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Abstract. The production of®Al in asymptotic giant branch Keywords: stars: abundances — stars: interiors — stars: evolution
(AGB) stars is studied based on evolutionary stellar modeistars: white dwarfs — stars: carbon — stars: AGB and post-AGB
of different massesl(s < M/Mg < 6) and metallicities
(0.004 < Z < 0.02). It is confirmed thaf®Al is efficiently
produced by hydrogen burning, but destruction of that nuclei .

by n-capture reactions during the interpulse and pulse phadedtroduction

becomes increasingly more efficient as the star evolves on thg s an interesting radioactive nuclei in many respects. With a
AGB. mean decay lifetime of = 1.053 millionyears, itis at the origin
The amountof®Alavailable in the intershell region follows, of the 1.8 MeV diffuse Galactic emission first observed by the
at a given metallicity, a very well defined pattern as a fung4gAQ 3+-ray spectroscopy experiment (Mahoney et al. 1984)
tion of the H-burning shell temperatui#;. Two zones must and confirmed by many subsequent observations. The Compton
be distinguished. The first one comprises those He-rich layesgmma Ray Observatory (CGRO) Comptel 1.8 MeV sky map
containing H-burning ashes which escape pulse injection. T(@oerlack etal. 1996) suggests the presen@ M, of 26A1
amount of°Alin thatzone (-2 x 10~7 Mg, atthefirstpulse in in our Galaxy today (Kodiseder 1999), while the measurements
1.5-3 Mg Z=0.02 stars) steadily decreases with pulse numbgy the Gamma-Ray Imaging Spectrometer (GRIS) might be
Its contribution to the surfacg€Al enhancement can only be im'compatible with higher values up te5 M, (Naya et al. 1998).
portant during the first pulses if dredge—up occurs at that stagfiese last authors suggest that a significant fraction d¥thi
The second zone consists of the C—rich material emerging frgiission may come from extended sources with low surface
the pulses. The amount &tAl available in that zone is higherprightness that are invisible to COMPTEL.
than that in the first zone34 x 10~7 M, at the first pulse in 264 js also made responsible for tH&Ig overabundances
1.5-3 Mg Z=0.02 stars), and keeps constant during about thsasured in meteoritic material. Inde¥d\ belong to the set
first dozen pulses before decreasing wiign 2 55 x 10° K. of short—lived radioactive elements believed to have decayed in
This zone is thus an important potential reservoir for surfaggy in meteorites (see the review by Podosek & Nichols 1997).
*Al enrichment. The canonical value of tt#&Al/27 Al ratio amounts t& x 107
Using third dredge—up (3DUP) efficiencies from model cajt ee et al. 1977; MacPherson et al. 1995) and corresponds to its
culations, the surfacé°Al abundance is predicted to reachnean value in the bulk of the solar system material at the time of
1-2 x 10" mass fractions in our low-mass solar metallicityts formation 4.57 billion years ago. Ratios 2 to 5 orders of mag-
stars, with an uncertainty factor of about three. It decreasggudes greater than the canonical value have been measured in
with increasing stellar mass, being about three times lowerdgme meteoritic grains (e.g. Hoppe & Ott 1997, Nittler 1997),
a4 Mg than in2-3 Mg stars. In massive AGB stars, howevelgenerally accompanied by non solar ratios of other isotopic ra-
hot bottom burning enables to easily reach surfded mass ijos (such ad3C/12C, 1N/N and!80/1°0). These meteoritic
fractions above 0~°. grains are considered nowadays as pristine circumstellar grains
The>°Al1/*"Al ratios measured in meteoritic SiC and oxidfaying survived the process of solar system formation. As such,
grains are discussed, as well as that possibly measured intH§ carry important nucleosynthesis information on the parent
nearby C-star IRC+10216. We also address the contributions@4r around which the grain initially formed.
AGB stars to the 2-3 M present day mass 8fAl detectedin  Several stellar sites are proposed in the literature for the
the Galaxy. synthesis of%Al. Supernovae have been suggested by Arnett
Fina”y, we discuss the pOSS|b|I|ty of direCtly detecting ag Wefel (1978), novae by Vangioni_l:|am et al. (1980), asymp-
AGB star or a planetary nebula as a single source at 1.8 Mg)fjc giant branch (AGB) stars by Norgaard (1980) and Wolf-
with the future INTEGRAL satellite. Rayet stars by Dearborn & Blake (1985). Among the mostrecent
works giving?®Al abundance predictions for these sources, we
mention Timmes et al._(1995) for type Il supernovae, Jordi et
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al. (1997) and Kolb & Politano (1997) for novae, Forestini &able 1. Solar abundances, in mass fraction, of the stable nuclei in-
Charbonnel {1997) for AGB stars, and Meynet et[al. (1997) fgolved in the Mg—Al chain of H-burning. The solar metallicity is taken
Wolf-Rayet stars. New sources BfAl have also been studiedequal toZ = 0.018.

recently. Clayton (1994) suggests tA&Al could be produced
by low energy heavy cosmic rays in molecular clouds, whiruclei solar mass fraction

Langer et al.[(1998) analyses the contribution from massi¥eNa 3.17x 107°
close binaries. Mg 4.89 x 107*

Stellar model calculations including an adequate nucleosyrMg 6.42 x 107°
thesis network could, in principle, ascertain the relative contrﬁng 7.37 x 10:f
bution of each of the stellar sites to the Galagfisl production i 228 i 18_:

and provide isotopic ratio predictions. Unfortunately, available>
26A] yields are subject to uncertainties affecting both nuclear

reaction rates and stellar model calculations. A comparisonifining until it reaches the AGB phase. The red giant branch
the spatial distribution of the Galactic 1.8 MeV emission as dgnqd He—flash phase of thes M, star are consistently followed
rived by CGRO COMPTEL with those at other wavelengthg apout12 000 and1 000 models, respectively.
suggests a preponderant contribution of massive stars to theThe models presented in this paper are the same as those
Galactic®®Al production (Krddlseder et al. 1999). However, agnalyzed in Mowlavi[(199Sb, hereafter denoted by M99) for
mentioned above, the GRIS data may suggest a non negligi€dgiium production during the AGB phase. Several of the model
contribution from extended sources with low surface brightnesgecifications can be found in that paper and are not repeated
such as AGB stars. The fact that AGB stars do indeed prodyfge. We only present some additional features of relevance for
*Alis strongly supported by the higlAl/*"Al ratios mea- the study ofSAl.
sured in silicon carbide (SiC) grains, knowing that those grains The apbundance profiles of 47 nuclei from H to S are fol-
are found around the majority of AGB stars (as attested by th@jjyved consistently with the stellar structure all along the evo-
11.3 micron absorption or emission feature, see Cherchnefj&jon. The ground staté®Als and the isomeric sta§Al' of
Cau1999 for a review). The possible observatiof’df itself ~ 264] are considered as two distinct species in the Mg—Al chain
in the outer envelope of a nearby carbon star{i@et al 1995) of H-burning. The initial abundances are taken from Anders
would be, if confirmed, a direct evidence for the production f Grevessel(1989) scaled to the required metallicity. Those in-
that element in those stars. volved in the synthesis 6°Al are listed in Tablé]1 for solar

In this work we reevaluate the production®6A1 by AGB  composition. The appendix summarizes the main features of
stars, with particular attention to the uncertainties affecting iige Mg—Al chain and gives the relevant nuclear reaction rates
yields. The dredge—up 8fAl from the deep stellar layers where,sed in the models. The impact of the new NACRE reaction
it is produced to the surface is also treated more consisterfiyes on the Mg—Al chain is also discussed in that Appendix.

in the light of the latest model predictions. The physical in- \ass |oss is taken into account from the red giant branch on
gredients of our AGB models are presented in $éct. 2, whigcording to the Reimers formula

the production mechanism &fAl in those stars is reviewed in
Sect(B. Sedil4 presents our model predictions cqnce??ukig M=-nx410"13 x Q’ 1)
and Secf.b analyses the mass of that element ejected by AGB M

stars. Comparison of those predictions to observational data isz and) being the actual stellar luminosity, radius and mass,
presented in Se€ll 6. Conclusions are drawn in Bect. 7. respectively, in solar units. The parametéstaken equal to 0.33
during the red giant branch phase (relevant only forltheé\i,

star), and equal to one during the AGB phase. The implications
of a superwind scenario terminating abruptly the AGB phase
Seven stellar models are computed from the pre—main sequesr@eanalyzed in Sei. 6.

up to the AGB phase, with initial mass@$ and metallicities The treatment of mixing represents a main issue for the pre-
Z (the metallicity refers to the mass fraction of all elementiction of surface abundances. Convective mixing in AGB stars
heavier than helium)¥// Mg, Z) = (1.5, 0.018), (2.5, 0.018), is made responsible for the transport of the ashes of both H-
(3, 0.020), (4, 0.018), (6, 0.020), (2.5, 0.008) and (2.5, 0.004nd He—burning from the deep layers where they are synthe-
About 6000 models are calculated prior to the AGB phase fsized to the surface (process called ‘third dredge—-up’, denoted
the intermediate—-mass1( 2 2M ) stars. The calculation of hereafter 3DUP). As in most AGB models available in the lit-
the 1.5 M, star requires more models because it developsgature, we use the mixing length theory for convection (with a
degenerate core after core H exhaustion. The subsequent evizing length to pressure scale height ratiagf;; = 1.5), and
lution of that star is characterized by a long giant branch phabse Schwarzschild criterion for the determination of the bound-
of about2 x 10° y during which H burns in a shell. Helium aries of convective zones. Such a local criterion, however, is
eventually ignites in the degenerate core, which leads to a tharewn to lead to the development of an unphysical disconti-
mal runaway called He—flash. The degeneracy is waived by tindgty in the chemical abundance profiles when the H—rich en-
expansion of the central regions and the star resumes core Melepe penetrates into the H-depleted layers, and prevents the

