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al Study of Proto-PlanetaryNebulae Sin
e APN IIIToshiya UetaDepartment of Physi
s and Astronomy, University of Denver,2112 E. Wesley Ave., Denver, CO 80208, U.S.A. tueta�du.eduSummary. Morphologi
al study of proto-planetary nebulae has been the workhorseto understand the 
riti
al phases mass loss along the asymptoti
 giant bran
h andthe initial shaping that take pla
e in their 
ir
umstellar envelopes. After re
appingthe motivation of the study and earlier development prior to APN III, I will highlightsome of the initiatives that have 
ontributed in the �eld sin
e APN III.Key words: planetary nebulae: general � re�e
tion nebulae � stars : AGB andpost-AGB � stars : mass loss � stars: winds, out�ows1 PPN Morphology PrimerProto-planetary nebulae (PPNe) usually refer to the 
ir
umstellar envelopes (CSEs)asso
iated with post-asymptoti
 giant bran
h (post-AGB) stars. The post-AGBphase is a brief transitional phase of the stellar evolution lasting only on the or-der of 103 yr beyond the tip of the AGB and prior to the onset of photoionizationat the beginning of the planetary nebula (PN) phase [13, 36℄.Fig. 1 shows an evolutionary tra
k (red line) of a 2 M⊙ solar metalli
ity starfrom the main sequen
e to the white dwarf phase [10℄, together with representativeimages of an AGB star, a PPN and a PN (respe
tively from top right to top left),illustrating how the CSE stru
ture develops as the 
entral star evolves. The AGBCSEs are largely taken as synonymous with spheri
al symmetry [9℄, while PNe areknown to have developed stru
tures far more than spheri
ally symmetri
 [1℄. PPNeare found to have developed at least axisymmetri
 CSE stru
tures [19, 28℄. Thus,non-spheri
al CSE stru
tures must arise sometime during the late AGB phase. However,we have not understood exa
tly when and how stars manage to do so. The immediateobje
tives of the PPN morphologi
al study is, therefore, to obtain 
lues as to howAGB and post-AGB stars manage to shape their CSEs through mass loss.There is a fundamental distin
tion between PPNe and PNe that determinesthe way these obje
ts are best probed. While PNe are emission nebulae 
ontainingionized gas, PPNe are re�e
tion nebulae 
onsisting of dust and neutral gas. Hen
e,PPN morphologi
al study in the opti
al would provide only an indire
t glimpse ofthe dust distributions via s
attered star light, whi
h is sus
eptible to self-extin
tion.
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Fig. 1. Top Left: an HST opti
al/IR 
omposite image of NGC 7027, a PN, showinga variety of stru
tures [4, 16℄.Top Middle: an HST opti
al image of the Egg Nebula,a PPN, displaying its well-de�ned bipolar stru
ture [23℄. Top Right: a ground-based
B+V image of IRC +10 216, an AGB star, exhibiting spheri
al shells [18℄. Bottom:a 
omplete evolutionary tra
k (red line) of a 2 M⊙ star [10℄.Instead, thermal IR would provide a dire
t probe of the dust distribution. Therefore,PPN morphologies are best investigated by using both means at the highest spatialresolution. (Probing the mole
ular 
omponent is beyond the s
ope of this review[2℄.)2 Before APN IIIPrior to APN II, WFPC2 and NICMOS on-board HST and ground-based mid-IRarray instruments be
ame available. HST observations of PPNe started to revealspe
ta
ular bipolar nebulosities in a number of observations [14, 23℄. Then, it wastypi
ally assumed that PPNe are intrinsi
ally bipolar and ellipti
al PPNe are simplythose oriented pole-on.However, subsequent PPN observing 
ampaigns in the mid-IR un
overed thatsome opti
ally ellipti
al PPNe possessed an edge-on dust torus within their re�e
tion
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Fig. 2. Two types of PPNe revealed by a 
ombined opti
al/mid-IR survey [19, 20,28℄. Left: IRAS 07134+1005 (HD 56126) harbors an opti
ally thin, edge-on dusttorus (two mid-IR peaks representing the limb-brightened edges) within an elongatedre�e
tion nebula. Right: IRAS 17150-3224 has an opti
