
Mid-Infrared Spe
tral Evolution of Post-AGBStarsKevin VolkGemini Observatory, 670 N. A'ohoku Pla
e, Hilo, Hawaii, U.S.A. 96720kvolk�gemini.eduSummary. A summary is given of the 
urrent knowledge of the overall spe
tralevolution of the 
ir
umstellar material around post-AGB stars up to the planetarynebula phase, with emphasis on the evolution of dust features. There are substan-tial di�eren
es in this evolution for the oxygen-ri
h and 
arbon-ri
h 
ases. I thenhighlight how the 
urrent and forth
oming Spitzer Spa
e Teles
ope observation arelikely to provide mu
h new information about this evolution.1 Introdu
tionRigorously identifying obje
ts that have evolved o� of the AGB but have not yetbe
ome planetary nebulae (PNe) has been di�
ult. While a small number of thesepost-AGB (pAGB) obje
ts were known prior to the Infrared Astronomi
al Satellite(IRAS) mission, mu
h of our 
urrent knowledge about post-AGB evolution 
omesfrom Infrared Spa
e Observatory and other follow-up of IRAS sour
es. Hundredsof pAGB 
andidates are listed in the Torun Catalogue by Sz
zerba and 
o-workers[6℄ from work by several groups of people around the world. The majority of theseobje
ts represent di�erent sele
tions of IRAS sour
es, ex
ept for halo B-type pAGBobje
ts that most probably are not going to evolve to be PNe.Several basi
 results are 
lear from these observations: (a) some of the best-known post-AGB obje
ts su
h as the Egg Nebula and the Red Re
tangle, plus anumber of new obje
ts dis
overed by IRAS su
h as HR 4049, have unusual proper-ties and these obje
ts seem unlikely to evolve into a typi
al PN � hen
e my expli
ituse of the term �post-AGB� rather than �pre-� or �proto-planetary nebula� (PPN);(b) while the basi
 division of obje
ts as being oxygen-ri
h or 
arbon-ri
h is fun-damental in their mid-infrared properties, there are a number of things that we donot understand, in
luding obje
ts of mixed 
hemistry and details of how the dustfeatures evolve in the post-AGB phase; and (
) in the mid-infrared there is a strongoverlap in broad-band 
olours between pAGB obje
ts and PNe. A review of theIRAS results on PPNe is given in [4℄. Point (a) above has not been generally appre-
iated by PN resear
hers (and 
aused signi�
ant dis
ussion after my presentation atthe meeting). The three spe
i�
 systems named are all binary systems with strongeviden
e for a long-lived stable 
ir
umbinary disk. Thus the rate of evolution of the



302 Kevin Volkstars must be very slow so they are unlikely to be
ome hot enough to produ
e a PNbefore the 
ir
umstellar material has 
ompletely dispersed. Many similar, althoughless extreme, systems exist and these are not the best 
andidates to be
ome PNe.What is germane here is that post-AGB obje
ts in known binary systems need notautomati
ally be PN progenitors.2 The General Pi
tureWith the larger sample of AGB stars and 
andidate post-AGB obje
ts we have beenable to gather a 
onsistent pi
ture of the post-AGB spe
tral evolution by sear
hingfor obje
ts with mid-infrared properties similar to those of PNe or intermediatebetween those of AGB stars and PNe. (For other possible sele
tion 
riteria see [6℄.)The 
onventional wisdom is that mu
h of AGB mass loss takes pla
e very late inthe evolution hen
e the highest opti
al depth AGB obje
ts (OH/IR stars and their
arbon-ri
h analogues) must be the immediate progenitors of PNe. By looking forstars of intermediate stellar and 
ir
umstellar properties between these AGB obje
tsand typi
al PNe we �nd the best 
andidates for PPNe.From the observations and from dust radiative transfer models we 
an under-stand the spe
tral evolution: as the dust shell expands after the AGB it 
ools andthe opti
al depth de
reases. When the star begins its rapid evolution to high tem-perature the dust shell may be
ome hotter and intera
tions with new winds fromthe star may in
rease the opti
al depth somewhat, so there is not a one-to-one 
or-responden
e of dust temperature or opti
al depth with age [8℄. Figure 1 shows thegeneral trend of the expe
ted evolution.It has proven mu
h easier to identify 
arbon-ri
h PPNe than oxygen-ri
h PPNebe
ause the identi�
ation of S-pro
ess element enhan
ements gives us dire
t proofthat the star has experien
ed thermal pulses. For the oxygen-ri
h 
andidates thisanalysis has generally been in
on
lusive and for many individual obje
ts there ison-going debate about whether they are pAGB stars or massive super-giant stars.2.1 Oxygen-ri
h CandidatesA relatively small number of very likely oxygen-ri
h pAGB stars are known in
