
Yields from single AGB starsAmanda I. KarakasResear
h S
hool of Astronomy & Astrophysi
s, Mt Stromlo Observatory, CotterRoad, Weston Creek, ACT 2611, Australia akarakas�mso.anu.edu.auSummary. In order to understand the 
omposition of planetary nebulae we �rstneed to study the nu
leosynthesis o

urring in the progenitor star during thethermally-pulsing Asymptoti
 Giant Bran
h (AGB) phase. I present an overviewof single AGB evolution, with an emphasis on the mixing pro
esses that alter theenvelope 
omposition, followed by a dis
ussion of the stellar yields available fromsingle AGB stellar models.Key words: stars: AGB and post-AGB stars, nu
leosynthesis, abundan
es1 Introdu
tionThe last nu
lear burning phase of a low to intermediate-mass (∼ 0.8 to 8M⊙) star'slife is the thermally-pulsing asymptoti
 giant bran
h (TP-AGB). The outer envelopeis lost by low velo
ity stellar winds during the AGB, with the termination being the�nal eje
tion of the envelope. The star then evolves through the brief post-AGB andplanetary nebula phases before ending its life as a white dwarf. The gaseous nebulais the remnant of the envelope that on
e surrounded the 
ore, that is now exposedas the 
entral star of the illuminated nebula. The abundan
es of the nebula 
anreveal information about stellar nu
leosynthesis and mixing during the AGB. Forthis reason PN abundan
es 
ould, in prin
iple, be used to 
onstrain stellar models.In this pro
eedings I summarize the evolution and nu
leosynthesis during theAGB. I brie�y dis
uss the di�eren
es between �syntheti
� and �detailed� AGB mod-els, and 
ompare yields from di�erent authors.2 Asymptoti
 giant bran
h starsThe stru
ture and evolution of low and intermediate mass stars prior to and duringthe AGB has been previously dis
ussed by [5, 11℄; see [24℄ for a review of post-AGBstars. All stars begin their nu
lear-burning life on the main sequen
e. Following 
oreH exhaustion the 
ore 
ontra
ts, the outer layers expand and the star be
omes a redgiant, 
hara
terized by an inert He 
ore, an H-burning shell, and a deep 
onve
tive



438 Amanda I. Karakasenvelope that extends to the stellar surfa
e. It is during the as
ent of the giantbran
h that the inner edge of the 
onve
tive envelope moves inward in mass and the�rst dredge-up (FDU) o

urs, where partially H-pro
essed material (e.g. 4He, 13C,
14N) is mixed to the surfa
e.After a phase of 
entral He-burning, the 
ore 
ontra
ts and there is a stru
turalre-adjustment to shell He burning. The re-adjustment drives a strong expansion ofthe outer layers and the star be
omes a red giant for the se
ond time; the star isnow said to be on the AGB. For stars with m ≥ 4M⊙ the 
onve
tive envelope movesinward to regions where 
omplete H burning (mostly 4He and 14N) had previouslyo

urred, this is the se
ond dredge up (SDU).
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Fig. 1. S
hemati
 stru
ture of an AGB star.An AGB star is 
hara
terized (Fig. 1) by two nu
lear burning shells, one burningHe above a degenerate C-O 
ore and another burning H, below a deep 
onve
tive en-velope. In between lies the intershell region 
omposed mostly of 4He. The He-burningshell is thermally unstable, �ashing every 104 years or so. The energy produ
ed bythe thermal pulse (TP) drives a 
onve
tive po
ket in the He-intershell whi
h a
ts tohomogenize abundan
es within that region. After the o

urren
e of a TP the 
on-ve
tive envelope may move inwards and mix produ
ts of partial He-burning (mostly
4He left unburnt and 12C, see Fig. 1) from the 
ore to the stellar surfa
e. This isthe third dredge-up (TDU), and is the me
hanism responsible for turning (single)stars into C stars, where C/O > 1 in the surfa
e layers. The TDU also mixes heavyelements produ
ed by the s pro
ess from the He-shell to the surfa
e, where they were
reated during the previous interpulse [8℄. Following dredge-up, the star 
ontra
ts,the H-shell is re-ignited and the star enters the interpulse phase where H-burningprovides most of the luminosity.Hot bottom burning (HBB) 
an o

ur for stars with m ≥ 4M⊙, when the base ofthe 
onve
tive envelope dips into the top of the H-shell resulting in a thin layer hot



