
Opti
al spe
tros
opy of post-AGB starsPedro Gar
ía-LarioHers
hel S
ien
e Centre. European Spa
e Astronomy Centre,Resear
h and S
ienti�
 Support Department of ESAP.O. Box 78, 28691 Villanueva de la Cañada, Madrid, SpainPedro.Gar
ia-Lario�s
iops.esa.intSummary. A review of the main results obtained in the last few years on post-AGB stars with opti
al spe
tros
opy te
hniques is here presented. The 
onne
tionof the physi
al and 
hemi
al properties observed in the opti
al spe
tra of thesesour
es with the morphologi
al features dete
ted in high spatial resolution images isdis
ussed. Among others, the spe
tral signatures attributed to the e�e
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tionPost-Asymptoti
 Giant Bran
h (post-AGB) stars may hold the key for understand-ing the dramati
 morphologi
al and 
hemi
al 
hanges whi
h take pla
e at the lateststages of stellar evolution in low- and intermediate mass (0.8�8 M⊙) stars.From the spe
tros
opi
 point of view post-AGB stars are ideal probes to test andstudy stellar nu
leosynthesis, as they are mu
h easier to study than their pre
ursors,the AGB stars, and provide more 
omplete information on a wide number of atomi
spe
ies. But, is there any 
orrelation between the physi
al and 
hemi
al propertiesderived from the spe
tros
opi
 observations and the observed morphology?Unfortunately, the answer to this question is di�
ult to obtain, as the analysisis hampered by two main observational problems. First, there is a limited number ofgala
ti
 sour
es to study: just a few hundred in the most re
ent 
ompilation madeby Sz
zerba et al. (2007) in `The Toru« Catalogue of Gala
ti
 post-AGB and relatedobje
ts'. In addition, there is a strong observational bias towards opti
ally bright(`
lassi
al') post-AGB stars (Gar
ía-Lario, 2006) and a general la
k of informationfrom those strongly obs
ured in the opti
al (`IRAS sele
ted' post-AGB stars), whosestudy is in some 
ases limited to infrared and radio wavelengths.To over
ome these di�
ulties, a 
onsiderable e�ort has been made in the last fewyears to enlarge the sample of post-AGB stars with available opti
al spe
tros
opyand to extend the analysis to the most reddened sour
es.
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ía-LarioOpti
al spe
tro
opy provides information on fundamental physi
al parametersof the stellar photosphere (log T eff , log g); from whi
h masses and metalli
ities
an be inferred. In addition, detailed 
hemi
al abundan
es 
an be derived for alarge number of atomi
 spe
ies. In parti
ular, the abundan
es of CNO and s-pro
esselements provide essential information on the a
tivation and e�
ien
y of some nu-
lear pro
esses taking pla
e in these stars, su
h as the third dredge-up, or hot bottomburning. In this respe
t, extending the statisti
s to the unexplored regions of the pa-rameter spa
e of masses and metalli
ities may be 
ru
ial to understand the in�uen
eof these physi
al parameters in the generation and development of the asymmetri
morphologies observed.2 Re
ent progress2.1 Spe
tros
opi
 surveys and 
ataloguesAn important progress was made in this area with the publi
ation of an atlas oflow-resolution spe
tra of an infrared (IRAS) sele
ted sample of 124 post-AGB starsand pre-PNe (Figure 1) by Suárez et al. (2006). As a result of this study, whi
hin
ludes many new identi�
ations, a �atter distribution of spe
tral types was ob-tained 
ompared to previous studies reported in the literature, the larger proportionof late-type stars found probably re�e
ting the youth of the new sour
es observed.Eviden
e for two di�erent mass populations was also presented in this work, withthe `
lassi
al' opti
ally bright stars showing a gala
ti
 distribution 
orresponding tolower progenitor masses, while obs
ured post-AGB stars appear more 
on
entratedtowards the gala
ti
 plane suggesting higher progenitor masses (Figure 2).Using similar 
riteria, the identi�
ation of an additional group of 10 post-AGB
andidates was also reported by Pereira & Miranda (2007).Regarding 
atalogues, the Toru« Catalogue of Gala
ti
 post-AGB and relatedobje
ts was made available on-line by Sz
zerba et al. (2007), 
ontaining opti
al andinfrared photometry, infrared spe
tros
opy and spe
tral type information, and linksto �nding 
harts and bibliography for 326 very likely post-AGB stars.Complementary to this, stellar parameters and 
hemi
al abundan
es derivedfrom high-resolution opti
al spe
tros
opy of 125 sour
es identi�ed as post-AGB starsor related obje
ts in the literature were also 
ompiled by Stasi«ska et al. (2006).2.2 Analysis of individual starsAn in
