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ABSTRACT 

A buret of interest baa followed the discover* in the galactic plane of the 
1.8 MeV genes line attached to the decay of Ibkl. We dlecuae the relative 
aerite of supernovae, novae, aassive and euperaeeelve mess-losing stare aa 
potential sources of this expressive isotope. 

INTRODUCTION 

The state of the art in fray spectroscopy bas been preaented at thia confe
rence by Metteeon (experiments) and Raaaty (theory). Thue, I will inmedla-
tely Introduce our hero. Z oAl la an unstable but long lived nuclear epeciea. 
Ita ground state decaya by positron mission in 82% of the caaee or electron 
capture into an excited state of z*Mg, which in turns deexcltea via y emis
sion at 1.809 MeV (96X) and 1.13 MeV (4X). Due to Ita million year life
time, it preaenta a great lntareat for cosaochemletry, cosmic ray phyaics 
and above all r~ray line aatronoay. At thia point, it la worth mentioning 
a eubtlety regarding Ita nuclear level acharne, that baa a strong influence 
on lte nucleoeyntheele.ee stressed by Ward and Fowler (1980): e etate, 
with apln and parity 0 , ia lying above the ground atate (5 ) at only 
229 keV. Thla metaetable etata (*|.a 6.3 a) can be thermally populated aa 
soon aa the temperature raachea 4.l" K (Ward and Fowler) and care le recom
mended in ita treatment. 
The aluminium era waa opened by the finding of an enoaaloue concentration of 
2 6Mg, the decay product of 2°A1, in. Ca-Al rich inclusions of the Allende 
meteorite 0*«Jfct •!• 1976). Tha Z oMg excess was correlated linearly with 
the amount of Ai- Thia observation has been taken aa a clue to the in 
altu decay of Z oAl in varioua mineral phesea coexisting in the Allende 
meteorite (aee however Clayton 1983). A year after thia graat coemochemlcal 
avant, Renety and Llngenfalter (1977) pointed out the great importance of 
the light aluminium iaotope for r-ray line aetronomy. The major break
through came whan the 1.809 MeV line emission of tha galactic plana waa dis
covered by the HEAO 3 eetelllte (Mahoney et al. 1984). Thia diecovery waa 
subsequently confirmed by the 8MM experiment (Share et al. 1985) and recent
ly by the balloon-borne MPI taleacope (Ballmooe at al. 1986, thia confe
rence). 

http://nucleoeyntheele.ee
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OBSERVATIONS 

The first positive detection, announced by Mahoney et al. (1984), was made 
possible by the high resolution germanium spectrometer (AE - 3.3 keV at 
FWHM, full width et half maximum) on board of HEAO 3. The reported line 
width was less than 3 keV (FWHM) corresponding to a velocity dispersion of 
the emitting nuclei less than 250 km s~ . To circumvent the poor angular 
resolution (42*), It was necessary to adopt a priori a longitude distribu
tion of the line emission. If distributed as the high energy gamma rays 
detected by the COS B satellite (Mayer-Hasselwender 1982), the line Inten
sity corresponded to (4.8 ± 0.8) 10" 4 oboton cm"2 s"1 rad~l toward the ga
lactic center, implying • 3 Mj of live Z 6A1 In the galaxy. This was a clear 
evidence that 2°A1 has been produced and dispersed in the last million 
years, i.e. that not only the nucleosynthesis of helium (the source of light 
of the sun and the stars), but also that of Intermediate elements is an un-
going process. 

Confirmation came when the SMM spectrometer recorded a line at the level of 
(4.0 * 0.4) 10"* photon cm"2 s" 1 rad"1 (Share et al. 1985), consistent with 
that of HEAO 3 not only in intensity but also in width. The angular resolu
tion, however, was even worse than that of the previous experiment (" 130*). 
Very recently a group of the Max Planck Institute (MPI) has flown a double-
Compton telescope with much better angular resolution (10* FWHM), with howe
ver a modest energy resolution (HZ FWHM around 1.8 MeV) compared to the 
HEAO experiment. The data are conaistent with a line intensity of (6.7 t 
2.7) 10~* photon cm"2 s"1, assuming a point source located at the galactic 
center and (20.9 * 8.4) 10"* photon cm"2 provided the emission is distribu
ted like the COS B one, signifi- cantly higher than the HEAO estimate. 

