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Abstract. We investigate the spallative production of the lighsfactorily accounted for by Big Bang nucleosynthesis models,
elements, Li, Be and B (LiBeB), associated with the evolutiomhile the latter is thought to be produced by non thermal pro-
of a superbubble (SB) blown by repeated supernovae (SNep@sses in the interstellar medium (ISM). Inde@id, Be and
an OB association. Itis shown that if about ten percent of the \huclei €LiBeB) are actually destroyed rather than produced
energy can power the acceleration of particles from the matettalough the thermal nuclear processes in stellar interiors. The
inside the SB, the observed abundances of LiBeB in halo stdist, and most natural thesis concerning the origin of these light
as a function of O, can be explained in a fully consistent wafements (Reeves et al. 1970, Meneguzzi et al. 1971) claimed
over several decades of metallicity. In this model, the energetiat they were produced through spallation reactions of C and
particles (EPs) reflect the SB material, which is a mixing @ nuclei induced by the interaction of the Galactic cosmic rays
the ejecta of previous SNe and of the swept-up ISM gas evagmostly composed of protons and alpha particles, especially in
rated off the shell. We investigated two different energy spectiee early, metal-poor Galaxy) with the ambient ISM. This pro-
for the EPs: the standard cosmic ray source spectrum, or ‘SKgss is referred to as the Galactic cosmic ray nucleosynthesis
spectrum’, and a specific ‘SB spectrun®,”* exp(—E/Ej), (GCRN). As the Galaxy evolves, the ISM gets richer and richer
wherea = 1.-1.5 andE is of order a few hundreds of MeV/n,in C and O, making the spallative nucleosynthesis more and
as results from the SB acceleration mechanism of Bykov &ore efficient (one particular energetic proton has more chance
Fleishman (1992). While the latter spectrum is more efficietd hit a C or Onucleus). As a consequence of the production
in producing LiBeB, the SNR spectrum can be reconciled withatesbeing proportional to the ambient C and O abundance, the
the observational data if an imperfect mixing of the SN ejec®CRN models predict an increase of tHeBeB abundance
with the rest of the SB material and/or a selective accelerationthe ISM, and thus in stars, proportional to the square of the
is invoked (enhancing the C and O abundance amongst the Bfesallicity, defined either as the O or Fe abundance.
by a factor of~ 6). One of the main consequences of our model However, the measurement of Be, B, and most recéhily
is that the observed linear growth of Be and B abundancesaisindances in very metal-poor stars of the Galactic halo has
a function of Fe/H expresses a dilution line rather than a corensiderably changed this picture (see e.g. Vangioni-Flam et
tinuous, monotonic increase of the metallicity. We propose ah, 1998, for a review). Two important problems have arisen.
observational test of this feature. We also show that the rec@hk first one is qualitative: the increase of Be and B is found to
6Li observations in halo stars fit equally well in the frameworke proportional to the Fe abundance (instead of its square) for
of the SB model. Finally, we conjecture the existence of twatars of metallicity ranging from0—3 to 10~ times the solar
sets of low-metallicity stars, differing in their Be/Fe or B/Ometallicity. The second problem is quantitative: the amount of
abundance ratios, resulting from a ‘bimodal’ LiBeB productioBe and B nuclei effectively observed in halo stars requires an
in the Galaxy, namely from correlated (in SBs) or isolated Séktremely large number of spallation reactions, as compared to
explosions. what can be expected from the standard GCRN scenario. This,
in turn, implies that an enormous amount of energy has been
Key words: acceleration of particles — nuclear reactions, nimparted to the cosmic rays in the early Galaxy.
cleosynthesis, abundances — ISM: cosmic rays — Galaxy: abun-The most natural answer to both of these problems (quali-
dances tative and quantitative) is to assume that the energetic particles
(EPs) inducing the spallation reactions are not representative of
the ambient ISM at the time of their acceleration, as in the case
of GCRN, but rather show a much richer abundance in C and O,
1. Introduction so that théLiBeB nucleosynthesis is mainly due to energetic C
O nuclei being spalled in flight on H and He nuclei atrest in
ISM (so-callednverse spallatiol rather than the opposite,
i.e. energetic H and He interacting with C and O nuclei at rest
Jso-calleddirect spallatior). In this way, theé’LiBeB spallative

Itis generally accepted that all the elements in the universe h%rg
been produced (synthesized) in stars or stellar explosions, ex-
cept the so-called primordial (H, He and part of thd), and

light elements (Li, Be and B). The former class of nucleiis s
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production rate in the Galaxy depends only on the power, coamny other specific process) and goes into EPs which then in-
position and energy spectrum of the EPs, not on the composituce spallation reactions by which a certain amount of LiBeB
of the ambient ISM. It is therefore directly proportional to thés produced. The specificity of the SB model is twofold: i) since
EP acceleration rate in the Galaxy, and thus presumably to the interior of the SB receives the ejecta of previous SNe, the
supernova explosion rate. As a consequence, the abundanamaofposition of the EPs is naturally enriched in C and O, evenin
SLiBeB increases proportionally to that of C and O, in agre¢he absence of selective acceleration, which makes the LiBeB
ment with the observations. Moreover, since the EPs are C andduction particularly efficient and ii) the energy spectrum of
O rich, the efficiency of the nucleosynthetical process is mutthe EPs may be different from the usual CR source spectrum, as
higher than in the case of GCRN, where a lot of energy is ima-result of a possibly different acceleration mechanism due to
parted to (and lost in) protons and alpha particles which netke specific physical conditions prevailing inside the SB (Bykov
hit any C or O nucleus in the ISM to produce light elements. & Fleishman, 1992; Bykov, 1995,1999).

