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Abstract.
Super asymptotic giant branch (SAGB) stars, in a mass range between
5 and 11 M , have a similar evolution to high-mass AGB stars but are hot enough to
ignite carbon in their cores non-degenerately during the early AGB phase. However,
they could have a different nucleosynthesis signature because of the higher temperature
at the bottom of intershell convective zone. In particular, 22 Ne is the major source of
neutrons. We have used the new Monash nucleosynthesis code MONTAGE to compute
yields of 475 different isotopes, including s-process elements. We find 22 Ne is the
major source of neutrons and the 13 C contribution is not significant. Moreover, the
reaction rate of the triple-alpha reaction and 12 C(α, γ)16 O is critical to determine the
nucleosynthesis of SAGB stars, particularly the heavy s-process isotopes and Pb.

1. Introduction
Super asymptotic giant branch (SAGB) stars ignite carbon in the early AGB phase.
They develop ONe cores, but the cores are not hot enough for further nuclear reactions.
The typical mass range is around 7 − 11 M , with the exact boundary depending on
the treatment of convection. Compared to low-mass AGB stars, the thermal pulses
are weaker with a shorter interpulse period. Also, the intershell convective zone is
smaller and is on the order of 5 × 10−4 M . It is possible for SAGB stars to become
electron-capture supernovae if the core grows to near the Chandrasekhar mass before
the envelope is stripped off, although it is more likely for most SAGB stars to end their
lives after the post-SAGB phase as an ONe white dwarf at solar metallicity because the
mass-loss rates are too high.
At the TP-AGB phase, the intershell convective zones are hot enough for 22 Ne
to be an active neutron source through the 22 Ne(α, n)25 Mg reaction. In this work, we
calculate the yields, in particular of the s-process isotopes, and investigate how nucleosynthesis depends on input physics, in particular the reaction rates of the triple-alpha
reaction and 12 C(α, γ)16 O.
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2. Method
We are using the Monash stellar evolution code MONSTAR to study the evolution of
super asymptotic giant branch (SAGB) stars. An extensive set of SAGB evolutionary
models computed with this code can be found in Doherty et al. (2010). The AGB massloss rate is calculated based on Vassiliadis & Wood (1993). The evolution code gives as
output the physical quantities such as temperature, density, pressure and major isotopes.
This output if fed into a post-processing nucleosynthesis code called MONTAGE. A
detailed description of the code can be found in Church et al. (2009). The code has
a traditional nuclear network for 86 isotopes lighter than Ca. The s-process for 389
heavier isotopes, up to Pb, is calculated in a rapid algorithm based on the neutron
density. The advantage of using a post-processing code is to save time because the
minor nuclear reactions do not affect the structure of the star.
We used the same method as described in Karakas et al. (2009) to model the 13 C
pocket. The hydrogen abundance is modified to an exponentially decaying tail in an
artificial partially-mixed zone just below the base of the convective envelope. 13 C is
thus created in this partially mixed zone and is active as an neutron source through the
13 C(α, n)16 O reaction. The size of the 13 C pocket is set at one-tenth of the mass of
the intershell convective zone, which is the maximum possible size of 13 C pockets for
SAGB stars. The actual size of 13 C pockets should be smaller because the intershell is
much hotter in SAGB stars and hence the hydrogen tail should not extend as deep as
in low-mass AGB stars. Nevertheless, we apply this prescription to a 9 M model to
study the effect of the 13 C pocket on the s-process in SAGB stars. Other models in this
study do not include the 13 C pocket prescription.
In one particular model (8.5 M ), the NACRE reaction rates for the triple-alpha
and 12 C(α, γ)16 O reactions are used to study the effect of changing the nuclear reaction
rates. The other three models presented here used the CF 88 rate (Caughlan & Fowler
1988).

3. Results
All the thermal pulses in our models are closely followed with nucleosynthesis calculations and mass loss until the envelope mass is around 1 M . Then we encounter
convergence problems in the evolutionary code and find that this instability is caused
by high radiation pressure at the bottom of the convective envelope (Wood & Faulkner
1986). While it is possible that the whole envelope will be ejected shortly after, our
estimation based on the energy requirement to eject the whole envelope shows that
ejection is rather unlikely. Further prediction and explanation of this instability will be
discussed in a subsequent publication. For our yield calculation in the present study, we
assume that the whole envelope will be ejected when this instability occurs. Therefore,
the actual yields could be slightly higher than the calculations presented here. It is also
worth noting that the efficiency of dredge-up remains constant in most thermal pulses,
except for the first few pulses. The yields of all isotopes are calculated by multiplying
the surface abundances with the current mass-loss rate. The effect of mass-loss rate on
yield is most notable for lithium, which will be discussed in the following subsection.
The three figures show the value of log (<X>/Xo ), where <X> is the average value in
the ejecta, and Xo is the initial abundance for different isotopes X. It can be considered
the enhancement factor of the yield through nuclear reactions.
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In all our models, the stars are hot enough to produce primary 22 Ne and neutrons
through the 22 Ne(α, n)25 Mg reaction. In particular, 87 Rb is strongly enhanced in our
models, which agrees with the observed Rb abundances given by Garcı́a-Hernández
et al. (2006). This suggests that an active 22 Ne(α, n)25 Mg reaction must be the dominant
neutron source in Rb-rich stars. However, the abundance analysis by Garcı́a-Hernández
et al. (2009) shows that Rb-rich stars only have mild Zr enhancements. As seen from all
3 figures, all our models produce a higher yield of 96 Zr than 87 Rb and cannot synthesize
copious amounts of Rb without also overproducing Zr.
Comparing the 8 M (Figure 3) with the 9 M model (Figure 2, top panel), both
of which use with the same input physics (CF 88 reaction rates with no artificial 13 C
pocket), we see that the s-process patterns are almost identical. Much more light
s-process isotopes are produced compared with the heavy s-process isotopes, which is
not very different from lower-mass AGB stars, such as a 3 M model. In general, the
actual enhancement is higher for the 9 M model than for 8 M . For example, the value
of log (<X>/Xo ) of 87 Rb is 0.89 for the 9 M and only 0.47 for 8 M model.

