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A B S T R A C T 

NGC 6302 is a spectacular bipolar planetary nebula (PN) whose spectrum exhibits fast outflows and highly ionized emission lines, 
indicating the presence of a very hot central star (∼220 000 K). Its infrared spectrum reveals a mixed oxygen and carbon dust 
chemistry, displaying both silicate and polycyclic aromatic hydrocarbon (PAH) features. Using the James Webb Space Telescope 
Mid-Infrared Instrument and Medium Resolution Spectrometer, a mosaic map was obtained over the core of NGC 6302, covering 

the wavelength range of 5–28 μm and spanning an area of ∼18.5 arcsec × 15arcsec. The spatially resolved spectrum reveals 
∼200 molecular and ionized lines from species requiring ionization potentials of up to 205 eV. The spatial distributions highlight 
a complex structure at the nebula’s centre. Highly ionized species such as [Mg VII ] and [Si VII ] show compact structures, while 
lower ionization species such as H+ extend much farther outwards, forming filament-defined rims that delineate a bubble. Within 

the bubble, the H+ and H2 emission coincide, while the PAH emission appears farther out, indicating an ionization structure 
distinct from typical photodissociation regions, such as the Orion Bar. This may be the first identification of a PAH formation 

site in a PN. This PN appears to be shaped not by a steady, continuous outflow, but by a series of dynamic, impulsive bubble 
ejections, creating local conditions conducive to PAH formation. A dusty torus surrounds the core, primarily composed of large 
(μm-sized) silicate grains with crystalline components. The long-lived torus contains a substantial mass of material, which could 

support an equilibrium chemistry and a slow dust-formation process. 

Key words: circumstellar matter – ISM: atoms – dust, extinction – ISM: molecules – planetary nebulae: general – planetary 

nebulae: individual: NGC 6302. 
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 I N T RO D U C T I O N  

lanetary nebulae (PNe) are excellent testbeds for studying the 
hysics and chemistry of photoionized and photondissociated regions 
PDRs), which are irradiated by intense ultraviolet (UV) radiation 
elds. Some central stars of PNe possess dense, dusty tori or discs.
ince these stars emit strongly in the UV, PNe containing dusty tori or
iscs provide opportunities to examine the transition from ionized to 
eutral and molecular gas within a torus, under varying UV radiation 
eld strength, fast stellar wind, and dust attenuation. These processes 
re also relevant to star-forming regions and protoplanetary discs. A 

ey advantage of PNe is their large angular extent, allowing them 
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o be spatially resolved with modern telescopes such as the James
ebb Space Telescope ( JWST ). 
Low- and intermediate-mass (1–8 M�) evolved stars – asymptotic 

iant branch (AGB) stars – are an important source of stardust in
alaxies (e.g. Dwek 1998 ; Matsuura et al. 2009a ). The processing
f this stardust in the interstellar medium (ISM) can be traced by
omparing the composition of stardust to that of interstellar dust 
Kemper, Vriend & Tielens 2004 ). It is unclear, however, in what
orm stardust from AGB stars and their descendants, such as PNe,
nters the ISM. This is because (1) evidence is accumulating that
heir winds have complex, non-spherical structures, such as discs 
r tori, often associated with binary companions (e.g. Balick & 

rank 2002 ; Sahai, Morris & Villar 2011 ); (2) it is unclear how
reshly made stardust is affected by the harsh UV radiation field
r dynamical environment that prevails in PNe (Waters et al. 1998 ;
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Figure 1. Panel (a): The JWST /MIRI mapping area (the white box) of the CH1 short sub-band overlaid on the HST three-colour composite image of NGC 6302. 
North is at the top, and east is to the left. The colour assignments of the HST /WFC3 image are F 164 N (blue), F 673 N (green), and F 658 N (red). The HST images 
are from Kastner et al. ( 2022 ) and Balick et al. ( 2023 ). Panel (b): A zoom-in of the core region of the HST image. Panel (c): The same zoom-in of the core 
region is now shown by features detected with JWST /MIRI and ALMA. The MIRI image is composed of H I at 5.907 μm, [Fe II ] at 5.34 μm, H2 at 6.91 μm, 
and ALMA 13 CO 2–1. The white circle marks the location of the central source. 
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oods et al. 2003 ), whose central stars have energetic fast winds
nd extreme radiation fields (Balick et al. 2023 ). The presence of the
iscs and tori could modify the dust grain size and composition by
requent collisions of grains during long time-scale exposures to the
V radiation from the central stars. 
The Mid-Infrared Instrument (MIRI)/Integral Field Unit (IFU)

pectrometer onboard JWST provides an excellent opportunity to
robe the composition of gas and dust in heavily UV-irradiated, but
lso dust-obscured regions, like the tori in bipolar PNe. In order to
tudy extreme chemical and physical conditions, we chose the PN
GC 6302 for our target. This object is one of the most recognizable
Ne due to its spectacular bipolar shape (Balick & Frank 2002 ),
isplayed in Fig. 1 . Based on the first deep optical images obtained
f NGC 6302, Evans ( 1959 ) described its optical appearance as
two lobes of luminous gas, shaped like the wings of a butterfly,
NRAS 542, 1287–1307 (2025)
eparated by a relatively dark lane’, where the dark lane is the dusty
orus (Lester & Dinerstein 1984 ; Matsuura et al. 2009b ). It has one
f the highest estimated initial masses (5–6 M�) and the hottest
entral star (220 000 K) of any Galactic PN, with high nitrogen
bundance, making it a rare PN descended from an intermediate-
ass star (Wright et al. 2011 ). 
One of the important characteristics of NGC 6302 is the presence

f both oxygen-rich and carbon-rich dust within a single object.
nce formed and ejected, CO molecules lock up C and O atoms.
epending on the C/O abundance ratio, an excess of C atoms forms

arbon-bearing molecules and dust, such as polycyclic aromatic
ydrocarbons (PAHs), while an excess of O atoms forms oxygen-
ich molecules and dust, such as silicates. Both crystalline silicates
nd PAHs are detected in NGC 6302, amid an O-rich gas chemistry
C/O ∼ 0.4; Wright et al. 2011 ). It has been hypothesized that the
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rystalline silicates formed in the dusty torus (Waters et al. 1998 ;
olster et al. 1999 ), where the high density and strong UV irradiation

nabled slow annealing of dust grains or dust processing over long 
ime-scales (∼105 yr; Molster et al. 1999 ), but this hypothesis has 
et to be confirmed. 

We present JWST MIRI IFU mapping of the core of NGC 6302,
llowing a detailed morphological snapshot of atomic lines, H2 , 
AHs, and crystalline silicate components. The MIRI IFU map 
eveals the stratification of ionized gas in a bubble: atomic lines
ith higher ionization potential are emitted in a compact region, 
hile lines with lower ionization potential are more extended. H2 

s found in arc-like filaments at slightly larger radii. These new 

WST spatio-kinematic 3D maps capture for the first time how PAHs 
nd crystalline silicates form, in a spatially resolved manner. The 
etection of the central source is reported in a separate paper (Wesson
t al., in preparation). 

 TA R G E T:  N G C  6 3 0 2  

GC 6302 is among the best-studied PNe. It exhibits extreme bipolar,
omplex morphology, the presence of very high excitation gas, high 
olecular mass, and crystalline silicate dust (Molster et al. 2001 ; 
alick & Frank 2002 ; Peretto et al. 2007 ; Kastner et al. 2022 ). In the
ptical and near-infrared (IR) Hubble Space Telescope ( HST ) images 
Fig. 1 ), the central region displays a torus, most of which is highly
bscured by dust (Kastner et al. 2022 ). It has been suggested that
his torus has confined more recent gas and dust ejections from the
riginal AGB central star, now the PN central star, and shaped the
ipolar nebula (Balick & Frank 2002 ). 
This torus contains a substantial mass of gas and dust, and is slowly

otating (< 0.1 km s−1 ) as it expands (∼10 km s−1 ; Rodriguez &
oran 1982 ; Dinh-V-Trung et al. 2008 ; Santander-Garcı́a et al. 

016 ). The total torus mass is estimated to be ∼2 M� from CO
ines (Peretto et al. 2007 ), with 0.03 M� of dust (Matsuura et al.
005 ). 
NGC 6302 is a luminous PN (total luminosity of ∼14 000 L�; 
right et al. 2011 ). Analysis of the nebular atomic lines shows that

he central star is one of the hottest among PNe (Ashley & Hyland
988 ), with an approximate effective temperature of 220 000 K 

Wright et al. 2011 ). The central star that provides such a large
nergy has so far not been directly detected. Matsuura et al. ( 2005 )
uggested that a IR point source was the central star, but Szyszka
t al. ( 2009 ) argued that a faint optical star, located at the very centre
ut different from the IR point source, was the central star. Later,
his optical star was found to be a foreground star with high proper
otion, therefore not the central star (Kastner et al. 2022 ). The true

entral star appears to be hidden by dust extinction or blinded by
trong emission from ionized gas at optical wavelengths. 

The nebula itself shows a complex morphology, with several pairs 
f long bipolar lobes with slightly different axes and ages (Balick &
rank 2002 ; Balick et al. 2023 ). Fig. 1 shows a HST optical and
ear-IR composite image. The bright butterfly wings of the bipolar 
ebula extend over 1 arcmin (Kastner et al. 2022 ; Balick et al.
023 ). However, fainter nebulosity stretches (end-to-end) as far as 
 arcmin (Meaburn et al. 2005 ; Pignata et al. 2024 ), corresponding to
 linear diameter of 2.1 pc at a distance of 1.03 ± 0.27 kpc (Gómez-
ordillo et al. 2020 ). Expansion measurements have indicated that 

hese lobes were ejected 2250 yr ago, post-dating the ejection of
he torus (Szyszka, Zijlstra & Walsh 2011 ). Balick et al. ( 2023 )
dentified at least five other younger mass ejections within these 
ings 
The origin of such a complex nebula is controversial. Wright 
t al. ( 2011 ) model it as a single star evolving on a post-AGB track.
n contrast, Soker & Kashi ( 2012 ) include it as an intermediate-
uminosity optical transient (such as a red nova) that evolved through
n explosive event. Uscanga et al. ( 2014 ) model the structure with
nteracting winds but found that additional acceleration is required. 
alick et al. ( 2023 ) point out that no ejection scenario accounts for

he recurrent outbursts at diverse angles. Resolving this will require 
dentifying the central star and possible companion stars. 

.1 Distance and foreground extinction 

s the central star of NGC 6302 is not detected in the optical, its
istance measurements rely on methods other than optical parallax. 
rom expansion measurements, Meaburn et al. ( 2005 ) derive a dis-

ance of 1 . 04 ± 0 . 16 kpc, improved to 1 . 17 ± 0 . 14 kpc by Meaburn
t al. ( 2008 ). A similar method was applied by Gómez-Gordillo et al.
 2020 ), resulting in a distance estimate of 1.03 ± 0.27 kpc. We adopt
his distance. 

NGC 6302 lies near the Galactic plane ( b = 1.0557), hence
ay suffer from significant foreground ISM extinction. The fore- 

round extinction is estimated to be c( H β) = 0 . 78 ± 0 . 10 (Rauber,
opetti & Krabbe 2014 ), corresponding to E( B − V ) = 0 . 53 ±
 . 07 mag. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 Observations 

e observed NGC 6302 with JWST (Gardner et al. 2023 ) in Cycle 1
eneral Observers (GO) program 1742 (PI: Matsuura). The data were 

cquired on 2023 September 9, using the MIRI Medium Resolution 
pectrometer (MRS; Wells et al. 2015 ; Argyriou et al. 2023 ) with
FU (Wright et al. 2023 ). The full spectral coverage of 4.9–27.9 μm
as obtained with four different channels (CH1–CH4) (Table 1 ). 
A mosaic map of 5 × 5 tiles was used to cover the heart of

GC 6302 (Fig. 1 ). The mapping covers approximately 18.5 arc-
ec × 15.5 arcsec (CH1 short) to 22.9 arcsec × 19.3 arcsec (CH4
ong) with increasing areas at longer wavelengths. The mapping 
entre was defined as RA 17:13:44.3938 and Dec. −37:06:12.36 
J2000), though the actual centres of the maps have slight (a few
enths of arcsec) differences among channels, due to differences in 
he dithered positions. The observations were carried out using a 
our-point dither pattern, which is optimized for an extended object. 
he exposure time per sub-band and per tile was 111–255 s (Table 1 ),
nd the readout pattern of FASTR1 was used. 