ally thi
k dust torus thatappears as a �dust lane� between the opti
al bipolar lobes. HST data are in 
olorand mid-IR data in 
ontours. Ti
kmarks are o�sets from the 
entral star in ar
se
.nebulae [19, 29℄. Fig. 2 (left) shows an opti
ally ellipti
al PPN IRAS 07134+1005in 
olor. In the in
lination angle 
ontext, this PPN has to be 
lose to pole-on. Yet,its mid-IR data in 
ontours indi
ate that there is an edge-on dust torus be
ausethese two emission peaks represent the limb-brightened edges of an edge-on torus,in whi
h the line of sight opti
al depth is the highest. In this 
ase, the opti
al depthof the torus is low enough that the dust torus would not appear as a dust lanebetween two bipolar lobes as in the 
ase of the opti
ally thi
ker, IRAS 17150-3224(Fig. 2, right).By APN III, enough observational eviden
e and supporting dust radiative trans-fer modeling results were a

umulated to 
on
lude that (1) two physi
ally distin
tkinds (opti
ally thin and thi
k) of PPNe exist, (2) equatorial density enhan
ementis present in both types and (3) the opti
al depth of the shell determines the mor-phology [20, 28, 30℄.3 After APN III3.1 Coming of Natural/Laser Guide Star Adaptive Opti
s SystemsThere have been a number of new te
hniques/methods that improve our ability toinvestigate PPN morphologies in detail. The �rst is adaptive opti
s (AO) imagingwith a natural and laser guide star (NGS and LGS, respe
tively). Fig. 3 shows aset of 2 µm images of the Egg Nebula, with (left, LGSAO at Ke
k) and without(right, NICMOS on HST): the LGSAO image a
hieves higher resolution and a widerdynami
al range from the ground.Su
h NGS/LGS AO images allow us to examine not only the overall CSE stru
-tures but also lo
al stru
tures within the CSEs. The 
orks
rew stru
ture have been
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ognized within the bipolar lobes of IRAS 16342-3814, suggesting the presen
e ofsome pre
essing agent 
arving the inner walls of the lobes [24℄. The bipolar lobesin PPNe appear to be well-de�ned, 
lose-ended 
avities as in IRAS 18276-1431 [26℄.AO data have strengthened the 
ase for the presen
e of some pre
essing agent togenerate the bipolar stru
ture in PPNe. However, the equatorial density enhan
e-ment in the CSEs (the sour
e of the �dust lane�) does not appear to be 
ausingthis pre
ession. Rather, the enhan
ement seems to predate the onset of the bipolarstru
ture generation.

Fig. 3. The Egg Nebula at 2 µm with and without AO. Left: a Ke
k/LGSAO (H ,H2 and Kcont) image [17℄. Right: an HST/NICMOS (H2 and 2.15 µm) image [22℄.3.2 Imaging PolarimetryThe se
ond example is the use of imaging polarimetry. The stru
ture of ellipti
al(opti
ally thin) PPNe is di�
ult to study be
ause the 
entral star is usually sobright that the stru
ture gets washed out by the enormous 
entral star. Imagingpolarimetry permits us to separate the polarized 
omponent (s
attered by dust in theCSE) and the unpolarized 
omponent (dire
t star light) [7, 8℄, helping to over
omethis di�
ulty.Fig. 4 shows the total intensity map (left), polarized intensity map (middle) andpolarized strength map (right) of IRAS 07134+1005 at 2 µm [31℄. Although the totalintensity map looks almost identi
al to an opti
al map (Fig. 2, left, in 
olor), thepolarized intensity map reveals the equatorially enhan
ed stru
ture in detail whilethe polarized strength maps reveals the hollow nature of the CSE. The stru
tureof bipolar PPNe has also been investigated by the method to learn more about thestru
tures in the lobes [33℄.PPNe as re�e
tion nebulae appear to be limb-brightened 
avities in the middleof the AGB CSEs that are intrinsi
ally equatorially enhan
ed. The 
ompressed edge
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avities seems to show the density gradient in the azimuthal dire
tion in bothPPN types. In bipolar PPNe, however, the azimuthal gradient is often a

ompaniedby a pit
h angle that makes the CSE stru
ture appear 
orks
rew-like.