2. The models
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Fig. 1. Structural evolution of the intershell regions of thé M model star withZ = 0.008 between the 15th and 16th pulse. The origin

of the abscissa is arbitrarily set to the time of onset of pulse 15. Filled regions correspond to convective zones. The dotted lines identify the
location of maximum energy production in the H—burning (top) and He—burning (bottom) layers. The different phases of an instability cycle
and zone#\-D of the intershell layers described in SECt]3.1 of the main text are also indicated. The simulation of a third dredge—up is shown

in the afterpulse phase of pulse 16 (region hatched at 45 degrees in the rightermost subpanel). Note that the time abscissa has different scales in
each of the panels displaying pulse 15, the interpulse and pulse 16.

adequate operation of 3DUP (Mowlavi 1999a). Those stafidard 8°[ ]

models are thus inadequate for a consistent predictisarédice Lo 4 M, . interp. 2R—<3 7-0.018
abundances. The use of some kind of diffusive extra—mixing be- : o

low the convective envelope can remove the discontinuity aré sor e 7 25 M, , interp. 22-23 |
enable a consistent modeling of the 3DUP. Such a proceduﬁa, Lo /

however, is very computer time consuming. For that reason, ‘
and in order to analyze ti#€Al production in a variety of AGB =
models of different masses and metallicities, the seven models
presented here are performed without extra—mixing. The surface20 | L L
26A]1 abundances are then computed a posteriori using synthetic  © 50000 100000
AGB calculations (Sedf]5). t(y)

Fig. 2. Evolution of the temperature of the hydrogen burning shell at

the layer of maximum energy production during the 6th (solid line) and
3.26A] production in AGB stars 22nd (dashed line) interpulses of A& My, Z = 0.018 model star,

and during the 22nd interpulse of thd1, star of the same metallicity.

, interp. 6-7

3.1. AGB stars

A recent review on the structural and chemical evolution of

AGB stars can be found in, among many others, Busso et jgkerpulse phase:During the interpulse phase, hydrogen burns

(1999) Brieﬂy, those ObjeCtS are characterized by two burninga thin |ayer located at mass fractioMr increasing with

shells, one of helium (noted HeBS) of abd0t > M, and one  time. The HeBS is almost extinct. This phase ldststo 10°

of hydrogen (HBS) of som&)~* My, and by a deep convectiveyears, depending on the stellar mass, metallicity and interpulse

envelope extending from above the HBS up to the surface. Th@mber. The more massive or less metal-rich the star, the shorter

HeBS is thermally unstable and periodically liberatéd to the interpulse duration.

109 times the energy provided by the H-burning shell. Those The temperature of the HBS keeps an almost constant value

outbursts lead to the development of a convective tongue (callfgting a given interpulse (after a fast rise at the beginning of

‘pulse’) in the HeBS. As in M99, we divide an instability cyclethat phase, see FIg. 2). Its valiig at the end of each interpulse

into three phases, the interpulse, the pulse and the after pyRgse is given in Figl 3 for all our model stars. It is seen to read-

phase (illustrated in Figl1). ily increase from one interpulse to the next, starting with values
higher thant0 x 10° K in all our stars. In the M, star (filled

! standard models refer, in this paper, to models using tR@uaresin Fid.13), for examplé; increases from3 x 10° K at
Schwarzschild criterion to delimit convective zones without applyinde first pulse to abové3 x 10° K at the 20th interpulse, while
any extra—mixing procedure such as overshooting or diffusive mixiAg; reaches values abo76 x 10° K in the 4 and6 M, stars.
induced by rotation. In general, Ty is higher in stars with higher masses or lower
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Fig. 3. Temperature, as a function of pulse number, of the hydrog&#g- 4. Maximum temperature, as a function of pulse number, at the
burning shell at the layer of maximum energy production and at tﬁ@se of the pulse convective tongues of all the model stars as labeled
onset of each pulse in all the model stars as labeled in the graph. in the graph.

metallicities. Thel.5 M model star is an exception with HBSjn stars with higher masses or lower metallicities, theM
temperatures higher than in thé Mg, star (at similar metallic- model star making again an exception to this rule as compared
ities) and comparable to the ones in thel, model star. This to the2.5 M, star of the same metallicity. Actually, there is a
peculiarity is due to the fact that the5 M, star experiences univoque and almost linear relation betwgépand7}, in AGB

a long red giant branch phase after the main sequence, dugfgs not experiencing hot bottom burning (i.e.¥or< 4 M
which the H-depleted core mass already increases significanilysolar metallicity, see Fig. 5b in M99).

Fromachemical point of view, the ashes leftover by the HBS ' As the pulse grows, it first mixes the C-rich material left over
mainly consist of N, the main product emerging from the CNQy the preceding pulse in the zone call@dn Fig.[J and then
cycle. Of importance to our study are t&\1 produced by the engulfs the ashes of H-burning from zoRe'*N, in particular,
Mg—Al chain and the few amounts (to the level of abdit*  is mixed down to the high temperatures characterizing the pulse,
mass fractions) of*C left over by the CNO cycle. These H-and burns through-capture reactions intO. This nuclide, in
burning ashes accumulate in the underlying He-rich zone. Pgiith, may burn and synthesiz&Ne through '®0 («, v) 2*Ne.
of those ashes (those lying in zoAshown in Figl1) is directly Those products, among others, are left over by the pulse in zone
mixed to the surface by the 3DUP process, but the majority '2C is of course the main product of He burning through the
(those in zon®in Fig.[T) is mixed down to higher temperaturegriple-« reaction. Its intershell mass fraction in zdb@mounts
during the pulse phase. to 20-30% in our models (Fig. 4 of M99).

Pulse phase:As the mass of the He-rich layers increases, &terpulse phase:During the afterpulse phase, the structural
thermal instability is triggered in the HeBS and a convectivgolution of the intershell layers is dominated by thermal re-
pulse develops. The convective zone starts at the locationgfation processes. The temperatures in those intershell layers
maximum energy production in the HeBS, and extends up clag®p, the H-burning shell extinguishes, and the convective en-
to the HBS (see Figl1). It lasts few decades to few centurigglope deepens into the H-depleted and, possibly, C-rich layers.
depending on the stellar mass, metallicity, or pulse number. Thige ashes of H-burning which escape the ingestion by the pulse
more massive or less metal-rich the star, the shorter the puls@vective tongue (zonkin Fig.[d) and part of the C-rich ma-

duration. terial from zoneD are mixed to the surface. This process is the
The maximum temperatufg, at the base of a pulse is (al-3puUPp.

most) reached at the time of maximum pulse extension. Its value The operation of 3DUP in AGB stars is much supported
in the first pulse depends on the stellar mass and metallicigy, the peculiar (as compared to other red giants) surface abun-

but is abovel70 x 10° K in all our model sta® (Fig.d). It dances observed at the surface of those stars. Its consistent re-
then readily increases pulse after pulse. Likg, T}, is higher

He-burning phase prior to the AGB phase, in relation to the occurence
2 The temperaturé, at the base of the first pulse of our models isf breathing pulses in the convective core. However, the difference is
slightly lower than in other models found in the litterature at similagquivalent to the temperature increase over two successive pulses or

stellar mass and metallicity. For examplg, = 173 x 10% K in the  so, sinceT), reaches 184 antl90 x 10® K in the second and third
first pulse of our3 Mg star of solar metallicity, while Boothroyd & pulses of ouB M, star, respectively. The conclusions reached in this
Sackmann[(1988) obtain abol86 x 10° K. This may be due to the paper concerning tHéAl production are thus not affected by this slight
different mixing prescriptions used in different codes duringabes  difference oril}, with other authors.
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production in AGB models, however, was a main problem until -

recently (Herwig et al. 1997; Mowlayi 1999a). As explained in  ,, ;7§§§§ff77 4.0 M, (@) 1
Sect2, our standard models do not self-consistently predict the %} W AN 2=0.018 ]
occurrence of the 3DUP phenomenon. Instead, we use if$ect. Boos b %%}%% TSK?ﬁﬁﬁﬁﬁﬁﬁﬁ 1
dredge—up rules obtained from a separate study of 3DUP in our >%>>>>>>>>>>>> >
models. o ‘ %

In summary, four distinct zones are of importance for the 5 10 15 20 25
analysis of?°Al. Zone A contains HBS ashes which are not *®°F=-""" ‘ ‘ ‘ ‘ ]
engulfed into the pulse and are directly mixed to the surface by 004 | ||| [ 2.5 M, (b)
the 3DUP. ZoneB andC contain the intershell material whichis _ 0.03 §77??§§§§;§§§"*f77 z2=0.018 E
mixed into the pulse, the former containing H-burning products , ;- , >§§§§§§§VY E
left over by the HBS and the second C-rich ashes emerging >%>%§§§§W
from the previous pulse. This material is processed in the pulse | : ]
and emerges in zori®, a fraction of which (depending on the 0 5 10 15 20 25
3DUP efficiency) is mixed into the envelope by the 3DUP. The %S¢ 7 7T 1T T
massedf 4, Mg, Mz andMp = Mg+ Mc involved in zones 0.04 }7777 1.5 M, (c) 1
A, B, CandD, respectively, are functions of the stellar mass, 003k §§?§§§ Z=0.018
metallicity and pulse number, as shown in [Eig. 5 for three of oue 1% § NN
stellar modelsM 4 is of the order ofl0~* — 10~2 M,, while o §%>%§§§%§E\ M
Mp andM are about a factor of ten higher. In general, they are oot i M, E
smaller in more massive or less metal-rich stars, and decrease ° o o s T T e s
with pulse number. pulse number

Fig. 5a—c.MassesV 4, Mg, and M- of each zoné\, B andC, respec-
3.2. The production and destruction?fi/ in AGB stars tively, shown in Fig[lL, as a function of pulse number in the 4 (panel
. a), 2.5 (paneb) and1.5 M (panelc) model stars of solar metallicity.