Because the MIRI MRS observations can contain substantial 
mission from the zodiacal light and telescope thermal emission, 
he ‘background’ was measured at the offset sky position at RA
7:13:30.66 and Dec. −37:04:23.4 (J2000), and subtracted from the 
arget data. The number of groups was the same as the target, with
he readout pattern of FASTR1. The dither 1 was chosen with a
otal of two dithers for each, optimized for a point source mode.
he total integration was 2 s for the background, making the total
xposure times of 55.5, 88.8, and 127.7 s for short, medium, and
ong sub-bands. 

The pointing accuracy was evaluated based on two field stars 
ithin the MIRI mapping area: one on the east and the other
n the west. The western star has a Gaia Data Release 3 (DR3)
dentification as Gaia DR3 5973805626168712320, with a proper 

otion of pm RA = −1.071 mas yr−1 and pm Dec . = −7.487 mas yr−1 

Gaia Collaboration 2023 ). With about a 6.5-yr difference between 
MNRAS 542, 1287–1307 (2025)
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Table 1. JWST /MIRI observations of NGC 6302. 

Channel Slice width (arcmin) Pixel size (arcmin) Sub-band Wavelength (μm) R PSF (arcmin) texp (s) Map size (arcmin) 

CH1 0.177 0.196 Short 4.9–5.74 3320–3710 0.27–0.30 111 15.5 × 18.2 
Medium 5.66–6.63 3190–3750 0.29–0.32 178 15.5 × 18.2 

Long 6.53–7.65 3100–3610 0.32–0.36 255 15.4 × 18.2 
CH2 0.280 0.196 Short 7.51–8.77 2990–3110 0.35–0.40 111 16.1 × 19.1 

Medium 8.67–10.13 2750–3170 0.39–0.44 178 16.1 × 19.3 
Long 10.02–11.70 2860–3300 0.44–0.49 255 16.2 × 19.4 

CH3 0.390 0.245 Short 11.55–13.47 2530–2880 0.49–0.55 111 17.7 × 20.4 
Medium 13.34–15.57 1790–2640 0.55–0.62 178 17.9 × 20.6 

Long 15.41–17.98 1980–2790 0.61–0.70 255 17.5 × 20.4 
CH4 0.656 0.273 Short 17.70–20.95 1460–1930 0.69–0.80 111 19.2 × 22.2 

Medium 20.69–24.48 1680–1770 0.79–0.91 178 19.2 × 22.2 
Long 24.19–27.9 1630–1330 0.90–1.03 255 18.9 × 22.2 

Note. The MIRI instrumental design and capabilities, including the FWHM of the PSF (Argyriou et al. 2023 ). The exposure time ( texp ) and the approximate 
map size are specific to this program after the final data reduction. 
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he Gaia and MIRI observations, the proper motion of this star is
bout 0.05 arcsec. Compared with the angular resolution of MIRI
0.36–0.4 arcsec in full width at half-maximum (FWHM) in CH1;
rgyriou et al. 2023 ), this proper motion is negligible. 
The eastern star does not have a Gaia DR3 identification but is

dentified as the VISTA source VVV (VISTA Variables in the Vı́a
áctea) J171344.99 −370615.59 (Saito et al. 2012 ). The coordinates
f these two stars were compared with those from the HST F 160 W
mage (Kastner et al. 2022 ), which was astrometrically calibrated
sing the coordinates of multiple field stars with Gaia DR3 entries.
he differences (MIRI − HST ) of the coordinates are 0.005 arcsec in

he RA direction and 0.05 arcsec in the Dec. direction for the eastern
tar and −0.009 arcsec in the RA direction and 0.08 arcsec in the
ec. direction for the western star. This is consistent with JWST ’s
ositional/pointing accuracy of < 0.1 arcsec (Rigby et al. 2023 ). 

.2 Data reduction 

o reduce the MRS data, we used a development version of v1.14.0
WST Calibration Pipeline (Bushouse et al. 2023 ) with versions
1.17.16 and ‘jwst 1202.pmap’ of the Calibration Reference Data
ystem (CRDS) and CRDS context, respectively. We processed all

evel 1b (ramp) files through the Detector1Pipeline to produce
evel 2a (rate) images. Using the dedicated background exposures,
e generated master background images for each MIRI/MRS sub-
and and subtracted these from the science exposures. The result-
ng background-subtracted level 2a files were processed through
pec2Pipeline , with the residual fringe step switched
n to produce flux-calibrated level 2b (cal) images. These were
hen processed through Spec3Pipeline to produce spectral cube

osaics of NGC 6302 in all 12 MIRI/MRS sub-bands by setting the
ube build parameter ‘output type’ to ‘band’. 

.3 The integrated MIRI spectrum 

pectra were extracted from each of the MIRI/MRS sub-band mosaic
ubes using the aperture module in the ASTROPY PHOTUTILS

ackage 1 (Bradley et al. 2022 ). We applied the additional post-
ipeline residual fringe correction to all our spectra, which is included
n the JWST Calibration Pipeline package under the extract 1d
NRAS 542, 1287–1307 (2025)

 https://photutils.readthedocs.io/en/stable/

A  

f  

t  
tep. The integrated spectra were extracted from a large (5 arcsec
t 5.5 μm) aperture enclosing the central bright emission region
hrough the MRS spectral channels. The aperture was allowed to
grow’ slightly with increasing wavelength to account for the effect
f the increasing MIRI point spread function (PSF). This ensured
 consistent extraction region across the full spectral range of the
RS and that scaling of the spectral sub-bands was not required.

his integrated MIRI spectrum is shown in Fig. 2 . It shows many
ines, superposed on dust and PAH features. 

The spectra are affected by many issues resulting from the very
right and/or saturated emission lines from NGC 6302. Saturated
ines are flanked by faint emission features on either side, caused by
cattered light. In the case of the 10.52 μm [S IV ] line, these are seen
cross a range of 0.1μm, while the 7.65μm [Ne VI ] line shows wings
rom scattered light over a 0.2 μm width. Strongly saturated lines can
lso cause negative artefacts (seen at 5.5 μm, for instance), which
ary across the field and result from the column/row pull-up/pull-
own effect. Finally, strong lines can cause cross-talk with other
pectral segments. This is seen, for instance, at 6.8–6.88 μm, where a
eak bump in the spectrum is caused by cross-talk from the saturated
0.52μm line. This results from light scattering into the neighbouring
hannel. These effects are described in more detail in Argyriou
t al. ( 2023 ). We identified all potential detector artefacts through
areful inspection of all level 2b images, data cubes, and spectra,
hich were taken into account in our analysis and interpretation.
ue to the impact of the bright/saturated lines on the shape of the

ontinuum, we did not perform any scaling of the individual sub-band
pectra. 

.4 Ancillary data 

e use 13 CO J = 2–1 and H30 α data at 231.90 GHz from the
tacama Large Millimeter/submillimeter Array (ALMA) project
012.1.00320.S (PI: Hirano). This project obtained 12-m interfero-
etric data of NGC 6302 with array configurations of C32-4 on 2014
arch 9. The central ∼50 arcsec region, including the torus, was

overed with the seven-pointing mosaic mode. The bandpass, phase,
nd flux calibration sources were J1700 −2610, J1720 −3552, and
itan, respectively. This project further observed NGC 6302 with the
tacama Compact Array (ACA) 7-m array and the Total Power (TP)
rray. The 7-m array observations were conducted during the period

rom 2013 October 6 to 2014 March 22, and the TP observations were
aken in 2015 July between the 22nd and 24th. The total integration

https://photutils.readthedocs.io/en/stable/


JWST/MIRI view of PN NGC 6302 – I 1291

Figure 2. The integrated spectra of NGC 6302 within the MIRI mapped area. Different colours are used to indicate different grating orders of MIRI. 
Representative identifications of lines and dust features are labelled. The labels of crystalline dust are: Fo (Forsterite), En (Enstatite), and Qu (Quartz). Some 
bright atomic lines saturated the detectors, and their line profiles can show negative excursions. 
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ime on source was 98.6 min for the 12-m array, 75 min for the 7-m
rray, and 276.5 min for the TP. 

In post-processing, the 12-m, 7-m, and TP data are combined 
sing casa (CASA Team 2022 ), with the beam size of 0 . 76 arcsec ×
 . 66 arcsec (major and minor axes) with the position angle of −0.89◦.
n

 ANALYSI S  A N D  RESULTS  

.1 Spectral features 

he integrated MIRI spectrum of the whole field shows a wealth of
arrow gas emission lines, broad emission features from PAHs, and 
MNRAS 542, 1287–1307 (2025)
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Table 2. Emission line fluxes (10−12 erg cm−2 s−1 ) measured in the 
integrated MRS spectrum of NGC 6302. 

λobs (μm) λrest (μm) Flux Species 

4.9084 4.9088 0.020 ± 0.005 He II 28–13 
4.9236 4.9237 0.024 ± 0.003 H I 23–7 
4.9532 4.9541 0.020 ± 0.004 H2 1–1 S(9) 
4.9699 4.9709 0.272 ± 0.046 H I 22–7 + [Ni I] 
5.0124 5.0126 0.032 ± 0.008 He II 27–13 
5.0252 5.0261 0.060 ± 0.008 H I 21–7 
5.0524 5.0531 0.110 ± 0.008 H2 0–0 S(8) 
5.0908 5.0913 0.069 ± 0.009 H I 20–7 
5.1257 5.1266 0.146 ± 0.015 He II 20–12 
5.1279 5.1287 0.793 ± 0.027 H I 10–6 
5.1684 5.1693 0.058 ± 0.004 H I 19–7 
5.2276 5.2280 0.139 ± 0.016 He II 16–11 
5.2629 5.2637 0.083 ± 0.017 H I 18–7 
5.2772 5.2777 0.018 ± 0.005 He II 25–13 
5.3396 5.3402 0.168 ± 0.014 [Fe II ] 
5.3725 5.3736 0.021 ± 0.003 [Fe II ] 
5.3791 5.3798 0.104 ± 0.010 H I 17–7 
5.4484 5.4480 0.768 ± 0.031 He II 24–13 + [Fe VIII ] 
5.4580 5.4583 0.023 ± 0.004 He II 19–12 
5.5036 5.4927 Saturated [Mg VII ] 
5.5244 5.5252 0.078 ± 0.027 H I 16–7 
5.5732 5.5748 0.857 ± 0.065 [K VI ] 
5.5799 5.5806 0.363 ± 0.067 He II 13–10 
5.5821 5.5828 0.763 ± 0.062 He II 11–9 
5.6092 5.6098 Saturated [Mg V ] 
5.6575 5.6582 0.166 ± 0.009 He II 23–13 
5.7080 5.7091 0.032 ± 0.004 He II 30–14 
5.7106 5.7115 0.148 ± 0.016 H I 15–7 
5.7852 5.7870 0.009 ± 0.002 [Cr IX ] 
5.8100 5.8109 0.005 ± 0.001 H2 1–1 S(7) 
5.8220 5.8227 0.005 ± 0.001 He II 29–14 
5.9046 5.9058 0.181 ± 0.041 He II 18–12 
5.9073 5.9082 1.019 ± 0.041 H I 9–6 
5.9156 5.9165 0.019 ± 0.005 He II 22–13 
5.9533 5.9533 0.027 ± 0.003 He II 28–14 
5.9559 5.9568 0.163 ± 0.021 H I 14–7 
5.9636 5.9646 0.181 ± 0.016 He II 15–11 
5.9812 5.9820 1.732 ± 0.020 [K IV ] 
6.0540 6.0549 0.010 ± 0.002 H I 42–8 
6.0652 6.0662 0.005 ± 0.001 H I 41–8 
6.0780 6.0784 0.005 ± 0.001 H I 40–8 
6.0908 6.0916 0.007 ± 0.002 H I 39–8 
6.1076 6.1086 0.363 ± 0.007 H2 0–0 S(6) 
6.1500 6.154 0.206 ± 0.017 [Ca VII ] 
6.2233 6.2243 0.016 ± 0.002 H I 32–8 
6.2420 6.2431 0.044 ± 0.010 He II 21–13 
6.2506 6.2516 0.018 ± 0.002 H I 31–8 
6.2882 6.2894 0.042 ± 0.005 He II 26–14 
6.2909 6.2919 0.241 ± 0.015 H I 13–7 
6.3796 6.3816 0.097 ± 0.017 [Zn VII ] 
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 dust continuum. The identifications of representative atomic lines,
AHs, and dust features are labelled in Fig. 2 . 

