
From AGB Stars to Planetary Nebulae � Howthe Journey BeginsRaghvendra SahaiJet Propulsion Laboratory, California Institute of Te
hnology, MS 183-900, 4800Oak Grove Drive, Pasadena, CA-91109 sahai�jpl.nasa.govSummary. Pre-Planetary Nebulae (PPNe) have traditionally been understood asrare obje
ts that represent a transitory phase in the evolution of AGB stars toplanetary nebulae (PNe). Re
ently, mainly due to high-resolution imaging surveyswith HST, it has be
ome possible to start studying the detailed physi
al proper-ties for a su�
ient number of these obje
ts. The results from several surveys withHST (and supporting ground-based observations) 
ondu
ted using 
andidate lists ofPPNe based on a very simple IRAS 25-to-12µm 
olor 
riterion, show obje
ts with awide range of morphologies, similar to those seen in young PNe. A modi�ed versionof this 
olor 
riterion has been used to sele
t nas
ent PPNe (nPPNe), i.e. obje
tsjust beginning their transition from the AGB to the PPN phase. Imaging resultsfrom an HST survey of nPPNe support the idea that the journey of an AGB startowards an aspheri
al PPN is initiated by the laun
hing of fast 
ollimated out�ows.Key words: pre-planetary nebulae, planetary nebulae, stars: AGB and post-AGB,mass-loss, 
ir
umstellar matter1 Introdu
tionThe fundamental question whi
h has motivated this series of 
onferen
es on Asym-metri
al Planetary Nebulae, may be stated as follows � how do the slowly expand-ing (5-15 kms−1), largely spheri
al, 
ir
umstellar envelopes (CSEs) of AGB starstransform themselves into highly aspheri
al Planetary Nebulae (PNe), whi
h show
ollimated lobes and fast out�ows (>∼ few × 100 kms−1) along one or more axes.Until at least the late 1990's, a widely a

epted answer to this question wasprovided by the Generalized Intera
ting Stellar Wind model (GISW) [1℄, in whi
ha very fast (>∼1000 kms−1) spheri
al, radiatively-driven wind from 
entral star ofthe PN intera
ts with an equatorially dense AGB wind, produ
ing a wide varietyof axisymmetri
 shapes [2, 19, 9, 7℄. However, based on the wide variety of mul-tipolar and point-symmetri
 morphologies seen in unbiased surveys of young PNewith HST, Sahai & Trauger proposed in 1998 that 
ollimated fast winds or jets(hereafter CFWs), operating during the PPNe or very late-AGB phase, are the pri-mary agent for produ
ing asymmetri
 shapes in PNe[22℄. The CFWs are likely to
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, and either 
hange their dire
tionality (i.e., axis wobbles or pre
esses)or have multiple 
omponents operating in di�erent dire
tions (quasi)simultaneously.These CFWs s
ulpt the AGB CSE from the inside-out, produ
ing elongated bubblesor lobes within the CSEs. Later, additional a
tion of the fast radiative wind from the
entral star may further modify these lobes, and ionization may lead to loss of somestru
ture. If a dense equatorial torus present, it may add additional 
on�nementfor the CFWs, as well as for the spheri
al radiative wind from the hot 
entral starat a later stage of evolution. Theoreti
al models have been presented for produ
ingdisks/tori and jet-like out�ows in a binary system either via (i) 
ommon-envelopeevolution[29℄ or (ii) formation of an a

