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ABSTRACT 
The butterfly-shaped planetary nebula, NGC 6302, shows a unique, dense equatorial dark 
lane, which is presumably a dusty disc, obscuring an unobserved, very hot central star. We 
trace the structure of this disc using Hubble Space Telescope Ha and [Nil] images, Very 
Large Telescope L-and M-band images at 0.4-arcsec resolution, including Bra and polycyclic 
aromatic hydrocarbon (PAH) images, and a James Clerk Maxwell Telescope 450-qm image. 
Extinction maps are derived from these images. Within the disc, the extinction is Ah« = 
5-7 mag and ABra = 1-2 mag. The 450-qm map shows a north-south elongated central core, 
tracing the massive dust disc, and extended emission from dust in the bipolar flows. A fit to 
the spectral energy distribution yields the disc dust mass of 0.03 Mq. The innermost region 
shows an ionized shell. The orientation of the polar axis shows a marked change between shell, 
disc and inner and outer outflow. The structures are well described by the warped-disc model 
of Icke (2003). PAH images are presented: PAH emission is found in the shell but avoids the 
disc. An infrared source is found close to the expected location of the central star. 

Key words: dust, extinction - ISM: jets and outflows - planetary nebulae: individual: 
NGC 6302. 

1 INTRODUCTION 

A planetary nebula (PN) originates when a low- or intermediate- 
mass star (1-8 Mq) expels 20-80 per cent of its mass, and the 
resulting circumstellar shell becomes ionized. The ejection occurs 
during the asymptotic giant branch (AGB), when during a brief 
phase of 103-104 yr, mass-loss rates are as high as 10_7-10-4 Mq 
yr-1. PNe commonly show axis-symmetric shapes, such as ellip- 
tical, bipolar or multipolar (e.g. Sahai & Trauger 1998; Balick & 
Frank 2002). The shapes indicate deviations from spherical symme- 
try in the original wind. During the post-AGB phase, when the star 
rapidly increases in temperature and surface gravity, a developing 

*Based on observations made with the NASA/ESA Hubble Space Tele- 
scope, obtained from the ESA/ECF Data Archive. HST is operated by the 
Association of Universities for Research in Astronomy, Inc., under NASA 
Contract No. NASA 5-26555. These observations are associated with Pro- 
gram No. 8345. 
fBased on observations with the European Southern Observatory, Very Large 
Telescope using ISAAC (proposal numbers 65.D-0395A and 73.D-0359A). 
iE-mail: m.matsuura@manchester.ac.uk 
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fast wind from the central star compresses the ejecta (Kwok 1982), 
and in the process amplifies any asymmetry already present (Icke 
1988). But there is so far limited evidence of axis-symmetric out- 
flows in AGB stars (e.g. Zijlstra 2001a; Zijlstra et al. 2001b; Sahai 
et al. 2003), leaving the origin open. A catastrophic change from 
spherically symmetric mass loss to axis-symmetric mass loss at the 
very end of the AGB is often postulated. 

The most extreme bipolar morphologies appear to be related to 
circumstellar discs (Balick 1987). Icke (2003) has suggested that 
multipolar PNe originate when a fast wind compresses a warped, 
molecular disc. Around cooler post-AGB stars, discs appear to origi- 
nate when a close binary captures part of the ejecta (e.g. Van Winckel 
et al. 1999). Such thin, keplerian discs are not uncommon around 
cool post-AGB stars but are rarely found around PNe. Many PNe 
show dense torii, but whether these evolve from post-AGB circumbi- 
nary discs is not yet known. They could also come from equatorially 
enhanced mass loss on the AGB, and present a different evolution- 
ary sequence from that of the close binaries. A problem is that few 
PNe discs or torii have been well parameterized. 

NGC 6302 is one of the few examples of an evolved, hot star 
still retaining a disc. The undetected central star is believed to be 
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one of the hottest PN central stars known (Pottasch et al. 1996). 
NGC 6302 is known as the prototypical ‘butterfly’ PN, with the 
fast wind channelled into two ‘wings’ by a central dense structure. 
This structure is seen as a dark lane extending from north to south, 
perpendicular to the wings. But the inner ionized region, as seen 
in the 6-cm radio continuum, shows a toroidal structure which is 
inclined at about 45 degrees to the optical major axis (Gómez et al. 
1989). The structure of the inner nebula, with its potentially multiple 
axes, is therefore still under discussion. 

In this paper we present deep optical and infrared images of 
NGC 6302, with subarcsecond resolution, aimed at resolving the 
inner nebula and the obscuring disc. The dust from this disc is also 
detected in thermal far-infrared emission. 

We adopt a distance of 1 kpc, following Kemper et al. (2002, 
0.91 kpc). Previous distance estimates range from 0.15-2.4 kpc 
(Meabum & Walsh 1980; Rodriguez & Moran 1982); Gómez et al. 
(1989) derives an expansion distance of 2.2 kpc, but this method 
can be questioned for highly asymmetric nebulae. Distances much 
larger than 1 kpc lead to very high values for luminosity and shell 
mass. 

2 OBSERVATIONS 

2.1 HST optical observations 

Hubble Space Telescope (HST) images were obtained from the data 
archives at the Space Telescope-European Coordinating Facility 
(ST-ECF). The data were taken on 2000 February 21 with Wide 
Field Planetary Camera 2 (WFPC2), which has four 800 x 800 pixel 
detectors. The pixel scale is 0.046 arcsec for the Planetary Camera, 
which covers the central region of the nebula, and 0.1 arcsec for the 
three Wide Field Cameras. Two filters were used, with exposure 
times of 610 s (two 300-s frames and one 10-s frame) for the F656N 
filter and 470 s (two 230-s frames and one 10-s frame) for F658N. 
The F656N filter (central wavelength 6564 Â, width 21.5 Â) mainly 
traces Ha emission, although some 6548 and 6584 Â [N n] emission 
is included in the passband (cf. Dudziak & Walsh 1997). The F658N 
image (A0 = 6590 À, A À0 = 28.5 Â) suggests that 6584Â [Nil] 
emission may contribute up to 10 per cent of the inband flux of 
F656N image. Here, we use the F656N image as an Ha image and 
F658N as an [N n] image. Pipeline-reduced data were used. The 
intensities are calibrated using the PHOTFFAM header parameter. 
Cosmic rays were removed by comparing four individual frames for 
the same region. The reduced Ha image is shown in Fig. 1. 