.1.1 Emission lines 

he line fitting code ALFA (Wesson 2016 ) was used to measure the
entral wavelength and flux of each emission line. A total of 142
ines were measured with ALFA . Line fluxes were also manually

easured using IDL routines that integrate above a user-defined
ontinuum, and perform simultaneous multicomponent Gaussian
ts to blended features. The direct measurements are particularly
aluable for obtaining accurate fluxes of weak features and of those
n regions of rapidly varying continuum, e.g. on broad PAH or dust
eatures. An additional 36 lines were measured in this manner, for a
otal of 178 detected lines. 

To identify features, initial line lists were compiled from the
eintema & Pottasch ( 1999 ) Infrared Space Observatory ( ISO )/Short
avelength Spectrometer (SWS) 2.4–36μm spectrum of NGC 6302,

nd the JWST /MIRI spectra of the Ring Nebula (NGC 6720) reported
y Wesson et al. ( 2024 ) and van Hoof et al. (in preparation). Because
he central star of NGC 6302 has a higher effective temperature
220 000 K) than that of NGC 6720 (130 000 K), it is expected to
xhibit emission from more highly ionized species. 

Line identifications were determined based on wavelength, ion-
zation potential, and morphology (as described in Section 4.4 ).

avelengths and ionization potentials for atomic features were
btained from CHIANTI (Dere et al. 2023 ), NIST, 2 the Atomic Line
ist (van Hoof 2018 ), 3 and the ISO /SWS spectral list assembled
y Peter van Hoof. 4 The wavelengths of H2 lines were taken from
oueff et al. ( 2019 ). Of the detected lines, 66 are identified as H I ,
4 as He II , 8 are H2 lines, and the remainder are forbidden lines
Table 2 ). 

We detect numerous lines from very high ionization species that
re referred to as ‘coronal lines’ (Greenhouse et al. 1990 , 1994 ). 5 For
xample, MIRI detected a [Si VII ] 6.49 μm line. This ion is also seen
n the near-IR spectrum (Ashley & Hyland 1988 ), and requires photon
nergies of 205.3 eV to form. Additionally, transitions from several
ons that require 120–190 eV to produce were detected (Table 3 ),
ncluding [Mg VII ], [Al VI ], and [Cr IX ]. 

The measured line fluxes integrated over the full MRS mapping
rea are more or less consistent with those measured with ISO /SWS
Beintema & Pottasch 1999 ). The ISO /SWS had aperture sizes
rom 14 arcsec × 20 arcsec (at 5 μm) to 20 arcsec × 27 arcsec
at 28 μm). Despite the different SWS aperture sizes and MIRI
apping area, these consistent measurements show that the majority

f the mid-IR line fluxes originate from this central region of the
N. 
Strong lines that saturated the MIRI detectors are [Mg VII ] at

.493 μm, [Mg V ] at 5.610 μm, [Ar II ] at 6.985 μm, [Ne VI ] at

.652 μm, [Ne II ] at 12.814 μm, and [Ne V ] at 14.322 μm. 
NRAS 542, 1287–1307 (2025)

 https://www.nist.gov/pml/atomic- spectra- database 
 https://linelist.pa.uky.edu/newpage/
 https://www.mpe.mpg.de/ir/ISO/linelists/index.html 
 These ions are seen in the Sun’s corona, where they are understood to 
e produced under collisional ionization equilibrium at gas temperatures of 
105 –106 K. In current astronomical usage, for example, as seen in classical 

ovae and AGN, ‘coronal lines’ arise from ions that require ionization 
nergies of ≥ 100 eV (Greenhouse et al. 1994 ). In other astronomical sources, 
uch as PNe, novae, these ions may alternatively be produced by high-energy 
hotons, as appears to be the case in NGC 6302. 

6.3956 6.3969 0.017 ± 0.006 H I 27–8 
6.4444 6.4455 0.011 ± 0.003 H I 26–8 
6.4932 6.4923 3.610 ± 0.389 [Si VII ] + [Ni VII ]? 
6.5380 6.5394 0.095 ± 0.012 He II 17–12 
6.5636 6.5647 0.021 ± 0.005 H I 24–8 
6.6347 6.6359 0.036 ± 0.004 [Ni II ] 
6.6373 6.6384 0.019 ± 0.002 H I 23–8 
6.6664 6.6677 0.038 ± 0.004 He II 20–13 
6.7056 6.7067 3.107 ± 0.077 [Cl V ] 
6.7212 6.7213 0.014 ± 0.002 [Fe II ] 
6.7232 6.7245 0.067 ± 0.007 H I 22–8 + [Zn VI ] 
6.7682 6.7692 0.046 ± 0.014 He II 24–14 
6.7710 6.7720 0.326 ± 0.014 H I 12–7 

https://www.nist.gov/pml/atomic-spectra-database
https://linelist.pa.uky.edu/newpage/
https://www.mpe.mpg.de/ir/ISO/linelists/index.html
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Table 2 – continued 

λobs (μm) λrest (μm) Flux Species 

6.8248 6.8259 0.031 ± 0.007 H I 21–8 
6.9080 6.9095 2.108 ± 0.052 H2 0–0 S(5) 
6.9472 6.9480 1.956 ± 0.070 He II 9–8 
6.9844 6.9853 Saturated [Ar II ] 
7.0920 7.0927 0.070 ± 0.005 H I 19–8 
7.2040 7.2048 0.234 ± 0.006 He II 14–11 
7.2392 7.2400 0.045 ± 0.002 He II 19–13 
7.2704 7.2717 0.027 ± 0.002 H I 18–8 
7.3168 7.3178 9.117 ± 0.410 [Na III ] 
7.4554 7.4568 0.909 ± 0.10 He II 12–10 
7.4588 7.4599 6.050 ± 0.405 H I 6–5 
7.4696 7.4738 0.844 ± 0.025 [Mn VII ] 
7.4941 7.4951 0.091 ± 0.010 H I 17–8 
7.4981 7.4994 0.288 ± 0.030 He II 16–12 
7.5014 7.5025 1.712 ± 0.105 H I 8–6 
7.5070 7.5081 0.436 ± 0.058 H I 11–7 
7.6550 7.6524 Saturated [Ne VI ] 
7.7797 7.7804 0.067 ± 0.013 H I 16–8 
7.8123 7.8141 0.399 ± 0.048 [Fe VII ] 
7.9007 7.9016 35.280 ± 0.395 [Ar V ] 
8.0098 8.0103 0.024 ± 0.005 He II 25–15 
8.0241 8.0250 1.108 ± 0.012 H2 0–0 S(4) 
8.0372 8.0385 0.030 ± 0.009 He II 21–14 
8.0476 8.0490 0.072 ± 0.009 He II 18–13 
8.1508 8.1549 0.016 ± 0.002 He II 30–16 
8.1540 8.1549 0.101 ± 0.003 H I 15–8 
8.1711 8.1724 0.010 ± 0.002 H I 29–9 
8.2352 8.2362 0.018 ± 0.002 H I 28–9 
8.3076 8.3084 0.010 ± 0.003 H I 27–9 
8.4118 8.4128 0.018 ± 0.006 He II 24–15 
8.4831 8.4849 0.012 ± 0.002 H I 25–9 
8.6079 8.6106 20.001 ± 1.682 [Na VI ] 
8.6595 9.6610 0.031 ± 0.004 He II 28–16 
8.6632 8.6645 0.085 ± 0.009 H I 14–8 
8.7184 8.7206 0.029 ± 0.006 H I 23–9 
8.7557 8.7565 0.082 ± 0.009 He II 20–14 
8.7591 8.7601 0.384 ± 0.062 H I 10–7 
8.8289 8.8299 0.853 ± 0.111 [K VI ] 
8.8684 8.8697 0.015 ± 0.002 H I 22–9 
8.9190 8.9209 0.017 ± 0.003 He II 23–15 
8.9892 8.9914 Saturated [Ar III ] + [Mg VII ] 
9.0399 9.0410 3.541 ± 0.160 [Na IV ] + H I 21–9 
9.1126 9.1158 0.085 ± 0.004 [Al VI ] + He II 15–12 
9.1321 9.1353 0.022 ± 0.003 [Fe II ] 
9.2596 9.2605 0.017 ± 0.002 H I 20–9 
9.2725 9.2736 0.042 ± 0.004 He II 17–13 
9.3868 9.3882 0.017 ± 0.002 He II 26–16 
9.3907 9.3920 0.088 ± 0.011 H I 13–8 
9.5234 9.5261 0.697 ± 0.075 [Fe VII ] 
9.6638 9.6649 2.065 ± 0.050 H2 0–0 S(3) 
9.7055 9.7068 0.160 ± 0.012 He II 13–11 
9.7122 9.7135 0.599 ± 0.011 He II 10–9 
9.7691 9.7707 0.028 ± 0.001 He II 19–14 
9.8455 9.8470 0.007 ± 0.001 H I 18–9 
9.8784 9.8796 0.008 ± 0.001 He II 25–16 
9.8784 9.88 [Ni VIII ] + [Zn VII ] 
10.2597 10.2613 0.023 ± 0.003 H I 17–9 
10.5085 10.5105 Saturated [S IV ] 
10.6425 10.6440 0.036 ± 0.002 [Cr VI ] 
10.8019 10.8036 0.031 ± 0.004 H I 16–9 
10.8443 10.8459 0.033 ± 0.004 [Mn VI ] 
10.8524 10.8543 0.006 ± 0.001 H I 25–10 

Table 2 – continued 

λobs (μm) λrest (μm) Flux Species 

10.8804 10.88 0.019 ± 0.002 [Co VII ] 
11.3019 11.3041 0.087 ± 0.012 He II 18–14 
11.3070 11.3087 0.548 ± 0.012 H I 9–7 + [Ni I ]? 
11.3315 11.3334 0.283 ± 0.020 [Cl I ] 
11.4823 11.4824 0.042 ± 0.005 [Ca V ] 
11.4896 11.4920 0.021 ± 0.003 H I 22–10 
11.5381 11.5395 0.037 ± 0.004 H I 15–9 
11.7612 11.7590 1.385 ± 0.026 [Cl IV ] 
12.1562 12.1568 0.017 ± 0.004 H I 20–10 
12.2470 12.2485 0.012 ± 0.004 He II 25–17 
12.2762 12.2786 0.939 ± 0.021 H2 0–0 S(2) 
12.3038 12.3107 0.039 ± 0.004 [Fe VI ] 
12.3651 12.3668 0.345 ± 0.024 He II 14–12 
12.3703 12.3719 1.962 ± 0.024 H I 7–6 
12.3856 12.3872 0.235 ± 0.016 H I 11–8 
12.5863 12.5871 0.091 ± 0.008 H I 14–9 
12.6088 12.6110 0.016 ± 0.003 H I 19–10 
12.8125 12.8135 Saturated [Ne II ] 
13.1012 13.1022 Saturated [Ar V ] 
13.1263 13.1283 0.543 ± 0.015 He II 11–10 
13.1862 13.1880 0.017 ± 0.004 H I 18–10 
13.2137 13.2155 0.006 ± 0.001 He II 24–17 
13.3813 13.40 0.153 ± 0.020 [F V ]? 
13.5188 13.5210 5.741 ± 0.118 [Mg V ] 
13.6062 13.6080 0.028 ± 0.006 He II 19–15 
13.8737 13.8776 0.037 ± 0.002 He II 17–14 
13.9012 13.9044 0.012 ± 0.002 He II 21–16 
13.9388 13.9418 0.026 ± 0.007 H I 17–10 
14.1750 14.1773 0.023 ± 0.003 He II 26–18 
14.1804 14.1831 0.112 ± 0.013 H I 13–9 
14.3213 14.3217 Saturated [Ne V ] 
14.3638 14.3678 1.631 ± 0.158 [Cl II ] 
14.3938 14.3964 Saturated [Na VI ] 
14.7078 14.7098 0.023 ± 0.006 H I 22–11 
14.7788 14.7710 0.119 ± 0.014 [Fe VI ] 
14.9587 14.9623 0.022 ± 0.006 H I 16–10 
15.3912 15.3960 0.105 ± 0.031 [K IV ] 
15.4712 15.4713 0.097 ± 0.018 He II 15–13 
16.2011 16.2025 0.085 ± 0.018 He II 20–16 
16.2073 16.2091 0.325 ± 0.012 H I 10–8 
16.4088 16.4117 0.033 ± 0.007 H I 15–10 
16.8787 16.8806 0.145 ± 0.020 H I 12–9 
17.0312 17.0348 1.201 ± 0.023 H2 0–0 S(1) 
17.2588 17.2609 0.272 ± 0.015 He II 12–11 
17.8838 17.8846 0.070 ± 0.020 [P III ] 
17.9338 17.9360 0.241 ± 0.016 [Fe II ] 
17.9825 17.9860 0.332 ± 0.092 [Ca VI ] 
18.7110 18.7130 49.025 ± 0.366 [S III ] 
19.0590 19.0619 0.706 ± 0.037 H I 8–7 
19.5510 19.5580 0.144 ± 0.031 [Fe VI ] 
20.3070 20.3107 0.597 ± 0.078 [Cl IV ] 
21.2570 21.29 0.352 ± 0.111 [Na IV ] 
21.8270 21.8291 1.956 ± 0.074 [Ar III ] 
24.3170 24.3175 273.000 ± 3.424 [Ne V ] 
25.2430 25.2490 0.327 ± 0.091 [S I ] 
25.8850 25.8903 222.100 ± 3.697 [O IV ] 
25.8970 25.8999 31.830 ± 3.697 He II 23–19 
25.9810 25.9884 0.896 ± 0.078 [Fe II ] 

