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Abstra
tI have studied the 
hemistry of (mainly 
arbon-ri
h) AGB and post-AGB stars us-ing millimetre-wave observations and 
hemi
al models. I present a 
omprehensiveoverview of past and present resear
h into this area, followed by four di�erent 
asestudies: Firstly, I investigate a number of 
arbon stars with high mass-loss ratesin both the northern and southern skies. These stars are 
ompared to ea
h otherand found to be very similar 
hemi
ally. Moreover, they are very similar to 
arbonstars with low mass-loss rates. This result makes the 
hemi
al modelling of su
hstars simpler. Di�eren
es o

ur in stars' 12C/13C ratios, whi
h re
e
t di�erent nu-
leosynthesis histories, and in abundan
es of SiO, whi
h 
an indi
ate the passageof sho
ks through the inner wind of the star. The se
ond study is of the mole
ule-ri
h proto-planetary nebula (PPN), CRL618. I 
onstru
t a 
hemi
al model of thewarm, dense torus, whi
h shows that 
omplex mole
ules form in high abundan
es.The most notable of these 
omplex mole
ules is benzene, whi
h is found to formvia a previously undis
overed rea
tion s
heme, and mat
hes the 
olumn density
al
ulated from observations 
losely. In 
ontrast, the next two 
hapters deal withtwo mole
ule-poor PPNe. Observations reveal that only simple mole
ules (CO,CN, HCN) are abundant. The la
k of suÆ
ient shielding of UV radiation from thein
reasingly hot star and the interstellar medium is a possible reason for this. The�nal study looks at the �nal stage of stellar evolution, and surprisingly �nds thatmole
ules are dete
ted in what one would expe
t to be very di�use and highly ir-radiated material. The �rst dete
tions in a planetary nebula (PN) of formaldehyde(H2CO) and 
arbon sulphide (CS) are made. The 
hemi
al model of a 
lump in var-ious post-AGB s
enarios shows that 
lumps 
annot support many of the mole
ulesdete
ted in PNe; some other form of shielding and/or reformation is ne
essary.Overall, this thesis shows that the post-AGB is a period of great transition, notonly from a large, 
ool star to a small, hot star, but also from a stage where thereis a 
hemi
al 
onformity (among 
arbon stars) to one in whi
h there is diversity(mole
ule-ri
h/mole
ule-poor PPNe), ba
k on
e again to 
onformity (among plane-tary nebulae). Several questions about post-AGB 
hemistry are raised, and I brie
ygo on to mention the importan
e of further resear
h into the formation of poly
y
li
aromati
 hydro
arbons and of 
lumps.
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I 
ame upon a 
hild of God, walking down the road.I asked him, where are you going?And this he told me.He said I'm going down to Yasgur's Farm,Just join in a ro
k and roll band.Get ba
k to the land and set my soul free.(He said) we are stardust, we are golden,And we got to get ourselves ba
k to the garden.So 
an I walk beside you?I've 
ome here to lose the smog,I feel like I'm a 
og in something turning round and round.Maybe it's just the time of year,Maybe it's the time of man.I don't know who I am,But life is for learning.(And then) we are stardust, we are golden,And we got to get ourselves ba
k to the garden.We are stardust, we are golden,And we got to get ourselves ba
k to the garden.By the time we got to Woodsto
k,We were half a million strong.Everywhere you look there was a song and hope and a 
elebration.And I dreamed I saw the bomber death planesRiding shotgun in the sky,Turning into butter
ies above our nation.We are stardust, we are golden,And we got to get ourselves ba
k to the garden.We are stardust, we are a billion year old 
arbon, we are golden.We just got 
aught up in some devil's bargainAnd we got to get ourselves ba
k to the garden.To some semblan
e of a garden. | Joni Mit
hell.iii



To Kate

(soft-head)
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Chapter 1Introdu
tion
1.1 PreambleWhen you tell people that you're an astronomer their eyes light up with romanti
notions of nights spent re
lining under the eyepie
e of a large opti
al teles
ope,shooting stars o

asionally passing through the frame. When you then tell themthat nowadays 
omputers do all that, and generally you work in the daytime likeeverybody else, their fa
es fall somewhat. When you go on further to explain thatyou a
tually study the 
hemistry of stars, and that requires the use of \radio" wavesand no pretty pi
tures whatsoever, you're generally met with 
omplete blankness,or a swit
h in 
onversation topi
 to what the weather's doing, or what the latestbun
h of oddballs are 
urrently up to in the Big Brother house. However, sometimesastronomy 
an be fun (fun enough for the Sun newspaper! See Fig. 1.1), and perhapsas this thesis will show, astronomy 
an even be interesting. . .1.2 OverviewThis thesis is organised into seven 
hapters and an appendix 
ontaining two se
tions.This �rst 
hapter serves as a general introdu
tion to the topi
 of evolved starsand 
on
entrates on those areas referred to later in the thesis. It 
overs stellarevolution, the di�erent 
hara
teristi
s of the Asymptoti
 Giant Bran
h (AGB),1
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Figure 1.1: Prof. T.J. Millar's most 
riti
ally a

laimed work.



Chapter 1 3 Introdu
tionproto-planetary nebula (PPN) and planetary nebula (PN) evolutionary stages, and
ir
umstellar 
hemistry during these three stages.Chapter 2 looks at a sample of six 
arbon-ri
h AGB stars and determines theirmole
ular abundan
es, �nding all the stars in the sample somewhat 
hemi
allyidenti
al.Chapters 3, 4 and 5 examine the 
hemistry during the PPN stage. Chapter 3models the dense torus of a 
hemi
ally ri
h PPN, CRL618, whilst Chapter 4 
ontainsobservations of two mole
ule-poor PPNe, IRAS16594-4656 and IRAS17150-7112.Chapter 5 then goes on to show that this mole
ular de�
ien
y is the result of littleshielding of 
omplex mole
ules. Hen
e shielding of the intense UV �elds during thePPN stage is 
ru
ial to the survival of larger mole
ules.Three PNe are studied in Chapter 6, and observations show that only a fewsmall mole
ules are present in reasonable quantity. However, H2CO and CS aredete
ted, for the �rst time in a planetary nebula. Distributions of several mole
ulesare mappped, and fra
tional abundan
es are 
al
ulated. A simple model of a 
lumpin a planetary nebula shows that small mole
ules su
h as CO, HCN, CN and CSwill survive from the AGB phase given enough shielding.Con
lusions are drawn and summarised in Chapter 7, and possible avenues offurther investigation are given. Appendix A 
ontains a literature study of the starsstudied in this thesis, whilst Appendix B is a 
ompendium of the mole
ular lineobservations of the stars.1.3 Stellar evolution1.3.1 Main sequen
e and red giant bran
h evolution for low-and intermediate-mass starsA star will spend up to 90% of its life on the Main Sequen
e (MS) of the Hertzsprung-Russell (H-R) diagram (see Figure 1.2), 
onverting a 
entral hydrogen reserve intohelium. Eventually, the hydrogen 
ore of the star be
omes exhausted and leavesbehind an inert helium 
ore. Hydrogen-burning 
ontinues in a shell around the
ore, and the hydrogen envelope outside this shell expands in mass. The portionof the 
ir
umstellar envelope (CSE) able to `move' hydrodynami
ally (the 
onve
-tive envelope) will extend inwards to \dredge up" (see Se
t. 1.4.3) the ash fromhydrogen-burning. This pro
ess is aptly named \the �rst dredge up".Low mass stars (de�ned as stars that develop an ele
tron-degenerate helium 
ore,
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Figure 1.2: Left Hertzsprung-Russell diagram with the 
omputed long-term evo-lution of the sun. The 
urrent luminosity and temperature are indi
ated by a 
ir
le(from Sa
kmann et al. 1993). Right Observed 
olour-magnitude diagram of theglobular 
luster M3 (from Buonanno et al. 1994).hen
e with masses less than about 2.5M�) as
end the Red Giant Bran
h (RGB),a well de�ned evolutionary tra
k in the H-R diagram (see Fig. 1.2). Intermediatemass stars (de�ned as stars whi
h ignite helium non-degenerately, but develop anele
tron-degenerate 
arbon-oxygen 
ore following the exhaustion of helium at the
entre, and hen
e with masses less than about 8 M�) do not populate the RGB,but are slightly bluer, and only populate the Asymptoti
 Giant Bran
h (AGB, so
alled be
ause it asymptoti
ally approa
hes the giant bran
h of the H-R diagram).95-98% of stars in general pass through these two stages in evolution (Habing 1996).Following the RGB initially, a star will in
rease in luminosity and de
rease in e�e
-tive temperature until the 
entral helium ignites in a very qui
k and very luminous\helium 
ash". This marks the end of the RGB, and from here the star moves ontothe Horizontal Bran
h, during whi
h helium burns quies
ently at the 
ore. The
ore will then be
ome inert yet again, this time being 
omposed of mostly 
arbonand oxygen. A

ompanying the (re-)formation of the degenerate 
ore is the se
-ond dredge up (see Se
t. 1.4.3). The temperature in the rapidly-
ontra
ting 
orein
reases as the result of the release of gravitational potential energy, and thende
reases as energy is lost through es
aping neutrinos. Expansion of the outer H-
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tionenvelope leads again to the formation of a red giant, whi
h this time as
ends theAGB. RGB stars and AGB stars are very similar in appearan
e, but in generalthe AGB star is mu
h more luminous { RGB stars have a maximum luminosityof 2 900L�, whereas AGB stars 
an have a luminosity of around 10 000L�. Thereis some overlap in luminosity range, but AGB stars 
an be distinguished by theirpulsating nature, or by larger mass-loss rates. All stars less than 8M� �nd them-selves at the AGB stage of evolution. Following the exhaustion of 
entral helium,both low mass and intermediate mass stars behave qualitatively similarly, as if atthe same stage of nu
lear evolution.1.3.2 AGB evolutionOn
e on the AGB, a star produ
es energy in the helium shell around the inert
ore, all of whi
h is en
ased in a thin H-shell. This is a very unstable arrangement.Periodi
ally, and usually for short periods only, the He-shell ignites. The liberatedenergy raises the lo
al pressure, and produ
es expansion of the envelope. Eventuallythis leads to double-shell burning, sin
e the heat of the helium-burning shell ignitesthe outer, hydrogen-shell. On
e the expansion has progressed far enough, 
ooling
auses the helium-burning to die down. Often, the expansion takes the hydrogenshell out to distan
es where the hydrogen-burning is shut o�. It starts up againwhen helium-burning has redu
ed to su
h a level that material falls inward againand the hydrogen is reignited. After a period of quies
ent double-shell burning,the helium-burning 
ares up on
e again. These phases are 
alled \shell 
ashes" or\thermal pulses". Thus AGB stars are often divided into early-AGB stars (E-AGB,whi
h have not yet begun to pulse) and thermally-pulsing AGB stars (TP-AGB).These 
ashes produ
e mu
h more 
arbon than oxygen (rea
hing a ratio of 2:1,�nally), and 
an be a sour
e of C-enhan
ement in the envelope if the produ
ts 
anbe 
onve
ted to the stellar surfa
e (i.e., the third dredge-up, see Se
t. 1.4.3).1.3.3 Post-AGB evolutionMany of the stars on the Asymptoti
 Giant Bran
h will be
ome planetary neb-ulae { hot stellar remnants, surrounded by di�use nebulae of gas and dust (seeSe
t. 1.3.3.3). This involves a transition whi
h leaves the 
entral star at an ef-fe
tive temperature of 30 000{200 000K, with a luminosity of 1 000{10 000L� andsurrounded by a nebula of ionised and mole
ular gas. The method of eje
ting thegas and dust whi
h 
onstitutes a planetary nebula is far from understood. It is
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tionknown that large-amplitude pulsations o

ur, but the theory is not well developedenough to 
onvin
ingly explain the eje
tion pro
ess. However, a series of stages fromAGB star to PN is evident, even though the �ner details may not be established.1.3.3.1 The end of the AGBAs an AGB star in
reases in luminosity, so also the rate at whi
h mass is eje
ted fromthe star in
reases (the mass-loss rate). Eventually there 
omes a point when the
ir
umstellar shell is 
ompletely deta
hed from the 
ontra
ting stellar 
ore be
ausethere is no material left to eje
t. This o

urs when the stellar mantle be
omes.0.01M� in mass. This deta
hment is most likely due to in
ation of the CSE, bypulsation-driven sho
ks, and then due to radiation pressure on dust grains, for
ingthe gas (whi
h is 
oupled to the dust) away from the star. The 
ore remnant
ontinues to burn hydrogen or helium in a shell, depending on what stage of a 
ash
y
le the �nal deta
hment o

urred (Iben 1984).There is expe
ted to be no 
hange in kinemati
s as the shell expands, and thisis 
on�rmed by observations (e.g., Bujarrabal et al. 1992; Nyman et al. 1992; Volket al. 1993; Omont et al. 1993a). For this parti
ular reason it is assumed thatthe non-spheri
al shapes of proto- and planetary nebulae arise from asymmetriesalready present in the AGB star. However, out
ow velo
ities tend to be higher forpost-AGB obje
ts than for obje
ts on the AGB (e.g., Nyman et al. 1992; Volk et al.1993), whi
h suggests the development of jets.1.3.3.2 Proto-planetary nebulaeThe most popular theory to des
ribe the stru
tures seen in post-AGB obje
ts is
alled the \intera
ting stellar winds" model, �rst proposed by Kwok et al. (1978).The P Cygni pro�les of 
entral stars of planetary nebulae show eviden
e of windsat speeds of up to 4 000 km s�1; at the end of the AGB this fast wind 
at
hes andovertakes the slow-moving AGB wind, and the region of intera
tion of these twowinds determines the site of formation of the nebula (see Se
t. 1.5.3). The fast windalso shapes the nebula, and bipolarity in nebulae is 
ommon, with the nebular axiseither 
oin
iding with the spin angular momentum or magneti
 moment axis ofthe remnant. The hot, high-velo
ity wind that pro
eeds from some early proto-planetary nebulae (e.g., CRL618 and CRL2688) has been studied, for example, byNeri et al. (1992, CRL618) and Young et al. (1992, CRL2688). Wind velo
ities inthese two obje
ts rea
h � 200 km s�1 and � 100 km s�1, respe
tively.
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tionAlso during this stage of evolution, the stellar remnant in
reases in temperature,from several thousand degrees Kelvin on the AGB to ten or even thirty thousandKelvin (e.g., CRL618). The surfa
e temperature of this remnant has an e�e
t onits nebula. If the temperature is high enough, photons from the surfa
e will ionise aportion of the nebula, 
ausing it to 
uores
e opti
ally. This 
uores
en
e is temperedby how mu
h of the nebular mass is self-shielding.The youngest planetary nebulae (PNe) appear to be on the order of a fewthousand years old (that is, they appear in the 
lassi
al PN form a few thousandyears after the AGB stage). Thus the stage in between, the proto-planetary nebula(PPN) stage, involves a rapid transition. It seems that the form of stars in thisstage is highly dependent on the physi
al 
hara
teristi
s of their pre
ursors { onthe mass-loss rate, the stellar wind velo
ity, thermal pulses, the variation of UV
ux. The time taken for the stellar remnant to drop in luminosity by an order ofmagnitude from the end of the AGB, the fading time, also plays a 
ru
ial role indetermining the properties of the PN. This time is on the order of 10 000 yr.1.3.3.3 Planetary nebulaeAfter time, the hot remnant will 
ool due to the 
essation of nu
lear burning, andbe
ome a white dwarf. The nebula will expand, and eventually disperse into theinterstellar medium (ISM). The white dwarf may experien
e some sort of rebirth,experien
ing a �nal helium shell 
ash and retra
ing the steps along the AGB, or a�nal hydrogen shell 
ash to be
ome a self-indu
ed nova.The photodisso
iation of the envelope now is dominated by the UV �eld of thestar. Whereas before it was dominated by the interstellar UV �eld, during the PPN-phase the importan
e of the stellar UV �eld has be
ome more pronoun
ed, and bythe PN-stage is mu
h stronger than the ambient interstellar UV �eld. Hen
e mostof the surviving mole
ules will be those that self-shield, i.e., CO and H2. In fa
t,CO emission from the former AGB CSE dominates the emission in these obje
ts.1.4 Pro
esses on the AGB1.4.1 Pulsation and variabilityWhilst on the AGB, a star will su�er `variability', due to instabilities in the hydro-dynami
s of the star. It will experien
e radial pulsations and opa
ity 
hanges inthe ionised hydrogen region. Pulsation will start at a 
riti
al luminosity, and the
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tioninitial period will depend on the mass of the star. The amplitude and the periodof pulsation will in
rease as the star evolves, and pulsations 
ease at the tip of theAGB. The pulsating stars found on and around the AGB 
an be divided into severalgroups:Firstly, Miras (Mira variables) have a large visual amplitude 
hange - from 2.5to 6-7 mags. An in
rease in absorption of C2 and CN (or TiO in O-ri
h stars) astemperature diminishes, permits a greater asso
iation of atoms into mole
ular form.Well-studied stars of this type are S Cep and Mira. Pulsation periods are 300 daysand above.OH/IR stars are thought to be des
endants of Mira variables, and 
an haveperiods of up to 2 000 days (Herman & Habing 1985a). The most extreme OH/IRstars seem to be non-variable (Herman & Habing 1985b), and may have moved o�the AGB (Habing et al. 1987).Semi-regular variables are split into three sub-groups. SRa stars have a widerrange of period but a smaller amplitude than Miras (less than 2.5 mag). Theyare regular in both amplitude and in the interval between maxima. SRb starshave poorly de�ned intervals between maxima. SR
 stars have a very wide rangeof intervals between maxima (30 { few thousand days) and have a small visualamplitude variation.Slow, irregular variables (Lb) are stars that show no pattern and have low am-plitudes. The di�eren
e between these stars and SRb stars is not well de�ned, butLbs tend to be more luminous.1.4.2 LuminosityLuminosity varies on four distin
t times
ales: one due to the dynami
al os
illationsof the envelope, a se
ond one due to thermal pulse instabilities, a third is thethermal pulse relaxation times
ale (the times
ale for a return to quies
en
e) and�nally, the times
ale whi
h des
ribes the period between helium ignitions. Duringpulses, luminosity doubles for a short time, and then slowly de
reases to roughly 3times below pre-
ash level for about 200 years. The pre-
ash luminosity is regainedafter about 10 000 years (10% of inter-pulse time.) This inter-pulse time is onlydependent on 
ore mass (M
):log �ip = 4:5 �1:68� M
M�� yr:



Chapter 1 9 Introdu
tionFor a typi
al 
ore mass of 0.6M�, the inter-pulse time is 70 000 years. After a fewinitial pulses, luminosity also is dependent on 
ore mass, and goes as:L = 59000 �M
M� � 0:5� M� yr�1:The maximum luminosity possible is 50 000 solar luminosities, sin
e the 
ore massis restri
ted to <1.4M�. At the start of thermal pulsing, the 
ore mass is dependenton the star's Main Sequen
e mass,dM
dt = 8 10�7(M
M� � 0:5)M� yr�1and in
reases as M
 = 0:95 + 0:075(MMS � 7)M�so that the times
ale for a luminosity in
rease is about 1.2 million years. Sin
e thisis a tenth of time a star spends on the AGB, no dramati
 in
reases in 
ore mass orluminosity are expe
ted for an individual star.1.4.3 Dredge-upThe 
omposition of the photosphere of an AGB star is determined by dredge-ups.To re-iterate, dredge-up is the 
y
ling of \burnt" material through a 
onve
tiveregion.The �rst dredge-up o

urs as the star be
omes a red giant for the �rst time,following the exhaustion of hydrogen. This results in a doubling of the surfa
e14N abundan
e, a redu
tion in surfa
e 12C abundan
e by about 30%, the devel-opment of a surfa
e 12C/13C ratio of about 20{30, a redu
tion in surfa
e Li andBe by several orders of magnitude, and pra
ti
ally no 
hange at all in the surfa
eabundan
e of 16O (Be
ker & Iben 1980; Iben 1967, 1977).The se
ond dredge-up only o

urs for stars greater than 4{5M� and 
omesafter the exhaustion of 
entral helium, a

ompanying the formation of the ele
tron-degenerate 
ore. The dredged-up material 
an be as mu
h as 1M� for the mostmassive intermediate-mass stars, and 
ontains no hydrogen (whi
h has entirely be-
ome helium), and an almost 
omplete la
k of 12C and 16O (whi
h have be
ome14N). Meanwhile, in the helium-exhausted 
ore temperatures rise as a result of therelease of gravitational potential energy, and then de
rease as energy-loss via neutri-nos be
omes important. The end result is a low temperature degenerate 
ore, whi
h
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annot start to burn 
arbon until the 
ore mass approa
hes the Chandrasekhar massof 1.4M�. However, only the most massive intermediate-mass stars will experien
ea 
hange in surfa
e 
omposition.To illustrate the variation in surfa
e 
omposition over these two dredge-ups, letus assume a ratio of C:N:O of 12 :16 :1 before any dredge-ups have taken pla
e. Afterthe �rst dredge-up the ratio be
omes 13 :13 :1, independent of stellar mass. Finally,after the se
ond dredge-up, the ratio is approximately 0.33:0.55:1.Following the se
ond dredge-up the 
hemi
al makeup of the star is determinedby thermal pulses; an AGB star will thermally pulse for � 105 � 106 yr. Sin
ethe dominant energy sour
e for a thermal pulse is the triple-� rea
tion1 then itis not surprising that the most abundant element produ
ed is 12C. The 16O thatfollows from the addition of another �-parti
le is produ
ed at an abundan
e anorder of magnitude smaller than that of 12C. At the end of helium burning the�nal abundan
es of 12C and 16O are in the ratio 2:1, approximately. During theinter-pulse phase almost all the 12C and 16O whi
h enter the hydrogen-burning shellis 
onverted to 14N and subsequently to 22Ne.The third dredge-up o

urs during the thermally-pulsing stage. Again, the
onve
tive envelope extends down into pro
essed material and brings up newlysynthesised 12C in addition to neutron-ri
h isotopes. This o

urs after every thermalpulse, and the depth to whi
h the 
onve
tive envelope des
ends is dependent on thepulse amplitude (Iben 1975), whi
h in turn is dependent on stellar envelope mass.More massive stars experien
e a deeper dredge-up.1.4.3.1 Formation of 
arbon starsCarbon stars were �rst identi�ed by Father Angelo Se

hi in 1868, and some 88years later they were still something of an enigma (Bidelman 1956). Progress hasbeen made sin
e then, but they still remain somewhat mysterious, often due tothe thi
k 
loak of dust many of them use to 
on
eal themselves. A re
ent reviewby Wallerstein & Knapp (1998) and the IAU Symposium on `The Carbon StarPhenomenon' (Wing 2000) are both useful referen
es.Carbon stars are 
lassi�ed as stars with [C℄/[O℄ ratios of greater than one. Theyare re
ognised through mole
ular bands of C2, CN and CH. Furthermore, those witha thi
k dust envelope are distinguished by SiC emission at 11.4�m. They make up� 10% of AGB stars in the Milky Way (Houk 1963), yet produ
e about 50% of the13� �! 12C + 
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Figure 1.3: A s
hemati
 view of the inner regions of an AGB star (Lattanzio &Forestini 1999).material eje
ted into the ISM (Kastner 1990).Stars on the Main Sequen
e have initial 12C/13C ratios of 50-90. The sour
e of12C in 
arbon stars is the triple-� rea
tion inside the star. The problem has beenhow the 12C is brought to the surfa
e in order to produ
e 
arbon stars, espe
iallysin
e the wide range of 12C/13C ratios suggests that in some 
ases the 12C musthave rea
ted with protons on the way to the surfa
e.For a low mass star (M? . 1:7M�) the triple-� rea
tion o

urs in the degenerate
ore, with a rate that in
reases until the rising temperature removes the degenera
y.This 
reates an unstable temperature gradient whi
h may entirely mix the star.Eventually all the matter between the stellar 
ore and surfa
e will be eje
ted, haltingany further 
arbon-enri
hment.For a more massive star, a di�erent pro
ess is required be
ause there is nodegenerate 
ore. After helium ignites at the top of the RGB and settles down toquies
en
e, a C-O 
ore is produ
ed, surrounded by burning double-shells (see Figure1.3). The helium shell burns by shell 
ashes (like the 
ore 
ash of the lower massstars) and the shell 
ashes produ
e more 
arbon than oxygen. The mixing of thisex
ess 
arbon to bring it to the surfa
e of the star has been a persistent problem sin
eit seems 
lear that photospheri
 
onve
tion zones do not rea
h deeply enough tobring 12C-enhan
ed material up as a steady pro
ess. SuÆ
e to say that if \enough"
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urs, a 
arbon star will form.For the most massive stars, a pro
ess 
alled hot-bottom burning prevents 
arbonstar formation. The high temperatures at the H-He border 
ause a hot-bottom
onve
tion zone. The high velo
ities in the zone during a thermal pulse means thatthe entropy barrier whi
h exists between the H and He regions may be broken, andmixing may o

ur (Frost et al. 1998a,b; Sa
kmann & Boothroyd 1991; Boothroydet al. 1993). This produ
es four times as mu
h 
arbon as a normal thermal pulsewhi
h does not break the barrier. A result of hot-bottom burning is that 
arbon isburned into nitrogen and oxygen before it rea
hes the photosphere (Iben & Renzini1983). If 
arbon is not burned, it would require about 106 years of evolution beforethe 
arbon abundan
e at the surfa
e 
ould ex
eed the oxygen abundan
e. Sin
eobservations indi
ate that intermediate-mass stars spend about 105 years or less asTP-AGB stars, su
h stars will not be
ome 
arbon stars whether or not dredged-up
arbon is 
onverted to nitrogen. Hot-bottom burning is experien
ed by stars moremassive than 4.5M�, and hen
e 
arbon stars are only formed from stars with aninitial AGB mass less than 4.5M�. Sin
e lower mass stars are less eÆe
ient indredging up material (Lattanzio 1993), a lower limit also exists.The transition from oxygen- to 
arbon-ri
h is fast, on the s
ale of the envelopemixing time (a few tens of years). The oxygen-ri
h outer layers will 
ontinue toexpand with a typi
al expansion velo
ity, and underneath a 
arbon-ri
h layer willstart to build. This seems to explain the observations of 
arbon stars with oxygen-ri
h envelopes (e.g., Willems & de Jong 1986; Little-Marenin 1986), although thereare doubts, sin
e these stars do not exhibit OH emission (see the \dis
ussions" ofZu
kermann & Maddalena 1989; de Jong 1989).1.4.4 MasersMasers (mi
rowave ampli�
ation by stimulated emission of radiation) are often ob-served in late-type stars, and 
an be di�erentiated from thermal radiation by several
hara
teristi
s. Masers generally have a large intensity, very narrow linewidths andabnormal line ratios, indi
ating deviations from equilibrium. They are produ
ed bya population inversion in the relevant levels, whi
h is generally 
aused by infra-redor 
ollisional pumping me
hanisms in 
ir
umstellar environments.The three most widespread masering mole
ules are OH, H2O and SiO, althoughother mole
ules su
h as SiS, HCN, CS and CO also mase. OH, H2O and SiO masersare pumped di�erently, they emanate from di�erent sized regions (\maser spots"),
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tionand are found at di�erent radii. SiO maser regions are generally found 
losest tothe star (1014 
m), H2O masers require slightly lower temperatures, and hen
e arefound further out (1015 
m) and 
ome from regions of � 5 1014 
m in size, and OHmaser spots are found further out still and have sizes of � 5 1015 
m.1.4.5 Mass-lossWhite dwarfs are the end-points of stellar evolution for AGB stars. Typi
ally theyhave fairly 
onstrained masses of � 0:6M�. There is eviden
e that white dwarfprogenitors have a main-sequen
e mass of up to 8M� (Weidemann & Koester 1983).This implies that approximately 7M� are lost on the RGB and AGB in the mostextreme 
ases.In general it is found that most mass-loss o

urs towards the end of the AGB.This eje
tion of matter produ
es a 
ir
umstellar envelope of gas and dust, whi
hobs
ures the star. The obs
uration is linked to the opti
al depth of the envelope;this is given approximately by:AV = 10 _Mw10�6M� yr�1!�1014 
mRi � mag;where Ri is the inner radius of the dust envelope and _Mw the mass-loss rate of thewind (Bohlin et al. 1978). This CSE will initially appear as a small infrared ex
ess,but as mass-loss grows, the emission of the CSE will dominate that of the star. Thelight from the star itself will usually only be
ome visible after the AGB, when theCSE deta
hes itself from its sour
e.The knowledge that mass-loss exists is now �rm and established. However, thereasons behind it are less 
lear, largely be
ause the photosphere of the star, whi
h isthe region where mass-loss is thought to start, is not easy to observe. The 
urrents
heme of thought is that pulsations of the star initiate the mass-loss, and theexpanding envelope is pushed outwards by radiation pressure on the 
ir
umstellardust. Neither pulsations nor radiation pressure seems able to produ
e the requiredamount of mass-loss alone (Bowen & Willson 1991).In this s
enario, pulsations of the star 
ause sho
k waves in the surroundingmatter, and this elevates an atmosphere in whi
h dust 
an readily form (Bowen1988). Models mimi
king this show 
orre
t values of _Mw and vw (the wind velo
ity),and there is also 
ir
umstantial eviden
e to support this: it seems that pulsationimplies mass-loss and mass-loss implies pulsation in observations of AGB stars (e.g.,
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tionJura 1986; Habing et al. 1987). The mass-loss rate is also in some way related tothe pulsational period (e.g. Degioia-Eastwood et al. 1981; Vassiliadis & Wood 1993)and the pulsational period in turn is related to the pulsational amplitude (Ukita1982).Dust then absorbs radiation from the 
entral star, is heated and radiates isotrop-i
ally in the infrared. The photons from the star 
arry momentum as well as energy,and when radiation is absorbed by the dust, this momentum is transferred. Thisresults in a for
e upon the dust, greater than that due to the gravity of the 
entralstar, and the dust is rapidly a

elerated outwards. Collisions between dust andgas in turn a

elerate the gas outwards. The dust is a

elerated by radiation un-til the drag for
e from the gas equals the radiative for
e (e.g., see Tielens 1983).This me
hanism means that dust drift velo
ity (the velo
ity with whi
h the dustmoves in relation to the gas) in
reases rapidly with distan
e, and also that the gasis rapidly a

elerated beyond the point where dust forms. The 
ru
ial parameterhere seems to be the dust 
ondensation radius. All but the 
oolest stars form dustvery 
lose to the star. However, a me
hanism is needed to bring material up fromthe photosphere to a level where dust 
an form and drive the gas away to in�nity.The mass-loss rate is given by,dMdt = dMdr drdt = vexpdMdrdMdr = d(43�r3�)dr= 4�3 (2mH�n)dr3dr= 8�mH�nr2) dMdt = vexp(8�mH�nr2)_M = 8�mH�vexpn(r)r2 M� yr�1; (1.1)where vexp is the (assumed 
onstant) expansion velo
ity, � the mean mole
ularweight (taken as 2 for mole
ular hydrogen), � the density and n the number den-sity of parti
les. This expression is not valid in the inner regions of the envelope,where the expansion velo
ity is not 
onstant. This implies that the number densitydistribution of hydrogen is given by,nH2 � 106 _M10�6M� yr�1!�15 km s�1vexp ��1015 
mr �2 ;
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tionwhere nH2 is per 
ubi
 
entimetre. Thus for an \average" AGB star, nH2 variesfrom 109 
m�3 at 1014 
m to 103 
m�3 at 1017 
m.Observations of extended CSEs show that AGB mass-loss is 
lose to isotropi
.When the star leaves the AGB, a high-velo
ity (super)wind begins to blow, whi
hmay be inherently bipolar or may be 
hannelled by some sort of dense equatorialtorus. This type of stru
ture shown in young PNe may indi
ate that AGB mass-lossbe
omes non-symmetri
 during the very last mass-loss period. The high-velo
itywind and the expansion of the Hii region will enhan
e the density 
ontrast. Even-tually the mole
ular gas is left only in a fragmented ring or shell, with the �nalstru
ture relying on the initial density 
ontrast in the AGB CSE. The fragments
onsist of lumps, or groups of lumps, whi
h have been 
ompressed by the pressureof the developing nebulosity.In the majority of 
ases, mass-loss is spheri
ally symmetri
 on the large s
ale.However, it seems that high-resolution work shows the presen
e of 
lumps in theout
ow, and that they are a 
ommon phenomenon, rather than just pe
uliarities.The vast majority of mass-loss models assume a smooth out
owing wind. Olofsson(1994a; see also Olofsson 1996a; Olofsson et al. 1996) proposes a s
enario for theevolution of an AGB CSE through to the white dwarf stage by modelling a 
lumpyout
ow. A 
rude estimate of the number of lumps emitted per unit time is givenby: _N = 1� Mlump10�6M���10�6M� yr�1_M � yr�1:Thus only a few lumps per 
y
le will be eje
ted. As examples, a small, H2O orOH maser-emitting, region would have 10 and 100 
lumps per region. A single dishCO observation (� 5 1016 
m) would en
ompass 1000 
lumps. Clumps would quiterapidly rea
h their terminal velo
ity, and would expand at the sound speed, as theyre
eded from the star. This may explain the in
reasing spot size as one goes fromSiO to H2O to OH masers, whi
h emanate from regions in
reasingly further out inthe envelope.Besides the problem of a 
lumpy out
ow, there are a number of indi
ations thatmass-loss is not spheri
ally symmetri
 on the AGB (see A.1.1), although there areno large departures from spheri
al symmetry. This asymmetri
 mass-loss on theAGB is thought to produ
e the prevalent bipolarity seen in PPNe and PNe.There are a number of methods of estimating mass-loss rates from observations.Some are more reliable than others, and in general errors are likely to be a fa
torof 5 or so.
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tion1. Far-infrared emission from dust 
an be used, and the large amount of infor-mation from the IRAS satellite, for one, makes this a very pra
ti
al approa
h.There are several ways of 
al
ulating rates - 
rude methods in
lude estimatingthe mass-loss rate from a parti
ular 
ux, i.e., _Mw = f(F�1) using the 60�mIRAS 
ux (Jura 1987), or using the ratio of two 
uxes, i.e., _Mw = f(F�1=F�2)(van der Veen 1989). These are dependent on the gas-to-dust ratio, whi
h isoften hard to determine a

urately, and the former is also dependent on thedistan
e to the star, whi
h is another highly un
ertainly quantity. Anothermethod would be to use the strength of sili
ate emission features at 9.7�mand 11.2�m (Skinner & Whitmore 1988a,b). However, for high mass-lossobje
ts this method 
annot be used sin
e the sili
ate emission features be-
ome absorption features. A slightly more 
omplex method is then adopted(S
hutte & Tielens 1989).2. Another IR-based method is the 
omparison of the full IR spe
trum of a starwith a model spe
trum (Bedijn 1987; S
hutte & Tielens 1989). This methodagain relies on the un
ertain gas-to-dust ratio, and also on the emitting prop-erties of the dust. Furthermore, the expansion velo
ity of the envelope mustbe obtained by some independent means. However, if this information 
an beobtained then models 
an produ
e quite a

urate results.3. The majority of CSEs 
onsist of a high degree of mole
ular hydrogen. Unfortu-nately this mole
ule has no lines in the millimetre-wave regime, and infra-redlines tend to fall inside regions of high atmospheri
 
ontamination. The nextmost abundant spe
ies is CO, whi
h has observable lines. This mole
ule hasun
ompli
ated emission, forms in the photosphere of the star, and is verystable to photodisso
iation. Hen
e it is an ideal tra
er of a stellar wind. How-ever, its often faint emission means that only a few hundred CSEs have beendete
ted in CO. The �rst good attempt to 
al
ulate mass-loss using CO wasmade by Knapp & Morris (1985), although their model has been shown to bela
king for higher mass-loss rates (e.g., Olofsson 1989).4. For O-ri
h stars the OH mole
ule 
an be used to estimate mass-loss (e.g.,Netzer & Knapp 1987). Although the OH mole
ule seems to be found ina thin shell rather than spread throughout the envelope, the radius of theOH-shell is determined by the UV opti
al depth of the CSE and hen
e bythe mass-loss rate. The radius of the shell is an observable quantity. This
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tionTable 1.1: Representative mass-loss rates and lifetimes on and beyond the AGB(Olofsson 1990).Phase _Mw (M� yr�1) Lifetime (yr)O-ri
h AGB star | �106O-ri
h Mira variable 1 10�6 50 000OH/IR-star 5 10�5 8 000Extreme OH/IR-star 2 10�4 |Bright C-star 3 10�7 50 000IR C-star 2 10�5 16 000Planetary nebula | 15 000method works for quite distant obje
ts be
ause the emission of OH is oftenmaser ampli�ed.Table 1.1 shows representative mass-loss rates on the AGB and in the post-AGBphase as a summary (Olofsson 1990). OH/IR stars have a spe
tral energy distribu-tion (SED) whi
h peaks between 6{10�m, with an absorption at 9.7�m and an OHmaser at 1612MHz. IR stars are strong in the infra-red (espe
ially the K-band at2.2�m), but fainter at visual wavelengths. Carbon stars have an SED whi
h peaksaround 10�m.The study of how mass-loss 
hanges with time is an on-going one. Episodi
 mass-loss 
an 
learly be seen in the multiple rings around IRC+10216, for instan
e (seeFig. 1.4). The reasons for su
h rings are less than 
lear, however. More drasti
ally,deta
hed envelopes have also been observed on the AGB (Olofsson et al. 1990a).Espe
ially striking is the 
ase of TT Cyg (Olofsson et al. 2000). The deta
hed shellsrepresent drops in mass-loss rate of more than an order of magnitude over as shorta time as 10 000 yr. It is likely that both these o

uran
es are related to thermalpulses in some way, but the me
hanism is not as yet known.The average mass-loss evolution 
an be simply determined by 
ombining theradial density distribution of the CSE with the kinemati
s, to give the mass-lossrate at a retarded time. For example,_Mw(t� r=vw) = 4�r2�(r)vw: (1.2)A more elaborate method uses the fa
t that a CSE provides a large range in physi
al
onditions. Emission at di�erent wavelengths and from di�erent mole
ular spe
ieshave a di�erent dependen
e on these properties, and hen
e sample _Mw at di�erentretarded epo
hs (using Eq. 1.2). For instan
e, for a mass-loss rate of 10�6M� yr�1,
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Figure 1.4: Composite V-band images of IRC+10216, taken from the Canada-Fran
e-Hawaii Teles
ope, and from the HST (Mauron & Huggins 2000). The mul-tiple shells around the sour
e 
an be 
learly seen, as 
an a distin
tly bipolar featureat the 
entre.the 12�m emission, the 60�m emission, OH (1612MHz) and CO (J=1-0) giveresults for retarded times of �10, �100, �100, �1 000 yr ago, respe
tively. Unfor-tunately the un
ertainties in the derived mass-loss rates are presently too large tomake this a useful approa
h.Mass-loss rates appear to in
rease as stars rea
h the end of the AGB. At the tip,mass-loss suddenly redu
es drasti
ally (Bedijn 1987; Volk & Kwok 1989), althoughdoes not 
ease altogether (van der Veen et al. 1989; Trams et al. 1989). The reasonbehind this seems due to the stellar H-envelope rea
hing su
h a low mass as to inhibitpulsations. Observations show that many post-AGB obje
ts have high mass-lossrates (e.g., Loup et al. 1990), although it is questionable whether the CO emissionsamples present-day mass-loss.1.4.6 Physi
al 
hara
teristi
s of the envelopeOn the AGB stars lose huge proportions of their mass, eje
ting it into the interstellarmedium. Rates of mass-loss 
an be as mu
h as 10�4M� yr�1. This mass-loss, whi
his initiated by pulsations and/or radiation pressure, forms a CSE. Gas and duststream outward from the star in a stellar wind, often at speeds as high as 20 or30 km s�1. As this matter be
omes diluted (be
omes less dense) it is exposed to the
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Figure 1.5: Stru
ture of an AGB envelope (IRC+10216). Assumed parameters:d = 200 p
, R? = 1 000R� = 7 1013 
m, _M = 4 10�5M� yr�1. In outer envelope,nH = 5 1037r�2 
m�3, AV = 2:5 10�22NH. The range of maser emission is onlyappli
able to oxygen-ri
h envelopes (Omont 1985).
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tioninterstellar radiation �eld, and also to photons from the star itself.Closest to the stellar 
ore there is a region where nu
lear burning is o

urring {hydrogen be
oming helium and helium be
oming heavier elements. Outside this isthe stellar atmosphere, where pulsations usually o

ur. Pulsations raise masses ofgas, some of whi
h partly returns to the photosphere and some of whi
h 
ontinuesoutwards. The levitated gas 
ools, allowing dust to form. Working outwards, next
omes the inner 
ir
umstellar envelope, then the main 
ir
umstellar envelope, and�nally the outer 
ir
umstellar envelope, whi
h terminates in the ISM. It is on themain 
ir
umstellar envelope that most millimetre astronomers 
on
entrate { it ishere that the stellar wind has rea
hed a steady velo
ity, and solids have 
ondensed.Temperature and density progressively de
rease with radius. Temperature isfound to follow a power law, r�a, with a in the region 0.6{0.8 (Kwan & Linke1982). It is very diÆ
ult to a

urately as
ertain the temperature of an envelope,and generally models of the kineti
 temperature distribution are used. From adetailed treatment by Huggins et al. (1988), the temperature distribution in a C-ri
h CSE with a mass-loss rate of 10�5M� yr�1 was found to follow,Tk(r) � 300�1015 
mr �0:7 K:In regions whi
h are not exposed to the interstellar UV �eld (i.e., shielded regions),the main heating pro
ess is fri
tion, due to grains streaming through the out
ow-ing gas. Cooling is provided by adiabati
 expansion of the envelope, and by COrotational lines. Other possible heating and 
ooling me
hanisms are dis
ussed byTruong-Ba
h et al. (1990).The density of a spheri
ally symmetri
 envelope is assumed to drop as 1=r2,although there is strong eviden
e for 
lumps of matter rather than a homogeneousdistribution, as mentioned above. Re
ent 
al
ulations using a 
ombination of hy-drodynami
al and stellar evolutionary 
odes have shown that the �nal AGB densitydrops o� more steeply than 1=r2 (S
h�onberner & Ste�en 2001), due to density vari-ations during thermal pulses. Observations have led Sahai et al. (1998) and Volket al. (2000) to estimate density pro�les for various AGB and post-AGB stars inthe region of � � r�2:2:::�3.The radiation �eld in an AGB CSE 
omes from three sour
es. Firstly, the star,whi
h is either luminous (104 L�) and 
ool (2 500K) or less luminous (102 L� orless) but hot (105K or more). Dust s
atters starlight, and also emits heat. Finally,the interstellar radiation �eld, whi
h plays a large part in determining the size of
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tionthe mole
ular envelope.Envelope expansion velo
ity is seen to range from � 3 to 30 km s�1. The surveyof Lewis (1991) shows that the average expansion velo
ity of O-ri
h stars is approxi-mately 15 km s�1. A similar survey by Olofsson et al. (1993b) of 
arbon stars showsa peak in the distribution of vexp at about 12.5 km s�1. Generally, it seems thatvexp in
reases with Main Sequen
e mass (Lindqvist et al. 1992; Barnbaum et al.1991). Terminal out
ow velo
ity is thought to be rea
hed at �1015 
m from thestar, a

ording to studies of maser a
tivity (Bowers 1992).1.5 Pro
esses in the post-AGB phaseOn
e a star leaves the Asymptoti
 Giant Bran
h, many 
hanges o

ur whi
h leavethe end produ
t virtually unre
ognisable from the initial red giant. The 
entralstar heats up, and be
omes exposed, blowing o� its dusty envelope. The eje
tedmatter may be morphed into various shapes: spheres, ellipses, bipolar, hour-glassstru
tures. These post-AGB obje
ts are 
hara
terised by ionised regions, extendednebulosities and often high-speed winds, whi
h appear as jets, highly 
ollimatedout
ows or other exoti
 stru
tures (FLIERs, et
.). The 
hemistry of these obje
tsis often very di�erent from their prede
essors: typi
al AGB spe
ies are (photo-)destroyed and re-formed into other spe
ies.1.5.1 Proto-planetary nebulaeProto-planetary nebulae are the transition obje
ts between the end of the AGBand planetary nebulae. A rigorous 
ategorisation of PPNe has been given by Kwok(2001) for example, but it is usually generally a

epted that PPNe are 
lassi�ed asobje
ts after the 
essation of mass-loss, yet before ionisation of nebulous material.This �rst 
ondition is relatively diÆ
ult to as
ertain observationally. However,doubly-peaked spe
tral energy distributions (SEDs) are usually taken as eviden
efor this, sin
e the more intense infra-red peak is due to dust (Woolf & Ney 1969;Gilman 1969; Tre�ers & Cohen 1974). This dust 
annot be stationary sin
e the highopa
ity of dust grains implies that signi�
ant radiation pressure will be exerted uponthem. Ionisation of the nebula is indi
ated by re
ombination lines of H and He,plus the forbidden lines of metals.The infra-red properties of PPN 
an be distin
tive; there are several ways inwhi
h PPNe infra-red spe
tra are di�erent to either AGB spe
tra or PNe spe
tra.
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tionFirstly, PPN 
ontinuum 
olour temperatures are expe
ted to lie between those ofAGB stars and PNe, that is to say in the region 150-300K. Colour temperatures aredi�eren
es in 
ux magnitudes at spe
i�
 wavelengths. The 10�m sili
ate feature inO-ri
h PPNe is expe
ted to be less prominent than in AGB stars due to the de
lineof dust temperature and the shift of the spe
tral peak out to longer wavelengths.\Sili
ate" here is taken to mean a mole
ule 
ontaining SiOx, for example, enstatite(MgSiO3) and fosterite (Mg2SiO4). There are unidenti�ed infra-red (UIR) emissionfeatures in the 3.4-3.5�m range whi
h are strongest in PPNe. They are also presentin PNe, but are weaker. A suggestion for their sour
e is the vibration of various sidegroups on poly
y
li
 aromati
 hydro
arbon (PAH) mole
ules. A surprising 21�mfeature is seen, but only in a handful of PPNe, seemingly. It is often a

ompaniedby a 30�m feature whi
h is also seen in PNe and AGB stars. The 21�m featureis of un
ertain origin: several 
arriers have been suggested, from nanodiamonds tourea. Sin
e this feature is seen in only C-ri
h obje
ts, it seems fairly 
ertain thatthe feature is organi
 rather than inorgani
 in origin. von Helden et al. (2000)tentatively suggest that the origin of this feature is TiC.1.5.2 The 
entral starAs a star pro
eeds along the AGB, the 
ore is in the pro
ess of forming a hot whitedwarf. The mass of this 
ore has great impli
ations upon the evolution of the staras a whole so mu
h to say that further evolution is independent of the envelope (aslong as thermal equilibrium is maintained; S
hoenberner 1990).At some point between the tip of the AGB and the PN phase dust-drivenmass-loss will 
ease, and at a 
ertain temperature (approximately 5 000{6 000K)a radiatively-driven wind will begin. This transition is little understood. However,the evolution of the 
entral star seems little a�e
ted by mass-loss (S
hoenberner1990).What does seem to a�e
t post-AGB evolution greatly is the phase of the thermalpulse 
y
le during whi
h the AGB star leaves the AGB (Iben 1984). The post-AGBphase will 
ontinue relatively smoothly if the �nal thermal pulse (TP) o