The HST images suffer from distortion. We use the parameters 
in Anderson & King (2003) to obtain the corrected coordinate of 
each pixel. Triangular linear interpolation is used to reconstruct 
the distortion-corrected image with a 0.071 arcsec grid, which is 
the same grid size as the infrared images discussed below. This 
correction is calculated only for the central region compared with 
other images. 

2.2 Near-infrared images 

Near-infrared images of NGC 6302 were taken with ISAAC 
(Moorwood et al. 1999) at the ESO Very Farge Telescope (VET). 
The data were acquired on 2000 August 15, in service mode. The 
weather was clear. Filters used are summarized in Table 1 ; the ob- 
tained images are shown in Figs 2 and 3. The 3.28-p.m narrow 
(NB 3.28) covers the PAH band with some contamination from Pf<5 
and He 16-7, and the 4.07-pm narrow band (NB_4.07) contains the 
Bra line. There is no strong emission line known in the wavelength 

ranges of the narrow M band (M_NB) and the 3.21-pm narrow 
band (NB_3.21) (e.g. Beintema & Pottasch 1999) and these bands 
represent continuum emission. The background was subtracted by 
chopping and nodding to a position 30 arcsec to the north-west, 
while keeping the source on the array. Chopping frequency is 0.47- 
0.45 Hz depending on the bands. Some negative images of nearby 
stars apparent inside NGC 6302 are owing to chopping (Fig. 3). Jit- 
tering was used to improve flat-fielding. The total exposure times 
were 841 s in M_NB, 217 s in NB_3.21, 287s in NB_3.28, and 
411 s in NB_4.07, respectively. The pixel scale is 0.071 arcsec. 

The full width half maximum (FWHM) in the frames, mea- 
sured from a nearby star, ranges between 0.3 and 0.4 arcsec. (The 
zenith optical seeing during the observations varied between 0.4 
and 0.85 arcsec.) Some image elongation is seen in the M band, 
which could be owing to the filter (ISAAC manual). The results are 
summarized in Table 1. 

We used eclipse and idl for the data reduction. Detector non- 
linearity, which is significant at the brighter range, was corrected 
according to the measurements of the ISAAC instrument team. 
The correction reaches a maximum of 9 per cent in M_NB and 
3-5 per cent in other narrow bands, which we found in calibra- 
tion data, rather than NGC 6302 data themselves. The calibration 
star is HR 7446, a B0.5III star, with magnitudes V = 5.055 zb 
0.010 mag and M = 4.996 zb 0.040 mag, respectively (van der Bliek, 
Manfroid & Bouchet 1996). Magnitudes for the narrow-band filters 
were derived by calculating colours for a 31 500 K black body to 
represent the B0III star (Tokunaga 1999). We assume that all 400 K 
black body (cf. van der Bliek et al. 1996) has colours of zero at all 
the bands. Including the effects of filter and atmospheric transmis- 
sion (Ford 1992), we obtain NB_3.21 - F = -0.025, NB_3.28 - 
V = -0.017, V - NB_4.07 = -0.010 for a B0III star. We 
assumed that the magnitude of HR 7446 at M_NBis the same as 
that for the wide-band M. HR 7446 does not have strong hydrogen 
emission (Mennickent & Vogt 1988), but the assumption of a black 
body may produce a systematic error in the Bra calibration. 

Aperture photometry for NGC 6302 is listed in Table 1, together 
with fluxes for zero magnitude (Fv0 in Jy). The aperture is centred 
on RA = 17h13m44®3, Dec. = — 37o6/6"4(J2000) and has a radius 
of 13.5 arcsec. The errors are up to 20 per cent in M_NB, and about 
10 per cent in the other filters. 

We use the VET optical image (ESO 1998) as a reference to find 
the alignment between the infrared images and the optical images. 
Two 2MASS stars are visible in both the infrared and optical VET 
images 17134414—3706361 and 17134175—3706085. Fig. 4 shows 
that the brightest infrared source is coincident with the brightest 
position in the optical. The optical dark lane is still considerably 
fainter in the infrared. 

2.2.1 Bm and radio continuum 

Although the HST Ha traces the ionized gas, it is heavily affected by 
extinction. To measure the true distribution in the central region, in- 
frared hydrogen lines, especially Bra, or radio free-free continuum 
should be used. 

The Bra image (Fig. 5) is obtained from the NB_4.07 image, by 
subtracting a continuum image interpolated from the NB_3.21 and 
M_NB images in logarithm scale. The Bra intensity, measured 
through circular apertures of 3.2, 7.1, 10.6 arcsec radius, gives 
1.6 x 10-11, 4.8 x 10-11, 5.0 x 10-11 erg cm-2 s-1, respectively. 
Assuming that the NB_3.21 and M_NB bands have 10 per cent er- 
ror and the M_NB may have up to 20 per cent, gives an uncertainty 
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The dark lane of the planetary nebula NGC 6302 385 

Figure 1. The HST WFPC2 image in the F656N band (Àq = 6564 Á, A Àq = 21.5 Á) before the distortion correction. The scale is log /v in Jy arcsec 2. 
This image is dominated by the Ha line, with some contribution from [N n] lines and continuum. The reference position (RA offset, Dec. offset) = (0,0) is 
RA = 17h13m44®2, Dec. = -ST^tf.H^OOO). 

Table 1. Filters, image quality and fluxes. The central wavelengths (A.q) 
and the widths of the filters are listed. F vq is calculated flux at the zero 
magnitude, and Fv is the flux of NGC 6302 through a 13.5 arcsec circular 
aperture centred on RA = 17h13m44^3, Dec. = -37°6/6/./4(/ = 2000) 

Band Xq AX Fvq 

(|am) ((am) (Jy) (Jy) 

FWHM 
EW NS 

(arcsec) 

M_NB 4.66 0.10 174.12 
NB_3.21 3.21 0.05 343.40 
NB_3.28 3.28 0.05 331.02 
NB 4.07 4.07 0.07 223.85 

10.40 0.37 0.27 
1.95 0.37 0.43 
6.33 0.34 0.39 

10.29 0.28 0.31 

of 25 per cent, or 0.3 mag. Beintema & Pottasch (1999) measured 
a Bra intensity of 1.538 x 10-11 erg cm-2 s-1, using the 14 x 
20 arcsec2 Infrared Space Observatory Short Wavelength Spec- 
trometer (ISO/SWS) aperture. They report that 50 per cent or more 
of the flux is missing because the ISO/SWS aperture is not large 
enough to cover the whole nebula. However, the large discrepancy 
with our values suggests that either the ISO aperture was not well 
centred on the nebula, or that our Bra flux is too high. If the latter 

is the case, the extinction at the wavelength of Bra, which we will 
discuss later, may be underestimated. Cassasus (private communi- 
cation) measured 4.17 x 10 11 erg cm 2 s 1 with 3x3 arcsec2 slit. 
This suggests with 3.2 arcsec radius, Bra intensity is about 1.5 x 
10-11 erg cm-2 s-1. This is consistent with our measurement, and 
Bra intensity in Beintema & Pottasch (1999) may be underesti- 
mated. 