Note. [Mg VII ] at 5.50 μm is saturated at the line centre, but detected at side 
lobes. 
9.88 μm [Ni VIII ] + [Zn VII ] line is too weak to measure the intensity. 
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Table 3. Ionization potentials (IPs) of species observed in the integrated 
MRS spectrum of NGC 6302. The listed IPs are those of the next lowest ion, 
i.e. the photon energy needed to form the detected ion (collisionally excited 
lines) or the recombining ion (permitted lines). 

Species IP (eV) Species IP (eV) Species IP (eV) 

H I 13.6 [P III ] 19.8 [Cr VI ] 69.5 
He II 54.4 [S I ] 0.0 [Cr IX ] 184.8 
[O IV ] 54.9 [S III ] 23.3 [Mn VI ] 72.4 
[F V ] 87.2 [S IV ] 34.8 [Mn VII ] 95.6 
[Ne II ] 21.6 [Cl I ] 0.0 [Fe II ] 7.9 
[Ne III ] 41.0 [Cl II ] 13.0 [Fe VI ] 75.0 
[Ne V ] 97.1 [Cl IV ] 39.6 [Fe VII ] 99.1 
[Ne VI ] 126.2 [Cl V ] 53.5 [Fe VIII ] 125.0 
[Na III ] 47.3 [Ar II ] 15.8 [Co VII ] 102.0 
[Na IV ] 71.6 [Ar III ] 27.6 [Ni I ] 0.0 
[Na VI ] 138.4 [Ar V ] 59.8 [Ni II ] 7.6 
[Mg V ] 109.3 [K V ] 45.8 [Ni VIII ] 132.7 
[Mg VII ] 186.8 [K VI ] 82.7 [Zn VI ] 82.6 
[Al VI ] 153.8 [Ca V ] 67.3 [Zn VII ] 108.0 
[Si VII ] 205.3 [Ca VII ] 108.8 

4

T  

n  

t  

(  

d
 

m  

b  

8  

v  

i  

f  

a  

d

4

N  

f  

t  

F  

2  

e  

B  

F
 

c  

t  

a  

H  

t  

(  

a  

P  

t  

a  

s
 

q  

c  

l  

1  

a
 

C  

2  

c  

s

4

O  

s  

c  

o  

e  

f  

c  

a  

t  

i  

t  

t  

m  

p
 

m  

e  

w  

t  

c  

a  

s  

r
 

l  

a  

l  

t  

l  

s

4

T  

h  

t  

r  

o  

a  

o
 

v  

R  

c  

l  

s  

T  

(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/2/1287/8241385 by W
ake AH

EC
 user on 03 Septem

ber 2025
.1.2 PAHs 

he abundance analysis of NGC 6302’s ionized lines shows that the
ebula is oxygen-rich (C/O ∼ 0.4; Wright et al. 2011 ). It is known
hat NGC 6302 exhibits bands from carbonaceous PAH molecules
Roche & Aitken 1986 ; Molster et al. 2001 ; Cohen & Barlow 2005 ),
espite being oxygen-rich. 
The integrated spectrum shows clear features from PAH
olecules. These are visible at 5.85–6.5 μm, 11.2 μm, and a weak

and at 12.0μm is present. Additional features are expected at 7.7 and
.6 μm, but these spectral regions are affected by artefacts from the
ery strong atomic emission lines at these wavelengths, which makes
t difficult to confidently identify the features. A potential 12.7 μm
eature coincides with the saturated [Ne II ] 12.81 μm emission line
nd thus the presence or absence of the PAH feature cannot be
etermined. 

.1.3 Dust features 

GC 6302 was already known to exhibit strong crystalline silicate
eatures (e.g. Molster et al. 1999 , 2001 ; Kemper et al. 2002 ). Most of
hese features are found at wavelengths longer than 18 μm (Fig. 2 ).
orsterite dominates most of the features (Molster, Waters & Tielens
002 ; Chihara, Koike & Tsuchiyama 2007 ), but the presence of some
nstatite features at 17–25 μm has been suggested (Hofmeister &
owey 2006 ). These features are detected and are labelled in
ig. 2 . 
The dust features have been compared with dust mass absorption

oefficients in order to make their identifications. When dust op-
ical constants are provided, the dust mass absorption coefficients
re calculated by the continuous distribution of spheroids (Min,
ovenier & Koter 2003 ). Optical constants and dust mass absorp-

ion coefficients are taken from Suto et al. ( 2006 ), Koike et al.
 2010 ), and Zeidler et al. ( 2011 ) (forsterite), Murata et al. ( 2009 )
nd Zeidler, Mutschke & Posch ( 2015 ) (enstatite), and Zeidler,
osch & Mutschke ( 2013 ) (quartz). Approximately 5 per cent of

he dust mass is composed of crystalline silicates with forsterite
nd quartz dominating (see Appendix B ), as opposed to amorphous
ilicates. 

In addition to these known crystalline silicate features, the high-
uality MIRI spectra reveal additional features. Using the optical
NRAS 542, 1287–1307 (2025)
onstants taken from Zeidler et al. ( 2013 ), the feature at 25 μm is
ikely due to quartz (SiO2 ). Quartz should also have broad features at
8 and 21 μm; however, these features are blended with the forsterite
nd enstatite features. 

We also compared with the dust mass absorption coefficients of
a-containing pyroxene (Koike et al. 2000 ), olivine (Zeidler et al.
015 ), and fayalite (Fabian et al. 2001 ); however, it seems that these
onstituents are not major contributors to the observed dust emission
pectrum. 

.2 Line maps 

nce the lines are identified from the integrated spectra, the next
tage is to build spectral maps. Extraction of line images from the data
ubes requires subtracting the continuum. For each line, a number
f wavelength pixels (4 pixels by default) were selected to cover the
mission line. If the adjacent continuum contained no other lines or
eatures, the continuum level was taken as the average of segments
onsisting of the same number of wavelength pixels on the short
nd long wavelength sides of the line. The pixel-by-pixel mean of
hese two images was subtracted from the channel images. The line
mages were converted from units of surface brightness (MJy sr−1 )
o line flux (W m−2 pixel−1 ) using the wavelength spacing between
he channels, and these individual line flux images were summed to
ake an output line flux image. A set of representative line maps is

resented in Fig. 3 . 
In some cases, the continuum regions could not be selected im-
ediately adjacent to the spectral line of interest. In these instances,

ither continuum regions slightly further from the line of interest
ere used or the continuum level was taken from only one side of

he line. At the shorter wavelengths, where more lines are present, the
ontinuum slope is usually small over the wavelength range around
 line where the continuum regions are defined, and using a one-
ided continuum estimation does not appear to introduce much of a
esidual continuum in the line image. 

In some instances, for very weak lines, the attempt to make a
ine image failed because the line signal was of the same magnitude
s the uncertainties or noise in the continuum image, but for many
ines the output line images clearly trace a different morphology
han the continuum at that wavelength. For some of the saturated
ines, some limited line image information can be obtained from the
hort-wavelength or long-wavelength wing of the line. 

.3 The central source 

he nature of the photoionizing source at the heart of NGC 6302
as long been uncertain due to its concealment by abundant dust
owards the centre. Previous mid-IR observations lacked the spatial
esolution to confirm its location and sensitivity, while an apparent
ptical detection in HST images turned out to be a serendipitous
lignment of a foreground star with the approximate geometric centre
f the nebula (Szyszka et al. 2009 ; Kastner et al. 2022 ). 
Now, on the other hand, our JWST observations clearly re-

eal a bright, compact IR source at the heart of the nebula, at
A = 17:13:44.488 ± 0.004, Dec. = −37:06:11.76 ± 0.03. This
onfirms the tentative identification of the central source at this
ocation in L -band imaging by Matsuura et al. ( 2005 ). No corre-
ponding source is detected at this position at optical wavelengths.
he nature of the central source will be discussed by Wesson et al.

in preparation). 
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Figure 3. Five-colour composite image of NGC 6302, for lines from a range of ionization potentials with 5.50 μm [Mg VII ] (186 eV), the second-highest 
ionization potential line, to molecular H2 . Each line indicates the ionization energy of the parent species. 
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.4 Morphology 

ig. 3 shows representative line maps, demonstrating the strength of 
IRI’s IFU capability. In this figure, different colours are allocated 

o different lines. The MIRI composite image (top left) shows the 
rend of increasing spatial extent of the emission, when going from
ighly ionized species such as [Mg VII ] to lower ionization tracers,
ulminating in the H2 line. This is well traced by different colours, 
ith [Mg VII ] being the most compact, and H I and H2 the most

xtended. 
The central region shows clear ionization stratification. [Mg VII ], 

he second-highest ionization emission (186.8 eV), forms a relatively 
mooth, compact ring. The ring is partly bisected by a vertical dark
and, caused by extinction from the torus, as illustrated in Fig. 4 .
here is a hole inside the ring. The emission running from the north

o south on the hole is due to the emission from the surface of the
early edge-on torus. 
The He II image, which arises from recombining He++ atoms, is 
entred similarly to [Mg VII ] but lacks the clear circular ring structure,
nd instead appears elongated. The emitting region is larger and 
hows a well-defined edge along a position angle of approximately 
0◦ west of a north–south axis. Further out than He II , the H I

ecombination lines, which trace H+ , show an elongated structure 
ith a much clearer edge and arcs. Exterior to that the H2 image

hows a second, larger arc at a position angle of approximately 20◦

f the north–south line. 
A schematic picture of the central region of NGC 6302 is presented

n Fig. 4 . A torus runs north–south, which is detected in the 13 CO
–1 rotational line (see also Fig. 1 ) and partly in the dust extinction
Section 4.6 ). The torus appears distorted or warped (Icke 2003 ) at
he outermost regions. 

The nebula shows a series of H+ arcs, seen in the H I recombination
ine image. Some of these delineate two lobes with clear edges in
MNRAS 542, 1287–1307 (2025)
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Figure 4. Three-colour composite image of NGC 6302: 5.91 μm H I 9–6 (green), 5.34 μm [Fe II ] (blue), and ALMA 13 CO J = 2–1 (red). Several components, 
such as a warped torus, inner and outer bubbles, and [Fe II ] jets are labelled. The ‘CO arc’ refers to a short segment of the arc that is visible in 13 CO (left panel; 
also in Fig. 7 ), and is part of the inner bubble. The north part of the outer bubble is found only in H2 , which is shown in Figs 1 and 7 . 
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ig. 4 . We consider the two brighter arcs oriented south-east and
orth-west to be a single structure, which we will call the ‘inner
ubble’. It appears to be broken into two parts due to dust extinction
cross the torus. The inner bubble is peanut-shaped. The pinched
aist of the peanut shape occurs where the bubble intercepts the torus.
lsewhere, it interacts with less dense material and has expanded

urther (Section 4.5.1 ). There is a further H+ rim exterior to the inner
ubble, which we will call the ‘outer bubble’. 