3.2.1.20A1 production M4, Mp and M are respectively the upper, middle and lower zones

The production of®Al in the HBS is governed by the Mg—Al ©f €ach histogram.

chain of reactions summarized in the Appendix. It is efficiently
synthesized at temperatures exceediigc 10° K. Al AGB  ~ ;50 S
stars are thus potential sites for the productiotfaf in theirin- :

tershell layers, irrespective of their mass and metallicity (Big. 3% 50 |
The first evolutionary AGB models inlcuding the Mg—Al chaire— :
in the nucleosynthesis network were computed by Forestini et

2.5 M, Z=0.018 a7

at onset of pulse 7

al. (1991) who confirmed the production®f1 by those stars. I 18C 1 ]
The main reaction as far 86A1 production is concerned is — 0] L . ﬂg\ SR y
25Mg (p,~) 26Al. It transforms almost all availabEMg into  © | e TN L
26A1. About 80% of the createfAlis in the ground staté#Ale X S AL o
~ ‘

(half—lifetime of 7.40 x 10° yr). The remaining 20% goes into
the isomeric staté®Al' which disintegrates in 6.3 s int6Mg.
From an initiaP°Mg mass fraction of.4 x 10~? in solar metal-
licity stars (Tabl€IL)5.3 x 10~° mass fractions oi°Al8 are thus

26718

25Mg

expected to be formed, while th&/Ig mass fraction is expected pmfe PR . ; 4 !

to increase fronT.4 x 10~ (initial abundance) t6.7 x 10~°. —————— pube’
This is well verified by model predictions. The abundance pro- 0.526 0.528 0.53 0.532 0.534
files at the end of the 6th interpulse in thé M, Z=0.018 star, M, (M)

ggg?gxamdp:ﬁ’ f\;;(;ﬂ(;zplaé/ed Itn Fft6h ('?.V?n thel half—lllfe'::;n(je cf‘—fig. 6aand b. aTemperature anldlabundance profiles of several nuclei,
an € yr duration ot that interpulse, a slig € s labeled on the curves, in the intershell layers at the end of the 6th

crease of the intershélfAl¢ abundance with depth is observe terpulse of the2.5 M, Z = 0.018 model star. The extensions of
in Fig 8 together with the concomitant increase in #klg  ;onesa, BandC described in Sedf3.1 and of pulses before and after
abundance. The other stable nuclei of the Mg—Al chain are Rgé considered interpulse are also shown in the lower part of panel
significantly altered in that star.

When the temperature of the HBS exceed$5 x 106 K ) ] ) ) ]
at a more advanced stage on the AGB (or in a more massvgsd andB which dlsplay the mFersheII abundance profiles
or lower metallicity star), several distinctive features appedf the end of the 22nd interpulse in the 2.5 and,, model

in the intershell abundance profiles. Those are illustrated 'S Of solar metaliicity, respectively. They concern the burning
of 24Mg through?*Mg (p, v) 2°A1 (3+) 2°Mg and the produc-
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Fig. 7a and b. Same as Fifl6, but at the end of the 22nd interpul$ég. 8a and b.Same as Fil6, but at the end of the 22nd interpulse of
of the2.5 Mg, Z = 0.018 model star. The horizontal dashed—dottethe4 Mg, Z = 0.018 model star. The horizontal dashed—dotted line
line in panelb separates two sub—panels with different tick sizes dn panelb separates two sub—panels with different tick sizes on the
the y—abscissa. y—abscissa.

potentially available in AGB stars: seconddf{, 2?Ne, and
tion of 27Al through 26Al# (p,~) 27Si (37) 27Al. The partial primary!3C. These are considered in turn.
destruction of the abundatMg nuclei produce$®Mg and re-

plenishes the Mg—Al chain. Its effect on th&Ig abundance 3 s
profile is clearly visible in the M., star (Fig®B). Thé7Al pro- Secondary carbon 13SecondaryC is left over by the CNO

duction, onthe other hand, already occurs in the advanced pu@%:Ies at the level ofl0™ mass fractions (Appendix A of

. L % . When the intershell temperatures re@6hx 10° K, it
of the2.5 M, star (FigLY). Those features reflect the sensitivi ) U
of the Mg—il yields on the temperature at which H—burnin%:;jms. through'*C (a,n) °O . The ”e“”"r?s released by this
occurs (cf. Appendix) action are partly captured B§Al, producing?®Mg through

20A18 (n, p) 26Mg . The!3C burning and concomitaifAl de-

Another distinctive feature of hot interpulses is the intershel] " . 6 : I
13 . : . ruction and®Mg production are clearly visible in Fids. 7 and
© burning bya—capture during the interpulse phase (Figs . In the 22nd interpulse of tfe5 M, star, the’*Al abundance

and3). The resulting®Al destruction is addressed below. is reduced by about 30% in the layers whét€ has burned,

_ while the destruction factor amounts to 60% in #hd ;, star at
3.2.2.26A1 destruction equivalent interpulse number.

. i3 . I . ——
The operation of the Mg—Al chain of H-burning leads f&§ Al The intershell*°C which remains intact during the inter

abundance which is roughly independent of temperature ab se is injected into the next pqlse. As itis mixed down to the
35 x 105 K (see Appendix). This results from the fact tha igh pulse base temperatures, it burns through the same reac-

26A1 destruction through?SAl% (p ) 27Si (3+) 27Al is com- tion channel as during the interpulse, leading to furtferl

pensated by the replenishment of the Mg—Al cycle through tHSS"“C“Sg‘- ".1 the 21st pulse of th& M@O’ Z = 0.018 star, for

partial burning of?*Mg nuclei as discussed above. The ne ample; Aysfurtherlgesfcroyed by 35% due to those neutrons

NACRE reaction rates even predict an increase idtAgéyields released by°C (., n) '°O in that pulse.

attemperatures aboé x 106 K (cf. Appendix).3—decay does

not lead to significant interpul2&Al destruction either, becauseNeon 22: 22Ne becomes a second source of neutrons in pulses

the interpulse durations are shorter than the decay half-lifevafien it burns througi®Ne (o, n) 2?Mg . An analysis of*Ne

that nucleus. burning in our models is already presented in M99 (Sect. 3.4
The main source oAl destruction comes from neutrontherein) and is not repeated here. Let us just summarize that

captures througR°Ale (n, p) ?Mg . Three neutron sources are*’Ne (a,n) ??Mg begins to occur af}, above280 x 10° K.
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Such high temperatures are encountered after a sufficient num- oo T

ber of pulses, depending on the stellar mass and metallicity!0™° £ Intershell *Al abundances E

(Fig.d). The amount of*Ne destroyed in the pulses of our : 2ot e (Z=0.018)

model stars remains less than 5% though (except in the 4 and - tk k¥t ol 'h.‘."'.,

6 M, stars where thé*Ne destruction factor reaches respec- I - e 0 G, B HC

tively 10 and 20% in the 24th pulseBf = 312and320 x 10° K, 107 *s “en Dﬁug 000, E

respectively). The amount of neutrons releasetfdy burning o ; vy A 0-20 oo ]

is nevertheless high enough to lead to a non—negligible destrfic- | N o ‘300 1

tion of 26A1. In the 21st pulse of the.5 M, Z = 0.018 star "‘.‘ o S

(T, = 265 x 10° K), for example, where secondariC burning 10° o 4.0 M, “c. °5 % E

already destroys 35% of the availaBfé\l, 22Ne is responsible g = 3.0 M, ".%::O o ]

for an additional 15% destruction of that nuclei. The fraction of * 25M, 0002 1

26A1that is destroyed in pulses is actually rather well correlated + 15 M, CC@%% 1

with pulse temperature, as shown in Sekt. 4. ol 2
26A] is thus very fragile with respect to neutron captures 40 50 60 70

and is destroyed with an efficiency which increases with pulse Ty (10° K)

tempe_ratu.re. Yet, ‘T]ls 'S_ Sho‘_’vn in SEEt. 5, %ﬁ_ﬁl abunda_nce Fig. 9. Total masses (in units of solar mass)26A1 in zonesA, B+C

emerging in zond is still an important potential reservoir foryngp, as labeled in the figure, at the time of dredge—ups for our solar

surface®®Al replenishment. metallicity stars. The predictions of tt3&\i star have been rescaled
from Z = 0.020 to Z = 0.018 for consistency with the other stars.

Primary carbon 13: The existence of a primary source'st Each mark locates a pulse time.

in AGB stars is strongly suggested by the observation of fluorine
and s—process overabundances (with respect to other red giants) _ _ o
at the surface of many AGB stars (see, respectively, JorisseR@t€SA, B+C andD, respectively, are displayed in Figs. 9 and
al.[1992 and, e.g., Smith & Lambért 1990). The exact mechd @s & function of the HBS temperature.
nism at the origin of that primai?C is still aquestion of debate. - Ma is seen to steadily decrease from one pulse to the
Most probably, some diffusive mixing occurs below the conveB&Xt in all the models. In tha M, star, for example?®M,
tive envelope during the 3DUP, bringing some protons from th‘é?qreases by a factor of 45 from the first to the 20th pulse. This
envelope into the C—rich layers. This is suggested by recent mBinly results from the decrease in the mass extent of 2one
els including either diffusive overshooting below the enveloE?™m one pulse to the next. At best (i.e. during the first pulses),
(Herwig et al[1997) or rotation (Langer et@l. 1998 then ~ Ma =2 — =3 x 1077 M, at solar metallicity. That°Al is
forms at H—burning ignition through?C (p, ) 13N (3+) 13C. directly mlxeq into the envelo_pe during the .3DU.PS. '
The amount of primaryC so formed must be about 10 times Mp-c firstincreases slightly a¥'Al builds in the inter-
higher than the amount of seconda#¢' produced by the HBS shell pulse after pulse, thep decreas_es during the hotter inter-
in order to match'*F and s—process abundance observatioR§ISes as a result ofC burning, and finally reaches a plateau
(Mowlavi et al.[1998). The question 8fAl destruction then Well visible in thed M, star (Figl®). That°Al is injected into
becomes very pertinent. the next pulse. o o