This idea of a process dominated by inverse spallation re- An other specific feature of our SB model is that it implies
actions has been discussed in a number of phenomenol@gdiscontinuous increase of the LiBeB abundance in the ISM.
cal papers (e.g. Casst al. 1995, Ramaty et al. 1996, 1997 nlike the ‘ISM models’ where both metals and light elements
Vangioni-Flam et al. 1998). However, while this solution framesuild up continuously as the stars process the primordial Galac-
work clearly improves the situation, some important questiotis gas in the ISM and progressively increase its metallicity, the
still need to be answered: what is the composition of the EBB model provides a locally strong increase of the metallic-
responsible for the production of tli&iBeB nuclei observed ity and the LiBeB abundance, resulting from the accumulation
in halo stars? What is the EP energy spectrum? What is thefithe ejecta of many massive stars in a small region of space
source of energy? What is the acceleration mechanism? Hghe SB), on a relatively short time scale (a few tens of Myr).
efficient is it? Where does the acceleration take place? Whémticipating the main result of this paper, we emphasize that a
do the spallation reactions take place? All these questions Bgical SB developing in the very early Galaxy (with a mean
linked together in more or less complex a way, as the enerd@M metallicity Z = 10~*Z.) provides after, say, 30 Myr,
requirement of théLiBeB production depends on the compoabout8 10* M, of material with metallicityZ = 10~' Z,, and
sition and spectrum of the EPs, both of which depend in turn tre correct (i.e. observed) LiBeB abundances relative to this
the acceleration site and mechanism. metallicity. When the SB then breaks up, theses 10 M,

In a pair of recent papers (Parizot & Drury 1999a,b), wef high metallicity material mix with the ambient ISM, whose
have investigated in detail two light elements production mectmetallicity is three orders of magnitude lower in our canonical
anisms associated with the explosion of a supernova in the IS tample. Depending on the mixing or dilution efficiency, the
and calculated the total amount of Be they produce. While bdiB gives rise to concentrations of matter with various metal-
of these processes gpemary and therefore reproduce the obficities, extending fronZ = 10~ Z, (virtually no dilution) to
served linear growth ofLiBeB abundances as a function ofZ = 10747, (dilution of the SB material by a large amount
metallicity, we showed that they fail to solve the quantitativef ISM gas). The next generation of stars formed from the col-
part of the problem, and must therefore be abandoned. Analigpse of this variously enriched gas will thus show very differ-
ing the reasons for this failure, we pointed out one possible altent metallicities, but always the same abundance ratios (such
native scenario, based on the acceleration of enriched mateamBe/O, or B/Fe), namely those of the parent SB itself. This
within superbubbles. Such a model, focusing on the collectiwgodel therefore predicts constant abundance ratios (including
effect of many supernovae occurring repeatedly in OB assodiaese involvingd’LiBeB) over several decades of metallicity, in
tions, rather than on individual supernovae, is now investigatednformity with the observations. But the linear increase of,

in detail in this paper. say, the Be abundance as a function of Fe/H, now has a very
different origin: it is essentially dilution line, not a ‘constant
2. Description of the model growth line’, or ‘accumulation line’.

In addition, this alsoimplies that the relation between the age
and metallicity of the metal-poor stars is no longer monotonic

We are interested in the total production of Li, Be and B asso@fd one-to-one. Two stars formed at the same time from the gas
ated with the evolution of a typical superbubble (SB) generatBgPcessed in a given SB can indeed show very different metal-
by the supernova activity of an OB association in the interstdiFities, depending on the dilution of this gas with the ambient
lar medium. The basic idea is the following: when several Si¥M before the gravitational collapse. Thisis in contrastwith the
explosions occur locally both in space and time, a superbubf&lactic chemical evolution models where a steady, continuous
forms and grows, surrounded by ashell of swept-up ISM gas. ﬁgrichment of the interstellar gas is assumed. An observational
interior is filled with hot " > 10° K), tenuous < 10~2) gas, test of this important feature is suggested in $éct. 4.

made of i) the ejecta of previous supernovae and possible winds

of massive stars and ii) the interstellar material evaporated ofb The superbubble model

the shell or embedded clouds. When a new supernova explodes _ ) _

within an already formed superbubble, part of its energy po\];he_detalled structure and evolution I_aw of agiven superbubble
ers some acceleration process (usual SN shock acceleratioftdfiously depends on the local density profile as well as on the

2.1. Overview
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history of the SN explosions, determined by the particular stélsy = 10°! erg). Assuming a lifetime of 30 Myr for the SB
lar content and stellar formation history of the OB associatiothus amounts to saying that the OB association provides a total
However, since we are only interested in the mean LiBeB yietd 100 SNe. However, we also investigate less active SBs, with
per supernova or per superbubble, we shall make some generathanical luminositiesss = 0.1, and poorer OB associations
simplifying assumptions to calculate the output to be expecteith only a few tens of SNe.

from a ‘typical superbubble’.

Following previous work on the evolution of superbubble : : .
in the ISM (e.g. Mac Low & McCray 1988), we shall assume 2.3. The production of light elements in superbubbles
continuous power supply from SN explosions regularly spredd calculate the LiBeB production associated with the SB evo-
in time in a localized OB association, within a homogeneolistion, we apply the time dependent model described in Parizot
ISM. The resulting SB is therefore spherically symmetric antl Lehoucq (1999). To do so, we first determine the so-called
can be treated by the standard self-similar model of Weaveigection function,Q(E, t), which gives the power per unit en-
al. (1977) for a pressure-driven wind bubble. The expressiogrgy imparted to the EPs, as well as their energy spectrum and
for the SB radius, mass, internal mean density and temperattwenposition as a function of time (for more details, see Parizot

then read: & Drury, 1999b, where the model is applied in much the same
V5 15,35 way to the spallative nucleosynthesis in supernova remnants).
Rsp(t) = (66 pc) Lyg ng "ty (1) Then we let the EPs interact with the surrounding medium, in
which they suffer energy losses and nuclear reactions, some of
Msg(t) = (1600 M) L3y Png 226/ k3 (2) whichlead to LiBeB production. We thus deduce the production
rates as a function of time, and integrate them to obtain the total
ngp(t) = (1.6102 cm™?) Lgé35n(1)9/35t1\*42y3/35,{§/7 (3) VYields in the light elementsVy,, Vg, and\g.
' We assume that the power imparted to the EPs is, at any
Tsp(t) = (5.310° K) L§é35n(2)/35t1\—£/r35l{52/7 (4) time, a fractiond of the total mechanical power supplied by