At RA offset= +2 to 3 and Dec. offset= —4 to —6, the Bra 
intensity becomes negative (from —0.01 to —0.03 Jy arcsec-2) after 
continuum subtraction. (In Fig. 5, this region is blacked out because 
of the logarithmic scale used.) The value in this negative region is 
about 10 per cent of M_NB and is within our uncertainties. 

Gómez et al. (1989) present a 6-cm continuum map, obtained 
with the Very Large Array (VLA) observations taken 1987 July 
14. We retrieved the data from the VLA archive. The data were 
reduced using the aips package, using uniform weighting in the 
UV plane. The beam size is 1.05 x 0.25 arcsec2, with a position 
angle of 5 degrees. The cleaned image is shown overlaid on 
the Bra image in the bottom panel of Fig. 5. We aligned the 
6-cm image with the Ha and Bra images so that the arc (cf. 
Fig. 8), and flares ([RA offset, Dec. offset]~[4, —3], [2.5, —2] 
and [—2, —3]) coincide. The brightest spots in Ha, Bra and 6 cm 
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386 M. Maîsuura et al. 

Figure 2. The NB _4.07 image, which represents Bra (top) and its nearest continuum, M_NB (bottom). The scale is log / y in Jy arcsec 2. Contour lines show 
0.05, 0.1, 0.15, 0.2, 0.25 Jy arcsec-2 in the NB_4.07 image, and 0.1, 0.3, 0.35 in the M_NB image. 
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The dark lane of the planetary nebula NGC 6302 387 

10 5 0 -5 
RA offset [arcsec] 

Figure 3. The NB_3.28 image (top) and its continuum band NB_3.21 (bottom). The scale is in log / y in Jy arcsec 2. Dark spots at [RA offset, Dec. offset] = 
[—5, 3], [3, 1], [6, —2] and [9,2] are negative images of nearby stars, owing to chopping and nodding. Contour lines show 0.025, 0.05, 0.075, 0.1 Jy arcsec-2 

in the NB 3.28 image and 0.025, 0.05 Jy arcsec-2 in the NB 3.21 image. 

© 2005 RAS, MNRAS 359, 383-400 
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Figure 4. The ISAAC/VLT NB_3.21 image (in log Iv in Jy arcsec-2), with superposed the contours of an VLT optical RGB composite image (ESO 1998). 
(The RGB composite does not show physical values; inside the east lobe the VLT optical image is saturated.) The brightest infrared source is located within 
the optical east lobe, and not at the optical dark lane. 

coincide inside the east lobe. The accuracy of the alignment is about 
half of the beam size of 6 cm image. 

2.3 The James Clark Maxwell Telescope (JCMT) 
submillimetre image 

NGC 6302 was observed with SCUBA/JCMT (Holland et al. 1999) 
on 1998 April 15. Two band (narrow band 450- and 850-pm bands) 
images were obtained simultaneously. The background was sub- 
tracted with chopping by 120 arcsec in longitude. The object was 
observed in ‘jiggle map mode’, and several images with slightly 
different positions were co-added. The atmospheric opacity (r), de- 
rived from the measured r at 225 GHz,1 is r = 0.12 at 850 pm, and 
0.50-0.52 at 450 pm. The beam widths are approximately 7 arcsec 
at 450 pm and 13 arcsec at 850 pm. The data were reduced with 
the STARLTNK software ORAC-DR and surf. We cannot accurately 
align the JCMT data to other data. The position of Fig. 6 is based on 
the FITS header, and not corrected to fit with the ISAAC data. The 
SCUBA 450-pm image (which has better resolution) is shown in 
Fig. 6. It shows a core of emission with wings extending east-west. 

The flux conversion factors (volts to Jy per beam) were ob- 
tained by the observatory only for point sources (855 and 248 Jy 
per beam per volt at 450 and 850 pm, respectively). These conver- 
sion factors applied to the peak fluxes, yield 38.9 Jy at 450 pm and 
5.8 Jy at 850 pm. Owing to the uncertainty of atmospheric opacity, 
and flux conversion factors, the flux accuracy may be as much as 

1 http://docs.jach.hawaii.edU/JCMT/SCD/SN/002.2/node5.html 

50 per cent in error. Assuming that the beam is approximately Gaus- 
sian, about 55 per cent of the flux comes from the lobes, although 
the point-spread function is not accurately known. 

The total extended 450-pm flux is given by Hoare, Roche & 
Clegg (1992) as 46 Jy at 350 pm, and 3.82 Jy at 800 pm. According 
to spectra in Hoare et al. (1992), about 90 per cent of the flux at 
450 pm is dust emission, while the remaining 10 per cent is free- 
free emission from the ionized gas. This ratio, compared to the fact 
that about half the 450-pm flux comes from the wings, shows that 
in the wings the emission is mostly owing to dust. We confirm this 
by extrapolation from the 6-cm map. The brightest region in the 
6-cm map shows a flux of the order of 2 x 10-2 Jy arcsec-2. This 
gives a hydrogen free-free continuum emission at 450 pm of 0.4 Jy 
per beam at 450 pm, assuming the electron temperature is 1.8 x 
104 K and the electron density is 104 cm-3. The brightest region at 
450 pm has a peak flux density of more than 3 Jy per beam. The 
wings have a 6-cm flux less than 0.0025 Jy arcsec-2, which predicts 
less than 0.5 Jy per beam at 450 pm. The 450-pm flux is less than 
1 Jy per beam in the lobes. This extrapolation is not conclusive for 
the wings. 