retion disk due to Bondi-Hoyle a

retion ofthe AGB wind[16℄.Thus although the basi
 idea that the shaping of PNe involves intera
tingwinds[12℄ is 
orre
t, the idea that hydrodynami
al 
ollimation of the fast wind byan aspheri
al slow one, is the primary shaping me
hanism, is probably not. Andprimary shaping begins prior to the PN phase, as surveys of PPNe so vividly demon-strate [25℄. The morphologi
al data suggests that the fast out�ows are probably born
ollimated (i.e. 
ollimated at or very near the laun
h site). Fast (few×100 kms−1)mole
ular bipolar out�ows in PPNe and a few late AGB stars with large momentum-ex
esses indi
ate that these winds are not radiatively driven [3℄. This review fo
useson observations whi
h probe the innermost regions of the CSEs in order to tra
e thevery beginnings of the journey of an AGB CSE towards an aspheri
al PPN/PN.2 Ground-Based Te
hniques: A Brief HistoryI �rst brie�y review the high-resolution ground-based te
hniques (all at near-infraredwavelengths) whi
h have been used to study AGB stars and related obje
ts sin
ethe 1980's. E.g., with a 4m aperture, at 2.2 µm, one 
an hope to resolve stru
tureson the 100 mas s
ale with di�ra
tion-limited imaging. However, spe
ial te
hniquesare needed to a
hieve the latter due to the presen
e of atmospheri
 seeing whi
hnormally limits our angular resolution to about 1′′. These te
hniques in
lude:(1) Spe
kle Interferometry (in whi
h seeing-indu
ed �u
tuations are �frozen" byre
ording images qui
kly, but variable seeing is a major limitation) � e.g., 1.6-4.8 µmspatial visibility data for 16 obje
ts revealed deviations from spheri
al symmetry forthe �most resolved" obje
ts [6℄).(2) Single-Baseline Interferometry (e.g. with the Infrared Spatial Interferometer ISIat Mt.Wilson by the Townes group, e.g. [5℄) � the major limitations of this te
hniquehave been (a) insu�
ient u-v 
overage for measuring the 
omplex visibility fun
tion(whose Fourier-transform yields the sour
e brightness distribution), thus limitingone to simple model-�tting in terms of 
ore/halo stru
tures and (b) insu�
ientdynami
 range.More re
ently, Sparse-Pupil (also known as Aperture-Masking) Interferometry(with mu
h improved u-v 
overage, and 
losure phase information) has enabledhigher �delity maps of the brightness distribution in the near-infrared (e.g., [30, 15℄).In addition, NIR Adaptive Opti
s (AO) observations (e.g. with NACO/VLT [14℄ orKe
k [17℄) and mid-IR imaging with large apertures (e.g. with TIMMI/ESO3.6m[13℄) have also begun to provide di�ra
tion-limited images. 3-element interferometersare now operating (IOTA in the NIR: [18℄; ISI in the mid-IR: [31℄) whi
h provide
losure phase data and thus more reliable dete
tion of asymmetries in the dust shells
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k the 
apability to provide realimages.3 Detailed Studies of nPPNe with HSTThe high spatial resolution (0.′′1 at R-band), stable PSF, and very high dynami
range a�orded by HST's ACS (and WFPC2 and STIS in the past) instrumentsmakes it the fa
ility of 
hoi
e for studying nPPNe. We �rst summarize results fromsu
h studies of 4 key nPPNe. We do not in
lude the well-known obje
t OH231.8+4.2(with an M9III 
entral star) in this list be
ause it is already a well-developed PPN,the expansion age of the nebular lobes being ∼500�800 yr.1. V Hydrae, a 
ool 
arbon star with fast mole
ular out�ows [21, 11℄ and opti
alemission lines, was observed with HST's long-slit spe
trograph STIS, in order toprobe the spatio-kinemati
 stru
ture of its high-velo
ity out�ow very 
lose to the
entral star [24℄. The multi-epo
h imaging (over a 1-year period) showed a veryfast (proje
ted radial velo
ity 240 kms−1) blobby out�ow, whi
h is evolving veryqui
kly, as well as a 
entral, expanding (at 10 kms−1) disk (diameter 0.′′5) in Hαemission. An extended, slowly expanding torus was found from CO J=1-0 interfero-metri
 data (OVRO). The torus and high-velo
ity out�ows have also been mappedwith the SMA [8℄.2. IRC+10216 is the most well-studied 
arbon star, with a massive, slowly expand-ing CSE. Ar
hival HST images taken with WFPC2 and NICMOS show three mainfeatures (a) a Southern 
one, (b) a North double-fan, and (
) a dark waist separatingfeatures a and b (Fig. 1). A simple model of the sour
e 
omprising of an equatorially-dense inner region and a spheri
al outer region is 
learly inadequate at reprodu
ingthe observed images [28℄. Sparse Pupil interferometry on Ke
k I has been used tore
onstru
t K-band images (but without astrometri
 information) of the 
entral 0.′′5with di�ra
tion-limited resolution (∼50mas) showing 
omplex, blobby stru
ture[30℄.Unfortunately it is di�
ult to �nd a one-to-one 
orresponden
e between the HSTand K-band images, ex
ept for the bright Southern 
one.3. CIT6 is another very well-studied 
arbon star with a massive, slowly expandingCSE. WFPC2/HST imaging in the b, v, and r �lters shows 2 
ompa
t 
ores sepa-rated by 0.′′15 (60AU) along PA∼15◦with a dark E-W waist separating them[27℄.The N-
ore is very red. A broad fan-stru
ture opens to the north, stret
hing to 2.′′5,and a narrow blue fan is dire
ted eastwards. At 1.1µm, nebulosity extends out toabout 25′′ at a PA∼30◦. 2.2 and 3.1µm sparse-pupil interferometri
 imaging of the
entral 200 mas shows a 
entral bright 
ore whi
h is extended along PA∼107◦, anda fainter, extended nebula roughly orthogonal to the 
ore [15℄. A 9.7µm image withthe ESO 3.6m/TIMMI 
amera shows a teardrop shape of size about 8", elongatedalong the same PA as the faint nebulosity seen most 
learly in the 3.1µm image [13℄.4. IRC+10011 is a very red oxygen-ri
h star with a massive, slowly expanding CSE,and was imaged in our PPN survey [25℄. The 0.8µm image shows a 
entral, asymmet-ri
al, elongated (oval-shaped) nebulosity; the peak brightness region is also elongatedand non-stellar and the position angles of the elongations seen on small and larges
ales are di�erent.
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Fig. 1. HST images of the nPPN, IRC+10216. The bottom panels show magni�edviews of the 
entral region3.1 New HST Survey for nPPNeA star begins its post-AGB journey when heavy AGB mass-loss pro
ess 
eases.At roughly the same evolutionary phase, observational eviden
e shows that a fastout�ow starts ex
avating a 
avity from the inside out. In either 
ase, due to theresulting la
k of hot dust (
ompared to a star with ongoing heavy mass-losing) ther-mal emission at short (<∼10 µm) wavelengths, relative to that at longer wavelengths(>∼25 µm), will de
rease. Thus the IRAS 25 to 12µm �ux ratio, F25/F12, providesa simple method to pre-sele
t 
andidate nPPN obje
ts from, e.g., CO 
atalogs ofAGB stars. Sin
e we had already very su