.4.1 [Fe II ] and [Ni II ] jets 

he [Fe II ] image reveals two jets extending in nearly opposite
irections, with position angles of approximately −35◦ and + 145◦

Fig. 3 ). These jets were previously detected in HST images (Kastner
t al. 2022 ; Balick et al. 2023 ). However, for the first time, JWST ’s
IRI MRS has provided velocity-resolved observations of these

ets, achieving a spectral resolution of �v ∼ 45 km s−1 at 5 μm, and
otentially even better than < 40 km s−1 (Jones et al. 2023 ). The jets
xhibit velocity spreads ranging from approximately −115 to + 110
m s−1 in the rest frame (Fig. 5 ). 
All six [Fe II ] lines, along with a [Ni II ] line (Fig. 6 ) detected in the
IRI spectra, display jets with consistent morphology and velocity

xpansion. 
The [Fe II ] jets originate outside the H2 emission region, or outer

ubble, but do not exhibit a jet structure interior to the outer bubble
Fig. 4 ). At the outer bubble, there is an arc-like rim that is prominent
n H2 . The bases of the pair of large [Fe II ] ‘plumes’ connect to this
rc where it meets the edges of the butterfly wing (Fig. 4 ). 

Although the jets appear to be point symmetric, their centre of
ymmetry does not align with the central star but is instead offset to
he south. 

In addition to the two point-symmetric jets, faint [Fe II ] emission
s detected throughout the outflow. This includes emission along the
+ rim of the inner bubble, at the intercept, and within the interiors
f both the eastern and western bipolar outflows. 
NRAS 542, 1287–1307 (2025)
The velocity map in Fig. 5 represents the rest-frame velocity with
espect to the local standard of rest (LSR). The Doppler shift of
he gas was measured using MIRI wavelengths in the solar system
arycentric frame and then converted to vLSR . The systemic radial
elocity of NGC 6302 ( −30 km s−1 in vLSR ; Santander-Garcı́a et al.
016 ) was subsequently subtracted. The rest-frame wavelength of the
Fe II ] line at 5.3401693 μm is adopted from the NIST data base. 6 

.5 Stratification: from ionized lines to H2 and PAHs 

he MIRI IFU data enable us to detect and obtain maps of over 100
ines from neutral atoms and ions with a large range of ionization
otentials: from 7.6 eV to above 200 eV. Fig. 3 demonstrates the
tratification of several of these lines. Fig. 6 includes more atomic
ines with slightly different ionization potential energies. In general,
ines from high ionization-potential species tend to be compact,
hereas lines from lower ionization-potential species trace more

xtended gas. Several arc-like filaments are embedded in the more
xtended gas, as seen in Figs 6 and 7 . Fig. 7 includes 13 CO, which
races the torus, showing the relative positions of ionized gas to
he torus. Fig. 7 also demonstrates the distributions of H2 and PAH
mission. 

.5.1 The inner bubble and its stratification 

lear stratification is observed inside (labelled in Fig. 7 ): the physical
mplications of the bubble will be discussed in Section 5.3 . For
xample, lines from high-ionization species, such as the [Si VII ]
.49 μm line (Fig. 6 ), show low intensity interior to this rim, and
nstead is concentrated in a more compact shell. 

The line that traces ions of the second-highest ionization potential
185 eV) is [Mg VII ]. The Mg6 gas is also situated in a compact shell
lose to the centre (Fig. 3 ). On the other hand, the He II and H I

https://www.nist.gov/pml/atomic-spectra-database
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Figure 5. The MIRI channel map of the 5.3 μm [Fe II ] jet is shown. The jet, highlighted in red, extends from the south-east and the north-west edges of the 
outer bubble. The south-eastern part of the jet is blueshifted, while the north-western part is redshifted. The velocity labels represent rest-frame velocities in 
the LSR, obtained by subtracting the radial velocity of NGC 6302 from the velocities measured with MIRI. For positional reference, the integrated image of 
the 5.13 μm H I 10–6 line is plotted in grey. The red circle shows the position of the central source. The orientation is north at the top, and east to the left. The 
declination grid is marked at intervals of 5 arcsec. Video version of the jet is available online. 
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ine emission is relatively weaker at the Mg6 gas emitting region, 
nd is stronger further out. The H I emission is strongest in filaments,
roken in places. Such a stratification was previously suggested from 

ong-slit spectra of four atomic lines at 2–4 μm (Casassus, Roche & 

arlow 2000 ), but is more clearly evident and spatially identified by
IRI. 
An exception to the stratification is where the inner bubble 

intercepts’ the torus (Fig. 7 ). At the intercepts, [Mg VII ], He II , and
 I lines are all present as demonstrated in Fig. 3 . This intercept is

he brightest point in the H I line image. 

.5.2 Stratification of H+ , H2 , and PAHs at the inner bubble 

tratification is also found among H+ and H2 lines and PAHs at the 
im of the inner bubble and its exterior. Fig. 7 shows (a) the three-
olour composite image of H I , H2 , and PAH emission and (b) the
 I , PAHs, and 13 CO image. The 13 CO image is used to indicate the

ocation of the molecular torus. Fig. 7 (b) is enlarged on the right top
anel to see the detailed structures at the bubble and the torus. The
+ gas is traced by the emission of 5.91 μm H I 9–6 line. The PAH

mage is a continuum-subtracted image taken at 6.3 μm, where the 
continuum’ (presumed to be mainly silicate emission) was estimated 
rom 6.0 and 6.5 μm, which accounts for about 30 per cent of the
otal intensity. The H2 image is from the S(5) line at 6.910 μm. 

Fig. 7 (a) shows that H I and H2 are emitted from the same location
t the inner bubble (within the MIRI spatial resolution), as the bubble
ppears as pink in this H I (blue) and H2 (red) overlay. In contrast,
AHs are found slightly outwards from H I , as shown in Fig. 7 (b)
nd (b) enlarged. 
In the outer bubble, PAH emission overlaps with that of H2 , or
he H2 emission is found outside the PAH emission. This indicates 
 difference between the stratification of the inner bubble and the
arger outer bubble. 

The order of the stratification of H+ , H2 , and PAHs at the inner
ubble of NGC 6302 looks different from a typical PDR stratification.
n Orion Bar, the PAH emission appears immediately behind (3 ×
0−3 pc) the H+ , ionization front, and the H2 ridge appears further 
way by 0.02 pc (Habart et al. 2024 ). 

.5.3 Stratification in the torus 

anel (b) enlargement in Fig. 7 illustrates the stratification of 13 CO, 
+ , and PAHs in the far-side torus. The 13 CO emission appears 

s a long, near-vertical filament along the centre of the torus. PAH
mission is present on both sides of the 13 CO structure. The H I

nd H2 emissions are located alongside 13 CO with a slight offset to 
he east (Figs 7 a and enlarged panel b), whereas on the west side
hey overlap with 13 CO. Additionally, both H+ and H2 exhibit more 
xtended emission on the east side (Figs 7 c and e). 

.6 Dust extinction 

.6.1 Extinction map 

he images show a prominent dark lane seen in extinction, running
rom the north to south, over the full wavelength range covered by
he MIRI IFU and HST (Figs 1 and 3 ). This dark lane is attributed
o the torus, also seen in 13 CO ALMA emission (Fig. 1 ). There
MNRAS 542, 1287–1307 (2025)
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Figure 6. NGC 6302 integrated line maps. From the left top [Si VII ] to the right column [Na VI ] and then to the middle bottom [Ni II ] the atomic line maps are 
placed in order of a higher ionization line to a lower ionization line, followed by an H2 molecular image. Higher ionization lines are more compact than lower 
ionization lines, and H2 is much more extended, with many filaments within. [Ni II ] and [Fe II ] (Fig. 3 ) show jet structures. In H2 , there is a secondary arc outside 
of the inner bubble in the south-east tip. This corresponds to the outer bubble. North is towards the top, and east is to the left. Square dots in the 9.714 μm He II 
image are artefacts usually resulting from an outlier detection on a residual warm pixel. 
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s significant dust extinction from this torus of the nebula, out to
avelengths as long as 25 μm. This extinction far exceeds the

oreground ISM extinction to NGC 6302, A ( V ) = 1 . 6 mag from
( B − V ) = 0 . 53 mag (Section 2.1 ). 
To obtain the total optical depth at the reference wavelength of

.91 μm at the H I 9–6 line, the ALMA observation of NGC 6302
n the millimetre recombination line H30 α was compared to the

IRI line flux. The extinction at 1292.7609 μm (231.90093 GHz)
30 α line is assumed to be negligible. The ratio image H30 α/H I 9–
 has the largest value in the dark lane because of the reduction of
he H I 9–6 line intensity. The intrinsic line ratio of H30 α/H I 9–
NRAS 542, 1287–1307 (2025)
 is calculated from case B, where all the lines, apart from the
yman lines, are optically thin (Hummer & Storey 1987 ). A large
rid of CLOUDY version 23.01 (Chatzikos et al. 2023 ) case B models
as calculated covering the hydrogen density range from 102 to
06 cm−3 and temperatures between 5000 and 15 000 K. The case
 ratio shows the most variation for lower densities, which are not
pplicable for NGC 6302. For densities at or above 80 000 cm−3 ,
he typical density value from the MOCASSIN model of the nebula
rom Wright et al. ( 2011 ), the range of the value of the line ratio
s restricted to between about 0.00012 and 0.00016. We used the
inimum of this range to avoid having ratio values lower than the
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Figure 7. Stratification of H+ , PAHs, and H2 , with a 13 CO image displaying the torus. With MIRI’s angular resolution, H+ and H2 mostly overlap at the bubble 
(a), as found in pink colour, while PAH emission is found outside of H+ at the bubble (b enlarged). On the other side, on the outside of the bubble, PAHs are 
found inside of H2 . 13 CO traces the molecular torus: its front and rear sides, and the outer extended (warped) regions. Additionally, 13 CO emission is found at 
a part of the inner bubble (arc). In the enlarged image (b), stratification of 13 CO, H+ , and PAHs is found. The green circle indicates the location of the central 
source (CS). The H+ gas is traced by the emission of 5.91 μm H I 9–6 line, while PAHs is from 6.3 μm band, and H2 is traced by 6.91 μm H2 0–0 S(5) line. 

Figure 8. (a) The relative extinction in magnitudes across the nebula at the H I 9–6 line (5.91 μm). The black contour line traces with A (5 . 91μm) = 2 mag, 
the highly extinguished region by the torus foreground to the bipolar outflow. The relative extinction is derived from the comparison of the images of (b) the 
ALMA H30 α line flux to (c) the H I 9–6 line flux with respect to the minimum value of case B from CLOUDY models. The HST (d) Pa β, (e) H α, and (f) H β

(Kastner et al. 2022 ) are plotted in comparison, showing the decrease of extinction with longer wavelength in the torus. The north-west edge of the inner bubble, 
which serves as the background to the bipolar outflow, is visible only at IR wavelengths (Fig. 4 ). 
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ase B prediction within the bright part of the nebula in the MIRI
mages. 

To make the extinction map (Fig. 8 ), the case B minimum value of
.00012 was used as the unextinguished reference ratio for calculat- 
ng extinction values across the nebula. Consequently, the extinction 
alues so derived represent the maximum possible extinction because 
he minimum case B ratio was used as a comparison. If the larger
atio value of 0.000179 from the full CLOUDY model is used instead,
he total extinction at 5.91 μm in the middle of the dark dust lane at
A = 17h 13m 44.s 40 and Dec. = −37◦06′ 10.′′ 63 drops from 2.36 to 
.92 mag. So, the extinction uncertainty ranges down 0.4 mag from
he values shown in Fig. 8 for the high extinction areas of the map,
lthough it seems likely that the actual unextinguished reference 
alue to use for the calculation will be somewhere between the full
odel value and the case B minimum value given the range of ratio

alues seen from the image comparison. 
The extinction curve used here predicts an extinction of about 

.042 mag at 5.907 μm from the foreground reddening of 
MNRAS 542, 1287–1307 (2025)
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Figure 9. The derived relative extinction values as a function of wavelength at the torus. The dust mass absorption coefficients κ for the Milky Way ISM (WD 

MW; Weingartner & Draine 2001 ), amorphous silicate with 2 μm grain size (Draine & Lee 1984 ), crystalline silicates, Quartz (Qu; Zeidler et al. 2013 ), Enstatite 
(En; Murata et al. 2009 ), and Forsterite (For; Koike et al. 2010 ) are also plotted. Major features are labelled. 
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( B − V ) = 0 . 53 mag. This is much smaller than the extinction
easured in Fig. 8 . Hence, the large majority of the extinction

riginates inside NGC 6302. 