3 IONIZED GAS - KNOTS AND CLUMPS 

Fig. 7 shows the large-scale structures of the NGC 6302 optical im- 
age. There are clear edges in the outflows towards the north-north- 
east and south-east. There is another outflow towards north-east; 
cirrus structure is found inside this outflow, suggesting the presence 
of turbulence within the wind. The outer, low-excitation region of 
NGC 6302 shows several clumps and knots. All three knots show 
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The dark lane of the planetary nebula NGC 6302 389 

10 5 0 -5 
RA offset [arcsec] 

Figure 5. (Top) The central region of the Ha image taken by HST. The scale is log / v in erg cm-2 s_ 1 arcsec-2 units. (Bottom: grey-scale) The Bra (NB _ 4.07) 
image after continuum subtraction. The scale is log 7V in erg cm-2 s-1 arcsec-2 units. (Bottom: contour) The radio 6-cm continuum contours. The peak is 
0.0479 Jy arcsec 2. Contour lines are 0.0025, 0.005-0.045 Jy arcsec 2 with 0.005 Jy arcsec 2 grid, and 0.02 and 0.04 Jy arcsec 2 lines are shown in black. 
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Figure 6. The SCUBA/JCMT 450-|o.m image in log /y in Jy per beam. The contour levels are 0.1,0.5,0.75,1.0,2.5,5.0 Jy per beam. The position is according 
to the observatory information, and is not otherwise registered. 

the wind tail to the east, pointing away from the star. Such knots 
are also found in the elliptical PN, NGC 2392 (O’Dell et al. 2002). 
Their origin could be either primordial or instability related (e.g. 
López-Martín et al. 2001). The largest clumps are rather ‘wall’ like, 
indicative of gas compressed by the fast wind. Even further east, 
additional knots and clumps are found. 

The central region shows evidence for interactions between the 
fast stellar wind and the dense gas, resulting in thin shock fronts. 
There is a knot in the central region (Fig. 8), which is located 
at the tail of a filament pointing towards the star. This knot ap- 
pears to be accelerated by the fast wind. This type of knot is found 
in the proto-PN Frosty Feo (Sahai et al. 2000, the knot is on the 
far side of the central star of jets (Jl) and (J3)). An arc in the Ha 
image coincides with the radio shell: its structure suggests the pres- 
ence of a hot bubble in the cavity within the radio shell. The outflows 
show filament-like structures, suggesting discontinuous mass loss 
or interaction of the fast wind with the dense gas. 

Evidence for a fast wind in NGC 6302 was found by Meaburn & 
Walsh (1980), who found wings on the [Nev] line extending to 
500kms_1. Similar velocities are found by Feibelman (2001, 520 
km s-1 on the C iv 1546-Á line) and Gómez et al. (1989, 300 km s-1 

width of the radio recombination line). However, Cassasus (private 
communication) has not been able to confirm the [Ne v] wings, and 

suggest these data may contain an instrumental artifact. All models 
for the evolution of polar flows require fast winds at some phase of 
the stellar evolution. Fack of evidence for a current fast wind would 
not contradict these models, but would imply the presence of such 
a wind in the past. 

4 DUST DISTRIBUTION 

4.1 Extinction maps 

The Ha is strongly affected by the extinction. The Bra is less af- 
fected but still shows distinct suppression at the location of the dark 
lane. The radio emission is unaffected. This allows us to map the 
extinction across the source, and to image the structure of the lane 
by the extinction variations. 

We derive the extinction map of NGC 6302 from the ratio of the 
Bra or Ha with the 6-cm continuum data of Gómez et al. (1989). We 
use the HST image (Fig. 5) directly as the Ha flux, as the continuum 
contribution is minor. The Ha and Bra images are smoothed to the 
spatial resolution of the 6-cm image. The Ha image gives accurate 
extinction in regions of lower extinction, but saturates in the dark 
lane. Bra is the best tracer for the dark lane. The Bra is affected by 
a systematic uncertainty (Section 2.2.1), but this does not affect the 
structures seen. 
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Figure 7. Schematic view of outer region of NGC 6302 overlaid on the HST F658N image, which shows more complicated structure than the Ha image. The 
surface density is calibrated as log F v in Jy arcsec 2. 

The extinction is estimated following Milne & Aller (1975) under 
the assumption of case B. The effective coefficient for Hß is taken 
from Kwok (2000), and the effective ratio of Bra or Ha to H/3 are 
taken from Hummer & Storey (1987), Hummer & Storey (1995). 
We adopt Te = 1.8 x 104 K and electron density Ne = 104 cm-3, 
as given in Milne & Aller (1975). 

The extinction maps are shown in Fig. 9, and values of ABra and 
AHa, at representative places (mostly local maxima or minima) are 
summarized in Table 2. 

The interstellar extinction is unknown. Two nearby stars 
(HD 155464 and HD 155364), which are approximately located at 
843 and 626 pc, respectively estimated from V magnitudes and spec- 
tral type, suggestd£(i? - F)/ds = 0.34magkpc-1, and A(V) = 1.1 
mag and we take this as the interstellar extinction. For the hydrogen 
recombination lines, assuming a galactic interstellar extinction law 
(Cardelli, Clayton & Mathis 1989), AHa = 0.91 mag and ABm = 
0.05 mag is derived. 

The dark lane shows a significant north-south extinction gradi- 
ent, with the highest values found to the north of the ionized inner 
shell. The peak is consistent with a torus or ring, showing the high- 
est column density at the tangential point. There is no clear oppo- 
site peak, but a weak possible one is located at (RA offset, Dec. 

© 2005 RAS, MNRAS 359, 383-400 

offset)=(0,—8), due south of the northern peak. There is an intrinsic 
asymmetry in the obscuring structure. The radio torus also shows a 
lower intensity in the south, indicating a lower density. 

At the higher resolution of HST, a secondary, thin extinction 
lane is seen 1-arcsec east of the main lane. This feature is lost in 
the extinction maps because of the required smoothing. The dou- 
ble lanes, oriented at different angles, is a unique feature among 
PNe. 

The wings also show different extinction peaks. Two symmet- 
rically opposed peaks are seen at 5 arcsec from the centre, and a 
further peak at 10 arcsec. 

The Bra extinction shows a central minimum, owing to the lack 
of Bra emission at that point. In the colour map, a thin shell of 
lower extinction is seen towards the south [e.g. at (RA offset, Dec. 
offset)=(5, —7)], which corresponds to a feature in the HST image, 
at the outer rim of the radio torus. 