My role is not to compare the relative merits of the various experiments. I 
would only like to express my worries about such a large discrepancy. If 
confirmed, the balloon observations would lead to crucial revisions of our 
understanding of the Al origin. 

SUPERNOVAE AND NOVAE AS POTENTIAL SOURCES OF 2 6Al 

Prior to the discovery of live 2 6A1 in the Interstellar medium, most of the 
work has been devoted to its production in supernovae (Truran and Cameron 
1978, Arnctt and Wefel 1978, Woosley and Weaver 1980, Morgan 1980), novae 
(Clayton 1979, 1983, 1984 ; Clayton and Hoylc 1976, Arnould et al. 1980, 
Vanglonl-Flam et al 1980, Hlllebrandt and Thielemann 1982) and red giants 
(Horgaard 1980). In the following we concentrate on supernovae and novae 
and then massive stars, ignoring red giants, despite a recent suggestion of 
Cameron (1984), since their case is not well documented. 

Early theories were devoted to supernovae and more specifically to explosive 
carbon burning (Truran and Cameron 1978, Wefel and Arnett 1978, Morgan 
1980), since parametric studies have shown that, a carbon-rich material 
shock-heated at T * 2 10 9 K, at a density p • 10 5 g cm"3 should produce 
nuclear species within the mass range 20 4 A 4 31 i.e. Ne, Ma, Mg and Al. 

A more sophisticated scenario was proposed by Woosley and Weaver (1980), 
involving a combination of pre-explosive carbon burning and explosive neon 
burning. In this scheme the Ne-rich layers, heated to « 1 to 3 Mr K and 
reprocessed wsre ejected with unprocessed material, leading to Z 6A1/ 2 7A1 
• 10 , as In the previous case. It must be realised that high temperature 
carbon and neon burning is not propitious to a large Z 6A1 production, 
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because neutrons are released at high teaperature and easily captured due to 
the large cross section of the Al (n,p) reaction. Supposing that superno-
vae generated all the 2 Al (X27 " 6.10~5) present in the Interstellar aedlua 
(gi«M " * 1 0 *%) during the past 10 1 0 yrs (the «alactlc age), the amount of 
Ai produced by supernovae during the last million years should be 2-3 10~2 

Hg, which is much less than the mass required to sustain the 1.8 MeV line 
emission (Clayton 1984). The recent revision by Woosley and Weaver (1986), 
based on improved stellar models and cross sections, leading to Al/ Al 9 

6 10~ , do not alter this conclusion. 

These difficulties prompted Clayton (1984 and référencée therein) to propose 
novae as the main sources of Z oAl in the galaxy. Briefly, in nova explo
sions, the CNO cycle rearranges the CNO isotoplc abundances and triggers the 
so-called Ne-Na-Mg cycle, that la expected to produce 2 2Na and 2 6A1, both 
very interesting for y-ray line astronomy. Classical novae, to put them in 
their astrophysical context, are thought to be the result of a thermonuclear 
runaway in accreted hydrogen-shells on white dwarfs. The peak temperature 
reaches 200 to 400 millions K in this process. Nova nucleosynthesis has 
been studied in the framework of a parametrised one cone model by Arnould et 
al. (1980), Vanglonl-Flam et al. (1980) and Hlllebrandt and Thielemann 
(1982). Adopting the thermodynamic conditions corresponding to the nova 
models of Sparks et al. (1978), they found a production ratio 2 6A1/ 2 7A1 
between 0.1 and 1. 

So the nuclear tactions accompanying nova 
2 6 A1. At T > 0.5 108 K in hydrogen-rich z 

outbursts seemed to be ferti le in 
hydrogen-rich zones and In a neutron-free regime, 

the main reaction aequence la the following 

( 2 6 Al°(p,T) 2 7 Si(p + ) 
2 6 Al«(8 + ) 2 6 Mg(p, T ) 

2 4Mg(p,Y)2 5Al(p+)2 5Mg(p,Y) } _ _ ' , , { 2 7Al(p,o) 2 4Mg 

where 2 6A1° and 2 o A l a are the ground state and the metastable state of 2 6A1. 
Note that this cycle, as the CNO cycle, transforms 4 protons into an o-par-
tlcle. The existence of two widely different half-lives (7.2 10 5 yr for 
Z oAl° and 6.3 a for 2*Al") imposes the presence of two branches in the 
nuclear network. Beyond this complication, the complete calculation comple
te requirea stellar reaction ratea involving unstable nuclei, for which we 
do not have measured cross sections. This is probably one of the main sour
ces of uncertainties. 

