
The Morphology and 3-D Stru
tures of theIonized, Mole
ular, and Dust Components ofPlanetary NebulaeSun KwokUniversity of Hong Kong sunkwok�hku.hkSummary. The morphology of the ionized, mole
ular, and dust 
omponents ofplanetary nebulae 
an be tra
ed by opti
al, infrared and mm/submm observations.Re
ent progresses in mm/submm interferometry, mid-infrared imaging with a
tiveopti
s, and opti
al imaging spe
tros
opi
 observations have allowed the separatemapping of all these 
omponents. The intrinsi
 3-D stru
tures of planetary nebulaeare dis
ussed from the result of these observations.1 Where is the �dark matter�?While our 
ommon per
eption of planetary nebulae (PNe) is dominated byopti
al images arising from line emissions from the ionized region, we nowrealize that the opti
al images do not represent a 
omplete pi
ture of thenebulae. Millimeter and submillimeter observations have found that manyPNe have extensive mole
ular 
omponents with masses many times that ofthe ionized 
omponent. PNe typi
ally 
ontain 10−1 M⊙ of ionized gas, but theamount of mole
ular gas 
an be as high as several M⊙. Infrared observationshave revealed that a large fra
tion of the energy emitted by PNe is from thedust 
omponent (Fig. 1). The observations of mole
ular and dust 
omponents,the �dark matter� in PNe, are therefore 
ru
ial in our understanding of thestru
ture and 
omposition of PNe.However, until re
ently, the distributions of mole
ular and dust 
ompo-nents in PNe were pra
ti
ally unknown. Advan
es in mm/submm interferom-etry and high-resolution mid-infrared imaging have made possible the imagingof the mole
ular and the dust 
omponents respe
tively. Submm arrays su
h asPdBI, CARMA, SMA, and ALMA 
an a
hieve subar
se
 angular resolutionsand are 
apable of mapping the distribution of the emission regions of mole
-ular lines, free-free 
ontinuum, and dust 
ontinuum. Large infrared teles
opeswith adaptive opti
s 
apability 
an obtain infrared maps in the 10 and 20 µmatmospheri
 windows with subar
se
 resolution, and with narrow �lters ableto separate the emission regions arising from ioni
 �ne-stru
ture lines, aro-mati
 infrared bands (AIB), sili
ate emission, and the dust 
ontinuum. These
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Fig. 1. The spe
tral energy distribution of NGC 6302. The ionized 
omponentmanifests itself in �ne stru
ture emission lines in the ISO SWS and LWS spe
tra(shown as solid line), in the bound-free 
ontinuum in the near infrared, and infree-free 
ontinuum in the radio and mm wavelengths. The strong emission peakbetween λ 10 µm and 1 mm is due to dust emission. The transition from dust tofree-free emission o

urs at ∼1 mm. The inverted triangles, diamonds, open 
ir
les,and the �lled triangle are the IRAS Point Sour
e Catalog �uxes, JHK ground-basedphotometry, JCMT photometry, and SMA measurements, respe
tively. The dottedline is a model 
ontinuum spe
trum in
luding 
ontributions from bound-free, free-free, and dust emissions.results allow us to 
ompare the relative spatial distributions of the ionized,mole
ular, and dust emission regions.2 Submm ImagingNGC 7027 is the �rst PN to have its mole
ular envelope mapped by a mil-limeter interferometer and 
omparisons with the opti
al and radio 
ontinuummaps show a 
lear photodisso
iation region separating the ionized and mole
-ular gas 
omponents [4℄. For NGC 6302, submm observations have found anexpanding mole
ular torus, whi
h 
orrespond to the dark lane separating theopti
al bipolar lobes [15, 2℄.



Ionized, Mole
ular, and Dust Components of PNe 13Fast mole
ular out�ows 
an be dete
ted by single-dish mm/submm obser-vations from the extended wings of the CO pro�le. The �rst dete
tion of fastmole
ular out�ows in PPNe and PNe was in AFGL 618, where the CO wingsextend to ±200 km s−1 [3℄. High-resolution CO J = 6 − 5 images of AFGL618 show that the high-velo
ity 
omponents lie along the opti
al lobes [14℄.In NGC 2440, the CO out�ow has been imaged to 
orrespond to one pair ofthe opti
al bipolar lobes [22℄ (Fig. 2).
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Fig. 2. Left: SMA CO J = 6 − 5 (shown in 
ontours) high- (top panel) and low-(bottom panel) velo
ity 
omponents emission superimposed on the HST Hα imageof AFGL 618 [14℄. Right: CO J = 3− 2 emission (shown in 
ontours) in NGC 2440observed with the JCMT overlaid on a [N ii℄ image taken at the CFHT[22℄.Due to the intera
tion between the fast out�ow and the remnant AGBmole
ular envelope, mu
h of the observed CO emission is likely to arise fromswept-up mass rather than from the out�ow itself. Therefore it is not trivial toderive the mass and velo
ity of the out�ow from the observed CO brightnessand line pro�les. An over simplisti
 interpretation will lead to an over estimateof the mass loss rate and an underestimate of the out�ow velo
ity [6℄. In aninteresting re
ent paper, Huggins [5℄ 
ompares the dynami
al ages of the jetsand tori. In 
ases where the CO velo
ities are used, the age of the jets mayalso be over estimated.