lud-ing IRAS 18095+2704, IRAS 171500−322 and HD 161796. These are well-studiedobje
ts whose spe
tral energy distributions (SEDs) have been modeled by di�erentgroups. Again in these individual 
ases the inferred stellar masses tend to be low andthere is some doubt that they will evolve fast enough to be
ome PNe. The statusof some of the brighter IRAS obje
ts identi�ed as PPN 
andidates, su
h as IRAS19114+0002 and IRAS 10216−5916, is still being debated. Very early in the pAGBwhen the dust shell opti
al depth is high many 
andidate obje
ts � for examplethe non-variable OH/IR stars � have been identi�ed but verifying the evolutionarystatus of these obje
ts with abundan
e analysis is di�
ult.The spe
tral evolution of these stars appears to be fairly well understood ingeneral, although not always in detail. Where the dust shell is hot enough to ra-diate at 10 µm the amorphous sili
ate feature is seen, possibly along with weaker
rystalline sili
ate features. Ex
ept for the possibility that the 
rystalline sili
atefeatures strengthen in the pAGB phase we do not see mu
h eviden
e of any 
hanges
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Fig. 1. Illustration of the spe
tral evolution from the AGB to the PN phase. Theoxygen-ri
h and 
arbon-ri
h 
ases are shown separately. (See the 
onferen
e presen-tation for more details.) Note that while the same features are seen through thesequen
e at left, there is a wide variation in the features seen in the right-handsequen
e. BD+30◦3639 shows dual 
hemistry. The 
olours used to mark the fea-tures are red for amorphous sili
ates, blue for 
rystalline sili
ates, green for the UIRfeatures, orange for the 21 µm feature, magenta for the 30 µm feature, and �nallymaroon for mole
ular bands. Note how the peak of the 
ontinuum moves to shorterwavelengths in the PN spe
tra 
ompared to the pAGB obje
t spe
tra just above.
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tral features during the pAGB phase. It is interesting to note that whereground-based images exist of these obje
ts the oxygen-ri
h pAGB stars and youngPNe appear to be smaller in angular size than 
arbon-ri
h obje
ts of similar N-bandbrightness. The reasons for this are not 
urrently understood. There may also be atrend to have lower dust 
ontinuum temperatures for the oxygen-ri
h obje
ts thanin the 
arbon-ri
h obje
ts with the same stellar spe
tral type; this may indi
ate thatthe dust grains have a di�erent range of sizes in the two groups of obje
ts. If thegrains are larger in the oxygen-ri
h 
ase it would explain these observations.2.2 Carbon-ri
h CandidatesA fairly large fra
tion of the bright pAGB 
andidates are 
arbon-ri
h. This impliesthat mid-infrared luminosity of these obje
ts tends to be higher than for the oxygen-ri
h obje
ts. Where the stars 
an be studied spe
tros
opi
ally we 
an look for S-pro
ess element enhan
ements to prove that the stars are dire
tly related to 
arbon-stars, and therefore presumably to the 
arbon-ri
h PNe [7℄. These obje
ts show manyfeatures in their mid-infrared spe
tra: the 30 µm feature also seen in AGB stars andsome PN; the 21 µm feature whi
h is strong in a number of pAGB obje
ts butwhi
h is either very weak or absent in both the AGB and PN phases; and the UIRor �PAH� features and asso
iated broad plateau features. The UIR/PAH features ofPPNe appear to be di�erent from those observed in PNe, HII regions, or the ISM.It is also noteworthy, but not understood, that some of these obje
ts show none ofthese features or only the 30 µm feature. As well there is a nearly 
omplete la
k ofthe 11.3 µm SiC feature, whi
h is seen in a large fra
tion of 
arbon star spe
tra,in all post-AGB obje
ts. I know of only three possible 
ases of the SiC emissionfeature in pAGB obje
ts (see Figure 2 for one of these), but in all three 
ases the
entral wavelength and the feature width are very di�erent than what is observedin numerous 
arbon stars, whi
h makes this tentative identi�
ation quite suspe
t.In the most extreme 
arbon star spe
tra we observe a number of mole
ularbands, the most obvious one being the C2H2 band at 13.7 µm. From the ISO spe
-tra of 
arbon stars this band is more and more frequent as the spe
tra get redder,until in the extreme obje
ts with H − K 
olours of more than 2.5 magnitudes it isalways present. By 
ontrast this band is not seen in any of the PPN 
andidates ofintermediate spe
tral type � yet there are a few more evolved obje
ts su
h as AFGL618 wherein many of these mole
ular bands are observed. While the 
olumn densityof these mole