Moat of the concluaions of Clayton (1984) were based on the calculations of 
Hlllebrandt and Thielemann (1982), leading to - 3.10'8 Ma of 2 6A1 ejected 
par nova. The average galactic production by novae in a million years was 
estimated to 1.2 ML (agalnat the • 3 M« required) adopting a rata of nova 
«vanta of • 40 yr* and an ejected aaaa of » 10"* Mg par avant (uncertain). 
Thla result waa rather ancouraglng but recently Wlescher et al. (1986) have 
revised some crucial croaa-aectiona, In some caaes by aavaral orders of 
magnitude, and the situation la much worse. Because of the reaultlng leakage 
out of the Mg-Al Çjcle, through Si(p,y) (see the reaction chain above), 
the production of "Al la found to be conelderably reduced. The Z oAl/ 2 7Al 
ratio ranges now from 5, in their high teaperature modal to 30, in their low 
temperature modal (high meaning • 4.108 K and low • 2.108 K), largar than 
before, but the total amount of 2 oAl produced drops by a factor of 4 flow T) 
to 100-200 (high T). Now the aase fraction of 2 6A1 produced is 7.10"5 (cold 
novae) or 1.6 10~° (hot novae) against 3.10"* bafora (Hlllebrandt and 
Thielemann 1982). 
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Is the failure of novae conclusive ? Certainly not. The wind can turn again 
for the cross sections, despite noticeable improvements, remain uncertain. 
It is best not to take as certain the negative aspects of the recent analy
sis. Moreover the nova models are still oversimplified. 
I) the mixing between adjacent zones just begins to be considered (Woosley 
1986), 
II) the temperature gradient in the envelope during explosive H-burnlng 
needs to be taken into account. At present only the temperature at the base 
of the convective envelope is considered, 
III) O-Ne-Mg rich novae could have an enhanced Al yield relative to normal 
novae (e.g. Delbourgo-Salvador et al. 1985) but their contribution is still 
unknown. 

Realistic nova models are wanted and radioactive beam facilities welcome. In 
the mean time it is still possible to predict the longitude profile of 
1.8 HeV gamma rays coming from Al around novae (Clayton and Lelslng 1985, 
Ma honey et al. 1985). However, these distributions have only a relative 
value, since the absolute flux of the individual objects is highly uncer
tain. 

PRODUCTION AND EJECTION OF 2 6A1 BY MASSIVE STARS 

Among the nuclear debris dispersed by the winds of massive stars In their Of 
and WN stages, should exist a significant quantity of Al (Dearborn and 
Blake 1984, 1985 ; Prantzos et al. 1985, Casse and Prantzos 1986, Prantzos 
and Casse 1986, Prantzos 1986). Since this mode of production of Z 6A1 has 
been discussed many times In the recent years, and in particular by Prantzos 
(1986), I will only sketch briefly the situation. The uncovered core of 
massive stars can be considered as opencast mines of ashes of hydrogen 
burning, and the extraction of Z Al is made automatically by the wind to the 
benefit of the Interstellar medium: that's the principle. Its merit Is to 
be simple and tractable compared to hydrodynamlcal models of novae and 
supernovae.Z6A1 Is produced early in hydrogen burning through proton capture 
on ^ & * Indeed a low-energy resonance In the cross section of the Z 5Mg 
(p»Y) Al° resctlon discovered recently (Champagne et al. 1983, revised by 
Champagne et al. 1986) allows synthesis down to * 4 10' K. However, among 
single massive stars only those with mass p 50 MQ seem able to disperse the 
freshly synthesized Z 6A1 before decay, for the wind can remove the unpro
cessed envelope overlying the huge convcctlve core, where the ashes of 
nucleosynthesis are mixed up, In less than 1 or 2 aillions yesrs (I.e. 1 or 
2 hslf-llves). 

At the very beginning of helium burning, neutrons are produced in the core 
via £g»n) reactions on 1 3 C , 1 7 0 and 1 8 0 , destroying almost Instantaneously 
any Z &A1 left, the source is dried up, but when this happens, most of the 
Z°A1 synthesized has been expelled into the ISM, where It can decay in 
peace* 

The amount of z 6Al ejected in the ISM and the corresponding 1.8 MeV line 
luminosity, averaged over the stellar lifetime, are found to increase with 
the Initial mass and also the mstalllclty of the star considered (Prantzos 
and Cassé 1986, Dearborn and Blake 1985). 

