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itation planetary nebula. Weuse the 3D photoionization 
ode mo
assin to model the emission from the gas anddust. We have produ
ed a good �t to the opti
al emission-line spe
trum, from whi
hwe derived a density distribution for the nebula. A �t to the infrared 
oronal linespla
es strong 
onstraints on the properties of the unseen ionizing sour
e. We �ndthe best �t 
omes from using a 220, 000 K hydrogen-de�
ient 
entral star modelatmosphere, indi
ating that the 
entral star of this PN may have undergone a latethermal pulse.We have also �tted the overall shape of the ISO spe
trum of NGC 6302 usinga dust model with a shallow power-law size distribution and grains up to 1.0µmin size. To obtain a good �t to the infrared SED the dust must be su�
ientlyre
essed within the 
ir
umstellar disk to prevent large amounts of hot dust at shortwavelengths, a region where the ISO spe
trum is parti
ularly la
king. These andother dis
overies are helping to unveil many properties of this extreme obje
t andtra
e it's evolutionary history.Key words: planetary nebulae: individual: NGC 63021 Introdu
tionNGC 6302 is a massive planetary nebula (PN) with a dense 
ir
umstellar disk.Estimations of the mass of the ionized nebula (∼ 0.5 − 3 M⊙ [17℄) and the highnebular abundan
e of nitrogen [1℄ are 
onsistent with it's type I status and implya massive progenitor [5℄. The nebula shows a strongly bipolar morphology with amassive equatorial disk, the density of whi
h is su�
ient to 
ompletely obs
ure theunobserved 
entral star [17℄.Infrared spe
tros
opy of the 
entral region of NGC 6302 has shown many emis-sion lines from high-ionization spe
ies, in parti
ular that of [Si ix℄ 3.934 µm [5℄, thehighest ionization spe
ies found in a PN, as well as lines of [Mg viii℄ and [Al vi℄.
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hThese observations point towards a very hot 
entral star with estimates of the surfa
etemperature of up to 430,000 K [2℄.NGC 6302 has a large dust 
omponent 
al
ulated to have a total mass of 0.05 -0.05 M⊙ [17, 12℄. The ISO spe
trum of NGC 6302 [3℄ also shows a wealth of emissionfeatures from 
rystalline dust spe
ies, in
luding 
rystalline sili
ates [24℄, 
rystallinewater i
e [3℄ and the �rst extra-solar identi�
ation of 
arbonate features [12℄. Despitethe large number of oxygen-ri
h solid state spe
ies dete
ted, bands attributed topoly
y
li
 aromati
 hydro
arbons (PAH) have been dete
ted [21℄, usually indi
ativeof 
arbon-ri
h material. This di
hotomy between O-ri
h and C-ri
h material makesNGC 6302 an important 
ase in stellar evolution. Only by 
ompiling a fully three-dimensional photoionization model of NGC 6302 
an a full understanding of thisenigmati
 obje
t be possible.2 The Modelmo
assin is a 3D photoionization 
ode that uses Monte Carlo te
hniques to solvethe thermal equilibrium and ionization balan
e equations a
ross an entire grid ofarbitrary geometry and density distribution [7℄. The 
ode allows multiple non-
entralionizing sour
es, multiple gas 
hemistries and has a full dust model in
orporatingall the gas-dust 
oupled pro
esses [8℄.2.1 The Nebula Density Stru
tureThe 3-dimensional nebula model was 
onstru
ted by �tting the opti
al emission-line spe
trum, parti
ularly the density- and temperature-sensitive line ratios. The
hosen opti
al emission-line spe
trum was that of Tsamis et al. (2003) [23℄, a deepopti
al spe
trum made with a �xed slit that mo
assin 
an simulate when produ
ingmodel line �uxes for 
omparison with observations. The IR spe
trum was taken fromthe ISO LWS analysis of Liu et al. (2001) [14℄ and the infrared grating and e
hellespe
tros
opy of Casassus et al. (2000) [5℄.We started our models with an hourglass-shaped bipolar nebula with dimensionsdetermined from observations of the nebula and the re
ently derived distan
e of1.04 kp
 [17, 16℄. This was 
omplemented by a thin 
ir
umstellar disk with a radialdensity dependen
e [19℄. From there we varied the free parameters to a
hieve a best�t to the observations. Figure 1 shows an image of the model nebula showing thedi�use bipolar lobes and the dense 
ir
umstellar disk. The nebula lobes are �lledand at a 
onstant density of 1000 
m−3, while the 
ir
umstellar disk follows a radialdensity dependen
e, ρ ∝ r−1, whi
h rises to a density of 700,000 
m−3 at theinner edge of the disk. The dimensions of the bipolar lobes and the disk are givenin Table 1.Figure 2 shows the 
urrent best �t model results for some of the density- andtemperature-sensitive line ratios from the opti
al and IR line spe
tra. To a
hievethis �t, a high density 
ontrast between the di�use bipolar lobes and the dense 
ir-
umstellar disk was required. The nebula densities derived by Tsamis et al. (2003)for NGC 6302 range from 1380 
m−3 from the [O iii℄ 52 µm/88 µm line ratio to22,450 
m−3 from the [Cl iii℄ λ5538/λ5518 line ratio [23℄. Our good �ts to both
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Fig. 1. Image of the 3D nebula stru
ture used to model NGC 6302.

