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ABSTRACT

We present a multi-line study of the kinematics of the molecular and ionised gas phases in the central ~2 kpc of the luminous infrared
galaxy and dual active galactic nucleus (AGN) NGC 6240, based on archival JWST/NIRSpec and ALMA observations. Since a
primary goal of our analysis is to study outflows, we devised a new spectral-line fitting approach to de-blend rotating and non-
rotating gas components in the observed near-infrared (NIR) emission lines. Our method is more physically motivated than previous
approaches and better tailored to the extreme feedback mechanisms at work in NGC 6240. We find that ~65% of the Pac, H,, and
[Fell] line fluxes within the NIRSpec field of view arise from gas components that are kinematically decoupled from the stars. In
particular, the NIR H, lines show the most deviation from the stars, with peak emission between the two rotating stellar structures.
The polycyclic aromatic hydrocarbon (PAH) emission feature at 3.3 um does not follow the NIR H, morphology, indicating that the
latter does not trace photon-dominated regions. In the non-rotating gas components, we identified a bi-conical wind that launched
from the northern AGN, expanding along the minor axis of stellar rotation. This wind is dominated by ionised gas and, although it
entrains some H, gas, it does not show a H,/PAH enhancement, suggesting either high UV irradiation or expansion along a relatively
gas-free path. Furthermore, we find bright non-rotating gas emission between the two AGNs and around the southern AGN, which
we interpret as due to an outflow that launched from the southern nucleus, coinciding with the massive molecular outflow previously
studied in cold (sub-)millimetre tracers. The strong H,/PAH enhancement measured in this region, coextensive with high velocity
redshifted gas (v ~ 900km s™"), suggests that the shocks responsible for the high H,/PAH ratios are due to the outflow rather than to
the collision of media during the merger. Our results show that most of the NIR line emission in NGC 6240 is decoupled from the
stars, and that most of the warm H, is shock-excited and embedded in a powerful outflow, where it coexists with colder molecular gas.

Key words. galaxies: active — galaxies: evolution — galaxies: interactions — galaxies: individual: NGC 6240 —
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1. Introduction

Major mergers play an important role in galaxy evolution by
providing fuel for starbursts and accreting supermassive black
holes (SMBHs) (Mihos & Hernquist 1996). Quasar activity and
the creation of elliptical galaxies are also believed to be caused
by mergers (Engel et al. 2010). In the local Universe (z <
0.2), ultra-luminous infrared galaxies (ULIRGs), defined by
their high infrared (IR) luminosity Lirg-i000umy > 10 Lo
(Sanders & Mirabel 1996), correspond to gas- and dust-rich
major galaxy mergers (Lonsdale et al. 2006). The combination
of a starburst and/or an active galactic nucleus (AGN) in a dust-
enshrouded environment is thought to be responsible for their IR
luminosity (Sanders et al. 1988; Veilleux et al. 2009). Studying
the local ULIRG population is crucial to gain insights into such a
short-lived, but potentially disruptive, phase of galaxy evolution.

* Corresponding author: claudia.cicone@astro.uio.no

During this phase, galaxies experience intense merger-driven
starburst and quasar activity and, consequentially, their interstel-
lar medium (ISM) is subject to strong radiative and mechan-
ical feedback mechanisms (Pérez-Torres et al. 2021; U 2022).
A clear manifestation of such feedback is galactic-scale (e.g.
kiloparsec-scale) outflows. Indeed, the energy released by AGNs
and starbursts drives massive outflows, which can reduce the star
formation rate (SFR) and accretion onto the central SMBH. In
ULIRGsS, outflows are powerful, multi-phase, and dominated in
mass by cold molecular gas (Sturm et al. 2011; Aalto et al. 2012;
Spoon et al. 2013; Veilleux et al. 2013; Cicone et al. 2014, 2020;
Veilleux et al. 2020; Fluetsch et al. 2021). Massive molecular
outflows have an incidence of >70% in ULIRGs (Veilleux et al.
2013; Lamperti et al. 2022).

It is generally accepted that mergers of two massive galax-
ies lead to the formation of systems of SMBH pairs, initially
at kiloparsec and sub-kiloparsec separations (dual SMBHs)
and, as the galaxies coalesce, reaching down to parsec and
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sub-parsec separations (binary SMBHs) (Begelman et al. 1980;
Merritt & Milosavljevi¢ 2005). Through the accretion of the
surrounding gas, one or both SMBHs may shine as AGNs
(Dotti et al. 2007), and thus be detectable via their electro-
magnetic signals. When both SMBHs in a pair are simulta-
neously active, we refer to the system as a dual or binary
AGN, depending on the physical separation of the pair mem-
bers (De Rosa et al. 2019; Rubinur et al. 2019). The search for
dual and binary AGNs has recently gained more consideration,
driven by the potential of current and future gravitational wave
(GW) experiments (Colpi et al. 2024; EPTA Collaboration et al.
2023) of detecting signals emitted by these systems. Being the
recent product of major mergers, local ULIRGs are expected
to harbour dual SMBHs. However, confirming their presence
can be particularly difficult due to several factors: the higher
nuclear dust obscuration of these sources (Ricci et al. 2021), the
expected low percentage of simultaneously accreting SMBHs
detectable as dual AGNs (Van Wassenhove et al. 2012), and the
scarcity of multi-wavelength data coverage with sufficient angu-
lar resolution to distinguish the pair members and confirm the
AGN nature. As a result, only a few ULIRGs host confirmed
dual AGNs, and the target of our study, NGC 6240, is the best-
studied case.

NGC 6240 results from the collision of two gas-rich galax-
ies of a similar mass (Fosbury & Wall 1979). The merger
geometry tends towards coplanar and prograde, and the source
is captured between first encounter and coalescence stage
(Engel et al. 2010). Although formally classified as a LIRG with
LIR(S—]OOOWTI) = 1011'7 L@ (L1u et al. 2021), NGC 6240 is often
considered a bona fide ULIRG (Genzel et al. 1998). It hosts two
confirmed AGNs with a projected separation between 1.5” and
1.8” (800-900 pc) at X-ray (Komossa et al. 2003; Nardini et al.
2013) and radio wavelengths (Hagiwara et al. 2011). The two
AGNSs reside at the centres of two stellar rotating structures,
identified by several authors (Engel et al. 2010; Ilha et al. 2016;
Kollatschny et al. 2020), and most recently by Ceci et al. (2025)
using the same JWST data used in this work. The sub-
millimetre/millimetre (hereafter, (sub-)mm) continuum, tracing
thermal cold dust emission, shows two distinct peaks near the
AGN positions (Treister et al. 2020; Scoville et al. 2015).

The morphology and kinematics of the molecular gas in
NGC 6240 are puzzling, and, to a large extent, inconsistent with
expectations from current hydrodynamical simulations of galaxy
mergers. Indeed, unlike ionised gas tracers, none of the molecu-
lar emission lines explored so far, such as CO, [CI], HCN, CS,
HCO™ transitions at (sub-)mm wavelengths (Tacconi et al. 1999;
Iono et al. 2007; Scoville et al. 2015; Feruglio et al. 2013a;
Cicone et al. 2018), and near-IR (NIR) H, ro-vibrational lines
(Herbst et al. 1990; van der Werf et al. 1993), present two dis-
tinct surface brightness peaks, as it would be expected if the
H, gas followed the dust and stellar distributions. Instead, all
H, tracers in NGC 6240 hint at a high concentration of gas in
the internuclear region between the two AGNs. This structure
is elongated towards the south, almost reaching the southern
AGN in the (sub-)mm lines, with a clear peak near the south-
ern AGN in the NIR H,(1-0) S(1) line (Max et al. 2005). This
line is exceptionally bright in NGC 6240 (Goldader et al. 1995).
Max et al. (2005) suggested the central molecular gas structure
of NGC 6240 to be a bridge connecting the two nuclei, possi-
bly tracing gas flowing from one nucleus to another (see also
Treister et al. 2020). Tacconi et al. (1999) interpreted the bright
CO-emitting nuclear reservoir as a rotating and highly turbulent
molecular gas disc, but this hypothesis is inconsistent with the
presence of two stellar discs around the nuclei and has been ruled
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out by high-resolution data (Treister et al. 2020; Johnstone et al.
2025).

The molecular gas properties of NGC 6240 must be anal-
ysed within the framework of the powerful and disruptive feed-
back processes at work in this source. Ionised gas outflows
are a clear manifestation of such feedback, and include bi-
conical or conical winds, bubbles, (Miiller-Sanchez et al. 2018;
Ceci et al. 2025; Hermosa Mufioz et al. 2025), and a super-
wind expanding into the circumgalactic medium detected in Ha
(Heckman et al. 1990; Armus et al. 1990; Gerssen et al. 2004;
Veilleux et al. 2003; Yoshida et al. 2016), and soft X-ray emis-
sion (Nardini et al. 2013). In addition, NGC 6240 hosts a mas-
sive outflow of molecular gas. The latter was first suggested
by high-velocity components of the H, 1-0 S(1) emission line
(van der Werf et al. 1993; Ohyama et al. 2000, 2003), and then
unambiguously confirmed through highly blue-shifted (vp.x =
—1200kms~') OH absorption (Veilleux et al. 2013) and high
sensitivity, wide bandwidth CO line observations (Feruglio et al.
2013a,b). Its properties are extreme even compared to other mas-
sive molecular outflows detected in local ULIRGs: it extends
by more than 10 kpc along the east-western direction, it entrains
>10'9M, of H, gas, i.e. ~60% of the cold molecular gas reser-
voir of the system, and it dominates the cold gas kinematics in
the central 1-2 kpc (Cicone et al. 2018).