urs wellbefore the departure of the star from the AGB. However, if the �nal TP o

ursin 
lose proximity to departure from the AGB, then three s
enarios have beenidenti�ed, and these are labelled with the a
ronymns AFTP, LTP and VLTP. AGBFinal TP (AFTP) is the designation given to the s
enario where the star leavesthe AGB immediately after the �nal TP. If the �nal TP o

urs early in the post-
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tionAGB phase, then it is 
alled a Late TP (LTP), and if it o

urs mu
h later, thenit is named the Very Late TP (VLTP). Thermal pulses o

ur on a times
ale ofapproximately 104{105 yr, and are independent of mass-loss rate.In the AFTP 
ase, the �nal TP o

urs when the envelope mass is already very
lose to the 
riti
al envelope mass whi
h marks the departure of the star fromthe AGB. During the dredge-up, sin
e the dredged-up mass is 
omparable to theenvelope mass, 
onsiderable mixing o

urs. If the star is O-ri
h at this point, thedredge-up is enough to 
onvert it to a C-ri
h obje
t. However, the 
arbon starformed at this point will be more C-ri
h than those whi
h have be
ome C-ri
hat an earlier stage. Also, a star emerging from an AFTP episode is likely to behydrogen-de�
ient, with the degree of de�
ien
y dependent on the �nal dredge-uppro
ess and on the �nal envelope mass (Herwig 2001).The late thermal pulse (LTP) 
an o

ur up to 5 000 yr after the departure ofthe star from the AGB. The LTP 
auses a series of events whi
h lead to the starbeing \born again" onto the AGB. Sin
e, in this 
ase, hydrogen-burning is stillongoing during the �nal TP, the star will not experien
e the violent mixing of theH-ri
h envelope and the He-
ash 
onve
tion zone. The mass-loss s
enario duringthe se
ond passage along the AGB is not 
lear. Drasti
 
hanges in abundan
e, andthe rise of C and O to the surfa
e 
ould initiate an in
rease in dust formation andhen
e rapid mass-loss.The very late thermal pulse (VLTP) is very similar to the LTP, ex
ept thatevents 
onspire to mix the H-ri
h material and the He-ri
h material, leading toviolent mixing of the envelope. The times
ale is longer, usually more than 5 000years after departing the AGB. Hydrogen burning has stopped by this time, andthe 
onve
tive region extends throughout the whole envelope. It may be that thispath explains the pres
en
e of the [WC℄ 
entral stars of planetary nebulae (Iben& Ma
Donald 1995). Chemi
al abundan
es in these obje
ts are reviewed by vanWin
kel (1999).1.5.3 The intera
ting stellar winds modelSeveral models were proposed before the present \a

epted" model for the formationof planetary nebulae was introdu
ed. The problem posed by observations of PN was:\Why don't PN fall in on themselves on
e eje
ted?". Pressure from an ionisationfront (Capriotti 1973; Wentzel 1976) and radiation pressure on grains (Fer
h &Salpeter 1975) were suggested, but found la
king. Mathews (1966) introdu
ed an
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Figure 1.6: A 
artoon version of the intera
ting stellar winds model.idea of gas pressure as the driving for
e of the expansion, and a 
ontinued mass-lossto avoid the ba
k�ll.None of these ideas 
ompletely explained the observational eviden
e, whi
h was:1. The observed expansion velo
ities are (mu
h) higher than the wind velo
itiesof AGB stars.2. The observed densities in PN are greater than those in AGB stars3. PNe seem to have well-de�ned shells with sharp inner and outer boundaries,whereas AGB stars tend to have more smooth, di�use stru
tures.The most 
omplete and hen
eforth a

epted model was that of Kwok et al. (1978).This model was dubbed the `intera
ting stellar winds' model (ISW model; Figure1.6), for reasons whi
h will be
ome obvious.Kwok et al. (1978) suggested that a planetary nebula was not a new eje
tionof matter, it was simply a rearrangement of matter previously eje
ted. This newarrangement would be due to a hot, fast wind, pro
eeding from the star. This windwould form only on
e the 
entral star rea
hed the required temperature for radiationpressure to drive the out
ow. Sin
e the radius of a star is now so mu
h smallerthan it was on the AGB, the terminal velo
ity (and also the es
ape velo
ity) willbe that mu
h higher. This new high-speed wind will 
ollide with the AGB wind,sweeping it up into a high density ring. This is the site of the planetary nebula.The high velo
ity wind 
ould have a typi
al velo
ity of 2 000 km s�1.
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tionRenzini (1981) suggested the idea of a superwind: a short phase of large mass-loss on the tip of the AGB. This was expounded in the hydrodynami
al simulationsof S
hmidt-Voigt & Koppen (1987), whi
h predi
t large nebular shell masses in theearly stages of the PN. Hen
e the hot, ionising wind from the star would impa
tthe superwind AGB material, whi
h would in turn impa
t the AGB stellar wind.This is supported observationally by Baessgen & Grewing (1989).Originally the ISW model was formulated for a momentum-
onserving 
ase, i.e.,it is assumed that all the ex
ess energy of the fast wind is radiated away. However,this may not be the 
ase for all nebulae, espe
ially when sho
ks are present. So theISW model was updated for an energy-
onserving 
ase by Kwok (1982, 1983), Kahn(1983) and Volk & Kwok (1985). Sho
ks are present at the boundaries between thethree mass 
omponents. An outer sho
k between the swept-up shell and the AGBwind moves outward, whilst there is an inward-moving sho
k between the shelland the fast wind. Sin
e the velo
ity of the hot wind is so high, the inner sho
kalso moves rapidly, and the sho
ked material will have a very high temperature.Cooling is very ineÆ
ient at these high temperatures. The outer sho
k, sin
e thedisparity in velo
ity is very mu
h smaller, 
auses a small temperature rise, whi
h
an be eÆ
iently 
ooled by the forbidden-line emission of metal ions. In general itis assumed that the region within the shell is adiabati
 and the region outside isisothermal.The density of the shell is a�e
ted by its thermal surroundings. The densityjump a
ross an adiabati
 sho
k is small; however that a
ross an isothermal sho
kdepends on the square of the sho
k velo
ity and hen
e 
an be very high. Thisprodu
es a dense, thin shell. In general the situation is simpli�ed by assuming thatthe shell only 
onsisits of the swept-up slow wind, and none of the hot, se
ondarywind.There have been 
on�rmations of several of the features of the ISW model. Inaddition to density, expansion velo
ity and shell stru
ture, the model predi
ts: afaint halo, high velo
ity winds from PN 
entral stars and thermal X-ray emissionfrom the high-temperature bubble.1. The halo is an AGB remnant, and has been seen in many PNe. Several haloeshave been observed opti
ally and kinemati
s 
an 
ome from spe
tros
opy (e.g.,Baessgen & Grewing 1989). Also, the mole
ular line pro�les from PNe showgreat similarity to those from AGB stars, suggesting a 
ommon origin.2. High speed winds were observed quite rapidly after the suggestion of the ISW
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tionmodel (e.g., Heap et al. 1978).3. X-ray emission is harder to �nd, largely due to the limitations of the earlierX-ray satellites. Up until re
ently only three PNe were observed to haveX-ray emission 
ongruous with a hot bubble. However, work by Chu et al.(2001, also see referen
es within) with Chandra/XMM-Newton/FUSE datahas produ
ed images of X-ray emission in PNe exa
tly where a hot bubblewould be expe
ted to lie.In the ISW model the 
entral star plays an important role. Not only doesit intera
t radiatively with the matter outside it, it me
hani
ally pumps energyinto the nebula. The 
entral star is required to feed the energy for the dynami
alevolution of the nebula.1.5.4 Transition from spheri
al to bipolar envelopesThe morphology of post-AGB obje
ts is a 
omplex subje
t, largely be
ause PPNeand PNe 
annot be seen in three dimensions: only their proje
tion in the plane ofthe sky is seen. PPNe seem to be entirely bipolar (Hrivnak et al. 2001b), whereasthree general morphologies are 
laimed for planetary nebulae: spheri
al, bipolar(axially symmetri
 PNe having two lobes and an equatorial waist between them)and ellipti
al. However, bipolar and ellipti
al PNe may appear as spheri
al if seenend-on. Bipolar PNe amount to some 10{15% of all PNe (Corradi & S
hwarz 1995),and are 
hara
terised by fast expansion velo
ities. Bipolar PNe are strongly believedto be formed from binary systems (Soker 1998a). Some per
entage of ellipti
al PNemay also be due to binary systems.The 
onfounding question is how PNe be
ome so drasti
ally non-spheri
al whentheir AGB pre
ursors are so uniformly spheri
al (at least on large s
ales). Opinionseems divided on whether or not the ISW model 
an su

essfully reprodu
e theobserved morphologies. Frank & Mellema (1994) and also Frank (1999) believe thatthe ISW model 
an produ
e the range of shapes seen, with the hot wind amplifyingasymmetries. In these models, an equatorial region of enhan
ed density (a diskor torus) 
ollimates the bipolar lobes (see Fig. 1.7.a.1). Su
h a 
ollimating diskhas been observed in IRAS17106-3046 (Kwok et al. 2000), amongst other PPNe.Explanations of the rise of the toroidal disk 
ome from Soker and 
ollaborators.Soker, (Soker 1998b; Soker & Clayton 1999; Soker & Harpaz 1999) suggests thatdust forms more densely over 
ool (AGB) stellar spots due to a weak magneti
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Figure 1.7: Figure from the review of Bali
k & Frank (2002), summarising mainideas about the shaping of PPNe. a.1 shows a version of the ISW model, witha fast wind expanding into a slow toroid. a.2 represents the Magnetized WindBlown Bubble, in whi
h a fast wind with a weak magneti
 �eld expands into anasperi
al density distrubtion. a.3 shows a disk/star magneto-
entrifugal model.a.4 represents out
ows driven by episodi
 jets. The two panels on the right showthe formation of the toroidal slow wind - b.1 represents the 
ommon envelopeevolution for short-period binaries, and b.2 shows a

retion disk formation. SeeBali
k & Frank (2002) for further explanation and referen
es.
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tion�eld, thus enhan
ing the mass-loss rate in 
ertain areas. Rotation of the AGB star
on
entrates these weak magneti
 spots around the equator of the stellar surfa
e,and this leads to a deviation from spheri
al mass-loss. The dust-enhan
ed areasshield radiation from material above them in the superwind phase (Soker 2000),and hen
e these areas be
ome relatively 
ool, enabling more dust to form in theshielded regions. This me
hanism is only e�e
tive when the mass-loss rate is high,i.e., in the superwind phase at the end of the AGB. This explains the appearan
eof non-spheri
al stru
tures after the end of the AGB, rather than during. Strongermagneti
 �elds may be appended to this model, whi
h result in the formation ofthe loops and ar
s whi
h are seen in several PNe (Soker & Harpaz 1999).An alternative is suggested by Gar
��a-Segura et al. (1999). Their work 
entreson the e�e
t of a magneti
 �eld and stellar rotation on 
ollimation of out
ows.They are able to a
hieve the majority of PNe morphologies with their model, and
an produ
e ansae and jets with suÆ
iently strong �elds. They 
an also produ
e
ometary knots, as seen in the Helix nebula.

Figure 1.8: Images of the Egg nebula. For details, see Cox et al. (2000).In addition to axisymmetri
 stru
tures (su
h as bipolarity, et
.), point-symmetri
stru
tures are 
ommon in several PPNe. Some of the most impressive images are ofthe quadrupolar stru
ture of the Egg Nebula, CRL2688 (Fig. 1.8). This obje
t hasup to eight equatorial lobes, whi
h are most likely to be due to four jets (Cox et al.2000, 2001) emanating from the 
entral star rather than an expanding, rotatingequatorial disk or torus (Bieging & Nguyen-Quang-Rieu 1988b, 1996). A model
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tionby Kastner et al. (2001), whi
h treats equatorial expansion and rotation about thepolar axis 
annot a

ount for the detailed kinemati
s derived from observations ofH2 and CO emission.Also seen, but not so proli�
ally, are 
omplete departures from symmetry inpost-AGB obje
ts. This o

urs in two ways, either by jets being asymmetri
 (per-haps through a one-sided jet) or by departures from symmetry in the progenitorAGB envelope. Asymmetri
 jets require the presen
e of a 
lose binary 
ompan-ion. In this 
ase the out
ows may be a

retion disk-driven (e.g., Morris 1987; Soker1996; Soker & Livio 1994) or magneto-hydrodynami
ally 
ollimated by a suÆ
ientlystrong toroidal magneti
 �eld (e.g., Gar
ia-Segura 1997; Rozy
zka & Fran
o 1996).In the a

retion disk s
enario the jet may pre
ess due to a radiation-driven insta-bility, whi
h warps the a

retion disk (Livio & Pringle 1997).The sear
h for binary 
ompanions in post-AGB stars has been progressing. Nobinary PPNe have been dete
ted, although this may be due to sele
tion e�e
ts(Hrivnak et al. 2001b). This study was 
arried out as a radial velo
ity sear
h.Bond (2000) 
laims that some 10% of PNe have a binary 
entral star, with a periodas short as three days. This leads from his investigation into the 16 known PNebinary systems.1.5.5 Physi
al 
hara
teristi
s of the envelopesFor proto- and planetary nebulae envelope stru
ture is somewhat di�erent to therelatively simple AGB envelope. Mass-loss has 
eased, and matter 
ontinues toexpand outward from the star due to `sweeping up' by a fast moving ionised wind.After some transition time the star heats up to �30,000K and produ
es a UV 
uxmu
h stronger than the ambient interstellar 
ux. This ionises hydrogen on the inneredge of the remnant AGB envelope, and 
reates a more rea
tive environment thanin the earlier AGB phase. However this drives a ri
h 
hemistry, due to the highdensities 
aused by the sweeping up of the remnant.The remnant AGB CSE is generally only seen in CO emission in post-AGBsour
es. This is due to the fa
t that CO lines are the strongest and that CO is ahardy mole
ule, surviving long into the post-AGB phase. The CO emission fromthe AGB remnant remains strong enough to dominate CO emission from any otherpart of the star well into the PN phase.High-speed winds are seen in several post-AGB obje
ts (e.g., see Se
tion A.2.1),and are seen as broad, low intensity wings in spe
tra. The range in velo
ities of these
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tionwinds is large. CRL2688, the Egg nebula, seems to have two winds with velo
itiesof � 40 km s�1 and � 100 km s�1 (Young et al. 1992). This is in 
omparison withthe AGB CSE expansion velo
ity of � 18 km s�1. In
identally, the entire stru
tureof CRL2688 seems to be rotating at � 1 km s�1 (Bieging & Nguyen-Quang-Rieu1988b; Nguyen-Q-Rieu & Bieging 1990). The bipolar obje
t OH231.8+4.2 alsohas high-velo
ity out
ows. Morris et al. (1987) measure the proje
ted out
ow at� 100 km s�1. Bowers (1991) follows the OH 1667MHz emission throughout thestar, and 
al
ulates a velo
ity of � 10 km s�1 in the equatorial plane whi
h in
reasesto � 200 km s�1 along the poles.One re
ently-dis
overed feature of post-AGB obje
ts is the presen
e of ar
s ofa spheri
al shape in the outer extremities. Cir
umstellar ar
s have been dis
ov-ered around eleven PNe { NGC7027, NGC 6543, Hb 5 (Bond 2000; Terzian &Hajian 2000; Bali
k et al. 2001), NGC3918 (Corradi et al. 2003), IC2448, NGC40,NGC1535, NGC3242, NGC6881, NGC7009, NGC7026, NGC7662 (Corradi et al.2004) and several PPNe { CRL2688 (Sahai et al. 1998), IRAS16594-4656 (Hrivnaket al. 2001a), IRAS17150-3224 (Kwok et al. 1998), IRAS17441-2411 (Su et al. 1998),IRAS20028+3910 (Hrivnak et al. 2001a) and Roberts 22 (Sahai et al. 1999b). Thesear
s are 
ir
ular on the sky, suggesting that they are remnants from the AGB phaseof mass-loss. The ar
s are seen as regions of high density, and thus are thought tobe related to periods of intense mass-loss, perhaps indu
ed by thermal pulses to-wards the end of the AGB, but perhaps also due to dust-gas instabilities (Degu
hi1997) or the presen
e of a binary 
ompanion (Mastrodemos & Morris 1999). Theseparation of the ar
s determine a times
ale of a few hundred years between ea
hof the events whi
h formed them.Another type of stru
ture found in the environs of post-AGB stars is the 
ometaryglobule. These are 
lumps of gas and dust whi
h have the appearan
e of 
ometarybodies, with tails pointing away from the 
entral star. The 
learest example of theseis seen in the Helix Nebula (Malin 1982; Meaburn et al. 1992). None have beenseen in AGB stars, but this may just be due to the fa
t that they are most 
learlyseen against a ba
kground of ionised gas. Re
ent work by Huggins et al. (2003),and also Huggins et al. (1992) has used dete
tions of CO in the most prominentglobule in the Helix to determine an a

urate size for these stru
tures.A study of maser emission as star leaves the AGB and enters the post-AGBphase is given by Lewis (1989, 1990).
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tion1.6 The 
hemistry of AGB starsGlassgold (1996) is a de�nitive starting pla
e for learning about the pro
esses whi
ho

ur around late-type stars. Another useful referen
e is the review of 
ir
umstellar
hemistry given by Millar (1988) in Rate CoeÆ
ients in Astro
hemistry. Also,Omont (1991) presents a useful review. Further to those, there are individualpapers whi
h seem to 
ome mainly from two distin
t groups: that of Millar &Herbst (and Co.) and that of Glassgold & Huggins (and Co.). Both groups havedeveloped very large 
hemi
al rea
tion databases whi
h are freely available (visit,for example, http://www.rate99.
o.uk for the latest UMIST database). Thesedatabases were intended for use in interstellar 
louds, but have been, and 
an be,adapted for 
ir
umstellar 
ases. Longer 
hained, and more 
omplex mole
ules havebeen added so that now models 
an in
lude fullerenes, 
y
li
 mole
ules (Ru�e et al.1999), and hydro
arbon and 
yanopolyyne 
hains of up to 23 
arbon atoms (Millaret al. 2000). In the 
ir
umstellar environment re
ent publi
ations have in
ludedpathways to the formation of benzene, whi
h was the �rst 
y
li
 mole
ule to bedete
ted in a 
ir
umstellar envelope (Cerni
haro et al. 2001b).1.6.1 Chemi
al des
ription of an AGB starIt is worthwhile de�ning what is a
tually meant by `a 
ir
umstellar envelope', andwhy the 
hemistry whi
h o

urs in a CSE is so important. All stars have some
ir
umstellar matter and hen
e some 
ir
umstellar 
hemistry (whether it be hightemperature dust-formation, or low-temperature photo
hemistry). The most dra-mati
 events, however, o

ur during the out
ow of matter whi
h o

urs on theAGB. During the expansion the matter 
ools, and hen
e a more a
tive 
hemistryis able to take pla
e. This 
hemistry favours mole
ules over atoms and ions. Hen
e
omplex mole
ules are able to form, often at high enough abundan
es to be ob-served. The longest mole
ule dete
ted in a CSE thus far is HC11N, in the envelopeof IRC+10216 (Bell et al. 1982). However, this dete
tion has more re
ently been re-futed by laboratory measurements of Travers et al. (1996). HC9N was �rst dete
tedby Matthews et al. (1985) in the same obje
t.The physi
al 
hara
teristi
s of a CSE are des
ribed above. What follows is ades
ription of a CSE with referen
e to the 
hemistry. For simpli
ity a spheri
allysymmetri
 AGB star is usually assumed. The region of 
hemi
al interest is de�ned,for the purposes of this illustration, to be between 109
m and 1019
m in radialdistan
e from the 
entre of the star. Inside this thi
k shell is the 
ore of the star,
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tionand outside is the di�use interstellar medium.As an inner radius to the CSE something in the region of 3 1015 
m is taken,whi
h 
orresponds to approximately 100R?. The outer radius is harder to de�ne,sin
e most observable mole
ules are destroyed inside the envelope, but the workof Mamon et al. (1988) has done a lot to de�ne photodisso
iation radii and outerenvelope radii using the properties of CO. This mole
ule has strong self-shieldingand hen
e is relatively abundant at large distan
es. H2 is not dire
tly observable,but would be a better tra
er of a 
ir
umstellar out
ow sin
e it is destroyed 
lose tothe leading edge of the wind (Glassgold & Huggins 1983).High-frequen
y photons (90 > � > 300nm) play the most important part in
ir
umstellar 
hemistry. CSEs be
ome opti
ally thin at large distan
es, and hen
emole
ules are exposed to destru
tive radiation. Shielding is related to mass-lossrate, in that mole
ules in large (massive) out
ows are prote
ted (by dust, primarily)more than those in lesser out
ows. Also, for abundant mole
ules su
h as H2 andCO, self-shielding may ex
eed that due to dust.At some point during a mole
ule's path from the inner envelope to the ISM it willbe photodestroyed, with a likelihood that depends on the photodisso
iation 
ross-se
tion. This point is 
alled the photodisso
iation radius. Disso
iation produ
tswill then engage in 
hemi
al rea
tions. Chemi
al models of the CSE involve the`inje
tion' of parent mole
ules (typi
ally H2, He, CO, C2H2, CH4, HCN, NH3, N2,H2S, CS) at an initial radius, and their subsequent out
ow. During the out
owthese will be destroyed and undergo further rea
tions before being expelled into theISM.What follows is a brief des
ription of 
hemistry in the stellar photosphere, whi
hfeeds the 
ir
umstellar 
hemistry. Three-body rea
tions (i.e., gas-grain rea
tions)are only of importan
e near the stellar photosphere, and therefore will only bebrie
y tou
hed upon. Two- and one-body rea
tions 
an be separated into ion-mole
ule rea
tions, neutral-neutral rea
tions and photo-rea
tions (see 1.5).1.6.1.1 Photospheri
 
hemistryPhotospheri
 
hemistry is e�e
tively a 
hemistry of high temperatures (1 000{2 000K)and densities (1012 
m�3), and lo
al thermodynami
 equilibrium (LTE) 
an be fairlysafely assumed. LTE o

urs when 
hemi
al rea
tion times between all spe
ies arefaster than the evolution time 
onstants of the medium. The high temperaturesover
ome a
tivation energies and the large densities allow fast three-body asso
i-ation rea
tions. Mole
ular abundan
es are dependent on elemental abundan
es in
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tionthe star and on heats of formation. LTE 
al
ulations of abundan
es have been 
ar-ried out for both C-ri
h and O-ri
h stars (traditionally, Tsuji 1973) and are reliablefor stable spe
ies su
h as CO, H2O, HCN and N2. CO is important sin
e its strongbond means that the majority of 
arbon in O-ri
h stars and oxygen in C-ri
h starsare in the form of this mole
ule. Hen
e in the photosphere of a C-ri
h star theabundant mole
ules are CO, followed by C2H2, N2, HCN and CH4, while in O-ri
hstars they are H2O, CO and N2 (ex
luding H2).Photospheri
 mole
ules are usually observed in the infra-red, but also 
an beobserved in millimetre studies (e.g., Cerni
haro & Guelin 1987). These studiesalso give information on whi
h mole
ules 
ondense onto grains further out in theenvelope. For instan
e, the Letter of Cerni
haro & Gu�elin details dete
tions of NaCl,AlCl, KCl. However, these mole
ules (and also SiS and SiO) are not dete
ted inthe main 
ir
umstellar envelope, suggesting that they 
ondense onto dust grains.1.6.1.2 C-stars and O-starsAs mentioned in the previous se
tion, there is a di�eren
e between the 
hemistryin C-ri
h stars and in O-ri
h stars. O-ri
h stars are relatively poorly observed
ompared to 
arbon stars be
ause there are no massive O-ri
h CSEs in the 
losevi
inity of the Sun. In O-ri
h stars all the available 
arbon is in CO, and hen
eit does not 
ontribute to the formation of grains (whi
h are primarily sili
ates).Yet, O-ri
h stars show the anomalous presen
e of simple organi
 mole
ules su
h asHNC, HCN, H2CO, CN and CS (Bujarrabal et al. 1994). Also, O-bearing mole
uleshave been found in C-ri
h proto-planetary nebulae (Herpin & Cerni
haro 2000). Noentirely suÆ
ient explanations for these anomalies have been forth
oming, althoughsome possible 
ontributing fa
tors are dis
ussed later.Observationally, whether a star is 
arbon- or oxygen-ri
h seems best determinedby observations of HCN and SiO lines. Rather than determine abundan
es from thelines, whi
h has a large degree of ina

ura
y, it seems possible just to take the ratioof line intensities as an indi
ator. In O-ri
h CSEs SiO is abundant, while there islittle HCN due to the la
k of 
arbon, whi
h is tied up in CO mole
ules. In C-ri
henvironments the opposite is expe
ted: HCN is abundant, and SiO is s
ar
e due toall the oxygen being part of CO. Observations 
on�rm this and produ
e quite a ni
eresult: in papers by Olofsson et al. (1998) and Bujarrabal et al. (1994) some 19 O-ri
h obje
ts and 6 C-ri
h obje
ts were surveyed. The IHCN;J=1�0=ISiO;v=0;J=2�1 ratioprodu
ed two 
lear and distin
t groups, su
h that the O-ri
h stars had a ratio inthe range 0.05-0.3, and the C-ri
h stars had a ratio in the range 3-10. To determine
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tionthe a
tual C/O ratio is more diÆ
ult, and 
an not yet be e�e
tively done from
ir
umstellar data.Models of O-ri
h envelopes usually fo
us on the masering mole
ules, H2O, OHand SiO. Results of models (e.g., Nejad & Millar 1988) show the importan
e ofneutral-neutral rea
tions in 
omparison to C-ri
h envelopes. Neutral 
hemistry ismore important be
ause OH is the most abundant rea
tive spe
ies in the envelope.Sin
e neutral 
hemistry is so pronoun
ed, the temperature pro�le of the CSE anda
tivation energies for the rea
tions be
ome all the more important. OH is produ
edmainly by the photodisso
iation of H2O. Water has a large photodisso
iation 
ross-se
tion, and hen
e also self-shields. A summary is given by Mamon et al. (1987). Asradial distan
e in
reases, the external radiation �eld be
omes important, and OHbe
omes predominant. OH 
an rea
t with a large number of spe
ies: its rea
tionwith O produ
es O2, and its rea
tion with CO produ
es CO2. The latter rea
tionhas an energy barrier, and 
an only pro
eed in favourable 
onditions. Similarly SOrea
ts to give SO2. SiO is formed by the gas-phase rea
tion between Si and the OHradi
al.In addition to OH, C+ is important in O-ri
h envelopes. It is formed in thephotodisso
iation of CO. CO is fairly unrea
tive with gas-phase spe
ies, and itsloss 
an be assumed to be solely due to photodisso
iation (Mamon et al. 1988). C+helps to explain the observations of HCN in O-ri
h envelopes. For instan
e,C+ + NH3 �! H2NC+ + HN + CH3 �! HCN + H2produ
e some of the spe
ies observed. Appre
iable abundan
es of HCN 
an onlyarise if CH4 is also abundant, and the photodisso
iation rate of N2 is large. Other
arbon-
ontaining spe
ies do form, and a re
ent Letter (Duari et al. 1999) showsthat this may be due to sho
k 
hemistry in the inner envelope.In the inner envelope, before abundan
es of OH build up, 
osmi
 ray ionisa-tion produ
es H+3 , and hen
e HCO+ and H3O+ (through rea
tions with CO andH2O, respe
tively). The abundan
e of H3O+ is heavily dependent on mass-loss rate(Mamon et al. 1987).Carbon-ri
h CSEs show a greater variety of mole
ules, due to the ease thatthe ex
ess 
arbon atoms form bonds. This fa
t also explains the presen
e of long
arbon 
hain mole
ules: polya
etylenes (e.g., C8H; Cerni
haro & Guelin 1996),
yanopolyynes (e.g., HC9N; Bell et al. 1992) and sulfuretted 
hains (e.g., C3S;
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tionCerni
haro et al. 1987; Bell et al. 1993), to name but a few.The CSEs of many 
arbon stars have been a

urately mapped, and show `shells'of mole
ules, for example, of 
yanopolyynes. In this family the smaller mole
ules(e.g., HC3N) are found 
loser to the star, with the larger mole
ules (e.g., HC9N)further out, with abundan
e peaks whi
h pro
eed from inner to outer as the numberof C atoms in
reases (see Se
t. 1.6.2.5).To summarise, although 
osmi
-rays and UV photons play an a
tive part inthe 
hemistry of an O-ri
h envelope, large amounts of OH radi
als make neutral
hemistry important. In general, the 
hemistry of a C-ri
h CSE is very similar tothat whi
h o

urs in a dark interstellar 
loud. Ion-mole
ule and photo-rea
tionsdominate 
hemi
al pro
esses.1.6.2 Carbon 
hemistry and IRC+10216Carbon, whi
h is usually able to form four bonds per atom, makes 
arbon-ri
h
ir
umstellar environments sites of more varied 
hemistry than their oxygen-ri
h
ounterparts. The prototypi
al 
arbon star is IRC+10216, whi
h be
ause of itsproximity (some 200 p
) and brightness (the brightest C-star at 5�m) is the beststudied 
arbon star. Over 50 spe
ies have been dete
ted in this obje
t, not in
ludingisotopomers or isomers (see Se
t. A.1.1 and also Glassgold 1999). This far surpassesthe number dete
ted in any other late-type star. For this reason, the term \
arbon
hemistry" is used with implied but unmentioned referen
e to IRC+10216 (this isjusti�ed further in Chapter 2). Its 
hemi
al `pe
uliarities' in
lude a high degree ofunsaturated hydro
arbons, high fra
tional abundan
es of 
omplex mole
ules, anda very low HNC/HCN ratio. Also, there has been only one ion and one methyl-
ontaining spe
ies dete
ted in the CSE, despite sensitive sear
hes.Carbon 
hemistry in the outer parts of the envelope is assumed to begin witha handful of parent spe
ies, whi
h are `inje
ted' from the inner regions of the star,where LTE 
onditions are present. These spe
ies are assumed to be, in approximateorder of abundan
e, H2, He, CO, C2H2, N2, HCN, CH4, NH3. Others, su
h as H2S,may also be parent spe
ies. The initial abundan
es of these mole
ules are diÆ
ultto determine, and are taken from infrared observations or LTE 
al
ulations.For a C-ri
h envelope su
h as that of IRC+10216, the spe
ies C2H2 and C2H2+play a 
ru
ial role. These two spe
ies are the basis for the rea
tions whi
h form theC3- and C4-bearing hydro
arbons, as well as longer 
hains. The produ
tion of large
hains involves 
arbon-insertion rea
tions with C+, �xation rea
tions involving C
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ondensation rea
tions involving a
etylene and its ion. Also, the methyl ionis useful be
ause its slow rea
tion with H2 means that it is abundant enough torea
t with the more minor spe
ies in the envelope. Methyl 
yanide, the singlemethyl-
ontaining spe
ies dete
ted, is formed by the rea
tion between CH+3 andHCN. HCO+ is the only ion dete
ted, and formed by proton-transfer rea
tions. Itis very sensitive to the 
osmi
-ray ionisation rate (see Glassgold et al. 1987). Thelow HNC/HCN ratio seems to be due to the ion-mole
ule 
hemistry rather thaninitial LTE abundan
es (Nejad & Millar 1987).1.6.2.1 Hydro
arbonsHydro
arbons usually make up the vast majority of mole
ules in a 
arbon-ri
h en-vironment, and their formation is largely due to a
etylene, C2H2, its ion, C2H+2 andits daughter, C2H and their rea
tions with C2H and C2 (for instan
e in Eqs. 1.3and 1.4). These pathways lead to higher abundan
es of even-numbered hydro
ar-bons (C2nHm) over odd-numbered hydro
arbons (C2n+1Hm). The even-numberedhydro
arbons then rea
t to produ
e 
yanopolyynes, making the abundan
e of 
yano-polyynes dependent on the initial abundan
e of C2H2. Also, rea
tions of C2H2 andC2H with atomi
 
arbon lead to the formation of bare 
arbon 
lusters, whi
h areimportant in the synthesis of long 
hains. Below are listed the general synthesisrea
tions for larger hydro
arbons.C2H + CnH2 �! Cn+2H2 + H (1.3)C2 + CnH �! Cn+2 + H2 (1.4)C�n + Cm �! C�n+m + h� (1.5)C2H+2 + CnHm �! Cn+2H+m+1 + H (1.6)Methane, CH4, is another parent mole
ule involved in hydro
arbon formation. Syn-thesis pro
eeds via C+ insertion rea
tions or 
ondensation rea
tions, e.g.CH4 + C+ �! C2H+2 + H2CH4 + C+ �! C2H+3 + HCH4 + CH+3 �! C2H+5 + H2Chain-lengthening then pro
eeds via further 
ondensation rea
tions with C2H2 andC2H, plus rea
tions with C and C+. The methyl ion, CH+3 , rea
ts slowly with H2,
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tionand thus is relatively long-lived. This leaves it available to rea
t with more minorspe
ies, for instan
e, with HCN in the following rea
tion,CH+3 + HCN �! CH3CNH+ + h�: (1.7)This leads to methyl 
yanide, whi
h is the only methyl-bearing spe
ies dete
ted inIRC+10216 to date. This is expe
ted, sin
e rea
tion 1.7 is the most rapid of themethyl ion rea
tions.1.6.2.2 CyanopolyynesA
etylene (C2H2) and both HCN and its radi
al, CN, initiate 
yanopolyyne syn-thesis. The high abundan
e of a
etylene implies that the fundamental rea
tionis: CN + C2H2 �! HC3N + H (1.8)HC3N is also a produ
t of the rea
tion between HCN and C2H, i. e.,HCN + C2H �! HC3N + HFurther rea
tions with C2H produ
e long 
arbon-
hain mole
ules, in a rea
tion that
an be generalised as: HCnN + C2H �! HCn+2N + H;for n � 3. Also rea
tions between CN and hydro
arbons,CN + CnH2 �! HCn+1N + Hresult in 
yanopolyynes.The 
yanopolyynes in the series up to HC9N have been dete
ted in IRC+10216,all with very high 
olumn densities, showing that a very eÆ
ient formation me
ha-nism must exist in su
h late-type stars. Howe & Millar (1990) found that rea
tion(1.8) was the most e�e
tive of those above.
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tion1.6.2.3 HCO+ and HNCBoth HCO+ and HNC appear in CSEs as the result of proton-transfer rea
tions.HCO+ is indi
ative of the amount of high-energy ionisation in a CSE sin
e it is ades
endant of H+3 , whi
h is itself a produ
t of the ionisation of H2:H+3 + CO �! HCO+ + H2:Similarly, HNC arises from the disso
iative re
ombination of HCNH+, whi
h isprodu
ed via MH+ + HCN �! HCNH+ + Mwhere the MH+ 
ould be any of these protonated spe
ies: H+3 , N2H+, HCO+, C2H+2and C2H+3 . Also the rea
tionC+ + NH3 �! HNCH+ + Hleads to HNC produ
tion (and not to HCN). IRC+10216 has a low HNC/HCNratio 
ompared to dense interstellar 
louds, due to the ion-mole
ule 
hemistry ofthe out
ow, whi
h allows HNC formation only over a limited region.1.6.2.4 BenzeneBenzene formation in IRC+10216 is negligible (Millar et al. 2000); the low abun-dan
e of atomi
 hydrogen means that the formation route assumed for interstellar
louds (M
Ewan et al. 1999) is not eÆ
ient under the 
onditions present in 
arbonstars on the AGB. The interstellar formation me
hanism is:C4H+2 + H �! C4H+3 + h� (1.9)C4H+3 + C2H2 �! 
-C6H+5 + h� (1.10)or C4H+3 + C2H3 �! 
-C6H+5 + H (1.11)
-C6H+5 + H2 �! 
-C6H+7 + h� (1.12)
-C6H+7 + e �! 
-C6H6 + H (1.13)Benzene is destroyed by rea
tions with a number of positive ions, in
luding He+,N2H+, H+3 , HCO+, C2H+3 , CH+5 and C3H+5 .
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Figure 1.9: The distribution of various mole
ules in IRC+10216, obtained with theIRAM interferometer.1.6.2.5 Spatial distributionsThe spatial distribution of a parti
ular mole
ule is a very good 
onstraint for 
hem-i
al modelling. However, observationally, this requires teles
opes or arrays of tele-s
opes whi
h are able to resolve the obje
t in question. At present, single-dish radioteles
opes do not have the sub-ar
se
ond resolution required, and even interferom-eters su
h as the IRAM array are limited by the proximity of suitable targets. Hav-ing said this, mu
h of our understanding of the distribution of spe
ies throughouta CSE has 
ome from interferometer observations, mostly of IRC+10216. Bieg-ing & Nguyen-Quang-Rieu (1988a) used the Hat Creek Interferometer to look atIRC+10216, and found hollow shells of mole
ules (C2H, HNC, C3N and HC3N),proving that these mole
ules are mainly formed in the outer regions of the CSE.This work has been supplemented by Gu�elin and Lu
as (Lu
as & Gu�elin 1999;Gu�elin et al. 2000; Lu
as et al. 1995, see Figures 1.9, 1.10, 1.11).1.6.2.6 Times
alesTimes
ales are very important to 
ir
umstellar 
hemistry. Two times
ales are use-ful: a dynami
 times
ale, dependent on the physi
al properties of the envelope, and
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Figure 1.10: The distribution of various mole
ules in IRC+10216, obtained withthe IRAM interferometer. Grays
ale 
orresponds to the spe
ies in the upper right
orner of ea
h panel, 
ontours to the spe
ies in the upper left (Lu
as & Gu�elin1999).
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Figure 1.11: A plot of the distribution of various mole
ules in IRC+10216, wherethe maximum in emission of ea
h spe
ies is labelled with the name of that spe
ies(Lu
as & Gu�elin 1999).
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Figure 1.12: �
hem versus radius for the envelope of IRC+10216. For detailsof the model, see Omont (1985). Various time 
onstants and rea
tion rates(s�1) are shown. Assumed typi
al rates are the following: photodisso
iation,5 � 10�10 exp(�7 � 1016=r); grains, 6 � 10�17 nH; ions, 10�9X nH with X = 10�5;rea
tions with H2, 5�10�12 nH exp(�T=TB) with TB = 1 500 and 10 000K; rea
tionswith other abundant spe
ies (e.g., C2H2), 10�11X nH exp(�T=TB) with X = 10�5and TB = 0; 1 500 and 10 000K, and with X = 10�4 and TB = 0.
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hemi
al times
ale, dependent on 
hemi
al properties. The dynami
al times
aleis usually taken to be the expansion time of the envelope, i.e.,�dyn = �exp = rvexpThe 
hemi
al times
ale depends on the rea
tants: for a photopro
ess,�
hem � 1G;whereG is the lo
al photorate (
.f., G0, the interstellar ionisation rate, 1.3�10�17 s�1).For a rea
tion between two spe
ies, spe
ies A destroys spe
ies B on a times
ale whi
his �
hem � 1kABnA :where kAB is the rate 
oeÆ
ient for the rea
tion and nA the density of spe
ies Arelative to the number of hydrogen nu
lei.Typi
ally, the 
hemistry of the envelope o

urs where these two times
ales, �dynand �
hem, are of the same order of magnitude. Commonly this order of magnitudeis 1010 s, and hen
e the `
hemi
al zone' is at intermediate distan
es from the star(Fig. 1.12). In order to be important, 
hemi
al pro
esses must o

ur on a times
alefaster than that of the expansion. The expression �
hem . �dyn de�nes a radius, rf ,outside of whi
h destru
tion rea
tions 
an be 
onsidered `frozen out'. Expli
itly itis given by: rf = 1:3 1056 
m _MH k xi = v2exp= 1:3 1016 
m _MH�5 k�10 xi�5 = v2exp 15:xi is the abundan
e of the rea
tant i, and _MH�5; k�10; xi�5 and v2exp 15 are in typ-i
al units, e.g., vexp in units of 15 km s�1. The interplay of the various fa
tors in
al
ulating rf are shown in Fig. 1.12 for the envelope of IRC+10216.1.7 The 
hemistry of post-AGB starsThe basis of the 
hemistry of post-AGB stars is the 
hemistry of AGB stars, withoutthe 
omplexity of large spe
ies. The expansion of the AGB 
ir
umstellar envelopemeans that matter is diluted, and thus exposed to disso
iating UV radiation fromthe interstellar medium, and also from the in
reasingly hot 
entral star. The stellarUV radiation �eld will rea
h at least 105 times the ambient interstellar 
ux during
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rease to 10{100 times in the fully evolved PN stage,due to the de
rease in luminosity of the star.The mole
ules seen in PPNe and PNe give information on various pro
esseswhi
h have o

urred in the history of the parti
ular obje
t.1.7.1 General trendsThere are several spe
ies whi
h are abundant in AGB envelopes, but are rarelyobserved (if at all) in PNe. CS is abundant in AGB envelopes, and although it 
anbe enhan
ed by sho
ks in PPNe (Kasuga et al. 1997; Mit
hell 1984) is generally oflower abundan
e, and unobserved in PNe until re
ently (Chapter 6). HC3N, SiOand SiC2 demonstrate the same sort of behaviour, de
reasing in abundan
e goinginto the PPNe phase. Ba
hiller et al. (1997a) show that the spe
ies CS, HC3N,SiO and SiC2 are present in PPNe, but have been destroyed in all the PNe in theirsample.Carbon monoxide, the major gas-phase mole
ule after hydrogen in AGB en-velopes, is not as widely seen in PNe as in earlier stages of evolution. Some 44PNe have been dete
ted in CO, whereas another 80 remain undete
ted, a

ordingto the review of Ba
hiller (1997). The 44 in
lude some evolved PNe, showing thatmole
ular gas does survive for some time in a highly-ionising environment.A
etylene, C2H2, whi
h is abundant in the envelopes of AGB stars is not seenin any large quantities in post-AGB obje
ts. The C2H2 mole
ular band observed in
arbon star spe
tra is not seen in post-AGB sour
es, implying 
hemi
al 
hanges inthe gas, perhaps in
orporation into poly
y
li
 aromati
 hydro
arbons (PAHs).In 
ontrast, HCO+ be
omes greatly enhan
ed in the PPNe phase, and yet it isvery diÆ
ult to explain why. Theoreti
al models of post-AGB obje
ts all fail toprodu
e enough HCO+ by at least an order of magnitude, if not more (e.g., Woodset al. 2003a; Howe et al. 1994). HCO+ is only eÆ
iently formed by ionising radiation,and yet the levels of 
osmi
 ray ionising radiation required to produ
e the desiredlevels of HCO+ result in the destru
tion of most other mole
ules. This is due to thefa
t that 
osmi
 rays indu
e UV photons in their intera
tion with H2; these photonsdisso
iate and ionise mole
ules. It seems that perhaps soft X-rays, as suggested byDegu
hi et al. (1992), may 
ontribute to HCO+ levels in PNe, but this 
annot bethe 
omplete solution due to the lower X-ray 
uxes found in evolved PNe, 
omparedto younger obje
ts. Woods et al. (2003a) (also see Chapter 3) 
onsidered whetherX-rays might be the responsible for the high level of HCO+. Their treatment was
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tionquite general { a treatment where X-rays are solely responsible for ionisation (andnot disso
iation) might prove interesting. This approa
h was taken in the 
hemi
almodel explained in Chapter 5. However, a still more thorough treatment needs to bemade. Another 
ontribution may be from some sort of surfa
e-surfa
e intera
tion,as investigated by Viti et al. (2002).CN abundan
es show an upward trend with in
reasing evolutionary status, asdo HNC abundan
es. HNC is formed by the disso
iative re
ombination of HCNH+,and hen
e should be present at higher levels in more evolved obje
ts, where theionisation level is higher. HCN is more or less 
onstant, and HCO+ only be
omesabundant in PNe.1.7.2 Abundan
e ratiosHCN and CN 
an be used to give an idea of the evolutionary status of a PPN. InAGB stars, HCN is usually more abundant than CN. However, as HCN be
omesin
reasingly photodisso
iated, its daughter, CN, be
omes in
reasingly abundant;i.e., one would expe
t the CN/HCN ratio to in
rease with evolutionary age, inthe early post-AGB phase (see Fig. 5.2 in Chapter 5). A similar e�e
t is seen inthe 
omparison of HCN and HNC. In CRL618, for example, the 
olumn densities ofHCN and HNC are 
omparable (Herpin & Cerni
haro 2000), whereas in IRC+10216(a less evolved obje
t) HCN is far more abundant that HNC. Average ratios inPNe by Ba
hiller et al. (1997a) are given as CN/HCN = 9, HNC/HCN = 0.5 andHCO+/HCN = 0.5. In AGB stars these ratios are approximately 0.5, 0.005 and0.0005, respe
tively.The HCN/CO ratio should also give some indi
ation of age, sin
e CO self-shieldsto some degree, and HCN is photodisso
iated in preferen
e. This would 
ause theHCN/CO ratio to de
rease with time. However, it may be diÆ
ult to 
ompare anumber of obje
ts whi
h in
ludes a mixture of O-ri
h and C-ri
h stars, sin
e theymay have had a di�erent HCN/CO ratio when they started to move o� the AGB.The 12CO/13CO is low (< 10) in several PPNe (e.g., Kahane et al. 1992) 
om-pared to 10 < 12CO/13CO < 25 in evolved PNe (Palla et al. 2000; Ba
hiller et al.1997a), 10 < 12CO/13CO < 40 in 
ompa
t PNe (Josselin & Ba
hiller 2003) and10 < 12CO/13CO < 50 in AGB stars (e.g., Kahane et al. 1988). A similar, althoughslightly narrower, range for AGB stars is found by Greaves & Holland (1997). Asexamples, the 
arbon-ri
h AGB star IRC+10216 has a 12CO/13CO ratio of 45(Woods et al. 2003b), CRL618 has a 12CO/13CO ratio of 5 (Balser et al. 2002)
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tionand OH231.8+4.2 has a ratio of �10 (Morris et al. 1987; Bujarrabal et al. 1994),NGC7027 (a young PN) has a 12CO/13CO ratio of 31 (Balser et al. 2002) andNGC2346 (an evolved PNe) has a 12CO/13CO ratio of 23 (Palla et al. 2000). Thisratio may be an indi
ator of evolution (sin
e 13CO self-shields less than 12CO), butit is more likely to be an indi
ator of a star's nu
leosynthesis history (e.g., Kahaneet al. 1992, 1988). The signi�
an
e of this ratio, and the related 12C/13C ratio, isdis
ussed by S
h�oier & Olofsson (2000).1.7.3 Sho
k 
hemistryHCO+ and SiO 
an indi
ate sho
ked gas (e.g., Mit
hell & Watt 1985), and althoughthe presen
e of high levels of HCO+ do not ne
essarily imply sho
ks (see above),the presen
e of high levels of SiO does give a mu
h better indi
ation of sho
ked gas.The theory behind sho
k formation of SiO is dis
ussed for the 
ase of interstellar
louds by Hartquist et al. (1980), and supported by observations by Ziurys & Friberg(1987). SiO abundan
es 
an be substantially enhan
ed by sho
ks by many ordersof magnitude in 
old environments su
h as OMC-1: sho
ks are thought to destroysili
ate grains, releasing Si atoms, whi
h then be
ome lo
ked up in SiO mole
ules. Asimilar situation 
an be found in bipolar out
ows, and a parti
ular 
ase is dis
ussedby Gueth et al. (1998).Mole
ules su
h as NH3, and H2O in CRL618 (Herpin & Cerni
haro 2000) and inNGC7027 (Liu et al. 1996), are also sho
k-formed and are seen at high abundan
esin post-AGB obje
ts.1.7.4 Chemi
ally interesting obje
tsAs far as parti
ular obje
ts go, the 
arbon-ri
h PPNe CRL2688 and CRL618 are
hemi
ally abundant. CRL2688 has been dete
ted in 22 spe
ies, with CRL618having a similar number of observed spe
ies (see Se
t. A.2.1). OH231.8+4.2 is aninteresting O-ri
h PPN (Morris et al. 1987; San
hez Contreras et al. 1998).NGC7027 is the most well-studied PN, simply be
ause most other PNe haverelatively weak lines. NGC7027 has been dete
ted in lines of HCN, CN, C3H2,HCO+, N2H+ and CO+ (see Ba
hiller 1997, and referen
es therein). HCN, HNC,HCO+ and CN have been seen in a handful of other sour
es: NGC2346 (not CN,Ba
hiller et al. 1989), NGC6072 and IC4406 (Cox et al. 1992). M1-16 is alsosomewhat 
hemi
ally ri
h (Sahai et al. 1994). Apart from these few obje
ts, PNeare not parti
ularly abundant in mole
ules other than CO and H2.
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tion1.7.5 Mole
ular line observations of post-AGB obje
tsThe work of Herpin & Cerni
haro and others (Herpin & Cerni
haro 2000; Cerni
haroet al. 2001a,b, also, various papers in preparation) has done a lot for the study of the
hemi
al nature of PPNe. Their dete
tions of new mole
ules in CRL618 promptedthe work of Woods et al. (2002, 2003b, see Chapter 3). Also, an observationalstudy of evolutionary stage (Herpin et al. 2001, 2002) shows that the importan
e ofthe role of UV 
ux in
reases with age, whereas the importan
e of sho
ks de
reases,with the strongest sho
ks o

