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Abstract. We calculate the spallative production of light eleerdinary metallicity tracers, such as Fe or O, as if they were ac-
ments associated with the explosion of an isolated supernovauially primary elements (Duncan et al. 1992, 1997; Edvardsson
the interstellar medium, using a time-dependent model takiagal. 1994; Gilmore et al. 1992; Kiselman & Carlsson 1996;
into account the dilution of the ejected enriched material and tholaro et al. 1997; Ryan et al. 1994). Now they are not, since
adiabatic energy losses. We first derive the injection functiona$ we just recalled C and O nuclei have to be produced first in
energetic particles (EPs) accelerated at both the forward andahder that they can be spalled by EPs into light elements. The
reverse shock, as a function of time. Then we calculate the Baservations therefore suggest that some process must act to
yields obtained in both cases and compare them to the value ansure that, on average, an equal amount of Be is synthesized
plied by the observational data for metal-poor stars in the hadach time a given mass of Fe or O is ejected into the ISM. It
of our Galaxy, using both O and Fe data. We find that none glfiould be clear, however, that this statement relies on the as-
the processes investigated here can account for the amourguwhption that the abundances of O and Fe are proportional to
Be found in these stars, which confirms the analytical resultsarie another, at least during the early evolution stages in which
Parizot & Drury (1999). We finally analyze the consequenceswt are interested here.
these results for Galactic chemical evolution, and suggest that This assumption has long been used with high confidence
a model involving superbubbles might alleviate the energetievel based on both theoretical and observational arguments, but
problem in a quite natural way. new observations seem to contradict it dramatically (Israelian
et al. 1998; Boesgaard et al. 1998). Although an independent
Key words: acceleration of particles — nuclear reactions, nuclgpnfirmation of these observations would be welcome, they have
osynthesis, abundances — ISM: supernova remnants — Galag¥ently been used to reappraise the alleged ‘primary behavior’
abundances of 5LiBeB Galactic evolution (Fields & Olive, 1999). Indeed, if
the O/Fe abundance ratio is not constant but actually decreases
with metallicity, then the observed approximate constancy of
1. Introduction the Be/Fe ratio implies an increasing Be/O ratio. Fields & Olive
. . ) 1999) find aBe—O logarithmic slope intherange 1.3-1.8, which
The class of light elgmgnts, namely !",’ BeandB, setsitselfap Hems to contradict both the primary scenario (slope 1) and the
1;ro_m any othe_r by |ts_|nterstellar origin (except for pi;ﬂ of thgecondary scenario (slope 2), in which the spallation reactions
L, produc_:ed in the Big Bang ages,_and perhaps_part tBe_ oducing the light elements are induced by standard Galactic
produced in supernova (SN) explosions by neutnno-spallatloﬁgsmic rays (GCRs) accelerated out of the ISM. However, the
Cognceptrating on Fhe mo;t represer.“"?‘“ve isotope, the abund ent lack of Be and O abundance measurements in the same
of Be in stars of increasing metallicity can be rgg'arded as gry metal-poor stars (with [O/HE 10~3, say) makes the data
W|tnes_s and tr_acer of th_e nuclear spgllatlon efficiency durlrPﬁarginally compatible, within error bars, with both scenarii.
Galactic chemlcal evolution. Indeed, virtually every atom of Be hile the situation should be soon clarified, notably by the
observed in the atmosphere of stars must have been prod &limulation of data at lower metallicity and independent mea-
_by the spaIIat|o.n of a I_arger nucleus:, mos_t probably C_or urements of Be, B, O and Fe in the same set of halo stars, we
!nduced by the |.nteract|on of energetic particles (EPs) with ﬂ(lgarizot & Drury, 1999: Paper I) choose to investigate the Be
mters_tellar me_d|um (ISM). . roduction in the ISM from the other direction, i.e calculate the
Since Fhe.f'rSt measurement O.f Be inavery meta!-poor S_%é yield associated with the explosion of an isolated supernova
at _the beginning of the decade (Gllmore etal. 1991), mcreamﬁ% in the ISM, according to current knowledge about super-
ewden_ce has been gathered _showmg that the abgnda_nce 0 g\ﬁ)i remnant (SNR) evolution and standard shock acceleration,
and B in the early Galaxy (yntll thg am.b|_ent metaII_|C|ty IS 10.0/%nd compare this Be yield with the value required to explain the
that of the sun, say) kept increasing jointly and linearly wit bserved Be/Fe ratio in metal-poor stars. We identified two dif-
ferent mechanisms leading naturally to a primary evolution of
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Be in the early Galaxy. In the first mechanism, particles froever reached. If everything else was constant in the problem, we
the ambient ISM (i.e. metal-poor) are accelerated at the forwamoluld however calculate the total energy injected in the form of
shock of the SN and confined within the SNR until the end &Ps during the whole process, and multiply it by the steady-state
the Sedov-like evolution phase. There, they interact with tlspallation efficiency (defined as the ‘number of nuclei synthe-
freshly synthesized C and O nuclei, and therefore produce &ieed per erg injected’), evaluated from standard steady-state
by spallation at a much higher rate than in the (secondary) GE&culations. This would provide us with the total spallation
nucleosynthesis scenario in which they merely interact with thieelds (i.e. the time integral of the spallation rates), which are
ambient, metal-poor ISM. In the second mechanism, partickb® only observationally relevant quantities. This, however, can-
from the enriched SN ejecta are accelerated at the reverse shaathoe done in the case we are considering, because the chemical
and again confined within the SNR during Sedov-like phassgmposition of the target, namely the interior of the SNR, is also
where they suffer adiabatic losses through which they lose lewolving during the expansion.
tween 30% and 70% of their initial energy, depending on the Indeed, as more and more metal-poor material is swept-up
ambient density. After the end of the Sedov-like phase, thefsem the ISM by the shock, the metal-rich SN ejecta suffer
particles diffuse out in the ISM where the energetic C and O nstronger and stronger dilution, which makes the spallation of C
clei can be spalled by the H and He atoms at rest in the Galaagd O less and less efficient. As a consequence, even though
We have shown in Paper I, through approximate analytiosk can evaluate the total energy eventually imparted to EPs, we
calculations, that the total Be yield obtained by processes 1 amthhnot deduce the spallation yields from it because we don't
depends on the ambient density, and that this third mechanismow what composition to choose for the target. Again, if this
is actually the most efficient (for light element production) imvas the only non stationary feature in the process, we could
most cases, though not efficient enough to account for the slifl calculate the average target composition and compute the
served Be/Fe ratio of 1.6 1076, If each SN ejects on averagespallation yields from it. But since both the EP injection rate
0.1 M, of Fe in the ISM, then the average Be yield per Slindthe target composition are functions of time, steady-state
must be~ 410® atoms (cf. Ramaty et al. 1997), which eximodels cannot be used in any consistent way, and a fully time-
ceeds even our most optimistic calculated yields by about ahependent calculation is required.
order of magnitude. We concluded that another mechanism or Qualitatively, it is easy to show that the yields which we
source of energy should be invoked, and argued that a modletain by integrating the time-dependent spallation rates must
based on superbubble acceleration (involving the collective bk appreciably higher than those derived from steady-state esti-
fect of SNe rather than individual SN shock acceleration) ismaates using the total energy injected in the form of EPs and the
quite natural and promising candidate. In this paper, we confifgonstant) mean target composition. Indeed, the latter amounts
the results of Paper | by performing time-dependent numeri¢alassuming that the injection rate is also constant and equal to
calculations, and discuss in more details their implications fire average power of the EPs (i.e. the total energy divided by the
Galactic chemical evolution scenarii. The reader is referreddaration of the process). However, in the time-dependent model,
Paper | for a more detailed description of the mechanisms cave take advantage of the fact that the EP power is higher at the
sidered here, and a discussion of their motivation and theoretibaginning, when the target composition is richer in C and O.
justification. In other words, the spallation efficiency is higher when the EP
fluxes are higher too, and conversely, less energy is imparted to
the less efficient EPs accelerated towards the end of the process.
In addition to the sources of non-stationarity just mentioned
We intend to calculate the Li, Be and B (LiBeB) productioftime-dependent injection and dilution of the ejecta), we also
induced by the interaction of energetic particles within a SNIRave to take into account the adiabatic losses suffered by the EPs
We shall first consider the fate of the particles accelerated ousfthey wander inside the expanding volume of the SNR. Now
the ambient, zero metallicity ISM entering the forward shodkese adiabatic losses are essentially function of time, becoming
created by a SN explosion (process 1), and then turn to §fBaller and smaller as the SNR expands and the shock velocity
acceleration of particles from the SN ejecta at the reverse shd@®(s lower. This again can only be taken into account in a time-
on a very short time scale around the so-called sweep-up tiflependent model.
tsw (process 2). It turns out that both of these processes are
highly non-stationary, for a number of reasons which we now> Eps accelerated at the reverse shock
review.