Here we present a new analysis of the morphology and
kinematics of molecular and ionised gas tracers in NGC 6240,
primarily based on public archival JWST NIRSpec observa-
tions recently presented by Ceci et al. (2025) and supplemented
with ALMA data from Cicone et al. (2018) and from the pub-
lic archive. Differently from Ceci et al. (2025), we do not rely
on an arbitrary decomposition of narrow and broad spectral line
components to identify outflow features. We devise a more phys-
ically motivated approach that exploits the kinematic parame-
ters derived from the stellar fit to disentangle disc and non-disc
components in the gas tracers. As we discuss in the paper, this
method allows us to discover significant additional H, compo-
nents entrained in the outflow and to recognise a striking overlap
between the cold and warm phase of the massive molecular out-
flow in NGC 6240, providing further clues to its origin.

Throughout this paper, the cosmology is the standard ACDM
model with Hy = 67.8kms™! Mpc", Qn = 0.308, and Q) =
0.692. At the distance of NGC 6240 with redshift z = 0.02448
and luminosity distance D; = 110.3 Mpc, the physical scale is
0.509 kpc arcsec ™.

2. Data
2.1. Archival JWST NIRSpec observations

Our analysis relies on the NIR integral field unit (IFU) obser-
vations of the nuclear region of NGC 6240, collected with the
JWST/NIRSpec instrument as part of the Guaranteed Time
Observations (GTO) program 1265 (PI: A. Alonso-Herrero), on
July 17, 2023. The data reduction was done using the JWST
pipeline v1.14.0 with CRDS context 1242. The point-spread
function (PSF) of NIRSpec is 0.08” (Jakobsen et al. 2022). We
gathered the combined science (stage 3) data products from the
MAST web portal'.

Three high-resolution (R ~ 2700) grating/filter configu-
rations were used: G140H/F100LP covering the wavelength
range 0.97-1.89 um, G235H/F170LP covering 1.66-3.17 um,
and G395/F290LP covering 2.87-5.27 um. We refer to these

! https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
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Fig. 1. RGB composite map of NGC 6240 obtained with JWST NIR-
Spec, tracing the emission at ~1.6 um (blue), 2.9 um (green), and 4.6 um
(red). Four representative apertures with 0.3” radius are shown on the
map: the VLBI positions (Hagiwara et al. 2011) of the two known
AGNs (N and S) at RA = 16"52™m58°.9241, Dec = 02°24'04".776,
and RA = 16"52™58°.8902, Dec = 02°24'03”.350 respectively; a cen-
tral position between the nuclei (C), at RA = 16"52m58°.907,
Dec = 02°24’4”7.063, and an offset point to the east (OE), at
RA = 16"52m58°.978, Dec = 02°24/3”.859. The physical scale of the
map (500 pc) is indicated by the white line.

58.8°

configurations as the 1.0pum band, 1.7um band, and 2.9 um
band, respectively. Each band has an effective integration time of
219 seconds. In Fig. 1, we show a composite image of the NIR-
Spec field-of-view (FoV) (5.1” x 4.5”, i.e. 2.5kpc x 2.3 kpc),
where the red, green, and blue channels correspond to wave-
lengths around 1.6, 2.9, and 4.6 um, respectively. The spaxel
size is 0.1” x 0.1”. Four apertures with 0.3” radius are shown,
covering the northern (N) and southern (S) nuclei (hereafter, N
AGN and S AGN), a region offset to the east of the two nuclei
(OE), and a central (C) region between them. The two AGNs are
marked using the Very-Long-Baseline Interferometry (VLBI)
positions from Hagiwara et al. (2011).

We performed an astrometric corrections to all three bands,
following Ceci et al. (2025), who analysed the same data. We
assumed that the 4.5 um continuum peak coincides with the S
AGN, the brighter one. The correction offsets applied to the data
were 0RA = —0.22"” and 6Dec = 0.17”. After the correction,
both nuclei are consistent with the VLBI AGN positions.

As a result of the under-sampling of the PSF, NIRSpec IFU
single-spaxel spectra close to bright point sources often display
sinusoidal artefacts commonly referred to as wiggles. Although
more pronounced in data cubes with spaxel size of 0.05”, these
artefacts also partially affect our data. More specifically, we
detected wiggles over an approximately circular area centred
on the S AGN with r ~ 0.2”-0.3" (see top-right panel of
Fig. A.1), but not in other portions of the FoV. We tested the pos-
sible impact of the wiggles on the results of our spectral fitting
procedure (described in Sect. 3.3) in the most severely affected
spaxel at the S AGN position, and found no statistically signifi-
cant effect. We also repeated the whole analysis by masking the
15 spaxels that are affected by wiggles, which are all around
the S AGN. The resulting line fits and flux maps remained
unchanged within the uncertainties, and did not affect any of the
conclusions presented in this work. We note that all wiggle cor-

rection techniques in use in the literature (e.g. Perna et al. 2023)
rely on modelling the wiggles from the same scientific dataset
under study. Such an empirical approach may not deliver perfect
results (see Ceci et al. 2025). It is especially risky in our case,
where extended emission from gas and stars overlaps with the
point sources; thus, the only point-source spectrum available in
our dataset near the S AGN, which should be used to model the
wiggles, displays line wings of physical origin, due to known
widespread outflows, as well as stellar absorption lines. For all
these reasons, we decided not to perform a wiggle correction on
our data.

2.2. Archival ALMA observations
2.2.1. Band 7 (870 um) continuum data

We used the high-resolution data available in the ALMA
archive as part of project ID 2013.1.00813.S (PI: Rangwala).
In particular, we used the ALMA Science data model (Asdm)
uid://A002/Xa8df68/X101b. The calibrated measurement set
(MS) was kindly provided upon request by the ALMA European
ALMA Regional Center. The observations were taken with 41
antennas of the ALMA 12m array on 27 August, 2015, with a
precipitable water vapour (PWV) of 0.813 mm. The total observ-
ing time was 28 minutes, and the on-source time on NGC 6240
was a little over 3 minutes. The following sources were used as
calibrators: J1733-1304 (Bandpass), Ceres (Amplitude, Flux),
J651+0129 (Phase), J1649+0412 (Delay).

From this dataset, we produced a map of the 870 um dust
continuum in the nuclear region of NGC 6240, with an angular
resolution comparable to that of JWST NIRSpec. The (sub-)mm
spectrum of NGC 6240 is chemically rich, and most species are
bright and so detectable by ALMA even with short exposures.
Moreover, due to the massive molecular outflow (see Sect. 1),
most molecular transitions in this source show broad wings,
so one has to worry about line contamination even in spec-
tral channels that are distant from the central frequency of a
line. We thus imaged and visually inspected each spectral win-
dow to select the line-free channels for continuum imaging.
Besides the obvious contamination from the broad CO(3-2) line
(at vobs = 337.5 GHz) that occupies most of spw 2 and part of
spw 3 of this dataset, we found a possible signature of contami-
nation from other species such as HCO*(4-3) and SiO(8-7). We
finally conservatively selected the line-free channels using the
CASA task split,i.e.: vops € (349.5,350.4) GHz in spw 0, vops €
(350.3,351.9) GHz in spw 1, and vops € (339.5,340.2) GHz in
spw 3. We then imaged the corresponding uv visibilities using
the task tclean with specmode = mfs, using a hogbom decon-
volver, with briggs weighting (robust = 0.5). We used a clean-
ing mask centred at RA = 16h52m58.91s, Dec = 02d24m03.89s
with a radius of 1.3 ”. The cell size is 0.05”. The resulting map
has a synthesised beam of 0.315” x 0.14” (PA = —65.7 deg).
We applied a primary beam correction using the impbcor task.
The final sensitivity of the map is 0.3 mJy/beam (100 RMS). We
note that the same data were used by Fyhrie et al. (2021) and
their Band 7 continuum map is consistent with the one produced
by us.

2.2.2. Band 8 [CI]’P; -3 P, line data

The ALMA Band 8 data from project ID 2015.1.00717
(PI: Cicone) enable us to compare the morphology of the cold
molecular outflow as imaged using the atomic carbon [CIPP, -3
Py line (hereafter, [CI](1-0)) with that of the warm molecular
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hydrogen observed by JWST. We used the same ALMA maps
as shown in Cicone et al. (2018) (panels ¢ and d of Figure 1 in
that paper), which were obtained by integrating the [CI](1-0) line
emission respectively between (=650, —200) kms~! (blue wing)
and (250, 800) kms~! (red wing). We refer to that paper for tech-
nical details about these observations as well as the analysis that
led to the computation of the molecular outflow properties. The
synthesised beam of the ALMA [CI](1-0) maps is 0.29” x 0.24"”
(PA = 113.2 deg).

