a thermal gas
component with k7 ~ 1 keV and a mildly photoionized
component with log(U) ~ 0, possibly connected with the
same component observed in the northern nucleus. If this
feature is the southern side of a biconical outflow from
the northern CT AGN, the northern side could be
obscured by the dusty galactic disk (see Miiller-Sdnchez
et al. 2018).

7. The iron abundance of thermal components is found to be
about solar in the nuclear regions and subsolar in the
outer regions. The ratio of o elements over Fe
abundances are compatible with SN II yields but not
with SN Ia yields, confirming the importance of active
star formation in NGC 6240 and giving a direct view of
the enrichment of the ISM in the NGC 6240 system.

The emission from NGC 6240 is complex, and different
physical processes are at work in this source. The results of this
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analysis confirm the significant contribution of starburst-driven
winds to the X-ray emission observed in this source, in
particular in the central region and in the NW Ha loop. The
[O ] outer outflow and the outflow ridge regions are likely
due to both photoionization and shock excitation, connected
with the southern nucleus activity, while the southern
protrusions may indicate the edges of an ionization cone
connected with the northern nucleus activity.

Figure 16 sums up our interpretation of the extended X-ray
emission observed in NGC 6240, with the red dashed lines
delineating the edges of the ionization cone emerging from the
northern nucleus, the yellow dashed lines indicating the edges
of the ionization cone linked to the southern nucleus (with a
putative, weak counter-cone extending to the west), and the
dashed magenta lines marking the starburst-driven winds
extending in the NW Ha loop.

As the nearest double-AGN merging galaxy system, NGC
6240 is a unique source that provides a complex mix of
different physical processes that can be used to study the
galaxy-black hole evolution and interaction.
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Appendix
Spectral Fits for Physical Models