2. Why we need to do time-dependent calculations

Coming now to the case of process 2, where patrticles from the
enriched material ejected by the supernova are accelerated at
the reverse shock, it is clear that the dilution effect mentioned

Considering first process 1, we expect that the particle injectiBRove does not have any significant influence anymore. Indeed,
power be more or less proportional to the power of the shodRe light element production is now dominated by the spallation
which is a decreasing function of time as the SNR evolvedf energetic C and O nuclei interacting with ambient H and
Therefore the injection rate of the EPs is not constant, and 8. instead of ambient C and O interacting with energetic H
steady-state distribution function of the EPs within the SNR &d He nuclei in the case of process 1 (see Figs. Lland 4). The

2.1. EPs accelerated at the forward shock
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abundance of (non energetic) C and O in the target has therefoNR. This is legitimate because the time scale for acceleration
only a negligible influence, since these nuclei hardly contributg to the energies we are concerned with is very much smaller
tothe spallation yields. Nevertheless, the time dependence oftiten any other time scale in the problem, whether dynamical
EP injection and the adiabatic losses still have to be taken if@NR evolution) or physical (energy loss rate, spallation rates).
account, which is enough to make time-dependent calculatiddsnsequently, our calculations apply to the EPs once they have
indispensable. been ‘injected’ inside the SNR (from the region close to the
As has been argued in Paper |, the curve representing #iheck). Let us assume for the moment that we have determined
power in the reverse shocR;,, as a function of time strongly the so-callednjection function Q;(E, t), which we define as
peaks around the sweep-up timg, which is defined as usualthe number of particles of speciemtroduced at energy and
as the time at which the swept-up mass is equal to the ejectiete ¢, per unit energy and time (ilMeV /n)~!s~!). The EP
mass. This also approximately marks the end of the free expdistribution function,N;(E, ¢) then satisfies the usual propaga-
sion phase and the beginning of the adiabatic (or Sedov-likEn equation (see Parizot 1999):
phase. In the absence of a motivated prescription for the re- P

verse shock power functiof®;, (), and on the understanding— N, (E,t) + (E;(E)N;(E, 1))

that its time scale is short as compared to the energy loss tiffe 22 NAE
scale, we shall consider below the injection of EPs as instanta- = Qi(E,t) + QL(E,t) — M) (1)
neous in the case of process 2. We thus just could not be fur- TN (E)

ther away from a steady-state. However, as above, were this the - . . .

. . whereF; (F) is the energy loss rate for the nuclei of speciat
only non-stationary feature of the process, we could still obtaérr\]er E (in (MeV /n)s—1), Q/(E, t) is the production rate of
the integrated spallation yields from steady-state calculations a9y A P

by merelv multiolving the total eneray iniected in the form o ucleii as secondary particles, ani#'(E) is the time scale for
y y pying the gy Injec ) .catastrophic losses, such as nuclear destruction or escape from
EPs by the spallation efficiency, which in this case is almost |[b-

. e region under study.
dependent of the target composition. Unfortunately, as already .. : . . . .
S : ) : . Since we are concerned with spallation reactions involving
indicated, the adiabatic losses are also a function of time, é}tﬂd
y

. ; X . lei of the CN I h - -
will therefore cause the aforementioned spallation efficienc € nuclei of the CNO group, we can neglect the two-step pro

¢8sses such 480 +p — 12C followed by '2C +p — ?Be. We
vary as the process goes on.
On the other hand, once the EPs leave the SNR at the

mo(ljeed found, using a steady-state model, that the omission of
) . . ) e two-step processes leads too an error of at mai%, in

of the Sedov-like phase to interact with the surrounding IS . SOV

) . . bod agreement with Ramaty et al. (1997) calculations. Since
they will only suffer the usual Coulombian losses, which arg. . : .
. . . this is smaller than the other observational and theoretical un-
essentially independent of time. The above argument therefore, . . L N

o certainties, and theirimplementation in atime-dependent model

does not apply anymore and this final part of process 2 (occurin

outside the remnant) could be worked out with purely stea r%atly complicates the situation, we shall neglect them here
. o L with purely O%\lote that in any case, even if there were no other uncertainty
state machinery. This is in fact what we did in Paper | (see I{s

) IA the problem, it is much more accurate to do time-dependent
Sect. 4), in our study of what we then called process 3. Herg, . ;
o cdlculations without two-step processes than steady-state cal-
however, we shall not distinguish between the part of the process. . . . X )
L ) . Cufations including two-step processes, as our simulations have
occuring inside the SNR, and the part occuring outside (former S : .
rocess 3), because our time-dependent numerical model aIISw(s)W”)' To state this in a more physical way, we can claim that
Es to treat ,both on the same fooltjin In particular, we obtain?ﬂe spallative production of carbon amounts to at most a few
. . ung. in p ' ._percents of the initial CNO supply from the supernova explo-
thisway not only the total LiBeB yields, but also their productioh. . .
. X S sion. To the level of precision of the SN models, to mention that
rates as afunction oftime, whose time integral can be sucessfu Iy . o - .
; only, this correction is of no significance, so we shall simply
checked to be equal to the steady-state yields.

dropQ}(E,t) in Eq. ().