reasing number of individual sour
es have been studied in the last few years byvarious resear
h groups using high spe
tral resolution te
hniques. Detailed 
hemi
alabundan
e analysis are now available for e.g. IRAS 06530−0213, IRAS 08143−4406(Reyniers et al. 2004); IRAS 19386+0155 (Pereira et al. 2004); IRAS 13266−5551,IRAS 17311−4924 (Sarkar et al. 2005); IRAS 05381+1012 (Pereira & Roig 2006);IRAS 08281−4850 or IRAS 14325−6428 (Reyniers et al. 2007), revealing a widevariety of photospheri
 properties, although most of the sour
es studied are foundto be strongly 
arbon and s-pro
ess enri
hed, metal poor stars.Also remarkable in this �eld is the publi
ation by Klo
hkova et al. (2007) of anatlas 
ontaining ∼1500 spe
tral lines/features identi�ed in HD 56126, the `
anoni
al'
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Fig. 1. Sample spe
tra and asso
iated �nding 
harts, taken from the spe
tros
opi
atlas of `IRAS sele
ted' post-AGB stars 
ompiled by Suárez et al. (2006)

Fig. 2. `Classi
al' (left) and `obs
ured' (right) post-AGB stars show a distin
t gala
-ti
 distribution (Suárez et al. 2006)
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ía-Lariopost-AGB star. HD 56126 is a low-metalli
ity ([Fe/H℄=−1.0) F5Iab-type star witha strong ex
ess of 
arbon and s-pro
ess elements lo
ated at high gala
ti
 latitudeshowing the 
hara
teristi
 double-peaked spe
tral energy distribution and a strong,yet unidenti�ed, 21 µm feature at infrared wavelengths observed in other C-ri
hgala
ti
 post-AGB stars. This star, as many others in this parti
ular transition phase,shows a variable and 
omplex Hα pro�le, interpreted as sho
k waves estimulatingmass out�ow (Figure 3).

Fig. 3. Variable Hα emission observed towards HD 56126, the `prototypi
al' post-AGB star (Klo
hkova et al. 2007)2.3 Di�use Interstellar BandsA byprodu
t of the spe
tros
opi
 analysis of opti
ally bright post-AGB stars is theidenti�
ation and study of the observed Di�use Interstellar Bands or DIBs, usuallyattributed to 
arbona
eous 
ompounds. A re
ent systemati
 study performed byLuna et al. (2008) on a sample of reddened post-AGB stars shows, however, thatthese features do not seem to form in the 
ir
umstellar envelopes of these stars,but they have always an interstellar origin, no matter the dominant 
hemistry ofthe 
ir
umstellar shell (O-ri
h or C-ri
h) or the spe
tral type of the 
entral star
onsidered (Figure 4).2.4 Massive pre
ursors of post-AGB starsHigh resolution opti
al spe
tros
opy was used to identify some of the most massivepre
ursors of post-AGB stars among a sample of gala
ti
 OH/IR stars, extremelyreddened O-ri
h AGB stars displaying OH maser emission (Gar
ía-Hernández et al.2006, 2007; Figure 5). Their masses were inferred from the 
ombination of theoreti
almodels with the dete
tion of strong lithium and rubidium overabundan
es in theiropti
al spe
tra. In parti
ular, the strong lithium abundan
e 
an be interpreted asan indi
ator of hot bottom burning (a
tivated only for M ≥ 3�3.5 M⊙ at gala
ti
metalli
ities). On the other hand, the Rb overabundan
e 
on�rms that the 22Neneutron sour
e is dominant in these sour
es (and not the usual 13C), somethingwhi
h is only predi
ted to o

ur in the most massive AGB stars (M≥4 M⊙).
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Fig. 4. Di�use bands, like the one at 5780 Å shown here, are extremely weak orabsent in post-AGB stars dominated by 
ir
umstellar reddening (left) 
ompared tothose post-AGB stars in whi
h interstellar extin
tion is the dominant 
ontributorto the observed reddening (right) - (Luna et al. 2008)

Fig. 5. High resolution spe
tros
opy of massive AGB stars, showing strong Li I 6707Å and Rb I 7800 Å lines, indi
ators of hot bottom burning and of the a
tivationof the 22Ne neutron sour
e, respe
tively (Gar
ía-Hernández et al. 2006, 2007)2.5 Binary post-AGB starsAnother area where a lot of progress has been made is in the identi�
ation of binarypost-AGB stars. These stars show depletion of refra
tory elements whi
h get lo
kedin dust grains formed in long-lived, 
ir
umbinary Keplerian disks (Maas et al. 2005;de Ruyter et al. 2006), whi
h are easy to identify in the infrared be
ause of theirstrong 
rystalline sili
ate emission (Gielen et al. 2007). In addition, radial velo
ityvariations of spe
tral lines with a period of a few hundred days 
an also be interpretedas the signature of binarity (van Win
kel et al. 1995), and this has been used to
on�rm the binary nature of some stars, like HR 4049, HD 44179, HD 52961, HD46703 or BD +39 4926.