Consequently the WR stars In the Inner galaxy should be more efficient Al 
producers than their sisters In the solar neighbourhood. Knowing the typi
cal luminosity of Individual sources snd making plausible assumptions about 
their gslactocsntrlc distribution, it is a simple matter of numerical inte
gration to compute the longitude distribution of the WR gemma-line emission. 
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Since ttaa MR catalog* are coapleta only up to 2.S kpc froa us (Hidayat at 
al. 1984), wa rely on secondary tracers, taking as a noraallzatlon the local 
surface density of WE stars (1.8 per kpc z). Three cases have been consi
dered: 

Case A: The radial distribution of WR was supposed to follow that of giant 
HII regions (Naeder and Lequeux 1982) as given by Gulbert et al. (1978). 

Caae B; The WR distribution wee scaled to that of aolecular hydrogen, as 
given by Sanders et al. (1984). 

Caae C; It waa assuaed that the rate of formation of 0 stars is proportional 
to the surface density of aolecular hydrogen and that the nuaber of WR stars 
relative to 0 atara at a given galactocentrlc distance dépende on the aetal-
llclty at this distance as (Z(R)/Z V) 1* 7, extrapolating a trend found in low 
aetalllclty region» (Maeder 1984). 

The three longitude profile* are shown in fig. 1. Case C la obvlouely the 
aost favorable. The average flux of the 1.8 MeV line in the range -20" < I « 
•20* is 3.5 10"* photon ca" z s~l rad"1 coi 
(4.8 ± 0.8) 10~* (Hahoney et al. 1984). 

coapared to the observed value of 
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Fig. 1. Longitude profil* of th* 1.8 MeV calsslon froa th* collective 
emission of galactic WR star*. 
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The flux detected by HEAO 3 in the direction of the galactic center la indi
cated, together with the corresponding theoretical flux averaged between 
-20* « X « +20'. 

A SUPER-MASSIVE METAL-RICH STAR IN THE CENTER OF THE GALAXY ? 

Surprising results have been presented at this conference by the MPI group, 
but they are so fresh that I have no firm opinion on their significance. 
Ballaoos et al. reported that the isophotes shaped by the 1.8 MeV line 
Intensity are consistent with e point source located in or very cloae to 
the galactic center. The inferred source luminosity la (6.7 * 2.7) 10" 
photon ca"* s~ , in reasonable agreeaent with the SMM dete for a point 
aource. Theee results, however, are Halted by a aodest statistics and do 
not allow to discard a diffuse but strongly peaked distribution, aa for 
lnatance that of novae (Lelslng and Clayton 1985, Mahoney et al. 1985) or 
our dletrlbutlon C (Fig. 1). The authors t heaselves favour a giant explo-
elve event In the galactic center and challenge the Interpretation in tare» 
of extended eaieeion froa unresolved sources. Theoretical work by Hille-
brandt et el. (1986), exploring the possibility that a auperaaaelve 
(£ 500 000 M Q ) , aetal-rlch star baa exploded - 10 6 yrs ago In the galactic 
center, polluting the region with several solar aaaaee of *°A1, aupport thie 
idea. Indeed, on the kpc ecale, expanding notions in the HI and aolecular 
gaa aey auggeet past explosions of extraordinary objecte (Oort 1977). It 
reaains to be ahown that the euperaeealve candidate can accomodate the 
harvest of observations gathered in all wavelength ranges. 

Even «ore provocative is the suggestion by Webber et al. (1986) that the 
0.511 MeV line observed in the direction of the center and the 1.8 MeV line 
have a coaaon origin: the decay of 2 6A1. The tlae variability of the 0.511 
MeV line would reflect the eppearance and dlaappearance of tiny hot («1.5 
10* K) blobs (1 pc wide) where annihilation la strongly enhanced, in e aore 
or less hoaogeneous substratua in which 6A1 should be floating. 

The leaat that one can say Is that the y-ray aeaaon has been exceptionally 
fertile In sensations. 

CONCLUSION 

The 2°A1 story will becoae less aablguoua in a few years, provided a strong 
observational effort is aade. I believe therefore that it la vital for all 
of us to give aaxlaua support and aid to the lnstruaental developaent, and 
above all to satellite-borne v-llne telescopes with good spatial resolution. 

We need also iaproved nuclear crosa sections, especially concerning radio
active species. In short we need both v's and o's. 
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