the OB association. In the early Galaxy, the contribution of the

whereLss is the mechanical luminosity of the OB associatiolinds of massive stars is thought to be very small, because of
(assumed constant) in units ©638 erg s°!, ng is the ISM the low stellar metallicity, so the available energy is mainly due
number density in cm?, andtyy. is the SB age in Myr. The t0 the SN explosions. In conformity with standard shock accel-
mass of the SB is mainly due to conductive evaporation from tREation models, we assurie= 0.1, but the results can be scaled
shell. Following Shull & Saken (1995), we have multiplied thétraightforwardly to any other value. As for the EP energy spec-
classical conductivity by a dimensionless scaling fagto 1~ trum, we investigated two different forms: i) a standard shock
to account for possible magnetic suppression. As can be seefGieleration spectrum, i.€(p) o p~*, thought to be also the
the above equations, the dependencafef,; andnsg on kg is CR source spectrum, and called here the ‘SNR spectrum’ to em-
rather Weak, so that the magnetic suppression would have tcpbéSize that it Originates at an isolated supernova remnant, and
very strong o < 1) to produce a large diminution of the SBii) @ ‘SB spectrum’Q(E) o< E~* exp(—E/Ey), wherea = 1
mass and density, at a given time. or 1.5, andEy is a cut-off energy of typically a few hundreds of
Higdon et al. (1998) have distinguished between maMeV/n. This spectrum is taken as an approximate of the time-
netic and non-magnetic models in a different way: referring fiependent source spectrum derived from an acceleration model
Tomisaka (1992)’s numerical model of magnetized SBs, thgg,levant to the specific physical conditions prevailing within a
assumed that the mass injected into the SB averages atgaiBykov & Fleishman, 1992; Bykov, 1995,1999).
45 M, per supernova. This implies a much lower SB mass, While the SB evolves, more and more particles get acceler-
so that the enriched ejecta of the SNe are less diluted and @d and contribute to the LiBeB production rates. We assume
composition of the SB material to be accelerated is correspoffgt the EPs are confined within the SB during its whole lifetime,
ingly much richer in C and O. However, this model does n@6 & consequence of the magnetic waves and strong magnetic
seem very rea"sticl Considering the extreme|y low SB densnybulence. This ImplIeS that they interact with the enriched SB
which it implies:ngg ~ 2104 cm ™3 for tgg = 50 Myr (Hig- material. However, this assumption is of little influence on the

don et al., 1998)’ to be Compared with typ|ca| values inferré@tal LiBeB yieIdS, because it is found that the Spallative nucle-
from the observations of ordér 10~2 cm—2 (e.g. Brown et 0synthesis is dominated by inverse spallation processes, which
al., 1995; Bomans et al., 1997; Walter et al., 1998), in bettafe essentially independent of the target composition. Moreover,
agreement with EqC]3). Moreover, the value ofM5 used by Since the SB density is very low, most of the EPs have not yet
Tomisaka is, on his own admission, arbitrary, and taken ess€fen spalled and still have a supernuclear energy at the end of
tially to ensure the numerical stability of his code. Thereforée SB lifetime { = 7sg). They then diffuse away in the sur-
we shall not use this low-mass model here, and hold on to fi§éinding medium, interact with the ISM gas in the dense shell
‘canonical’ SB model described by qu (I)]_(3) or stay confined for a while within the diSlocating SB. Again,

The typical parameters which we use are the followindf€ir genuine fate is not crucial to our calculations, since the
no = lem™3, ko = 1, andLsg = 1, which corresponds to total LiBeB production (i.e. integrated over time) is indepen-

one SN explosion every 310° yr (for an explosion energy dent of both the target composition (as long as it is much poorer
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in C and O than the EPs are) and density. For simplicity, we ¢
assume here that the target composition aftgris the ISM 1072 TA
composition, and its density is 0.1 crh This rather low value -
weakens the discontinuity of the production rates (sed_Fig. ®
and ensures a smooth numerical behavior. However, when we
want to show some specific behaviors such as the dependenc_PEof |
the production rates on the ambient density or the EP spectrin %
(Figs[8 and7), we assume that the target density afelis 6 103
equal tongg(7sp), which provides continuous curves. On they

other hand, it implies artificially long timescales, even longep

than the age of the Galaxy. In reality, once the SB dislocat?ﬁg UA/100/10%®
and/or the EPs leave the SB interior, the mean density of the
medium in which they propagate increases rapidly, making tfe
spallation timescales much shorter (by the same factor as fle10™ © UA/1710%

T T T T T T
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>
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|

density ratio). Most probably, the main target for the EPs is

the shell surrounding the SB, whose density is higher than the UA/1/10%

ambient ISM. Ll L
1 10

2.4. The EP composition SB age (Myr)

Most important also is the composition of the EPs. Whateinlg- 1. Evolution of the reduced metallicity,, over the superbubble

the acceleration mechanism at work within the SB, the parfi€time (here, 30 Myr). The labels indicate, respectively, the SN model
8d (from WW95), the ambient density (in t) and the mechanical

cles to be accelerated are those who stand in the hot bubbi

here the enerav is released. If the acceleration mechan.srﬁower (inerg s—1). Also shown are the solar reduced metallicify)(
w gy | ) : : 3 the reduced metallicity corresponding to the pure ejecta for models

not selective (i.e. the acceleration efficiency is independent 9f .nq TA of W95 (the compositions have been averaged over an
the nuclear species), the EP composition is thus nothing but g of index 2.35).

composition of the material inside the SB, which is a mixing
of the SN ejecta accumulated at timand the ISM material
evaporated from the shell. Higdon et al. (1998) have argued that

SN explosions occur mainly in the core of superbubbles where 5105 yr, i.e. after the explosion of the first or second SN. To
the metallicity is dominated by the SN ejecta. However, thigke this result into account, we assume that the EP composition
does not mean that there is no dilution at all. In the very eary any time reflects that of the accumulated SN ejecta diluted by
Galaxy, the ISM contains no metals, so the metallicity of the SB,g perfectly well mixed with the ISM gas evaporated at that
interior is certainly dominated by the SN ejecta, wherever tiigne. Note that this is a conservative assumption, as imperfect
new explosion occurs and the particle acceleration takes plagfking and/or selective acceleration could raise the C and O
However, the composition of the EPs still depends on the mixiggundance amongst the EPs, and thus increase the LiBeB yields.
of the ejecta with the ISM material evaporated from the shell. Fig ] shows the evolution of the EP composition as a func-
Moreover, some metal-poor material may be evaporated fr@jgn of time, for different SN models, ambient densities and SB
high density clouds embedded in the SB (e.g. Cioffi & Shulinechanical powers. We use the explosion models of Woosley &
1991; Zanin & Weinberger, 1997), close enough to the coreygeaver (1995, hereafter WW95) for OB stars of initial metal-
be accelerated directly by the SN shock. licity Z = 10~*Z,, (models U), andZ = 10~2Z, (models T),