urring just after leaving the AGB phase. It seems thatmost of the 12CO, 13CO and HCN emission in the early post-AGB stages 
omes fromthese sho
k regions (Herpin et al. 2002).The paper of Ba
hiller et al. (1997a) did mu
h to improve the la
k of observationsof mole
ular lines in PNe: Their overview of AGB stars, PPNe and PNe in
ludesobservations of CRL2688 and CRL618, and also NGC7027, NGC6720 (the Ringnebula), M4-9, NGC6781 and NGC7293 (the Helix nebula). Their survey in
ludednew dete
tions of CN, HCN, HNC, HCO+ and CS in these obje
ts. They showedthat abundan
es of most spe
ies are approximately 
onstant throughout the PNephase, regardless of evolutionary status, and that the following ratios are rea
hed:CN/HCN=9, HNC/HCN=0.5, HCO+/HCN=0.5.Josselin & Ba
hiller (2003) performed a survey of 7 
ompa
t PNe and found verysimilar (
olumn density) ratios: CN/HCN=2.6, HNC/HCN=0.4, HCO+/HCN=0.5.The CN/HCN ratio seems to be a good indi
ator of evolutionary status, sin
e
ompa
t PNe are thought to be intermediate between PPNe and evolved PNe (likethe Ring or Helix, for example).Various other papers have looked at individual obje
ts: Sahai et al. (1994) lookedat the PPN M1-16, Cox et al. (1992) looked at the two PNe IC4406 and NGC6072,for example. Bujarrabal et al. (2001) 
atalogued CO emission from all the knownPPNe.1.7.6 Chemi
al models of post-AGB obje
tsThe study of the 
hemistry of proto-planetary nebulae is still somewhat preliminary.Models are ne
essarily simplisti
, and have not managed to a

urately des
ribeall observations. Useful observations are sparse, partly due to la
k of input frommodels. It seems 
lear that to progress in this �eld, models whi
h 
ombine sho
k
hemistry, X-rays, and a high UV 
ux from the 
entral star are needed. And eventhese 
onsiderations may not be enough: it may be ne
essary to ta
kle boundaries
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tionbetween torus and wind, and 
lump and wind, to really reprodu
e PPNe 
hemistrya

urately.Attempts to date to des
ribe post-AGB 
hemistry have taken several di�erentapproa
hes. Following a theoreti
al approa
h, initial papers fo
using on somewhat\abstra
ted" aspe
ts from Howe et al. (1992, 1994) have been 
omplimented by more\holisti
" approa
hes from Hasegawa et al. (2000), Ali et al. (2001), Redman et al.(2003) and Cerni
haro (2004). Observationally, papers from Josselin & Ba
hiller(2003), Herpin et al. (2002), Ba
hiller et al. (1997a) and Cox et al. (1992) havehelped further present knowledge in this area.The approa
h of Howe et al. was �rst to ta
kle the intera
tion of the AGBsuperwind with the AGB envelope (Howe et al. 1992), and the e�e
t of the sho
ksinherent in that intera
tion. The 
on
lusions were that the interplay of ionisationand sho
ks produ
ed many small spe
ies, and that larger mole
ules survived (fromthe AGB) either due to heavy 
lumping, or via grain-surfa
e rea
tions. The followup (Howe et al. 1994) was to investigate the formation of mole
ules in 
lumps {in this 
ase in PNe. They showed that CO and H2 would survive heavy photon-bombardment, and that the daughter-produ
ts of ionisation (viz. C2 and CN)should be abundant.Hasegawa et al. (2000) de
ided to follow the work of Yan et al. (1999), andlook at NGC7027, a young PN. Yan et al. (1999) used a thin, dense shell modelto try and reprodu
e ISO observations. Again, these authors invoked the intera
-tion of the superwind with envelope (ISW model) and sho
ks to explain the COlines seen with ISO. They �nd that many of the small ions and mole
ules ob-served with ISO are from a hot (1 000K) 
entral PDR, but others are also fromthe 
ooler (200K) sho
ked regions. The Hasegawa et al. (2000) model adopts athin, high-density shell (of 
onstant density), but surrounds this with an outer re-gion, with an inverse-square law density pro�le. These authors manage to explainthe presen
e of small mole
ules and ions (e.g., CH, CH+, OH), without needingsho
k 
hemistry; a high temperature (800K) and photoionisation is all that is re-quired. Also, the high abundan
es of HCO+ seen in NGC7027, whi
h is in generala problem for post-AGB 
hemistry, are reasonably well explained through photon-dominated region (PDR) 
hemistry2. The formation 
hain of HCO+ is determinedto be O�!OH�!CO+�!HCO+, followed by re
ombination to form CO and thendestru
tion to give O. The oxygen-bearing mole
ules seen in NGC7027 are a side-2The neutral gas in PDRs has been studied by Hollenba
h & Natta (1995) and Sternberg &Dalgarno (1995)
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t of this 
hain, explaining the presen
e of oxygen-bearing mole
ules in some
arbon-ri
h environments. Hasegawa & Kwok followed up their model with anobservational paper on NGC7027 (Hasegawa & Kwok 2001).Ali et al. (2001) have developed models for various PNe, and �nd the sameabundan
e of small mole
ules as Howe et al. (1992). They treat X-rays (as anenhan
ement of 
osmi
-ray ionisation) and 
lumps. One su

ess of the model is afairly a

urate 
al
ulation of the HCO+ abundan
e, something unusual in post-AGB
hemi
al models.Redman et al. (2003) model the 
hemistry in a slow wind in the transition fromthe AGB phase through to the PN phase. They model both a smooth wind anda 
lumpy wind, and �nd that mole
ules are destroyed rapidly in the smooth wind,whereas in a 
lumpy wind larger spe
ies survive until the PN phase. They alsoidentify mole
ules whi
h 
ould be \tra
ers" of 
lumps, for example, CS. Redmanet al. (2003) 
on
lude that 
lumps must form early, in the AGB phase.Some work as yet unpublished by Cerni
haro (2004) attempts to explain thedete
tion of 
omplex spe
ies in the PPN, CRL618. The model is 
omposed of threedi�erent zones at di�erent radial distan
es, with di�erent temperatures, densitiesand 
hemi
al 
ompositions. These three zones represent the pre-PDR of CRL 618.The model does a good job of explaining the observed abundan
es of H2CO, OH,H2O, CO2 and [Oi℄, again through the liberation of atomi
 oxygen from the disso
i-ation of CO. It also predi
ts that the fra
tional abundan
e of HC3N will be similarto that of HCN in the early stages of post-AGB evolution. Woods et al. (2003b,also Chapter 3) �nd, however, that HC3N 
an be up to order of magnitude greaterin abundan
e than HCN at a spe
i�ed radial distan
e. The model of Cerni
haro(2004) also has problems produ
ing benzene in the required amount, somethingwhi
h is not found in Woods et al. (2003b). The Cerni
haro model predi
ts abun-dan
es of 10�7 for CH2CHCN, a spe
ies re
ently dete
ted in CRL 618 (Cerni
haroet al., in prep.). Woods et al. (2003b) only predi
t a peak abundan
e of 10�10 forthis spe
ies. Times
ales are very short in this model: Peak abundan
es are rea
hedin 0.2 years, 
onse
utive polyynes have equal abundan
es after a few years. Allspe
ies in the inner zone are photodisso
iated within 2 years.What seems to be 
ommon to a lot of post-AGB 
hemi
al models is a drasti
over-abundan
e of CS. This is true of Hasegawa et al. (2000), Ali et al. (2001)and Woods et al. (2003b). There seems to be some destru
tion me
hanism thatis una

ounted for, or a destru
tion rate whi
h is impre
ise. Further problems,identi�ed by Josselin & Ba
hiller (2003) are that HCO+ abundan
es are higher
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tionthan those predi
ted by models (this seems to be general to post-AGB models),and that the 
al
ulated CN/HCN ratio is a fa
tor �5 higher than the observedvalue (in 
ompa
t PNe).
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Chapter 2The 
hemistry of 
arbon stars
2.1 Introdu
tionThe study of Asymptoti
 Giant Bran
h (AGB) stars is interesting be
ause thepro
essing of a star from a red giant to a white dwarf is so dramati
: many dif-ferent pro
esses are working at 
hanging, say, the 
entral star from a temperatureof around 3 000K to something approa
hing 100 000K, or 
hanging a physi
allylarge star into something rather small. The 
hemistry during this transition, too, isinteresting, and perhaps the most interesting sin
e a star's formation. The matterdriven out from the star in the form of mass-loss, via the 
omplex pro
ess of radi-ation pressure upon dust grains, whi
h in turn are 
oupled to gases, 
ools enoughto allow 
omplex mole
ules to form, and to allow the intera
tion of these mole
uleswith ea
h other, and with external radiation to form new spe
ies.In many 
ases the most interesting period of 
hemi
al a
tivity does not happenuntil the end of the AGB phase. It is here that the thermal pulses of a star'satmosphere will determine whether it �nishes its life as a 
arbon-ri
h (C-ri
h) obje
t,or an oxygen-ri
h (O-ri
h) one. C-ri
h stars show a greater variety of mole
ules,probably due to the way the 
arbon atom bonds (the 
arbon atom being able toform four 
ovalent bonds, the oxygen atom only two). Carbon atoms are also foundto bond together, to form long 
hains.Many long 
hain mole
ules, and other 
omplex 
arbon- and also oxygen-bearing52
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arbon starsspe
ies, are found in what has be
ome the prototypi
al C-ri
h star, IRC+10216(CW Leo). This star lies at a very 
lose proximity to the solar system, whi
h makesit an ideal C-ri
h obje
t for study: observationally, mole
ular lines are strong,and the 
lose proximity allows high-resolution interferometri
 maps of mole
ulardistributions to be made (e.g., Bieging & Tafalla 1993; Dayal & Bieging 1993, 1995;Gensheimer et al. 1995; Guelin et al. 1993, 1996; Lu
as et al. 1995; Lu
as & Gu�elin1999, some examples are given in Chapter 1). Good quality data in turn lendsitself to the 
onstru
tion of good quality models: dust models (see Men'sh
hikovet al. 2001) and 
hemi
al models (e.g., Millar et al. 2000) have been developed forIRC+10216 for over 30 years.There have been many surveys of the 
hemi
al nature of AGB stars, but mosttend to 
on
entrate on whether stars are C-ri
h or O-ri
h, or neither, or whetherstars are 13C-ri
h, or poor. Olofsson et al. (1993a) observed some 40 stars anddete
ted a handful of spe
ies other than CO. The sample of Bujarrabal et al. (1994)in
luded 16 
arbon stars, with up to ten mole
ular lines observed in ea
h. A morere
ent survey by Olofsson et al. (1998) dete
ted 22 
arbon stars in up to 6 mole
ularlines. Very few surveys gauge the similarity of say, 
arbon stars, or oxygen stars.The following investigation of reasonably high-mass-losing 
arbon-ri
h AGB starsin both the northern and southern skies attempts to test the use of IRC+10216(whi
h is in
luded in the survey) as a 
hemi
al \ben
hmark" of C-ri
hness - 
an
hemi
al models of IRC+10216 really be applied to other C-ri
h stars, or is ea
h
arbon star unique?2.2 InvestigationTo answer this question, up to 51 mole
ular lines were observed (of whi
h 47 were
learly dete
ted) in the sample of 7 high-mass-losing 
arbon stars. The surveyedstars are listed in Table 2.1; a literature study of ea
h star is available in Appendix A.Observations were made during the period 1987 { 1996 with the Onsala Spa
eObservatory (OSO) 20m teles
ope in the northern hemisphere, and the Swedish-ESO Submillimetre Teles
ope (SEST) in the southern hemisphere. IRC+10216 wasobserved with ea
h teles
ope to give a strong basis of 
omparison throughout thewhole sample.The SEST was equipped with two a
ousto-opti
al spe
trometers (HRS, 86MHzbandwidth with 43 kHz 
hannel separation and 80 kHz resolution; LRS, 500MHzbandwidth with 0.7MHz 
hannel separation and a resolution of 1.4MHz). The re-
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hemistry of 
arbon starsTable 2.1: Positions, periods (P ), 
al
ulated distan
es (D), modelled stellar anddust temperatures (T?, Td) and luminosities (L?, Ld), of the sample of 
arbon stars.IRAS No. Other 
at. name J2000 Co-ords.07454-7112 AFGL4078 07:45:02.8 �71:19:4309452+1330 IRC+10216 09:47:57.4 +13:16:4410131+3049 CIT6 10:16:02.3 +30:34:1915082-4808 AFGL4211 15:11:41.9 �48:20:0115194-5115 | 15:23:05.0 �51:25:5823166+1655 AFGL3068 23.19.12.4 +17:11:3523320+4316 IRC+40540 23:34:28.0 +43:33:02Name P L D T? Td Ld/L?[days℄ [L�℄ [p
℄ [K℄ [K℄IRAS07454-7112 | 9000a 710 1 200 710 4.3IRC+10216 630 9 600 120 | 510 |CIT6 640 9 700 440 1 300 510 6.7IRAS15082-4808 | 9000a 640 | 590 |IRAS15194-5115 580 8 800 600 930 480 2.2AFGL3068 700 7 800 820 | 1000 |IRC+40540 620 9 400 630 1 100 610 6.6(a) Assumed value.
eivers used were dual polarisation S
hottky re
eivers at both 3 and 1.3mm wave-length. Typi
al system temperatures above the atmosphere were 400{500K and1000-1800K, respe
tively.The OSO 20m teles
ope uses two �lter banks (MUL B, 64MHz bandwidth witha 
hannel width of 250 kHz; MUL A, 512MHz bandwidth and a 
hannel width of1MHz). The re
eiver used was a horizontally, linearly polarised SIS re
eiver witha typi
al system temperature of 400{500K above the atmosphere.All observations were performed using the dual beam swit
hing method, whi
hpla
es the sour
e alternately in two beams, and yields very 
at baselines. Beamseparation was in both 
ases about 11:05. Calibration was done with the standard
hopper-wheel method. Main-beam eÆ
ien
ies and FWHM beam widths are givenin Table 2.2 for both teles
opes.A total of 196 lines were dete
ted in the sample. 47 transitions of 24 mole
ularspe
ies were dete
ted, and upper limits for another 95 relevant transitions were alsoobtained, in
luding another three spe
ies (C2S, C3S and SO). Table 2.3 lists the de-
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hemistry of 
arbon starsTable 2.2: Beam widths and eÆ
ien
ies of the SEST and OSO 20m.SEST 15m Onsala 20mFrequen
y FWHM �mb FWHM �mb[GHz℄ [00℄ [00℄86 57 0.75 44 0.58100 51 0.73 39 0.53115 45 0.70 33 0.48230 23 0.50 | |265 21 0.42 | |te
tions in all seven sour
es, together with their peak and integrated intensities. Ifa line has a hyper�ne stru
ture, the frequen
y and intensity of the strongest 
ompo-nent is listed, and the integrated intensity is the sum over all hyper�ne 
omponents.Values of Tmb (the 
orre
ted antenna temperature, T ?A, divided by the main-beameÆ
ien
y, �mb) for lines where no dete
tion was made are the rms noise values; theseare indi
ated by a \less than" sign in the table. Integrated intensities of lines whi
hwere not 
learly dete
ted are 
al
ulated using the following expression,Iv � 3��p2 r2 vexp�vres��vres = 3�(2n)1=2�vres: (2.1)where � is the rms noise in the spe
trum, vexp the expansion velo
ity, �vres thevelo
ity resolution of the spe
trum and n the number of 
hannels 
overing the linewidth. This gives a somewhat optimisti
 view of the integrated intensity of the line,and hen
e any fra
tional abundan
e 
al
ulation using this value will be stri
tly anupper limit.Almost all lines observed in IRC+10216 by the SEST were observed in the samesour
e with the OSO 20m teles
ope. The majority of those whi
h were not aredue to the la
k of a 1.3mm re
eiver at OSO. A large proportion of these lineswere observed in the remaining six sour
es. Some example spe
tra are shown inFigs. 2.1-2.2; the remaining spe
tra are available online (see Appendix B).
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Table 2.3: Dete
ted lines in the sample of 
arbon starsMole
ule Transition Frequen
y IRC+10216 (SEST) IRC+10216 (OSO) IRAS15194-5115 IRAS15082-4808Tmb R Tmbdv Tmb R Tmbdv Tmb R Tmbdv Tmb R Tmbdv[MHz℄ [K℄ [K km s�1℄ [K℄ [K km s�1℄ [K℄ [K km s�1℄ [K℄ [K km s�1℄HC5N J=32{31 85201.348 0.15 4.78 | | < 0.01 < 0.13 < 0.01 < 0.10C3H2 21;2{10;1 85338.905 0.11 2.49 | | 0.02 0.84 < 0.01 < 0.10C4H N=9{8, J=19/2{17/2 85634.00 0.20 9.60 | | | | < 0.01 < 0.05C4H N=9{8, J=17/2{15/2 85672.57 0.20 9.60 | | | | < 0.01 < 0.05C2S 6(7){5(6) 86181.413 < 0.03 < 0.46 < 0.04 < 0.76 < 0.07 < 0.11 < 0.04 < 0.06H13CN J=1{0 86340.184 3.23 87.20 3.86 114.14 0.57 20.93 0.09 3.06C3S J=15{14 86708.379 < 0.02 < 0.30 < 0.03 < 0.65 < 0.01 < 0.08 < 0.01 < 0.06SiO J=2{1 86846.998 0.71 20.40 0.95 24.48 0.16 5.33 0.07 1.84HN13C J=1{0 87090.859 < 0.04 < 0.62 | | 0.02 1.11 < 0.01 < 0.11C2H N=1{0 87316.925 0.52 41.60 0.66 49.48 0.13 11.50 0.04 4.04HCN J=1{0 88631.847 7.80 190.93 9.14 214.04 0.55 15.33 0.37 11.26C3N N=9{8, J=19/2{17/2 89045.59 0.31 9.19 | | < 0.01 < 0.07 < 0.01 < 0.09C3N N=9{8, J=17/2{15/2 89064.36 0.31 9.19 | | < 0.01 < 0.07 < 0.01 < 0.09HC5N J=34{33 90525.892 0.16 2.58 < 0.03 < 0.67 | | < 0.01 < 0.10HC13CCN J=10{9 90593.059 0.09 1.98 < 0.03 < 0.34 0.02 0.76 < 0.01 < 0.05HCC13CN J=10{9 90601.791 0.09 1.98 < 0.03 < 0.34 0.02 0.76 < 0.01 < 0.05HNC J=1{0 90663.543 0.74 26.49 0.58 17.22 0.08 3.72 0.05 1.70SiS J=5{4 90771.546 1.14 35.54 1.07 39.47 0.05 2.78 0.03 1.58HC3N J=10{9 90978.993 2.42 64.59 2.00 52.63 0.09 3.71 0.11 4.1513CS J=2{1 92494.299 0.07 2.97 | | 0.06 2.67 < 0.01 < 0.10SiC2 40;4{30;3 93063.639 0.46 14.60 | | | | 0.03 0.40HC5N J=35{34 93188.127 0.12 5.50 | | | | < 0.01 < 0.10C4H N=10{9, J=21/2{19/2 95150.32 0.19 6.08 0.18 8.75 0.04 1.95 0.02 0.47C4H N=10{9, J=19/2{17/2 95188.94 0.19 6.08 0.18 8.75 0.04 1.95 0.02 0.47SiC2 42;2{32;1 95579.389 0.32 10.73 | | | | < 0.01 < 0.08C34S J=2{1 96412.982 0.15 5.66 | | | | | |CS J=2{1 97980.968 2.92 81.23 4.06 118.89 0.37 15.21 0.25 8.44C3H 2�1=2,9/2{7/2 97995.450 0.18 11.27 0.28 14.54 0.01 0.64 < 0.01 < 0.11SO J=3{2 99299.879 < 0.02 < 0.25 | | | | | |HC3N J=11{10 100076.389 2.21 53.84 | | | | | |HC13CCN J=12{11 108710.523 0.09 2.34 0.14 1.22 0.01 0.39 < 0.01 < 0.03HCC13CN J=12{11 108721.008 0.09 2.34 0.14 1.22 0.01 0.39 < 0.01 < 0.0313CN N=1{0 108780.201 0.11 8.56 0.24 6.07 0.02 2.18 < 0.01 < 0.05C3N N=11{10, J=23/2{21/2 108834.27 0.39 11.76 0.64 18.00 0.01 0.68 0.02 0.63C3N N=11{10, J=21/2{19/2 108853.02 0.39 11.76 0.64 18.00 0.01 0.68 0.02 0.63SiS J=6{5 108924.267 1.10 30.00 1.86 52.40 0.05 2.44 0.04 1.14HC3N J=12{11 109173.634 2.03 52.39 | | 0.07 3.16 0.08 2.79C18O J=1{0 109782.160 0.02 0.76 | | | | < 0.01 < 0.1713CO J=1{0 110201.353 1.69 26.62 2.50 36.40 0.31 14.93 0.06 1.82CH3CN 6(1){5(1) 110381.404 0.09 4.77 < 0.05 < 1.42 < 0.01 < 0.18 < 0.01 < 0.23C2S 8(9){7(8) 113410.207 < 0.03 < 0.48 < 0.07 < 1.96 < 0.02 < 0.53 < 0.01 < 0.11CN N=1{0 113490.982 3.43 238.43 3.88 310.20 0.13 16.43 0.19 14.71CO J=1{0 115271.204 10.29 269.43 20.83 542.71 1.27 55.86 1.11 36.71SiC2 50;5{40;4 115382.38 0.80 21.43 1.60 39.38 0.07 2.66 0.03 0.82C18O J=2{1 219560.319 0.15 4.21 | | | | | |13CO J=2{1 220398.686 3.85 79.62 | | 0.90 35.58 0.15 5.76CH3CN 12(0){11(0) 220747.268 0.17 2.80 | | < 0.05 < 1.01 < 0.03 < 0.48CN N=2{1 226874.564 2.55 231.18 | | 0.15 17.06 0.20 11.32CO J=2{1 230538.000 34.60 799.00 | | 4.20 150.00 2.54 69.40CS J=5{4 244935.606 16.57 405.53 | | 0.77 32.34 0.47 10.89HCN J=3{2 265886.432 45.10 1010.24 | | 4.69 139.76 0.88 20.83
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Table 2.3: (
ont.) Dete
ted lines in the sample of 
arbon starsMole
ule Transition Frequen
y IRAS07454-7112 CIT6 AFGL3068 IRC+40540Tmb R Tmbdv Tmb R Tmbdv Tmb R Tmbdv Tmb R Tmbdv(MHz) (K) (K kms�1) (K) (K kms�1) (K) (K kms�1) (K) (K kms�1)C2S 6(7){5(6) 86181.413 < 0.01 < 0.07 < 0.02 < 0.36 < 0.02 < 0.44 < 0.01 < 0.28H13CN J=1{0 86340.184 0.07 1.45 0.15 3.13 0.13 3.76 0.13 3.85C3S J=15{14 86708.379 < 0.01 < 0.07 < 0.01 < 0.23 < 0.02 < 0.47 < 0.01 < 0.21SiO J=2{1 86846.998 0.03 0.52 0.17 3.16 < 0.02 < 0.47 0.04 0.94HN13C J=1{0 87090.859 < 0.01 < 0.08 < 0.01 < 0.23 < 0.02 < 0.47 < 0.01 < 0.25C2H N=1{0 87316.925 < 0.01 < 0.09 0.10 5.81 0.09 5.94 < 0.01 < 1.78HCN J=1{0 88631.847 0.19 4.43 0.77 18.07 0.39 8.97 0.26 8.24C3N N=9{8, J=19/2{17/2 89045.59 < 0.01 < 0.07 | | | | | |C3N N=9{8, J=17/2{15/2 89064.36 < 0.01 < 0.06 | | | | | |HC5N J=34{33 90525.892 0.02 0.06 < 0.01 < 0.21 < 0.01 < 0.21 < 0.02 < 0.37HC13CCN J=10{9 90593.059 0.01 0.13 < 0.01 < 0.11 < 0.01 < 0.10 0.08 0.35HCC13CN J=10{9 90601.791 0.01 0.13 < 0.01 < 0.11 < 0.01 < 0.10 0.08 0.35HNC J=1{0 90663.543 0.02 0.50 0.13 2.95 0.06 1.18 0.09 1.42SiS J=5{4 90771.546 0.03 1.07 0.04 0.59 0.04 0.59 0.15 4.11HC3N J=10{9 90978.993 0.06 1.39 0.19 5.17 0.12 3.37 0.19 6.1613CS J=2{1 92494.299 < 0.01 < 0.04 | | | | | |SiC2 40;4{30;3 93063.639 0.01 0.13 | | | | | |HC5N J=35{34 93188.127 < 0.01 < 0.04 | | | | | |C4H N=10{9, J=21/2{19/2 95150.32 < 0.01 < 0.03 < 0.01 < 0.13 | | | |C4H N=10{9, J=19/2{17/2 95188.94 < 0.01 < 0.03 < 0.01 < 0.13 | | | |SiC2 42;2{32;1 95579.389 < 0.01 < 0.06 | | | | | |CS J=2{1 97980.968 0.13 2.53 0.67 16.91 0.14 3.93 0.30 9.56C3H 2�1=2,9/2{7/2 97995.450 < 0.01 < 0.09 < 0.02 < 0.55 < 0.01 < 0.31 < 0.02 < 0.45HC13CCN J=12{11 108710.523 0.01 0.08 0.05 0.44 < 0.01 < 0.14 < 0.01 < 0.09HCC13CN J=12{11 108721.008 0.01 0.08 0.05 0.44 < 0.01 < 0.14 < 0.01 < 0.0913CN N=1{0 108780.201 0.01 0.73 0.05 4.21 < 0.01 < 0.28 < 0.01 < 0.18C3N N=11{10, J=23/2{21/2 108834.27 0.01 0.23 0.10 2.19 0.05 1.34 0.03 0.70C3N N=11{10, J=21/2{19/2 108853.02 0.01 0.23 0.10 2.19 0.05 1.34 0.03 0.70SiS J=6{5 108924.267 0.03 0.88 0.19 3.62 0.15 2.23 0.07 1.91HC3N J=12{11 109173.634 0.06 1.48 | | | | | |13CO J=1{0 110201.353 0.09 2.10 0.40 5.90 0.17 9.33 0.22 4.39CH3CN 6(1){5(1) 110381.404 < 0.01 < 0.12 < 0.01 < 0.29 < 0.03 < 0.83 < 0.03 < 0.72C2S 8(9){7(8) 113410.207 < 0.01 < 0.10 < 0.03 < 0.89 < 0.02 < 0.53 < 0.02 < 0.64CN N=1{0 113490.982 0.17 10.30 1.12 61.84 0.09 5.97 0.41 21.84CO J=1{0 115271.204 1.16 25.57 3.52 105.00 2.08 47.08 1.94 41.88SiC2 50;5{40;4 115382.38 < 0.01 < 0.24 0.23 6.71 < 0.02 < 0.62 < 0.03 < 0.7513CO J=2{1 220398.686 0.25 7.34 | | | | | |CH3CN 12(0){11(0) 220747.268 0.04 0.67 | | | | | |CN N=2{1 226874.564 0.41 20.59 | | | | | |CO J=2{1 230538.000 2.60 50.00 | | | | | |CS J=5{4 244935.606 0.49 8.12 | | | | | |HCN J=3{2 265886.432 0.50 8.82 | | | | | |
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arbon stars2.3 Data analysisThese data were put to two primary uses: �rstly, a non-LTE radiative transfermodel was used to 
al
ulate mass-loss rates and expansion velo
ities from the COline emission. Se
ondly, the 
al
ulated mass-loss rates, expansion velo
ities, andthe integrated intensities taken from the data were used to 
al
ulate the fra
tionalabundan
es of mole
ular spe
ies.2.3.1 Radiative transfer modellingIn order to further 
onstrain the radiative transfer modelling, the JCMT publi
ar
hive was sear
hed for 
omplementary CO and 13CO line observations (generally,higher J transitions). In addition, interferometri
 observations of the CO(J=1{0)brightness distribution around some of the sample stars have been performed (Neriet al. 1998) using the Plateau de Bure interferometer (PdBI), Fran
e.The Monte Carlo method (Bernes 1979) is used to determine the steady-statelevel populations of the CO mole
ules in the envelope as a fun
tion of distan
e fromthe star, using the statisti
al equilibrium equations. In addition, the 
ode simul-taneously solves the energy balan
e equation in
luding the most relevant heatingand 
ooling pro
esses. Heating is dominated by 
ollisions between the dust andgas ex
ept in the outermost parts of the envelope where the photoele
tri
 e�e
te�e
tively heats the envelope. Cooling is generally dominated by mole
ular line
ooling from CO but adiabati
 
ooling due to the expansion of the envelope is alsoimportant. The ex
itation analysis allows for a self-
onsistent treatment of CO line
ooling.The observed 
ir
umstellar CO line emission is modelled taking into a

ount50 rotational levels in ea
h of the fundamental and �rst ex
ited vibrational states.The energy levels and radiative transition probabilities from Chandra et al. (1996)are used. The 
ollisional rates of CO with H2 by Flower (2001) have been adoptedassuming an ortho-to-para ratio of 3. For temperatures above 400K the rates fromS
hinke et al. (1985) were used and further extrapolated to in
lude transitions upto J=50. The same set of 
ollisional rates were used for all CO isotopomers.The envelopes are assumed to be spheri
ally symmetri
 and to expand at a
onstant velo
ity and the model in
ludes the radiation emitted from the 
entral star.Dust present around the star will absorb parts of the stellar radiation and re-emitit at longer wavelengths. For simpli
ity, the 
entral radiation �eld is represented byone or two bla
kbodies at temperatures and luminosities given in Table 2.1 and is
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Figure 2.1: Low-resolution spe
tra of IRAS07454-7112, obtained with the SEST.
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Figure 2.2: Low-resolution spe
tra of IRAS07454-7112, obtained with the SEST.



Chapter 2 61 The 
hemistry of 
arbon starsdetermined from a �t to the observed spe
tral energy distribution (SED). The innerradius of the 
ir
umstellar envelope is taken to reside outside that of the 
entralbla
kbodies. This pro
edure provides a good des
ription of the radiation �eld towhi
h the envelope is subje
ted. A more in-depth des
ription of the Monte Carlo-based model 
an be found in S
h�oier (2000), S
h�oier & Olofsson (2001) and Woodset al. (2003b).In this modelling there are two prin
ipal free parameters, the mass-loss rate ( _M)and the so-
alled h-parameter, whi
h 
ontains information about individual dustgrains and 
ontrols the amount of heating through dust-gas 
ollisions.h = � 	0:01��2:0 g 
m�3�d ��0:05�mad � ; (2.2)where 	 is the dust-to-gas mass ratio, �d the mass density of a dust grain, andad the size of a dust grain (assumed not to vary), and the adopted values of theseparameters are also given. The mass-loss rate and the h-parameter were allowed tovary simultaneously.The best �t 
ir
umstellar model for a parti
ular sour
e is estimated from a �2-analysis (for details see S
h�oier & Olofsson 2001) using observed 12CO integratedintensities and assuming a 15{20% 
alibration un
ertainty. The number of obser-vational 
onstraints used in the modelling is shown in Table 2.4, together with theredu
ed �2 of the best �t model. In all the 
ases �2red�1, indi
ating good �ts.Using the envelope parameters derived from the 12CO modelling, the abun-dan
e of 13CO was estimated using the same radiative transfer 
ode. The derived12CO/13CO-ratios are presented in Table 2.4. The �ts to the observed 13CO emis-sion are good in all 
ases with �2red.1. The quality of the �ts further strengthenthe adopted physi
al models for the envelopes. The 12CO/13CO-ratio derived inthis manner allows the assumption of opti
ally thin emission made in Se
t. 2.3.2to be tested for those mole
ular spe
ies where the isotopomer 
ontaining 13C hasbeen dete
ted. All the sample stars, ex
ept for IRAS15194-5115 (to be dis
ussed inSe
t. 2.4.2), have inferred 12C/13C-ratios in the range � 20� 50.
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Table 2.4: Summary of 
ir
umstellar properties derived from the CO modelling (see text for details)Sour
e _M h N b �2red
 vexp ( _M=vexp)? rdp d 12COe[M� yr�1℄ [km s�1℄ ( _M=vexp)10216 [
m℄ [
m℄ 13COIRAS07454-7112 5.0 (-6) 1.5a 2 0.1 13.0 0.46 3.0 (17) 2.4 (16) 17IRC+10216 1.2 (-5) 1.5 27 1.4 14.5 1.00 3.7 (17) 5.5 (16) 45CIT6 5.0 (-6) 2.3 20 0.8 17.0 0.36 1.9 (17) 2.8 (16) 35IRAS15082-4808 1.0 (-5) 1.5a 2 0.2 19.5 0.62 2.5 (17) 3.5 (16) 35IRAS15194-5115 1.2 (-5) 2.8 10 0.9 21.5 0.67 3.2 (17) 7.2 (16) 6AFGL3068 2.0 (-5) 2.5 4 1.6 14.0 1.72 3.8 (17) 1.2 (17) 30IRC+40540 1.5 (-5) 1.5 7 1.0 14.0 1.29 4.0 (17) 7.3 (16) 50(a) Adopted value(b) Number of observational 
onstraints used in the 12CO modelling(
) Redu
ed �2 of the best �t 12CO model(d) rp is the photodisso
iation radius of CO(e) Determined from radiative transfer modelling of both 12CO and 13CO emission
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hemistry of 
arbon starsThe 
ir
umstellar envelopes (CSEs) of all the sample stars have similar physi
alproperties. However, the stars presented here are losing mass at a signi�
antlyhigher rate than the average 
arbon star: S
h�oier & Olofsson (2001) measure amedian mass-loss rate for 
arbon stars of �3�10�7M� yr�1, based on a sample of
arbon stars 
omplete within � 600 p
 from the sun. This suggests that the starsin the sample presented here are going through the super-wind phase of evolution(e.g., Vassiliadis & Wood 1993) at the end of the AGB, and will soon eje
t theentire stellar mantle.2.3.2 Fra
tional abundan
e 
al
ulationsA full radiative transfer analysis of the wealth of mole
ular data presented here isbeyond the s
ope of this work. A detailed treatment of the ex
itation would have toin
lude the e�e
ts of dust emission and absorption in addition to a

urate rates for
ollisional ex
itation of the mole
ules. Instead, abundan
es have been 
al
ulatedfor spe
ies with emission that is expe
ted to be opti
ally thin. In the 
ase that theemission is opti
ally thi
k, the 
al
ulated abundan
es under this assumption willbe lower limits.The 
al
ulation of isotope ratios of various spe
ies (as shown in Table 2.8) showsin general that many lines are opti
ally thi
k (i.e., the ratio derived from observa-tions is lower than the 12CO/13CO abundan
e ratio derived from the radiativetransfer analysis). Where this is the 
ase, the abundan
e of the main isotope (viz.,CN, CS and HC3N) has been 
al
ulated by s
aling the abundan
e of the less abun-dant isotope by the 12CO/13CO-ratio. This is indi
ated by the bold-fa
ed type inTable 2.7.In the 
al
ulation of mole
ular abundan
es the 
ir
umstellar envelope is assumedto have been formed by a wind with a 
onstant mass-loss rate and to expand witha 
onstant velo
ity, su
h that the total density distribution follows an r�2 law. It isfurther assumed that the fra
tional abundan
e of a spe
ies is 
onstant in the radialrange ri to re and zero outside it. The ex
itation temperature was assumed to be
onstant throughout the emitting region. With these assumptions Olofsson et al.(1990b) have shown that for a given mole
ular transition,Z Tmbdv = 
22k�2 [B�(Tex)�B�(Tbg)℄� guAul8� 
3�3 (1� e�h�=kTex)Z e�El=kTex
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arbon stars� fX _MH2vexpmH2BD Z xexi e�4ln(2)x2dx; (2.3)where 
 is the speed of light, h the Plan
k 
onstant, k the Boltzmann 
onstant,B� the Plan
k fun
tion, Tex the ex
itation temperature, Tbg is taken to be thebla
kbody temperature of the 
osmi
 ba
kground radiation at 2.7K, mH2 is themass of an H2 mole
ule, vexp the expansion velo
ity of the 
ir
umstellar envelope,B the FWHM of the teles
ope beam, D the assumed distan
e, _MH2 the mass-lossrate, Z the partition fun
tion, � the frequen
y of the line, gu the statisti
al weightof the upper level, Aul the Einstein 
oeÆ
ient for the transition, El the energy ofthe lower transition level, and xi;e = ri;e=BD. The integral over x takes 
are of thebeam �lling. However, if r � BD, the integral 
an be simpli�ed to (re � ri)=BD.This is the 
ase in the furthest sour
es, IRAS07454-7112, CIT6 and IRAS15082-4808. However, for the CN emission from these sour
es, whi
h tends to be veryextended, and for the remaining four sour
es, the full integral is 
al
ulated. Theabundan
e of HCN is not 
al
ulated using Eq. 2.3 sin
e the line is 
ertainly opti
allythi
k, but in all 
ases only by s
aling the abundan
e of H13CN by the 
al
ulated12CO/13CO-ratio.The following subse
tions des
ribe some of the important fa
tors in Eq. 2.3:2.3.2.1 Ex
itation temperature, TexOf importan
e in the radiative transfer analysis is the ex
itation (rotational) tem-perature assumed for the mole
ular emission. Generally, the ex
itation temperaturewill depend on the spe
ies (and transition) observed. When two or more transitionsof the same mole
ule are observed, it is possible to make an estimate of the rota-tion temperature (Trot) of that mole
ule using Eq. 2.3. The rotation temperature isthe ex
itation temperature for a parti
ular rotational transition, and will generallydi�er from the ex
itation temperature assumed for all transitions. If the assumedex
itation temperature is reasonable, this di�eren
e should be small. It is assumedthat a mole
ular spe
ies is ex
ited over the same radial range, and a

ording to asingle temperature. The results are shown in Table 2.5. It is 
lear that the rota-tional temperatures vary from sour
e to sour
e and between mole
ular spe
ies inthe range � 3� 30K, as to be expe
ted. Hen
e the average ex
itation temperatureis 8.7K (averaged over the individual ex
itation temperatures for all sour
es, ratherthan mole
ular spe
ies). A generi
 value of 10K was assumed for all the abundan
esestimated.
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Table 2.5: Rotation temperaturesSour
e 13CO CN CS C3N C4H HCN2{1/1{0 2{1/1{0 5{4/2{1 11{10/10{9 10{9/9{8 3{2/2{1IRAS07454-7112 7.0 5.2 11.3 | | 5.7IRC+10216 (S) 6.3 3.9 13.7 17.9 5.3 7.8IRAS15082-4808 6.5 3.6 8.3 | | 5.6IRAS15194-5115 5.6 4.0 9.7 | | 9.7Average 6.4 4.2 10.8 17.9 5.3 7.2Sour
e H(13)C3N HC3N HC5N SiC2 SiS12{11/10{9 12{11/10{9 34{33/32{31 5-4/4-3 6{5/5{4 AverageIRAS07454-7112 8.5 15.2 | | 5.7 8.4IRC+10216 (S) 17.8 10.7 10.0 11.6 5.8 10.1IRC+10216 (O) | | | | 11.8 11.8IRAS15082-4808 | 8.9 | 37.1 5.0 10.7IRAS15194-5115 7.2 11.3 | | 6.1 7.7IRC+40540 | | | | 3.5 3.5Average 11.2 11.5 10.0 24.4 6.3 8.7
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arbon stars2.3.2.2 The partition fun
tion, ZAll mole
ules are assumed to be linear, rigid rotators, ex
ept for SiC2 and C3H2whi
h are asymmetri
 tops and CH3CN, whi
h is a prolate symmetri
 top. EinsteinA-
oeÆ
ients (where available) and energy levels are taken from Chandra & Rashmi(1998) for SiC2 , from Vrtilek et al. (1987) for C3H2, and from Bou
her et al. (1980)for CH3CN.The partition fun
tion, Z, is 
al
ulated assuming that no mole
ules have ahyper�ne stru
ture, i.e., as having simple rotational energy diagrams. Hen
e theintegrated intensities whi
h are summed over all hyper�ne 
omponents are used.For C3H2, CH3CN and SiC2 the approximate expression for an asymmetri
 rotor(Townes & S
hawlow 1975) is used, multiplied by 2 for C3H2, by 4 for CH3CN(to a

ount for spin statisti
s) and by 1/2 for SiC2 (sin
e half of the energy levelsare missing be
ause of spin statisti
s). It is assumed that all levels are populateda