ules will de
line proportional to the opti
al depth in the pAGB evo-lution, the 
omplete absen
e of the 13.7 µm band in the ISO spe
tra of the youngerpAGB 
andidates is quite puzzling to me. Is the mole
ule removed by 
hemi
al re-a
tions when the star rea
hes G-type or F-type? Or is it simply photodisso
iated?Or is the expe
ted de
line in 
olumn density and ex
itation temperature su�
ientto weaken the band so mu
h that it is undete
table at low resolution? Given thekey role of C2H2 in 
hemi
al networks that lead to PAH mole
ules this is a veryimportant question.Many of the brighter 
arbon-ri
h pAGB obje
ts and PNe are well resolved byground-based mid-infrared imaging. There have been a number of attempts to usespatially resolved spe
tros
opy to dete
t di�eren
es between the 
arriers of the dif-ferent features � the UIRs, the 21 µm feature, the 
rystalline sili
ates where theseare observed. To my knowledge there has been no observation of a separation of the
arriers of these di�erent features prior to the formation of an ionized region, after
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h it is observed that the UIR 
arriers are found in the photodisso
iation regionrather than in the ionized part of the nebula. Sin
e the number of obje
ts for whi
hthis has been attempted is relatively small, in the future it may be useful to attemptthis for obje
ts that are known to have unusual mid-infrared spe
tra.There are a number of instan
es of obje
ts whi
h have the UIR features aswell as 
rystalline sili
ate features in their mid-infrared spe
tra. There has beenmu
h spe
ulation as to the 
ause of this dual 
hemistry. One thing that has neverbeen explained is why we do not observe 
rystalline sili
ate features along with the30 µm or 21 µm features (see Figure 1 for example). This may indi
ate that theUIR 
arrier 
an be formed in either an oxygen-ri
h environment or in a marginally
arbon-ri
h environment that does not lead to these other features. This is anothervery important matter in view of the wide o

urren
e of the UIR features in theISM of galaxies.3 Expanded the Sample of pAGB Obje
tsThe 
urrent availability of the Spitzer IRS instrument has allowed us to expandthe sample of pAGB obje
ts with high quality mid-infrared spe
tra. Figure 2 showssu
h spe
tra of six 
arbon-ri
h pAGB obje
ts. While �ve of the six obje
ts showthe normal set of UIR/21 µm/30 µm features, although with widely varying relativefeature strengths, one obje
t shows no re
ognizable features at all. The feature at11.4 µm in the spe
trum of IRAS 08005−2356 does not mat
h either the SiC featureor the UIR plateaus seen in other AGB or pAGB obje
ts, and it 
urrently has noidenti�
ation. This on-going work with Bru
e Hrivnak will be published in 2008.Given the variability of all these features it will require a statisti
al analysis of alarger sample of obje
ts to possibly shed light on any interrelations between them.At that point more detailed study of su
h unusual obje
ts as IRAS 08005−2356 todetermine why su
h obje
ts are odd will be an important avenue of resear
h, butwe have to be able to de�ne what is typi
al before we 
an de�ne what is odd.4 Current and Future Prospe
tsMid-infrared spe
tros
opy is essential in the analysis of 
ir
umstellar dust shells.Broad-band photometry alone does not distinguish the oxygen-ri
h and 
arbon-ri
h
ases for most AGB or pAGB obje
ts (see for example [9℄ for the 
ase of SpitzerIRAC/MIPS photometry). Ground-based follow-up 
ontinues to be valuable wherethe obje
ts are bright or where high spatial resolution is required. Yet for many pur-poses satellite observations are superior when they 
an be done, and many valuableobservations are being gathered by the IRS instrument.The IRS follow-up of the GLMP sample of potential young pAGB obje
ts fromIRAS, as reported by D. A. Gar
ía-Hernández at this 
onferen
e is giving us valuableinformation about a 
omplete sample of 
andidates. See her talk for many examplesof the types of features dis
ussed in this review, espe
ially for the diversity of the
arbon-ri
h pAGB 
andidates. Along with the opti
al/near-infrared spe
tros
opi
follow-up reported by P. Gar
ía-Lario at this 
onferen
e we are getting to point



306 Kevin Volkwhere we have statisti
ally useful samples of 
andidate obje
ts, and 
an start sep-arating the groups by mass and by gala
ti
 population. There is still the problemthat the distan
es to these obje
ts are generally poorly known, although in prin
iplethe detailed spe
tros
opi
 analysis gives independent distan
e estimates.