Casassus, Roche & Barlow (2000) estimate Av = 3.7 mag av- 
eraged over a 3 x 3 arcsec2 aperture. Pottasch et al. (1996) report 
E{B — V) = 0.855 mag based on various methods, weighted to- 
wards the brightest region and this is equivalent with Ay = 2.8 mag 
ifR{V) = A{V)/[A{B) - A(V)] = 3.1 mag (Mathis 1999). Bohigas 
(1994) reported C(Hß)=1.56 at the brightest location (equivalent 
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Figure 8. Schematic view of central part of NGC 6302 overlaid on the HST Ha image. The structures seen in this image are shown with solid lines, and those 
seen in other bands are shown in dashed lines. Crosses show the locations where Ha and Bra fluxes are listed in Table 2 (see also Fig. 9). 

with Av = 3.35 mag). Our results show Ah« of 3.46 mag (equiva- 
lent with Ay = 4.24 mag) and 3.77 mag (equivalent with Ay = 4.61 
mag) at the bright regions (a) and (b). The slightly higher values are 
probably owing to the higher spatial resolution. The highest values 
at the dark lane exceed ABm > 1.0 mag and Ah« > 6.0 mag, at 
regions (h), and (m) (Fig. 9 and Table 2). 

4.2 Difference in Ha and Bra 

There are clear differences between the Ha and Bra images, which 
also are seen in the Ha and Bra extinction maps. For example, at 
(RA offset, Dec. offset)=(l, —2) in Fig. 5, there is an arc structure 
in the Bra and 6-cm images, but this arc is not found in the Ha 
image. This region also shows different structure in the extinction 
maps Fig. 9(g). There is a flux cavity in the Bra image. The reality 
of the cavity is indicated by the 6-cm radio continuum which shows 
similar structure to the Bra image. In addition, the cavity is already 
found in the images NB_4.07 and NB_3.28 before the continuum 
subtraction. 

The southern part of the cavity is seen in the optical (Ha), but arc 
structure in the north is hidden by the high extinction of the dust 
lane. 

Any gas located inside the cavity must emit little free-free 
and hydrogen recombination emission. Several PNe are known to 
contain a hot bubble in their central cavity, caused by the shocked fast 
wind from the central star. Temperatures of this bubble are ~106 K; 
the gas is detected by thermal X-ray emission (Kastner et al. 2002). 

Gas at such temperatures emits little optical and radio emission. 
Evidence for such bubbles may also come from acceleration seen 
at the inner edge of some PN (Gesicki & Zijlstra 2003). The cavity 
in NGC 6302 may therefore not be empty but could be filled with 
such a low-density, hot gas. 

The highest extinction at Bra is 2 mag, which corresponds to 
more than 30 mag in Ha, assuming a normal interstellar extinc- 
tion curves. However, measured extinction at Ha is only 6 mag. 
The discrepancy may be attributed to ‘grey’ extinction, indicative 
of large dust grains. Such a grey extinction has been suggested 
in other PNe and post-AGB stars (Waelkens et al. 1992; Pottasch, 
Beintema & Feibelman 2000). However, another plausible explana- 
tion is that the dust layer is embedded within the ionized structures. 
In this case, the gas behind the extinction layer shows the full ex- 
tinction, but the flux also contains a small component from the front 
layer, with much lower extinction. In this situation, the measured 
extinction at shorter wavelengths (compared to radio) will asymp- 
totically approach a limit given by the fraction of gas located in front 
of the layer. 

4.3 PAH distribution 

The analysis of ionized gas shows NGC 6302 is oxygen rich 
(Beintema & Pottasch 1999). The oxygen-rich nature of the disc 
is confirmed by the presence of OH emission (Payne, Phillips & 
Terzian 1988). However, the fact that PAH emission is also found 
in NGC 6302 (Roche & Aitken 1986) shows that some carbon-rich 
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Figure 9. Extinction maps derived from and Ha and 6 cm (top left), Bra and 6 cm (top right), and the colour excess £'(Ha — Bra) (lower left) in magnitudes. 
Crosses show the positions for which extinction is summarized in Table 2. The grey-scale coding for the extinction is shown in the vertical bars; the contour 
levels are at: 2, 3, 4, 5, 6mag (Ha image); 0.5, 1.5 mag (Bra image). 

Table 2. The extinction measured at various locations. IBra and /r« are in units of log(erg cm-2 s-1 arcsec-2). The 6-cm 
intensity (/v=6cm) is in units of Jy arcsec-2. The values are not corrected for interstellar extinction, estimated as Ar« — 0.91 and 
ABm = 0.05 mag. 

Position 
(arcsec) (arcsec) 

/(Bra) /(Ha) / (y = 6 cm) 
x nr2 

A(Bra) 
(mag) 

A(Ha) 
(mag) 

E(Yla — Bra) 
(mag) 

J 
k 
m 
n 
P 

5.89 
3.69 
2.27 
2.20 
2.20 
1.85 
1.42 
0.71 
0.35 
0.35 

-0.78 
-0.85 

-4.69 
-3.76 
-7.95 
-6.60 
-3.41 
-4.26 
-1.42 
-3.98 
-6.18 
-1.99 
-3.48 
-6.18 

-12.39 
-12.04 
-11.85 
-12.05 
-12.61 
-12.33 
-12.70 
-12.69 
-12.52 
-12.49 
-12.02 
-12.75 

-12.27 
-11.88 
-12.22 
-12.12 
-12.34 
-12.39 
-13.07 
-12.86 
-12.61 
-13.23 
-12.56 
-12.87 

1.20 
3.64 
2.84 
3.43 
3.65 
3.89 
2.67 
3.47 
2.19 
2.81 
2.14 
1.52 

0.03 
0.40 

0.24 
2.78 
1.34 
1.74 
2.17 
1.19 
1.24 

-0.19 
0.72 

3.46 
3.85 
4.43 
4.45 
4.99 
5.25 
6.36 
6.17 
5.26 
6.83 
5.15 
5.30 

3.61 
3.52 

4.08 
3.20 
4.04 
4.83 
4.34 
4.11 
5.75 
5.25 
4.19 
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NGC 6302 PAH 
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Figure 10. The PAH image of the core region. The colour is log I v in Jy arcsec-2. 

material is also present. This dual chemistry is rare in post-AGB 
objects, and appears to be seen in bipolar nebulae only (Molster 
et al. 1999). PAH emission requires excitation by UV and/or optical 
photons which do not penetrate the dark lane. The PAH emission 
is therefore located either near the surface of the disc, or in the 
(irradiated) outflow. 