2.2.3. Band 3 CO(1-0) line data

To strengthen our comparison between the cold phase of the
molecular gas and the warm phase traced by the NIR H, lines,
we also used the ALMA Band 3 CO(1-0) line data from project
ID 2015.1.00003.S (PI: Saito). The calibrated MS was provided
by the ALMA European ALMA Regional Center. The Asdm
isuid://A002/Xb68dbd/X72£9. The observations were taken
with 37 antennas of the 12 m ALMA array on 16 Aug. 2016 with
excellent weather conditions for Band 3 (PWYV = 0.57 mm). The
total observing time was 28 minutes, and the on-source time on
NGC 6240 was 10 minutes. The following sources were used as
calibrators: J1550+0527 (bandpass), Titan (flux), J1651+0129
(Phase). We focused the analysis on spw 0, which covers the
CO(1-0) line centred at vops = 112.52 GHz. The native spec-
tral resolution of the data is dves = 2.6kms™'. We used the
task uvcontsub to fit the continuum emission with a first-
order polynomial and to subtract it from the uv visibilities.
The frequency ranges selected to estimate the continuum level
were Vobs € (111.6,112.1)GHz and v, € (113,113.4) GHz.
We imaged the continuum-subtracted visibilities using tclean,
specmode=cube, re-binning the data using a channel width of 5.
We selected the hogbom deconvolver and used Briggs weight-
ing with robust = 0.5. The mask was defined using interactive
cleaning to adjust it to the extent of the source, which varies for
different channels. The cell size is 0.08”, and the resulting syn-
thesised beam is 0.55” x 0.52”, PA = —52.8 deg. The spectral
bandwidth covers a velocity range of (—=2521, 2462) kms~!. The
average line sensitivity is 0.6 mJy/beam per 13kms~! channel.

3. Results
3.1. Spectral properties

We extracted the NIR spectra from positions N, S, OE, and C
(see Fig. 1) using apertures with radius 0.3”. These are shown
in Fig. 2, together with a total spectrum extracted from the
full FoV. The flux densities were normalised and scaled rela-
tive to the peak of the total spectrum for visual purposes and
the spectra are shown in rest-frame wavelengths, using z =
0.02448. The three gaps in the spectra correspond to the gaps
between the NIRSpec detectors. We identified several emission
lines, marked with dashed vertical lines, most of which are
ro-vibrational and purely rotational lines of molecular hydro-
gen (H;, see Table A.1). The polycyclic aromatic hydrocarbon
(PAH) emission feature at 3.3 um is prominent in all spectra.
We marked three stellar CO absorption regions: (i) from CO(3-
0) to CO(8-5) at 4 = 1.5528-1.6610 um; (ii) from CO(2-0)
to CO(3-1) at 4 = 2.2935-2.3739 um; and (iii) from CO(1-0)
R(22) to P(19) at 2 = 4.5010-4.9486 um. We have also iden-
tified the CO, bending-vibrational mode at 4.27 um. The com-
parison between the spectra in Fig. 2 shows: (i) significantly
weaker ro-vibrational and rotational H, lines at both AGN posi-
tions compared to regions C and OE; (ii) a flat or even slightly
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rising continuum at 4 > 3.5um in the AGN spectra, whereas
the opposite is true for the C and OE spectra; (iii) stronger Paa
and Bry emission in the N AGN compared to the other spectra;
and (iv) weaker [Fell] emission in the S AGN than in the other
regions. Such spatial variations are further explored in the anal-
ysis that follows, which focuses mainly on the kinematics and
morphology of the following tracers: Paa, Pag, H, 1-0 S(1), H,
0-0 S(8), [Fell] 11.257 wm, and [Fell] 41.644 um, as well as PAH
3.3 um. A detailed NIR spectral analysis is beyond the scope of
this paper, as it was already done by Ceci et al. (2025).

3.2. Stellar kinematics

We fitted a stellar continuum to the data using the penalised
pixel-fitting routine (pPXF) (Cappellari & Emsellem 2004;
Cappellari 2017). We used the E-MILES stellar population
synthesis templates (Vazdekis et al. 2016), which cover the
wavelength range 0.168—5um at a spectral resolution of
2.51-23.57 A. Since the shape of the stellar continuum varies
between the bands, we adopted different orders of Legendre
polynomials to correct the shape during the fit. We used a fifth-
order additive and a second-order multiplicative Legendre poly-
nomial for the 1.0 um band. We also used a fifth-order additive
polynomial for the 1.7 um band, with a third-order multiplica-
tive polynomial to account for the shape variations. The 2.9 um
band is difficult, as there are few stellar features for pPXF to
work with. We attempted a fit with a sixth-order additive and a
third-order multiplicative polynomial, but the comparison with
the results obtained in the other two bands indicates that the stel-
lar fit results are unreliable at these longer wavelengths.

In Fig. 3, we present the stellar velocity and velocity dis-
persion maps obtained using pPXF for the 1.0 um and 1.7 pm
bands. In the maps, we marked the positions of six representa-
tive spaxels across the FoV (including the two nuclei) charac-
terised by different levels of S/N, for which we show examples
of pPXF spectral fits in Fig. A.1. The resulting stellar moment
maps are consistent with previous studies (e.g. Ceci et al. 2025;
Engel et al. 2010; Ilhaetal. 2016; Kollatschny et al. 2020),
especially those obtained from the 1.7 um band data which we
deem to be more reliable thanks to the availability of numerous
stellar features. The rightmost panel of Fig. 3 shows the result of
a fit to the 1.7 wm band stellar maps with the kinemetry tool
(Krajnovic et al. 2006), obtained by selecting the VLBI posi-
tions of the two AGNs as kinematic centres. Such kinemetry fit is
shown only for better visualising the structure and orientation of
the two stellar rotating structures, and it is not used in the analy-
sis that follows. Engel et al. (2010) already performed a detailed
analysis of the stellar dynamics, exploring different choices
of kinematic centres and using data with a higher spectral
resolution.

Fig. 3 confirms the presence of velocity gradients suggestive
of two distinct rotating structures centred at the N and S nuclei.
According to Engel et al. (2010), their properties are consistent
with the (pseudo-)bulges of the progenitor merging disc galax-
ies. As already pointed out by previous studies, the stellar veloc-
ity dispersion does not display any clear peak at the expected
dynamic centres. However, especially in the 1.7 wum band map,
we can identify regions of high o, between the S AGN and
position C, with peak values of o, > 350kms~!. Although
the limited spectral resolution of the JWST data demands some
caution, a similar enhancement of o, at the northern side of the
southern stellar pseudo-bulge is visible in the stellar moment
maps reported by Engel et al. (2010). These were obtained with
the SINFONI instrument at the Very Large Telescope (VLT)
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Fig. 2. Relative intensity of spectra extracted using an aperture of 3 spaxels from the northern (N) and southern (S) nuclei, a centre (C) point
between the AGNSs, an offset (OE) point (see Fig. 1), and the full FoV (Total). The spectra are joined from the three JWST/NIRSpec grating/filter
compositions to cover all the wavelengths. CO bands are marked as shaded regions. Atomic lines are annotated in black, ro-vibrational H,

transitions in red, and pure rotational H, transitions in blue.

equipped with adaptive optics and delivering an angular resolu-
tion of 0.10” x 0.16”. These authors demonstrated that the o, >
330kms™! values can be the consequence of a single-kinematic
component fit performed on data where absorption features from
two stellar populations at different relative line-of-sight veloc-
ities are blended. The two likely populations are the southern
progenitor’s stars and younger stars formed during the colli-
sion. Their estimates indicate that about 6% of the extinction-
corrected luminosity in this central region of NGC 6240 may
trace a younger stellar population formed outside of the progen-
itor’s pseudo-bulge.

3.3. Spectral line fitting

In Sect. 3.2 we showed that the stellar light of NGC 6240 within
the NIRSpec FoV is dominated by two rotating structures, one
around each nucleus. In addition, we know from previous works
that NGC 6240 hosts a powerful multi-phase galactic outflow,
embedding significant molecular gas. As pointed out by sev-
eral studies, the massive H, outflow is probably the reason why,
contrary to ionised gas tracers and to the stellar component, all
molecular tracers in this source display a surface brightness peak
between the two nuclei and do not show clear signs of rotation
(see Sect. 1).

Table 1. Fitted emission lines.