.6.2 Wavelength dependence of the extinction 

xtinction can be measured by the reddening induced by the
avelength dependence of the dust absorption and scattering (e.g.
ieke & Lebofsky 1985 ). One method is by using the observed

elative line intensities of hydrogen or helium recombination lines.
here are several such lines detected in the MIRI data, such as the
ydrogen recombination lines H I 10–6 (5.13μm), H I 9–6 (5.91μm),
 I 10–7 (8.76μm), and H I 8–7 (19.06μm). However, dust extinction

urves in the mid-IR show a complex wavelength dependence caused
y various silicate bands (Section 4.1.3 ), which can vary from typical
SM environments (e.g. Weingartner & Draine 2001 ). This makes
his method difficult to apply. Indeed, the observed ratios of the
entioned lines, compared to predictions from a large grid of case
 recombination line calculations from the CLOUDY code (version
3.01; Chatzikos et al. 2023 ) using standard extinction curves, did
ot give consistent results. 
Instead, we determine the wavelength dependence of the extinction

omponent from the torus directly from the spectral profiles of the
IRI IFU slices. A cut across the absorption band was selected from

he channel 1-short IFU slices, along Dec. = −37◦06′ 10.′′ 63. We
ssume that the emitted flux varies smoothly across the absorption
and and can be approximated via a linear interpolation across
he absorption feature. An interpolation was carried out from peak
alues near pixel x = 74 (RA = 17h 13m 44.s 49) to near pixel x = 103
NRAS 542, 1287–1307 (2025)
RA = 17h 13m 44.s 18), and the line was interpolated to the position
f the flux minimum near pixel x = 83 (RA = 17h 13m 44.s 40). The
elative flux deficit to the interpolation was converted to an extinction
alue in magnitudes. This process was carried out for the same cut
n the channel-1 short, medium, and long data cubes. For the other
hannels, the data cubes were resampled to the channel-1 pixel scale
0.13 arcsec pixel−1 ) using the world coordinate system information
or each cube, and then the same fitting process was carried out
avelength-by-wavelength for these nine resampled data cubes.
his process provides a measurement of the wavelength-dependent
xtinction across the absorption band over the full MIRI wavelength
ange. 

Fig. 9 shows the resulting wavelength variation of extinction.
he figure also plots the dust mass absorption coefficient, κ , for
odel ISM grains (Weingartner & Draine 2001 ). Compared with

tandard ISM dust grains, the extinction curve for NGC 6302 is rather
at across the wavelength range, and the 10 μm silicate feature is
ather weak. This may be explained by the presence of larger grains,
ypically micron-sized grains. Such an extinction curve is represented
y 2 μm ISM grains, using the optical constants from Draine &
ee ( 1984 ). The small features around 10 μm are mainly due to
rystalline enstatite and quartz, on top of the amorphous silicate. The
eatures longward of 15 μm are due to crystalline enstatite, quartz,
nd forsterite. 

Combining this relative extinction map with the wavelength
ependence shown in Fig. 9 allows extinction estimates to be made
cross the central area of the nebula, under the assumption that the
avelength dependence is the same at all points in the central area.
urther work is needed to assess how valid an assumption this is, but
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Figure 10. A schematic side-view image of the torus relative to the central 
star. The innermost region of the torus is filled with molecular gas, represented 
by 13 CO. As UV/X-ray radiation from the central star ionizes the gas, H+ , 
emission appears outside the 13 CO region. PAHs are found in the intermediate 
region between 13 CO and H I , while H2 is likely located close to the 13 CO 

region. 
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ogether, these give an initial estimate of the extinction effects for
he MIRI data. 

 DISCUSSION  

.1 Dust in the torus 

.1.1 The extinction mass of the dusty torus 

he dense torus is notable, through its extinction, as a dark lane
issecting the visible nebula (Fig. 1 ). It is also seen in CO (Santander-
arcı́a et al. 2016 ; this work) and in sub-mm dust continuum

mission (Matsuura et al. 2005 ), both of which have the advantage of
robing both the front and the back of the torus and the nebula, while
xtinction only allows the front to be seen. The torus contains a large
raction of the mass of the overall dust mass in NGC 6302. From the
ames Clerk Maxwell Telescope data, Matsuura et al. ( 2005 ) derive
 torus dust mass of 0.03 M�, or a total (gas + dust) mass of 3 M�
ssuming a canonical gas-to-dust mass ratio of 100. 

The extinction map can be used to estimate a torus mass. The
xtinction at 5.9 μm can be converted to AV using the extinction 
urve of Gordon et al. ( 2023 ), which gives A ( λ = 5 . 9μm ) /A ( V ) =
 . 0261 mag, where we assume RV = 3 . 1. The value for AV is then
onverted to a hydrogen column density using the relation of Güver & 

¨ zel ( 2009 ). The total mass is obtained by integrating the column
ensity over the area. 
With these assumptions, the area of the torus, defined as the region

or which A5 . 91μm 

> 2 . 0 mag (Fig. 8 ), that corresponds to A ( V ) >
6 . 6 mag with a standard ISM extinction curve (Gordon et al. 2023 ),
ig. 8 gives a total hydrogen mass of M = 1 . 6 M�. The method can
nly measure the torus mass in front of the nebula, and presumably
he same amount is present behind the nebula. The total hydrogen 

ass becomes Mtorus ∼ 3 M�. 
There are substantial uncertainties in this method. The conversion 

rom extinction at 5.9 μm to AV and the conversion from AV to NH 

oth assume typical interstellar dust, whereas the dust in NGC 6302 
ay be different. While the dust mass absorption coefficient κ of 

stronomical silicates (Draine & Lee 1984 ) with a grain radius of
μm, and the Milky Way ISM dust with RV = 3 . 1 (Weingartner &
raine 2001 ) are more or less the same at 5.9 μm (∼500 and
08 cm−2 g, respectively), the κ of silicates from Ossenkopf, 
enning & Mathis ( 1992 ) is twice as high at a radius of 2 μm,
ence the mass would be reduced by a factor of 2. The method also
oes not take into account asymmetric structure, which is expected 
rom a warped torus: the dust extinction map captures the near side
f the north of the torus, which also has the highest 13 CO intensity
Fig. 7 ). The derived mass should be viewed as indicative, with a
otential range of 0.8–3 M�. 
Assuming that the line-of-sight depth of the dark lane is the same as

ts linear extent (5.5 arcsec, or 1 . 7 × 1017 cm), the hydrogen density
f the dark lane is nH ∼ 6 × 106 cm−3 . 
The ionized gas has the highest density at the central region, ne =

 × 104 cm−3 , with an electron temperature of Te = 1 . 90 × 104 K
Rauber et al. 2014 ). These values, measured from optical lines, 
ould indicate approximate pressure equilibrium between the dense 

ane and the ionized gas if the gas temperature in the lane is T ∼
00 K. 

.1.2 Dust formation in the torus 

he ISO detection of crystalline silicates, such as forsterite 
Mg2 SiO4 ) and enstatite (MgSiO3 ), suggested that gas-phase con- 
ensation occurs close to chemical equilibrium in a disc or torus
Waters et al. 1998 ; Molster et al. 1999 ; Kemper et al. 2004 ; Nuth
t al. 2006 ). The ISO detection of other minerals, such as diopside
MgCaSi2 O6 ) in NGC 6302 (Kemper et al. 2002 ), supports this
ypothesis and is reminiscent of the chemistry in planet-forming 
iscs (e.g. Gail 1998 ; Sargent et al. 2009 ; Olofsson et al. 2010 ; Varga
t al. 2024 ). For AGB stars in binary systems, a portion of the outflow
ay be trapped, so that it gains angular momentum and forms a disc

r torus (Mastrodemos & Morris 1999 ; Mohamed & Podsiadlowski 
012 ). In such a binary disc, high densities and temperatures can be
ustained for extended periods, persisting beyond the AGB phase and 
ontinuing through the post-AGB and PN stages. In contrast, these 
onditions of crystalline silicate formation are difficult to reconcile 
ith a rapidly cooling AGB wind, where changes in pressure, 

emperature, and density occur faster than the time-scale required for 
hemical reactions. Consequently, most silicates in AGB outflows are 
morphous, likely forming under non-equilibrium conditions (e.g. 
herchneff 2006 ), resulting in a predominantly glassy structure. 
Previous observations of AGB stars, post-AGB stars, and PNe with 

SO and Spitzer lacked the angular resolution necessary to distinguish 
etween material in the stellar wind and that in the disc or torus
Matsuura et al. 2004 ; Gielen et al. 2009 ). Our spatially resolved
bservations with JWST MIRI definitely locate the crystalline silicate 
mission in the dense torus, providing strong confirmation of this 
cenario. 

Furthermore, MIRI’s detection of the large sizes of the dust grains
uggests that dust formation occurs over an extended time-scale, 
llowing grains to grow to larger sizes. 

.2 The effects of photoionization on the torus 

n the torus, a 13 CO traces the cold molecular region and extends north 
o south, and PAH emission is present on both sides of the 13 CO strip
Section 4.5.3 ; Fig. 7 ). The ionized hydrogen H I recombination line
nd H2 emission appear adjacent to the 13 CO with a slight offset to
he east (Fig. 7 ), whereas they overlap with the 13 CO on the west side.

e attribute this stratification within the torus to a hierarchical PDR
r X-ray-dominated region (XDR; Section 5.3 ) structure of different 
omponents within the torus, produced by the radiation from the 
entral star. Projection of the torus structure towards our viewpoint 
auses such alignments progression of layers. 

Fig. 10 shows a schematic picture of the far side of the torus from
he side view, illustrating these alignments. The torus is slightly 
ared, and the scale height increases with a greater distance from the
entral star. The 13 CO is located at the innermost region of the torus
n terms of the scale height. Due to the projection effect from the
MNRAS 542, 1287–1307 (2025)
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7 For their nebular photoionization models, the best-fitting 220 000 K, log 
g = 7.0 H-deficient model atmosphere used by Wright et al. ( 2011 ) emits 
about a hundred times more photons with energies greater than 225 eV than 
a 220 000 K blackbody – see their fig. 5. 
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bservers point of view, the 13 CO lane runs in the middle of the torus
n Fig. 7 . The H+ , H2 , and PAHs are found on both side of the torus.
he torus is viewed almost vertically edge-on on the western side, but
lightly tilted to the east, hence all H+ , H2 , and PAHs are aligned on
he western side. They are offset in the schematic picture (Fig. 10 ),
ut are not spatially resolved in the IFU reconstructed images, or
he heavy dust extinction contained in the cold gas and dust region,
raced by 13 CO, is obscuring the far radial end of the torus. The torus
s slightly tilted on the eastern side from the observer’s point of view,
o that the flared part of the torus is spatially well resolved on the
astern side of the torus. The 13 CO emission is the mid-plane, and the
nner edge of H+ and H2 follow, and PAHs are the outermost region.
he H+ and H2 are extended from the inner edge to a higher scale
eight. The stratification of the eastern side of the torus is similar to
hat of the inner bubble. 