Model calculations suggest that the prima#¢ burns ra- The evolution of%)M, is dictated l?>?6Al destruqtlon inthe
diatively during the interpulse phase (Straniero et al. 1995, di!ses. The percentage®6fl burned in the pulses is evaluated
own calculations). In that case, only the zone covering the pfiom the d|ﬁerenc66MB_+c —*Mp andis shown in Fig.11.1t
mary 13C pocket suffer@%Al destruction during the interpulse.iS Very well correlated with the pulse temperature, being smallin
Since the mass extent of that zone, of the ordei0of to few the first cold pulses{ 20% destruction &00-220 x 10° K) and
10~ M., is very small compared to the 0.01 M, extension increasing with pulse temperature 80% at270-285 x 106 K
of the intershell wher&®Al is present, only a negligible frac-and close to 100% abowa#0 x 10° K) due to sec'ondarﬂﬁC
tion of that26A1 will be affected by the neutrons released frorAnd **Ne burning in the pulses. As a res_u??MD is close to
primary 13C. We therefore do not worry about the existence SFM g ¢ during the first pulses, and steadily decreases with time

that primary*3C pocket as far a¥’Al is concerned. atincreasing pulse number. .
We note the very good correlation between the masses of

26A] predicted in the intershell zonés B+C, D and the HBS
temperature (Fid]9). The same holds true at lower metallicities
All the 26Al production and destruction mechanisms mention¢Blig.[10), but with smallet®Al intershell abundances as a result
in Sect[32 are self-consistently taken into account in our ead-the smaller initial abundances HMg.

lutionary models (except for the production of primaag, An important conclusion of our model predictions is the
but which should not be of any significant consequence on thigher masse¥$M, of 26Alin zoneD, despite its destruction in
26Alyields as explained in SeCi.3.P.2). The total mas&es,, the pulses, thanin zomeduring most of the AGB lifetime. Zone
260 pc and 2Mp, of 26Al1 predicted by our model stars inD is thus a potentially important reservoir for surfdéal abun-

4. Standard model predictions
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: _ . 3
F) ‘Z {0.0‘04‘ e 1 T (106 K)
50 60 70
T, (x108 K) Fig. 11. Percentage of°Al destroyed in the pulses as a function of

pulse temperature for all our model stars as labeled in the figure. It is
Fig. 10a and b.Same as Fi]9, but for th2.5 M. model stars at equal to100 * (**Mp;c — *Mp)/**Mpc.
metallicitiesa Z = 0.008 andb Z = 0.004.

60 [

dance enhancement. What fraction®®/), is actually mixed ~ °°f HMg o S ]
into the envelope depends on the 3DUP efficiency. This is ana-4o [ 2.5 M, z=0.018
lyzed in Secl.b. [ oM at onset of pulse 23

NACRE reaction ratesThe standard models presented in this

<0 \T

paper are performed with the nuclear reaction rates presentegﬂno - |, — *Mg -
the Appendix. After those lengthy calculations were concluded,  — —\ T~ = — — 5 3
new rates became available by the NACRE compilation. Inorder ———_ -~ #Al e T T

to analyze the impact of those new rates or’flid predictions =< 5 26 ) 12 C]
in our AGB model stars, the 22nd interpulse23rd pulse se- 2 :

guence of the.5 My, Z = 0.018 star is recomputed using the ‘ . Mg
NACRE rates. The intershell abundance profiles at the end of © ;428 063 0632 oooa 0.636
that interpulse are shown in Fig]12, which are directly compa- M, (M)

rable with Fig[T. As far ag®Al is concerned, three important _ _ _
conclusions are drawn: Fig. 12.Same as Fifl 7, but with NACRE nuclear reaction rates.

1) the amount of®Al produced by the HBS is higher with

the new rates than ‘i"éth the old onesx 107" mass frac- | symmary, the NACRE reaction rates lead to higher inter-
tion instead o8 x 10~ in the models displayed in Fids.l12qe|126A1 predictions than that predicted with the old reaction

and[7, respectively). This is due, on the one hand, to thges. Their impact on the surfa2®\l abundance predictions
lower26Al destruction by p—captures and, on the other hand s rther analyzed in the next section.

to a leakage from the Ne—Na to the Mg—Al chain through

BNa (p,v) 2*Mg . The resulting?*Mg destruction is well

visible in Fig[T2. Those features are confirmed by the para- Mass of26 Al ejected by AGB stars
metric H-burning calculations presented in the append

2)

3)

Because the 3DUP process is not self—consistently obtained
NACRE is 5 (20) times higher than with the old rates ab standard mode!s (SeEt. ?)' we r?e,ed to smulate the surface
6 6 K- abundance evolution with ‘synthetic’ calculations. Those cal-
Ty =70 x 10% K (80 x 10° K); ) ) ) :
the amount of secondajC predicted by the CNO cycles culations take into account the intershell abundances predicted
by the standard models (Sddt. 4) and predict the surface abun-

's lower by almost a factor of two with the new rates COmdances pulse after pulse by applying given 3DUP efficiencies as

Fea;‘senglltiz :jheestorlg ggebs (ﬁfé)aent(ljjlrxesv(\)/l;]g/l%?().aArsl)alggsuI% function of pulse number for each star. The assumptions used

is activated- yed by P ’ in our synthetic calculations are described in 9ect. 5.1, and the
’ . surface?SAl abundance predictions analyzed in Sécis. 5.2 and

the amount of 'Al destroyed (about 38%) in the 23rd puIsEE The mass of°Al ejeth)ed by our AGB )s/tars are provided in

is similar with NACRE and with the old reaction rates. )

Sect[5.4.

which further reveal that the amount Al produced with
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4 — ‘
[ —emmme— 4.0 M, 7=0.018
3.0 My, Z7=0.020

] rating diffusive extra—mixing below the envelope. Such a non—
standard prescription is able to reproduce self—consistently the

25 M, 7-0.018 | 3DUP phenomenon (MowlaVi 1999a). It has been applied to
15 M, z=0.018 - Selected afterpulse sequences of each of our stars, providing
2.5 M, z=0.008 |  3DUP efficiencies as a function of stellar mass, metallicity and
2.5 M, Z=0.004

[S]

pulse number. The details of those 3DUP predictions will be
] presented in a forthcoming paper (Mowlavi, in preparation).
1 Letus just mention here that

— dredge—up of C—rich material starts at pulse numbgy =

b 5, 14 and 18 in the 4, 3 an2l5 M, respectively, at solar
metallicity, and aing,,, = 10 and 7 in the2.5 M, star at

1 Z = 0.008 and 0.004, respectively. No 3DUP is obtained in

‘ thel.5 M, star up to the 16th pulse computed so far;

— the 3DUP efficiency increases during the first dredge—ups
t(y) almost linearly with core mass, but is reduced at more ad-

Fig. 13. Evolution of the mass of the envelope in each model star as vVanced pulses due to the effect of mass loss.

labeled in figure. The time origin is arbitrarily set to that at the firsth | AL bitraril dto ] i Vi
pulse in each star. Each mark locates a pulse time. The value of) 4 is arbitrarily assumed to increase linearly in

the nominal case, from 0 at the first pulse to 1 at pulse number
_ _ nqup Where 3DUP starts to operjate
5.1. Synthetic calculations In order to evaluate the sensitivity #fAl yields on the\ 4

We assume in our synthetic calculations that neither the ove@idAp laws adopted in the nominal case, two other cases are
structural evolution of the model stars nor the chemical evolG@nsidered, providing upper and lower limits of those yields.

tion in their intershell layers is affected by the operation of the

3DUPs. The evolution of the envelope’s mdds,,, is further Minimal case: We assume that no material from zoAeis

assumed to be that predicted by our standard modeld (Fig. I8pdged—up X4 = 0) until the operation of 3DUP (at pulse

The surfac€®Al abundances are actually not very sensitive OfY.,), after whichA, = 1. Ap, on the other hand, is taken

the mass loss rates. from our model predictions as in the nominal case. This case
Let us consider the operation of 3DUP after puls@he provides a lower limit to thé®Al yields.

mass of®Al in the envelope after the 3DUP is given by

ol . . . . ! . . . . ! . . . .
0 108 2x10¢ 3x10¢

96+ ri o6r i1 M. apict Maximal case An upper limit for the yields is given by assum-
Mepy = "My X 4M§,,7Ul X T ing that maximum 3DUP efficiency is achieved from the very
N XM 4+ N x 260 ) first pulse on. The maximum efficiency expected during a 3DUP

eventis derived from the analysis of Mowldvi (1999a). If we con-
where the exponential factor describes th&l disintegration sider the classical 3DUP efficiency parameter M.,/ AM.,
during the preceding interpulse— 1 of durationAt'~! (ex- Which compares the madg,,,, of C—rich material dredged-up
pressed in years in Eg. 2 and taken from our standard motfethe core mass increagel/. during the preceding interpulse
predictions). The ratid/¢,,, /M- ! takes into account both thephasg, then\ asymptotically reaches the value of one after a
mass ofSAl lost in the wind and the advance of the HBS duringufficient number of pulses (in the absence of mass loss). We
interpulse — 1. 260 and®5M, are the masses #fAlin zones thus take in the maximal case= 1, Ap being then given by
AandD, respectively, after pulse The dredge—up parameters , . i
XYy and X%, define the fraction of zones andD, respectively, Ap = Ax AM/ Mp. 4)
which are dredged-up. The evolution of the surféfodl mass )  is of course always taken equal to one in this maximal case.
fraction X (26Al) as a function of pulse number is then simply

given from EqLR by

(3) % In the 1.5 M, star for which no 3DUP is predicted to occur up
to the 16th computed pulse, we nevertheless assume in the nominal

In order to evaluate the sensitivity #fAl yields on the\ , and case that\ 4 increases linearly from zero at the first pulse to one at

Ap parameters, three cases are considered, denoted the ‘nomi, = 16.

nal’, ‘minimal’ and ‘maximal’ cases, each one adopting a spe_4 Avalue of A < 1, for example, means that more mass is added to

cific choice for\ 4 and\p. the core by the HBS during the interpulse phase than what is dredged—
up during the afterpulse phase, leading to a net increase of the core
mass pulse after pulse. A value df> 1, on the other hand, results

Nominal case: The values of\p at each pulse of our modelin a decrease of the core mass pulse after pulse, Whitel means a

stars are taken from ‘non—standard’ model predictions incorpmnstant core mass at each pulse.