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Fig. 2. Spitzer Spa
e Teles
ope IRS spe
tra of six pAGB stars known to be
arbon-ri
h and to have S-pro
ess element enhan
ement. The various features 
om-monly seen in 
arbon-ri
h dust spe
tra are marked. With the ex
eption of IRAS23304+6147 all of these are the �rst good quality spe
tra obtained at these wave-lengths. The 21 µm feature is found, as expe
ted, in four of the obje
ts. From workwith Bru
e Hrivnak, in preparation.I wish to highlight the spe
tros
opi
 follow-up of spe
i�
 obje
ts in the Largeand Small Magellani
 Clouds and its value for understanding post-AGB evolution,sin
e all post-AGB obje
ts in these galaxies should be dete
ted. The SAGE survey[5℄ of the LMC has dete
ted all stars of K-type or later and luminosities in ex
essof 1000 L⊙. The equivalent SMC survey will be 
arried out in 2007/2008 and havesimilar sensitivity. Sin
e these galaxies are at known distan
es systemati
 studyof the pAGB obje
ts in these systems 
an be done in absolute terms and witha 
omplete sample. Despite the ex
ellent work led by P. Gar
ía-Lario mentioned
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t of doing the same for the disk of the Galaxy, even whenthe GAIA mission is 
ompleted, sin
e many of the obje
ts we are interested in areheavily obs
ured and the distan
es will remain un
ertain for these obje
ts.There have already been Spitzer spe
tros
opi
 observations of various AGB andpAGB obje
ts in both galaxies, and already some interesting di�eren
es have beenseen 
ompared to known obje
ts in the Galaxy. One result of this is that it is notpossible to produ
e good models of the SEDs of individual obje
ts without doingwork to 
hara
terize why and how the dust shells of obje
ts in the 
louds di�ers fromobje
ts in the Galaxy. Some preliminary results indi
ate that 
arbon-ri
h obje
ts inthe LMC have mu
h stronger mole
ular bands and weaker 30 µm features thangala
ti
 
ounterparts. Nor have we observed the 21 µm feature in any obje
t beyondthe Galaxy. Re
ent papers ([1℄, [2℄, and [3℄) highlight some of these di�eren
es.Most of the IRS spe
tra of bright dusty LMC/SMC oxygen-ri
h obje
ts publishedto date have been for supergiant stars, as 
an be readily determined from the totalluminosity, and so right now we have less information about oxygen-ri
h AGB orpAGB obje
ts in the 
louds.Work is ongoing by several groups to identify pAGB obje
ts in the SAGE data.A number of these will be subje
t to ground-based or IRS spe
tral follow-up withinthe next year. The sele
tion of pAGB 
andidate obje
ts 
an then easily be extendedto the SMC on
e those observations are taken. It will be of interest to see what theresulting populations a
tually look like, and what the relative numbers of PNe andpAGB obje
ts is found to be.5 Con
lusionThere are 
learly many unresolved questions about the spe
tral evolution of pAGBobje
ts. The la
k of good distan
es is a fundamental limitation for mu
h that wewould like to do. Some unresolved questions are 
losely related to the di�
ulty of�rmly identifying the 
arriers of the features that we see in the spe
tra, and othershave to do with the role of mole
ules and 
hemistry in the 
ir
umstellar envelope(whi
h I have only alluded to for C2H2 due to la
k of spa
e). Thanks to Spitzerthe quality and quantity of the mid-infrared data available is improving rapidly tothe point where we are starting to have viable samples for statisti
al purposes bothin the Galaxy and in the Magellani
 Clouds. My opinion is that the whole �eld ofstudy needs to move away from the detailed observation of the most famous obje
ts� although that is still valuable � and 
arefully study the larger samples. It hasbeen 
lear for a long time, for example, that NGC7027 has a mu
h more massivedust shell than do most PNe. So while it is the most studied PN it should notbe taken as typi
al. We need to work to eliminate the same types of biases in thestudy of pAGB obje
ts. It is useful to study the Red Re
tangle, whi
h appears tobe unique in the Galaxy, but we should not use it as an example of a typi
al pAGBobje
t. Some very unusual new obje
ts have been found by Spitzer IRS observations(i.e. [1℄, [3℄). While we study these stars to �nd out why they are unusual, we haveto remember that they probably represent a tail of the total population and not losesight of establishing what is typi
al. The photometri
 survey 
apability of Spitzer isproviding us with unique new data sets for the study of the dust shells of AGB andpAGB stars both in our Galaxy and in nearby systems, whi
h will be a 
hallenge tointerpret properly.
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