To evaluate the degree of gas mixing, we assume thagileraging all the yields over an initial mass function (IMF) of
occurs on a timescalg,ix = Rsp/Vinix, WhereViix is a ‘tur-  indexz. We found that the results do not change significantly for
bulent velocity’ of the order of the sound speedand compare any reasonable value of so we only show the results obtained
Tmix With the age of the SB, Calculatingc; from the SB tem- ith the Salpeter index = 2.35. The efficiency of LiBeB pro-

perature, Eql{4), we obtain: duction and the elemental and isotopic ratios obtained actually
Lot 1/5 depend mostly on the ratio of the number of C and O nuclei to
Tmix == (0.67 Myr) (?’SMW) (5) thatofHand He. As a consequence, we can conveniently spec-
o

ify the composition of the EPs by using one single parameter,
The condition for the mixing time to be smaller than the SB agé, which we call theeduced metallicityand define as:

i.e. Tmix < t, then reads:

12C + 160

t > (5105yr),/%. (6) ¢ = TH1iHe ()
0

We thus find that the gas evaporated from the SB shouwldhere '2C, e.g., is the number abundance of tR€ nuclei
have had enough time to mix with the SN ejecta as soon awsongst the EPs. By way of comparison, the solar reduced
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e average SN mass over the IMF, namé§M ;) and the same
ejecta (the mean ejecta of all SN progenitors). This increase in
the early value ofgp will of course increase the LiBeB pro-
duction. However, it shall be compensated by a corresponding
decrease at later times, when lower mass SNe explode, with
smaller mass of metals ejected per unit of power released. On
the average, we don't expect that the total integrated yields of
LiBeB should be very different from those calculated below,
with the ‘average SN’ model (although the non stationarity of
the model prevents a perfect cancellation of the effects).

An other effect which could slightly change the results of
our average model is the fact that the reduced metallicity of the
ejecta actually depends on the mass of the progenitor. This is
shown in Fig[2, for both UA and TA models. As can be s&gn,
peaks for progenitors of 30 Mg, where it is about two times
higher than the average value. Therefore, as above, if the first SN
104 vt b e ce e et e | toexplodeis 80 Mg star, we should expect values@gf about

10 20 30 40 two times higher than our average value. Again, however, this
should not affect the total LiBeB yields too much, as the effect
will be compensated by lowelzp at later times. However, it

Fig. 2.Reduced metallicity;, for different SN explosion models (from is worth noting that the history of the LiBeB production can be

WW95), as a function of the initial mass of the progenitor. Also shov\F#]if_ferent for diff_erent explosion hist(_)ries in the OB association
are the solar reduced metallicitg], and the mean reduced metallicity(high masses first or low masses first), and contrary to LiBeB
for models UA and TA. nucleosynthesis, this would have a very significant influence

on the gamma-ray line emission rates associated with the EP
metallicity is (with the abundances given by Anders & Grevesdateractions (to be addressed in future works).
1989):

(o =1.11075. (8) 2.5. Comparison with the observations

)

TA models

H + He

|_\

o
\\\\\H‘ 1

(C + O)/(

zeta

UA models

SN initial mass (M)

As can be seen from Figl Lz p is about 30 to 100 times To compare the results of our SB model with the observations,