Xo(OAD) =M, ) M;

nv*
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‘X (26A1) ] star, on the other hand, is treated separately in Sett. 5.3 due to

E s the high temperatures reached at the bottom of its envelope.

jg-rL  mominal with NACRE ] In the minimal case?SAl pollutes the stellar envelope only

"\ nominal 4 M 220.018 ] after the onset of 3DUP from zori. Fig[I2 shows that the

e~ ., e ] minimal case (lower dashed lines) converges to the nominal

1070 ¢ 3 case after a sufficient number of 3DUPs.

P | - ] In the maximal case, the predicted surfa¢gl abundances

107 e e e 3 are always about a factor of 2 to 4 higher than in the nominal
‘ - 3 M, Z=0.020 ] case. This is of course due to the higher contribution of zone

* — D to the surface abundance enhanceméfis, reaches about

] 4 x 10~7 mass fractions in the.5-3 M, stars.

The 26X maz /26 min ratio between the maximal and mini-
mal cases is given in Tallg 2 (10th column) for the last computed
pulse of each of our stars. The uncertainty is seen to lie between
a factor of 2 to 6, depending on the number of 3DUPs experi-
enced by the star. The more the number of 3DUPs, the better the
predictions. We thus consider a factor of three uncertainty on our
26X, predictions in the nominal case as reasonable. We further
note that 3DUP is more efficient in low—metallicity stars, which

mass fractions
\
|
|
\
\
\
|
\
|
-
\
\
|
|

107 E - - 3 translates in lower uncertainties in their surfa¢&l abundance
i T ] predictions.
- - RO M, 2=0.004 ] Predictions with NACREThe new NACRE reaction rates lead
0 10° 2x108 3%10° to higher?°Al intershell abundances than those predicted from
t (y) the rates used in our models (S&¢t. 4). We can estimate the sur-

. . . face?6A1 abundances which would result from the NACRE re-
26
Fig. 14. Surface™ Al abundance evolution predicted by our SyntheucF:tion rates by considering that the intersi#éA1 abundance

calculations. The solid lines with filled circles represent the noming " I ith th h
case 3DUP efficiencies predicted by AGB model calculations, and tfeVe"Y Well correlated with the HBS temperature. The para-

dashed lines the minimal and maximal cases defined in the text{BectMB§tric nucleosynthesis calculations presented in the Appendix,
The dotted lines represent predictions in the nominal case, but wiirformed once with the rates used in our models and once with

NACRE reaction rates (Setc_b.2). The time origin is set at the fitste NACRE ones, provide tHféX,,,... />°X factor (Fig[A2b)
pulse for each star. The arrow in each panel indicates the time fréay which our intershelf°Al abundances must be multiplied in
which on dredge-up of C—rich material from zoDes predicted to order to obtain the intershell abundances expected with NACRE.

start. The resulting?®Al surface abundance evolution in the nominal
case is shown by the dashed lines in each panel of Big. 14. As
5.2. 26 A1 surface abundances expected from the parametric calculations (Eig]A.2b), thereis a

. ] . significant difference between the predictions with NACRE and
The surface’Al abundance evolution predicted by our synyith the old rates only in massive and low—metallicity stars (i.e.

thetic calculations in each of the three cases defined in[Sekct.1HBS temperatures above 70 x 10° K). For those stars,

is shown in Fig, Tt for several of our model stars. The nominaly  can be three times higher with NACRE than with the old
case is represented by the solid lines connecting filled circlege§ But it has only a slight impact on solar metallicity stars.
and the minimal and maximal cases by the dashed lines respec-The conclusions drawn in Seict. 6 from our predictions at so-

tively below and above the nominal predictions. The surfagg metallicity are thus basically not affected by the new NACRE
26Al abundance¥X atthe last computed models of each of oy action rates.

stars are summarized in Table 2 for the three cases (Columns 7
to 9). )
In the nominal case, the surfad&\1 abundance increases®-3- Hot bottom burning

rapidly up tol-2 x 1077 mass fractions during the first pulsesiassive AGB starsNI > 4 M, at solar metallicity) are char-
due to the mixing of material from zore Itwould then decrease gcterized by temperaturds,,,, , at the base of their convective
slightly with time due tg3—decay in the absence of 3DUP. Thenyelope exceeding) x 106 K. As a result the main modes
occurrence of 3DUP (marked by an arrow in Eig. 14), however,

brings fresh?°Al from zpneD to the surface. It keep%GXs. 5 In our estimation of the impact of NACRE reaction rates on the
roughly constant with time to abou~" mass fractions in g facea] abundances, we neglect the fact that NACRE also predicts
2.5-3 M, solar metalllicity stars. IntheM, star,*°X is about |ower intershell*C abundances (SeEd. 4). The NACRE predictions for
three times lower due to its massive envelope (but see predictiéfxs, would thus even be slightly higher than shown by the dotted lines
with the NACRE reaction rates below). The case ofdhd, in Fig.[14.
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Fig. 15a and b.Evolution of:a the abundance dfAl (in mass frac- T S S S ) N
tions) at the surface of tH&M model star of solar metallicity the 0 1 2 3
temperature at the bottom of the convective envelope. The time origin ton—topacs [10° ¥]

is set at the first pulse. For information, the number of pulses calculated 26« PN 26 . .
in this model star amounts to thirty four. Fig. 16. Mass “°M" " (M, Z) of “°Al present in the circumstellar

medium right after envelope’s ejection for tBeb M, stellar model

at solar metallicity as a function of the agey at which the planetary

lQ)e_bula forms. The time origin is set at the onset of the first thermal

ulse. Predictions are given for the three cases (minimal, nomimal and

aximal) described in Sect. 5.1. The filled points are located at pulse
s (beginning at the second pulse).

of H-burning are operating at the base of their envelope (p

cess called hot bottom burning, HBB), and directly modify the

surface abundances without requiring any 3DUP process. T

26A1 surface abundance, in particular, is strongly affected by

that process. The abundance prediction inGur;, star of solar

metallicity is displayed in Fig-15a. It is directly taken from our ~ Let us first consider the mas§MA“5 (M, Z,t) of 26Al

AGB model calculations without invoking any 3DUP proces®resentin the circumstellar medium of an AGB star at antage

26A1 production is seen to be very efficient, reaching surfadids given by

mass fractions exceeding those predicted in lower—mass A AGB (£ 7 1) =

stars by the 3DUP process. Inde#tX, abundances exceeding T )

5x 1077 are easily predicted in th(_)sc_a ma_ssive AGB‘_ models, and 20, (M, Z,t') |M(M, Z,t)| e %dt’, 5)

values abovea0~°® seem very realistic. Given the high mass of /i,

their envelope (aboutM, for the6 M, star), those stars thus

constitute efficient®Al production sites. Their possible contri

bution to the galactié®Al abundance is analyzed in Sé¢t. 6.
The influence of the NACRE reaction rates is expected lumns 11 to 13 of Tab@ 2.

be small. This is due to the fact that, even thoiigh, , reaches The mas@MPN (M, Z) of 29Al present in the circumstel-

80 x 108 K, the effective reaction rate in the envelope is aln . . B .
; : ar medium right after envelope’s ejection, on the other hand, is
average (with respect to mass) over the whole convective ZOSﬁ/'en by

5.4.26A] ejected by AGB stars MIN(M, Z) = PMAE(M, Z,tpn) (6)
+26Xs(Ma Z7 tPN) Menv(Mv Z, tPN)~

‘wheretrp is the stellar age at the onset of the first pulse on the
AGB. The amountSMAGE (M, Z, tp ) of 26A1 present in the
ind of the end of the AGB lifetime, for example, is given in

We consider a simplified model in which the AGB star smoothly
looses mass at a rafe (M, Z, t) which depends on the initial The first term of the right hand side accounts for the
mass)/, metallicity Z and age of the star, until a violent super- mass of 26A1 present in the wind just prior to the enve-
wind sets in attimep v of planetary nebula (PN) formation andope’s ejection and the second term accounts for the mass
ejects ‘instantaneously’ the remaining stellar envelope’s masgfs26A] ejected by the superwind. We can get a rough es-
Meny(M, Z, tpn M. M (M, Z,t) is taken from our model pre- timate of M 7N for 2-3 M., solar metallicity stars by ne-
dictions (Sect2). glecting, as a first approximation, their wind contribution

® The up to fewl0 000 years separating the superwind ejection anate are not concerned here whether the PN actually becomes visible or
the PN formation is negligible given the decay lifetime’@Al. Also, not.
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Table 2. Several predictions of our model stars of mag@nd metallicityZ given in the first two columns. Column 3: age of the star at the first
thermal pulse on the AGB. Column 4: total number of computed pulses. Column 5: surface luminosity at the last computed pulse. Column 6:
duration of the thermal pulse phase from the first pulse to the last computed one. ColumA&AT-s@irface mass fraction predicted by our
synthetic calculations at the last computed pulse in the minimal (Column 7), nominal (8) and maximal (9) cases defingéd ih Sect. 5.1. Column 10
gives the ratio between the surfaal abundance predicted in the maximal and minimal cases. Columns 11-13: mi#ssprfedicted in the

wind of the AGB star at the last computed pulse in the minimal (Column 11), nominal (12) and maximal (13) cases. Columns 14-15: mass of
26A] predicted in the circumstellar medium after ejection of the stellar envelope at the last computed pulse in the minimal (Column 14), nominal
(15) and maximal (16) cases. The figures in brackets concern predictions by hot bottom burning.