14 Sun Kwok3 Mid-Infrared ImagingThe Multiband Imaging Photometer (MIPS) of the Spitzer Spa
e Teles
opeo�ers angular resolutions of 6, 18, and 40 ar
se
 at 24, 70, and 160 µm re-spe
tively, and is 
apable of resolving the equatorial torus of large bipolarnebulae. Observations of NGC 2346 [21℄ shows that warm dust (as eviden
edby emission at 24 µm) is present in both the bipolar lobes and in the torus,
ool dust (as eviden
ed by emission at 70 µm) is mostly lo
ated in the edge-onequatorial torus, and the 
old dust (as eviden
ed by emission at 160 µm) isdistributed over a spheri
al region, probably arising from the remnant of theAGB wind.For an infrared-optimized ground-based teles
ope equipped with adaptiveopti
s su
h as the 8-m Gemini Teles
opes, near di�ra
tion-limited resolution
an be a
hieved. For the Thermal Region Camera Spe
trograph (T-ReCS)and Mi
helle infrared imagers on the Gemini Teles
opes, this 
orresponds to
∼0.′′4. With image de
onvolution using an observed point spread fun
tion, theangular resolution 
an be further improved to < 0.′′2 [13℄.For PNe and PPNe, imaging at 10 and 20 µm show dust emissions bothin the lobes and in the torus [24℄. Sin
e the dust torus is generally de�ned bya dark lane in the opti
al image, infrared imaging provides a dire
t determi-nation of the size and orientation of the torus. An interesting 
ase is IRAS17441−2411 where the the orientation of the axis of the infrared torus is foundto be o�set by 23◦ from the bipolar axis (Fig. 3). If the torus is responsible foror related to the 
ollimation of the bipolar out�ow, this raises the possibilitythat the out�ow has undergone pre
ession over the last 100 years [23℄.

Fig. 3. Gemini T-ReCs 11.7 µm images of PPN IRAS 17441−2411 (left). Theorientation of the infrared disk is overlaid on the opti
al I band HST image (right)as a solid line [23℄.



Ionized, Mole
ular, and Dust Components of PNe 154 Mole
ular Hydrogen and Sho
k Ex
itationThe 2.12 µm vibrational-rotational line of H2 is a useful tra
er of sho
k inPNe. Sin
e this line lies in the K-band window, H2 image of PNe 
an beobtained by near-infrared imaging with ground-based teles
opes. Strong H2emission 
an be seen in the equatorial torus regions as well as in the bipolarlobes of IC 4406 and NGC 2346 (Fig. 4). A bright ellipti
al ring 
an 
learlybe seen in the waist of IC 4406. The bright rims in the lobes sharply de�nethe edges of the lobes, suggesting that the lobes are 
on�ned by an externalmedium and that the H2 emission tra
e regions of wind intera
tion. The H2emissions at the 
aps of the lobes probably represent the regions where thefast wind is breaking through the remnant AGB 
ir
umstellar envelope. Mostinterestingly, radial jets 
an be seen along the equatorial plane of IC 4406.Similar stru
tures of equatorial torus, bipolar lobes, and radial equatorial jets
an also be seen in K3-72 (Fig. 5). NGC 2440 shows an extended spheri
almole
ular halo of 73′′ in diameter (Fig. 5). A bright rim of the halo probablytra
es the sho
k intera
tion between the halo and the ISM. It is interestingto note that the nebula is not lo
ated at the 
enter of the spheri
al halo.