It seems likely that some of the torus component is blown off by
he hot bubble, contributing to 13 CO emission in the southern extent
f the inner bubble. 
When a torus is flared rather than flat, the central star can irradiate a

igher scale height than in a flat case; if the torus is flat, UV radiation
an reach only the inner radius of the torus, due to its extinction. This
s well modelled for protoplanetary discs (Chiang & Goldreich 1997 ),
here the flare is caused by hydrostatic and radiative equilibrium.
he radiation from the central star reaches farther in the case of a
ared disc, so that the emission, in projected view, is more extended
n the eastern side of the torus from the observer’s point of view.
enning et al. ( 2024 ) showed that, due to chemical reactions in the

rradiated disc, different molecules can be found in different parts of
he protoplanetary discs. That may occur in the torus of NGC 6302,
oo. In the case of H2 , this requires UV excitation from the central
tar; hence, it is only seen near the surface of the torus where there
s little dust extinction. In contrast, the 13 CO excitation temperature
ould range from 20 to 35 K depending on the region (Peretto et al.
007 ), so that it is in the inner, shielded regions inside of the torus
Fig. 10 ). 

.3 The expanding bubbles 

lthough the stratification of the ionized gas can largely be explained
y photoionization, the presence of multiple H+ edges and rims,
long with the peanut-shaped structures and their interaction with
he torus, suggests characteristics of a hot bubble surrounding a
igh-temperature central star. 
The original concept of a hot bubble involves a hot (∼106 K)

tellar wind colliding with the surrounding ISM or an AGB wind
Castor, Weaver & McCray 1975 ; Kwok, Purton & Fitzgerald 1978 ;
alick 1987 ). In the case of NGC 6302, the hot bubble is sweeping
p material from the previously ejected nebula and the torus rather
han from the ISM. The peanut-like shape of the H+ rim (Section 4.4 )
uggests that the hot bubble blown by the wind is interacting with the
orus at the intersection. While the bubble can continue to expand into
ower density regions of the nebula, its expansion is stopped upon
ncountering the denser torus. This interaction causes the bubble to
end, resulting in its distinctive peanut-like morphology. 
The structure of a hot bubble was modelled by radiative and hydro-

ynamic simulations. Toalá & Arthur ( 2016 ) calculated the effects
hen the fast (initially over 1000 km s−1 ) wind from PN central star

ncounters the slowly expanding (∼15 km s−1 ) AGB material. This
esults in hot gas (over 106 K) at the centre with a gradual temperature
ecrease outwards. After about 1000 yr of interaction, instabilities
evelop, causing the formation of a filamentary structure of H+ or
NRAS 542, 1287–1307 (2025)
 rim of compressed ionized gas, while the hotter gas still fills the
nterior. This morphological structure is well replicated in NGC 6302.
ur JWST /MIRI observations show that emission lines from higher

onization potential species predominantly fill the region near the
entral star, while the sharp edges of hydrogen recombination line
missions encircle the hotter gas. 

.3.1 Photoionization, shocks, and kinetic heating 

he stratification of ionized gas can be explained by two possible
echanisms: photoionization effects and kinetic effects. Since X-

ays potentially contribute to both photoionization and the formation
f a hot bubble, which generates shocks upon interacting with
mbient material, we cannot determine which process primarily
rives the stratification of ionized gas based on existing results
lone. 

First, we discuss the photoionization scenario. The hot (220 000 K)
entral star is capable of emitting from soft X-rays (100 eV < hν <

 keV) to far-UV (6 eV < hν < 13.6 eV; Tielens & Hollenbach
985 ; Wolfire et al. 2003 ) radiation (Wright et al. 2011 ), leading to
he expectation that the highest ionization potential lines should be
etected nearer the central star. For the case of a 220 000 K blackbody,
.38 of all photons emitted have energies > 54.4 eV capable of
onizing He+ to He2 + , whereas only 0.00044 of all photons have
nergies > 225 eV capable of ionizing Mg6 + to Mg7 + . 7 Mg7 + 3.028-
m emission has been detected, although not imaged, from the core
f NGC 6302 by Casassus et al. ( 2000 ). The highest ion stages for
hich MRS imaging data are available are Si6 + , requiring 205 eV to

reate, and Mg6 + , requiring 187 eV to create. The 6.492- and 5.493-
m forbidden lines from these respective ions show comparable
ngular extents, which are both more compact than the extent of the
e II 10–9 9.714-μm line (Fig. 6 ). 
All five of the highly ionized species whose emission is imaged in

ig. 6 ([Si VII ], [Mg VII ], [Na VI ], [Ar V ], and [Mg V ]) show a central
ole. We attribute this lack of emission to the ‘hole’ containing
ore highly ionized ion stages of the respective species, e.g. ion

tages from Mg7 + through to Mg12 + in the case of Mg. Only two of
he ions whose emission is shown in Fig. 6 do not show the hole,
amely H I 9–6 and He II 10–9. These arise from species that are
lready fully ionized, namely H+ and He2 + , and so cannot be ionized
urther. 

In the case of a hot bubble driven by stellar winds, hotter
as could still be present in the central hole, but an alternative
ossibility is present. As the hot bubble expands, sweeping up
he surrounding nebular material, it generates shocks that locally
ncrease the gas temperature. The temperature at these shock fronts
ould exceed the temperature of gas near the central star (Toalá &
rthur 2014 ). The high-temperature gas is enclosed by a thin rim of
ydrogen recombination emission, as shock compression increases
he local density while reducing the temperature (Toalá & Arthur
014 ). Future investigations into the gas within this central hole
ill help determine whether photoionization or shocks from the
ot bubble play a more dominant role in shaping the observed
tratification. 

The characteristics of PNe with a hot bubble are that they are young
a few thousand years old) and show X-ray emission. The bipolar
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8 Following deconvolution in quadrature for their instrumental FWHM res- 
olution of 15 km s−1 , table 3 of Casassus et al. ( 2000 ) presents [Mg VIII ] 
3.028-μm FWHM line widths of 18 and 24 km s−1 for two orthogonal slit 
positions on the core of NGC 6302, along with Br γ FWHM values of 31 and 
41 km s−1 at the same positions. Since each line width will have a contribution 
from thermal broadening, proportional to the square root of the ratio of the 
temperature divided by the mass of the species, as well as from macroscopic 
turbulent/expansion velocities, independent of the species mass, we can use 
these measured line widths for Mg and H to solve for the gas temperature 
and the macroscopic turbulent/expansion velocity. Using equations (1) and 
(2) of Barlow et al. ( 1995 ), we obtain temperatures of 24 000 and 42 000 K 

and corresponding turbulent/expansion velocities of 9.4 and 12.6 km s−1 for 
the two slit positions. 
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ows of NGC 6302 have an age of around 2000 yr (Szyszka et al.
011 ; Balick et al. 2023 ), so it fits this picture. X-ray emission has
ot been detected in NGC 6302 (Montez et al. 2015 ). This might be
ecause NGC 6302 is extended to Chandra . Chandra X-ray survey 
Ne tends to favour detections from compact sources (nebula radius 
maller than 0.15 pc; Freeman et al. 2014 ), and NGC 6302 falls on
his borderline. A deep X-ray exposure could test the presence of hot
as inside the bubble. 

Of course, NGC 6302 experienced outflows in different directions, 
ith historical outflows older than 2000 yr (Balick et al. 2023 ). These

onized gases overlay in projection and shape the overall butterfly 
ebula. 

.4 PAH formation or excitation exterior to the inner bubble 

n the Orion Bar, JWST imaging and spectroscopy showed that the 
AHs emission is located between the H+ and H2 layers. (Habart et al. 
024 ; Peeters et al. 2024 ). The situation in NGC 6302 is different,
ith PAH emission further from the H+ rim and H2 in the inner hot
ubble. The environment appears to affect the relation between H2 

nd PAHs. This may be related to excitation, PAH formation, or PAH
estruction. 
We can rule out the feasibility of PAH destruction by the hot

ubble to explain the IR PAH emitting region in NGC 6302, based
n the bonding energy argument. The ionization potential of H I 

s 13.6 eV and the binding energy of H–H in an H2 molecule is
.52 eV. Two major bonds in PAHs are C = C and C–H. The C–H
onds are rather fragile and Allamandola, Tielens & Barker ( 1985 )
entioned an energy of 5 eV and above. The dissociation energy 

f a PAH is 4.6 eV (Micelotta, Jones & Tielens 2010 ). This is the
issociation energy by collisions, not by photoionization, so that 
areful comparison is needed. This PAH dissociation energy is more 
r less similar to the H2 binding energy; however, the carbon cage 
f PAHs is more resilient to destruction, with a potential survival of
p to 75 eV in collisional energy (Micelotta et al. 2010 ). The actual
estruction is somewhere within this range (Micelotta et al. 2010 ). 
ith this resilience of PAHs, it is easier to destroy H2 than PAHs.
ence, PAHs could appear closer to the central star than H2 , if the
hysical conditions in the bubble had destroyed PAHs and H2 . The 
bserved arrangement is different; hence, the destruction of PAHs by 
he physical conditions in the bubble is an unlikely cause of the H+ ,

2 , and PAHs order of stratification at the bubble. This excludes the
cenario in which PAHs were formed during the AGB or post-AGB
hase and subsequently destroyed inside the inner bubble during the 
N phase. 
Instead, the observed stratification can be explained if the expand- 

ng hot bubble causes a radiative shock, with a shock front somewhere
ithin or interior to the H I emitting region, where UV photons from

he radiative shock trigger an UV-induced PDR structure in the pre- 
hocked region, forming the H+ and H2 stratification, followed by the 
V-induced and potentially X-ray-induced chemistry and eventual 

AH formation. 
The sound speed of the bubble gas is approximately 16 km s−1 ,

ssuming a temperature of 10 000 K and the density of 106 cm−3 . The
ssumed density is from the estimated electron density (Appendix A ), 
nd the temperature is estimated by Wright et al. ( 2011 ). In the H I

mitting region, the temperature can be lower than that, hence, the 
ound speed can also be lower. With the expansion velocity of the
as of 13 km s−1 , measured from Br γ (Casassus et al. 2000 ), the hot
ubble can exceed the sound speed, and can cause mild shocks. In the
 I emitting region, the temperature can be lower than that, hence,

he sound speed can also be lower. With the expansion velocity of the
as of 13 km s−1 , measured from Br γ (Casassus et al. 2000 ), 8 the
ot bubble can exceed the sound speed, and can cause mild shocks. 
Energy generated by shocks can produce radiation, and UV 

adiation from the shocked region can affect the temperature structure 
f the pre-shocked region, i.e. ahead of the shocks. Raymond ( 1979 ),
hull & McKee ( 1979 ), and Hollenbach & McKee ( 1989 ) examined

he effect of the UV radiation from the shocked region on the pre-
hocked (upstream) region. Shull & McKee ( 1979 ) showed that shock 
elocities higher than 110 km s−1 generate sufficient UV radiation 
n the upstream (pre-shocked region) to ionize the gas. Lower shock
elocities will not ionize the gas (Allen et al. 2008 ), but still UV
adiation from the shock front enters the neutral and the molecular

2 region, if the pre-shocked region has a reasonably high density 
McKee & Hollenbach 1980 ). 