M VA trp Tp L ATP 26Xs QGMAGB QGMPN
(Mo) (10%) (L) (10%) (1077) (107" Mg) (107" Mp)

min  nom max 11?1?1}1( min nom max min nom max
Solar metallicity stars
6 0.020 73 34 41100 0.1 [7.5] [0.3] [35]
4 0.018 204 25 19500 0.5 0.24 0.34 059 25 0.1 01 0.2 0.7 10 1.8
3 0.020 487 23 11600 2.0 0.64 099 348 54 01 03 1.2 13 21 7.4
2.5 0.018 818 29 11300 3.1 0.69 1.04 4.03 5.8 0.2 05 21 09 15 59
1.5 0.018 3037 16 8350 15 — 117512.0 > 10 - 0.3 1.7 - 10 7.2
Low metallicity stars
2.5 0.008 741 26 12700 3.0 0.25 0.29 0.65 2.6 0.1 02 04 0.3 04 0.9
2.5 0.004 647 23 12000 2.8 0.10 0.12 0.21 2.1 0.0 00 0.1 0.1 0.2 0.3

* No third dredge—up is predicted in theb M, star up to the last (16th) computed pulse, but we still arbitrarily assume in the nominal case
that\ 4 increases linearly from zero at the first pulse to one at the 16th pulse.

MACGB (M, Z, tpy) and by taking®X (M, Z,tpx) ~ 10~7  higher (by a factor of maximum two) if the NACRE reaction
(Fig.13) andM,,,,(M, Z,tpn) = 1-2 M. We then get from rates were used.
Eq[82MFPN (M, Z) ~ 1-2 x 10~ M. This rough approx-  Let us now discuss the dependence®¥1Y (M, Z) on
imation already provides a good estimate of the mas$Af the initial stellar mass and metallicity. Tke5 My and3 M,
ejected by2—3 M, solar metallicity stars when compared to thetars have comparable yields, and the same is true for the maxi-
more detailed calculations provided below. Actually the winghal case of the.5 M., model. The ejected mass Al seems
contribution never exceeds half of the total ejected ma&&df thus independent of initial stellar mass for low—mass stars. In
Let us analyze in more details the values obtained forassive AGB stargSM PN (M, Z) is significantly higher due
ZMPN (M, Z) using the surface abundance predictions ¢ the occurrence of HBB. For thiaM, star, for example, the
Sect{5.2. The prediction for 25M, solar metallicity star quantity of26Al present in the envelope at the last computed
is shown in FigIb as a function of the tintg ; at which model amounts t@5 x 10~7 M, (that ejected by the stellar
the superwind is assumed to occur. It is seen that, in genevehd up to this stage is negligible, around 1%) and increases
26PN (M, Z) does not much depend on the time of PN foby about4 x 107 M, per10 000 years (.5 x 10~7 M, per
mation, provided it happens after the occurrence of few dredgasse, Figl_1b). Our ignorance of the duration of the AGB phase
ups. If the evolution is pursued beyond the last computed modatfortunately prevents us to provide more reliatfial yields
26MPN (M, Z) is expected to slightly decrease with time as for those massive AGB stars. As for the metallicity dependence,
result of26A1 disintegration in the envelope. But the decreaske predictions for the.5 M, stars at different metallicities (Ta-
would be slow because of the lorf§Al lifetime relative to ble[2) suggestiM PN o« (Z/Z:)'° in the minimal case and
the interpulse duration (Fig.1L4). TakiRgM N (M, Z) at the about?’MPN « (Z/Z)"% inthe nominal and maximal cases.
time of the last computed pulse in each of our stars should thilsose results are roughly consistent with other predictions in
be fairly representative of the mass Bf\1 ejected by AGB the literature (Forestini & Charbonriel 1997), obtained with dif-
stars at the time of PN formatibnThose are listed in the lastferent 3DUP assumptions and nuclear reaction rates.
three columns of Tabld 2 for the minimal, nominal and maximal
cases, respectively. The uncertainty linked to the method used i ) i
to account for the effects of 3DUP are estimated by compariﬁg Comparison with observations
the predictions of the minimal and maximal cases. It is seentfe most reliable’?’Al abundance observations available at
amount to a factor of about six between the minimal and ma)ﬁresent come from?®Al/27Al measurements in meteoritic
mal cases. Thos€M "N (M, Z) predictions would be slightly grains. This is discussed in Sdcil6.1. A direct observation of
26A] at the surface of an AGB star has possibly been reported
7 For the 2.5 and3 M., solar metallicity stars, the luminositiesin IRC+10216, and is confronted to our predictions in $ect. 6.2.
reached at the last computed pulse {0* L, cf. Tabld2) are com- Finally, we estimate the contribution of AGB stars to the inter-
patible with those characterizing visible PNe. stellar?®Al enrichment in Sedi. 6.3 and discuss the possibility
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to observe single AGB stars or planetary nebulae at 1.8 Me&¥plain the nitrogen isotopic ratios measured in A and B grains.
~—ray in Sec{_6M4. From these considerations, one is forced to conclude that A+B
grains are most probably not produced around massive AGB
stars undergoing HBB!

The26A1/27Al ratio predictions of thal < 4 M, stars un-
Some meteoritic grains have isotopic compositions very diffedergoing 3DUP episodes are at the upper limit of the ratios
ent from the solar one (see e.g. Bernatowicz & Ziriner 199@bserved in Mainstream grains (predictions from the minimal
These pieces of dust are interpreted as pristine circumstellar wase would not change much the picture). This means that ei-
terial which was present in the proto—solar cloud from whidher standard model predictions are indeed too higr*fad
the Solar System formed 4.6 billion years ago and which ngroduction. In that case, the presé&hl yields from AGB stars
mained unaltered until the present time. These grains providmight be overestimated. Or it may indicate some constraints on
direct access to the circumstellar environment from which théye production of those mainstream grains around AGB stars.
originate, provided that we know around which kind of star they that respect it is important to mention that other characteris-
were formed (a question which is far from being resolved). lit of these grains still point toward an origin around low—mass
particular, their isotopic composition gives strong constraints ¢Nl < 2 M) AGB stars having undergone extra—mixing pro-
the nucleosynthetic processes believed to have occured in teesses during the red giant phases (e.g. Wasserburg et al. 1995).
parent star. In this section we briefly discuss the constraints thié leave this question open, a due discussion of which is beyond
such meteoritic grains can provide I production by AGB  the scope of this article.
stars. Finally, oxide grains form in stellar ejecta with C/© 1

Let us recall that AGB stars are believed to be produge.g. corundum and hibonite grains, Choi e{’al. 1999; see also
ers of silicon carbide (SiC) and corundum (also called oxhe review by Nittlef 1997). Oxide grains are divided into four
ide) grains. We refer to the review by Zinnér (1997). In thoseain categories (Groups 1 to 4) depending on th&®/'"O
grains,26A1/27Al ratios much higher than the canonical valuand0/!20 ratios. A subset of these grains pres&wtl en-
of 5 x 10~° have been measured (Hoppe & Ott 1997; Nittleichments witt?SAl/ 27 Al ratios between 0.0001 and 0.008. Very
1997; Amar[19909). interestingly, the present models, which are indeed character-

The SiC grains are divided into six distinct groups, basézkd by C/O< 1, account well for the mean observ&adl/27 Al
on the isotopic ratios measured for C, N, Si and Al. The groupegtio of 0.0023 characterizing the Group 1 grains and which are
are called Mainstream, A, B, X, Y and Z (Hoppe & Ott 1997)elieved to have formed around AGB stars. A more thorough
The26A1/27Al ratios measured in Mainstream, A and B grdlipsstudy of those grains should be performed by considering all
are plotted in Fig_1I7 as a function of théfC/!3C ratios. Most the isotopic ratios (such as the oxygen ones) together. Such a
of the Mainstrean grains havéN/'°N ratios between 500 anddiscussion is however also outside the scope of this article.
5000 (the Solar System value is 272). Many of the A+B grains As a conclusion, a comparaison of our predictions with the
(in particular the A grains) are enrichedtN, i.e.have!*N/'°N  isotopic ratios in meteoritic grains shows that

ratios as low as 5-50. — A+B grains, despite showintf A1/27A1 and'2C/*3C ratios

The predictions from our model calculations in the nomi compatible with massive AGB model prodections, do most
nal case (Sedf]5) are also shown in Eig. 17. The initial surface - '
(SedllS) i probably not originate from AGB stars;

12C/13C ratios are those predicted after the first dredge—up in ¥ ; SiC arai ¢ probablv do originate f
each star, and range around 18—20 depending on the stellar mefséxggstreanb It g;alrs m?ﬁ t;:ro r?@f’i/Al 0 Oé'g'?.aef rom
During the AGB phase, this ratio increasedin<S 4 M _ stars stars, but models pre '02700 IC production;,
. © — Group 1 oxyde grains shot#A1/2” Al ratios compatible with
as a result of 3DUP of?C from the intershell layers to the sur- o
L . AGB model predictions.
face, while it decreases at the surface of massive AGB stars as
a result of HBB. The arrows in Fig. L7 indicate the direction of
the 12C/*3C evolution in our models.
- 6.2. IRC+10216
At first glance, the?A1/27Al predictions of thes M, star
undergoing HBB look in very good agreement with the isotopl®C+10216 (CW Leo) is the nearest (120 pc) and best studied
ratios measured in A+B SiC grains. However, AGB stars unarbon star because of its high infrared and millimetric lumi-
dergoing HBB (as the 6 M model plotted in Fid.1l7) have C/Onosity. It is believed to be in its finale stage of evolution on the
ratios at their surface inferior to one, and are thus not expect®@B before turning into a post-AGB star. This is evidenced
to form SiC grair{g(which requires a C-rich environement; sedyy the presence of a thick multi—shell circumstellar envelope
e.g., Lattimer etal. 1978). Moreover massive AGB models fail fe.g. Mauron & Huggins 1999) and by a high mass loss rate

6.1. Meteoritic grains

8 The '2C/'3C isotopic ratio is in the range [10-100] for ‘main-with fresh carbon (Frost et al_1998). The grains formed around those
stream’ grains, [2.5-3] for ‘A’ grains and [3—10] for ‘B’ grains. TheseC stars would then display the larg®A1/>7Al ratios characteristic of
three groups contain more than 90% of all the SiC grains. HBB (the typical evolutionary time scale of massive AGB stars is some