Concerning the catastrophic loss timg%*, it is obtained
for stable nuclei as:
It has been shown in the previous section that the spallative 1 1
production of light elements associated with the explosion of ‘.*Ot(E D) = 75(E, 1) + D(E 1) (2)
SN in the ISM is essentially a dynamical process, and therefore * ' ¢ ’ A
requires non-stationary calculations. A general time-dependamereTfsc is the escape time, angp is the destruction time.
model for the interaction of EPs in the ISM has been developgHe latter is derived from semi-empirical formulas giving the
and presented in Parizot (1999), so we shall use it here extgfal inelastic cross sections ; for a projectilei in a target of

sively, recalling only the results relevant to our specific problegpeciesj (Silberberg & Tsao 1990), according to:
and calculating the required inputs for processes 1 and 2. )
DED) D oii(B)n,(0)]o(E), 3)
J

3.1. The mathematical formalism and the physical ingredientTé (E,

In each case, we separate the acceleration of the energetic waerev(E) is the velocity of the energetic particle ang(t) is
ticles (EPs) from their propagation and interaction within thiae number density of target specieat timet.

3. Description of the theoretical and numerical model




E. Parizot & L. Drury: Spallative nucleosynthesis in supernova remnants. Il 689

Following the above qualitative analysis (see Paper | foe. t—%/5. Quantitatively, the LiBeB production rates are ob-
more details), we assume that the time of escape out of the StdRed by integrating the spallation cross sections over the EP
is infinite during the Sedov-like phase of the SNR expansiagistribution functions:
and ‘zero’ afterwards. This merely translates the fact thatthe Eﬁ)ﬁfk "0
are confined within the SNR during the adiabatic phase (at leagt,~ = Z/ dE'Ni(E', t)n;(t)oi jr (B )vi(E'), (6)
those of lowest energy, which produce most of the spallative ij 70
LiBeB), and then leak out on a very short time scale. O”Whereai_j;k is the cross section for the reaction- j — k,

the EPs have escaped from the SNR, we need to distinguisy, . is the number density of nuclgiin the target (here, the
between our two processes. In the first case (acceleration atfhgrior of the SNR).

forward shock), the EPs are deprived of CNO and will not give 1 tota) LiBeB production is then obtained for the first

ri_se to enough_spa_llation re_ac_ti_ons out of the_Sl_\lR to raise th& chanism by integrating these production rates ftem to
LiBeB production in any significant way. This is due to thg . \vhich marks the end of the Sedov-like phase as well as the
very low ambient metallicity. In the second case, however, 1a& of the confinement of the EPs inside the SNR. For the second
EPs are made of the supernova ejecta themselves and are ﬁ%@ﬁanism, we need to integrate frégy to the confinement
rich in CNO. As a consequence, as far as LiBeB productionjg,e of the cosmic rays within the Galaxy. As we shall see below,
conqerned, thereis no d|ffer(_ance whetherthey Interact Wlth_lniﬂfegrating up to infinity only leads to a small overestimate of
outside the SNR, as interactions with H and He nuclei dom_lnqppe total LiBeB production, since the low energy cosmic rays
anyway. We must_therc_afore follow these accelerated nuclei afltééponsible for most of that production have anyway a short
the end of the adiabatic phase, and compute the correspongiagme above the spallation thresholds.

contribution to the total production of light elements. The sweep-up timegyy, is obtained straightforwardly from

Concerning the energy loss raté( £), we need to take into jis definition as a function of the SN parameters and the ambient
account both ionisation (Coulombian) and adiabatic losses. Th&nper densityzo:

former are very common and just cannot be avoided as soon as
energetic particles are to be interacting in the ISM. The latter, 3 My Esn 2/ ng \"3

however, must be included here because the EPs are confffigg= (1.4 10" y1) <10M@> <105lerg> (1cm_3> - (@
within the SNR where their velocities are randomized. As a o . -

consequence, they do participate to the internal pressure whi&¢ determination of..q is more difficult and somewhat ar-
drives the remnant during the Sedov-like phase, and suffer {}ary; even in the approximation of a perfectly homogeneous
adiabatic losses like any other particle working outward whé&fcumstellar medium. We argued above and in Paper 1 that
reflected at the expanding shell. Quantitatively, these adiabdtig: Should more or less coincide with the end of the Sedov-like
losses have been calculated in Paper |. They are given by Eq. @/8se, when the shock induced by the SN explosion becomes

1

there, namely: radiative, that is when the cooling time of the post-shock gas
becomes of the same order as the dynamical time. This depends

) 3R on the cooling function which in turn depends on the density

p T 4R’ (4) and metallicity of the post-shock gas. Such details and their in-

_ _ _ _ fluence ont.,,q have been considered in Paper I. Here, we only
wherep is the momentum of the particle afit(t) is the radius give the asymptotic result, valid in the limit of large ambient
of the shock. Assuming the Sedov-like expansion |&(t{ o< densitiesy:

t2/5) and writing the loss rate in terms of energy, we obtain: 18 )
E. —3/4
fona = (1.110° yr) ( SN ) ( 1o 3) . (8)

105terg lem~—

. 3 F (E + 2mpc2> 5)

Eq4(Et)= ———
a(E,?) 10 ¢ \ E+mpc? _ : ,
Comparing the dependencetgfy andt.,q on density, we find