ording to the same Tex.2.3.2.3 Sizes of emission regions, re � riThe 
hemi
al ri
hness observed towards 
arbon stars 
an be qualitatively under-stood in terms of a photodisso
iation model (see the review by Glassgold 1996).Carbon-bearing mole
ules like CO, C2H2, HCN and CS, in addition to Si-bearingmole
ules like SiS and SiO, are all thought to be of photospheri
 origin where theyare formed in 
onditions 
lose to LTE. The photodisso
iation of these so-
alledparent spe
ies produ
es various radi
als and ions that, in turn, drive a 
omplex
hemistry through ion-mole
ule and neutral-neutral rea
tions. For example, theradi
als C2H and CN are the photodisso
iation produ
ts of C2H2 and HCN, respe
-tively. In addition, the formation of dust in the CSE will a�e
t the abundan
es ofsome of the spe
ies, in parti
ular SiO and SiS, whi
h 
ondense onto dust grains.All other spe
ies observed in the sample of stars are thought to be produ
ts of the
ir
umstellar 
hemistry.To 
al
ulate the radial extent of the mole
ules HCN, CN, C2H and CS thephotodisso
iation model of Huggins & Glassgold (1982) is adopted. The photodis-so
iation radius of parent spe
ies (fX, viz., HCN, C2H2, CS) is determined bydfXdr = �G0;Xvexp e�dX=rfX (2.4)
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arbon starsTable 2.6: Photodisso
iation ratesMole
ule G0[s�1℄HCN 1.1 10�9CN 2.5 10�10C2H2 2.1 10�9C2H 3.4 10�10SiS 6.3 10�10CS 6.3 10�10SiO 6.3 10�10and of a daughter (fXd, viz., C2H) bydfXddr = G0;Xvexp e�dX=rfX � G0;Xdvexp e�dXd=rfXd: (2.5)G0 is the unshielded photodisso
iation rate (see Table 2.6) and dX is the dustshielding distan
e, given by: dX = 1:4 3QX4ad�d _Md4�vd ; (2.6)where Q is the dust absorption eÆ
ien
y, _Md the dust mass-loss rate, and vd theexpansion velo
ity of the dust grains (Jura &Morris 1981). Sin
e di�erent mole
ulesare generally disso
iated at di�erent wavelengths the adopted value of Q will dependon the spe
ies under study. However, the wavelength dependen
e of Q in the regionof interest, �1000{3000�A, is weak (e.g., Suh 2000) and a generi
 value of 1.0 formost spe
ies of interest here is adopted. However, the shielding distan
e of CN istaken to be a fa
tor of 1.2 greater than that used for HCN (Truong-Ba
h et al.1987). Introdu
ing the h-parameter de�ned in Eq. 2.2 the dust shielding distan
emay now be expressed as d = 5:27 1022 h _Mvd 
m; (2.7)where the H2 mass-loss rate _M is given in M� yr�1 and vd in km s�1. A gas-to-dustmass ratio of 0.01 was assumed.There will generally be a drift velo
ity between the dust and the gas (e.g., S
h�oier
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hemistry of 
arbon stars& Olofsson 2001) vd � vexp =sLvexphQi_M
 ; (2.8)where L is the bolometri
 luminosity of the star, 
 the speed of light, and hQi isthe 
ux-averaged momentum transfer eÆ
ien
y. The drift velo
ity also enters intothe expression of the heating 
aused by dust-gas 
ollisions. In the self-
onsistenttreatment of the energy balan
e in the 
ir
umstellar envelope a value of 0.03 wasassumed for hQi, whi
h is also retained here. Photodisso
iation rates are taken fromvan Dishoe
k (1988), with the assumption that SiS has the same photodisso
iationrate as CS (
on�rmed to within a fa
tor 2 by the UMIST Rate�le1). The 
al
ulatedshielding distan
es and rate 
oeÆ
ients are shown in Tables 2.4 and 2.6, respe
tively.The photodisso
iation radii of spe
ies formed in the photosphere were 
hosento be the e-folding radii of the initial abundan
es, i.e., fX(re) = fX(R?)=e, whereR? is the stellar radius. For the photodisso
iation produ
ts inner and outer radiiare 
hosen to be where the abundan
e has dropped to 1/e of its peak value. Theenvelope sizes 
al
ulated by the simple photodisso
iation model agree relatively wellwith observed values in IRC+10216 and other obje
ts, ex
ept in the 
ase of SiS (seenext paragraph). Lindqvist et al. (2000) used a detailed radiative transfer methodand observed brightness distributions to derive envelope sizes of HCN and CN. ForIRC+10216 and IRC+40540 they found envelope sizes of �4�1016 
m for HCN and�5�1016 
m for CN, in ex
ellent agreement with the values derived here from thephotodisso
iation model. In the 
ase of CIT6 the observed HCN envelope size islarger than that 
al
ulated by a fa
tor of 2. Envelope sizes and derived abundan
esare given in Table 2.7.SiO and SiS are parent spe
ies with a radial extent (partially) depending on pho-todisso
iation. The 
al
ulation of the SiS photodisso
iation radius in IRC+10216is not 
onsistent with the radius observed by Bieging & Tafalla (1993). Thereforethe observed radius for SiS in IRC+10216 was used in the abundan
e 
al
ula-tions, and its radius was s
aled for the other obje
ts in the sample with the fa
tor( _M=vexp)?=( _M=vexp)10216. This fa
tor is proportional to the density ratio at a givenradius, and also (to the �rst order) to the ratio of the envelope shielding distan
es.The outer radius 
al
ulated via the photodisso
iation model is a
tually slightlylarger than that observed. This gives 
reden
e to the idea that SiS freezes out ontograins. SiO is treated in the same way as SiS sin
e it too is likely to freeze out onto1http://www.rate99.
o.uk
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arbon starsgrains. Hen
e the same envelope size as SiS was adopted for this spe
ies.For those mole
ules whi
h have their origin in a 
ir
umstellar 
hemistry a dif-ferent approa
h is used. The sizes of the emission regions of HNC and HC3N havebeen determined interferometri
ally for IRC+10216 using observations by Bieging& Nguyen-Quang-Rieu (1988a), and of SiC2 by Lu
as et al. (1995) (see Se
t. 1.6.2.5for examples). Inner and outer radii for HNC, HC3N and SiC2 are taken from ob-servations of IRC+10216, and s
aled by ( _M=vexp)?=( _M=vexp)10216 for the remainingsix sample 
arbon stars (sin
e mole
ular distributions have not been mapped inall the sample stars; see Table 2.4 for values of this ratio). Chemi
al modellingshows that the spe
ies C3H, C4H, C3H2, C3N, CH3CN, HC5N, SO, C2S and C3Sare formed via 
hemi
al rea
tions in the outer envelope (e.g., Millar & Herbst 1994).Furthermore, it shows that the spe
ies C3H, C4H, C3H2 and C3N have a similarradial distribution to HNC, and that the spe
ies CH3CN and HC5N are similarlydistributed to HC3N. Hen
e 
orresponding radii for these spe
ies are assumed inthe 
al
ulations. SO is assumed to have a similar distribution to CN (
.f., Nejad& Millar 1988), and C2S and C3S are assumed to follow the CS distribution (
.f.,Millar et al. 2001), although these latter two spe
ies are not parent mole
ules (andhen
e are given an inner radius equal to that of HC3N). All isotopes (i.e., spe
iesinvolving 13C and 34S) are further assumed to have the same distributions as themain isotope.
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Table 2.7: Abundan
es and sizes of emission regionsaMole
ule IRC+10216 (SEST) IRC+10216 (OSO) IRAS15194-5115 IRAS15082-4808ri re fX ri re fX ri re fX ri re fX[
m℄ [
m℄ [X℄/[H2℄ [
m℄ [
m℄ [X℄/[H2℄ [
m℄ [
m℄ [X℄/[H2℄ [
m℄ [
m℄ [X℄/[H2℄CN(1{0) 2.6 (16) 7.1 (16) 3.4 (-06) 2.6 (16) 7.1 (16) 2.1 (-06) 3.5 (16) 9.6 (16) 2.1 (-06) 2.0 (16) 6.2 (16) 3.2 (-06)13CN(1{0) 2.6 (16) 7.1 (16) 7.6 (-08) 2.6 (16) 7.1 (16) 4.6 (-08) 3.5 (16) 9.6 (16) 3.0 (-07) 2.0 (16) 6.2 (16) < 1.3 (-08)CN(2{1) 2.6 (16) 7.1 (16) 9.6 (-07) 2.6 (16) 7.1 (16) | 3.5 (16) 9.6 (16) 3.5 (-07) 2.0 (16) 6.2 (16) 3.8 (-07)CS(2{1) 4.0 (16) 9.9 (-07) 4.0 (16) 4.6 (-07) 5.5 (16) 2.3 (-06) 3.3 (16) 2.2 (-06)13CS(2{1) 4.0 (16) 2.2 (-08) 4.0 (16) | 5.5 (16) 5.0 (-07) 3.3 (16) < 3.1 (-08)C34S(2{1) 4.0 (16) 3.7 (-08) 4.0 (16) | 5.5 (16) | 3.3 (16) |CS(5{4) 4.0 (16) 1.2 (-06) 4.0 (16) | 5.5 (16) 1.6 (-06) 3.3 (16) 9.0 (-07)C2S(6,7{5,6) 1.2 (16) 4.0 (16) < 4.6 (-09) 1.2 (16) 4.0 (16) < 4.5 (-09) 8.0 (15) 5.5 (16) < 2.4 (-08) 7.4 (15) 3.3 (16) < 3.1 (-08)C2S(8,9{7,8) 1.2 (16) 4.0 (16) < 4.1 (-09) 1.2 (16) 4.0 (16) < 9.5 (-09) 8.0 (15) 5.5 (16) < 3.5 (-08) 7.4 (15) 3.3 (16) < 4.8 (-08)C3S(15-14) 1.2 (16) 4.0 (16) < 1.2 (-08) 1.2 (16) 4.0 (16) < 1.5 (-08) 8.0 (15) 5.5 (16) < 7.2 (-08) 7.4 (15) 3.3 (16) < 1.3 (-06)SiO(2{1) 2.0 (16) 1.3 (-07) 2.0 (16) 9.6 (-08) 1.3 (16) 1.7 (-06) 3.3 (16) 7.2 (-07)SiS(5{4) 2.0 (16) 1.2 (-06) 2.0 (16) 8.1 (-07) 1.3 (16) 4.9 (-06) 3.3 (16) 3.3 (-06)SiS(6{5) 2.0 (16) 9.0 (-07) 2.0 (16) 9.0 (-07) 1.3 (16) 4.2 (-06) 3.3 (16) 2.0 (-06)SO(3{2) 2.6 (16) 7.1 (16) < 3.5 (-09) 2.6 (16) 7.1 (16) | 3.5 (16) 9.6 (16) | 2.0 (16) 6.2 (16) |HCN(1{0) 3.4 (16) 1.4 (-05) 3.4 (16) 1.1 (-05) 4.6 (16) 1.2 (-05) 2.7 (16) 1.0 (-05)H13CN(1{0) 3.4 (16) 3.1 (-07) 3.4 (16) 2.5 (-07) 4.6 (16) 2.0 (-06) 2.7 (16) 2.9 (-07)HNC(1{0) 2.4 (16) 8.4 (16) 7.2 (-08) 2.4 (16) 8.4 (16) 3.8 (-08) 1.6 (16) 5.6 (16) 3.3 (-07) 1.5 (16) 5.2 (16) 1.6 (-07)HN13C(1{0) 2.4 (16) 8.4 (16) < 1.9 (-09) 2.4 (16) 8.4 (16) | 1.6 (16) 5.6 (16) 1.1 (-07) 1.5 (16) 5.2 (16) < 1.2 (-08)SiC2(4,04{3,03) 2.4 (16) 6.0 (16) 1.6 (-07) 2.4 (16) 6.0 (16) | 1.6 (16) 4.0 (16) | 1.5 (16) 3.7 (16) 3.3 (-07)SiC2(4,22{3,21) 2.4 (16) 6.0 (16) 3.2 (-07) 2.4 (16) 6.0 (16) | 1.6 (16) 4.0 (16) | 1.5 (16) 3.7 (16) < 1.8 (-07)SiC2(5,05{4,04) 2.4 (16) 6.0 (16) 1.7 (-07) 2.4 (16) 6.0 (16) 1.7 (-07) 1.6 (16) 4.0 (16) 1.2 (-06) 1.5 (16) 3.7 (16) 4.9 (-07)C2H(1{0) 2.3 (16) 5.6 (16) 2.8 (-06) 2.3 (16) 5.6 (16) 2.4 (-06) 1.6 (16) 4.8 (16) 1.5 (-05) 1.7 (16) 4.8 (16) 8.3 (-06)C3H(9/2{7/2) 2.4 (16) 8.4 (16) 5.5 (-08) 2.4 (16) 8.4 (16) 5.9 (-08) 1.6 (16) 5.6 (16) 9.2 (-08) 1.5 (16) 5.2 (16) < 1.7 (-08)C3N(9{8) 2.4 (16) 8.4 (16) 3.0 (-07) 2.4 (16) 8.4 (16) | 1.6 (16) 5.6 (16) < 4.9 (-08) 1.5 (16) 5.2 (16) < 1.0 (-07)C3N(11{10) 2.4 (16) 8.4 (16) 5.9 (-07) 2.4 (16) 8.4 (16) 7.6 (-07) 1.6 (16) 5.6 (16) 9.2 (-07) 1.5 (16) 5.2 (16) 9.5 (-07)C4H(9{8) 2.4 (16) 8.4 (16) 3.7 (-06) 2.4 (16) 8.4 (16) | 1.6 (16) 5.6 (16) | 1.5 (16) 5.2 (16) < 6.6 (-07)C4H(10{9) 2.4 (16) 8.4 (16) 2.7 (-06) 2.4 (16) 8.4 (16) 3.2 (-06) 1.6 (16) 5.6 (16) 2.8 (-05) 1.5 (16) 5.2 (16) 6.9 (-06)C3H2(2,12{1,01) 2.4 (16) 8.4 (16) 3.2 (-08) 2.4 (16) 8.4 (16) | 1.6 (16) 5.6 (16) 6.0 (-07) 1.5 (16) 5.2 (16) < 9.3 (-08)HC3N(10{9) 1.2 (16) 6.0 (16) 1.1 (-06) 1.2 (16) 6.0 (16) 4.4 (-07) 8.0 (15) 4.0 (16) 1.9 (-06) 7.4 (15) 3.7 (16) 2.3 (-06)HCC13CN(10{9) 1.2 (16) 6.0 (16) 2.4 (-08) 1.2 (16) 6.0 (16) < 2.8 (-09) 8.0 (15) 4.0 (16) 3.9 (-07) 7.4 (15) 3.7 (16) < 2.7 (-08)HC13CCN(10{9) 1.2 (16) 6.0 (16) 2.4 (-08) 1.2 (16) 6.0 (16) < 2.8 (-09) 8.0 (15) 4.0 (16) 3.9 (-07) 7.4 (15) 3.7 (16) < 2.7 (-08)HC3N(11{10) 1.2 (16) 6.0 (16) 7.5 (-07) 1.2 (16) 6.0 (16) | 8.0 (15) 4.0 (16) | 7.4 (15) 3.7 (16) |HC3N(12{11) 1.2 (16) 6.0 (16) 1.9 (-06) 1.2 (16) 6.0 (16) | 8.0 (15) 4.0 (16) 2.2 (-06) 7.4 (15) 3.7 (16) 2.1 (-06)HCC13CN(12{11) 1.2 (16) 6.0 (16) 4.1 (-08) 1.2 (16) 6.0 (16) 1.5 (-08) 8.0 (15) 4.0 (16) 2.8 (-07) 7.4 (15) 3.7 (16) < 2.0 (-08)HC13CCN(12{11) 1.2 (16) 6.0 (16) 4.1 (-08) 1.2 (16) 6.0 (16) 1.5 (-08) 8.0 (15) 4.0 (16) 2.8 (-07) 7.4 (15) 3.7 (16) < 2.0 (-08)CH3CN(6(1){5(1)) 1.2 (16) 6.0 (16) 1.2 (-08) 1.2 (16) 6.0 (16) < 2.0 (-09) 8.0 (15) 4.0 (16) < 2.5 (-08) 7.4 (15) 3.7 (16) < 4.3 (-08)CH3CN(12(0){11(0)) 1.2 (16) 6.0 (16) < 1.2 (-07) 1.2 (16) 6.0 (16) | 8.0 (15) 4.0 (16) < 2.4 (-06) 7.4 (15) 3.7 (16) < 1.5 (-06)HC5N(32{31) 1.2 (16) 6.0 (16) 3.9 (-06) 1.2 (16) 6.0 (16) | 8.0 (15) 4.0 (16) < 4.5 (-06) 7.4 (15) 3.7 (16) < 3.8 (-06)HC5N(34{33) 1.2 (16) 6.0 (16) 4.2 (-06) 1.2 (16) 6.0 (16) < 7.6 (-07) 8.0 (15) 4.0 (16) | 7.4 (15) 3.7 (16) < 7.4 (-06)HC5N(35{34) 1.2 (16) 6.0 (16) 1.3 (-05) 1.2 (16) 6.0 (16) | 8.0 (15) 4.0 (16) | 7.4 (15) 3.7 (16) < 1.1 (-05)(a) In this table x (y) represents x� 10y.(b) Bold fa
e indi
ates an abundan
e 
al
ulated by s
aling the abundan
e of the 13C isotope of the same spe
ies by the modelled12CO/13CO-ratio (see Se
t. 2.3.2).
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Table 2.7: (
ont.) Abundan
es and sizes of emission regionsaMole
ule IRAS07454-7112 CIT6 AFGL3068 IRC+40540ri re fX ri re fX ri re fX ri re fX
m 
m [X℄/[H2℄ 
m 
m [X℄/[H2℄ 
m 
m [X℄/[H2℄ 
m 
m [X℄/[H2℄CN(1{0) 1.3 (16) 4.1 (16) 5.3 (-06) 1.6 (16) 5.1 (16) 2.0 (-05) 3.2 (16) 8.3 (16) 4.6 (-07) 3.2 (16) 8.3 (16) 1.0 (-06)13CN(1{0) 1.3 (16) 4.1 (16) 4.8 (-07) 1.6 (16) 5.1 (16) 5.8 (-07) 3.2 (16) 8.3 (16) < 2.6 (-08) 3.2 (16) 8.3 (16) < 9.9 (-09)CN(2{1) 1.3 (16) 4.1 (16) 1.6 (-06) 1.6 (16) 5.1 (16) | 3.2 (16) 8.3 (16) | 3.2 (16) 8.3 (16) |CS(2{1) 2.2 (16) 1.6 (-06) 2.7 (16) 2.5 (-06) 4.8 (16) 3.7 (-07) 4.9 (16) 5.4 (-07)13CS(2{1) 2.2 (16) < 2.9 (-08) 2.7 (16) | 4.8 (16) | 4.9 (16) |C34S (2{1) 2.2 (16) | 2.7 (16) | 4.8 (16) | 4.9 (16) |CS(5{4) 2.2 (16) 1.6 (-06) 2.7 (16) | 4.8 (16) | 4.9 (16) |C2S(6,7{5,6) 5.6 (15) 2.2 (16) < 9.1 (-08) 4.3 (15) 2.7 (16) < 1.0 (-07) 1.6 (16) 4.8 (16) < 8.1 (-08) 1.6 (16) 4.9 (16) < 3.0 (-08)C2S(8,9{7,8) 5.6 (15) 2.2 (16) < 1.1 (-07) 4.3 (15) 2.7 (16) < 2.0 (-07) 1.6 (16) 4.8 (16) < 8.0 (-08) 1.6 (16) 4.9 (16) < 5.6 (-08)C3S(15-14) 5.6 (15) 2.2 (16) < 3.6 (-07) 4.3 (15) 2.7 (16) < 2.5 (-07) 1.6 (16) 4.8 (16) < 3.5 (-07) 1.6 (16) 4.9 (16) < 8.9 (-08)SiO(2{1) 9.4 (15) 4.4 (-07) 7.2 (15) 1.0 (-06) 2.6 (16) < 4.7 (-08) 2.6 (16) 5.6 (-08)SiS(5{4) 9.4 (15) 4.8 (-06) 7.2 (15) 1.0 (-06) 2.6 (16) 3.3 (-07) 2.6 (16) 1.4 (-06)SiS(6{5) 9.4 (15) 3.4 (-06) 7.2 (15) 5.2 (-06) 2.6 (16) 1.0 (-06) 2.6 (16) 4.9 (-07)HCN(1{0) 1.8 (16) 7.8 (-06) 2.2 (16) 1.1 (-05) 4.2 (16) 6.3 (-06) 4.2 (16) 6.5 (-06)H13CN(1{0) 1.8 (16) 5.6 (-07) 2.2 (16) 3.0 (-07) 4.2 (16) 2.1 (-07) 4.2 (16) 1.3 (-07)HNC(1{0) 1.1 (16) 4.0 (16) 1.0 (-07) 8.6 (15) 3.0 (16) 2.3 (-07) 3.1 (16) 1.1 (17) 3.0 (-08) 3.1 (16) 1.1 (17) 2.2 (-08)HN13C(1{0) 1.1 (16) 4.0 (16) < 1.8 (-08) 8.6 (15) 3.0 (16) < 2.1 (-08) 3.1 (16) 1.1 (17) < 1.4 (-08) 3.1 (16) 1.1 (17) < 4.4 (-09)SiC2(4,04{3,03) 1.1 (16) 2.8 (16) 2.3 (-07) 8.6 (15) 2.2 (16) | 3.1 (16) 7.8 (16) | 3.1 (16) 7.8 (16) |SiC2(4,22{3,21) 1.1 (16) 2.8 (16) < 2.7 (-07) 8.6 (15) 2.2 (16) | 3.1 (16) 7.8 (16) | 3.1 (16) 7.8 (16) |SiC2(5,05{4,04) 1.1 (16) 2.8 (16) < 3.2 (-07) 8.6 (15) 2.2 (16) 3.1 (-06) 3.1 (16) 7.8 (16) < 7.5 (-08) 3.1 (16) 7.8 (16) < 5.3 (-08)C2H(1{0) 1.1 (16) 3.2 (16) < 4.3 (-07) 1.4 (16) 4.1 (16) 6.9 (-06) 2.8 (16) 6.7 (16) 5.7 (-06) 2.7 (16) 6.7 (16) < 1.0 (-07)C3H(9/2{7/2) 1.1 (16) 4.0 (16) < 3.1 (-08) 8.6 (15) 3.0 (16) < 7.4 (-08) 3.1 (16) 1.1 (17) < 1.4 (-08) 3.1 (16) 1.1 (17) < 1.2 (-08)C3N(9{8) 1.1 (16) 4.0 (16) < 1.6 (-07) 8.6 (15) 3.0 (16) | 3.1 (16) 1.1 (17) | 3.1 (16) 1.1 (17) |C3N(11{10) 1.1 (16) 4.0 (16) 7.3 (-07) 8.6 (15) 3.0 (16) 2.6 (-06) 3.1 (16) 1.1 (17) 5.5 (-07) 3.1 (16) 1.1 (17) 1.1 (-07)C4H(9{8) 1.1 (16) 4.0 (16) | 8.6 (15) 3.0 (16) | 3.1 (16) 1.1 (17) | 3.1 (16) 1.1 (17) |C4H(10{9) 1.1 (16) 4.0 (16) < 8.8 (-07) 8.6 (15) 3.0 (16) < 1.7 (-06) 3.1 (16) 1.1 (17) | 3.1 (16) 1.1 (17) |C3H2(2,12{1,01) 1.1 (16) 4.0 (16) | 8.6 (15) 3.0 (16) | 3.1 (16) 1.1 (17) | 3.1 (16) 1.1 (17) |HC3N(10{9) 5.6 (15) 2.8 (16) 1.7 (-06) 4.3 (15) 2.2 (16) 2.4 (-06) 1.6 (16) 7.8 (16) 5.0 (-07) 1.6 (16) 7.8 (16) 1.5 (-06)HCC13CN(10{9) 5.6 (15) 2.8 (16) 1.5 (-07) 4.3 (15) 2.2 (16) < 4.9 (-08) 1.6 (16) 7.8 (16) < 1.5 (-08) 1.6 (16) 7.8 (16) 3.1 (-08)HC13CCN(10{9) 5.6 (15) 2.8 (16) 1.5 (-07) 4.3 (15) 2.2 (16) < 4.9 (-08) 1.6 (16) 7.8 (16) < 1.5 (-08) 1.6 (16) 7.8 (16) 3.1 (-08)HC3N(11{10) 5.6 (15) 2.8 (16) | 4.3 (15) 2.2 (16) | 1.6 (16) 7.8 (16) | 1.6 (16) 7.8 (16) |HC3N(12{11) 5.6 (15) 2.8 (16) 2.4 (-06) 4.3 (15) 2.2 (16) | 1.6 (16) 7.8 (16) | 1.6 (16) 7.8 (16) |HCC13CN(12{11) 5.6 (15) 2.8 (16) 1.3 (-07) 4.3 (15) 2.2 (16) 2.7 (-07) 1.6 (16) 7.8 (16) < 2.9 (-08) 1.6 (16) 7.8 (16) < 1.1 (-08)HC13CCN(12{11) 5.6 (15) 2.8 (16) 1.3 (-07) 4.3 (15) 2.2 (16) 2.7 (-07) 1.6 (16) 7.8 (16) < 2.9 (-08) 1.6 (16) 7.8 (16) < 1.1 (-08)CH3CN(6(1){5(1)) 5.6 (15) 2.8 (16) < 2.4 (-07) 4.3 (15) 2.2 (16) < 1.3 (-07) 1.6 (16) 7.8 (16) < 1.2 (-07) 1.6 (16) 7.8 (16) < 6.4 (-08)CH3CN(12(0){11(0)) 5.6 (15) 2.8 (16) < 4.6 (-06) 4.3 (15) 2.2 (16) | 1.6 (16) 7.8 (16) | 1.6 (16) 7.8 (16) |HC5N(32{31) 5.6 (15) 2.8 (16) | 4.3 (15) 2.2 (16) | 1.6 (16) 7.8 (16) | 1.6 (16) 7.8 (16) |HC5N(34{33) 5.6 (15) 2.8 (16) 9.2 (-06) 4.3 (15) 2.2 (16) < 1.3 (-05) 1.6 (16) 7.8 (16) < 4.1 (-06) 1.6 (16) 7.8 (16) < 4.5 (-06)HC5N(35{34) 5.6 (15) 2.8 (16) < 8.8 (-06) 4.3 (15) 2.2 (16) | 1.6 (16) 7.8 (16) | 1.6 (16) 7.8 (16) |(a) In this table x (y) represents x� 10y.(b) Bold fa
e indi
ates an abundan
e 
al
ulated by s
aling the abundan
e of the 13C isotope of the same spe
ies by the modelled12CO/13CO-ratio (see Se
t. 2.3.2).
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arbon starsTable 2.8: Mole
ular isotope abundan
e ratiosIRC+10216 (S) IRC+10216 (O) IRAS15194HC3N/HC13CCN(10{9) 32.6 | 4.9HC3N/HC13CCN(12{11) 22.1 | 7.9CS/13CS(2{1) 22.7 | 4.6CN/13CN(1{0) 25.1 46.6 6.7Average 25.6 46.6 6.0Modelling of CO (Table 2.4) 45.0 45.0 6.0IRAS07454 CIT6 IRC+40540HC3N/HC13CCN(10{9) 11.1 | 17.9HC3N/HC13CCN(12{11) 17.8 | |CN/13CN(1{0) 11.0 12.4 |Average 13.3 12.4 17.9Modelling of CO (Table 2.4) 14.0 35.0 50.02.3.3 Un
ertainties in the abundan
e estimatesThe assumption of opti
ally thin emission has a systemati
 e�e
t on the derivedabundan
es, in that the true abundan
e will be higher if there are opa
ity e�e
ts.As 
an be seen from Table 2.8, there 
an be a fa
tor of 2{3 in error from thisassumption.The a

ura
y of the 
al
ulated abundan
es is dependent on various assumptions.Due to the intrinsi
 diÆ
ulties in estimating distan
es to the obje
ts in
luded inthe sample, the typi
al un
ertainty in the adopted distan
e is a fa
tor of �2. Thisin
uen
es the mass-loss rates derived in the radiative transfer modelling su
h thatthe adopted mass-loss rate will s
ale as D1�2. The 
al
ulation of the limiting radiiof a 
ertain mole
ular distribution in the envelope is also a�e
ted by ina

ura
iesin the distan
e estimate. Where radii have been 
al
ulated by s
aling observedradii in IRC+10216, there 
omes an error whi
h s
ales as D. The results fromthe photodisso
iation model will have a lesser dependen
e, with D 
oming intothe expression for the shielding distan
e, via _M . Hen
e the abundan
e, whi
h istrivially derived from Eq. 2.3, will vary as approximately D�1�0, giving a fa
tor of2, possibly, in error.In the present analysis an ex
itation temperature of 10K was assumed for alltransitions. The error in abundan
e estimate due to this assumption will depend onthe ex
itation temperature of a parti
ular transition and the assumption of LTE,and is estimated to be not more than a fa
tor of �2.
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hemistry of 
arbon starsOverall, it seems like an error of a fa
tor of 5 is reasonable to expe
t in theabundan
es presented here, although it should be borne in mind that this 
ouldrise to an order of magnitude. In the 
omparison of abundan
e ratios in Table 2.9,any di�eren
e less than a fa
tor of 5 is treated as insigni�
ant with respe
t to errormargins.2.3.4 Comparison with published abundan
esIn 
omparison with Nyman et al. (1993), derived abundan
e ratios (Table 2.9)have in
reased in favour of IRAS15194-5115 by up to a fa
tor of approximately 4.Individual abundan
es generally show a fa
tor �2 in
rease for those in IRAS15914-5115, and a fa
tor �2 de
rease for IRC+10216, over Nyman et al. (1993).1. In Nyman et al. (1993), the distan
es adopted for IRC+10216 and IRAS15194-5115 were approximately twi
e as large as those here; however this has littlee�e
t on 
al
ulated abundan
es sin
e the distan
e ratio is more or less un-
hanged.2. The 
al
ulated mass-loss rate of IRAS15194-5115 in Nyman et al. (1993) waslarger than that of IRC+10216 by a fa
tor of 2.5, and here the re
al
ulatedmass-loss rates are the same for these two obje
ts. This would tend to in
reasethe abundan
e ratios quoted by a similar fa
tor.3. The photodisso
iation radius depends on the mass-loss rate and the dustparameters through the dust shielding distan
e. Compared to Nyman et al.(1993) this work uses di�erent mass-loss rates, a di�erent gas-to-dust ratio(0.01 
ompared to 0.005), and the dust parameters are also slightly di�erentdue to the determination of the h{fa
tor in the radiative transfer analysis.The s
ale fa
tor that determines the inner and outer radii of the spe
ies witha origin in 
ir
umstellar 
hemistry depends on the ratio of the mass-loss rates.Thus the di�eren
e in relative mass loss rates explains the fa
tor of 4 di�eren
ein relative abundan
es between IRAS15914-5115 and IRC+10216 derived in this
hapter 
ompared to those derived in Nyman et al. (1993).As dis
ussed earlier in this 
hapter the outer radii of SiS and SiO are not deter-mined through the photodisso
iation radius but s
aled from their observed radius inIRC+10216. In this way the 
al
ulated abundan
es of SiO and SiS have in
reasedin by a fa
tor of 4{5 for IRAS15194-5115 
ompared to Nyman et al. (1993). For
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hemistry of 
arbon starsIRC+10216 these spe
ies have the same abundan
e as 
al
ulated previously, andthey are in reasonable agreement with those reported elsewhere in the literature.Bujarrabal et al. (1994) give f(SiO) = 5.6 10�7 and f(SiS) = 3.9 10�6, whi
h are �4times greater, using an outer radius half that quoted in this paper and a distan
eof 200 p
. HNC is also a fa
tor of �6 in disagreement. Better agreement is seenfor the other spe
ies whi
h Bujarrabal et al. (1994) dete
t. Cerni
haro et al. (2000)also 
al
ulate abundan
es in IRC+10216, and are within a fa
tor 5 of those here.Generally, it seems that IRC+10216 has lower abundan
es than IRAS15194-5115, IRAS15082-4808, IRAS07454-7112 and CIT6. However, it is very similar,physi
ally and 
hemi
ally, to AFGL3068 and IRC+40540.The three northern sour
es observed at OSO have also been studied in theliterature, and abundan
es derived. The Bujarrabal et al. (1994) paper in
ludesdata relating to CIT6, AFGL3068 and IRC+40540. All abundan
es 
al
ulatedby Bujarrabal et al. in these three sour
es are greater than those derived here.Distan
es and mass-loss rates are reasonably 
omparable between this work andthat. Generally, this means that the 
al
ulated abundan
es in this paper are lowerby a fa
tor of �2 in CIT6, a fa
tor of �5 in AFGL3068, and a fa
tor of �3 inIRC+40540 
ompared to those derived in Bujarrabal et al. (1994).
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Table 2.9: Abundan
e ratios, 
ompared to IRC+10216 observed with the SEST.IRC+10216 IRAS15194 IRAS15082 IRAS07454 CIT6 AFGL3068 IRC+40540Mole
ule SEST OSOCN(1-0) 1.0 1.1 1.1 1.7 2.8 3.8 0.2 0.513CN(1-0) 1.0 0.6 4.0 | 6.3 7.6 | |CN(2-1) 1.0 | 0.4 0.4 1.7 | | |CS(2-1) 1.0 0.9 4.6 4.3 3.2 5.1 0.7 1.113CS(2-1) 1.0 | 22.7 | | | | |CS(5-4) 1.0 | 1.4 0.8 1.4 | | |SiO(2-1) 1.0 0.7 12.8 5.4 3.3 7.8 | 0.4SiS(5-4) 1.0 0.7 4.0 2.7 3.9 0.8 0.3 1.1SiS(6-5) 1.0 1.0 4.7 2.2 3.8 5.7 1.1 0.5HCN 1.0 0.8 0.9 0.7 0.6 0.8 0.5 0.5H13CN(1-0) 1.0 0.8 6.4 0.9 1.8 1.0 0.7 0.4HNC(1-0) 1.0 0.5 4.6 2.2 1.4 3.2 0.4 0.3SiC2(4,04-3,03) 1.0 | | 2.0 1.5 | | |SiC2(5,05-4,04) 1.0 1.0 6.9 2.8 | 17.7 | |C2H(1-0) 1.0 0.9 5.6 3.0 | 2.5 2.0 |C3H(9/2-7/2) 1.0 1.1 1.7 | | | | |C3N(11-10) 1.0 1.3 1.5 1.6 1.2 4.4 0.9 0.2C4H(10-9) 1.0 1.2 10.4 2.6 | | | |C3H2(2,12-1,01) 1.0 | 18.6 | | | | |HC3N(10-9) 1.0 0.6 2.4 3.0 2.2 3.1 0.6 0.7H(13)C3N(10-9)a 1.0 | 16.3 | 6.4 | | 1.3HC3N(12-11) 1.0 | 2.5 2.3 2.6 | | |H(13)C3N(12-11)a 1.0 0.4 6.9 | 3.3 6.6 | |HC5N(34-33) 1.0 | | | 2.2 | | |Bold fa
e signi�es a fa
tor of more than 5.(a) signi�es blend of HCC13CN and HC13CCN.
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hemistry of 
arbon stars2.4 Dis
ussion2.4.1 ChemistryThe presen
e of sho
ks in the inner wind is dis
ussed in Woods et al. (2003b), witha 
omparison to the modelling of IRC+10216 performed by Willa
y & Cher
hne�(1998).2.4.1.1 Photo
hemistry in the outer envelopeMany 
hemi
al models have been developed for the outer envelope of IRC+10216(e.g., Millar & Herbst 1994; Doty & Leung 1998; Millar et al. 2000). The physi
al
onditions in the outer parts of the wind (& 100R?) allow for the penetration ofambient ultraviolet radiation that indu
es a photo
hemistry. In Table 2.10 thederived 
olumn densities for IRC+10216 for a number of spe
ies produ
ed in theenvelope are 
ompared to those from the photo
hemi
al model of Millar et al.(2000). In general the abundan
es agree well, given the un
ertainties.It is remarkable that the abundan
es generally show relatively little variationwithin the sample. Most apparent is the over-abundan
e of Si-bearing mole
ules inCIT6 (Se
t. 2.4.3). Some of the abundan
es of IRAS15194-5115 also stand out andwill be separately dis
ussed in Se
t. 2.4.2. There are no apparent trends with thestellar or 
ir
umstellar parameters. This would suggest that the physi
al stru
turein these sour
es indeed is mu
h the same and that the initial atomi
 abundan
esare similar. When 
omparing the present sample of 
arbon stars to the sampleof Olofsson et al. (1993a), whi
h on the whole tend to have a low mass-loss rate(�10�7M� yr�1), the agreement in derived abundan
es for the star in 
ommon,CIT6, is very good: There is less than a fa
tor 3 di�eren
e in the 
al
ulated abun-dan
es of HCN, CN and CS. However, in general, the sample of low mass-loss ratestars has 
al
ulated abundan
es whi
h are systemati
ally an order of magnitudegreater than those 
al
ulated here. It must be noted that Olofsson et al. (1993a)use an ex
itation temperature of 20K, twi
e that used in this analysis. Moreover,S
h�oier & Olofsson (2001) show that the mass-loss rates in the low mass-loss rateobje
ts in Olofsson et al. (1993a) are underestimated by about a fa
tor of 5 onaverage. This would explain the apparent dis
repan
y in 
al
ulated abundan
esbetween the high mass-loss rate obje
ts here and the lower mass-loss rate obje
tsin Olofsson et al. (1993a). Hen
e there seems not to be a marked di�eren
e in themole
ular 
omposition of high and low mass-loss 
arbon stars.
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hemistry of 
arbon starsThe large spread in the abundan
e of isotopomers 
ontaining 13C follows fromthe varying 12C/13C-ratio among the sample sour
es. The 12C/13C-ratio is related tothe nu
leosynthesis rather than the 
hemistry and re
e
ts the evolutionary statusof these stars. However, 
hemi
al fra
tionation may a�e
t this ratio in 
ertainmole
ules, in parti
ular CO.CN/HCN and HNC/HCN ratios 
an also be used to estimate the evolutionarystatus of 
arbon stars. CN is produ
ed via the photodisso
iation of HCN by ultra-violet radiation, and as stellar radiation in
reases with evolution from AGB star toPPN to PN, so the CN/HCN ratio will in
rease (e.g., Ba
hiller et al. 1997a; Coxet al. 1992). HNC, formed from the disso
iative re
ombination of HCNH+, behavesin a similar way. In this sample there is a rather large spread in the CN/HCN ratio,from 0.07{0.68, and a value of 1.82 for CIT6 (see Se
t. 2.4.3). This large spread isin 
ontrast to Olofsson et al. (1993a), for example, who found a very narrow range(CN/HCN �0.65{0.70) in low mass-loss stars. However, there is ex
ellent agree-ment with the results of Lindqvist et al. (2000). For the 
arbon stars IRC+10216,CIT6 and IRC+40540 they derive CN/HCN ratios of 0.16, 1.5 and 0.17, respe
-tively, in 
omparison with the 0.22, 1.82 and 0.15 derived here. A CN/HCN ratioof �0.5 is typi
al in C-ri
h AGB stars (Ba
hiller et al. 1997b), in
reasing to �5 inPPNe. In fa
t, a ratio of 0.6{0.7 is predi
ted by the photodisso
iation model, withonly a weak dependen
e on mass-loss rate (see Fig. 8 of Lindqvist et al. 2000).The HNC/HCN ratio seems to be split into two ranges in the present sample of
arbon stars. IRC+10216, AFGL3068 and IRC+40540 have HNC/HCN ratios of�0.005, whilst the remaining stars have ratios of 0.01{0.03. The value derived forIRC+10216 is in agreement with that quoted in Cox et al. (1992). This seems toindi
ate that the sample stars are not well evolved, sin
e a HNC/HCN ratio of �1is expe
ted in PPNe (e.g., Cox et al. 1992). Having said this, the HNC/HCN ratiodoes rapidly be
ome of the order 1, as 
an be seen in models of the 
hemistry ofPPN tori (Woods et al. 2003a).Generally, it seems that to use the term \
arbon 
hemistry" to refer to aparadigm of 
hemistry in C-ri
h evolved stars is reasonable. Of the sample starshere, given the variety of mole
ular spe
ies, there is very little di�eren
e in mole
-ular abundan
es, save for two slightly 
urious sour
es, as detailed in the followingsubse
tions.
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hemistry of 
arbon stars2.4.2 IRAS15194-5115Of the derived abundan
es those obtained for IRAS15194-5115 stand out the most.In parti
ular, the SiO and C4H abundan
es, in addition to the isotopomers 
ontain-ing 13C, appear signi�
antly enhan
ed towards this sour
e. C3H2 also appears to begreatly enhan
ed in this sour
e, but, however, this mole
ule is only observed in oneother star, IRC+10216. The 12CO/13CO-ratio of 6 derived for IRAS15194-5115 issigni�
antly lower than that of the others and that whi
h is 
ommonly derived for
arbon stars. This value is 
ertain, with the modelling of the CO emission beingsupported by intensity ratios for another four spe
ies, whi
h agree to �30% (Ta-ble 2.8). The evolutionary status of this star is undetermined. Ryde et al. (1999)spe
ulated that IRAS15194-5115 might be a massive (5{8M�) star in the last stagesof evolution where its low 12C/13C-ratio is the result of hot bottom burning (HBB).The in
rease of 14N from the CNO 
y
le is a signature of HBB (Marigo 2001; Ven-tura et al. 2002), but so also is a de
reasing C/O ratio. Given the un
ertainty inthe data presented here, this suggestion 
annot be 
on�rmed.2.4.3 CIT6CIT6 is another obje
t outstanding in the sample. It has a CN/HCN ratio of�1.8, whi
h suggests an advan
ed evolutionary status, but a low HNC/HCN ratio(�0.02), whi
h suggests the 
ontrary. Certainly the idea that CIT6 is well on itsway to be
oming a PPN has been put forward before (e.g., Trammell et al. 1994;Monnier et al. 2000; Za�
s et al. 2001; S
hmidt et al. 2002).The modelled 12CO/13CO ratio in this sour
e agrees well with that 
arried outpreviously (Groenewegen et al. 1996; S
h�oier & Olofsson 2000). This ratio, however,does not agree with 12C/13C ratios derived from observations of other mole
ules andtheir 13C isotopes, both in this paper (Table 2.8) and elsewhere (Kahane et al. 1992;Groenewegen et al. 1996).A further point worth note is the 
omparative over-abundan
e of Si-bearingspe
ies whi
h possibly indi
ates a less eÆ
ient freeze-out onto dust grains in thisparti
ular sour
e.2.5 Con
lusionsThe seven high mass-loss rate 
arbon stars presented here exhibit ri
h spe
tra atmillimetre wavelengths with many mole
ular spe
ies readily dete
ted. A total of



Chapter 2 79 The 
hemistry of 
arbon starsTable 2.10: Radial 
olumn densities (
m�2) for spe
ies of 
ir
umstellar origin to-wards IRC+10216.Spe
ies Observeda MHBb Obs./MHBCN 8.3 (14) 1.0 (15) 0.8HNC 2.0 (13) 8.4 (13) 0.2C2H 8.9 (14) 5.7 (15) 0.2C3H 2.1 (13) 1.4 (14) 0.2C3N 2.0 (14) 3.2 (14) 0.6C4H 9.3 (14) 1.0 (15) 0.9C3H2 1.2 (13) 2.1 (13) 0.6HC3N 9.1 (14) 1.8 (15) 0.5CH3CN 9.9 (12) 3.4 (12) 2.9HC5N 5.8 (15) 7.1 (14) 8.2(a) Cal
ulated from Tables 2.4 & 2.7.(b) From 
hemi
al modelling by Millar et al. (2000).47 emission lines from 24 mole
ular spe
ies were dete
ted for the sample stars.The mass-loss rate and physi
al stru
ture of the 
ir
umstellar envelope, su
h as thedensity and temperature pro�les, was 
arefully estimated based upon a detailedradiative transfer analysis of CO. The determination of the mass-loss rate enablesabundan
es for the remaining mole
ular spe
ies to be 
al
ulated. The derived abun-dan
es typi
ally agree within a fa
tor of �ve indi
ating that 
ir
umstellar envelopesaround 
arbon stars have similar mole
ular 
ompositions.The most striking di�eren
e between the abundan
es are re
e
ting the spread inthe 12C/13C-ratio of about an order of magnitude between the sample stars. And,as explored in Woods et al. (2003b), the high abundan
e of SiO in the envelopesindi
ates that a sho
k has passed through the gas in the inner parts of the envelope.This is further 
orroborated by the relatively low amounts of CS and possibly HCN.The abundan
es of spe
ies that are produ
ed in the outer parts of the wind 
anbe reasonably well explained by 
urrent photo
hemi
al models.
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^_^_^In the previous 
hapter 
arbon stars were seen to be reasonably homogeneous: justasserting that a star is a 
arbon star is enough to imply very 
ertain things aboutits 
hemistry { whi
h mole
ules are likely to be found, and more importantly, inwhat abundan
e they are likely to be found. There are at least a 
ouple of 
aveats,though, as have been seen { the 12C/13C ratio 
an play a role in shattering thestereotype, and also, as in the 
ase of CIT6, when a 
arbon star starts to move o�the AGB mole
ular fra
tional abundan
es 
an go awry.The following three 
hapters show that great diversity 
an 
ome from whatseems to be a 
onformity on the AGB. Proto-planetary nebulae (PPNe) seem tobe either mole
ule-ri
h or mole
ule-poor, but what is not 
lear is how this diversitybegins, and how it develops. _^_^_