Transition Avac [wm]  Fitting region [4;,4,,] [um]
Paa 1.8756 [1.8578,1.8880]
Pap 1.2822 [1.2690, 1.2940]
[FeII] A1.257 pm 1.2567 [1.2500, 1.2640]
[Fell] 11.644 pm 1.6435 [1.6300, 1.6590]
H, 1-0 S(1) 2.1218 [2.1100,2.1350]
H, 0-0 S(8) 5.0529 [5.0200, 5.0900]

A primary goal of our analysis is to disentangle the gas com-
ponents involved in the outflow from those that are not. To do
so, we cannot rely on standard disc modelling procedures fol-
lowed by a study of residual emission: such approach is valid
for sources where disc-like rotation dominates the gas emission,
but this is not NGC 6240’s case. Another approach could be a
narrow and broad spectral line decomposition such as the one
adopted by Ceci et al. (2025). However, we note that this com-
monly used method relies on the assumption that the majority
of the flux from a given emission line is in a narrow spectral
component tracing a rotating and/or disc structure, while sec-
ondary broad and/or high-velocity components trace an outflow
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Fig. 3. Analysis of the stellar dynamics, showing the presence of two rotating structures. The left and middle panels show respectively the
stellar velocity and velocity dispersion maps obtained from the 1.0 um and 1.7 um bands using pPXF (we note that the colour bars have different
limits). The points N, S, C, and OE indicated on the maps are the same as Fig. 1. The other two positions are centred at RA = 16"52™58%.829,
Dec = 02°24'4” 369 (ONW) and RA = 16"52™58°.863, Dec = 02°24'2.331 (OSW). Examples of pPXF spectral fits are presented in Fig. A.1. The
right panel shows the major axis PA (dashed grey lines) for the two stellar structures derived using the kinemetry tool (Krajnovié et al. 2006).

The two AGNs, marked with crosses, are used as kinematic centres. The northern PA is 26.5 + 3.2°, and the southern PA is 153.0 + 0.5°. Angles
are measured anti-clockwise from the north.

Table 2. Initial parameters and parameter bounds used for the three Gaussian functions during the spectral line fitting.

Initial parameter value Parameter bounds

Component A Ho o, A Ho o

Rotating comp. 0.3 M o 0.1-1.0  pug—py T =0y
Non-rotating comp. 1 0.5 19 —0.001 0.001 0.0-1.0 Apin—Amax 0.0—0.003
Non-rotating comp.2 0.0 19+ 0.001 0.001 0.0-1.0 Apin—Amax 0.0—0.003

Notes. Amplitudes (A) are peak normalised; central wavelengths () and line widths (o) have the same units [um]. The initial values and bounds
for u and o, of the rotating component are determined from the results of the pPXF fit on the stellar features in the corresponding spaxel (see
Sect. 3.3 for a detailed explanation of our fitting approach). 4 is the expected observed central wavelength of the emission lines computed using
z = 0.02448. Ay and A, define the spectral range considered in the fit.

(or other non-rotating structures). This assumption may be valid
for less extreme galaxies, but it does not hold for NGC 6240,
where most of the line emission, especially from molecular gas
tracers, does not trace rotation. It is instead likely that non-
virial motions and, in particular, outflows, dominate the gas
kinematics in the central ~2kpc of this galaxy (the NIRSpec
FoV). This is supported by the highly blueshifted OH absorp-
tion (Veilleux et al. 2013) and by the CO and [CI] analysis pre-
sented in Cicone et al. (2018), which had the advantage of using
(sub-)mm data with extremely high spectral resolution and S/N.
Further confirming this hypothesis, an inspection of the moment
maps divided into narrow and broad components presented by
Ceci et al. (2025) for the [Fell], Pa, and H; 1-0 S(1) lines shows
that: (i) their broad components maps appear like a lower S/N
version of the narrow components maps, there are no clear kine-
matic differences between the two, indicating that the outflow
has not been properly de-blended; (ii) none of the narrow com-
ponent maps resemble the rotating pattern seen in the stars. In
fact, the narrow velocity maps of all three gas tracers display a
highly redshifted area between the two AGNSs, a region where the
rotating stellar structures are instead systematically blue-shifted.
Not surprisingly, this is a region where the outflow brightness is
maximum (see later Section 4), clearly proving that the outflow
is not just contaminating, but it is even dominating the flux in the
narrow components identified by Ceci et al. (2025).

We thus devised a new fitting approach to disentangle rotat-
ing from non-rotating motion that relies on the results of the
stellar kinematics fit. Given the gas-rich nature of the progen-
itor disc galaxies involved in the merger, and the rotation pat-

A134, page 6 of 17

tern dominating the stellar kinematics, we assumed that there
must be some gas coupled with the stars in such rotating struc-
tures. This assumption is supported by the detection of spatially
concentrated (sub-)mm dust emission around both AGNs, which
implies the presence of ~10% My and ~8 x 10% M, of circumnu-
clear molecular gas at r < 40pc (Medling et al. 2019). These
scales are well within the stellar rotating structures. CO(2-1)
emission was also detected on the same scales (Medling et al.
2019). Under this assumption, we tied one spectral component of
the gaseous emission lines to the stellar kinematics, forcing it to
share the same velocity and velocity dispersion as the stars (on a
spaxel-by-spaxel basis) within their 30~ uncertainty derived from
pPXF. Up to two additional emission line components accounted
for the gas emission that is decoupled from the stars. Assum-
ing the same o, of rotation for gas and stars is a limitation of
this approach: however, given the low spectral resolution of the
NIRSpec data, and the absence of a clear outflow-free region
in the FoV that would allow us to isolate the gas involved in
the rotation and measure its o, (without the outflow contami-
nation), this is the best that can be done for this source. Fur-
thermore, assuming that, in each spaxel, each stellar component
has an associated gas component, may lead to overestimating the
fraction of gas coupled with the stars, and consequently underes-
timating the fraction of gas not involved in stellar motions. Still,
this is a clear improvement from the common practice of using
only the high-velocity wings of emission (or absorption) lines
to trace outflows or inflows, which leads to severe underestima-
tion of these components. Despite its limitations, our methods
are more physically motivated and more tailored to the complex
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morphology and kinematics of a major galaxy merger such as
NGC 6240. We note that a similar approach was successfully
implemented by Hagedorn et al. (2026) to study the multiphase
outflow in IRAS 20100-4156.

Henceforth, we define the gas component that is kinemat-
ically coupled to the stars as ‘rotating’, as opposed to ‘non
rotating’ components. We note that this is an oversimplifica-
tion, because by construction these components account for any
motion with a stellar counterpart in the NIRSpec bands. For
example, gas-rich stellar tidal tails and similar merger-related
features are included among such rotating components. The high
dispersion (o, > 350kms~!) region between the two AGNs dis-
cussed at the end of Sect. 3.2 is one of such cases.

For the purpose of separating rotating and non-rotating
components, we selected six bright and representative emis-
sion lines from the rich NIR spectrum of NGC 6240 and fit-
ted them on a spaxel by spaxel basis, using the Imfit Python
package for non-linear curve fitting (Newville et al. 2024). We
chose two hydrogen recombination lines (Paa & Paf3), two iron
lines ([Fe II] 11.257 wm & [Fe II] 11.644um), and two molecular
hydrogen lines: one ro-vibrational (H, 1-0 S(1)) and one pure
rotational (H, 0-0 S(8)). Table 1 reports the central wavelengths
and the spectral regions considered during the fits. We performed
an S/N-cut by taking the median of the intensity at each spaxel
and only choosing the spaxels with S/N > 10. Then, each spec-
trum was fitted using a compound model consisting of up to three
Gaussian functions and one linear function. As described above,
one Gaussian shared similar v and o, as the stellar absorption
features in that given spaxel as obtained from pPXF, with values
that were allowed to vary up to within 3 times the 1-sigma error-
bars derived from pPXF. The other (one or two) Gaussians were
free to trace the remaining spectral emission arising from gas
whose dynamics is not consistent with that of the stars. The lin-
ear function accounted for any baseline residuals after the stellar
continuum subtraction.

The fit residuals were calculated as res. = w(data — fit),
where w are the weights. We set the weights to be the inverse
spectral RMS noise level. We set the minimisation optimizer to
Powell’s method, a conjugate direction method, which we found
to be better suited for multi-component spectral fitting with sev-
eral local minima than the default optimizer (the Levenberg-
Marquardt method). For each spaxel, we scaled the spectrum
by the maximum intensity to avoid numerical instabilities while
performing each fit. Table 2 reports the initial values and param-
eter bounds used in our fit. The spectral fit results for the selected
spaxels marked in Fig. 3 are shown in Figs. A.2-A.7. The total
line fluxes, integrated over the full NIRSpec FoV, are reported in
Table 3, together with the line fluxes measured separately for the
rotating and non-rotating components.

3.4. The PAH 3.3um feature

When exposed to UV radiation, the Carbon-rich molecules
consisting of tens to hundreds of Carbon atoms denominated
polycyclic aromatic hydrocarbons (PAHs), get excited as the
energy from UV photons is transferred to their vibrational lev-
els. When cooling radiatively, PAHs produce strong, broad emis-
sion features at NIR and MIR wavelengths. The PAH 3.3 um
band, whose emission in NGC 6240 is prominent across the
whole NIRSpec FoV (see Fig. 2), is dominated by smaller
neutral molecules that are resilient to AGN radiation fields
(Rigopoulou et al. 2024).

To produce a PAH 3.3 um intensity map, we fitted this feature
using two Gaussians: one for the PAH feature itself and one to

Table 3. Line fluxes measured from the fit.