This energy loss rate does not depend on the EP speciesatthe Sedov-like phase gets shorter wheis increased, and
is clearly a function of time. On the other hand, the ionisatidhus the duration of process 1 decreases.
IossesEion(E), do depend on the nuclear species, as well as
on time, indir(_actly, through_ the density anq composition of tl_*ga_z_ The injection function at the forward shock
ambient medium. Indeed, it has to be realised that the medium
in which the EPs are ‘propagating’, namely the interior of th&/e now turn to the determination of the injection function,
SNR, is initially very rich in freshly synthesized CNO nuclei@i(E, ), in the case of our first mechanism. As suggested by
and then gets poorer and poorer in metals as the ejecta are belffk acceleration calculations, we assume that the distribution
diluted in the ambient, metal-poor, swept up material. function of the accelerated particlesfigp) o p~*, so that the
This dilution effectis most important for the calculation ofnumber of protons injected inside the SNR per unit time be-
the total LiBeB production through our first mechanism (accédween momenta andp + dp, irrespective of their direction,
eration of the ISM at the forward shock). Indeed, the instanti&:
neous production rates are directly proportional to the densgy dp
of CNO within the remnant at time¢, which goes likeR~3, (p)dp = QOpﬁ’ (©)
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from thermal values up te' 10'4 eV/c. This leaves usonlywith  As can be seen, the power injected in the form of energetic
the calculation of the normalisatio@,, as a function of time. particles decreases &s' as the SNR expands. This is not a
Following again the most widely accepted theoretical idedstile result, since it happens that the earliest times are also the
we assume that the total energy injected per unit time in the fomwost favourable to the spallative production of light elements
of energetic particles at timéds equal to a constant fractioft,, in a SNR. Indeed, as was discussed in $éct. 2, the CNO nuclei
of the powerp;,,, flowing through the shock at that time (recallsuffer a rapid dilution as the remnant expands, lowering the
ing that the acceleration time scale is small as compared to Hpallation rates. Ignoring the enhancement of the EPs when the
dynamical one). Mathematically, this normalisation conditioBNR is still rather small would thus leads one to significantly

reads: underestimate the LiBeB production.
Pmax In the above derivation, we did not worry about the chemi-
/ Q(p)E(p)dp = 61Pin, (10) cal composition of the EPs. Clearly the injection function still
P

has to be weighted by the relative abundance of each nuclear

whereE(p) = \/m_ me? is the energy of a proton species present in the ISM swept up by the SNR. As already

fmpsiony, ieraingth s e (19 of SO etoned e e ierested ny n he e poducin ai

one finds: ) : - ’
_ 4 portionality between Be and Fe abundances is the most strik-
LHS = ro/ me {\/W - 1} @ ing and unexpected. According to the assumption that we are
Pmin P p testing here, each supernova leads to the same amotiBeof
umax /T4 2 — 1 production, whatever the ambient metallicity. Therefore, all our
= Qoc Tdu calculations are made with a zero ambient metallicity. The EPs
o timin accelerated out of the ISM are thus made of H and He only, with
= Qocr, (11) their primordial relative abundances.
whereu = p/mc andx is the number
Y . Umax 3.3. The injection function at the reverse shock
e In(u+V1+wu?) (12) | the case of the acceleration of the supernova ejecta through
Ymin the reverse shock, the injection function can be written straight-
Typical values forumin and tmay Ar€ tmaxy = Pmax/me ~ forwardly as:
101/210° ~ 510%, andumin = /2Bmin/mpc® S 107° 0B 1) = n,Q(E)S(t — tsw), (17)

Then, to first order: o ) )
where it is assumed that the acceleration takes place instanta-

K = tmax — 1 +1I2 + O(tmin + O(1/umax) ~ 10.5 (13) neously attsw. This may be justified by noting that the gen-
uine acceleration and reverse shock evolution time scales are
c_ertainly smaller than EP evolution time scales (nuclear interac-
. ) ?ions and energy losses). The relative abundance of the different
tion at the forward shock as: - . .
nuclei in the accelerated particles just reflects that of the super-

Qlp) = b, P (14) nova ejectan;, and the shape ap(E) is the same as above.

kp2c’ This time, however, the injection function has to be normalised
to:

depending om,,., only logarithmically.
Combining Eqs[(I0) anfi{IL1), we obtain the injection fun

or in terms of energy:

dp 6P 1 E +mc? Z/dt/Qi(Evt)EdE:92ESN7 (18)

Q(F) = Q(p)dE T Tk B2 (Bt 2me)3? (15)

whered, is the fraction of the explosion energy which goes
The asymptotical behavioris thug(E) o« E~' for E < into the EPs accelerated at the reverse shock. This can be phe-
mpc?, andQ(E) < E~2 for E > m,,c?. nomenologically expressed as the product of two coefficient:
It should be clear that the above injection function is inde@d = 4, x 6,.., whered,. is the fraction of the shock energy
afunction of time, through the incoming powy, . To evaluate imparted to the EPs (i.#,.. ~ 6, defined above), anél..
it, one can make use of the well known formulas giving the tinig the fraction of the explosion energy which goes into the re-
evolution of the shock radiusgy;, and velocity,V;, during the verse shock. In our calculation, we adopt the ‘canonical values’
Sedov-like phase, and calcula®e, = 3oV x 47R2 x V. of 6, = 0.1 andf,., = 0.1, and thusd, = 0.01. It should be
However, since the Sedov phase is a similarity solution, wfear, however, that these values are only indicative, and that the
know that the result will be nothing else bBY, (t) ~ Esn/t, results simply scale proportionally & andé.
whereFgy is the explosion energy. The time-dependent injec- The time integration in EQC{18) is straightforward, and with
tion function is then finally: >, n; =1, we get:

1971 ESN 1 E+ m02
kKt E3/2(E+2mc?)3/?

— O Esn 1 E +mc?
1 E) = 1

Q(Evt) =
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wherer has been given in Eq_{[12) afid{13). Note that the mass -

m appearing in the above expressions is always the proton mass,0* - total U15A - °B °l 3

and that correlatively the energies are expressed in MeV/n f@r - T n, = 10 cm ]

all the nuclear species. S i / —
(=
c | e

3.4. The formal solution for the EP distribution function E 10% | /
o L

The formal solution of the time-dependent propagation[Eqg. (133) _———

is (Parizot 1999): g
s

1 oo
Ni(E,t) = Ei(E)| s Qi(Eo,t — i(Eo, E)) 107
E . .
X exp ( _ . /dE’ : )dEO, (20) time after explosion (yr)
By Bi(E)Tior,i(E') Fig. 1. Process ?Be production rate in numbers of nuclei per second

where through different spallation reactions as a function of time after the

SN explosion. The SN model used is U15A (from Woosley & Weaver,
(o, E) EaE’ (21) 1995), and the ambient densityris = 10 cm 3.
T , = -
o 5o Ei(E)