Yields from single AGB stars 439enough to sustain proton-
apture nu
leosynthesis. Observational eviden
e for HBBin
ludes the la
k of bright C-ri
h AGB stars in the Large and Small Magellani
Clouds (LMC and SMC) [22℄; many of these stars are also ri
h in Li and s pro
esselements. HBB 
onverts 12C into 14N and will prevent the atmosphere from be
omingC ri
h [4℄. The 
opious amounts of 14N produ
ed in this 
ase will be primary1 owingto the primary 12C being dredged from the He-shell. Intermediate-mass evolutionis sensitive to the initial 
omposition and the mass-loss law used in the 
al
ulation[7℄, where the minimum stellar mass for HBB is pushed to lower mass in lowermetalli
ity models.There is eviden
e from AGB stellar spe
tra [1℄, and from pre-solar grains [18℄that �extra-mixing� pro
esses are also operating in low-mass (m ≤ 2M⊙) AGB stars,along with the TDU. The physi
al me
hanism(s) responsible for the extra mixingare not known, although various pro
esses have been proposed in
luding rotationand thermohaline mixing. The presen
e of a binary 
ompanion 
ould have dramati

onsequen
es for the evolution and nu
leosynthesis, however I leave dis
ussions toIzzard, Taam and Podsiadlowski (these pro
eedings).3 Syntheti
 versus detailed AGB modelsOwing to fa
t that 
al
ulating a TP-AGB model is a 
omputationally intensive task,syntheti
 AGB models, whi
h use �tting formulae to model the evolution qui
kly,have proved to be a su

essful approa
h for population syntheses studies that require
N ∼ 106 stars. Histori
ally this approa
h was validated by the fa
t that the stellarluminosity on the AGB is nearly a linear fun
tion of the 
ore mass [19, 9℄, althoughthis relation breaks down for stars undergoing HBB [2℄. Syntheti
 AGB modelshave su

essfully been used to model AGB populations [9℄, and 
ompute stellaryields [23, 17, 12℄.Many of the parameterizations used in syntheti
 evolution studies are derivedfrom detailed stellar models, su
h as the growth of the H-exhausted 
ore with time,and as su
h are only a

urate over the range in mass and metalli
ity of the stellarmodels they are based upon. An example is provided by [23℄ who 
ompute AGByields for initial masses between 0.9 and 8M⊙ whereas the interpulse-period-
oremass relation [3℄ they use was only derived for stars with initial masses between 1and 3M⊙. What e�e
t this has on the yields is un
lear sin
e this relation will a�e
tthe number of TPs during the TP-AGB phase and hen
e the level of 
hemi
al en-ri
hment. Re
ent improvements in 
omputer power mean that grids of detailed AGBmodels 
an now be produ
ed in a reasonable time [13, 14, 10℄; however produ
ingyields from N ≥ 20 AGB stars for any given metalli
ity range is still 
hallenging.For this reason syntheti
 models are still preferred for some appli
ations.An example of the di�eren
e between detailed models and the �ts used in syn-theti
 AGB algorithms is shown in Fig. 2 for the interpulse-period 
ore mass relation.We show results from detailed AGB models of solar 
omposition against two 
om-monly used �ts. The �ts are a reasonable mat
h to the detailed models with small
ore masses (Mc ≤ 0.7M⊙), but under-estimate the growth of the interpulse periodfor larger 
ore masses.
1 produ
ed from the H and 4He initially present in the star.



440 Amanda I. Karakas

Fig. 2. Interpulse period (log τip years) as a fun
tion of 
ore mass (M⊙) for the
Z = 0.02 stellar models (
olored dots). The �ts from [3℄ (dashed line) and [21℄ (solidbla
k dots) are shown for 
omparison.4 The stellar yields from single AGB modelsIn [15℄ we present results from grids of AGB models, in
luding data about the stellarstru
ture and the yields. These are also available for download from:http://www.mso.anu.edu.au/�akarakas/model_data/andhttp://www.mso.anu.edu.au/�akarakas/stellar_yields/More details about the numeri
al te
hnique and the yields 
an be found in [15℄, butwe note here that yield 
an be negative, in the 
ase where the element is destroyed,and positive if it is produ
ed.In Fig. 3 we show the AGB yields of 12C as a fun
tion of the initial stellar mass.The yields have been weighted by the initial mass fun
tion (IMF) of [16℄, and weshow results from the Z = 0.02 (solar), 0.008 (LMC) and 0.004 (SMC) metalli
itymodels. For 
omparison we also show the yields from a number of di�erent syntheti
AGB 
al
ulations, and from [25℄; see the �gure 
aption for details. The yield of 12Cis representative of low-mass AGB nu
leosynthesis where the main 
ontributor tothe yield is either the FDU at low mass (m ≤ 1.2M⊙), where the 12C surfa
eabundan
e de
reases, or from the TDU where we �nd substantial in
reases. Modelswith m > 4M⊙ produ
e little 12C at these metalli
ities owing to HBB. The yieldsof 14N instead peak in this mass range, even after weighting the yields with an IMF[15℄. HBB may also produ
e 23Na, 26Al and the heavy Mg isotopes through the
ombined operation of the TDU and the MgAl 
hains [13, 14℄.
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Fig. 3. Weighted yield of 12C as a fun
tion of the initial mass for the Z = 0.02 (top),the Z = 0.008 (middle) and the Z = 0.004 models (bottom). We show results fromour 
al
ulations (bla
k solid points), [23℄ (open magenta squares), [6℄ (solid greensquares), [17℄ (open red 
ir
les), [25℄ (solid aqua triangles) and [12℄ (blue 
rosses).[6℄ and [25℄ do not provide yields for Z = 0.008 and 
over a narrower mass range,between 2.5 and 6M⊙.