The distribution of the PAH emission is shown in Fig. 10, obtained 
by subtracting the continuum image (NB_3.21) from the image of 
NB_3.28. The L-band spectra (Casassus et al. 2000) show some 
contamination by the Pfá + He i 6-7 line in NB_3.28. This helium 
line contributes 20-30 per cent of the continuum-subtracted inten- 
sity in NB_3.28 in the central 3x3 arcsec 2 region (Casassus et al. 
2000). We argue that the 3.3 pan shows mainly PAH, based on the 
similarity between the 11.3-pm PAH image (Kemper et al. 2002) 
and our 3.3-|am image. 

The PAH distribution is similar to that of the ionized cavity. No 
clear PAH emission is found in the dark lane, but a local peak is 
present near the northern spur. In this region, the PAH emission is 
more extended than Bra (Fig. 11). In the east-west direction, the 
PAH emission peaks at a similar location as the Bra. 

In ionization-bounded nebulae, the PAH distribution tends to 
be more extended than that of the ionized gas [e.g NGC7027: 
Woodward et al. (1989); the Orion bar: Sellgren, Tokunaga & 

Nakada (1990)]. Omont (1986) concludes that strong UV radia- 
tion from the central star destroys PAHs in the ionized region. For 
NGC 6302, the PAH distribution suggests that the ionized core re- 
gion is ionization bounded in the north-south direction but density 
bounded east-west. 

Fig. 12 shows the entire NB_3.28 VLT image. This band shows 
a very faint shell located 25 arcsec to the northeast. No other in- 
frared band shows emission this far out, although the sensitivity of 
NB_3.21 and NB_3.28 should be similar. This distant emission can 
be either PAH or He i, although the fact that no other such structure 
is seen argues against the latter. 

5 DISC PROPERTIES 

5.1 SED model fit 

The dust mass can be derived by fitting the spectral energy distribu- 
tion (SED). We consider heating of the dust by the central star, using 
the radiative transfer code of Nomura (2002) and Nomura & Millar 
(2004). The radiative transfer is solved assuming spherical symme- 
try. As long as the disc is edge-on, i.e. the central star is not directly 
seen, this assumption will not cause a significant discrepancy in the 
calculated SED. A detached dust shell is assumed with a inner and 
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The dark lane of the planetary nebula NGC 6302 395 

Figure 11. PAH distributions (grey thick lines) along the north to south directions at RA offset = 5.0arcsec (a) and at RA offset = 3.2arcsec (b). For 
comparison, the Bro: distributions are shown in thin black lines. Surface density is averaged over the neighbouring 5 pixels with the same Dec. coordinates. 
Panels (c) and (d) are the ones along the east to west directions. 

an outer radius, rm and rout. Two different radial distributions of dust 
grains are used: p = Po(r/ro)-1 and p = po(r/ro)~2, where p is the 
dust density, and r is the radius, and subscript zero shows the values 
at the inner radius. The absorption coefficients of interstellar dust of 

Adams & Shu (1985, 1986) are used. The distance is taken 
as 1 kpc, and the luminosity as 2436 Lq (obtained from the 
IRAS data). The temperature of the central star is assumed to be 
1 x 105K. 
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Figure 12. ISAAC/VLT image of NGC 6302 in NB _ 3.28. The faint shell in the north-east is seen only at NB _ 3.28, and not in other infrared bands, suggesting 
the excitation of PAH at about 25 arcsec away from the central stars. The colour is log /v in Jy arcsec-2. The negative images of chopping are located at the 
corners of north-west and south-east and at small bobs. Note that some of the stars in the images (both positive and negative) are artificial images created by 
shift-and-add of the chop-and-nodded images. 

The observed fluxes are obtained from our work (the flux from 
the central region is used for the JCMT data), Hoare et al. (1992) and 
Milne & Aller (1982). The data and the fit are shown in Fig. 13(a). 
The free-free emission of hydrogen is scaled to the 6-cm flux: its 
contribution is negligible at infrared and submillimetre wavelengths, 
except at 800 pm. Little difference is found in the calculated SEDs 
from the two density profiles. The long-wavelength SED is fitted 
well with the model parameters rin = 1 x 1016cm, rout = 1 x 
1017 cm, and a dust mass of 0.03 Mq. The dust temperature ranges 
between 50 and 100 K (Fig. 13c). 

Below 12 pm, the observed flux is much higher than the model fit, 
showing that a dust component with a much higher temperature must 
be present (Kemper et al. 2002). The near-infrared flux in the model 
could be increased if the disc is inclined so that the hot inner region 
is seen directly: the near-infrared flux is sensitive to both the inner 
radius of the disc, and to the inclination of the disc (e.g. Lopez et al. 
1997). However, hot dust could also be located in the bipolar outflow. 
Especially, very small grains, which are easily heated by single 
photon capture, could increase the near-infrared without increasing 
the total mass significantly (Siebenmorgen, Zijlstra & Krügel 1994). 
Therefore, we do not aim to fit the hot component. Ignoring the hot 
component will not change the total mass drastically. 

The model intensity profile is found in Fig. 13(b). The profiles 
are smoothed with the JCMT beam (Hogerheijde & Sandell 2000), 
and compared with the observed profile (Fig. 13d). The calculated 
north-south profile reasonably traces the observed one. The radial 
intensity profile is fitted better with the r~l density distribution, x1 

is 34 and 53 for r-1 and r-2 profile, respectively, with 215 data 
points. These values show reasonably good fits. 

5.2 Disc mass 

The SED fit shows a total dust mass of 0.03 Mq. Kemper et al. 
(2002) estimate a dust mass of 0.05 Mq in the disc, from the 
ISO/SWS spectra. The gas mass depends on the assumed gas-to- 
dust ratio, but a typical ratio for circumstellar matter (100) yields 
3 Mq. 