Line R P e
[107Bergs™! cm™]

Paa 71104 2543+0.16 45.6+04
Pags 30.5+2.6 9.6+0.3 209 +2.5
H, 1-0 S(1) 57.5+09 19.7+0.5 37.8+0.7
H, 0-0 S(8) 16.2 £ 0.1 8.0+0.1 8.2+0.1
[Fe 1] A1.257wm 559+ 1.1 19.4+0.3 365+1.1
[Fe ] 11.644um 559+04 19.81+0.19 36.1+04

Notes. F’ 1‘,‘;‘6 is the total line flux, integrated across the whole FoV; F’ {i?,té
is the line flux measured in the rotating components; F{o""" is the sum
of fluxes of the Gaussian components (one or two) that account for non-

rotating motions.

PAH 3.3 um

Offset DEC

Flux [10~'%ergs~lcm~?]
Offset DEC
mlv/beam

Offset RA

Fig. 4. Left panel: Intensity map of the PAH 3.3 um band. The AGN
positions are marked with crosses. Right panel: High resolution ALMA
map of the 870 um dust continuum, with overlaid PAH 3.3 um contours.

account for the H, 1-0 O(5) emission line at 3.235 um that is par-
tially blended with the PAH feature. The spectral fit results are
reported in the Appendix (Fig. A.8). In the left panel of Fig. 4 we
show the map of the total integrated intensity of the PAH 3.3 um
feature, which peaks at the S AGN and extends in a peanut shape
with a secondary peak near the N AGN. The PAH morphology
differs from that of the gaseous tracers investigated in this paper,
in particular from that of H, line emission. The UV-pumped IR-
fluorescence of PAH molecules potentially follows more closely
the distribution of the (sub-)mm dust continuum, shown in the
right panel of Fig. 4.

3.5. Total moment maps of gas tracers

Before analysing separately the rotating and non-rotating
gaseous components decoupled by our spectral fit procedure, we
first present in Fig. 5 the fotal Oth moment (intensity), the 1st
moment (intensity-weighted velocity), and the 2nd (intensity-
weighted velocity dispersion) maps of the six selected emis-
sion lines. These maps were computed considering the total line
flux from these transitions, hence, rotational and non-rotational
motions are blended in them.

It is evident from the 1st moment maps in Fig. 5 that the gas
kinematics do not resemble that of the stars. This implies that,
in NGC 6240, the majority of the emission line luminosity, for
both molecular and ionised gas tracers, probes gas motions that
are decoupled from the stars. The Paschen lines show localised
peaks near the nuclei, with a main peak in correspondence
with the S AGN and a secondary peak slightly north-east of
the N AGN. The northern intensity peak is coincident with a
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Fig. 5. Moment maps for six selected emission lines: two hydrogen recombination lines Paa and Pag, two strong molecular hydrogen lines H, 1-0
S(1) and H, 0-0 S(8), and two ionised iron lines [Fe II] 11.644 um and [Fe II] 11.257 um. The zeroth moment is shown in the upper panel, the first
in the middle, and the second in the lower panel. The AGN positions are marked with crosses.

prominent blue-shifted component visible in both Pae and Pag,
and it is near a region of enhanced velocity dispersion in the
Paa 2nd-moment map (the PagS velocity dispersion map is too
noisy to draw this conclusion). A possible higher-o, counterpart
is also seen on the western side of the nucleus, in the Pa map.
Such blue-shifted and high-o, features could be the signature of
a bi-conical ionised wind launched from the northern nucleus in
a direction aligned with the minor axis of stellar rotation, which
is discussed in Sect. 4. Overall, the Paa and Pag velocity maps
are similar. The velocity dispersion of Pag is much higher than
for any of the other lines, which can be due to its lower S/N.

In the Oth moment maps of the H; lines, the surface bright-
ness is enhanced across an extended, approximately rectangular
(1.0”x1.5”,1.e. 760 pc x 510 pc) region between the two AGNss,
with a peak near the S AGN, a bit shifted to the east. The mor-
phology is similar for both H; lines. Such concentration in the
internuclear region is a distinctive property of NGC 6240 and it
is shared by all H, tracers investigated so far (see Sect. 1). The
velocity maps of the ro-vibrational and rotational H, transitions
are almost identical, with the N AGN embedded in redshifted gas
with vy, > 150km/s, and the S AGN situated in a blue-shifted
diagonal band in the south-eastern and north-western direction
with vy, ~ =50 km/s.

The intensity maps of the two [Fell] lines show similar fea-
tures as the two Paschen lines, with peaks near the two nuclei.
However, the [Fell] velocity maps are dominated by redshifted
gas, with a small region of blue-shifted gas north-east of the
N AGN, similar to what is seen in Paa and PaB. Akin to the
other lines, the [Fell] gas is blue-shifted in the area surrounding
the S AGN. The velocity dispersion map of both [Fe II] tracers
shows similarities with the Pao moment-2 map.
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3.6. Moment maps of non-rotating gas components

Our line fitting procedure, described in Sect. 3.3, allowed us to
de-blend the non-rotating from the rotating components of the
gas emission. We remind that the latter include by construction
any component with a stellar counterpart in the NIRSpec data,
such as merger-related features. The resulting moment maps are
reported in Fig. 6 for the Paa, H, 1-0 S(1), and [Fe II] 11.644 pum
emission lines, i.e. the three transitions with the highest S/N and
so the most reliable spectral fit results. As expected, the rotating
components, presented in the left panels of Fig. 6, follow closely
the stellar kinematics. The moment maps of the non-rotating
components, presented in the right panels, are very similar to
the total moment maps (Fig. 5). This indicates that rotation has
a minor contribution to the NIR line emission in these central
~2kpc of NGC 6240. We found that, within the NIRSpec FoV,
a rotating component accounts for 35.8 + 0.4% of the Paa flux,
34.3 + 1.1% of the H, 1-0 S(1) flux, and 35.5 = 0.5% of the
[FeII] A1.644 pm flux (see Table 3).

The non-rotating component of Pae near the N AGN has
a shape that is elongated approximately perpendicular to the
major-axis of stellar rotation. Both the blue-shifted eastern side
and the red-shifted western sides display a high velocity disper-
sion. This could already be distinguished (at a lower S/N) in the
total moment maps in Fig. 5. We interpret this feature as a bi-
conical wind expanding along the minor axis of rotation. We
detected a similar feature in the non-rotating [Fe II] 11.644 um
moment 2 map, with a faint counterpart also in the non-rotating
H; 1-0 S(1) moment 2 map. Because of its characteristic geom-
etry, its high-velocity dispersion of 400kms™', and because it
is clearly decoupled from the stars, we suggest that this struc-
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Fig. 6. Moment maps of rotating (left) and non-rotating (right) components of the Pae, H, 1-0 S(1), and [FeII] 11.644 um emission lines. Only

spaxels with S/N > 2 are plotted. The crosses indicate the AGN positions.

ture traces an AGN-driven wind entraining ionised gas and warm
molecular gas, extending out to several 100s pc from the N AGN.

In the southern half of the FoV, around and south of the
S AGN, the moment maps of the non-rotating components of all
three lines show an extended area of enhanced velocity disper-
sion, characterised by blue-shifted velocities. This feature does
not show a clear elongation or orientation with respect to stellar
rotation, so it is hard to reconcile it with a classical bi-conical
wind similar to that identified around the N AGN. We discuss it
further in Sect. 4.

3.7. Hy/PAH ratio map

Excess Hy/PAH emission, by a factor of 10-100 compared to the
disc, was found in the galactic outflow of M82 and explained
with shock excitation (Beirdo et al. 2015). In Fig. 7 we present
the H, 0-0 S(8)/PAH 3.3 um intensity ratio map of NGC 6240.
We obtained similar maps when we computed the H,/PAH ratio
using a ro-vibrational H; line instead of H, 0-0 S(8). Both AGNss
are located in regions where the H,/PAH ratio is low. This is due
to the conjunction of PAH 3.3 um being stronger at the positions
of the AGNs (Fig. 4), and H;, emission being brighter between
them. We can distinguish two low H,/PAH ratio (<0.2) areas
centred on the two AGNSs, both extending away from the nuclear
region, i.e. south of the S AGN as well as north and north-west
of the N AGN. Interestingly, the AGN wind that we identified
in the northern nucleus coincides with one of such low H,/PAH
ratio zones. Between the AGNs, approximately 1”” south of the
N AGN and slightly offset to the east, there is a compact region
where the H,/PAH ratio peaks (>0.75). The right panel of Fig. 7
displays the same H, 0-0 S(8)/PAH intensity ratio map where we
overlaid as contours the red- and blue-shifted outflow emission
from cold molecular gas as traced by the ALMA [CI](1-0) data
from Cicone et al. (2018). The [CI](1-0) outflow, especially its

H; 0-0 S(8) / PAH H, 0-0 S(8) / PAH

Offset DEC
Offset DEC

500 pc
1 1 1

10 o
Offset RA

Offset RA

Fig. 7. Map of the intensity ratio between the rotational H, 0-0 S(8) line
and the PAH 3.3 um emission band. The contours in the right panel are
the [CI](1-0) red- and blue-wing outflow emission from Cicone et al.
(2018), corresponding to [30, 60, 150, 210] with o 1.1 mJy/beam
for the red wing, and 1.0 mJy/beam for the blue wing. White crosses
mark the AGN positions.

redshifted side and its more extended blue-shifted eastern com-
ponent, follows quite closely the north-western to south-eastern
stripe of elevated H,-to-PAH ratio revealed by the JWST data.
Remarkably, the [CI](1-0) red-wing peaks exactly on top of the
H,/PAH ratio peak mentioned above.