Fig. 2. Ratios of model-to-observed line �uxes and line ratios for the 
urrent best-�tmodel of NGC 6302.these line ratios show that our extreme densities are a viable method of repro-du
ing the wide range of density-diagnosti
 line ratios measured in NGC 6302.Binette & Casassus (1999) [4℄ measure ele
tron densities of 1.4 × 105 
m−3 and
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olano, and T. Rau
hTable 1. Dimensions used in the 3D density distribution for the model of NGC 6302Lobe dimensions Disk dimensionsParameter Value Parameter ValueLength of lobe 6.8 ×1017 
m Inner radius 1.0 ×1016 
mWaist radius of lobe 1.0 ×1016 
m Outer radius 1.0 ×1017 
mMaximum radius of lobe 3.1 ×1017 
m Disk height 5.0 ×1015 
mVolume of lobes (both) 3.2 ×1053 
m3 Volume of disk 2.24 ×1051 
m3Density of lobes 1000 H-atoms 
m−3 Density pro�le ρ ∝ r−1Mass of lobes (both) 0.268 M⊙ Mass of disk 0.160 M⊙

2.3 × 105 
m−3 from the density diagnosti
 line ratios [Ne v℄ 24.3 µm/14.3 µm and[Ar v℄ 13.1 µm/7.91 µm respe
tively. The latter of whi
h is a good density diagnosti
in the range 10,000-300,000 
m−3 and is highlighting the extremely high densitiesin the 
ir
umstellar disk whi
h we have modeled and also a
hieve a good mat
h for.The derived density stru
ture that o�ers us the best �t to the observations leadsus to a total nebula mass of 0.428 M⊙, with approximately 40 % of the mass in the
ir
umstellar disk. This disk mass of 0.160 M⊙ is far short of the 3 M⊙ derived byMatsuura et al. (2005) from dust masses from the infrared SED and using a dust-to-gas ratio of 0.01 . It should be noted that our model masses are only those that arene
essary to reprodu
e the observations, and that, be
ause the disk is opti
ally thi
kwhen viewed radially, we are obviously underestimating this mass by potentially anorder of magnitude. If the outer radius of the disk is extended to 3.0 × 1017 
m(in
reasing the mass by a fa
tor of 5.0) we �nd no appre
iable di�eren
e in theprodu
ed spe
trum, indi
ating that large amounts of neutral or mole
ular material
ould be hidden within the disk, without a�e
ting the ionization stru
ture of thenebula.Initially we have not attempted to model any density inhomogeneities or toreprodu
e the many small-s
ale stru
tures seen in the lobes of NGC 6302 [17℄. Thisis mainly due to a la
k of spatial information on the gas properties but also be
ause ofthe importan
e of 
ompiling as simple a model as possible. We have also maintained a
ompletely homogeneous gas 
hemistry throughout the model nebula. The 
hemi
alabundan
es used in the model are taken from the analysis of Tsamis et al. (2003)[23℄ and Casassus et al. (2000) [5℄ and in
orporates 14 elements.2.2 The IR Coronal LinesWhile the 
entral ionizing sour
e of NGC 6302 has never been observed, the emissionfrom the IR 
oronal lines puts a 
onstraint on the ionizing �ux. Of all the high-ionization lines observed, those of Mg+7 and Si+8 [5℄ are of the highest stages and,if predominantly photo-ionized, will put a strong 
onstraint on the high-energy endof the ionizing spe
trum.The �rst observations of IR 
oronal lines in NGC 6302 were the prominent [Si vi℄and [Si vii℄ lines [2℄. Previous attempts with one-dimensional photoionization 
odeshave been unable to a

urately reprodu
e these lines [13℄ leading to suggestions thatthese lines may arise from 
ollisionally-ex
ited material [22℄. Many of the argumentsfor sho
k-ex
ited material originated from the observation of ∼500 kms−1 wings onthe [Ne v℄ λ3426 line [15℄. However, similar wings were not seen by Casassus et