Figure 1.

Yield of different isotopes for an 8 M model.

The bottom panel of Figure 2 shows the yield of the 9 M model with the artificial
pocket. The nucleosynthesis pattern between the two 9 M models is very similar.
The model with the artificial 13 C pocket gives a higher enhancement of light s-process
isotopes. The contributions from the 13 C pocket for those isotopes are roughly 1/2 of
those from 22 Ne. Given that 22 Ne is the dominant source for neutrons and the actual
size of 13 C pocket is likely smaller than the artificial pocket we apply in the model, we
can conclude that the contribution from 13 C to the s-process yields of SAGB stars is
not significant.
On the other hand, the 8.5 M models, which use the NACRE reaction rates for
the triple-alpha and 12 C(α, γ)16 O reactions, produce a significant amount of heavy sprocess isotopes. Most of the heavy s-process isotopes and Pb are enhanced by more
13 C
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Figure 2. Yield of different isotopes for an 8 M model without a 13 C pocket (top
panel) and with a 13 C pocket (bottom panel)

than 1 order of magnitude (as shown in Figure 3). Moreover, 180 Ta, one of the rarest
isotopes, is enhanced by more than 2 orders of magnitude. While the yields for light
s-process isotopes are similar to the other three models using CF 88 rates, the yields for
heavy s-process isotopes increase by around 0.5-1.0 dex.
Because the NACRE triple-alpha and 12 C(α, γ)16 O rates are both higher than the
CF 88 rates, the helium burning shell is much hotter in this model. As a result, the
temperature at the bottom of the intershell convective zone, where the 22 Ne(α, n)25 Mg
reaction takes place, is also much higher in this NACRE model (4.1 × 108 K) than in the
CF 88 models (around 3.8 × 108 K in the 9 M model). Because the 22 Ne(α, n)25 Mg
reaction is highly temperature dependent in this temperature range, the rate is almost
1 order of magnitude higher in the NACRE model. With more neutrons produced, the
neutron density is much higher in the NACRE model and so much more heavy s-process
isotopes are produced.
3.1. Production of Lithium
Lithium is produced in the early phases of the AGB and its surface abundance increases
by more than 1 order of magnitude for a brief period of time. However, lithium is
subsequently destroyed and the surface abundance of lithium decreases after the second
dredge-up. The yield of lithium from our models is only enhanced by 0.3–0.5 dex,
which is much smaller than the result by Ventura & D’Antona (2010). This is because
the Vassiliadis & Wood (1993) mass-loss rate that we use in our models is much slower
than the mass-loss rates used by Ventura & D’Antona (2010). This clearly shows that
the yield of lithium is highly sensitive to the mass-loss rate.
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Figure 3.
Yield of different isotopes for an 8.5 M model, which uses NACRE
rates instead of the slower CF 88 rates.

4. Conclusion
We have shown that 22 Ne is the dominant source of neutrons in SAGB stars. The critical
reaction rates that affect the s-process yield are the triple-alpha and 12 C(α, γ)16 O reaction rates. If NACRE rates are used instead of CF 88 rates, the bottom of the intershell
convective zone becomes so hot that significant amounts of heavy s-process isotopes are
produced due to the high neutron density. However, if CF 88 rates are used, not much
heavy s-process isotopes are produced. It is therefore important to have accurate rates
for these two reactions to predict the yields of heavy s-process isotopes from SAGB
stars. Any observation that suggests heavy s-process isotopes are being produced in
SAGB stars will favour a fast triple-alpha and 12 C(α, γ)16 O reaction.
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Discussion
Sandin: What are the evolutionary timescales of SAGB stars compared to the less massive AGB stars? A 7 solar mass AGB star evolves to the PN stage in ∼30 Myr – the
SAGB stars should be faster...
Lau: SAGB stars evolve faster than the most massive AGB stars. The timescale for 10
solar masses is around 22 Myr, and for 9 solar masses is 21 Myr in my model. However,
the exact number depends on treatment of convection, so it varies for different code
used.
Ventura: The increase in the surface lithium should amount to a factor of ∼100, whereas
you mentioned an increase of ∼0.3 dex. Is there something preventing the full development of the Cameron and Fowler mechanism?
Lau: At the early AGB before any thermal pulses max X(Li) reaches 12x10−8 . However, the Li is then destroyed further down the TP-AGB. Using the V&W 93 mass loss
rate, it is not high enough for a lot of Li-rich materials to be ejected, so the average Li
abundance of the ejecta only increases by 0.3-0.5 dex.
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