® Massive AGB stars experiencing HBB can actually become carbo@’ yr, which prevents noticeabféAl disintegration). However, their
stars when mass loss has sufficiently reduced their envelope’s magg'3C ratio would then be much higher than those measured in A
(thus quenching off HBB), if dredge-up continues to enrich their surfae@d B grains.
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o T ] If confirmed, such a high value 8fA1/27Al in IRC+10216
SiC grains ] 1 would only be compatible, according to our predictions, with a
mainstream massive AGB star experiencing HBB (low-mass AGB models
predict a maximum ratio ten times lower than that measured in
IRC+10216, see Fig.17). This, however, is incompatible with
| the above-mentioned conclusions of a low-mass progenitor. The
_ — | factthat'®0 is detected goes also against the operation of HBB,
i | which easily destroys that element.
How can we then reconcile the higRAl/27Al ratio with
ra 1 current?6Al predictions of low-mass AGB stars? &lin et al.
1 (1995) invoke the possible dredge—up?6Al at the tip of the
AGB. Atthat stage, the envelope’s mass has been much reduced,
and?6Al is less diluted when mixed from the intershell layers
into the envelope. This would, in principle, enable to obtain a
high 26A1/27Al ratio at the stellar surface. However, the 3DUP
| efficiency is predicted to decrease, according to our current un-
| derstanding of the 3DUP properties, with the envelope’s mass.
T 15 = The scenario of a 3DUP at the tip of the AGB would thus need
log(12C /13C) to be confirmed by consistent evolutionary AGB models.
The high?6A1/27Al ratio observed in IRC+10216 con-
Fig. 17. Aluminum and carbon isotopic abundance ratios measuredfirmed would thus present a new challenge for AGB modelers.
mainstream (filled squares) and A+B (open squares) SiC grains. AGB
model predictions (in the nominal cases) are given for our 2.5 (thin .
line to the right), 3 (medium thickness line), 4 (thick line) ahbi,  ©6-3- Galactic®Al

(thin line to the left) solar metallicity stars and for the= 0.008 (long In this section we estimate the contribution of AGB stars to
dashed) and 0.004 (short dashéd) M, stars. The arrows indicate

the direction of evolution of the surface abundances in'fa#'*C — the present mass 6fAL in our Galaxy, anq compare it to the
26A1/27Al diagram during the AGB phase. 2-3 M_@ estimate deduced from observatlo_n§ at 1.8 MeV. For
simplification, we only consider solar metallicity stars and drop
in this section theZ notation in the formulae.

of ~ 2 x 107° Mpyr—! (e.g. Groenewegen et &l. 1998). Near— Let us denote by\'(M,t) the formation rate of stars of

infrared as well as optical images indeed reveal the birth ifitial mass)/ (in solar units) in our whole Galaxyyears ago.

a PN around that star (Kastner & Weintradub 1994, Skinner Bhe mass of livé®Al present today due to the contribution of

al.[1998). The luminosity of the central star is estimated to Bears of initial mas$/ throughout the history of our Galaxy is

10 000-15 000 L (Groenewegen et al. 1998), compatible with

values expected atthe tip of the AGB for stars with initial masses tpn (M) AGB

below abous M., urton = [ et oLy N ae )
The chemical composition of IRC+10216 points towards an . trp(M)

evolved stage on the AGB as well (e.g. Kahane &tal.1988] 1992, / ol 26007V (M) e~ iten (M) N (M, 1) dt

2000). Both the high C/O (of about 1.4 in number, solar = 0.42) ;. (m) ’ '

and low 35C1/37C1 (of 2.3, solar = 3.1) ratios attest of AGB

nucleosynthesis*C being a direct product of He-burning andvheret ., is the age of our Galaxy. The first term of the right

37C1 (35C1) being enhanced (depleted) by the s-process nudtend side accounts for stars of initial magsorn betweeny p

osynthesis occurring in the HeBS. The ‘loWC/'*C isotopic andt p years ago (i.e. which are still in the thermal pulse AGB

ratio of44 & 3, combined withC/O ~ 1.4, further requires the phase today). Their contribution comes from the wind they cur-

progenitor of IRC+10216 to be a low-mass&lgd < 2M,,). rently eject, and is directly given by Hd. 5. The second term of the
A direct detection of°Alin IRC+10216 has been attemptedight hand side of Eq]7 accounts for all stars of initial mags

by measuring thé°A1/>”Al ratio from AICI and AIF transition born earlier thanp years ago. Their contribution comes from

lines (Gelin et al 1995). The first of these two molecules setfeir wind and superwind ejection given by El. 6, taking into

an upper limit o?5A1/27Al < 0.1, while the AIF observations account the disintegration suffered by th&A1 from the time

would imply 26A1/27Al ~ 0.04 if the 234433 MHz transition of PN ejectiont years ago until now. We suppose here that

line used to identify’®AlF is indeed due to that isotopomer.  the destruction of5Al comes only from its3+—disintegration.

The total mass of livéSAl present today in our Galaxy due to

9 In low-mass stars, the surfacéC/'3C ratio at the onset of the all stars with masses betweaf, and M, is then given b
AGB phase is about 10 according to observations of red giants. Foran 2 9 y

intermediate-mass star, this ratio is about 20 at the start of the AGB

(e.g., EI Eid 1994), which would imply'&C/*3C ratio above 100 when 26 49!

Mo
o 26 gal
ClO reaches 1.4 on the AGB. (M, M) = /M1 MT(M) dM. (8)

log(28Al/27A1)
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The stellar formation raté&/ (M, t) is given by the quantity’MAGB (M, Z) evaluated in Sedi.5.4 and given

_ in Table[2 for our model stars. It amounts to fe@ % M in

N(M,1) = U(t) x 2(M) ©) the nominal cases of solar metallicity stars.

where ¥ () is the star formation rate (SFR, expressed here in The maximum distanc®, ... at which a given mas$M of

number of stars per yr in the Galaxy) afd), t) the initial 2°Al can be detected as a point source by the future INTEGRAL

mass function (IMF). We assume that both the SFR and timssion is given by

IMF are time—independent (and drop thgarameter hereafter).

N (M) is further normalized to haves y core collapse super- Dinae = 14 VM (12)

novae events per century in our Galaxy. Using a Salpeter IN|f ore p

(M) — M~ this leads to mae 1S €Xpressed in parsec artdM in units of

10~7 M. We assume that the minimum flux detectable by IN-

120 TEGRAL at 1.8 MeV is6 x 10~¢ photons cm? sec! (cf.
vsy = 100 x W x /8 (M) dM =4.36 x V. (10)  winkler [1997: a decrease of this threshold by a factor of ten
. would increaseD, .., by a factor ofy/10 = 3.16).
Using Eqd. 11,19 and 10, Ed. 8 becomes The 26A1 predicted in the wind ejecta ofza5 M, AGB
96+ gal VSN M2 star of solar metallicity, for example, would be detectable by
M (M, Ms) = 136 % / INTEGRAL up to 6 (minimal), 10 (nominal) or 20 (maximal
b (M) ' M1 pase) pc. If we assume a stellar density of about one star per pc
[/ 26MAGB(M7 £)dt (11) the solar neighborhood, then there &g ~ 4200 (33500)
trp (M) stars in a sphere of radius equal to 10 pc (20 pc) around the sun.

- t—tpn (M) The numberNyp of AGB stars in the thermal pulse phase is
+/ QGMPN(M) e~ dt| M~235dm  roughly given by
tpn (M) 4 A
t O(M) dM
We evaluate E.11 for mass intervals [1-2], [2-2.8], [2.8¥7p = N, X 1“2% rp X $(M) (13)
3.5], [3.5-5], [5-7] Mg, taking in each of them constant 0.08 tise(M) x (M) dM

QOMA_G_B' MY tpy and Arp = tpy - trp. All these \wherer,, . (M) isthe lifetime of a star of initial mas¥l. Taking
quantities can be deduced from the values given in Table 2gtighly A, p = 2 x 108y, Eq[I3 leads tdV;p = 0.02 and 0.2
15,25, 3, 4 and Mo, respectively. Adopting’sy = 3 SU-  in the nominal and maximal cases, respectively. The probability
pernovae pet century, Hq11 yieldsentribution of 0.2M¢ of {0 find a thermally pulsing AGB star close enough to our sun
°Al from AGB starsRoughly half of it is provided by massivefor jts 26A1 emission line to be detected by INTEGRAL is thus
AGB stars (M > 5 M). Actually, 26/\/1""”(1, 8) varies from very weak.
0.01 t00.4 M, depending on the 3DUP assumptions made in What about IRC 10216 (see S¢ctl6.2)? At its assumed
evaluating?® MACGB (M, t) and?M” (M) and onAtrp. distance of 120 pc, the minimum amount ¥fAl required
Unless the supernovarate is greatly underestimated, everftiiea detection by INTEGRAL i$53 x 107 M. Assuming
highest value represents only one fifth at most of the t§#al  26A1/27A1=0.04 as suggested by the observations o&l@uet
believed to be presentin the Galaxy today. Such a result discaati$1995) and a solar abundancetil, the26Al surface mass
AGB stars as an important source of Galacflél, a fact in fraction is2 x 10~°. For IRC 10216 to be detectable by IN-
agreement with the morphological analysis of the Galaxy at ITEGRAL, the star must thus have ejected M, of envelope
MeV obtained by Comptel (KidIseder 1999). Let us howeverduring a time interval short compared to the disintegration time
emphasize that low mass AGB stars could be responsible 66°Al. The mass loss rate @fx 10~5 M, per year is actually
a 1.8 MeV emission from extended sources with low surfacempatible with that requirement, so that IRC 10216 could be
brightness, which may not be recorded by COMPTEL (see Naga interesting candidate to observe with INTEGRAL. Given the
et al. 1998). In that case, the present results give an upper liigagreement between observations and predictions for that star
for such an emission from AGB stars of the order of 0.4.M (see SecE.612), the possible detectiofféfl around IRC+10216
by INTEGRAL would provide an important piece of informa-
tion to better understand that star, and the nucleosynthesis in
AGB stars in general.