Taken together, these results suggest that: (i) most of the H,
emission in the internuclear region does not arise from photon-
dominated regions (PDRs), because in this case we should have
detected a peak also in PAH emission due to the excitation
of these molecules by UV photons; (ii) the excess H, emis-
sion (responsible for the overall high H,/PAH ratio) originates
in the outflow, and the outflow either does not contain PAH
grains or, alternatively, it is shielded from UV radiation hence
reducing the PAH heating efficiency; (iii) the H, excitation in
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the outflow is not due to UV-pumping, but it is thermal (see
also Ceci et al. 2025), likely produced by shocks. A shock ori-
gin for the NIR H, emission in NGC 6240 was pointed out
by previous studies based on several lines of evidence, such
as the high H,/Bry ratios (3-48, Miiller-Sdnchez et al. 2018),
the H, morphology, and high-velocity H, wings (Ohyama et al.
2000; van der Werf et al. 1993). van der Werf et al. (1993) pro-
posed that the shocked H, emission is due to the ISM collision
in the merger, with a contribution from the outflow for the high-
est velocity H, gas. As further argued in Sect. 4, based on our
results, we strongly favour a scenario where most of the bright
H; emission in the nuclear region of NGC 6240 is due to cooling
of shocked outflowing gas.

4. Discussion
4.1. Widespread outflows dominating the gas kinematics

Cicone et al. (2018) suggested that the molecular outflow origi-
nates from between the AGNs of NGC 6240, extending towards
the eastern and western directions, and connecting with the
larger-scale molecular outflowing material extending by up to
10kpc across the source, especially in the eastern direction,
as observed in CO(1-0), CO(2-1), and [CI](1-0) (Feruglio et al.
2013a; Cicone et al. 2018). In this work, we used JWST NIR-
Spec observations of the central region of NGC 6240 to under-
stand to what extent the gas follows the stars in gravitational
motions tied to the two progenitors’ stellar pseudo-bulges. We
relied on a spectral line fitting decomposition (see Sect. 3.3)
to identify gas components that are decoupled from the stellar
kinematics and so involved in non-rotational motions that lack
a stellar counterpart, such as outflows or inflows. This required
assuming that a fraction of the emission from gas tracers arises
from a component that follows the stellar kinematics. However,
this assumption may not hold for all regions of the FoV, and
so our estimates of the fraction of gas coupled with the stars
should be considered as upper limits. Our results, despite being
somewhat conservative as explained above, revealed that at least
~65% (see Table 3) of NIR emission lines in the central 2 kpc of
NGC 6240 trace gas components that are significantly decoupled
from the stars. Such severe decoupling between gas and stars
could already be inferred by the striking similarity between the
total moment maps of gaseous tracers (Fig. 5) and the moment
maps of the non-rotating components in the right panel of Fig. 6.
In the latter, we identified two regions of enhanced velocity dis-
persion: (i) one around the N AGN, with an elongated struc-
ture extending along the minor axis of stellar rotation that is
more pronounced in ionised gas tracers (Paa and [Fell]) than
in the H, 1-0 S(1) line; (ii) an extended region of higher o,
around and south of the S AGN, spreading across half of the
FoV of the NIRSpec data. Our hypothesis is that the first feature
(i) traces a bi-conical wind from the N AGN, and the second
one (ii) traces a powerful and massive outflow, likely originating
from the more luminous S AGN. This outflow coincides with
that resolved in [CI](1-0) by Cicone et al. (2018) and in CO(2-1)
by Treister et al. (2020). In the following, we discuss these two
outflows separately.

4.1.1. A bi-conical AGN wind from the northern nucleus

The total velocity maps of gaseous tracers in Fig. 5 display a
blue-shifted region east of the N AGN that is not consistent with
the stellar kinematics, which is especially noticeable in ionised
gas tracers, and marginally detected in the H; lines. The corre-
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sponding 2nd moment maps show increased velocity dispersion
at the same position. The bi-conical morphology of this fea-
ture and its alignment along the minor axis of stellar rotation
become evident when isolating the non-rotating gas components
in the right panels of Fig. 6. This bi-conical wind mainly involves
ionised gas and extends up to r ~ 500 pc on both sides of the
nucleus. The co-spatiality with coronal line emission ([Si VI],
[Si VII], [Mg VIII]) and the partial overlap with the AGN ionisa-
tion cone identified by Ceci et al. (2025), strongly point to a typ-
ical AGN wind. We refer to this as an AGN wind to distinguish it
from the other outflow discussed in Sect. 4.1.2. Interestingly, the
N AGN is, contrary from the southern one, significantly over-
massive compared to the local Mgy — o, relation, by one order
of magnitude (Medling et al. 2019).

Figure 7 shows that, in this region, there is no excess
H, emission with respect to PAH 3.3 um. Therefore, either
the H, entrainment in the wind is low, or the wind hosts
significant PAH 3.3 um emission, for example thanks to its
high UV irradiation. Both statements can be true, conspiring
towards a low H,/PAH ratio in this northern AGN wind. To
our knowledge, there have not been prior official reports of a
molecular wind from the N AGN, but only of a ionised wind
(Miiller-Sénchez et al. 2018). However, the signature of such
wind is marginally detected also in the H, 1-0 S(1) line. Fur-
thermore, the highest resolution (0.03” ~ 15 pc) CO(2-1) veloc-
ity map available, obtained by Treister et al. (2020), shows a
bi-conical structure of redshifted gas (v ~ 300-400kms™),
extending by r ~ 500—750 pc on each side of the N AGN, and
with an orientation consistent with that of the AGN wind dis-
cussed here. This feature is distinct from the highly red-shifted
H; gas ‘blob’ where the H,/PAH ratio peaks (see Sect. 3.7) and
cannot be identified in the ALMA [CI](1-0) outflow maps from
Cicone et al. (2018), probably due to angular resolution limita-
tions. Hence, we conclude that some molecular gas is embedded
in this northern wind, but its small spatial extent makes this com-
ponent negligible compared to the bright H, emission from the
other regions of the FoV. Moreover, the coincidence with the
AGN ionisation cone and its orientation hint at a bipolar wind
expanding freely along the minor axis of rotation, hence proba-
bly not impacting nor shocking much of the surrounding ISM.

4.1.2. A powerful outflow from the southern nucleus

Spatially extended, non-rotating components decoupled from the
stellar kinematics dominate the surface brightness of all NIR
gas tracers investigated here (Fig. 6 and Table 3). In Paa and
[Fell] emission, they are brightest around the S AGN, with a
secondary peak near the N AGN, in correspondence of the AGN
wind discussed previously. In the H, 1-0 S(1) line, non-rotating
components are responsible for the characteristic concentration
of H, gas in the internuclear region, with a peak close to the
S AGN. This central zone between the two AGNSs: (i) is charac-
terised by a significant Hy/PAH enhancement (Fig. 7), which was
linked to galactic outflows that embed shocked gas (Beirdo et al.
2015), and (ii) overlaps with the region where the cold molecu-
lar outflow originates. Based on this evidence, in the following
we propose an interpretation where most of the NIR H, emis-
sion in this inter-nuclear region of NGC 6240 arises from the
same massive molecular outflow extensively studied in FIR and
(sub-)mm tracers (Feruglio et al. 2013a,b; Veilleux et al. 2013;
Cicone et al. 2018; Saito et al. 2018; Treister et al. 2020).

To further explore the connection between cold and warm
molecular gas components in this region, we show in the top
panels of Fig. 8 the H, 1-0 S(1) channel maps, produced at
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within the same velocity range, corresponding to [60c, 1000, 1400, 18007 with 1o- = 0.05Jy kms™' beam™

! Top right: H, 1-0 S(1) emission

integrated within v € [500, 800] km/s. Overlaid contours show the CO(1-0) outflow emission within the same velocity range, corresponding to
[60, 120, 180, 2407] with 100 = 0.07 Jy km s~ beam™!. Bottom left: Total H, 1-0 S(1) velocity map (i.e. same as shown in Fig. 5), with overlaid
contours corresponding to the [CI](1-0) red- and blue-wing outflow emission. The crosses mark the AGN positions. Bottom right: Peak-normalised
[CI](1-0), CO(1-0), and H, 1-0 S(1) spectra extracted from an aperture width diameter ~0.2” centred on the peak of highly redshifted molecular
gas emission (‘red blob’) seen in the two maps in the top panels, at coordinates RA = 16:52:58.9219, Dec = 02:24:04.00355.

redshifted velocities, with overlaid CO(1-0) contours probing the
same velocity ranges. We remind that the emission from cold
molecular gas tracers such as CO and [CI] at these velocities
in NGC 6240 has been robustly ascribed to a massive molec-
ular outflow (see Sect. 1). These maps demonstrate that there
is a perfect spatial and kinematical correspondence between the
warm and cold H, gas emissions. The bottom left panel of Fig. 8
displays the velocity map of H,, with superimposed contours
corresponding to the blue- and red-shifted wings of [CI](1-0) at
v>200kms~' (>250kms~! for the redshifted gas) which trace
the known outflow. There is a striking correspondence between
the two tracers, despite the underlying H, velocity map probes
all of the H-emitting gas reservoir (not just the non-rotating
component) while the ALMA [CI] contours show only the high
velocity outflow wings. This strengthens our hypothesis that the
whole H, NIR emission is dominated by the same outflow as
seen in cold (sub-)mm tracers.