Fig. 4. Imaging Polarimetry on IRAS 07134+1005 [31℄. Left: a 2 µm total inten-sity map. Middle: a polarized intensity map. Right: a polarization strength map.Ti
kmarks show o�sets from the 
entral star in ar
se
.3.3 More Opti
al/Mid-IR SurveysHST have a

umulated an enormous wealth of opti
al imaging data of PPNe (morethan 80% of known PPNe have been imaged to date). There have been at least twonew 
ompilations based on these results [25, 27℄ .One study follows the previous SOLE versus DUPLEX di
hotomy s
heme (Fig.5, left), and 
on�rms the division between them and their being both ends of theopti
al depth spe
trum, i.e., SOLE and DUPLEX being opti
ally thin and thi
kequatorially enhan
ed CSEs, respe
tively [27℄. This study also indi
ates that PPN
andidates la
king re�e
tion nebulae may be SOLE obje
ts 
lose to pole-on.While this multi-wavelength (opti
al+mid-IR) approa
h has been very e�e
tiveto obtain the 
omplete pi
ture of the PPN stru
tures, the amount of mid-IR datahas not in
reased as mu
h as the opti
al data. It is partly be
ause of the intrinsi
ally
ompa
t nature of PPNe, whi
h works against the intrinsi
ally larger di�ra
tion limitin the mid-IR, and of 
omparably lesser availability of mid-IR array instruments.Nevertheless, thermal IR imaging of PPNe is an avenue of resear
h that must bepursued as it would yield mu
h-needed dire
t 
lues for the dust distribution in PPNe.Another study attempts to devise a more detailed 
lassi�
ation s
heme (Fig.5, right). This 
lassi�
ation is detailed enough to des
ribe most/all of the observedPPN features [25℄. However, it is un
lear if the di�eren
es among these morphologi
al
lasses ne
essarily 
orresponds to the di�eren
es among physi
al CSE properties.Sin
e PPNe are re�e
tion nebulae, the CSEs of the same physi
al stru
ture 
an resultin very distin
t morphologies depending on the opti
al depth of these CSEs. Opti
alPPN morphologies yield at most indire
t 
lues for the CSE stru
tures. To obtain the
omplete pi
ture of the PPN stru
tures, dire
t 
lues for the CSE stru
tures, throughmethods that dire
tly probe the dust distribution in the CSEs, are also ne
essary.This is why a multi-wavelength approa
h has been e�e
tive.
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Fig. 5. Images from two new 
ompilations of imaging survey data. Left: Siódmiaket al. following the SOLE versus DUPLEX di
hotomy [27℄. Right: Sahai et al.devising a detailed 
lassi�
ation of PPN morphologies of re�e
tion nebulae.3.4 InterferometryWhile AO systems enable sub-0.1′′ spatial resolution imaging in the opti
al/near-IR, it is still not enough to resolve the inner CSE stru
tures of 
ompa
t sour
es in
ases dust grains 
ondense near the sublimation temperature (typi
ally at tens ofmas). Opti
al/IR interferometry has been be
oming a viable alternative te
hnique.In general, interferometri
 observations are �nding �attened over-density regionswith a rather signi�
ant s
ale height in the innermost regions of PPNe, whi
h are
onsistent with the overall PPN stru
tures. Further details are deferred to dis
ussionby Chesneau [3℄ and Deroo [5℄ in this volume.3.5 Mole
ular HydrogenH2 emission at 2.12 µm has been an important probe of PPNe be
ause it 
an yieldmu
h needed velo
ity information in the CSEs in spite of the limiting Gatley'srule stating that H2 emitting obje
ts are ex
lusively bipolar [12℄. Nevertheless, H2emission has been shown to arise from the ends of the lobes due to 
ollisional sho
ks,suggesting the presen
e of 
ollimated fast out�ows 
arving asymmetry in the lobesrelatively early in the PPN phase [11, 35℄.3.6 Far-IR ObservationsWhile we have learned more details on the PPN stru
tures and some 
lues for theshaping, we have not �gured out exa
tly when and how the non-spheri
al shapingof the CSE 
ommen
es. One 
an either observe �younger� obje
ts that are in thepro
ess or �older� obje
ts whose CSEs show the transformation as the far-IR surfa
ebrightness distribution. The latter has be
ome a possibility thanks to new far-IRopportunities provided by Spitzer and AKARI [6, 32, 34℄. When the data are fullyanalyzed we will gain more insights on AGB mass loss at earlier epo
hs.
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Fig. 6. Left: the interfa
e between the AGB wind and interstellar medium aroundR Hya seen by Spitzer [32℄. Middle & Right: the extended CSE around U Ant at70 µm (middle) and 160 µm (right), in whi
h earlier mass loss history is imprinted.4 Summary and Beyond APN IVTwo major �ndings sin
e APN III thus seem to be (1) (
on�rmation of) the presen
eof the equatorial density enhan
ement predating the era of detailed PPN shaping and(2) re
urring indi
ations for the presen
e of 
ollimated out�ows and some pre
essingagent in bipolar PPNe. These will be obvious items to follow-up beyond APN IV.In the opti
al front, HST/WFC3 and maturing AO te
hniques (and perhaps
losure-phase opti
al/near-IR interferometry) will serve our purposes well. In thethermal IR front, we will have more opportunities with Hers
hel and SOFIA whilewe may have to wait until the era of JWST to make substantial progress in themid-IR. The use of multi-wavelength (thermal dust emission + dust-s
attered light)approa
h exploiting these new opportunities will 
ontinue to yield a better, more
omplete pi
ture of the PPN stru
tures and enhan
e our understanding of the PPNshaping and AGB mass loss in time for APN V.
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