Fig. 4. Continuum-subtra
ted H2 image of IC 4406 (left) and NGC 2346 (right).5 The Intrinsi
 3-D Stru
ture of Planetary NebulaeBeginning with the work of Curtis[1℄, there have been many attempts in 
lassi-fying the morphologies of PNe. However, all 
lassi�
ation s
hemes su�er fromthe following problems: (i) sensitivity dependen
e: where a deeper exposure re-veals fainter stru
tures whi
h 
hange the 
lassi�
ation of the PNe; (ii) spe
iesdependen
e: where the morphology of PNe observed in lines of di�erent ionsdi�ers as the result of ionization stru
tures and strati�
ation e�e
ts. and (iii)proje
tion e�e
ts: morphology 
lassi�
ations des
ribe the two-dimensional ap-parent stru
tures, not the intrinsi
 3-D stru
tures of the PNe.
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Fig. 5. Continuum-subtra
ted H2 images of K3-72 (left) and NGC 2440 (right).It is 
lear that the examination of the apparent morphology alone is notsu�
ient to obtain the true intrinsi
 stru
ture of PN. Kinemati
 data arene
essary to separate various 
omponents proje
ted on the same positions inthe sky. Comparisons between the 3-D kinemati
 model with imaging spe
-tros
opy observations of PNe therefore represent the best way to determinethe true intrinsi
 3-D stru
ture. An example of the modeling the Ring Nebulais given by Ste�en et al. in these pro
eedings [20℄.6 Origin of Diversity of PN MorphologiesThe morphologi
al features of PNe 
an be broadly 
lassi�ed into the followingthree 
ategories based on their degree of symmetry:
• Multiple shells: these represent uneven brightness distribution in the radialdire
tions and in
lude shells, rims, 
rowns, and haloes. Usually they rep-resent spheri
al stru
tures although in some 
ases the apparent multipleshells 
an be due to the proje
tion of bipolar lobes and the torus onto theplane of the sky [20℄. A series of roughly equally spa
ed 
ir
ular ar
s areobserved in PNe and PPNe [10℄. They are believed to be spheri
al shellsbelonging to the remnant of the AGB wind.
• Axial symmetri
 features: bipolar lobes and equatorial torus are the most
ommon features of a bipolar (butter�y) nebula. Also belonging to this
ategory are ansae and FLIERS 
ommonly seen in ellipti
al nebulae. Two-dimensional rings perpendi
ular to the bipolar axis have been seen in sev-eral PNe [7, 8℄.
• Point symmetri
 stru
tures: these in
lude S-shape stru
tures, multiplelobes, and other morphologi
al features better des
ribed by symmetry
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ular, and Dust Components of PNe 17relative to a 
entral point rather than to an axis. In some 
ases, pointsymmetry 
an be attributed to pre
essing motions [12℄.The general spheri
al symmetri
 stru
tures su
h as shells, rims, 
rowns,and haloes 
an be understood by the dynami
al pro
esses of intera
ting winds
oupled with time-dependent photoionization [16, 18℄. The origin of the 
on-
entri
 rings is not 
ertain but 
ould be related to the time-dependent natureof the AGB wind. FLIERS and 2-D rings 
ould be the result of intera
tionbetween a time-variable fast out�ow with the AGB wind [19, 8℄. The prob-lem on the origin of the point-symmetri
 stru
tures is mu
h more 
hallenging.Hypotheses involving binary 
entral stars and/or magneti
 �elds have beensuggested as agents for pre
ession.7 Jets and ToriSome PNe have extreme bipolar (
ylindri
al) shapes, suggesting that theirmorphology is shaped by a 
ollimated out�ow [17℄ (Fig. 6). In order to testthe various 
ollimation and out�ow me
hanisms, it would be desirable to beable to dire
tly image the fast out�ow (�jets�) and the equatorial tori (�disks�).The tori 
an be imaged in s
attered light (Fig. 6), in mole
ular and dustemission (se
tions 2 and 3) and the fast 
ollimated out�ow 
an be dete
ted inopti
al emission lines, mole
ular emission and in free-free 
ontinuum emission[11℄. If the mass loss rate and velo
ity of the fast 
ollimated out�ow 
an bedetermined, their values would have impli
ations on the driving me
hanism.For example, if the fast out�ow is driven by a

retion, then the observedme
hani
al luminosity must be smaller than the expe
ted a

retion rate.

Fig. 6. Left: He2-320 is an example of PNe with highly 
ollimated lobes. Right: Adisk 
an 
learly be seen in s
attered light in the PPN IRAS 17106−3046 [9℄.



18 Sun Kwok8 SummaryRe
ent infrared and submm observations of the dust and mole
ular gas 
om-ponents of PNe have identi�ed the neutral torus region, whi
h previously hasonly been seen as dark lanes in opti
al images. Dust and mole
ular emissionsare also dete
ted in the bipolar lobes, whi
h 
an be used as dire
t tra
er ofthe high-velo
ity 
ollimated out�ow.A
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