Determining the origin of such massive molecular outflow
has proven to be challenging. It may have been generated by the
S AGN, given: (i) the detection of a separate (mostly ionised)
wind from the N AGN (discussed in Section 4.1.1), (ii) the prox-
imity with the S nucleus, and (iii) the overall disturbed kinemat-
ics and high-velocity values that affect gas in an extended area
surrounding the S AGN. However, it remains difficult to explain
why the brightest part of this outflow is observed about ~1”
(500 pc in projected distance) north-east of the S AGN, where
there is a highly redshifted (maximum velocity of 800 kms™")

blob of both cold and warm H, emission, corresponding to the
peak of Hy/PAH ratio. The spectra of CO(1-0), [CI](1-0), and H,
1-0 S(1) extracted at the position of this red blob are shown in
the bottom-right panel of Fig. 8, normalised by their respective
peaks. All three spectra are very broad and encompass veloc-
ities from —250km s~ to 900kms~'. The spectra of the cold
gas tracers, i.e. CO(1-0) and [CI](1-0), display three peaks: at
v ~ 0kms™!, v ~ 300kms™', and v ~ 700kms~!, while the
H, line only shows two distinct peaks at v ~ 300kms~!, and
v ~ 700kms~!. The latter may be a consequence of the lower
spectral resolution of NIRSpec compared to ALMA. Nonethe-
less, the comparison between the three spectra shows clearly that
the redshifted gas at v > 300kms~! contributes to most of the
H, total flux at this position, and it is also significantly bright in
[CI](1-0).

Although the redshifted blob appears compact in size at the
JWST angular resolution, it consists of multiple clumps, as it
was spatially resolved by the high resolution ALMA CO obser-
vations presented by Treister et al. (2020). The spectra in Fig. 8
show that this blob is spectrally resolved into at least three spec-
tral components. Moreover, Fig. 9, where the H, emission is dis-
played as contours on top of the ALMA Band 7 continuum map,
shows that there is no continuum point source associated with the
redshifted blob. Therefore, it must be a gas-only feature: because
of its spatial and spectral properties and, in particular, the high
velocities involved, we hypothesise this blob to be connected to
the southern outflow discussed here. The lack of overlap between
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Fig. 9. ALMA Band 7 (870 um) continuum map with overlaid red-
shifted H, 1-0 S(1) emission integrated within v € [500, 800] km/s
(same as the top-right map in Fig. 8). The grey contours showing
the band 7 continuum correspond to [20, 50,80, 110] with 10 =
0.298 mJy/beam. The synthesised beam of the ALMA data is shown
in the bottom left corner. The crosses indicate the AGN locations.

the high-velocity H, emission and the (brightest regions of the)
(sub-)mm dust continuum in Fig. 9 is also consistent with theo-
retical predictions that galactic outflows propagate through paths
of least resistance (e.g. Costa et al. 2015).

In the Oth-moment map of the non-rotating H, components
(Fig. 6), we detected south of the S AGN two molecular fila-
ments extending to the south-western and south-eastern direc-
tions. The strongest emission in the south-west coincides with
the base of an Ha filament, suggested to be due to shock ioni-
sation from stellar winds by Miiller-Sénchez et al. (2018). These
H, filaments are characterised by a line-of-sight velocity close to
zero or slightly redshifted in both H, and [Fe II], while the Paa
gas is blue-shifted at these positions. Between the two filamen-
tary H, structures, south of the S AGN, there is an extended zone
of low Hy/PAH ratio (<0.2, see Fig. 7) that extends to the south-
ern edge of the NIRSpec FoV. Ceci et al. (2025), based on the
same NIRSpec data, identified here two separate features: a con-
ical, blue-shifted (v ~ —800 km/s) molecular outflow, extending
south-east of the S AGN, and, a bit offset from it, an AGN ionisa-
tion cone extending southwards from the AGN. In our interpre-
tation, what these authors isolate as a blue-shifted (single-cone)
H, outflow would be part of the larger-scale southern and central
massive molecular outflow discussed in the previous paragraphs.
Indeed, we do not find any indication supporting the hypothe-
sis implicitly made by Ceci et al. (2025) that this southern blue-
shifted component should be regarded as a separate outflow: in
our analysis, as well as in the ALMA [CI](1-0) data (bottom-left
panel of Fig. 8), this feature appears connected with the other
high-velocity blue-shifted and redshifted molecular gas compo-
nents extending also north of the S AGN.

4.2. About the H, excitation: outflow vs. ISM collision?

The nature of the bright NIR H; emission in NGC 6240 and its
excitation mechanism have been extensively discussed in the lit-
erature, since the discovery that this source has a H, 1-0 S(1)-
to-IR luminosity ratio that is one order of magnitude higher than
the other (U)LIRGs from the sample of Goldader et al. (1995).
Using H, line ratios diagnostic diagrams, several works (e.g.
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van der Werf et al. 1993; Ohyama et al. 2000 and, most recently,
Ceci et al. 2025) supported a thermal origin for the H, excita-
tion in NGC 6240, i.e. due to collisions of molecules maintain-
ing the lowest rotational levels of H; in thermal equilibrium.
We independently confirmed their result, measuring the H, 2-
1 S(1)/H; 1-0 (S1) line ratios for all spaxels of the JWST NIR-
Spec map and finding that they cluster around values of 0.1-0.15,
as expected for thermal emission with rotational temperature
around 2000 K.

There is instead less consensus about the mechanism respon-
sible for the collisional excitation of the H, gas. Several lines
of evidence point to shocks as a main heating mechanism. First
of all, the high H,/PAH ratio (see Sect. 3.7). Secondly, the
fact that the whole ionised ISM of NGC 6240 shows shock-
like excitation, in both NIR (Ceci et al. 2025) and optical diag-
nostic diagrams (Kollatschny et al. 2020). Thirdly, as pointed
out by Meijerink et al. (2013), the highly excited CO ladder of
NGC 6240 can only be explained by a global shock excitation
of its molecular ISM. These authors argued that its exception-
ally high CO line-to-continuum ratio rules out both PDRs and
XDRs, as most of the absorbed UV or X-ray photons would heat
the dust as well as the gas. In addition, the non detection of OH*
and H,O™ lines in the Herschel data shown by Meijerink et al.
(2013) implies low ionisation fractions hence discarding cosmic
rays or X-rays heating. We note that the shielding of most of the
ISM gas from the AGN radiation despite the dual AGN nature
of NGC 6240 may be explained by the Compton thick nature of
both its AGNs (Fabbiano et al. 2020).

Once established that shocks are the culprit for the ISM
excitation, including that of molecular gas, we need to under-
stand what is the origin of the shocks. Due to its major merger
nature, most of the discussion in the past has focused on large-
scale shocks generated in the collision of the nuclear ISM of
the two merging galaxies (van der Werf et al. 1993). Yet, already
van der Werf et al. (1993) noted that the observed H, veloci-
ties of ~900 kms~! are too high to be reconciled with this sce-
nario, where the two nuclei are colliding at about 150kms™".
Hence, they suggested that the high-v Hj; is due to shocked gas
entrained in the outflow, while the low-v H; is due to merger-
driven shocks. However, based on our analysis, we propose
that most of the H, 1-0 S(1) emission in the nuclear region
of NGC 6240, as much as 66 = 2% of its total flux (Table 3),
arises in a massive molecular outflow launched from the south-
ern nucleus (see Sect. 4.1.2). Secondly, in Fig. 7 and Fig. 8, we
showed that the H,/PAH peak and the most redshifted portion
of the massive outflow, at velocities as high as v ~ 900 km s~
are coextensive. Furthermore, also in Fig. 8, we demonstrated
that there is an almost perfect correlation between the global
H, dynamics, dominated by the brightest emission at lower
projected velocities || < 200kms~!, and the high velocity
wings of [CI](1-0): this shows that there is no discontinuity
between the lower- and the higher velocity components of Hy,
which we found to consistently trace the molecular outflow.
For all these reasons, we favour a scenario where shock exci-
tation in the molecular outflow is responsible for the global
NIR H; emission from NGC 6240. This supports the findings
of Montoya Arroyave et al. (2024) that the global high CO exci-
tation of local (U)LIRGs may be due to widespread massive
molecular outflows.