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ía-Lario3 Post-AGB gala
ti
 populations and their 
onne
tionwith observed morphologiesThi
k disk post-AGB stars: `Classi
al' post-AGB stars belong to this gala
ti
population. They usually show simultaneously bright opti
al 
ounterparts a�e
tedby little or only moderate reddening and a 
onsiderable ex
ess at infrared wave-lengthes, presenting therefore a 
hara
teristi
 double-peaked spe
tral energy dis-tribution. These stars, however, may be representative only of the slowly evolvinglow-mass population of post-AGB stars in the Galaxy, with progenitor masses inthe 1.0 � 2.0 M⊙ range. They usually are 
arbon and s-pro
ess enri
hed, 
onsistentwith an e�
ient dredge-up of pro
essed material, as predi
ted by nu
leosynthesismodels for these mildly metal-de�
ient ([Fe/H℄= −0.5 to −1.0) stars. Many of themare strong 21 µm emitters as well. Observations with HST reveal aspheri
al shapesin s
attered light in most 
ases, but very rarely strong bipolar morphologies (Uetaet al. 2000; Meixner et al. 2002).Gala
ti
 halo post-AGB stars: an old population of very low mass post-AGBstars with opti
ally bright and unusually hot spe
tral types is also found at very highgala
ti
 latitudes. These stars may have never experien
ed a phase of total obs
u-ration during their previous evolution. Usually they are C-poor and non-s-pro
essenri
hed (no or little dredge-up), and show very low metalli
ities ([Fe/H℄ ≤ −1.0).Observations with HST reveal only slight departures from the round morphology ins
attered light and little reddening in the opti
al. Most of them were not dete
tedby IRAS and may never develop an observable PN (progenitor masses below 1.0M⊙).Thin disk post-AGB stars: many of the post-AGB stars belonging to thispopulation es
aped from dete
tion in previous surveys as they frequently show ex-tremely reddened 
ounterparts in the early post-AGB phase. They have only beenre
ognised as su
h in re
ent surveys based on their strong infrared ex
ess and 
har-a
teristi
 IRAS 
olours. Contrary to their thi
k disk analogues, these stars are inmost 
ases O-ri
h and non-s-pro
ess enri
hed, whi
h may be the 
onsequen
e of anot so e�
ient third dredge-up in the previous AGB phase at solar metalli
ities.With masses above 2 M⊙, some of them still display OH maser emission as wellas CO mole
ular emission, indi
ative of a massive mole
ular envelope. Their moremassive pre
ursors may belong to the group of fast evolving, hot bottom burningOH/IR stars showing strong Li and Rb overabundan
es, with progenitor masses ex-
eeding the 3.0 � 3.5 M⊙ range. Many of them, re
ently observed with HST (Sahaiet al. 2007) display a strong bipolar morphology and dusty toroidal waists, and inmany 
ases sho
ked ex
ited H2 emission as well (Gar
ía-Hernández et al. 2002).In the most extreme 
ases (progenitor masses above 4 M⊙), post-AGB starsmay remain 
ompletely hidden at opti
al wavelengths during their whole evolutionfrom the AGB to the PN stage. As a 
onsequen
e, these fast evolving sour
es wouldprodu
e infrared PNe, never dete
table at opti
al wavelengths. At present, very litleis known about this population of more massive, heavily obs
ured PN pre
ursors, butsome 
andidates have already been identi�ed with the help of Spitzer spe
tros
opy(Gar
ía-Hernández et al., in preparation). Interestingly, all of them for whi
h HSTobservations are available, show very strong bipolar morphologies (Figure 6).The nu
leosynthesis pattern observed in gala
ti
 post-AGB stars is the 
onse-quen
e of the 
hemi
al bran
hing experien
ed by their progenitor stars at the end ofthe AGB as a 
onsequen
e of nu
lear pro
esses already mentioned, mainly the third
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Fig. 6. Some of the most extremely reddened post-AGB stars are 
ompletely invis-ible in the opti
al domain; many of them show a strong bipolar morphology whenobserved with HST, like IRAS 17347−3739, shown in the �gure.dredge-up and hot bottom burning. However, this bran
hing is strongly dependenton the metalli
ity of the progenitor star, e.g. at low metalli
ities the third dredge-upis more e�
ient, while hot bottom burning be
omes a
tivated at a lower mass limit.The result expe
ted from this evolution is that low-mass AGB stars, 
lassi
alMiras with progenitor masses in the 1.0 � 2 M⊙ range, will be
ome either O-ri
h orC-ri
h type II PNe at the end of their evolution depending on the metalli
ity envi-ronmemt in whi
h they were formed, while those AGB stars with higher progenitormasses ≥3.0 � 3.5 M⊙ will eventually be
ome high-mass O-ri
h (but also N-ri
h)type I PNe.4 Con
luding remarksRe
ent spe
tros
opi
 observations of post-AGB stars suggest that this 
lass of astro-nomi
al sour
es is 
hemi
ally mu
h more diverse than initially thought. Althoughmass is 
on�rmed to be the main driver of the diversity observed, metalli
ity playsa 
ru
ial role as well and it is a ne
essary ingredient whi
h needs to be 
onsideredto fully understand and interpret the wide variety of spe
tros
opi
 properties andmorphologies observed in PNe.Referen
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