81



Chapter 3CRL618: A mole
ule-ri
hproto-planetary nebula
3.1 Introdu
tionThis 
hapter deals with the modelling of a very well-known, and well-observedmole
ule-ri
h proto-planetary nebula, CRL618. A number of long 
arbon-
hainmole
ules and 
yanopolyynes have been dete
ted in CRL618: a re
ent series ofpapers by Cerni
haro and 
ollaborators (Cerni
haro et al. 2001a,b; Herpin & Cer-ni
haro 2000) details dete
tions of the 
arbon-based mole
ules C4H2, C6H2, C2H4,CH3C2H, CH3C4H, C6H6 (benzene) and the oxygen-bearing mole
ules OH and H2O.Benzene, the simplest aromati
 mole
ule, has not been seen in the 
arbon starIRC+10216, although water and OH, whi
h are thought to arise from Kuiper Belt-like obje
ts (Melni
k et al. 2001; Ford et al. 2003) or through 
atalysis on metalli
grain surfa
es (Willa
y 2004), have been dete
ted.The ri
h 
hemistry of CRL618 is thought to be a result of the variety of physi
al
onditions in the obje
t. A 
entral photon-dominated region (PDR) is irradiatedby intense UV rays from the B0-type star (Martin-Pintado et al. 1993; Fong et al.2001) and this is surrounded by the remnant AGB envelope and bipolar lobes witha high-velo
ity wind (Cerni
haro et al. 1989). Detailed mapping has been 
arriedout (e.g., Hajian et al. 1996; Neri et al. 1992) and the existen
e of a 
entral torus82
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ule-ri
h PPNof dust and gas seems 
lear (Lo & Be
his 1976). This torus is ostensibly the sour
eof the majority of the mole
ular emission.In modelling this PPN, only the mole
ular torus is taken into 
onsideration.Any mole
ular gas in the external regions is negle
ted.3.2 The physi
al modelTo simplify what is a very 
omplex sour
e, the remnant CSE is 
onsidered to be inthe form of a par
el, or slab, of gas moving away from the 
entral star. Materialbetween the slab and the 
entral star is assumed to provide no extin
tion of thestellar UV 
ux. This assumption is reasonable given that dust formation does noto

ur after the AGB phase as well as the fa
t that the mass-loss rate is also (mu
h)smaller in the PPN phase. Thus, the shielding of mole
ules to the internal UV �eld
omes from the slab material itself. The external interstellar UV �eld is in
ludedin the model, yet is insigni�
ant in 
omparison to the stellar UV �eld.In a typi
al post-AGB obje
t, this outwardly-moving par
el must 
o-exist witha fast bipolar out
ow whi
h probably has a wide opening angle, and mass-loadsmaterial from the torus. Despite the large outward radial velo
ity of the polar out-
ows, the torus moves outward slowly. Here, the torus-bipolar out
ow intera
tionis ignored, although a re
ent study of su
h an intera
tion involving out
ows in low-mass protostars (Viti et al. 2002) shows anomalously high abundan
es of HCO+whi
h 
annot be a

ounted for in this par
el model.The gas density within the slab (or torus) is determined by the mass-loss rate,the expansion velo
ity and the initial radius at whi
h the slab is positioned. Themass-loss is assumed to o

ur only for the time ne
essary to eje
t the slab. A homo-geneous slab of a 
onstant thi
kness, �r, is adopted. Using mass 
onservation andthe 
onstraint that the slab subtends a 
onstant solid angle, the internal density,n(r), varies as r�2, as does the intrinsi
 extin
tion, AV(r), whi
h is proportionalto the produ
t n(r)�r. Assuming a thin slab means that density inhomogeneitieswithin the slab are not 
onsidered, and that at any given time all points within theslab experien
e the same extin
tion, whi
h is taken to be the extin
tion throughthe entire slab. This simpli�es the a
tual situation, sin
e density will vary withradius and with azimuthal angle. This thin slab approximation means that 
al
u-lated model abundan
es 
annot quite be 
onsidered equivalent to true (observed)
olumn densities; this would require a more 
omplex model whi
h would take ra-dial inhomogeneities into a

ount. However, given the un
ertainties in the present
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ule-ri
h PPNknowledge of the geometri
al stru
ture of obje
ts su
h as CRL618, these 
omplexi-ties have been negle
ted. It is assumed that the model gives a satisfa
tory snapshotpi
ture of the obje
t.Detailed 
al
ulations indi
ate that photodisso
iation is extremely rapid on
eAV falls to below 10 magnitudes or so. For example, the visual extin
tion through
ir
umstellar matter out
owing at an expansion velo
ity of 15 km s�1 means thatphotodisso
iation destroys most mole
ules within 200 years (
ompare with the fol-lowing 
hapter). The fa
t that mole
ules are dete
ted in some PPNe implies thatthe expansion velo
ity of the slab must be low, or alternatively that the mole
ulargas must be in a long-lived disk. All 
al
ulations presented in this 
hapter use anexpansion velo
ity of 5 km s�1. This is the velo
ity attributed to the expandingtorus in the Red Re
tangle (Jura et al. 1995; Knapp et al. 2000), a slightly moreevolved obje
t, and 
lose to that asso
iated with the expanding torus of the pe
uliarstar, HD101584 (Olofsson & Nyman 1999).Table 3.1 lists all the initial 
onditions for the model of CRL618; for the UV
ux, an initial enhan
ement fa
tor of G=G0=3.2�106 over the interstellar �eld isadopted, following Herpin & Cerni
haro (2000), who give an enhan
ement of 2�105at r=1016 
m. This enhan
ement fa
tor be
omes diluted with radius, as 1=r2. Cal-
ulations for even larger enhan
ements have been performed, but there is littlesensitivity to the 
ux { the result of eÆ
ient dust extin
tion when AV is largerthan about 20 mags. The stellar UV �eld is modelled upon an enhan
ed interstel-lar radiation �eld, sin
e tabulated photodisso
iation and photoionisation rates arebased on the interstellar �eld. However, the temperature of a B-type star is nottoo dissimilar from the temperature of the interstellar radiation �eld, so that theextin
tion law used may introdu
e larger un
ertainties than the 
hoi
e of radiation�eld.Enhan
ed ionisation by hard X-rays has also been 
onsidered. These 
an pen-etrate through a 
olumn density of approximately 1023�24 
m�2 and in
rease theabundan
es of 
harged mole
ules (Glassgold et al. 1997), whi
h are needed to en-han
e the speed of the 
hemistry. X-ray emission is a far more likely me
hanismfor the in
reased ionisation than enhan
ed 
osmi
-ray ionisation. Although botha
t in similar ways, the 
entral sour
e provides a possible sour
e of X-rays; e.g., viaa

retion on a 
ompa
t 
ompanion (Soker & Kastner 2002; Livio & Shaviv 1975)for whi
h there is indire
t eviden
e for several bipolar PPNe (Bujarrabal et al. 2001;Zijlstra et al. 2001). In 
ontrast, the 
osmi
-ray intensity is mostly 
onstant withinthe Galaxy, varying by no more than 30% within 15 kp
 Gala
to
entri
 distan
e
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ule-ri
h PPNTable 3.1: Initial physi
al 
onditions of the model.Parameter Value_M , (M� yr�1) 3:2� 10�3T , (K) 250Inner radius, ri, (
m) 2:5� 1015Expansion velo
ity, ve, (km s�1) 5.0Initial H2 density, n(H2), (
m�3) 1:6� 109Initial extin
tion, AV, (mags) 160Slab thi
kness, �r, (
m) 9:4� 1013Initial UV 
ux enhan
ement, G=G0 3:2� 106Initial CR enhan
ement, �=�0 500(Strong & Moskalenko 1998; Hunter et al. 1997). Sin
e 
osmi
-ray ionisation isalready a standard 
omponent of dark-
loud 
hemistry, this is used to simulate X-ray ionisation. The standard model has an initial enhan
ement fa
tor, �=�0=500,whi
h also is diluted as 1=r2, until it rea
hes the standard interstellar value of�0=1.3�10�17 s�1. The e�e
ts of varying � are dis
ussed in Se
t. 3.4.6. CRL618 hasnot (yet) been dete
ted in X-ray emission (Guerrero et al. 2000), but it must bepointed out that soft X-rays are likely to be rapidly absorbed in material of 
olumndensity >1021 
m�2. Cox et al. (1992), following Degu
hi et al. (1990), determinedthat the 
entral star of CRL618 was not hot enough itself to produ
e the requiredX-ray 
ux (to produ
e the required abundan
e of HCO+).The temperature of the moving slab is assumed to remain 
onstant at 250Kdespite the weakening of the stellar radiation �eld and lowering of the ionisationrate with time. Although this simplifying assumption 
an be removed, most ofthe important 
hemi
al rea
tions in the network do not evin
e a strong tempera-ture dependen
e. More detail on the e�e
ts of temperature variation is given inSe
t. 3.5.2.3.3 The 
hemi
al modelSin
e CRL618 is 
arbon-ri
h, the rea
tion network is based upon that whi
h Millaret al. (2000) used to des
ribe the 
hemistry in the CSE around IRC+10216. Thisnetwork was primarily developed to des
ribe the formation of large 
arbon 
hainmole
ules, in
luding the 
yanopolyynes with up to 23 
arbon atoms. The networkin
orporates an extensive radi
al 
hemistry, espe
ially involving C2 and C2H, thedaughter produ
ts of C2H2, whi
h are far more abundant in 
ir
umstellar envelopes
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ule-ri
h PPNTable 3.2: Adopted initial fra
tional abundan
es of parent spe
ies, with respe
t ton(H2). Spe
ies Initial fra
tional abundan
eHe 1:5� 10�1CO 6:0� 10�4N2 2:0� 10�4C2H2 5:0� 10�5HCN 8:0� 10�6CS 4:0� 10�6CH4 2:0� 10�6NH3 2:0� 10�6H2S 1:0� 10�6than in dense interstellar 
louds. Also in
orporated are the rapid neutral-neutralrea
tions dis
ussed in Millar & Herbst (1994). The network also 
ontains rea
tionsinvolving negative ions, whi
h turn out to be important in IRC+10216 but are lesssigni�
ant here due to the lower fra
tional ionisation in the higher density slabadopted in the PPN model. The spe
ies H2O and OH, whi
h have been dete
ted inCRL618, are not in
luded in the rea
tion network. In summary, the model 
omprisessome 407 spe
ies in 6 elements (H, He, C, N, O, S) with 3880 rea
tions. Initialfra
tional abundan
es of parent mole
ules relative to H2 are given in Table 3.2.These are \standard" initial abundan
es, in the sense that these were used for theprevious model of IRC+10216, and are typi
al of a 
arbon-ri
h AGB star. Theinitial C/O ratio is �1.1. The initial abundan
es of the AGB phase are taken asinitial abundan
es for the PPN phase. Self-shielding of CO is in
luded using theapproa
h of Mamon et al. (1988). Self-shielding of somewhat less abundant parentspe
ies is not 
onsidered, although it may play a role.3.4 ResultsFigure 3.1 shows the fra
tional abundan
es of several mole
ules relative to n(H2)as a fun
tion of radial distan
e from the 
entral star. The abundan
es all show oneof two behaviours. In the 
ase of parent mole
ules, a de
rease at 8.9 � 1015 
mo

urs when photodisso
iation �nally 
uts in. For simpli
ity, this radius will be
alled the Radiation Catastrophe (RC) radius. The rapid de
rease in abundan
es isdue to the fa
t that the radiation �eld is mu
h enhan
ed over the interstellar �eld,so that the photodisso
iation time s
ales are very short at small AV. For daughter
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ule-ri
h PPNprodu
ts, there is a rise in abundan
e as parents are photodisso
iated but againthey experien
e a very rapid fall-o� on
e photons dominate their destru
tion.Although the fra
tional abundan
es of daughter produ
ts tend to be highest inthe photodisso
iation region, the pi
ture is di�erent if one 
onsiders 
olumn densi-ties sin
e the overall gas density de
reases with in
reasing radius as r�2. In termsof 
olumn densities, those of daughter produ
ts tend to be mu
h 
atter vs. radiuswhile those of parent spe
ies de
rease strongly even before the photodisso
iationregion. In general, the pi
ture that emerges is that ion-mole
ule 
hemistry o

ursat the smallest radii 
onsidered due to the enhan
ed ionisation rate. The enhan
ed
osmi
 ray (CR) ionisation rate also results in large numbers of photons indu
edby CR bombardment; these photons produ
e radi
als and ions and a

elerate the
hemistry. The overall 
hemistry at small radii produ
es small fra
tional abun-dan
es of many daughter spe
ies but the 
olumn densities are enhan
ed by thehigh overall initial density. The produ
tion of large 
olumn densities happens veryqui
kly be
ause of the small time interval between 
ollisions at small radii (1 s).Mole
ule formation, and espe
ially 
omplex mole
ule formation, is unexpe
t-edly eÆ
ient in the photodisso
iation region. For example, the 
yanopolyynes upto HC11N all have fra
tional abundan
es above 10�7 on
e the slab has rea
hedthe RC radius, while benzene and its derivative, benzonitrile, C6H5CN, rea
h amaximum fra
tional abundan
e of about �10�6. The rea
tions 
ontributing to theformation of these mole
ules are dis
ussed in the following sub-se
tions, emphasis-ing the dominant pro
esses at the RC radius, whi
h is rea
hed in �425 years. Thisradius is approximately where the majority of spe
ies are most abundant.3.4.1 Small mole
ulesIn this se
tion the formation routes to simple mole
ules su
h as HNC, CN and C2Hand those 
ontaining sulphur are dis
ussed.3.4.1.1 HNCHNC is made in the disso
iative re
ombination of HCNH+, whi
h itself is formedby proton transfer rea
tions with the parent mole
ule, HCN. The 
olumn density ofHNC is less than that of HCN until the RC radius, when loss of HCN in rea
tionswith C2nH (n � 2) be
omes signi�
ant. HNC is also lost through analogous rea
-tions, mostly with C2H. The time at whi
h the abundan
es rea
h equality is roughly425 years. Herpin & Cerni
haro (2000) found equal 
olumn densities of HCN and
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ule-ri
h PPNHNC in CRL618. This equality is in 
ontrast to the 
ase of IRC+10216, in whi
hHCN is mu
h more abundant than HNC. The di�eren
e is unlikely to re
e
t onlythe age of the shell: IRC+10216 has a large shell whi
h indi
ates extended massloss. But there are other di�eren
es: (i) IRC+10216 is an AGB star with 
ontinuingmass loss, while CRL618 is a post-AGB star with a deta
hed shell. The observed
olumn densities in IRC+10216 are a�e
ted by LTE 
hemistry in the photosphere;(ii) IRC+10216 has a higher expansion velo
ity than the value assumed here for thetorus of CRL618 whi
h redu
es the times
ale available for the 
hemistry (CRL618also has a very fast polar out
ows whi
h are not modelled, but the dominant mole
-ular mass is likely to be in the shielded torus); (iii) the shell density in the wind ofIRC+10216 is likely lower than in the disk of CRL618, due to the (expe
ted) dif-feren
e in expansion velo
ities, whi
h results in a slower 
onversion of parent HCNto HNC.The in
reasing HNC/HNC abundan
e ratio might be a useful indi
ator of evo-lution in the PPN phase. The di�eren
e with IRC+10216 suggests the possibilitythat it 
an be used to measure the produ
t of density and expansion times
ale.3.4.1.2 CNCN is the daughter produ
t of the parent mole
ule HCN. Its radial abundan
edistribution is rather sharply peaked at around 1{3 � 1016 
m, be
ause it is formedby the photodisso
iation of HCN and HNC. Its abundan
e inside this radius is mu
hless than that of HNC, also formed from HCN, be
ause of the rapid neutral rea
tionsit undergoes with the hydro
arbons of the type C2nH2, to form the 
yanopolyyne
hain.3.4.1.3 C2HThe ethynyl radi
al is produ
ed from parent C2H2 by UV and CR-indu
ed photons.It is a very rea
tive radi
al and is involved in the 
reation of many other 
hainspe
ies. It rea
ts with S and CS to form C2S and C3S, with C2H2 to form C4H2,and helps build larger 
hains by insertion rea
tions (see below).3.4.1.4 OCSOCS if formed in a series of rea
tions initiated by the rea
tion:S + CH2 �! HCS + H;
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ule-ri
h PPNfollowed primarily by : O + HCS �! OCS + H;and by the radiative asso
iation rea
tion:S + CO �! OCS + h�:It has a fra
tional abundan
e of �2 � 10�8 around the RC radius.3.4.1.5 H2CSThioformaldehyde is formed primarily in the neutral rea
tion:S + CH3 �! H2CS + H;and destroyed in proton transfer rea
tions, and by UV and CR-indu
ed UV photons.Its formation is very eÆ
ient and its fra
tional abundan
e is 2.7 � 10�7 at the RCradius.3.4.2 Hydro
arbonsThe formation of hydro
arbons is initiated by rea
tions involving the parent mole
uleC2H2 (a
etylene) and its daughters1 C2H and C2H+2 (see rea
tions 3.1 to 3.4).These rea
tions 
an be generalised to synthesise larger, even-numbered hydro
ar-bons (C2nHm) (rea
tions 3.5 and 3.6).C2H + C2H2 �! C4H2 + H (3.1)C2H + C2H �! C4H + H (3.2)C2H+2 + C2H2 �! C4H+3 + H (3.3)C2H+2 + C2H2 �! C4H+2 + H2 (3.4)C2H + C2nH2 �! C2n+2H2 + H (3.5)C2H+2 + C2nHm �! C2n+2H+m+1 + H (3.6)Sin
e these rea
tions involve the abundant parent a
etylene, the abundan
es of theeven-numbered hydro
arbons (C2nH2) are generally larger than those of the odd-1C2H2 + h� �! C2H + H; C2H2 + h� �! C2H+2 + e
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ule-ri
h PPNnumbered hydro
arbons (C2n+1H2). Rea
tions of atomi
 
arbon (whi
h initially
omes from CR-indu
ed photodisso
iation of CO) with C2H2 and C2H, and othereven-numbered hydro
arbons, also help in
rease the 
hain length and produ
e theodd-numbered spe
ies C2n+1 and C2n+1H. Figure 3.1 shows that the odd-numberedhydro
arbon radi
als, C2n+1H, are more abundant than their even-numbered 
oun-terparts for distan
es less than about 8 � 1015 
m. This is primarily due to tworeasons: (i) the C2nH spe
ies are destroyed more rapidly in rea
tions with parentHCN and C2H2, and (ii) their formation rates, whi
h depend ultimately on theCR-indu
ed photodisso
iation of C2H2, are slower than those of the odd-numbered
hain, whi
h is driven by the C + C2H2 rea
tion.Methane, CH4, is another parent mole
ule involved in hydro
arbon formation.Typi
ally it is about ten times less abundant than a
etylene in C-ri
h CSEs. Syn-thesis of larger hydro
arbons pro
eeds at large radii via C+ insertion rea
tions or
ondensation rea
tions, e.g.,CH4 + C+ �! C2H+2 + H2CH4 + C+ �! C2H+3 + HCH4 + CH+3 �! C2H+5 + H2Chain-lengthening then pro
eeds via further 
ondensation rea
tions with C2H2 andC2H, plus rea
tions with C and C+.3.4.3 CyanopolyynesThe 
yanopolyynes are synthesised via a variety of me
hanisms. The �rst memberof this family, HC3N, is formed via three rea
tions. One important rea
tion toprodu
e this spe
ies uses CN and a
etylene (Howe & Millar 1990):CN + C2H2 �! HC3N + H: (3.7)This rea
tion is the dominant sour
e of HC3N in interstellar 
louds. Here it alsodominates throughout most of the slab. Another important rea
tion is the (rela-tively slow) pro
ess between HCN and C2H:HCN + C2H �! HC3N + H: (3.8)
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ule-ri
h PPNThis rea
tion has now been measured (Hoobler & Leone 1997) and 
al
ulated byFukuzawa & Osamura (1997) to have a small a
tivation energy barrier. This bar-rier e�e
tively prevents rea
tion (3.8) at the 
hosen temperature of 250K. A thirdimportant rea
tion is the analogous pro
ess involving HNC:HNC + C2H �! HC3N + H; (3.9)whi
h a
tually be
omes the dominant produ
tion method of HC3N just before pho-tons be
ome appre
iable. After photons be
ome appre
iable, HC3N is produ
edmainly by the rea
tion between atomi
 nitrogen and C3H2.There are two main routes to the produ
tion of more 
omplex 
yanopolyynesin the model. Firstly, rea
tions between smaller 
yanopolyynes and hydro
arbonradi
als serve to produ
e larger 
yanopolyynes; viz.,HC2n+1N + C2H �! HC2n+3N + H; n � 1;HC2n�3N + C4H �! HC2n+1N + H; n � 2;by adding 
arbon atoms to the skeletal 
hain of the 
yanopolyynes. Se
ondly,CN and HCN rea
t with even-numbered hydro
arbons and radi
als to produ
e thelarger 
yanopolyynes dire
tly:CN + C2nH2 �! HC2n+1N + HHCN + C2nH �! HC2n+1N + H:Figure 3.1 shows that 
yanopolyyne synthesis is very eÆ
ient under the 
on-ditions of our model, as it was found to be in IRC+10216, in agreement with theobservations. The 
yanopolyynes up to HC9N have been dete
ted in IRC+10216;this is also the largest 
yanopolyyne dete
ted to date in a post-AGB obje
t, in this
ase the PPN CRL2688 (Truong-Ba
h et al. 1993). The 
yanopolyyne HC9N isformed in our model at a distan
e of 8 � 1015 
m by the following rea
tions: C2H+ HC7N (58%); C4H + HC5N (17%); C8H + HCN (16%). Loss at this radius ismostly through disso
iative re
ombination (18%), and rea
tions whi
h build thelarger 
yanopolyynes (68%).
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ule-ri
h PPN3.4.4 Organo-sulphur 
hainsThe organo-sulphur 
hains, C2S, C3S and C4S are in
luded in this model. Themajor rea
tions in their formation involve atomi
 sulphur and parent CS:S + C2H �! C2S + HCS + C2H �! C3S + HS + C4H+3 �! HC4S+ + H2S + C4H+2 �! HC4S+ + HHC4S+ + e �! C2S + C2H�! C3S + CH�! C4S + HThe analogous rea
tions to form larger organo-sulphur 
hains have not been in-
luded in this model; Millar et al. (2001) have dis
ussed this possibility for the 
aseof IRC+10216. The 
al
ulated abundan
es for C2S and C3S are signi�
ant, that forC4S less so as it is formed in an ion-mole
ule, rather than neutral-neutral, rea
tion.Millar et al. (2001) have shown that the spin-allowed rea
tion:S + C4H �! C4S + Hin
reases the abundan
e of C4S in IRC+10216 by over an order of magnitude.3.4.5 BenzeneBenzene formation under the adopted 
onditions for CRL618 is mu
h more eÆ
ientthan in interstellar 
louds or 
ool 
ir
umstellar shells around AGB stars. Thesynthesis relies on relatively large fra
tional abundan
es of both HCO+ and C2H2,
ontrary to the interstellar 
ase (M
Ewan et al. 1999, see below). The former ionis only dete
ted at very low levels in AGB star envelopes but is observed in PPNein large abundan
es (Degu
hi et al. 1990), whi
h may re
e
t the mu
h greater levelof ionising radiation (X-rays, or 
osmi
 ray parti
les) in PPNe, or the passage ofsho
k waves.The interstellar route to benzene formation has been studied by M
Ewan et al.(1999) who used laboratory measurements of three-body asso
iation rea
tions toinfer radiative asso
iation rate 
oeÆ
ients involving atomi
 hydrogen to synthesisebenzene. In CRL618, atomi
 hydrogen is not parti
ularly abundant, 1 � 10�7
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ule-ri
h PPNrelative to mole
ular hydrogen, and does not 
ontribute to the formation of benzeneuntil a distan
e of 1017 
m from the star (a

ording to the model), some 50 timesfurther out than the peak abundan
e of benzene, although the C2H2 abundan
e isso low by this distan
e that benzene formation is ineÆ
ient.For the 
onditions adopted here a more eÆ
ient synthesis of benzene is found,with fra
tional abundan
es of �10�6 being rea
hed. At a distan
e of � 8 � 1015 
m,the major route to the produ
tion of benzene is:C4H+3 + C2H2 �! 
�C6H+5 + h� (3.10)
�C6H+5 + H2 �! 
�C6H+7 + h� (3.11)
�C6H+7 + e �! 
�C6H6 + H: (3.12)Rea
tion (3.10) has been measured in the laboratory by S
ott et al. (1997) in thethree-body limit and shown to produ
e 
y
li
 C6H+5 . The 
orresponding radiativeasso
iation rate 
oeÆ
ient has been in
luded in models for some time. The radiativeasso
iation rate 
oeÆ
ient for rea
tion (3.11) was determined by M
Ewan et al.(1999).C4H+3 is formed via a number of rea
tions, most importantly,HCO+ + C4H2 �! C4H+3 + CO (3.13)C2H+2 + C2H2 �! C4H+3 + H (3.14)C2H+3 + C2H2 �! C4H+3 + H2 (3.15)where the ionised a
etylene (Eq. 3.14), is produ
ed by 
osmi
-ray indu
ed pho-toionisation of a
etylene, and C2H+3 is formed from proton transfer rea
tions witha
etylene: HCO+ + C2H2 �! C2H+3 + CO: (3.16)Hen
e the formation of C2H+2 and C2H+3 (Eqs. 3.14, 3.15) at small radii is highlydependent on abundan
es of HCO+ and H+3 , whi
h in turn are dependent on the
ux of ionising radiation. H+3 + CO �! HCO+ + H2 (3.17)N2H+ + CO �! HCO+ + N2 (3.18)
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ule-ri
h PPNThe rea
tion of H+3 with CO is the dominant loss-me
hanism for this ion, so that themole
ular abundan
es 
al
ulated are independent of the 
hoi
e of the rate 
oeÆ
ientfor the disso
iative re
ombination of H+3 with ele
trons.At this radius, benzene is destroyed mainly through rea
tion with CN, to formbenzonitrile, C6H5CN, via the rea
tion:CN + C6H6 �! C6H5CN + H (3.19)and by proton transfer rea
tions followed by disso
iative re
ombination.3.4.6 Ionisation
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uen
e of the ionisation rate on the abundan
es of some spe
iesis shown. On
e the initial rate be
omes more than about 500 times larger than thestandard interstellar rate, parent mole
ules be
ome destroyed rapidly.In these models an initial ionisation rate some 500 times larger than the stan-dard interstellar rate of 1.3�10�17 s�1 has been adopted, in order to simulate thelarger ionisation that may be 
aused by X-ray emission from the 
entral obje
t(s).
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ule-ri
h PPNIn order to test the sensitivity of our results to this rate, a series of models withthe rate enhan
ed over the interstellar value by fa
tors of 10{5 000 were run. Fig-ure 3.2 shows the results of some of these 
al
ulations for a small number of sele
tedspe
ies. For initial ionisation enhan
ement fa
tors greater than 500, the ionisationrate be
omes so large that parent mole
ules, su
h as C2H2 and HCN, are destroyedvery rapidly. The �gure shows, for example, that the abundan
e of C2H2 is redu
edby over 5 orders of magnitude by the time the slab has rea
hed about 1�1016 
m (orwithin a time-s
ale of 500 years for an expansion velo
ity of 5 km s�1) with an initialionisation enhan
ement of 5 000. Thus, enhan
ements larger than 500 are negle
ted,sin
e they produ
e mole
ular slabs whi
h are too short lived to be of interest. Withthe adopted ionisation rate, the pre
ipitous drop in abundan
e of parent spe
ieso

urs mainly in the photodisso
iation region at a radius of 1�1016 
m.3.5 The proto-planetary nebula, CRL618
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Figure 3.3: Comparison between observed (heavy hashing) and model (light hash-ing) 
olumn densities at 8.9 � 1015 
m, for CRL618.The model of PPN 
hemistry has been applied to the spe
i�
 
ase of CRL618.CRL618 is a parti
ularly well-observed PPN, with a large amount of mole
ular dataavailable for study.
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ule-ri
h PPN3.5.1 Comparison with CO observationsObservations of CO have been able to give stru
tural, kinemati
 and mass-lossinformation. Various papers (e.g., Herpin & Cerni
haro 2000; Meixner et al. 1998;Hajian et al. 1996; Martin-Pintado et al. 1995; Phillips et al. 1992; Neri et al.1992) have reported quantitative sizes for stru
tures within CRL618. Reasonabledistan
e estimates range between 1 300 p
 (e.g., Sopka et al. 1989) and 1 700 p
(e.g., Bujarrabal et al. 1988), so for simpli
ity CRL618 is assumed to be 1 500 p
away. The `
ore' is given as 1500 (Hajian et al.) or 1900 (Meixner et al.) whi
h
orresponds to radial distan
es from the star of 1.7 and 2.1 � 1017 
m at 1 500p
. At 19 km s�1, the envelope expansion velo
ity attributed to CRL618 by Fuenteet al. (1998), among others, this gives an expansion times
ale of some 3 000{3 500years. Also, Hajian et al. identify a region of high density subtending � 3-400, whi
hequates to a radial distan
e of 3.4{4.5�1016 
m at 1 500 p
. Mart��n-Pintado et al.observed a dense disk, of some 100 in extent, whi
h surrounds a mole
ular `hole' of0:0042, whi
h 
ould be the edge of the Hii region. In the model of a 
ir
umstellar slab,CO is predi
ted to be reasonably abundant out until around 5 � 1016 
m (�4:005 onthe sky), although still has abundan
es of �10�7 at larger distan
es. Observablespe
ies (other than CO) are depleted by a radial distan
e of 0.9{1.3�1016 
m, whi
his 0:008{100 on the sky. The region modelled in this 
hapter, a disk with very slowexpansion, would 
orrespond to the dense region found by Martin-Pintado et al.(1995) in NH3 emission.3.5.2 Comparison with other mole
ular observationsTo 
ompare the 
al
ulated 
olumn densities with observed values, a radius, the RCradius, is 
hosen. This is 
lose to the distan
e where photodisso
iation destroysthe mole
ules heavily. This radial distan
e has some observational signi�
an
e,as dis
ussed in the previous se
tion. At smaller distan
es, some daughter spe
ieshave not yet a
hieved large abundan
es, although other daughters 
an have peaked,whilst parents are most abundant at the inner radius. At distan
es 
loser to theradius where photodestru
tion sets in (0.9-1.3�1016 
m), other daughter spe
iesa
hieve even larger 
olumn densities than at the distan
e 
hosen. Table 3.3 givesthe 
al
ulated 
olumn densities at the RC radius, along with their peak values, and
ompares both of these to observations where available. The observational resultsshown in Table 3.3 are only those reported as 
olumn densities; results reported asfra
tional abundan
es are dis
ussed separately below, and shown in Table 3.4. The
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ule-ri
h PPNpurpose of in
luding the peak abundan
es is to show that if the model does notprodu
e suÆ
ient material at the radial distan
e 
hosen, it in all likelihood 
an doso at other radial distan
es. At the distan
e 
hosen, the 
al
ulated abundan
es are
hanging rapidly (or are about to do so at slightly larger distan
es), so that a trulyquantitative 
omparison between theory and observation is diÆ
ult. In addition, itis 
lear that there are widely divergent values for the observed 
olumn densities ofsome spe
ies, notably HCN, HNC, HC3N, and HC5N, and that in parti
ular the 
ol-umn densities derived from single-dish radio teles
opes are usually mu
h lower thanthose derived from the ISO observations. This is probably a result of both beamdilution and the fa
t that the millimetre-wave observations are not as sensitive tothe hot dense gas as the infrared observations. A further possibility results from the
omplexity of the sour
e, with the result that pointing errors 
ould also be signif-i
ant. Consider the millimetre-wave results of Bujarrabal et al. (1988, 1994), whogive fra
tional abundan
es of several mole
ules also observed by ISO. Even withinthese two papers, di�eren
es in abundan
es of an order of magnitude 
an o

ur (forCS, HCN, HC3N). In Bujarrabal et al. (1994), the fra
tional abundan
e of CS isgiven as 4.1 � 10�7, equivalent to a 
olumn density of 4.9 � 1015 
m�2, 
ompared to1.9 � 1013 
m�2 derived by Ba
hiller et al. (1997a), also from millimetre-wave ob-servations. At this point, it seems that the 
al
ulated abundan
es give a reasonable,but not perfe
t, mat
h to the observed values. Certainly, and most importantly,the degree of mole
ular 
omplexity seen in the ISO results is well reprodu
ed here.Looking at the individual spe
ies in Table 3.3, the 
al
ulated 
olumn densitiesat the RC radius are within an order of magnitude of observed values for CO, CN,NH3, CH4, C2H, C2H2, C6H2 and C6H6. The 
al
ulated results for HC3N and HC5Nlie reasonably 
lose to the upper range of the observed values. Both HCN and HNCare within the range of observed 
olumn densities given, and fra
tional abundan
esof these spe
ies agree well with observations. There appears to be too mu
h CS andfar too little C2H4, C4H, C4H2, CH3C2H, CH3C4H and HCO+. The larger mole
uleHC7N is also very over-abundant relative to the observed 
olumn density (Fukasakuet al. 1994) but it is noted that this is derived from single-dish observations and thatthe HC5N 
olumn density derived by them is a fa
tor of 250 below the IR 
olumndensity derived from the ISO observations. In summary, there is good agreementwith 60% of observed spe
ies at the RC radius , and moreover all spe
ies are withinan order of magnitude of observed 
olumn densities, save HCO+, C2H4 and C4H,at some radial point. A 
omparison of 
olumn densities is also shown in Fig. 3.3.
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Table 3.3: Cal
ulated and observed 
olumn densities N (
m�2) in CRL618. Subs
ripts C and P refer, respe
tively, to 
al
ulatedvalues at the 
hosen distan
e and peak values. The notation a (b) represents a� 10b.Spe
ies NC NP NOBS Spe
ies NC NP NOBSCN 1.8 (14) 5.5 (16) 6.5 (14)a HCN 1.7 (15) 9.0 (17) 5.8 (14)b{2.0 (18)
HNC 7.4 (15) 1.1 (17) 4.2 (13)a{1.0 (16)d NH3 8.7 (15) 2.2 (17) 3.5 (16)e;fC3 1.9 (15) C4 2.2 (14)C5 1.9 (14) C6 3.4 (13)CH4 1.7 (16) 2.5 (17) 7.0 (16)e C2H4 1.8 (13) 4.8 (14) 5.0 (16)eC2H 2.1 (14) 2.4 (14) 2.0 (15)b C3H 2.8 (15)C4H 4.2 (13) 3.7 (13) 1.2 (15)b C5H 2.0 (15)C6H 2.5 (15) C7H 3.6 (14)C8H 6.7 (14) C2H2 4.4 (16) 5.7 (18) 2.0 (17)gC3H2 9.2 (13) C4H2 6.3 (15) 2.3 (17) 1.2 (17)gC5H2 1.9 (15) C6H2 1.4 (16) 7.7 (16) 6.0 (16)gC7H2 7.5 (15) C8H2 7.6 (15)C3N 1.9 (15) C5N 4.0 (14)HC3N 1.7 (16) 6.0 (16) 1.3 (14)a{5.0 (16)g HC5N 1.7 (16) 5.3 (16) 6.1 (13)b{1.5 (16)gHC7N 2.2 (16) 2.5 (16) <8.9 (12)b HC9N 1.4 (16)HC11N 8.2 (15) CH3C2H 2.4 (14) 2.4 (15) 1.8 (16)eCH3C4H 5.8 (14) 1.7 (15) 8.0 (15)e C6H5CN 1.7 (15)C6H6 9.0 (15) 4.5 (16) 5.0 (15)g H2CS 3.2 (15)CS 9.0 (15) 4.2 (17) 1.9 (13)a C2S 2.4 (16)C3S 4.9 (15) C4S 3.6 (14)OCS 2.5 (14) CO 7.1 (18) 7.7 (19) 1.0 (19)hH+3 4.3 (10) HCO+ 3.1 (11) 1.7 (12) 3.2 (13)a(a) Ba
hiller et al. (1997a); (b) Fukasaku et al. (1994); (
) Thorwirth et al. (2003); (d) Herpin & Cerni
haro (2000); (e) Cerni
haro et al. (2001a);(f) Martin-Pintado et al. (1993); (g) Cerni
haro et al. (2001b); (h) Justtanont et al. (2000).
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h PPNSin
e some observational data are presented as fra
tional abundan
es ratherthan 
olumn densities, presented in Table 3.4 is a 
omparison between these ob-served values and the fra
tional abundan
es in the model at the RC radius and alsopeak abundan
es. By 
omparing results in this table with 
olumn densities in theprevious table, one 
an yet again get a sense of the large un
ertainty in observed val-ues. For example, the ratio between the 
al
ulated and observed 
olumn densitiesfor the ion HCO+ is 1�10�2 while the 
orresponding ratio for fra
tional abundan
esis 1.3�10�4! Clearly, all that 
an be stated is that HCO+ is underprodu
ed in both
ases, although the peak 
olumn density of HCO+ is only a fa
tor of twenty lessthan the observed value. To produ
e a mu
h higher abundan
e in a dense warm gaswould require su
h a large ionisation rate that the mole
ular gas would be destroyedrapidly (see Se
t. 3.4.6 and Fig. 3.2). It may be that most of the HCO+ residesin a di�erent region from that whi
h is des
ribed here, or as examined by Vitiet al. (2002), the high HCO+ levels might be due to some wind-intera
tion e�e
tswhi
h are not addressed here: Rawlings et al. (2000), in a paper whi
h 
ontributesresults to Viti et al., show that the intera
tion between slow moving (�1 km s�1)gas and a fast (�100 km s�1) out
ow 
an enhan
e the 
hemistry of HCO+. Viti etal. show that this enhan
ement 
an mean higher abundan
es by an order of mag-nitude. The formation of HCO+ in this 
ase requires the presen
e of H2O, whi
halthough not in
luded in this model, is present in CRL618 (Herpin & Cerni
haro2000). Despite observational un
ertainties as well as the problem that some spe
ieshave rapidly 
hanging abundan
es in the neighbourhood of the photodisso
iationdistan
e, the general agreement is en
ouraging, parti
ularly for the 
yanopolyynes,HCN, and HNC. On the other hand, the 
al
ulated fra
tional abundan
es of somehydro
arbons tend to be too low.The model results reported here are for an isothermal system at a temperature of250K. Two other models were also brie
y 
onsidered, whi
h start at temperaturesof 250K and 800K , respe
tively, and in whi
h the temperature de
reases as the slabmoves outward. Both models 
an be justi�ed partially by observations: a

ordingto Herpin & Cerni
haro (2000), the torus of CRL618 lies at 800K but most ofthe mole
ular emission 
omes from the 250K region. These models show that thee�e
ts of a radial temperature dependen
e on abundan
es are negligible. Note thatthe network of rate 
oeÆ
ients may not be entirely a

urate at temperatures ashigh as 800K.
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ule-ri
h PPNTable 3.4: Comparison of 
al
ulated, peak and observed fra
tional abundan
es forCRL618, with respe
t to n(H2). The 
al
ulated values are taken at a radial distan
eof 8.9�1015 
m. The notation a (b) represents a� 10b.CO CS C2H C3H C3H2 C4H8.9 �1015 
m 6.0 (-4) 7.6 (-7) 1.8 (-8) 2.3 (-7) 7.8 (-9) 3.5 (-9)Peak 6.0 (-4) 4.0 (-6) 2.0 (-8) 7.7 (-7) 8.2 (-9) 5.0 (-9)Observed 8.0 (-4)b 6.0 (-8)a 2.0 (-6)a 4.0 (-8)a 2.0 (-6)a 8.0 (-8)a4.1 (-7)b 2.0 (-6)
HCO+ HCN HC3N HC5N HNC OCS8.9 �1015 
m 2.6 (-11) 1.4 (-7) 1.4 (-6) 1.5 (-6) 6.2 (-7) 2.1 (-8)Peak 5.9 (-11) 8.0 (-6) 1.6 (-6) 1.7 (-6) 1.6 (-6) 2.0 (-7)Observed 2.0 (-7)a 5.0 (-7)a 2.0 (-7)a 1.0 (-7)a 1.9 (-6)b < 5.0 (-7)a4.4 (-6)b 2.9 (-6)b1.6 (-7)
(a) Bujarrabal et al. (1988). (b) Bujarrabal et al. (1994). (
) Fuente et al. (1998).3.6 Con
lusionsThe model of a dense, warm gaseous slab, irradiated by an intense UV �eld, isable to generate very large abundan
es of large, 
omplex mole
ules, in
luding ben-zene. Assuming a dense slab/torus expanding at 5 km s�1, the phase during whi
hmole
ules su
h as benzene are produ
ed lasts 500 years, whi
h is similar to the pre-di
ted age of CRL618. The derived 
olumn densities give a reasonable agreementwith the ISO and millimetre-wave observations of organi
 mole
ules in CRL618,although it is often diÆ
ult to re
on
ile radio and IR observations of the samemole
ules. The physi
al model of a slowly expanding and uniform slab simpli�esthe true 
omplexity of the sour
e; di�erent results would be obtained with more
omplex physi
al morphologies.



^_^_^Having looked at a mole
ule-ri
h proto-planetary nebula in the previous 
hapter,this 
hapter 
ontains observations of two PPNe whi
h are mole
ule-poor. One,IRAS16594-4656, is 
arbon-ri
h, like CRL618 { what, then, makes these two PPNeso 
hemi
ally di�erent? _^_^_
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Chapter 4Mole
ule-poor proto-planetarynebulae: Observational
4.1 Introdu
tionThe proto-planetary stage of evolution is one of the shortest in a star's lifetimeand this implies a s
ar
ity of observable examples. Following the method of Olivieret al. (2001), the number density of proto-planetary nebulae 
an be estimated tobe (0.41+1:91�0:34) kp
�2. In 
omparsion, the density of AGB stars is 15 kp
�2 andof Main Sequen
e stars is �2�106 kp
�2. Hen
e knowledge about this phase islimited. Most of 
urrent understanding of PPNe is derived from a handful of obje
ts;mainly the 
arbon-ri
h sour
es CRL618 and CRL2688 and the oxygen-ri
h obje
tOH231.8+4.2. All three show strong mole
ular lines, have axisymmetri
 stru
turesand mole
ular tori or disks. However, several hundred PPNe 
andidates have beenidenti�ed (see Kwok 1993, and referen
es therein), some 34 have been 
on�rmedas PPNe (Bujarrabal et al. 2001), and yet only a handful show su
h mole
ular\ri
hness". The reason for the di�eren
e in mole
ular plenitude is far from 
lear.PPNe are a favourite subje
t of the Hubble Spa
e Teles
ope (HST), and manyopti
al and infrared HST images have helped in the study of PPNe (e.g., see Su et al.2001; Hrivnak et al. 2001a, 1999; Kwok et al. 1998, for details on the two PPNe de-s
ribed here, IRAS16594-4656 and IRAS17150-3224), although the degree to whi
h103



Chapter 4 104 Mole
ule-poor PPNe: Observationalmany of the obje
ts dis
overed have been studied is minimal. Both mole
ule-ri
hPPNe and mole
ule-poor PPNe appear similar in images { CRL618, CRL2688,OH231.8+4.2 and both IRAS16594-4656 and IRAS17150-3224 have some degreeof bipolarity, and a narrow waist. The beginnings of this bipolarity are found inthe late AGB phase, where the �rst signs of aspheri
ity are seen (e.g., Kastner &Weintraub 1994). The shaping of the nebula 
ontinues under the in
uen
e of a fastsuperwind, a

ording to the Generalized Intera
ting Stellar Wind (GISW) model(Se
t. 1.5.3, Bali
k 1987). Other e�e
ts then play a part in the developing mor-phology (see the review by Bali
k & Frank 2002), and one whi
h may be importantis the inertial 
on�nement of the out
owing wind by a 
ir
umstellar torus or disk(Calvet & Peimbert 1983). The degree of 
ollimation produ
ed by this disk woulddepend on the mass of the disk, as well as the momentum involved in the high-speedout
ow, and other, geometri
al e�e
ts. This 
hange in morphology, from somethingapproximately spheri
al to something bipolar, or ellipti
al, o

urs very rapidly atthe end of the AGB phase of evolution (e.g., S
hmidt et al. 2002; Kwok et al. 1996).The a
tual period of transition is hard to quantify, and there are inherent diÆ
ultiesin estimates by dynami
al means (Zijlstra et al. 2001).In this 
hapter, two obje
ts whi
h have been imaged by the HST and showstrong CO emission are studied. Both obje
ts, IRAS16594-4656 and IRAS17150-3224 are only dete
ted in a handful of spe
ies, in
luding HCN and CO. These spe
-tra are 
ompared to other PPNe newly observed in HCN and CO { CPD-53Æ5736,IRAS17106-3046, IRAS17245-3951 and IRAS17441-2411 (Se
t. 4.4). The mole
u-lar properties of these two PPNe are studied by 
al
ulating fra
tional abundan
esfrom SEST data, and 
omparing these fra
tional abundan
es with similar obje
ts(Se
ts. 4.6.1, 5.2). Spe
tra are presented in Appendix B. The 
omparative under-abundan
e of mole
ules in IRAS16594-4656 and 17150-3224 is dis
ussed in Se
t. 5.2,and arising hypotheses are 
on�rmed by means of a 
hemi
al model (Chapter 5).4.2 ObservationsThe observations were 
arried out between 1998 and 2002 with the Swedish-ESOSubmillimetre Teles
ope (SEST), situated on La Silla, Chile. SIS re
eivers were usedat 0.8, 1.3, 2 and 3mm. During this period the SEST operated three a
ousto-opti
alspe
trometers: one high resolution spe
trometer, with a bandwidth of 86MHz anda 
hannel separation of 43 kHz, and two wideband spe
trometers with bandwidthsof about 1GHz and a 
hannel separation of 0.7MHz. Typi
al system temperatures



Chapter 4 105 Mole
ule-poor PPNe: ObservationalTable 4.1: Positions and LSR velo
ities for the PPNe under study.IRAS No. Other name J2000 Co-ords. vLSR[h:m:s℄ [Æ:0:00℄ [km s�1℄14488-5405 CPD-53Æ5736 14:52:28.7 �54:17:43 �1016594-4656 | 17:03:09.7 �47:00:28 �2517106-3046 | 17:13:51.7 �30:49:40 017150-3224 AFGL6815S 17:18:20.0 �32:27:20 +1517245-3951 OH348.8-2.8 17:28:04.8 �39:53:44 017441-2411 AFGL5385 17:47:10.3 �24:12:54 +110above the atmosphere ranged between 150 and 800K, depending on frequen
y andelevation.Most observations were 
arried out with the dual beam swit
hing method, asin Chapter 2. Beam separation was 11:05 in azimuth. CO maps of IRAS17150-3224were taken using the position swit
hing method, to minimise interferen
e from in-terstellar CO emission lines. The OFF position was 
hosen to be (-100, -110) fromthe ON position. Map spa
ing in all 
ases was 1100, whi
h is approximately halfa beamwidth at 230GHz. Calibration was performed with the standard 
hopper-wheel te
hnique, and has an un
ertainty of approximately 20% (see S
h�oier & Olof-sson 2001, for details). J2000 positions of both sour
es are given in Table 4.1.Intensity s
ales of spe
tra in this 
hapter are given in main-beam brightnesstemperature, whi
h is the 
orre
ted antenna temperature divided by the main-beameÆ
ien
y (�mb). Individual spe
tra are shown in Appendix B, and line frequen
iesand integrated intensities are shown in Table 4.2.Integrated intensities of lines whi
h were not 
learly dete
ted are 
al
ulatedusing the expression in Chapter 2, Eq. 2.1. Values of Iv 
al
ulated in this mannerare given in Table 4.2 and indi
ated by a \less than" sign.4.3 Sour
esThe two PPNe presented in this 
hapter are obje
ts for whi
h there are 
urrently fewmillimetre-wavelength spe
tra and little or no mole
ular information. Both showbipolar morphology in HST images and also bright CO emission, with interestingfeatures. These two sour
es were sele
ted on the basis of previously published COspe
tra (Loup et al. 1990; Hu et al. 1993). A more thorough literature survey ofthese obje
ts is available in the Appendix A.
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Table 4.2: Observed lines in the two PPNe.IRAS16594-4656 IRAS17150{3224Mole
ule Transition Frequen
y Tmb R Tmbdv Tmb R TmbdvGHz K Kkms�1 K Kkms�1C3S J=15-14 86.708 < 0.01 < 0.03 | |SiO J=2-1 86.847 < 0.01 < 0.03 | |HN13C J=1-0 87.091 < 0.01 < 0.03 | |C4H 2�3=2, 19/2-17/2 87.372 < 0.01 < 0.03 | |C2H N=1-0 87.329 < 0.01 < 0.03 | |HCN J=1-0 88.632 0.02 0.47 0.02 0.54C3N N=9-8, J=19/2-17/2 89.046 < 0.01 < 0.05 | |C3N N=9-8, J=17/2-15/2 89.064 < 0.01 < 0.05 | |HCO+ J=1-0 89.189 < 0.01 < 0.05 | |HC13CCN J=10-9 90.593 < 0.01 < 0.04 | |HCC13CN J=10-9 90.602 < 0.01 < 0.04 | |HNC J=1-0 90.664 < 0.01 < 0.04 | |SiS J=5-4 90.772 < 0.01 < 0.04 | |HC3N J=10-9 90.979 < 0.01 < 0.04 | |CH3CN 5(1)-4(1) 91.985 < 0.01 < 0.05 | |HC13CCN J=12-11 108.711 < 0.01 < 0.06 | |HCC13CN J=12-11 108.721 < 0.01 < 0.06 | |13CN N=1-0 108.780 < 0.01 < 0.06 | |C3N N=11-10, J=23/2-21/2 108.834 < 0.01 < 0.06 | |C3N N=11-10, J=21/2-19/2 108.853 < 0.01 < 0.06 | |SiS J=6-5 108.924 < 0.01 < 0.06 | |HC3N J=12-11 109.174 < 0.01 < 0.06 | |13CO J=1-0 110.201 0.04 0.06 0.04 0.75CH3CN 6(1)-5(1) 110.381 < 0.01 < 0.11 < 0.01 < 0.09C4H 2�3=2 23/2-21/2 113.266 < 0.01 < 0.09 < 0.01 < 0.06C2S 8(7)-9(8) 113.410 < 0.01 < 0.09 < 0.01 < 0.06CN N=1-0 113.491 0.05 3.63 < 0.01 < 0.06C4H 2�3=2 21/2-19/2 115.217 < 0.07 < 0.76 < 0.04 < 0.45CO J=1-0 115.271 0.61 1.78 0.25 5.05SiC2 50;5-40;4 115.382 < 0.07 < 0.76 < 0.04 < 0.45SiO J=3-2 130.269 < 0.01 < 0.06 | |H2CO 21;2-11;1 140.840 < 0.01 < 0.07 | |SiC2 62;5-52;4 140.920 < 0.01 < 0.07 | |H13CCCN J=16-15 141.062 < 0.01 < 0.07 | |CS J=3-2 146.969 < 0.01 < 0.04 | |CH3CN 8(0)-7(0) 147.175 < 0.01 < 0.04 | |13CO J=2-1 220.399 0.10 1.34 0.13 2.91CH3CN 12(0)-11(0) 220.747 < 0.01 < 0.16 < 0.01 < 0.17CN N=2-1 226.875 0.11 9.91 < 0.01 < 0.10CO J=2-1 230.538 1.75 32.60 0.65 12.84CO+ J=2-1 235.790 < 0.01 < 0.12 | |SiS J=13-12 235.961 < 0.01 < 0.12 | |CH3CN 13(0)-12(0) 239.138 < 0.01 < 0.16 | |CH3C2H 14(0)-13(0) 239.252 < 0.01 < 0.16 | |C3H2 44;1-33;0 265.759 < 0.02 < 0.36 | |HCN J=3-2 265.886 0.11 2.85 | |H13CN J=4-3 345.340 < 0.04 < 0.80 < 0.06 < 1.28HC3N J=38-37 345.610 < 0.04 < 0.80 < 0.06 < 1.28CO J=3-2 345.796 2.05 41.20 0.78 18.19



Chapter 4 107 Mole
ule-poor PPNe: Observational4.3.1 IRAS16594-4656IRAS16594-4656 is a proto-planetary nebula whi
h has a mixed 
hemistry. In itsinfrared spe
trum there are strong and rarely observed features at 12.6 and 13.4�m,thought to be due to poly
y
li
 aromati
 hydro
arbons (PAHs) with a high degreeof hydrogenation, and further PAH features in the range 3-13�m (Gar
��a-Larioet al. 1999). An emission feature between 19 and 23�m, asso
iated with C-ri
hPPNe by Kwok & Hrivnak (1989), also suggests that this sour
e is 
arbon ri
h.However, there are also indi
ations of 
rystalline sili
ates (pyroxenes), with weakfeatures around 34�m (Gar
��a-Lario et al. 1999), and a 10�m sili
ate feature (Olnonet al. 1986). This suggests that until re
ently this obje
t was oxygen-ri
h, be
om-ing 
arbon-ri
h shortly before the transition to the post-AGB phase (Gar
��a-Larioet al. 1999), whi
h o

urred some 370 years ago (van der Veen et al. 1989). Thishypothesis was strengthened by the la
k of a dete
tion in OH (te Lintel Hekkertet al. 1991; Silva et al. 1993) and no SiO maser emission (Nyman et al. 1998). Inevolved stars with this mixed 
hemistry the sili
ates are found in a torus and thePAHs in the polar 
ow (Matsuura et al. 2004).Several authors des
ribe HST images of this PPN (Hrivnak et al. 1999, 2000;Gar
��a-Lario et al. 1999), whi
h show the presen
e of a bright , B7-type (van deSteene et al. 2000) 
entral star, surrounded by a multiple{axis bipolar nebulositywith a 
omplex morphology.The only CO spe
trum of this sour
e previously published is a CO (J=1-0)spe
trum from Loup et al. (1990), who dete
ted broad CO emission 
orrespondingto that from a 
ir
umstellar shell expanding with a velo
ity of 16 km s�1.4.3.2 IRAS17150-3224IRAS17150-3224 (AFGL6815S) is a young PPN whi
h left the AGB some 150 (Huet al. 1993) to 210 (Meixner et al. 2002) years ago (van der Veen et al. 1989,give a dynami
 times
ale of 800 yr for this obje
t.) Stru
turally, it is a bipolarnebula, with a nearly edge-on (82Æ) dusty torus (Kwok et al. 1996), expanding at11 km s�1 (Weintraub et al. 1998) around a G2-type 
entral star. A newly-dis
overedequatorial loop seen in near-infrared, but not opti
al, images, is dis
ussed by Suet al. (2003). A faint halo (AGB mass-loss remnant) 
an be seen in images fromKwok et al. (1998).IRAS17150-3224 shows mole
ular hydrogen emission, but not hydrogen re
om-bination, indi
ating that the degree of ionisation is small (Gar
��a-Hern�andez et al.
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ule-poor PPNe: Observational2002). The emission is likely due to sho
k-ex
itation, as is often seen in stronglybipolar nebulae. This obje
t is similar to CRL2688 (Sahai et al. 1998) in that it hasH2 emission, and a spe
tral type later than A (CRL2688 has a spe
tral type of F2,Cohen & Kuhi 1977). IRAS17150-3224 also shows OH maser emission (Hu et al.1994), but not SiO maser emission (Nyman et al. 1998). It also has been dete
tedin the 3.1�m water line (van der Veen et al. 1989), but not in H2O maser emission(Zu
kerman & Lo 1987).Previous CO observations are limited to the paper of Hu et al. (1993), whopresent both CO (J=1-0) and (J=2-1) spe
tra.4.4 CO observations4.4.1 IRAS16594-4656The CO (J=2-1) and (J=3-2) line pro�les presented in Fig. 4.1a are a�e
ted byinterstellar emission in the OFF position (between -12 and -5 km s�1 approximately).The CO (J=3-2) pro�le is taken in dual beamswit
h mode whereas the CO (J=2-1)pro�le was taken in position swit
h mode with an OFF position -3000 away in R.A.in order to minimise the e�e
t of the interstellar line. Despite this, a high signal-to-noise ratio a�ords some indi
ation of stru
ture in this sour
e, shown by featuresin the line pro�le. A roughly paraboli
 pro�le and a sour
e size 
omparable to thebeam shows that the CO emission is probably opti
ally thi
k. An out
owing windof 14 km s�1 is indi
ated by the line pro�le, and there seems to be an appre
iableline wing on the blue side, possibly indi
ating a se
ond wind of up to 25 km s�1. TheCO (J=2-1) map of this sour
e (Fig. 4.3) shows a reasonably symmetri
 pattern ofemission. The red/blue-shifted emission 
ontour plot (Fig.4.2) does not show thered-shifted emission, due to the interstellar interferen
e. The blue-shifted emission,taken in the interval [-50,-35℄ km s�1, lies dire
tly on top of the 
entre emission,taken in the interval [-35,-12℄ km s�1, indi
ating that there is little or no separationin emission regions. There is some emission at �2000 in right as
ension (R.A.), andan ellipti
al Gaussian �t to the integrated intensity map shows that the FWHMellipse has a major axis of �2500 and a minor axis of �22.500 (position angle of 57Æ),very similar to the size of the SEST beam (2300) at 230GHz. Hen
e the sour
e ison the limit of being resolved.
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ba

Figure 4.1: A. Top. A position-swit
hed high-resolution CO (J=2-1) spe
trum to-ward IRAS16594-4656. Bottom. A beam-swit
hed CO (J=3-2) spe
trum towardIRAS16594-4656. B. Top. A position-swit
hed high-resolution CO (J=2-1) spe
-trum toward IRAS17150-3224. Bottom. A beam-swit
hed CO (J=3-2) spe
trumtoward IRAS17150-3224.
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Figure 4.2: Position-position 
ontour emission maps of IRAS16594-4656, andIRAS17150-3224. Blue 
ontours show blue-shifted emission, bla
k 
ontours emis-sion from the 
entre of the line pro�le, and red 
ontours red-shifted emission.