We can compare this mass with that estimated from the extinction 
map. We use the interstellar medium (ISM) relation between the gas 
column density and Ay 

N(H) ^ Ay/53 x 10_22magcm_2 (1) 

(Cardelli, Clayton & Mathis 1989). We assume that the region of 
AHtt > 5 mag is the disc. We subtract the interstellar extinction 
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The dark lane of the planetary nebula NGC 6302 397 

(a) SED 

(c) Temperature profile 

(b) Radial profile (model) 

(d) NGC 6302 radial profile at 450 /xm 

Figure 13. (a) The SED of NGC 6302 (diamonds) and model fit with two different radial profiles. The solid line is for p = p0(r/r o)-1, and the dashed line is 
for p = p0(r/ro)-2. The dotted line shows the free-free continuum, (b) Theoretical radial profiles at 450 pm. (c) Temperature profiles which do not depend on 
the density profile because the disc is optically thin at all wavelengths where the radiation field has significant intensity, (d) Comparison of the theoretical radial 
profiles for both density distributions, with the observed 450-pm profile (diamonds). The observed profile is extracted at the brightest position, in declination, 
equivalent Dec. The SCUBA beam profile, normalized to the observed peak flux, is plotted with a dotted line. 

of AUa = 0.91 mag, and assume = 1.21 Av. Integrating 
Ana over the region of AHa >5 mag, and doubling the result because 
only the foreground disc contributes to the observed extinction, 
we obtain a disc mass of at least 0.10 Mq. The 0 < Av < 5 
mag region in Fig. 9 gives a mass in the lobes of 0.4 Mq. In to- 
tal, there is at least 0.5 Mq in the central 17.8 x 17.8 arcsec2 region 
of NGC 6302. 

The extinction mass is six times smaller than the SED mass. 
There are three possible reasons. First, the extinction mass may be 
underestimated. As discussed in Section 4.2, the extinction can be 
underestimated at Ha if there is ionized gas in front of thick dusty 
disc. Secondly, the extinction maps cannot measure the parts of the 
disc which extent beyond the ionized region. The ‘missing mass’ 
scales roughly proportional with size (the disc extends beyond the 
ionized region only in the north-south direction). The SED model 
gives an outer radius twice as large as the ionized shell, so that 
the ‘extinction’ mass may be underestimated by a factor of about 2. 
Third, the SED fitting may also have overestimated the total mass, if 
the far-infrared dust emissivity is much larger than assumed. (This 
could be the case for large, fluffy grains, but this case may also 
increase the required dust mass in the disc to reproduce the observed 
extinction.) 

The mass estimated from the CO line (Huggins et al. 1996) is 
0.02 Mq at the distance of 1.0 kpc, assuming the CO J = 2-1 
line is optically thin. The large discrepancy with the CO mass is 
unexplained: the optical depth may be high or the CO may have 
frozen out on the dust grains within the dense disc. This CO mass 
could be considered as a lower limit. Gómez et al. ( 1989) estimate the 
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molecular hydrogen mass from as ~0.1 Mq, scaled to our assumed 
distance of 1 kpc. They find an ionized mass in the central region 
of mHii = 0.02 Mq. The total ionized mass is likely much higher 
(Pottasch & Beintema 1999) with a large amount of mass in the 
extended low-density wings. Our observations indicate a the disc 
mass of the order of 1 Mq. 

5.3 Disc structure 

The images show evidence for complicated structures in the disc. 
The SED fit favours a radial density distribution of p = po (r/r o)-1. 
But in addition to the radial structure, there is also a north-south 
asymmetry, and indications for multiple outflow axes or warping. 

Evidence for a north-south asymmetry comes from the extinction 
maps, where the northern region shows higher extinction. More 
mass may be located in this region. This is also the region where the 
11.3-pm PAH feature is lacking. The cause of the asymmetry is not 
evident. 

Evidence for multiple orientation axes is summarized in Fig. 14. 
The main disc is oriented north-south. The ionized region is oriented 
at 45 degrees to the disc (measured in the plane of the sky), as seen 
both in the radio map and in Bra. This arc is probably a projection 
of the ionized shell seen in Bra, and shows the dense gas nearest 
the star. The change of angle is also apparent in the lobes, which at 
different distances from the centre show different orientations. The 
outer bipolar wings are perpendicular to the dark lane (Meaburn & 
Walsh 1980), while the inner parts of the wings line up with the 
ionized region. Bipolar outflows are constrained and focussed by 
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Figure 14. Warped disc and multiple axes found around the disc. The various axes of symmetry are plotted on the Ha image. The innermost, bright Ha region 
shows the same axis as the Bra and 6 cm continuum images, but the Ha outflow in the outer region has an axis almost perpendicular to that of the inner region. 
The edges of the bipolar wings are not perpendicular to the Ha outflow. 

equatorial density enhancements or by discs. The varying axes at 
different distances can be interpreted as a significant change in angle 
of the constraining structure (i.e. the dark lane) with distance from 
the star. Processing outflows provide a possible alternative explana- 
tion, but still require a change in angle of the disc, albeit over time 
rather than distance. (There is, however, no evidence that the dark 
lane is in rotation.) 

Finally, the HST image shows a thin lane offset from the main 
disc. It appears to be smaller than the main disc. This lane is oriented 
along the minor axis of the ionized shell. 

Overall, there is strong evidence for a change in angle of the disc 
with distance from the centre or with time (in an expanding structure 
the two are closely related), which is mirrored by the outflows. The 
innermost dense gas, in and around the ionized shell, is rotated by 
45 degrees compared to the dense gas further out. If both are part of 
the same structure, the implication is that the disc shows a range of 
angles. 

Icke (2003) models the interaction of a hot stellar wind with 
a warped disc (Pringle 1996). The structures develop multipolar 
axes, and are remarkably similar to those seen in NGC 6302. At 
the place where the disc bends away from the plane, the stellar 

wind breaks though the disc in Icke’s model, resulting in sepa- 
rate inner and outer discs, oriented at different angles. Further out, 
the stellar wind compresses the disc on one side: the northern arc 
seen in NGC 6302 can be interpreted as such a structure. Finally, 
the model develops a collimated flow where the fast wind breaks 
through the bend in the disc. The HST image shows faint Ha emis- 
sion north-north-west (NNW) and south-south-east (SSE) (Fig. 14) 
of the disc, at the place where the models of Icke show this devel- 
oping collimated flow. We conclude that the warped-disc model 
includes many of the features, such as the multiple axes, seen in the 
images. 

5.4 Age 

Discs seen around post-AGB stars, such as the Red Rectangle 
(HD 44179), are believed to be long-lived, surviving over > 104 yrs 
(Waters, Trams & Waelkens 1992; Jura, Balm & Kahane 1995). Evi- 
dence for this comes from the chemistry: the discs show oxygen-rich 
gas while the polar outflows and the star are carbon rich. These discs 
date from a previous evolutionary phase, before the star became a 
carbon star. 

© 2005 RAS, MNRAS 359, 383-400 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 



2 0
 0 

5M
N

RA
S.

35
9.
 .