6.4. Single source detection at 1.8 MeV:
perspectives with INTEGRAL

It is instructive to analyze the perspectives of detecting tfée4
1.8 MeV emissivity of single AGB stars and/or PNe by the future’
International Gamma Ray Laboratory (INTEGRAL) satellite.PNe may represent more favorable candidates than AGB stars
for direct 26Al detection because the ma&a1”"N (M, Z) of

live 26A1 predicted around those objects is higher than around
AGB stars (SecE.Bl4). Our models predieR x 10~" M, of

The mass of livé®Al present around a given AGB star (i.e. irfSAl around typical PNe with low-mass solar metallicity pro-
its wind ejecta) of initial masa/ and metallicityZ is given by genitors (Tabl€]2). A PN formed from an initial5 M, AGB

2. Planetary nebulae

6.4.1. AGB stars
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star of solar metallicity, for example, could be observed up to a (p.7) (p.7)
distance of 13 (minimal), 17 (nominal) or 34 (maximal case) pc. @
Planetary nebulae resulting from a massive AGB star pro-
genitor would represent the most promising case6 W,
AGB star ejecting its entire envelope content %6f\1 (i.e.
35 x 107" Mg, see Tabl&l2), for example, would be detectable
by INTEGRAL up to adistance of 82 pc. This represents the dis-
tance at which the nearest PN, NGC 7293, is obseryged({ pc

(p.7) (p.7)

in the catalogue of Planetary Nebulae of Acker efal.1992). Qf,, ™ . @ e ;';BS:’-_
course, the probability that those near PNe are massive AG,BN?." (p.7) (p.a) () -] L
remnants is weak, were it only because the IMF statistica

favors low—mass stars.

.
.

lly

F)llg. A.1. Reactions of the Mg—Al chain. Stable nuclides are enclosed
in thick circles. The possible leakages in and out of the chain are rep-
resented by the dashed lines.

7. Conclusions

Our model calculations confirm th&tA1 can be efficiently pro- 2°Al/>"Al ratio predicted at the surface of those massive stars
duced in the intershell layers of AGB stars and brought to ti§€em compatible with those measured in A+B grains. However,
surface by the operation of successive 3DUP events. It reve@i® consideration of other isotopic ratios indicates that those
in particular the importance of the region which emerges frogfains do most probably not originate from massive AGB stars.
each pulse (zone calldd in this paper) and which contains aFinally, we note that our abundance predictions cannot explain
potential reservoir of6Al available for 3DUP, at least when thethe high®®A1/2”Al ratio of 0.04 possibly observed in IRC+1016.
pulse temperature does not exc86t x 10°¢ K (at which point A confirmation of IRC+1016 observations is thus highly desir-
the neutrons released BsNe («, n) Mg lead to efficient’Al  able.
destruction). This condition is typically fulfilled during the first ~ The probability to find a thermally pulsing AGB star close
twenty pulses or so df.5 M, solar metallicity stars. Massive enough (< 20 pc) to our sun to detectits 1.8 MeV emission as a
AGB stars, on the other hand, are efficiétl production fac- point source with INTEGRAL seems rather unlikely according
tories through hot bottom burning. to our predictions. If we accept tRA]l abundance measured at
Abundance predictions at the surface of AGB stars, in tilee surface of IRC+10216, then that star may be a good candi-
wind of AGB stars and in the circumstellar environment of plarglate if it has ejecteel 2 M, of its envelope by a superwind. A
etary nebulae are given in Tallg 14 for three cases named ngigtection of a PN as a single source, on the other hand, is possi-
imal, nominal and maximal. The definition of those cases dele up to~ 80 pcif it originates from a massive AGB progenitor.
pends on the adopted dredge—up efficiency as a function of putgé however unlikely, according to current PNe catalogues, to
number, as described in Séct]5.1. Despite the fact that we g such a PNe so close to the sun.

using 3DUP efficiencies predicted by model calculations, the ) ) ) )
uncertainties affecting th&Al yields are still high, up to al- Acknowledgementaie thank Dr. Sachiko Amari for having kindly

most an order of magnitude, due to the uncertainties aﬁect@%}é‘éﬁil:leglfaﬁ:gmc formatthe table of the isotopic abundances in SiC

dredge—up predictions. This uncertainty decreases after the oc-

currence of a sufficient number of 3DUP events. The typical

surface?SAl abundance is of the order bd—7, and the mass of Appendix A: the Mg—Al mode of hydrogen burning

26A] ejected into space at the time of planetary nebula formati .

1-2 x 10~" M, for low-mass stars of solar metallicity. The Mg-Al chain
Observational dataf@fAlinclude the?SAl/?” Al abundance The reactions involved in the Mg—Al chain of hydrogen burning

ratios inferred in meteoritic grains, ti€Al abundance possi- are shown in Fig:Al1l. The ground statéAl® (half lifetime

bly measured at the surface of the carbon star IRC+10216, @apd = 7.40 x 10° yr) and the isomeric stat&All (try2 =

the mass of live?°Al present in our Galaxy today. Meteoritic6.35 sec) of26Al are considered as two distinct species. They

grains, with inferred?®A1/27Al ratios ranging from~ 10~% to  can eithers—decay into**Mg or capture protons to forrfSi

10~2, are so far the best candidates to confront our predictiongich decays intd”Al. We refer to Arnould et al[ (1999) for a

with. Ironically, standard models of low—mass AGB stars prediftirther description of the Mg—Al chain.

26A1 abundances which are very high compared to those mea-The Mg—Al reaction rates adopted in our standard model

sured in most mainstream SiC grains (the prediéféd/>"Al calculations are listed in TablEZA.1. They are the same as in

ratios are compatible with the highest values measured in thdsewlavi (1995), except for p captures &tNa, 2°Mg and?®Al8.

grains). If our low—mass vyields are indeed too high, then the In order to analyze the sensitivity 3fAl production on

mass of live?SAl predicted to be present in the Galaxy todathe temperature at which H burns, parametric nucleosynthesis

as a result of those AGB stars, which amounts-t6.1 M, calculations are performed by assuming a constant temperature

would also be too high. The contribution of massive AGB stadiiring the entire H-burning. The Mg—Al yields at hydrogen

to the current galactit®Al amounts also te- 0.1 M. The high exhaustion are displayed in Fig.A.2a (solid lines) as a function
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Table A.1. Reaction rates used in our models for those reactions in- [ o
a Mg Al yields

volved in the Mg—AlI chain of H-burning. Lo-a L ]

E :—24Mg
Reaction reference **Mg
%Na(p,v)**Mg  El Eid & Champagné (1995) ‘_ *Mg 26Mg
Mg (p,7) Al CF88 - =4V
Mg (p,v)2°Al8  Coc et al.[1995) b i 274]

(P,7)

(p,7)%°Al'  Coc et al.[[1995)

Mg (p,~) 2"Al  lliadis et al. [1T990)

20A18 (p, ) 27Si Coc et al.[[1995)

A1 (p, ) 2"Si CF88

Al (p,a)**Mg  Timmermann et al[{1988) I
+ Champagne et al._(1988) L0-6 L

2TAl (p, ) 8Si Timmermann et al[(1988) g 1 ‘

# Geometric average between lower and upper limits H 26 o6

> Resonent contributions from Champagne efal. (1988) 10 b Xnacre/ X

1075}

of the burning temperature. The main features concerifiag
production are:

S S B S
20 40 60 80

— 26Alis efficiently produced at temperatures abeve5 x
10° K from the conversion ot?Mg by proton capture. The T (x10° K)

?0Al abundance at t.he end of H-burning reaches valuese@f A 2 and b. Hydrogen burning nucleosynthesis as a function of
5 x 107° mass fractions. temperature (kept constant) at which H burm#lass fractions of the
— 26Al destruction by p—captures becomes noticeable at tegtble nuclides involved in the Mg—Al chain at H exhaustiai{[l) =
peratures exceeding 55 x 10° K. At T = 65 x 10° K, 10~°] versus temperature. The dotted lines represent the yields using
the26A1 abundance drops to abduk 10~° mass fractions. the NACRE reaction rates (see text). The initial (solar) abundances are
The26Al destruction is accompanied by a concomitétl  indicated by the horizontal thick lines at the right of the figlr&atio
abundance increase. of *°Al yields predicted by the NACRE to those predicted with the old
— The abundart*Mg begins to burn through p—capture readaction rates (listed in Tadle A.1.
tions atT” ~ 65 x 10° K. This replenishes the whole Mg—Al

chain.26A1, in particular, keeps an abundanceet x 10~5 Alltogether, théAl abundance reaches upBte 10— mass
mass fractions up t@5 x 10° K. fractions atl’ = 75-80 x 10° K. This is a factor of 10 to 25
higher than the abundances reached with the old reaction rates
% that temperature range. This is clearly shown in [Eigl A.2b
which displays the ratio between tFéAl abundance predicted
with NACRE and that predicted with the old rates as a function
ao§tH—burning temperature. The uncertainties affecting the new
26A] yields have been analyzed by Arnould et al. {1999). They
are negligible belov0 x 10° K and do not exceed a factor of
NACRE reaction rates three up t&0 x 10° K. The consequences of those new reaction

6 o
The effects of the new NACRE reaction rates on the Mqrgtgzcc:&thé Al production in AGB model stars are presented

AI yields at the end qf H—burning are showp i.n dashed lines Let us finally note that the NACRE compilation adopts a
in Fig[AZa. Those yields are seen to be similar to the ONES  for27A] (p, ) 24Mg slower than that foR7Al (p , ~) 25Si

obtained with the old reaction rates at temperatures beI% > 60 x 10° K, leading to a leakage of the Mg—Al cycle to

~ 55 x 10% K (except for?®Mg which is not very abundant o5 . :
anyway). At higher temperatures, however, significant differ—Sl atthose high temperatures (cf. Arnould et.al. 1999).

ences exist due to two main features.
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