3D Photoionisation Modelling of NGC 6302 59Table 2. Observed and modeled line strengths for the high-ionization IR 
oronallines of NGC 6302. All line strengths given relative to Hβ×10−3. Observations fromCasassus et al. (2000). Solar abundan
es H-de�
ientID λ Observations 220 kK 220 kK[Mg v℄ 5.60µm 2.19 59.2 5.23[Mg vii℄ 5.51µm 1.68 1.06 0.60[Mg viii℄ 3.03µm 0.234 0.0 0.58[Si vi℄ 1.96µm 3.04 34.0 2.23[Si vii℄ 2.48µm 2.66 0.09 0.22[Si ix℄ 3.93µm 0.00389 0.0 0.0318al. (2000) in their observations of infrared 
oronal lines, despite similar ex
itationpotentials. The origin of the [Ne v℄ λ3426 wings is now thought to be instrumental[16℄. We are therefore attempting to fully reprodu
e all the high-ex
itation lines bymeans of photoionization alone.To model emission from the 
entral star we use non-LTE stellar atmospheres
al
ulated using the Tübingen NLTE Model Atmospheres Pa
kage [20℄. We haveused both the solar abundan
e models that in
orporate all elements up to ni
kel,and the hydrogen-de�
ient models whi
h use "typi
al" PG 1159 abundan
e ratios ofHe:C:N:O = 33:50:2:15 by mass. For both of these we have varied both the e�e
tivetemperature and the gravity of the 
entral star in attempting to �t the 
oronal lines.We also varied 
ertain nebula parameters su
h as the disk density and height, thatmight e�e
t the ionization stru
tures of these elements.Our models reveal that the majority of the nebula parameters have little e�e
t onthese highly-ionized ions. The e�e
tive temperature of the 
entral star has by far thestrongest in�uen
e on the ionization stru
ture, yet by using a solar abundan
e modelwe were unable to reprodu
e the highest ionization stages without rea
hing temper-atures in ex
ess of 400,000 K, where many of the model atmosphere 
al
ulations maynot be appli
able [20℄. Even at lower temperatures, the ionization stru
ture that asolar abundan
e atmosphere 
reates does not allow a

urate reprodu
tion of eventhe lower-ionization lines. This 
an be seen in Table 2 for the ionization stru
turesof magnesium and sili
on, where the lower ionization lines (from Mg+4 and Si+5)are over-predi
ted, while no �ux is seen in the high-ionization lines (from Mg+7 andSi+8).However, models using H-de�
ient 
entral star atmospheres produ
ed ionizationstru
tures that mat
hed the observations mu
h better and were able to reprodu
ethe highest ionization lines at mu
h lower temperatures (see Table 2). Order ofmagnitude mat
hes 
an be obtained for nearly all the lines using a 220,000 K modelatmosphere, reprodu
ing the ionization stru
tures of these elements mu
h better.The di�eren
e between a solar abundan
e stellar atmosphere and a hydrogen-de�
ient stellar atmosphere is most apparent at high energies where the la
k ofopa
ity due to hydrogen 
auses a greater �ux of high-energy photons. This 
anbe seen in Figure 3 where we show the spe
tral energy distributions of a solar-abundan
e and a hydrogen-de�
ient stellar atmosphere. The ionisation potentialsof Mg+6 (225eV) and Si+7 (303eV), are also indi
ated, and it 
an be seen that ahydrogen-de�
ient stellar atmosphere has a signi�
antly higher �ux at these energies
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Fig. 3. Spe
tral energy distributions of two of the solar abundan
e and hydrogen-de�
ient stellar atmospheres used in our models. Both stellar atmospheres haveT⋆ = 220, 000 K and log g = 7. The ionisation potentials of the Mg+6 and Si+7 ionsare indi
ated. A 220,000 K bla
kbody spe
trum is shown for 
omparison.than a solar-abundan
e stellar atmosphere. It is this di�eren
e in the spe
tral energydistribution of the ionising spe
trum that allows a mu
h better �t to the ionisationstru
ture apparent in NGC 6302.3 The Dust Modelmo
assin has a 
omplete dust model, with the dust 
ompeting with the gas for UVphotons and intera
ting dire
tly with it via gas-grain 
ollisions [8℄. It allows any mixof dust spe
ies and grain sizes in multiple density distributions. NGC 6302 is brightin the infrared and the dust distribution has beeen shown to be 
omplex [17℄, withthe overall broad shape of the SED indi
ating a large range of dust temperatures.These two fa
tors make it important to model the dust using a full 3-dimensionaldust radiative transfer 
ode su
h as mo
assin.We have initially used a model with a single dust spe
ies using the astronomi
alsili
ates model of Draine (2003), whi
h in
ludes opti
al 
onstants 
overing the fullwavelength range of X-rays to the sub-mm [6℄. In a full treatment of the radiativetransfer of dust it is important to have a 
ontinuous 
overage of opti
al 
onstants toa