essfully utilized this 
olor 
riterion tosele
t PPNe from 
atalogs of OH/IR stars (F25/F12>1.4), we simply modi�ed itto sele
t nPPNe: we 
hose obje
ts with F25/F12>0.33 and <0.67. Figure 2 showsF25/F12 
omputed for a spheri
al AGB mass-loss envelope with a 
entral 
avityusing dust radiative-transfer models � it in
reases monotoni
ally from a value of0.3 for a �lled envelope to larger values as the size of the 
avity in
reases. Notethat a 100 kms−1out�ow will ex
avate a lobe of radius <∼1500 AU (i.e. 0.75"-0.5" foran obje
t at a typi
al distan
e of 2�3 kp
) in 75 yr. The �water-fountain" nebulae
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h as IRAS16342-3814, IRAS19134+2131 and W43A PPNe are examples of su
hyoung PPNe[4℄. Our survey [26℄ was dire
ted towards �nding obje
ts whi
h are intransition to the PPN phase, but even younger than these PPNe.
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Fig. 2. The 25 to 12µm �ux ratio, as a fun
tion of the radius of a 
entral 
avity ina spheri
al AGB mass-loss envelope, 
omputed using DUSTY [10℄ radiative-transfermodels. (Note reversed s
ale for y-axis.)4 ResultsOut of a total of 48 obje
ts imaged, 
ompa
t, but non-stellar, morphologies areseen in at least 25% (
ompared to 50% in PPN survey)(e.g., Figs. 3, 4). The re-maining obje
ts are either unresolved, or only marginally resolved. Detailed PSFsubtra
tion/removal has not been 
ompleted for these obje
ts � thus some of themarginally resolved obje
ts may be found to possess extended stru
ture. Aspheri
alstru
ture is seen in the resolved obje
ts. In some obje
ts, a di�use, round, halo isalso seen, representing the undisturbed AGB mass-loss envelope. A few sour
es showdis
rete 
ir
ular (partial) ar
-like features.The aspheri
al stru
ture in nPPNe is di�erent from that observed in PPNe,whi
h generally show limb-brightened, roughly equal-sized lobes on both sides ofthe 
enter. In 
ontrast, only one-sided stru
tures are seen in our survey nPPNe.This 
ould be due to either the stru
tures being intrinsi
ally (i) one-sided, or (ii)bipolar, but with only near-side being visible due to the mu
h higher 
ir
umstel-lar obs
uration in these obje
ts (
ompared to normal PPNe) hiding the far-side
omponent from view.The observed stru
tures in nPPNe 
ould result from either (a) an aspheri
aldensity distribution in the imaged region, and/or (b) aspheri
al illumination. Case(b) requires the presen
e of relatively low-density 
hannels 
lose to the 
entral star,
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Fig. 3. HST images of nPPNe (adapted from [26℄)whi
h allow the starlight to es
ape preferentially along spe
i�
 dire
tions, and illu-minate more distant regions of the 
ir
umstellar medium in an aspheri
al manner.The sear
hlight beams and polar lobes of the Egg Nebula[23℄ provide an examplewhere both 
ase (a) and (b) apply.5 Con
lusionsAlthough our 
urrent sample of nPPNe is too small for general 
on
lusions, oursurvey results, together with detailed studies of 4 nPPNe, support the hypothesisthat the me
hanism for 
reating the large-s
ale density inhomogeneities are highvelo
ity out�ows 
arving the AGB mass-loss envelope from the inside out. In orderto test this hypothesis, we need kinemati
 data on small s
ales, e.g., using mm-waveinterferometry of high-ex
itation mole
ular lines, su
h as SiO, CS, high-J CO lineswith ALMA; or the 4.6µm CO lines with a 
oronagraph to mask the very bright
ontinuum from the 
entral sour
e [20℄. The 
hange in PA from small to largers
ales (as e.g., in IRC+10011, CIT6 and IRAS15082) or multi-axial elongations asin IRAS18560 suggests that the out�ows 
hange dire
tion (or multiple out�ows arepresent simultaneously). The out�ows are probably not single-velo
ity, smooth and
ontinuous (note, e.g., the blobby stru
ture and multiple kinemati
 
omponents in
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Fig. 4. as in Fig. 3. IRAS19059 is unresolved and represents the PSFthe fast out�ow from V Hydrae). Understanding the properties of these out�ows andtheir laun
h me
hanism(s) is key to making progress in understanding the shapingof aspheri
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