38
3M
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The disc of NGC 6302 does not appear to be of this type. It is 
highly massive and is likely expanding (Payne et al. 1988), because 
a Keplerian disc of such mass would require a very high angular mo- 
mentum. Assuming an expansion velocity of 20 km s-1, the inner ra- 
dius (1 x 1016 cm; Section 5.1) corresponds to an age of only 160 yr. 
The outer radius dates back 1600 yr. A total mass of 1 Mq translates 
to a mass-loss rate over this time of M = 7 x 10_4Mq yr-1. A 
lower expansion velocity would yield longer time-scales and lower 
mass-loss rates. 

The highest mass-loss rates reached on the AGB over extended 
periods are a few times 10-4 Mq yr-1 (Siebenmorgen et al. 1994). 
The values derived for NGC 6302 are consistent with this, but we 
stress that neither the total mass nor the disc expansion velocity are 
well known. The mass derived from the SED models would yield 
unexpectedly high mass-loss rates, unless the time-scales are several 
times longer than assumed here. 

The disc is stable against the fast wind from the central star, as 
proven by its existence. This can be understood by comparing the 
momenta in the disc and in the fast wind, respectively and 
pwi;w, where Pd and pw are the density of the disc and outflow, and 
vd and vw are the expansion velocity of the disc and PN fast wind. 
vw is taken as 1200kms_1 (Meaburn & Walsh 1980) (this value 
requires confirmation, as discussed above). We ignore the energy 
loss, and assume that the collision of the PN fast wind increases 
the disc expansion velocity. If the density of the inner disc is po = 
4.75 x 10-18 g cm-2 [for p = po (r/r0)_1; Section 5.1] and pw ~ 
104 cm-3, the increase in the expansion velocity of the disc is 2 x 
10-3 km s-1, which is negligible. 

The lobes extend several arcmin from the star. A radius of 
2.5 arcmin corresponds to a size of 2 x 1018 cm. To reach this over a 
time-scale of 1600 yr requires an expansion velocity of 400 km s-1. 
The observed radial velocities range from 50 to 150kms_1. The 
nebula may be a few times older than assumed above. 

6 AN INFRARED SOURCE NEAR 
THE CENTRAL STAR 

The central star of NGC 6302 has not previously been detected 
(Pottasch & Beintema 1999) in direct images. Feibelman (2001) 
and Groves et al. (2002) claim scattered light of the central star in 
their spectra, but the star itself lies in a region of high extinction. 

In the M_NB, NB_4.07, and NB_3.21 images (Fig. 2 and 3), a 
compact source is present near the centre of symmetry of the infrared 
and radio images [position (g) in Fig. 9]. It has no counterpart at 
Ha, suggesting high optical depth or non-ionized gas. The source is 
located at or near the centre of the rectangular cavity which is seen 
in Fig. 2 and in the radio image (Fig. 5). The compact source could 
therefore be located near to the central star. 

The flux of the compact source, using 0.355-arcsec aperture pho- 
tometry, is 10.6 zb 0.4, 11.4 zb 0.3 and 13.8 zb 0.5 in magnitudes in 
M_NB, NB_4.07 and NB_3.21. The ISAAC point spread function 
has a long tail; with such a small aperture of 1FWHM, the photomet- 
ric accuracy may not be high. We measure the aperture correction 
from nearby stars in the same field as NGC 6302, to remove the 
seeing dependence. 

The source is likely to be related to the central star itself, how- 
ever, the measured magnitude does not show the flux from the star 
solely. The stellar temperature, estimated from Zanstra temperatures 
or from ionization equilibrium, is in the range 1 x 105-4.3 x 105 K 
(Ashley & Hyland 1988). The IR photometry, for a temperature of 
1.0 x 105 K gives a luminosity L = 4.8 x 104 Lq. This luminosity 
would be consistent with the evolutionary track for stars with initial 
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mass of 5.0 Mq (Yassiliadis & Wood 1993; Blocker 1995). But if 
the temperature is higher, the resultant luminosity increases dramat- 
ically. The infrared fluxes also show an extremely red colour. This 
suggests the extinction should not be ignored, and the luminosity 
could be even higher. The measured flux could be affected by dust 
emission or free-free and bound-free emission from a stellar wind. 

We obtained L-band spectra of NGC 6302 with ISAAC on 2004 
April 30. Across the central object, we detect hydrogen recombi- 
nation lines and a 3.94-pm emission line, while the other regions 
along the slit do not show a 3.94-pm line at all. There is a clear 
difference in the spectra towards the central object. This confirms 
the existence of the central source but does not explain the origin of 
the infrared excess. The 3.94-pm emission line is identified as Si ix 
by Beintema & Pottasch (1999), Casassus et al. (2000), although it 
could be the Fe n line which is of photospheric origin in O-type stars 
(Fenorzer et al. 2002). We therefore tentatively identify the source 
with emission associated with the central star, but the continuum 
emission is unlikely to be photospheric. A Be-type disc could be 
considered. 

7 CONCLUSION 

The optical and infrared images show the complicated structures 
near the core of NGC 6302. The infrared data and associated ex- 
tinction maps show evidence for a central cavity which is hidden at 
optical wavelengths by high extinction. An ionized shell surrounds 
the central cavity, in which the star is located. An infrared source 
of unknown origin is detected at this position. The shell is ioniza- 
tion bounded in the N-S direction, as indicated by the PAH extent. 
The presence of ionized lobes extending in the east-west direction 
implies that the inner shell is ionization bounded in this direction, 
which is also suggested by the fact that the PAH extent is the same 
as that of the ionized gas in this direction. 

NGC 6302 has internal extinction, and this has complicated struc- 
ture. The dark lane shows extinction of 5-6 mag at Ha and 1-2 mag 
at Bra. The SED fit yields a disc dust mass of 0.03 Mq. There is 
some uncertainty owing to the dust emissivity and gas-to-dust ratio, 
but the gas-to-dust ratio for the ISM suggests 3 Mq . The extinction 
map gives about 0.5 Mq, assuming the relation of the extinction 
and hydrogen mass for the ISM, but this may be a lower limit. 
There could be a massive disc in NGC 6302, with mass of the or- 
der of 1 Mq . The SED fit favours a radial density distribution of 
p a r-1. 

The orientation of axes shows a marked change with distance 
from the star, with the ionized shell rotated by 45 degrees in the 
plane of the sky, compared to the main disc. There is a inner dark 
lane oriented along the approximate minor axis of the ionized shell. 
The change of orientation is mirrored by the outflow. Several of the 
structures are similar to those predicted in the warped-disc model 
of Icke (2003). NGC 6302 may therefore be a good test case for this 
model. 
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