5. Summary and conclusions

In this work, we used data from JWST/NIRSpec to study the
kinematic properties of the gas in the central ~2 kpc of the dual
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AGN NGC 6240. The main goal of our analysis was to study the
outflows in this source. We devised a new spectral-line fitting
approach to de-blend rotating and non-rotating gas components
in the observed line emission, which is more physically moti-
vated and better tailored to NGC 6240 than previous approaches.
Our analysis also made use of archival ALMA observations of
[CI](1-0), CO(1-0), and cold dust continuum emission. Our main
findings were:

— The NIR emission lines in NGC 6240 are dominated by
gas components whose kinematics is considerably decou-
pled from that of the stellar component. These contribute
to as much as 64% of the Pae and [Fell]1.644 um fluxes,
and to 66% of the H, 1-0 S(1) line flux. The rotational and
ro-vibrational NIR H, lines showed the most deviation from
the stars, with peak emission between the two rotating stel-
lar structures. The moment maps of the ionised gas tracers
investigated in this work, i.e. the Paa, PaB, and [Fell] lines
at 1.257 and 1.644 um, also showed considerable deviations
from the stellar distribution. However, unlike the molecular
lines, these tracers exhibited clear intensity peaks at the two
AGN positions.

— The PAH 3.3pum feature and the cold dust emission at
870 um peak at the two nuclei; hence, they present a very
different morphology from the H, gas. This supports the
hypothesis that the bulk of H, does not trace PDRs, because
otherwise it should coincide with PAH emission due to
the excitation of these molecules by UV photons.

— The moment maps of the non-rotating components of the
Paa and [Fe II] 11.644 um lines revealed a bi-conical wind
in the northern nucleus, dominated by ionised gas. The
wind was likely launched from the N AGN and it expands
along the minor axis of stellar rotation. The western wind
cone coincides with the AGN ionisation region identified by
Ceci et al. (2025). Although such AGN wind entrains some
H, gas, it does not show a H,/PAH enhancement. Hence,
such wind is either significantly UV-irradiated, which would
enhance PAH 3.3 um emission, or it entrains and shocks only
a negligible amount of H, gas compared to the global H,
content of the galaxy. The latter may result from an expan-
sion of the wind along an ISM-free path.

— In addition to the northern AGN wind, we proposed that most
of the NIR H; line emission from non-rotating components
is involved in a massive outflow that extends across the bot-
tom half of the NIRSpec FoV, possibly launched from the
southern nucleus. This hypothesis is supported by the strik-
ing correlation between the warm H; gas kinematics and that
of the cold molecular outflow traced by [CI] and CO ALMA
data. Therefore, this kpc-scale outflow is rich in both warm
and cold H, gas, and it is connected to the extended compo-
nent of the cold molecular outflow detected out to 10 kpc in
low-J CO and [CI](1-0) emission. Contrary to the northern
AGN wind, this southern massive outflow, and in particular
its receding side that reaches projected velocities as high as
v ~900km s~ in all molecular gas tracers, is spatially coin-
cident with the region characterised by the strongest H,/PAH
enhancement. This suggests that the shocks responsible for
such high H,/PAH ratios are due to the outflow rather than to
the ISM collision.

In conclusion, we showed that the majority of the NIR H,
emission from the central ~2kpc of NGC 6240 arises from
T ~ 2000K shocked gas entrained in a massive molecular
outflow, which is cooling down and coexisting with a colder
phase probed by low-J CO and atomic carbon ([CI](1-0))
emission.
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Table A.1. Identified emission lines.
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Warm molecular gas
Ionised gas Ay, [um] Ro-vibrational transitions Pure rotational transitions
H (1-0) A uml H, Q-1 Ay [um] | H (0-0)  Avee [pm] o (I-) Ay [gm]
[SIII] 0.9533 S(7) 1.7480 S(3) 2.0735 S(16) 3.5476 S(9) 4.9541
[CT] 0.9853 S(6) 1.7881 S(D) 2.2477 S(15) 3.6262
[SII] 1.0323 S(5) 1.8358 Q) 2.5509 S(14) 3.7244
Hel 1.0832 S4) 1.8919 Q) 2.5698 S(13) 3.8461
[PII] 1.1886 S(3) 1.9576 0@3) 2.9741 S(11) 4.1811
[Fe II] 1.2567 S(2) 2.0338 o) 3.4379 S(10) 4.4098
1.3209 S(1) 2.1218 S(9) 4.6946
1.3720 S(0) 2.2233 S(8) 5.0531
1.6436 Q3) 2.4237
Pag 1.2822 Q4 2.4375
Paa 1.8756 Q) 2.4548
Bry 2.1661 Q(6) 2.4756
BB 2.6260 Q) 2.4999
[MgVII] 3.0276 Q®) 2.5280
[MgIV] 4.4870 QY 2.5599
0®3) 2.8025
o4 3.0039
o) 3.2349
0(6) 3.5008
Oo(7) 3.8074

Notes. This table reports the vacuum wavelengths of the lines marked in Fig. 2. The predicted wavelengths of the H, lines were taken from Table

2 in Roueff et al. (2019).
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Fig. A.1. Data (black) and best-fit stellar continuum (red) obtained with pPXF in the 1.7 um band, for spectra extracted from the individual spaxels
marked in Fig. 3. The shaded grey regions were masked from the stellar fit.
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Fig. A.2. Paa line fit results, for the six spaxels marked in Fig. 3. The
observed spectra are shown as solid black curves, and the overall best-
fit models as solid red curves. The rotating component is indicated by a
dashed blue curve, while the two non-rotating components are shown in
dashed orange and green curves, respectively. The spectra were peak-

Carlsen, J., et al.: A&A, 709, A134 (2026)

1.0

1.0

Velocity [km/s]

Velocity [km/s]

z Paa — Ndata |2 Paa — sdata
@ ) @ )
2 — Bestfit |& — Best fit
g 0.8 ——= Rot. g 0.8 --- Rot.
x -~ Non-rot. 1 |x -~ Non-rot. 1
2 0.6 Non-rot. 2 {2 06 Non-rot. 2
g 04 © 0.4
N N
© © 0.2
g 02 £
S S 0.0
= 0.0 .
—2000 -1000 0 1000 —2000 -1000 0 1000
Velocity [km/s] Velocity [km/s]
2107 paq — cdata |2 1001 pag — OEdata
a —— Best fit a —— Best fit
3 0.8 --- Rot. 3 0.75 --= Rot.
X 06 -~ Non-rot. 1 {x -~ Non-rot. 1
s Non-rot. 2 {2 0.50 | A\ 7 Non-rot. 2
T 04 D \
5 N 0.25 ¥
© . © A
£ £
5 0.0 b r{ 5 000 T J
—2000 -1000 0 1000 —2000 -1000 0 1000
Velocity [km/s] Velocity [km/s]
%‘ 1.07 paa — ONW data g‘ 1071 paa — OsW data
2 — Bestfit {2 — Best fit
3 0.8 --- Rot. 3 0.8 --= Rot.
X 0.6 “o= Nonwot. 1 {x (o -~ Non-rot. 1
2 Non-rot. 2 12 -~ Non-rot. 2
3 0.4 D 0.4
N N
® 0.2 ‘c 0.2
£ £
500 S 0.0 A o
—2000 -1000 0 1000 —2000 -1000 0 1000

normalised.
§' 1.0 Pag —— Ndata ? 1.00 Pag — Sdata
2 08 — Bestfit 2 — Bestfit
g --- Rot. 2075 --= Rot.
X 0.6 -~ Non-rot. 1 x ~-= Non-rot. 1
2 Non-rot. 2 2 0.50 --= Non-rot. 2
o 0.4 °
& Lozs
© 0.2 ®
£ A £ 0.00 oy o ]
P .
200 VNV = W
—3000 —2000 —1000 O 1000 2000 —3000-2000-1000 O 1000 2000
Velocity [km/s] Velocity [km/s]
2 100 Pag —— Cdata 2 1.00 Pag —— OEdata
2 —— Best fit 2 0.75 —— Best fit
L 075 --= Rot. 3 . --- Rot.
x ~-= Non-rot. 1 x ~-= Non-rot. 1
0.50
2 050 Non-rot. 2 2 Non-rot. 2
3 T 025
g o025 <
© ©  0.00 HPHAHINAAGE--met-d o
£ 0.001% £
s S -0.25
Z -0.25 =
—3000-2000-1000 O 1000 2000 —3000-2000-1000 O 1000 2000
Velocity [km/s] Velocity [km/s]
2 1001 pag A —— ONW data 2 1.001 Pap —— OSW data
g 0.75 — Bestfit 2 — Best fit
g © --= Rot. L 075 --- Rot
X 050 ~-= Non-rot. 1 x ~-= Non-rot. 1
2 Non-rot. 2 2 0.50 Non-rot. 2
° 025 °
& & o025
é 0.00 § TEu
0.00 1
S —-0.25 S
= =

—3000-2000-1000 O

1000 2000
Velocity [km/s]

Fig. A.3. Same as Fig. A.2, but for the Pag line.
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