Figure 4.3: A map of the CO (J=2-1) line around IRAS16954-4656. The beam-spa
ing is 1100. The spe
tra are a�e
ted by interstellar line 
ontamination in thered-shifted line wing.
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Figure 4.4: A map of the CO (J=2-1) line around IRAS17150-3224, taken in beam-swit
h mode. The beam-spa
ing is 1100. The spe
tra are a�e
ted by interstellar line
ontamination in the blue-shifted line wing.
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ule-poor PPNe: Observational4.4.2 IRAS17150-3224The CO (J=2-1) spe
trum (Fig. 4.1b) of IRAS17150-3224 was taken in positionswit
h mode, with an OFF position of +4500 in R.A. The CO (J=3-2) was taken inbeamswit
h mode. Both CO line pro�les of IRAS17150-3224 shown in Fig. 4.1b aredistin
tly triangular in shape, similar to those shown by 89 Her, the Red Re
tangle,and M2-9 (Al
olea & Bujarrabal 1991) (and also IRAS17441-2411, presented inthis 
hapter). Here the triangular shape is a�e
ted by an interstellar line in theblue-shifted wing (between 0 and 10 km s�1 approximately). The CO lines indi
atea wind of some 30 km s�1 
oming from the sour
e, and yet a paraboli
 �t to theline indi
ates a wind of 14.5 km s�1. This latter wind is ostensibly the AGB wind ofthe star, with the higher velo
ity emission probably 
oming from an inner swept-up shell, moving at a velo
ity intermediate to the AGB wind and a post-AGB orsuper-wind.The CO (J=2-1) emission map (Fig. 4.4) is taken in position swit
h mode tominimise the e�e
ts of the interstellar interferen
e, and although hampered slightlyby poor pointing, seems to show a reasonably symmetri
 distribution whi
h doesnot appear to be resolved by the teles
ope beam. The 
ontour map (Fig. 4.2)does not show any separation in the sour
e. The red-shifted emission was takenfrom the interval [30,40℄ km s�1, the 
entre emission from [5,30℄ km s�1 and the blue-shifted emission from [-18,-6℄ km s�1. A two-dimensional ellipti
al Gaussian �t tothe 
entre emission gives an extent of �2000�2600 (position angle of -160Æ) for thissour
e. Again, this is similar to the size of the SEST beam at 230GHz.4.4.3 Other sour
es observed in COSpe
tra of sour
es whi
h have been hitherto unobserved and/or unpublished in theCO (J=2-1) line are presented in Fig. 4.5. HCN (J=1-0) spe
tra have also beentaken (not presented), and CO/HCN intensity ratios are derived (Table 4.3).CPD-53Æ5736. Although not fully 
lear from the noisy spe
trum, CPD-53Æ5736seems to show the presen
e of a wind expanding at 15 km s�1.IRAS17106-3046. This obje
t shows a strange pro�le: some low-level emission,perhaps a wind of �15 km s�1, and a thin, narrow spike. This narrow spike (ofwidth �2 km s�1) 
ould 
orrespond in some way to the 
ir
umstellar disk observedby Kwok et al. (2000). The narrow feature seems to be o�set from the 
entre of thebroad feature, although the signal-to-noise ratio is low.
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Figure 4.5: CO (J=2-1) spe
tra of PPNe 
andidates, named in the upper left-hand
orner of ea
h spe
trum.
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ule-poor PPNe: ObservationalTable 4.3: Observed lines in the four PPNe 
andidates.CPD-53Æ5736 IRAS16594-4656 IRAS17106-3046Mole
ule Tmb R Tmbdv Tmb R Tmbdv Tmb R TmbdvK Kkms�1 K Kkms�1 K Kkms�1HCN(J=1-0) | < 0.07 0.02 0.47 | |CO(J=2-1) 0.09 2.07 1.75 32.60 0.30 1.84IHCN/ICO < 0.04 0.01 |IRAS17150-3224 IRAS17245-3951 IRAS17441-2411Mole
ule Tmb R Tmbdv Tmb R Tmbdv Tmb R TmbdvK Kkms�1 K Kkms�1 K Kkms�1HCN(J=1-0) 0.02 0.54 | < 0.09 0.05 0.32CO(J=2-1) 0.65 12.84 0.04 0.58 0.57 6.24IHCN/ICO 0.04 < 0.15 0.05IRAS17245-3951. Low signal-to-noise means that this pro�le is hard to qualify.The pro�le suggests an expansion velo
ity of 15 km s�1, but this value does have a
onsiderable un
ertainty.IRAS17441-2411. This sour
e has a triangular lineshape, similar to IRAS17150-3224. It is somewhat asymmetri
, and quite narrow in velo
ity (20 km s�1 in width).There are no appre
iable line wings.4.4.3.1 IHCN/ICO ratiosThe IHCN/ICO ratios shown in Table 4.3 look to be reasonably 
onsistent throughoutthe sample of PPN 
andidates. To put these �gures into 
ontext, a sample ofoxygen stars sele
ted by Lindqvist et al. (1988) has an average IHCN/ICO ratio of0.124, whereas the 
arbon star sample of Olofsson et al. (1990b) has an averageIHCN/ICO ratio of 0.623. Both these samples were made up of AGB stars; the valuesfor PPNe seem to be smaller. IRAS07134+1005 and IRAS19500-1709, both C-ri
hPPNe, have IHCN/ICO ratios of 0.15 and 0.08, respe
tively (Bujarrabal et al. 1992).Evolved PNe generally have IHCN/ICO ratios of less than 0.1 (
.f., Ba
hiller et al.1997a).4.5 CO line modellingThe radiative transfer model explained in the Chapter 2 is used here also. ForIRAS16594-4656 a CO fra
tional abundan
e of 1 � 10�3 (whi
h is typi
al of a C-ri
h AGB envelope) is used, whereas for the O-ri
h obje
t IRAS17150-3224 a value
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ule-poor PPNe: ObservationalTable 4.4: Adopted and derived modelling parameters of the two PPNe.IRAS No. D L fCO _M vexp Re h 12CO[kp
℄ [L�℄ [M� yr�1℄ [km s�1℄ [
m℄ 13CO16594-4656 1.80a 4 900 1�10�3 1�10�5 14.0 2.9�1017 10.0 3017150-3224 2.42b 11 000 2�10�4 3�10�5 14.5 2.4�1017 1.8 7(a) van der Veen et al. (1989).(b) Bujarrabal et al. (2001).of 2� 10�4 is adopted. The derived envelope properties su
h as the mass loss rate( _M), expansion velo
ity (vexp), extent of the CO envelope (Re) and 12CO/13CO-ratio are reported in Table 4.4 together with the adopted distan
e (D), luminosity(L) and initial CO fra
tional abundan
es (fCO). Also shown is the h-parameterthat determines the amount of heating in the envelope due to momentum transferdue to dust-gas 
ollisions (see Eq. 2.2 and S
h�oier & Olofsson 2001, for details).There is a high degree of 
on�den
e in the model �ts: the total integratedintensities in the lines are well reprodu
ed as are the overall line pro�les. Thereis 
onfusion due to interstellar lines at the red-shifted edge of the line pro�les ofIRAS16594-4656. Also, on the blue-shifted edge there are signs of a se
ond weak
omponent, possibly a higher velo
ity wind due to the present-day mass loss. The12CO spe
tra for IRAS17150-3224 show signs of ex
ess emission at larger expansionvelo
ities possibly indi
ating the presen
e of a faster moving wind. However, theblue side of the emission is 
onfused by interstellar line 
ontamination.The h-parameter of 10 derived for IRAS16594-4656 is signi�
antly larger thanthat of IRAS17150-3224 and that whi
h is typi
ally derived for high mass-loss rateAGB-stars, h � 1� 2, (S
h�oier & Olofsson 2001, and Chapter 2). Su
h a large dis-
repan
y is hard to explain in terms of, for example, un
ertainties in the adopteddistan
e, and 
ould instead indi
ate that the properties of the dust grains are di�er-ent in IRAS16594-4656. A further possibility is that the spe
tra are 
ontaminatedby a se
ond, warmer 
omponent su
h as the bipolar present day mass-loss seen inopti
al images at smaller spatial s
ales.The winds of these PPNe are assumed to resemble those of their progenitorAGB-stars, i.e., spheri
al symmetry and a 
onstant expansion velo
ity are assumed.Given that both sour
es left the AGB �200-400 yr ago this assumption should bevalid for distan
es & 1� 1016 
m, sin
e the material outside this radius would on
ehave made up the AGB wind. However, there is the possibility that a high velo
itybipolar wind is penetrating this remnant AGB shell. The CO emission from the



Chapter 4 116 Mole
ule-poor PPNe: ObservationalTable 4.5: Cal
ulated fra
tional abundan
es, with respe
t to n(H2).IRAS16594-4656Mole
ule Transition ri re fX
m 
m13COa J=1-0 | 1.0 (17) 1.0 (-5)13COa J=2-1 | 1.0 (17) 2.0 (-5)13COb | | 2.9 (17) 3.3 (-5)HCN J=1-0 | 2.3 (16) 1.0 (-6)HCN J=3-2 | 2.3 (16) 1.9 (-7)CN N=1-0 1.7 (16) 5.1 (16) 9.6 (-6)CN N=2-1 1.7 (16) 5.1 (16) 2.5 (-6)IRAS17150-3224Mole
ule Transition ri re fX
m 
m13COa J=1-0 | 2.8 (17) 2.7 (-5)13COa J=2-1 | 2.8 (17) 9.5 (-6)13COb | | 2.4 (17) 2.9 (-5)HCN J=1-0 | 4.4 (16) 3.8 (-7)(a) 13CO fra
tional abundan
es derived using the simple photo
hemi
al model.(b) 13CO fra
tional abundan
e derived using CO line modelling (Se
t. 4.5).lower rotational transitions observed here are formed mostly at distan
es larger than5�1016 
m and thus mainly probe the outer, AGB-type, wind. For other mole
ularspe
ies 
ontributions from the present-day wind might be
ome signi�
ant.However, a more detailed treatment of the wind 
hara
teristi
s will require high-resolution, multi-transition, observations. Also, the e�e
t of dust emission in theex
itation of the mole
ules, whi
h is not taken into a

ount in the present analysis,needs to be investigated.4.6 Fra
tional abundan
es4.6.1 Cal
ulation of fra
tional abundan
esFra
tional abundan
es are 
al
ulated assuming that all lines are opti
ally thin. A
onstant ex
itation temperature of 25K is assumed throughout the emitting region.The expression used to 
al
ulate fra
tional abundan
es is Eq. 2.3 in Chapter 2, andthe results are shown in Table 4.5. Upper limits to fra
tional abundan
es are givenin Table 4.6, and are 
al
ulated using the integrated intensity from Eq. 2.1.



Chapter 4 117 Mole
ule-poor PPNe: ObservationalInner and outer radii of mole
ular distributions are determined in mu
h the sameway as in the Chapter 2, using the simple photodisso
iation model. Here, however,there is not the bene�t of good interferometri
 data. Hen
e simplifying assumptionshave to be made about 
ertain mole
ular distributions. The distribution of allparent spe
ies, with the ex
eption of CO, is 
al
ulated from the photodisso
iationmodel (observed parent spe
ies are HCN, CS, SiO, SiS). The distribution of CO
omes from the radiative transfer modelling, as des
ribed in Se
t. 4.5. Self-shieldingof CO is taken into a

ount, in the manner of Mamon et al. (1988). All ionisationprodu
ts or produ
ts of the 
ir
umstellar 
hemistry are assumed to take on thedistribution of C2H, with the ex
eption of CN, whi
h has a slightly more expansivedistribution. This should not have too great an e�e
t on results sin
e there is only alinear dependen
e on the di�eren
e between inner and outer radius. These are verystraightforward assumptions, whi
h ignore e�e
ts of 
ir
umstellar 
hemistry, andfreeze-out onto grains (whi
h were important for SiO and SiS, as seen in Chapter 2),for example. Again, isotopomers are assumed to have the same distribution as theirmore abundant forms.
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Table 4.6: Cal
ulated upper limits to fra
tional abundan
es, with respe
t to n(H2).IRAS16594-4656 IRAS17150-3224Mole
ule fX fXCO+ 1.1 (-8) |HCO+ 1.2 (-7) |H2CO 1.1 (-6) |CS 6.5 (-8) |C2S 3.4 (-7) 9.5 (-8)C3S 4.1 (-7) |SiO 5.1 (-8) |SiS 3.2 (-7) |SiC2 4.7 (-7) 2.1 (-6)CN Det.a 1.1 (-8)13CN 5.0 (-7) |H13CN 2.4 (-8) 1.3 (-8)HNC 1.8 (-7) |HN13C 1.9 (-7) |HC3N 2.7 (-7) |H(13)C3Nb 2.7 (-7) |H13CCCN 2.0 (-7) |C3N 4.2 (-7) |CH3CN 8.2 (-8) 5.3 (-8)C2H 3.1 (-6) |CH3C2H 3.5 (-6) |C3H2 2.5 (-7) |C4H 4.5 (-6) 1.4 (-6)(a) signi�es a dete
tion has been made of that parti
ular line in that parti
ular sour
e (seeTable 4.5).(b) signi�es a blend of HCC13CN and HC13CCN.
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Table 4.7: Comparison with fra
tional abundan
es in other PPNe, arranged in order of de
reasing stellar temperature.C-ri
h PPNe: IRAS16594-4656 M1-16 CRL618 CRL2688 IRAS19500-1709 IRC+1021613CO 3.3 (-5)a 2.4 (-5)b 5.2 (-5)b 2.0 (-5)kHCN 6.1 (-7)a 1.0 (-7)j 4.4 (-6)b{5.0 (-7)d 2.1 (-5)b{4.0 (-7)d 1.5 (-7)k 1.3 (-5)rCN 6.0 (-6)a 8.5 (-7)j 2.1 (-6)
 1.0 (-6)
 2.2 (-6)rH13CN < 2.4 (-8)a 6.3 (-8)e > 4.0 (-6)g{5.1 (-7)e 2.8 (-7)rHNC < 1.8 (-7)a 1.9 (-6)b{1.9 (-7)e 1.8 (-7)h{5.0 (-8)g 5.5 (-8)rHC3N < 2.7 (-7)a 4.4 (-7)e{1.9 (-7)b 1.5 (-7)e;g 1.0 (-6)rHCO+ < 1.2 (-7)a 9.3 (-8)j 2.0 (-7)dCS < 6.5 (-8)a < 8.8 (-8)j 4.1 (-7)b{6.0 (-8)d 2.1 (-6)b 8.8 (-7)rC2H < 3.1 (-6)a 2.0 (-6)d 9.3 (-6)f 2.6 (-6)rC4H < 4.5 (-5)a 2.9 (-6)b{8.0 (-8)d 3.2 (-6)rSiO < 5.1 (-8)a < 2.4 (-8)j < 5.5 (-7)b 1.1 (-7)rSiS < 3.2 (-7)a < 4.2 (-8)j 4.0 (-8)g 9.5 (-7)rO-ri
h PPNe: IRAS17150-3224 M1-92 HD101584 IRAS19114+0002 OH17.7-2.0 OH231.8+4.213CO 2.9 (-5)a 5.0 (-4)q 3.8 (-4)b 4.2 (-6)b 1.0 (-4)l{2.2 (-5)bHCN 3.8 (-7)a < 2.0 (-7)o;p < 1.7 (-6)q < 4.5 (-6)b < 1.6 (-7)b 4.4 (-6)b{5.2 (-8)mCN < 1.1 (-8)a < 2.0 (-7)
;lH13CN < 1.3 (-8)a 4.8 (-8)lC4H < 1.4 (-6)a < 3.6 (-7)q < 1.4 (-6)b < 4.7 (-8)b(a) This work. (b) Bujarrabal et al. (1994) (
) Ba
hiller et al. (1997b) (d) Bujarrabal et al. (1988) (e) Sopka et al. (1989) (f) Fuente et al. (1998)(g) Nguyen-Q-Rieu & Bieging (1990) (h) Kasuga et al. (1997) (j) Sahai et al. (1994) (k) Using the results of Bujarrabal et al. (1992, 2001). (l)Morris et al. (1987) (m) San
hez Contreras et al. (1997) (n) Omont et al. (1993b) (o) Lindqvist et al. (1992) (p) Ner
essian et al. (1989) (q)Using the results of Olofsson & Nyman (1999). (r) Woods et al. (2003b)
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ule-poor PPNe: Observational4.6.2 ErrorsAs dis
ussed in Chapter 2, there are inherent un
ertainties in the approa
h takenhere. Typi
al distan
e estimates 
an vary by up to a fa
tor 2, and this in
uen
esthe mass-loss rate derived from the radiative transfer modelling (see Se
t. 4.5).When 
ombined with the un
ertainties in the 
hoi
e of inner and outer radii forthe mole
ular distributions, the overall error in fra
tional abundan
e varies with�D�1�0, where D is the distan
e. Given also that there are likely to be errorsintrodu
ed by the 
hoi
e of ex
itation temperature, an overall error of a fa
tor 5 orso is to be expe
ted in fra
tional abundan
e estimates. Moreover, some spe
ies otherthan CO are expe
ted to be opti
ally thi
k, most notably HCN, and the opti
allythin approximation would give systemati
ally too low fra
tional abundan
es in those
ases.As mentioned in Se
t. 4.5 
ontribution to the line intensities from the present-day, non-spheri
ally symmetri
, high-velo
ity, mass loss might be
ome signi�
ant forsome mole
ules. A full treatment of this problem, in
luding the e�e
ts of radiativeex
itation due to dust emission, will require high spatial resolution observations ofa large number of mole
ules.With this 
aveat mole
ular fra
tional abundan
es are believed to be order ofmagnitude estimates. However, the properties of the outer wind, probed by the COemission, should to be a

urate to within a fa
tor of two. The 12CO/13CO ratioshould be even better 
onstrained.4.7 Dis
ussion4.7.1 Comparison of observations with other observationsIRAS16594-4656 is very under-abundant in mole
ules in 
omparison to C-ri
h AGBstars. Generally, fra
tional abundan
es derived here, and presented in Table 4.5(and the upper limits shown in Table 4.6), are an order of magnitude de�
ientwhen 
ompared to C-ri
h AGB stars, su
h as those surveyed in Bujarrabal et al.(1994) and in Chapter 2. Two ex
eptions to this are CN and 13CO, whi
h showgood agreement with the fra
tional abundan
es derived for IRC+10216.The la
k of dete
tion of SiO would seem to 
on�rm that this obje
t is C-ri
h,and that any sili
ate grains present (see Gar
��a-Lario et al. 1999) are not beingdestroyed by sho
ks be
ause either sho
ks might not be present, or the sho
kswhi
h are present are not strong enough (
.f., van de Steene & van Hoof 2003).
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ule-poor PPNe: ObservationalAnother explanation may be that the sho
ked regions are very small, in whi
h 
asehigh abundan
es of SiO would be lo
alised, and SiO emission diluted by the beam.Conversely, IRAS17150-3224 seems (
hemi
ally) very mu
h like an O-ri
h AGBstar, su
h as those observed by Bujarrabal et al. (1994), or Lindqvist et al. (1988),for example. Although the fra
tional abundan
es of only two mole
ules, 13CO andHCN, in IRAS17150-3224 are suitable for 
omparison, they are very similar to theO-ri
h AGB stars in both AGB-star samples. In this 
ase the SEST 13CO spe
trapresented here are not e�e
ted by the interstellar lines whi
h plague the 12COspe
tra. Values of the fra
tional abundan
e of 13CO are nearly identi
al betweenthe simple photo
hemi
al model and the radiative transfer model, implying thatthe lines are opti
ally thin.So, IRAS16594-4656 and IRAS17150-3224 seem di�erent breeds of PPNe fromea
h other, and both seem far from the well-known mole
ule-ri
h PPNe, like CRL618,CRL2688 and OH231.8+4.2. IRAS16594-4656, supposedly a C-ri
h obje
t, is poorin mole
ules and, as 
an be seen from Table 4.7, is at least an order of mag-nitude less abundant than CRL618 and CRL2688 in many mole
ules. However,IRAS16594-4656 has generally higher fra
tional abundan
es than M1-16, whi
h iswidely a

epted to be a standard planetary nebula (PN). An ex
eption to this isCN - a fra
tional abundan
e of CN similar to those in CRL618 and CRL2688 mayindi
ate that IRAS16594-4656 is a somewhat evolved PPN, but not quite part ofthe PN regime yet. The theoreti
al work in Chapter 3 shows that fra
tional abun-dan
es of CN 
an remain high for a period of �100 years in the PPNe phase, whilstother mole
ules are destroyed, if mole
ular material is to be found in the shieldedenvironment of a 
ir
umstellar torus.Using the fra
tional abundan
e of HCN derived from the J=1-0 line, sin
e thisline is least likely of the two observed to be opti
ally thi
k, a CN/HCN ratio of< 10 is derived for IRAS16594-4656. This value is quite un
ertain, and dependentvery mu
h on the un
ertainties dis
ussed in Se
t. 4.6.2. A full radiative transfertreatment of the HCN(J=1-0) line does in fa
t predi
t a fra
tional abundan
e 2{3times larger than that derived via the simple photodisso
iation model (Se
t. 4.6.2),implying that IRAS16594-4656 
ould have a CN/HCN ratio as low as �3{5. Inthis 
ase the CN/HCN ratio seems to indi
ate that IRAS16594-4656 is just startingthe post-AGB phase. Other PPNe have a CN/HCN ratio up to an order of mag-nitude smaller, e.g., for CRL618, CN/HCN�0.5 and for CRL2688, CN/HCN�0.2.IRC+10216 has a smaller CN/HCN ratio yet, and the more evolved obje
t NGC7027has a CN/HCN ratio of about 10.
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ule-poor PPNe: ObservationalBoth IRAS16594-4656 and IRAS17150-3224 have very low HCN/CO ratios 
om-pared to CRL618, CRL2688 and OH231.8+4.2. IRAS16594-4656 has an HCN/COratio of 6�10�4, whereas CRL618 and CRL2688 have ratios of 6�10�3 and 3�10�2respe
tively (Bujarrabal et al. 1994). IRAS17150-3224 has an HCN/CO ratio of2�10�3, whi
h is again smaller than the 2�10�2 of OH231.8+4.2 (Bujarrabal et al.1994).From Table 4.7, IRAS17150-3224 is similar to OH231.8+4.2 in 13CO, and HCN(despite the spread in observed values). The relatively high fra
tional abundan
eof HCN (only half that of the C-ri
h obje
t IRAS16594-4656) would imply thatIRAS17150-3224 is at a stage before heavy ionisation of the mole
ular matter o

urs(and the CN fra
tional abundan
e rises), i.e., IRAS17150-3224 is at a less evolvedstage than IRAS16594-4656.4.7.2 Chemi
al evolution from the AGBOne has to ask why there seem to be two di�ering evolutionary paths for PPNe: whyare some PPNe mole
ule-ri
h, like CRL618, and why are some mole
ule-poor, likethe two obje
ts dis
ussed here. Visually, IRAS16594-4656 and IRAS17150-3224are not very di�erent from CRL618. All three have a similar bipolar stru
ture,with a pin
hed waist indi
ating an equatorial density enhan
ement and possibly a
ollimating me
hanism. In the 
ase of CRL618, this me
hanism 
ould very wellbe a 
ir
umstellar torus, the presen
e of whi
h has been implied from observations(see Herpin & Cerni
haro 2000, and referen
es therein). Hen
e it does not seemtoo exoti
 to 
onsider similar stru
tures for IRAS16594-4656 and IRAS17150-3224.Many of the PPNe identi�ed do have su
h stru
tures whi
h have been dire
tlyobserved (e.g., IRAS17106-3046 { Kwok et al. (2000), IRAS17245-3951 { Hrivnaket al. (1999), IRAS04296+3429 { Sahai (1999), Hen 401 { Sahai et al. (1999a),IRAS17441-2411 { Su et al. (1998); Kwok et al. (1996)) and there is strong eviden
efrom polarimetry (Su et al. 2000) that a 
ir
umstellar disk or torus does exist aroundIRAS16594-4656.CRL618 owes its mole
ular ri
hness, in a large part, to the shielding e�e
ts ofits torus. This 
an 
learly be seen in the 
hemi
al model detailed in Chapter 3 { thehigh levels of radiation are only abated by high initial densities and a slow torusexpansion velo
ity, and when the density, or essentially the extin
tion, be
omestoo low, 
omplex mole
ules are destroyed. One obvious impli
ation that this hasfor PPNe su
h as IRAS16594-4656 and IRAS17150-3224 is that their 
ollimating
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ule-poor PPNe: Observationaltorus must not be dense enough to synthesise and prote
t 
omplex mole
ules. Thisbrings in an interesting interplay between the 
olumn density of material required toprodu
e the degree of 
ollimation seen and the 
olumn density of material requiredto shield 
omplex mole
ules from the often very intense UV �elds, 
osmi
 rays andpossibly also X-rays. One of the prevalent results from the previous 
hapter is thatin
ident UV radiation starts to destroy mole
ules when the opti
al depth rea
hesapproximately 10 magnitudes of extin
tion. This equates to a 
olumn density of�1.6 1022 
m�2. For the parti
ular model of CRL618, the density at the innermostpart of the torus is�109 
m�3. Typi
ally an average AGB star during the superwindphase at the end of AGB evolution (e.g., _M = 10�4M� yr�1 and vexp = 15km s�1)would have a density of around 108 
m�3 at a similar radial distan
e (1015 
m).Numeri
al models (e.g., Igna
e et al. 1996) show that only an equatorial densityenhan
ement of 2 or more over the polar dire
tion is enough to produ
e aspheri
ity(bipolarity) in a wind-
ompressed disk situation.



Chapter 5Mole
ule-poor proto-planetarynebulae: Modelling
5.1 Introdu
tionTo investigate the 
hanges in fra
tional abundan
e of spe
ies during the late AGBand PPN phases, in a region of no parti
ular density enhan
ement (e.g., a torus,
lump or disk), a 
hemi
al model of the 
ir
umstellar envelope was used. Results ofthis model are shown in Fig. 5.2. The 
hemi
al model of IRC+10216 
onstru
ted byMillar et al. (2000, MHB) was adapted to investigate the 
hemistry as an AGB star�nishes its phase of mass loss, and moves into the PPN phase. Several simplifyingassumptions are made, and the MHB model has been 
hanged to in
lude X-rays,and a minimal X-ray 
hemistry.5.1.1 Model parameters and simplifying assumptionsNine par
els of gas and dust in the 
ir
umstellar envelope (CSE) of an AGB starare assumed to 
ow outward at a uniform velo
ity of 14 km s�1, from initial radialdistan
es of 1, 2, 4 and 7�1015, 1, 4 and 7�1016 and 1 and 4 �1017 
m from the
entral star. A mass-loss rate of 1�10�5M� yr�1 is 
hosen, in a

ordan
e withthe mole
ular line modelling in Table 4.4. A spheri
al geometry implies that thedensity of the homogeneous out
ow drops as r�2. Mass-loss is assumed to end with124



Chapter 5 125 Mole
ule-poor PPNe: Modellingthe start of the model.Envelope heating. During the expansion, the \kineti
 temperature" of thepar
els varies a

ording to T=T0(r0=r)0:79, where T0 in
reases from 100K to 1 000Kover the �rst 1 000 yr of the model (
hosen to represent the PPN phase). This heat-ing is due to the in
reasing temperature of the 
entral star as it evolves towards awhite dwarf.Stellar UV �eld. Following the in
rease in stellar temperature, the intensity ofthe stellar UV �eld also in
reases. An ionisation rate similar to that of the inter-stellar UV �eld is assumed at the start of the model. At the end of the �rst 1 000 yrthis value has in
reased by a fa
tor of 100 at 1016 
m; this is very small 
ompared to2�105 times the interstellar �eld assumed by Herpin & Cerni
haro (2000), howeverIRAS16594-4656 (presently) has an e�e
tive temperature three times lower thanCRL618. Furthermore, as the results below show, this enhan
ement is enough toprove the point in hand.5.1.2 X-raysX-rays from the 
entral star or 
ompanion (Woods et al. 2002) are treated in a verysimple way in this model. The X-ray extin
tion law of Degu
hi et al. (1990) is used(see their Eq. B3), and an X-ray energy of 1.2 keV is assumed (� �1 nm). X-raysonly play an ionising role in the 
hemi
al rea
tion network, and these rea
tions aregiven the same rate 
oeÆ
ients as the equivalent 
osmi
-ray rea
tions. A very lowionisation rate of 10�17 s�1 is 
hosen initially; this rises to a rate of 10�13 s�1 by theend of the model run.5.1.3 Chemi
al rea
tion networkThe rea
tion network is the same as that used in the next 
hapter, with the ad-dition of a small number of X-ray ionisation rea
tions. Now the network in
ludes3897 rea
tions among 407 spe
ies in 6 elements. Initial fra
tional abundan
es aredetermined via the use of an AGB steady-state model, with a mass-loss rate of1�10�5M� yr�1 and expansion velo
ity of 14 km s�1. For example, a par
el start-ing at a radius of 1�1016 
m in the model presented here will have initial abundan
eswhi
h are the same as a par
el of \AGB" material at the same radial distan
e. Theadopted AGB envelope is shown in Fig. 5.1. Initial abundan
es of parent mole
ulesfor the AGB model are 
hosen to represent a 
arbon-ri
h environment, and valuesare taken from MHB.
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Figure 5.1: Steady-state AGB model showing the fra
tional abundan
es used asinputs to the par
el model of IRAS16594-4656. The bottom panel shows the radialvariation of sele
ted ratios through the AGB 
ir
umstellar envelope. A mass-lossrate of 1�10�5M� yr�1, an expansion velo
ity of 14 km s�1 and initial fra
tionalabundan
es appropriate for a 
arbon-ri
h envelope were used.5.2 Dis
ussion5.2.1 Comparison of observations with 
hemi
al modelThe 
hemi
al model generally shows good agreement with the fra
tional abundan
esderived in the previos 
hapter. Both HCN and CN rea
h the 
al
ulated fra
tionalabundan
es for IRAS16594-4656 and IRAS17150-3224 during the �rst 100 yr of themodel. However, by 500 yr these two spe
ies are drasti
ally depleted. Upper limitsfor other observed spe
ies (e.g., HNC, HC3N, C2H and C4H) are also in agreementwith the model in this region.The model shows how few spe
ies survive at observable levels after, say, 1 000 yr
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Figure 5.2: Results of the 
hemi
al model of IRAS16594-4656. The �gure showsthe variation of the fra
tional abundan
es (or ratios, in the lower row of axes) ofsele
ted spe
ies radially through the expanding 
ir
umstellar envelope at di�erentpoints in time (measured in years sin
e the 
essation of mass-loss). The shadingmarks the passage of the inner edge of the 
ir
umstellar envelope. As 
an be seenat long times (5 000 yr), only CO is reasonably abundant.
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ule-poor PPNe: Modellingof post-AGB evolution. Of those shown in Fig. 5.2 only CO, CS, C2H and CN areseen to survive 1 000 yr, and only CO remains at the 5 000 yr mark.Perhaps the most interesting result of the model is the variation of the CN/HCN,HNC/HCN and HCN/CO ratios. As expe
ted, the CN/HCN ratio is seen to riseduring the early post-AGB evolution (taking a mean through the envelope). Sim-ilarly, the HNC/HCN ratio also in
reases. The HCN/CO ratio slowly de
reaseswith evolutionary age. When these three behaviours are 
ombined, a reasonablya

urate age 
an be given. This approa
h is taken later, in Se
t. 4.7.2.Again, the sharp drop-o�s in fra
tional abundan
e are seen in the outer partsof the envelope, similar (although not as steep) to those seen in the 
hemi
al modelof a PPN torus (Chapter 3).5.2.2 Chemi
al evolution from the AGBTo support the hypothesis that these two PPNe are low in fra
tional abundan
es dueto low envelope density, a 
hemi
al model was 
onstru
ted to follow the evolution ofa star along the AGB phase and into the PPNe phase. The model shows that within�500 yr of the 
essation of mass-loss UV photons from the star start to ionise themole
ular material at a very high rate, and mole
ular matter is destroyed rapidly.As an example, HCN loses three orders of magnitude in fra
tional abundan
e inthe 500 or so years after mass-loss stops (Fig. 5.2). CO, whi
h self-shields in themodel, would survive at least 10 000 yr after the end of mass-loss at dete
tablelevels. Hen
e for mole
ules other than CO to survive through the PPN phase andinto the PN phase, they must either i) bene�t from heavy UV shielding (&10 mag)from the very end of the AGB phase or ii) be reformed, either 
onstantly or when
onditions are more favourable. Whi
h of these options is 
orre
t is 
urrently openfor debate, with some siding for the 
onveyan
e of 
lumps throughout the entirepost-AGB phase (e.g., Redman et al. 2003), and some siding against (e.g., Huggins& Mauron 2002).5.2.3 Post-AGB ages of IRAS16594-4656 and IRAS17150-3224Using the fra
tional abundan
es 
al
ulated from observations (Chapter 4) and the
hemi
al model presented here, an approximate post-AGB age for IRAS16594-4656
an be estimated. IRAS16594-4656 seems to be older than IRAS17150-3224, withquite a high CN fra
tional abundan
e and also a high CN/HCN ratio. Through
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omparison with Fig. 5.2 in parti
ular, the �gure of 370 yr, named by van der Veenet al. (1989), seems a good upper limit. IRAS17150-3224 is slightly more diÆ
ultto qualify, sin
e there is no dete
tion of CN. However, this does suggest that theCN/HCN ratio is low. The HCN/CO is high (higher than IRAS16594-4656) andhen
e a post-AGB age of 150{210 yr for IRAS17150-3224 (Hu et al. 1993; Meixneret al. 2002) seems likely, with the estimate of van der Veen et al. (1989), 800 yr,appearing to be mu
h too long to be an a

urate post-AGB age for this obje
t.It is not 
lear whether IRAS16594-4656 and IRAS17150-3224 are older or youngerthan CRL618 and CRL2688. The la
k of signs of ionisation suggest that they areyounger; the reasonably high CN/HCN ratios and low HCN/CO ratios suggest thatthey are older. Certainly, IRAS16594-4656 �ts into the \ evolutionary sequen
e"(of post-AGB obje
ts) of Ba
hiller et al. (1997a) between CRL618 and the youngPN, NGC7027. The age estimates of van der Veen et al. (1989), Hu et al. (1993)and Meixner et al. (2002), above, in 
omparison with the results of Bujarrabal et al.(2001) also tend to favour IRAS16594-4656 and IRAS17150-3224 being older, sin
eBujarrabal et al. (2001) give post-AGB ages for CRL618 and CRL2688 as 110 and200 yr, respe
tively.5.3 Con
lusions from Chapters 4 and 5Two proto-planetary nebulae, IRAS16594-4656 and IRAS17150-3224, were observedin a wide range of mole
ular lines, but only dete
ted in a few. Cal
ulating fra
tionalabundan
es and upper limits from these lines shows that these two sour
es aremole
ule-poor in relation to other PPNe su
h as CRL618 and OH231.8+4.2. As areason for this apparent di�eren
e the degree of density of the 
ir
umstellar torus (ordisk) is suggested, with mole
ule-ri
h PPNe having dense, prote
tive and nurturingtori, and mole
ule-poor PPNe having tenuous, or no, tori. To substantiate this, amodel of the 
hemistry in a late{AGB/early{PPN 
ir
umstellar envelope, with noparti
ular density enhan
ements (su
h as a torus), is used. As expe
ted, it showsthat very few mole
ules rea
h high fra
tional abundan
es in the post-AGB phase,and agrees well with fra
tional abundan
es 
al
ulated from observations. This is instark 
ontrast to the model in Chapter 3 of a dense 
ir
umstellar torus in the PPNphase. The usefulness of HCN/CO, HNC/HCN and parti
ularly CN/HCN ratiosin determining evolutionary age is dis
ussed, and using these tools, post-AGB agesfor IRAS16594-4656 and IRAS17150-3224 are given.