This solution, however, only considers the time-dependengeThe results

of the injection function@) (E, t), and not that of the conditions ] )
of propagation, namely the energy losses and the destructloly LiB€B production by the EPs from the forward shock

time. Now it is clear that the adiabatic losses do depend 9Re results we show in this section are obtained with the SN
time as well as the ionisation losses and the nuclear destruc@rﬂ,bsion models calculated by Woosley & Weaver (1995). We
time, through the chemical composition within the SNR. Ongse their models Z, U and T, corresponding to stars with initial
then needs to divide the whole process into sufficiently shegetallicity z = 0, 104 Ze, and10~2 Z, respectively, and
phases so that these parameters stay approximately cong{@gp the same labels as the authors to refer to specific mod-
during each phase, and put together the solutlords (20) for eae (e.g. model U15A corresponds to a star of lif5, with
phase in a proper way (for details, see Parizot, 1999). For the-4 7 _ initial metallicity and a standard explosion energy of
present calculations, it proved sufficient to divide the Sedov-likg 1 2 151 erg). We adopt the valug, = 0.1 throughout, on

phase into 15 successive phases. . the understanding that all the spallation rates are merely pro-
In the case of our second injection function, gl (17), corrgprtional to this parameter.

sponding to the reverse shock acceleration, the time delta func-|n Fig[1, we show the typical evolution of the spallation

tion allows us to integrate Eq.(R0) to obtain: rates for Be production as a function of time, for a SN explod-
|E’-(E~ N ing in a medium with mean density, = 10 cm 3. The main
Ni(E,t) = 2 n,Q(Ey) contribution is seen to come from reactign '°O, which is due
|Ei(E)| to the lowC /O abundance ratio in the SN ejecta. For reactions
E dE’ involving alpha particles, this deficiency of carbon as compared
exp ( - /Em m) ’ (22) to oxygen is compensated by a greater spallation efficiency. The
’ general shape of the curves is easily understood if one refers to
whereFE;, (i, E, t) is the solution of: Eq.[8) and to the analysis of the preceding section. Indeed, the
= ; spallation rates are basically the product of the relevant cross
.dE =t — tsw. (23) section by the spe_ctral density of _en_ergetic protd¥jgit), and
B Fi(E") the number density of Oxygen within the SNR. Now the lat-

ter is subject to dilution by the swept-up metal-free gas, and

therefore decreases Bs®, or Rgy, (t/tsw) %/, while N, ()

is merely the time integral of the injection function, Eq.](16) (at

least as long as one can neglect the energy losses). We thus find
»(t) o« In(t/tgw), and the spallation rates:

In other words F;, is the energy at which a particle of species
must have been accelerated at titgg in order to have slowed
down to energy¥ at timet. Similarly, the exponential factor in
Egs. [20) and[{22) is nothing but the survival probability of
particle: from its injection at energys, (or Fi,) to the current

energy,E. dNgp _ _ t
The above solutions allow us to calculate the EP distributicm@e x Rgp (t/tsw)™/®In (tsw> ; (24)

function for both of our injection functions, Eqs.{16) andl(17)—

(19). Eq.[[®) can then be used to compute the LiBeB productiaich fits very well the curves in Fifjl 1. Differentiating the
rates at any time after the beginning of acceleratiotygt The above expression, we find the maximum production rates to oc-
results are presented in the following section. cur att = €5/Stgw ~ 2.3tgw, which expresses the best com-
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Fig. 2. Process 1 totalBe production rates as a function of time aftegg' 4. Process LLi production rate in numbers of nuclei per second

the explosion of SN model U15A, for different ambient densities. Ea rough different spallation reactiqns as a function of time aﬁer.th?
curve starts shortly after the sweep-up time and ends at the adiab I(fx%osm_ng. The SN model used is UL5A and the ambient density is
time, marking the end of the Sedov-like phase. Tto = oem

L T T LN B S S S

0% L - i In Fig[3 we show the evolution of the production rates for

£ |U15A - n=10 cm _ 1 thefive light element isotopes, either taking and not taking the

i Li 1 adiabatic losses into account. The behaviditoaind " Li is dif-
ferent from that of the other isotopes, because lithium is mainly
produced through + « reactions, as shown in F[g. 4, and these
reactions are not sensitive to the dilution of the SN ejecta by the
ambient material. The evolution of Li production rates therefore
reflects directly the evolution of the EP fluxes. As just stated,
this would be a pure logarithm if one could neglect the en-
ergy losses. It turns out that the adiabatic losses dominate the
Coulombian losses for any reasonable ambient density. To see
how they influence the EP fluxes, let us re-write Ef. (1) in the
form:

10% |

10% |

production rate (nuclei/s)

10% Lo

10° 10
time after explosion (yr)

Fig. 3. Process 1 production rates of the five light element isotopeasN(Et) =Q(E,t) — i(Ead(E; t)N(FE,t)), (25)
as a function of time after the explosion of SN model U15A, in &t oE
medium of density.o = 10 cm ™. Results are shown for calculationsyhere we dropped the destruction and second order terms. At
taking adiabatic losses into account (full lines) as well as |gnor|ngtheévﬁergi(_:‘S of a few tens of MeV/n, Ef] (5) simplifies to give the
(dashed lines). expression for adiabatic losses:

. 6 F

Ead(Ea t) - 7%? (26)
promise between Oxygen dilution in the SNR and a sufficient

injection of EPs since the onset of the acceleration process. ~ RePlacing in Eql(25), we obtain:

This behavior can be further observed on Hig. 2 where wg 6 O
plotthe total production rates of Be as a function of time aftere%ﬁN =Q+ m@(EN)
plosion, for different values of the ambient density, ranging from 6(a— 1)
1t010* cm ™. The shortening of the Sedov-like phase already ~ = Q — —5-—N, (27)

mentioned is clearly apparent on the figure, as is the behavior of
tsw o nal/S andt,q o n63/4- The calculations also confirmWhere we recognized that a power-law for the injection function
that the position of the maximum is alwaysiaty ~ 2.3tsw, @ With spectralindex-a (@ = QoE~*/1), translates into a
although at the highest densities, this is very close indeed to Bver-law for the EP spectral density with the same index:
end of the adiabatic expansion phase, when the confinementlof= No(t)E~. This is a consequence of the proportionality
the EPs ceases and the whole process stops. The position oPff@een the energy loss rate and the energy itself. The equation
maximum then varies as, /*, while its height, obtained by f0r o is then straightforward:

. - . . _3
replacingt by t,..x in Eq. (24), is proportional t&gyy,, and thus 5 Qo 6(a—1)

—Nog=—— ——=N, 2
no. ot 0 n 10¢ 0> (8)
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Be obtained with the Z30A model is in fact due to a very small
amount of Oxygen expelled by the supernova. A model with
a higher explosion energy (Z30B) gives results closer to those
of T30A and U30A. Although yields significantly different are
obtained for different masses of the progenitor, due to different
compositions and masses of the ejecta, it is clear froniFig. 5 that
the total amount of Be produced by process 1 (forward shock)
is much too low to account for the Be observed in metal-poor
star. Indeed, the results obtained farsal/, star with ambient
densityng = 1cm ™3 are about three orders of magnitude too
low, for our choice of); = 0.1. This is in very good agreement
with the analytical estimates presented in Paper I.