The spectrum of the radiation field can also have an effect. The
entral star of NGC 6302 is much hotter (2 . 2 × 105 K) and sufficient
o generate soft X-ray emission. The exciting stars in the Orion star-
orming region have temperatures of only 34 600 K (Abel, Ferland &
’Dell 2019 ). If the Orion Bar is a PDR, irradiated by UV, the
ifference in NGC 6302 could be due to X-ray radiation. Although
-rays have not been detected from NGC 6302, the hot (220 000 K)

entral star can emit soft X-rays and far-UV (fig. 5 in Wright
t al. 2011 ). That can trigger an XDR (Wolfire, Vallini & Chevance
022 ) in the ambient gas. Soft X-rays are predominantly shielded by
ydrogen (Maloney, Hollenbach & Tielens 1996 ), so that relatively 
igh density at the H+ rim of the bubble might shield X-rays, and
ubsequently form H2 . An XDR can dissociate CO, leading to carbon
hemistry (Meijerink & Spaans 2005 ), and PAHs formation (Woods 
t al. 2003 ). A PAH formation route through HCO+ may benefit
rom X-ray irradiation (Woods et al. 2002 ). Indeed, HCO+ has been
etected in NGC 6302 (Moraga Baez et al., in preparation) and also
H+ 

3 (Bhatt et al., submitted), which is also seeding carbon-rich 
hemistry. The CO emission has been detected at the H+ rim of the
nner bubble (Santander-Garcı́a et al. 2016 ), and if X-ray radiation is
trong enough to dissociate CO into C or C+ , it can open the route to
orm PAHs via HCO+ . A characteristic of XDRs is that the transition
etween H+ , H I , and H2 is rather gradual as a function of hydrogen
umber density, compared with PDR. This transition in the bubble 
f NGC 6302 is much sharper than the one observed in the Orion
ar. This could be because the decline of the density at this rim is

teep. The remaining question is why PAHs are detected far behind
2 or HCO+ . PAHs can be excited by UV photons with energies

arger than a few eV (Draine et al. 2021 ), which should be present in
his region, hence, once PAHs are formed, they should be detected
djacent to the carbon chemistry region, i.e. HCO+ and CH+ 

3 (Berné 
t al. 2023 ), but PAHs are displaced behind these molecules. It might
e because the time-scale of PAH formation is a slower process than
MNRAS 542, 1287–1307 (2025)
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he formation of H2 . Detailed chemical and PAH excitation models
ould be needed to explain PAH formation behind this inner bubble.
The displacement of IR PAHs emitting regions relative to H2 

mitting region in PDR regions can be influenced by differing
hielding mechanisms affecting H2 and CO. This concept is applied
o the star-forming region N13 in the Small Magellanic Cloud (SMC).
ecent JWST observations reveal that H2 and PAHs in N13 are co-

ocated or that PAHs are slightly behind H2 (Clark et al. 2025 ),
ontrasting with the Orion Bar, where PAHs are observed closer
o the exciting star than H2 (Habart et al. 2024 ; Peeters et al.
024 ). The stratification observed in N13 is attributed to the fact
hat H2 is capable of self-shielding (Maloney et al. 1996 ; Wolfire,
ollenbach & McKee 2010 ; Gnedin & Draine 2014 ), whereas CO
epends on dust extinction for protection against UV radiation. In the
ow-metallicity environment of the SMC, dust extinction is reduced,
llowing UV photons to penetrate deeper compared to regions in the
ilky Way. However, H2 self-shielding remains effective, even at

ow metallicity. As a result, the stratification order of H2 and PAHs
s reversed in the SMC star-forming region N13 compared to the
rion Bar. In the case of NGC 6302, the high effective temperature
f its central star has to be considered, as it emits more energetic
V photons than the exciting star in the Orion Bar. However, dust
rocessing in NGC 6302 may have reduced dust extinction at UV
avelengths, allowing deeper UV penetration and resulting in a

tratification pattern similar to that observed in N13. 
The interpretation of the hot bubble and UV irradiation of the up-

tream material applies to only the latest outflow (inner bubble). That
egion is strongly affected by the presence of the warped torus; hence,
V radiation can be easily shielded in certain directions (north–
orth-west and south–south-east). Stellar UV penetrates throughout
he core and far into the larger nebula of NGC 6302, suggesting that
here is no ionization front in the bubble (or near it) to absorb all of
he stellar UV photons. Once PAHs are formed, stellar UV radiation
an excite PAHs in the nebula, such as the outer bubble. 

 C O N C L U S I O N S  

e have explored the heart of the extreme bipolar PN NGC 6302
sing JWST MRS mapping of its IR spectrum at unprecedentedly
igh angular resolution. These new spectral maps provide the spatial
istributions of nearly 200 emission lines of neutral atomic, ionic,
nd molecular species; PAH features; and crystalline and amorphous
ilicates. Combined with ALMA 13 CO and H30 α, these atomic and
olecular lines and dust features have revealed structures deep inside

he dust-obscured region at the centre of the PN, providing fresh
nsight into the chemistry and shaping of this luminous, massive,
rototypical bipolar PN. 
NGC 6302 has a central expanding torus that contains dust

rains within. The expanding torus, with approximate radius at IR
avelengths of 5.5 arcsec, or 5700 au, is the primary dust reservoir
ith a total dust plus gas mass of 0.8–3 M�. Its mid-IR spectra show
 high fraction of crystalline silicates and inferred μm-sized dust
rains, in contrast to typical ISM grain size distributions (a few Å
o 1 μm grain size; Weingartner & Draine 2001 ). Our observations
upport the hypothesis of an equilibrium chemistry in a disc to form
rystalline silicates and large dust grains. 

The wind from the PN central star appears to have proceeded as a
equence of bursts rather than via a continuous outflow, resulting
n bubbles and arc filaments. This may be due to the infall of
aterial from a disc formed by mass transfer from a close companion,
hich may supply the central star with accretion energy capable of
roducing intermittent outflows. The central region of the PN is not
NRAS 542, 1287–1307 (2025)
epresented by steady-state mass loss, but by more dynamic and
mpulsive energetic outflows. 

Inside the inner bubble, a stratification of ionized species is found.
pecies with higher ionization potentials are found to have a more
ompact distribution, while the lower ionization potential species
re found to be more extended. This shows that both the UV/X-
ay radiation energy from the central star and perhaps the kinetic
nergy of the hot bubble cause a higher degree of ionization in the
nnermost regions, which decreases towards the outside. When the
ubble breaks, the outflowing material shocks and heats previously
jected material, producing [Fe II ] and [Ni II ] line emission seen as
he north-west and south-east jets. 

JWST and ALMA capture the most recent stage of the wind,
hich forms the inner bubble, and blows some material off the torus.
he inner bubble should also trigger shocks when it interacts with

he ambient circumstellar material, which presumably consists of
ast outflows. The shock emits UV radiation, which penetrates the
xternal regions and excites the H2 and PAH emission. This emitting
egion of PAHs is found outside of H2 , and that might suggest that
AHs are formed at the outer region of the bubble. This could be
he first indication of capturing the PAH formation site in a PN,
mportant for understanding PAH formation chemistry. 
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eaburn J. , López J. A., Steffen W., Graham M. F., Holloway A. J., 2005,

AJ , 130, 2303 
MNRAS 542, 1287–1307 (2025)

https://mast.stsci.edu
http://archive.stsci.edu/doi/resolve/resolve.html?doi=10.17909/s1rn-1t84
http://dx.doi.org/10.3847/1538-4357/ab2a6e
http://dx.doi.org/10.1086/184435
http://dx.doi.org/10.1086/589652
http://dx.doi.org/10.1051/0004-6361/202346489
http://dx.doi.org/10.1086/166578
http://dx.doi.org/10.1086/114504
http://dx.doi.org/10.1146/annurev.astro.40.060401.093849
http://dx.doi.org/10.3847/1538-4357/acf5ea
http://dx.doi.org/10.1093/mnras/272.2.333
http://dx.doi.org/10.1038/s41586-023-06307-x
http://dx.doi.org/10.5281/zenodo.7946442
https://doi.org/10.5281/zenodo.7946442
http://dx.doi.org/10.5281/zenodo.6825092
https://doi.org/10.5281/zenodo.6825092
http://dx.doi.org/10.5281/zenodo.7692609
https://doi.org/10.5281/zenodo.7692609
http://dx.doi.org/10.1088/1538-3873/ac9642
http://montage.ipac.caltech.edu/applications.html
http://dx.doi.org/10.1046/j.1365-8711.2000.03208.x
http://dx.doi.org/10.1086/181908
http://dx.doi.org/10.22201/ia.01851101p.2023.59.02.12
http://dx.doi.org/10.1093/mnras/staa221
http://dx.doi.org/10.1051/0004-6361:20064827
http://dx.doi.org/10.1086/304869
http://dx.doi.org/10.1051/0004-6361:20066009
http://arxiv.org/abs/2504.06247
http://dx.doi.org/10.1111/j.1365-2966.2005.09366.x
http://dx.doi.org/10.3847/1538-4365/acec79
http://dx.doi.org/10.1086/524373
http://dx.doi.org/10.1086/162480
http://dx.doi.org/10.3847/1538-4357/abff51
http://dx.doi.org/10.1086/305829
http://dx.doi.org/10.1093/mnras/119.2.150
http://dx.doi.org/10.1051/0004-6361:20011196
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1088/0004-637x/794/2/99
http://dx.doi.org/10.1051/0004-6361/202243940
http://dx.doi.org/10.1088/1538-3873/acd1b5
http://dx.doi.org/10.1051/0004-6361/200912060
http://dx.doi.org/10.1088/0004-637X/795/1/37
http://dx.doi.org/10.1093/mnras/staa060
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.3847/1538-4357/accb59
http://dx.doi.org/10.1086/168537
http://dx.doi.org/10.1111/j.1365-2966.2009.15598.x
http://dx.doi.org/10.1051/0004-6361/202346747
http://dx.doi.org/10.1088/1538-3873/ad3455
http://dx.doi.org/10.1111/j.1365-2966.2006.09894.x
http://dx.doi.org/10.1086/167595
http://dx.doi.org/10.1093/mnras/224.3.801
http://dx.doi.org/10.1051/0004-6361:20030729
http://dx.doi.org/10.1093/mnras/stad1609
http://dx.doi.org/10.3847/1538-4357/ac51cd
http://dx.doi.org/10.1051/0004-6361:20021119
http://dx.doi.org/10.1086/421339
http://dx.doi.org/10.1088/0004-637x/709/2/983
http://dx.doi.org/10.1086/182621
http://dx.doi.org/10.1086/184287
http://dx.doi.org/10.1146/annurev.aa.18.090180.001251
http://dx.doi.org/10.1086/177532
http://dx.doi.org/10.1086/307717
http://dx.doi.org/10.1086/382064
http://dx.doi.org/10.1111/j.1365-2966.2005.08903.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14743.x
http://dx.doi.org/10.1088/0004-637x/700/2/1067
http://dx.doi.org/10.1086/496978


1306 M. Matsuura et al.

M

M  

M
M  

M
M
M
M
M  

M
M  

N  

O  

O
P
P  

 

P
P  

R
R
R
R
R
R
R  

S
S
S  

 

S
S
S
S
S  

S
T
T
T
T
U  

v
V
W
W
W
W
W
W  

W
W
W
W
W  

W
Z  

Z
Z

S

S

F

P  

o  

A  

c

A

T  

[  

t  

a  

o  

S  

1  

d
 

2  

r

A
C

F  

u  

T  

M  

W  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/2/1287/8241385 by W
ake AH

EC
 user on 03 Septem

ber 2025
eaburn J. , Lloyd M., Vaytet N. M. H., López J. A., 2008, MNRAS , 385,
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PPENDI X  A :  E L E C T RO N  DENSI TY  

here are three good density diagnostics: [Ar III ] 8.99/21.83 μm,
Ar V ] 7.9/13.1, and [Cl IV ] 11.76/20.31 line ratios. From the in-
egrated spectrum, these give electron densities of 35 000, 12 800,
nd 12 000 cm−3 , respectively – very similar to the values from
ptical diagnostics in the UVES (Ultraviolet and Visual Echelle
pectrograph) spectra of Péquignot, Morisset & Casassus ( 2012 ):
2 000, 16 000, and 16 000 cm−3 from [O II ], [Cl III ], and [Ar IV ]
ensity diagnostic ratios, respectively. 
In the jet, the estimated electron densities are 6000, 10 000, and

0 000 cm−3 from the [Fe II ] 17.94/6.72, 17.94/25.99, and 17.94/5.34
atios, respectively (Temim et al. 2024 ). 

PPENDI X  B:  M A R KOV  C H A I N  M O N T E  

A R L O  FITTING  TO  SILICATE  BA N D S  

ig. B1 demonstrates the Markov chain Monte Carlo (MCMC) fitting
sed to estimate the fractions of amorphous and crystalline silicates.
he fitting is performed using EMCCE , developed by Foreman-
ackey et al. ( 2013 ), based on the MCMC method (Goodman &
eare 2010 ). The figure shows the relative abundances, assuming

morphous silicates of 2 μm size. 

Figure B1. EMCCE fit to the spectra with four different dust compositions. 
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21 ACRI-ST, CentredáEtudes et de Recherche de Grasse (CERGA), 10 Av. 
Nicolas Copernic, F-06130 Grasse, France 
22 INCLASS Common Laboratory, 10 Av. Nicolas Copernic, F-06130 Grasse, 
France 
23 Astronomy and Astrophysics Research Group, Department of Physics 
and Astrophysics, Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels, 
Belgium 

24 UK Astronomy Technology Centre, Royal Observatory, Blackford Hill, 
Edinburgh EH9 3HJ, UK 

25 Chalmers University of Technology, Onsala Space Observatory, SE-43992 
Onsala, Sweden 
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