lower than the reduced metallicity of the pure ejecta, whicte need to calculate the LiBeB as well as the Fe and O yields
results from the dilution of the EPs with the very metal-poor IS the SB at the end of its life. The former are the output of
gas ¢ = 10~*Z, for models U, andZ = 10~2Z, for models our time-dependent calculations, while the latter are taken from
T). Moreover, the reduced metallicity of the EPs (at injectiorii® SN explosion models of WW95, averaged over the IMF,
decreases a5 %/3%, because the total SB mass increases @8d multiplied by the number of SNe in the OB association. A
t41/35 (see Eq[{R)), while the number of SNe and hence tgeccessful model will then be a model which reproduces all the
mass of the ejecta is merely proportional to time (constant @iserved chemical abundance ratios. The easiest way to check
power). On the other hand, a higher ambient density and a highép is to compute the isotopic and elemental ratios of the light
explosion rate (SB mechanical power) both imply a smallélements on the one hand, and the Be/O and Be/Fe ratios on the
dilution, i.e. EPs richer in C and O and thus higher spallatiétther hand.
yields. The question of the LiBeB abundance ratios has been studied
Of course, the above assumption that the SN explosion rétéletail in previous works (e.g. Ramaty et al. 1997, Vangioni-
is constant is certainly wrong, but as we discuss below (Sect.Bjam et al. 1998, Vangioni-Flam & Cas4999), so we focus
this affects the injection rate of metals and the mechanical povigie on the Be/O and Be/Fe ratios, which are the most problem-
in the same way. Reformulating the problem in terms of an ‘edtic. We only recall that the yields of Li, Be and B must satisfy
fective time’ so that the corresponding effective SN rate is cofLi/Nse < 100, not to overproduce Li and ‘break the Spite
stant would then lead to very similar results. However, a mopéateau’,and0 < Np/Nge < 30. Both of these constraints are
subtle effect may lead to departures from our functietu(¢) ~Satisfied by our SB model, although the values which we obtain
(shown in Fig[lL): it is the fact that very massive stars eject mof the B/Be abundance ratio lay at the lower end of the above in-
material and have a shorter life than less massive SN progdfval,i.e. B/Bes 10. However, it must be keptin mind that part
tors. As a consequence, at early times of SB evolution, the ma&éhe Boron is believed to be produced by neutrino-spallation,
of metals ejected per unit power released should be higher tif##ing the SN explosions themselves. This is indeed the only
atthe later times. Clearly, if the first star to explode hag B[, known way to get &'B/'°B isotopic ratio close to the mete-
progenitor, the induced reduced metallicity shall be two tim&itic value of~ 4, unless invoking a component of cosmic-rays
larger than the value calculated above with our average mod#ith a very low-energy cut-off, which raises strong problems re-
which assumes that all the SNe have the same mass (i.e.|&@9 to the energetics (Ramaty et al. 1997). This means that the
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genuine B/Be production ratio in the SBcluding the Boron 3. Results, analysis and discussion
produced by neutrino-spallatiois always larger than the B/Be .
ratio derived from nuclear spallation only, which we caIcuIat%‘l' General results from steady-state calculations
here. The SB value of, saB,/Be = 11, corresponding to a nu- Before we present the results of the SB model, it is worthwhile
clear spallation isotopic ratid B/1°B ~ 2.2, implies avalue of showing some general results obtained with steady-state calcu-
B/Be 2 17 once scaled t6'B/!°B % 4, which is thus in very lations, for different EP spectra and compositions, as a function
good agreement with the observations. However, this agreemgiithe target metallicity. As already mentioned, H, He, C and O
is not specific to the SB model, as most of the spallation modedse the only relevant elements, so we use the reduced metallicity
whatever the EP composition and energy spectrum, would leadefined above instead of the usual
to essentially identical elemental and isotopic ratios. As a con- In Fig.[3, we plot the Be production efficiency, defined as
sequence, we shall pay more attention to the Be productiontlae number of Be nuclei synthesized per erg injected in the
compared to O and Fe in the following, because this represefatisn of EPs, for different spectra, namely the cosmic-ray source
the most conclusive argument in favour of the SB model.  spectrum and the ‘SB spectrum’ defined above, with spectral
To have done with the LiBeB abundance ratios, we note thiatlexa. = 1.5 or o = 1. In the latter case, two different cut-off
recent observational work also provided the first measuremesitgrgies have been used, as indicated on the plots. Finally, for
of theSLiisotope in two halo stars of metallicity ~ 10723Z;, each spectrum, we calculated the Be production efficiency for
(Hobbs & Thorburn, 1994, 1997; Smith et al., 1998; Cayrel eleven values of the EP reduced metallicity, ranging fi®&m”
al., 1999). The deducetli/®Be ratio in these stars is foundto 10? (recalling that/, = 1.110~3). These curves enable one
to lay between 20 and 80 (although Be has not been measuteduickly evaluate the Be production for any source and target
directly in these particular stars), in contrast with the solar valgemposition, as well as for the most commonly used EP spectra.
of ~ 6. Their qualitative analysis is straightforward, and independent of
Concerning the Be/Fe ratio, the observations show that ittiee EP spectrum.
approximately constant for stars of metallicity uplfo ! solar, In the upper-left part of the figures, the Be production effi-
and equal to~ 1.6 107° (e.g. Ramaty et al. 1997). This is theciency is an horizontal line for any givefp, which indicates
value which the SNR model failed to obtain (Parizot & Drurythat the inverse spallation reactions dominate. As expected in
1999a,b), and the most constraining of all the observational this case, the production efficiency is independent of the target
quirements, in the present state of knowledge. Assuming metallicity, whence the horizontal lines. Of course, this regime
average Fe yield df.11 M, per SN, this requires a productiondominated by inverse spallations ends up at lower target metal-
of ~ 3.8 108 Be nuclei per SN. As for the Be/O ratio, the situticities for lower (gp, as can be seen on Hig. 3. Clearly visible
ation is less clear from the observational point of view, because the figures is also the straight line with slope 1 where all
there are no data at metallicities beloW2Z,. However, since the curves converge. This line corresponds to a Be production
the SB model predicts a constant Be/O ratio at low metallicityominated by direct spallation reactions. This roughly amounts
we assume that this is actually the case, and derive a valugm$ay that the target metallicity is higher than the EP metallic-
~ 7.510~° from the available observational data (e.g. Fields &y, so that the production efficiency is virtually independent of
Olive, 1999). the EP composition. The reactions producing Be are of the type
Interestingly enough, the above Be/Fe and Be/O ratios grer + C, O, and the production efficiency is just proportional to
not mutually compatible, considering the Fe and O yields giveiie target metallicity. In the upper-left part of the figures, where
by the SN models of WW95. This is due to the failure of thesaverse spallation dominates, the opposite holds: the production
models to reproduce consistently the O and Fe evolution in halficiency is proportional to the EP (reduced) metallicity, except
stars, as for instance the observed increase of the O/Fe ratidéevery high¢, namely¢ 2 0.1 ~ 100 (, where the process
wards the lowest metallicities (Israelian et al. 1998, Boesgaaaturates. The corresponding value is thus the highest produc-
etal. 1998), although a different mixing time of freshly synthaion efficiency which one can get with the particular spectrum
sized Fe and O nuclei with the ISM gas may solve this problesonsidered. Increasing the target metallicity then brings all the
(Ramaty & Lingenfelter, 1999). As far as the LiBeB productiogurves together towards one particular point where the produc-
is concerned, however, the most relevant ratio to be compatith efficiency is the same, whatever the EP composition. This
with the observations is Be/O, as Oxygen is the main progenitateeting point’ is seen to correspond to a target metallicity
of Be, while the genuine Fe production in SNe has no influenbetween 60 and 200 times solar. Above this point, the Be pro-
atall on the Be yield of the SB. A simple solution to the problemiuction efficiency is actually higher for lower EP metallicities.
might thus simply be that the SN models produce too much fFais results from the fact that in a very rich target, energetic
at low metallicity, due possibly to a wrong determination of thel and He nuclei are more efficient than C and O, because at a
mass cut-off (see Parizot & Drury, 1999c, for a discussion gfven energy per nucleon, they carry much less energy.
this issue). This behavior of the production efficiency is exactly the
same for B, although with values about 11 times higher (i.e.
B/Be ~ 11). We therefore do not show these curves here.
As for Li, we show on Fid.4 the evolution of tHe.i/°Be
ratio under the same conditions as above. To understand the
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Fig. 3. Be production efficiency by spallation, in numbers of Be nuclei produced per erg of EPs injected in the ISM, for different energy spectra
and EP compositions (as indicated on the figures), as a function of the ISM (target) metallicity, expressed in units of the solar metallicity. The
labels refer to the reduced metallicity of the EPsjefined in the text.