Concerning the density dependence of the Be yields, the nu-

merical results shown in Fifgl 2 are also in good agreement with

Fig. 5. Integrated process 1 Be yields for different SN models astle analytical calculations. In particular, the yields increase with

function of ambient density. For the models with progenitor massesarbient density and reach a maximum at about alfgem 3,

30 M and a density higher than a fel® cm~?, the sweep-up time above which the Sedov-like phase becomes extremely short, and

tsw IS greatgr than the adiabatic timga, so that the Sedov-like phaseeyen vanishes for high mass progenitors (implying large ejected

does not exists. masses). Using Eq.J(7) arid (8) we can write this limiting density
as:

from where we see that instead of the logaritmic increase

N(E,t) = QoE~“In(t/tsw) prevailing in the absence of en- T M. \"2/ Esn \*?

ergy losses, a steady-state value should be reached (if the Setiow-~= (410" cm™) <1OM > <1051 or ) :

like phase last long enough) with: © s

10Qg

0 — .
6la=1) We now turn to the results obtained for the second mechanism,
So the adiabatic losses are important when both termsjiihich the SN ejecta are accelerated at the reverse shock at the
the right hand side of E4.(28) are of the same order, thatdgset of the Sedov-like phase. The and?Be production rates
(evaluating the second term from its ‘no-loss value’, and usi@e shown on Fidl6 as a function of time, with and without adia-
a = 1.5 for the low-energy part of the spectrum): batic losses, for an ambient densityi6fcm —3 and a progenitor
; 6 corresponding to the U15A model of SN. As can be seen, the
In (t) ~ E(a -1, Be production rates are strongly dominated by inverse spalla-
Sw tion reactions, i.e. reactions in which the projectile is the heavier
or nuclei. Moreover, since the abundance of C and O in the target
(31) suffers from dilution by ISM gas, the direct-to-inverse spallation
efficiency ratio keeps decreasing during the Sedov-like phase.
This resultis in very good agreement with the numerical rét the end of it, as already discussed, the direct reactions stop,
sults shown in Fid.]3. Likewise, the gap between the calculatiombile inverse ones are not affected. In Fids. 6b[dnd 6d, the adi-
with adiabatic losses turned on or off is increasing only logabatic losses have not been taken into account. The decrease of
rithmically with time, so that the difference is rather small, evethie direct spallation rates is thus due only to dilution, and we ob-
at the end of the Sedov-like phase. We find total Be productitain the expected power law i3, ort=%/5 In the meanwhile,
only a few tens of percent higher if we drop the adiabatic losséise inverse spallation rates are almost constant, as the Sedov-
and the difference even falls to zero when higher ambient ddilke phase is much shorter than the time-scale for coulombian
sities are considered. This is of course because the Sedov phassges. This time-scale can literally be read from the figure. It is
is then considerably shortened. of order a few timeg0° years for this set of parameters. Note
Although Figs[ L[ 2 and 3 help us to clarify the dynamics dfowever that the energy loss time-scale actually depends on the
the process and understand the role of the different parametspgcies and energy of the particle. Accordingly, what is observed
only the total, integrated light elements production is actualgn the spallation rates is in fact a mean coulombian time-scale,
relevant to the Galactic chemical evolution. We show in [Hig.&veraged over the EP energy spectrum, and more precisely the
the results of the integration of the Be production rates over tpart of this spectrum which stands above the energy threshold
whole Sedov-like phase, for different SN explosion models, aéthe cross-sections. This explains the slight variation observed
a function of the ambient density. Except for the case of tlier the different spallation channels.
Z30A model, we find that for a given mass of the progenitor the It is worth emphasizing that the time-scales that we ob-
total Be yield is independent of the initial metallicity of the statain are much shorter than the confinement time-scales inferred
(zero,10~* or 102 times solar). The very small production offrom cosmic-ray propagation theories. This indicates that the

(32)

(29) 4.2. LiBeB production by the EPs from the reverse shock

(30)

t < tew €100 & 1.35 tgw.
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Fig. 6a—d.Process 2 (and 3)Li and °Be production rates in numbers of nuclei per second through different spallation reactions as a function
of time after the SN explosion. The SN model used is U15A and the ambient densify=s10 cm 3. On the left, the calculations include
adiabatic losses (U15A+); on the right, they do not (U15A-).

leakage of the EPs out of the Galaxy has negligible influencempared to any observational data. We therefore calculated
on the spallation yields, and justifies our choice of neglectitige (more relevant) integrated yields for different models cor-
it. Even for an ambient density afem 3, the bulk of the light responding to initial metallicies? = 0 (models 2),Z =
element production is contributed by nuclear reactions occuribg* Z, (models U), andZ = 102 Z, (models T), and nor-
within a few million years after the SN explosion, which is tanalized them to the expected value, i.e. to the value required to
be compared with Galactic confinement times of order a feaxplain the abundances observed in the metal-poor stars. Con-
107 years. sequently, normalized yields respectively lower and higher than
Comparing Fid.J6a with Fi§16b (or Fig. 6¢ with Fig. 6d), wel are equivalent to under- and over-production of Be. A few
can see the influence of the adiabatic losses on the nuclear ratesds of explaination are however required as how the normal-
For inverse spallation reactions, we observe an almost perfeeettion is actually performed. The only assumption here is that
power law decrease, with logarithmic slopé).4, in very good the Galactic Be evolution is primary relative to both Fe and O.
agreement with the value derived in Paper I. Indeed, the analyfitis means that the Be/Fe and Be/O ratios are approximately
treatmentled us to expect spallation rates proportion&ite’*, constant in metal-poor stars (as is consequently the O/Fe ratio).
or equivalentlyt—3/10, The slightly quicker decrease found irnThen each supernova must lead, on average (over the IMF), to
the numerical results is due to the contribution of the coulombi#ime same Be/Fe and Be/O ratios as those observed. These are
losses (whose effect is also visible on Figs. 6b[@nd 6d), and to thes the values we use to normalize our results. Now, as the Fe
shape of the spallation cross-sections close to their threshaidd O yields calculated by Woosley & Weaver (1995) are differ-
Likewise, the time evolution of direct spallation reactions is alsnt for each of their SN models, we applied our normalization
very close to a power law, with logarithmic slope-of1.6 ~ model by model and obtained the results shown in[Fig. 7, as a
(1.2 4 0.3), as expected. function of the mass of the SN progenitor, for different initial
As noted above, however instructive the examination aifetallicities.
the spallation rates evolution may be, they cannot be directly
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Fig. 7a—f. Normalized process 2 [Be/Fe] and [Be/O] yield ratios, as a function of the mass of the progenitor. Models Z, U and T correspond
to the indicated initial metallicity of the stars. Models A, B and C correspond to different explosion energies (see text and Woosley & Weaver,
1995). The yield ratios are normalized to the value required by the observations as explained in the text.