Planetary nebulae



^_^_^This look at AGB and post-AGB 
hemistry would not be 
omplete without a studyof planetary nebulae. Although the following se
tion is 
ursory, leaving mu
h to beexplored, it serves well enough to illumine some 
hemi
ally interesting aspe
ts ofthe �nal stage of stellar evolution. _^_^_
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Chapter 6Mole
ules in young planetarynebulae
6.1 Introdu
tionThe planetary nebula (PN) phase of evolution is marked by a hot (�100 000K)
entral star, an ionised region and di�use matter, whi
h makes the dete
tion ofmole
ules surprising. Mole
ules su
h as CO, HCN, HNC, CN and C2H are thoughtto survive (Ba
hiller et al. 1997a; Josselin & Ba
hiller 2003) from the Asymptoti
Giant Bran
h (AGB), through the proto-planetary nebula (PPN) stage, and intothe PN stage of evolution through being shielded from the intense radiation fromthe 
entral star and the mu
h less intense radiation from the interstellar medium(ISM). Clumps are su
h a method of shielding. Indeed, 
lumps have been observedin young PNe (su
h as IC4406, O'Dell et al. 2003, 2002; L�opez 2003), where the
lumps are seen in the neutral material, and in more evolved obje
ts (su
h asthe Helix nebula, Huggins et al. 2002), where the ionisation front has overtakenthem, and 
ometary tails are seen. Without this enhan
ed shielding su
h mole
ules
ould not be observed: The modelling of a dense torus and an in
reasingly di�use
ir
umstellar shell with no density enhan
ements in the previous 
hapters has shownthat very few mole
ules survive - in fa
t, only CO survives until long times, andthis is most likely due to its high fra
tional abundan
e and self-shielding properties.132



Chapter 6 133 Mole
ules in young planetary nebulaeClumps in AGB stars are generally of the size of a stellar radius (� 1013 
m),have a density of 107 
m�3, a temperature of a few hundred degrees Kelvin, and avisual extin
tion (AV) of 100 or less (taken from the model of Redman et al. 2003).The 
ometary globules in the Helix (planetary) nebula are somewhat less dense(4.5�105 
m�3, Meaburn et al. 1992), although it seems that the 
lumps envisagedin AGB stars are not massive enough (� 10�5M�) to be 
ometary globule pre
ursors(Huggins & Mauron 2002).In this 
hapter three planetary nebulae are observed: IC4406, NGC6072 andNGC6563. These three obje
ts are des
ribed in more detail in Se
t. 6.2. A numberof mole
ules are dete
ted, and two mole
ules, formaldehyde (H2CO) and 
arbonsulphide (CS), are dete
ted for the �rst time in a planetary nebula { H2CO inboth IC4406 and NGC6072, and CS in IC4406. Maps of CO, 13CO, HCN andCN emission are also made, and show the distribution of these mole
ules in theseparti
ular sour
es. Finally, fra
tional abundan
es are 
al
ulated, and show that allthree PNe are reasonably abundant in mole
ules.6.2 Obje
ts6.2.1 IC4406IC4406 is a bipolar planetary nebula (Corradi & S
hwarz 1995), with an equatorialdisk (Sahai et al. 1991; S
arrott & S
arrott 1995; Gruenwald et al. 1997). HSTimages of IC4406 (O'Dell et al. 2003) show that the nebula has a 
ylindri
al shape,with a diameter of 3500 (Phillips 2002; Zhang 1995, see Appendix A.3.1). Sho
ked H2emission marks the boundary of the ionised inner region and the outer, mole
ularregion (Storey 1984).The nebula is seen to 
ontain 
lumps (L�opez 2003) or knots (O'Dell et al. 2003,2002), 
lose to the ionisation front of the nebula (some 0.1 p
 from the 
entralstar), but within the neutral material. The knots do not appear dire
tional sin
ethey have no tails (O'Dell et al. 2003); instead, they form a \la
y" pattern. Theposition of these knots, not yet inside the ionised region, indi
ates that this obje
tis reasonably young, although O'Dell et al. (2002) derive a dynami
 age of 9 000 yrfrom the expansion velo
ity of CO (11.5 km s�1, Sahai et al. 1991). A mu
h largerdynami
al age of 27 000 yr is 
al
ulated if the expansion velo
ity from opti
al datais used.Few mole
ules have been dete
ted previous to this work: the CO (J=2-1) transi-
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ules in young planetary nebulaetion was mapped by Cox et al. (1991), and Sahai et al. (1991) map both the (J=1-0)and (J=2-1) transitions of CO. Cox et al. (1992) report dete
tions of 13CO, CN,HCO+, HCN and HNC. However, they fail to dete
t N2H+, C2H and HC3N. TheCN (N=3-2) transition was dete
ted by Ba
hiller et al. (1997b). A

ording to Hug-gins et al. (1996), there is more mole
ular matter than ionised (0.25M� 
omparedto 0.18M�), and a large proportion of the mole
ular matter is 
ontained within the
ylindri
al 
avity (Sahai et al. 1991).The stellar temperature is estimated to be 79 250K (Stanghellini et al. 1993)or 94 000K (Liu et al. 1995), and the luminosity is low, some 800L� (Stanghelliniet al. 1993).6.2.2 NGC6072NGC6072 is also a bipolar planetary nebula. It has a visible waist, whi
h showsthe brightest H2 emission, where the H2 is probably sho
k-ex
ited (Kastner et al.1996).NGC6072 has been observed in CO (J=2-1) by Huggins & Healy (1989). Itwas then mapped in this line by Healy & Huggins (1990) and also by Cox et al.(1991). More re
ently Balser et al. (2002) observed both the 12CO and 13CO (J=2-1) lines in order to derive a 12C/13C ratio. Their 
al
ulation resulted in 12C/13C =6.9�0.3. Other mole
ular observations are limited to the dete
tion of CN (N=3-2)by Ba
hiller et al. (1997b) and 13CO, CN, HCO+, HCN and HNC by Cox et al.(1992). Small maps in CN (N=1-0), HCN (J=1-0) and HCO+ (J=1-0) with theSEST by Cox et al. (1992) reveal that the nebula is extended, and that the distri-bution of these mole
ules approximately follows that of CO (J=2-1).In 
ontrast to IC4406, NGC6072 has predominantly more ionised material thanmole
ular. Healy & Huggins (1990) give the ratio of mole
ular to ionised gas (bymass) as 0.29:0.73; (Huggins & Healy 1989) give 0.54:0.69 { these values vary withthe adopted fra
tional abundan
e of CO. Also, NGC6072 has a mu
h hotter 
entralstar than IC4406, with the stellar temperature given as 147 910K (Stanghelliniet al. 1993), or 150 000K (Zhang & Kwok 1993), whilst the luminosity is 220L�(Stanghellini et al. 1993), or 400L� (Zhang & Kwok 1993).Expansion velo
ities di�er depending on whether derived from mole
ular orioni
 observations. A value of 10 km s�1 is taken from observations of the ionisedgas (Gussie & Taylor 1994), whilst 15.5 km s�1 is taken from the CO data of Coxet al. (1991).
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ules in young planetary nebulaeTable 6.1: PNe 
o-ordinates and other data.Obje
t IRAS number J2000 Co-ords. vLSR Distan
e Mass-loss rate[h:m:s Æ:0:00℄ [km s�1℄ [kp
℄ M� yr�1IC4406 14192-4355 14:22:25.8 �44:09:00 �50 1.7a 1.7�10�5;
NGC6072 16097-3606 16:12:58.8 �36:13:38 0 1.8a 2.0�10�5;
NGC6563 18087-3352 18:12:02.6 �33:52:05 �25 0.7b 4.0�10�6;
(a) Sabbadin (1986). (b) Ma
iel & Pottas
h (1980). (
) Cox et al. (1991).6.2.3 NGC6563The third of the planetary nebulae sele
ted from the southern sky is NGC6563.This is an ellipti
al ring nebula with a brightening on its minor axis (Huggins et al.1996). The stellar temperature is reported to be 136 500K by Cazetta & Ma
iel(2000), again, mu
h higher than IC4406.Very little information is available on the mole
ular 
ontent and stru
ture of thisobje
t. A dete
tion of CO (J=2-1) is made by Huggins & Healy (1989), and thiswas followed up with a small map of the same transition (Cox et al. 1991). Hugginset al. (1996) use the same data to derive a mass of mole
ular material: 0.021M�,whi
h gives a ratio to the ionised material of 0.93.Again, a dis
repan
y between the expansion velo
ity derived from opti
al andmole
ular (CO) data is evident. CO data indi
ates an envelope expanding at20 km s�1, whilst opti
al data gives 11 km s�1 (Huggins et al. 1996).6.3 ObservationsObservations were made with the 15m SEST, lo
ated on Cerro La Silla, Chile,during 2000 and the early part of 2002. J2000 
o-ordinates of the three planetarynebulae are listed in Table 6.1, along with the lo
al standard of rest (LSR) velo
itiesused for the observations. Distan
es are adopted from values given in the literature(Sabbadin 1986; Ma
iel & Pottas
h 1980) and mass-loss rates are from Cox et al.(1991). Instrumentation at the SEST 
omprised of four SIS re
eivers, at 0.8, 1.3, 2and 3mm, and three spe
trometers: one high resolution, and two wideband. Theobservation method was that whi
h is des
ribed in Chapter 2, with the dual beamswit
hing method employed for the point observations. Mapping was also performedwith the dual beam swit
hing method, with beam separations that varied a

ordingto sour
e (although never more than 1100, half a beamwidth at 230GHz).
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Table 6.2: Dete
ted lines in the three PNe.IC4406 NGC6072 NGC6563Mole
ule Transition Frequen
y Tmb R Tmbdv Tmb R Tmbdv Tmb R TmbdvGHz K Kkms�1 K Kkms�1 K Kkms�1C2H N=1-0 87.329 0.01 0.51 0.03 2.27 | |HCN J=1-0 88.632 0.08 2.33 0.11 3.74 0.04 0.72HCO+ J=1-0 89.189 0.06 2.23 0.13 3.09 0.04 0.82HNC J=1-0 90.664 0.03 0.53 0.06 1.36 | |13CO J=1-0 110.201 0.02 0.41 | | 0.03 0.33CN N=1-0 113.491 0.10 7.81 0.22 13.92 0.09 8.49CO J=1-0 115.271 0.36 8.33 0.73 14.21 0.19 6.25H2CO 21;2-11;1 140.840 0.03 0.74 0.05 0.29 | |CS J=3-2 146.969 0.01 0.23 | | | |13CO J=2-1 220.399 0.17 2.21 | | | |CN N=2-1 226.875 0.34 14.22 0.36 10.68 0.13 5.43CO J=2-1 230.538 1.55 29.00 2.33 35.60 0.74 16.29HCN J=3-2 265.886 0.23 4.11 | | | |HCO+ J=3-2 267.558 0.18 2.76 0.18 0.24 | |



Chapter 6 137 Mole
ules in young planetary nebulaeDete
ted lines are shown in Table 6.2, with dete
ted intensities shown in mainbeam temperature, whi
h a

ounts for teles
ope beam (in)eÆ
ien
ies.6.4 CO spe
traCO (J=1-0) and (J=2-1) spe
tra are shown in Fig. 6.1. The spe
tra from all threesour
es have features worthy of note:Figure 6.1 shows CO spe
tra of IC4406, with two main peaks at -23 and -60 km s�1,and a pro�le width of �64 km s�1. In all likelihood the separation of the two mainpeaks will give a better representation of the expansion velo
ity of the shell, andhen
e vexp=18.5 km s�1. There is also a less intense peak, seen more 
learly in theCO (J=2-1) spe
trum { a small feature in the 
entre of the pro�le has a width of5 km s�1. In addition, an appre
iable line wing on the blueshifted side, and a lessobvious wing on the redshifted side of the CO (J=2-1) pro�le 
an be seen.The main peaks of the CO pro�les towards NGC6072 (Fig. 6.1) o

ur at -2and 30 km s�1, giving an expansion velo
ity of 16 km s�1. The width of the pro�leis di�erent for CO (J=1-0) and (J=2-1): In the �rst 
ase it is 55.6 km s�1, inthe se
ond only 46.5 km s�1 { i.e., the less ex
ited CO gas seems to be expanding4.5 km s�1 faster. Interstellar emission is seen in the pro�les at 5.4 km s�1 and also14.4 km s�1.The CO (J=1-0) pro�le towards NGC6563 does not show the two distin
t peakswhi
h are seen in the (J=2-1) spe
trum be
ause the beamsize is larger at the lowerfrequen
y. These peaks are at -4 and -45 km s�1, indi
ating a shell expanding at�20 km s�1. There is a less intense feature shown in the CO (J=2-1) spe
trumpeaking at -16 km s�1 whi
h is too wide (�10 km s�1) to be interstellar.6.5 Mole
ular distributionsThe maps displayed in Figs. 6.2{6.5 show the distribution of mole
ules in the threePNe by means of intensity of emission. Maps on the same page share the sames
ale.IC4406, as 
an be seen from the images in Se
t. A.3.1, has a 
ylindri
al shape.The two other PNe are also likely to be 
ylindri
al, or ellipsoidal in shape. This
an be seen in the maps of the nebulae, where the doubly-peaked line pro�les are aresult of more intense emission from the \walls" of the 
ylinder. The CO (J=1-0)
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Figure 6.1: CO (J=1-0) and CO (J=2-1) spe
tra of the three sample PNe.map of NGC6563 does not show double peaked pro�les due to the reason statedabove.The fa
t that two peaks are seen indi
ates that the emission is opti
ally thin,and the di�eren
e in intensity of the peaks is probably due largely to geometri
ale�e
ts rather than opti
al depth e�e
ts. Thus it seems reasonable to assume thatthe more intense the emission, the greater abundan
e of that parti
ular spe
ies.All mapped emission seems to be most intense in the 
entre of the map; the\bright" region is spread over a number of teles
ope pointings in most of the maps,indi
ating that the mole
ular matter is not 
on
entrated in the very 
entre of theseobje
ts. In fa
t, in most, if not all, of the obje
ts, mole
ular emission is dete
tedat distan
es of �3300 from the 
entral star. In most 
ases this emission is CO, butin the 
ase of IC4406 both HCN and CN are dete
ted at these distan
es too.Figure 6.6 and Table 6.3 show Gaussian �ts to the map spe
tra, and give someindi
ation of the distribution of mole
ules in these three sour
es. The CO (J=1-0)emission, usually taken as a tra
er for mole
ular hydrogen, marks the limits of theformer AGB envelopes, whi
h through expansion outward, now form a \halo".IC4406 has a visual size of about 8500�3000 (Strasbourg-ESO 
atalogue, A
keret al. 1992), quite di�erent to the size 
al
ulated from the CO (J=1-0) map, of�6000�6500. From their CO (J=2-1) map, Cox et al. (1991) give a half power size of
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ules in young planetary nebulaeTable 6.3: Full width half maximum (FWHM) of the Gaussian �ts to the integratedintensity of the map spe
tra. Numbers in bra
kets are the position angle of theellipti
al �t. See also Fig. 6.6Line IC4406 NGC6072 NGC6563HCN(1-0) 51.300�64.500 (213Æ) | |CN(1-0) 33.400�41.800 (34Æ) | |CO(1-0) 60.600�65.800 (�11.5Æ) 59.500�54.700 (38.6Æ) 54.600�63.300 (0.3Æ)CO(2-1) 34.900�45.700 (�7.6Æ) 67.000�47.400 (�0.6Æ) 55.900�49.900 (�6.4Æ)3500�2500, some 1000 smaller than that whi
h is determined here. This may be dueto developments in the sensitivity of the SEST instrumentation over the ten yearperiod between the two observing runs.NGC6072 has a visual size of 8700�6500 (ESO/SRC Southern Sky survey), mu
hlarger than the size determined from the CO (J=1-0) map �t (6000�5500). Again, Coxet al. (1991) give a half power size whi
h is smaller than that whi
h is determinedfrom the CO (J=2-1) map presented here.NGC6563 is a visually small planetary nebula (Strasbourg-ESO 
atalogue, A
keret al. 1992), of size 5000�3800. The CO (J=1-0) emission marks out a half powersize of at least 5500�6000, and the CO (J=2-1) emission 5500�5000.Interestingly, it 
an be seen that the CO (J=2-1) emission region lies almost ontop of the CO (J=1-0) emission region in both NGC6072 and NGC6563, whereasfor IC4406 it is mu
h smaller. This 
ould be due to a more dense dust shell aroundIC4406, providing a higher extin
tion (permitting less ex
iting radiation).6.6 Mole
ular abundan
esMole
ular abundan
es are 
al
ulated in the same way as in Chapter 2 { however,sin
e this simplisti
 method is open to error in distan
e, mass-loss rate and resolu-tion e�e
ts (espe
ially in the 
ase of PNe, where matter is likely to be 
lumpy, orfragmented), abundan
e ratios are given in relation to HCN, whi
h is dete
ted in allthree obje
ts. Abundan
e ratios are more robust than simple fra
tional abundan
es.Non-dete
tions are given in Table 6.5. The derived abundan
es are more for 
om-parison with the study of Cox et al. (1992) rather than any parti
ular signi�
an
ein the values themselves.
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Figure 6.2: Top. A map of the CO (J=1-0) emission towards IC4406. Bottom.A map of the CO (J=2-1) emission towards IC4406.
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Figure 6.3: Top. A map of the HCN (J=1-0) emission towards IC4406. Bot-tom. A map of the CN (N=2-1) emission towards IC4406. Only the two strongest
omponents of the hyper�ne splitting are shown.
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Figure 6.4: Top. A map of the CO (J=1-0) emission towards NGC6072. Bottom.A map of the CO (J=2-1) emission towards NGC6072. Both maps show signs ofinterstellar lines, more 
learly visible in the outermost spe
tra.
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Figure 6.5: Top. A map of the CO (J=1-0) emission towards NGC6563. Bottom.A map of the CO (J=2-1) emission towards NGC6563.
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Figure 6.6: This �gure shows the distribution of mole
ular emission in the threesour
es IC4406, NGC6072 and NGC6563 and the SEST beam at various wave-lengths. The edges of the ellipses mark the FWHM of the two-dimensional Gaus-sian �t made to the maps shown in Figures 6.2{6.5, and the FWHM of the SESTbeam, respe
tively (assuming a Gaussian beamshape).
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Table 6.4: Fra
tional abundan
es with respe
t to f(HCN) derived from the (J=1-0) transition.IC4406 NGC6072 NGC6563Mole
ule Transition fX=fHCN fX=fHCN fX=fHCNCO J=1-0 244 280 63013CO J=1-0 14.4 | 40.7CO J=2-1 76.7 64.6 15213CO J=2-1 6.92 | U.L.aCN N=1-0 3.59 3.53 7.78CN N=2-1 0.615 0.256 0.481C2H J=1-0 2.82 6.95 |H2CO 21;2-11;1 1.15 0.256 |HCO+ J=1-0 0.333 0.256 0.252HCO+ J=3-2 0.0115 0.000549 |HNC J=1-0 0.159 0.232 |HCN J=3-2 0.0538 U.L.a U.L.aCS J=3-2 0.0359 U.L.a |(a) signi�es a non-dete
tion, but the 
al
ulation of an upper limit to the fra
tional abundan
e has been made (see Table 6.5).
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Table 6.5: Cal
ulated upper limits with respe
t to n(H2).IC4406 NGC6072 NGC6563Mole
ule Transition rms noise fX rms noise fX rms noise fXmK mK mKSiO J=2-1 1.7 1.3 (-7) | | | |HN13C J=1-0 1.7 1.2 (-7) 4.9 4.0 (-7) | |SiS J=5-4 3.0 8.2 (-7) 3.8 1.4 (-6) | |HC3N J=10-9 3.0 2.7 (-7) 3.8 3.9 (-7) | |N2H+ J=1-0 1.5 6.7 (-8) 2.6 1.3 (-7) | |SiO J=3-2 | | 3.5 6.8 (-8) | |SO J=4-3 1.9 9.7 (-8) 3.7 2.2 (-7) | |CS J=3-2 | Det.a 5.1 1.8 (-7) | |HCNH+ J=2-1 2.8 2.9 (-6) 3.8 4.5 (-6) | |13CO J=2-1 | Det.a | Det.a 4.6 8.9 (-6)HCN J=3-2 | Det.a 16.3 5.8 (-8) 20.6 1.3 (-7)HCO+ J=3-2 | Det.a | Det.a 32.1 4.0 (-8)(a) signi�es a dete
tion, given in Table 6.4.
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ules in young planetary nebulaeIt 
an be seen from Table 6.4 that fra
tional abundan
es derived from the highertransitions (e.g., HCN (J=3-2), HCO+ (J=3-2)) are very di�erent from those de-rived from the lower transitions. This is, in all likelihood, a limitation of the methodof 
al
ulation. Fig. 6.6 shows that mole
ules at di�erent ex
ited levels do o

upydi�erent regions, and also that the teles
ope beam is mu
h smaller than the higher-transition regions; the method of 
al
ulation assumes an unresolved sour
e, withmole
ules having the same distributions. Despite this, Table 6.4 shows that IC4406and NGC6072 are very similar 
hemi
ally. NGC6563 looks somewhat 
hemi
allydi�erent { either under-abundant in HCN (and HCO+), or over-abundant in COand CN, in 
omparison. However, again, this 
ould be an opti
al depth e�e
t.6.6.1 H2CO and CSThe dete
tions of H2CO in IC4406 and NGC6072 and CS in IC4406 are the �rstdete
tions of these mole
ules in PNe. Indeed, H2CO is reasonably abundant, on apar with HCN, and CS, although less so, is within two orders of magnitude of HCNin IC4406.Formaldehyde is only usually seen in oxygen-ri
h environments, where it isformed by the neutral-neutral rea
tions,OH + CH2 �! H2CO + HO + CH3 �! H2CO + H(Willa
y & Millar 1997). Its presen
e here, in what are obstensibly 
arbon-ri
hsour
es, 
ould be a result of oxygen-ri
h material surviving from the AGB phase.This would also indi
ate that these two stars be
ame 
arbon-ri
h quite late on inthe AGB phase.However, formaldehyde has re
ently been dete
ted in the 
arbon star, IRC+10216(Ford 2002), at a fra
tional abundan
e of 1.1�10�8. Here it is explained as a resultof 
ometary a
tivity, the same reason given for the presen
e of OH (Ford et al.2003) and H2O (Melni
k et al. 2001) in this obje
t. Willa
y (2004) argues that thedete
tion of these three mole
ules does not ne
essarily indi
ate 
omets. Her workon the (Fis
her-Trops
h) 
atalyti
 e�e
ts of iron and ni
kel in 
ir
umstellar grainsalso predi
ts abundan
es of H2O and OH very similar to those observed. Moreover,H2CO 
an be formed by the photodisso
iation of methanol, whi
h 
ould be formedby Fis
her-Trops
h 
atalysis (Latter & Charnley 1996).So, at present it seems hard to 
on
lude anything de�nite about the impli
ations
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ules in young planetary nebulaeof H2CO for these two PNe. If oxygen-ri
h material is present, one would expe
tformaldehyde to survive until the PN phase only with heavy shielding, perhaps in
lumps or dense regions in a disk or torus. With the added surprise of a dete
tionof CS, possibly this seems more likely (see Redman et al. 2003, for CS in 
lumps).CS is a parent mole
ule in 
arbon-ri
h AGB stars and is seen in steadily de-
reasing abundan
es as the post-AGB phase progresses (see Fig. 5 of Ba
hiller et al.1997a). However, given the right 
onditions (e.g., those of the \PPN" 
lump model,see below), it would be possible to form CS in a 
y
le su
h as:C+ + S �! S+ + CS+ + C2 �! CS+ + CS+ + CH �! CS+ + HCS+ + H2 �! HCS+ + HHCS+ + e �! CS + HFurther work should be done to ex
lude the possibility that H2CO and CS arenot present in IC4406 and NGC6072 entirely due to 
hemi
al (reformation) e�e
ts,as suggested for the 
ase of the young PN NGC7027 by Hasegawa et al. (2000)The new dete
tions of CS and H2CO beg the question, why have these twomole
ules not been dete
ted before? Both the survey of Ba
hiller et al. (1997a)(�ve PNe { see also Thronson & Bally 1986, for NGC7027) and the study of M1-16 by Sahai et al. (1994) proved negative in their sear
h for CS. Thronson & Bally(1986) also drew a negative result in their sear
h for H2CO in NGC7027. Of these sixPNe, all would be expe
ted to have 
lumpy material, and yet none show dete
tionsof these two mole
ules.6.7 Simple 
lump modelIn order to establish limits upon the survival of mole
ules in a shielded environmentin a post-AGB envelope, a simple model of a 
lump was used. This model assumesa 
onstant density semi-in�nite slab geometry, with physi
al parameters taken fromthe literature.Three s
enarios were used, representative of the three stages of AGB and post-AGB evolution. These three s
enarios are labelled AGB, PPN and PN for 
onve-nien
e, and physi
al 
onditions for ea
h s
enario are given in Table 6.6. In the AGB
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ules in young planetary nebulaeTable 6.6: Clump model input parametersAGB PPN PNn (
m�3) 107 106 105ri (
m) 1016 1017 1018T (K) 20 20 20AV (m) 2 1 0.5vexp (km s�1) 15 15 15G (G0) 1 10 25s
enario, the density of the 
lump is taken to be 10�7 
m�3, whi
h is similar to thedensity of the inter-
lump matter at a radius of 1016 
m. In a
tuality, it seems thatthe density of a 
lump is �10 times greater than the inter-
lump matter (Huggins& Mauron 2002). The initial radius is 
hosen to be similar to the radius at whi
h
lumps are observed in IRC+10216 (Huggins & Mauron 2002), and a 
lump size of1014 
m is adopted, to give a visual extin
tion through the 
lump of �2 magnitudes.The only shielding of mole
ules is due to the material of the 
lump itself; there isassumed to be no intervening matter between the 
lump and the 
entral star.In PNe 
lumps (or knots, or globules) are larger in size, having a radius on theorder of 1015�16 
m. They also have a lower density, and hen
e a lower AV (Meaburnet al. 1998). The parameters for the PN s
enario are 
hosen to re
e
t this, and anin
rease in the UV ionisation rate is made to a

ount for the hot 
entral star. ThePPN s
enario is an intermediate between the other two s
enarios.Results in the AGB s
enario show that parent mole
ules su
h as CO, CS andHCN 
an survive �105 yr (equivalent in length to the thermally pulsing AGB phase)in a 
lumpy environment su
h as that adopted in the model. Current thinking(Young et al. 2003), however, holds that 
lumps only form at the very end ofthe AGB phase. The fra
tional abundan
e of these three spe
ies after 105 yr in themodel is�10�4, 10�7 and 10�7 respe
tively. Photodisso
iation produ
ts are not veryabundant, peaking before 1 000 yr has passed (e.g., CN, C2H), and parent mole
ulesare destroyed by neutral-neutral rea
tions rather than by photon-intera
tion, as seenin models of AGB 
hemistry (Millar & Herbst 1994).In the PPN s
enario those mole
ules dete
ted in Chapter 4 { CO, HCN, andCN { are abundant, although only for 100 years or so in the 
ase of HCN. CO andCN survive for long times in this environment, as does CS. The UV �eld used inthe model is some twenty times less than that in the CRL618 model (Chapter 3)at the same radius, and the 
osmi
 ray ionisation rate 500 times less, whi
h maya

ount for the di�eren
e in mole
ular 
omplexity seen.
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tional abundan
e ranges for PNe (with respe
t to HCN)Mole
ule Abundan
e rangePNe Compa
t PNeCN 3.5{12 0.5{5HNC 0.16{0.7 13{91HCO+ 0.25{1 0.13{2.5CS <0.09 |In the PN s
enario, several non-parent mole
ules rea
h high (10�5{10�7) fra
-tional abundan
es (e.g., C2H, HNC, HC3N) but only for very short periods, on theorder of a year or so. Long-lived mole
ules in
lude CO, C2, CS and CN.Note that throughout all these di�erent s
enarios, \
omplex" mole
ules do notsurvive (\
omplex" in this 
ase meaning with more than two or three atoms). Thesimplest 
yanopolyyne, HC3N, although it be
omes abundant in 
lumps in the AGBs
enario, does so only for 1 000 years. This was also found by Howe et al. (1992).6.8 Dis
ussionThe observational results of Cox et al. (1992) are generally in good agreementwith the fra
tional abundan
es derived here; there is a minor disagreement in theCN/HCN ratio (a fa
tor of 3{4) and a slightly larger disagreement in CO/HCNratio (a fa
tor of 4{6). They 
al
ulate an integrated 12CO/13CO intensity ratio of20�3 for IC4406, whi
h is 
omparable with the 14�3 
al
ulated from this data. In
omparison, NGC6563 data indi
ates an integrated 12CO/13CO intensity ratio of�16. This is fairly standard for evolved PNe, for whi
h the ratio tends to be inthe range 10{25 (Ba
hiller et al. 1997a). Compiling the results of Ba
hiller et al.(1997a) (who observe the evolved PNe NGC6720, M4-9, NGC6781 and NGC7293),Sahai et al. (1994) (M1-16), Josselin & Ba
hiller (2003) (who observe the 
ompa
tPNe BV5-1, K3-94, M1-13, M1-17, K3-24, IC5117 and NGC7027) and the datahere, the abundan
e ranges given in Table 6.7 
an be spe
i�ed.The modelling of 
lumps, albeit in a simple manner, is enough to show thatmole
ules 
an survive through the AGB and PPN phases and into the PN phase,as suggested by some authors (e.g., Dyson et al. 1989). This does not ex
lude thepossible post-AGB re-formation of the mole
ules seen in PNe, and indeed somemole
ules (e.g., CS) in
rease slightly in abundan
e even in 
lumps. There seems tobe some indi
ation that the 
hemistry of the neutral envelope (of, say, PPNe and
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ules in young planetary nebulaePNe) is di�erent to that o

urring in 
lumps: 
omplex mole
ules are not noti
eablyabundant in the 
lump models, and yet in PPNe they 
an be present at highabundan
es. When it 
omes to 
hemistry in 
lumps, small mole
ules are the orderof the day (see also Howe et al. 1994). Even in PNe, where few mole
ules are seen,
lumps 
annot provide the required amounts of HCN, HNC, C2H and even CN. Thehigh degrees of HCO+ seen in planetary nebulae probably do not exist in 
lumps.These mole
ules are presumably shielded from the stellar radiation �eld in somemanner, and one must invoke alternative suggestions in the sear
h for explanations.\Shadowing" may be a viable solution, where 
lumps shield mole
ules as a parasolwould shield a person on a sunny day (Canto et al. 1998).Redman et al. (2003) study 
lumps in post-AGB environments in a mu
h more
omprehensive manner, and 
ome up with a di�erent result, that large mole
ulesare present in the 
lumps themselves and survive long enough to enter the inter-stellar medium. As an example of this they use the benzene mole
ule, whi
h has afra
tional abundan
e of �10�8 in their model for over 10,000 yr. However, it seemsthat this is unlikely, given that fra
tional abundan
es of HCO+ are 
onsistentlyextremely low (
.f., Chapter 3) and large mole
ules are rapidly destroyed. They donote that their benzene 
hemistry, whi
h is based upon 2C3H3 �! C6H6, may bein
omplete. The two other large mole
ules rea
hing high fra
tional abundan
es inthe model of Redman et al. (2003) are C4H4 and C4H5, whi
h are not in
luded inthe rea
tion set used here. Apart from this, the models presented here and that ofRedman et al. (2003) are very similar { 
lumps allow small mole
ules su
h as CO,CS and C2 to survive for long times, in 
ontrast to mole
ules in the inter-
lumpmaterial whi
h do not survive.6.9 Con
lusionsIn a mole
ular line survey of three PNe, eight spe
ies were dete
ted: CO, 13CO, CN,C2H, H2CO, HCO+, HNC and CS. Of these spe
ies, CS and H2CO have not beendete
ted in PNe previously. In general, fra
tional abundan
es seem high, althoughthe simplisti
 method used to 
al
ulate them is probably not a

urate to more thanan order of magnitude. Two transitions of CO were mapped in all three PNe, aswell as HCN and CN in IC4406.A model of a 
lump has illustrated that some mole
ules may survive from theAGB to the PN phase without being destroyed. CO and CS are two su
h mole
ules.However, other mole
ules seen in (these) PNe are not abundant for a prolonged time
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ules in young planetary nebulaein the 
lump model. This leads to suggest that these mole
ules are shielded in someother way, or that some una

ounted-for e�e
t leads to an in
rease in the 
omplexityof mole
ules within a 
lump.



Chapter 7Con
lusions and further work
7.1 SummaryThis study of the 
hemistry of mainly 
arbon-ri
h AGB and post-AGB obje
ts haslooked at the three main stages (AGB, PPN, PN) and the 
omplex AGB to PPNtransition in some detail.7.1.1 Carbon 
hemistry on the AGBChapter 2 investigated the 
hemistry of seven high mass-loss rate 
arbon stars inboth the northern and southern skies. Nearly 200 emission lines were dete
ted from24 mole
ular spe
ies. Mass-loss rates and density and temperature pro�les of the
ir
umstellar envelope were determined using the observed CO emission and a de-tailed radiative transfer 
ode. Fra
tional abundan
es were derived using this data,and it was found that fra
tional abundan
es generally vary between the sour
es byno more than a fa
tor of �ve, indi
ating that 
ir
umstellar envelopes around 
arbonstars with high mass-loss rates have similar 
hemi
al 
ompositions. Furthermore,through 
omparison with surveys of stars with lower mass-loss rates, it seems that
arbon stars in general have very similar 
hemi
al 
ompositions. However, thereare some notable ex
eptions. The most striking di�eren
e between fra
tional abun-dan
es is the spread in the 12C/13C-ratio of about an order of magnitude betweenthe sample stars, whi
h mainly shows the results of nu
leosynthesis. The abun-153
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lusions and further workdan
e of SiO also shows a variation of more than an order of magnitude betweenthe sour
es, and as shown in Woods et al. (2003b), this is 
an be explained by thepassage of pulsation-driven sho
k through the inner part of the wind. The 
hemistryo

urring in the outer envelope is 
onsistent with 
urrent photo
hemi
al models,su
h as that of Millar et al. (2000).Further avenues of work in this �eld lie in high-resolution (interferometri
) map-ping of mole
ular distributions in 
arbon stars, and the dete
tion of new mole
ules,both of whi
h will help to 
onstrain 
hemi
al models. The arrival of ALMA in thenear-to-mid future should improve sensitivity and resolution immensely. Develop-ment of 
hemi
al models will probably lead away from the (physi
ally) simplisti
approa
hes taken, for example in Millar et al. (2000), whi
h deal with the 
hemistryin these environments quite su

essfully, on the whole. The present models makesimpli�
ations about hydrodynami
s, dust, geometry, et
., whi
h may be important
onsiderations to take into a

ount.7.1.2 Carbon 
hemistry in a PPN torusChapter 3 looked at the mole
ule-ri
h PPN CRL618, and in parti
ular, the 
hem-istry o

urring in a dense shell of outwardly expanding gas, 
hosen to represent a
arbon-ri
h 
ir
umstellar disk or torus. Despite the high 
ux of UV photons fromthe 
entral star, the intrinsi
 dust extin
tion in the shell is found to prevent rapidphotodisso
iation and allows 
hemi
al rea
tions to make a variety of gas-phasespe
ies, some of whi
h are 
omplex. Chemi
al evolution ends when the intrinsi
extin
tion falls below about 10 magnitudes, sin
e at this point rapid photodisso
i-ation o

urs. For many spe
ies (in
luding benzene) good agreement between themodel and observations is obtained, despite the 
omplexity of the sour
e and thediÆ
ulties in re
on
iling millimetre and infra-red data.A formationme
hanism for benzene was dis
overed whi
h di�ers from that whi
his eÆ
ient in interstellar 
louds. Atomi
 hydrogen is not abundant in the densetorus of CRL618, so produ
tion of benzene is initiated by the rea
tion of HCO+with a
etylene, followed by rea
tions of the produ
ts with further a
etylene.Again, high resolution observations of mole
ules in PPNe would help the under-standing of these obje
ts greatly. Knowing, for instan
e, where the HCO+ residesin CRL618 would indi
ate whether the boundary layer e�e
ts studied by Viti et al.(2002), for example, were important in this spe
i�
 situation.
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lusions and further work7.1.3 Chemistry in mole
ule-poor PPNeIn 
ontrast to the pre
eding 
hapter, Chapter 4 looks at two mole
ule-poor PPNe,IRAS16594-4656 and IRAS17150-3224. IRAS16594-4656 is 
arbon-ri
h, appearingto have be
ome so very late on the AGB; IRAS17150-3224 is oxygen-ri
h. Bothobje
ts are dete
ted in CO, 13CO and HCN, and IRAS16594-4656 is also dete
tedin CN. The CO(J=2-1) and CO(J=3-2) line pro�les are 
ompared to those ofother PPN whi
h were observed in the same transitions: CPD-53Æ5736, IRAS17106-3046, IRAS17245-3951 and IRAS17441-2411. Fra
tional abundan
es of all dete
tedmole
ules (ex
ept CO) are 
al
ulated using the results of CO line modelling anda simple photodisso
iation model, as in Chapter 2. Comparisons between thesefra
tional abundan
es and those of other PPNe show that IRAS16594-4656 andIRAS17150-3224 are quite under-abundant when 
ompared to mole
ule-ri
h sour
eslike CRL618, CRL2688 and OH231.8+4.2. As a reason for this de�
it, the di�eren
ein 
ir
umstellar envelope/torus density between the mole
ule-ri
h sour
es and themole
ule-poor sour
es is proposed. Finally, the post-AGB ages of these two obje
tsare estimated using CN/HCN and HCN/CO ratios and both ages are found to bein agreement with previous �gures 
ited in the literature, IRAS17150-3224 beingthe younger of the two PPNe.Chapter 5 supports the results of Chapter 4 by means of a 
hemi
al model whi
hfollows the transition of a 
ir
umstellar envelope through the AGB phase and intothe PPN phase of evolution. The model in
ludes the e�e
ts of UV radiation, 
osmi
rays and also X-rays, but no density enhan
ements (su
h as a torus, or 
lumps).Additional observations of mole
ular lines in other PPNe would be useful todetermine how 
lear-
ut this distin
tion between mole
ule-ri
h and mole
ule-poorPPNe is. If there is some sharp boundary, then identifying 
hara
teristi
s for thetwo 
lasses 
ould be determined, whereas if there is no boundary, it may be easierto 
on�rm/dis
over the fa
tors on whi
h mole
ular-ri
hness relies.7.1.4 Chemistry in PNeThe �nal 
hapter moves on to look brie
y at the PN stage of evolution. ThreePNe are observed, and dete
ted in several lines. Most notably, H2CO and CS aredete
ted for the �rst time in a PN. Fra
tional abundan
es are 
al
ulated in theusual manner and a 
omparison between these three PNe and a number of othersshows that PNe as a group also have a very similar 
hemi
al 
omposition. A simplemodel shows that mole
ules su
h as CO and CS may survive from the AGB phase
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lusions and further workin a 
lump. However, this method is ine�e
tive for other mole
ules su
h as C2H,HNC and HCN, suggesting that some other form of shielding may be a
tive.Further observations of 
lumps in PNe su
h as those by Huggins et al. (2002,1992), O'Dell et al. (2002) and Spe
k et al. (2003) 
annot fail to help the study of
hemistry in PNe, and mole
ular line studies of these 
lumps in parti
ular wouldhelp understanding of the pro
esses o

urring. H2 and CO have already been de-te
ted in the 
lumps in the Helix nebula (Huggins et al. 2002); dete
tions of HCN,HNC and C2H will identify important missing elements in the modelling 
arriedout in this 
hapter.7.2 Con
lusionsOverall, it seems that the �nal stages of stellar evolution for low- and intermediate-mass stars bring a 
hange from 
hemi
al \
onformity" to 
hemi
al diversity, andba
k on
e again to 
onformity. This assumes that the progenitor to CRL618 wasa 
arbon star, and not, say, a mole
ule-poor symbioti
 star (whi
h would perhapsbe more interesting!) and, of 
ourse, there may be sele
tion e�e
ts: many PNehave been identi�ed, but only a small per
entage have been dete
ted in CO (orother mole
ules). Those dete
ted 
ould have been \CRL618"s in previous lives;those remaining undete
ted 
ould easily be \IRAS16594"s. Either way, there isstill some degree of 
onformity: a mole
ule-ri
h PPN will be
ome a mole
ule-ri
hPN, and a mole
ule-poor PPN will be
ome one of many PNe undete
ted in CO.This distin
tion in PNe may also say something about 
lumps { whether they areubiquitous in PNe, with distan
e making the dete
tion of CO emission diÆ
ult, orwhether 
lumps are solely spe
i�
 to a 
ertain group of PNe. There is already someeviden
e that (large) 
lumps are not ubiquitous in PNe (Huggins & Mauron 2002),but that some small-s
ale stru
ture is present in over half of all PNe (Gon�
alveset al. 2001). Nevertheless, it remains 
lear that the transition from AGB star toPN is 
hemi
ally very interesting, and with the variety of 
onditions and mole
ulesin PPNe, a very diÆ
ult transition to model a

urately.7.3 Future workThe two main unanswered questions arising from this resear
h 
on
ern poly
y
li
aromati
 hydro
arbons (PAHs) and 
lumps: Does the formation of benzene in
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lusions and further workCRL618 have impli
ations for PAH formation, and at what stage of stellar evolutiondo 
lumps form?Firstly, PAHs have been dete
ted in many post-AGB obje
ts, and are assumedto be responsible for many of the unidenti�ed features and lines seen in infra-redand millimetre spe
tra. The building blo
ks whi
h go into the formation of PAHsare small 
y
li
 mole
ules su
h as phenyl and benzene, whi
h are thought to formin high density, high temperature (900{1 100K) sho
ked regions very 
lose to theatmosphere of 
arbon-ri
h AGB stars (Cher
hne� et al. 1992). The study of PAHformation is preliminary, with some pie
es of the puzzle 
oming together neatly (forexample, on
e a benzene ring is formed, larger PAHs 
an then be built via a simplethree-step pro
ess, see Cher
hne� et al. 1992) and other pie
es being more diÆ
ult(how do 
arbona
eous dust parti
les form from PAHs? Cau 2002). Now, however,the dete
tion of benzene in a PPN, and eviden
e that it 
an be formed in the gasphase in the right 
ir
umstan
es (Chapter 3) { without the need for sho
ks, or hightemperatures { may throw new light on the whole PAH formation pro
ess.Clumps are expe
ted to form at the end of the AGB phase (or perhaps in theearly PPN phase, Young et al. 2003) 
lose to the emerging ionisation front (O'Dellet al. 2002), but have not a
tually been observed there (Huggins & Mauron 2002).Globules are seen in many PNe (O'Dell et al. 2002), but it is not 
lear whetherthese globules are AGB-type 
lumps grown large, or whether AGB-type 
lumpsare also present in PNe, but invisibly. Sear
hes for the pre
ursors of su
h globulesin the envelopes of AGB stars and young PNe have been negative (Huggins &Mauron 2002). In order to understand the 
hemistry in post-AGB obje
ts, whereUV shielding is important, it is important to understand 
lumps in more detail,and dis
over when, where and how they form.



Posts
ript
In �ve billion years or so, when the e�e
tive radius of the Sun engulfs the presentorbit of Venus, we might �nally get 
on
lusive proof of what happens in the huge
louds of gas and dust around a red giant star. Provided we aren't in
inerated�rst, of 
ourse. Until then we are left with postulation, hypothesis and edu
atedguesswork in our attempts to understand 
ir
umstellar 
hemistry. We rely on lightwhi
h has travelled further than our wildest imaginations, whi
h has been a�e
tedby unknown ele
tromagneti
 �elds, whi
h has passed through matter we 
annoteven experien
e on Earth. Looking at it like this, the \s
ien
e" of astronomy 
anall seem rather tenuous (no pun intended), and one has to wonder, well, why do webother?Maybe the �rst response that springs to mind is that to understand ourselves,we must understand the stu� { physi
al, mental and spiritual { of whi
h we are
omposed. A part of that stu�, the 
arbon, oxygen, and all other atoms of whi
hwe are made, was on
e spewn out from the inside of a red giant star somewherein our galaxy. As Joni Mit
hell says, we are all made of a billion year old 
arbon.For those to whom this explanation appeals, just think of this thesis as having usedastronomy to tra
e your roots. . .Others, realising our relative insigni�
an
e as we sit in our 
hairs atop a spinningball of ro
k, three stepping-stones out from a somewhat ordinary star, might lookfurther out and see so mu
h more. So mu
h more than 
on
erns us, light whi
hwe haven't even seen yet, myriads of 
on
epts whi
h are presently in
on
eivableto us. By observing and modelling these things, astronomy lets us ask `How?'.And however imperfe
t the responses teles
ope data and numeri
al simulations are,surely something is better than nothing? Be
ause knowing something, or thinkingwe know something, removes one of the obsta
les in the way of thinking about thereal question, the ultimate question, the big `Why?'. If that appeals, just think ofthis thesis as one of the `How?'s in amongst the tumult.158
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Table A.1: Stars studied in this thesisIRAS No. Other 
atalogue Evolutionary J2000 Co-ords. Dist. Vlsr Vexpname stage (Sour
e: SIMBAD) (kp
) (km s�1) (km s�1)04395 + 3601 CRL618 PPN 04:42:53.6 +36:06:54 1.50 �21 19.507454� 7112 AFGL4078 AGB 07:45:25.7 �71:12:19 0.71 �39 13.009452 + 1330 IRC+10216 AGB 09:47:57.4 +13:16:44 0.12 �26 14.510131 + 3049 CIT6 AGB 10:16:02.3 +30:34:19 0.44 � 2 17.014192� 4355 IC4406 PN 14:22:25.8 �44:09:00 1.80 �50 11.515082� 4808 AFGL4211 AGB 15:11:41.9 �48:20:01 0.64 � 3 19.515194� 5115 AGB 15:23:05.0 �51:25:58 0.60 �15 21.516097� 3606 NGC6072 PN 16:12:58.8 �36:13:38 1.00 0 15.516594� 4656 PPN 17:03:09.7 �47:00:28 1.80 �25 14.017150� 3224 AFGL6815 PPN 17:18:20.0 �32:27:20 2.42 +15 14.518087� 3352 NGC6563 PN 18:12:02.6 �33:52:05 2.24 �25 20.023166 + 1655 AFGL3068 AGB 23.19.12.4 +17:11:35 0.82 �31 14.023320 + 4316 IRC+40540 AGB 23:34:28.0 +43:33:02 0.63 �15 14.0
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esA.1 AGB starsA.1.1 IRC+10216IRC+10216 is the most studied late-type star. This is largely be
ause of its prox-imity, 100 { 200 p
 away. To review all the observations and studies would be ahefty undertaking. However, a re
ent paper by Men'sh
hikov et al. (2001) does avery good job of giving a broad overview of observational work.Be
klin et al. (1969) were the �rst group to study IRC+10216: It is the brightestsour
e in the IR sky, and hen
e drew early investigation. Its spe
tral energy dis-tribution (SED) is virtually featureless; its brightness varies by 2 mag every �600days. IRC+10216 is an extended sour
e with an opaque dust shell, possibly in theearly post-AGB stage of evolution.