curves, one only needs to know tiai can be produced either if comparison is made with O (assuming the averaged Oxygen
by fusion reactionsd + «) or by spallation reaction implying yield of 1.1Mgper SN, derived from the models of WW95). If
C, N or O nuclei, while’Be can only be obtained by the lattethe mean SN explosion energy ! erg and the acceleration
processes. As a consequence,thi¢’Be production ratio re- efficiency is 10%, this implies a Be production efficiency of
flects thetle/(C+O) ratio either in the EPs or in the target. Two~ 4 10~2 Be/erg (for comparison with Fe), e¥ 6 10~3 Belerg
main regimes can be observed on Eig. 4, depending on whetfier comparison with O), the latter being more reliable, as dis-
fusion or spallation reactions dominate the production. For cussed above. Reporting to Hig). 3, itis easy to determine the EP
high enough EP metallicitieg{p = 0.1), spallation dominates, reduced metallicity which is needed to get such an efficiency.
so that botHLi and °Be are produced in the same way. TheiBince we are interested in low-metallicity targets (early Galaxy),
production ratio is thus essentially constant, determined by tine correspondence between the Be production efficiency and
ratio of the cross-sections (averaged over the spectrum). Egp is one to one, once a spectrum is given. For a cosmic-ray
lower EP metallicities, however, tHe.i/°Be production ratio source spectrum (Figl 3a), an efficiency6f0— Belerg re-
is proportional to the fusion/spallation production ratio of Liguires an EP reduced metallicity about 20 times the solar value.
or to theHe/(C + O) ratio, that is practically taggli, as seen This seems quite hard to achieve, even in the SB model, since
on Fig[4. Finally, the same behavior as for Be relative to teg[l1 shows values between 50 and 200 times lower. On the
target metallicity can still be observed: at Ity the6Li/°Be other hand, a SB spectrum with a relatively low-energy cut-off
production ratio is independent gf, because the inverse spalcan achieve the required Be production efficiency with values
lation reactions dominate, while Whé&g,.get < Cep, 6Li/°Be of (gp as low as a fewl0~%, i.e. close to the values obtained
is inversely proportional t@.arect, because the direct spallatiomaturally within the framework of our SB model.
dominates (i.e. théLi production efficiency is constant while  Further referring to FidJ4, it is quite interesting to see that
9Be’s is proportional t&ayget)- our SB values fogp of a few 10~ also predict &Li/?Be
Coming now to the quantitative point of view, it turns out thgbroduction ratio decreasing from a few tens in low-metallicity
Figs[3 an@# jointly provide important clues towards a solutidargets to about 6 around solar metallicity. This is exactly the
of theSLiBeB evolution problem in the Galaxy. As mentionedbserved behavior, although more data orftti@bundance in
earlier, the observationally required Be production per SN l@v-metallicity stars are still needed to draw a definite conclu-
of order4 10*®, if comparison is made with Fe, e¢ 610%7, sion. We should also mention that Vangioni-Flam et al. (1999)
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Fig. 4. Production ratio of Li and °Be by spallation, for different EP spectra and compositions, and different target compositions, allin Fig. 3.

and Fields & Olive (1999) proposed different models to account 10%
for the decrease dfLi/?Be with metallicity. In any case, how-

ever, the above qualitative and quantitative analysis based gn
steady-state calculations show that the SB model is a very go&d 10*
candidate to solve the LiBeB evolution problem in the earl@
Galaxy, by naturally predicting an EP composition having théc; i fo+a
appropriate reduced metallicity to provide both the correct B§ 4q% |
production efficiency and the corretti/?Be ratio. We now §

=

show that this model indeed works when applied more acc@

T T T

I a=1;E =300 MeV/n; n = 1cm®

T

rately using time-dependent calculations. ;3 10% L i
X i g RN N X2 i
3.2. Time-dependent calculations for the SB model 104 10° 10' 102
t (Myr)

The SB model has been described above in Bect. 2. The main
parameters are the mechanical powgy, provided by the OB Fig. 5. Detailed Be production rate by the SB model, as a function of
association to the superbubbfe( = 1038 erg for all the plots time. The EP spectrum is a SB spectrum with spectral index1 and
shown here), the lifetime of the SBsp, the ambient ISM den- a cut-off energy ofso = 300 MeV/n, as indicated. The ambient ISM
sity, ng, the SN explosion model (UA or TA, from WW95), thedensity is 1 cm®. The labels of the curves refer to the corresponding
EP spectrum (SNR or SB spectrum, with index= 1 or 1.5), Spallation reaction, where the first nucleus mentioned is the energetic
and the cut-off energyty, of the spectrum (except for the SNRCN€:

spectrum, where it is assumed constaritidt eV/n).

In Fig.lb, we show the detailed Be production rate as afun[%-e most abundant metal in the SN ejecta. The total production

2122 g‘:'g&fgg;? sc:IoecterSm’A\:\él ?x:eizf:andd?ﬁe:mzsa?r? Nﬁgﬁlin rate is shown to increase during the whole lifetime of the SB
yotem P ' P g(hererSB = 30 Myr), as a result of the following competing

reaction is the spallation dfO by the H nuclei, because O Seffects: i) the accumulation of the EPs in the SB, ii) the decrease
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of the EP and target metallicity( ¢ —%/3°), iii) the Coulombian 10%
energy loss of the EPs, and the rarefaction of the gas inside the 1
expanding SB. Neglecting the energy losses (which act 0@1034
longer timescale, because of the low SB density), it is easy o // S
estimate the time dependence of the Be production rate: s —
10% 7 / 10”‘3
-

N(Be) = 1.2 10%°
n, =100 9@:3,,,,,777{5)———7\

dNge
dt

whereNgp is the total number of EPs in the SB ang is the 10% 7

fraction of Oxygen in the EPs (inverse spallation) or the SB g&& ;
(direct spallation). i ‘o

o8 NEPaOnSB7 (9)

e production rate

Now NMgp o t, because the acceleration rate is constant, 10* — S PR ; - -
andao « t~6/35, as already mentioned. Considering the time ~ *° 10 10 £ (MyD) 10 10 10
dependence ofsp (Eq[3), we thus obtaidNg, /dt o £/, in
very good agreement with theVg, /dt o 9?2 obtained from Fig. 6.Be production rate (in number of nuclei per second) as a function
Fig.@ by a fit between 1 and 10 Myr. Note finally that, at a give®f time for the same SB model as in Fig. 9, but for different ISM
time, the fraction of Oxygenmyo is actually slightly higherin the densities. The tgtal, integrated Be yield is indicated in each case, beside
EPsthaninthe SB, because the EPs collect particles accelerHl%ﬁorreSpond'ng curve.
at earlier times when the metallicity was higher, which explains T
why the inverse spallation reactiétO + p actually dominates, — 100 MeVin
as seen on Fig] 5. B 10% | ——

As expected, Fid.l5 also shows the (discontinuous) increage
of the production rates at;g, when the EPs leave the SB and%
interact with a much denser medium. The situation has beén
idealized here, as we should not expect that the EPs leave -@1e
SB instantaneously at, nor that they be ‘perfectly confined’ g 10 - SNR spectrum
within the SB beforersg. However, as we emphasized aboveg
this idealized scenario does provide the cortetdl Be yield, 055
while giving a valuable insight on the respective role of direct
and inverse spallation reactions. For example, itis evidentthatgs [ . o0 v i i
only the latter are efficient in the low metallicity target rele- 10" 10° 10 10 10° 10
vant att > 7gg. The nuclear reaction rates are also seen to t(Myn)
decrease afterys, due to the Coulombian energy losses in theig. 7. Be production rate as a function of time, for SB models using
higher density medium. As mentioned at the end of $edt. 2tBe SB spectrum with index = 1.5 and different cut-off energies.
we arbitrarily chose the target density to be 0.1 émafterrgg. The case of a SNR source spectrum is also shown.