urately treat the absorption by the grains of UV photons and the re-emission inthe IR. We started with a simple MRN grain-size distribution using amin = 0.04µmand amax = 0.4µm and a slope of −3.5. We found however that a better �t 
ould be
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Fig. 4. mo
assin �t to the ISO SED of NGC 6302.obtained with larger grains and a shallow slope, produ
ing more larger grains andless small grains. Figure 4 shows our 
urrent single-spe
ies �t to the ISO SED.This �t to the SED uses a power-law grain size distribution with Amin = 0.06µmand Amax = 1.0µm with a slope of −2.5. The presen
e of large grains up to 10µmin size has been implied from the sub-mm 
ontinuum [11℄ and the presen
e of su
ha dense 
ir
umstellar disk provides a stable environment where su
h large grains
ould be built up.A better �t to the shape of the SED 
ould be gained by modelling two separatepopulations of dust grains, one 
onsisting of large grains in the 
ir
umstellar disk andthe other with a more standard grain-size distribution that might exist in the bipolarlobes of the nebula. The in
lusion of multiple grain distributions, with di�erentgrain sizes and di�erent 
hemistries in separate 3-dimensional density distributionsis a unique and versatile feature of mo
assin and will allow the observations ofNGC 6302 to be mu
h more a

urately reprodu
ed and studied.The ISO spe
trum of NGC 6302 [3℄ also shows a wealth of emission features from
rystalline dust spe
ies, in
luding 
rystalline sili
ates [24, 18℄ and 
rystalline wateri
e [3℄. Two previously unidenti�ed features at 62 and 90 µm were also identi�edas belonging to the 
arbonates 
al
ite and dolomite [12℄, though it is thought that
arbonates might not be able to form in these environments [10℄.We are in the pro
ess of 
ompiling a full database of dust spe
ies suitable foruse in photoionisation and radiative transfer 
odes su
h as mo
assin. We intend togather opti
al 
onstants for all dust spe
ies that have been observed in NGC 6302or 
ould possibly exist in su
h environments and attempt to reprodu
e the detailedemission features seen in the ISO spe
trum. A �t to the spe
tral energy distributionwill allow us to derive dust masses for all the spe
ies present and also determine ifthe oxygen-ri
h and 
arbon-ri
h spe
ies are spatially separate, as some evolutionarys
enarios have suggested.
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olano, and T. Rau
h4 Con
lusionsWe have presented initial results from our three-dimensional photoionisation anddust radiative transfer model of NGC 6302 using the 3D photoionisation 
ode mo-
assin. Our �t to the emission-line spe
tra has resulted in a high density 
ontrastbetween a large pair of di�use bipolar lobes and a thin 
ir
umstellar disk where den-sities rea
h 700, 000 
m−3. This density distribution supports the multiple densitydiagnosti
s of NGC 6302 that 
over a large range of densities.Our �t to the infrared 
oronal lines 
omes using a 220, 000 K hydrogen-de�
ientstellar atmosphere model. This is one of the lowest temperatures derived for theunseen 
entral star of this obje
t, whi
h is only possible using a hydrogen-de�
ient
entral star model, implying that the 
entral star of NGC 6302 may have undergonesome sort of late thermal pulse.Our dust model in
ludes a �t to the overall shape of the SED using a dustgrain size distribution that extends up to 1.0µm. The future in
lusion of multiple
rystalline sili
ate spe
ies in separate dust density distributions will allow us toreprodu
e the ISO spe
trum and determine 
hemi
al properties of the dust grainsaround this obje
t. These and other dis
overies are helping to unveil many interestingproperties of this interesting obje
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