As discussed earlier, the approximate constancy of the Befrelds & Olive, 1999). To this respect, it might seem that our
ratio is well established observationally, over two orders of magermalization based on the primary behavior of Be is better
nitude in metallicity, fronfe/H < 1073 to 10! timesthe solar justified for comparison to Fe than to O. In fact, it is just the
value. On the other hand, we still lack similar measurementsagposite. Indeed, the models we are investigating (processes 1
the Be/O ratio in stars with) /H < 102 times the solar value, and 2) predict a linear increase of Be as compared to O, what-
while the trend at higher metallicity seems to favour a slightigver the Fe evolution may be. As already noted in Paper |, Be
increasing Be/O, if one is to believe the recent observatioasd Fe actually have no direct physical link, as the spallation
by Israelian et al. (1998) and Boesgaard et al. (1998) (see ailsactions involve only C and O (and in fact mainly Oxygen, as
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we have shown; see Fi§$. 1 &id 6). Both processes 1 and 2 could®”
therefore account, in principle, for any value of the Be/Fe ratio, I - _
provided we can choose the Iron yield of the SNe (this is how- I T o= VA ]
ever not the case, and even if the SN explosion models entail |~~~ - A -
possibly large uncertainties, the claim for and use of a constapt o
Be/Fe ratio is in fact justified by the observations themselveg).
On the contrary, the Be/O ratio is entirely determined, at a fu@
damental level, by the processes we investigate here. A highker
mass of Oxygen ejected by the supernova would indeed implylo_2 IR
a larger Be yield as well, and conversely. ; ZAr
Except for a few ‘irregular models’ which we shall discuss
shortly, FiglT shows that the Be yields obtained by process 2 I S E N R
are significantly smaller than the required values, by abouttwo 05 15 2 2,5 3
orders of magnitude when comparison is made with Fe, and IMF slope

roughlly one ord('ar of magnltud'e V\_/hen comparison is made Wity g Normalized Be/Fe ratio calculated from SN models ZA, UA, and
O. This is again in good quantitative agreement with the resulig averaged on the IMF, as a function of the IMF logarithmic slope.
of Paper |, so that we confirm that the processes considered ligkgpeter slope is 2.35). Models labeled with a ‘+' include adiabatic
cannot be responsible for the majority of the Be production iosses; those labeled with a ‘-’ (dashed lines) do not.

our Galaxy. This conclusion has important implications which

have been analysed in Paper | and will be summarized below.

Let us now comment the figures in greater detail. is clear from Figd_J7a,c,e that the observed Be/Fe ratio is very
For each series of explosion models (Z, U and T), corrgasy to reproduce if one assumes that only the most massive
sponding to different initial metallicities, Woosley & Weavektars formed in the early Galaxy. The reason for this success,
(1995) have calculated the yields of a number of elements f@wever, is not that the massive stars (indirectly) produce a lot
progenitors of different masses ranging from 12 ta\40. For  of Be, but rather that they produce extremely little Fe. In this
the more massive progenitors, they found that the yields of k@se, then, a serious Fe underproduction problem will be en-
notably, greatly depended on the mass-cut, which in their magbuntered by the chemical evolution models, so that the high
els is directly linked to the explosion energy. For example,\&lue of the [Be/Fe] should be regarded as somewhat artificial,
30 M, model with a ‘standard’ explosion energylo? 10°" erg  and rather irrelevant to the question of Be production in the
ejects virtually no Iron atall. Explosion energies greater than ttualaxy. Moreover, such a behaviour is not expected to be found
standard value have therefore been explored, leading to higfiethe curves showing the Be production as compared to the
Fe yields for the most massive stars. We use the same n@gygen. Indeed, as already alluded to, if a particular SN model
tions as in Woosley & Weaver (1995), i.e. models A, B and fappens to not eject any substantial amount of O, then it will not
correspond to increasing explosion energies of order 1.2, 2 388d to any significant Be production either, leaving the [Be/O]
2.510°" ergs, respectively. Infact, the explosion energy has begitio virtually unchanged. This can be checked on Figs. 7b,d.f,
adjusted for higher mass progenitors in an ad hoc way in ordgfiere all the models are shown to give approximately the same
to obtain approximately the ‘standard’ Fe yield-f0.1 M. results. The only exceptions arise at low metallicity for models
Therefore, passing from model A to model B, and finally ta and can be easily understood. In these cases, indeed, the O
model C as the progenitor’s mass increases, amounts to enwm becomes much lower than the C y|e|d, so that the Be pro-
that the SN yields of both O and Fe do not vary in dramatic prguction is actually dominated by spallation reactions involving
portions. This is the reason why the curves for models A, B agd Consequently the Be yield is still quite substantial, while the
C connect so smoothly on Fi@s$. 7a-f. In particular, it is worth yield is very low, which brings about a situation very similar
emphasizing that the results which we obtain for this ‘mixeg that encountered with Fe.
model’ (A, then B, then C), are remarkably similar whatever However that may be, even if we trust the low (or even
the initial metallicity and mass of the progenitor may be. Wgxtremely low) Fe and O yields obtained from models A for high
find in this way[Be/Fe] ~ 0.01 and[Be/O] ~ 0.1, where the mass progenitors, the contribution of these high mass SNe still
brackets mean that the yield ratios have been normalized to {2 to be weighted by their frequency among the type Il SNe.
required value as described above. In Figs[8 and® we show the normalized [Be/Fe] and [Be/O]
It should be clear, however, that there is no special reas@ifios, after averaging over a power-law IMF with logarithmic
why we should increase the explosion energy for the most mafype » ranging from 0.5 to 3. This allows us to explore the
sive SN progenitors. In fact, the great sensitivity of the Fe yiejgifluence of varying the weight of the more efficient high mass
to the explosion energy for these stars mostly means, to @irs relatively to the lower mass SN progenitors. A low IMF
opinion, that the SN explosion models are still unable to pretope (towards 0.5) strongly favours high mass star formation,
dictreliable y|9|d3 (especially atthe lowest metallicities; see t%d is therefore expected tolead to a h|gher [Be/Fe] ratio than a
huge differences between the models in [Eg. 7a). For instanggyh IMF slope (towards 3). This qualitative behavior is indeed
if we adopt the standard explosion energy (models A), therplbserved on FigEl8 arid 9, but it can be seen that the effect