In this appendix we present the full set of physical models—
that is, comprising thermal and photoionization components—
used to fit the spectra extracted in the regions presented in
Figure 5. All the models considered here are listed in Table 4.
The models that we selected as best fits on the basis of fit
statistics and residual distribution are indicated in boldface.
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Table 4
Full List of the Best-fit Results of the Spectra Extracted in the Regions Presented in Figure 5 for the Physical Models Comprising the Thermal and Photoionization Components (see
Section 4)
N Nuclear S Nuclear Central
ETi(keV) | 0.87701 2.327538 0.6970% | 1.64795  0.98+08 1567008 1.88Fg57 | 1.547008  1.08703) 145700 118THI0 1317088
kTy(keV') 6.481159 >2.14 < 1.00
Fe 0.0750:02 1.2215% 18 0.105001 2897330 0455015 1.0* 0.085001 0145042 022700 0.235005  0.637032
a/Fe 5.951138 3511172 <040 | 965779 2157932 3174076 2577980 | 11227792 6.661520 5.067158 476723 24514
T +0.03 +0.05 n+0.12 +0.07 +0.10 +0.98 +0.09 +0.18 +0.49 +0.21
log (Un) 0.007575 0.007579 —0.06%07 —0.16"05 —0.08T57, —0.957 507 —0.197595 —0.017¢' 19 —0‘1570:50 —0.18T75
log (N#1) 22.3* 22.4* 2229704 20005082 225° 2210709 19.8* 22.5* 22567092 19.2¢
og (Usa . . NUgret 437" 67750 i)
log (U 2.0* 2.0* L7709 1.43%053 L6700 1.5%
log (Nra) 20.9* 20.9* 19.0* 20.1* 20401933 22.3*
N, 22 =2 +0.04 +0.05 +0.10 1 q+0.20 +0.03 5+0.19 +0.09 o+0.04 +0.16 +0.04 2 1+0.09 +0.05 +0.05 +q+0.06 4+0.08
Ny (102 em™2) | 0115008 1197092 1137000 1.687020 | 0.607008 0724045 1157002 0.725004  0.6970:05 | 0.59100%  0.64700) 1107007 0.681007  0.687008  1.0410%
¥ (dof) 0.85(81) 1.01(82) 1.04(79) 0.96(78) | 1.18(124) 0.81(122) 0.78(123) 0.79(122) 0.74(120) | 0.84(112) 0.72(110) 0.71(111) 0.70(110) 0.69(107)  0.69(109)
Outflow Ridge Outer Outflow NES Extension
KTy(keV) | 0.99%GE5 0867002 LO2HGEE 0867008 0887008 | 0857055 0770377 0817051 0.61°03}  0.80T%1 0677053 | 178705 0.84707Y 1557075 0.88%517 0.727055
KTy(keV) 156793 1407032 L1670 L03%058 1147078 215705 20708
Fe 0.067553 0.157)52 0.1079%9  0.177923 0.11tg;g§ 0.12799 o.zno-gg 0.1679%% 0377932 0.21%507  0.3579% o.ogtg-wgg‘ 0'33f83§3 0.297930 0.67752
afFe 9.91460 561718 501109 6567552 | 4984070 3.84%071 4497080 4.027085  2.99+0:89 | 10.8775T2  2.457382 2.98+3%% 0.557939
log (U1) L1700 0.1 0.08703% L9* —145M04 _0.507078 0.6 0155048 —0.2% 0.5
log (Ny1) 19.5* 20.37* 21.7* 19.7 19.0* 22.2* 22.2* 19.9* 225 204*
log (Us) 2.0* 2.0 1.9* 1.2%* 17" 1.9*
log (Np2) 21.41553 19.0* 19.7* 22.9%* 20.6* 21.2*
Np (102 em=2) [ 0315001 0.317°907  0.327°902  0.397008  0.3970%7 0.387002 | 0.0850:02 0.06003 0.07°902 01679008 0.09%0:08 0107005 | 0397007 0.68%p3h 0987090 0524008 0.62f0% 1.047018
\* (do.f) 0.76(69)  0.70(67)  0.99(69)  0.74(66)  0.70(66) 0.71(66) | 0.73(74) 0.67(72) 0.69(73)  0.66(70)  0.68(71)  0.66(70) | 0.82(58) 0.72(56) 0.76(59)  0.74(56) 0.73(55) 0.68(56)
ES Extension ‘WS Extension ‘W Filament NW Loop
KTy(keV) | 0877908 0847007 08170 00270% 0.947007 0.86200; 1.047028 0857007 1027000 |0.757005 0.7 00 078709 0527000 076709 054707 [ 0957008 0.827002 1L 0827000 12701 00730
ETa(keV) > 087 i 149138 09704 z 1.82402%
Fe 0074002 0125003 018708 01670 0.077002 023708 > 084 016723 [0.10534 0 0225035 oortg 021t 026°01 0.34%028 0357091
afFe 580112 3.891031 T b 5035555 2.2 2.891050 1497040 307708 | 4257158 3.00705 1 9527347 5531020 576717 48202 10072
log (1) 1094097 —0.50102 3 LO6*0%  0.2670% 145701 —2.00103 00708 03 000799 0331931 1250032 o
log (Ny1) 19.7° 22.9% 198 2020003 19.9° 21.0° 20027031 2068795 20.201030 2057 22.1% 20.70%
g (U2) 20 20 75012 S0 i g
l(:z((\l',ji) ;‘zur 19.4* 21 z,;”*‘(,‘ i ) ;x‘» :'” ' 19 u”"”’ 210 :z*”:}”;:*, “w‘«j 7”~”’ 20501057
Ny (102 em?) [0.027005 0027005 0.18¥G58  0a7IRE 020745 0187 [0A7°0E 013700 018ThE 0.40%GGE 03T 0195008 0.0 041fGh] 02970f 03270 0.2 01350 [ 034700 0357005 05TRRL 051705 0.34%05 046TRE  041tfl
\'2 (d.o.f.) 0.85(83)  0.99(84) 0.65(81) 0.65(79) 0.65(79) 0.64(76) | 0.93(84) 0.67(82) 0.73(84) 0.76(81)  0.58(80)  0.79(80) 0.73(45) 0.63(43)  1.12(44) 0.68(42)  0.60(42)  0.57(41)  0.55(41) | 0.94(102) 0.76(100) 1.11(100) 0.81(100) 0.72(98) 0.73(97) 0.72(96)

Note. Only models with a reduced x* < 1.2 are shown. For each region, we present the temperature of the first (k7)) and second (k7’) thermal components, the iron abundance (Fe),
and the abundance ratio of « elements to iron (a/Fe), both linked between the two thermal components, the ionization parameter of the first (U,) and second (Us) ionization
components, the hydrogen column density of the first (Vy;) and second (V) ionization components, an additional intrinsic hydrogen column density (Ny), and the reduced X2
(with degrees of freedom indicated in parentheses). Parameters marked with an asterisk (*) could not be constrained and were frozen to their best-fit values. Parameters with two
asterisks (**) indicate a parameter frozen to its best-fit value and whose component normalization is only constrained with an upper limit. In boldface we indicate the best-fit models,
selected on the basis of fit statistics and residual distribution.
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