442 Amanda I. KarakasOur yields are similar in behavior to those of [17℄, although be
ause her modelshave deeper TDU at a lower 
ore mass, the yields of He-shell material e.g. 4He,
12C are higher. We noti
e signi�
ant di�eren
es with [23℄ espe
ially in regards to
14N. This is owing to their simplisti
 treatment of HBB nu
leosynthesis whi
h under-predi
ts the amount of CNO 
y
ling 
ompared to all other 
omputations. The yieldsfrom [23℄ for masses between ∼6 to 8M⊙ are based on extrapolations of �ttingformula to this mass range and should be treated with 
aution. Their models alsoprodu
e mu
h more 16O at m ∼ 1M⊙ at Z = 0.02; this is espe
ially noti
eablewhen weighting by the IMF. This was also found by [12℄ and the reasons for theprodu
tion are un
lear be
ause the FDU should not enhan
e the surfa
e in 16O.In Fig. 4 we show the yields of 15N and 17O as a fun
tion of initial mass andmetalli
ity. The unexpe
ted result is the produ
tion of 15N in the lowest Z AGBmodels; this is owing to leakage from the 14N(p,γ)15O rea
tion at very high temper-ature. For the 15N yields from the more metal-ri
h models, and for 17O, the yieldss
ale with Z as expe
ted. Fig. 4 shows that low-mass AGB stars 
an equally parti
i-pate in the produ
tion of 17O, whereas this has been previously ignored in 
hemi
alevolution studies e.g. [20℄ probably owing to a la
k of available yields.4.1 Yields for planetary nebulaeTable 1. PN yields 3M⊙, Z = 0.02 model.Isotope A yield X0(i) 〈X(i)〉 N(i)/N(H)

4He 4 4.39725E-02 2.92881E-01 3.21630E-01 1.23369E-01
12C 12 1.10031E-02 3.40894E-03 1.06028E-02 1.35560E-03
13C 13 7.72216E-05 4.10914E-05 9.15790E-05 1.08084E-05
14N 14 2.23653E-03 1.05449E-03 2.51674E-03 2.75816E-04
15N 15 −3.12235E-06 4.14117E-06 2.09975E-06 2.14776E-07
16O 16 −8.21213E-04 9.60272E-03 9.06575E-03 8.69348E-04
17O 17 3.40679E-05 3.87707E-06 2.61507E-05 2.36017E-06
18O 18 −8.87124E-06 2.16060E-05 1.58060E-05 1.34728E-06In [15℄ we present yields for PN, where we integrate the amount of matter lostover the last two TPs. In Table 1 we show an example of the yields for a 3M⊙progenitor of solar 
omposition. The 
olumns 
ontain the spe
ies i, the atomi
 weight

A(i), followed by the net yield (in M⊙; see [15℄ for the de�nition), the average massfra
tion of i lost in the wind from the last two TPs, 〈X(i)〉, and the initial massfra
tion X0(i). The �nal 
olumn is the abundan
e of i by number 
ompared to thenumber of hydrogen atoms, Ni/NH, in the matter lost over the �nal two TPs. Theonline tables in
lude yields for all 74 spe
ies in
luded in the nu
lear network.These yields 
an be dire
tly 
ompared to the 
omposition of PNe and as su
h
ould be useful for 
omparisons to obje
ts in the Galaxy, LMC and SMC. This isbe
ause the initial C, N and O abundan
es used in the stellar models were takenfrom abundan
es derived from HII regions of the Magellani
 Clouds, see [15℄ fordetails.
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