ZA-
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10° 1 the SNR expansion, and the influence of the adiabatic energy
i 1 losses.
S A N The implications of these results for the Galactic chemical
evolution of the light elements have been discussed in detail in
Paper I. We shall only stress here that it proves very hard for
. _ - - —===-======7 theoretical models to produce the required amount of Be (and
similarly °Li and B) by isolated SNe, according to conventional
- shock acceleration theory. Indeed, the processes that we investi-
gated tend to optimize the spallation efficiency, in that they either
accelerate the freshly synthesized C and O or confine the EPs in
an environement much richer in C and O than the surrounding
- - .. .. ...i....] ISMatthisstage of chemical evolution. Shock acceleration ef-
05 1 15 2 25 3 ficiencies of order 10 percent are also about the maximum that
IMF slope can be expected @nyacceleration process. Thinking of a pro-

Fig. 9.Normalized Be/O ratio calculated from SN models ZA, UA, an§€SS involving more energy than that released by a SN and/or
TA, averaged on the IMF, as a function of the IMF logarithmic slop& higher concentration of C and O than within a SNR is rather
(Salpeter slope is 2.35). Models labeled with a ‘+ include adiabat@allenging.

losses; those labeled with a ‘-’ (dashed lines) do not. One promising alternative, however, seems to be a model

in which the SNe act collectively, rather than individually, as in

is actually quite weak, even for such a large range of iMEde processes invgstigated in this paper. The idea i; that most of
Note that we used ‘IMFs by number’ (of stars), and not ‘IMFHTe massive stars in the Galaxy are formed in assoma}tlons (Mel-
by mass’, so that the Salpeter IMF corresponds te: 2.35 nlk_& Efremov, 1995) and generate superbubbles which expar_ld
in our notations. This means that a slope as lowras 0.5 ©WiNg to the cumulated energy released by several consecutive

corresponds to an IMF in which more mass is locked in higsrypernovae. This energy leads to strong magnetic turbulence
mass than in low mass stars. Even for such an IMF. the BeMtithin the superbubble, which is thought to accelerate particles
ratio obtained is still less than a few percent of the observiy@ Very efficient way, according to a specific model devel-
value. Comparing Be to O, it is shown in F@. 9 that the IM@Ped by Bykov & Fleishman (1992). The interesting feature is
slope has almost no influence on the normalized [Be/O] ratf&at the interior of the sup_erbubbl_e is enriched by a_gmﬂcant
which is a consequence of the strong physical link between @@ounts of C and O previously ejected by stellar winds and
ejected Oxygen and the Be production, as discussed above SN explosions, so that the accelerated particle should have a
We have also shown, in Figs. 8 afid 9, the results obtain@gmary composition (Parizot et al., 1998; Higdon et al., 1.9.98;
without including adiabatic losses (dashed lines). Both [Be/Feftfizot & Knoediseder, 1998) and therefore be very efficient
and [Be/O] ratios are then found to be higher by a factor of abdljfProducing Be. Moreover, the average energy imparted to the
3to 4, which is in good quantitative agreement with the analyf:P'S by €ach superova is directly related to the explosion en-
cal calculations of Paper | (see Fig. 5 there). This result has tiY: instéad of only the energy in the reverse shock, as in the
simple, butimportantimplications. First, it points out the neceBI0C€SS 2 investigated here. Indeed, either that the particles are
sity of including the adiabatic losses in the calculations (unle§célerated directly by the forward shock or that the explosion
explicitely shown that they do not apply), and therefore of u§Nergy first turns mto_turb_ulenc_e and_ a dlstr_ubutlon of We_ak
ing time-dependent models. Second, it indicates that a modeffifondary shocks (this will be investigated in a forthcoming
which the EPs do not suffer adiabatic losses has more chaR&Rer); the total energy imparted to the EPs is expected to be

to succeed in accounting for the observed amount of Be in fAigout ten times larger than that assumed for process 2 above
halo stars. (say 10% of the explosion energy, instead of th&% implied

by the use of the reverse shock energy). Further considering that
, the adiabatic losses would not apply in such a case, we predict
5. Conclusion an overall factor of about 10 to 30 on the Be yields, depending

In conclusion, we have calculated the Be production associaftithe mixing of the ejecta with non enriched ISM within the
with the explosion of a supernova in the ISM, using a timé&uperbubble. According to the results presented in this paper,
dependent model, and confirmed the results of Parizot & Dru#jis would be enough to account for the [Be/Q] ratio observed
(1999) stating that isolated SNe cannot be responsible for {idhe metal-poor halo stars.

Be observed in the metal-poor stars of the Galactic halo. All Apart from the problem of light element production in the
the qualitative and quantitative features of the two processes&aly Galaxy, our calculations have shown that the situation is
vestigated (i.e. acceleration of particles at the forward and temewhat different whether we compare Be to Fe or O. This ob-
reverse shocks of an isolated supernova) have been foundi@s!sly indicates that the Galactic evolution of Fe and O are mu-
conform to the analytical expectations. This includes the délally inconsistent, if one uses the yields of Woosley & Weaver
pendence of the Be yields on the ambient density, the evolutid?95), so that a revision of the SN models should be consid-
of the spallation rates during and after the Sedov-like phaseesed. A similar conclusion has been pointed out by Fields &
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Olive (1999), who observed that these theoretical yields canfidlds B.D., Olive K.A., 1999, ApJ, in press
reproduce the O/Fe slope measured in the abundance diagi@itmore G., Edvardsson B., Nissen P.E., 1991, ApJ 423, 68
Since the Be problem is found to be less serious when compé&iimore G., Gustafsson B., Edvardsson B., Nissen P.E., 1992, Nat 357,
son is made with O rather than Fe, we suggest that the Fe rather379 ,
than the O yields may be responsible for the Fe-O probIeH\'rg‘lcl’i';r‘]]g"é‘;?;rﬁge;g E'JE"F?:&T‘SVRR& 32%8@3‘]50;"3 ';23
E)u:;gii]o:iigv\igg;:ﬂz Sggglt'es?gﬁtlcal work are however nee(%?elman D., Carlsson M., 1996, A&A 311, 680
) Melnik A.M., Efremov Yu. N., 1995, Astron. Lett. 21, 10
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