Figure A.1: Geometry of the 
ir
umstellar envelope of IRC+10216, taken fromMen'sh
hikov et al. (2001). Three regions are indi
ated: the dense 
ore, withbipolar 
avities (dark 
olour); the less dense envelope where mole
ules are observed(medium 
olour); and the extended outer envelope (light 
olour).With su
h an obs
ured sour
e, the dust properties are well studied { some thir-teen papers have presented dust 
ontinuum models (e.g. Ivezi
 & Elitzur 1996;Groenewegen 1997). All models assume a spheri
ally symmetri
 envelope (see Fig-
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Figure A.2: Three-dimensional representation of the inner, dense 
ore of IRC+10216(Men'sh
hikov et al. 2001). Components A{D were observed by Weigelt et al.(1998), and E{G by Osterbart et al. (2000). B is the position of the star, A isthe position of the brightest emission. Components C{G are irregularities due toinhomogeneities in the dust density.ures A.1 and A.2), and also a uniform density law, whi
h may not be a

urate inreality:Opti
al and near{IR polarisation measurements (Dy
k et al. 1971; Capps &Kna
ke 1976) suggest departures from spheri
al symmetry. Also, spe
kle observa-tions (e.g. Dan
hi et al. 1994) and re
ent high{resolution observations (e.g. Oster-bart et al. 2000; Tuthill et al. 2000) show that the inner dust shell of IRC+10216is non-symmetri
 and 
lumpy. Various other departures from spheri
al symmetryhave been suggested: a weakly{bipolar re
e
tion nebula (Kastner & Weintraub1994), a geometri
ally thi
k disk (Dy
k et al. 1987) or a dusty torus (Skinner et al.1998), all in
lined toward the observer.In addition to departures from spheri
al geometry, there are departures fromthe often-assumed � / r�2 density distribution, although again, both on small andlarge s
ales. For instan
e, see M
Carthy et al. (1980); Bieging et al. (1984); Fazioet al. (1980); Harvey et al. (1991); Keady & Ridgway (1993). Near{IR spe
kle inter-ferometry by Ridgway & Keady (1988), for example, shows density enhan
ements



Chapter A 163 Individual sour
esaround the stellar equator. This 
lumpy stru
ture seems to be varying on times
alesof a few years (Weigelt et al. 1998; Hani� & Bus
her 1998). See also the re
entresults of Chandrasekhar & Mondal (2001), whi
h show the 
lumpy stru
ture. Thedeep opti
al images of Crabtree et al. (1987) and Mauron & Huggins (1999) givedire
t eviden
e of higher densities in a series of 
on
entri
 shells at radii of �15{6000(indi
ating mass-loss variations on times
ales of 200{800 years ). See also Groe-newegen et al. (1997) for further observations and Meijerink et al. (2003) for relatedmodelling. Thus the 
hallenge lies open for the development of multidimensionalradiative transfer 
odes. These re
ent, high quality observations show how mu
hsimple models are la
king.Estimates of mass-loss rate vary, and sin
e they are dependent on distan
e,
an vary in quite a range. However, Men'sh
hikov et al. (2001) do a survey ofestimated mass-loss rates and s
ale the surveyed results for a distan
e of 130 p
(see their Table 5). From dust 
ontinuum modelling, estimates of mass-loss ratevary from 1.1 10�5 (Le Bertre 1997) to 6.1 10�5M� yr�1 (Winters et al. 1994). Frommole
ular line modelling estimates are less varied: from 0.8 10�5 (Kwan & Hill 1977)to 2.4 10�5M� yr�1 (Crosas & Menten 1997). Hen
e it is fairly 
ertain that the rateof mass-loss from IRC+10216 is on the order of 10�5M� yr�1.Measurements of out
ow velo
ity depend on the mole
ule observed. For in-stan
e, Betz et al. (1979) dete
ted NH3 moving at 14 km s�1. CO observationsusually indi
ate a faster out
ow than this, for example, Knapp & Morris (1985)observe CO at 15.2 km s�1, Knapp et al. (1982) measure 17 km s�1.Dust 
omposition is likely to be sili
on 
arbide (due to the 11�m emission fea-ture, Tre�ers & Cohen 1974), with some 
arbona
eous 
ontent. A broad emissionin the far{IR at 24�m was proposed by Goebel & Moseley (1985) to be due to mag-nesium sulphide dust. Grain sizes are hard to determine, and various authors have
ome up with di�erent values. Tre�ers & Cohen (1974) suggest radii, a � 1�m.Witteborn et al. (1980) think smaller, a . 0:25�m, and Jura (1983) thinks evensmaller still, a � 0:05�m. However, Jura later 
hanges his mind (Jura 1994) andde
ides that there are no medium-sized parti
les (a . 0:015�m, a & 0:5�m).From a 
hemi
al point of view, IRC+10216 is the ri
hest late-type star known.Some 50{60 spe
ies have been dete
ted in the 
ir
umstellar envelope (Glassgold1999; Olofsson 1996b). Sin
e these papers, SiCN has been dete
ted by Gu�elinet al. (2000), SiC3 has been dete
ted by Apponi et al. (1999) and AlNC has beendete
ted by Ziurys et al. (2002). In addition, various oxygen-bearing spe
ies havebeen dete
ted { OH (Ford et al. 2003), H2O (Melni
k et al. 2001) and formaldehyde,
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esTable A.2: Spe
ies dete
ted in IRC+10216, from Glassgold (1999). The informationhas been updated with the addition of H2CO, H2O, OH, AlNC, SiCN and SiC3.Spe
ies are grouped in rough \families" and de
rease in abundan
e, from the topdown. CO C2H2 HCN SiS CS AlClC C2H CN SiC2 C2S AlFHCO+ C4H HC3N SiO C3S NaCN| C3 C3N SiC H2S MgNCH2CO (a) C6H HC5N SiN CPC5 HNC SiC4 NaCll-C3H HC7N | MgCNCH4 
-C3H2 HC9N SiC3 (a) KClSiH4 C5H HC2NC SiCNNH3 C8H CH3CN AlNCC7H C5N H2O
-C3H OHH2C4 |HC2N C2 (a)H2C3(a) These spe
ies are of undetermined abundan
e.H2CO (Ford 2002). See Table A.2 for details.IRC+10216 is the most a
tive 
arbon{star maser sour
e, although due to thenature of 
arbon stars, maser lines are weak. Weak maser emission was dis
overed inthe J=1{0 and J=5{4 rotational lines of SiS (Nguyen-Q-Rieu et al. 1984; Carlstr�omet al. 1990) and also re
ently in CS (Highberger et al. 2000). HCN is the mosta
tive masering mole
ule, with three transitions dete
ted. The �rst two by Lu
as& Cerni
haro (1989) and the last by S
hilke et al. (2000). An HCN laser is dete
tedby S
hilke & Menten (2003).Good reviews of the 
hemistry in this sour
e are given by Glassgold (1996) andMillar (1988). Of great interest are the long-
hain mole
ules, and the idea thatfullerenes may be 
ontained in the CSE of IRC+10216 (Hinkle & Bernath 1993).Cyanopolyynes of up to HC9N (Matthews et al. 1985), and possibly HC11N (Bellet al. 1982; Travers et al. 1996) have been dete
ted. A summary of the 
hemistryof IRC+10216 is given in the introdu
tion to this thesis, Se
t. 1.6.
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ted in the IRAS survey and 
lassi�ed as a 
arbon starin Stephenson's General 
atalogue of 
ool 
arbon stars. It was observed (seeminglywith great diÆ
ulty) by Skinner & GriÆn (1989). It is very faint opti
ally, andhighly reddened, but bright in the IR. The observed energy distribution between 0.1and 100�m was modelled by Chan & Kwok (1990), with a mass-loss rate of 5.9 10�6.IRAS 
uxes are given in the paper by Egan & Leung (1991) and photometry in J,H, K, L, M bands by Fouque et al. (1992).Papers by Groenewegen (Groenewegen et al. 1992, 1996) give the distan
e tothis star as 0.53 kp
, vexp as 13.5km s�1 and vlsr as �36:5km s�1. The mass-lossrate of gas is estimated at 1.62 10�5M� yr�1, that of dust 1.88 10�8M� yr�1 (Groe-newegen et al. 2002). Skinner & GriÆn (1989) 
lass IRAS07454-7112 as an extreme
arbon star (by whi
h they meant...), with a mass-loss rate of something around10�5M� yr�1.IRAS07454-7112 was not dete
ted in the SiO maser survey of Haikala (1990),but was dete
ted in CO by Nyman et al. (1992) and also by Groenewegen et al.(1996). In addition, its dete
tion in SiC (Skinner & GriÆn 1989; Egan & Leung1991; Kwok et al. 1997) 
on�rmed to its 
lassi�
ation as a 
arbon star.Olofsson et al. (1998), who dete
ted CO, CS, HCN, SiO and SiS, note thatIRAS07454-7112 has very low HCN/CO and SiO/CO ratios for a 
arbon star. Theyassume a distan
e of 750 p
.A.1.3 CIT6CIT6 is a Mira-type 
arbon star (mis
lassi�ed as an SRa Barnbaum & Hinkle 1995)with a period of approximately 640 days (Alksnis & Khozov 1975; Alksnis 1995;Taranova & Shenavrin 1999). Using the period-luminosity relation of Groenewegen& Whitelo
k (1996) (mbol = �2:59logP + 2:02, where P is the pulsation period),CIT6 has a luminosity of 9 700L�. The distan
e in this 
ase would be 440 p
 (Cohen& Hit
hon 1996). It was dis
overed in the Calte
h infrared survey (Ulri
h et al.1966) and sin
e has been well-observed. It was identi�ed as a 
arbon star usingits near-IR CN bands (Wisniewski et al. 1967; Gaustad et al. 1969) and its thi
k
arbon-ri
h dust shell (e.g., Stre
ker & Ney 1974).This star has a similarly wide variety of 
ir
umstellar mole
ular spe
ies toIRC+10216. Dete
tions in
lude CO, HCN, CN, HNC, HC3N, HC5N, C3N, SiS,C2 and C3 (Jewell & Snyder 1982; Henkel et al. 1985; Sopka et al. 1989; Olofsson
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Figure A.3: Maps of the mole
ular envelope around CIT6, from Lindqvist et al.(2000). Six spe
ies are mapped: SiS (J = 5 � 4), HC3N(J = 10 � 9), HCN (J =1 � 0), CN (N = 1 � 0), HC5N(J = 34 � 33) and HNC(J = 1� 0). The top{leftpanel in ea
h 
ase shows the uv-plane 
overage for the observations. The bottom{right panel shows the 
omplete velo
ity-integrated map. The remaining panelsshow maps at the 
entral LSR velo
ity shown in the upper right-hand 
orner ofea
h panel. See Lindqvist et al. for more details.
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s 1997) but no Ci (Knapp et al. 2000).Guilloteau et al. (1987) dis
overed a strong HCN (J=1{0) maser, and Lewis et al.(1995) report SiO maser a
tivity. S
hilke & Menten (2003) dete
t an HCN laser at891GHz (HCN J=10{9), and 
on
lude it must arise from the inner regions of theCSE.From infrared and visible data, CIT6 appears slightly asymmetri
 (Monnieret al. 2000) and has a 
lumpy stru
ture (Meixner et al. 1998), with 
uxes andpolarisations whi
h are variable (Kruszewski 1968, 1971, 1973; Dy
k et al. 1971;Trammell et al. 1994). Spe
i�
ally, there is an unusual light variability in thenear IR and red, but a 
omplete la
k of periodi
ity in the blue (Za
s 1997). Thisbehaviour, whi
h may be linked to the ex
ess UV 
ux and the unusual emissionlines whi
h have been observed, 
ould be due to a hot invisible 
ompanion (Alksniset al. 1988) or 
ir
umstellar sho
ks (Cohen 1980; Cohen & S
hmidt 1982). Furtherinfrared data (photometry, et
.) is available in Olivier et al. (2001). Surprisingly,CIT6 is easily observed in the opti
al regime, despite its heavy shroud (Alksnis1995). The slight asymmetry seen by Monnier et al. (2000) and the similarity ofthe blue spe
trum to the young PPN CRL2688 (Za�
s et al. 2001) may be indi
ativethat CIT6 is 
oming to the end of the AGB. Some authors believe that this obje
tis well on its way to be
oming a PN (Trammell et al. 1994). S
hmidt et al. (2002)suggest that they have dete
ted the nas
ent bipolar planetary nebula, and believethat it has only developed within the last few hundred years. Radio 
ontinuumemission is too weak to imply the presen
e of an Hii region (Knapp et al. 1995).The only high-resolution imaging to date of this sour
e is presented by Monnieret al. (2000). However, Lindqvist et al. (2000) present brightness maps of six spe
ies:HCN (J=1{0), CN (N=1{0), SiS (J=5{4), HNC (J=1{0), HC3N (J=10{9) andHC5N (J=34{33): see Figure A.3. Meixner et al. (1998) present CO maps. Dy
ket al. (1984) present IR spe
kle interferometry results and Lipman (1998) and Tuthillet al. (2000) also have performed interferometri
 measurements of CIT6.The ratio 12C/13C is an intriguing property for this star. Observations of the12CO/13CO ratio give values of 13{16 (Kahane et al. 1992; Groenewegen et al.1996), yet modelling of the ratio 12C/13C produ
es uniformly higher values of 31{35 (Groenewegen et al. 1996; S
h�oier & Olofsson 2000). This seems to be due toopti
al depth e�e
ts.For an extreme 
arbon star, CIT6 has a low mass-loss rate of approximately5 10�6M� yr�1 (Ivezi
 & Elitzur 1995). At the 
entre of the sour
e is a C4,3 typestar (Cohen 1979; Carlstr�om et al. 1990).
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esA.1.4 IRAS15082-4808IRAS15082-4808 is not a tremendously well-observed star. It was �rst 
lassi�ed as a
arbon star by Little-Marenin et al. (1987) (using IRAS low-resolution data), afterhaving been dis
overed in the AFGL survey (hen
e its designation as AFGL 4211;Persi & Ferrari-Toniolo 1984). It was �rst dete
ted in CO by Knapp et al. (1989),and despite being part of two SiO maser surveys (Haikala 1990; Hall et al. 1990),remained undete
ted in both. New dete
tions of CS, SiO and SiS were made byOlofsson et al. (1998), in addition to a previous dete
tion of HCN. IRAS 
uxes aregiven in the paper of Egan & Leung (1991) and photometry in J, H, K, L, and Mbands in Fouque et al. (1992). The dust of this star was modelled (Lorenz-Martinset al. 2001; Lorenz-Martins & Lefevre 1994) and was found to 
ontain a high degreeof amorphous 
arbon grains. Ivezi
 & Elitzur (1996) identi�ed it as \one of the best
andidates for the resolution of dust 
ondensation zones in future observations".IRAS15082-4808 is an extreme 
arbon star, with a mass-loss rate of approxi-mately 10�5M� yr�1 (Groenewegen et al. 1992, 2002) or 10�6M� yr�1 (Netzer &Elitzur 1993; Knapp et al. 1989). Its 
ir
umstellar wind expands with a velo
ity of20.5 km s�1 (Young et al. 1993) and has a 
entre velo
ity of �3:3 km s�1 (Nymanet al. 1992). It lies at a distan
e between 0.3 and 0.7 kp
 (Loup et al. 1993).A.1.5 IRAS15194-5115This obje
t is well studied, and has several papers devoted to it (Ryde et al. 1999;Lopez et al. 1993; Nyman et al. 1993; Meadows et al. 1987). It was dis
overed inthe IRAS survey (Olnon et al. 1986), and also seen in the ESO{Valinhos 2.2 �m skysurvey (Ep
htein et al. 1987). It be
ame 
lassed as a C-star following the interpre-tation of opti
al and infrared spe
tra by Meadows et al. (1987). IRAS15194-5115 isthe third brightest C-star at 12�m, and is the brightest known in the southern sky.However, a

ording to Chen & Kwok (1993) and Olofsson et al. (1998), it mightbetter be 
lassi�ed as an S-star. Photometry in J, H, K, L, M bands is presentedby Ep
htein et al. (1987) and Le Bertre (1992).IRAS15194-5115 is often 
ompared to the prototypi
al C-star, IRC+10216, andit is indeed very similar. However, there is a striking di�eren
e in that the 12C/13Cratio is extremely low (S
h�oier & Olofsson 2000) - at least �ve times lower thanIRC+10216 (Nyman et al. 1993). Ryde et al. (1999) suggest that this is due toeither IRAS15194-5115 being a J-star for whi
h the 12C/13C ratio has remainedlow, or to it being a reasonably massive star that has just be
ome a 
arbon star
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esafter the 
essation of hot bottom burning (Frost et al. 1998a). S
h�oier & Olofsson(2000) suggest that this is due to IRAS15194-5115 being low in mass, so that theCNO 
y
le produ
es a low 12C/13C ratio, and the temperature of the star is too lowfor eÆ
ient 
onversion of 12C to 14N.The dust properties of these two stars appear to be di�erent. IRAS15194-5115has a low (SiC)/(amorphous 
arbon) ratio (0.03{0.04, Groenewegen 1995; Lorenz-Martins & Lefevre 1993). This low ratio is in some way 
onne
ted to a high mass-lossrate (Lorenz-Martins et al. 2001). Dust modelling has been 
arried out by Lopezet al. (1993), amongst others (Lorenz-Martins et al. 2001; Groenewegen et al. 1998;Groenewegen 1995; Lorenz-Martins & Lefevre 1993; Chen & Kwok 1993).This star is a long{period variable with a period of 580 days, and a 
hange inmagnitude of less than 1 mag (Le Bertre 1992, 1997). Ryde et al. (1999) derivea luminosity of 8770L� using the period-luminosity relation of Groenewegen &Whitelo
k (1996).IRAS15194-5115 was �rst dete
ted in CO by Booth et al. (1989) and Knapp et al.(1989). Sin
e then it has been dete
ted in 29 transitions of 14 mole
ular spe
iesand various isotopes by Nyman et al. (1993). Fong et al. (2001) have dete
tedIRAS15194-5115 in C ii and derive upper limits for various metals (Fe i, Fe ii, Si ii).Observations tend to be diÆ
ult be
ause of the presen
e of a mole
ular 
loud inthe line-of-sight, situated some 2.9 kp
 behind the star (Nyman et al. 1987).This star lies at a distan
e of approximately 0.6 kp
 (Fong et al. 2001). Mass-lossis estimated to o

ur at a rate of approximately 1 10�5M� yr�1 (e.g. Ryde 2000).IRAS15194-5115, an extreme 
arbon star, has an opti
ally thi
k 
ir
umstellar shell,with some degree of asymmetry (Lorenz-Martins & Lefevre 1994). However theshell does not appear extended (Young et al. 1993).A.1.6 AFGL3068The mu
h-studied star AFGL3068 is also known by the IRAS designation IRAS23166+1655 and the name LL Pegasus. Estimates of this star's distan
e rangefrom 570 p
 (Fukasaku et al. 1994) to 1.2 kp
 (Meixner et al. 1999), with mostauthors taking a distan
e of approximately 1 kp
.AFGL3068 is an extreme 
arbon star, slightly more evolved than the generi
 
ar-bon star IRC+10216 (CW Leo). It has no opti
al 
ounterpart down to a very highmagnitude limit (Volk et al. 2000), but is well observed in the infrared and in themillimetre band. It is identi�ed by its low IRAS 
olour temperatures. AFGL3068
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ontinuum whi
h is devoid of strong emission features, suggestingstrong 
ir
umstellar extin
tion (Kwok et al. 1997). From IR spe
tra Jones et al.(1978) found (i) a strong absorption feature at 3.1�m, (ii) the absen
e of a sili
atefeature at 9.7�m and (iii) a spe
tral break at 10.5�m. The �rst two of these fa
torsstrongly suggest that the star is heavily dust enshrouded. Absorption and emissionfeatures of the 
ir
umstellar dust have been well investigated. The presen
e of aweak absorption feature due to SiC (Spe
k et al. 1999) and emission well �tted bymodels of SiC (Smith et al. 2000) suggest sili
on-based grain 
omposition. Simi-larly, strong emission in the 30�m band has been attributed to either pure MgSor graphite grains with a thi
k MgS 
oating (Sz
zerba et al. 1999). The strongfeature in the 30�m band has also been observed in other extreme 
arbon-ri
h stars(Yamamura et al. 1997), as well as proto-planetary nebulae (Omont et al. 1995)and planetary nebulae (Forrest et al. 1981). Also, the 
atness of the IR spe
tramay suggest pure amorphous 
arbon grains (Kwok et al. 1997; Smith et al. 2000;Suh 2000).Thermal lines from HC3N were �rst observed by Jewell & Snyder (1984). Sin
ethen HCN, CO, 13CO, H13CN, HC3N and HNC have been observed by Sopka et al.(1989), as have CCH, HC5N, C4H and SiS by Fukasaku et al. (1994) and Fuenteet al. (1998). Indi
ations of OH or water have not been found (Lewis 2000, 1996).Physi
ally, AFGL3068 is a pulsating star (Bagnulo et al. 1998; Lewis 1996) withan opti
al depth that varies (Le Bertre et al. 1995) over its period of approximately700 days (Whitelo
k et al. 1994). CO s
ans show an asymmetry in the 
entral,
ompa
t region, with a deta
hed and strongly bipolar outer 
ir
umstellar nebulosity(Neri et al. 1998). The mass-loss rate is on the order of 10�5M� yr�1 (Greaves& Holland 1997; Ivezi
 & Elitzur 1995), with an envelope expansion velo
ity of14.1 km s�1(Sopka et al. 1989). The lo
al standard of rest velo
ity is usually takenas -31 km s�1(Groenewegen et al. 1996).A.1.7 IRC+40540IRC+40540 is a very red Mira variable, of spe
tral type C8, 3.5 (Sloan et al. 1998),with a period of 628 days (Cohen & Hit
hon 1996). It has a luminosity of approxi-mately 9400L�, and hen
e a distan
e of 630 p
 (Lindqvist et al. 2000). S
h�oier &Olofsson (2000) use CO data to derive a mass-loss rate of 1.5 10�5M� yr�1. It has awind expansion velo
ity of 14.0 km s�1. Thus this star is very similar to IRC+10216,or CIT6. An e�e
tive stellar temperature of 2040K is given by Bergeat et al. (2001).
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ted in HCN and CN by Lindqvist et al. (2000), andalso by Sopka et al. (1989), who add H13CN to the list. Lindqvist et al. (2000) alsomap and model the distribution of HCN and CN. The CO emission of IRC+40540has been well-observed, for example by Neri et al. (1998), Groenewegen et al. (1996),Zu
kerman et al. (1986) and Knapp & Morris (1985). Stanek et al. (1995) present avery ni
e map of CO (J=3{2) emission. The map shows a slight elongation NE-SW,with possible jetlike stru
tures. S
h�oier & Olofsson (2000) 
al
ulate a 12C/13C ratioof 55, slightly higher than the 43 of Wannier et al. (1991) and Wannier & Sahai(1987). Bujarrabal et al. (1994) 
al
ulate abundan
es from observations of 13CO,HCN, HNC, SiS, SiO, CS, HC3N and SO (upper limit). Also, a sensitive line sear
hof CSEs by Nguyen-Quang-Rieu et al. (1988) revealed dete
tions of HCN, H13CNand SiO. They also derive upper limits for seven other spe
ies, in
luding HC5N.Jewell & Snyder (1984) were the �rst to dete
t HC3N (in three transitions). Fuenteet al. (1998) 
al
ulate the abundan
e of C2H2 from C2H observations. Sahai et al.(1984) dete
t the J=7{6 transition of SiS.Maser a
tivity surveys for the following mole
ules have been negative: H2O(Lewis 1997; Takaba et al. 1994); SiO (Takaba et al. 1994); HCN (Lu
as et al. 1988;Bieging 2001).The dust properties of this obje
t are well-studied. The SED has been modelledby Suh (2000), Bagnulo et al. (1998) and Groenewegen et al. (1998). Dust 
ompo-sition is studied by Spe
k et al. (1999, 1997). The 30�m emission due to MgS isobserved by Jiang et al. (1999). 11.2�m emission from SiC is used to 
al
ulate themass-loss rate (2.4 10�5M� yr�1) by Skinner & Whitmore (1988b).Photometri
 measurements (in J, H, K, L or M bands) are presented by Bagnuloet al. (1998), Groenewegen et al. (1993), Jones et al. (1990), Cohen & Kuhi (1977)and Lo
kwood (1974). IRAS 
uxes are given in Egan & Leung (1991) and Rowan-Robinson et al. (1986).A.2 Proto-planetary nebulaeA.2.1 CRL618CRL618 is a highly observed obje
t, and justly so sin
e it provides a very wide rangeof physi
al 
onditions in whi
h to study some very interesting 
hemistry. Generally
lassed as a proto-planetary nebula (although 
lassed by some as a planetary nebulasin
e it does show the pres
en
e of a 
entral ionised region; Kwok & Bignell 1984),
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Figure A.4: Simple view of the stru
ture of CRL618, taken from Herpin & Cer-ni
haro (2000). Similar but more 
omplex diagrams are presented in Phillips et al.(1992); Burton & Geballe (1986).the e�e
t of intense radiation and sho
k 
hemistry make this star a 
omplex subje
tfor study.This obje
t was �rst dis
overed by the CRL ro
ket 
ight, whi
h sear
hed forinfrared sour
es (Walker & Pri
e 1975). First detailed examinations were made inthe infrared by Westbrook et al. (1975), and a broad CO emission line was observedby Lo & Be
his (1976).CRL618 is observed at opti
al, radio and infrared wavelengths (Carsenty & Solf1982; Bujarrabal et al. 1988; Hora et al. 1996) as a bipolar nebula. It is worthquoting from the paper of Neri et al. (1992),The simplest and most plausible interpretation of the ensemble of theradio, infrared, and opti
al data presently available is that CRL618 hasjust rea
hed a stage where its stellar wind is s
raping through the star'sdense 
o
oon and starts to propel po
kets of gas into the outer regions.Strong sho
ks between the wind and envelope fragments and betweenthe wind and the outer envelope material, give rise to high ex
itation,high velo
ity emission in a variety of atomi
 and mole
ular lines.
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al and near-infrared radiation from the lobes is re
e
ted fromthe 
entral sour
e (Westbrook et al. 1975; Latter et al. 1992), although Goodri
h(1991) holds that some of the opti
al light, at least, must be generated within thelobes themselves. Goodri
h (1991) 
ompares the opti
al spe
trum of the east lobeto spe
tra of Herbig-Haro obje
ts (obje
ts found in the vi
inity of young pre-main-sequen
e stars), and �nds that they are very similar.Physi
ally, the PPN 
onsists of an invisible B0-type 
entral star surrounded bya 
ompa
t Hii region (Wynn-Williams 1977) with a thi
k bipolar envelope outer-most. Figure A.4 is taken from Herpin & Cerni
haro (2000), who base this diagramon observations from Weintraub et al. (1998), Burton & Geballe (1986), Neri et al.(1992) and Carsenty & Solf (1982). The physi
al parameters relating to the geom-etry of CRL618 have been investigated by Martin-Pintado et al. (1995), Meixneret al. (1998) and Hajian et al. (1996). The three main features of CRL618 are: (i)a 
entral torus with a photon dominated region, (ii) the extended AGB remnantenvelope (�7000 diameter; Phillips et al. 1992) and (iii) the bipolar lobes (the east-ernmost of whi
h is brighter). The medium is most likely 
lumpy (e.g., Meixneret al. 1998; Hajian et al. 1996; Neri et al. 1992), and, in fa
t, Ueta et al. (2001) �ndCO 
lumps moving at >200 km s�1, 
orresponding to the near-IR \bullets" theyalso see. These IR stru
tures are thought to be the lo
ations of intera
tions atthe 
lump/
ir
umstellar shell interfa
e. There is a 
ool dust shell at a very largeradius of 40000, with enhan
ed rings of emission at � 16000 and �27500 (Spe
k et al.2000). The rings of enhan
ed emission in the ISOPHOT spe
tra are thought to beremnants of thermal pulse a
tivity (and hen
e episodi
 mass{loss) on the AGB.The bipolar out
ows have been the subje
t of mu
h re
ent resear
h, along thelines of Cox et al. (2000), in dealing with CRL2688, the Egg nebula. Closest tothe 
entral star, Kastner et al. (2001) �nd the highest velo
ity mole
ular material,and attribute a velo
ity of over 150 km s�1 to it. Cerni
haro et al. (1989) also(see also Gammie et al. 1989) observe a high speed (�200 km s�1 in CO) densemole
ular out
ow. Di�erent mole
ules are 
ontained in this wind, with di�eringlineshapes and widths. Many, though, are at a similar speed to the velo
ity of CO.For example, �v = 152:0 km s�1 in HCO+ (J=3{2). Both Cox et al. (2000) andKastner et al. (2001) �nd all H2 emission along the polar axis of the nebula, whi
his di�erent from other PPNe and PNe, where most is dete
ted along the equatorialaxis (e.g., Kastner et al. 1996). Trammell & Goodri
h (2002) analyse HST data inH�, and show at least three (probably four) highly 
ollimated out
ows, whi
h areintera
ting with the neutral envelope around CRL 618. These stru
tures seem to
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ows, rather than a pre
essing jet. These same jets are seen inthe infra-red, in H2 emission, and show many of the same features (Cox et al. 2003,Fig. A.5).

Figure A.5: BEAR image of CRL618 in H2 emission (Cox et al. 2003).A hydrodynami
al model of PPNe & young PNe, and in parti
ular CRL618,has been 
onstru
ted by Lee & Sahai (2003). Their model shows the e�e
t of a
ollimated fast wind (CFW) upon the spheri
al AGB wind. For a 1 000km s�1 fastwind, a bowlike stru
ture is seen at the intera
ting region, and X-ray emission isexpe
ted. Lee & Sahai (2003) 
al
ulate an X-ray luminosity of LX=1.5�1029 ergs s�1for CRL618, about ten times lower than the upper limit of X-ray 
ux determinedfrom observations (LX >1.7�1030 ergs s�1).One of the interesting qualities of CRL618 is its rapid evolution. The rarityof the transition stage between AGB star and PN represented by CRL618 arguesfor a short lifetime of this stage. Several authors note 
hanges in brightness, evenover as short a period as a few years (e.g. Baessgen et al. 1997). Gottlieb & Liller(1976) attest to a tenfold in
rease in luminosity of two nebulosities found on eitherside of the 
entral IR sour
e in the last �fty years. CRL618 is a radio 
ontinuumsour
e (Wynn-Williams 1977; San
hez Contreras et al. 1998), and Kwok & Feldman(1981) note the rapid 
hange in radio 
ux due to the expansion of the ionisationfront over a 2{3 year period. Spergel et al. (1983) found that the radio brightening
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reasingdensity. The �rst dete
tion of radio re
ombination lines was made by Martin-Pintado et al. (1988), who dete
ted the H41�, H35� and H30� lines. Further, highangular resolution observations were also made (Martin-Pintado et al. 1995). Sin
ethen, the Br
 line of atomi
 hydrogen has been dete
ted by van de Steene et al.(2000).The variety of 
hemi
al spe
ies is worthy of note. Most interestingly, the �rstdete
tion of benzene outside of the solar system was made in this obje
t, by Cer-ni
haro et al. (2001b), using ISO, the Infrared Spa
e Observatory is questioned by(although this is questioned by Kaiser et al. 2001, who would have expe
ted to seeindi
ations of the presen
e of methylbenzene (toluene) and also ortho- and para-dimethylbenzene in the ISO spe
tra, along with benzene.) They also report �rst{time dete
tions of C4H2 and C6H2, at high abundan
es. In their 
ompanion Let-ter, Cerni
haro et al. (2001a), observed many small hydro
arbons, in
luding C2H4,CH3C2H, CH3C4H, among others, and NH3 (For further details of observations ofNH3 see Martin-Pintado et al. 1995, 1993, 1988; Martin-Pintado & Ba
hiller 1992).Herpin & Cerni
haro (2000) also report ISO observations of water vapour, OH, andthe �ne stru
ture lines of Oi in the spe
tral region of 43-197�m. This is extremelyunusual in a C-ri
h star. In addition, they made observations of 12CO (J=14{13 to41{40) and 13CO (J=14{13 to J=19{18). The �ne stru
ture lines of [Oi℄ at 63�mand 145�m indi
ate that the pro
essing of AGB-remnant CO mole
ules has begun.Dete
tions of H2CO (Cerni
haro et al. 1989) and HCO+ (Bujarrabal et al. 1988)
on�rm this.Cerni
haro et al. (1989) dete
t the high ex
itation lines of HC3N (J=25{24)and HCN and HCO+ (J=3{2) in addition to three lines of H2CO, the �rst timethis oxygen-ri
h 
ompound has been observed in a 
arbon-ri
h envelope. Vibra-tionally ex
ited HNC has been dete
ted in CRL618; this is the �rst reported de-te
tion in spa
e (S
hilke et al. 2003). A further two Letters by the same authorsdetail the dete
tion of HCN lines in absorption against the bright Hii 
ontinuum ofCRL618 (Thorwirth et al. 2003) and the dete
tion of vibrationally ex
ited HC3N(Wyrowski et al. 2003). These authors give N(HCN)=2�1018 
m�2, N(HC3N)=(3-6)�1017 
m�2, respe
tively.Dete
tions of the 
yanopolyynes HC3N, HC5N and HC7N are reported by Fukasakuet al. (1994). Bujarrabal et al. (1988) observed 14 spe
ies in CRL618, in
ludingHC3N (several transitions, one of whi
h is mapped), HC5N (two transitions), HCN,
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esCCH, C3N and HCO+ (for the �rst time in a C-ri
h obje
t). Truong-Ba
h et al.(1996) report a tentative dete
tion of HC9N. No sulphur-bearing spe
ies have beendete
ted (Omont et al. 1993b), apart from CS (Bujarrabal et al. 1988). Bright CNemission was dete
ted by Ba
hiller et al. (1997b). MgNC was dete
ted in CRL618by Highberger et al. (2000) (see also Highberger & Ziurys 2003) and this is dis
ussedfurther in Dunbar & Petrie (2002).For further observations of HCN, the paper of Neri et al. (1992) should be 
on-sulted. They analyse the HCN J=1{0 line, and are able to determine three regionswith three distin
t velo
ities, from di�erent parts of the line pro�le. Using theIRAM interferometer they produ
e detailed and varied maps of HCN distribution.HCN seems to be the result of post-sho
k 
hemistry (similarly HCO+, HC3N andCO Neri et al. 1992). Mapping of CO is 
arried out by Phillips et al. (1992). Theseauthors study the 
ore and halo of CRL618 in some depth. The CO J=1{0 andJ=2{1 maps of Ba
hiller et al. (1988) show essentially spheri
al symmetry, with aslight elongation east-west (see also Hora et al. 1996). Shibata et al. (1993) alsomap CRL618 in CO. Kastner et al. (2001) map H2 in the near-infrared and make
on
lusions about the gas kinemati
s in CRL618. Yamamura et al. (1994) attemptto use 13CO interferometri
 observations to model CRL618 in three dimensions.The rotational transitions of CO have been highly observed in this obje
t: Just-tanont et al. (2000) observed rotational lines from (J=14{13) up to (J=37{36) inCO (see also Herpin & Cerni
haro 2000). They use their observations to determinethe heating and 
ooling me
hanisms present in CRL618, sin
e high rotational lines
annot be produ
ed by a simple 
onstant velo
ity, spheri
al wind. Both far-UVphotons (and hen
e a PDR) and sho
ks are 
onsidered as sour
es of heating, sin
ethe early-type 
entral star produ
es many high-energy photons, and the morphol-ogy of this obje
t is 
omplex enough for high-velo
ity sho
ks to form. However,Justtanont et al. (2000) 
on
lude that a PDR is most likely, sin
e a sho
k velo
ityof �150 km s�1 would be ne
essary to reprodu
e the observed CO line pro�les. Astellar temperature of 30 000K has been estimated (Justtanont et al. 2000). For adis
ussion of sho
ks in CRL618, see Be
kwith et al. (1984). A paper on CO isotopesin PNe (Balser et al. 2002), 
al
ulates N(13CO)=6.8 1015, and N(12CO)=3.2 1016with a 12CO/13CO ratio of 5 for this obje
t.Another �rst (in addition to those previously mentioned) was the dete
tion ofthe 3.4�m absorption band attributed to the C|H stret
hing vibrational modein hydrogenated 
arbon 
ompounds (Lequeux & Jourdain de Muizon 1990; Chiaret al. 1998). This was the �rst time that parti
ular band had been dete
ted in a
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esCSE. These authors also report the identi�
ation of the 12�m absorption band ofSiC, and they 
on
lude that sin
e there is an apparent la
k of PAH in CRL618,that PAHs are formed from amorphous 
arbon, of whi
h there is a la
k in CRL618.Justtanont et al. (1996), who study the spe
trum of CRL618 between 8 and 24�min great detail, dete
t an absorption feature that they suggest is due to a large
olumn of highly-hydrogenated PAH-type spe
ies.The age of CRL618 as a PPN is an intriguing property. Kwok & Bignell (1984)
al
ulate an age of 200 years. Bujarrabal et al. (1988) also 
al
ulate an age of 200years, when 
onsidering the transit time between AGB star and planetary nebulato be 1000 years. Spergel et al. (1983) 
al
ulate that the age of a proto-planetarynebula is �500 years, on average. Carsenty & Solf (1982) opt for a slightly longertime of 600 years in this transition stage, using the expansion speed of the lobes.Yet Zijlstra et al. (2001) argue for a longer age than is evident from 
al
ulationsbased on dynami
al expansion times
ales.A.2.2 IRAS16594-4656IRAS16594-4656 is a proto-planetary nebula whi
h lies almost in the plane of theGalaxy (b = �3:Æ3, van de Steene & van Hoof 2003) and has a mixed 
hemistry.In its infrared spe
trum there are strong and rarely observed features at 12.6 and13.4�m, thought to be due to poly
y
li
 aromati
 hydro
arbons (PAHs) with a highdegree of hydrogenation, and further PAH features in the range 3-13�m (Gar
��a-Lario et al. 1999; Buss et al. 1990, 1993; Geballe et al. 1992). An emission featurebetween 19 and 23�m, asso
iated with C-ri
h PPNe by Kwok & Hrivnak (1989),also suggests that this sour
e is 
arbon ri
h. However, there are also indi
ationsof 
rystalline sili
ates (pyroxenes), with weak features around 34�m (Gar
��a-Larioet al. 1999), and a 10�m sili
ate feature (Olnon et al. 1986). This suggests thatuntil re
ently this obje
t was oxygen-ri
h, be
oming 
arbon-ri
h shortly before thetransition to the post-AGB phase (Gar
��a-Lario et al. 1999), whi
h o

urred some370 years ago (van der Veen et al. 1989). This hypothesis was strengthened by thela
k of a dete
tion in OH (te Lintel Hekkert et al. 1991; Silva et al. 1993) and no SiOmaser emission (Nyman et al. 1998). In evolved stars with this mixed 
hemistrythe sili
ates are found in a torus and the PAHs in the polar 
ow (Matsuura et al.2004).Several authors des
ribe HST images of this PPN (Hrivnak et al. 1999, 2000;Gar
��a-Lario et al. 1999), whi
h show the presen
e of a bright , B7-type (van de
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Figure A.6: HST images of IRAS16594-4656 from Su et al. (2001, top) and Hrivnaket al. (1999, bottom).
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esSteene et al. 2000) 
entral star, surrounded by a multiple{axis bipolar nebulositywith a 
omplex morphology. The nebula is seen at an intermediate in
lination,rather than edge-on. The opti
al size of the nebula is given as 500�1100(Gar
��a-Larioet al. 1999). A further paper, Su et al. (2001), des
ribes three \petals" (see Fig. A.6)Re
ently, a paper by Hrivnak et al. (2001a) has re
orded observations of fourar
s around the 
entral star. Similar ar
s have been observed around three PNe,and three other PPNe (in
luding IRAS17150-3224), as well as around IRC+10216(Mauron & Huggins 1999). Despite the bipolar morphology of IRAS16594-4656,the ar
s appear to be 
on
entri
 and 
ir
ular in the HST images. The ar
s arethought to be regions of enhan
ed dust and gas that s
atter light from the 
entralstar.The only CO spe
trum of this sour
e previously published is a CO (J=1-0)spe
trum from Loup et al. (1990), who dete
ted broad CO emission 
orrespondingto that from a 
ir
umstellar shell expanding with a velo
ity of 16 km s�1.A.2.3 IRAS17150-3224

Figure A.7: HST images of IRAS17150-3224 from Su et al. (2003)IRAS17150-3224 (AFGL6815S) is a young PPN whi
h left the AGB some 150(Hu et al. 1993) to 210 years ago, and possibly 
ame from a high-mass progenitor(Meixner et al. 2002). Note however, that van der Veen et al. (1989) give a dynami
times
ale of 800 yr for this obje
t. Stru
turally, it is a bipolar nebula, with a nearly
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esedge-on (82Æ) dusty torus (Kwok et al. 1996), expanding at 11 km s�1 (Weintraubet al. 1998) around a G2-type 
entral star. The opti
al size of the nebula is ap-proximately 1200 � 900 (Hu et al. 1993; Kwok et al. 1996; Gar
��a-Hern�andez et al.2002). A newly-dis
overed equatorial loop seen in near-infrared, but not opti
al,images, is dis
ussed by Su et al. (2003). A faint halo (AGB mass-loss remnant)
an be seen in images from Kwok et al. (1998). Around the nebula 8 
on
en-tri
 ar
s are reasonably uniformly spa
ed (Kwok et al. 1998). The ar
s are nottwo-dimensional 
ir
ular features on the plane of the sky, but are proje
tions oflimb-brightened spheri
al shells (Hrivnak et al. 2001a). The expansion velo
ity ofthe rings is given as 15 km s�1, whi
h means that they have a separation of about200{300 yr (Gonz�alez Delgado et al. 2001). The method of eje
ting these ar
s fromthe star is not 
lear; however it seems 
ertain that the 
haoti
 motions in the sur-fa
e of 
ir
umstellar envelopes 
annot a

ount for the regularity in spa
ing seen(i.e. they are not thermal-pulse indu
ed; Soker 2000). The bipolar lobes themselvesare 
omparable in size and brightness, and extend NW/SE. The inner stru
ture ofthe nebula seems point-symmetri
 (Ueta et al. 2000), although a departure fromaxisymmetry in the opti
al regime is dis
ussed by Soker & Hadar (2002).IRAS17150-3224 shows mole
ular hydrogen emission, but not hydrogen re
om-bination, indi
ating that the degree of ionisation is small (Gar
��a-Hern�andez et al.2002). The emission is likely due to sho
k-ex
itation, as is often seen in stronglybipolar nebulae. This obje
t is similar to CRL2688 (Sahai et al. 1998) in that it hasH2 emission, and a spe
tral type later than A (CRL2688 has a spe
tral type of F2,Cohen & Kuhi 1977). IRAS17150-3224 also shows OH maser emission (Hu et al.1994), but not SiO maser emission (Nyman et al. 1998). It also has been dete
tedin the 3.1�m water line (van der Veen et al. 1989), but not in H2O maser emission(Zu
kerman & Lo 1987).Previous CO observations are limited to the paper of Hu et al. (1993), whopresent both CO (J=1-0) and (J=2-1) spe
tra.Dust grains are large, akin to the Red Re
tangle, and a gas-to-dust ratio of 280is derived by Meixner et al. (2002). This dust is in the form of amorphous sili
ategrains - absorption at 9.8�m is dis
ussed by Meixner et al. (1999).IRAS17150-3224 shows mole
ular hydrogen emission, but not re
ombination,indi
ating that the degree of ionisation is small. The emission is likely due tosho
k-ex
itation, as often seen in strongly bipolar nebulae. This obje
t is similarto CRL 2688 (Sahai et al. 1998) in that it has H2 emission, and a spe
tral typelater than A. IRAS17150-3224 also shows OH maser emission (Hu et al. 1994), but



Chapter A 181 Individual sour
esnot SiO maser emission (Nyman et al. 1998). The OH maser emission is strongly
ir
ularly-polarised, indi
ating a large (0.2 kG) magneti
 �eld on the stellar surfa
e(Hu et al. 1993). It also has been dete
ted in the 3.1�m water line (van der Veenet al. 1989), but not in H2O maser emission (Zu
kerman & Lo 1987).Distan
es in the literature vary widely, from 1.6 kp
 (van der Veen et al. 1989),to 1.8 kp
 (Phillips 2000), to 2.42 kp
 (Bujarrabal et al. 2001) or even 2.9 kp
 (Wein-traub et al. 1998).A.3 Planetary nebulaeA.3.1 IC4406

Figure A.8: HST images of IC4406 from O'Dell et al. (2002). The right-hand imageis a 
lose-up of the 
entral region in order to show some of the stru
ture.IC4406 is a bipolar planetary nebula (Corradi & S
hwarz 1995), with an equa-torial disk (Sahai et al. 1991; S
arrott & S
arrott 1995; Gruenwald et al. 1997),possibly 
ontaining an binary star system (Soker 1997), of whi
h one star may bea Wolf-Rayet type (Phillips 2000). HST images of IC4406 (O'Dell et al. 2003, ,see Fig. A.8) show that the nebula has a 
ylindri
al shape, with a diameter of3500 (Phillips 2002; Zhang 1995). Sho
ked H2 emission marks the boundary of theionised inner region and the outer, mole
ular region (Storey 1984).The nebula is seen to 
ontain 
lumps (L�opez 2003) or knots (O'Dell et al. 2003,2002), 
lose to the ionisation front of the nebula (some 0.1 p
 from the 
entralstar), but within the neutral material. The knots do not appear dire
tional sin
e
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esthey have no tails (O'Dell et al. 2003); instead, they form a \la
y" pattern. Theposition of these knots, not yet inside the ionised region, indi
ates that this obje
t isreasonably young, and O'Dell et al. (2002) derive a dynami
 age of 9 000 yr from theexpansion velo
ity of CO (11.5 km s�1, Sahai et al. 1991). A mu
h larger dynami
alage of 27 000 yr is 
al
ulated if the expansion velo
ity from opti
al data is used.Distan
e estimates vary from 0.81 kp
 (Hua et al. 1998) to 3.1 kp
 (Liu et al.2001), with most authors settling for something in the region of 1.8 kp
 (e.g. vande Steene & Zijlstra 1994). The stellar temperature is estimated to be 79 250K(Stanghellini et al. 1993) or 94 000K (Liu et al. 1995), and the luminosity is low,some 800L� (Stanghellini et al. 1993).Few mole
ules have been dete
ted previous to this work: the CO (J=2-1) transi-tion was mapped by Cox et al. (1991), and Sahai et al. (1991) map both the (J=1-0)and (J=2-1) transitions of CO. Cox et al. (1992) report dete
tions of 13CO, CN,HCO+, HCN and HNC. However, they fail to dete
t N2H+, C2H and HC3N. TheCN (N=3-2) transition was dete
ted by Ba
hiller et al. (1997b). A

ording to Hug-gins et al. (1996), there is more mole
ular matter than ionised (0.25M� 
omparedto 0.18M�), and a large proportion of the mole
ular matter is 
ontained within the
ylindri
al 
avity (Sahai et al. 1991).A.3.2 NGC6072NGC6072 is also a bipolar planetary nebula, with a diameter of some 7000 (Balseret al. 2002; Phillips 1998). At a distan
e of 1 kp
, this means a nebula radius of0.171 p
 (e.g. Huggins et al. 1996). However, as ever with PNe, distan
e estimatesvary, with in this 
ase 0.8 kp
 (Zhang 1995) and 1.8 kp
 (Healy & Huggins 1990)indi
ating the suggested range. The nebula has a visible waist, and this part showsthe brightest H2 emission, where the H2 is probably sho
k-ex
ited (Kastner et al.1996). There has been a suggestion of binarity in this obje
t (Soker 1997).This obje
t has been observed in CO (J=2-1) by Huggins & Healy (1989). It wasthen mapped in this line by Healy & Huggins (1990) and also by Cox et al. (1991).More re
ently Balser et al. (2002) observed both the 12CO and 13CO (J=2-1) linesin order to derive a 12C/13C ratio, whi
h resulted in 12C/13C = 6.9�0.3. Othermole
ular observations are limited to the dete
tion of CN (N=3-2) by Ba
hilleret al. (1997b) and 13CO, CN, HCO+, HCN and HNC by Cox et al. (1992). Smallmaps in CN (N=1-0), HCN (J=1-0) and HCO+ (J=1-0) with the SEST by Coxet al. (1992) reveal that the nebula is extended, and that the distribution of these
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esmole
ules approximately follows that of CO (J=2-1).The mass of CO makes up around 0.14M� (Liu et al. 2001) of the 0.29M� (Healy& Huggins 1990) or 0.54M� (Huggins & Healy 1989) of mole
ular gas. Ionised gasmakes up 0.73M� or 0.69M�, respe
tively. These values vary with the adoptedfra
tional abundan
e of CO. Stellar mass is estimated to be 0.644M� (Zhang &Kwok 1993) or 0.91M� (Gorny et al. 1997), and the Main Sequen
e mass of the
entral star has been 
al
ulated to be 4.2M� (Balser et al. 2002).Expansion velo
ities di�er depending on whether derived from mole
ular orioni
 observations. A value of 10 km s�1 is taken from observations of the ionisedgas (Gussie & Taylor 1994), whilst 15.5 km s�1 is taken from the CO data of Coxet al. (1991).The stellar temperature is given as 147 910K (Stanghellini et al. 1993), or150 000K (Zhang & Kwok 1993), whilst the luminosity is 220L� (Stanghellini et al.1993), or 400L� (Zhang & Kwok 1993).A.3.3 NGC6563The third of the planetary nebulae sele
ted from the southern sky is NGC6563.This is an ellipti
al ring nebula with a brightening on its minor axis (Huggins et al.1996). Phillips (1998) gives a nebular radius of�2200, whi
h at a distan
e of 2.24 kp
is 0.24 p
. Cazetta & Ma
iel (2000) give a distan
e of 2.6 kp
 whilst Huggins et al.(1996) use a very low distan
e of 0.7 kp
, whi
h gives a nebular radius of only0.077 p
. The stellar temperature is reported to be 136 500K by Cazetta & Ma
iel(2000).Very little information is available on the mole
ular 
ontent and stru
ture of thisobje
t. A dete
tion of CO (J=2-1) is made by Huggins & Healy (1989), and thiswas followed up with a small map of the same transition (Cox et al. 1991). Hugginset al. (1996) use the same data to derive a mass of mole
ular material: 0.021M�,whi
h gives a ratio to the ionised material of 0.93.Again, the dis
repan
y between the expansion velo
ity derived from opti
al andmole
ular (CO) data is mentioned. CO data indi
ates an envelope expanding at20 km s�1, whilst opti
al data indi
ates an out
ow of 11 km s�1 (Huggins et al. 1996).



Appendix BColle
ted spe
tra
B.1 Carbon starsMole
ular line spe
tra of all the 
arbon stars in this thesis have been published byAstronomy & Astrophysi
s, and 
an be found via their website, at: http://www.edps
ien
es.org/arti
les/aa/full/2003/17/aah4004/aah4004.html.B.2 Proto-planetary nebulae
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Figure B.1: Mole
ular line observations of IRAS16594-4656.
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Figure B.1: (
ont.) Mole
ular line observations of IRAS16594-4656.
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Figure B.2: Mole
ular line observations of IRAS17150-3224.
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Figure B.3: Mole
ular line observations of IC4406.
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Figure B.3: (
ont.) Mole
ular line observations of IC4406.
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Figure B.4: Mole
ular line observations of NGC6072.
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Figure B.4: (
ont.) Mole
ular line observations of NGC6072.
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Figure B.5: Mole
ular line observations of NGC6563.
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