This choice has no influence on the total Be yield, since once

the acceleration has stopped, the integral of the reaction rates is

independent of density (see Parizot & Drury, 1999a, for mogiso show, for the sake of comparison, the Be production rate
details). obtained with the SNR spectrum. It is clearly less efficient, as

Thisis no longer true, however, when the dynamics of the Sfkpected from the steady-state analysis above, although the pro-
evolution is involved (Parizot & Lehoucq 1999). This is showdyction rates decrease less quick|y aftgy, because of the high
on Fig[6, where the Be production rate is plot as a function ghergy particles, which keep supernuclear energies (i.e. above
time, for different values of the ambient density. Fot. 7sg, nuclear reaction thresholds) for a longer time.
the reaction rates are proportional to the SB density, that is to The mostimportant results relate to the total Be yialg,,
nég/%,while afterrsp, the EPslose energy on atime scale all thebtained with the SB model. This is obtained by merely inte-
shorter that the density is high. Concerning the total, integratgihting the production rates over time. The results are shown
yields of Be, they are also indicated on Fif. 6. They show onlyom Fig[8, for different spectra, as a function of the cut-off en-
weak dependence on the ambient density, which results froméngy, Fy. The horizontal dashed line corresponds to the ob-
fact that most of the Be nuclei are produced by EP interactiossrved value of the Be/O ratio, derived as explained above (in
outside the SB, or in the dense shell of interstellar gas. Note thtsis model, the SB is blown by 100 SNe, which must be accom-
we have used here a different prescription for the target dengignied by the production of 6 10*° of Be). As can be seen,
afterrgg. It has been choosen so as to ensure the continuityté results of our SB model are in very good agreement with the
the production rates. observations, if the EP spectrum is of the SB type, with a cut-off

The same has been used in Eig. 7, where we show the 8ergy of a few hundreds of MeV/n. Interestingly enough, this
production rate as a function of time for a SB spectrum wifls just the energy range predicted by the SB acceleration model
indexa = 1.5, for different values of the cut-off energy. We(Bykov & Fleishman, 1992; Bykov, 1995,1999). On the other
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10

] conditions prevailing in a SB, on the other hand, is now needed
] to decide between these two stances.
— Interestingly enough, a full solution of t&iBeB problem
7 therefore appears to be able to provide important information
6L~ ] about related fields in high energy astrophysics. For instance,
one important remaining questioning about energetic particles
in the Galaxy concerns the part of the spectrum below 1 GeV/n.
Since these so-called low energy cosmic rays are prevented from
reaching the inner solar system by the magnetic fields associated
0 (SNR spectrum) ] with the solar wind, we cannot get any direct information about
] their spectrum and composition. While it may seem reasonable
ol to assume that these are similar to the ordinary cosmic rays
0 200 400 600 800 1000 (CRs), it remains perfectly possible that a second component
E, (MeVin) of EPs, with different origin, spectrum and composition, also

Fig. 8. Total Be yields of the SB for different EP spectra, as a functidiXiSts at low energy/ < 1 GeV/n) and is superimposed to
of the cut-off energyFo. For the SNR spectrum, the cut-off energy i$he ordinary CRs. Now since virtually all the spallative LiBeB
irrelevant, and we show a constant yield. The dashed line correspofdé€lei are expected to be produced by these low energy cosmic
to the yield required to explain the observed Be/O ratio (see text).nays, whatever their spectrum and composition, it is clear that
this SB model, a total of 100 SNe have exploded during the SB lifetingérong constraints on their characteristics should come out of a
of 30 Myr. detailed study of the light element evolution in the Galaxy. The
results presented here seem to indicate that the SBs could well
be the source of an important component of EPs, dominating
hand, the standard SNR spectrum leads to a Be yield a factor §16 usual CRs at low energy, and therefore being responsible for
too low, which rules out this spectrum unless strongly selectifost of the LiBeB production in the Galaxy.
acceleration is invoked.
An enhancement of the C and O abundance relative to H .
- ' 4. Conclusion
and He by a factor of 6 does not seem unrealistic at first glancé.
Indeed, the study of the CR composition indicates that a similarthis paper we have shown that, even in the very early Galaxy,
enhancement by a factor ef 8 must have occurred if the cos-superbubbles are natural sources of C and O-rich energetic par-
mic rays are accelerated out of the ISM. Moreover, such an gictes with a metallicity of about0—!Z,, even within the most
hancement is satisfactorily accounted for by the theoretical €Bnservative assumption concerning the mixing and dilution of
acceleration model of Ellison et al. (1997), where refractory eltte SN material ejected inside the SB with the ISM gas evap-
ments are locked in grains and preferentially accelerated, wiolated of the expanding SB shell and/or embedded clouds. We
the acceleration of volatile elements (like H and He) is less dither showed that these enriched EPs have enough energy to
ficient. However, the selectivity of this acceleration mechanispnoduce as much Li, B and B as observed in the metal-poor
depends to a large extent on the physical conditions in the dmado stars. This SB model thus provides a solution of the long-
bient medium, notably the temperature, which determines tstanding problem of LiBeB evolution in the early Galaxy. In
degree of ionization of the different nuclei, and the fraction @fddition, it offers a straightforward way to account for the most
the elements which are locked into grains. Therefore, it is n@centLi data at low metallicity, as discussed in SEci] 3.1.
clear whether the specific conditions prevailing in a SB give From our point of view, the most tantalizing solution seems
rise to the same enhancement of C and O as in the usual 13&be the SB model using the so-called SB spectrum, as derived
Additional work would thus be needed to determine wheth&om the SB acceleration model of Bykov et al., since it does
a selective acceleration mechanism increasging by a factor notrequire any ad hoc assumption concerning the mixing of the
of 6 in the SB is reasonable or not. SN ejecta and the chemical selectivity of the acceleration mech-
As it stands, two opposite positions can be adopted withémism. However, from another point of view, it could be argued
the framework of the SB model: i) holding on to the SB accethat invoking a selective acceleration and/or a very imperfect
eration mechanism of Bykov et al. and thus to the SB spectrumixing of the gas inside the SB is preferable, because it avoids
because it does not require any selective acceleration, ortli¢ recourse to an energy spectrum different from the cosmic
preferring to invoke selective acceleration and keep the usuays.
SNR (cosmic ray source) spectrum, because it does not requireOne of the main original features of our model is that it im-
a different acceleration mechanism. Both points of view segsties a decoupling between the metallicity of the stars and their
to be acceptable in the current state of knowledge, and provatge, or in other words, a non monotonic Galactic enrichment. In
genuine solutions to the LiBeB evolution problem in the earlyarticular, stars formed at the same time can have metallicities
Galaxy, as we have shown. Additional theoretical work, relatirepreading over two orders of magnitude or more. Indeed, as dis-
to the SB acceleration mechanism on the one hand, and to¢hssed in Sedt. 2.1, a SB developing in the early Galaxy within
selectivity of the CR acceleration mechanism under the physieal medium of metallicity, say,0~*Z, provides< 10° M,

8 I E'lexp(-E/Eo) -

- gt ®exp(-E/E,) —

total Be yield ( x 10*° nuclei/SB )
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of gas enriched tev 10717, with the observed Be/O andfrom the gas processed by SBs created by OB associations with
LiBeB abundance ratios. This gas then mixes with the ambigfitferent characteristics.
low-metallicity gas and collapses to form stars of various metal- Note also that, in our calculations, we have used anidealized
licities, ranging from, say,0~*to 10~ Z,. Evidently, all these SB model. However, the results should not be very different for
stars show the same abundance ratios, and the linear increaszal SB, as far as LiBeB production is concerned. In particu-
of the Be and B abundances with the stellar metallicity is, lar, the time history of the energy release in the OB association
this model, the manifestation ofdilution line. As all the SBs is not very important, as a given amount of energy imparted to
are expected to behave in much the same way, the Be/Fe rdBs with a given composition, always leads to approximately
for instance, obtained at the end of any SB lifetime should aldwe same integrated LiBeB production, independently of the rate
be approximately the same, and all the individual dilution lineg which the energy is injected. As for the EP composition, it
overlap to give a general apparent linear growth of Be/Fe asnainly depends on the amount of material evaporated off the
function of Fe/H, as seen from the observational data. shell, as compared with the total mass of the ejecta. But both are
Interestingly enough, this special feature of the SB moddirectly linked to the number of SNe exploding within the SB,
can be tested observationally. Indeed, if the distribution of hadmd do not depend (or little) on the rate of explosions. To put it
stars over the metallicity rang#)—*-10~1 Z, is the result of in different words, no matter what the exact explosion rate is,
dilution lines, then the same number of stars should be expeote@ should always be able to define a modified time coordinate
atall Z. This is in contrast with the expectations of a scenario {frenormalized’ time)¢’, such thatP’ = dEgy /dt’ is constant
which Be, B, O and Fe abundances build up continuously aadd the SB evolution laws EfJ](1)}(4) approximately hold with
monotonically inthe Galaxy. Indeed, in such a model, more stdinis new time coordinate. Our calculations of the LiBeB pro-
should be expected at low metallicity, because their formatidniction would thus give results very close to those obtained in
would correspond to a time when the star formation rate weee genuinely continuous model.
higher (more gas in the Galaxy). In fact, the SB model even Finally, we argue that apart from the intrinsic dispersion
predicts an increasing number of stars at increasing metallicity,the data discussed above, one should also find in the halo
because the new generation of stars (atthe end of the SB lifetirs@)ne stars formed from a part of the ISM which has not been
should be distributed frofsy; to Zsg ~ 1071 Z, andZisy;  processed by SBs. This set of stars is expected to show a very
irremediably increases. Of course, a strong observational bifferent behavior, since it results from the activity of individ-
may make this prediction rather hard to test, as it is easierual, isolated SNe, rather than collective ones, in an OB associ-
measure very small abundances at higher metallicity. Howevatipn. Some LiBeB production should nevertheless accompany
a more systematic observational work with increased numbénte SN energy release, but it now occurs within supernova rem-
of stars (and thus improved statistics) may lead to a definite taants (SNRs), not superbubbles. Now the LiBeB production
of the SB model in the future. within isolated SNRs has been calculated in detail in precedent
Our model also allows one to evaluate the expected disppapers (Parizot & Drury, 1999a,b), and shown to lead to Be/O
sion of the stars in the data. Varying the SB parameters, aed Be/Fe ratios much lower (by about one order of magnitude)
were able to obtain a range of Be/O ratios as the final outghtin those obtained in the SB model presented here. These iso-
of the model, all of them laying in the observationally allowethted SNe, however, and the accompanying LiBeB production
numbers. We first investigated OB associations containing lggecess, have no reason not to occur, and should be responsible
than 100 SNe (our standard value). There are two different wdgs the general, continuous increase of the ISM metallicity. But
to do so: i) keeping a SN explosion rate of one evgi® yr, the stars formed from this gas should be expected to lay on a
but shortening the SB lifetime, or ii) keeping a SB lifetime o$pecific part of the diagram showing, say, the Be abundance as
30 Myr, but lowering the explosion rate and thus the SB mea-function of Fe/H, namely on a line about one order of mag-
chanical power and the power imparted to the EPs. We exploratlide lower than the line corresponding to the stars formed
the first possibility down to lifetimes of 10 Myr, and found androm the SB processed gas. This is another prediction of the
increase of the Be/O and Be/Fe ratios by about 20%. Thisnidel (unlessall the SNe occurred in OB associations in the
mostly due to a correspondingly higher reduced metallicity efrly Galaxy, which is not very likely). Unfortunately, the B and
the EPs (see Fidl 1). As for the second possibility, we invesBe abundance is obviously very hard to measure in these stars,
gated mechanical powers downli®*”erg s—! (i.e. one SN ev- since it is expected to be so low. Most probably, observations
ery 3 Myr) and found Be/O and Be/Fe ratios about 40% lowejll provide upper limits on these abundances. In this respect,
in agreement with the results shown in Fg. 1. it is very interesting to note that only upper limits have been
Another cause for the dispersion of the data is expected freeported for 7 stars in the sample gathered by Fields & Olive
the overlap of dilution lines corresponding to SBs evolving in §1999). Although more observational work and proper statistics
interstellar medium of different metallicity. We run the modelvould be needed, these stars might represent a first piece of evi-
for an ambient metallicity of 02 Z,, using the correspondingdence in favour of a ‘bimodal’ LiBeB production in the Galaxy,
SN models of WW95 (models TA), and found Be/O and Be/Rbat is to say frontorrelatedandisolatedSN explosions.
ratios about 40% higher than for a metallicitylof* Z, . Gath-

ering all these results, we finally expect a dispersion of aboifknowledgementsive wish to thank Andrei Bykov and Jean-Paul
a factor of 2 or 3 in the data, corresponding to stars forme#byer for comments improving the content as well as the presentation
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